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6523-01, Session 1
Dynamic analysis of a biology-inspired miniature
directional microphone
Z. Chen, M. Yu, Univ. of Maryland/College Park
In this paper, recent efforts conducted to analyze the dynamic behavior
of a miniature directional microphone are presented. The design of this
microphone is inspired by the parasitoid fly Ormia Ochracea. This fly can
accurately pinpoint a sound source even though its ears are only 500 µm
apart, meaning that the sound pressure gradient between the two ears is
minute, too small to be detected with any current directional microphone.
To mimic the fly’s ear, the mechanical system of the directional microphone consists of two circular diaphragms that are mechanically coupled
by a beam pivoted at its center and a common air-backed chamber. Both
a finite element model and an analytical model of this microphone have
been studied. The results indicate that both the beam and the air-backed
chamber can help amplify the time delay of the diaphragms’ responses.
Such amplification greatly improves the sensitivity of the directional microphone. The analyses also point out that the design parameters such
as the dimension of the beam and the diaphragms, the material properties, and length of the air-backed cavity can affect the performance of the
directional microphone. These analyses and results are expected to be
valuable for carrying out the design of the biology-inspired miniature directional microphones for various applications.

6523-02, Session 1
Jitter control for an initially stablized tactical rifle
D. K. Lindner, A. White, Virginia Polytechnic Institute and State
Univ.; C. LaVigna, Techno-Sciences Inc.; D. E. Brei, Univ. of
Michigan
While good marksmanship is the key to the effectiveness of the infantry
mission, all soldiers experience a decrease in accuracy due to combat
stress that generates detrimental physiological effects. INSTAR is a tactical rifle designed to address these effects by decoupling unwanted
shooter-induced disturbances from the barrel via an active suspension
system. Previous papers have addressed the design driver for the active
suspension was the “complete” actuation system (actuation, driving electronics and power supply). In this paper we consider the development of
the jitter control system. Beginning with an analytical model of the gun
that includes the shooter, we develop the appropriate model for the design of the control system. We propose a control system and demonstrate performance through simulation.

6523-03, Session 1
Design and quasi-static characterization of SMASH:
SMA-actuated stabilizing handgrip
A. Pathak, D. E. Brei, J. E. Luntz, Univ. of Michigan; C. LaVigna,
Techno-Sciences, Inc.
The fine positioning and orienting of many hand held devices is adversely
affected by disturbances introduced by the user’s motions such as arm
jitter, breathing, and heartbeat. These devices include surgical tools, optical equipment such as still and motion cameras, manufacturing tools,
and small arms weapons systems. Passive stabilization of such devices
tends to be bulky and heavy, relying on additional inertia and damping to
isolate motions. In some of these devices, such as cameras, where the
forces and/or motions are small, active stabilization of unwanted human
disturbances has been achieved with electromagnetic and piezoceramics
actuators. Unfortunately, these approaches are not applicable to devices
where the motions or forces are large such as in small arms that have
large amplitudes produced by the arm/hand and moderate forces due
the gun barrel inertia. In addition, small arms require high accuracy while
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having extreme weight and volume constraints.
Fortunately, SMA actuators are capable of alleviating these limitations
with their large force/stroke generation with the added benefits of smaller
size, lower weight, and increased ruggedness. One barrier to SMA is the
frequency response, however most human disturbances fall within a 3 Hz
band which with proper heat transfer, duty cycling, and heating regimen
can be achieved with SMA. Prior modeling of small arms within this frequency range clearly define the bounding actuation limits for force and
stroke as the quasi-static case, as frequency increases the system’s resonance work with the actuator to reduce the force/motion requirements.
This paper presents the design and quasi-static characterization of SMASH
- a SMA actuated stabilizing handgrip. While the SMASH handgrip is a
generic device that is viable for many applications, the challenging case
of stabilization of a M16 rifle is given as a case study with a summary of
the weapons model to define the platform actuator requirements. The
overall design of the two stage platform with antagonistic SMA actuation
is described. The design of the full system is complicated because the
non-activated antagonistic wires add to the system load that the active
wires must overcome and the entire system with hard stops is difficult to
model. Thus, an empirical graphical design procedure based upon material curves and system load lines is outlined. As means of validation of the
design procedure, an intermediate prototype was built and incrementally
tested to derive the necessary curves for the design procedure including
the platform load lines in the azimuth and elevation direction, and unconditioned (pre-shakedown) and post-shakedown material curves. The procedure to shakedown the SMA wires over several cycles to reduce creep
and increase repeatability is given. From the material and system experimental curves, the design procedure was utilized to select the proper
SMA wire length and diameter for the final proof-of-concept prototype
which was built and experimentally characterized for its quasi-static performance. The prototype was tested in two modes, one with a long
handgrip that accommodated the full length of SMA wire and a short
handgrip that spooled the SMA wire. Both demonstrated the necessary
authority for the M16 rifle, but as expected there is a cost in loss of stroke
related to spooling which requires longer wire and more power to meet
specifications.

6523-04, Session 1
Modeling and sensitivity study of the dual-chamber
SMART (SMA resetable lift) device
J. E. Luntz, D. E. Brei, J. Radice, Univ. of Michigan; K. A. Strom,
General Motors Corp.
Morphing structures provide great flexibility for a diversity of applications
such as variable wings to quickly change flight characteristics, deployable
armor on military vehicles and structures to increase crush distance on a
detected impending impact reducing damage to underlying components,
and lifting automobile hoods to improve pedestrian survivability in collisions allowing the hood to gently absorb head impact energy without
contacting rigid engine components. Such applications typically require
a quick change in state, then a hold in position for a period of time, and
then a return to the original state (not necessarily as quick) after which,
the cycle may repeat. Many times it is desirable to have adjustability in
the states and the authority (motion, speed, forces).
Because morphing typically entails large structural elements, the motions
and forces are typically large and in the instances of any form of impact,
the speeds can be ultra-quick - order of milliseconds. To complicate the
problem, most of these applications typically have weight and volume
constraints. For example, the application of hood lifting for pedestrian
protection requires motions of 120mm in less than 40ms with required
forces up to 1500N and must be packaged in small pockets under the
hood. For most morphing applications, direct actuation solutions that can
meet the force/stroke/speed specifications have impractical power requirements and are too large or heavy.
An alternative approach is to indirectly actuate the system by storing en-
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ergy prior to the state change when more time is available and then quickly
release the energy upon demand. While this requires additional steps in
energy storage between states and perhaps additional hardware, it greatly
reduces the power requirements and actuation requirements that in the
end can lead to a smaller, lighter, efficient system. As an example of this
approach, a dual chamber SMART (SMA Resetable Lift) pneumatic device is presented which holds compressed air in both opposing sides of a
pneumatic cylinder and actuates by quickly evacuating the upper chamber with an ultra-fast SMA actuated valve, allowing the lower chamber to
expand and the piston to lift. The system is reset either by evacuating the
lower chamber to finish operations or pressurizing the upper chamber to
repeat operations. This device has design parameters such as pressure,
throw and orifice opening (controlled by the actuation power) that can be
change in-situ to tailor the performance characteristics during operation.
While this device was originally developed for the hood lift application,
the technology and methodology is generic to many applications.
This paper focuses on the modeling and sensitivity analysis of the dual
chamber SMART (SMA Resetable LifT) device. A control-volume based
analytical model was derived that employs compressible, sonic flow and
thermodynamic relations to predict actuation performance (lift profile and
speed) taking into account the hood inertia, device friction, and actuation
speed of the SMA valve. The model was exercised to explore the sensitivity of the performance to design parameters such as cylinder bore and
length, valve orifice size, and operating pressure and temperature to examine the off-line and on-line adjustability of the device’s performance.
To further validate and investigate the potential of this approach, a prototype was built to assess the authority of the device to meet morphing
application needs along with demonstrate the adjustability relative to relative to pressure, cylinder throw, and valve actuation power. A good agreement between the model predictions and the prototype performance was
observed, and a great authority to adjust the performance was demonstrated. Because of this authority and the performance predictability, this
technology can be tailored to a wide range of morphing applications.

6523-05, Session 1
Model identification and controller design of a fishlike robot
I. Ariyanto, T. Kang, Y. Lee, Konkuk Univ. (South Korea)
Developing underwater robots can be a big advantage in the fields of
ocean development, ocean investigation, and marine environmental protection. To provide high efficiency and propulsive performance, fish-like
performance is essentially required in developing underwater robots.
Hence, the fish-like robot is a useful and interesting one to develop. There
are several fish swimming mode in nature, but, mechanically, the most
simple one to implement is oscillating-plate swimming mode which employs only tail fin to oscillate.
We have studied oscillating-plate swimming mode by some experiments
and simulation using a fish-like boat. This fish-like boat model uses a
microcontroller plus servo system assembly to actuate the tail fin at 8
rad/s oscillation. It is also equipped with a high accuracy IMU sensor
which measures its attitude angles and accelerations when it swims. From
the IMU data, we can observe and analyze the boat’s swimming speed
and maneuverability. We have specialized our research to study about
steady-turn swimming maneuver of the fish-like boat which means no
sudden changes of swimming direction when turning.
The study of the fish-like boat steady-turn swimming maneuver is focused to identify a mathematical model, called directional transfer function, representing steady-turn dynamics. The transfer function relates a
swimming direction variable (path angle rate) as the output and the tail fin
mean oscillation angle as the input variable. This identification process
has involved a series of experiments and analyses. The goal of this process is to obtain a transfer function which has acceptable possible error
to signal ratio. The smaller error to signal ratio of a model, the better it is.
In search of the final acceptable model of steady-turn maneuver of the
fish-like boat, we have carried out modifications of the input signal and
the tail fin shape and flexibility. Results from several experiments, observations, and identification process have shown that the design (shape
and flexibility) of the tail fin plays important role in the boat’s swimming
performance (maneuverability and speed). We have varied tail fin shape
2
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and flexibility in this research and finally chosen pike-type fin as the best
one as it gives best performance and maneuverability of the fish-like boat.
We also have obtained a transfer function which has acceptable error to
signal ratio (about 10%). This is the main result of the research. Based on
this important result, we have tried to design swimming direction control
for the fish-like boat and studied what criteria the control design should
meet to improve the fish-like boat steady-turn swimming maneuver. The
criteria are step response enhancements, disturbances suppression and
zero steady-state error of ramp input response. A 2-degree-of-freedom
PID control design has been designed and suggested and it has proven
to meet the criteria.
Now, having those results and knowledge from the fish-like boat research,
we continue the identification research by making a real fish-like robot
which most of its body will be underwater (not completely immersed).
With the new fish-like robot, we are going to repeat identification process
we did in the previous research, study more about steady-turn swimming
dynamics, search for a better transfer function, and redesign the controller.

6523-06, Session 2
Cellular mechanisms for morphing aircraft wing
design
S. Bharti, M. I. Frecker, G. A. Lesieutre, J. Browne, The
Pennsylvania State Univ.
Morphing aircraft wings offer great potential benefits of achieving multi
mission capability as well as high maneuverability under different flight
conditions. However, they also present many design challenges in the
form of conflicting design requirements. The current research aims to
develop design methodologies for obtaining an optimal morphing aircraft
wing. Focus of this work is on developing an internal mechanism of the
wing that can produce the desired shape change. In our previous work
(Bharti et al. 2006), we have used a Genetic Algorithm (NSGA II developed by Deb 2002) along with non-linear Finite Element Analysis (FEA) to
account for the geometric non-linearity of the problem. In order to speed
up solution of the time consuming non-linear FEA, NSGA II was parallelized
as part of our previous work.
In this work, an alternate solution to the morphing wing design is presented. This solution involves using planar unit cells of pre-determined
shape and layout as the internal wing structure for achieving the desired
wing shape change. This method is particularly useful in cases where the
desired morphing is two-dimensional in nature. In such cases, intuitive
cell designs such as diamond or hexagonal shaped cells may be used in
layouts that achieve desired wing morphing. The shape change depends
on the cell shape as well as cell arrangement in the design domain.
In the design with such cellular structures, the focus of the design process shifts from optimal placement of actuators and struts to optimizing
parameters such as cell angle, cell wall thickness and length, and cell
wall angle. The placement of actuator must still be determined; however
the struts are placed using a predetermined scheme. Actuator placement
may be determined intuitively or by using an optimization procedure. Such
a structure may be utilized with great potential benefits due to the specific properties of individual cells and their arrangement together. In case
it is necessary to use an optimization process for actuator placement, the
number of design variables is considerably lower since strut placement is
predetermined.
In this paper, the design of the TSCh wing (NextGen Aeronautics Inc.)
using cellular mechanisms is discussed. The morphing of the TSCh Wing
is two-dimensional, requiring a span and sweep change. It morphs from
a zero sweep, large span, loiter into a high backward sweep, low span,
dash configuration. The internal cellular structure is sized so as to satisfy
the design requirements. Calculations are then made to determine if compliant joints may be used to achieve the required morphing. It is shown
that the large deformation requirements make it impossible to use compliant joints for the suggested design. Hence a pin-jointed mechanism is
designed. Pin joints are sized so as to prevent joint failure. Prototype
development and comparison of test with simulation results are presented.
Other potential application areas for the cellular mechanisms are discussed
also discussed in this paper.
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6523-07, Session 2
Energy-based aeroelastic analysis of morphing wings
R. De Breuker, M. M. Abdalla, Z. Gürdal, Technische Univ. Delft
(Netherlands); D. K. Lindner, Virginia Polytechnic Institute and
State Univ.
Morphing aircraft structures are designed to enable aircraft to fly multirole missions. Due to the often conflicting requirements in an aircraft’s
mission, designers have to make compromises regarding wing design
leading to sub-optimal performance of the aircraft. For each mission segment, there exists an ideal shape of the wing for optimal performance,
and it is therefore desirable to have a wing that can morph between these
shapes.
Interest in morphing technology has increased substantially over the past
decade. The focus lies mainly on the uninhabited flying vehicle (UAV) class
of aircraft, which should ideally have the ability to fly optimally in different
flying regimes, ranging from loiter to high speed dash. Several studies
have been carried out on the subject, amongst which are initial performance calculations to determine the performance trends as wing planform changes. More elaborate aeroelastic simulations using finite element calculations have been carried out to gain insight into the behaviour
of this type of wings during a morphing manoeuvre.
Transforming between the various shapes requires often substantial deformations. Therefore actuation energy analysis is essential. Because of
that, a morphing wing cannot only be evaluated for its aerodynamic merits, but the break down of energy flow in the system should be taken into
account; including the work done by the aerodynamic forces, the structural elastic strains and the actuator energy.
The current paper discusses the development of a tool which is able to
analyse the energy requirements for a morphing wing that undergoes a
considerable change in its planform shape. Such wings are designed for
mission segments where the flight conditions are quite different necessitating significant adaptation to continue flying at optimal aerodynamic
efficiency (measure by e.g., lift-to-drag ratio). In the present analysis,
aeroelastic deformations and aerodynamic forces, aiding or counteracting the actuation forces, are taken into account.
The structural model is built up as a beam model. Each node of the beam
has six degrees-of-freedom, so the wing structure is capable of moving
and rotating in three dimensions. It accounts for large deformations using
a co-rotational framework. Arbitrary composite cross-sections can be
modelled. The aerodynamic model is based on a vortex lattice method..
Induced drag follows from the calculations while viscous drag is estimated using the airfoil drag coefficient integrated over the span. The interaction between the fluid and the structure is solved iteratively with a
Newton-Raphson method. The aerodynamic stiffness required for the
Newton-Raphson implementation is calculated using automatic differentiation. The trimming condition is accounted for by considering the angle
of incidence as an additional unknown degree-of-freedom. Actuation can
be applied at an arbitrary location (or multiple locations) on the wing.
A mission is created to demonstrate the feasibility of the developed analysis
tool. Results are generated for an aircraft that sweeps its wings in a trimmed
condition while maintaining the same wing length. It is shown that during
the morphing sweep manoeuvre the angle of attack increases considerably to keep the UAV in its trimming condition. That causes the lift-todrag ratio to change with sweep angle and an optimum at a certain
morphed configuration is clearly visible. The actuation force does not increase monotonously with increasing sweep angle, but also exhibits
maxima and minima. This is because the lift and drag redistribution at
higher angles of incidence.

6523-08, Session 2
Active aeroelastic control using synthetic jet
actuators: modeling and simulation
R. De Breuker, M. M. Abdalla, Z. Gurdal, Technische Univ. Delft
(Netherlands); P. Marzocca, K. O’Donnell, Clarkson Univ.
Synthetic Jet Actuators (SJAs) are a particular class of zero net mass flux
actuators. SJAs have shown very promising results in aeronautical appliSPIE Smart Structures and Materials 2007

cations, such as boundary layer control and delay of flow separation. A
less recognized effect of SJA on the flow field also is that momentum
exchange with the flow leads to a rearrangement of the streamlines around
the airfoil modifying the aerodynamic forces and moments. This paper
discusses modeling and simulations aspects of SJAs and how these devices can be exploited for aeroelastic vibrations control and flutter suppression.

6523-09, Session 2
Comparison of active flow control devices on bluff
body shapes
S. J. Haack, Univ. of Maryland/College Park; S. Wilkinson,
NASA Langley Research Ctr.; A. Flatau, Univ. of Maryland/
College Park
This paper presents results from experimental studies on the performance
of plasma actuators and synthetic jet actuators for active control of flow
over bluff bodies in subcritical flow conditions ranging from a Reynolds
Number of 7x104 to 2.3x105. The experiments were conducted at the
NASA Langley Research Center in their 20" x 28" Shear Flow Wind Tunnel, and the results provide an indication of the effectiveness, similarities
and differences of these two active flow control (AFC) methods for reducing pressure drag on bluff body shapes. Initially, to test for flow uniformity
in the test section, a pitot-static probe will be traversed to scan a grid ±5"
from the center of the test section when the tunnel is empty. Next, both of
the AFC devices are applied to a circular cylinder, as flows over this geometry are well understood and in particular flow separation characteristics for cylinders are well documented both experimentally and theoretically. The effect of the flow control devices will be quantified by measuring and integrating the pressure distribution around the bluff bodies using
a multi-port piezoelectric pressure scanner. From there, the AFC devices
are applied to an extruded 2D cross section of an AH-64 Apache tailboom
for assessment of performance on a more realistic, i.e. application specific, cross section. The knowledge gained from the circular cylinder tests
will be applied to develop and perform similar tests on the tailboom section.
Synthetic jet and plasma actuators reduce the pressure drag on cylinder
by delaying the onset of flow separation. Both devices add momentum to
the boundary layer to delay flow separation; however, research suggests
different mechanisms are responsible for achieving this result. A goal is to
determine if one device is more effective in certain flow conditions. The
comparison consists of operating the two types of actuators first in the
same symmetric, angular positions (? 80?) on the cylinder and then in
their individual optimal symmetric, angular locations and determining their
effectiveness in given flow conditions.
The paper will provide an overview of theoretical and experimental flow
over a circular cylinder and the relationship between flow separation and
pressure drag. In addition, the application and purpose of using active
flow control devices on an Apache tailboom section is discussed. The
state-of-the-art of synthetic jet and plasma actuators will be discussed
followed by the experimental setup. Finally, the results and discussion on
the effectiveness of these two actuator devices on two bluff bodies will
be presented.

6523-10, Session 3
Extremum-seeking control of ultrasonic/sonic driller/
corer using frequency and voltage modulation
J. B. Aldrich, S. Sherrit, M. Badescu, X. Bao, Y. Bar-Cohen, Z.
Chang, C. Jones, Jet Propulsion Lab.
Future NASA exploration missions will increasingly require sampling, insitu analysis and possibly the return of material to Earth for further tests.
One of the challenges to addressing this need is the ability to drill using
low axial loading while operating from light weight platforms (e.g., lander,
rover, etc.) as well as operate at planets with low gravity. For this purpose,
the authors developed the Ultrasonic/Sonic Driller/Corer (USDC) jointly
with Cybersonics Inc. (See [1] for details.) Studies of the operation of the
USDC at high power have shown there is a critical need to self-tune to
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maintain the operation of the piezoelectric actuator at resonance. In [2],
an extremum-seeking control approach using frequency modulation was
developed to track the drifting resonant frequency of the USDC driven at
high power. However, recent testing has revealed that power dissipation
and drilling efficiency can be optimized in real-time when the electrical
admittance of the device is maximized with respect to both the frequency
and the voltage amplitude of the input sinusoid. That is, the admittance
versus voltage relationship of the USDC is not constant as linear models
suggest, but rather unimodal in nature. As such, the input to performance
map of the USDC is viewed as a 2-dimensional unimodal map from frequency and voltage to electrical admittance. Although this map is unknown and slowly time-varying, its shape and peak vary smoothly with
the applied preload and the time-averaged impedance of the rock/bit interface. Motivated by these observations, a 2-dimensional extremumseeking control algorithm is proposed for robust tracking of the maximum admittance state as it drifts continuously over time and smoothly
with respect to preload. For the case where the USDC preload is not
static, but rather provided by a two-link robotic arm, a multi-dimensional
extremum-seeking control algorithm is proposed to modulate the robot’s
PD controller gains until the closed-loop admittance of the robotic-drill
system is maximized. In each case, adaptive filtering is applied to ensure
that the closed-loop control system remains responsive, yet stable, in the
presence of random and high-power impulsive noise disturbances coming from the rock/bit impacts. The details of the algorithm and experimental results will be described and discussed in this paper.
[1] Bar-Cohen, Y., Sherrit, S., Dolgin, B., Bao, X., Chang, Z., Krahe, R.,
Kroh, J., Pal, D., Du, S., Peterson, T., “Ultrasonic/Sonic Driller/Corer (USDC)
for planetary application,” Proc. SPIE Smart Structure and Materials 2001,
pp. 529-551, 2001.
[2] Aldrich, J., Sherrit, S., Bar-Cohen Y., Bao, X., Badescu, M., Chang, Z.,
“Extremum-seeking control for an ultrasonic/sonic driller/corer (USDC)
driven at high-power”, Proceedings of the SPIE 13th Annual Symposium
on Smart Structures and Materials, San Diego, CA, SPIE Vol. 6166-06,
Mar., 2006.

6523-11, Session 3
Piezoactuator design considering optimum
placement of functionally graded piezoceramics
R. C. Carbonari, E. C. N. Silva, Escola Politécnica da Univ. de
São Paulo (Brazil); G. H. Paulino, Univ. of Illinois at UrbanaChampaign; S. Nishiwaki, Kyoto Univ. (Japan)
Functionally Graded Materials (FGMs) possess continuous variation of
material properties and are characterized by spatially varying microstructures. Recently, the FGM concept has been explored in piezoelectric
materials to improve properties and to increase the lifetime of piezoelectric actuators. Elastic, piezoelectric, and dielectric properties are graded
along the thickness of a piezoceramic FGM. Thus, the gradation of
piezoceramic properties can influence the performance of piezoactuators,
and an optimum gradation can be sought through optimization techniques.
However, the design of these FGM piezoceramics are usually limited to
simple configurations. An interesting approach to be investigated is the
design of FGM piezoelectric mechanisms, which essentially can be defined as an FGM structure with complex topology made of piezoelectric
and non-piezoelectric materials that must generate output displacement
and force at a certain specified point of the domain and direction. This
can be achieved by means of topology optimization techniques. Thus, in
this work, a topology optimization formulation that allows simultaneous
distribution of void and FGM piezoelectric material (made of piezoelectric
and non-piezoelectric materials) in the design domain, to achieve certain
specified actuation movements, will be presented. To provide realistic
designs, the material gradation is constrained to one-dimension. The
method is implemented based on the “Solid Isotropic Material with Penalization” (SIMP) model where fictitious densities are interpolated in each
finite element, providing a continuum material distribution in the domain.
The optimization algorithm employed is based on sequential linear programming (SLP) and different types of FGM piezoelectric mechanisms
considering different kinds of output displacement are designed to demonstrate the usefulness of the proposed method. The finite element method
is based on the graded finite element concept where the properties change
4
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smoothly inside the element. This approach provides a continuum approximation of material distribution, which is appropriate to model FGMs.
Examples are limited to two-dimensional models because most of the
applications for such FGM piezoelectric mechanisms are actually planar
devices. The use of topology optimization for the design of FGM piezoelectric mechanisms is a novel approach that has the potential to dramatically broaden the range of applications of such devices, especially in
the field of smart structures.

6523-12, Session 3
Control modeling of LIPCA using miniaturized
piezoelectric actuator driver
T. Kang, Konkuk Univ. (South Korea); I. Kang, Korea Institute of
Industrial Technology (South Korea); M. Song, K. Yoon, S. Lee,
Konkuk Univ. (South Korea)
This paper describes an experimental control model of a LIPCA (Lightweight Piezo-Composite Actuator) for its smart structure applications.
The LIPCA is a layered piezo-composite unimorph actuator and it can
produce large force and displacement in broad band width in a light and
compact size. However it inherently needs large actuation voltage requiring a bulky hardware system to be a huddle for small sized mobile systems. Therefore, we have developed a MIPAD (Miniaturized Piezoelectric
Actuator Driver) to overcome such a limitation in engineering applications. It consists of a microprocessor, a DC-DC converter, power amplifier and lowpass filters and can accept commands from direct analog,
digital PWM, and RC-receiver signals. Also it has 6 A/D converters that
signals from other sensors like strain guages can be easily accomodated
to make feedback control signal. The size of the MIPAD is less than 7mm
x 7mm. Thus it can be easily included in the actuator system without
makng the system bulky. The LIPCA was actuated with MIPAD and a
simple strain model was derived based on cantilever theory to find actuating displacement. To control the LIPCA with MIPDAD, a 2nd order transfer function of LIPCA was also obtained from frequency response and
step input response by means of system identification. The derived models from the present work match well with experimental results. Especially, due to the feedback control, the hysteresys and nonlinear properties of the LIPCA is overcomed. Thus the LIPCA behaves as if it is a linear
actuator. It is expected that the control model using MIPAD can be applied for a small mobile robot having small and light piezoelectric artificial
muscle.

6523-13, Session 3
A fully compliant spatial smart structure with shape
memory alloy actuators
S. Muthuswamy, Univ. degli Studi di Genova (India)
Smart structures are structures integrated with sensors, actuators and a
control system that performs many desirable functions in response to
environmental inputs and work in perfect harmony with each other. Compliant smart structures also possess the advantage of a compliant mechanism by obtaining the mobility from the deflection of its flexible members.
Shape Memory Alloys (SMA) have been employed in smart structures as
actuators in various forms such as in adaptive wings, shape morphing,
adaptive antenna, hinge free solar panels, robot arms or in the form of
SMA reinforced composites and structures with varying stiffness properties. The structure and actuator of a compliant mechanism can have enormous advantages if they are designed out of SMA with intelligent control
scheme and with the configuration of a parallel mechanism. This concept
is the main motivating factor behind our research in the field of smart
structures.
A lightweight parallel manipulator of diameter 17.5 mm and height 25 mm
comprises of a moving platform, fixed base and a central column. The
manipulator, which was designed and fabricated earlier, is made up of a
single piece of Beryllium-Copper spring steel (UNSC 17300) and actuated by SMA actuators. Our simulation results by ANSYS for this prototype showed that the moving platform is only capable of reaching a displacement of 1 mm. The major technical hurdles were (i) manufacturing
the central column with wall thickness of 50 ?m, (ii) requirement of SMA
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wires of 750 ?m diameter in order to provide large deflection force and,
(iii) need of large amount of power for heating the wires of such higher
diameter. In order to overcome these difficulties it was decided to change
the material of the elastic column and found that superelastic nitinol has
the same allowable deformation (Yield strength /Young’s modulus) with
the advantage of ready availability. The height of the modified prototype
is increased to 75 mm to obtain large displacement. The diameter of the
base was also increased to 65 mm for obtaining sufficient inclination for
the actuator wires and also to accommodate the force sensors. Initially 3
SMA wires of 0.3 mm diameter were placed at 120? apart and were used
with three loadcells having provisions for attaching 6 wires like the six
limbs of the Stewart platform.
The proposed manipulator is a typical spatial mechanism, which is fully
compliant with multiple flexible members including actuators and the
column. Though its construction is simple and looks like a 3D cantilever
beam actuated by 3 SMA wires, its modeling, dynamics and control are
quite complex due to the nonlinear hysteretic behavior of SMA actuation.
The present work basically investigates the coupled nonlinearity between
the shape memory NiTi wire actuators and superelastic nitinol thin-walled
elastic column. The combined setup having actuators and elastica column with a fixed base and a moving platform constitutes a lightweight
and miniature spatial parallel manipulator. Generally, lightweight structures are more susceptible to problems originating from large deflections,
non-linear vibrations and structural instabilities similar to the design of
vacuum and power umbilical currently being used in space applications.
The available literature shows that various configurations of cantilever
beam under various loading conditions and actuated by SMA actuators
have already been investigated extensively as structure and elastica column. But mostly they are in 2D form. The nonlinear force obtained during
SMA actuation and the corresponding change in the applied tip moment,
which depends upon the applied load and the tip deflection angle, needs
to be coupled with the geometric equations. For the proposed mechanism, geometric equations are derived in 2D form, considering the force
of actuation of one wire and the resultant of other wires. These equations
were derived considering one inflection point and initial curvature of the
central column. The in-plane translational and rotational flexibility expressions were also derived. These equations were solved with complete and
incomplete elliptic integrals and numerical integration and compared with
finite element simulation using ANSYS. The force displacement equations in 3D form were also obtained using vector approach for ‘n’ number
of SMA wires.
Various type of control schemes like PD, PID, variable structure control,
time delay control, segmented binary control etc., have already been developed for the position control of SMA actuators. But all these schemes
have been applied to control one or two actuators at a time. As the mechanism under investigation has 3 SMA actuators, and that too is a compliant mechanism, force feedback was also required besides position feedback for obtaining accurate results. Therefore it was decided to incorporate a Dual feedback fuzzy controller with adaptive mechanism. Fuzzy
logic control system was used as it is capable of uniformly approximating
any nonlinear function to any degree of accuracy provided the function is
compact based on Universal Approximation Theorem. Three number of
single axis load cells were used to obtain the force feedback and the
position feedback was accomplished by an image processing system
with CCD camera. The controller with adaptive fuzzy mechanism divides
the SMA hysteresis into 3 linear fuzzy regions with different slopes. The
training algorithm modifies the control strategy in accordance with coarse,
medium and fine controls.
The scope and benefits of the proposed compliant parallel manipulator
with smart structure is to provide deflection control not only in 2D form
but also in 3D form. The central super elastic column, which is a compliant structure, also gives additional stiffness to the parallel mechanism.
Our ongoing research efforts are in the direction of error optimization,
trajectory generation and manipulation in multi stages.

6523-14, Session 3
Estimating the control capacity of the squeeze mode
MR damper with multi-electro-magnetic system
G. Heo, Konyang Univ. (South Korea); J. Jeon, Chungnam
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National Univ. (South Korea); G. Lee, J. Lee, D. Lee, Konyang
Univ. (South Korea)
This paper is focused on developing a Squeeze Mode MR damper with
large-control capacity for an effective vibration mitigation of infrastructures such as long span bridges and skyscrapers, etc. In order to maximize the magnetic field required for control of MR fluid, this device is
designed by separating electro-magnetic system from the main cylinder
for large capability of control force without changing its total length. And
the developed device has two separating electro-magnetic systems. This
MR damper developed here is tested to estimate its maximum control
capacity and dynamic range(controllable force vs uncontrollable force),
inputting various current. These experimental results makes it possible to
estimate its maximum control force by drawing a curve showing the relationship between generated force and input current, and they are compared to those of the pre-researched single type MR damper. In order to
verify its performance as a semi-active control device, its dynamic range
is calculated. Through all tests, the developed MR damper including multi
electro-magnetic system is proved to be an effective device for the response control of infrastructures.

6523-16, Session 4
Optimal location and control of piezoelectric
actuators for shape control using nonlinear finite
element
R. Periasamy, A. Khajepour, K. Morris, Univ. of Waterloo
(Canada)
In this paper, the optimal location and control of piezo-electric patches to
shape control of plates are presented. A nonlinear finite element model of
the laminated structure with self-sensing piezo-electric actuators is developed to analyze the static and dynamic behavior of the structure. The
hysteresis of piezo-electric actuators is modeled using Preisach model
and is included in the finite element model. Furthermore, von-Karman
type nonlinear strains are considered to include any geometric nonlinearity
in the structure.
The finite element laminated composite model with self sensing piezoelectric actuators is used for optimal shape control of plates. A multidisciplinary optimization technique to simultaneously optimize the actuators location and controller gains is presented. The technique is applied
to static and dynamic shape control and the effects of structural
nonlinearities in the controller performance and robustness are studied
and compared with the literature.
Several numerical examples for beams and plates are presented. Different objective functions and metrics are presented and used in the optimization procedures. The optimization results are provided and a discussion on the number of patches and its effects on the accuracy of the
shape control are given.

6523-17, Session 4
Passivity-based control of magnetostrictive materials
S. Valadkhan, K. Morris, A. Khajepour, Univ. of Waterloo
(Canada)
In this article, passivity-based controllers for velocity and position control
of magnetostrictive materials are designed and discussed. Magnetostrictive materials are a class of smart materials which increase in size in presence of a magnetic field. They are a competitive choice for micro-positioning actuation tasks because of the large force and strain they provide.
Unfortunately, magnetostrictive materials are highly nonlinear and hysteretic. The hysteresis depends on many physical conditions. The dependence of hysteresis on many physical conditions together with intrinsic
nonlinearity of the material makes it difficult to control. Since sub-micron
accuracy is expected from micro-positioning actuators, a feedback control system is needed. The control system should be able to stabilize the
system and satisfy performance conditions.
In this article, the passivity approach is used to establish stability for the
closed loop. Passivity can be used to establish stability for a large class
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of linear and nonlinear systems. If the system is passive and the controller satisfies certain conditions, the closed loop is stable.
Using a physical argument, passivity of the system under discussion is
proved. No model for magnetostrictive material is used in this proof and
the result can be used in any hysteresis model for the material. This result
is used to identify a class of stabilizing velocity controllers.
For position control, it is assumed that the material can be modelled with
the Preisach model. The passivity proof is extended to a different set of
system inputs and outputs which is suitable for position control. Using
this result, a class of stabilizing position controllers is identified.
Using the Preisach model to generate simulated system response, controllers for velocity and position control are designed that optimize tracking performance.
An apparatus was used to verify the controllers’ performance experimentally. Terfenol-D, a magnetostrictive material, was used for actuation. A
Terfenol-D rod was surrounded by a magnetic coil, which provided the
requested magnetic field. The coil was connected to a programmable
power supply controlled by a PC computer. The elongation generated by
the Terfenol-D rod was measured by an optical encoder. The encoder
readings were fed back to the PC computer, in which, the controller was
implemented. Using this setup, the controllers were evaluated experimentally. The performance of the different controllers are compared.

6523-18, Session 4
Modeling and identification of the hysteretic
dynamics of a MR actuator for its application to
semiactive control of flexible structures
N. Luo, M. Zapateiro, Univ. of Girona (Spain)
Significant advances in the vibration control of civil engineering structures have been achieved in the last years with the increasing application
of emergent technologies and smart materials. One of promising
semiactive actuators is the MR damper which can change rapidly its state
from linear viscous fluid to semi-solid in milliseconds when exposed to a
magnetic field. However, the design of a semiactive controller is generally
difficult due to the high nonlinearities, mainly the hysteresis phenomenon,
presented by the MR damper. Consequently, obtaining an effective and
simple hysteretic model is of a great significance for the application of
MR damper to the semiactive control of flexible structures.
This paper presents the theoretical and experimental results about the
modeling and identification of a type of shear-mode MR damper. It consists of two steel parallel plates and its force is generated when the moving plate, coated with a thin foam saturated with MR fluid, slides between
the two parallel plates. In our laboratory, the MR damper is integrated into
a flexible structure for generating control forces in order to attenuate the
vibration induced by the external dynamic loads. For modeling the hysteresis phenomenon of the above MR damper, the revised Bingham model,
the phenomenological Bouc-Wen model and the bi-viscous hysteresis
model have been used. The hysteretic dynamics is identified by using the
sinusoidal excitation with different frequency and magnitude and the parameters are obtained by using the optimization program of Matlab. Concretely, the identification of the MR damper is done in two steps. First, the
MR damper parameters are identified before being installed at the structure. For this purpose, an experimental frame is used in which the measurements of the structural displacement and velocity and the damper
force are used the parameter identification. Afterwards, when the MR
damper is installed at the structure, its parameters will be updated. Forces
generated by the MR damper and accelerations induced to each floor are
measured in order to identify and optimize the MR damper parameters.
The FMINCON optimization function of Matlab is used to determine the
optimal values by taking the values obtained in the step 1 as the initial
values. The objective function is defined as the error between the experimental and predicted accelerations at each floor. Experimental results
are presented to show the good results of the parameter identification of
the hysteretic model and to make the comparison of the different hysteresis models used.
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6523-19, Session 5
Active fault tolerant control of a flexible beam
Y. Bai, K. M. Grigoriadis, G. Song, Univ. of Houston
This paper presents the development and application of H-infinity fault
detection and isolation (FDI) filter and fault tolerant controller (FTC) for
smart structures. A linear matrix inequality (LMI) formulation is obtained
to design the full order robust H-infinity filter to estimate the faulty input
signals. A fault tolerant H-infinity controller is designed for the combined
system of plant and filter which minimizes the control objective selected
in the presence of disturbances and faults. A cantilevered flexible beam
bonded with piezoceramic smart materials, in particular the PZT (Lead
Zirconate Titanate), in the form of patch is used in the validation of the
FDI filter and FTC controller design. These PZT patches are surfacebonded on the beam and perform as actuators and sensors. A real-time
data acquisition and control system is used to record the experimental
data and to implement the designed FDI filter and FTC. To assist the
control system design, system identification is conducted for the first mode
of the smart structural system. The state space model from system identification is used for the H-infinity FDI filter design. The controller was
designed based on minimization of the control effort and displacement of
beam. The residuals obtained from the filter through experiments clearly
identify the fault signals. The experimental results of the proposed FTC
controller show its effectiveness for the vibration suppression of the beam
for the faulty system that the piezoceramic actuator is partially failure.

6523-20, Session 5
An [infinity] upper bound approach for control of
collocated structural systems
M. Meisami-Azad, J. Mohammadpour, Univ. of Houston
Feedback control of structural systems results in different stability characteristics depending on whether collocated or non-collocated control is
used. Direct velocity feedback control of a discrete dynamical system
with collocation of actuators and sensors is known to provide a stable
closed loop system for all values of the control gain. It has been shown
that there are great advantages, from a control point of view, to employing collocated actuators and sensors. Collocation leads to symmetric
transfer functions which are relatively easy to analyze and implement.
The control of structural systems with collocated sensors and actuators
via $H_\infty$ control, which is based on the standard Riccati equation
approach or the linear matrix inequality (LMI)formulation, has attracted a
lot of attention recently.
The current paper examines the $l_{2}-l_{\infty}$ control analysis and the
output feedback design for the collocated systems that are known to be
externally symmetric. The paper presents an explicit expression as an
upper bound on the $l_{2}-l_{\infty}$ norm for structural systems with
collocated sensors and actuators. To this purpose, we analyze open-loop
collocated structural systems and obtain an upper bound for the $l_{2}l_{\infty}$ norm using the linear matrix inequality formulation of the $l_{2}l_{\infty}$ norm analysis. Next, we address the problem of output feedback controller design for such systems. By employing algebraic tools,
we derive an explicit parametrization of the controller gains which guarantee a prescribed $l_{2}-l_{\infty}$ norm performance of the closed-loop
system. The paper demonstrates the high accuracy of the proposed upper bound on $l_{2}-l_{\infty}$ norm of the system calculated effectively
using a convex optimization problem. Toward this purpose, we consider
the LMI analysis conditions that characterize the $l_{2}-l_{\infty}$ norm of
the system and propose a particular solution for the Lyapunov function in
the LMIs. The proposed bound is shown to be the exact open loop system $l_{2}-l_{\infty}$ norm for the one-degree-of-freedom collocated structural system. The qualifications of the proposed upper bound and design
methodology are verified using numerical examples and also data collected from a large scale system. The effectiveness of the proposed bound
and control design method becomes apparent, especially, in very large
scale structural systems where using classical method of solving Lyapunov
equation is time-consuming or intractable. The successful results of application of the proposed methodology to the finite element structural
model for the assembly phase 8A-OBS of the International Space Station
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(ISS) with collocated control and Rayleigh damping is also illustrated in
the paper.
A potential application of the determined upper bound and the designed
controller is the experimental validation of the proposed method on a
cantilevered beam with two collocated pairs of piezoceramic patches that
serve as sensors and actuators. The testbed is available in Smart Material and Structures Laboratory and will be used for the validation purpose.

6523-21, Session 5
Control and integrated design of smart material
systems using analytical upper bound methods
K. M. Grigoriadis, Univ. of Houston; M. A. Demetriou, Worcester
Polytechnic Institute
In this work, we examine the combined control and system parameter
design problem for collocated structural system. We use an analytical
upper bound approach that provides explicit expressions for the values
of control gains and system parameters so that H2 and H-infinity performance specifications are satisfied. The analytical upper bound approach
does not require the solution of matrix Riccati or Lyapunov equations and
it is suitable for control of large scale structural systems. The computational advantages of the proposed approach are evaluated and compared
to traditional control methodologies along with a comparison of the achievable performance. Finally, the proposed methodology is validated on an
experimental set-up that consists of a cantilevered beam controlled by a
collocated pair of piezoelectric sensors and actuators for vibration suppression.

the presence of disturbance. This algorithm based on Bartoszewicz’s
reaching law and FOS is designed, simulated and experimentally implemented for disturbance rejection. The proposed control technique achieve
good vibration suppression. This methodology is more practical and easy
to implement since the measurement or estimation of the system states
is not needed for designing the controller. The robust performance of the
controlled system in the face of external disturbances is shown through
computer simulations and experimental results. Also this approach avoids
the undesirable chattering.

6523-25, Session 6
Controllability of a multilayer Rao-Nakra beam with
minimal number of boundary controls
S. W. Hansen, Iowa State Univ.
The controllability structure of a multilayer beam system with viscous
damping in alternating layers is described. The model is based upon the
classical three-layer Rao-Nakra sandwich beam theory. By choosing the
viscosity in the damping layers appropriately, one can often avoid multiple eigenvalues and hence allow for the possibility of controllability with
a minimal number of boundary controls. The best result is obtained when
none of the wave speeds associated with the layers coincide. In this case,
controllability is obtained with only one boundary control. The problem of
using a reduced number of controls (less than 1 for each beam layer) is
type of “simultaneous control” problem that has been studied by J. L.
Lions, G. Weiss, M. Tucsnak and many others.

6523-28, Session 7
6523-22, Session 5
Utilizing spatial robustness measures for the
optimization of a PZT-actuated flexible beam
M. A. Demetriou, Worcester Polytechnic Institute; K. M.
Grigoriadis, Univ. of Houston
In this work, we revisit the problem of actuator placement within the context of spatial robustness. When one optimizes location-parameterized
H2 or H-infinity closed loop measures, arrives at actuator locations that
provide performance optimality. However, these measures assume an a
priori given distribution of disturbances. When the above measures include an additional optimization stage whereby one searches for the worst
distribution of disturbances, then the resulting actuator location will result in both an improved performance and enhanced spatial robustness.
Using an analytical bound approach that provides an explicit expression
for an upper bound on the H-infinity norm of the system transfer function,
the worst distribution of disturbances can be found that maximizes the
open loop H-infinity bound. Subsequently, an optimal actuator location is
found that minimizes the H-infinity bound of the closed loop transfer function. This method minimizes the optimization complexity and provides
great computational advantages in large scale flexible systems where the
solution to H-infinity optimization problems using standard tools becomes
computationally prohibitive. Extensive numerical results for flexible structures using colocated actuator/sensor PZT pairs are presented and which
compare the computational requirements on the doubly-optimized, spatially-robust controller using the proposed analytical bound approach to
that using the standard H-infinity approach.

6523-23, Session 5
Active vibration control of piezoactuated structures
using fast output sampling based sliding mode
control
M. Umapathy, A. Girija, G. Uma, National Institute of
Technology/Tiruchirappalli (India); B. Bandopadhyay, Indian
Institute of Technology (India)
In this paper fast output sampling (FOS) based discrete sliding mode control is presented for piezo actuated structures to suppress the vibration in
SPIE Smart Structures and Materials 2007

High-speed parameter estimation algorithms for
nonlinear smart materials
J. M. Ernstberger, R. C. Smith, North Carolina State Univ.
The behavior of ferroelectric, ferromagnetic and ferroelastic materials can
be accurately simulated and controlled. A fundamental step in the model
construction is the estimation or identification of material parameters given
measurements of the material response. Moreover, actuator and/or material properties may be a function of operating conditions which can necessitate the re-estimation of parameters if conditions change significantly.
In this paper, we focus on the development of highly robust and fast identification algorithms for use in industrial, aeronautic and aerospace applications. Following a discussion of present and future applications, we
summarize the model framework. We next discuss the inverse parameter
estimation problem and detail algorithms used to speed implementation
time. The validity of the framework is illustrated through model construction given measured data.

6523-29, Session 7
Tracking of transient displacements of plates with
support excitations
H. Irschik, M. Krommer, M. Nader, Johannes Kepler Univ. Linz
(Austria)
Adaptive and smart structures have become a major subject of contemporary research. Smart structures are structures that like human beings
are capable to automatically react to disturbances exerted upon them by
the environment they are operating in. Typically, smart structures are put
into practice by embedding or attaching smart materials to a substrate
structure. These materials have both, actuating and sensing capabilities;
a popular example would be piezoelectric material that exhibits the direct
and the converse piezoelectric effect. As many of the structures, which
are considered as candidates for implementing smart materials, are infinite-dimensional structures there is an inherent need for properly distributing the actuation. A method that has been successfully utilized for the
design of distributed actuators is the method of shape control. In general
shape control is concerned with finding a distributed actuation such that
a structure assumes a desired shape. The latter shape may be the
undistorted shape of the structure under the action of external distur-
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bances or it may be a prescribed new shape for the structure.
The present paper is concerned with dynamic shape control of linear elastic
plates under the action of transient forces, with prescribed time-dependent boundary conditions, and with given initial conditions. We consider
anisotropic linear elastic plates. We ask for an additional distribution of
actuation stresses such that the resulting displacements of the plates
under consideration follow exactly some desired trajectories in every point
and at every time instant. We present relations that must be satisfied for
the actuation stresses in order that this goal of transient displacement
tracking is reached. The actuation stresses we have in mind for enforcing
tracking of transient displacements are induced by eigenstrains, such as
thermal expansion strains or piezoelectric parts of strain.
As a special example we study transient vibrations of circular plates in
axi-symmetric bending in detail. The vibrations are excited by transverse
forces or by support excitations, and actuation stresses are considered
to track prescribed transient deflections of the plate. As the latter prescribed transient deflections have to satisfy the kinematical boundary
conditions, only deflections can be tracked that satisfy the kinematical
boundary conditions. We present analytical solutions for two important
practical problems; firstly, for the elimination of transient deflections induced by transverse forces and secondly, for the tracking of prescribed
deflections for plates with time-dependent support excitation. Finally, a
comparison with Finite-Element calculations is presented to validate the
analytical plate solutions. Electromechanically coupled three-dimensional
elements are used in the numerical calculations.

Studi di Genova (Italy)

6523-30, Session 7

C. M. Mota Soares, Instituto Superior Técnico (Portugal); A. L.
Araujo, Institute Politecnico de Braganca (Portugal); J.
Herskovits, Univ. Federal do Rio de Janeiro (Brazil)

On the identification of modal couplings and inherent
capacitances of piezoelectric structures
C. Maurini, Univ. Pierre et Marie Curie (France); M. Porfiri,
Polytechnic Univ.; J. Pouget, Univ. Pierre et Marie Curie
(France)
Reduced order modal model of piezoelectric structures are needed for
structural control and health-monitoring applications. The characterization of these modal models requires the knowledge of mechanical parameters (natural frequencies and damping ratios), coupling parameters
(modal coupling coefficients), and electric parameters (inherent piezoelectric capacitances). Most of the numerical and experimental methods
focus on the identification of the mechanical and coupling properties. As
a matter of fact, they generally discard purely electric properties, that
influence the design of active and passive controllers and are fundamental for control electronics and power consumption issues.
Our study focus on the critical analysis of identification methods for the
piezoelectric coupling coefficients and the inherent piezoelectric capacitances. Two techniques are compared: the first requires the knowledge of
open-circuit and short-circuit resonant frequencies and standard capacitance measurements; the second exploits the properties of the frequency
response of the RL piezoelectric shunting. The two methods are implemented both on an experimental setup and a 3D finite element model.
Comparisons between numerical and experimental results show that the
estimate of the piezoelectric capacitances appearing in the modal model
is a critical issue. We clarify the dependence of the modal capacitance on
the mechanical constraints imposed on the structure and on the number
of modes included in the model. We show that the capacitance of the
modal model may significantly differ from the nominal capacitance of the
standing-alone piezoelectric transducer, that is assumed as the correct
capacitance by many authors. This percentile difference is as high as
50% in the considered case study (a beam with two bimorph pairs of
piezoelectric transducers). Moreover, while static measures of the capacitance appear to be inaccurate, the capacitance identified with the method
based on the resonant shunting shows a close agreement with the results from the finite element model.

6523-31, Session 7
Anomaly identification in complex structures using
model free data statistical analysis
D. Posenato, Smartec SA (Switzerland); F. Lanata, Univ. degli
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No current methodology for detection of anomalous behavior from continuous measurement data can be reliably applied to complex structures
in practical situations. This paper summarizes a methodology for modelfree data interpretation to identify and localize anomalous behavior in civil
engineering structures. This statistical method, based on moving principal component analysis, has demonstrated to be useful for damage detection during continuous static monitoring of civil structures. The algorithm memorizes characteristics of time series generated by sensor data
during a period called the initialisation phase where the structure is assumed to behave normally. This phase subsequently helps identify anomalous behavior. No explicit knowledge of structural characteristics such as
geometry and models of behaviour are necessary. The methodology has
been tested on numerically simulated elements with sensors at a range of
damage severities. A comparative study with wavelets and other statistical analyses demonstrates superior performance for identifying the presence of damage. Due to its adaptability this approach can be applied
over long periods to a range of structural systems to discover anomalous
state. The methodology has good capacities to detect and locate damage and requires low computational resources.

6523-32, Session 7
Parameter estimation in active laminated plate
structures

The parameter estimation inverse technique consists on minimizing the
difference between the response of the physical system and the finite
element numerical model that simulates the system response as a function of the elastic and piezoelectric coefficients. The error estimator used
is of the weighted least squares type, where the real part of the numerical
experimental eigen values, the corresponding real parts predicted by the
numerical model, and the modal experimental numerical loss factors are
used in the objective function. The problem is stated as the constrained
minimization of the error estimator (objective function), where the constraints are imposed in order to insure positive definiteness of the constitutive elastic matrices of all materials. The numerical optimization technique is the feasible arc interior point algorithm for constrained minimization. The numerical model is based on a finite element model, using a
higher order shear deformation displacement field. Identification results
are presented and discussed.

6523-33, Session 8
Wavelet-based signal processing applied to
deformable mirror PZT actuators for wavefront
control
K. J. Jones, Rice Univ.
The objective of this paper is to address one of the more difficult problems in astronomical Adaptive Optics: on future Extremely Large Telescopes (ELT), the computing power required for the requisite number of
actuators will exceed computing power presently available. The PZT actuators for Deformable Mirrors has three axes: tip, tilt, and piston. It is
envisioned that the three axes can be controlled by adaptive wavelet filter
banks. Adaptive echo cancellation will be applied to wavefront control in
a manner analogous to that used to cancel telephone echos. This approach will provide an alternative control strategy.
Adaptvie wavelet systems are important when the environment is changing with time: i.e. providing real-time correction for astronomical Deformable Mirrors. Applying echo cancellation is a useful and effective approach.
A bank of three filters will be applied: one per actuator axis.
Adaptive Optics has three parts: Wavefront Sensing, Deformable Mirrors,
and the Control System for wavefront correction. The Control System
drives the three axes actuators (tilt, tip and piston) of the Deformable
Mirrors. Extremely Large Telescopes (ELT) bring certain challenges: as
the telescope diameter D increases, the number of actuators on the De-
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formable Mirror has to increase as D squared. The pixel readout rate also
has to increase as D squared. The required computer power scales as D
to the fourth power. It is essential to develop alternative strategies for
increased computation requirements. A new strategy is using Adaptive
Wavelet Filter Banks as control systems for the three axes actuators.
Wavelets lowers the computation requirments as well as offering new
approaches to Wavefront Control.
Adaptive Wavelets, using filter banks and echo cancellation will be applied to the three axes of the PZT actuators as an alternative control strategy for future AO on Extremely Large Telescopes
(ELT). This approach is expected to reduce computation and complexity,
making possible the greater observational capabilities of future 30 m and
100 m telescopes.

6523-34, Session 8
Damage assessment of ATWO-SPAN RC slab using
wavelet analysis

the machine. These events generate force transients of short duration
and broad frequency content. Even though these events may be part of a
machine cycle, and therefore periodic, it is often more appropriate to treat
them on an individual basis because more diagnostics information is available from a single waveform during a cycle than from averages over several cycles. However, it is very rare for one to have direct access to source
waveforms because of the expense and reliability problems associated
with the required instrumentation, and non-invasive techniques will have
to be used.
This paper explores the use of cepstral smoothing technique for noninvasive diagnostics of bearing impacts and diesel combustion misfire in
reciprocating machinery. The methodology is based on extracting diagnostic signals from vibration measurements taken at a “convenient” location such as the crankshaft casing or bearing cap, and consists of source
identification, diagnostic signature recovery, and diagnostic system decision-making. A dynamic simulation with lumped mass model is developed to analyze bearing impacts for the big end bearings, experimental
measurements from accelerometers, transfer functions of vibration, and
the structural response are presented.

X. Zhu, H. Hao, The Univ. of Western Australia (Australia)
Damage detection of reinforced concrete bridge deck using vibration
characteristics has been a hot topic of research in the last two decades.
Since reinforced concrete structures are nonlinear in behaviour, even with
low level of damage, it is difficult to make a reliable estimate on the dynamic properties for use in the damage detection/health monitoring. The
traditional methods of calculating the time-frequency relation for a signal
are based on the discrete Fourier transform (DFT). It may be applied to a
short time-period of the signal to estimate the frequency content of the
signal over this time-period. The limitation using the DFT to calculate the
frequency content is based on the assumption that the signal is stationary. To reduce the effect of effect of this assumption, it is desirable to
reduce the length of the time-period. However, the resolution of the DFT
deteriorates due to the reduction of the time-period. The time-frequency
character of wavelet transforms allows adaptation of both traditional time
and frequency domain system identification approaches to examine nonlinear and non-stationary signal. Because of its capacity of time-frequency
multi-resolution analysis for non-stationary signal, the wavelet transform
has recently been demonstrated as a promising tool for damage assessment of machinery and structures. This study focuses on the signatures
of non-linear characteristics in the vibration of damaged reinforced concrete structures using wavelet analysis, and to investigate the possibility
of using changes in these characteristics for damage detection.
A two-span RC slab that measures 6400mmÅ~800mmÅ~100mm with
3000mm spans and 200mm overhang on each end was tested to failure
in the laboratory. UB sections were used as supports. The slab was designed according to the moment redistribution method with 11 N6 bars at
75mm centres for both positive and negative reinforcement. The slab was
incrementally loaded at the middle of each span to different load levels to
create crack damage using four-point loading. Twelve loading stages were
performed with increasing maximum load level. Two load cells are used
to record the static loads on left and right spans. The crack locations and
lengths were monitored in addition to the displacement measurements.
Four displacement transducers are located at two sides of the middle of
each span to measure the deflection under the static load. Three sets of
accelerometers that each set includes nine accelerometers are even distributed along the slab to measure the dynamic responses. The measured responses from the RC slab in different cracked damage states are
analyzed using the wavelet transform. The damping ratios and instantaneous frequency are extracted. The results show that the damping ratio
and instantaneous frequency changes could be two good indicators of
damage in the reinforced concrete structure.

Hidden Markov model based classification of
structural damage
N. Kovvali, A. Papandreou-Suppappola, D. Cochran, A.
Chattopadhyay, Arizona State Univ.
The detection and classification of damage in complex materials and structures is an important problem encountered in many scientific and engineering applications. Existing strategies for dealing with these tasks include those based on the use of Lamb waves, wave-propagation based
analysis, various non-destructive evaluation (NDE) techniques, and timefrequency analysis. Most of these methods, however, have drawbacks
such as lack of robustness, limited sensitivity, etc. primarily because they
fail to account for a crucial component in the characterization of structural damage: uncertainty.
In the structural health monitoring problem, the source of uncertainty is
twofold: (a) variance in structure geometry, material properties, and life
history, and (b) insufficient knowledge about the process of damage nucleation and evolution. In this framework, the tool of choice is not a purely
deterministic method like the ones above, it is rather a stochastic approach which aspires to capture the statistical properties characterizing
the underlying physical process, accounting for uncertainties-and thereby
achieving robustness to variance-in structure geometry and material, and
also facilitates the integration of both available and unavailable information in a consistent and effective manner.
In this paper, we propose an algorithm for the classification of structural
damage based on a stochastic technique, namely Hidden Markov Models (HMM). The HMM is a powerful concept that is attractive not only
owing to its rich mathematical structure but also because of its tremendous success in many other real-world applications, such as speech recognition, target classification, image segmentation, texture classification,
to name only a few. Our approach here is based on using HMMs for the
modeling of time-frequency damage features extracted from structural
data. For the construction and validation of the models, we rely on experimentally collected data. Once built, the HMMs are integrated very
efficiently into a Bayesian framework for the classification of structural
damage. Example simulation results are presented to demonstrate the
utility of the proposed approach.

6523-38, Session 9
Quantum wave packets in fuzzy automata and neural
associative memories

6523-36, Session 9
Cepstral smoothing based methodology for
diagnostics of bearing impacts

G. G. Rigatos, Industrial Systems Institute (Greece)

J. N. Chi, Cummins, Inc.
Various events in reciprocating machinery, such as rod, piston movement,
and diesel combustion produce a series of highly transient forces within
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6523-37, Session 9

Physical effects in the functioning of the nervous system, which lie outside classical physics suggest that conventional neural networks may
ultimately prove insufficient for the modeling of brain functions. On the
other hand it has been argued that human noesis must involve an ele-
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ment inaccessible to simulation on classical neural networks and this might
be realized through a biological instantiation of quantum computation. To
this end, the existence of quantum wave-packets in connectionist
structures,such as fuzzy automata and neural associative memories is
studied in this paper.
First, a simple neural structure consisting of two neurons connected to
each other through a single weight is considered. The synaptic weight is
assumed to be a stochastic (fuzzy) variable with probability density function given by the solution of Schr\”{o}dinger’s diffusion equation. It will be
shown that the weight’s update can be performed with the use of a stochastic learning algorithm which is compatible with quantum mechanics
postulates and which can be modeled as a fuzzy automaton.
Next, a generalization of the initial simple neural structure will be attempted
and a neural associative memory of N neurons with feedback connections will be considered. It will be assumed again that the weights are
stochastic (fuzzy) variables, with probability density function given by the
solution of Schr\”{o}dinger’s diffusion equation. It will be shown that in
comparison to conventional associative memories, the proposed neural
associative memories have an exponential increase of their storage capacity.
Finally, applications of the proposed neural structures will be examined.
Fuzzy automata will be used for sensorimotor control, while the patterns
storage and recall capability of quantum associative memories will be
studied through a numerical example.
The structure of the paper is as follows: In Section 2 the quantum wavefunctions that are related with the stochastic weights of neural structures
are analyzed. In Section 3 a fuzzy automaton is introduced to model the
learning of the stochastic weight which connects two adjacent neurons.
It is shown that the proposed fuzzy learning satisfies basic postulates of
quantum mechanics. In Section 4 quantum associative memories are
analyzed and the existence of non-observable attractors is demonstrated.
In Section 5 spectral analysis of the stochastic weights is performed and
a relation similar to the principle of uncertainty of quantum mechanics is
stated. In Section 6 simulation tests on possible applications of automata
with stochastic weights and quantum associative memories are given.
Finally, in Section 7 concluding remarks are stated.

strongly related to charge accumulation at the electrodes. Experimental
results demonstrated using conducting powder, such as single-walled
carbon nanotubes (SWNT), polyaniline (PANI) powders, high surface area
RuO2, carbon black electrodes etc. as an electrode increases the mechanical deformation of the IPT by increasing the capacitance of the
material. In this paper, Monte Carlo simulation of a two-dimensional ion
hopping model has been built to describe ion transport and the interaction between ion and conducting powder at the ionomer-conductor interface in the IPT. SWNT is chosen as the incorporated conducting powder
in the simulation due to its simple and uniform geometry. A step voltage is
applied between the electrodes of the IPT, causing the thermally-activated hopping between multiwell energy structures. Energy barrier height
includes three parts: the energy height due to the electric potential, intrinsic energy, and the energy height due to ion interactions. Electric potential is calculated by solving Poisson equation and boundary conditions at
the electrodes including conducting powder using boundary element
method. At each simulation step, the energy of the system is computed
to determine the probability that an ion move to its neighboring site is
accepted. Simulation ends when the current drops to constant zero. Periodic boundary conditions are applied when ions hop in the direction
perpendicular to the external electric field. When an ion is moved out of
the simulation region, its corresponding periodic replica enters from the
opposite side. To decide the distance between two charges, the closest
replica to the given charge is chosen. In the direction of the external electric field, parallel programming is achieved in C augmented with functions that perform message-passing between processors using Message
Passing Interface (MPI) standard. The simulation is conducted through
the boundary layers of 5 micron meters while the central part of the material is assumed to remain zero charge density during the simulation. Ion
transport time in the central part is solved analytically. The simulation
results show the trade off between large capacitance (large strain) and
high electrical conductivity through the electrode (high response speed)
when the concentration of the conducting powder varies.

6523-39, Session 9

J. Kim, S. Jang, Inha Univ. (South Korea); P. Basappa, Norfolk
State Univ.

Cable 3D nonlinear model and damping systems on
stayed bridges
R. C. Alvarado, Univ. Autónoma de Querétaro (Mexico); F. J.
Carrión, Instituto Mexicano del Transporte (Mexico)
The dynamic analysis using computational models is an important tool to
simulate the dynamic of structures that have specific uncertain behavior
like the cable stayed bridges which nowadays is an alternative to solve
long span bridges with a slim structure. In this work we developed a 3D
non linear model of a cable in order to evaluate the wind effect on the
Papaluapan cable stayed bridge located on Veracruz Mexico, under different scenarios.
The health of the structure is an important factor to analyze and there are
many different fail causes, one of them is the fatigue fall that is relevant in
the anchorage elements of the cable stayed bridges. It is possible to modify
the behavior of the structure using dampers to minimize that effect. The
geometry and all the forces and stress on the structures are a challenge
also for the specialists of the structures, in this work the developed methodology resulted very successful to analyze the behavior of a cable on a
cable stayed bridge using damping systems.

6523-41, Session 10
Modeling and simulation of electromechanical
behavior of EAPap

Cellulose Electro-Active Paper (EAPap) has been reported as a new smart
material that can be used as sensors and actuators. It is an attractive due
to its advantages of biodegradable, lightweight, dryness, large displacement output, low actuation voltage and low power consumption. Its actuation principle has been known as a combination of ion migration and
piezoelectric effects. To understand these effects the electromechanical
behavior of EAPap should be known. This paper presents the modeling
and simulation of electromechanical behavior of the material. Firstly, dielectric constant, loss factor and breakdown strength of the material are
measured with different frequency, temperature and humidity. The contribution of body force, Maxwell’s force and dielectrophoretic force are investigated via numerical simulation, and the results will be compared with
experimental evidences. Especially water particle effects will be taken
into account in the modeling. Two dimensional and three dimensional
simulations are carried using commercial software, Coulomb. This modeling and simulation efforts will give an important insight in understanding
EAPap materials.

6523-42, Session 10

6523-40, Session 10

Load-dependent hysteresis of magnetostrictive
materials

Monte Carlo simulation of ion transport of the highstrain ionomer with conducting powder electrodes

S. Valadkhan, Univ. of Waterloo (Canada); A. Shum, Queen’s
Univ. (Canada); K. Morris, Univ. of Waterloo (Canada)

X. He, Virginia Polytechnic Institute and State Univ.; D. J. Leo,
DARPA

In this paper, a load-dependent hysteresis model for magnetostrictive
materials is studied. Magnetostrictive materials are a class of smart materials which react with a magnetic field. In the presence of a magnetic
field, they increase in size. The displacement provided by these materials
can be used in micro- positioning actuation tasks. Because of the large

The transport of charge due to electric stimulus is the primary mechanism of actuation for a class of polymeric active materials known as
ionomeric polymer transducers (IPT). At low frequency, strain response is
10
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force and strain the magnetostrictive actuators produce, they are an attractive choice in many applications.
The use of magnetostrictive materials has been hindered by the fact that
their response is highly nonlinear. Furthermore, unlike the hysteresis seen
in magnetic materials, the magnetostrictive hysteresis is load-dependent.
The shape of the hysteresis curve changes significantly if the load is
changed. Because of this complex hysteresis, magnetostrictive actuators are difficult to control. In many micro- positioning tasks, sub-micron
accuracy is required. This requires an accurate hysteresis model. For this
purpose, extensive research in hysteresis modeling is underway.
The model studied in this paper is an extension to the Preisach model. It
is assumed that the material is composed of a large number of magnetic
dipoles. The Helmholtz energy is modelled for each dipole and the equilibrium states are found. The equilibrium magnetization for each dipole is
computed and by summing over all dipoles, the overall magnetization of
the material is obtained. The model is implemented in a way that different
hysteresis curves are generated if the load is changed.
An apparatus was made to obtain the hysteresis curves of Terfenol-D, a
magnetostrictive material. Terfenol-D is an alloy of Iron, Terbium and Dysprosium. A Terfenol-D rod was surrounded by a magnetic coil. When there
is an electrical current inside the magnetic coil, a magnetic field is applied
to the Terfenol-D rod. As a result, it becomes slightly longer. An optical
encoder was used to measure the elongation. A magnetic field sensor
measured the magnetic field inside the Terfenol-D rod. A set of washer
springs was used to apply a load on the Terfenol-D rod. The applied force
was measured with a load cell.
A set of experimental hysteresis curves was obtained at different loading
conditions. This set was used to obtain optimum model parameters. The
model results and experimental data were compared at different loads.
The experimental data was also used in a non load-dependent model
and the load-dependent model results were compared against the non
load-dependent model.

6523-43, Session 10
Modeling of NiMnGa under dynamic magnetic fields
considering magnetic diffusion and eddy current
power loss
X. Wang, M. J. Dapino, The Ohio State Univ.
This paper presents a dynamic model for magnetic field induced strain
(MFIS) in ferromagnetic shape memory nickel manganese gallium
(NiMnGa). By incorporating eddy current and anomalous losses into a
previous hysteresis model, we extend the modeling state of the art to
higher frequencies and provide a contribution to the theoretical understanding of frequency-dependent power losses in NiMnGa.
As in our previous experimental and analytical work, we consider a transducer configuration with the magnetic field aligned collinearly with the
loading stress. This configuration includes a closed magnetic circuit which
enables higher efficiencies and broader frequency bandwidths than its
electromagnet counterpart. The bidirectional strains of 0.41% that we
have measured in this unusual drive configuration are only possible due
to an internal restoring force associated with impurities embedded in the
alloy during manufacture. Hence, the hysteresis model is constructed on
the assumption that twin boundaries are normally pinned to impurities
whose energy is greater than the anisotropy energy. Twin boundary motion is possible only by bowing or looping around the impurities. Even at
a fraction of the 6% or larger strains possible to obtain in the conventional perpendicular field and stress configuration, the deformations obtained in the collinear configuration can lead to dynamic transducers which
are more compact, energy efficient, and energy dense than conventional
electromagnet-based devices.
Due to their high actuation bandwidth and large MFIS produced by twin
variant rearrangement, NiMnGa has attracted significant attention for
quasi-static actuator applications. Various models to describe the MFIS
and magnetization have been proposed. O’Handley et al developed a
simplified two-variant model through minimization of free energy which
includes Zeeman, anisotropy, external stress, and internal elastic contributions. Murray established a threshold type model to describe the MFIS.
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A statistical approach was proposed by Glavatska et al. which emphasizes the key role of microstress relaxation in the alloy response to magnetic fields. Kiefer and Lagoudas formulated a model for the MFIS by
applying a general thermodynamic method, with the internal state variables in the energy function being introduced to explain the dissipative
nature of the material behavior. While all of the existing models for MFIS
can produce accurate results at quasi-static frequencies, they become
ineffective when implemented in transducers operated under dynamic
conditions. Jiles and Bertotti have shown that the power losses for electrically conducting materials can be separated into three components: (i)
hysteresis loss, (ii) classical eddy current loss, and (iii) anomalous (or excess) loss. Since the hysteresis loss has been quantified in the quasistatic model for NiMnGa, this paper is focused on the other two components. When a dynamic magnetic field is applied to an electrically conducting material, not only will it be magnetized, but eddy currents will
also be induced inside the material. The eddy currents create a magnetic
field that opposes changes in the external magnetic field and causes a
decrease of the ux density relative to that obtained at a specified quasistatic magnetic field. Further, the eddy currents create losses through
ohmic heating. As pointed out by Chikazumi, the classical eddy current
power loss density is found to be proportional to the square of the rate of
change of magnetization. Under certain restricted conditions, these losses
can be expressed as a function of the square of the actuation frequency.
The anomalous loss has been shown to result from changes in the domain configuration. The expression for anomalous losses employed in
this paper was proposed by Jiles. This paper thus presents a dynamic,
nonlinear magnetic field model for a cylindrical NiMnGa rod. The effect of
geometrical factor is usually ignored in NiMnGa models, and the magnetic field is considered uniform over the area through which the field
penetrates. But in reality, due to the “skin depth” effect, the magnetic
fields inside the sample vary for different geometrical shapes. To model
the radial dependency of the magnetic field for the NiMnGa rod, we formulate a parabolic partial differential equation which describes the discussion of dynamic magnetic fields throughout a magnetic rod of radius
R. The equation is directly obtained from macroscopic electromagnetic
theory and is expressed in polar coordinates. Boundary conditions include continuity of the ux across the rod axis and enforcement that the
surface field is equal to the excitation field. With the assumption of zero
initial conditions, suitable discretization in space and time is used to numerically solve the diffusion equation. Hence, at an instant t = mdt, the
field at location r = ndr can be obtained. This result shows that not only
does the field magnitude decrease from the surface towards the center of
the rod, but there exists a phase shift in the field inside of the rod relative
to the applied magnetic field. The corresponding nonhomogeneous magnetic field distribution creates magnetization and MFIS conditions unlike
those found in quasi-static operation.

6523-44, Session 10
A dynamic model for the electroactive mechanical
properties of hydrogels
K. Sohn, S. Park, S. Shin, Hanyang Univ. (South Korea); B. Yi,
Hanyang Univ.; S. I. Kim, S. Kim, Hanyang Univ. (South Korea)
Hydrogels,
a
poly(vinyl
alcohol)(PVA)/poly(Nisopropylacrylamide)(PNIPAAm) interpenetrating polymer network and a
chitosan/poly(hydroxyethyl methacrylate) (PHEMA) semi-interpenetrating
polymer network, that show large bending motions were prepared and
their electroactive mechanical properties were studied and represented
as a dynamic model. We first investigated bending angles of the hydrogels
with respect to change of an electrical field in aqueous NaCl solution.
Then the Preisach hystersis operator combined with dynamics of the
hydrogels was presented to account for transient periods of bending as
well as hysteresis of bending angles so that it can predict time series
variation of bending angles in fluctuating electrical fields. We expect to
use our model for the future study of controlling movement of the hydrogels
through altering electrical fields.
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6524-01, Session 1
How fish swim: flexible fin thrusters as an EAP
platform
G. V. Lauder, Harvard Univ.
There are 28,000 species of fishes, and a key feature of this remarkable
evolutionary diversity is a great variety of propulsive systems used by
fishes for maneuvering in the aquatic environment. Fishes have numerous control surfaces (fins) which act to transfer momentum to the surrounding fluid. Fishes are unstable and use several control surfaces simultaneously for propulsion and to maintain body position.
In this presentation I will discuss the results of recent experimental kinematic, biomechanical, and hydrodynamic studies of fish fin function, with
a special focus on possible applications of Electroactive Polymer (EAP)
technology in aquatic robots. Recent high-resolution video analyses of
fish fin movements during locomotion show that fins undergo much greater
deformations than previously suspected. Experimental work on fin mechanics shows that fishes also possess a novel mechanism for actively
adjusting fin surface curvature to modulate locomotor force.
Experimental study of fish propulsion in combination with computational
fluid dynamic analysis is providing the basis for the design of robotic finthrusters for use in low-speed maneuvering underwater vehicles. EAP
technology could play an important role in the development of such
biomimetic thrusters.

6524-02, Session 1
Electroactive polymers (EAP) as an enabling tool in
biomimetics
Y. Bar-Cohen, Jet Propulsion Lab.
Nature is filled with highly effective biological mechanisms that were refined thru evolution over millions of years offering an incredible model for
inspiring human innovation. Humans have always made efforts to imitate
nature’s inventions. Advances in technology led to capabilities that allow
adapting nature innovation beyond simply copying and the pool of possibilities in materials, structures, methods, processes and systems is enormous. Electroactive polymers (EAP) are increasingly being recognized as
an important enabling technology for making biologically inspired capabilities. Using them as artificial muscles they are being considered for use
a wide range of fields including medical, commercial, entertainment and
many others. This paper reviews the up to date role that EAP is playing in
advancing biomimetics and the field outlook.

6524-03, Session 1
A hands-on paradigm for EAP education:
undergraduates, pre-college students, and beyond
X. Tan, D. Kim, E. Goodman, Michigan State Univ.; M.
Shahinpoor, Environmental Robots, Inc.
Electroactive polymers (EAP) are receiving increasing interest from researchers due to their unique capabilities and numerous potential applications in biomimetic robots, smart structures, biomedical devices, and
micro/nanomanipulation. Since these materials are relatively new, it is
imperative to educate students and the general public to produce the
talent pool and widespread support for rapid, continuing advances in EAP.
In this paper we describe our concerted effort in teaching EAP to undergraduates, grade school students, and the general public, through handson research and learning on EAP-based biomimetic robots. Two integrated
activities are highlighted: A senior Capstone design program on EAP robots, and the subsequent programs that use these developed robots to
reach out to grade school students.
Sponsored by SPIE and Environmental Robots, Inc. (in-kind), a special
program on EAP has been developed under the umbrella of the Electrical
12

SPIE Smart Structures and Materials 2007

and Computer Engineering senior design curriculum. Over the last year,
two ionic polymer-metal composite (IPMC)-based biomimetic robots have
been successfully designed, developed, and tested by two senior design
teams (consisting of five members each). The first is a robotic fish propelled by an IPMC tail and equipped with micro-controller, GPS, Zigbee
(for wireless communication), and temperature sensor. As an autonomous,
mobile sensing platform, with further development, the robotic fish can
be used in a number of real applications, e.g., environmental monitoring
and surveillance in hostile waters. The second team has developed a
sociable robot that expresses emotions in response to human voice. Three
IPMC stripes are mounted on a finely-made, translucent face to represent eyebrows and mouth. Upon the reception of a voice command (say,
“happy” or “sad”), the robot reacts by moving the IPMC stripes accordingly. Expressions are further enhanced with embedded LED lighting.
During these senior design projects, EAP education goes beyond the teams
directly involved. One team gave a technical lecture on IPMC to the whole
design class (about 60 students). On their Design Day, the teams demonstrated the robots (in particular, explained the working principle of IPMC)
to hundreds of faculty, students, and outside visitors, and presented the
work to a panel of judges in a room full of audience.
The EAP robots are then used extensively in outreach and recruitment
activities, including, e.g., the WIMS (Wireless Integrated MicroSystems)
for Teens Program, the Women in Engineering Program, and the DAPCEP
(Detroit Area Pre-College Engineering) Program. In these programs students of all ages, from elementary to high schools, have got a chance to
experiment and interact with the EAP-robots. These appealing, hands-on
learning experiences not only expose the students to general knowledge
of EAP, but also inspire their interest in pursuing science and engineering.
Ongoing efforts include modularizing the EAP robots for pre-college students to replicate and thus to enhance the learning experience, and developing EAP-related materials to be incorporated in the science curriculum of local high schools.

6524-04, Session 1
Benefits and challenges of using ionic polymer metal
composites in medical device applications
C. Yung, N. Bhat, PAVAD Medical, Inc.
Ionic Polymer Metal Composites (IPMC) have several unique characteristics such as, low driving voltage, no moving parts, etc., that allow the
polymer to fulfill specific needs in the medical device community. However, as applications are explored it becomes apparent that there are numerous challenges to overcome in order to utilize IPMC in a medical device. The research presented is a culmination of efforts that address a
number of these issues; such as hydrolysis, safety concerns, fatigue life
requirements, appropriate testing methods for in vitro diagnostics and
material characterization. Work on IPMC development has reduced visual hydrolysis for operating voltages up to two volts DC. In other safety
issues, resulting effects due to shorting and localized heating are also
explored. When evaluating the fatigue life of IPMC three main areas of
focus are polymer breakdown, delamination and non-responsive IPMC.
To ensure accurate measurements of IPMC performance, for medical
applications, it is imperative that the appropriate testing conditions are
used. Details on in vitro diagnostics including how to choose a representative media and IPMC pH sensitivity are also discussed. Material characterization techniques developed and used by Pavad Medical, which
are based on medical device needs, are also highlighted.

6524-05, Session 2
A road to practical dielectric elastomer actuators
based robotics and mechatronics: discrete actuation
J. Plante, L. Devita, S. Dubowsky, Massachusetts Institute of
Technology
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Fundamental characteristics of Dielectric Elastomer Actuators (DEAs)
based on analytical models and experimental data will be reviewed. In
particular, it is shown that the life of DEAs is increased significantly when
used at high stretch rates, due to viscoelasticity. Also, when used at high
stretch rates, actuator energy conversion efficiency is improved by reducing current leakage.
This paper presents a design paradigm that exploits the fundamental properties of DEA called discrete actuation. Discrete actuation is the use of
DEAs at high stretch rates to change the states of robotic or mechatronic
systems in discrete steps. Each state of the system is stable and can be
maintained without actuator power. The resolution of such systems increases with the number of discrete states, 10 to 100 being typical numbers for most application. Application examples of discrete actuation in
the field of medical robotics and space exploration are thoroughly presented, including system level analysis, actuator design details, and experimental results.
DEAs have been demonstrated to be MRI compatible due to their all polymer construction and very low operating currents. The design of an MRIguided needle position device for robotized cancer biopsies and therapies is discussed. Needle positioning is achieved by using hyper-redundant, elastically-averaged, binary actuators.
A recently proposed space-exploration mission concept consists of deploying a large number of small hopping Microbots over vast areas of a
planet’s surface and subsurface, including structures such as caves and
crevasses. Such missions involving a large number of individual agents
could be enabled with the use of simple, robust and high energy density
DEAs. Microbots’ hop energy is accumulated in springs over one or more
discrete actuation cycles.

6524-06, Session 2
Robust adaptive control of conducting polymer
actuators
Y. Fang, X. Tan, Michigan State Univ.; G. Alici, Univ. of
Wollongong (Australia)
SECTION 1. INTRODUCTION.
Conducting polymer actuators have promising applications in biomimetic
robotics and bio/micromanipulation due to their attractive properties of
resilience, large strain output, low actuation voltage, and biocompatibility.
Effective use of these actuators, however, is severely hindered by their
complex (and in particular, time-varying) actuation behaviors. In this paper an efficient, robust adaptive control scheme is presented for a trilayer polypyrrole actuator working in air that has significant behavioral
variations due to solvent evaporation. A self-tuning regulator with parameter projection is designed based on a second-order model reduced from
a physical model. The proposed control scheme is proved to be robust
against parameter variations, unmodeled high-frequency dynamics and
nonlinearities, and disturbances. Experimental results have shown that
this scheme delivers consistent and even improving tracking performance
during four-hour continuous operation (average tracking error under 7%),
while in comparison, the tracking errors under a PID control scheme and
a fixed model-reference control scheme during the same period continue
to rise above 28% and 50%, respectively. Furthermore, the proposed
scheme requires much less control effort than the PID scheme, leading to
longer lifetime of the polymer actuator.
SECTION 2. INFINITE-DIMENSIONAL MODEL AND REDUCED MODEL.
Critical to the development of adaptive controller is the choice of model
structure for the actuator. The model should be simple enough to facilitate real-time control, but at the same time capture the essential physics
of the actuator. This is achieved by first deriving a physical model and
then performing model reduction. The actuator considered consists of
three layers, with two polypyrrole layers sandwiching an amorphous
polyvinylidene fluoride (PVDF) layer. The PVDF layer stores electrolyte
(TBA.PF6 in propylene carbonate), enabling the actuator to work in air.
When a voltage is applied, one polypyrrole layer is oxidized, absorbing
the anions from the electrolyte and expanding, while the opposite layer is
reduced and shrinks, which then leads to the bending of the tri-layer actuator. The physical model in this paper is obtained by adapting a model
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of John Madden (2000) for a single polypyrrole film immersed in an electrolyte (a different boundary condition from that in this paper), where ion
diffusion from the electrical double layer into the polymer matrix is considered the primary actuation mechanism. The physical model, represented
in the form of a transfer function, is infinite-dimensional. A third-order
model is obtained by discarding all except the first two terms in an infinite-series in the physical model. One can show that, with typical physical parameters, the third-order model has a pair of pole/zero far to the left
of the imaginary axis and hence can be further reduced to a secondorder system with a zero.
SECTION 3. DESIGN OF ROBUST ADAPTIVE CONTROLLER.
Before its first use, the tri-layer conducting polymer actuator is first dipped
into the electrolyte so that the PVDF layer stores sufficient electrolyte.
When operated in air, the solvent evaporates and the actuator dries up
over time. This leads to a decreasing diffusion constant and thus the changing actuation behavior. The adaptive controller is designed by indirect
pole-zero placement. The parameters of the (reduced) actuator model
are identified through a recursive least squares algorithm, and then the
controller parameters are adjusted accordingly so that the overall system
would behave like a second-order system with desired poles and zeros.
A projection step is enforced during parameter estimation, which guarantees that the parameters stay in a physically meaningful region. It is established that the self-tuning regulator with parameter projection is robust against parameter variations, unmodeled high-frequency dynamics
and nonlinearities, and disturbances, and all signals in the system will be
bounded.
SECTION 4 EXPERIMENTAL VALIDATION.
Tracking experiments are conducted to examine the effectiveness of the
proposed control scheme. A conducting polymer actuator (20 by 5 by
0.17 mm) is clamped at one end, where the actuation voltage is applied.
The tip displacement is measured by a laser sensor (OADM 20I6441/S14F,
Baumer Electric, resolution +/- 5 microns). The controller is implemented
in a PC equipped with dSPACE DS1104. The robust adaptive controller
delivers consistent and even improving performance in tracking a reference trajectory consisting of two sinusoids (0.1 Hz and 0.5 Hz, total amplitude +/- 0.31 mm ) over four-hour continuous operation. The average
tracking error (averaged over every 100 s) actually drops from 11% to
7%. It is also notable that a pair of the identified pole/zero approach zero,
which is consistent with model analysis when the diffusion constant decays to zero.
For comparison purposes, a PID controller and a fixed model-reference
controller (pole placement with fixed plant model) are designed based on
the actuator model identified at the beginning of the experiment (in implementation, three identical polymer actuators are prepared under same
conditions, one for each controller). The average tracking errors under
the PID scheme and the fixed model-reference control scheme increase
from 7% to 28% and 50%, respectively, during the four-hour period.
It is also observed that the robust adaptive controller is much more efficient than the PID controller in terms of control effort. The magnitude of
the control signal (input to the actuator) evolves from 0.21 V to 0. 49 V (2.3
fold increase) during the four-hour period under the adaptive scheme,
while it increases from 0.36 V to 1.39 V (3.9 fold increase) under the PID
scheme. The lower control effort under the adaptive scheme implies longer
lifetime for the polymer actuator. Tracking experiments are further performed for a reference trajectory of much larger amplitude (+/- 1.5 mm)
over two-hour continuous operation, and the results are all consistent
with the earlier case.
SECTION 5 SUMMARY.
This paper describes a robust adaptive control approach with experimentally proven performance for conjugated polymer actuators having
significant behavioral variation. A key element is the simple yet physically-meaningful model structure for the actuator, which makes the adaptive controller effective while efficient to implement. The approach is expected to be applicable to various conducting polymer actuators with
other sources of uncertainty, and thus bring these novel actuators much
closer to their envisioned applications in micro-surgery, robotics, and biology.
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6524-07, Session 2
Enhanced performance of IPN electroelastomer
Q. Pei, S. M. Ha, Univ. of California/Los Angeles; R. Pelrine, S.
Stanford, SRI International; G. M. Kovacs, EMPA (Switzerland)
Electroelastomers based on interpenetrating polymer networks (IPN) are
prepared by introducing polymerizable additive into highly prestrained
VHB acrylic films and subsequently curing the additive to form the second elastomeric network. The IPN composite films, consisting of one
network at high tension balanced by the other network under compression, have shown extraordinarily high actuation performance at zero external prestrain. We will present our recent progress in the fabrication and
characterization of the composite films. Strain as high as 300% has been
achieved at the applied electric field of 420 MV/m. Results of the characterization of the mechanical and electrical properties of the composite
films will also be discussed.

6524-08, Session 2
Electromechanical coupling in cylindrical dielectric
elastomer actuators
M. T. Wissler, EMPA (Switzerland); E. Mazza, ETH Zürich
(Switzerland); G. M. Kovacs, EMPA (Switzerland)
Dielectric elastomer actuators in a cylindrical configuration, called “spring
roll”, have been used for the first arm wrestling match between a human
and a robotic arm driven by electroactive polymers (EAP) on the EAPAD
conference 2005 in San Diego. In this work, electromechanical coupling
in EAP is investigated at the example of spring rolls actuators. The commonly used equation derived by Pelrine et al. (Sensors and Actuators, A
64, 1998) is analyzed and the influence of the uncoated (“passive”) parts
is evaluated. Longer passive parts cause a force reduction in axial direction which reduces the performance of the actuator. An analytical model
for spring rolls has been developed and validated through experiments
and numerical calculations. An expression is derived which determines
the force reduction for a given size of the passive parts. Results have
shown that (i) the equation of Pelrine represents a simplified description
of electromechanical coupling; (ii) the equation can be used for modeling
electromechanical coupling in spring rolls actuators, and (iii) the relative
force reduction agrees to a great extent with the ratio between the uncoated area of a spring roll and the total (coated and uncoated) area.
These results are important for design and optimization of spring rolls
actuators.

Composite (PMCs) with various electroding materials including Pt, Au,
and Pd. Tensile test and thermal analysis were performed by using a universal testing machine (Instron 5565) and DSC machine (TA Instrument,
Q10), respectively. The testing was performed for 5 samples for each
electrode type in both dry and wet conditions. The DSC testing was performed with a heating rate of 10 min/min. Dried Au-electroded IPMC
showed the highest tensile modulus (410 MPa) and Tg (165oC). We consider that the characteristics of Au nano-particles, which deposited on a
Nafion film, may attribute to the elevation of Tg.

6524-11, Session 3
Effect of charge redistribution on dynamic actuation
of ionic polymer-metal composites
L. Zhang, Y. Yang, Nanyang Technological Univ. (Singapore)
Ionic polymer-metal composite (IPMC) is a type of wet electro-active polymers (EAP) which consists of a thin polyelectrolyte membrane, such as
Nafion or Flemion, and a type of noble metal, such as gold or platinum,
chemically plated on both sides of the membrane. IPMC can undergo a
fast and large bending motion when a low electric potential is applied to
its electrodes. Conversely, IPMC will generate a measurable electric potential when it is subjected to a sudden bend. Although the mechanism of
IPMC actuation has not fully understood, it is known that the charge redistribution under electric field is a key issue to its actuation behaviors.
Many first principle models have been proposed on the basis of charge
movement and its associated solvent diffusion. Therefore, it is important
and meaningful to study the charge movement under electric field to understand the actuation mechanism of IPMC.
In this paper, one-dimensional charge redistribution under a dynamic electric potential is studied. The governing equation of charge redistribution
is derived from the continuity equation, Darcy’s law and basic electrostatic equations. An analytical solution is obtained to account for the charge
movement under applied electric potential. The validity of boundary layers near electrodes under dynamic electric field is discussed with the
solution obtained. The characteristics of charge distribution under dynamic electric field, such as phase lag, solvent properties, redistribution
time scale and driving frequency are illustrated. Recommendations are
also provided to improve the IPMC actuation capacity. The proposed
model is useful for further understanding and modeling of the mechanism
of IPMC sensing and actuation.

6524-12, Session 4
Contractile folded dielectric elastomer actuators

6524-09, Session 3

F. Carpi, F. Lorussi, D. De Rossi, Univ. degli Studi di Pisa (Italy)

Can we overcome the relaxation of ionic polymermetal composite?

New lightweight, compliant, reliable and cheap contractile linear actuators are demanded today for many fields of application, such as robotics,
automation and biomedical disciplines. Within the family of electroactive
polymers, dielectric elastomers are rapidly emerging as high-performance
transduction materials and result particularly attractive to accomplish such
a task. The design of efficient device architectures, capable of taking the
most from the material properties with practical solutions is not trivial. In
this respect, the state of the art of contractile dielectric elastomer actuators offers devices not always of easy fabrication. To overcome this drawback, a new actuating configuration, referred to as ‘folded dielectric elastomer actuator’, has been recently described. This paper presents prototype samples of this new type of actuator, along with different types of
applications currently under development. With respect to bioinspired
control issues, the paper also introduces some basic aspects related to
the implementation of the Feldman’s muscle model, by using a bundle of
parallel actuators. In particular, the paper describes how the possibility of
imposing the length and the stiffness of each actuator of the bundle can
enable biomimetic controls of the stiffness/compliance of kinematic chains.

D. Kim, K. J. Kim, Univ. of Nevada/Reno
Currently, there is a major engineering challenge associated with Ionic
Polymer-Metal Composites (IPMC’s) that needs to be resolved before they
can be vastly adopted in current and future engineering markets—relaxation of the IPMC actuator under a DC voltage. In this paper, we rigorously discuss the origin of the relaxation phenomena of IPMC’s. Our measured voltammograms and deflection data of IPMC’s revealed that the
relaxation phenomena of the IPMC actuators are primarily caused by the
overpotential of the surface electrodes. The overpotential values of ca.
+1 V were clearly noted for many IPMC samples. We believe that the
relaxation of IPMCs originate from the platinum oxide formation during
actuation-a key surface reaction.

6524-10, Session 3
Mechanical properties of ionic polymer-metal
composites
I. Park, D. Kim, S. Kim, K. J. Kim, Univ. of Nevada/Reno
In this study, we investigate mechanical properties of Ionic Polymer-Metal
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6524-13, Session 4
Conducting polymer actuators: rate limits
J. D. W. Madden, M. Cole, M. R. Warren, C. Michal, C. Tso, The
Univ. of British Columbia (Canada)
Conducting polymer actuators have shown dramatic improvements in
properties including active strains in the range of 6 % to > 30 %. Given
their low activation voltages and high stresses conducting polymers are
increasingly attractive for use in a range of applications. But how fast can
conducting polymers actuate? A challenge in all ionic actuators is producing fast response while also maintaining large strain. This challenge is
made particularly difficult by the voltage dependence of ionic and electronic conductivities. Ionic resistance and NMR measurements are used
to estimate the resistivity and diffusion coefficient of ions within polypyrrole.
These values are then employed to predict rate of actuation. A transmission line model in which ionic or electronic resistances are a function of
voltage is suggested in order to explain rate effects observed when the
polymers are in a reduced (and less conductive) state. Predictions are
made about rate dependence of strain.

6524-14, Session 4
From electrical to fuel-powered artificial muscles
M. Kozlov, The Univ. of Texas at Dallas; J. Oh, The Univ. of
Texas at Dallas and Pusan National Univ. (South Korea); T.
Mirfakhrai, The Univ. of British Columbia (Canada); V. H. Ebron,
Z. Yang, D. J. Seyer, H. Xie, J. Razal, L. J. Hall, M. Zhang, S.
Fang, J. P. Ferraris, A. G. MacDiarmid, The Univ. of Texas at
Dallas; J. D. W. Madden, The Univ. of British Columbia
(Canada); R. H. Baughman, The Univ. of Texas at Dallas
We here experimentally demonstrate artificial muscles that convert the
energy of a high-energy-density fuel to mechanical energy. These muscles
are fuel cells that in some embodiments store electrical charge and use
changes in stored charge for mechanical actuation. The highest demonstrated actuator generated strains and mechanical output power densities are comparable to natural skeletal muscle, and the actuator generated stresses are over a hundred times higher than for natural skeletal
muscle. Since the energy density of fuels like methanol is ~30 times higher
than for advanced Li batteries, this advance is important for such applications as autonomous robots or prosthetic limbs, where long operation
without recharging or refueling is needed. Results obtained for the fuelpowered actuators will be compared with those for our previous electrically powered artificial muscles, and applications will be discussed.

6524-15, Session 4
Integrated cell-based sensors utilizing conjugated
polymer actuators
E. Smela, P. Abshire, Univ. of Maryland/College Park
Cell-based sensors are being developed to harness the specificity and
sensitivity of biological systems for sensing applications, from odor detection to pathogen classification. These integrated systems consist of
CMOS chips containing sensors and circuitry onto which microstructures
have been fabricated to transport, contain, and nurture the cells. The structures for confining the cells are micro-vials that can be opened and closed
using polypyrrole bilayer actuators. The system integration issues involved
in the fabrication and operation of the actuators will be described, including control of the actuator using an on-chip potentiostat, fabrication on
the CMOS substrate, and operation of the actuators in an electrolyte with
several ions.
A CMOS chip comprising a potentiostat circuit and working, reference,
and counter electrodes has been developed for controlling electroactive
polymer films. In order to use the potentiostat in situ, the Al of the CMOS
was covered in Au, and the chip was packaged to protect the bond wires
from the electrolyte. Operation of the chip has been demonstrated both
by depositing PPy onto the working electrode and by cycling the PPy.
Cyclic voltammograms were recorded that are typical for PPy, and in adSPIE Smart Structures and Materials 2007

dition, during electrochemical switching electrochromic changes were
observed in the films, confirming that the PPy was oxidized and reduced.
Microfabrication of the actuators on the CMOS surface entails a number
of challenges, including the small size of the chip (1.5x1.5 mm2), variations in chip size from batch to batch, surface topography and roughness, thin Al electrodes, etc. A procedure for handling the chips has been
developed that involves placing the chip into a handle wafer with exactlysized well during fabrication. The existing oxynitride passivation layer is
covered with SiO2 to allow the differential adhesion method to be used.
The Al electrodes are coated with gold using either electroless plating or
film deposition (by e.g. evaporation) and patterning. The metal 3 layer of
the CMOS process is avoided in the sensor and circuitry designs because it is not planarized and therefore has a height of 1 µm, which is
significant compared with actuator thicknesses on the order of 0.5 - 1
µm. In addition, in areas of Al to be electrolessly Au plated, both metal 1
and metal 2 are used, connected by small vias, to allow sufficient thickness of the Al for this process.
Cell medium contains a number of different ions necessary for the cells,
so the operation of the actuators in the presence of these ions must be
understood. We have previously presented data showing that for the series of alkali cations, Li produced the largest volume change and moved
the most quickly, following the order Li > Na > K > Rb > Cs, so that Cs
produced the smallest strain and moved the most slowly. Those data
were for out-of-plane volume change and inplane ion velocity. Measurements of out-of-plane ion velocity and of actuator movement show that
the story is more complicated. Not only are in-plane and out-of-plane
velocities different for a given ion, but also the relative order of the speed
for the alkali cations is different out-of-plane than in-plane. The speed of
a micro-actuator is thus partially determined by its width because that
determines the relative contribution of in-plane to out-of-plane ion transport. In narrow actuators, in-plane ion transport may dominate, while for
larger actuators, out-of-plane transport may dominate.

6524-16, Session 5
Towards artificial molecular motor-based
electroactive/photoactive biomimetic muscles
T. J. Huang, The Pennsylvania State Univ.
Artificial molecular motors have recently attracted considerable interest
from the nanoscience and nanoengineering community. These molecular-scale systems utilize a ‘bottom-up’ technology centered around the
design and manipulation of molecular assemblies, and are potentially
capable of delivering efficient actuations at dramatically reduced length
scales when compared to traditional microscale actuators. When stimulated by light, electricity, or chemical reagents, a group of artificial molecular motors called bistable rotaxanes- which are composed of mutually-recognizable and intercommunicating ring and dumbbell-shaped
components - experience relative internal motions of their components
just like the moving parts of macroscopic machines.
Bistable rotaxanes’ ability to precisely and cooperatively control mechanical motions at the molecular level reveals the potential of engineering
systems that operate with the same elegance, efficiency, and complexity
as biological motors function within the human body. For example, as
actuation materials, bistable rotaxanes have at least five advantages: (1)
they can generate large strains up to 42%, while the strains generated by
the gold-standard actuation materials - piezoelectric materials - are typically 0.1-0.2%. (2) they have high force density, e.g., a bistable rotaxane
generates 100 pN force, while a kinesin biomotor, which is much larger
than a bistable rotaxane, can only generate 6 pN. (3) they can undergo
controlled mechanical motion for a variety of external stimuli (chemical,
electricity, and light), while traditional actuation materials and biomotors
must both rely on a single stimulus. (4) they can be made metastable
“once switched, little or no voltage will be needed to maintain their switched
position” and thus energy-saving. (5) they can be customized and optimized, therefore conferring the flexibility necessary for a multitude of engineering applications.
With these advantages in mind, we are in a process of developing a new
class of bistable rotaxane-based electroactive/photoactive biomimetic
muscles with unprecedented performance (strain: 40-60%, operating fre-
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quency: up to 1 MHz, energy density: ~50 J/cm3, multi-stimuli: chemical,
electricity, light). As a substantial step towards this long-term objective,
we have proven, for the first time, that rotaxanes are mechanically switchable in condensed phases on solid substrates. We have further developed a rotaxane-powered microcantilever actuator utilizing an integrated
approach that combines “bottom-up” assembly of molecular functionality with “top-down” micro/nano fabrication. By harnessing the nanoscale
mechanical motion from artificial molecular machines and eliciting a
nanomechanical response in a microscale device, this system mimics
natural skeletal muscle and provides a key component for the development of nanoelectromechanical system (NEMS).

6524-17, Session 5
Description and characterization of an electroactive
polymer synthetic jet actuator
G. A. Slipher, J. E. Hubbard, Jr., Univ. of Maryland/College Park
The objective of this research is to describe and characterize the performance of an innovative new method of constructing and actuating a synthetic jet utilizing electroactive polymers. This paper describes the mechanism by which the actuator operates, the experimental techniques used
to characterize the actuator, and discusses the results of the characterization.
During recent experimentation for other applications of electroactive polymer (EAP) actuators an interesting new phenomenon was observed. At
certain excitation frequencies the polymer-electrode membrane under
consideration begins to displace significantly perpendicular to the direction of excitation after a perturbation is introduced either through the environment or through the excitation. The perturbation and the harmonic
excitation combine to form a standing wave across the membrane through
harmonic construction. Once the standing wave is initiated with the perturbation, it is easily maintained.
The vibration transverse to the excitation direction is referred to as the
tympanic vibration, and its frequency as the tympanic frequency. The transverse vibration is on the order of a centimeter at tympanic frequencies
greater than 100Hz. It is noted that the tympanic frequency is always
lower than the excitation frequency.
The tympanic vibration creates a significant movement of air with zero
net mass change, but with significant change to the momentum of the air.
This behavior introduces energy to the air which can be harnessed to
keep flows attached over fuselages or wings in the same manner as with
more conventional synthetic jets.
The tympanic frequency may be adjusted during operation by modifying
the tension on the membrane, or during actuator construction by modifying the size of the resonant chamber, the size of the jet orifice, or the
mass of compliant electrode used. Different combinations of modifications are tested and discussed. The performance metrics used are membrane displacement measured using a laser displacement sensor, and
induced velocity of the air jet measured using a pressure transducer. In
addition, the shape of the membrane vibration itself is considered through
the use of a high speed camera.
Construction of each of the electroactive polymer synthetic jet (EAPSJ)
prototypes involves just three steps. There are no mechanical linkages
involved in the construction and thus fewer locations for failure to occur
than with more traditional synthetic jets. The entire assembly involves
only three components: the polymer membrane, the compliant electrode,
and the combined mounting frame/resonant chamber. In addition, the
assembly can be made thin to reduce its profile. The materials used to
construct an EAPSJ prototype are inexpensive and are widely available
on the commercial market.
The low profile, simple construction, tunable operating frequency, and
low cost of the described EAPSJ actuators combine to create an attractive alternative to other synthetic jet designs. In addition to the description and characterization of the actuator, potential sources for error in the
presented results are also discussed along with potential design weaknesses, and future directions for research and development.
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6524-18, Session 5
Linear artificial muscle actuator based on synthetic
elastomer
N. H. Chuc, K. M. Jung, J. K. Park, J. C. Koo, J. Nam, Y. K. Lee,
H. Choi, Sungkyunkwan Univ. (South Korea)
In this paper we present a new artificial muscle actuator for rectilinear
motion made of synthetic elastomer, which is mainly focused on the robotic applications. Previously, we have developed a new material for actuating means, named “synthetic elastomer”. Synthetic elastomer allows
their material properties such as mechanical as well as electrical properties to be adjusted according to the applications.
In this paper, firstly, the method for adjusting characteristics of the material, e.g tensile strength, elasticity and dielectric constant are discussed.
The synthetic elastomer has small loss modulus and viscosity, but high
dielectric constant as well as break down strength. These characteristics
are very much important on manufacturing an actuator. Thus, an optimized recipe for synthesizing the material for the robotic application is
developed in advance. Also, using the synthetic elastomer made of the
developed recipe, a new design of the artificial muscle actuator, called
multi stacked annulus actuator is proposed. The actuator is comprised of
multiple annulus disks of synthetic elastomer coated with compliant electrodes and shaft supporting the disks. This unique design enables linear
actuation with the large strain of active length as well as large force. Several preliminary tests are performed with the prototypes of the actuator
and its performances are evaluated.

6524-19, Session 5
Investigation of electronechanical coupling and
visco-elastic behavior of cellulose-based electroactive paper actuator
C. Yang, Andong National Univ. (South Korea) and Inha Univ.
(South Korea); L. Zhao, Y. Li, H. S. Kim, J. Kim, Inha Univ.
(South Korea)
Cellulose paper is used as a basis of Electro-active paper (EAPap) actuator. EAPap actuator is a new and promising biomimetic actuator due to
its characteristics of lightweight, biodegradable, dryness, large displacement output, low actuation voltage and low power consumption. Several
researches for EAPap actuators have been conducted to investigate the
performance, sensitivity, power consumption, environmental effects such
as temperature and humidity. However, EAPap is a complex anisotropic
material, which has not been extensively characterized to date and additional basic testing is required before developing application devices.
In this paper, mechanical properties of EAPap will be investigated under
different environmental conditions such as humidity and temperature.
Understanding of humidity and temperature effects on the material behavior of EAPap during visco-elastic deformation regime may provide
useful information on structural changes of EAPap by environmental factors. The pulling test results will provide that the humidity and temperature heavily impact the mechanical properties of EAPap. Electro-mechanical coupling effects will also be investigated by applying electric field
during the pulling test. Creep behavior of cellulose paper will be studied
to figure out mechanical strength of EAPap under different ambient conditions. Tests under different humidity levels with fixed temperature and
different temperatures with fixed humidity will show the coupled
hygrothermal effects on the performance of EAPap. Aging effects on the
creep behavior will also be investigated. The final paper will deliver the
limit of mechanical strength of EAPap actuator.

6524-20, Session 6
Attempting a classification for electrical polymeric
actuators
T. Fernandez-Otero, J. López-Cascales, A. J. Fernández
Romero, Univ. Politécnica de Cartagena (Spain)
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During the last two decades a great development of new actuators based
on polymeric materials and mainly responding to electric fields or electric
charges has occurred. Different actuation mechanisms are present; nevertheless, we tried to cover all of then under a unique umbrella. As an
example this Symposium was named Electroactive Polymer Actuators
and Devices, a clever name, underlining that they are polymeric actuators
and that they respond, are active, when submitted to some electrical energy. Another usual denomination is Electromechanical Polymeric Actuators, by similitude with the most classical electromechanical inorganic
actuators. Considering some basic similitude between polymeric actuators and natural muscles, Artificial Muscles is also a common general
denomination in the literature. From a few time ago we are interested to
present a most clear definition of the field based on the actuation mechanism. This is not an easy task because the fast growth of the field generates new actuators that we suspect having overlapping actuation mechanisms. From our point of view, the present state of the art can be summarized by their classification into two main areas: Electro-mechanical polymeric actuators and electrochemo-mechanical polymeric actuators.
- Electromechanical actuators: are polymeric actuators having a basic
triple-layer structure, metal/polymer/metal, responding mainly to electric
fields, E (V). The variation in the dimensions of the polymer film being
proportional to: E2 (electrostrictive actuators), or to E (piezoelectric actuators, ferroelectric actuators, electrostatic actuators, electrokinetic actuators).
- Electrochemomechanical devices: are polymeric actuators responding
mainly to electric charges, Q (mC), the variation of the dimension being
under control of the electrochemical reaction. Dimension variations and
movement characteristics are proportional to: Q (Electrochemical actuators). Different basic structures (asymmetric monolayer, bilayer, triple-layer
are possible. Any position during the movement is linked to a chemical
equilibrium giving a Nerts potential. Any physical or chemical variable
acting on the chemical equilibrium promotes a potential shifts proportional to variable increment: the actuator is, at the same time and through
the only two connecting wires, a sensor.
Some of the actuating mechanism for the different devices will be introduced, trying to stress some of their technological possibilities and limitations. In other cases the theoretical models are under development, the
engineers having serious limitations, also expectancies, to predict technological developments. We also we try to define some of the bases to
detect the presence of several overlapping mechanisms in the same actuator.
In any case this is only a partial approach expecting new contributions
and completion.

New electrode materials for dielectric elastomer
actuators
Q. Pei, Univ. of California/Los Angeles
Dielectric elastomer actuators exert stress and strain in response to an
applied electric field. The low weight, high efficiency, and tunable compliance of these actuators make them well-suited to a variety of applications ranging from medical prosthetics to conventional pumps and valves.
Performance and reliability are limited however, by dielectric breakdown
in the elastomer. The dielectric breakdown strength of the polymer is determined primarily by localized defects in the polymer films. These defects fail at fields significantly lower than the intrinsic strength of the material, causing an electric arc that short-circuits the power supply. If the
fault cannot be isolated from the rest of the circuit, the entire actuator will
be shut down. This limitation is particularly a problem in actuators using
large-area films. Our recent studies have shown that the gap between the
strength of the intrinsic material and the strength of large-area actuators
can be reduced by electrically isolating faults in the dielectric. As a result,
the performance of dielectric elastomers actuators can be substantially
improved.

6524-23, Session 6
Large response photo-activated polymer gel actuator
M. Banister, Medipacs, LLC
Novel photo activated actuator material and methods are discussed along
with initial performance testing and results. JEFFAMINE(r)
polyoxyalkyleneamines and other polyether amines are developed as
polymer hydro gel actuators. They contain primary amino groups attached
to the terminus of a polyether backbone. They are thus “polyether amines.”
The polyether backbone is based either on propylene oxide (PO),
ethyleneoxide (EO), or mixed EO/PO. The new hydrogel actuators are
synthesized by mixing ratios of Ether reactants and
Polyoxyalkyleneamines, introduction of laser dyes, photo initiators and
H2O results in an aqueous polymerization of the materials. When the polymer has cured it is extremely flexible, elastic and exhibits large expansion
ratios over its dry state volume. Large reversible photo activated swelling
and pressure rates are shown.

6524-65, Poster Session
Thermomechanical characterization of shape
memory polymers

6524-21, Session 6
Epoxy hydrogels as sensors and actuators

B. Atli, F. Gandhi, The Pennsylvania State Univ.

P. D. Calvert, P. Patra, D. Duggal, Univ. of Massachusetts
Most hydrogel actuators and sensors are made via acrylate polymerizations. Because these chain reactions are inhibited by oxygen, it is difficult
to prepare thin films or dots with good control. Epoxy curing chemistry is
much less sensitive to experimental conditions. We have previously shown
that hydrogels formed from reaction between water-soluble amines and
epoxides can be readily printed. If the gel is filled with conducting carbon
at a level close to the percolation threshold, the resistance changes as
water is taken up or removed from the gel. In particular, a pH decrease
results in ionization of amine groups and drives swelling of the gel. By
incorporating an enzyme, such as glucose oxidase, that releases hydrogen ions when its substrate is present, a resistance change can be used
to measure substrate concentrations. These gels also respond to stress
with a change in resistance. By making the gel the anode or cathode of
an electrolytic cell, they can also be formed as actuators that expand or
contract as the pH changes locally.
Epoxy chemistry has been little explored for gels. It is very versatile and
could be used to make a wide range of gel composites with one or more
phases, varying water contents, varying functional groups and a range of
electrical conductivity.
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6524-22, Session 6

High strain recovery capability, low weight and easy manufacturing properties of shape memory polymers (SMPs) have recently brought the attention to these materials. Experimental investigations were conducted
to better understand their response to external stimulus. This paper underlines the thermomechanical behavior of these materials by providing
the full description of the properties of two SMPs from different providers.
Like all polymers, SMP drastically change their elasticity modulus when
heated above or cooled below their glass transition temperature (Tg).
Above Tg, where the material is in its rubbery state, they can easily be
deformed to a desired shape. When cooled down below Tg with an active
constraint they can store this shape and the modulus of elasticity returns
to its glassy modulus. The SMPs can keep this deformed shape as long
as it is desired, and recover the original shape when heated back to a
temperature above Tg if there is no constraint. If the constraint is held
during recovery it generates a recovery force and it may allow the SMPs
to be used as an actuator on compliant structures. Even though SMPs
are known for more than 20 years, there are relatively few suppliers. Since
these SMP differ from each other by their chemical composition and
manufacturing procedures, they have to be tested independently.
Early commercial applications were not varied due to limitations such as
narrow glass transition temperature range and poor processibility. Today’s
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providers can change the characteristics of SMPs, such as Tg, in order to
meet the requirements of a wider range of applications. Today, applications of SMP vary from reusable mandrels to morphing aircraft structures.
SMPs have the ability to store and recover large strains, and can be actuated and controlled. That makes them preferable to shape memory ceramics and alloys. However the lack of comprehensive documentation
on the strain - stress relationship has made it necessary to test the eligible SMPs and publish the properties.
Test specimens are provided by CRG Industries, Dayton, Ohio and Composite Technology Development, Inc., Colorado. ASTM D638 standards
for tensile tests are used to cut the proper shape using water jet technique. A Differential Scanning Calorimetry (DSC) instrument is used to
verify the Tg of the specimen. An Instron testing instrument with ATS
oven is used with sensitive load cells to conduct the thermomechanical
tests. A correction factor is obtained comparing the strain values measured by Instron and the values seen on the photographs taken simultaneously during the tests. A thermocouple is attached to measure the temperature at the center of the specimens during the tests. Typical
thermomechanical test protocol, consisting of the following steps is applied:
1. Deformation to a determined strain value, at elevated temperature (temperature above Tg),
2. Cooling down to a temperature below Tg with an active constraint,
3. Returning to zero stress condition by releasing the constraints,
4. Heating back the material to a temperature above Tg. During this recovery two different measurements can be made:
a. Observation of the strain recovery in zero stress condition (no active
constraints).
b. Observation of stress change with constant strain.
Results of the initial tests are plotted in 3D graphs where strain, stress
and temperature relations can easily be seen. The full length paper will
include these graphs, the numerical data and discussions of these results. Effect of the strain rate on the stress and DSC results will also be
provided. A phenomenological constitutive model fitting to the results is
being developed and will be presented in the full length paper.

6524-67, Poster Session
Finite element simulations of the bending of the IPMC
sheet
D. Pugal, Univ. of Nevada/Reno and Tartu Ülikool (Estonia); H.
Kasemägi, M. Kruusmaa, A. Aabloo, Tartu Ülikool (Estonia); K.
J. Kim, Univ. of Nevada/Reno
Finite Element method is used to build a model for simulating an IPMC
sheet. The physical bending of the realistic platinum coated Nafion sheet
due to the drift of counter-ions (e.g Na+) and dragged water in applied
electric field are simulated. The other effects like viscous resistance and
diffusion of water, also the porous nature of the environment inside the
Nafion are taken into account. The effect of the concentration of water
and counter-ions near the electrodes are tried to relate to the physical
bending of the IPMC sheet. Some additional effects like voltage drop at
more distance points from contacts instead of constant electric field and
electrolysis for more complex model are discussed.

6524-68, Poster Session
EAP hydrogels for pulse-actuated cell system (PACS)
architectures
D. V. McGrath, The Univ. of Arizona; M. Banister, Medipacs,
LLC; R. E. Plata, The Univ. of Arizona
Our objectives have centered on optimizing the formulation of
electroactuated polymer (EAP) hydrogels for use in a infusion pump based
on the proprietary Pulse Actuated Cell System (PACS) architecture in development at Medipacs LLC. Have previously fabricated EAP gels based
on Jeffamine T-403 and ethylene glycol glycidyl ether (EGDGE) based on
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established protocols that demonstrated large volume enhancement upon
hydration and were pH responsive. However, this system suffered from
two critical drawbacks. First, the gels exhibited varying degrees of hydrolytic instability. When the gels were subjected to HCl < 1% at various time
and rinse intervals as part of the fabrication protocol, all were subject to
acidic degradation and fracture over 24 hours making the gels unusable
as a practical long term actuator material. Second, their EAP response
was often not repeatable from sample to sample.
We report here significant progress in optimizing the formulation of the
EAP hydrogels to solve these critical problems. By adjusting the mole
fraction of reactive components of the formulation to an equal functional
group ratio, we eliminated a large degree of the hydrolytic instability of
the hydrogels. By substituting a higher molecular weight telechelic PEG
diglycidyl ether (GE-PEG500-GE) for EGDGE, we decreased the brittleness of the gel (evidenced most dramatically by an increase in flexural
strength) as well as increased the equilibrium swelling ratio and hydrolytic
stability. The combination of these two modifications to the formulation
resulted in hydrogels that exhibited reproducible swelling and deswelling
in response to pH for a total period of 10-15 hours. Cycling beyond 24
hours suffered from hydrolytic breakdown of the actuator.
These advances in hydrogel performance with regard to stability and response of the gels have allowed demonstration of the feasibility of PACS
architecture.

6524-69, Poster Session
IPMC-assisted miniature disposable infusion pumps
with embedded computer control
S. Vohnout, Medipacs, LLC; S. Kim, Univ. of Nevada/Reno; M.
Banister, Medipacs, LLC; K. J. Kim, R. Tiwari, I. Park, Univ. of
Nevada/Reno
For military applications, the availability of safe, disposable, and robust
infusion pumps for intravenous fluid and drug delivery would provide a
significant improvement in combat healthcare. To meet these needs, we
have developed a miniature infusion prototype pump for safe and accurate fluid and drug delivery that is programmable, lightweight, and disposable. In this paper we present techniques regarding inter-digitated
IPMCs and a scaleable IPMC that exhibits significantly improved force
performance over the conventional IPMCs. Also, the test results on a
working Pulse-Activated Cell pump are presented.

6524-70, Poster Session
Development of dielectric elastomer driven microoptical zoom lens system
H. S. Kim, K. M. Jung, J. K. Park, J. C. Koo, H. Choi, J. Nam, Y.
K. Lee, Sungkyunkwan Univ. (South Korea)
Normally, various micro-scale devices adopt electromechanical actuators and it requires a complicated power transfer system even for generating a tiny scale motion. Since the mechanical power transfer system for
the micro-scale motion may require many components, the system design to fit those components into a small space is always difficult. Microoptical zoom lens systems are recently popularly used for many portable
IT devices such as digital cameras, camcorders, and cell phones. Noting
the advantages of EAP actuators over the conventional electromechanical counterparts, a micro-optic device that is driven with the EAP actuator is introduced in the present work. EAP material selection, device fabrication, and control of the system will be delineated.

6524-72, Poster Session
Modeling a dielectric elastomer actuator based on
the McKibben muscle
T. G. McKay, The Univ. of Auckland (New Zealand); E. P. Calius,
Industrial Research Ltd. (New Zealand); I. A. Anderson, The
Univ. of Auckland (New Zealand)
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Dielectric elastomer actuators (DEAs) show great potential for use in artificial muscle systems due to their fast response time, high efficiency and
ability to develop large strains. To realise their potential we need to improve actuator designs and operating conditions. Also, the failure mechanisms of these devices need to be understood. Although we can learn a
lot from experimentation, modelling provides a powerful supplement for
further exploration.
The majority of DEA models developed to date employ linear elastic theory
and other assumptions that limit their accuracy at high strains and particularly under dynamic or transient situations. Dielectric elastomer materials exhibit hyperelastic behaviour with pronounced time dependence.
Nonlinear finite element analysis (FEA) can simulate DEA material behaviour
over a greater range of boundary conditions and model geometries than
the analytical models used in many studies to date. A popular FEA approach for planar DEAs is an “inverse technique” [1, 2] in which a kinematic boundary condition is imposed on one of the electroded faces,
compressing the dielectric material. The Maxwell pressure required to
achieve this deformation is then calculated from the reaction forces. This
approach avoids the need to include electromechanical coupling in the
model as well as some stability problems but is impractical when evaluating time dependant DEA control strategies.
Our work focuses on a contractile actuator based on the McKibben pneumatic muscle concept. A coupled-field ABAQUS (Hibbit, Karlsson &
Sorensen, Inc., USA) FEA model is developed where the constraints of
the orthotropic fibre weave and end caps of this actuator design are included. The implementation of the Maxwell pressure model that couples
electrical inputs to mechanical loads using the ABAQUS user subroutine
DLOAD is the focus of this paper.
In our initial simulations 4kV was applied across the electrodes of a contractile DEA with a radius of 2mm and a wall thickness of 0.5mm. Our
model was used to perform a parametric study of actuator design parameters including the fibre weave angle and the stiffness ratio of the fibres to
the dielectric material stiffness. At a fibre angle of 45o relative to the longitudinal axis, no axial deformation is predicted by our model. A weave
angle above this results in an axial expansion during actuation, whereas
axial compression occurs if the fibre angle is less than 45o. For instance,
at a fibre angle of 60o, this model predicted a compressive axial strain of
0.7%. The response to rapidly cycling voltages will be presented along
with a discussion of the possibility of pulse width modulation.
1. Pelrine, R., et al., High-field deformation of elastomeric dielectrics for
actuators. Materials Science and Engineering: C, 2000. 11(2): p. 89-100.
2. Wissler, M. and E. Mazza, Modeling and simulation of dielectric elastomer actuators. Smart Materials and Structures, 2005. 14: p. 1396-1402.

6524-73, Poster Session
Characterization of direct and converse
piezoelectricity of cellulose-based electro-active
paper
G. Y. Yun, Y. Li, H. S. Kim, J. Kim, Inha Univ. (South Korea)
Recently, a cellulose based Electro-active paper (EAPap) has been investigated as an attractive smart material due to its characteristics of lightweight, biodegradable, low cost, large bending displacement, low power
consumption and piezoelectricity. Since crystal structure of cellulose is
non-centrosymmetric and monoclinic, it is considered that EAPap generates induced charge by applying tensile stress and also provides induced
strain under electric excitation. This piezoelectricity gives great potential
of EAPap as biomimetic actuators and sensors. However, piezoelectricity
of EAPap is not yet clearly studied.
In this paper, direct and converse piezoelectricity of EAPap will be investigated. To characterize direct piezoelectricity of EAPap, induced charge
will be measured when mechanical stress is applying to EAPap. Piezoelectric charge constant of EAPap will be extracted from the measured
data. To characterize converse piezoelectricity, induced strain will be
measured when electric field is applying to EAPap. Piezoelectric constant will also be extracted from the relation of induced strain and applied
electric field. Finally, piezoelectric charge constant of EAPap will be determined by the comparison of direct and converse piezoelectricity.
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6524-74, Poster Session
Micro-ball valves driven by dielectric elastomers
C. Fu, National Tsing Hua Univ. (Taiwan)
We are going to present in this paper our first result in this research field
of artificial muscles. We didn¡õt have any knowledge and experiences in
this field until we visited the SPIE conference of smart structure and material in March this year (2006). Since then, we have built up a basic process procedure to produce dielectric elastomers actuators (DEAs) and
have successfully fabricated in-plane circular actuators and linear actuators with functions as shown in the figure 1. In addition, we have developed a micro ball valve driven by the fabricated dielectric elastomers as
shown in the figure 2.
The micro ball valve was constructed by four plastic parts made from
PMMA, one steel bearing ball with a diameter of 3 mm and a sheet of
DEA membrane as shown in the figure 3. The main material of the DEA
was made from 3M VHB 4910 with compliant carbon grease electrodes.
The membrane was firstly pre-stretched to ensure to have a property of
higher breakdown electric field and then clamped by the PMMA parts.
Afterwards, the steel ball was situated in the center of the membrane
cover with another PMMA layer. Through the geometrical design, the
membrane had a prefered direction of deformation shown in the figure 3.
The fabricated valve operated in normally closed mode. When the voltage (~7000V) was applied, the membrane deformed downwards. Because
the distance between the valve seat in the upper PMMA layer and the
steel ball increased, the pressure would open the valve. We will the construction, the fabrication process and the preliminary results in detail in
the conference.
Reference
[1] Y. Bar-Cohen, J. D. Madden and Q. Pei, “Course Notes of SPIE short
courses: SC634 Electroactive Polymer Actuators and Devices”, 2006,
pp.42-51.
[2] C. Fu, Z. Rummler and W. K. Schomburg, “Magnetic Driven Micro Ball
Valve Fabricated by Multilayer Adhesive Film Bonding”, Journal of
Micromechanics and Microengineering 13, 2003, pp96-102.

6524-75, Poster Session
Dynamic actuation and sensing behavior of dielectric
elastomer membranes
J. W. Fox, N. C. S. Goulbourne, Virginia Polytechnic Institute
and State Univ.
Dielectric Elastomer Actuators (DEA) have received considerable attention recently due to their large strains, over 100% in some cases, when
subject to an electric field. In this paper, the electro-mechanical inflation
of an initially planar membrane is discussed. Large deformation static
and quasi-static models for planar membranes have been developed and
verified, however, to accurately predict the deformation of this actuator
over repeated cycles, the dynamic response must be modeled as well. A
theoretical dynamic model has been proposed by Mockensturm and
Goulbourne for the dynamic inflation of a spherical DEA membrane. In
this paper, we develop a finite element model using ABAQUS which predicts the dynamic response of a planar DEA membrane. The model results are compared to experimental results obtained using a setup which
allows for dynamic inflation while simultaneously measuring the pressure
and inflation state. The materials used for the dielectric elastomer include
VHB 4910 and 4905 as well as a silicone rubber. In addition to using the
DEA as an active pumping mechanism, the dielectric elastomer can be
used to sense the inflation state and applied pressure of the membrane.
This is done by monitoring the change in capacitance as a function of the
material’s changing geometry; a direct result of its deformation characteristics. In our earlier work, this sensing capability was verified for an
inflating membrane and several parameters such as membrane thickness and electrode type were changed to see their effect on the capacitance. As an extension of this work, we use the experimental setup for
dynamic inflation to test the operating frequency range of a dielectric
elastomer pressure/strain sensor. The frequency range tested was between 0.5 Hz and 10 Hz. Optimal configurations for improved sensitivity
of dielectric elastomer sensors are also discussed.
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6524-76, Poster Session
Conducting polypyrrole bimorph actuators in saline
water
Q. Pei, Univ. of California/Los Angeles
Conducting polypyrrole (PPy) can be used for ionic actuators with very
low driving voltages. Its biocompatibility, easy preparation, and reversible control through standard electrochemical techniques make PPy particularly attractive for implanted medical devices. A conventional PPy
actuator is typically unimorph, consisting of a PPy/substrate bilayer
complemented with an inert counter electrode and a reference electrode.
However, its application is severely hindered by energy loss and the generation of gaseous bubbles due to hydrolytic side reactions, which simultaneously occur on the counter electrode during the actuation of the PPy
film. The bimorph PPy actuator involves a simultaneous oxidation and
reduction of two PPy layers and offers important advantages such as (1)
greater strain and force output due to the synchronized contraction and
elongation from the two PPy layers, (2) higher energy conversion efficiency, and (3) no bubble evolution. The PPy bimorph actuator can be
operated in a 0.1M NaCl solution for numerous cycles. Techniques used
to prevent PPy layer delamination from the substrate will be discussed.

6524-77, Poster Session
Polypyrrole actuator operating voltage limits in
aqueous sodium hexafluorophosphate
T. Shoa, J. D. W. Madden, M. Cole, The Univ. of British
Columbia (Canada); V. X. D. Yang, Sunnybrook and Women’s
Health Sciences Ctr. (Canada)
Actuation of polypyrrole in aqueous sodium hexafluorophosphate solution has been shown to produce relatively large strains (~ 6%). However
little has been published on the cycle life and appropriate potential range
of actuation in this electrolyte. In particular there is a tradeoff between
strain and cycle life. This information is clearly crucial for applications.
Our particular interest is in disposable applications where a relatively small
number of cycles are needed, and maximum strain is desired. The electrochemical degradation as a function of voltage is investigated by cycling the film between fixed voltages and measuring the charge transfer.
The dependence of charging on voltage and the rate of reduction in the
extent of charging are measured. This is done on a conducting substrate
without measuring actuation, but it has previously been shown that degradation in strain and in charge are correlated. The operating actuation
voltage inside an aqueous solution of sodium hexafluorophosphate was
studied and the voltage range for effective operation of the device was
found to be -0.7V to 0.7V versus Ag/AgCl reference electrode in order to
achieve stable performance over at least 30 minutes. This range of actuation corresponds to a strain of approximately 5%. The mechanisms of
degradation at potentials beyond 0.7V appear to be the substitution of
hydroxyl ions in the polymer backbone, as suggested in reports on degradation of polypyrrole in other electrolytes. The reduction in charge transfer
at potentials lower than -0.7V is consistent with a reduction in ionic conductivity at highly reduced states, as has also been suggested in the literature. We report on the tradeoff between voltage range and lifetime.

polymer beam, electrically actuated by surface electrodes and/or chemically actuated by cation transport is developed. Based on this large deformation model, nonlinear dynamics of the polymer beam is studied. In
order to arrive at the charge transport equation, we first combine the equations of electrostatics and electrical continuity into a single evolution equation with respect to charge density. This transport equation includes several coupling terms involving electric potential and stress gradient. In the
developed model, we account for large curvature, assuming that the neutral plane of the beam is inextensible. A constitutive model with quadratic
nonlinearity in electric field is employed. Nonlinear terms up to third-order in displacement gradient are retained and all higher-order terms are
eliminated. The resulting model based on a system of nonlinear partial
differential equations and boundary constraints are obtained by applying
extended Hamilton principle. Numerical analysis of nonlinear resonance,
deflected shape and charge localization in a cantilever structure with uniform as well as interdigitated electrodes are reported.

6524-79, Poster Session
Electrically driven mechanochemical artificial muscle:
for smooth 3D movement in robotics and prosthetics
L. Rasmussen, Ras Labs. LLC
Ras Labs, L. L. C., is committed to producing a variety of electroresponsive
smart materials that are strong, resilient, respond quickly and repeatedly
to electrical stimuli, and are well-suited for a robotic or prosthetic environment, in particular, for producing realistic movements associated with
the hand and arm. By effectively combining the synthetic expertise of
Ras Labs and the plasma expertise of the Princeton Plasma Physics Laboratory, Ras Labs, L. L. C. is committed to producing superior
electroresponsive materials and actuators (Phase 1) that can be used to
design robotics and prosthetics for the arm and hand that are realistic in
terms of appearance, smooth three dimensional range of motion, and
strength (Phase 2). These actuators will allow robotic and prosthetic arms
to move seamlessly in three dimensions by arranging the smart materials, in fibers, bulk, or bundles, to hinge and to rotator/ball-and-socket
type joints. This was demonstrated using a simple hinge joint in US Patent
5,736,590. One of the biggest challenges in developing these actuators
is the interface between the embedded electric leads and the
electroresponsive material because of the movement of the
electroresponsive material. Preliminary experiments explored the bond
strengths between these electroresponsive materials with plasma treated
metals provided by the Princeton Plasma Physics Laboratory. The results
were very encouragingly, with remarkably better bond strengths. Ras Labs
is expanding upon improving the attachment of the embedded electric
leads to the electroresponsive materials in these actuators using plasma
treatment and other treatments to non-corrosive metal leads. Coating or
encapsulating the smart material in an elastomeric material, which acts
as a “skin,” can allow for the actuator, even when removed from an electrolytic bath, to be fully operational. Additionally, the use of ionic liquids
or other suitable electrolytes eliminates the problem of gas bubble formation at the electric leads. Strong, encapsulated, electroresponsive smart
materials will have a profound impact on prosthetics, valves, and automated systems, particularly robotics. This will enable NASA, DARPA, and
other organizations to produce revolutionary robotic designs that can move
smoothly and seamlessly in three dimensions with superb control and
dexterity.

6524-78, Poster Session
Nonlinear dynamics of an electroactive polymer beam
in presence of charge transport
D. R. Mahapatra, J. Yang, R. V. N. Melnik, Wilfrid Laurier Univ.
(Canada); B. Balachandran, Univ. of Maryland/College Park
In several promising biomimetic applications based on electroactive polymer devices, the transport of cation, the chemo-mechanical coupling and
the electro-mechanical coupling are the key mechanisms to be controlled
for precision performance of these devices. In such applications, the development of theory and modeling techniques, especially toward distributed parameter control of polymer structures, is an important and challenging task. In this paper, a large deformation model of an electroactive
20
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6524-80, Poster Session
Extending applications of dielectric elastomer
artificial muscle
S. Chiba, SRI International (Japan); M. Waki, Hyper Drive Corp.
(Japan); R. D. Kornbluh, R. Pelrine, SRI International
Dielectric elastomers have demonstrated high energy density and high
strains as well as high electromechanical efficiency and fast speeds of
response. These properties, combined with their projected low cost make
them attractive for a variety of actuator applications including linear actuators, diaphragm pumps, rotary motors and haptic displays, to name
but a few. Dielectric elastomers have also been shown to offer high en-
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ergy density, high efficiency and large strains when operated as generators. Dielectric elastomers have reached a stage of development where
standardized products can be applied to new applications. In some cases,
dielectric elastomer devices are improvements over existing devices. In
other cases, however, dielectric elastomers can enable new types of devices that cannot be made with existing technologies, such as new types
of loudspeakers and power generating devices. A new dipole loudspeaker
system was developed using Artificial Muscle Inc.’s commercially available “Universal Muscle Actuator” push-pull diaphragm configuration. This
same transducer configuration was used to develop a new power generating system. This generator system enables a power generation of 0.060.12 W by manually displacing the device by 5-6 mm once a second. By
introducing a voltage step-down voltage conversion circuit, the device
was able to power wireless communications, allowing the control of devices separated by a distance of few meters. These two devices are examples of the new applications that are enabled as the dielectric elastomer technology commercially emerges.

6524-24, Session 7
Electro-active polymer actuator database
J. D. W. Madden, G. Hsu, P. Cheng, D. Irwin, The Univ. of
British Columbia (Canada)
As polymer actuator performance improves there is an increasing demand to understand and compare properties. Past comparisons have
relied on general statements of properties but do not capture the interdependence of these properties or keep up with the rapid pace of change.
Modeling such interdependencies is complex. An alternative is to compile many measurements. A new actuator database has been created
that is a compilation of experimental methods and results (mechanical,
electrical, chemical and other properties) combined with a web interface.
The objective is to capture actuator performance under a wide variety of
conditions. The current content of the page is presented and justified.
Researchers are urged to submit data to the web page via an online form.
A review mechanism is proposed that would make inclusion in the database equivalent to a journal contribution.

6524-25, Session 7
Intriguing electroactive behavior of nanostructured
polymers
R. Shankar, T. K. Ghosh, R. J. Spontak, North Carolina State
Univ.
Dielectric elastomers can produce a surprisingly large strain (longitudinal
or bending) when sandwiched between compliant electrodes and subsequently exposed to a large electric field across the electrodes. The resultant actuation strain of the electroactive polymer can be attributed to the
build-up of a Maxwell stress. The most commonly employed electroactive
polymeric (EAP) materials of contemporary technological relevance include an acrylic adhesive, polyurethane and various silicone elastomers.
The principal aim of the present work is to demonstrate the unique
electroactive response of nanostructured polymers as potential EAPs.
These microphase-segregated materials consist of a triblock copolymer
with glassy endblocks and a soft midblock swollen in the presence of a
selective nonvolatile solvent. As the solvent content in these
nanostructured systems is increased, the elastic modulus and voltage at
dielectric breakdown concurrently decrease, but the areal actuation strain
increases. In fact, these materials exhibit very high areal actuation strains
(>200%) at significantly reduced electric fields (22 kV/mm) relative to the
acrylic, polyurethane and silicone EAPs. Electromechanical coupling efficiencies, which relate the conversion from electrical input to mechanical
output, have been experimentally measured to exceed 90%. Electrical
actuation and mechanical strain cycling reveal that these materials exhibit very little hysteresis, which is of considerable importance in the design of EAPs.
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6524-26, Session 8
Polypyrrole linear actuators for use in biomimetic
systems
T. A. Fofonoff, I. W. Hunter, Massachusetts Institute of
Technology
The development of biomimetic devices may benefit from the incorporation of actuators with combinations of properties uncommon to conventional systems such as low density and high mechanical flexibility.
Electroactive polymers (EAPs) exhibit muscle-like properties and the potential to provide these capabilities while delivering significant forces over
considerable displacements. In order for EAPs to be useful as engineering materials, however, considerable attention must be given to the actuator system as a whole, including its design, manufacture, and use in
order to achieve acceptable levels of controllability, robustness, and lifetime.
We report on the fabrication of polypyrrole based linear actuators for use
in a collection of demonstrative devices and biomimetic systems under
development. Hexafluorophosphate doped polypyrrole ribbons were produced with highly uniform widths of 5 mm and thicknesses of 20 µm at
lengths exceeding 5 m, for example. Computer numerically controlled
(CNC) processes were utilized in order to accurately control the production of these ribbons as well as the mechanisms in which they are used.
Conducting materials such as gold were optionally incorporated into the
system in order to enhance performance.
When operating linear EAP actuators at the macroscale, some issues
become more prominent. These include iR drops along the ribbon actuators, limited actuation rates, and creep. In this paper, these challenges
are addressed and progress is demonstrated by describing devices which
incorporate these ribbon polymer actuator systems. A transmission line
based model which was used to predict actuator performance and aid in
the design of the system is presented and compared with experimental
results.

6524-27, Session 8
Chemo-electric characterization and modeling of the
high surface area electrodes in ionic polymer
transducers
T. Wallmersperger, Univ. Stuttgart (Germany); B. J. Akle, Virginia
Polytechnic Institute and State Univ.; E. Akle, American Univ. of
Beirut (Lebanon); D. J. Leo, Virginia Polytechnic Institute and
State Univ.
Ionomeric polymer transducers have received considerable attention in
the past ten years due to their ability to generate large bending strain and
moderate stress at low applied voltages. Ionic polymer transducers consist of an ionomer, usually Nafion, sandwiched between two electrically
conductive electrodes. Recently, a novel fabrication technique denoted
as the direct assembly process (DAP) enabled controlled electrode architecture in ionic polymer transducers. A DAP transducer consists of two
high surface area electrodes made of uniform distributed particles sandwiching an ionomer membrane.
In this paper theoretical investigations as well as experimental verifications are performed. The model consists of a convection-diffusion equation describing the chemical field as well as a Poisson equation describing the electrical field. This modeling technique is modified to capture the
chemo-electric behavior in the high surface area electrodes of a DAP
fabricated transducer. The model assumes highly conductive particles
randomly distributed in the electrode area. This is the first electro-chemical modeling account of high surface area electrodes in ionic polymer
transducers. Traditionally, these kinds of electrodes were simulated with
boundary conditions representing flat electrodes with a large dielectric
permittivity at the polymer boundary.
In the experimental section, several transducers are fabricated using the
DAP process on Nafion 117 membranes. The architecture of the high
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surface area electrodes in these samples is varied. The concentration of
the spherical gold particles is varied from 35vol% up to 60vol%, while the
overall thickness of the electrode is varied from 10µm up to 40µm at a
fixed concentration. The flux and charge accumulation in the materials
are measured experimentally and compared to the results of the numerical simulations. Finally, the high surface area electrodes are compared to
flat gold electrodes.

6524-28, Session 8
Manufacturing of ionic polymer-metal composites
(IPMCs) that can actuate into complex curves
B. L. Stoimenov, The Institute of Physical and Chemical
Research (RIKEN) (Japan); J. M. Rossiter, Univ. of Bristol
(United Kingdom) and The Institute of Physical and Chemical
Research (RIKEN) (Japan); T. Mukai, The Institute of Physical
and Chemical Research (RIKEN) (Japan)
Ionic polymer-metal composites (IPMCs) are a type of actuators, which
due to their softness hold promise as artificial muscles for the fields of
bio-medical engineering and biologically inspired robotics. Typically IPMCs
are manufactured as a thin strip of soft ionic polymer, coated with metal
electrodes, which can only bend with approximately constant curvature
when actuated.
One approach to overcome this limitation is to create several separately
actuated sections on the IPMC, by removing the top metal electrode layer
at the boundary between sections. Then each section can be powered
and controlled individually by external wires. This approach was used
successfully to create a swimming snake robot.
There are many applications, however, for which the use of external wiring is objectionable and at the same time fully independent control of
each section of the IPMC is not required. For such applications it would
suffice if each section of an IPMC could be tailored to respond in a different manner to the same excitation signal. In this way complex curves of
the actuated IPMC can be achieved by a control signal from only one
source.
In this paper we propose two key elements needed to create an IPMC,
which can actuate into a complex curve. The first is a connection between adjacent segments, which enables opposite curvature. This can
be achieved by reversing the polarity applied on each side of the IPMC,
for example by a through-hole connection. The second key element is a
variable curvature segment. The control of the relative curvature within a
single segment is achieved by defining the electrode overlap at the manufacturing stage. The devices can be manufactured so that the electrodes
carry the signal from one section to the next, thus making the application
of external wiring unnecessary.
We demonstrate the use of these elements in a self-actuated bi-stable
beam structure. Other potential applications which are considered are
catheter devices, heart-compression devices and other applications in
which complex geometrical shape, or the application of localized pressure along a complex curve, are desired.

6524-29, Session 8
Mixed-ion linear actuation of PPy and PEDOT in
propylene carbonate-triflate electrolyte
R. Kiefer, J. Travas-Sejdic, P. A. Kilmartin, G. A. Bowmaker, R. P.
Cooney, The Univ. of Auckland (New Zealand)
Conducting polymers such as polypyrrole (PPy) and poly-3,4ethylenedioxythiophene (PEDOT) undergo volume changes as they are
oxidized or reduced. The moderate electrochemical strains (1-3 %)[1] can
be used for applications including micro valves and micro pumps. The
size of the anion and the polymerisation conditions play an important role
in the actuation of the free standing conducting polymer films. Small anions lead mainly to anion-driven actuation, medium sized anions show
mixed anion and cation movement processes and large immobile anions
lead to mainly cation-driven actuation during electrochemical redox processes.
22
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Previously,
Zama
et
al.[2]
used
tetrabutylammonium
trifluoromethanesulfonate (TBACF3SO3) electrolyte during polymerisation
of PPy and obtained a strain of around 12 % when cycled in NaPF6 (aq).
In this work we investigate the actuation properties of free standing PPy
and PEDOT films prepared from propylene carbonate (PC) solutions of
TBACF3SO3 by performing electrochemomechanical deformation measurements (ECMD) during cyclic voltammetry and potential step experiments. The ECMD response of PPy revealed mixed-ion actuation
behaviour for the films cycled in TBACF3SO3 in PC[3]. The PEDOT films
also showed strong cathodic actuation which normally occurs when large
polymeric anions, such as polystyrenesulfonate, are used.
We assume here that CF3SO3- anion (0.270 nm) is partly immobilized
within the polymer network due to its non-spherical shape [4] resulting in
cation (TBA+) insertion at cathodic potentials.
The kinetic nature of the ion diffusion processes was evident from cyclic
voltammetry experiments at different scan rates, and the cathodic-side
actuation was more prominent at higher scan rates.
Long-term cycling tests revealed relatively good stability for the investigated films with higher actuation consistency seen at anodic potentials
for PPy films and at cathodic potentials for PEDOT films.
[1] A. Della Santa, D. De Rossi, A. Mazzoldi, Synth. Met. 1997, 90, 93.
[2] T. Zama, S. Hara, W. Takashima, K. Kaneto, Bulletin of the Chemical
Society of Japan 2005, 78, 506.
[3] R. Kiefer, S. Y. Chu, P. A. Kilmartin, G. Bowmaker, R. Cooney, J. TravasSejdic, Electrochim. acta 2006, in press.
[4] X. Kang, M. S. Ding, T. R. Jow, J.Electrochem.Soc. 2001, 148, A267.

6524-30, Session 8
Synthesis and characterization of porous polyaniline
conductive polymers
A. D. Price, W. Chen, H. E. Naguib, Univ. of Toronto (Canada)
Polyaniline conductive polymers exhibit great potential for linear actuator
applications. Many recent studies report methods to develop polyaniline
films with increased mechanical properties, electrical conductivity, and
faster response time during actuation. In this study, polyaniline porous
films are processed using a two phase batch foaming setup. The effect of
materials, processing, and system parameters on the function of the physical and mechanical properties of the resulting cellular structure are investigated. Hence, the effect of cell morphologies on the electrical conductivity and response time is elucidated.

6524-31, Session 9
Electromechanical response of nanostructured
polymer at zero prestrain
R. Shankar, T. K. Ghosh, R. J. Spontak, North Carolina State
Univ.
Electroactive polymers, which emerged in last 15 years, are man-made
actuators; exhibiting large strain response upon electrical stimulation.
EAPs, due to their attractive properties such as ability to emulate biological muscles, have drawn attention of engineers and scientist from all disciplines. Among all EAPs, dielectric elastomers have repeatedly demonstrated the most promising properties. Dielectric electroactive polymers
(DEAPs) exhibit higher actuation strain, response time, energy density,
and efficiency than the other electronic EAPs. However, all these EAPs
materials required large level of prestrain for their actuation that restricts
their applications. The present work demonstrates the designing of
nanostructured polymer systems that can be used as EAP without applications of any level of prestrain (i.e. 0% prestrain). These microphasesegregated materials consist of a triblock copolymer with glassy endblocks
and a soft midblock swollen in the presence of a selective nonvolatile
solvent. These materials have tunable modulus based on either solvent
fraction or molecular weight of the copolymer. These materials displayed
actuation without application of electric field and shows relatively high
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elastic energy density (25KJ/m3) compared to any materials known so far
at 0% prestrained condition. By changing the copolymer fraction,
electromechincal properties of these materials can be tailored thus provide a tunable avenue for advanced engineering, biomimetic and biomedical applications.

6524-32, Session 9
Controlled charge transfer for fast and defined
actuation from carbon nanotube sheets: analytic
investigations of the experimental results
D. Faller, M. H. Haque, D. G. Weis, K. Hying, I. Kolaric,
Fraunhofer Technologie-Entwicklungsgruppe TEG (Germany); T.
Wallmersperger, B. H. Kröplin, Univ. Stuttgart (Germany)
In this paper we present experimental measurements for the electro-mechanical behavior of Carbon Nanotube (CNT) actuators with controlled
charge injection for defined actuation for different CNT raw materials.
Motivated by the charge-induced dimensional changes we show the
changes in bucky paper dimension as a function of injected charge controlling the applied current signal from which we further investigate the
actuation profile, shape, resulting voltage and the reaction time. From
this experimental work we present detailed analysis for different shapes
of the actuation resulting from the variation of the injected charge in the
bucky paper to make use of controlled charge transfer.
Furthermore we show the use of the described principle for generating
fast actuation response. In such cases the measurements show the tendency to develop higher voltages, especially during fast responses due
to the short charge injection period. The actuation reaction time is directly depending on the charge injection period. Through controlling the
applied current signal, we could fix the amount of injected charge for
each bucky paper and therefore obtain defined actuation amplitude independent of the applied current frequency.
Based on these fundamental effects we are able to confirm the experimental findings and to develop more sophisticated actuators.

6524-33, Session 9
Electroactive polymer nanocomposites: processing
and characterization
Z. Ounaies, S. J. Deshmukh, S. Banda, Texas A&M Univ.
This experimental work is an extension of our efforts to investigate the
actuation response of single walled carbon nanotube (SWNT)-based
polyimides. The focus on electroactive polymers with nanosize fillers will
greatly impact the development of multifunctional materials-materials with
both structural integrity and the added function of self-sensing, actuation, and power generation. The goal of the study is to induce significant
electrical and electroactive responses in polymers through addition of
nanosize inclusions by exploiting the increasingly dominant role of interfaces at the nanoscale. This necessitates probing the link between
mesostructure design and control, and resulting electroactive properties
and performance. In nanostructured polymers where the length scales of
nanoinclusions, size of polymer chains and distance between
nanoinclusions are comparable, the performance of the polymer on a
macroscale is dominated almost entirely by the interfacial region. The
large SWNT-polymer interfacial area and the high aspect ratio of SWNTs
combine to yield a range of impressive property at very low SWNT loadings (<1 vol%) as well as a very low transition from insulating behavior to
electrically conductive (~0.05 vol%). In our study, we used a piezoelectric
polyimide, ß-CN APB ODPA; a piezoelectric fluorinated polymer, PVDF;
and a colorless polyimide, CP2. By investigating diffferent dipoles, carbon nanotube content, and distribution and dispersion, we focus on
achieving the desired electroactive performance in terms of actuation
voltage, electroactive strain, and strain response time.
In the presence of SWNTs, an enhancement is seen in the actuation response for the polar matrix and a decrease in the actuation voltage is
also observed. At higher SWNT content, the electroactive response is
electrostrictive. The simultaneous increase in the electroactive strain and
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marked decrease in the actuation voltage can be ascribed to two possible reasons: 1) the dispersed SWNTs act to extend the electrodes into
the polymer such as the applied voltage results in a much larger local
field within the polymer, and/or 2) the SWNTs modify the local field in the
surrounding polymer resulting in an enhanced local field effect and possibly creating induced polarization. Scanning electron microscopy (SEM)
and Raman spectroscopy studies are used to probe the interaction between the nanotubes and the polymers. The SEM images show better
wetting of the SWNTs in the dipolar polymers compared to that in the
non-polar case, while in Raman spectroscopy an upshift in the G band
peak of the SWNTs may indicate an electron donor-acceptor relationship.
To sum up, our experimental results indicate that the interface between
the SWNTs and the polymer is a key factor in the observed nonlinear
actuation response. Better wetting and interaction between the SWNTs
and the polar polymers compared to the non-polar polymer is considered
the primary reason for the enhanced actuation response in the
nanostrucutred polymers through modification of the nanoscale electric
and strain field distribution.

6524-34, Session 9
Autonomous nanomesa and nanowell formation in
ferroelectric polymer films as sensor and actuator
array
J. Li, Univ. of Washington; S. Ducharme, Univ. of Nebraska/
Lincoln
We report our recent experimental and theoretical investigation on autonomous nanomesa and nanowell formations in ultra thin polyvinylidene
fluoride trifluoroethylene [P(VDF-TrFE)] copolymer films developed by
Langmuir-Blodgett (LB) deposition. The nanomesas and nanowells forms
autonomously after annealing above ferroelectric phase transition temperature, with thickness around 10nm and feature size around 100nm. It
has been confirmed that individual nanomesas are ferroelectric, rendering them ideal candidates for sensor and actuator array. The phenomenon is further studied using a continuum based phase field theory, where
the evolution and morphology of nanamesas and nanowells are simulated. Various mechanisms to control the size and morphology of
nanomesas and nanowells are also proposed.

6524-35, Session 9
Mechanical properties of electroactive polymer
microactuators with ion-implanted electrodes
S. Rosset, M. Niklaus, P. Dubois, École Polytechnique Fédérale
de Lausanne (Switzerland); M. Dadras, Univ. de Neuchâtel
(Switzerland); S. Mikhaïlov, École d’ingénieurs Arc (Switzerland);
H. R. Shea, École Polytechnique Fédérale de Lausanne
(Switzerland)
Macro-scale dielectric EAP are based on unpatterned compliant electrodes [1]. When miniaturizing dielectric EAP actuators, there is a need to
pattern the electrodes in order to address many independent actuators
on a single chip. Various attempts of manufacturing electrodes with metal
evaporation and photo-patterning have resulted in very stiff membranes
(and hence low efficiency), due to the very high Young modulus of metals
compared to that of PDMS [2].
We reported in [3] on the first micromachined ion-implanted dielectric
electroactive polymer (EAP) diaphragm actuators. They consist of a
polydimethylsiloxane (PDMS) membrane bonded to a silicon wafer with
through-holes between 0.5 to 2 mm diameter. Titanium ions are implanted
into both sides of the PDMS membrane using a Filtered Cathodic Vacuum
Arc (FCVA) implanter which allows high flux implantation at low energies
(<5 keV). Under the right conditions, metal ion implantation in polymers
can induce low surface resistivity without creating a metallic layer. The Ti
ion dose (up to 10E18 ions/cm2) is carefully chosen to obtain sufficiently
high conductivity while keeping the stiffness of the implanted elastomer
several orders of magnitude lower than that of a metal film. When an
actuation voltage is applied, compressive stress generated in the film
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leads to buckling of the membrane. We obtained displacements greater
than 10% of the membrane’s size, performance comparable to that of
macro-scale dielectric EAP actuators, showing that the implanted electrodes did not significantly stiffen the PDMS.
Actuator performance is strongly dependant on the mechanical properties of the PDMS. Because of the high viscosity of the 3 PDMS we tested,
an important quantity (>50% per volume) of solvent was added to the
uncured mixture in order to spin-coat it on a silicon wafer. This impacts
the film’s properties after curing and solvent evaporation induces a tensile stress in the membrane.
To obtain an accurate model of the actuator’s performance, it is therefore
crucial to measure the mechanical properties directly on the membrane.
A bulge test setup has been built and optimized for low-rigidity materials.
We used it to extract the Young Modulus (Y) as well as residual stress (s)
of our PDMS membranes. The measurement consists in applying a gas
pressure on one side of the membrane and recording its central deflection. From the pressure-displacement curve, Y and s can be extracted.
The setup has been used to evaluate different curing and solvent evacuation methods, with the aim of reducing residual stress in the membrane
as well as determining the impact on Y. Compression tests on macroscale
PDMS cylinders were conducted to measure the Young modulus. Y measured with the bulge test apparatus on thin (20-30 µm) membranes differed from bulk values by up to a factor of 2, strongly dependant on curing conditions. Evaluation of ion implantation’s influence on rigidity has
also been conducted and show that, although it increases the overall
Young modulus of the membranes, it has a small contribution compared
to that of evaporated metal electrodes.
1. S. Ashley, Scientific American 289, 52 (2003/10/1, 2003).
2. A. Pimpin, Y. Suzuki, N. Kasagi, paper presented at the Micro Electro
Mechanical Systems, 2004. 17th IEEE International Conference on.
(MEMS) 2004.
3. P. Dubois et al., Sensors and Actuators A: Physical 130-131, 147 (2006).

6524-36, Session 10
Development and modeling of novel extensional ionic
polymer transducers
B. J. Akle, Virginia Polytechnic Institute and State Univ.; T.
Wallmersperger, Univ. Stuttgart (Germany); D. J. Leo, J. E.
McGrath, Virginia Polytechnic Institute and State Univ.
Ionic polymer transducers (IPT), sometimes referred to as artificial muscles,
are known to generate a large bending strain and a moderate stress at
low applied voltages. Bending actuators have limited engineering applications due to the low forcing capabilities and the need for complicated
external devices to convert the bending action into rotating or linear motion desired in most devices. Recently Akle and Leo (2006) reported extensional actuation in ionic polymer transducers. Model prediction indicates that such actuators can produce strain up to 10% and a blocked
stress up to 20MPa under a +/- 2V applied electric potential. Compared
to other smart materials, IPT is a flexible membrane and it has a reliability
of over one million cycles. In this work novel extensional IPT actuators
are developed for the purpose of increasing the overall displacement of
the actuator. Fiber and stack actuators are fabricated and characterized.
Both stack and fiber actuators generate large displacements enabling
direct measurement and computation of the electromechanical coupling
coefficients. Compared to the complicated analysis of the response of
bending actuators, these systems offer a simpler and more superior test
platform for characterization of ionic polymer transducers. Fiber actuators eliminate the need for membranes further simplifying the analysis. In
this work the ionomer, cations, and diluent species are varied experimentally for both stack and fiber systems. The electromechanical coupling is
measured and a correlation of the experimental data with the active areas
model by Akle and Leo (2006) and the numerical electromechanical model
by Wallmersperger and Leo (2004) are presented. The coupling between
each test case with the model parameters enables further understanding
of the physical actuation phenomena as the role of diffusion of ions and
diluents and the electrostatic forces between the charged species. The
studied ionomers are BPS (sulfonated poly(arylene ether sulfone)) with
different ionic content varying from 30 wt% up to 60 wt%, and Nafion
24
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1100. Monovalent and divalent cations are incorporated while water and
EMI-TF ionic liquids are incorporated as diluents. The final result of this
study is to enable the improvement of the actuation response of these
novel extensional ionic polymer actuators.

6524-37, Session 10
Modeling of electro-chemo-mechanical response of
ionic polymer-metal composites with various solvents
S. Nemat-Nasser, S. Zamani, Univ. of California/San Diego
Ionic polymer-metal composites (IPMCs) consist of a perfluorinated
ionomer membrane (usually Nafion(r) or Flemion(r)) plated on both faces
with a noble metal such as gold or platinum and neutralized with the
necessary amount of counterions that balance the electrical charge of
anions that are covalently fixed to the backbone ionomer. IPMCs are
electroactive materials with potential applications as soft actuators and
sensors. Their electrical-chemical-mechanical response is dependent on
the cations used, the nature and the amount of solvent uptake, the morphology of the electrodes, the composition of the backbone ionomer, the
geometry and boundary conditions of the composite element, and the
magnitude and spatial and temporal variation of the applied potential.
Our most recent experimental results show that solvents can have profound effects on the nature of the IPMCs’ actuation. For example, we
have discovered experimentally that Nafion-based IPMCs in Li+-form show
very small back relaxation when hydrated, but extensive back relaxation
with all other solvents that we have considered. On the other hand, the
same membrane in the K+-form has extensive back relaxation when solvated with water, or ethylene glycol, or glycerol, but none with 18-Crown6. In the present paper, we seek to model the IPMCs’ actuation and compare results with the experimental data. The modeling rests on the observation that a sudden application of a step potential (DC) of several volts
(1-3 V) alters the distribution of cations within the ionomer, forcing cations out of the clusters near the anode and additional cations into the
clusters near the cathode. The clusters within a thin boundary layer near
the anode are thus depleted of their cations while cations accumulate in
the clusters near the cathode boundary layer. We first seek to determine
the spatial and temporal variation of the cation distribution across the
thickness of the IPMC for various cations and solvents, using an implicit
finite difference numerical solution of the basic field equations, and compare the results with those of approximate analytical estimates. Based on
this information, we then calculate the changes in the osmotic, electrostatic, and elastic forces that tend to expand or contract the clusters in
the anode and cathode boundary layers. Finally, we calculate the amount
of solvent out of or into the clusters that produces the bending motion of
the cantilever. Comparing the model results with those of experimental
measurement, we have arrived at remarkably good agreements. Indeed,
our nanoscale-based model correctly predicts the unexpected influence
of solvents on the actuation of IPMCs.

6524-38, Session 10
A scalable model for tri-layer conjugated polymer
actuator and experimental validation
Y. Fang, X. Tan, Y. Shen, N. Xi, Michigan State Univ.; G. Alici,
Univ. of Wollongong (Australia)
Conjugated polymer actuators have promising applications in biomimetic
robotics and bio/micromanipulation due to their unique properties of large
strain output under low actuation voltage, resilience, and biocompatibility.
A quantitative, scalable model is crucial to the design and control of conjugated polymer actuators, especially for micro-scale applications such
as microsurgery and manipulation of biological cells. In this paper a model
is proposed for tri-layer polypyrrole actuators, expressed in terms of actuator dimensions and intrinsic material parameters. The model is validated experimentally under both quasi-static and dynamic conditions for
actuators with length from 10 mm to 40 mm and width from 3 mm to 10
mm (thickness 170 microns). The following further elaborates on the model,
the scaling law for key parameters, and experimental validation.
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The conjugated polymer actuator considered consists of three layers, with
two polypyrrole layers sandwiching an amorphous polyvinylidene fluoride (PVDF) layer. The PVDF layer stores electrolyte (TBA.PF6 in propylene carbonate), enabling the actuator to work in air. The model in this
paper is obtained by adapting a model of John Madden (2000) for a
polypyrrole film immersed in an electrolyte, where ion diffusion from the
electrical double layer into polymer matrix is considered to be the primary
actuation mechanism. The proposed model comprises three stages: 1)
electrical impedance module relating the transferred charge to the applied voltage; 2) stress generation module relating the generated stress
proportionally to the charge; and 3) composite beam module relating the
displacement or force output of the actuator to the stress in both
polypyrrole layers.
Two key parameters in the impedance module are the bulk capacitance
and the electrolyte/contact resistance. The capacitance is taken to be
proportional to the volume of polypyrrole. The resistance is considered to
be inversely proportional to the width but is a more complex function of
the length due to the presence of (distributed) surface resistance. A distributed transmission line model is adopted to investigate the relationship
between the resultant overall resistance and the actuator length, from
which a nonlinear function relating the resistance to the length is obtained.
The scaling laws for the capacitance and the resistance are experimentally verified.
Experiments are further conducted to validate the proposed model for
both the displacement output, measured by a laser distance sensor, and
the force output, measured by a PVDF micro-force sensor. Actuators are
prepared with different dimensions with length varying from 10 mm to 40
mm and width from 3 mm to 10 mm. First the quasi-static displacement
and force output are measured for different step inputs from 0 V to 0.6 V.
Then the dynamic electrical and displacement responses are collected
under sinusoidal input from 0.05 Hz to 20 Hz. The prediction from the
scalable model agrees well with the experimental measurements for all
actuators and for both quasi-static and dynamic inputs.
It is also observed that the stiffness of the actuator, determined by the
force vs. displacement curve, varies slightly with the quasi-static voltage
input. This could be due to the dependence of polypyrrole stiffness on
the oxidation level, and its exact origin is under investigation.

6524-39, Session 10
Multilayered hybrid actuators: modeling fiberreinforced dielectric elastomer actuators
N. C. S. Goulbourne, Virginia Polytechnic Institute and State
Univ.
Fiber-reinforced cylindrical actuators offer one potential solution to the
low-force output problem that plagues dielectric elastomer actuators.
Although dielectric elastomer actuators are capable of large strains, the
force generated during actuation is low. Fiber-reinforced dielectric elastomer actuators are hybrid actuators that merge the actuation concepts
of McKibben actuators and dielectric elastomer actuators. The actuator
is to be fabricated by electroding the inner and outer surfaces of a cylindrical dielectric elastomer and then incorporating a layer of inextensible
fibers. The actuator is subject to both mechanical loads in the form of an
inflation pressure (which can be varied) and electrostatic loads, which
trigger the Maxwell stress effect. In our previous work, the modeling results were limited to cylindrically symmetric deformations. Although this
deformation state is mathematically ideal it is not realistic. Our present
model has increased in complexity since it accounts for the fact that the
ends of the tube will taper due to the boundary conditions and applied
mechanical loads. The system is modeled using an electro-elastic formulation derived from Rivlin and Adkins’ large deformation theory of reinforced cylinders. The model combines Maxwell-Faraday electrostatics
and nonlinear elasticity theory. A new deformation state is also introduced
for the first time - twisting of an axially suspended load. The numerical
results indicate that the relationship between the axial contraction force
and the axial shortening is linear for the voltage range considered. Multilayered actuator configurations with interstitial fiber mesh layers are investigated. The importance of other system parameters such as the fiber
angle, fiber layer placement, number of fiber families, and the applied
constant pressure is also reported.
SPIE Smart Structures and Materials 2007

6524-40, Session 10
Dual-response characteristics of a conducting
polymer bi-layer actuator
S. Radhakrishnan, Indian Institute of Technology (India)
The inherently conducting polymers are usually employed as soft actuators in low voltage environment (about 1.0 volt) as for example bio-medical devices. Since these polymers are very soft and needed to be deposited in the form of films by electrochemical technique, these have a supporting backing layer and hence form bi-layer or tri layer configuration.
The response characteristics of such bi-layer structures are quite different from free standing films.
During our investigations [1-3], it was found that the bilayer actuators
formed from polypyrrole deposited on flexible gold coated insulating polymer backing layer was not only dependent on the backing layer modulus,
its thickness but also on the deposition parameters used for electrochemical polymerization. In addition to this, the time dependence of bending of
these actuators at constant applied potential clearly indicated two regions: initially fast followed by slow gradual bending. This observation
was made in all cases irrespective of the combination of materials used in
the formation of the bi-layer, type of electrolyte used, its concentration
etc. This suggests that there are two processes involved in the actuation
effect, which may contain a fast electronic transport associated with the
initial step followed by ionic transport/ diffusion controlling the slower
response. These have been investigated further in detail by varying the
deposition condition, conducting polymer film thickness, dopant ion size
for bi-layers of polypyrrole having different types of backing layers. These
results indicate that the rate of bending also has an optimum with respect
to the different deposition parameters and bi-layer geometry. A model
has been suggested based on charge storage and/or capacitative effect
due to counter charge (electronic) contributing to the fast response as
well as de-doping effect causing the ionic charge diffusing out of the active film which is associated with the slow response. The results could be
explained in terms of the electrostatic force exerted for the fast response
region while the volume change and contractual force for the slow behavior.
1. S. Radhakrishnan and SB Kar, Sensors and Actuators B,(2006) available on line.
2. S. Radhakrishnan and S.B.Kar, WW-EAP Newsletter Vol. 6, No.2, 17
(2004).
3. S. Radhakrishnan and S.B.Kar, WW-EAP News Letter Vol.7,No.1, 15
(2005).

6524-41, Session 10
On a distributed parameter model for electrical
impedance of ionic polymer
K. Takagi, The Institute of Physical and Chemical Research
(RIKEN) (Japan); Y. Nakabo, National Institute of Advanced
Industrial Science and Technology (Japan); Z. Luo, Kobe Univ.
(Japan) and The Institute of Physical and Chemical Research
(RIKEN) (Japan); K. Asaka, National Institute of Advanced
Industrial Science and Technology (Japan)
Ionic polymer-metal composite (IPMC) actuator is one of the most promising materials for biomimetic soft robots. To develop a model-based control design, we need to investigate the electrical, mechanical, and electromechanical systems of IPMC. For example, the model of the electrical
impedance may lead to a design of a energy-efficient driver circuit or a
precise sensor signal measurement circuit. In this study, we discuss a
black-box modeling of the electrical system of IPMC from the point of
view of the frequency response. It is well known that the electrical impedance of IPMC is capacitive. This fact can be easily confirmed by simple
tests such as step response or harmonic response. However, we found
that its frequency response cannot be approximated by a simple ideal
capacitor or even by low-order transfer functions. From the observation
of frequency response especially in the case of TEA ion, its gain slope
and phase properties are about -0.5(-10[dB/dec]) and about -45[deg],
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respectively. On the other hand, the gain slope and phase properties are
-1(-20[dB/dec]) and -90[deg] for an ideal capacitor model or a RC circuit
model. Therefore, the experimental observation implies that the impedance is appropriate to be modeled as a non-rational transfer function. We
employ some models whose transfer functions are not rational. One of
such models is a distributed circuit (transmission line) whose transfer function consists of square root of ‘s’. In the experiment, the electrical impedance of an IPMC is measured under various conditions such as electrode
clamp sizes and cation species. The electrode clamp conditions are fully
clamped and partially clamped. The cation species are chosen as Na+
and TEA+. From the result, we found that the electrode clamp condition
less affects the measured impedance. However, we observed that the
impedance highly depends on the cation species. From the experimental
frequency response, the parameters of the models are identified. Larger
resistance and smaller capacitive element are identified in TEA+ case
than those in Na+ case. The identified parameters are consistent with the
physical intuition that TEA ion movement is slower than Nation.

6524-42, Session 10
Modeling of the nonlinear effects in pH sensors
based on polyelectrolytic hydrogels
M. Guenther, G. U. Gerlach, Technische Univ. Dresden
(Germany); T. Wallmersperger, Univ. Stuttgart (Germany)
pH-sensitive hydrogels are capable to convert reversibly chemical energy into mechanical one and therefore they are widely used as sensitive
materials for pH sensors. However nonlinear effects such as hysteresis
and drift are observed in the swelling behaviour of the polyelectrolytic
hydrogels complicating the calibration procedure for the pH sensor and
affecting the signal reproducibility.
In the present work, in order to realize a pH sensor with a high signal
reproducibility and high long-term stable sensor sensitivity, the complicated kinetics of gel swelling/deswelling processes has been analysed
and the origin of the hysteresis nonlinearities has been elucidated. A timedependent rate of the gel deformation due to the change of the pH value
of the solution has been described by means of retarded diffusion fluxes
of hydrated ions and water, the electromigration ionic flux, as well as of
the water drift into the gel. Taking into account the dependence of the
Donnan-potential at the gel-solution interface on the concentration of the
ionized groups on the polymer backbone, it was concluded that the nonlinear effects are caused by a hysteresis in the deprotonation-protonation
process of ionizable groups in the gel. It was found that the dissociation
degree of these groups can be described by means of a Preisach-type
hysteresis operator. The dependence of the volume fraction of the polymer in the swollen gel on the time-dependent gel deformation leads to a
feedback of the chemo-mechanical transducer and to a dynamical hysteresis in the sensor output characteristic. It was also found that the longtime drift in the sensor characteristic is caused by the drift of hydrated
ions and water into the gel or out of the gel in dependence on the pH
range of the solution and on the chemical reactions which occur in the gel
during the swelling or shrinking processes. The rate of the water drift is
determined by the change rate of the concentration of ionized groups
which increase the gel hydrophilicity and consequently the gel swelling.
The input data used for the calculation of the time-dependent gel deformation were obtained by fitting them with the experimental swelling/
deswelling curves.
In order to avoid a strong influence of the previous states of ionization
and gel swelling on the shape of the titration curve, thermo-sensitive polymers were used which allowed us to achieve a certain reference sensor
signal before each measurement and therefore to improve the signal reproducibility. For a full compensation of the sensor signal hysteresis and
drift, special methods based on an inverse model should be applied. For
example, a sensor output signal with linear dependence on the pH value
for both pH change directions can be obtained by using a neural network
based compensator.
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6524-43, Session 11
Enhanced polypyrrole actuator for packaged drug
delivery systems
H. A. Tsai, M. J. Madou, Univ. of California/Irvine
A proposed packaged drug delivery system is fabricated and demonstrated. A piece of poly dimethyl siloxane (PDMS) with an array of reservoirs has been molded and sealed on the substrate to cover the flap
valves. The PDMS chip can serve as a package to shield the valve from
outside environment and it can also function as the reservoirs to store the
therapeutic agents. The liquid medicine provides an aqueous environment suitable for the PPy actuation. An electrochemical detection method
is used to test the drug release function. A testing platform with a channel
and two reservoirs is fabricated on an acrylic chip. Then the channel is
filled with D.I. water and two electrodes are inserted into the reservoirs.
The salt solution (3M NaCl) that mimics the aqueous therapeutic agent is
stored in the PDMS reservoirs. Under a constant voltage (1V), the current
increases tenfold within 2.5 min after the release of NaCl solution from
the valve.
The actuation mechanism of the bi-layer structure is based on ion flux in
and out of the polypyrrole film upon oxidization and reduction . The volume change of the polypyrrole film forces the bi-layer bends toward the
polypyrrole side. In order to strengthen the flap and assure the sealing of
valves, a double bi-layer structure is fabricated. A membrane filter (MFMillipore(tm)) is prepared as an insulating layer; gold thin layers are deposited on both sides of the membrane filter. Polypyrrole films are then
electrochemically deposited on the gold layers to form the double bilayer structure. The membrane with double bi-layer structure is then cut
to 1mm x 3mm pieces. An oscilloscope is used to achieve the bending
test. By applying a sine wave ( 3V) to opposite sides of membrane, the
double bi-layer structure can bend to two directions instead of one direction on bi-layer structure. The results also show that the enhanced structure can play under higher frequency (22 Hz) comparing with bi-layer structure (4 Hz). The bending experiment is performed in 0.1M phosphate buffered saline (PBS pH=7.4) solution. Integration of the enhanced structure
on drug delivery systems will be presented in the future.

6524-44, Session 11
Development of soft actuator: mechanism with
vibration element using dielectric elastomer to
generate large displacement
M. Haruna, K. Kubo, T. Tamida, Mitsubishi Electric Corp.
(Japan)
Recently, it is required to develop a small, light, and soft actuator not in
medical and welfare fields, but also in various fields. A number of researchers have studied in many kinds of soft actuators. Especially, an
electric active polymer (EAP) using a dielectric polymer is superior at the
points of the enough strain and stress as well as natural muscle. Moreover, it can be activated in air.
On the other hand, it is well known that creep deformation is produced
and causes residual deformation when a load is added to a high polymer.
In case of an EAP, a life time and a performance are degraded because a
polymer itself is highly deformed by an electrical stimulation. The influences of creep deformation would be a marked increase in case of applications which need large displacements. In our fatigue tests under constant and cyclic voltage inputs to an EAP using a dielectric polymer, it
was cleared that residual deformation was produced at an activated area.
Therefore, it is needed to develop a mechanism to generate a large displacement without creep. However, to the best of our knowledge, no research has yet been carried out to study an amplified mechanism with
taking creep deformation into account.
In this paper, we proposed and verified a driving element using a dielectric elastomer without creep deformation produced and a mechanism to
generate a large displacement from a proposed driving element. The driving
element is consists of dielectric elastomer films, flexible electrodes, and
a frame. The electrodes separated into two areas at the center are painted
at the front and the back side of each layer of the dielectric elastomer
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films fixed at the frame. Each of the two areas is activated alternately and
so, the driving element is worked as a vibrator. In our experiment, it was
verified that the creep deformation of the one area is suppressed when
the other area is activated. The mechanism to generate the large displacement from the proposed vibrator is consisting of a push rod attached
to the center of the vibrator and an output rod driven by a push rod. The
stiffness of the push rod is high when the one area is activated and low
when the other one is activated. In our test, it was verified that the toand-fro motion of the vibration element was amplified to the one-directional motion of the output rod and, as a result, the generated displacement speed was about 2 to 20[mm/sec] as the vibration frequency was
changed from 0.2[Hz] to 5[Hz].
From our results, we conclude that the proposed mechanism is useful to
develop a soft actuator unit at the points that creep deformation is suppressed and so, the life time and the performance are not degraded.
Moreover, the large displacement is able to be generated not by high
voltage input, but by high frequency voltage input. This result indicates a
possibility of a power source of a soft actuator unit being smaller.

6524-45, Session 11
EAP as actuator for a gripper with variable curvature
C. Pagano, I. Fassi, Istituto di Tecnologie Industriali e
Automazione (Italy)
Current microsystems are mainly made of silicon, but, in order to improve
their performance and fulfil all their potential applications, the development of hybrid MEMS is strongly required. Hybrid systems are made of
several components linked together. The main advantage of this approach
is the possibility of using the most appropriate material and fabrication
technique for each component. On the other hand, due to the incompatibility of the processes, this approach requires suitable operations to assembly the components together.
The assembling phase of microscopic components is a hard task and it
represents the bottleneck of the current fabrication of hybrid microsystems.
Indeed, at microlevel, as a result of the high surface to volume ratio, superficial forces become dominant with respect to other ones (weight, inertial forces, external loads and so on) and new physical phenomena appear. For this reason, the manipulation of microcomponents could not be
done through the procedures used for macrosystems: the failure of the
working principles of these procedures often occur when downscaled.
Therefore, the development of new handling techniques is strongly required. On the other hand, the small dimensions and the low mass of
microcomponents allow the use of physical principles not suitable for the
manipulation of macrocomponents. According with this perspective, numerous grippers have been developed in the last years.
In this context, innovative handling systems have been studied at ITIA
and the possibilities of controlling and exploiting superficial interactions
have been analysed. In particularly, the capillary force has been investigated and an original handling system, based on capillary force, has been
conceived. Theoretical analyses were followed by simulations and modelling studies in order to develop a first prototype of a gripper with variable curvature. It was experimentally tested and showed a good reliability. It was able to perform basic operations of pick and place of objects
with a significant variety of shapes and weights. Due to the low stiffness
of the complex object-gripper, axial compliance can be exploited for assembly operations. Moreover, the choice of an adhesive gripping system
lowers the risk of damaging fragile components.
The results obtained with this prototype encourage the development of a
smaller prototype, which, according to the theoretical predictions, would
be able to manipulate objects with weight of the order of milligram. Regarding the actuation of such a gripper, the system used for the first prototype would not be suitable due to the reduced size of the device. Therefore, smart materials for the actuation of the gripper have been investigated. Specifically, a novel configuration based on electroactive polymers (EAP) has been conceived. Indeed, due to the large displacement
that can be obtained with EAP, their low mass, low power and, in some
materials also low voltage, they seem to be one of the most suitable materials for this purpose. Therefore, in order to evaluate their functionality
and performances for actuation purposes, deep studies for the realization of a gripper with such an actuation have been investigated and presented in this paper.
SPIE Smart Structures and Materials 2007

6524-46, Session 11
Study of flapping actuator modules using IPMC
H. Kim, D. Kim, J. Han, Korea Advanced Institute of Science
and Technology (South Korea)
Ionic Polymer Metal Composite (IPMC), an electro-active polymer, has
many advantages such as bending actuation, low weight, low power consumption, flexibility and so on. These advantages coincide with the requirements of flapping-wing motion which is the main wing motion of
small flying insects. Thus, IPMC is an adequate smart material for generating the flapping-wing motion. In this research, a bio-mimetic flapping
actuator module operated at the resonant frequency is developed by using IPMC actuator based on the bio-mimetic design approach. First, the
flapping mechanisms of flying insects such as butterfly, dragonfly and
bee, are studied to determine the design requirements of the flapping
actuator including flapping amplitude and frequency, actuation force, wing
geometry and loading. Several IPMC actuators are fabricated to investigate the mechanical characteristics of IPMC as the driving actuator. The
performances of the IPMC actuators, deformation, blocking force and
natural frequency according to the input voltage and actuator dimensions,
are then obtained from static and dynamic tests. Second, the analytical
model of the IPMC actuator is established by using the performance results. By using analytical model, IPMC actuator is designed so as to adjust the design requirements, flapping frequency and actuation force. The
natural frequency of the actuator module is selected as the operating
frequency to increase the actuation efficiency, and the analysis results of
the actuator module are compared with the experimental data. Finally,
the flapping-wing system consisiting of the IPMC actuator and a flexible
insect wing are manufactured on the basis of the design requirements
and the IPMC model. The dynamic characteristics and efficiency of the
flapping-wing system are investigated and improved.

6524-47, Session 11
A linear actuator from a single ionic polymer-metal
composite (IPMC) strip
J. M. Rossiter, Univ. of Bristol (United Kingdom); B. L.
Stoimenov, T. Mukai, The Institute of Physical and Chemical
Research (RIKEN) (Japan)
Ionic polymer-metal composite (IPMC) bending actuators have a number
of important characteristics that make them suitable for use as artificial
muscles and actuators. These include low weight and low driving voltage. At the same time application areas such as robotics are seeking
more compact linear motion actuators. Unfortunately, although IPMC
actuators bend effectively through angular paths, they must be mechanically reconfigured to generate linear motion. This requires the canceling
of multiple bending moments in order to resolve a single linear component. Previous approaches have involved combining multiple bending
actuators to create a single linear actuator. These approaches have, by
necessity, included mechanical features such as sliding arrays, flexible
tape joints, rotating end fixings and so on. These mechanical features are
undesirable because they introduce mechanical weakness, add weight,
or make manufacturing more difficult.
In this paper we present a novel linear actuator that, in its simplest form,
is constructed from a single IPMC bending actuator that activates into
the form of a double-clamped buckled beam. The benefit of this buckled
beam structure is that bending moments in the two halves of the beam
cancel each other out. As a result, only one bending actuator is needed to
form a single linear actuator. Consequently there is no need for mechanical joining of separate actuators. The non-rotating nature of the end fixing in the double-clamped buckled beam also means that joining multiple
elements to increase displacement or force is trivial.
Actuation of the linear actuator element with a single driving voltage forces
it to deform from a flat relaxed shape into a double-curved buckled beam
shape. Axial deflection of the end points and sideways deflection of the
mid point thus result in two linear actuation strokes. This complex curved
shape in made possible by segmenting the electrodes on the surface of
the actuator and applying reverse polarity voltages to successive segments. By segmenting the actuator strip into three segments we gener-
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ate the complete buckled beam actuator shape. Segmentation boundaries are calculated from classic buckled beam analysis.
In this paper we present the new IPMC linear actuator and discuss its
design, actuation mechanism and manufacturing. We also present results from tests of a single linear actuator element and various multiple
actuator configurations.

current of several hundred milli-ampare for each membrane. SPM array
actuated the obstracting material of 2 g to expel from the trachea tube.

6524-48, Session 11

J. L. Tangorra, P. A. Anquetil, I. W. Hunter, Massachusetts
Institute of Technology

Ionic polymer-metal composite as energy harvesters
R. Tiwari, D. Dogruer, K. J. Kim, Univ. of Nevada/Reno
IPMC (Ionic Polymer Metal Composite) is an electroactive polymer capable of soft sensing as well as soft actuation under low driving voltage.
Typically, the transduction model includes two resistors and two capacitors, which primarily accounts for the effective electrodes on the surface
of the IPMC (top and bottom). There is a resistor placed between the two
RC circuits to account for material between the electrodes and the resistance due to ion migration through the polymer matrix. In this paper we
report our recent effort on IPMCs in connection with the application in
energy harvesters. The experiments conducted used the IPMC sample
with various lengths and various thicknesses. The experimental results
clearly indicate that IPMCs are attractive applicants for energy harvesting.

6524-49, Session 11
Sensor-actuator coupled device for active tracheal
tube using solid polymer electrolyte membrane
T. Ihara, T. Nakamura, Suzuka Univ. of Medical Science (Japan);
T. Mukai, The Institute of Physical and Chemical Research
(RIKEN) (Japan); K. Asaka, National Institute of Advanced
Industrial Science and Technology (Japan)
A sensor-actuator coupled device was developed using solid polymer
electrolyte membrane (SPM) as an active tracheal tube for ventilator. Active tracheal tube is a novel type of tube for ventilator that removes patient’s
phlegm automatically upon sensing the narrowing of trachea by phlegm.
This type of active tube is extremely useful in clinical settings as currently
the sole measure to remove phlegm from patient’s tube is to do it manually by a nurse every few hours.
As SPM works both as a sensor and an actuator, an effective compact
device was developed. SPM based sensor-actuator coupled device was
fabricated with modified gold plating method; Nafion R-1100 resin was
immersed to hydrolysis solution using a mixture of dimethyl sulfoxide
(DMSO), potassium hydroxide (KOH), and water. The membrane was then
permeated in [Au(phen)Cl2]+ solution. After the immersion, the membrane
was reduced with 5% Na2SO3 solution to perform gold plating. The membrane was cut into a round shape to fit into the flow duct of a ventilator.
Prepared SPM was fixed as an array on a plastic pipe of diameter 22 mm
and was connected to a ventilator circuit and driven by a ventilator (Draeger
Evita) with a volume control ventilation (VCV) mode. SPM was connected
both to a sensing unit (NF Corp.: SA400F3 differential amplifier) and an
actuation unit (Hokuto Denko Co.:HA151 potentiostat / galvanostat).
Generated voltage developed by the membrane with the setting of the
maximum pressure from 5 cmH2O to 20 cmH2O was in order of several
hundred µV. SPM sensor demonstrated a biphasic response to the ventilator flow. The sensor data showed nearly linearly proportional voltage
development to the intra-tracheal pressure.
The sensed signal was filtered and digitized with an A/D converting unit
on a PC board. A real time operating program was used to detect the
sensed signal that indicates the narrowing of trachea. The program then
activated a driving signal to control the actuation of the membrane. The
signal was sent to an D/A converting unit. The output of the D/A unit was
sent to an amplifier and the galvanostat unit which drives the membrane
with constant current regardless of the change in the load.
It was demonstrated that the sensor-actuator unit detects the narrowing
of trachea within several hundreds milli-seconds and responds by actuating the same membrane with the driving voltage of 3-4 V and driving
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6524-51, Session 12
The application of conducting polymers to biorobotic
fins and other devices

Conducting polymers are becoming viable engineering materials and are
gradually being integrated into a wide range of devices. Parallel efforts
conducted to characterize their electro-mechanical behavior, understand
the factors that affect actuation performance, mechanically process films,
and address the engineering obstacles that must be overcome to generate the forces and displacements required in real-world applications have
made it possible to begin using conducting polymers in devices that can
not be made optimal using traditional actuators and materials. The use of
conducting polymers has allowed us to take better advantage of biological architectures for robotic applications and has enabled us to pursue
the development of novel sensors, motors, and medical diagnostic technologies. This paper focuses on the integration of conducting polymer
actuators in a biorobotic propulsor for unmanned undersea vehicles (UUVs)
that is based on the pectoral fin of the bluegill sunfish (Lepomis
macrochirus). In this application, parallel actuated conducting polymer
films were used as artificial muscles to power the swimming movements
and control the stiffness of a flexible robotic fin, and bending trilayers
were used to control the fin’s shape and surface conformations.

6524-52, Session 12
Applications of dielectric elastomer EPAM sensors
M. A. Rosenthal, M. Senesky, N. Bonwit, C. Duncheon, J. R.
Heim, Artificial Muscle, Inc.
While Electroactive Polymer Artificial Muscle(tm) (EPAM(tm)) has been
presented extensively as a solution for actuation and generation technology, EPAM technology can also be used in multiple novel applications as
a discrete or integrated sensor. By mechanically deforming the EPAM
device, an elastic polymer with compliant electrodes, both the capacitance of the EPAM device as well as the electrode and dielectric resistance is changed. The capacitance or resistance of the sensor can be
measured using various types of circuitry that are presented in this paper.
EPAM sensors offer several potential advantages over traditional sensors
including operation over large strain ranges, ease of patterning for distinctive sensing capabilities, flexibility to allow unique integration into
components, low power consumption, and stable performance over a
wide temperature range. Some existing challenges facing the commercialization of EPAM sensors are presented, along with solutions describing how to overcome those same challenges. The paper describes a few
applications that are especially suited to features of EPAM sensors, such
as an integrated diagnostic tool for industrial equipment and sensors for
process and systems monitoring.

6524-53, Session 12
The novel Braille display actuator using the
electroactive polymer P(VDF-TrFE-CFE)
K. Ren, S. Liu, M. Lin, Q. Zhang, The Pennsylvania State Univ.
P(VDF-TrFE-CFE) electrostrictive terpolymer has attracted a great deal of
attention recently owing to the high energy density, large strain response
and relatively easy processing. In this paper, we investigate P(VDF-TrFECFE) electrostrictive terpolymer for novel Braille Display actuators as well
as related issues for improving the device reliability and performance.
Making use of the recent advances in commercial conductive polymers,
we developed a screen printing deposition method for forming very thin
layer (less than 0.1 um) conductive polymer electrode layer strongly bonded
to the terpolymer surface. The thin conductive polymer electrodes lead to
the realization of self-healing. That is, even after voltage breakdown, the
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terpolymer films remain open (not shorted) and can withstand high field.
In fact, the self-healing process can be employed to remove the weak
spots in the polymer films. An EAP Braille actuator was designed and
fabricated with these terpolymer films wound on a spring core. The test
results show that such an EAP Braille actuator meets all the functional
requirements of refreshable Braille display, which offers compact size,
reduced cost, which makes it possible to produce multiline, full page Braille
display and graphic display with small size and weight, and affordable
cost. We also investigated polymer blend to raise the elastic modulus of
the polymer while keeping the strain the same. It was found with 5 wt% of
PMMA, the terpolymer/PMMA blend shows much higher modulus while
the strain remains the same. These improved terpolymer blends will further improve the EAP Braille actuator and display performance.
* This work was supported by NIH under Grant No. R21EY016799

6524-54, Session 12
Capacitive charging and background processes in
carbon nanotube yarn actuators
T. Mirfakhrai, The Univ. of British Columbia (Canada); M. Kozlov,
M. Zhang, S. Fang, R. H. Baughman, The Univ. of Texas at
Dallas; J. D. W. Madden, The Univ. of British Columbia (Canada)
Twist-spun carbon nanotube yarns actuate by changing length when extra charge is added to the yarn. This charge can be stored in a doublelayer capacitor formed when the yarn is submersed in an electrolyte. The
dependence of the actuation stress and strain on the stored charge must
be studied if an electromechanical model for actuation is to be developed. However, background currents are also generated in the system
when an electrical potential is applied, making it hard to discern the charge
stored in the actuator and the charge that passes through the cell due to
faradaic processes. A model is developed to study the capacitive and
faradaic parts of the actuator current. The model is then applied to the
analysis of the actuation data. The consistency of the results paves the
way to understanding the real strain-charge behavior of the actuator, and
provides an approach that should be broadly applicable to a range of
electrochemically driven actuators.

6524-55, Session 12

(New Zealand); E. Haemmerle, S. Xie, The Univ. of Auckland
(New Zealand)
Dielectric Elastomer Actuators (DEA), are a type of linear actuator consisting of two compliant electrodes sandwiching an elastic dielectric layer.
Planar extension of the actuator is caused by charge accumulation in the
electrodes after the application of a high voltage; opposite electrode
charges attract, compressing the dielectric through its thickness, and like
electrode charges repel, spreading the dielectric in-plane. In real applications sensory feedback is often necessary to control the displacement
developed by the actuator. While there are many commercially available
external sensors that can be used, there are significant advantages associated with using a self-sensing actuator; such as reduced cost, volume,
weight, and design complexity.
This paper presents an integrated sensor method for predicting the length
of a DEA. The method uses the resistance of an electrode and the voltage
across the actuator to predict extension when subject to external disturbances. An offline regression method is used to fit a position-resistancevoltage model to within 2% of the full sensor range and the results are
verified experimentally. The DEA used in these tests are 20mm by 70mm
and 30 µm thick double layer silicone-dielectric, carbon-powder-electrode
actuators with reinforcing silicone ribs. The sensor feedback inaccuracy
immediately after a position step disturbance is shown to be around 20%
of the full sensor range. This improves rapidly over 5 seconds to less than
5% as the transient creep effects in the silicone membrane that introduced the initial inaccuracy decay, placing the system at a quasi-steady
state. Over short time periods at this quasi-steady state, creep effects
can be ignored, however long term creep constantly reduces the accuracy of the model, necessitating periodic retraining of the sensor. Despite
these inaccuracies, the sensor-estimated extension overall shows a very
good qualitative or ‘shape’ match with the actual extension in the system. The sensor method is also compared quantitatively to other, external sensors and a discussion of its advantages is presented.
Applications for this integrated sensor system include any scenario where
external sensing is difficult. Good examples are active fabrics, where a
woven actuator would be difficult to sense externally, and MEMS systems, as an integrated sensor method can be down-scaled with the actuator. Future work includes the incorporation of other inherent sensing
mechanisms, such as capacitance or driving current, and the implementation of an online model fitting / adaptive control process, reducing the
creep effects in the system.

Printed conducting polymer strain sensors for textiles
P. D. Calvert, P. Patra, A. Sawhney, A. Agrawal, Univ. of
Massachusetts
We have used inkjet printing to deposit silver conducting lines and small
PEDOT (conducting polymer) sensors onto fabrics. The printed conductors penetrate into the fabric and can be shown to coat the individual
fibers within the yarn, through the full thickness of the cloth. The PEDOT
sensor has a resistance in the region of a few kilo-ohms and is connected
to measuring equipment by printed silver lines with a resistance of a few
ohms. In this way, local strains can be measured at different sites on a
fabric. The PEDOT responds to a tensile strain by a reduction in resistance with a gauge factor (change in resistance/strain) from -5 to -20.
This compares with conventional strain gauges where the gauge factor is
normally +2. These sensors cycle to strains of over 10%. We have measured gauge factors as a function of the orientation of the sensing line to
the fabric axes, to the strain axes for different fabric structures. We can
correlate the gauge factor with the extent to which the twisted multifilament yarns are expected to become laterally compressed. In preliminary
tests we have shown that these printed sensors can be used to monitor
knee and wrist motions and so could be used to provide information in
applications such as rehabilitation from joint damage.

6524-56, Session 12
Integrated extension sensor based on resistance and
voltage measurement for a dielectric elastomer
B. M. O’Brien, J. F. Thode, I. A. Anderson, The Univ. of
Auckland (New Zealand); E. P. Calius, Industrial Research Ltd.
SPIE Smart Structures and Materials 2007

6524-57, Session 13
Tri-layer conducting polymer actuators with variable
dimensions
R. Minato, G. Alici, G. M. Spinks, S. T. McGovern, Univ. of
Wollongong (Australia)
Conducting polymer actuators are a relatively new technology with exciting characteristics that lend themselves to applications in the micro/nano
technology field. The main feature of these actuators lies in their capacity
to convert electrochemical energy into mechanical energy through an
oxidation/reduction process. The ability of these actuators to convert electrochemical energy into mechanical energy is influenced by many factors
ranging from the actuators physical dimensions to the chemical structure
of the conducting polymer. In order to utilize these actuators to their full
potential, it is necessary to explore and quantify the effect of these factors on the overall performance of the actuators. With this in mind, the
aim of this study is to investigate the effect of various geometrical characteristics such as the actuator width and thickness on the performance
of tri-layer polypyrrole (PPy) actuators operating in air, as opposed to
their predecessors operating in an appropriate electrolyte. After quantifying the influence of the actuator width, the actuators with thicknesses
varying along the actuator length are fabricated while the overall volume
of the actuator constant is kept the same. The length of the actuators is
kept constant throughout of this study. The indices set out to quantify the
performance of the actuators consist of force output, tip displacement,
efficiency as a function of electrical power and mechanical power, and
time constant for each actuator with different dimensions.
Experimentation of various widths of actuators with constant length and
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thickness characteristics allowed for an optimum width to be established.
This suggested that a width of 4mm gave the greatest overall performance without curling along the actuators length which occurred with
widths above 4mm. This curling phenomenon improved the rigidity of the
actuator, yet introduced many inaccuracies which are extremely difficult
to quantify and evaluate. A lumped parameter mathematical model has
been employed to mimic the behavior of this optimum width actuator in
terms of tip displacement and force output using the ANSYS finite element analysis software. This experimentally validated model is employed
to theoretically predict the performance of varying thickness geometries
in order to give a basis for determining the optimum thickness geometry.
The theoretical results suggest that certain thickness geometries achieve
a greater performance than a uniform thickness actuator and acts as a
guide for further fabrication and experimentation of actuators. The experimental and theoretical results will direct us to synthesize optimized
PPy actuators, allowing their performance to reach full potential for many
cutting applications.

6524-58, Session 13
Design and fabrication of electroactive polymer
based composites for sensor
J. Wang, C. Xu, M. Taya, Y. Kuga, Univ. of Washington
Electroactive polymers, Nafion and Flemion, have been widely investigated as actuator materials due to their good performance, such as low
weight, good flexibility, low actuation voltage, large strain. However, less
research work has been done on the sensing behaviors of these materials. In this work, we design and fabricate a tactile sensor based on Flemion
with water as solvent. Several mechano-electro relationships were obtained when different mechanical input pulses were applied. According
to the experiment results, Flemion-based composite could survive much
longer time as sensor materials than that as actuator materials in air. By
proper design and fabrication, a tactile sensor for potential three-dimensional sensing could be achieved based on this material. Electroactive
based polymers would be a good candidate for bio-related sensors especially for artificial derma applications.

6524-59, Session 13
Active membrane using electrostrictive graft
elastomer for deployable and lightweight mirrors
J. Su, NASA Langley Research Ctr.; E. Yang, Stevens Institute
of Technology; T. Xu, National Institute of Aerospace; R. M.
Morgan, Z. Chang, Jet Propulsion Lab.
High-resolution imaging by large apertures is one of the primary enabling
technologies in future NASA space technologies. Membrane-based architectures for apertures have demonstrated the potential to enable large
aperture space telescopes due to their low aerial density and the deployment capability. State-of-the-art deployable aperture technology has limitations in its ability to correct the surface following deployment. In this
research, we have developed an electroactive polymer-silicon membrane
configuration in order to overcome these limitations. The NASA LaRC
developed electrostrictive graft elastomer (G-elastomer), which offers large
electric field-induced strain and high electromechanical power, is utilized
for the active component to control the deformation of thin silicon membrane mirrors or patterned mirror elements. To realize this concept, a special fabrication procedure was developed to prepare G-elastomer-based,
controllable, re-configurable aperture mirror membranes. The controllability of the proof-of concept mirrors was characterized as a function of
applied voltage. The concept was proven functional and can be scaled
up to deployable ultra-large mirrors with self-reconfiguration capability. In
addition, the effects of the pattern of mirror elements on the controllability was studied. The experimental results and theoretical analysis will be
presented.
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6524-60, Session 13
New modified EAP nanofibers for biomedical
applications
S. Kim, M. Shin, B. Gu, S. I. Kim, S. Kim, H. Lee, Hanyang Univ.
(South Korea)
Electrospun electroactive polymer (EAP) nanofibers have potential applications as bionanosensors, drug delivery systems, artificial muscles, and
as scaffolds in biomedicine, because of their biocompatibility, continuous structure, and their high aspect ratio. EAP nanofibers are often produced as helical or coiled structures that are randomly oriented on a metal
or semiconducting collector. However, it is important both to control the
shape and alignment of the nanofibers and to fabricate composite
nanofibers because improved physical properties of the nanofibers are
required for their use as advanced nanobiomaterials.
In this work, we report on four types of modified EAP nanofibers: aligned
nanofibers, twisted nanofibers, polymeric nanochannels, and composite
nanofibers. In an investigation into elucidating the possibility of fabricating aligned EAP nanofibers, we fabricated helical-structured nanofibers
using an EAP polymer, and transformed these helical nanofibers into linearly aligned nanofibers by introducing two parallel subelectrodes composed of both a metal and an insulator in an electrospinning system. In
addition, in our experiments, we deduced the factor that had the most
significant influence on the transformation of the helical nanofibers. To
fabricate twisted nanofibers with improved mechanical strength, we used
polygon-type subelectrodes and a relay board, and controlled the flight
of the nanofibers. Because our electrospinning apparatus generated a
rotating electric field in the polygon subelectrodes, periodic twisted
nanofibers were fabricated on the collector using a one-step method.
We also observed the effect of the impingement of the polymeric jet ejected
from a drop of EAP solution on the resulting nanofibers.We fabricated
polymeric open nanochannels by impinging the polymer jet onto a solid
surface and elucidated the relationship between the electric field strength
of the electrospinning apparatus and the cross-sectional shape of the
nanofibers. Finally, we fabricated composite nanofibers containing
biomolecules composed of ferritin nanoparticles and carbon nanotubes
(CNTs) in an attempt to improve the mechanical, electrical, and magnetic
properties of EAP nanofibers.
In addition to the fabrication of modified EAP nanofibers, we have measured the mechanical properties of single EAP nanofibers and single EAP
composite nanofibers using three-point bending tests employing atomic
force microscopy (AFM). We confirmed the reinforcement of the EAP
nanofibers by the ferritin nanoparticles. We suggest that these results be
attributable to the chemical bonding that occurs between the protein shell
of the ferritin molecules and the polymer matrix. We have also elucidated
the effect of size on the mechanical properties of single EAP nanofibers.
The dependence of the elastic modulus on the size of the EAP nanofiber
could play an important role in determining the elastic modulus of a
nanofiber when designing artificial muscles using EAP nanofibers. We
expect that modified EAP nanofibers will be very useful when these
nanofibers are applied in biomedical areas that require multifunctional
materials.

6524-61, Session 13
Low voltage highly tunable diffraction grating based
on dielectric elastomer actuators
M. Aschwanden, A. Stemmer, ETH Zürich (Switzerland)
In the last decades many materials and methods were suggested for new
luminous sources in future display applications. Some of the most promising technologies are band gap engineered quantum dots, organic light
emitting diodes or even the combination of both. In spite of the rapid
development, none of these technologies can reproduce all perceivable
natural colours. This limitation comes from the fact that the emission
wavelengths of the primary mixing colours - normally red, green, and blue
- are fixed at the time of production. Therefore, the colours reproducible
with conventional displays are restricted to those located within the initial
additive trichromatic mixing triangle.
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To overcome this limitation we have developed a low-cost, electrically
tunable diffraction grating that, in combination with a white light source,
can be used as wavelength adjustable luminous source.
The elastic materials based device consists of a polymeric reflection grating
that is thermally bonded to a dielectric elastomer actuator. The 80 µm
thick soft material based diffraction grating achieves an angular tuning
range of up to 118 mrad when perpendicularly illuminated with a λ = 532
nm laser. The observed grating period change of 32 % is an improvement
by more than a factor of 150 compared to existing analogue tunable diffraction gratings based on hard materials and standard micromachining
processes.
For natural colour reproduction it is important to selectively access a wide
range of wavelengths. To measure the wavelength tuning range we focused a collimated white light beam onto the device. A detector located
at the first-order diffraction angle registers the colour change as the voltage is increased. The achieved tuning range is large enough to access
wavelengths from blue to red.
To implement such a grating in an Optical Micro-Electromechanical System (OMEMS), the drive voltage that is in the range of several kilovolts
needs to be reduced.
One way to lower the drive voltage is film thinning. To achieve drive voltages that are in the range of a few hundreds of volts, a film thickness in
the µm range is required. We have developed a tunable diffraction grating
consisting of a 2 µm thin dielectric polymer actuator that has a 400 nm
thick polymeric diffraction grating layer on top of it. We found that drive
voltages of 300 V are sufficient to obtain a grating period change of 22 %.
Experiments have also shown that a further reduction of the diffraction
grating film thickness allows a selective bonding of the polymeric diffraction grating layer onto the carbon black electrodes (area size of 100 µm x
100 µm) of the dielectric elastomer actuator. This localized placement of
the diffraction grating further increases the achievable linear strain because the stiffness in the strain compensating area is reduced.
Potential applications of elastomeric tunable diffraction gratings are not
restricted to light sources for inexpensive natural colour displays but can
be extended to miniaturized tunable spectrometers or any optical system
in which light steering and separation is required.

6524-62, Session 13
Concept study on active shells driven by soft
dielectric EAP
G. M. Kovacs, EMPA (Switzerland)
Adaptive structures are mechanisms which are capable to change their
shape in a smart way in order to “adapt” to a given external condition.
Planar adaptive structures with large out-of-plane deformation potential
may be used e.g. to generate an interaction between the structural shape
and the surrounding medium (fluid, gas..). Thus, such shell-like actuators
might be used for the propulsion of vehicles through air or water.
Among the electroactive polymers (EAP) especially soft dielectric EAP
are promising for driving shell-like actuators due to their huge active strain
potential.
In this study seminal concepts for the design of planar active structures
driven by soft dielectric EAP are presented and evaluated. The challenging task was to investigate the potential of the DE actuator technology for
the design of shell-like actuators with the ability to perform complex outof-plane deformations.
Introductorily, the aims for shell-like actuators are specified. Then some
fundamental considerations on structural issues for achieving complex
out-of-plane deformations are addressed. For the beneficial implementation of soft dielectric EAP to design shell-like actuators the specific requirements and abilities of this actuator technology have to be taken into
account.
In the main part of the study the conceptual ideas are discussed in detail.
For selected approaches demonstration models were built and preliminary experiments were conducted in order to basically verify their principle of operation and to quantify their active out-of-plane deformation
potential. These experiments showed that the favourite approach where
the pre-strained dielectric film is attached from both sides to a jointed
SPIE Smart Structures and Materials 2007

backbone structure in a so-called agonist-antagonist configuration holds
good performance for out-of-plane deformations.

6524-63, Session 13
Piezoelectric polymers actuators for precise shape
control of large scale space antennas
Q. Chen, D. J. Natale III, B. P. Neese, K. Ren, M. Lin, Q. Zhang,
M. J. Pattom, K. Wang, The Pennsylvania State Univ.; H. Fang,
E. Im, Jet Propulsion Lab.
Extremely large, lightweight, in-space deployable active and passive microwave antennas are demanded by future space missions. This paper
investigates the development of PVDF based piezopolymer actuators for
controlling the surface accuracy of a membrane reflector. Uniaxially
stretched PVDF films were poled using an electrodeless method which
yielded high quality poled piezofilms required for this applications. To further improve the piezoperformance of piezopolymers, several PVDF based
copolymers were examined. It was found that one of them exhibits nearly
three times improvement in the in-plane piezoresponse compared with
PVDF and P(VDF-TrFE) piezopolymers. Preliminary experimental results
indicate that these flexible actuators are very promising in controlling precisely the shape of the space reflectors. To evaluate quantitatively the
effectiveness of these PVDF based piezopolymer actuators for space reflector applications, an analytical approach has been established to study
the performance of the coupled actuator-reflector-control system. This
approach includes the integration of a membrane reflector model, PVDF
piezopolymer actuator model, solution method, and shape control law.
The reflective Newton method was employed to determine the optimal
electric field for a given actuator configuration and loading/shape error.

6524-64, Session 13
Electro-active polymers as a novel actuator
technology for lighter-than-air vehicles
S. A. Michel, C. Duerager, EMPA (Switzerland); E. Fink, M.
Zobel, Technische Univ. Berlin (Germany)
In this paper the worldwide first EAP actuated Blimp will be presented. It
consists of a slightly pressurized Helium filled body of a biologically inspired form with Dielectric Elastomer (DE) actuators driving a classical
cross tail with two vertical and horizontal rudders for flight control. Two
versions of actuators will be discussed: the first version consisted of springroll type of actuators placed together with the electrical supply and control unit in the central gondola. The second version consisted of a configuration, where the actuator is placed between the control surfaces and
the rudders. This novel type of EAP actuator named “active hinge” was
developed and characterized first in the laboratory and afterwards optimized for minimum weight and finally integrated in the Blimp structure. In
the design phase a numerical simulation tool for the prediction of the DE
actuators was developed and calibrated with the test results from the
laboratory. The electrical supply and control system was developed and
optimized for minimum of weight. Special attention was paid to the electromagnetic systems compatibility of the high voltage electrical supply
system of the DE actuators and the radio flight control system. The design and production of this 3 meter long Lighter-than-Air vehicle was a
collaboration between Empa in Duebendorf Switzerland and the Technical University of Berlin. The first version of this Blimp first flew at a RC
airship regatta hold on 24th of June in Dresden Germany and satisfactory
flight control performances were demonstrated.
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6525-01, Session 1
Harvesting of electrical energy from an backpack
with a piezoelectric strap
H. A. Sodano, J. Granstrom, Michigan Technological Univ.; K.
M. Farinholt, NanoSonic, Inc.
Over the past few decades the use of portable and wearable electronics
has grown steadily. These devices are becoming increasingly more powerful, however, the gains that have been made in the device performance
has resulted in the need for significantly higher power to operate the electronics. This issue had been further complicated due to the stagnate growth
of battery technology over the past decade. In order to increase the life of
these electronics, researchers have begun investigating methods of generating energy from ambient sources such that the life of the electronics
can be prolonged. Recent developments in the field have lead to the design of a number of mechanisms that can be used to generate electrical
energy, from a variety of sources including thermal, solar, strain, inertia,
ect. Many of these energy sources are available for use with humans, but
their use must be carefully considered such that parasitic effects that
could disrupt the user’s gait or endurance are avoided. These issues have
resulted from previous attempts to integrated power harvesting mechanisms into a shoe such that the energy released during a heal strike could
be harvested. This study will develop a novel energy harvesting backpack that can generate electrical energy from the differential forces between the wearer and the pack. The goal of this system is to make the
energy harvesting device transparent to the wearer such that their endurance and dexterity is not compromised. This will be accomplished by
replacing the traditional strap of the backpack with one made of the piezoelectric polymer PVDF. Piezoelectric materials have a structure such
that an applied electrical potential will result in a mechanical strain. Conversely, an applied stress will result in the generation of an electrical charge,
which makes the material useful for power harvesting applications. PVDF
is highly flexible and has a high strength allowing it to effectively act as
the load bearing member. In order to preserve the performance of the
backpack and soldier, the design of the pack will be held as close to
existing systems as possible. This paper will develop a theoretical model
of the backpack strap and perform experimental testing to identify its
performance in this application.

The microcantilever modeled in this study has a single substrate layer of
PZT PSI-5H4E with a base of aluminum. In a manufactured device, electrodes would be placed on the bottom and the top of the piezoelectric
material. In this case, the bottom electrode would coincide with the transverse center plane of the beam where a boundary condition of zero electric field would be applied. The top surface is the furthest away from the
neutral plane and will have the greatest strain; thus, the maximum power
production can be realized. The ABAQUS Finite Element Code is used to
model the system. A Sequential Quadratic Programming code (NLPQL) is
linked to ABAQUS in to optimize the topology of the structure with the
objective being to maximize electric potential output from the substrate
layer. In the model defined, a tip force is applied to the cantilever.
The optimization approach taken is to allow the material properties of
each element to vary, making the design variables continuous. The model
is assumed to be isotropic where the material fraction for each element
are allowed to vary together from 1E-5 to 1.0, where 1.0 would represent
100% material. The material properties of the both the piezoelectric and
aluminum are determined using the homogenization material model. Moreover in the piezoelectric layer, the dielectric constant and the permittivity
in addition to the density and elastic modulus vary as a function of the
material fraction. The tip force applied is 1 milli-newton.
It has been shown that there is a potential for piezoelectric devices such
as MEMS microcantilevers to generate energy. This work shows significant energy improvement using topology optimization to develop
microcantilever devices.
[1] N. E. duToit, “Design Considerations for MEMS-Scale Piezoelectric
Mechanical Vibration Energy Harvesters”, Integrated Ferroelectrics, vol.71,
p.121-160, 2005.
[2] N. Shenck, J. A. Paradiso, “Energy scavenging with shoe-mounted
piezoelectric”, IEEE Micro, vol.21, p.30, May-June 2001.
[3] N. Shenck, “A Demonstration of Useful Electric Energy Generation
from Piezoceramics in a Shoe”, MS Thesis, Dept. of Electrical Engineering and Computer Science, MIT, Cambridge, Mass., 1999.
[4] R. Makarewicz, “Air Absorption of Traffic Noise”, Journal of Sound and
Vibration, vol.161 (2), p.193-202, 1993.

6525-03, Session 1

6525-02, Session 1

Design method for piezoelectric bending generators
in energy harvesting systems

Energy harvesting using optimized piezoelectric
microcantilevers

B. Richter, J. Twiefel, T. Hemsel, T. R. Sattel, J. Wallaschek,
Univ. Paderborn (Germany)

M. J. Parsons, A. Elalfy, A. Lumsdaine, The Univ. of Tennessee

The increased demand for mobile systems using low-power electronics
leads to a need for new power sources. Using batteries as power source
may be inapplicable in distributed systems like wireless sensor networks
because the batteries have to be exchanged frequently. Energy Harvesting systems are one possible energy source for such systems exploiting
environmental energy like mechanical vibrations. One good solution to
convert vibration energy is the use of piezoelectric generators usually
realised as piezoelectric bending beams. The generators convert mechanical energy to electrical energy due to resulting strain of the element. However, the power output of piezoelectric generators is a challenging task
even if low-power applications have to be driven.
Due to the low electric power output of piezoelectric generators, it is an
important task to obtain a suitable geometric design of the transducer
element. Beside the element dimensions the electric power output depends on the input excitation as well as on the electric load to be powered. To analyse the system behaviour, input variables and the generator
itself have to be described in a mathematical model. This enables the
calculation of optimal elements in principle. As usual, a modal electromechanical model of the piezoelectric element assuming to be base-ex-

Energy harvesting has been the focus of many research endeavors. DuToit
[1] showed that it is possible to harvest approximately 30 milli-Watts per
cubic centimeter for a 1000x500x0.35 micro-meter piezoelectric beam
excited at resonance of 149.3 Hz. In addition, Sherick [2] presents a way
of scavenging for energy with shoe-mounted piezoelectric inserts[3]. There
have even been studies to determine the feasibility of harvesting acoustic
energy similar to what can be found near an interstate. Makarewicz [4]
discusses the absorption of energy from traffic noise. This work examines the optimial topology of microcantilevers used for energy harvesting.
A piezoelectric MEMS-based cantilever bonded to an aluminum base is
developed and designed to harvest ambient vibration energy. The topology of the bi-material system is optimized to maximize the power output.
The design variables are the material fractions of both the aluminum base
and the piezoelectric material. The objective optimal result yields the
maximum power that can be produced from external loading. The cantilever undergoes a tip displacement from base excitation, pressure on
transverse face, or a tip force.
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cited is used in this paper. Although the modal model is very helpful to
analyse the system, it cannot be easy used to determine a proper design
of the piezoelectric elements. The problem is that the parameters of the
model do not show any apparent relations to geometric dimensions and
material data. Therefore, a mathematical method to obtain the parameters from the physical properties of a piezoelectric bending element is
briefly described.
The knowledge of the link between physical and modal parameters allows the usage of the mathematical model as a qualified design method.
The input parameters of the linked model are the material data only which
can be found on data sheets. Additionally, boundary conditions of the
environment like the impedance of the driven load and the vibration excitation has to be specified. The linked model shows the influences on
power output to connected electric loads. The given power demands of
applications which have to be satisfied yields in a design space of suitable elements.
The design method enables the development engineer to select piezoelectric generator elements. The use of the method is shown by example
applications which are also analysed experimental.

6525-04, Session 1

chanical energy maybe changed into electricity.
However, such a cyclical process must satisfy the prerequisite that the
limit parameters, such as maximum voltage, of the piezoelectric element
should not be overwhelmed. The relationships between the maximum
energy scavenged during one cyclical process and the structural and electric parameters of the piezoelectric element have also been derived theoretically. Those parameters include the maximum strain, elastic rigidity in
short circuit configuration, elastic rigidity in open circuit configuration,
clamped permittivity, free stress permittivity, maximum voltage exerted
on the element etc. It has been found that under such a working mode,
the piezoelectric coefficient is near 1, which is far larger than that of standard condition. Correspondingly, the time varying force waveform is given
in this paper, and so the time varying current waveform of the driving
circuit.
Synchronized switching harvesting with inductor (SSHI), a non-linear technique for processing the voltage delivered by the piezoelectric element,
is considered as one of the best methods for energy harvesting. Here the
relationship between SSHI and the proposed maximum energy harvesting method is analyzed in detail, and the SSHI is actually the approximation of the proposed method. Therefore, with the help of the proposed
method, the parameters of the SSHI have be optimized.

Low-cost piezoelectric energy harvester

6525-06, Session 2

C. R. Rodrigues, R. S. Pippi, A. J. Cardoso, Univ. Federal de
Santa Maria (Brazil)

Energy harvesting with PMN-PT for implantable
medical devices

Technologies like digital signal processing, sensors, and wireless communications, brought sensor networks, and pervasive computing into research focus. One of the most challenging issues in this area is the development of energy sources able to supply enough power to the wireless
communication of sensed data. Energy harvesting alternatives include
thermal, luminous and mechanical conversion. Among several power
generation options, piezoelectric vibration-based systems seem to be an
attractive and practical solution, combining good power density and availability of primary source. Depending on mechanical vibrations amplitude
and material characteristics, piezoelectric ceramics should produce alternating voltages ranging from hundreds of milivolts to dozens of volts.
A challenging task is converting minimum amounts of energy to suitably
charge a battery or a capacitor, and use it for powering electronic circuits.
As important as the harvester efficiency is its low cost, because its main
application is powering tiny and cheap sensor network nodes.
This work describes an energy scavenging system based on a very simple
electric power generator, a storage device, and a MOS rectifying bridge.
The generator consists of an ordinary piezoelectric buzzer and a steel
ball bonded onto it. The device mechanically behaves as a spring-mass
system. Mechanical vibrations are converted into electric power by a PZT
layer. The harvester has an efficiency of 57% for an output power of 210µW.
The efficiency and the amount of generated energy by the low-cost converter are comparable to more expensive solutions reported elsewhere.

C. Mo, SangJu National Univ. (South Korea); L. J. Radziemski,
Piezo Energy Technologies LLC; W. W. Clark, Univ. of
Pittsburgh

6525-07, Session 2
Adaptive vibration energy harvesting
S. Behrens, J. K. Ward, Commonwealth Scientific and Industrial
Research Organisation (Australia)

6525-05, Session 1
On the maximum energy harvesting using a
piezoelectric element
Z. Feng, Univ. of Science and Technology of China (China)
Generally, mechanical energy can only be partially converted into electrical energy during one cycle of the stress exertion on the piezoelectric
element. This paper investigates how the maximum energy could be harvested when the piezoelectric element works under the quasi-static condition. In addition to the parameters of the piezoelectric element, the way
of the force exertion, the energy harvesting circuit, and the strategy of the
harvesting have also been found to affect the efficiency of the energy
harvesting. To devise such a energy harvesting system, a force sensor
and a displacement sensor have been utilized to sense the force applied
to the piezoelectric element and the resulted movement of the piezoelectric element, respectively. Theoretically, if the direction of the applied force
is the same as that of the piezoelectric element’s deformation, the corresponding power generated is always positive. By careful design, all me-
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This paper presents current work on a project to demonstrate the feasibility of harvesting energy for medical devices from internal biomechanical forces using piezoelectric transducer technology based on PMN-PT.
The energy harvesting device in this study is a partially covered PMN-PT
unimorph circular plate with simply supported edge to capture biomechanical energy and to provide power to implanted medical devices. Power
harvesting performance for the piezoelectric energy harvesting diaphragm
structure is first examined analytically. The analysis includes comprehensive modeling and parametric study to provide a design primer for a specific application. While the primary material choice for energy harvesting
today is PZT, an advanced material, PMN-PT, which exhibits improved
potential over current materials, is used. An optimal harvesting device is
then designed and fabricated based on the results of the analysis. The
experiment is also conducted to validate analytical results.

By scavenging energy from their local environment, mobile electronic
devices such as mobile phones, radios and wireless sensors can achieve
greater run-times with potentially lower weight. Vibration energy harvesting is one such approach where energy from parasitic vibrations can be
converted into electrical energy, through the use of piezoelectric, electromagnetic, or electro-active polymer transducers. Parasitic vibrations come
from a range of sources such as wind, seismic forces and traffic.
Existing approaches to vibration energy harvesting typically utilise a rectifier circuit, which is tuned to the resonant frequency of the harvesting
structure and the dominant frequency of vibration. We have developed a
novel approach to vibration energy harvesting, including adaption to nonperiodic vibrations so as to extract the maximum amount of vibration
energy available. Simulations based on modelling of the currently commercially available transducers show mechanical vibration to electrical
energy conversion efficiencies in excess of 45%. We have constructed,
and commissioned a laboratory scale experimental apparatus. Currently
we are in the process of evaluating experimental performance vis-à-vis
the theoretical results.
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6525-08, Session 2

6525-11, Session 3

Optimal AC-DC energy conversion efficiency of a
piezoelectric energy harvester

Study of a magneto-rheological grease (MRG) clutch

Y. Shu, I. Lien, National Taiwan Univ. (Taiwan)
The rapid development of MEMS-scale energy harvesters to power
microsensors independently has motivated many research efforts to study
the problem of energy conversion efficiency. Further, advances in power
conversion efficiency also give rise to innovative energy harvesting concepts for miniaturized power sources. Much work has been done on the
investigation of efficiency of AC power output while little has considered
that of AC-DC output. The present work studies the energy conversion
efficiency of a piezoelectric generator that consists of a full-bridge rectifier and a filter capacitor connected to a variable resistor. An analytical
model is proposed and an exact expression of AC-DC power conversion
efficiency is derived under the steady-state operation. The efficiency is
shown to depend on the applied frequency ratio, the electric load, and
the relative magnitudes of the mechanical damping ratio as well as the
overall electromechanical coupling coefficient of the system. In addition,
the relationship among the conversion efficiency, electrically induced
damping and AC-DC power output is established explicitly. It is shown
that optimization criteria vary depending on the relative strength of the
coupling. For the weak electromechanical coupling system, the optimal
power transfer is attained when both efficiency and electrically induced
damping achieve their maximum values. This result is consistent with
that observed in recent literature. However, a new finding shows that they
are not simultaneously maximized in the strongly coupled electromechanical system.

6525-09, Session 3
Agglomeration of magnetorheological fluid mass to
an immersed vibrating electromagnet
A. N. Vavreck, J. Black, The Pennsylvania State Univ.
Dynamic vibation absorbers (DVAs) have been designed with variable
spring and damping elements to enable real-time or non-real-time adaptation to vibration conditions. Mass, the third element of a DVA, is more
difficult to adjust. The subject paper describes an experimental study of a
small electromagnet immersed in magnetorheological (MR) fluid and vibrated at a single frequency by an electrodynamic shaker as force and
acceleration data are acquired. When the magnet is energized, MR fluid
clings to it, potentially allowing for design of a DVA with variable mass
and even damping, as the shape of the electromagnet-MR fluid mass
changes. It is found that the effective mass of the system depends on the
vibration conditions, with less mass adhering at higher frequencies and
displacements, but significant increases in mass are possible at lower
frequencies and displacements. The paper outlines the experimental apparatus used, presents data acquired, and proposes a dependency of
the effective mass on frequency and displacement.

6525-10, Session 3
Alternative power source for magneto-rheological
dampers
J. Koo, E. Ritchie, Miami Univ.; S. Cho, The Univ. of Western
Ontario (Canada)
This paper describes the design of an electromagnetic induction (EMI)
system and its application to powering a low force profile Magneto-Rheological (MR) damper. The EMI system is capable of converting vibration
energy into useful electric energy for use in actuating the MR damper as
the sole power source. An EMI prototype, consisting of an electromagnet
and a permanent magnet, was designed and constructed. The EMI prototype was then attached to an existing MR damper, making an MR-EMI
system. Using this system, an experimental study was performed to evaluate the dynamic performance of the MR-EMI system in a laboratory environment.
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F. Gordaninejad, B. M. Kavlicoglu, X. Wang, Univ. of Nevada/
Reno
This study is focused on the performance of various magneto-rheological
greases (MRGs) in a clutch. An experimental study is conducted to determine the torque transfer capacity of a double-plate clutch for operating
speeds of up to 1,200 rpm. Six different MRGs are evaluated in the clutch.
The iron particles’ weight percentage and the average iron particle size
are varied. The MR grease clutch torque results are compared with torque
results of the same clutch using a commercial MR fluid. It is demonstrated
that the off-state (i.e., no magnetic field applied) torque for MRG clutch is
not a function of the operating speed, while the torque of the MR fluid
clutch shows a significant dependence on the operating speed. In addition, it is shown that the iron particle size of the MRG does not affect the
torque output. The MRGs demonstrate up to 75% increase in the torque
capacity compared to the commercial MR fluid.

6525-12, Session 3
Behavior of magneto-rheological grease (MRG)
H. Sahin, F. Gordaninejad, X. Wang, Univ. of Nevada/Reno
This paper presents an experimental study on the rheological properties
of magneto-rheological greases (MRGs). A MRG consists of micron and
or nano-sized ferrous particles suspended in a grease base. The MRG
material properties such as apparent viscosity and shear stress can be
altered dramatically and reversibly when stimulated by a magnetic field.
The main difference between a MRG and a magneto-rheological fluid is
the viscosity of the carrier fluid, which eliminates the particle settling in
MRGs. The properties of MRGs under constant shear and with different
particle loadings are investigated by using a MR shear rheometer. The
results of apparent viscosity and yield stress under different applied magnetic fields are reported.

6525-13, Session 3
On the design of a combined squeeze-flow mode
magnetorheological fluid mount
C. Ciocanel, T. M. Nguyen, M. H. Elahinia, N. Naganathan, The
Univ. of Toledo
The paper presents the design and of a magnetorheological (MR) fluid
based mount that combines the squeeze and flow modes in operation.
The proposed design yields enhanced vibration isolation capabilities of
the mount compared to existing hydraulic mounts. Vertical vibrations,
namely displacement/force transmissibility, can be isolated or significantly
reduced, in real time, by controlling the fluid yield stress through an applied electric current.
The mount governing equations have been derived and the effect of system parameters on its performance was analyzed. Particular attention
was given to the effect of the engine mass, the amplitude of excitation
and the magnitude of the magnetic field on the mount response. The
results indicate that the resonant peak decreases as the applied magnetic field increases. Simultaneously, the resonance frequency decreases.

6525-15, Session 3
Structural optimization of clutch activated by
magnetorheological fluid
Y. Liu, Harbin Institute of Technology (China)
Magnetorheological (MR) fluids are suspensions of micron sized ferromagnetic particles dispersed in varying proportions of a variety of nonferromagnetic fluids. MR fluids exhibit rapid, reversible and significant
changes in their rheological (mechanical) properties while subjected to
an external magnetic field. MR fluids are becoming increasingly impor-
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tant in applications concerning active control of vibrations or switching/
control of torque/force. Devices such as dampers, shock absorbers, isolators, clutches and brakes have all been designed. The main advantage
of using MR fluids in a clutch is that the clutch would provide an infinitely
variable torque output only by adjusting the current inputting into the builtin electro-magnetic coil. Bansbach and his colleagues proposed a doubleplate and a multi-plate MRF torque transfer device which is proposed to
be placed between the engine of a car and its differential. Gopalswamy
designed an MRF clutch to minimize reluctance for fan clutches.
In this paper, a double-plate magneto-rheological fluid (MRF) clutch with
controllable torque output have been designed. Electromagnetic finite
element analysis is used to optimize the design of the clutch by using the
commercial FEA software ANSYS. The geometric constraints, the magnetic properties of materials, as well as the electro-magnetic coil’s properties and position play important roles on the performance of the MRF
clutches. The main purpose of optimization process is to determine the
design parameters of the MRF clutch in order to let the magnetic field in
the MRF domain is as higher as possible. In the meantime, by considering the thermal power generated by the electro-magnetic coil, a proper
input current range has been determined for the designed MRF clutch.
Furthermore, the shear stress distribution in MRF between the two plates
is theoretically predicted using the magnetic flux density distribution evaluated from the FEA. The theoretical torque output has also been calculated for a given input electric current by using the Bingham plastic constitutive model.

6525-16, Session 4
Rapid manufacturing of symbiotic structures to
significantly enhance space missions
A. D. Williams, B. J. Arritt, Air Force Research Lab.; M. F. DiazAguado, The Univ. of Texas at Austin
There is a critical need in the Department of Defense to reduce the cost of
space and the time it takes to develop a system. Instead of taking years
to deploy a new satellite the goal is weeks or even days. To meet this
challenge, the way satellites are designed, assembled, tested, and
launched must radically change. The traditional approach of a customized and highly optimized system that takes years to develop will not
remain viable. To meet this challenge, there has been a surge in interest in
biologically inspired or symbiotic structures to improve overall performance
of aerospace systems. Of particular interest is the incorporation of circulatory systems to significantly improve the material and physical properties of the system or enhance the system by adding a new capability.
Many research projects into symbiotic structures have focused on composite laminates because of their inherently high stiffness. These efforts
typically fall into two camps: those that can only be produced in neat
resin systems and those that rely on fiber modification or breakage. Both
are unpalatable for aerospace and other structural applications, because
they either lack the necessary baseline structural performance or result in
a seriously degraded structure.
The driving design factor for aerospace structures is the stiffness-to-weight
ratio of the system. For this reason, Isogrid architectures are widely used
in aerospace applications because they provide high stiffness and torsional rigidity while minimizing mass. By taking advantage of Isogrid architectures, fluidic channels and electrical pathways can be integrated
into ribs with minimal impact to the overall structural efficiency and mass
of the system. Additionally, smaller fluid channels with integrated passive
thermally-actuated valves can be incorporated in the facesheet to significantly enhance the heat transfer capability and to autonomously control
the temperature of the system. Initially, the channels in the facesheet were
designed around standard multi-pass, single phase heat exchangers, but
more advanced systems are also feasible. The use of symbiotic systems
has enormous potential to enhance space missions.
One of the emerging manufacturing technologies that allow this concept
to be fabricated quicly is Ultrasonic Consolidation (UC) for rapidly manufacturing complex structures. UC is a rapid prototyping technique that
provides low-cost, short-timeframe production of near-net shape, complex structures. UC is the only rapid prototyping process capable of forming metallic structures at or near room temperature. With UC, it is pos-
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sible to get highly localized plastic flow around embedded objects, allowing the production of structures that incorporate valves, thermal switches,
sensors, wiring, reinforcing fibers, and fluid channels, without damage to
those potentially delicate parts.
This paper will detail the design, optimization, and fabrication of a multifunctional panel for Operationally Responsive Space (ORS) missions that
significantly improves the performance of the system while reducing the
overall mass fraction. Emphasis will be placed on both the functionality of
the satellite panel and the rapid production of the panels. Rapidly building up from scratch highly integrated structural panels will revolutionize
how satellites are designed and constructed not only for ORS missions
but all spacecraft.

6525-17, Session 4
Hybrid acoustically layered foil (half) foam for
improved low-frequency acoustic mitigation for
launch fairings
A. D. Williams, B. K. Henderson, Air Force Research Lab.; E. V.
Ardelean, Science Applications International Corp.; D. Domme,
Virginia Polytechnic Institute and State Univ.
The launch acoustic environment is severe and damaging to sensitive
spacecraft components. Sound pressure levels can exceed 130 dB over
the entire frequency range. Because of this, components are designed
with more structural mass to withstand these loads than would otherwise
be necessary to survive launch. At least 10% and up to 70% of the
spacecraft’s structural mass is only used to survive launch. Once onorbit, this mass is essentially useless. During launch, a typical fairing will
exhibit several acoustically resonant modes related to its length and internal geometry. These modes are excited by acoustic ground reflections
during the initial launch phase. Because of the amplification effect of
ground reflection, structural vibration excited by the acoustic environment dominates the initial launch phase. By significantly reducing these
loads, the structural mass of the payload can be greatly reduced. Of particular importance are low frequencies, which are those below 500 Hz.
Low frequencies are higher power and have longer wavelengths. As a
result, the payload fairing does little to attenuate low frequency sound;
whereas, it is much more effective at attenuating higher frequencies.
In this paper, we present an alternative lightweight acoustic barrier that
uses in-plane bending waves in a thin foil layer to improve the low frequency characteristics of melamine foam. The system consists of a thin
metal foil bonded to a periodic array of rigid spacers that are then bonded
to the surface of a melamine foam substrate. The purpose of the spacer
system was to vary the stiffness across the foil in a periodic pattern to
excite bending waves in the plane of the foil causing inter-particle interactions. These interactions significantly increase the acoustic response
of the layer at low frequencies and are influenced by the foil’s material
properties, thickness, and the distance between spacers.
Two different concepts were tested. The first consisted of a layer of 1 mil
thick aluminum foil bonded to a periodic array of spherical particles that
were then bonded to a flat melamine foam substrate. The array of spherical particles consisted of a 2 cm by 2 cm grid of 2 mm chrome steel balls.
The spacing was specifically chosen to target 500 Hz based on the equation for in-plane bending waves in a plate. The second eliminated the
steel balls and replaced them with a 2 cm spacing of ridges cut into the
melamine foam. Again, 1 mil thick aluminum foil was used. In addition to
these samples, plain foam and plain foil samples for each thickness were
tested.
To determine the performance of the system and to verify the existence
of the bending waves in the foil, two different tests were conducted. In
the first, a transmission loss tube was used to determine the normal incidence transmission loss of the panels. In the second set of tests, a scanning laser vibrometer was used to measure the behavior of the samples
during acoustic excitation. Both tests confirm the excitation of bending
waves at the target frequency of 500 Hz and a significant increase in the
transmission loss.
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6525-18, Session 4
Development of a SMA hybrid composite jet engine
chevron concept
T. L. Turner, R. H. Cabell, R. J. Cano, R. J. Silcox, NASA
Langley Research Ctr.
Reduction of jet engine noise in the vicinity of airports continues to be of
paramount importance. Recent research has shown that chevrons applied to the exhaust nozzle can reduce jet noise by as much as 2-3 dB
(EPN). Parametric effects are not well understood so even greater reductions may be possible. Fixed chevrons are now being installed on some
production aircraft to realize this noise improvement. However, it has also
been shown that the presence of fixed chevrons induces a thrust loss of
approximately 0.25% at cruise. The concept of deployable or active chevrons has been proposed to minimize the thrust penalty. Recently, controllable or variable geometry chevrons have been installed on an experimental high bypass turbofan engine to test the capability of moving the
chevrons under flight conditions. However, all model scale noise reduction studies to date have been performed using fixed chevron technology, where the geometry and resulting flow immersion is predetermined
and invariant. Performing parametric studies by such methods is cost
prohibitive. Parametric investigation by numerical means is tractable, but
is of limited value because of insufficient fidelity in the noise predictions.
NASA Langley has conducted a multi-year effort to develop a model scale
active chevron system for use in the jet engine simulator of the Low Speed
Aeroacoustic Wind Tunnel. The ultimate goal of the project is to enable
optimal control of far-field noise under realistic operating conditions by
independent control of an array of active chevrons, i.e., optimal immersion amplitude and distribution with airframe integration effects and variable operating conditions. The active chevron concept employed in this
project consists of a laminated composite structure with embedded shape
memory alloy (SMA) actuators, termed a SMA hybrid composite (SMAHC).
SMA actuators are embedded on one side of the bending axis of the
structure such that thermal excitation generates a moment and deflects
the structure. This development effort has previously demonstrated a
capability to fabricate and test flat chevron prototypes, i.e., without the
cylindrical radius of curvature, with a characteristic dimension of ~1 inch
and a thickness of approximately 0.025 inches. The present work has
extended this concept to a curved chevron configuration of similar size.
Two curved active chevron concepts are demonstrated; one that is powered to immerse and one that is powered to retract. This paper will present
results from the design, fabrication, and testing of the curved active chevron concepts in a bench top configuration and under representative flow
conditions. Details of the fabrication processes, experimental setup, computational models, and correlation of bench top test and numerical results will be presented.

6525-19, Session 5
Ornithopter flight stabilization
J. M. Dietl, E. Garcia, Cornell Univ.
The quasi-steady aerodynamics model and the vehicle dynamics model
of ornithopter flight are explained, and numerical methods are described
to capture limit cycle behavior in ornithopter flight. The Floquet method is
used to determine stability in forward flight, and a linear discrete-time
state-space model is developed. This is used to calculate stabilizing and
disturbance-rejecting controllers.

6525-20, Session 5
Evolutionary flight and enabling smart actuator
devices
J. Manzo, E. Garcia, Cornell Univ.
Recent interest in morphing vehicles with multiple, optimized configurations has led to renewed research on biological flight. The flying vertebrates - birds, bats, and pterosaurs - all made or make use of various
morphing devices to achieve lift to suit rapidly changing flight demands,
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including maneuvers as complex as perching and hovering. The first part
of this paper will discuss these devices, with a focus on the morphing
elements and structural strong suits of each creature. Modern flight correlations to these devices will be discussed and analyzed as valid adaptations of these evolutionary traits.
The second part of the paper will focus on the use of active joint structures for use in morphing aircraft devices. Initial work on smart actuator
devices focused on NASA Langley’s Hyper-Elliptical Cambered Span
(HECS) wing platform, which led to development of a discretized spanwise
curvature effector. This mechanism uses shape memory alloy (SMA) as
the sole morphing actuator, allowing fast rotation with lightweight components at the expense of energy inefficiency. Phase two of morphing
actuator development will add an element of active rigidity to the morphing
structure, in the form of shape memory polymer (SMP). Employing a composite structure of polymer and alloy, this joint will function as part of a
biomimetic morphing actuator system in a more energetically efficient
manner. The joint is thermally actuated to allow compliance on demand
and rigidity in the nominal configuration. Analytical and experimental joint
models are presented, and potential applications on a bat-wing aircraft
structure are outlined.

6525-21, Session 5
Post-buckled precompressed (PBP) subsonic
microflight control actuators and surfaces
R. M. Barrett, R. Vos, The Univ. of Kansas; R. De Breuker, P.
Tiso, Technische Univ. Delft (Netherlands)
Starting with the first micro aerial vehicle (MAV) commissioned by the
DoD CounterDrug Technology Office (CDTO) in 1994, through today, adaptive actuators have been of big importance to small aircraft. The first MAV
commissioned by the DoD, the Lutronix Kolibri first took to the air in September of 1997. Although just a small 6" (15cm) electric vehicle, it demonstrated that full 3-axis piezoelectric gyros and four piezoelectric
stabilators could successfully stabilize this otherwise unstable aircraft.
The four Flexspar actuator driven stabilators exhibited excellent performance and drove the 1" (2.5cm) chord x 2" (5cm) span stabilators to +/10 deg. deflections at rates in excess of 48 Hz. Although very impressive
for mid-’90’s technology, the requirements of high performance flight rapidly outstripped the performance of the 0.013 oz (380mg) actuators. This
is primarily because as the stabilator deflections increase, their ability to
resist adverse aerodynamic loads linearly decreases until it becomes zero
at maximum deflection.
More recently, the technical community has seen the appearance of a
new class of piezoelectric actuator element. This Post Buckled
Precompressed (PBP) class of actuator is capable of holding full force
and moment generation capability through the entire deflection range.
This is because PBP elements use axial forces to successfully magnify
deflections at a given moment generation level. Unlike so many other
amplification methods, the PBP class actuators do not trade force for
deflection, rather they expand the entire design space by increasing both
simultaneously.
Micro aircraft guidance and navigation technology has since progressed
far beyond the primitive levels known in 1997. Because of completely
new demands placed on flight control systems, a new class of actuator is
needed. These new demands include post-stall maneuver capability to
survive the urban environment along with ultra-high bandwidth, low weight,
volume, power consumption and cost. This paper will lay out a PBP variant of the stabilators used so long ago in the early CDTO program. This
new PBP stabilator maintains the same high bandwidth capability of the
earlier specimen, but features full moment generation capability throughout the entire stroke. By doing this, it mimics the performance of conventional submicroservoactuators.
Analytical modeling using an Euler-beam approach and energy methods
correlate well with a finite element model and experiment. The stabilators
exhibited deflections in excess of +/-15 deg. while incurring a weight penalty of less than 50mg to add PBP performance. Quasi-static consumption levels under 1 mW were recorded while the actuator consumed less
than 50mW dynamically. The paper concludes with a comparison of the
PBP stabilator technology and conventional electromagnetic
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servoactuators. The comparison shows the PBP stabilator to be significantly superior in every aspect, making it ideally suited to flight control of
a number of micro aerial vehicles, missiles and munitions.

6525-22, Session 5
Insect cyborgs: a new frontier in flight control
systems

nonlinear aerodynamics have on the maneuver. These effects are shown
to decrease the initial height and distance required to initiate the maneuver, reduce the bounds on the trajectory, and decrease the required thrust
for the maneuver. The changes in stability and disturbance response are
presented throughout the maneuver as functions of the current flight condition and the state of the vehicle’s geometry. Perching trajectories comparing morphing versus fixed-configuration and stalled versus un-stalled
aircraft are presented. Through these comparisons, the impact of morphing
on this new flight capability is readily demonstrated.

T. Reissman, E. Garcia, Cornell Univ.
Nature has historically been the inspiration to which much of the engineering evolutionary design process has had its beginnings. With the
advances in methods for power generation and the miniaturization of electronics, bio-inspired robotics have transformed into near “life-like representations” with respect to some of their mannerisms as compared with
their biological counterparts. The vast complexity of ‘Mother Nature” is
still incapable of being truly captured though, as many aspects of the
biological world have not been encapsulated into these man-made machines. Nothing is truer from this fact than in the progression of autonomous flight vehicles for surveillance purposes. These systems constantly
grapple with issues ranging from energy consumption to controllability to
covertness. The “stealth issue” being very important in many cases, as it
often imposes issues of concern within the design of systems. Autonomous flight vehicles are typically comprised of mechanical subcomponents that can be observed as an indicator of outsider monitoring simply
by pure visual inspection. A solution that then emerges to change the
way in which these control systems are perceived, and operated, is to
use nature itself as the “plant” to which autonomous flight systems are
based.
The focus of this work is to use insect flight and locomotion to develop
autonomous surveillance and reconnaissance vehicles. The flight “platforms” are the Ascalapha odorata and Manduca sexta moths. These moths
have wingspans of up to 15cm with a body mass of 1.7g and can withstand loads up to 2.8g, making them excellent candidates as insect cyborgs. The premise isn’t simply to strap on additional equipment to the
exterior of the specimens, which would make the insects visually detectable as possible spy technology, but to embed the controls and power
systems within the moth to create a flight vehicle that is alive yet manipulative in its actions. By utilizing lithography methods, MEMS, nano-fluidic
and CMOS devices are integrated onto a single silicon device. This device is then surgically inserted into the moth using the techniques for
trans-skeletal anchors in the late pupal stage, just before it emerges as a
moth. The device is powered by both energy harvesting schemes from
the flight of the insect itself by means of piezoceramics materials and by
a trickle charge circuit utilizing the twenty degree temperature gradient
from the thorax to the abdomen. Methods for controlling the insect include direct ultrasonic stimulation near the insect’s ear or tympanic membrane, colloidal drug delivery, visual stimulation, and direct neural and
muscular stimulation. Guidance is achieved through a micro GPS system
providing information on the location of the insect during flight, as well as
a magnetometer for way-point navigation between GPS updates. Sensory systems such as video and chemical will return surveillance data to
its point of departure. Signal processing is achieved through an array of
transistors on the silicon chip. With such a paradigm shift in autonomous
flight vehicles, a new dawn in surveillance capabilities and engineering
systems issues is in the horizon.

6525-23, Session 5
Perching aerodynamics and trajectory optimization
A. M. Wickenheiser, E. Garcia, Cornell Univ.
Advances in smart materials, actuators, and control architecture have
enabled new flight capabilities for aircraft. Perching is one such capability, described as a vertical landing maneuver using in-flight shape
reconfiguration in lieu of high thrust generation. Wind tunnel data are presented that cover the flight envelop of the perching maneuver, from cruise
to low-speed, high-angle-of-attack landing. The effects of morphing are
presented, as well as unsteady phenomena such as dynamic stall and
post-stall vortex shedding. Trajectory optimization using nonlinear programming techniques is employed to show the effects that morphing and
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6525-24, Session 6
Chemo-electrical energy conversion of adenosine
triphosphate
V. B. Sundaresan, S. A. Sarles, D. J. Leo, Virginia Polytechnic
Institute and State Univ.
Active materials convert an applied form of energy into a more usable
form through energy conversion steps that occur at molecular level. Batteries convert stored chemical energy into usable electrical energy. Chemical energy is available in various forms in nature and yet remains to be
sourced for powering electronic devices and other smart materials. This
article outlines a new approach to produce electrical energy by tapping
into the energy production cycle of living plants using materials cultured
from plant cells. Our survey on power consumption in electronic devices
shown in Figure 1 highlights the availability of numerous devices that
operate at small voltages and consume very little current. We target our
new technology that generates electrical power from Adenosine triphosphate (ATP), readily available in plants, using biological processes to meet
the power requirement of low power electronic devices.
Plants transport different species from the production sites to sink tissues. The transport of sucrose synthesized from biological processes
occurs together with proton transport [1]. Investigation on proton-sucrose
co-transport by Frommer and associates [2, 3] brought the proton-sucrose co-transporter protein (AtSUT4) to the attention of plant physiologists. Transport of sucrose carries water molecules across the membrane
and the bulk fluid transport through AtSUT4 was attempted for mechanical actuation in a microhydraulic actuator [5]. Fluid transport through
AtSUT4 results from the hydrolysis of ATP via a transmembrane proton
gradient. This article discusses a device - referred to as a BioCell that
generates electrical power from the proton gradient established by the
AtSUT4 transporter across a bilayer lipid membrane (BLM) in the presence of ATP and ATP-ase. We think this paper is the first experimental
demonstration of chemo-electrical energy conversion from ATP using a
biological ion transporter to power an electronic circuit. The process by
which electricity is produced from the most commonly available biological fuel makes the BioCell a ubiquitous source of electrical power that
can be used in a variety of applications to power smart actuators.
The BLM is formed on a porous substrate, from 1-Palmitoyl-2-Oleoyl-snGlycero-3-[Phospho-L-Serine] (Sodium Salt) (POPS), 1-Palmitoyl-2-Oleoylsn-Glycero- 3-Phosphoethanolamine (POPE) phospholipids (Avanti Lipids, AL), is reconstituted with the AtSUT4 and ATP-phosphohydrolase
(ATP-ase) enzyme. Dr. Cuppoletti at the College of Medicine, University
of Cincinnati, provides us the transporter proteins and the enzyme. The
BLM with AtSUT4 formed on the porous substrate has pH7.0 buffer with
dissolved ATP on one side and pH7.0 buffer with dissolved sucrose on
the other. Silver-Silver Chloride half-cells (WPI Inc., FL) kept immersed in
the buffer solutions on either side serve as the anode and cathode for the
BioCell. The pores on the lead silicate glass plates that support the BLM
are 50µm in diameter and the effective membrane area in a single cell is
7.9 sq.mm (7.9 x 10-2 sq.cm). The BLM is formed with 10 µl of the lipid
mix (40 mg/ml of POPS:POPE [3:1 w/w] dissolved in n-decane), 10 µl of
AtSUT4 proteins suspended in pH7.0 medium (with 20.2 mg/ml of proteins) and 10 µl of ATP-ase enzyme. The experimental setup with the
BioCell, schematic of the BioCell and the power curves from the Biocell
are shown in Figure 2. The electrical power generated by the BioCell is
calculated by measuring the voltage between the electrodes and the current through the circuit for different external loads. The open circuit voltage at the electrodes is measured to be around 30-40 mV in the absence
of ATP and the catalyzing enzyme. This baseline potential corresponds to
maximum of 8 nW of electrical power at 55 kOhms external load. The
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open circuit voltage in the absence of ATP fuel is due to the electrical
double layer formed on the half-cell electrodes. In the presence of ATP
and ATP-ase in the BLM, the open circuit resting potential increases to
around 80-95 mV. The BioCell behaves like a constant current source
with an internal resistance of 26 kOhms - 50 kOhms. The peak power
output from the single cell is found to be 90 nW. The power output from
the BioCell at different electrical loads with and without the active ingredients in the BLM is shown in Inset 3 in Figure 2. The higher power observed for the case with ATP and ATP-ase enzyme indicates that the additional power is due the energy producing ATP hydrolysis reaction. The
specific power generated per sq.cm of BLM area with 1 mg of AtSUT4
protein, 1 µl of enzyme in the BLM is computed to be 0.6 µW/sq.cm-mg
(AtSUT4)-µl (ATP-ase) in the single cell. The single cell delivered 45 nW of
peak power after 24 hours on a single charge of ATP.
Our paper will also discuss the parameters that control the voltage and
current output from the BioCell and methods to vary them in a prototype
device. We have currently built a 5-cell stack to scale the power developed in the single cell to a higher value. The final version of our paper will
discuss the stack that can power a low power electronic circuit.
References
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Force control of an electrorheological haptic device
in virtual environment
S. Choi, Y. Han, Inha Univ. (South Korea)
This paper presents force-feedback control performance of a haptic device in virtual environment of minimally invasive surgery (MIS). Based on
an electrorheological (ER) fluid and spherical geometry, a new type of
master device has been early developed, and currently integrated with a
virtual environment of MIS such as a surgical tool and human organ. In
order to embody a human organ into virtual space, a volumetric deformable object is adopted. The virtual object is then mathematically formulated by the shape retaining chain linked (S-Chain) model, in which each
node in the volume is a chain element and is connected only to its neighbors. After evaluating reflection force, computational time, and compatibility with real time control, the virtual environment of MIS interacts with
the ER haptic device in real space by a reflection force and desired position originated from an organ and master, respectively. In order to achieve
force trajectories at the haptic device in which the force comes from the
virtual space, a sliding mode controller (SMC), which is robust to parameter uncertainties, is formulated and experimentally realized. Tracking
control performances for various operating conditions are presented in
time domain, and their tracking errors are evaluated.
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Experiment and parametric study of an improved
biomimetic robot fish actuated by piezoelectric
actuators
H. C. Park, S. Heo, N. Goo, T. Wiguna, Konkuk Univ. (South
Korea)
Recently, many researchers realized that biological creatures exemplify
sophisticated yet simple movements in terms of their maneuverability and
speed. Therefore, there has been a lot off efforts have been dedicated to
mimic nature’s technologies in order to build bio-inspired mechanisms.
Most recent research on biomiometic fish robots, electric motors have
been widely used for the actuator in combination of gear and/or pulley
systems in the most biomimetic fish robots. Therefore, the sizes of the
biomimectic fish are mostly large.
In this paper, we present our recent progress in an improved LIPCA-actuated biomimetic robotic fish. As in our previous work, we embed a mechanism consisting of rack-pinion system and four-bar linkage together with
two LIPCAs as the actuator. This driving system, which can generate a
fish-mimicking undulatory movement, is placed inside a more-streamline-than-before plastic body. Various artificial caudal fins mimicking real
fish have been attached to the fish body and tested to identify the best
performing caudal fin.
For the experimentation, the biomimetic robotic fish is attached to a measurement system, where rod and bush system can hold the robotic fish
and guarantee straight swimming motion of the fish robot. From the experiment with 0.5-1.2 Hz frequency and 300 Vpp input voltage, we study
the effect of various caudal fin types in terms of shape, aspect ratio, and
stiffness to the performance of the robotic fish, expressed as Strouhal
number, Froude number, Reynolds number and net forward force. The
power consumption of the model is also examined.

6525-27, Session 6
Design and development of a snake-like flexible robot
J. M. Roshy, National Institute of Technology/Tiruchirappalli
(India)

6525-25, Session 6
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6525-26, Session 6

The use of intelligent autonomous Robots in NDE and rescue operations
is not something new. Most of these applications use Robots with wheels
or tracks for locomotion with an onboard camera and an arm with multiple degrees of freedom, in which either a gripper or a sensor will be
attached. Such a kind of locomotion becomes completely useless when
the terrain is full of debris from a disaster or the inner side of a pipeline. In
all these applications, a biologically inspired Robot with a snake like gait
will be a better option. Natural disasters and man made catastrophes
have focused the use of Robotics on emergency management and rescue. The Robots which are used for rescue must not make the condition
of the scene worse. In this paper we are discussing the design and development of a Robot which is the result of a biologically inspired idea and
has the motion gait similar to that of a snake. The snake Robot consists
of eight aluminum segments which hold the electronics and actuators.
Each segment has three degrees of freedom. The space between the
segments is filled with a crude form of Magneto-Rheological (MR) Fluid.
The whole structure is covered with flexible rubber based sheath, which
acts as the skin. Each segment contains electronics, which contains a
small microcomputer, wired to the main microcomputer in the first segment or head by means of a digital network. The wires carrying power
supply and the digital network appear like a spinal cord through out the
structure of the snake Robot. The electronics and associated actuators
are hermetically sealed from the MR fluid by means of specialized gaskets. The first segment or the head of the system contains sensors which
are used for obstacle and sensing the terrain. Depending upon the application of the Robot, some specialized sensors will be used. For instance,
rescue snake Robots will be equipped with PIR sensors, which can sense
for survivors. Depending upon the presence of the survivor microcomputer can switch on or off the camera on the head of the snake Robot and
help to optimize the power consumption. Compared to other segments,
the first segment is fairly larger in size. The design and testing of the
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segments except the first segment is complete. We are currently on to
the development of the head segment. Since the segments are made of
milled aluminum blocks, heat dissipating components such as actuator
driver electroinics and transistor bridges can be mounted on to it. The
paper deals with the design and implementation of the system. We are on
to the basic research of the system at its very basic form, we hope that
researchers around the world can modify the system and make it more
successful and robust by adding more features and software algorithms.

6525-28, Session 6
A small and fast piezo-actuated hexapod robot
S. Lee, A. Yumaryanto, J. An, Konkuk Univ. (South Korea)
Indoor exploration or surveillance needs a fast and agile mobile robot
that has a capability to access inconspicuous space, and the larger accessibility of a robot will enhance the overall functionality of the robot.
The size of a robot will determine what it can do and where it can go. The
most obvious advantage of a smaller robot is that it can access spaces
that may be restricted to larger ones. Actuators for such robots should
have capabilities, such as a fast response, high force-to-weight ratio, and
high frequency. This paper reports the development of a small walking
hexapod robot which uses LIPCA, a piezo-composite actuator that uses
PZT layered by composite materials of carbon/epoxy and glass/epoxy to
amplify its displacement. Our robot prototype design is inspired by a sixlegged insect, a cockroach, that has the capability of traversing in different kinds of area and accessing very small areas. In particular the features of tripod gait locomotion mechanism, thrusting legs, and sprawling
leg postures to enhance lateral stability are reflected in the design of our
robot. Two LIPCA strips driven with square signal function of high AC
voltage with one LIPCA lagging the other by the phase of 180° is used to
actuate each tripod set. An amplification mechanism is built between
actuator and leg to enlarge the small displacement of LIPCA. A kinematic
optimization is also done to get the maximum leg stroke motion from
LIPCA small displacement in a small space. The speed and turning of the
robot can be controlled by changing the signal frequency and lagging
phase between both actuators. The maximum speed of our first prototype is able to achieve up to 173 mm/s or 1.3 body-lengths per second.
In the second prototype we strengthen the structure so it can carry loads,
for example a small power converter, sensor, and control board, with which
we can build an unthetered autonomous walking robot. All the experiments with the prototype show a possibility of a small, light, stabile, and
agile walking robot actuated by LIPCA without using any conventional
electromagnetic actuator.

6525-29, Session 7
Effects of processing parameters on the shape
memory effect of a porous shape memory polymer
S. L. Simkevitz, H. E. Naguib, Univ. of Toronto (Canada)
This paper investigates the effects of the processing parameters of porous shape memory polymer (SMP) on the shape memory effect (SME). A
parametric study utilizing the batch foaming process was conducted in
which the variables of saturation pressure, foaming temperature and foaming time were examined. The batch foaming processing technique was
employed to obtain the desired foamed cellular structure. The advantage
of foaming the SMP is to reduce the density of the material while still
retaining its mechanical and thermomechanical characteristics. The result is a lighter weight material. One particular point of interest is to understand how the processing parameters affect the SMP and its glass
transition temperature (Tg). By correctly adjusting these parameters it will
be possible to modify the SMP to have the greatest SME while maintaining weight savings. Focusing on the SME there are two areas of concentration: one is the amount of physical recovery that takes places and two
is the amount of time the SMP requires to fully recover. This approach is
vital as it dictates the possibility of using a SMP as an effective actuator.
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6525-30, Session 7
Microscale damping using thin film NiTi
C. A. Kerrigan, G. P. Carman, Univ. of California/Los Angeles
This paper focuses on understanding and developing a new approach to
dampen MEMS structures. Thin film NiTi is evaluated as a damping solution to the micro scale damping problem. Stress induced twin boundary
motion is used to passively dampen potentially damaging vibration. The
thin films of NiTi and NiTi/Si laminates have been produced using a sputter deposition process and damping properties have been evaluated.
Dynamic testing shows substantial damping (tan d) measurable in both
cases. NiTi film samples were tested in the Differential Scanning Calorimetry (DSC) to determine phase transformation temperatures. The twin
boundary mechanism by which energy absorption occurs is present at all
points below the martensite finish temperature (approximately 35 C in our
film) and therefore allows damping at cold temperatures where traditional
materials fail. Thin film in the NiTi/Si laminate was found to produce substantially higher damping values due to the change in loading condition.
The NiTi/Si laminate sample was tested in bending allowing the twin
boundaries to be reset by cyclic tensile and compressive loads. Testing
has been preformed to show NiTi damping at subzero temperatures. In
addition to fabricating and testing, an analytical model of a heterogeneous layered thin film damping material was developed and compared
to experimental work.

6525-31, Session 7
Design optimization of shape memory alloy active
structures using the R-phase transformation
M. Langelaar, F. van Keulen, Technische Univ. Delft
(Netherlands)
In this paper, we illustrate the opportunities that combining computational
modeling and systematic design optimization techniques offer for improvement of the design process of complex shape memory alloy (SMA) structures. Efficient gradient-based shape and topology optimization techniques
are presented, that advance the state of the art of design optimization of
SMA structures Shape memory alloys are attractive materials for active
smart structures, because of the high work density these active materials
offer. Their actuation properties originate from a solid state phase transformation, which occurs under local temperature changes and/or stress
state variations. This transformation is associated with a transformation
strain that can be utilized for actuation. Typically, an electric current is
used to locally heat the material and to trigger the phase transformation.
The focus in this paper is on actuation based on the R-phase transformation in NiTi. This transformation is characterized by a small hysteresis and
excellent cyclic stability, which makes it well suited for many actuation
applications.
Many smart structures that utilize integrated SMA actuators rely on a relatively simple layout of the actuator, e.g. wires or helical springs. Clearly,
for such layouts, understanding the behavior of a one-dimensional SMA
wire or spring element is sufficient for effective design. This changes radically as soon as SMA actuators with more complex shapes and topologies have to be designed. The complex material behavior and the fact
that multiple physical phenomena (electrical, thermal, mechanical) are
involved make that the design of effective SMA actuators with complex
shapes and layouts is a challenging task. As a consequence, it is necessary to understand and model the material behavior in a 2-D or 3-D setting.
Moreover, next to computational modeling of the performance of such
structures, systematic design optimization techniques can be of great
value to designers of complex smart structures with integrated SMA actuators. For this reason, we have developed and studied efficient topology and shape optimization techniques, specifically aimed at the design
optimization of such SMA structures. In this paper, firstly a 3-D computational constitutive model for SMAs exhibiting the R-phase transformation
is presented. For the formulation of this model, not only the adequate
representation of the experimentally observed material behavior has been
taken into account, but also its suitability for design optimization has been
considered. This has resulted in a relatively simple, history-independent
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model, that allows for efficient computation of design derivatives during
the optimization process. This material model is used in the nonlinear
electro-thermo-mechanical finite element simulation that is used in the
design optimization procedures.
Secondly, the topology optimization of planar SMA active structures is
discussed. In topology optimization, the layout of the design is not determined a priori using e.g. a parametric geometrical model. Instead, the
aim of the optimization procedure is to find the optimal distribution of
SMA material in a given design domain. This makes topology optimization a powerful tool for the initial design stage, where it can help to find
promising layouts and design concepts. The presented approach makes
use of a recently developed design parameterization technique, which
has multiple advantages over the conventional density-based approach.
By means of several numerical examples, the effectiveness of the proposed procedure, as well as its ability to generate original and innovative
designs is demonstrated. Thirdly, in order to perform a detailed optimization of a given SMA active structure, an efficient gradient-based shape
optimization technique has been developed. Using both finite differences
in combination with fast reanalysis, as well as the semi-analytical approach, design sensitivities have been computed, in order to enable the
use of the SQP algorithm. The accuracy and effectiveness of this approach is illustrated by two computational examples: the design optimization of a miniature SMA gripper device and of a smart active catheter
structure equipped with integrated SMA actuators. With the help of the
developed design optimization procedure, significant improvements in
performance have been realized in both these cases, in a structured and
systematic manner. The presented optimization approaches are applicable to a wide variety of SMA devices, and have the potential to be a
valuable addition to the set of computational techniques available to the
designers of SMA smart structures.

6525-33, Session 7
Dynamic behavior of a pseudoelastic vibration
absorber
T. C. Elias, E. P. da Silva, Univ. de Brasília (Brazil)
Many potential applications of Shape Memory Alloy (SMA) for vibration
control has been proposed and intensively investigated in the last years.
However, the development of applications exploting the SMA characteristics requires a wide understanding of their thermomechanical behavior.
This work presents a numerical simulation of the dynamic behavior of a
pseudoelastic vibration absorber. A simple model for SMA is presented
and numerically implemented to simulate the dynamic response of a massspring system where the spring function is made by a SMA bar. The system is excited by the displacement of the base, and the displacement of
the mass is numerically evaluated. Different excitation frequencies and
material properties are considered. The results show that the model is
able to represent the main characteristics of the system.

6525-34, Session 8
Nonlinear dynamics and chaos of a SMA passive
vibration isolation and damping device
L. G. Machado, D. C. Lagoudas, Texas A&M Univ.
Shape Memory Alloys (SMAs) have attracted much attention as potential
materials for the use in passive vibration isolation and damping (PVID)
systems, due to their ability to sustain and retrieve large amounts of strains,
introduce variable stiffness and dissipate high levels of energy. Variable
stiffness may change the natural frequency of the system, while energy
dissipation reduces the transmissibility at resonance, where large displacements occur. The amount of energy dissipated is related to the area
of the hysteresis loop, which is proportional to the degree of phase transformation achieved during a loading-unloading cycle.
The dynamic response of SMA systems presents intrinsically nonlinear
characteristics and a very complex behavior due to evolving
thermomechanical properties and hysteresis. Consequently, a rich class
of responses may occur, including responses that are not observed in
linear systems, such as chaos. Chaos is related to long-term
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unpredictability. Nonlinearity and sensitive dependence on initial conditions are some of the characteristics a dynamical system must have to
present a chaotic response. Therefore, the study of nonlinear dynamics
of SMA systems is crucial if SMAs are to be used successfully in PVID
systems.
This paper investigates the nonlinear and chaotic dynamics of a SMA
PVID device through experimental tests and numerical simulations. At
first, the SMA device was subjected to a series of continuous accelerations in the form of frequency sine sweeps and sinusoidal single frequency
excitations, at different levels of acceleration amplitude. Afterwards, the
dynamic analysis of a one-degree of freedom (1-DOF) SMA oscillator was
conducted. The SMA oscillator was numerically tested for the same dynamic loading paths as the SMA device. A time dependent model was
used to simulate the constitutive behavior of SMA elements.
The SMA PVID device was composed of a mass connected to a frame by
two pre-strained pseudoelastic SMA wires of equal length. Each SMA
wire was preload with sufficient preload to ensure they remain in tension
throughout the test. A series of continuous accelerations functions in the
form of frequency sine sweeps and single frequency sinusoidal functions
excited the device through its base. Sine sweep tests had the purpose of
determining the resonance frequency range and evaluate the system’s
transmissibility response, while the single frequency excitation investigated the type of motion the system was undergoing for certain values of
frequencies. Several vibration tests were conducted with different levels
of acceleration amplitude for frequencies close to the resonance frequency,
where chaotic responses were most likely to appear. Furthermore, the
temperature of the SMA wires was measured during all vibrations tests. It
was observed that higher amplitude of the acceleration input produced
larger temperature variations of the SMA wires, due to the stress-induced
phase transformation the wires underwent.
Besides experimental vibration tests, numerical simulations were conducted to corroborate the experimental results. The SMA PVID device
was modeled as a 1-DOF SMA oscillator. The oscillator had the same
configuration of the device, a mass balance by two pre-strained
pseudoelastic SMA wire. The behavior of the SMA elements was modeled by a time dependent constitutive model.
Transmissibility curves were used as tools to analyze the system’s dynamics during sine sweep tests, while Phase space plots, Bifurcation diagrams, and Lyapunov exponents evaluated the dynamics of the SMA
device under single frequency tests. These exponents evaluate the sensitive dependence of the system on initial conditions and have been used
as the most useful dynamical diagnostic tool for chaotic system analysis.
The time dependent constitutive model was based on the model proposed by Boyd and Lagoudas and captures the behavior of SMAs in
dynamical situations. Although Boyd and Lagoudas model was able to
predict the main characteristics of SMAs behavior, it was modified to consider some other necessary features. At first, the second order polynomial hardening function was substituted by a general power law hardening function. This change smoothed the transitions between the elastic
and phase transformation regimes, eliminating the presence of kinks in
the SMA stress vs. strain response.
Secondly, the fully coupled energy balanced heat equation was introduced
into the constitutive formulation. The thermomechanical coupling existent on SMAs can induce time dependent behavior, due to latent heat
production during phase transformation. This apparent rate dependency
is not constitutive rate dependency, but it is caused by the heat transfer
time dependency. Therefore, the inclusion of the heat equation eliminates
the previous assumption of rate-independency discussed in previous
works, leading to a time dependent formulation. Previous works by
Machado and Lagoudas implemented the heat equation, but only for the
case of heat convection. This work, however, considered other forms of
heat transfer, such as conduction, and radiation.
Another key aspect to consider in the modeling of dynamical response of
SMA is the minor hysteresis loops, caused by partial or incomplete phase
transformations. For dynamical situations, the reversal of loading may
initiate reverse phase transformation under non-isothermal conditions,
which alters the amount of energy dissipated per cycle. Therefore, the
constitutive model presented in this work was also modified to describe
minor hysteresis loops in non-isothermal conditions.
In summary, this work investigates the nonlinear dynamics and chaos of
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a SMA PVID device, experimentally and numerically. The device was subjected to a series of acceleration profiles through its base, in the form of
sine frequency sweeps and sinusoidal single frequency excitation. Experimental results have shown that the dynamical response of SMA systems is highly nonlinear, with a strong thermomechanical coupling.

6525-35, Session 8
On semi-active enhancement of the dissipation
provided by piezoelectric films
U. A. Korde, M. A. Wickersham, L. Kjerengtroen, South Dakota
School of Mines and Technology; C. H. M. Jenkins, Montana
State Univ.
A number of lightweight flexible structural elements built for space applications would benefit from an ability to tune the dissipation and stiffness
of the structural element. Such tunability represents a potentially attractive compromise between the complexity of real-time active control implementations, and the weight and bulk of fully passive systems. With the
present approach, different elements of a structure could be tuned for
correct damping and stiffness at different times, based on the load profiles they are likely to experience. Such tuning could involve increasing
the structural damping over different parts of the operating frequency
spectrum at different times, or varying the effective stiffness to shift a
particular resonance out of a chosen frequency range.
The method investigated in this work includes the use of piezoelectric
films distributed over the membrane or thin plate lightweight structure.
Each film is connected in parallel with an electronic circuit designed to
provide a ‘negative capacitance’ [1], [2], [3]. Because of the inverse piezoelectric effect, each film forms an electromechanical system together
with the parallel circuit, and the overall impedance of this system can be
controlled by suitably varying a gain parameter in the circuit. It is not
difficult to envisage a lightweight space structure with piezoelectric polymer strips or sheets and direct-written [5] resistors and capacitors along
the structure boundaries, which also carry integrated circuits and conductor buses to the circuit power supplies.
The work reported here is on a more fundamental level. Our previous
work on this topic was presented in ref. [6]. There we reported proof-ofconcept studies on the response of a polyvinylidine fluoride (PVDF) strip
with a parallel connected negative capacitance circuit based on a standard low-voltage operational amplifier. In particular, we found a considerably increased dissipation rate for vibrations caused by an impact point
load as well as the vibrations due to acoustic waves propagating over the
strip in the width direction. Measurements were made of the voltage produced across the strip electrodes, and these were used as the only measure of out-of-plane vibrations.
Furthermore, the effect of the impulsive point load could not adequately
be handled by the analytical model used in that work. In this paper, a
substantially reformulated analytical model is used to clarify the direct
link between the voltage applied across the negative capacitance circuit
and the resulting tension in the strip. It is observed that the negative impedance circuit allows a significant tunable dissipation to be introduced
into the system. New results are presented here, which adequately account for the dissipation and added mass effects of air. Both non-laminated and laminated PVDF films are investigated in the full paper. For
laminated films, the flexural effects need to be suitably accounted for in
the model, and a model which combines the in-plane tension effect with
flexural rigidity is used to guide the optimal gain selection for the laminated films. Both analytical and experimental results are discussed in the
paper. Both study the response to a line impact (impulsive force applied
over the entire strip width as opposed to at a point). A laser doppler
vibrometer is used verify the voltage measurement results across the PVDF
electrodes. Finally, the response of both non-laminated and laminated
films to acoustic loads directly applied on a strip face is investigated experimentally and analytically.
References
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6525-36, Session 8
Generation of quasi-resonance by variable damping
D. Iba, A. Masuda, A. Sone, Kyoto Institute of Technology
(Japan)
This paper proposes a new method to generate a quasi-resonance by a
variable damping in an excited vibration system. In general, the purpose
of the application of the damping is to dissipate the vibration energy and
to reduce the vibration amplitude of the system as soon as possible. Recently, some variable dampers that the damping coefficient can be
changed easily have developed, i.e. Magneto-Rheological (MR) damper,
Electro-Rheological (ER) damper. Many researchers have applied the variable damper for a semi-active control to reduce the amplitude of the vibrating system. However we propose quite opposite method to use the
variable damping in this paper. Our purpose of the use of the damping is
not decrease but increase of the vibration amplitude of the system, and it
is similar to resonance of the vibrating system. One of the applications of
the quasi-resonance is an energy-harvesting device. Researchers of this
field are currently investigating how to transform vibration energy into
electrical energy. However, the electrical energy produced by the conventional device is too small to use. Therefore, many researchers have
focused on methods of accumulating the energy. The energy produced
by the device with our proposed method can be expected to increase,
because the motion of the part of the generator augments by the quasiresonance that break out in anywhere more than the natural frequency of
the system. In this paper, a simple vibration system, i.e. a mass is supported by a spring and a variable damper these are placed in parallel, is
considered as one degree of freedom base excitation model. The coefficient of the variable damper is changed like sine wave, i.e. artificial parameter excitation which of frequency can be choised. The damping force
generated by the variable damper is equivalent to a product at the damping coefficient and the relative velocity between the base and the mass.
By multiplying the input sine wave from the base excitation by the frequency controllable sine wave of the variable damper, new vibration that
has another frequency besides the input frequency arises. Therefore, when
the system is excited by the base excitation in a frequency that is faster
than that of the natural frequency of the vibrating system, the changing of
the damping coefficient in a suitable frequency can generate new vibration that has same frequency as the natural frequency. As a result, the
vibration amplitude increases because of phenomena that is similar resonance. By the artificial parameter excitation of variable damping, the quasiresonance can be occurred in anywhere more than the natural frequency.
In this paper, we confirm that the proposed method can increase amplitude of the vibration of the system by simulation.

6525-37, Session 9
On the effect of electrical uncertainties on resonant
piezoelectric shunting
M. Porfiri, Polytechnic Univ.; U. Andreaus, Univ. degli Studi di
Roma (Italy)
Recent technological developments in the production of piezoelectric
transducers, and relevant consumers’ attention towards the suppression
of structural vibrations, increased the research efforts in their effective
exploitation in control systems for actual engineering structures. Efficient
control of structural vibrations leads to other benefits, such as precision
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in mechanisms maneuvers, reduced fatigue loads, reliability and durability of machineries. These were the main reasons to attract the interest of
both mechanical and aerospace industries in this topic. By using piezoelectric transducers in conjunction with appropriate electric networks, the
mechanical vibrational energy can be dissipated, strengthening the performance and extending the lifetime of the structure.
In [1] the possibility of damping mechanical vibrations by means of a
single piezoelectric transducer positioned on a structural element and
shunted with a completely passive electric circuit is investigated. By shunting the piezoelectric transducer with a resistive-inductive (RL) electrical
impedance (resonant piezoelectric shunting) an effective structural vibration damping is achieved. The passive impedance combined with the
inherent capacitance of the piezoelectric transducer acts as a mechanical vibration absorber.
The comparison between resonant piezoelectric shunting and classical
constrained layer damping has been presented in [2]. In [3] the performance of the resonant piezoelectric shunting are compared with those of
switching shunt circuits. In [4] different active-passive control methodologies based on the classical RL shunting are addressed. In [5] the inherent mechanical damping is accounted for in the circuit tuning. In [6] a
clear presentation of the technique is provided. In [7] an alternative approach for optimizing the shunt circuit parameters is discussed. The principles of piezoelectric shunting have been applied to the multimodal control of vibrations ([8-10]), by using suitable shunting and block impedances.
The effectiveness of the RL impedance relies on the internal resonance
between the electrical and mechanical systems. This resonance may be
lost when the electrical impedance varies with respect to its optimal value.
Therefore, it is a crucial issue to quantify the effect of electrical parameters variations on the system performance and to establish design tolerances for the electrical elements that assure desired damping capabilities. In the present paper, we provide a detailed sensitivity analysis aimed
at evaluating the effect of electrical element changes on the damping
performance, conveyed in the system infinity-norm. We treat the effects
of large variations and provide closed-form expressions for small perturbations. The results are used to
model the effects of electrical parameters’ uncertainties on the damping
effectiveness. Manageable formulas result from the stochastic analysis
and their reliability is tested by numerical Monte Carlo experiments. The
paper is divided into four parts: in the first part, we review the reduced
order modal model used for describing piezoelectric shunting and optimize the RL impedance by considering forced beam vibrations in the
neighborhood of a given structural mode; in the second part, we analyze
the effects of deterministic perturbation on the resistance and inductance,
with respect to their optimal value, on the control performance; in the
third part, we treat the perturbations on the electrical impedances as random variables; in the fourth part, the achieved results are applied to the
experimental setup in [5].
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6525-38, Session 9
Optimal piezoelectric switching shunts for vibration
damping
M. Neubauer, Leibniz Univ. Hannover (Germany); R.
Oleskiewicz, Politechnika Koszaliñska (Poland)
Piezoceramics are widely used as actors or sensors in technical applications. They offer very precise positioning and high dynamics, which makes
them suitable for vibration damping especially in the high frequency range.
However, they need comprehensive amplifiers and power supply when
used as actors.
An alternative approach for vibration control and damping is piezoelectric shunt damping. It features an electrical network that is connected to
the electrodes of a piezoceramics. The piezoceramics is embedded into
the mechanical structure and couples the mechanical and the electrical
systems because of the energy conversion by the piezoelectric effect.
The aim for the network design is to cause a dynamical behavior of the
piezoceramics which influences the mechanical vibration in the desired
way. Depending on the network, shunt damping can be classified into
active or passive and linear or nonlinear.
Typical passive and linear shunt damping consists of a resistance - inductance network. The electrical resonance frequency must be tuned to
the excitation frequency of the system, in which the voltage is strongly
amplified. The resistance dissipates energy and causes a reduction of the
mechanical vibrations. However, passive techniques suffer from a limited
performance. One possibility to enhance the performance is to include a
synthetic negative capacitance into the resistance - inductance shunt.
Because of the required power supply this technique is classified as active. It is proven that the performance is strongly increased compared to
passive techniques. But still, this shunt must be tuned to one frequency,
and these techniques are not very robust concerning a variation of the
excitation frequency.
Switching shunts are an approach that offer a very broad frequency bandwidth of energy dissipation. In this nonlinear shunt technique, an electrical network is connected or disconnected to the electrodes of the
piezoceramics. A switching device is needed to connect and disconnect
the network at appropriate times. Typically, the switching is triggered by
the mechanical vibration itself. This makes the shunt adaptive to the excitation frequency.
Comparable to the linear techniques, the switching shunt typically is a
resistance - inductance shunt. When the shunt is connected, current flows
through the network and inverts the charge at the electrodes. The resonant frequency of the shunt is set to rather high values (10 times the
mechanical frequency or higher) in order to achieve a fast inversion. During disconnection, the charge is not affected by the shunt. The resulting
force signal of the switched piezoceramics is similar to a bang-bang control. The damping performance of switching shunts strongly depends on
the switching times and the shunt parameters (resistance and inductance
values). However, precise values for optimal parametersets concerning
energy dissipation cannot be found in literature.
These issues are addressed in this paper. The voltage oscillation in the
electrical shunt is studied analytically. Throughout all calculations, the
influence of the shunt parameters and the electromechanical coupling
coefficient of the piezoceramics is highlighted. As a result, the voltage
amplitude and the damping performance of the switching techniques are
obtained. Based on these results, it is possible to determine optimal
parametersets of switching resistance - inducance shunts for vibration
damping of excited mechanical systems and for a faster reduction of free
oscillations. The results are verified on a mechanical test rig which features a 1 DOF oscillator and an autonomous switching shunt that does
not require electrical power for operation.
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6525-39, Session 9
Shear thickening fluids as a tunable damping
element: experimental results and modeling
C. Fischer, École Polytechnique Fédérale de Lausanne
(Switzerland); A. Bennani, Univ. de Claude Bernard Lyon I
(France); P. Bourban, V. J. Michaud, C. J. G. Plummer, École
Polytechnique Fédérale de Lausanne (Switzerland); E.
Jacquelin, Univ. de Claude Bernard Lyon I (France); J. E.
Månson, École Polytechnique Fédérale de Lausanne
(Switzerland)
Smart structures with tunable damping and stiffness characteristics have
attracted a high interest in many applications. Most developed systems,
however, require an external power source to be activated. This can be
avoided by using highly concentrated silica suspensions, which are wellknown for their pronounced shear-thickening behaviour [1]. As has been
observed using Lissajous plots of stress vs. strain, a dramatic increase in
viscous dissipation accompanies the shear thickening, i.e. the damping
capacity and the stiffness of the material increase simultaneously [2]. In
the present work, the integration of shear-thickening fluids (STFs) into
composite structures has been investigated with the aim of tuning part
stiffness and damping capacity under dynamic deformation. Results from
oscillatory rheological measurements for an STF based on concentrated
fused silica in polypropylene glycol (PPG) were correlated with results
from vibrating beam tests (VBT) on model sandwich structures containing layers of the same STF sandwiched between polyvinyl chloride (PVC)
beams. Above a critical amplitude, the relative motion of the PVC beams
provoked shear thickening of the silica suspensions, and the vibration
and damping properties were significantly modified. These changes were
related to the rheological response of the STF through analytical calculations of strains in the STF layers, an approach that was verified experimentally by replacing the STF with a slow curing epoxy resin [3]. Finite
element analysis (FEA) was then used to predict the dynamic behaviour
of the PVC-STF sandwich structure numerically. To this end, the evolution of both the elastic modulus, G’, and the storage modulus, G’’, as a
function of strain, during dynamic rheology measurements of the STF
were used to characterize the discontinuous properties of the STF layer
in the PVC-STF sandwich, showing good agreement with experimental
results. The interest of integrating STFs into structures exposed to dynamic flexural deformation, with the aim of controlling their vibrational
response, has thus been demonstrated.
References
1. Bender, J. and N. J. Wagner, Reversible shear thickening in monodisperse and bidisperse colloidal dispersions. Journal of Rheology, 1996.
40(5): p. 899-916.
2. Lee, Y. S., Wagner, N. J., Dynamic properties of shear thickening colloidal suspensions. Rheol Acta, 2003. 42: p. 199-208.
3. Fischer, C., S. A. Braun, P.-E. Bourban, V. Michaud, C. J. G. Plummer,
and J.-A. E. Månson, Dynamic properties of sandwich structures with
integrated shear-thickening fluids. accepted for publication in Smart Materials and Structures, 2006.

6525-40, Session 9
A numerical model for the prediction of the stiffness
of a homogeneous electrostatically tunable multilayer
beam
A. E. Bergamini, R. E. Christen, M. Motavalli, EMPA
(Switzerland)
The adaptive modification of the mechanical properties of structures has
been described as a key to a number of new or enhanced technologies,
ranging from prosthetics to aerospace applications.
Previous work reported the electrostatic tuning of the bending stiffness of
simple sandwich structures by modifying the shear stress transfer parameters at the interface between faces and the compliant core of the
sandwich. For this purpose, the choice of a sandwich structure presented
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considerable experimental advantages, such as the ability to obtain a
large increase in stiffness by activating just two interfaces between the
faces and the core of the beam.
The hypothesis the development of structures with tunable bending stiffness is based on, is that by applying a normal stress at the interface
between two layers of a multi-layer structure it is possible to transfer shear
stresses from one layer to the other by means of adhesion or friction
forces. The normal stresses needed to generate adhesion or friction can
be generated by an electrostatic field across a dielectric layer interposed
between the layers of a structure. The adhesion stresses between two
layers can be such that the shear stress in the cross section of the structure (e.g. a beam) subjected to bending forces is transferred in full, if
sufficiently large normal stresses and an adequate friction coefficient at
the interface are given. Considering beams with a homogeneous crosssection, in which all layers are made of the same material and have the
same width, eliminates the need to consider parameters such as the shear
modulus of the material and the shear stiffness of the core, thus making
the modeling work easier and the results more readily understood.
The goal of the present work is to describe a numerical model of a homogeneous multi-layer beam. The model is validated against analytical solutions for the extreme cases of interaction at the interface (no friction
and a high level of friction allowing for full shear stress transfer). The obtained model is used to better understand the processes taking place at
the interfaces between layers, demonstrate the existence of discrete stiffness states and to find guidance for the selection of suitable dielectric
layers for the generation of the electrostatic normal stresses needed for
the shear stress transfer at the interface.

6525-41, Session 9
Passive damping with magnetostrictive composite
(autonomous materials)
J. R. Maly, J. C. Goodding, CSA Engineering, Inc.; G. P.
Carman, C. A. Kerrigan, Univ. of California/Los Angeles; K. K.
Ho, Fortis Technologies, Inc.
This paper describes a passive damping material with moderate stiffness
and minimal temperature and frequency dependence, and evaluation and
application of this material for vibration damping under an AFOSR sponsored research program. The magnetostrictive particulate composite
(MPC) is created by curing Terfenol particles {Tb(1-x)Dy(x)Fe(2), 0.2< x
<0.9} in a thermoset polymer resin system, while subjected to a constant
magnetic field. The cured MPC, under vibratory loading, dissipates energy through hysteresis due to domain-wall motion within the particles,
thus damping mechanical vibration. The MPC material has an uncommon combination of stiffness and damping, with a modulus close to fiberglass and a loss factor similar to many rubber formulations, and the
material exhibits vibration damping capability over wide temperature and
frequency ranges. Challenges for design are load-dependent damping
capacity and low MPC material ultimate strength.
The damping mechanism is predictable, and a finite element modeling
approach was validated by test. Material evaluation was performed with
direct measurements of modulus and loss factor (tan delta), the tangent
of the phase angle by which strain lags stress. Both monolithic and MPC
material samples were studied in the laboratory. Measurements of the
MPC formulations showed loss factors of up to 0.1 are achievable. The
damping is load-dependent, moderately dependent on temperature, and
relatively insensitive to loading frequency. Off-stoichiometric samples, with
higher levels of Terbium (Tb) content compared to the standard Terfenol
composition, were found to have even higher damping, with peak damping observed at Tb 0.5. Loss factors approaching 0.3 were measured in
monolithic, off-stoichiometric material samples.
A prototype flexure with MPC damping, based on the patented SoftRide
design used for whole-spacecraft vibration isolation, was built and tested.
Damping and stiffness matched predictions with a finite element model
of the MPC-damped SoftRide isolator. Several goals were achieved during the two-year research program in optimization of material formulation
for damping, characterization of damping capability and load amplitude
dependence, and implementation of the modeling approach.
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6525-82, Poster Session

6525-84, Poster Session

In-plane vibration of membrane strips and sheets
with piezoelectric actuation and sensing

Optimal excitation of a cylindrical shell by
piezoelectric actuators

U. A. Korde, E. A. Petersen, D. Daugaard, South Dakota School
of Mines and Technology

L. Zhang, Y. Yang, Nanyang Technological Univ. (Singapore)

This work is relevant to lightweight membrane structures in space applications which are difficult to access for inspection and monitoring of structural integrity. Integrated Vehicle Health Monitoring Systems (IVHS) are
increasingly being used [1] on aircraft wings, helicopter rotors, etc. [2].
Recently reported research also includes health monitoring of lightweight
composite panels [3]. Work on characterization of membranes using ultrasonic waves has been reported recently in the context of MEMS devices [4], [5]. In this study, we investigate in-plane vibration response of
membrane strips and sheets using piezoelectric actuation and sensing,
with a view to understanding the effect of cracks or other defects on such
response. Dynamics of membrane strips was studied analytically and
experimentally by Hall et al. [6]. In our previously reported studies on this
topic, we focused exclusively on membrane strips with a small amount of
sag near the center. Oscillatory excitation with a polyvinylidine fluoride
(PVDF) actuator located at one end caused a modulation of the tension in
the membrane. This led to interesting temporal dynamics, with the evolution of each modal coefficient described by the Mathieu equation [7]. In
this work, however, we investigate the dynamics of taut membranes with
no initial sag. The vibrations induced by the actuator are thus longitudinal, confined to the plane of the membrane, and need to be described by
a different dynamic model.
Here we report on the analytical and experimental work on in-plane vibration of a membrane strip actuated at one end and clamped at two ends,
and a membrane sheet with multiple actuators/sensors distributed along
its periphery and clamped or free along all edges. Modification of the
basic membrane model to account for the mass and stiffness of the multiple actuators/sensors on the sheet is discussed in the full paper. Tests
are also carried out with an artificially introduced defect, and the extensions of the theoretical treatment to model defects are discussed.
Comparison of the theoretical and experimental results for the frequency
response function for the strip shows a reasonable match. Experiments
on the strip with a transverse crack showed small differences in the frequency response functions without and with the crack. The paper discusses these results, as well as the theoretical and experimental results
for the membrane sheet with multiple actuators/sensors.
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of a membrane strip to in-plane actuation’, in 14 th AIAA/ASME/AHS
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Piezoelectric materials, especially lead-zirconate-titanate (PZT) based
ceramics, have been used in various applications such as vibration control, structural health monitoring and ultrasonic imaging. In many situations, piezoelectric materials are either bonded on or embedded in structures. One of the important issues is how to place the actuators on host
structures. Many researchers have studied the optimal placement of PZT
sensors and actuators on host structures. But most of them have focused on vibration control. In certain applications, excitation of structural
vibration is desirable, such as ultrasonic motors and piezoelectric buzzers. Therefore, it is meaningful to study the optimal placements of actuators from the perspective of maximizing vibration. However, in the literature, this kind of study has received little attention.
In this paper, a simply supported thin cylindrical shell segment excited by
a pair of collocated PZT actuators is studied. A closed-form solution has
been obtained to describe the radial vibration of the shell. Based on this
solution, optimal placement of the pair of PZT actuators in terms of maximizing the vibration of shell is discussed. It is found that the pattern of the
optimal locations of the PZT actuators can be represented by a simple
function, namely, the combined position mode function (CPMF). A simple
yet general procedure to determine the optimal excitation locations is
thus proposed based on the above observation. This procedure only requires the calculation of natural frequencies of the cylindrical shell and
the CPMF, thus alleviating the computation effort in searching the optimal
PZT locations. An illustrative example is given and comparison shows
that the optimal PZT locations obtained by the proposed method are in
good accord with those obtained by numerical solution.

6525-85, Poster Session
Stability design and analysis of target chamber in ICF
lasers
H. B. Huang, Shanghai Institute of Optics and Fine Mechanics
(China)
Target chamber, which consists of, vacuum chamber, final optics assembly (FOA) and supporting system, is major component of target area system in SG-II lasers, the largest ICF laser system in China. Its stability is
critical to precision laser shooting in ICF experiments, consequently, stability design and analysis of the target chamber is important in target
chamber design.
In this paper, with the theory of structure stability, the stability design and
analysis are performed for the target chamber. In order to improve the
dynamical stability of the target chamber, two methods is adopted, one is
to reduce the mass of vacuum chamber (can improve the fundamental
frequency), the other is to fill the steel pipe of supporting system with
cement (can improve the damping ratio). By increasing the aperture area,
the mass of vacuum chamber is reduced. But, with the increasing of the
aperture area, the static rigidity of vacuum chamber is reduced simultaneously, thus, a reasonable aperture area should be educed. With the
aperture area as a parameter, the model of vacuum chamber and FOA is
established, and is exported to ANSYS (a commercial FEA software) for a
static analysis, then, a reasonable aperture area (30%) is educed. At last,
the finite element model of target chamber is established with the reasonable aperture area (30%), the mode analysis and PSD response analysis
are performed. The analysis results shows: the fundamental frequency of
target chamber is 37Hz, the maximal angular displacement response is
0.93õÌrad and the first mode damping ratio is 9%, the stability of the
target chamber meets the requirement of precision laser shooting.
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6525-86, Poster Session

6525-87, Poster Session

A new designing concept for multifunctional
structural material systems

Development of SMH actuator system using
hydrogen-absorbing alloys

H. Asanuma, T. Nakata, T. Chiba, Chiba Univ. (Japan)

T. Kwon, K. Kim, D. Pang, S. Lee, Y. Kim, N. Kim, Chonbuk
National Univ. (South Korea)

Smart structures are generally composed of structural materials in corporation with functional materials. The functional materials are attached
on or embedded in the structural materials to attain functions such as
sensing, health monitoring, actuation, and so on. The functional materials
are often brittle and/or of relatively low reliability, and are often unknown
for long period of service. The authors are interested in developing highly
reliable smart structures composed of smart material systems without
using or using least amount of functional materials in simple and robust
ways. An important purpose of developing these material systems is simplification of mechanical systems for many advantages. The authors call
this kind of material systems as “Active Material Systems.” They may
have sensing, health monitoring, actuation, healing, and/or other capabilities. Most of the conventional complicated mechanical systems need
joints, lubrication, heavy actuators, delicate sensors, and so on. But the
material systems may be able to eliminate them just by their intelligently
designed microstructures.
The main route to develop this kind of material system is embedding sophisticated functional materials in structural composite materials. The
sophisticated functional materials are usually fragile, heavy and/or expensive and have some negative effects on mechanical properties, and
sometimes react with matrix materials during embedding processes. So
it is not easy to fabricate highly reliable and commercially available smart
material systems by this route. In order to overcome this problem, the
authors propose an innovative route to obtain intelligent/active structural
material systems without using sophisticated functional materials in this
paper.
The idea can be summarized as follow. There exist a couple of competitive structural materials which normally compete with each other because
of their similar high mechanical properties such as high strength and high
modulus, or high specific strength and high specific modulus. They tend
to have other properties which are different from each other or opposite.
So if they are combined together to make a composite material, the similar or common property, normally high mechanical property, can be maintained and the other dissimilar properties conflict with each other, which
will successfully generate functional properties without using any sophisticated functional materials.
Two typical examples made through the new route, that is, CFRP/aluminum laminate and titanium fiber/aluminum composite are introduced in
this paper.
In the case of the CFRP/Al active laminate, the main and common properties are light weight and high strength, and the other properties are
thermal expansion and electrical resistance. Aluminum has high and isotropic CTE (coefficient of thermal expansion) and very low resistivity, but
CFRP has anisotropic CTE, that is, very low in the fiber direction and very
high in the transverse direction, and relatively high resistivity. So, if they
are laminated with an electrical insulation layer by hot pressing, a very
unique and useful material system can be obtained. This simple laminate
is one of the most useful types because of its unidirectional actuation.
The laminate does not bend in the transverse direction because the CTEs
of the CFRP and aluminum layers are close to each other, but surprisingly
bends in the fiber direction due to the large difference of them in this
direction. The CFRP layer works as a heater by application of voltage
between its both ends, so the curvature of the laminate can be controlled
by the applied voltage.
The second example, the titanium fiber/aluminum system, is another interesting and useful example. The basic concept is common to that of the
CFRP/Al active laminates. The material system is very simple but it can
generate many useful functions such as heating, actuation, temperature
sensing, deformation sensing, and so on.
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This paper presents the temperature-pressure characteristics of a newly
developed SMH actuator using a Peltier module. The SMH actuator is
characterized by its small size, low weight, noiseless operation, and compliance similar to that of human bodies. The simple SMH actuator, consisting of plated hydrogen-absorbing alloys as a power source, Peltier
elements as a thermal source, and a cylinder with metal bellows as a
mechanical functioning part, has been developed. An assembly of copper pipes has been constructed to improve the thermal conductivity of
the hydrogen-absorbing alloys. It is well known that hydrogen-absorbing
alloys can reversibly absorb and desorb a large amount of hydrogen, more
than about one thousand times of their own volume. By heating the hydrogen-absorbing alloys, the hydrogen equilibrium pressure increases due
to desorption of hydrogen, whereas, by cooling the alloys, the hydrogen
equilibrium pressure drops due to absorption of hydrogen by the alloys.
The new special metal hydride (SMH) actuator utilizes the reversible reaction between the thermal energy and mechanical energy of the hydrogen absorbing alloys. To be able to use the SMH actuator in medical and
rehabilitation applications, the desirable characteristics of the actuator
have been studied. For this purpose, the detailed characteristics of the
new SMH actuator for different temperature, pressure, and external loads
were explored.

6525-88, Poster Session
Alleviation of wind shear damage by materials
T. C. Fan, Univ. of Washington
It has been admissible that the wind shear does contribute to some of the
commercial airplane accidents in takings off and landings. The primary
causes are the loss of control because of unexpected flow conditions
and the slow responses in the deformations recovery of components and/
or control devices and in the functional resistance of materials. There will
be three sections to be reviewed in this note. They are (1) Flow conditions, (2) Critical responses, (3) Materials contributions.
(1) Flow conditions
Well recognized is a simple description of wind shear as a force transverse to the direction of flight. This force is a set of transverse shears
orthogonal to each other but in the same plane. They could be the cross
flows induced by shock due to rapid change of flow properties, non-adiabatic thermal condition, the magnetized cross flow, electrons spin in space
(Awshalom ’02), nearly rotational flow and the rotations of fluid particles
individually. The rotational flow maybe present at the region where any
compressibility is at high flow velocity ( Landau ’59). The rotation of flow
and particles generate torques in addition to normal flight loads in both
steady and transient states The transverse down load tends to shift the
point of separation on the airfoil forward and increases the width of a
turbulent wake on the trailing edges. The resulting induced drag can diminish the ratio of life/drag thus leading to a possible stall.. This disturbance not only spoils the laminar flow on the wing but also destroys the
functions of flow adjustment by flaps and airlerons. In addition the rudders and elevators of an empennage tend to malfunction in the wake of
induced vorticities.
(2) Critical responses
Well recognized is the design criteria for the prevention of an airplane in
flutter which is an eigen- value problem in a non-conservative system. It
has been treated in aeroelasticity. The resulting flutter diagram
distinquishes the regions of stability and instability or flutter for design
purposes except the wind shear. The regions are defined by functions of
configurations, materials system, flow characteristics and the relative
velocity of aircraft. The cited exception is the dynamic instability (Fan
’66), that is a study in a non-eigen value in a non-conservative system. It
is a Matheu type of problem and expects to emerge as unstable spots
even in the stable region of a flutter diagram.. Under this situation the
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flow contours are no longer laminar and the induced disturbance can
greatly reduce the necessary lift during taking -off leading to potential
stalls and to destroy the stability in landing as well.
(3) Materials contributions
In a wind shear the structural integrity of components and joints are expected to be sensitive enough to recover elastically from any disturbance.
Thus, the materials requirements demand a positive safety in the resistance on impact, fatigue, fracture and the induced critical strains under
any parametric excitations. Polymeric composites for components have
been well recognized for their high specific strength, and rigidity, besides
acceptable damping capability. However, under over heated condition,
polymer may suffer cross-linking and/or scission (Fan 1987). Joints with
new superalloys (Fan 2000) not only can remove the cited deficiencies in
polymeric materials but also can improve the impact resistance, fatigue
life and fracture toughness (Fan 1987) with higher critical strain.
References
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6525-89, Poster Session
A magneto-rheological grease (MRG) damper
F. Gordaninejad, M. Miller, X. Wang, H. Sahin, Univ. of Nevada/
Reno
This work presents an experimental study on the performance of a magneto-rheological grease (MRG) damper. A MRG consists of micron and/
or nano-sized ferrous particles suspended in grease. A prototype MRG
damper is designed, fabricated and tested. Various experiments are conducted to measure the output force response of the damper under various sinusoidal motion inputs. The performance test consists of a sinusoidal frequency sweep maintaining amplitude at a constant displacement.
For each test, the input electric current applied to the prototype MRG
damper is kept at a constant level of 0, 1.0 and 2.0 Amps. The controllability of the MRG damper force is discussed.

6525-42, Session 10
DARPA initiatives in autonomous materials

tration of particulate networks. New means of controlling the stiffness of
a structural material are also being investigated. New chemistries that
enable reversible light-induced phase change are being proposed for incorporation into a vascular composite for the purpose of chaning the stiffness. Fluidic composites are also being developed that will enabel greater
than 10:1 changes in composite stiffness through controlled flow.

6525-43, Session 10
Fluidic flexible matrix composites for autonomous
structural tailoring: for special session on
autonomous materials and material systems
Y. Shan, M. K. Philen, C. E. Bakis, K. Wang, C. D. Rahn, The
Pennsylvania State Univ.
The objective of this program is to achieve autonomous structural tailoring based on the concept of Fluidic Flexible Matrix Composites (F2MC).
Building upon and expanding from the recent Penn State research experience, this proposed investigation is to synthesize a novel adaptive structure with controllable stiffness utilizing F2MC tube elements, through hydraulic pressurization and valve control. High performance fiber-reinforced
flexible matrix composites (FMCs) have an exceptionally high degree of
elastic anisotropy, which makes them attractive for our purpose. The ratio of longitudinal to transverse elastic moduli in unidirectionally reinforced
FMCs can range from 10^2 to 10^4, depending on the fiber volume fraction, fiber modulus, and matrix modulus. By taking advantage of this high
anisotropy and the high bulk modulus of certain working fluids filling the
F2MC tubes, one can obtain large changes in stiffness by simply opening
or closing an inlet valve to the tubes. With an open valve, the system can
be very flexible. Due to its high bulk modulus, the fluid resists volume
change when the valve is closed, and because of the fiber reinforcement,
the constrained, fluid-filled, F2MC structures will develop very high stiffness. The variable stiffness structure can be easily deformed when desired (open valve and circulating the fluid) and, on the other hand, possesses high stiffness when deformation is not desired (closed valve locked state). To satisfy the system’s load bearing requirements for different applications, the maximum achievable stiffness of the structure can
be tailored by the analysis-guided selection of working fluid, filler for the
working fluid, type of fiber reinforcement in the tube walls, and orientation
of fiber reinforcement. The highly tailorable and variable stiffness properties of individual F2MC tubes can be carried over to multi-cellular structures composed of multiple F2MC tubes integrated into supporting matrix materials.
A Penn State feasibility analysis shows that the proposed concept can
vary the F2MC tube stiffness by several orders of magnitude. Given these
preliminary results, we expect that an order of magnitude stiffness change
to be an achievable goal. It is expected that with this technology, one can
develop structures with sufficient load bearing ability and massive stiffness tailorability for a wide variety of applications, ranging from soft robotics to vibration mounts to morphing aircraft control surfaces.

D. J. Leo, Defense Advanced Research Projects Agency
Recent initiatives in autonomous material systems at the Defense Advanced Research Projects Agency (DARPA) will be overviewed. Currently
there are several programs that focus on the development of autonomous material systems by incorporating mass transport into structural
materials. This paper and talk will overview recent progress made in the
fabrication of structural materials that incorporate ‘vascular’ networks that
enable controlled mass transport. Advances in direct write processing
have enabled the development of composite materials with embedded
vascular networks that enable controllable stiffness and electromagnetic
properties. The incorporation of microscale colloidal networks into structural materials has also enabled the development of material systems
that have controllable electrical properties. Recent work has demonstrated
that colloidal networks consisting of sub-micron scale particulates can
be reorganized in the presence of an electric field to produce a controllable resistor or capacitor network. This concept is being further developed and integrated into reconfigurable antenna networks that utilize a
‘colloidal switch’ to provide new functionality. Nanoscale colloidal networks are also being investigated for the purpose of controlling the absorption behavior of composites by varying the dispersion and concen-
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6525-44, Session 10
Microfluidic systems for reconfigurable RF surfaces
and systems
T. Larry, M. L. Van Blaricum, Toyon Research Corp.
The adaptive control of electromagnetic (EM) properties across the surface of a platform (land, sea, air, or space) can greatly enhance its operational capabilities and survivability. Smart microfluidic systems may be
an enabling technology for such EM control. Many important functions
and processes occur at or near a platform’s outer surface where it interacts electromagnetically with its surroundings. Communications pass
through portions of the surface and sensor systems provide information
about the environment or gather signal intelligence (SIGINT). At the surface, light or radar signals are reflected or scattered and provide the primary means of detection by an adversary’s sensor systems such as radar. An electronically reconfigurable surface (ERS) would adaptively control these EM processes. An ERS is based on the distributed and adaptive control of the RF (radio frequencies) surface properties. For an ERS
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system the RF control would be accomplished by embedding microwave
circuits containing devices with controllable impedance characteristics in
the surface region. An ERS can provide new capabilities such as enhanced
communication links, while reducing observable signatures. The subsystem that provides the impedance control should require little volume
or added weight. A microfluidic system that uses colloidal particle control
and local circulation could provide the enabling technology for the type of
distributed impedance control needed for ERS systems. Under DARPA/
DSO sponsorship the team consisting of Toyon Research Corporation
and Texas A&M University College of Engineering are working together to
determine the feasibility of this application of microfluidics. EM studies
indicate that an ERS would provide revolutionary new capabilities. The
major challenge is the need for a practical technology that can provide
the distributed impedance control. Such a technology would have the
following characteristics: (1) small control devices (mm dimensions or less);
(2) minimum electromagnetic interference EMI; (3) electromagnetic compatibility EMC with the RF systems; (4) large variations of electrical impedance; (4) applicable to wide frequency range; (5) suitable to fabrication in composite structures; (6) low power usage; and (7) would enhance
observability issues. This paper provides a systems level discussion of
the application of microfluidic systems as an enabling technology for ERS
systems. Microfluidic devices and systems provide a number of possible
mechanisms for controlling distributed impedances with very small devices. A feedback and control subsystem would use such mechanisms
to alter microfluidic device impedance characteristics, which is the basis
of the RF control. This could lead to significant advances in adaptive RF
control applications.

6525-46, Session 11

6525-45, Session 11

6525-47, Session 11

RADAR absorbing colloidal suspensions (RACS)

Bio-inspired living skin for biofouling resistance and
drag reduction

C. R. Stoldt, Univ. of Colorado/Boulder; D. C. Walther, A. P.
Pisano, Univ. of California/Berkeley; M. H. B. Stowell, Univ. of
Colorado/Boulder
This paper describes a new technology for high frequency microwave
radiation absorption. The proposed technology integrates nanoscale
magnetic materials, novel solution phase chemistry, and injection molded
microfluidics in a single package for the realization of a circulatory network for tunable microwave energy absorption. Specifically, we will utilize
the unique physical properties of colloidal suspensions of
superparamagnetic nanoparticles in microfluidic networks to generate high
performance, multi-band (multispectral) microwave absorbing systems.
In this novel technology, the RF absorbing particles are functionalized
with a tuned capping layer to improve energy transfer from the particles
to the solution. Further, these magnetic colloidal suspensions may be
manipulated by modulation of local particle concentration through interface chemistry and local permittivity within injection molded microchannels
to modify the reflected radiation. Unlike cast polymer or metal particle
laden solid layers (modified Salisbury screens), the use of colloidal suspensions as the absorbing layer allows the full absorptive potential of
highly engineered nanoparticles to be realized; by integrating these absorbers as a colloidal solution should provide better decoupling of the
particles and matrix during the absorption event and better thermal dissipation of the absorbed thermal energy throughout the structure. Further,
the use of colloidal suspensions enables system properties such as multiband reflectivity to be engineered and tuned in real time, making these
surfaces active rather than passive absorbers / reflectors. This work will
be extended toward autonomous and dynamic structures for spatially
varying microwave absorption by controlling the local aggregation of the
colloidal suspension using biomolecular ligand chemistry. Tailored DNA
surface ligands will be utilized to promote aggregation and dissolution of
nanoparticles with incident energy absorption. In this project, we will examine individual particle and colloidal suspension RF absorption in structures with coverage areas on the order of 10 square cm.
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Circulatory system for unmanned air
vehicles(autonomous materials)
S. C. Narang, Shakti Technologies, Inc.
We have built a platform circulatory system by fabricating channels whose
dimensions and layout are analogous to a fractal system where the reactants (fluids) are carried from a central reservoir, through progressively
smaller channels ultimately with a width of 100 microns as they interface
with the cellular structure. The construction of the macro/micro channel
platform has been carried out using the direct write/solid freeform photo
fabrication hybrid platform developed by the principle investigator. The
interaction of reactants is controlled at the cellular level depending upon
the fractional change in structural properties to be performed. The macro/
micro channel system is metallized with copper, nickel and gold to enable
to allow electrochemical transformations on demand.
The circulatory system has been used to increase the modulus of a beam
by polymerizing monomers to high modulus polymers with a view towards repairing structural damage. The metallized channels have been
used to alter the electromagnetic absorption of a structure via electrochemical switching between conducting,semiconducting and insulating
states. The electromagnetic characteristics have also been altered by replacing the dopant anions with anions of significantly altered
stereoelectronic characteristics by taking advantage of the circulatory
system.

R. Ganguli, V. Mehrotra, Rockwell Scientific Co., LLC; M. Peter,
B. S. Dunn, Univ. of California/Los Angeles
A new antibiofouling concept mimics biological processes by alternately
releasing non-toxic skin-forming and skin-shedding liquids from a circulatory system embedded in the structural skin of a vehicle or sensor. The
skin forming liquid transforms to a uniform viscous layer upon contact
with seawater due to the change in pH and salinity. During fouling, organic matter attaches to this viscous layer bound to the UUV skin. Subsequently, another liquid is released that chemically detaches the sacrificial skin layer, releasing the accumulated organic matter. In addition, the
degraded skin-forming layer is broken down into drag-reducing surfactants that are uniformly released into the fluid boundary layer surrounding
the vehicle, greatly reducing drag during transit. The liquids released by
the integral circulatory system thus perform the combined functions of
biofoulant removal and drag reduction. The effect of variables such as
geometry of circulation system, magnitude of pH changes upon contact
with seawater and kinetics of degradation on the skin formation and dissolution processes will be presented. Future work for successful integration of the concept with real world underwater vehicles will be discussed.

6525-48, Session 11
Full-scale flight tests of an autonomous morphing
structure using SMA actuators
J. H. Mabe, F. T. Calkins, R. T. Ruggeri, The Boeing Co.
In August of 2005 The Boeing Company conducted a full-scale flight test
utilizing Shape Memory Alloy (SMA) actuators to morph an engine’s fan
exhaust to correlate exhaust geometry with jet noise reduction. The test
was conducted on a 777-300ER with GE-115B engines. The presence of
chevrons, serrated aerodynamic surfaces mounted at the trailing edge of
the thrust reverser, have been shown to greatly reduce jet noise by encouraging advantageous mixing of the free, and fan streams. The
morphing, or Variable Geometry Chevrons (VGC), utilized compact, light
weight, and robust SMA actuators to morph the chevron shape to optimize the noise reduction or meet acoustic test objectives. The VGC system was designed for two modes of operation. The entirely autonomous
operation utilized changes in the ambient temperature from take-off to
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cruise to activate the chevron shape change. It required no internal heaters, wiring, control system, or sensing. By design this provided one tip
immersion at the warmer take-off temperatures to reduce community noise
and another during the cooler cruise state for more efficient engine operation, i.e. reduced specific fuel consumption. For the flight tests a powered mode was added where internal heaters were used to individually
control the VGC temperatures and hence the chevrons shape enabling
variable immersions and the ability to test a variety of chevron configurations. The flight test demonstrated the value of SMA actuators to solve a
real world aerospace problem, validated that the technology could be
safely integrated into the airplane’s structure and flight system, and represented a large step forward in the realization of SMA actuators for production applications. In this paper the authors describe the development
of the actuator system, the steps required to integrate the morphing structure into the thrust reverser, and the analysis and testing that was required to gain approval for flight.
Issues related to material strength, thermal environment, vibration, electrical power, controls, data acquisition, and engine operability are discussed. Furthermore the authors layout a road map for the next stage of
development of SMA aerospace actuators. A detailed look at the requirements and specifications that may define a production SMA actuator and
the technology development required to meet them are presented. Environmental, material, controls, manufacturing, maintenance, and system
integration issues are discussed. A path for meeting production requirements and achieving the next level of technology readiness for both autonomous and controlled SMA actuators is proposed. This path relies
strongly on cross functional and organizational teaming including industry, academia, and government.

6525-49, Session 11
Reversible control on anisotropic electrical
conductivity
A. Beskok, M. Bevan, Z. Ounaies, D. C. Lagoudas, P.
Bahukudumbi, J. Steuber, W. N. Everett, Texas A&M Univ.
In this talk, we present tunable assembly of reversible colloidal structures
within microfluidic networks to engineer multifunctional materials that
exhibit a wide range of electrical properties. Preliminary work has focused
on studying the electric field-directed assembly of gold colloids and understanding how tuning colloidal configurations can be utilized to modulate electrical properties within a microfluidic electric circuit. We have found
that a single circuit element can act as a variable resistor, capacitor, and
inductor by regulating the colloidal structures within the gap between
electrodes. Navigating the applied AC voltage-frequency phase space
allows us to probe a wide range of colloidal configurations that resemble
“capacitive” and “resistive” networks in their limiting cases (low frequency,
high voltage, and high frequency, high voltage respectively). All colloidal
configurations formed were reversible and repeatable, and it was possible to switch from one configuration to other interchangeably. Based on
a scaling analysis, the different electrokinetic forces that drive assembly
(electrophoresis, AC electroosmosis, and dielectrophoresis) have been
assigned to frequency and voltage domains that dictate (i) the types of
colloidal structures assembled, (ii) whether they form or break apart, and
(iii) the rates at which forward and reversible assembly occur. In addition,
the scaling analysis was able to consistently interpret experimental observations of particle dynamics over the coplanar electrode system, and
can be extended, within limits, to more complex electrode geometries in
the future. Electrical property measurements made using an impedance
analyzer conclusively demonstrate our ability to change the impedance
characteristics of the system by facilitating a change in the colloidal configuration. Integrating microfluidic systems with structural composites will
enable a new class of multifunctional hybrid materials, in which new capabilities (optical, magnetic, electrical, self-healing, etc.) will offer superior applications in the areas of optics, smart materials, electronics, and
sensors.
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6525-50, Session 12
A piezoelectric-hydraulic pump-based band brake
actuation system for automotive transmission control
G. Kim, K. Wang, The Pennsylvania State Univ.
In automotive powertrains, friction element (such as band brake) actuation systems are essential components for high quality operations in modern automatic transmissions (AT). Conventional band brake actuation systems consist of many hydraulic components, including the oil pump, the
regulating valve and the control valves (solenoid valves such as the variable force solenoid (VFS) and the pulse width modulation (PWM) solenoid). In general, we can categorize the conventional actuation system
configurations into two: indirect and direct types. In case of the indirect
type configuration, an accumulator is installed in parallel with the servo
cylinder so that varying pressure gradient can be achieved by controlling
the accumulator volume with different back pressures. These back pressures are controlled by the VFS valve in the conventional hydraulic system. In case of the direct type, the hydraulic control system is also an
essential part for actuating the servo cylinder and controlling the line pressure.
Recently, there have been growing demands for cost-effective, efficient,
reliable and durable transmission systems with improved shift quality.
Therefore, significant research efforts have been performed to reduce the
cost and improve the reliability, shift quality and fuel economy of automatic transmissions. It has been recognized that the current AT band
brake actuation systems have the following limitations:
(a) The oil pump and valve body are relatively heavy.
(b) The oil pump has inherently large drag torque.
(c) The valve body is relatively complex.
(d) The electromagnetic types of actuator do not provide high precision
controllability.
It is obvious that items (a) and (b) above will affect the fuel economy, item
(c) will affect the size and cost of the AT, and item (d) will negatively influence the shift quality performance.
This research is to overcome the aforementioned problems of the current
system by utilizing a hybrid piezo-hydraulic pump device for actuating AT
friction elements, such as band brakes. The new actuating system integrates a piezo-hydraulic pump (Mauck and Lynch, 2000; Sirohi and
Chopra, 2001) to the input of an AT band brake component. It will have
the combined advantages of piezoelectric transducers (high power density and large load authority) and hydraulic systems (large stroke). Compared to the conventional automotive AT band brake hydraulic actuation
systems, this new hybrid type device features much simpler structure,
smaller size, and lower weight.
The system is synthesized by combining the piezo-hydraulic pump with
customized double acting cylinder actuator. This paper describes the
design, fabrication and performance test of a stand-alone prototype for
demonstration of the new concept. The actuation authority is evaluated
via static test on a transmission stand prior to spin test. In addition, both
the effect of accumulator pressure on dead head pressure and a comparison of performance including leakage in the locking mode with respect to the two one-way valves, reed valve and check valve, are investigated.

6525-51, Session 12
Effectiveness enhancement of a cycloidal wind
turbine by individual active control of blade motion
S. J. Kim, I. S. Hwang, I. O. Jeong, Y. H. Lee, Seoul National
Univ. (South Korea)
The importance of the wind energy as the alternative energy resource has
increased, and the research of small wind turbine system designed for
urban environment in addition to big wind turbines located on hill-tops or
in offshore area has been increased. The small wind turbine that can be
used in densely built-up area is marketable, however different design factors should be considered because of relatively low wind speed and tur-
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bulence. The cycloidal wind turbine is suitable for efficient using of complex wind energy, easy to maintain and less noisy, and the research about
this system is described in this paper.
The cycloidal wind turbine is an enhanced straight vertical axis wind turbine. It maximizes rotating force by optimization of individual blade pitch
angles through active control according to the change of wind speed and
wind direction. In this paper, 1 kW class wind turbine is designed and
manufactured for analytic and experimental studies. The rotor system
consists 4 blades of 1 m length span, 0.66 m length chord and 1 m radius. Each blade has optimal pitch angle variation calculated by commercial CFD analysis program, STAR-CD considering the change of wind
data and rotor rotating speed. To improve the accuracy of numerical analysis, 1.3 TFlops cluster computer in our laboratory is used.
Wind speed, wind direction and rotor rotating speed are sensed and optimal blade pitch angles of each blade are calculated according to the
sensed data. The control part is realized to receive data and make signals
for servo actuation. The generated power from the wind turbine is measured by connecting the torque sensor to the rotor axis. Experiments at
the various wind conditions are on-going to prove effectiveness of the
cycloidal wind turbine.
The rotor performance can be improved by the cambered airfoil although
the rotor system in this research has symmetric airfoil of NACA0018. The
most efficient blade that is more suitable to the cycloidal wind turbine can
be designed by the airfoil optimization and the research for the rotor optimization considering several design parameters including blade chord
and span length, rotor radius and number of blades, and this is in progress.

6525-52, Session 12
Analysis of the vibration localiztion phenomenon in
rotationally periodic structures
G. Caruso, Consiglio Nazionale delle Ricerche (Italy); P.
Bisegna, Univ. degli Studi di Roma Tor Vergata (Italy)
Rotationally periodic structures, which are composed of N identical substructures periodically arranged around a symmetry axis, play a very important role in many fields like mechanical engineering (turbine bladed
disks), civil engineering (cooling towers), electrical engineering (stators
and rotors of electric generators) and aerospace engineering (satellite
antennae). As a consequence of their wide application, much research
has been devoted to study their dynamical behavior in the last decades.
Due to the periodicity they possess, these structure exhibit couples of
orthogonal degenerate eigenmodes at the same eigenfrequency. It is well
known that when structural imperfections are present, destroying the
perfect periodicity of the structure (mistuning), the couple of degenerate
modal frequencies split into two different values and the corresponding
modal shapes exhibit peaks of vibration amplitude (localization phenomenon). The localization phenomenon, which may lead to fatigue failure of
the structure, has been analyzed by several authors by using finite element models, which are accurate but require high computational effort,
or by using reduced order models, which are able to capture the essential
dynamics of the structure but need long calibration processes based on
several experimental measurements to tune the unknown parameters
contained in the model. In this paper a continuous model describing the
out-of plane vibrations of a bladed ring, presented by the authors in a
previous paper, is slightly modified and applied to the analysis of the localization phenomenon in slightly imperfect rotationally periodic structures. The continuous model, based on the Euler-Bernoully beam theory
and the homogenization technique, enables to represent a vibrating bladed
ring structure as a vibrating beam with suitable complex boundary conditions, taking into account the coupling between the blades due to the
annular support. The mistuning here considered is obtained by slightly
changing the geometrical dimensions and the material characteristics of
some of the blades, resulting in a local variation of the homogenized linear density and bending stiffness of the blades. A perturbation approach
is adopted in order to find out the frequency split and the eigenmodes of
the imperfect structure. Several case study problems are than considered in order to compare the results obtained by the proposed approach
to results obtained by using a suitable finite element technique. The comparison shows that the proposed model is suitable and accurate for the
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identification and the analysis of the localization phenomenon and requires very low computational effort, thus being an efficient tool for the
design of rotationally periodic structures.

6525-54, Session 12
Work of PZT ceramics sounder for sound source
artificial larynx
Y. Sugio, R. Kanetake, K. Ooe, Ritsumeikan Univ. (Japan)
In only Japan, there are twenty thousand utterance handicapped persons
by the larynx loss. For the persons, various speech production substitutes which aim to?\@reconstruct speech functions have been developed
and used practically. But conventional speech production substitutes have
various problems, including bad tone quality and inconvenience. Therefore perfect speech production substitutes expect to be developed and
we aim to develop the easy-to-use electric drive artificial larynx with high
tone quality. This time, we explain the sound source for the artificial larynx in detail. We focus on using a PZT ceramics sounder as its sound
source of the larynx. Because it is small size, low power consumption,
and harmless to humans. But conventional speakers have the problem
that it cannot generate an enough sound in the low frequency range. Because a resonance frequency of conventional PZT ceramics sounder is
about 1k Hz, while a basic frequency of adult male’s laryngeal tone is
extremely low with 125Hz. Thus we cannot used conventional it for artificial larynx. Therefore, we aim to develop the PZT ceramics sounder which
can generate enough volume in the low frequency range. Such a speaker
is used in various products, including earphone and cellular phone. If we
can lower the resonance frequency of the sounder, it can generate low
pitch sound easily. Therefore I created new vibrating plate with low resonance frequency. The feature of the new vibrating plate is its own structure. The shape of conventional vibrating plate was only circular form, but
the shape of our new vibrating plate is supported by some brace. The
feature makes the resonance frequency low. Because stiffness of the vibrating plate is lowered by our new vibrating plate structure. We can adjust the resonance frequency by changing the number, position, and shape
of the brace. In addition, we could obtain the high amplitude by changing
method of driving. This time, we report on the characteristic comparison
of this PZT ceramics sounder and conventional it. Furthermore, for this
PZT ceramics sounder, we analyzed the best arrangement of PZT ceramics and the shape of the vibrating plate to obtain low resonance frequency
and big amplitude. In fact we analyzed the optimization of the structure.
The analysis is done by computer simulation of finite element method
and fast Fourier transformation analyzer of generated sound. The contents of the simulation is a frequency response analysis, a piezo-electric
analysis, and an acoustic analysis with the structure analysis software
ANSYS. In the future, we add intonation to the generated sound by Input
wave form which is developed concurrently, and implant the speaker inside of the body by the method of fixing metal to biomolecule which is
done too. And so high tone quality and convenient artificial larynx are
completed.

6525-55, Session 12
Beams with controllable flexural stiffness
F. Gandhi, The Pennsylvania State Univ.
The genesis of the idea for this work came from constrained layer damping (CLD) treatments. Consider a system comprising of a base beam covered by a polymer and a constraining layer on both the upper and lower
surfaces. The upper and lower constraining layers can be of the same
material as the base beam. In a CLD treatment, the constraining layer
induces cyclic shear in the viscoelastic polymer as the base beam undergoes flexural oscillation, and thereby introduces damping. The performance of the system is highly dependent on the properties of the polymer vis-à-vis the base beam and the constraining layers. The properties
of the polymer can, in turn, be controlled by changing its temperature. It
is these facets that we seek to exploit.
In essence, the CLD treatment described above can be thought of as a
multi-layered beam. When the polymer is in the glassy state and has a
very high shear modulus, the top and bottom “constraining layers” are in
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Modal analysis of stepped piezoelectric beams

methods to extract modal frequencies and mode shapes of beams with
multiple piezoelectric patches; (ii) to comment on the errors introduced
by standard approximate methods such as AM and FE, and to suggest
possible improvements; (iii) to experimentally show that, for typical materials and geometry, the modal properties of a beam with multiple piezoelectric elements can be reasonably estimated by a simple Euler-Bernoulli model with proper constitutive coefficients.
References:
[1] Z.K. Kusculuoglu, B. Fallahi, T.J. Royston, Journal of Sound and Vibration 276 (2004) 27-44.
[2] C.H. Park, Journal of Sound and Vibration 268 (2003) 115-129.
[3] S.M. Yang, Y.J. Lee, Journal of Sound and Vibration 176 (1994) 289300.
[4] N.D. Maxwell, S.F. Asokanthan, Journal of Sound and Vibration 269
(2004) 19-31.
[5] W.H. Wittrick, F.W. Williams, International Journal of Mechanical Sciences 12 (1970) 781-791.
[6] Q. Zhaohui, D. Kennedy, F.W. Williams, International Journal of Solids
and Structures 41 (2004) 3225-3242.
[7] R.C. Batra, M. Porfiri, D. Spinello, International Journal for Numerical
Methods in Engineering 61 (2004) 2461-2479.

M. Porfiri, Polytechnic Univ.; C. Maurini, J. Pouget, Univ. Pierre
et Marie Curie (France)

6525-57, Session 13

effect rigidly attached to the base beam. The net result is a “thick” multilayered beam with a high flexural stiffness. When the temperature of the
polymer is increased so that it goes through glass transition and into the
rubbery state, its shear modulus progressively decreases. Consequently,
when the base beam is subjected to a bending load, the compliant polymer layer shears, and the top and bottom “constraining layers” are, in
effect, decoupled from the base beam. This results in a large reduction in
the flexural stiffness.
This concept has been experimentally verified by dividing each polymer
layer into two sub-layers and introducing an ultra-thin electric heating
blanket between the sub-layers. A vertical load is applied at the tip of
base beam and the vertical tip displacement is measured to deduce the
effective bending stiffness. This process is carried out at different temperatures and a large reduction in the flexural bending stiffness is observed with increase in temperature. An analytical model is developed for
the system and the predicted variation in beam tip displacement and flexural stiffness, as a function of polymer shear modulus, is seen to compare well with the experimental measurements. The full-length paper will
give a detailed description of the test, the analysis, and the results.

6525-56, Session 13

Piezoelectric materials are used as sensors and actuators in control applications because of their ability to simultaneously detect structural deformations and exert control actions in a wide frequency range. Layers of
piezoelectric ceramics are integrated in structural elements, by either
surface bonding or direct embedding, to form composite electromechanical structures. These elements modify the structural properties by adding
mass and stiffness, material discontinuities, and new electric properties
(such as the equivalent electrical capacitance). Especially in lightweight
structures, these additional contributions strongly affect the modal properties of the overall structure and cannot be neglected. At the same time,
the precise knowledge of the modal properties is the starting point for
controllers design. For these reasons, many efforts have been devoted to
develop numerical and experimental tools for structural modeling of piezoelectric composites. Galerkin methods, as finite element (see e.g. [1])
or assumed modes (see e.g. [2]), are frequently used in the modal analysis of stepped piezoelectric beams. The problem of finding the modal
properties of a stepped piezoelectric beam was formulated for instance
in [3,4]. This implies the root-finding of transcendental equations (for natural
frequencies) and the inversion of ill-conditioned matrices (for mode
shapes). The related numerical problems become soon unsolvable when
increasing the number of piezoelectric elements. Accurate methods for
the solution of transcendental eigenvalue problems are proposed in Refs.
[5] (natural frequencies) and in Ref. [6] (natural frequencies and modes
shapes), but they have not yet been applied to piezoelectric structures.
In the present paper, we examine and compare four different techniques
for modal analysis of stepped piezoelectric beams. The first technique is
based on the reliable and efficient method recently proposed in Ref. [6]
for the solution of the exact transcendental eigenvalue problem, formulated in terms of the dynamic stiffness matrix (last energy norm (LEN)
method). Next, we test, by comparisons with the exact solution from the
LEN method, three different Galerkin methods for obtaining a finite-dimensional version of the system. Besides the classical assumed modes
(AM) method and finite-element (FE) method, we propose a novel enhanced version of the AM method, which introduces special jump functions (see e.g. Refs. [7]) to enrich the standard basis functions (enhanced
assumed modes, EAM).
Comparisons between experimental and theoretical results are given in
Refs. [1,2,4]. However, the accuracy of the numerical techniques used for
computing the structural modal properties, on one hand, and the reliability of the experimental methods used for their identification, on the other
hand, have not been analyzed thoroughly. For these reasons, it is often
difficult to understand if the discrepancies between theoretical predictions and experimental measurements, should be ascribed to inadequate
theoretical models, to inaccurate numerical algorithms or to imprecise
measurements. The aims of this paper are manifold: (i) to propose reliable
50
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Radiation cluster control in a rectangular plate using
distributed sensors
T. Kaizuka, Tokyo Metropolitan Institute of Technology (Japan)
and Japan Society for the Promotion of Science (Japan); N.
Tanaka, Tokyo Metropolitan Institute of Technology (Japan)
Structural modal functions of symmetric structures are clustered to even
or odd function and each of the clusters uncouples with the other clusters in the radiated acoustic field. This indicates that the clusters are some
type of orthogonal contributors with respect to the radiated acoustic field.
The clusters are referred to as “radiation clusters” in contrast with radiation modes which are well-known orthogonal contributors with respect to
the acoustic power. The radiation clusters may be reasonable quantities
as an error criterion for active control of sound radiation, because the
radiation efficiency grouping of the radiation modes of some symmetric
structures at low frequencies is connected directly with the radiation clusters. The most significantly influential radiation mode in some symmetric
structures such as beams, rectangular plates, spheres, and rectangular
boxes has the monopole-type modal shape, the amplitude of which corresponds to the net volume velocity of the structure. It can be deducted
that the most significantly influential radiation mode is a combination of
the structural modes associated with the volumetric component, i.e. the
even radiation cluster. On the other hand, less significantly influential radiation mode is a combination of the structural modes associated with
the non-volumetric component, i.e. the odd radiation cluster. Furthermore,
it is recognized that the upper bound of the radiation efficiency of the
even radiation cluster of a rectangular plate is much higher than that of
the odd radiation cluster at low frequencies. This indicates that a reasonable active control of sound radiation from symmetric structures into free
space can be performed, when the error criterion of the control system is
set to be the even radiation cluster. Such observation provides the physical background for the current work. The authors have proposed the active control of harmonic sound radiation from symmetric structures into
free space based upon independently measuring and controlling each of
the radiation cluster amplitudes, termed “radiation cluster control”. The
approach falls into a category of MAC (middle authority control), which is
between LAC (low authority control: structural modal control and elemental
radiator control) and HAC (high authority control: radiation modal control), possessing the benefit of practicality over LAC, while providing high
control performance and some flexibility of control gain assignment similar to HAC. The purpose of this paper is verifying the validity of the radiation cluster control by numerical simulations. Specific examples relating
to the radiation cluster control of a simply supported rectangular plate in
an infinite baffle are given. To carry out the radiation cluster control, mechanisms of filtering individual radiation cluster using distributed sensors,
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referred to as “radiation cluster filtering”, as well as mechanisms of actuating individual radiation cluster using point actuators, referred to as “radiation cluster actuation” are theoretically developed. Combining radiation cluster filtering and radiation cluster actuation, radiation cluster control can be performed. It is remarkable that radiation cluster filtering and
radiation cluster actuation do not require a large number of sensors and
actuators, known structural modal functions, and known radiation resistances. Hence, radiation cluster control is much more practical than radiation modal control which requires a large number of sensors to construct radiation modal filters.

6525-59, Session 13
System integration of Utah electrode array using a
biocompatible flip chip under bump metallization
scheme
R. Bhandari, S. Negi, The Univ. of Utah; M. Toepper,
Fraunhofer-Institut für Zuverlässigkeit und Mikrointegration
(Germany); L. Reith, The Univ. of Utah; M. Klein, H. Opermann,
Fraunhofer-Institut für Zuverlässigkeit und Mikrointegration
(Germany); R. A. Normann, F. Solzbacher, The Univ. of Utah
Material selection is one of the most important tasks for biomedical
microsystems. Unlike consumer products or automotive applications, the
aspect of biocompatibility has to be taken into account for implantable
electronic devices. The assembly process can not be neglected because
solder, fluxes and under filler are mostly developed for applications outside the human body. In this work we use flip chip bonding in a novel way
which enables the system integration of Utah electrode array (UEA). Conventionally the flip chip process is used to bond a die to a substrate or
interposer. In this paper the electrical interconnects are made from the
Under Bump Metallization (UBM) on the UEA to the solder bumps on the
IC. As a result of this the UBM should make Ohmic contact, provide an
excellent adhesion (silicide formation) with the underneath Si-substrate.
The electrical contact resistance of the UBM /Solder should be minimized.
The stress of UBM system should be optimized to avoid Si cratering. The
interfacial reaction between the UBM layer and the solder bump should
be minimum due to its brittle behaviour.
Few metals are well established as biocompatible, and the experiments
to date have focused on these materials. This work investigate UBM that
consisted of a sputter deposited thin film sequence of Ti/Pt/Au/TiW with
respective thicknesses of 50/150/150/100 nm. Ti acts as an adhesion
layer, Pt as a diffusion barrier, Au as a wettable metallization and TiW as a
wetting stop layer. In order to optimize the deposition conditions for the
UBM stack, a 2x2 full factorial Design of Experiments (DOE) was used.
The factors investigated using a 2 level design included Ar process pressure (5 and 20 mTorr), and the deposition power (45 and 90 W). The effect
of these parameters on the residual stress was studied. An adhesive tape
test was performed on UBM, which show showed good adhesion. The
residual compressive stress of - 56 MPa in the optimized metallization
was measured.
In order to evaluate the integrity of the UBM we did shear test on the
optimized metal stack. The Under bump shear test indicates that at 700
cN force on the 100 bond pads, the UBM delaminates completely indicating bad adhesion of the UBM to the substrate. Shear testing of more
samples is in progress. Energy Dispersive X-ray analysis EDX was used
to investigate the composition from the delaminated bond pad area and
3.46 weight percent of Ti was found. This suggests that the Ti film reacted with the Si to form a silicide. Also, substantial amount of Sn (35.66
weight percentage) was found in the delaminated bond pad area which
suggests that an intermetallic compound might have formed which could
degrade the mechanical strength of the UBM. Investigation of UBM’s
composition analysis by Electron Spectroscopy for Chemical Analysis
(ESCA) is in progress.
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6525-60, Session 13
Smart vortex generator transformed by change in
ambient temperature and aerodynamic force
T. Ikeda, S. Masuda, T. Ueda, Nagoya Univ. (Japan)
Vortex generators (VGs) are devices designed to delay or prevent flow
separation by generating vortexes and mixing a flow. They generally consist of solid vanes that are fixed to a surface of a wing. For some airplanes, they are necessary during takeoff and landing, when the wing has
a high angle of attack and a large camber. However, this type of VGs has
an adverse effect during cruise because they create drag. Moreover, the
cruise time is much longer than the takeoff and landing time. Accordingly,
if the position of the VG can be controlled depending on the wing configuration, the thrust required for cruise flight can be reduced. Therefore,
we propose a new VG concept, whereby the VG is autonomously transformed between an upright vortex-generating position during take-off and
landing and a stowed drag-reducing position during cruise by utilizing a
function of Shape Memory Alloy (SMA) and temperature difference between the ground and the cruise altitude. This VG is referred to as Smart
Vortex generator (SVG).
In the previous paper [Ikeda et al. 2006 Proc. ICAS 2006 ICAS2006-4.7.2],
the SVG was composed of an SMA plate memorizing an upright position
at high temperature, to which a blade spring was hooked. The deformability
of the SVG was verified with a simplified mathematical model and a conceptual demonstration model.
In this paper, we discuss whether aerodynamic force can be used to transform the SVG into the stowed position instead of the blade spring. To
study the feasibility of this SVG, numerical simulations are carried out,
where the SVG is assumed to obey the beam theory and an SMA line
element in the SVG is looked to. The aerodynamic force is estimated by
STAR-CD for several combinations of the declining angle of the SVG, the
ambient temperature, and the airspeed. For the constitutive model of the
SMA line element, our one-dimensional phase transformation model [Ikeda
et al. 2004 Smart Mater. Struct. 13 916-925: Ikeda 2005 Proc. SPIE 5757
344-352] is adopted, because this model is simple and reasonably accurate. Result reveals that this SVG can be also transformed from the upright vortex-generating position to the drag-reducing position and vice
versa by changing the ambient temperature and aerodynamic force only.

6525-61, Session 13
Experimental and numerical evaluation of damping
capacity of an innovative multifunctional shape
memory alloy damper
W. Ren, Tianjin Univ. of Technology and Education (China) and
Dalian Univ. of Technology (China); H. Li, Dalian Univ. of
Technology (China); G. Song, Univ. of Houston
Superelastic shape memory alloys (SMAs) have the unique ability to undergo large displacement while reverting back to their original undeformed
shape, which produces a significant amount of energy dissipation.
Superelastic SMAs have shown promise for passive augmentation of structural damping in seismic design of civil engineering. At present, some
kinds of SMA dampers have been developed. These dampers not only
has been proven as means to control the response of structures theoretically and experimentally, but also have some unique properties superior
to the energy dissipating devices made out of other materials, such as
higher quality and reliability, excellent low- and high-cycle fatigue, good
corrosion resistance, lower maintenance price, and so on. However, the
existing SMA dampers generally have one-degree-of-freedom and only
provide unidirectional energy dissipation capabilities during an earthquake.
It is well known that the seismic response of structures is stochastic,
especially the structural vibration direction is uncertain. To achieve the
multidimensional vibration control of structures subjected to earthquake
ground motions, an innovative shape memory alloy damper with multidegree-of-freedom is advanced and its damping properties in different
directions are evaluated by experiment and theory.
First, cyclic loading tests of superelastic SMA wires are conducted under
both quasi-static and dynamic rates. The Graesser’s model are set up
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according to the hysteresis of the stress-strain curve for a single cycle.
Second, an innovative shape memory alloy damper is designed. The
configuration of the damper consist of two simple coaxial cylinders with
different diameter, to which eight groups of superelastic SMA wire strands
are fixed radially symmetrically. The SMA wires are prestressed to the
middle of the yield plateau. The relative planar motion between the two
cylinders is random orientational, which is resisted by SMA wires. Being
elongated or shortened alternately, SMA wires provide rectangular hysteresis with an approximately constant resisting force and resistance force
damping. What’s more, when the two cylinders have the relative vertical
and torsional motion, all wires are subject to tension and resists the motions with an rectangular flag hysteretic shape. Therefore, the multifunction of the innovative damper is its ability to absorb vibrational energy
coming from planar random direction, associated with its energy-dissipating capability and self-centering capability in vertical and torsional orientation.
Third, the mechanical behaviors of the innovative SMA damper are tested
on MTS machine, considering the influence of loading frequency and displacement amplitude on the damper’s hysteresis. The damper’s mechanical parameters, such as the stiffness, control force and dissipated energy, are analyzed emphatically.
Fourth, the mechanical model of the innovative SMA damper is established. The values and directions of wires’ tensions depend on the relative motion between the two cylinders, and vector sum of all tensions
provide a resisting force. Based on the Graesser’s model, a simulink procedure is finished to simulate the mechanical behavior of the damper
under different loading condition. Some comparisons of the model predictions and the experimental data are given.
Finally, some conclusions are drawn that the newly developed SMA
damper possesses multifunctional mechanical behaviors, and its mechanical model is scientific and effective

6525-62, Session 14
Adaptive and controllable compliant systems with
embedded actuators and sensors
B. P. Trease, S. Kota, Univ. of Michigan
The paper presents a framework for the design of a “compliant system”;
that is, the concurrent design of a compliant mechanism with embedded
actuators and embedded sensors. We focus on methods that simultaneously synthesize optimal structural topology and placement of actuators and sensors for maximum energy efficiency and adaptive performance, while satisfying various weight and performance constraints. The
goal of this research is to lay a scientific foundation and a mathematical
framework for distributed actuation and sensing within a compliant active structure.
Key features of the methodology include (i) the simultaneous optimization of the location, orientation, and size of actuators concurrent with the
compliant transmission topology and (ii) the concepts of controllability
and observability that arise from the consideration of control, and their
implementation in compliant systems design. The methods used include
genetic algorithms, graph searches for connectivity, and multiple load
cases implemented with linear finite element analysis. Actuators, modeled as both force generators and structural compliant elements, are included as topology variables in the optimization. Results are provided for
several studies, including: (1) concurrent actuator placement and topology design for a compliant amplifier and (2) a shape-morphing aircraft
wing demonstration with three controlled output nodes. Central to this
method is the concept of structural orthogonality, which refers to the unique
system response for each actuator it contains. Finally, the results from
the controllability problem are used to motivate and describe the analogous extension to observability for sensing.
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6525-63, Session 14
Metal Rubber(tm) sheet and fabric materials and
devices
J. H. Lalli, A. J. Hill, M. Homer, R. O. Claus, NanoSonic, Inc.
This paper describes recent improvements and new variations of Metal
Rubber(tm) materials and devices. Metal Rubber(tm) is a self-assembled
nanocomposite material consisting of multiple molecular monolayers of
advanced polymers and metal nanoclusters formed so the material is
electrically conductive and mechanically flexible. Depending on the properties of the polymers, the properties of the nanoclusters and the synthesis process, the electrical conductivity, the modulus, and the way in which
the conductivity varies as a function of strain, all may be controlled. Recent work has led to a decrease in the lowest achievable modulus for the
family of free-standing Metal Rubber(tm) sheet materials to approximately
0.1MPa, and a decrease in the lowest achievable electrical resistance to
on the order of 10-6 &#61527;•cm. Additionally, recent work has led to a
broader range of control over the resistance versus strain behavior, and
both larger percent variations in resistance with strain for strain sensor
elements, and lower percent variations in resistance with strain for sensor
interconnects and wiring. Furthermore, the same Metal Rubber(tm) process has been used to fabricate lightweight, electrically conducting and
mechanically flexible woven fabrics, and self-assembly patterning methods have been used to pattern electrically conductive functional interconnect arrays, circuits and electrodes within both the fabric and sheet
materials. The paper will discuss this recent progress with these manufactured materials, as well as consider analytical models and corresponding experimental results concerning the electrical conductivity percolation behavior in such organic/inorganic nanocomposites.

6525-64, Session 14
Test/analysis correlation for a Nomex-based
honeycomb with piezoelectric patch
C. Florens, ONERA (France) and École Centrale Paris (France);
E. Balmès, École Centrale Paris (France); F. Cléro, ONERA
(France)
Reducing noise transmission inside cabins to improve the comfort of passengers is an important concern for the aircraft industry. Trim panels are
usually made of honeycomb sandwich composite. Such panels have a
high strength to weight ratio, but acoustical properties have to be improved by acoustic treatments. Passive treatments are efficient for high
frequencies, active sound and vibration control is a solution to reduce
residual noise for low and medium frequencies.:
Finite Element Models of honeycomb trim panels can be used to predict
the effect of active control in aircraft or helicopter applications and thus
impact the design of such active systems. The aim of the present study is
to obtain a FEM of honeycomb sandwich equipped with piezoelectric
patches, accurate enough to well simulate the vibroacoustic active control.:
Two FEM strategies are considered in this study: the classical laminate
with shells for the skins and volume elements for the core and a detailed
shell model that accounts for the exact geometry of honeycomb cells as
well as an equivalent model for the glue. An automated numerical homogenization procedure is implemented in Structural Dynamic Toolbox
for Matlab [1] to estimate the core element properties from the detailed
3D model. A similar procedure is also used to update properties of panel
samples built with Nomex paper honeycomb and woven carbon fiber skins.
It is in particular shown that Nomex has a significant viscoelastic behavior.:
In a second phase, a shell representation of PZT piezoelectric patches is
introduced based on the formulation discussed by Piefort [2]. The paper
details correlation of the FEM with an experimental modal analysis of a
beam equipped with three patches (Mide QuickPack QP20w) which has
been carried out at the MarcusWallenberg Laboratory for Sound and Vibration Research (MWL) of KTH Stockholm University.:
Two piezoelectric patches are bonded on the sandwich top surface, while
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the third is placed on the bottom surface to verify if collocation is obtained in such configurations. Two accelerometers are used to measure
the normal acceleration. In parallel to the piezoelectric patches and accelerometers, a Polytech laser vibrometer was used to measure normal
velocity at 26 points centered on the beam upper surface. The spatial
step was increased on the patches to give better details on the local
behavior on the patches.:
The correlation of both electrical and mechanical transfers in various configurations with the patches used as sensors or actuators gives a good
basis for the validation of the FEM modeling strategy in the frequency
range of interest for active control applications. This discussion in addresses the need for model refinement near the patches and model reduction for the generation of state-space models used for control.:
References:
[1] E. Balmes and J.-M. Leclere, Structural Dynamics Toolbox - FEMLink.
User’s Guide Version 5.2, May 2005.:
[2] V. Piefort, Finite Element Modelling of Piezoelectric Active Structures.
PhD thesis, Active Structures Laboratory Department of Mechanical Engineering and Robotics, Université Libre de Bruxelles, Belgium, 2001.

6525-65, Session 15
Zero-power shock sensors using bistable compliant
mechanisms
B. Hansen, S. M. Schultz, A. R. Hawkins, C. Carron, Brigham
Young Univ.
There are various applications of shock sensors, ranging from cell phones,
to postal packaging, to automobile safety designs. These devices are
designed to indicate when a predetermined threshold of impact force has
been experienced. The designs of these sensors are varied, from electrical stimulus to magnetic force. Much of the fabrication complexity and
cost comes from the packaging and need to supply power to the sensor.
Therefore, there is a need to create zero power shock sensors. By making
shock sensors that require zero electrical power, the connection and packaging will be practically eliminated.
We present a new shock sensor which employs the use of a bistable
compliant mechanism. A compliant mechanism is a one-piece mechanical component that is designed to be flexible. The bistability means that
the mechanism has two stable mechanical states. When an impact force
is “felt” by the device, it will switch to the other stable state. This allows
quick and easy determination of shock to a system Furthermore, as the
device is bistable, it requires absolutely no electric power to operate, simplifying design, integration, and packaging.
The zero power shock sensor consists of a base with two pairs of symmetric legs attached to a surrounding mass. This pattern is laser cut from
a thin plastic sheet, resulting in inexpensive fabrication. As the surrounding mass experiences an acceleration force, it pushes on the symmetric
leg pairs, and the leg pairs resist. When the threshold value is reached,
the leg pairs push off the stiff, non-bending parts of the device, creating
an effect similar to a compressed spring. The device then snaps into a
second position. The device can be switched back and forth many times.
A further benefit of these devices is that one shift requires far more force
than the other, ensuring that the device will not switch back to its original
position before it can be read. In order to keep the device as a zero power
sensor, a color-coded indicator has been integrated into the sensor, allowing quick and easy determination of whether or not the predetermined
threshold of impact force has been reached.
Several different design variations of this component are presented along
with the effect on the overall required actuation energy. The device can
be customized to fit specific needs through variations of leg length, leg
angle, and size of the surrounding mass. This particular design is robust,
and allows for many alterations. Only a rudimentary understanding of
compliant mechanisms is needed to design this sensor to indicate shock
at desired levels. For example, by simply altering the size of the surrounding
mass, a linear change in both actuation forces of the device is achieved.
Devices have been fabricated that switch in the sub-ten G-force range,
and up to over 1000 G’s. The ease of design can facilitate production and
distribution of the sensors to many different applications.
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In conclusion, we discuss how a bistable compliant mechanism behaves,
and how it can be used as a zero power shock sensor. They can be modified in a predictable manner to achieve the desired threshold value. They
can be designed in a way to utilize a color-coded testing scheme to allow
easy real-world application of the sensor. The zero power shock sensors
are simple, easy to design, inexpensive, and efficient to mass-produce.

6525-66, Session 15
Electric field sensor based on core-replaced optical
D-fiber
E. K. Johnson, R. H. Selfridge, S. M. Schultz, Brigham Young
Univ.
Microwave signals can produce a detrimental impact on modern electronics. In order to effectively study the effects of these signals on electronic circuitry, electric field sensors need to be in very close proximity to
the electronics. Existing electromagnetic field sensors are typically too
large to embed into a device and their metallic components perturb the
fields they are intended to measure. These needs have been met in part
by the development of optical devices that use dielectric structures,
coupled with optical fiber. In these devices the optical fiber is used as the
transport media such that the electronics can be removed a safe distance away from any testing. However, the implementation of optical devices has been hindered by the loss and complexity associated with alignment and packaging of this type of device. Furthermore, these optical
devices are too large to place in close proximity to the electronic circuits
under test.
In this paper we address these needs by the development and fabrication
of an entirely in-fiber electric field sensor. The in-fiber nature of this sensor makes it very compact and eliminates the need for alignment and
packaging. Because of its compact size it can be embedded directly into
an electronic circuit. Furthermore, the sensor is composed of dielectric
material making it possible to measure the field near the circuitry without
significant perturbation to the incident field.
An EM insensitive fiber can detect electric fields when the core of the
fiber is partially removed and replaced with an electro-optic polymer. This
polymer causes a change in the index of refraction in the waveguide of
the device when in the presence of an electric field. The change in the
effective index of refraction changes the speed of the light in the vertical
axis relative to the light in the horizontal axis creating a phase change
between the two axes. This phase change can be detected as a change
in the polarity of the light coming out of the fiber. This change in polarization can be detected with a polarization analyzer or by the use of a linear
polarizer and an optical power detector. Using a linear polarizer in front of
a power detector will change the phase shift into an intensity change that
can be detected by the optical power meter.
The in-fiber field sensor uses a D-shaped optical fiber (D-fiber) as a device platform. The D-fiber provides a good platform because it allows
access to the light in the core of the fiber without destroying the physical
integrity of the fiber.
The electric field sensor is created by replacing a portion of D-fiber core
with an electro-optic polymer. The elliptical core of the D-fiber is partially
removed in a section of fiber approximately 2cm in length using hydrofluoric acid. Hydrofluoric acid is used to selectively etch out the core of
the fiber because it etches the germania-doped core faster than the fluorine-doped cladding, making a groove in the core of the fiber while leaving the cladding intact.
A solution of PMMA and DR1 is then spun into the groove of the fiber
creating a thin film of nonlinear optical polymer inside of the core region
of the fiber. The polymer and remaining core of the fiber makes a waveguide
that has a strong interaction between the guided light and the polymer.
This polymer changes the properties of the waveguide when in the presence of an electric field if the molecules of the polymer are aligned through
poling. Poling of the polymer is accomplished by heating the thin film
close to the glass transition temperature of the PMMA host and applying
an electric field. This field aligns the DR1 giving it its nonlinear characteristics. As the temperature is lowered while the field is applied the DR1 is
locked into place maintaining its nonlinear optical properties.
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Using a polarization analyzer we demonstrate the operation of the first all
in-fiber electric field sensor. By applying an electric field to our sensor we
observe large phase shifts exceeding 180 degrees. This field sensor because it is only a fraction of a millimeter in diameter is compact enough to
be embedded into electronic circuitry and because this new sensor is
made out of all dielectric materials it can test the electric field with minimal field perturbation. This will allow engineers a valuable look into what
was before immeasurable.

6525-67, Session 15
Analysis, construction, and testing of a large
displacement bistable piezoelectric actuator
J. Monreal, Royal Belgian Military Academy (Belgium); G.
Giannopoulos, J. Vantomme, Royal Belgian Military Academy
(Belgium) and Vrije Univ. Brussel (Belgium)
Piezoelectric actuators are used in a wide range of disciplines from MEMS
to large scale structures. Bimorph actuators consisting of two piezoelectric layers around a substrate structure have been used in a number of
applications for both sensing and actuation. They have been considered
till now as one of the optimal structures providing sufficient free displacement and moderate blocking forces. On this issue the role of the substrate is critical and alters the behavior of the actuator. However, for many
applications the combination of force/displacement provided by these
actuators does not fulfill the necessary requirements. For this reason new
concepts have been developed in order to increase the operational envelope of these structures and conquer new domains for applications.
Non-linear mechanics are entering thus the stage transforming traditional
bimorph actuators into non-linear large displacement actuators with increased blocking forces. A number of researchers have addressed already the issue of non-linear mechanics in smart structures in theoretical
level. In the majority of the work that exists in literature non-linear mechanics are examined in a theoretical level and there is no provision for
using non-linear mechanics in actuator mechanisms.
However, non-linearity if used in a proactive way and get rid of the misconceptions that exist for this kind of structures can provide an excellent
solution for developing high displacement/blocking forces piezoelectric
actuators. In this direction the work that has been performed is rather
limited. In the work of Barrett et al.(2005) an analytical model is presented
for the non-linear actuator but there is no mention for snap-through buckling that can increase even more the actuation capabilities. In the work of
Schultz et al. (2005) a FE model is presented for the analysis of a bistable
structure performing between two equilibrium positions providing high
actuation capacity. A very interesting work on snap-through buckling of
bistable beams for applications in MEMS is presented by Vangbo (1997)
but no piezoelectric elements are included. The snap-through phenomenon takes place using a force in the middle of the beam which obviously
simulates the existence of a mechanism in order to provoke the snapthrough buckling of the beam. In a similar work by the same authors,
Vangbo et al.(1998), the snap-through of coupled beams is examined using
the same principle.
A similar PhD work has been conducted in MIT (Qiu (2003)) investigating
the possibilities of using bistable structures as MEMS actuators. The approach is very similar to the one presented in the work of Vangbo et
al.(1998) but the mechanism applying the center force for the snap-through
is different and implements electrothermal type of actuation. The similarity of such applications gives credit to this type of non-linear actuators for
a wide range of applications from MEMS to large scale structures.
In the present work, a modified model for snap-through buckling has been
implemented in order to predict the snap-through performance of bistable
buckled bimorph piezoelectric beams. With respect to previous mentioned
models, the influence of the different materials throughout the thickness
of the structure is taken into account using CLPT assumptions while the
actuation of the PZT materials is simulated using an equivalent moment.
The model is based on an energy formulation and it is able to predict the
full postbuckling path from the buckling bifurcation point to snap-through
critical point. The validity of the analytical model is checked using nonlinear finite element analysis.
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6525-68, Session 15
Active mounts for marine application: the BMBF
Research Project: active aggregate mounts to reduce
structure vibrations and structure-borne sound
transmission
M. Matthias, Fraunhofer-Institut für Betriebsfestigkeit und
Systemzuverlässigkeit (Germany)
Disturbing vibration and noise prove to be a particular technical problem
even in marine and navigation applications. Vibrations are influencing the
interior noise and can be extremely disturbing to the owner / passengers
and the crew. For naval ships vibrations emitted into the water are critical
influencing the acoustic signature. And finally dynamic forces are leading
to cracks / crack growth in the ship structure, especially of aluminium
welded constructions. For these reasons, vibration and noise reduced
ships are of great economic and technological importance.
With the focus on these Problems a Project with the Title: “Active Aggregate Mounts to Reduce Structure Vibrations and Structure-borne Sound
Transmission” was placed in the Framework program of the BMBF (German Federal Ministry of Research and Technology) research program
“Navigation and Maritime Technology for the 21st Century”.
In collaboration with the Shipyard Fr. Luerssen, located in Bremen, the
Fraunhofer Institute for Structural Durability and System Reliability - LBF,
located in Darmstadt has searched for possible solutions for these problems. Fr. Luerssen shipyard has over 120 years of experience in building
fast boots, corvettes, frigates, ferries and special ships and is the world’s
leading manufacturer of mega-yachts. The Fraunhofer LBF, is a leading
institute in active structural technology and designing reliable smart structures in Germany.
The goal of the project is to develop active mounts that isolate the main
power engine using piezoceramic actuators operating in the load transmission of the common engine mounts. These mounts are to use highfrequency conducted adaptive countermeasures to reduce the unwanted
vibrations caused by the motor. Integrating the active piezoceramic based
Interfaces directly in the load transmission of the mount, which is a safety
critical component, the system reliability of these mounts will face special
challenges. This project distinguishes itself from projects, which produce
counter vibrations using an electro-dynamic compensator instead of one
that operates in the load transmission of the mount. In addition, this technology is meant to apply to other aggregates, such as, e.g. pumps, compressors, auxiliary power unit, etc..
Designing these active mounts several measures on the target ship have
been done. Based on these measurements simulations of the dynamic
behavior of the ship, the passive mounts and the aggregate have been
done to design the active mounts and to simulate its properties to optimise
and to design e.g., the adaptive control in a early state of the project. For
the experimental research a Test Rig with a reduced Ship Structure and
the main engine was build up at the LBF to investigate the performance
and the system reliability of the active mounts.
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The project started in 2004, has an intended duration of three years and
will end with the presentation of a ship with the abovementioned active
mount.

6525-69, Session 15
A new type of ultrasonic piezoelectric linear motor
with tubular stator
R. S. Pippi, C. R. Rodrigues, Univ. Federal de Santa Maria
(Brazil)
A new type of linear traveling wave ultrasonic motor is presented. The
motor is based on the principle of exciting two vibration modes with phase
shifted vibrators. But, instead of transporting an object onto a rectangular beam, a tubular stator with a cylindrical slider is proposed and investigated. FEM has been employed to analyze the vibration modes of the
tubular structure. The device is excited with two PZT rings placed at the
maxima of the chosen deformation modes. With a power input of 30W,
the device transported an object of 0.2kg at 5 cm/s.
Although, a prototype of phosphor bronze, measuring 5.5 cm x 1.7 cm
(length x diameter) was build, the motor is aimed to applications where
compact, robust, fine positioning and high force are needed.

6525-70, Session 16
Studies on small circular membrane mirrors with
electrostatic actuation and closed-loop control
U. A. Korde, M. A. Wickersham, J. J. Farke, M. E. Hofacker,
South Dakota School of Mines and Technology
The goal of this work is to investigate small deformable mirrors based on
thin, metallized membranes, which provide optical correction for a small
number of aberration modes (including piston, focus, tip/tilt, coma, and
astigmatism, etc.) while maintaining a relatively quick response. At successful implementation, this research is expected to lead to ‘deformable
fast steering mirrors’ that represent a low-cost compromise between commercial fast steering mirrors (e.g.,[1], [2]) used mainly for beam steering,
and deformable mirrors with over hundreds of actuators used in adaptive
optics systems for astronomical observations [3]. Large aperture membrane mirrors have been a subject of considerable study [4], [5]. In this
work, we address the problem of laser beam steering using a small membrane mirror driven with electrostatic actuators, while subjected to disturbances such as vehicle/platform vibrations. Electrostatic actuation of
membrane mirrors for figure control was investigated by Gorinevsky et al
[6]. Control of electrostatic actuators is a challenging problem, because
of the nonlinear dependence of the displacement of the actuated object
on the force, and potential stability problems. Liao et al. [7] and Kurczynski
et al. [8] investigated control methods for such actuators. In our previous
paper [10], we reported on early analytical and experimental studies on
small rectangular membrane mirrors with rectangular actuators. A zeroth
order approximation was used for electrostatic actuation, and the actuator mass and stiffness were ignored in that work.
In this paper, we focus entirely on small circular membrane mirrors, as
they were found to perform better than similarly sized rectangular mirrors. Four electrostatic actuators are used. Two design concepts are investigated for actuation. In one, referred to here as concept (A), the actuator electrodes are milled out on a thin copper coated fiber reinforced
plastic (FRP) substrate using printed circuit board manufacturing technology (‘PCB Milling’). In our design concept (B), silver electrodes are
deposited directly on the underside of a 25 micron thick metallized Kapton
membrane using the nScrypt direct write technology [11].
This paper addresses prototype testing of the mirrors based on the two
concepts above, along with tests on the controllers used to implement
the needed correction modes. Collocated capacitive sensors are used
for the inner loop control and a quad cell is currently used for the outer
loop sensing. Three models of increasing complexity are used for control
implementation: (i) lumped-parameter model based on a single-inputsingle-output (SISO) linearized treatment, (ii) a linearized continuous parameter model with a modal-expansion based solution which leads to a
multiple-input—multiple-output system (MIMO) in state-space form where
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each modal coefficient and its rate of change form elements of the state
vector, and (iii) a model to handle the actuator inertia along with the additional bending rigidity that the actuators provide to the membrane. This
model is particularly designed to work with our design concept (B).
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6525-71, Session 16
Integral control of collocated smart structures
S. S. Aphale, A. J. Fleming, S. O. R. Moheimani, The Univ. of
Newcastle (Australia)
In many industrial, scientific and defense applications, the presence of
noise and vibration is of significant concern. The field of Smart Structures, or structures with integrated sensors and actuators, has arisen to
offer improved vibration control in applications where passive techniques
are either insufficient or impractical. The two significant design tasks in
active structural control are the selection and integration of actuators and
sensors, and the control system design. In this work a new control methodology is introduced for the most common class of smart structures,
those with integrated piezoelectric actuators and sensors. Due to their
small volume, low weight and ease of structural integration, piezoelectric
sensors and actuators have been the overwhelming transducer of choice
for smart structures.
It is well known that there are a number of difficulties associated with the
control of flexible structures, the foremost of which are: variable resonance frequencies; high system order; and highly resonant dynamics. Traditional control system design techniques such as LQG, and commonly
appear in research works and have been well documented. Unfortunately
the direct application of such techniques has the tendency to produce
control systems of high-order very poor performance robustness, poor
stability margins, and poor dynamic performance. Controllers based on
the underlying structure of a collocated resonant mechanical system have
proven to offer greater robustness, performance, and ease of implementation relative to traditional techniques. The most useful characteristic of
a collocated system is the interlacing of poles and zeros up the imaginary
axis. This results in a phase response that lies continuously between 0
and -180 degrees. Positive Position Feedback (PPF) is the most popular
technique exploiting this property. PPF controllers are stable in the pres-
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ence of uncontrolled in-bandwidth modes, and roll off quickly at higher
frequencies reducing the risk of destabilizing systems with high-frequency
dynamics. However, PPF controllers are also equal in order to the system
which they designed to control, require a model based design process
(often requiring a non-linear search), and are difficult to tune if more than
one mode is to be controlled. Velocity feedback is another technique that
exploits the known phase response of collocated systems. In theory, velocity feedback implements pure viscous damping with a phase margin
of 90 degrees. Unfortunately, the high frequency gain must be attenuated
to avoid noise amplification and destabilization due to unmodeled or noncollocated dynamics. Although velocity feedback has been applied in
practice, it generally results in relatively low performance and poor phase
margin (due to the two additional poles required at high frequencies).
This paper introduces a simple, robust, and well performing technique for
vibration control in smart structures with collocated sensors and actuators. By artificially adding a direct feed-though to a collocated system,
the transfer function can be modified from containing resonant poles followed by interlaced zeros, to zeros followed by interlaced poles. It is shown
that this modification permits the direct application of integral feedback
which results in good performance and stability margins. By slightly increasing the controller complexity from first to second order, low-frequency
gain can be curtailed alleviating problems due to unnecessarily high controller gain below the first mode. Experimental application to a piezoelectric laminate cantilever beam demonstrates up to 24 dB modal amplitude
reduction over the first eight modes.

6525-72, Session 16
Modal control of a flexible panel using smart
actuators/sensors
N. Tanaka, Tokyo Metropolitan Institute of Technology (Japan)
A distributed parameter sensor can be viewed as the limit of an infinite
number of point sensors, and hence the use of the distributed sensor per
se entails the spatial integration capability. Moreover, shaping a distributed sensor with appropriate functions is equivalent to using point sensors together with a large number of read, multiply and addition operations in the associated digital signal processing. In other words, the output of the shaped sensor is the desired control signal for the controller,
and thus the direct sensing of the target mode becomes possible, with a
corresponding large reduction in the digital signal processing requirement,
hence smart sensor. Again the same is true for smart actuators based on
the distributed piezo-electric laminar because of the duality.
With a view to making use of the distributed piezo-electric material, considerable efforts have been done; however, most of the applications were
limited for one-dimensional structures or cantilever plates. The authors
discussed the shaped PVDF sensors for estimating acoustic power modes
or modal amplitudes of a two-dimensional plate; however, the applications of the shaped distributed sensors are not many. Furthermore, compared to the distributed sensors, the reports on distributed actuators seem
sparse especially on the shaped distributed actuators. It is true that some
applications of the distributed actuator are found in literatures; however
the distributed actuator presented is either rectangular or triangular and
is not judicially shaped. As such, intriguing attributes of distributed piezoelectric material are not made the most use of.
For the purpose of implementing a modal control system, both sensors
and actuators are indispensable. Once modal control consisting of both
shaped distributed sensors (smart sensors) and shaped distributed actuators (smart actuators) is established, the complexity of a control system will mitigate, the control effectiveness will improve and the robustness will enhance. More important, if the shaped sensors and shaped
actuators are embedded onto a target structure, it is possible to use the
same shaped piezo-electric material as a sensor as well as an actuator
on account of the duality, so that collocation perfectly holds true, the
control system being free from spillover.
This paper is concerned with modal control of a rectangular plate using
both smart sensors and smart actuators. Since filtering and actuation are
related with duality, discussion on a smart sensor comes first, followed
by that of the counterpoint; smart actuator. This paper begins by discussing an ideal case of modal control comprising an extraction and ac-
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tivation of a target structural mode of a plate. Then, for the purpose of
implementing a modal control system, three-dimensional shaped smart
sensors and actuators are introduced, the design procedure being discussed. Taking into consideration the practicability, two-dimensional smart
sensors and actuators for modal filtering and modal actuation respectively are then presented, the number, location and shaping function of
the two-dimensional shaped modal sensors and actuators being clarified. Furthermore, the extraction and actuation of the (1, 3) mode of a
simply supported rectangular panel using the smart sensors and actuators are shown. Finally, a modal feedback control system is constructed
utilizing both the smart sensors and smart actuators, demonstrating the
effectiveness for suppressing the particular structural mode of interest
without causing spillover.

6525-73, Session 16
Performance evaluation of a new type of jetting
dispenser using piezoelectic actuator
S. Choi, M. Choi, Inha Univ. (South Korea)
This paper presents a new type of jetting dispenser of an integrated circuit (IC) fabrication and surface mount technology. The proposed system
is featured by a piezoelectric actuator and hydraulic magnification device. After describing structural component of the dispensing mechanism
and its operation principle, a fluid modeling for an adhesive fluid and hydraulic magnification fluid modeling is undertaken with a lumped-parameter method based on the analogy of a fluid system and mechanical system. A mathematical governing equation is then derived by integrating
the fluid model with a mechanical model of the driving piston and piezoelectric actuator. After optimizing design parameters, a jetting dispenser
is designed and manufactured. Dispensing performances such as a dot
size and dispensing volume are experimentally evaluated by applying a
square wave driving voltage for the piezoelectric actuator. Subsequently,
in order to achieve a desired dispensing volume, a proportional-integralderivative (PID) controller is formulated and realized in discrete manner.

6525-74, Session 16
Autonomous-decenytalized smart structural control
scheme: variable slip-force level damper control with
microprocessor
A. Nishitani, Waseda Univ. (Japan); Y. Nitta, Ashikaga Institute
of Technology (Japan); N. Miyoshi, Obayashi Corp. (Japan)
The authors research group has proposed the concept of variable slipforce level (VSFL) dampers as a semiactive seismic-response control
scheme for building structures. The scheme based on such a concept
could make an autonomous-decentralized control system, utilizing only
the response information in the neighborhood of each distributed damper.
The VSFL dampers are controlled so as to exhibit a hysteretic loop in any
seismic event. The key to realizing this fundamental philosophy is how to
change the slip-force level of the damper. There may be two ways for
changing it; one is to specify the slippage timing and the other is to specify
the magnitude of the slip-force level. This paper employs the former way.
The slip-force level is to be found so as to agree with the appropriate
timing. The damper is controlled so as to start to slip at the time of the
passage of certain short period after the zero-crossing of the damper
force. That period should depend on several factors related to the total
control system including a controlled plant building and control actuators. They are, for example, the dynamic characteristics of a building, the
mechanical characteristics of installed VSFL dampers, etc. In this paper,
the control operation is conducted based upon the usage of microprocessors. This means that each of the distributed dampers has its own
decentralized controller.
An oil hydraulic damper with an electric-magnetic valve is utilized to realize the VSFL damper mechanism. The damper system consists of the
stiffness element and bilinear oil hydraulic damper element, both of which
are connected to each other in series. The magnitude of the relief force
could be controlled by the electric voltage given to the controllable valve.
Since the forces of these two elements must be identical, the total damper
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system could behave as VSFL damper with the controllable slip-force
level of the oil hydraulic damper. The control operation is conducted in
the following procedure. (i)The magnitude of the damper force is input to
the microprocessor in terms of electric voltage. (ii)The microprocessor
calculates what the slip-force level should be in accordance with the
employed control algorithm. (iii)The microprocessor sends to the oil hydraulic damper the voltage control signal. In conducting the above operations, because of the limit and nature of data processing of the microprocessor, certain teatments such as Analogue-to-digital conversion and
Digital-to-analogue conversion, etc. are required.
The validity of the proposed control system integrating the simple control
algorithm and using microprocessors is demonstrated by conducting
computer simulations and experiments.

6525-75, Session 17
Adaptive sound absorption for small to medium class
payload fairings
M. A. Creasy, D. J. Leo, Virginia Polytechnic Institute and State
Univ.; K. M. Farinholt, NanoSonic, Inc.
This work investigates adaptive positive position feedback (ppf) control
using commercially available speakers for low-frequency acoustic absorption in payload fairings. Currently, passive control devices (acoustic
blankets and Helmholtz resonators) are effective at damping high-frequency noise and specific low-frequency modes through discrete tuning
of the resonator. Active approaches extend the performance abilities in
this low-frequency region and are the focus of this work. Through ppf
control, conventional speakers have the capability to add damping to
multiple modes in the low-frequency region. Additionally, controllers can
be made adaptive to compensate for any shift in the acoustic modes.
Modeling and testing is performed on a tube (simple geometry) and a full
scale model of a Minotaur class fairing (complex geometry). The tube is
6-ft long and 8-in. in diameter with an 8-in diameter speaker (controlled
actuator) covering one end and a rigid termination at the other end. Sound
pressure is measured at both ends of the tube using 1⁄4-in. pcb microphones with the collocated microphone being used as the feedback
source. Test performed with internal and external disturbances, using ppf
controllers on all acoustical modes up to 500 Hz, have shown acoustic
reductions of 4.4 dB and 5.1 dB respectively over a frequency range of 50
to 700 Hz. The dB reductions were measured up to 700 Hz in order to
include any additional spillover of the controllers into higher modes. The
full scale model of the Minotaur class fairing was constructed from sheet
metal with a network of three controlled speakers set a various locations.
Collocated 1⁄4-in. pcb microphones were set in front of each speaker for
the feedback sensor and other microphones were set at various other
locations within the fairing for sound pressure level measurements. Test
performed with internal disturbances, using ppf controllers on all acoustical modes up to 250 Hz coupled with a proportional controller over that
frequency range, have shown acoustic reductions of 5.6 dB over a frequency range of 50 to 250 Hz. The design criteria for ppf control are
examined and high pass Butterworth filters are used to compensate for
low-frequency spillover inherent with ppf control. The test results, the
controller specifications for minimizing spillover, and how the controller
actively adapted for shifts in the acoustical modes of the system will be
presented.

6525-76, Session 17

tion, lots of expertise in the field of lightweight design is required to maintain the desired stiffness of the construction.
This existing gap in chassis design can be closed by the use of so-called
smart structure technologies which are a revolutionary fusion of information technology and construction engineering. An automotive chassis will
be no longer determined only by its mechanical design - the technology
allows the physical behaviour of the chassis to be modified and
reconfigured by means of embedded software technology.
This paper presents new achievements in the field of smart structures
technology targeting at innovative lightweight, high-performance and lownoise engineering constructions with integrated embedded systems technology:
The first part of the paper focuses on new developments in the field of
low-cost, highly efficient smart structure power electronics for piezoelectric elements. These elements will be integrated into automotive chassis,
which are able to measure any structure-borne disturbance such as vibrations.
The second part of the paper presents frontier research in the design of a
high-performance control concept for smart structure applications. This
innovative control concept targets at highly robust and broadband suppression of structure-borne noise. Robustness requirements with respect
to controller deficiencies due to insufficient modelling is of major importance. The controller performance is not only assessed with respect to
stability and disturbance rejection but also with respect to technical feasibility and implementability (required sample rate, rounding errors due to
inappropriate data formats, latency, etc.).
Application tests have been performed in order to validate the performance of smart structures for the specific automotive demands. The very
promising first results are presented in the application part of this paper.
Therefore, smart structures represent an enabling technology for both, an
innovative lightweight and vibroacoustic-optimised chassis design.

6525-77, Session 17
Vibration suppression of hull structure using macro
fiber composite actuators and sensors
S. Choi, J. Sohn, Inha Univ. (South Korea)
Many research works have been conducted to investigate active vibration and noise control of hull structure using piezoelectric materials for
the possible applications in the aerospace and underwater vehicles. Recently, advanced anisotropic piezoceramic actuator named as Macro Fiber Composite (MFC) was developed. MFC actuator is consisting of rectangular piezoceramic fibers and interdigital electrode, which can provide
great flexibility, large induced strain and directional actuating force. In the
present paper, dynamic modeling of smart hull structure is developed
first and then active vibration control to suppress structural vibration of
the system is conducted. Finite element technique is used to ensure application to practical geometry and boundary conditions of smart hull structure. Modal analysis is then conducted to investigate the dynamic characteristics of hull structure. For the verification of proposed finite element
model, numerical results of modal analysis are compared with those of
experimental modal test results. Modal mass and stiffness matrix of smart
hull structure are extracted for the controller design. Active controllers
are designed to suppress structural vibration of smart hull structure and
evaluation of control performance is conducted in the time and frequency
domains.

Broadband noise and vibration reduction for
lightweight chassis design using smart structure
technologies

6525-78, Session 17

M. Gusenbauer, T. Rittenschober, L. Messner, Profactor
Produktionsforschungs GmbH (Austria)

N. Jalili, Clemson Univ.; M. Saghafi, Sharif Univ. of Technology
(Iran)

Lightweight design is gaining more and more importance in the automotive industry. Engineers are trying hard to reduce the increased weight of
chassis due to safety and comfort issues by employing various lightweight
concepts. Many of these concepts, however, rely on materials that are
ecologically critical as well as difficult to handle and to process. In addi-

Many researchers have worked on the modeling of piezoelectric bender
sensors and actuators. However, most of these works have concentrated
on linear assumptions of the device, whereas many recent applications of
these devices need high voltage actuation. As a result, they demand for
more accurate nonlinear models to avoid large errors due to the extrapo-
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lation of linear models. This paper reports a new nonlinear model for these
devices, where strong electric fields and small strains exist. The linear
constitutive equations of piezomaterials are no longer valid when the applied electric field is strong. In this paper, we have used a second-order
approximation of the constitutive equations. These equations are originally obtained from thermodynamic Gibbs potential for an adiabatically
insulated reversible system. As a result, they do not account for losses
(irreversible nonlinearities) in the device.
The device under study consists of a cantilever beam with several
(orthotropic) piezoelectric and non-piezoelectric layers. External axial and
transversal forces as well as an external moment in the plane of the beam
are applied at the tip of the beam. Simple Euler-Bernoulli beam’s equation is assumed for the displacement-strain relationship of the beam. This
equation, along with the nonlinear constitutive equations, is then used to
obtain the axial and transversal deformations as well as the blocking force
of the beam, all as functions of external forces, external moment, and the
applied voltage under static conditions. The sensor equation of the beam
is also obtained under the same mechanical boundary conditions as the
actuation equation. Grounding the electrodes at the top and bottom of
the layered beam, the obtained sensor equation is called the closed-circuit charge sensor equation. The actuation equations of the beam are
then used to obtain its dynamic model. We assume a linear second-order
differential equation, where the effective mass and damping coefficient
are derived from the structure of the system or by experiment. This equation represents the dynamic motion of the tip of the beam, where its stiffness and resultant force due to the external applied electric field are obtained from the static actuator equations.
Unimorph- and bimorph-type actuators, which are two common configurations for piezoelectric bending actuators, are then studied and the dynamic equation of the beam is obtained for both cases. Irreversible
nonlinearities play a significant role in dynamic response of the piezoelectric beam. These nonlinearities are due to extrinsic contributions to
piezoelectric’s behavior and arise even when the applied electric field is
not strong. Toward this, we add a Bouc-Wen type hysteresis model to the
dynamic equation. This model is a first-order differential equation with
three parameters which relates the applied voltage to a new state variable. This multi-valued variable is then used in the dynamic equation to
account for hysteretic nonlinearities. The final equations clearly show that
the stiffness is a function of the applied voltage, which resembles the
well-known Hill’s equation. In the case of sinusoidal electric excitations,
the dynamic model of the bimorph beam is a linear Mathieu equation
which is both externally and parametrically excited.

6525-79, Session 17
A novel approach for feedforward hysteresis
compensation of piezoelectrically driven systems
S. Bashash, N. Jalili, Clemson Univ.
Structural nonlinearities of piezoelectric actuators drastically degrade their
performance in variety of micro- and nano-positioning applications. From
the precision positioning and control perspective, the multi-path history
dependent hysteresis phenomenon is the most concerned nonlinearity in
piezoelectric actuators to be analyzed. Along this line, this paper undertakes the developments of a nonlinear modeling and control framework
for piezoelectically-driven systems. More specifically, the underlying
memory dominant properties of hysteresis such as targeting internal turning points, curve alignment and wiping-out effects are utilized to derive a
constitutive modeling framework for the prediction of hysteresis
nonlinearity in response to arbitrarily alternating input profiles. For this,
hysteresis is modeled using some structured polynomials with unknown
time-varying coefficients for the ascending and descending curves. Utilizing the memory-dominant properties of hysteresis and the configuration of the loading curves, a novel constitutive algorithm is then developed for identification of the coefficients of the hysteresis polynomials.
The proposed model is then implemented for prediction the hysteresis
response of an in-house Physik Instrumente P-753.11c piezoelectricallydriven nanostager with sub-nanometer resolution capacitive position sensor. Experimental results demonstrate the effectiveness of the model for
quasi-static and low-frequency loadings. It is demonstrated that for the
precision prediction of the hysteresis response a certain number of memory
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units are required for the model.
To achieve the precision high-frequency response, a second order linear
dynamic model is then combined with the proposed hysteresis model to
account for the system dynamics. This accounts for system vibrations
due to the effects of inertia, damping, and stiffness. It is experimentally
validated that the combined model is able to predict the response of the
nanostager in a broader frequency range. Utilizing the system dynamics
and a direct inversion method for the hysteresis model, an inverse
feedforward control framework is then developed and its stability is discussed. Trajectory tracking of the nanostager is investigated for low- and
high-frequency reference trajectories. Experimental results indicate that
controller suppresses the tracking error significantly, noticeably improving the tracking performance.

6525-80, Session 17
Negative capacitance shunts for vibration control and
suppression of reactive input power
K. A. Cunefare, Georgia Institute of Technology
Piezoelectric patches shunted with a negative capacitance circuit represent an effective broadband active control methodology. Recent developments have shown that a wave-based tuning of such shunts applied to
beams yields varying levels of control depending upon the configuration,
with the most effective configuration being that of a shunt at the root of
the beam. That configuration yielded effectively an anechoic termination.
The effectiveness of the different configurations may be interpreted through
their ability to couple to and suppress the reactive input power delivered
by a point excitation, as is demonstrated in this paper. The reactive input
power suppression concept is extended to the case of vibration suppression on a rectangular panel, and is shown to predict significant vibration
suppression capability.

6525-81, Session 17
Fuzzy control for nonlinear structure with semi-active
friction damper
Z. Dahai, Dalian Univ. of Technology (China)
In the field of civil engineering, many control algorithms and devices have
been proposed for protecting structures from severe damages over the
past few decades. Depending on the control methods, vibration control
in the civil structure can be divided into passive, active, hybrid and semiactive control. Most of the studies in the area of active and semi-active
structure control have focused on the application of linear control theories. However, such a linear model does not fully represent the behavior
of the building when subjected to severe earthquakes and nonlinear behavior is likely to occur. The objective of this paper is to investigate the
performance of dissipative device for nonlinear building structure against
strong earthquakes. The implementation of semi-active friction damper
for vibration mitigation of seismic structure generally requires an efficient
control strategy. In this paper, the fuzzy logic based on Takagi-Sugeno
model is proposed for controlling a semi-active friction damper that is
installed on a nonlinear building subjected to strong earthquakes. The
continuous Bouc-Wen hysteretic model for the stiffness is used to describe nonlinear characteristic of the building. The optimal sliding force
with friction damper is determined by nonlinear time history analysis under normal earthquakes. The Takagi-Sugeno fuzzy logic model is employed to adjust the clamping force acted on the friction damper according to the semi-active control strategy. Numerical simulation results demonstrate that the proposed method is very efficient in reducing the peak
inter-story drift and acceleration of the nonlinear building structure under
earthquake excitations.
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6526-01, Session 1
Mechanics of relaxor ferroelectrics
C. S. Lynch, Georgia Institute of Technology
Properties of single crystals of relaxor ferroelectric PMN-32PT have been
characterized. The measured behavior is being worked into a
micromechanics based constitutive law that will be used to simulate the
behavior of ceramic material of the same composition. Results will be
compared with measured behavior of the same composition.

6526-02, Session 1
Blocked force and free displacement characterization
of PMN-PT stacks
N. Nersessian, G. Wang, Techno-Sciences Inc.; N. M. Wereley,
Univ. of Maryland/College Park
A comparison of blocked force, and free displacement between two single
crystal PMN-PT stacks is provided in this paper. The first stack is a 7mm
diameter by 0.5mm thickness 60 layer crystal stack while the second
stack is a 6mm diameter by 0.3mm thickness 100 layer crystal stack.
Blocked force and free displacement measurements were both performed
under DC driving conditions. Free displacement measurements showed
significantly higher driving voltages (1000V vs. 500V) were required to
saturate the strain in the first stack compared to the second stack. This is
expected because of the thicker layers of the first stack. Saturation strains
on of 2700ppm and 2300ppm were obtained for the first and second
stack, respectively.
Blocked force measurements were performed in a specially designed setup
to avoid bending of the PMN stacks during the application of the load. In
this setup dead weights were used to apply the load on the PMN stack.
The load is transferred through a pivot point at the top of the stack. Fixtures are used to keep the PMN stack aligned parallel to the direction of
the applied load so as to prevent any kind of bending in the stack. Blocked
force measurements allowed for the construction of the load-line for both
stacks under different driving electric fields. In general the blocked force
of the first stack is higher than that of the second stack, for a given applied field, due to the thinner layer thickness of the second stack.

6526-03, Session 1
Simulation of the constitutive behavior of PZT at
electromechanical loading
A. Konstandin, Robert Bosch GmbH (Germany) and Technische
Univ. Hamburg-Harburg (Germany); G. Deromelaere, V.
Knoblauch, Robert Bosch GmbH (Germany); R. M. McMeeking,
Univ. of California/Santa Barbara; G. A. Schneider, Technische
Univ. Hamburg-Harburg (Germany)
This presentation provides results summarizing the comparison of a phenomenological multi-axial constitutive law for switching in ferroelectrics
with experimental data for a PZT. The constitutive model is based on a
plasticity theory in which a switching surface is defined in the space of
mechanical stress and electric field; and a kinematic hardening process
is implemented, determined by the remanent strain and the remanent
polarization. In this work, the constitutive law is simplified by using a oneto-one relationship between the remanent strain and the remanent polarization. The latter is related to the hardening behavior by a back-electric
field fitted to a poling curve of the material investigated. The constitutive
model is implemented in a commercial tool for industrial application with
the objective of designing piezoelectric stack actuators with high precision. The results of the simulation are compared to three types of experi-
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ments carried out in previous work: poling of sintered PZT by an electric
field followed by repoling by an electric field in a different direction; proportional simultaneous loading by an electric field and mechanical stress;
and poling by a heterogeneous electric field, generating an inhomogeneous distribution of mechanical stress, as is the case in actuators. Good
agreement was achieved for all proportional loading studies in which the
maximum stress is limited to 100 MPa in compression, the repoling simulations and the heterogeneous loading experiments. It is thus concluded
that the phenomenological constitutive law is capable of simulating many
of the important features of switching in a PZT ferroelectric. Overall, the
results demonstrate the great effectiveness of the constitutive law.

6526-04, Session 1
Recent progress toward practical flexoelectric
piezoelectric composites
L. E. Cross, W. Zhu, W. Zhu, N. Li, The Pennsylvania State Univ.
Flexoelectricity describes the generation of electric polarization in a homogeneous insulating solid by an elastic strain gradient and is controlled
by the tensor relationship:
Pl = µijkl
Where Pi is the induced polarization µijkl the flexoelectric coefficient Sij
component of elastic strain xk the direction of the gradient in S. The µijkl
are a fourth rank polar tensor with the same symmetry constraints as the
electrostriction tensor Qijkl. For a cubic crystal or an isotropic solid the
non-zero components are µ1111, µ1122, µ1212 or in matrix notation µ11
µ12 µ44.
Here-to-fore flexoelectricity has been of purely academic interest as the µ
coefficients in simple solids are exceedingly small ~ 10-10 C/m. Our more
recent measurements, briefly summarized here have shown however that
in the paraelectric phase of the cubic ferroelectric oxides both µ11 and
µ12 can assume values some six orders larger so now also the topic
becomes of practical interest. Surprisingly also the lead cation is not conducive to high µ values so practical flexoelectrics will be lead free.
To facilitate this development we have recently made what we believe are
the world’s first measurements of the thermodynamically equivalent converse effect defined by the relation:
Tkl = µijkl
Relating the stress Tk1 generated by the gradient of the electric field Ei in
the direction xj.
Using a phase locked low frequency AC optical ultra dilatometer to measure surface displacements generated by the flexoelectric stress we find
good agreement between the magnitude of direct and converse effects in
a (Ba0.67Sr0.33)TiO3 composition at 25o C.
To demonstrate flexoelectrically induced piezoelectricity we have fabricated a 1:3 composite demonstrator using oriented millimeter scale BST
pyramids to mimic 8m Curie Group Symmetry. Placed between stress
distributing platterns the composite exhibits d33 = 6.1 pC/N as measured on a simple Berlincourt d33 meter. Finite element calculation of the
stress gradient taken with the known µ11 suggest d33 = 5.94 pC/N confirming the flexoelectric origin for charge separation. Steepening the gradient by using a finer scale sub structure suggests that d33 comparable
to PZT should be possible at reasonably achievable scales.
Techniques being applied and progress towards these finer scale higher
gradient structures will be discussed. It may be noted also that in the
flexoelectric piezoelectric effects are not thermodynamically equivalent
so that sensing and actuation functions are separable.
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6526-05, Session 1

6526-07, Session 2

Microstructural modeling of ferroic switching and
phase transitions in PZT

Fully coupled finite element modeling of
piezothermoelastic materials

J. Robbins, P. M. Chaplya, Sandia National Labs.

M. S. Senousy, N. Rajapakse, M. S. Gadala, The Univ. of British
Columbia (Canada)

Niobium doped Lead Zirconate Titanate (PZT) with a Zr/Ti ratio of 95/5
(i.e., PZT 95/5-2Nb) is a ferroelectric with a rhombohedral structure at
room temperature. A crystal (or a subdomain within a crystal) exhibits a
spontaneous polarization in any one of eight crystallographically equivalent directions. Such a material becomes polarized when subjected to a
large electric field. When the electric field is removed, a remanent polarization remains and a bound charge is stored. A displacive phase transition from a rhombohedral ferroelectric phase to an orthorhombic antiferroelectric phase can be induced with the application of a mechanical
load. When this occurs, the material becomes depoled and the bound
charge is released.
The polycrystalline character of PZT 95/5-2Nb leads to highly non-uniform fields at the grain scale. These local fields lead to very complex
material behavior during mechanical depoling that has important implications to device design and performance.
This paper presents a microstructurally based numerical model that describes the 3D non-linear behavior of ferroelectric ceramics. The model
resolves the structure of polycrystals directly in the topology of the problem domain and uses the extended finite element method (X-FEM) to
solve the governing equations of electromechanics. Each grain in the
polycrystal is modeled as a single crystal with its own unique and randomly determined material basis. The polycrystalline structure is approximated using a voronoi tesselation of the problem domain. The tesselation
is achieved by randomly placing a given number of points (grain centers)
and then allowing the points to diffuse to roughly equidistant locations
based on simple interaction rules. The net result is a voronoi tesselation
with grains of roughly equal size. Each grain center is then assigned a
random crystallographic basis that is the basis for anisotropic material
constants, spontaneous polarization, and spontaneous strain. The integration points in the finite element calculation are then assigned the correct material basis according to proximity. The material response is computed from anisotropic single crystal constants and the volume fractions
of the various polarization variants (i.e. three variants for rhombohedral
anti-ferroelectric and eight for rhomobohedral ferroelectric ceramic). Evolution of the variant volume fractions is governed by the minimization of
internally stored energy and accounts for ferroelectric and ferroelastic
domain switching and phase transitions in response to the applied loads.
The developed model is used to examine a) internal stress and electric
field during and after depoling, and b) the combined effect of domain
switching and phase transition during depoling.

6526-06, Session 2
Analytical model for the strain-field and polarizationfield hysteresis curves for ferroic materials
S. Sherrit, Jet Propulsion Lab.
We present a generalized energy based analytical macroscopic model
using Fermi-Dirac statistics for the polarization and strain response to
external electric field in electromechanical materials. The electric displacement-field D-E and strain-field S-E curves of antiferroelectric, ferroelectric, relaxor ferroelectric and linear piezoelectrics including hysteresis are
described. The polarization model is based on a Weiss molecular field
and assumes only net contributions to the polarizations need to be
summed. No distinction between 90o and 180o domain contributions or
domain dynamics is made. The strain field S-E curves are generated in all
cases using the electrostriction relationship S=QD^2. The model shows
utility in modeling phase change between antiferroelectric and ferroelectric or ferroelectric and relaxor ferroelectric states. The hysteresis in the
strain- field and electric displacement field curves is accounted for using
the time derivative of the applied electric field. Although the model is
developed for polarizible dielectric materials the same energy approach
can be applied to other ferroic materials.
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Piezothermoelastic materials are used in engineering applications as sensors and actuators. They have the ability to respond to temperature variations and mechanical loads by producing an electric charge and viceversa. The general governing equations of piezo-thermoelastic materials
show full coupling between mechanical displacement, electric, and temperature fields. It has normally been assumed in literature that in high
frequency oscillations, the coupling between temperature and mechanical displacement and electric field is small and therefore can be neglected.
In this case a solution for the temperature field is determined from an
uncoupled equation. A finite element model that accounts for full coupling between mechanical, electrical, the thermal fields in a piezoelectric
material is presented in this paper. In this model, a solution for all of the
field variables is obtained simultaneously. A 3-D finite element scheme
based on virtual work and energy formulations is derived first and the
formulation is thereafter reduced to plane stress, plane strain, and
axisymmetric problems. A 2-D four-node isoparametric finite element, with
four degreed of freedom per node, is implemented. The Gauss quadrature technique has been effectively used to calculate the element matrices and vectors. Additionally, the Newmark method has been implemented
as a direct-time integration scheme. The case of a thin piezoelectric solid
disk is studied by using the finite element model to obtain some preliminary understanding of the coupled field in a piezoelectric stack actuator.

6526-08, Session 2
Vector potential formulation for the 3D finite element
analysis of nonlinear electromechanical problems
A. S. Semenov, St.-Petersburg State Polytechnical Univ.
(Russia); A. C. Liskowsky, H. Balke, Technische Univ. Dresden
(Germany)
Ferroelectroelastic materials exhibit strong coupling between mechanical and electric fields and also manifest nonlinear behavior when they are
subjected to high electromechanical loading. Using the standard formulation with the electric scalar potential as electric nodal variables in the
nonlinear finite element analysis may lead to a low convergence of the
iteration procedures. Therefore the formulation with an electric vector
potential as electric nodal variables is developed for the analysis of such
problems.
In coupled electromechanical finite element formulations, the vector potential ensures the positive definiteness of the stiffness matrix, in contrast
to formulations based on the scalar potential. Solutions of boundary value
problems using the scalar potential formulation lie on a saddle point in
the space of the nodal degrees of freedom, whereas solutions for the
vector potential formulation are in a minimum. This difference favors the
vector potential especially for the solution of nonlinear electromechanical
problems.
The solution of boundary value problems for the vector potential involving the “curl-curl” operator is non-unique in the three-dimensional case.
A Coulomb gauge condition in combination with a specific discrete set of
Dirichlet boundary conditions enforces the uniqueness of vector potential solutions. Based on a spectral analysis of the stiffness matrix, the
Coulomb gauge is compared with other gauge conditions. A penalized
version of the weak vector potential formulation with the Coulomb gauge
is proposed and implemented in a finite element program developed for
the demands mentioned. This method is applied to various nonlinear
boundary value problems for phenomenological constitutive equations
as well as to micromechanical material homogenizations.

• spie.org/events/ssn

• TEL: +1 360 676 3290

• spie@spie.org

Conference 6526: Behavior and Mechanics of
Multifunctional and Composite Materials

6526-09, Session 2
Interaction of defects with domain walls in
ferroelectric materials
D. G. Schrade, B. X. Xu, R. Mueller, D. Gross, Technische Univ.
Darmstadt (Germany)
Ferroelectric materials are commonly used in sensor and actuator applications. Their long term usability with respect to cyclic loading however
is limited by the so called ‘electric fatigue’ effect. Under this terminology
various micro-mechanical phenomena are summarized. Macroscopically
a reduction of the mechanical output for a fixed electric excitation is observed. One of the suspected micro-mechanical mechanisms is the hindering and blocking of domain wall movement within the material.
These blocking or pinning phenomena are thought to be caused by point
defects in the material. Point defects (or agglomerations thereof) interact
with domain walls and the external applied loads. Experimentally observations suggest that these point defects are oxygen vacancies. Their presence and characterization is however an experimentally difficult task.
The numerical simulation is intended to provide a qualitative understanding of the interaction of point defects and domain walls. To simulate the
inhomogeneous material behavior, a phase field model is employed. Using the remanent polarization as an order parameter, the coupled field
equations are solved using the Finite Element Method.
The numerical simulations will demonstrate the effect of various defects
(point, surface) on the kinetics of domain evolution. The results of the
phase field simulations are compared with experimental observations and
a sharp interface model introduced earlier. The simulations identify several blocking phenomena and the influence of defects on the mesoscopic
material behavior.

6526-10, Session 2
A thermodynamic consistent material model for
hysteresis effects
S. O. Klinkel, W. Wagner, Univ. Karlsruhe (Germany)
This paper is concerned with a macroscopic constitutive law for domain
switching effects, which occur in ferroelectric ceramics. The three-dimensional model is thermodynamical consistent and is determined by two
scalar valued functions: the electric free Gibb’s energy and a switching
surface. In a kinematic hardening process the movement of the center of
the switching surface is controlled by internal variables. In common usage, the remanent polarization and the irreversible strain are employed as
internal variables. Here, an irreversible electric field is introduced to serve
instead of the remanent polarization as internal variable. The irreversible
electric field has only theoretical meaning, but it makes the formulation
very suitable for a finite element implementation, where displacements
and the electric potential are the nodal degrees of freedom. The main
features and the novel aspects of the present paper may be summarized
as follows:
A phenomenological macroscopic constitutive law is based on the electric free Gibb’s energy and a scalar valued switching surface, which controls domain switching.
In the framework of a kinematic hardening process the movement of the
center of the switching surface is determined by the irreversible strains
and an irreversible electric field as internal variables. From a computational point of view the introduction of the irreversible electric field makes
the formulation very similar to plasticity theory, where the strains are additively split into a reversible and an irreversible part.
The common assumption of a one-to-one relation between the irreversible strain and the polarization is not employed. To accomplish enough
space in terms of irreversible strains for the polarization, which occurs
due to an applied electric field, a special hardening function is introduced.
The hardening function implies that the irreversible strain is proportional
to the deviatoric part of the dyadic product of the irreversible electric
field.
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In the paper a finite element implementation in a hexahedral eight-noded
brick finite element is provided. Therefore the evolution equations for the
internal variables are integrated by an implicit integration algorithm which
leads to a local iteration.
The uni-axial constitutive model successfully reproduces the ferroelastic
and the ferroelectric hysteresis as well as the butterfly hysteresis for ferroelectric ceramics. Furthermore it accounts for the mechanical depolarization effect, which occurs if the polarized ferroelectric ceramic is subjected to a compression stress.

6526-11, Session 3
Finite element simulation of ferroelectrics based on a
micromechanical approach
M. Elhadrouz, E. Patoor, École Nationale Supérieure d’Arts et
Métiers (France)
Ferroelasticity and ferroelectricity are the non linear behaviours exhibited
by piezoceramics, especially in the case of high electric field or stress. A
micromechanical approach has been adopted to capture domain switching leading to such non linearity. The work affects to the single crystal
behaviour is followed by a finite element technique to get the macroscopic behaviour of polycrystalline piezoceramics.
It can be achieved through a potential energy like the free energy accounting for the incompatibilities existing between domains and that are
induced by the switching process. Thus, the origin of the energy is multiple: elastic, electric but also interfacial due to interactions between domains. In the considered case of a cubic-tetragonal transition through the
Curie point, six domains “variants” are defined and connected to the six
directions along which the spontaneous polarization may arise.
A solid finite element has been developped in the software Abaqus(r). It
has eight nodes with the mechanical displacement and the electric potential as degree of freedom. Then, an electromechanical constitutive law
can be implemented in the code. It was made for the micromechanical
constitutive law.
The influence of the grain properties and the interactions (between grains
and domains) is discussed based on the numerical results of the finite
element simulation.

6526-13, Session 3
Evolution of elastic, dielectric, and piezoelectric
coefficients of PZT under electro-mechanical loading
Q. Liu, Univ. of Cambridge (United Kingdom); J. E. Huber, Univ.
of Oxford (United Kingdom)
In this paper, a novel experimental method is used to measure the variations of piezoelectric, dielectric and elastic behaviour with remanent
polarisation and strain. The measurements were carried out on samples
of soft PZT-855. Short pulses of electric field and compressive stress
loading were used to increment the remanent strain and polarization state
gradually, while the unloading of stress and electric field was used to
assess the linear moduli. Since remanent strains may be produced by
either electric field loading or stress (ferroelectric or ferroelastic), the
ferroelastic contribution at zero polarisation is measured separately. It
was found that the piezoelectric coefficients vary approximately lineary
with polarisation and that this relationship holds regardless of the state of
remanent strain. The dielectric permittivity also varied linearly with
polarisation during poling. The slope of this linear relationship (permittivity versus polarisation) was found to depend on the applied compressive
stress. Compressive stresses greater than three times the corercive stress
clamped the permittivity to a constant value. More complex behaviour in
the dielectric permittivity was observed during load reversal. The elastic
modulus was found to vary linearly with remanent strain, but this behaviour
also depends on the polarisation state. The experimental results are discussed in the context of existing micromechanical and phenomenological models.
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6526-14, Session 3
Tensile and compressive stress dependency of the
transverse (e31,f) piezoelectric coefficient of PZT thin
films for MEMS devices
K. Prume, aixACCT Systems GmbH (Germany); P. Muralt, École
Polytechnique Fédérale de Lausanne (Switzerland); T. SchmitzKempen, S. Tiedke, aixACCT Systems GmbH (Germany)
Micro-electro-mechanical systems (MEMS) based on piezoelectric thin
films are leading candidates for a broad range of new applications e.g.
energy harvester for autonomous devices or self controlled sensors for
space applications. The characterization of the piezoelectric film properties is essential for process qualification and device design. Even more as
the piezoelectric film behavior is also strongly influenced by materials
and dimensions of the layered structure of substrate, electrodes, and active
film. Therefore, comprehensive electrical and electromechanical characterization of the integrated piezoelectric material is necessary. We present
in this work a new measurement method which combines the measurement of the effective longitudinal (d33,f) and the transverse piezoelectric
coefficient (e31,f) utilizing a 4-point bending setup adapted to thin film
samples. This setup allows measurements of both coefficients on the
same sample under precisely defined homogeneous mechanical strain.
Stress and corresponding strain distributions in the film were verified by
Finite Element simulations. Measurements are shown on samples deposited by a sol-gel based chemical solution deposition process, which was
optimized to maximize the e31,f coefficient. The PZT films with a composition near the morphotropic phase boundary show exceptional high e31,f
coefficients which demonstrates the quality of the processed films. Tensile and compressive stress dependencies of e31,f are measured and
related to the domain configuration of the film and to the influence of the
layered structure evaluated by Finite Element simulations.

6526-15, Session 3
Dynamic thermo-electro-mechanical performance of
piezoelectric stack actuators
M. S. Senousy, F. X. Li, The Univ. of British Columbia (Canada);
D. Mumford, Westport Innovations Inc. (Canada); M. S. Gadala,
N. Rajapakse, The Univ. of British Columbia (Canada)
Piezoelectric actuators are increasingly used in modern fuel injectors due
to their quick response, high efficiency, and excellent repeatability. Current understanding of the thermo-electromechanical performance of piezoelectric actuators under dynamic driving fields is very limited. In this
paper, the dynamic thermo-electro-mechanical performance of Lead Titanate Zirconate (PZT) stack actuators is therefore experimentally studied over the temperature range of -30 oC to 80 oC, a driving field of up to
2 kV/mm (with an AC drive method) and a constant preload of about
5MPa. The actuators used in this study are high voltage units, dimensionally similar to actuators used in production fuel injectors. A sine waveform and a trapezoidal waveform with the rise time varied from 0.1 ms to
4 ms are applied. It is found that under driving frequencies considerably
lower than the resonance frequency of the testing system (fr about 500Hz),
the dynamic stroke agrees well with the quasi-static results obtained previously. As expected, when the driving field frequency approaches fr, the
dynamic stroke increases significantly and the failure of actuators is observed in some cases. In the case of a trapezoidal pulse, decreasing the
rise time is found to be equivalent to increasing the frequency.

6526-16, Session 3
Studies on ferroelastic time-dependent domain
switching effects of PZT ceramics
A. Menzel, Univ. Siegen (Germany); A. Arockiarajan, S. M.
Sivakumar, Indian Institute of Technology (India)
Recently, PZT materials have attracted considerable interest and nowadays are widely used at different frequencies in actuator applications, for
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instance active vibration suppression, precision positioning, and fuel injection valves in automotive engines. Under high loads, piezoceramics
exhibit severe nonlinearities due to inherent ferroelectric and ferroelastic
domain switching stemming from changes of the remnant polarization
and strain contributions.
In this paper, rate-dependent switching effects in ferroelastic materials
are studied using a micromechanically motivated model. The reduction in
free energy per unit volume as compared to a critical value is assumed for
the onset of domain switching, see for instance [1]. The subsequent nucleation and propagation of domain walls during domain switching is explained via a linear kinetics theory [2]. Along with this micromechanical
model, the intergranular effects are modeled using the probabilistic approach, based on a Weibull distribution function which is
macromechanically motivated. Concerning finite element based simulations, each domain is represented by a single finite element and the dipole directions are initially randomly oriented. Stress versus strain hysteresis loops are computed for different loading amplitudes and frequencies
for the bulk ceramics using a straight forward volume-averaging technique. The simulation for the rate-independent case extends the developed robust finite element model and renders results which are in good
agreement with experimental data reported in the literature.
[1] M. G. Shaikh, S. Phanish and S. M. Sivakumar, Domain switching criteria for ferroelectrics, Computational Material Science, 2006, 37, 178186.
[2] A. Arockiarajan, B. Delibas, A. Menzel and W. Seemann, Studies on
rate dependent switching effects of piezoelectric materials using a finite
element model, Computational Material Science, 2006, 37, 306-317.

6526-17, Session 3
Study about possibilities for direct integration of
piezo-fibers in sheet metal
W. Drossel, R. Neugebauer, B. Kranz, Fraunhofer-Institut für
Werkzeugmaschinen und Umformtechnik (Germany)
This paper reports a study about the possibilities for direct integration of
piezo-fibers in sheet metal. In the last years many types of plastic-composites-piezo-modules were developed. But up to date there is no real
large-scale industrial application. One reason is the expensive application process. The plastic modules with embedded piezo-fibers have to
bond to the sheet metal with special 2-componenents adhesive with a
long time cure. This way of application technology is not qualified for
industrial processes for instance in the automotive industry.
This was the reason to setup the Transregional Collaborative Research
Centre 39 PT-PIESA “Production Technologies for light metal and fiber
reinforced composite based components with integrated PIEzoceramic
Sensors and Actuators” with the promotion of the German Research Foundation (Deutsche Forschungsgemeinschaft). In 13 sub-projects effective
technologies for the production of adaptronic components are investigated. One idea is the direct integration of piezo-fibers in sheet metal like
for instance aluminium sheets. A detailed finite-element-model was developed to design a functional part in the sheet metal by means of directly integrated fibers or micro-structured composite elements.
The aim of the project is an intelligent semi-finished part, which can be
integrated in classical process chains of sheet metal forming. With the
detailed finite-element model the electro-mechanical interaction between
the piezo-fiber, the isolation layer and the basic metal structure was analyzed. Several versions of design were investigated. So the geometry of
the microstructure, the material parameter and the geometry of the isolation layer, the piezo-elements and the piezo-mode (d31- or d33-effect)
and also the field direction was varied. The transfer of the design of the
well-known Macro-Fiber-Composite-Modules (MFC) to piezo-metal-modules is not possible. In this case the field-induced deformation of the piezofibers reduces the contact with the enclosing metal structure. The transfer of strain and forces are impossible. Two different designs are promising. The first design is characterized by the usage of the d33-effect across
the fiber. The obvious advantage is the low operation voltage < 200 V. A
macroscopic strain will be reached by adding the strains of various fibers
like in stack actuators. The contact and as a consequence the transfer of
strain and force will be improved during the application of the electric
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field. A transversal uncoupling of the d31-strain direction a long the fiber
direction can be realized by means of low friction coefficients between
the piezo-fiber and the isolation material. The second promising design is
characterized by the use of slitted piezo-fiber-composites.

6526-18, Session 4
Studying the effects of temperature on energy
harvesting using pre-stressed actuators
P. Mane, K. M. Mossi, Virginia Commonwealth Univ.
Energy harvesting is a process in which energy which would otherwise be
wasted is captured, stored and then used to power a system. Devices
having such a capability will enjoy an extended life particularly advantageous in systems with limited accessibility, such as biomedical implants
and structure embedded micro and wireless sensors. A variety of different sources exist for harvesting energy, such as solar power, wind power,
ocean tides, vibrations, acoustic noise, and temperature gradient. The
feasibility of using piezoelectric devices for energy harvesting has be successfully investigated in the past using PZT, MFC, Unimorphs and
Thunders(r) amongst others. In the current study energy is harvested from
a circular Thunder device. A Thunder is clamped along its edges and
pressure loaded to provide a stimulus. Previous studies have shown an
increased piezoelectric effect in Thunder devices at temperatures of about
40oC. To test the effects of temperature on energy harvesting properties
the device is heated at various temperatures up to 100oC and the effects
on the power density are tested.

6526-19, Session 4
Energy conversion in piezoelectric superlattices
Y. Chou, M. Yang, National Taiwan Univ. (Taiwan)
A superlattice is formed in a piezoelectric plate by intervallic polarizing
oppositely along one direction. Wave propagation in this structure is studied with plane-wave expansion method. The polariton behavior in the
superlattice is obtained by solving Newton’s equations of motion and
Maxwell’s equations simultaneously. Significant coupling between mechanical and electro-magnetic energy occurs in the vicinity of the center
of the first Brillouin zone. At the frequency bands of strong coupling, part
of the excitation electro-magnetic energy will convert into mechanical
energy in the superlattice or radiating into free space as EM waves. By
measuring the S-parameters, the coupling behavior is observed and the
frequency bands corresponding to different kinds of energy conversion
can be identified.

6526-20, Session 4
Switching characteristics of (Bi0.5Na0.5)TiO3BaTiO3-(Bi0.5K0.5)TiO3 lead-free ferroelectric
ceramics
J. Shieh, K. Wu, C. Chen, National Taiwan Univ. (Taiwan)
The polarization switching characteristics of lead-free a(Bi0.5Na0.5)TiO3bBaTiO3-c(Bi0.5K0.5)TiO3 (abbreviated BNBK 100a/100b/100c) ferroelectric ceramics are investigated. This is achieved through examining their
polarization and strain hystereses inside and outside the morphotropic
phase boundary (MPB). The total induced electrostrain and apparent piezoelectric charge coefficient (d33) first increase dramatically and then
decrease gradually as the BNBK composition moves from the tetragonal
phase to the MPB and then to the rhombohedral phase. The measured
polarization hystereses indicate that the BNBK compositions situated near
the rhombohedral side of the MPB typically possess higher coercive field
(Ec) and remanent polarization (Pr). While the compositions situated near
the tetragonal side of the MPB possess higher apparent permittivity. Adverse effects on the ferroelectric properties are observed when BNBK is
doped with donor dopants such as La and Nb. On the contrary, the polarization and strain hystereses are enlarged when more than 1 mol% of
acceptor dopant Mn is added. Under an alternating electric field of 5.0
MV/m, BNBK 88.1/3.9/8, a composition well within the MPB, exhibits an
SPIE Smart Structures and Materials 2007

electrostrain of about 0.14%, an apparent d33 of 295 pC/N, an Ec of 2.5
MV/m, and a Pr of 0.23 C/m2. These notable ferroelectric property values
suggest a candidate material for lead-free actuator applications. The
present study provides a systematic set of hysteresis measurements which
can be used to characterize the switching behaviors of BNBK-based leadfree ferroelectrics.

6526-21, Session 5
Nonlinear electric reaction arising in dry bone
subjected to 3-point bending
G. Murasawa, Yamagata Univ. (Japan); H. Cho, Aoyama Gakuin
Univ. (Japan); K. Ogawa, Kanazawa Univ. (Japan)
Bone is smart material self-accommodating its shape according to condition of surroundings. Recently, some researchers have been studying
about relationship between the shape of bone and mechanical loadings.
On the other hand, it has been known that electrical potential generates
from bone by mechanical stimulation. This is piezoelectricity of bone. Then,
this electrical potential will have an influence on the formation of bone in
no small way.
The aim of present study is to investigate the piezoelectricity arising in
bone. Firstly, specimen was fabricated from femur of cow, and the speeds
of wave propagation in bone were tried to measure by laser ultra sonic
technique and wavelet transformation, because these in bone have relationship with bone density. The bone density has an influence on mechanical behavior of bone. Secondary, 4-point bending test was conducted up to fracture, and electric reaction arising in bone was measured
during loading. Thirdly, cyclic 4-point bending tests were conducted to
investigate the piezoelectricity arising in bone. As a result, electric reaction arising in bone shows the nonlinear behavior like electro active polymer. Also, bone shows unique electric reaction under cyclic loadings. It is
important to investigate electrical reaction arising in bone when bone is
given mechanical stimulation because piezoelectricity of bone may have
relationship with activation of bone growth.

6526-22, Session 5
An experimental study of improving performance for
unimorph piezoelectric actuator performance
subjected to external loading
N. Nguyen, K. Yoon, Konkuk Univ. (South Korea)
Appropriate stacking sequence designs of unimorph piezoelectric actuators help increasing the actuation performance considerably. After curing
in autoclave, the cooling down process to room temperature causes the
manufactured actuators to curve shape and induces the internal residual
stresses in each layer of unimorph actuators due to the mismatch in CTE
of constituent materials. It is well known that compressive strength of the
piezoceramic is much higher than the tensile strength. Therefore, the ceramic layer is required to be in compressed state to avoid failure during
operation. However, a high value of compressive stress in the piezoceramic
material may cause a decrease in strain due to the induced piezoelectric
effect. High compressive prestress makes the domains aligned and constrained perpendicular to the stress direction. Consequently, fewer domains can be reoriented to contribute to polarization and strain output.
The unimorph actuator is thus designed and operated such that the compressive stress in piezoceramic material is large enough to avoid failure in
service condition but small enough to allow larger amount of non-180o
domain switching. To compensate the high designed compressive stress
state in the piezoceramic attention should be paid on the loading configuration when the actuator is working in service condition. This paper
presents an experimental study on improvement of the actuation performance of unimorph actuators by better arrangement of external loading
that allow a larger amount of non-180o domain switching. Experimental
results show that the unimorph actuator should be arranged in a manner
such that the stress state within the PZT wafer is in as more tension as
possible to compensate the high compressive induced stress in the
piezoceramic due to manufacturing process.
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6526-23, Session 5
Life-span investigations of piezoceramic patch
sensors
M. M. Gall, B. Thielicke, Fraunhofer-Instituts für
Werkstoffmechanik IWM (Germany)
In so called smart or adaptive structures, piezoceramic actuators and
sensors are utilized to detect, reduce or generate structural deformations
in order to control form, vibrations or noise levels. Especially in light-weight
constructions, the practical advantages of distributed force transmission
are leading to an increased use of laminar piezoceramic composites. In
these sensor/actuator types the interconnection of thin piezoceramic
wafers or fibres and a polymer material allows the specific optimisation of
the composite’s properties. Furthermore the encapsulation of the brittle
piezoceramic material into the ductile polymer improves the handling of
the device and reduces the ceramic’s susceptibility to fracture [1].
Under working conditions the piezoelectric sensors/actuators are typically subjected to alternating electromechanical loadings that eventually
lead to a degradation of their mechanical and electrical properties or premature failure due to fatigue damage. The reliable reproducibility of attainable results within an expected life-span is an important requirement
for an increasing and cost-effective application of piezoelectric composites in the development as well as the successful operation of smart structures. Thus systematic investigations of their durability, loading limits and
failure behaviour under relevant thermo-electro-mechanical loading situations are essential.
In the current study the loading limits and life-span of piezoceramic patch
modules are investigated. The latter utilize the piezoelectric lateral extension mechanism (d31-effect) of thin Lead-Zirconate-Titanate (PZT) wafers which are encapsulated in epoxy resin [1]. Primarily the PZT patches
have to withstand the operational demands to which their substrate structure is subjected, above all the basic mechanical loading and environmental conditions. In the case of electric actuation, additional electromechanical loading will occur.
To investigate the performance, loading limits (maximum strain, number
of cycles under load, temperature), typical failure mechanisms and lifespan of the piezoceramic patches under operating conditions a four-point
bending test setup has been conceived. This setup conveniently allows
the testing of specimen under quasi-static and cyclic loading with application of mechanical tensile or compressive loading to the piezoceramic
patch. Also testing under relevant humidity and temperature conditions,
as well as mixed electromechanical loading is possible.
The patches are glued onto the middle section of carbon fibre reinforced
plastic sheets, such that the piezoceramic is subjected to nearly constant
axial strains in the bending test. We can thus deduce a correlation between strain levels and life-span which is independent of the patches’
dimensions, and the results can be transferred to other applications [2].
The test program involves quasi-static and cyclic mechanical loading under
tensile as well as compressive loading of the patches. The sensor effect
of the piezoceramic produces an electric charge signal which is evaluated in charge-strain curves to monitor the performance of the patches
during testing.
Under quasi-static and cyclic tensile testing the relevant damage mechanism was found to be cracking of the PZT wafer. The occurrence of cracks
can be correlated to changes in the charge-strain curves characteristic
(reduction of slope). Long-term tensile tests yield a correlation of specimen life-span to the maximum applied strain that is represented in a lifespan curve.
Under compressive testing a degradation in the charge-strain curves was
observed at increasing compression levels, implying a degradation of the
electro-mechanical coupling properties of the piezoceramic. This was
found to be reversible after the application of an electrical field, repolarising
the PZT. No mechanical damage was found in the PZT patches after compressive testing up to a strain level of - 0.6 %.
The performance of the PZT patches in the actuator application (under
electric activation) is being studied in a bending actuator test setup. Ongoing investigations further include four-point bending tests under increased temperature. Also the usability of the electric capacitance as a
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parameter for monitoring the specimens’ health is being investigated.
A combined approach of experimental testing methods and numerical
simulation allows the transfer of the attained results to various applications and geometries of the investigated PZT-patch modules. Finite element models of the PZT composites are developed and validated on the
basis of experimental data. The simulation results are in good agreement
with the experimental results of the specimens sensor and actuator performance, thus FE analyses permit a good prediction of the actuator or
sensor performance. Furthermore they allow the investigation of local critical loading situations in the piezoelectric composites that cannot be evaluated experimentally, such as stress values in the embedded PZT wafers.
As a step towards the development of a flexible FE tool for complex piezoelectric material models that will help predicting the life-span of piezoelectric sensors and actuators, a piezoelectric user-element is being
tested in the research finite element code FEAP (Finite Element Analysis
Program) [3, 4].
The long term objective of this study is the identification of loading limits,
failure and damage mechanisms and long-term behaviour of the PZT
patches under various loading conditions. Ultimately a mechanism-based
model for life-span predictions is to be developed and implemented into
the FE tool.
References:
[1] P. Wierach, H.P. Monner, A. Schönecker and J.K. Dürr, Application
Specific Design of Adaptive Structures with Piezoceramic Patch Actuators, Proc. SPIE 4698, 333 (2002).
[2] B. Thielicke, T. Gesang and P. Wierach, Reliability of piezoceramic
patch sensors under cyclic mechanical loading, Smart Mater. Struct. 12,
(2003).
[3] O. C. Zienkiewicz and R. L. Taylor, The Finite Element Method, 6th
edition, vol. 1 and 2, Elsevier, Oxford, (2005).
[4] M. Gall, B. Thielicke, C. Poizat and S. Klinkel, Finite Element Formulation of a Piezoelectric Continuum and Performance Studies of Laminar
PZT-Patch-Modules, Mater. Res. Soc. Symp. Proc. 881E, CC3.3,
Warrendale, PA (2005).

6526-24, Session 5
Poly(vinylidene fluoride)/zinc oxide smart composite
film for micro-air vehicle (MAV) morphing wing skin
E. Ogut, Sabanci Univ. (Turkey); O. S. Yordem, Univ. of
Massachusetts; M. Gulleroglu, Y. Menceloglu, M. Papila,
Sabanci Univ. (Turkey)
Micro Air Vehicles (MAVs) may be characterized as flying systems with
characteristic length (i.e. wing span) and weight not more than 15cm and
100gr, respectively [1]. Easy to carry and operate MAVs equipped with
advanced micro/nano sensors will enable reconnaissance and specific
measurements such as toxic gas levels in variety of terrains. In order to
fulfill such tasks an MAV is expected to have maneuverability for which
morphing the wings into different shapes by electro-mechanical smart
materials is an option. Smart materials of high specific strength would
also make higher flight durations with lower power consumption possible. With these expectations piezoelectric polymer/ceramic composites become a topic of interest in MAV wing applications.
Proposed paper aims at fabrication and electromechanical characterization of a smart composite materials system of two piezoelectric materials, poly(vinylidene fluoride) (PVDF) and zinc oxide (ZnO). The reason for
choice of these two ingredients is on account of their complementary
characteristics for piezoelectric activity and flexibility: PVDF -the piezoelectric polymer- as a thin-film has much higher flexibility compared to
ZnO -the piezoelectric ceramic-. ZnO, on the other hand, is capable to
respond much higher strains when much lower voltages are applied, compared to PVDF; however it is brittle.
The fabrication of composite films is based on the melt-casting process
and performed by a home-made hot press setup. The electrospun ZnO
fiber mats, ultrafine electrospun PVDF fiber mats and PVDF cast films will
be first produced following the processes optimized in our previous work
[2]. We will then stack the polymer and ceramic fiber mats and films and
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the stack will be heated up to melting temperature of PVDF, followed by
cooling under pressure to form the composite film [3]. The resulting composite structure is expected to be as ZnO fiber mats embedded in a PVDF
matrix. Scanning Electron Microscope will be used to observe the uniformity of the impregnation and the fiber/matrix interface.
Electromechanical characterization of the composite films is also planned.
Films without poling are expected to impart piezoelectric activity due to
existence of ZnO fiber mats. Effect of poling the films, however is investigated as poly(vinylidene fluoride) requires poling of its dipoles in order to
fully gain piezo activity [4]. Corona poling [5] and electric poling [6] at
elevated temperatures will be implemented. Afterwards, hysteresis
measurements on poled and un-poled composite films will be performed
via a fotonic sensor in order to obtain the remanent polarization and coercive field values [7], as well as the longitudinal and transverse piezoelectric strain coefficients of the composite films [8].
References
[1] McMichael J, Francis M. Micro Air Vehicles - Toward a New Dimension
in Flight. http://www.fas.org/irp/program/collect/docs/mav_auvsi.htm.
1996.
[2] Yordem O, Ogut E, Menceloglu Y, Papila M. Active fiber reinforced
smart PVDF films. American Society for Composites. 2006.
[3] Stroyan J. Processing and characterization of PVDF, PVDF-TrFE and
PVDF-TrFE-PZT composites. School of Mechanical and Materials Engineering. 2004.
[4] Harrison J, Ouniaes Z. Piezoelectric Polymers. ICASE Report No. 200143. 2001.
[5] Giacometti J, Wisniewski C, Riberio P, Moura W. Electric measurements with constant current: A practical method for characterizing dielectric films. Review of Scientific Instruments. 2001; 72:4223-7.
[6] Yun Y, Yadong J, Wu Z, Zeng H, Yang Y, Li W. Characterization and
ferroelectric properties of electric poled PVDF films. International Symposium on Electrets. 2005; 132-5.
[7] Bouregba R, Poullain G. Numerical Extraction of the True Ferroelectric
Polarization Due to Switching Domains from Hysteresis Loops Measured
Using A Sawyer-Tower Circuit. Ferroelectrics. 2002; 274:165-81.
[8] Vyshatko N, Brioso P, Erez J, Vilarinho P, Kholkin A. Measurements of
Piezoelectric Properties of Ferroelectric Thick Films by Fotonic Sensor.
Ferroelectrics. 2005; 320:639-46.

meter displacement with 5 V driving voltage, which is large enough for
practical application to hearing aids.

6526-25, Session 5

C. Chang, G. P. Carman, Univ. of California/Los Angeles

Development of multilayer actuators with
piezoelectric single crystals for an implantable
hearing aid

A theoretical modeling and experiment effort have been performed to
verify the magnetoelectric (M-E) coupling effect in magnetostrictive-piezoelectric layered composites (MPLC) system. Six MPLC configurations
are analytically modeled, including three field orientations, longitudinal,
transverse, and in-plane, in both 1-D and 2-D plane geometries. By determining the individual effects of configurations and material properties
through modeling, a 3-D sequencing map covering the span of compliance, Poisson’s ratio, and piezomagnetic coefficient ratio q33/q31 of the
magnetostrictive phases is developed to predict the homogenized M-E
voltage coefficient, alpha prime, curves. To confirm the accuracy of the
models, several MPLC systems have been fabricated and tested. The
results show good consistence for strain values and compatible trend for
curves. By testing different MPLC system, the ordering of homogenized
magnetoelectric voltage coefficient of each configuration follows the 3-D
alpha prime sequencing map.

Y. Roh, I. Yun, Kyungpook National Univ. (South Korea)
We developed a multilayer actuator with piezoelectric single crystals, PMNPT for a new implantable hearing aid. The actuator is used as an ossicular
vibrator coupled to the stapes of human cochlear linkage to efficiently
transmit sound signals to the inner ear. The sound signal is coming from
a miniature microphone and hearing aid electronic circuits implanted behind the auricle. Conventional hearing aids employ either electromagnetic transducers or piezoelectric bimorphs. The electromagnetic devices
do not have wide enough bandwidth and suffer from sound distortion
and acoustic feedback. The piezoelectric bimorphs are fragile and do not
provide big enough force to compensate for deep hearing loss. The actuator in this work has a multilayer structure to overcome the shortcomings of the present devices, and can afford big enough force and vibration displacement to the stapes of cochlea while maintaining structural
robustness. The actuator was made of PMN-PT single crystals for good
electromechanical energy coupling efficiency while preserving small dimensions. Layers of biocompatible materials coat the actuator for implantation in human middle ears. The PMN-PT crystal was grown by the
Bridgman method. Detailed structure of the actuator including its electrode geometry was designed through finite element analysis and its performance was measured through experiments. Miniature actuators were
fabricated to have ten layers of PMN-PT crystals and have the dimension
less than 1 mm. The actuators were measured to provide up to 1 micro-
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6526-26, Session 6
Magneto-elastic modeling of compostites with chainstructured magnetostrictive particles
H. M. Yin, Univ. of Illinois at Urbana-Champaign; L. Sun, Univ.
of California/Irvine
Magneto-elastic behavior is investigated for two-phase composites containing chain-structured magnetostrictive particles under both magnetic
and mechanical loading [1, 2]. To derive the local magnetic and elastic
fields, three modified Green’s functions are derived and explicitly integrated for the infinite domain containing a spherical inclusion with a prescribed magnetization, body force, and eigenstrain. A representative volume element containing a chain of infinite particles is introduced to solve
averaged magnetic and elastic fields in the particles and the matrix. Effective magnetostriction of composites is derived by considering the
particle’s magnetostriction and the magnetic interaction force. It is showed
that there exists an optimal choice of the Young’s modulus of the matrix
and the volume fraction of the particles to achieve the maximum effective
magnetostriction. A transversely isotropic effective elasticity is derived at
the infinitesimal deformation. Disregarding the interaction term, this model
provides the same effective elasticity as Mori-Tanaka’s model. Comparisons of model results with the experimental data and other models show
the efficacy of the model and suggest that the particle interactions have a
considerable effect on the effective magneto-elastic properties of composites even for a low particle volume fraction.
References
[1] Yin, H.M., Sun, L.Z., and Chen, J.S., “Magnet-elastic modeling of composites containing chain-structured magnetostrictive particles”, Journal
of the Mechanics and Physics of Solids, In Press, 2006.
[2] Yin, H.M. and Sun, L.Z., “Magnetoelasticity of chain-structured ferromagnetic composites”, Applied Physics Letters, 86, 261901-3, 2005.

6526-27, Session 6
Giant magnetoelectric coupling effect in MPLC
system

6526-28, Session 6
An investigation on granular-nanocomposite-based
giant magnetoresistance (GMR) sensor
Z. Guo, Univ. of California/Los Angeles; S. Wei, Louisiana State
Univ.; S. S. Park, Univ. of California/Los Angeles; M. Moldovan,
A. Karki, D. P. Young, Louisiana State Univ.; H. T. Hahn, Univ. of
California/Los Angeles
INTRODUCTION
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The Giant Magnetoresistance (GMR) effect indicates the significant change
of resistance in response to an external magnetic field. Under zero external field, the magnetization directions of adjacent ferromagnetic layers in
a GMR material are antiparallel due to a weak anti-ferromagnetic coupling between the layers. When an applied external field aligns the magnetization in adjacent layers, a lower level of resistance is observed. Since
the first discovery of GMR in thin film structures composed of alternating
ferromagnetic and nonmagnetic metal layers in 1988 [1]. GMR sensors
have spurred many commercial applications, such as in magnetic storage (read heads in modern hard drives)[2], magnetic random access
memory (MRAM), and biological detection [3].
Similar to multilayer materials, a granular structure with nanometric ferromagnetic grains separated by a non-magnetic conductive matrix is predicted to possess GMR effect. Granular materials thus have the potential
to be used for GMR sensing, similar to the multilayer counterparts normally used. However, the only reported granular GMR sensor is in copper-containing cobalt granules with a low GMR ratio. The poorer performance is attributed to a large granule size and a large interparticle distance resulting from annealing process during fabrication. Compared with
the traditional metal matrix composites, polymer nanocomposites containing magnetic NPs are more attractive because of their high flexibility,
easy processing, and low cost. High-pressure prepared pellets of polystyrene composites filled with magnetic nanoparticles after annealing are
reported to have a room-temperature MR of 14 % through the tunneling
effect [4].
In this presentation, GMR performance in the granular structured composites arising from the annealing polyurethane nanocomposite filled with
high-loading iron nanoparticles was observed to have about 7 % at room
temperature and around 14 % at liquid-nitrogen temperature. Utilization
of the high flexibility of the precursor nanocomposites, GMR materials for
sensor measurement can be done immediately after the annealing process without any external treatment. The annealing temperature effect on
the magnetic and magnetoresistance will also be reported.
EXPERIMENTAL
The precursor nanocomposites were fabricated following the method
developed in our group [5]. The granular GMR was prepared by annealing
the fabricated nanocomposites at 250 oC and 450 oC for 2 hours. The
GMR sensor fabrication is briefly described here; 4 silver electrodes are
connected onto annealed composite. The performance of the granular
GMR sensor as a function of temperature and magnetic field will be tested
using a standard four-probe method in a 9-Tesla Physical Properties Measurement System (PPMS) by Quantum Design.
Both TEM and HRTEM are carried out to characterize the morphology
(size, shape and distribution) and crystallinity of the nanoparticles (precursor and annealed ones). The magnetic properties were tested with a
9-Tesla Physical Properties Measurement System (PPMS) by Quantum
Design.
RESULTS AND DISCUSSION
TEM bright field micrographs of the as-received nanoparticles and the
annealed composites show that the morphologies (size and shape) are
dependent on the annealing temperatures. X-ray photo spectroscopic
study indicates the composite component underwent decomposition with
a carbon matrix formation, and the existence of a strong chemical bonding between the particle and the matrix even after high-temperature annealing. GMR signal of the sensor is about 7 % at room temperature and
14 % at the liquid nitrogen temperature. Temperature dependent resistance measurement indicates a tunneling transport in this GMR sensor.
CONCLUSION
Without any external press, the flexible polyurethane nanocomposite filled
with iron nanoparticles is successfully fabricated into GMR materials by
simple annealing process. The flexibility of the precursor polyurethane
nanocomposite renders the robust carbon matrix based GMR composite
formation with the shrinkage of the polymer matrix during the composite
thermal decomposition. 7 % and 14 % of the GMR signal were detected
by 4-probe method at room temperature and 130 oC, respectively.
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6526-29, Session 6
Generalized energy model for the behavior of
magneto-electric composites
J. Atulasimha, Univ. of Maryland/College Park; G. Akhras, Royal
Military College of Canada (Canada); A. B. Flatau, Univ. of
Maryland/College Park
Magnetoelectric composites made of magnetostrictive and piezoelectric
materials have many potential applications in new designs of acoustic
transducers, actuators, magnetic field sensing devices, leak detectors
for microwave ovens, current measurement of high-power electric transmission systems, and data-storage [1]. The use of magnetostrictive-piezoelectric composites in these applications can be greatly enhanced by
accurate modeling of the non-linear magneto-electric behavior of this
composite material over a large range of stress, electric and magnetic
fields. In this paper, we describe the formulation of a generalized model
for the behavior of magnetostrictive and piezo-electric materials and its
application to modeling the magneto-electric behavior of magnetostrictive-piezoelectric composites over the entire non-linear range.
An energy-based model was developed by the authors [2] to model the
magnetomechanical behavior. This model incorporated the
magnetocrystalline, external field and magnetoelastic terms in the total
energy and calculated a distribution of the magnetic moments that minimized it. The magnetostriction and magnetization were calculated from
the distribution of the orientations of these domains. This model will be
extended to model the piezo-electric behavior by including the appropriate piezo-electric and external electric field energy terms. The combined
model will be employed in modeling the individual magnetostrictive and
piezo-electric components as well the elastic coupling between them to
predict the average macroscopic magneto-electric behavior of the composite. This approach is less computationally expensive than the micromechanics based approaches such as [1] and is therefore better suited to
engineering applications such as design and control of these composites.
References:
1. Huang, H., and Zhou, L., M., “Micromechanics approach to the magnetoelectric properties of laminate and fibrous piezoelectric/magnetostrictive composites” Journal of Physics D: Applied Physics 37(2004) 33613366.
2. Atulasimha, J. and Flatau, A., B., “Energy-based constitutive Model
for Magnetostrictive Materials and its Application to Iron-Gallium Alloys”,
Proceedings of the Materials Research Society Fall Conference, December 2005.
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6526-30, Session 6

6526-33, Session 7

Magnetoelectric Green’s functions and inclusion
problems in a uniaxial multiferroic material

Improving RIS theory for application to mechanical
properties prediction

J. Li, L. Li, Univ. of Washington

F. Gao, L. M. Weiland, Univ. of Pittsburgh

Multiferroic materials possess two or more types of orders simultaneously
that couple the electric and magnetic fields, rendering them a rich variety
of microstructural phenomena and macroscopic properties. By introducing a magnetoelectric potential function, we derive explicit closed-form
expressions of magnetoelectric Green’s functions for uniaxial multiferroic
materials in the presence of point electric or magnetic charge. For the
special cases when the electric and magnetic fields are uncoupled, our
solutions recover the well-known solutions for a single-ferroic material,
dielectric or magnetic. And we use these Green’s functions to determine
the distribution of magnetoelectric fields in an ellipsoidal inclusion with
spontaneous polarization and magnetization embedded in a multiferroic
material. Numerical results show that for a typical multiferroic composite,
it is easier to induce magnetic field by electric charge or spontaneous
polarization, suggesting that it is probably easier to manipulate the electric polarization by a magnetic field in those composites. Such solutions
should find a wide range of applications in the analysis of multiferroic
materials, for example the evolution of domain configurations in a singlephase multiferroic material, and the effective properties of multiferroic
composites.

Application of Rotational Isomeric State (RIS) theory to the prediction of
Young’s modulus of a solvated ionomer is considered. RIS theory directly
addresses polymer chain conformation as it relates to mechanical response trends. Successful adaptation of this methodology to the prediction of elastic moduli would thus provide a powerful tool for guiding ionomer
fabrication. The Mark-Curro Monte Carlo methodology is applied to generate a statistically valid number of end-to-end chain lengths via RIS theory
for a solvated Nafion case. The distribution of chain lengths is then fitted
to a Probability Density Function with the most appropriate Johnson family method. The stiffness predictions are considered as a function of total
molecular weight.

6526-31, Session 7
Effect of crosslinking on the shape recovery of shape
memory polymer networks
E. Wornyo, K. A. Gall, F. Yang, W. P. King, Georgia Institute of
Technology
We examined the nanoscale deformation and consequent shape recovery of shape memory polymer networks with respect to crosslink density.
Various weight percentages of copolymer shape memory polymers consisting of diethylene glycol dimethacrylate (DEGDMA) crosslinker and a
tert-butyl acrylate (tBA) monomer were designed and polymerized.
Baseline thermomechanical properties of each material, such as the glass
transition temperature, were determined by dynamic mechanical analysis. Nanoindentation was used to probe the nanomechanical properties
of the materials. The crosslinking had a considerable effect on the rubbery modulus, but not on the glassy modulus. increasing crosslink density did not have a considerable effect on the glassy modulus. It was also
observed that the room temperature hardness of the networks increased
proportionately as crosslink density increased. The dissipated energy
decreased as crosslink density increased. Shape recovery of nanoindented
samples was investigated with a heated atomic force microscopy (AFM)
cantilever at 1 oC/min from 27 oC to temperatures above the glass transition of each material. The AFM results showed full shape recovery of
the samples in the vicinity of their glass transition temperature.

6526-32, Session 7
Strain recovery characterization of a shape memory
polymer
X. Wu, Wayne State Univ.
Shape memory effect of polymers received increasing interests for potential applications in MEMS and medical devices. In this paper, the viscoelastic and plastic behavior and strain recovery behavior of a thermoplastic have been studied. Pre-strain by compression was performed under
both load or displacement control modes, and under monotonic or cyclic
loading. The strain recovery ratios of the shape memory polymers are
found to be strongly affected by the deformation temperature, isothermal
holding temperature and time, amount of forward strain and relaxation
time, and the number of cycles of strain/recovery. An analysical model
was developed to describe the visco-plastic behaviour.
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6526-34, Session 7
Study on electrical conductivity and dielectric
properties of doped polyaniline
S. Chen, North Carolina A&T State Univ.
Microwave absorption materials are widely used in military, communications, environmental and physical protections, such as stealth fight airplane, LED, corrosion resistant coating. Polyaniline (PANI) is one of the
most heavily studied microwave absorption materials due to its high conductivity and easy processing property. Antistatic materials, electromagnetic shielding, rechargeable battery electrodes, electrochromic devices
and electrocatalysis are parts of the potential applications of PANI. Although the temperature in synthesizing, doping and drying of PANI are
normally lowered than 100ºC, PANI, as well as other macromolecule materials, has to be exposed to high temperature when it is machined and
used. For instance, some scientists blend PANI with PVC, ABS,
nylon,thermoplastic polyester and so on in order to settle the problem of
contour machining of PANI. In such case, the temperature sometimes
exceeds 200ºC or even approaches 300ºC when these composites are
machined in the process of extrusion, injection and compression. Therefore, it is important to investigate the impact of high temperature on PANI’s
structure, composure, conductivity and dielectric properties.
This paper is focused on the electrical conductivity and dielectric properties of HCI doped polyaniline under various heat-treatment temperatures.
Using differential scanning calorimetry (DSC), FT-IR spectra, and X-ray
diffraction (XRD), it is observed that electrical conductivity of PANI-HCI
has little change when the temperature is blow 100ºC, the order of magnitude maintains at 100; when the temperature reaches 120ºC, the electrical conductivity varies to some extent, at the order of magnitude 10-1.
However, as temperature further increases, a rapid decrease in electrical
conductivity is observed. Compared with its conductivity at 60ºC, the
order of magnitude of 140ºC and 160ºC decreases to 5 and 7, respectively. At the temperature of 160ºC, it exhibits dielectric property, with
almost 1.47Å~10-7.
Furthermore, our study shows that PANI-HCI exhibits an excellent dielectric property below 100ºC and the loss angle of tangent tan(de) is between 0.35 and 0.49. Once the temperature increases to 100ºC, the dielectric property reduces significantly such that tan(de) is less than 0.1.
It is interesting to note that dielectric property is closely related to its
molecular structure. The higher the treatment temperature, the less molecular polarized, and the smaller the degree of polarization, the less the
loss angle of tangent. Our study also discovers that when the temperature is much too high to some extent, the crystal lattice and molecular
chains of polyaniline are destroyed, the electrical conductivity reduces
significantly, making the rapidly decreasing of tan(de).
The boundary condition, microstructure, and the change of chain all have
distinct impact on the conductivity and dielectric properties, as analyzed
in our study, more details can be found in the full length paper.
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6526-35, Session 7

6526-36, Session 7

Evaluating the mechanical integrity of bilayer lipid
membranes using a high-precision pressurization
system

Electrochemical flux and mechanical back-relaxation
in ionic polymer transducers

D. Hopkinson, Virginia Polytechnic Institute and State Univ.; D.
J. Leo, DARPA
Plants naturally achieve large deformation and growth due to the transport of ions and fluids across their cell membranes in response to external stimuli (Hill, 1981). The cellular processes that activate plant deformation are inspiring the development of an actuator that can be used in
engineering applications that require controlled actuation (Leo, 2005). This
biologically-inspired actuator concept uses ion transporter proteins to
pump fluid across a porous substrate coated with a planar bilayer lipid
membrane (BLM) (Bonting, 1981) from a reservoir into an enclosed expansion chamber. The fluid exerts pressure on the enclosed chamber
causing its volumetric expansion (Sundaresan et al., 2004; Sundaresan
and Leo, 2005). However, in order for this actuation scheme to be viable,
the BLM must be able to support the pressure that is generated by the
biological pumping mechanisms without bursting.
Characterizing the mechanical properties of planar BLMs is essential for
assessing the feasibility of the biomimetic actuator. In a previous study a
test fixture was engineered to evaluate the failure pressure of BLMs formed
over porous polycarbonate substrates using hydrostatic fluid pressure
(Hopkinson et al., 2006). Pressure was applied to the BLM by slowly increasing the height of a water column over the top of a BLM. When the
BLM failed, it could no longer support pressure from the water column
and the level of fluid was observed to drop. It was found that the failure
pressure of a BLM increases as the pore size of the supporting substrate
decreases.
To improve this series of experiments, a new test fixture has been developed that will allow for a more precise measurement of the failure pressure of a BLM as well as an expanded range of failure pressures. It utilizes
a stepper motor and piston to pressurize the BLMs, a pressure transducer to monitor pressure, and a Labview data acquisition system to control the experiment and record data. This test fixture can apply pressure
with a resolution of 30 Pa and a maximum pressure of > 350 kPa. Preliminary experiments have been performed in which a BLM was formed over
a porous polycarbonate substrate and pressure was applied at a slow,
uniform rate. It was found that pressure increased and then leveled off at
a certain maximum pressure. It is believed that this maximum pressure
represents the failure point of the BLM. In this paper further experimental
results will be presented and they will be compared with the results from
the previous test method that used the hydrostatic water column.
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B. J. Akle, Virginia Polytechnic Institute and State Univ.; T.
Wallmersperger, Univ. Stuttgart (Germany); D. J. Leo, DARPA;
B. H. Kröplin, Univ. Stuttgart (Germany)
An ionomeric polymer transducer (IPT) is a composite material made of
an ion-exchange membrane plated with conductive metal layers on the
outer surfaces. Such materials are known to generate large bending strain
(> 10% is possible) and moderate stress at low applied voltages (typically
less than 5 V), and high sensitivity to mechanical deformation in chargesensing mode. In this paper a numerical and experimental study is performed on the electrode and ionomer species. The numerical model is
based on the flux occurring in the polymer as well as the flux at the electrode-polymer interface. The flux stems from gradients in space and time
of chemical and electrical variables which can be prescribed as a time
dependant boundary condition. This flux is varied experimentally by using different metal species in the electrode. Two experimental setups are
developed. In the first configuration the ionomer membrane is sandwiched
between two flat metal plates and the impedance of the overall system is
measured. This is a simple configuration to model, while the electromechanical response is difficult to measure. In the second configuration,
transducers with large surface area metal/ionomer interface are built using the Direct Assembly Process (DAP) with controlled particles in the
electrode such as gold, copper, aluminum, and silver metals. The bending mechanical actuation and the electrical response are measured for all
the transducers and compared to numerical simulations. The ionomer
electrolyte in the transducer is also varied. Nafion 117 is used as the
reference membrane, while other membranes with different thickness and
ionic concentration of Nafion are investigated. Univalent inorganic cations such as Li+, large organic cations such as TBA+, divalent and trivalent inorganic cations such as Ca2+ and Al3+ are studied and modeled.
Finally in this paper we attempt to establish a correlation between charge
flux at the electrode ionomer interface and the back relaxation in ionic
polymer transducers. It has been shown experimentally by Robinson (2006)
that back relaxation is strongly correlated with the steady state current in
IPT. Furthermore, that steady state current is mainly due to the charge
flux. The purpose of this study is to further understand the physical mechanisms of back relaxation in IPT, and to develop actuators that do not
show such large adverse relaxation.

6526-37, Session 7
Self-repairing of composites for increased durability
and vulnerability reduction in vehicles
C. M. Dry, Natural Process Design, Inc.
The goal of our research has been to develop self-repairing composites
with unique toughness and strength for vehicles, especially aircraft. Our
revolutionary approach involves the autonomous release of repair chemicals from within the composite matrix itself. The repair agents are contained in hollow, structural fibers that are embedded within the matrix.
Under stress, the composite senses external environmental factors and
reacts by releasing the repair agents from within the hollow vessels. This
autonomous response occurs wherever and whenever cracking,
debonding or other matrix damage transpires. Superior performance over
the life of the composite is achieved through this self-repairing mechanism. The advantages to the military would be safely executed missions,
fewer repairs and eventually lighter vehicles.
Research to assess and clarify the impact of the various factors involved
in self-repair of composite materials has been the focus of our work for
several years. Our research has addressed the issues by correlating the
impact of the various factors, such as 1) delivery vessel, shape/size, coating, chemicals released, release trigger and efficacy and impact on matrix properties 2) influence of end use such as the importance of speed
and force of release (airplane skin repair) 3) impact of composite processing methods that involve heat and pressure on the repair vessels.
The successful self repairing system can: be processed at temperatures
of 350F as a graphite laminate, repair in less than 30 seconds, and does
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not damage the composite by repair fiber insertion or the chemicals released.
Unique toughness and strength is developed at damaged areas and material interfaces.Indeed the more damage, the more repair. Findings are
based on testing in compression after impact, fatigue, flexural toughness
and flexure modes.
The presentation will focus on the issues that were resolved in creating
autonomous, self-repairing composites structures and the promise of it’s
performance value.
Acknowledgements
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6526-44, Poster Session
Deformation behavior of polycrystalline Galfenol at
elevated temperatures
L. M. Cheng, A. Nolting, R. Ham-Su, Defence Research and
Development Canada (Canada); M. A. Gharghouri, National
Research Council of Canada (Canada)
Galfenol (Fe-Ga) is a promising magnetostrictive material. Its robustness
and ability to actuate in either tension or compression allow for new actuator and sensor designs. However, due to its high conductivity, it needs
to be in thin sheet form to avoid excessive eddy current losses. Work is
underway to develop conventional rolling processes to produce large
quantities of thin Galfenol sheet, while retaining a preferred <100> crystallographic texture to optimize magnetostrictive performance. Knowledge
of deformation behavior at elevated temperature is crucial to understanding formability and crystallographic texture evolution during rolling. In this
work, the high-temperature plasticity and the deformation behavior of
polycrystalline Galfenol were investigated. The effects of strain rate, in
the range of 10-3 to 10 s-1, were also studied at various temperatures.
In-situ neutron diffraction experiments, where rolling conditions were simulated with plane strain conditions, were also conducted to attain quantitative information on the slip systems during high temperature, plane strain
deformation of Galfenol. The results suggested that {110}<111> and
{112}<111> slip modes were active during plane strain deformation and
that texture changes occurred mostly at the higher temperatures tested.
In this paper, the latest results from these investigations will be discussed.
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6526-92, Poster Session
Creeping polarization and remanent strain in
ferroelectrics under uniaxial electromechanical
loading
Q. Liu, Univ. of Cambridge (United Kingdom); J. E. Huber, Univ.
of Oxford (United Kingdom)
The time-dependent remanent strain and polarisation have been measured in initially unpoled PZT-855 under electromechanical loads. Various
levels of a constant compressive uniaxial stress combined with constant
electric field parallel to the stress axis were used to produce the creeping
remanent strain and polarisation. The tests were carried out at room temperature, starting from the unpoled material state. The remanent quantities were deduced from measurements of total strain and electric displacement by subtracting the linear (reversible) parts of strain and electric
displacement, using previous measurements of the linear moduli and accounting for their variation with material state. Further tests were used to
measure the creeping response under reversed loads starting from the
poled state. The behaviour is analysed using a power-law relationship,
with a hardening (saturation) law. The experimental data then allows construction of a suitable hardening law. Mechanical compressive stresses
alone produce a nearly rate independent behaviour. Under combined loading, increasing the compressive stress reduces the observed creep rates
caused by an additional electrical loading. The creep behaviour is most
significant at loads close to the coercive stress or electric field. At loads
well above or below the coercive field levels, the behaviour is nearly rateindependent.

6526-93, Poster Session
Fatigue of cracked PZT ceramics in three-point
bending under electric fields
F. Narita, Y. Shindo, F. Saito, Tohoku Univ. (Japan)
Piezoelectric ceramics have been widely used in sensors and actuators.
The main weakness of piezoelectric ceramics is their brittleness. Stress
and electric field concentrations at defects can induce crack initiation
and propagation, which will lead to the failure of the piezoelectric devices. Therefore, the problems of fracture and fatigue in piezoelectric ceramics have received considerable attention due to practical importance.
Recently, Shindo et al. [1] investigated theoretically and experimentally
the fracture and polarization properties of lead zirconate titanate (PZT)
ceramics under mechanical and electrical loads ultilizing the modified small
punch test technique. Shindo et al. [2] also performed the double torsion
test and finite element analysis on the composite PZT specimens, and
discussed the effect of electric fields on the fracture behavior of the PZT.
The main aim of this study is to report on recent theoretical and experimental results on the fatigue crack propagation of PZT ceramics under
constant electric fields. The single-edge precracked-beam specimens
were used in three-point bending methods, and the crack was created
perpendicular to the poling direction. The first section discusses the effect of electric fields on the static fatigue behavior of the PZT under constant mechanical loading. Time-to-failure under different mechanical loads
and dc electric fields were obtained from the experiment. Possible mechanisms for the static fatigue were discussed by scanning electron microscope (SEM) examination of the fracture surface as well. The applied energy release rate for the permeable crack model was also calculated via
the finite element methods, and the effect of applied electric fields on the
energy release rate versus lifetime curve was investigated. The second
section discusses the fatigue crack growth in the PZT ceramics under
cyclic mechanical load and constant electric field. Cyclic crack growth
tests were conducted on the PZT ceramics subjected to dc electric fields,
and a finite element analysis was employed to evaluate the maximum
energy release rate. Implications of the observed crack growth behavior
on possible mechanisms of cyclic fatigue in the PZT ceramics were examined.
References
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6526-94, Poster Session

6526-96, Poster Session

The derivation and simulation of an improved 2D
constitutive model for shape memory alloys
W. Wang, S. Yan, Shenyang Architectural Univ. (China)
Shape memory alloys (SMAs) have been used as controllers to suppress
the vibration of the structures under an earthquake ground motion or wind
load. From the literature review in the field most of researchers have recently used the shape memory effect (SME) or Super elasticity effect (SE)
for SMAs as actuators or dampers to decrease the responses of the structures. However, most of the work in the numerical simulation and structural analysis was based on one-dimensional constitutive model of the
SMAs, and the model, in some cases, is not suitable to the condition of
the complicated loadings or the large cross dimensions. Although some
two-dimensional constitutive laws were investigated such as Boyd and
Lagoudas model for SMAs, which is too complicated in expression and
difficult in the determination of parameters to apply easily in engineering,
these models usually need to be improved or simplified.
In this paper, an improved two-dimensional constitutive model for SMAs,
which can describe both the SME and SE of the SMAs, is developed
based on the previous works of Boyd and Lagoudas who used the thermodynamics theory about the free energy and the dissipation energy to
derive the constitutive law of the SMAs. The improved model, which will
combine the ideas of Brinsion’s one-dimensional constitutive law and the
concepts of Boyd and Lagoudas’ two-dimensional one, has a simple but
accurate expression, and can be used to calculate the deformations of
the material which not only depend on the critical stress and temperature, but also on the process of loading during the phase transformation
of the SMAs. To investigate the two-dimensional constitutive law for SMAs,
the increment of Green-Lagrange strain tensor was disconnected and
the relationship among the stress/strain, phase transformation and the
temperatures is set up in a discoupled expression.
To validate the efficiency of the improved model, two kinds of numerical
simulations are completed. The one simulates a thin SMA film as an actuator with different boundary conditions and temperatures, and the mechanical behaviors of the film are numerically explored based on the improved model. The other is finished for a numerical simulation of a SMA
laminated composite plate with various boundary conditions by using the
finite element method (FEM), and a numerically parametric analysis is
also done. The results of the simulations are compared with the results of
both the numerical simulation and experiments in other papers, and they
match well. The results of the simulations also show that the developed
constitutive model can simply but accurately perform the thermomichanical
behaviors of the two-dimensional SMAs and can be used in the analysis
of structures actuated by the SMAs.

6526-95, Poster Session
Nonlinear cracking of magneto-electro-elastic
coupling fracture
B. Wang, The Univ. of Sydney (Australia)
Magnetoelectroelastic materials possess the ability of converting energy
among mechanical, electric, and magnetic fields. This makes these modern materials attractive in smart materials and structures applications.
This paper investigates the fracture of a crack in a magnetoelectroelastic
material under remote magneto-electro-mechanical loads. The upper and
lower surfaces of the crack are contacted before the magneto-electromechanical loads are applied. When the medium is loaded magnetically,
electrically and/or mechanically, the crack opens and the crack deformation is strongly influenced by the electromagnetic fields inside the deformed crack. The electromagnetic fields inside the deformed crack in
turn, are affected by the opened crack profile. The crack shape and the
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electromagnetic fields inside the crack are strongly coupled with each
other. The problem is nonlinear and is solved by so-called self-consistent
analysis. It can be shown that traditional linear approaches (impermeable
and permeable assumptions) and the nonlinear approach produce substantial differences for the crack-tip quantities, such as the field intensity
factors, energy release rate, and crack opening displacement.

Synthesis and characterization of low cost
magnetorheological (MR) fluids
V. K. Sukhwani, H. Hirani, Indian Institute of Technology
Bombay (India)
Electrorheological fluids, Ferro fluids and Magnetorheological fluids exhibit dynamic and controllable flow behavior and therefore come under
the category of smart materials. Due to their variable rheological behavior
these fluids have great potential for many engineering applications.
Magnetorheological fluids (MR) have certain advantages [1] over ER and
Ferro fluids; however their relatively high cost (Approximately US$600
per liter) limits their wide usage. Most commonly used magnetic “Carbonyl iron” [2] particles of MR fluids cost more than 90 % of the MR fluid
cost. Therefore for commercial viability of these fluids in developing countries, there is need of alternative economical magnetic material to reduce
their cost. In addition, two important functional requirements, sedimentation stability and high dynamic yield stress, need to be fulfilled by all MR
fluids.
In the present work synthesis of MR fluid has been attempted with objective to produce low cost MR fluid with high sedimentation stability and
greater yield stress. In order to reduce the cost, relatively economical
pure Iron powder (US$ 10 per Kg) manufactured by electrolytic process
has been used. Iron powder of comparatively greater size (200 mesh) has
been purchased from the market and then ball milled to reduce their size
to few microns (1 to 10 microns). Three different compositions of MR fluid
have been successfully prepared and their magneto rheological behavior
and stability have been examined to optimize the synthesis. All three compositions have same base fluid (high grade Silicon oil) and same magnetic phase i.e. Iron particles but they have different additives. First preparation involves organic additives namely organic polymer
Polydimethylsiloxane (PDMS) as surfactant and Stearic acid as stabilizer
additive. Other two preparations involve use of two environmental friendly
and relatively low-priced green additives, guar gum (US$ 2 per Kg) and
xanthan gum (US$ 12 per Kg) respectively.
For characterization purpose, magnetic properties i.e. saturation magnetization, intrinsic induction, and permeability of magnetic iron particles
and prepared MR fluids have been measured using Vibrating Sample
Magnetometer (VSM). Morphology of Iron particles has been examined
by Scanning Electron Microscopy (SEM). Particles Size Distribution (PSD)
has been determined using Particle size analyzer. M-H and B-H plots,
microscopic images of particles and fluid, table of PSD, and stability of
synthesized MR fluids have been reported in the present paper. The prepared low cost MR fluids showed promising performance and can be
effectively used for engineering applications demanding controllability in
operations.
[1] Ginder, J. M. Rheology controlled by magnetic fluids. Encyclopedia of
Applied Physics, 1996, E Immergut, Editor, VCH New York, P.487.
[2] Goncalves F.D., Koo, J.H., and Ahmadin M. A review of the state of art
in magnetorheological fluid technology - Part 1: MR Fluid and MR fluid
models. Shock and Vibration Digest. 2006, Vol.38, pp. 203-219.

6526-98, Poster Session
Resin flow monitoring in vacuum-assisted resin
transfer molding using opticcal fiber distributed
sensor
S. Eum, The Univ. of Tokyo (Japan)
VaRTM (Vacuum assisted Resin Transfer Molding) is one of the liquid resin
infusion molding processes for fiber reinforced plastics (FRP) that can
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reduce fabrication cost and fabricate complex and large composite structures because it uses only one side mold, and the mold is closed by
vacuum bag film with sealant tape. Vacuum is used for the driving force
to impregnate preform with resin. VaRTM has several benefits compare
with traditional composites fabrications and autoclave process such as
saving cost, improving mechanical properties, and environmental harmony,
etc. For these reasons, VaRTM has been applied to automotive, aerospace, boat, and various industrial fields widely. Resin flow is very important factor in VaRTM because resin should be impregnated into preform
perfectly without dry spot before starting gelation time of resin. In the
thick preform or the low permeability preform, an unimpregnated part
may be generated during the resin infusion. A dry spot can be also occurred according to resin flow pattern. Therefore, resin flow monitoring in
VaRTM is essential for quality assurance of the composites structure. We
employed optical frequency domain reflectometry (OFDR) and fiber Bragg
grating (FBG) sensor which can detect temperature and strain. Especially,
long gauge FBGs (about 100mm) which are 10 times longer than an ordinary FBG were employed for a distributed sensing. The change of pressure caused by resin flow can detect because we can obtain vacuum
pressure distribution along long gauge FBG with a high spatial resolution
by OFDR. FBG is able to use for cure monitoring and structural health
monitoring without change sensor or modification after infusing resin because of its temperature and strain detection characteristics. In this study,
we only focused on resin flow monitoring using FBG.
A long gauge FBG was embedded in GFRP laminates, and other two
ones were located out of laminate for wavelength reference and temperature compensation, respectively. During VaRTM, the embedded FBG could
measure how the preform affected the sensor with vacuum pressure and
resin was flowed into the preform. In this study, we intended to detect the
gradient of vacuum pressure between impregnated part and
umimpregnated one within long gauge FBG. If resin is infused to preform,
compressive strain which is generated on FBG is released by volume of
resin at the impregnated part. We could get the wavelength shift due to
pressure change along gauge length of FBG by using short-time Fourier
transformation for signal acquired from FBG. Therefore, we could know
the resin flow edge with the gradient of compressive strain of FBG.
In this study, we used silicon oil which has same viscosity with resin substitute for resin in order to reuse FBG. In order to monitor resin flow, the
silicon oil was infused from one edge of preform, the silicon oil was flowed
from right to left. Then, we made dry spot within gauge length by infusing
silicon oil to both sides of preform to prove the ability of dry spot monitoring with FBG. We could monitor resin flow and dry spot successfully using by FBG based on OFDR.

6526-99, Poster Session
A combined NDE/FEA approach
L. J. Ghosn, A. Abdul-Aziz, S. V. Raj, R. W. Rauser, NASA Glenn
Research Ctr.
Metal foams are expected to find use in structural applications where
weight is of particular concern, such as space vehicles, rotorcraft blades,
car bodies or portable electronic devices. The obvious structural application of metal foam is for light weight sandwich panels, made up of thin
solid face sheets and a metallic foam core. The stiffness of the sandwich
structure is increased by separating the two face sheets by a light weight
metal foam core. The resulting high-stiffness structure is lighter than that
constructed only out of the solid metal material. Since the face sheets
carry the applied in-plane and bending loads, the sandwich architecture
is a viable engineering concept. However, the metal foam core must resist transverse shear loads and compressive loads while remaining integral with the face sheets. Challenges relating to the fabrication and testing of these metal foam panels remain due to some mechanical properties falling short of their theoretical potential. Theoretical mechanical properties are based on an idealized foam microstructure and assumed cell
geometry. But the actual testing is performed on as fabricated foam microstructure. Hence in this study, a detailed three dimensional foam structure is generated using series of 2D CT scans. The series of the 2D NDE
images are assembled to construct a high precision solid model capturing all the fine details within the metal foam as detected by the CT scanning technique. Moreover, a high fidelity finite element analysis is then
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performed on as fabricated metal foam microstructures, to calculate the
foam mechanical properties with the idealized theory. The metal foam
material is an aerospace grade precipitation hardened 17-4 PH stainless
steel with high strength and high toughness. Tensile, compressive, and
shear mechanical properties are deduced from the FEA model and compared with the theoretical values for three different foam densities. The
combined NDE/FEA provided insight in the variability of the mechanical
properties compared to idealized theory.

6526-100, Poster Session
Investigation of mechanical conductive properties of
shape memory composite
J. Leng, X. Lan, D. Zhang, Y. Liu, Harbin Institute of Technology
(China)
Shape memory polymer (SMP) has been a hot subject under investigation in recent years. The SMP holds very high shape recoverability, easy
shaping procedure, low density and cost, easy control of recovery temperature. There are only few reports about shape memory polymer composites which hold novel properties and great potential over pure SMP.
SMP composites show higher failure strains than traditional composites.
When used for the actuator materials, there are no moving parts which
are meantime used for the structural materials. When adding conductive
fillers such as carbon powder and carbon nanotube into the SMP matrix,
the SMP composites are easy for shaping control by passing an electrical
current. Thus, SMP composites are typical smart materials. SMP composites have developed substantial interest in deployable structures due
to their shape memory affect (SME) such as deployable space antenna,
truss and solar arrays in space industry and other applications.:This paper is concerned about an investigation of mechanical, electrical conductive properties of shape memory styrene composite. Three kinds of
composites are obtained by shape memory styrene matrix and three types
of fillers: multi-walled carbon nanotubes (MWNTs, 10~20nm in diameter,
50um in length), carbon black (CB, average powder size 18nm) and carbon fibre (CF).:Firstly, the dispersion of three kinds of fillers throughout
SMP is studied by scanning electron microscopy (SEM). SEM observation indicates that MWNTs filler show homogenize dispersion in SMP matrix
of the nanocomposite. With the increase of CB content beyond percolation threshold, CB agglomerates disperse homogenize and get connected
with each other, so continuous carbon networks are formed. All of three
kinds of composite reveal a strong interfacial adhesion between filler and
shape memory styrene matrix. The tensile strength and modulus are also
tested for three kinds of composite and pure SMP. For CF and MWNTs
composite, the addition of continuous CF reinforcements and MWNTs
increase the ultimate tensile strength and Young’s modulus, but reduce
the elongation limit. At the same fillers content, the tensile strength and
modulus for MWNTs fillers are both high than it for CB filler. Finally, the
conductivity is investigated for three kinds of composite films. The results
indicate that the conductive composites show high electrical conductivity and good SME. The conductive shape memory composites are heated
above the glass transition temperature(Tg) 63~68ºC by passing an electronic current.

6526-101, Poster Session
Influence of cross-linking degree on shape memory
effect of styrene copolymer
D. Zhang, X. Lan, Y. Liu, J. Leng, H. Lu, Harbin Institute of
Technology (China)
As one of novel actuators in smart materials, shape memory polymers
(SMP) have been investigated widely. The application of SMP includes
morphing structures, deployable antenna and mirror, shape memory foam,
contact lens molds, bolt used for computer and mobile phone and so on.
Polystyrene is a popular thermoplastic material. Due to the good
diaphaneity, high glass transformation temperature (Tg) and better mechanics property, it is widely used in industry and daily life. Proper crosslinking of styrene copolymer can exhibit shape memory effect (SME). One
memory cycle was completed as follows. First, the styrene copolymer
forms networks, so it does not melt and presents elastomeric state when
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heated above the melting point. Next, the external force is loaded to make
deformation of styrene copolymer. Then, it is cooled to store the mechanical strain. Finally, when it is heated above glass transition temperature (Tg) again, the material recovers previous shape.:In this paper, the
influence of cross-linking degree on shape memory effect of styrene copolymer was investigated through changing dosage of cross-linking agent
in order to change the cross-linking degree of styrene copolymer. The
cross-linking degree was determined by measuring the gel content. The
effect of cross-linking degree which influences the crystallinity and melting point of styrene copolymer was measured by differential scanning
calorimeter (DSC). The performance of SME was measured as the following. The banding specimens (100mmÅ~10mmÅ~2mm) with different
cross-linking degree were heated above the melting point, then these
specimens were elongated to 200% length, followed by cooling down to
room temperature with the constant constraint of external force. The
stretched specimens were put on the table with ruler and heated with
constant ramp and the deformation was recorded per 5ºC. It was researched for the influence of cross-linking degree on SME including shape
recovery ratio, shape recovery velocity, shape recovery stress and transition temperature.

microcracks or diffuse damage form. A simple idealization is used for
analysis in which structural arrangement of overlapping platelets of mineral is bound together by collagen molecules. The influence of the overlap in the nature of stress distribution in bone mineral platelets, in the
presence of cracks is studied in this work.
Shear lag theory is employed to determine the stress distribution in a
platelet adjacent to a cracked platelet. The theory being simple to apply
and computationally inexpensive is used since the number of analysis
carried out for a parametric study may be more. However FE analysis for
certain cases has been done for verification. Results indicate the importance of overlap in determining the nature of stress concentration and
thereby influencing the fracture toughness of nano-biocomposites.

6526-102, Poster Session

The shape-memory alloy, for example NiTi(Nickel Titanium), uses actuator by the shape memory effect and the effect of super-elasticity. And
piezoelectric material, for example PZT(Lead Zirconium Titanate), uses
actuator and sensor by piezoelectric effect and pyroelectric effect. However, each material has been used for the sensor and the actuator independently because the principle of the function is different. In this research, a new device that united these four functions was developed by
coating the PZT thin film to the surface of the NiTi wire by using the hydrothermal crystallization method.
This multifunctional device can use selfsensing actuator where transformation by shape memory effect is detected by piezoelectric effect or pyroelectric effect, or rough and precision actuator that does rough movement by shape memory effect and does precise movement by piezoelectric effect.
In this report, we introduce the hydrothermal method that coats the PZT
thin film to the surface of the SMA wire. The surface of the NiTi wire of
0.3mm in the diameter is coated by the PZT thin film of 20um. After, we
measures displacement of SMA wire in super-elastic deformation using
piezoelectric effect from PZT thin film

New high-performance piezoelectric actuator
F. Jensen, B. Andersen, C. Goueffon, Noliac A/S (Denmark)
Noliac engineers have developed and patented a novel design of multilayer bender actuators which doubles the performance of bending actuators. As such, more compact actuators will be designed reducing costs
to a more beneficial level. Results based on several different actuator
designs will be presented.
Applications of piezoelectric actuators have increased dramatically during the past decade. The most significant volume is based on d33 stack
type actuators. The d31 bending type actuators have not had the same
success mainly due to the limited stiffness of such actuators.
There is, however, a very significant potential for bending type actuators
for e.g. pilot and pneumatic valves applications. The state-of-the-art performance of multilayer d31 bending actuators does not enable the desired response time, displacement, force and compactness as demanded
by the valve industry. The new technology by Noliac will change this situation.

6526-104, Poster Session
Multifunctional devices using shape memory alloy
coated by piezo-electric film
H. Sato, National Institute of Advanced Industrial Science and
Technology (Japan)

6526-105, Poster Session
6526-103, Poster Session
Overlapping platelets prevent microcracking: a study
on fracture resistance of nano-biocomposites
A. S. Nair, S. M. Sivakumar, G. K. Suraishkumar, Indian Institute
of Technology Madras (India)
Bone, Nacre and Dentin are some examples of natural nano-composites
that achieve high fracture toughness due to their hierarchical structure.
Each level of hierarchy contributes to the fracture toughness of these
materials. Bone has got a hierarchical structure, with about seven levels
of hierarchy. It is a composite of protein (collagen) and mineral. At the
nanoscale, bone is composed of mineralized collagen fibrils made up of
collagen molecules interspaced with mineral nanocrystals. The contribution of the structure to the high fracture toughness of bone that is currently a prolific topic of discussion among researchers in this area is the
focus of this paper.
One of the mechanisms influencing the fracture toughness of materials
including bone is microcracking. Although microcracking may be beneficial in some cases, it can also reduce the inherent fracture toughness.
Cracks may also be formed as diffuse damage which is a collection of
very small cracks. Diffuse damage is beneficial from a fracture mechanics
point of view since it will dissipate more energy than microcracks, and
hence less energy will be available at the crack tip, for macrocracks to
propagate [1]. Diffuse damage has been shown to be consisting of
nanocracks.
The nature of stress distribution (even or concentrated) in mineral platelets due to breakage in an adjacent mineral platelet determines whether
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A study on mechanical properties of nafion fabricated
by hot-pressing method
S. J. Kim, Seoul National Univ. (South Korea)
IPMC (Ionic Polymer-Metal Composite), a kind of ionic electroactive polymers (EAPs), has been used for various applications because it has light
weight and can make large bending deformation under low driving voltage. However, IPMC generates low actuating force and our group developed hot-pressing method to enhance the actuating force of IPMC by
increasing the thickness of IPMC membrane and proved it to be effective
in the previous research. In the present work, the mechanical
properties(hydrolytic properties, elastic modulus, bending rigidity) of
stacked Nafion were measured and compared with those of bare Nafion.
And the adhesion strength was examined by peel test to evaluate the
interlayer between adhered Nafion layers. All the mechanical test was
carried out after the water absorption property data of stacked Nafion
was established. Then, we applied classical laminated plate theory to the
stacked Nafion and estimated the thickness and stiffness of the interlayer
by using the transformed section method.
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6526-106, Poster Session
Multiscale analysis of active fiber reinforced
composites with random material properties
S. S. Padhee, D. K. Harursampath, Indian Institute of Science
(India)
The world wide failure study conducted around 1998 shows that most of
the failure theories fail to predict composite behaviour even in most simple
calses. In these circumstances it is realy hard to predict the response of
Active Fiber Reinforced composites in a diterministic way.
In the failure study it is obsered that the theories that come close to experimental are the one which study the composites in a multiscale way.
The above results can be refined if we take into account the randomness
inherent in the composite material properties.
The aim of this paper is to extend the above two ideas to Active Fiber
reinforced composits. An AFC structure was studied using Strain Invariant Fialure Theory. Randomness in fiber and matrix material was taken
into account.

6526-107, Poster Session
Bill Armstrong Memorial Session: micromagnetic
study on the Martensite variant rearrangement in
ferromagnetic shape memory alloys
Y. Ma, J. Li, Univ. of Washington
Ferromagnetic shape memory alloys (FSMA) have attracted much attention in recent years due to their large magnetic field induced strain which
has promising application in sensors and actuators. The macroscopic
huge strain induced is caused mainly by the microstructural rearrangement of martensite variants. While the experimental properties of FSMA
have been studied extensively, there is still a large discrepancy between
engineering practice and theoretical modeling work. In this report, a magnetization relaxed model is proposed in which both the twin boundary
motion mechanism and the magnetization rotation effect are taken into
account. A multi-ranked band microstructure of tetragonal martensite of
FSMA is investigated and the individual contribution of each free energy
term at different scale is discussed. Under various combination of magnetic fields and mechanical loads, the simulation on the martensite variant rearrangement process is carried out, and the strain and magnetization response are obtained. The typical results are also compared with
the constrained theory model as well as the experimental measurements.

6526-108, Poster Session
Reversible field-induced phase transformation in
Ni2MnGa with large actuation stress and work output
I. Karaman, H. E. Karaca, B. Basaran, Texas A&M Univ.
In recent years, magnetic shape memory alloys (MSMAs) have attracted
increasing interest because of the ability to obtain one to two orders of
magnitude higher magnetic field-induced strain than magnetostrictive
materials and couple of orders of magnitude faster dynamic response
than conventional SMAs. However, their utility is currently limited because
of the low actuation stress levels and operating temperature range, which
is a consequence of the field-induced martensite reorientation being the
governing microstructural mechanism for the magnetic field-induced
shape change. In the present work, we have demonstrated reversible
magnetic field-induced martensitic phase transformation under low field
magnitudes as a new mechanism having the potential for at least an order of magnitude increase in actuation stress, work output and operating
temperature interval in MSMAs. We have identified physical and magneto-mechanical parameters that determine the actuation stress levels,
the conditions to observe magnetic field-induced phase transformation
in a repeatable manner (i.e. under magnetic field cycling) and the relationships between these parameters and the materials response. Some of
these factors are the differences between saturation magnetizations as
well as magnetocrystalline anisotropy energies of parent and martensite
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phases, energy dissipation during phase front motion and the number of
phase fronts. By modifying some of these factors, we have achieved
magnetic field-induced reversible martensite to parent phase transformation. With this actuation mechanism, the actuation stress was increased
to 22 MPa with about 0.5% cyclic strain and up to 100 MPa with about
4% one-way field-induced strain (magnetoplasticity). We have developed
a thermodynamical framework to understand the requirements for fieldinduced phase transformation considering the available magnetic driving
energies. Via this framework, we discuss certain guidelines to search for
this new mechanism (reversible field-induced phase transformation) in
other ferromagnetic materials to increase actuation stress and work output.

6526-109, Poster Session
The effect of grain refinement via equal channel
angular extrusion on the thermomechanical response
of a NiTi alloy
B. Kockar, I. Karaman, Texas A&M Univ.
NiTi alloys are the most well-known shape memory alloys (SMAs), however, their applications have been limited because of their wide thermal
hysteresis and poor cyclic stability. To overcome these problems in this
study, we aim at refining the grain size down to nanometer range.
Ni49.73Ti50.27 alloy is severely deformed via equal channel angular extrusion (ECAE) at 400°C, 425°C and 450°C. Thermomechanical response
of the alloy during thermal cycling under constant tensile load levels is
investigated before and after ECAE. The variations in transformation and
creep strains, transformation temperatures and thermal hysteresis are
revealed. The evolution of the microstructure is examined via transmission electron microscopy to compare the extent of grain refinement after
different ECAE processes. The effect of grain size refinement on the shape
memory properties is discussed. It is observed that ECAE process significantly improves thermal cyclic stability while also reducing thermal
hysteresis due to grain refinement.

6526-38, Session 8
Design of active nanocomposites
M. Taya, Univ. of Washington
“Active materials” are now actable terminology in the community of smart
materials and structures, as well as becoming more so in the engineering
community. Here “Active materials” means that the materials that exhibit
coupling behavior across multiphysical behavior, for example, magnetostrictive material’s coupling between magnetic field and strain. Active
materials do not narrow only to the materials for actuators, but cover
both for actuators and sensors. Nanocomposites, on the otherhand are
increasing popuplar subject in entire science and engineering community, as control of nanostructured materials is expected to provide a larger
impact of the unexpected properties to be discovered. Therefore it would
make sense to use to combine the above two concepts, to form a new
concept of materials by design, i.e “design of active nanocomposites”.
One successful case of active nanocomposites is terfel-D/polymer composite[1-2] where brittle magneto-resistive terfelnol-D phase is well protected by polymer matrix, thus, exhibiting reasonably large strain under
applied magnetic field while maintaining its good mechanical property. In
this design, distance between adjacent particulate Terfenol-D islands must
be small enough to enhance the magnetic exchange ingteraction, but in
real composite design this is difficult to achieve , thus, the overall magnetoresistance performance of the composite is proposal to the volume fraction of terfenol-D phase which can be expected and predicted by using
standard composite modeling.
Another example of active nanocomposite is ferromagnetic shape memory
alloy (FSMA) composite which is composed of SMA particles embedded
in ferromagnetic matrix. We recently designed this nanocomposite[3] ,
which is found to exhbit both magnetic property in terms of M-H curve,
and superelastic (SE) property. The experimental data are predicted by
our new modeling on Eshelby type[4]. If this FSMA composite is subjected to magnetic field “gradient”, then large strain is induced through
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the chain reaction- applied gradient field, magnetic force, large stress,
stress-induced martensite phse transformation, stiffness change from hard
(austenite) to soft(martensite), resulting in a large strain. This is realized
with use of small compact electromagnet which provides magnetic gradient field. There seem to be abundant examples of a number of new
active nanocomposites by design which have unique properties.
References:
1.McKnight, G.P. and Carman, G. P., 2001, SPIE Symposium on active
materials : behavior and mechanics, C.S. Lynch, eds., vol.4333, 178-183.
2. W.D. Armstrong and M. Shanmugham, SPIE Symposium on Active
Materials: Behavior and Mechanics, vol.5761, 148-155.
3. Suhasini, G., Taya,M., Y. Kang and A. Kawasaki, SPIE 2005.
4. Taya, M., “Electronic Composites”, Cambridge University Press, 2005.

the polymer. In the composite materials, adjusting the matrix (SMP) modulus via temperature allows control of the effective composite stiffness.
We show these properties in prototype materials made using thermoplastic polyurethane shape memory polymer reinforced with thin, segmented steel platelets. We demonstrate select material designs which
exhibit below SMP transition stiffness of 5-12 GPa and above transition
stiffness on 0.1-0.5 GPa. Various material property combinations are
achievable depending on the design choices. We also measure the
reversibility of large deformations performed in the high temperature (low
stiffness) regime demonstrating reversible strains of 5-10%. Viscoelastic
effects are dominant in this regime and we investigate the rate dependence of strain recovery.

6526-42, Session 9

6526-39, Session 8

Armstrong’s contribution to the modelling of
magnetostrictive materials

Instrumented indentation of shape memory polymers

J. Atulasimha, A. B. Flatau, Univ. of Maryland/College Park

M. L. Dunn, H. J. Qi, Univ. of Colorado/Boulder

This paper explores Armstrong’s contribution to the modelling of the
magnetomechancial behavior of magnetostrictive materials. It starts with
a survey of existing models for magnetostrictive materials in 1997, at the
time when Armstrong published his model in Journal of Applied Physics,
titled “Magnetization and magnetostriction processes in Tb(0.270.30)Dy(0.73-0.70)Fe(1.9-2.0)” [1]. The unique contribution of Armstrong
in using the Armstrong smoothing factor (Ω) to determine the magnetization and magnetostriction as a probability weighted summation over states
is discussed. His work on developing this model as well as its application
to various magnetostrictive systems between 1997-present is elaborated
upon.
References:
[1] Armstrong, William D. “Magnetization and magnetostriction processes
in Tb(0.27-0.30)Dy(0.73-0.70)Fe(1.9-2.0)”, Journal of Applied Physics, v
81, n 5, Mar 1, 1997, p 2321.

Shape memory polymers (SMP) have received increasing attention because of their ability to recover a predetermined shape after significant
mechanical deformation. SMPs have been found in biomedical applications including suture, arterial stents, etc. In this paper, we study the behavior of shape memory polymers due to instrumented (nano- and micro) indentation. An SMP sample is first indented using a at a temperature T1
(>Tg). The temperature is then lowered down to T2 (<Tg) while maintaining a fixed indentation depth. After the removal of the indentor at T2, an
indentation impression is retained. Shape memory effect is then activated
by increasing the temperature to T1 (>Tg), where the indentation impression disappears and the surface of the SMP recovers to its original profile. A newly developed 3D finite deformation constitutive model for the
thermo-mechanical behavior of SMP is then used to simulate this process. The comparison between the results from the experiment and the
simulation for the surface profile and the force applied during indentation
and thermal cycle is also presented.

6526-40, Session 9
Bill Armstrong Memorial Session: magnetostrictive
research at UCLA
G. P. Carman, Univ. of California/Los Angeles
This presentation highlights the research work conducted at UCLA during the last decade on magnetostrictive materials, i.e. modeling, manufacturing, and testing. The work includes constitutive relations developed
for the monolithic material, fabrication of composites, and testing of composite material systems. Recent application for the material systems studied will also be presented.

6526-41, Session 9
Bill Armstrong Memorial Session: design and testing
of variable stiffness composites for structural
reconfiguration applications
G. P. McKnight, C. Henry, Hughes Research Labs., LLC
Morphing structures have the potential to dramatically improve vehicle
performance over broad ranging operating conditions and enable multiple mission scenarios. One critical technology to the success of these
concepts are materials that can perform satisfactorily as structural materials, yet may be reversibly deformed to desired contours on demand.
This work examines a new composite design geometry intended to generate materials that can fulfill the unique requirements of morphing structures. These composites make use of shape memory polymers for the
matrix materials and segmented metallic reinforcement to create materials with variable stiffness properties and accommodation of relatively large
strains. Shape memory polymers can be tuned from relatively rigid structural polymers to highly elastic materials by adjusting the temperature of
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6526-43, Session 9
Free energy model for magnetization with thermal
relaxation in stress-annealed Galfenol alloys
P. G. Evans, M. J. Dapino, The Ohio State Univ.
We present a thermodynamic framework to quantify the magnetization of
stress-annealed Galfenol alloys subjected to applied magnetic fields and
stresses. The magnetization of a single domain is obtained by minimization of its Gibbs free energy considering magnetocrystalline anisotropy
and magnetoelastic contributions in the presence of magnetic fields and
stresses.
The bulk magnetization is calculated as the product of the expected values of magnetization along the z-axis with the volume fractions of domains in three energy wells whose locations are dictated by the tetragonal symmetry of stress-annealed Galfenol. The evolution of volume fractions is determined through a Boltzmann probability function which quantifies the effect of thermal energy on magnetic moment orientation.
Our Gibbs energy formulation is similar to that used by Atulasimha and
Flatau [1] but differs in the classification of the Gibbs energy as a local or
microscale formulation as opposed to a macroscale formulation. Whereas
Atulasimha and Flatau use an empirical smoothing parameter to eliminate discrete jumps in magnetization obtained by direct minimization of
the Gibbs free energy, we model the discrete jumps as a local phenomenon. A smooth bulk magnetization process is modeled by assuming local premature jumps in magnetization due to thermal excitation of domains. The history of these jumps successfully models the small degree
of hysteresis present in Galfenol. The resulting model contains only physical
parameters and is efficient to implement in control design.
The internal energy of a single domain is assumed to be described by the
magnetocrystalline anisotropy energy and the magnetomechanical coupling energy. A phenomenological formulation of the magnetocrystalline
anisotropy is used after consideration of the crystal symmetry of Galfenol
alloys and the effect of stress-annealing (application of a compressive
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stress at an annealing temperature). Wun-Fogle et al [2] introduced stressannealing of Galfenol in order to extend its magnetostrictive capabilities
under zero and tensile stress conditions. Unannealed Galfenol exhibits
cubic symmetry; stress-annealing has the effect of removing the two easy
directions that lie parallel to the direction of the applied stress, resulting in
tetragonal symmetry. The magnetocrystalline energy formulation for tetragonal symmetry has been given by Lacheisserie [3].
The Helmholtz free energy is constructed through the Legendre transformation of the internal energy. Finally, the Gibbs free energy of a single
domain is obtained through the Legendre transformation of the Helmholtz
free energy by considering the work done on a domain by a magnetic
field applied along the z-axis. A profile of the local Gibbs free energy with
respect to the angle that domains make with the z-axis is obtained by
assuming that projection of the orientation of all domains onto the x-y
plain is parallel with either the x or y axis. Direct minimization of the local
Gibbs free energy with respect to z-axis orientation yields a triple valued
hysteron that predicts local discrete jumps in the magnetization.
The bulk magnetization is obtained from the local Gibbs free energy using Boltzmann statistics by predicting the distribution of domain orientations when subjected to thermal activation.. The approach is similar to
that of Armstrong [5] but differs in that it does not enforce instantaneous
achievement of a Boltzmann distribution of local Gibbs free energies in
the bulk material. Rather the bulk material is first subdivided into volume
fractions of domains residing in the three energy wells characterized by
minimization of the local Gibbs free energy. Each of these volume fractions are assumed to follow a Boltzmann distribution within their respective energy wells and thus each will have an expected value of magnetization in the z-direction. It is supposed that moments attempt to jump
between energy wells at a specified frequency which is the inverse of the
thermal relaxation time constant. The tendency of the jumping is towards
a Boltzmann distribution of the local Gibbs free energy in the bulk material. Boltzmann statistics are again used to quantify the probability of domain jumps and thus define the evolution of volume fractions. This approach was used by Smith et al [4] to track the evolution of positively and
negatively orient electron spins in Terfenol. The bulk magnetization is then
calculated as the product of the volume fraction of moments in the three
energy wells with their respective expected values of magnetization in
the z-direction.
The important result of this work is a nonlinear differential equation which
accurately models the nonlinearities, hysteresis, and saturation present
in Galfenol alloys and may readily be used for control of dynamic Galfenol
devices.
[1] Atulasimha, J. and Flatau, A.B., “Energy-based constitutive Model for
Magnetostrictive Materials and its Application to Iron-Gallium Alloys”,
Proceedings of the Materials Research Society Fall Conference, December 2005.
[2] M. Wun-Fogle, J.B. Restorff, A.E. Clark, E. Dreyer, and E. Summers,
“Stress annealing of Fe-Ga transduction alloys for operation under tension and compression”, Journal of Applied Physics, 97, 10M301 (2005).
[3] E. Du Trémolet de Lacheisserie, Magnetostriction, p. 78 (CRC Press,
Boca Raton, 1993).
[4] R.C. Smith, M.J. Dapino, T.R. Braun, and A.P. Mortensen, “A homogenized energy framework for ferromagnetic hysteresis”, IEEE Transactions on Magnetics, 42(7), pp. 1747-1769 (2005).
[5] W.D. Armstrong, “Burst magnetostriction in Tb0.3Dy0.7Fe1.9”, J. Appl.
Phys., 81(8), pp. 3548-3554 (1997).

6526-87, Session 9
Efficient inverse compensation for hysteresis via
homogenized energy models
T. R. Braun, R. C. Smith, North Carolina State Univ.
Electric and magnetic transducers are utilized in large variety of applications, including nanopositioning, fluid pumps, milling out-of-round objects, and vibration control/suppression. However, the physical mechanisms which make these materials highly effective transducers inherently
introduce nonlinear, hysteretic behavior which must be incorporated in
the model/control design. This significantly complicates control designs
SPIE Smart Structures and Materials 2007

and limits the effectiveness of linear control designs when directly applied to the system. One solution is to employ an exact or approximate
inverse model, which converts a desired output to the corresponding input. This masks the complex input-output relation, allowing a linear control to be applied. Linearization of the actuator dynamics in this manner
permits subsequent use of linear control designs to achieve high accuracy, high speed tracking to vibration attenuation objectives.
The homogenized energy model has previously been shown to be an
accurate and computationally efficient model to describe electric and
magnetic transducers, including the characterization of minor loops and
thermally induced activation effects such as creep. This model involves
integrals which are solved numerically via quadrature. Note, however, that
insufficient information is present in the final polarization or magnetization given by the model to compute an exact inverse function.
Since an exact inverse model cannot be derived, the forward model must
be used to approximate the inverse. Algorithms to perform this computation have been given elsewhere for regimes where thermal relaxation effects are negligible. These step through the input field in the forward model
until the desired polarization/magnetization level has been crossed, then
interpolate to approximate the corresponding input. Algorithm speed and
accuracy greatly depends on the stepsize employed, and a good choice
for this step is not obvious. We therefore take a modified approach. The
algorithm developed here yields rapid convergence without the requirement of external stepsize determination and is equally applicable to regimes where thermal activation, or creep, is significant or negligible.
To formulate the inverse problem, consider the associated root-finding
problem. The polarization or magnetization output from the model is discontinuous due to the discretization inherent in quadrature; therefore a
solution may not exist. In such a case, there is a unique value of field
value that gives the closest possible polarization or magnetization, and
we wish to return that value. Since the function is discontinuous, derivative based methods such as Newton’s method or the secant method may
not converge. The bisection method will converge and in some cases
gives the fastest possible convergence, but for other sets of parameters
its rate of convergence is suboptimal. We therefore consider Brent’s
method, which combines bisection with an inverse quadratic interpolation. This guarantees convergence nearly as good as the bisection method
for all cases, and often gives superlinear convergence. Brent’s method
still requires a neighborhood of the solution, so determination of this neighborhood is included in the given algorithm. Computational efficiency and
error are also explored.

6526-45, Session 10
Multifunctional design for autonomic structures: Air
Force perspective
B. L. Lee, Air Force Office of Scientific Research
Traditionally two major drivers governing the development of new aerospace platforms have been the reduction of weight/volume and the acquisition of special functions (such as structural health monitoring, damage mitigation, thermal management, radio signal processing). Traditionally, these two issues are addressed separately, resulting in incremental
improvements in monofunctional materials that carry mechanical load or
only permit specific functionality. There have been a new trend aiming at
dramatic improvements in system-level efficiency by designing “multifunctional” load bearing structures with integrated specific functionality
and by developing “multifunctional” materials that inherently possess the
capacity to simultaneously handle both specific functions and structural
mechanical load. The current initiative will concentrate in the development of a new generation of multifunctional materials and their integration into “autonomic” structures which can respond to external stimuli or
challenge without human interference. The following five areas of autonomic response will be targeted: (a) sensing and precognition, (b) selfdiagnosis, (c)self-healing, (d) self-cooling, (e) threat neutralization, and (f)
self-power.
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sule rupture and release at the nanoscale. Protocols for assessing the
healing efficiency are currently under development.

6526-46, Session 10
Microvascular autonomic composite materials
K. S. Toohey, N. R. Sottos, S. R. White, Univ. of Illinois at
Urbana-Champaign
Inspired by numerous biological systems in which an embedded circulatory network supplies the chemical building blocks for regrowth and repair, here we report on a microvascular structural polymeric system that
autonomically heals in response to damage. In first generation self-healing composites the healing agent was incorporated in the structural matrix via microcapsules along with solid phase catalyst particles. Although
high healing efficiencies have been achieved using this concept, only a
limited supply of healing agent is available. By incorporating a three-dimensional interconnected vascular network in second generation systems the supply of healing agent can be replenished indefinitely.
We create microvascular networks through direct write assembly of a fugitive ink in a layer-by-layer sequence to create a three-dimensional scaffold, which is then infiltrated with a polymeric matrix material. The ink is
removed after curing the matrix, leaving behind a complex interconnected
network of microchannels. These microchannels are then used as the
delivery system for self-healing. Initially, the microvascular concept is
applied to heal coated vascular substrates. Testing protocol entails loading virgin samples in four-point bending until cracks initiate in the coating.
The onset of cracking leads to a distinct load drop and corresponding
decrease in the bending stiffness. The sample is then allowed to heal as
the healing agent from the microvascular substrate permeates the surface cracks and interacts with a catalyst suspended in the coating. Subsequent testing of the healed specimen gives a measure of the healing
efficiency based on the recovery of fracture toughness of the coating.
Beyond the current focus on healing functionality, microvascular autonomic composites may find utility in applications for thermal management, chemical or environmental sensing, energy harvesting, or communications.

6526-47, Session 10
Nanostructured self-healing polymers
B. J. Blaiszik, S. R. White, N. R. Sottos, Univ. of Illinois at
Urbana-Champaign
Multifunctional, self-healing polymers that incorporate microencapsulated
healing agents have demonstrated high levels of healing efficiency in both
static and dynamic loading conditions. Microcapsules that contain the
healing agent must possess adequate strength, long shelf-life, and excellent bonding to the host material. In previous work we have shown that
urea-formaldehyde capules containing dicyclopentadiene (DCPD) prepared by in situ polymerization in an oil-in-water emulsion meet these
requirements for self-healing epoxy. However, for standard emulsion encapsulation procedures a lower limit of size scale of ca. 10 micron is
reached. To achieve smaller size capsules requires alternative approaches
to phase segregation during the encapsulation process. Here we demonstrate over an order of magnitude reduction in size scale by a combination of mini-emulsion and interfacial polymerization encapsulation techniques.
A mini-emulsion is produced by the combination of sonication to break
up a coarse emulsion into submicron monomer droplets with a surfactant/co-stabilizer to retard monomer diffusion from the submicron monomer droplets. By manipulating parameters such as sonication time, mixing speed and solution chemistry, we have achieved DCPD-filled UF capsules with 800 nm average diameter. The average shell wall thickness of
75-100 nm, determined from SEM micrographs, is slightly lower than the
190 nm value for 100 micron diameter capsules. CHN analysis revealed
that capsules were over 90% full.
Separation of the capsules from solution efficiently and without compromising capsule integrity is challenging. We employ a combination of techniques utilizing centrifuging, solvent-displacement, and sonication to
achieve uniform dispersion within an epoxy matrix. Preliminary mechanical test results of the nanocapsule filled capsules showed significant toughening for small capsule concentrations. Fracture surfaces verified cap76

SPIE Smart Structures and Materials 2007

6526-48, Session 10
Active repair of self-healing polymers with shape
memory alloy wires
E. L. Kirkby, Ecole Polytechnique Fédérale de Lausanne
(Switzerland); J. D. Rule, 3M Co.; V. J. Michaud, Ecole
Polytechnique Fédérale de Lausanne (Switzerland); S. R. White,
N. R. Sottos, Univ. of Illlinois at Urbana-Champaign; J. E.
Manson, Ecole Polytechnique Fédérale de Lausanne
(Switzerland)
Engineering materials are subject to damage and fatigue in service, and
may eventually fail with severe consequences. In contrast, living organisms have the capability to detect mechanical injury - a skin abrasion or a
bone fracture, for example - and to heal themselves. Inspired by biological systems, White et al. have developed a polymer material that replicates part of these self-healing properties [1]. A liquid monomer
(dicyclopentadiene - DCPD), contained in microcapsules, and a live catalyst (Grubbs’ catalyst) are embedded within an epoxy matrix. When a
damage crack propagates through the material, it ruptures the
microcapsules in the vicinity of the crack. This releases DCPD which then
spreads over the crack faces and polymerises on contact with the catalyst, repairing the crack [2, 3].
The next step in the development of this self-healing material is to raise
the healing efficiency - even for wide cracks - while reducing both the
microcapsule diameter and concentration. The latter would result in better dispersion of the capsules within the matrix, and simplified processing. Unfortunately, however, Rule et al. have shown that these appear to
be contradictory requirements since the healing efficiency falls to low
values if there is insufficient healing agent to completely fill the crack
volume [4]. The work presented here may provide a solution to this problem.
In this paper, we report a new study on embedding linear shape memory
alloy (SMA) wires within a self-healing polymer. We have investigated the
possible improvements in the healed properties of the polymer material
due to the SMA wires. The wires are activated at 80°C by resistive electrical heating; this induces a thermoelastic martensitic phase transformation and causes them to contract. They bridge a crack and, on activation,
serve to reduce the crack volume, while at the same time exerting a substantial clamping force between the crack faces. The SMA wires are typically activated during a period of about 30 minutes immediately following
the damage event.
We find the SMA wires increase the re-fracture strength of a healed crack
by up to about a factor two in comparison with self-healing material without wires. We have confirmed that the increase in strength is due to improvements of the crack repair itself and not to the mechanical effect of
embedded SMA wires. The increase in strength of the repaired crack is
found to be due both to the crack closure effect and to an increase in
polymer cross-linking due to the elevated cure temperature, in roughly
equal contributions. We will report on these measurements, together with
a study of the optimum activation cycle for the SMA wires during the
healing cure period.
REFERENCES
[1] S.R. White, N.R. Sottos, P.H. Guebelle, J.S. Moore, M.R. Kessler, S.R.
Sriram, E.N. Brown, S. Viswanathan: Autonomic healing of polymer composites. Nature 409, 794-797 (2001).
[2] E.N. Brown, S.R. White, N.R. Sottos: Microcapsule induced toughening in a self-healing polymer composite. Journal of Materials Science 39,
1703-1710 (2004).
[3] E.N. Brown, N.R. Sottos, S.R. White: Fracture testing of a self-healing
polymer composite. Experimental Mechanics 42(4), 372-379 (2002).
[4] J.D.Rule, S.R. White, N.R. Sottos: Effect of microcapsule and crack
sizes on the performance of self-healing materials. In preparation.
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6526-49, Session 11
The future of autonomic materials systems
S. R. White, Univ. of Illinois at Urbana-Champaign
Autonomic materials systems are inspired by biological systems in which
an external triggers produce an autonomic functional response. As an
example, structural polymers and polymer matrix composites have been
recently developed that possess the ability to self-heal [1]. Self-healing is
accomplished via microencapsulated healing agents embedded within a
polymer matrix. Damage triggers the release of the healing agent and
subsequent polymerization and repair. One promising healing chemistry
based on the ring-opening-metathesis-polymerization (ROMP) of
dicyclopentadiene and Grubbs’ catalyst has yielded static fracture recovery in excess of 90% [2] and greatly extended fatigue life [3]. Beyond
this version of self-healing, autonomic materials systems may one day
provide self-sensing, thermal stasis, regrowth, and other biologically-inspired functions.
[1] S.R. White, N.R. Sottos, J. Moore, P. Geubelle, M. Kessler, E. Brown,
S. Suresh, and S. Viswanathan, “Autonomic healing of polymer composites,” Nature, 409, 2001, pp. 794-797.
[2] E.N. Brown, N.R. Sottos, S.R. White, “Fracture testing of a self-healing
polymer composite,” Experimental Mechanics, 42(4), 2002, pp. 372-379.
[3] E.N. Brown, S.R. White, and N.R. Sottos, “Retardation and repair of
fatigue cracks in a microcapsule toughened epoxy composite-Part 2: In
situ self-healing,” Composites Science and Technology, Special Anniversary Issue, 65, 2005, pp. 2474-2480.

6526-50, Session 11
Computational design and optimization of a
biomimetic self-healing/cooling composite material
P. H. Geubelle, A. Aragon, J. Lewis, S. R. White, Univ. of Illinois
at Urbana-Champaign
Inspired by natural examples of microvascular systems in a wide variety
of living algorithms, we perform the computational design a new class of
polymer-based composite materials with the unique ability to heal and/or
cool in a completely autonomic fashion, i. e., without any external intervention.
The design process is based on the combination of graph theory to represent and evaluate the microvascular network and genetic algorithms
(GA) to optimize the large number of parameters defining the network
geometry. In this work, discrete GA schemes have been adopted to optimize the network defined by a set of vertices defined on a regular grid
and linked together with microvascular channels to achieve a desired level
of redundancy.
A variety of objective functions are considered in this study. These include (i) maximizing the network coverage to achieve the healing of
microcracks appearing randomly in the structure, (ii) optimizing the flow
properties of the network (i.e., reducing the flow resistance of the network to a prescribed mass flow rate), (iii) minimizing the impact of the
network on the stiffness and strength of the resulting composite in terms,
for example, of the void volume fraction associated with the presence of
the microvascular network, (iv) ensuring the manufacturability of the network, (v) minimizing the maximum temperature in the self-cooling composite when subjected to a set of thermal loads, (vi) increasing the network redundancy to improve its robustness to the possible failure of one
of its segments, etc.
To evaluate the thermal and structural performance of the autonomic composite material, we use the extended finite element scheme, which allows to obtain accurate temperature and stress fields under a variety of
external heat and load boundary conditions without the geometrical complexity associated with the body-fitted meshing of the microvascular network. The flow analysis of the network is performed based on the assumption of fully established Poiseuille flow in all segments of the network, leading to the classical proportionality relation expressing the pressure drop along a segment as proportional to the mass flow rate, the
segment length and the inverse fourth power of the diameter.
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Special emphasis is placed in this work not only on the computational
design of the network, but also on its manufacturing using an automated
process (Robocaster) based on the extrusion of wax in epoxy. Once manufactured, the computer-aided optimum design is validated through detailed comparison with a variety of flow, thermal and structural tests.
This presentation will focus on the results of the computational design,
optimization, manufacturing and testing of an epoxy-based composite
material containing a two-dimensional microvascular network.

6526-51, Session 11
On a path toward structures with reconfigurable
circulatory systems
W. W. Clark, E. Beckman, Univ. of Pittsburgh; C. Bielawski, The
Univ. of Texas at Austin; S. K. Cho, L. M. Weiland, Univ. of
Pittsburgh
Just as biological systems utilize circulatory systems for a variety of purposes, such as respiration, transport of fuel and wastes, healing, and
cooling/heating, there are many potential uses for such systems in manmade structures as well. One could design structures with built-in, predetermined flow paths for transporting materials for the above applications.
For structures that undergo significant shape changes, however, it may
be more beneficial for the circulatory system to also be reconfigurable
rather than being fixed. Our research is devoted to developing such a
system. The principle idea behind the concept is to enable a structure to
create a part of a circulation path at almost any arbitrary point in the body,
and to then transport its own structural material through that path. This
paper will describe progress toward a novel type of structural system in
which a normally stiff, load bearing structural material may be locally transformed into a liquid state, and then moved through the structure by way
of distributed fluidic mechanisms. It is envisioned that such a system will
have numerous uses for structural tailoring, including healing of damage
and cracks, tuning of static and dynamic structural properties, regrowth
of missing or damaged parts, and even permanent shape change through
mass flow. In addition, one could use the network of fluidic mechanisms
proposed here as an actuation system for structural shape change. A key
technical challenge to this concept is the development of materials that
exhibit solid-to-liquid change under command of a controllable trigger.
This paper will discuss the progress to date in the materials development.

6526-52, Session 11
Self-healing composites based on thermal activation
(autonomous materials)
Y. Wang, E. Bolanos, J. S. Park, F. Wudl, T. Hahn, Univ. of
California/Los Angeles
Structural polymer composites are susceptible to premature failure in the
form of microcracks in the matrix. Although benign initially when they
form, these matrix cracks tend to coalesce and lead in service to critical
damage modes such as ply delamination. The matrix cracks are difficult
to detect and almost impossible to repair because they form inside the
composite laminate. Therefore, polymers with self-healing capability would
provide a promising potential to minimize maintenance costs while extending the service lifetime of composite structures.
In this paper we report on a group of polymers and their composites
which exhibit mendable property upon heating. Their healing process does
not need any extraneous catalysts or molecules and thus will not bring to
the system any other compounds that may compromise the performance
of the composites. In addition, the input energy required for healing is
only heat, which can be provided by the carbon fibers within the composite through resistive heating.
The backbone chain of the mendable polymers contains dicyclopentadiene
which is the weakest bond in the polymer chain and therefore is the breaking point under load. The breakage occurs through Retro-Diels-Alder (RDA)
reaction, where two cyclopentadienes are formed at the break. However,
the Diels-Alder (DA) reaction and Retro-Diels-Alder reaction are thermally
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reversible, i.e., upon heating the broken cyclopentadiene ends are able to
combine again through Diels-Alder reaction to return to dicyclopentadiene.
The mechanism is illustrated in Figure 1. These polymers exhibited satisfactory self-healing performance in bulk form upon heating.
In order to make a composite panel the monomer powder was sandwiched between carbon fiber fabric layers and cured in an autoclave. The
cured composite panel was cut into 100¡Á10 mm strips, which were
stretched on an Instron at room temperature and held at 1.5% strain for 1
min to induce cracks. The stretching process was repeated until
microcracks were observed at the surface resin layer under optical microscope. Oven and resistive heating methods were chosen for healing.
For oven heating, the strip was put in oven at a healing temperature for a
sufficient period of time. For resistive heating, the surface resin layer was
polished away at both ends to expose carbon fibers to electrical input.
The current and voltage were monitored, and the temperature was measured using a pyrometer. In both experiments, the composite panel exhibited good healing ability evidenced by the disappearance of
microcracks in the surface resin rich layer.
Acknowledgments
The present paper is based on work supported by the Air Force Office of
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6526-54, Session 11

6526-53, Session 11
A magnetic nanocomposite with high-particle
loading: a new synthesis method and microwave
absorption properties (autonomous materials)
S. S. Park, Z. Guo, H. T. Hahn, Univ. of California/Los Angeles
Electromagnetic absorbers are a critical part of defense systems for their
contribution to survivability in air vehicles and for use as commercial products for electromagnetic interference (EMI) shielding. However, existing
electromagnetic absorption materials and material forms have several
drawbacks: they are heavy, less durable, and effective only over narrow
frequency bands. The emergence of nanomaterials technology opened
the door for new opportunities to further improve the functionality of electromagnetic absorbers. Recent studies show improvements in EMI shielding properties with the use of nano-sized magnetic particles. Magnetic
nanoparticles offer novel material properties not exhibited by micron-sized
magnetic materials and can be exploited to improve the overall microwave properties of the composite. However, the challenge of incorporating nanoparticles into a polymer is to overcome the difficulty of dispersing large volume fractions of nanoparticles into the polymer without sacrificing the mechanical properties of the resulting composite, a problem
caused by the increase of the particle surface area as the particle size
decreases to the nanometer range.
In this study, a novel method of fabricating a flexible highly filled iron
oxide/polyurethane (PU) nanocomposite is described and its electromagnetic performance is presented. Currently, highly filled composites are
normally fabricated by directly mixing the particles with the polymer monomer followed by elevated temperature curing, or alternatively using a solvent to disperse the particles followed by casting to produce a thin film.
Both methods result in either poor dispersion or unacceptable mechanical properties. In this study, Surface Initialized Polymerization (SIP) is used
to provide physicochemical adsorption of the catalyst/promoter onto the
magnetic nanoparticle (Fe2O3) surface in a tetrahydrofuran (THF) solution. This method results in a highly flexible magnetic composite material.
The physicochemical attachment of catalyst/promoter on the nanoparticle
surface was proven by thermal gravimetric analysis (TGA) and Fouriertransform infrared (FT-IR) analysis, surface image analysis (Atomic Force
Microscopy, AFM and Scanning Electron Microscopy, SEM), and mechanical testing.
The saturation magnetization, complex permeability, and complex permittivity of SIP magnetic nanocomposites with nano-sized Fe2O3, Fe and
FeCo magnetic particles (< 20nm diameter) were investigated. The magnetic properties were measured with a 9-Telsa Physical Property Measurement System (PPMS). The electromagnetic properties were obtained
through transmission line measurements using an HP Network analyzer
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8510B over the frequency range from 2 to 18 GHz. The results were then
compared with the commercial electromagnetic wave absorbers that use
the micron-size carbonyl iron particles (CIP, 2~5 ?m diameter). A direct
comparison was made by analyzing the reflection loss performance between the magnetic nanocomposite films and the CIP added composite
film. This was done to show that a weight saving can be realized by using
the magnetic nanocomposite films instead of the CIP microcomposite
film.
In summary, a fabrication method based on the surface-initiated-polymerization (SIP) was developed to produce highly filled magnetic
nanocomposites. The SIP method improves the quality of the
nanocomposite by allowing uniform distribution of nanoparticles and improving the particle/matrix bonding, and renders application of
nanocomposites with high particle loading possible. The potential benefits of the nesly synthesized magnetic nanocomposites in electromagnetic wave shielding and absorption applications are weight savings and
better mechanical properties.
Acknowledgments
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Durability and integrity of built-in piezoelectric-based
active sensing network in structures
F. Chang, Stanford Univ.
An investigation is proposed to study the long-term durability and integrity of piezoelectric-based active sensing networks either embedded in
composites or surface-mounted on metallic structures. In particular, attention will be focused on the strength and properties of the interface
between piezoelectric sensors/actuators (piezos) and host structures as
subjected to high-frequency piezoelectric self-excitations.
Both mechanics-based and material-based approaches for the characterization and improvement of the durability and integrity of structures
with integrated piezoelectric materials were conducted. During the period of the study, a 3-D spectral element method-based code which was
developed in the previous period is used to numerically investigate the
interface disbond mechanics and the mechanical response of the piezo/
structure interface under high-frequency excitations. Sensors made of
piezoelectric ceramics and/or piezoelectric crystals will be selected for
the study.
A novel interface PZT/structure was designed, characterized and tested.
The key feature is the integration of the adhesive layer with oriented carbon nano-tubes (CNTs) to achieve a high shear strength. For this purpose
a new technique to grow CNTs directly on a PZT substrate was successfully developed. The micro-fabrication related processes were performed
in the Stanford Nanofabrication Facility, the sample characterization in
the Stanford Nano-characterization Facility and the sample testing was
done in Microphotonics Laboratory (Irvine). Preliminary test results showed
oriented CNT carpet improve significantly the interfacial shear strength.
More studies are being conducted to further understand the behavior
and to verify the results.

6526-55, Session 12
Modeling of piezo-SMA composites
O. C. Namli, M. Taya, Univ. of Washington; J. K. Lee, Catholic
Univ. of Daegu (South Korea)
Piezo-SMA composite is a new concept in taking advantage of both piezoelectric material that has a fast response under applied electric field,
and SMA that has large strain under stress induced martensite deformation, i.e. superelastic(SE) deformation. In order to see if this new hybrid
mechanism is valid, two design cases of the Piezo-SMA composite are
examined in this study. Then, we will discuss which design of the piezoSMA composite would give rise to larger strain. Specific gains will be
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compared with conventional actuator design by considering the values
per weight which is a crucial design parameter especially in aircraft industry.

6526-56, Session 12
Experimental development of power consumption in
LIPCA-C2
B. Smith, K. M. Mossi, Virginia Commonwealth Univ.; N. Goo,
Konkuk Univ. (South Korea)
LIPCA actuators are currently being investigated for use in MAVs,
micropumps, vibration control, and a number of bio-inspired robotic devices. Such applications are a prime example of the growing trend in the
miniaturization of engineered devices. Decreasing product size not only
allows for reductions of manufacturing and operating cost, but also works
to create new fields of study as constraints previously imposed by issues
of scale subside. When designing products for this ever shrinking world
not only must the size of the principal components of the system be taken
into consideration but also the components of the system that afford functionality as a bi-product of their inclusion. To this end, mechanical or electrical systems that provide these devices with the necessary energy to
perform their tasks are considered. To make efficient use of LIPCA in the
mentioned applications, the ability to forecast power consumption is essential in allowing engineers to design systems competently when facing
constraints on volume and mass. In this paper, development of an empirical formulation of the power consumption of LIPCA is investigated.
Effects from variation in driving voltage and frequency, as well as actuator
dimensions and magnitude of external circuitry impedance are included
in the investigation. The developed model was found to be accurate within
10% for most tested cases. Results of the model accuracy are presented
and parameter combinations leading to inaccuracies are identified.

6526-57, Session 12
Piezoresistance property of cement-based
composites filled with carbon black: theoretical
model and experimental results
H. Xiao, H. Li, J. Ou, Harbin Institute of Technology (China)
Cement-based composites filled with carbon black (CB) were prepared
in this paper, the volume concentration of CB was near threshold of percolation and the conduct mechanism of the composites was dominated
by tunneling effect theory. Piezoresistance properties of the composite
were investigated under longitudinal pressure and transverse pressure.
The size of specimen was 30Å~40Å~50mm. DC electrical resistance
measurement was made in the longitudinal axis, using the four-probe
method. Compressive testing was performed on a 30Å~40mm side of
each specimen (longitudinal pressure) and on a 40Å~50mm side of each
specimen (transverse pressure), respectively. During loading process, DC
electrical resistance measurement was simultaneously made. A linear relationship between the fractional change in resistance and compressive
strain was observed for both longitudinal pressure and transverse pressure, suggesting that the resistance change of composites was not only
related to the strain parallel to the direction of resistance measurement,
but was multiaxial stress dependent. To investigate the origin of
piezoresistance under multiaxial stress and improve the applying of the
composite as a strain sensor in real engineering, a model has been developed to predict the piezoresistivity under multiaxial stress.
According to tunneling effect theory, the resistance between CB particles
was exponential function of the length of separation between adjacent
CB particles (s), therefore, it was important to determine the relation between the change of s and the strain of composite. Based on the SEM
pictures of the microstructures, it was found that the conducting chain
was composed of separations of various directions, therefore, change of
s was relative to the direction of separation and the strain of each axial.
Then, based on the tunneling effect theory and the assumption of uniform
distribution in direction of the separation, a model was proposed to interpret the piezoresistance property.
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The influences of strain amplitude, strain direction, poisson ratio were
discussed with this model. The model indicated that the piezoresistance
of composites was multi-stress dependent, not only refer to the stress
parallel to the direction of resistance measurement. With this model, the
strain gauge factor under complex stress could be calculated, which
should not be calibrated by test because of complexity. The theoretical
data obtained from the model agreed well with the experimental ones.
Also, the predicted results of this model agreed with the experimental
results of early studies on polymer-based composites, for example, the
predicted results showed that when applied uniaxial compressive strain
on composite, the resistance decreased with strain at first, then turned to
increase with further increase in compressive strain, this prediction was
supported by the experimental results of early studies by others.

6526-58, Session 13
Electroactivity of polymeric suspensions
Y. Peng, Y. M. Shkel, Univ. of Wisconsin/Madison
Two types of the electroactive response in polymeric suspensions can be
considered- dielectrostriction and piezoresistance. Dielectrostriction is a
variation of dielectric properties of a material with deformation while
piezoresistance involves a change in conductivity with deformation. Both
phenomena have similar microscopic foundation - they arise from variation of local electric field due to the redistribution of polarized or conductive inclusions. Both dielectrostriction and piezoresistance are determined
by the pair distribution function of inclusions and are sensitive to a
material’s microstructure, which renders them effective for material characterization. In this study, dielectrostriction effect of silicone/aluminum
oxide (Al2O3) and piezoresistance effect in silicone/graphite suspensions
during oscillatory shear deformations are detected by a rosette of planar
capacitor sensors with mutually perpendicular electrodes. In both measurements, the electric responses are found to be scaled with the deformation-induced stresses. Moreover, the variation of dielectrostriction response with suspensions having various particle size distributions indicates the high sensitivity of dielectrostriction to material’s microstructure.
Dielectrostriction and piezoresistance constitute new approaches to study
the rheological properties of suspensions and compliment each other for
revealing the microstructure in various systems.

6526-59, Session 13
Microwave absorbing properties of ferrite-based
nanocomposites
A. Jänis, Swedish Defence Research Agency (Sweden); R. T.
Olsson, Kungliga Tekniska Högskolan (Sweden)
Analysis of microwave absorbing properties of different polymer (epoxy)
based nanocomposites will be presented. The ferrite nanoparticles employed as filler materials were produced by a co-precipitation method
that was adapted for production of large amount at low cost. The absorbing properties of different kinds of ferrite nanoparticles, soft (manganese)
and hard (cobalt) magnetic nanoparticles, will be compared. In addition,
the impact of high and low densities of the respective ferrite type is covered. Analysis of microwave absorbing properties will be made in wide
frequency band including both MHz and GHz regions, which is of high
interest for a number of different applications both military and civilian.

6526-60, Session 13
Anisotropic electroactive polymer composites
G. deBotton, L. Tevet-Deree, Ben-Gurion Univ. of the Negev
(Israel)
The class of electroactive polymers provide attractive advantages: they
are soft, light-weight, undergo large deformations, possess fast response
time and are resilient. However, wide-spread application has been hindered by their limitations: the need for large electric field, relatively small
forces and energy density. It is now recognized that the limitations arise
from poor electro-mechanical coupling in typical polymers. This in turn is
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related to the fact that the typical polymers have a small ratio of dielectric
to elastic modulus (flexible polymers have low dielectric modulus while
high dielectric moduli polymers are stiff).
We develop a general prescription that allows to determine the effective
electromechanical coupling of the heterogeneous elastic dielectrics. By
application of this prescription we derive estimates of the HashinShtrikman type as well as third order estimates for the actuation strains of
these composites. We demonstrate that the analytical estimates are in
excellent agreement with corresponding numerical simulations of
electroactive fiber composites with periodic hexagonal cells. These calculations are based on coupled electrostatic-mechanical finite element
simulations by application of ABAQUS. We also demonstrate that the
actuation strains can be dramatically improved by considering anisotropic composites in which the directions of maximal and minimal electrical
and mechanical responses can be controlled.

6526-61, Session 13
IPMC vibrating cylinder gyroscopes
R. Tiwari, K. J. Kim, Univ. of Nevada/Reno
The paper presents indigenously developed cylinder type IPMC (ionic
polymer metal composites) vibrating gyroscope. The device is constructed
from metal cylinder mounted with two excitation and two detection electrodes, made from IPMC. The working of the device is based on coupling
of the input energy from excitation mode to detection mode through Coriolis Effect. The excitation electrodes employ IPMC as actuator for driving the gyroscope on the other hand IPMC as sensor is used for the purpose of detecting the energy coupled and hence rate of rotation. The
performance of the developed gyroscope has been tested with a computer controlled D.C motor turn table. The developed gyroscope is capable of multiple rotations in both clockwise and counter clockwise direction. The device inherits the other advantages like short start-up time,
small size, no moving mechanical part and low cost, over conventional
mechanical gyroscopes.

6526-62, Session 13
Hingeless CFRP structure by using partially flexible
composites
A. Todoroki, K. Kumagai, Tokyo Institute of Technology (Japan)
For Unmanned Aerial Vehicles (UAV), a hinge-less structure is desired to
reduce the total weight and improve the strength of the joint. Moreover,
for space structures, folded panels are usually have heavy weight to open
the folded structures. In the present paper, a new partially flexible CFRP
is proposed. The partially flexible CFRP has high-stiffness parts and a
low-stiffness part in a structure. Silicon rubber matrix is adopted to realize the low-stiffness part, and normal epoxy resin is used for the matrix of
the stiff structural parts. To investigate the performance of the partially
flexible joint, curvature was measured and cyclic bending test and flight
test were performed. The result of the measurement of curvature showed
that curvature stays constant in 0.5. The results of the cyclic bending test
showed that the appropriate width of the flexible part is 10mm. In the
flight test model plane that tail assembly was made of partially flexible
CFRP was used. The result showed that partially flexible CFRP has possibility to be applied to UAV.
Shapememory ally actuators are embeded inside the hingeless structures
and the automatic deployment mechanism is also tried here.

6526-63, Session 14
Thermal expansion and frequency response
investigation of carbon nanotubes-based thermal
sensors and actuators
M. R. Hosseini, N. Jalili, Clemson Univ.
Carbon nanotubes (CNTs) were first reported in 1991 by Iijima as the new
material with extraordinary properties such as outstanding mechanical,
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thermal, electrical and chemical specifications. The CNTs unique properties with nano-size dimensions have made them as one of the most advanced materials suitable for applying in different high tech fields such as
nano/bio-instruments, circuits and nano-sensors/actuators. It has been
shown that CNTs have an outstanding thermal conductivity of 2980~6000
W/m.K which makes them a good candidate for thermal nano-device
applications. Also, previously the CNT’s heat expansion coefficient has
been calculated both numerically and experimentally. Using X-ray diffraction technique, the thermal expansion coefficient of single-walled
nanotube bundles has been also estimated. However, not much work has
been done on studying the effects of the CNTs properties on the thermal
expansion. Arriving at better understanding of the relationship between
the thermal expansion of both single-walled and multi-walled carbon
nanotubes (SWCNTs and MWCNTs), their diameters dependency and frequency response in different temperatures is essential for fabricating the
thermal nano-sensors/actuators.
In this paper, the effects of CNT’s properties on thermal expansion and
thermal effects are investigated on frequency response of both SWCNT
and MWCNT through different temperature ranges. For this purpose, we
have synthesized both SWCNT and MWCNT by using CVD (chemical
vapor deposition) fabrication system. In this process, methane (CH4) is
used as hydrocarbon gas due to its good stability in high temperatures
(800 to 1000ºC). Methane will perform a set of reactions with the catalyst
layer which is deposited on the silicon wafer to produce carbon molecules and hydrogen as by product. As the nanoparticles become saturated with carbon molecules, the hexagonal carbon ring is formed around
nanoparticles and nanotubes begin to grow on the substrate. During the
CNT synthesis, adding diluted amounts of ethylene (C2H4) or acetylene
(C2H4) help fabricate CNTs with higher yields. Hydrogen has also been
used to excess carbon molecules and prevent the decomposition feedstock. Another advantage of using hydrogen in the process is that it makes
cleaner product and reduces the creation of amorphous carbon. Synthesis of SWCNT and MWCNT depends on the CVD heating temperature
during soaking process. The common temperature using for our MWCNT
production is from 550 to 750ºC, while for the SWCNT it is from 800 to
1000 oC. Previously, we have shown the effect of the temperature on the
CNTs diameter. As the synthesis temperature increases, the average diameter of the fabricated CNTs will increase (in both SWCNT and MWCNT).
Also, we have found that the length of the fabricated CNTs directly effected by the soaking temperature and the heating duration. By applying
the described techniques, we have been able to produce SWCNT and
MWCNT with different lengths and diameters. Using the fabricated CNTs,
the thermal expansion of the SWCNTs and MWCNTs is investigated with
different diameters and lengths by applying laser beam reflection technique. The obtained information is used to investigate the thermal expansion and its relationship with CNTs diameter in different temperatures.
Finally, the effect of the thermal expansion on the frequency response of
the system is studied, which the achieved information can be applied to
fabricate a novel nano-thermal sensor and actuator. Also, these data will
be useful for designing nano-micro thermal management systems.

6526-64, Session 14
Three-dimensional multifunctional hierarchical
nanocomposites: multifunctional materials
M. N. Ghasemi-Nejhad, A. Cao, Univ. of Hawaii at Manoa
Traditional 1-D and 2-D composite materials have excellent in-plane properties. However, they are susceptible to interlaminar crack and crack
growth leading to delaminations and catastrophic failure of the composite structures. To remedy these problems, researchers have developed 3D composites using through-the-thickness stitching and/or braiding. However, these two techniques have their own problems. For braiding, the
part thickness should be known a priori, which is not practical. Besides
the fiber architecture is not arranged orthogonally. For the stitching, it has
been shown that while through-the-thickness properties improve, in-plane
properties decrease. Here, we explain a novel technique to develop 3-D
multifunctional hierarchical nanocomposites with superior properties. In
this approach, multi-walled carbon nanotubes (MWCNTs) are grown vertically over 2-D micro-fiber woven fabric cloth, without altering the 2-D
cloth architecture, to create nano-forests coating of MWCNTs in the thick-
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ness direction to yield 3-D orthogonal fiber architechture. The 3-D nanoforest woven cloths are later impregnated with the resins and are subsequently stacked, vacuum bagged, and cured to give 3-D multifunctional
hierarchical nanocomposites. Since MWCNTs have superior mechanical,
thermal, and electrical properties, the hierarchically developed 3-D multifunctional nanocomposites have enhanced mechanical, thermal,
thermomechanical, damping, and electrical properties by many folds.

6526-65, Session 14
Electric field tailoring of single wall carbon nanotube
polymer composites for dual sensing and actuation
S. Banda, Z. Ounaies, Texas A&M Univ.
Single wall carbon nanotubes (SWNTs) have been considered as the ideal
fillers in polymer composites due to their exceptional material properties.
Good interfacial interaction between SWNTs and the polymer can lead to
enhancement in the mechanical and electrical properties of the composite. A number of researchers have shown that the interfacial region in
nanocomposites has different properties from the bulk matrix due to the
influence of the SWNT. Relaxation volume of the polymer, SWNT-SWNT
distance and size of the interfacial region are all comparable[1]. This means
that the expansive interfacial area becomes dominant, dictating the performance of the nanocomposites and resulting in a drastic increase in the
effective SWNT volume fraction. This may lead to the possibility of creating materials with unique properties not exhibited by the individual constituents. For example, we have shown in our previous work that an electromechanical response is exhibited in polyimide-nanocomposites where
the pristine polyimide is not polar or electroactive[2]. Other researchers
have also shown an enhanced sensing response in SWNT
nanocomposites[3]. In general, the response from polymer
nanocomposites is affected by dispersion and distribution of
nanoinclusions in the polymer matrix. The main focus of this study is on
manipulating and patterning SWNTs in polymers to further tailor mechanical, electrical and electromechanical responses.
Various dispersing techniques are used to obtain a uniform SWNT-polymer system. In this work, ac electric field is used as a source to align and
pattern SWNTs in different polymer matrices. Parallel plate electrodes are
used to apply the electric field. The polymer is cured in-situ while the
electric field is applied, to immobilize the SWNTs. The result is a solid
anisotropic SWNT-polymer composite. The alignment of the inclusions is
investigated as a function of magnitude, frequency, and duration of the
applied electric field. Evidence of alignment is evaluated using optical
microscopy and scanning electron microscopy. The storage modulus,
conductivity and dielectric constant is measured parallel and perpendicular
to the direction of alignment at different measurement frequencies (10Hz1MHz) to further assess the effect of alignment. Degree of alignment is
quantified using polarized Raman spectroscopy, which is an ideal characterization technique to study SWNT orientation.
The ability of ac electric field to align and orient SWNTs is initially studied
in model fluids such as silicone oil, concentrated sulfuric acid, urethane
dimethacrylate system and epoxy to assess the effect of electrokinetic
forces on alignment and their dependence on electric field magnitude
and frequency. We have thus observed that the magnitude, frequency
and exposure duration of the electric field control the degree of anisotropy in SWNT-liquid suspensions. Due to the effect of the matrix on dispersion, the SWNT agglomerate sizes and shapes are different in each
system; a mapping of different voltages and frequencies is required to
study the behavior of SWNTs and the resulting microstructure. AC electric field of 300Vpp and 400Vpp at frequencies varying from 1mHz-15MHz
are applied to 0.05wt% SWNT urethane dimethacrylate solution. Snapshots of SWNT orientation at various frequencies and at two different
voltage magnitudes are shown in Figure 1. To understand the effect of
voltage magnitude and frequency on the alignment, we considered the
various electrokinetic forces that are present in the SWNT suspensions.
Electrophoresis, electroosmosis and dielectrophoresis have been widely
used to induce mechanical motion in micro and nanoparticles in the fields
of colloids and biology for cell manipulation and trapping particles. These
different electrokinetic forces are highly influenced by the size and shape
of the particles and they are also influenced by the dielectric properties of
the matrix. At low frequencies the particles orient and follow the frequency
SPIE Smart Structures and Materials 2007

of electric field, indicating that electrophoretic force is dominant. As the
frequency is increased, electrophoretic force reduces and dielectrophoretic
force increases. Variation in the dielectric constants of particle and medium results in the disruption of the parallel electric field lines, which results in mutual dielectrophoresis. The particles are attracted towards each
other and form long chains between the electrodes, as shown in Figure 1.
At very high frequencies the particles are not influence by the electric
field. Similar mapping of electric field and frequency is done for other
model fluids.
Once the study in the liquid suspensions is completed, optimum electric
field conditions are selected for a given system and in-situ curing is done
to yield a solid anisotropic composite. In Figure 2, the electrical conductivity measured on SWNT urethane dimethacrylate system that had been
aligned using planar electrodes is shown. The conductivity in the random
sample (circles) is compared to that of the sample aligned at 50V/mm,
1KHz. For the aligned sample, the electrical conductivity measured parallel to the alignment is almost two orders of magnitude higher than that
measured in the perpendicular direction. Interestingly, we also note that
the electrical conductivity increases 2 to 3 orders of magnitude in the
electric field-tailored sample as compared to the random sample, both in
the parallel and perpendicular directions. Polarized Raman spectra is recorded at several angles between the SWNT axis and the incident polarization ranging from 0°to180°. Maximum intensity is obtained when the
polarization of incident radiation is parallel to SWNT axis, while the smallest intensity is obtained when it is perpendicular to the SWNT axis. Further, the intensities at various polarizer angles can be used to develop an
orientation distribution function that quantifies SWNT alignment in different composites.
In the next step, we expand the study to include the effect of different
content SWNTs. We assess the field effect on the percolation limits of the
suspensions. We consider different concentrations of SWNT in both the
model fluids and the polymers of interest. Percolation threshold is investigated by measuring electrical conductivity and dielectric constant parallel and perpendicular to the aligned composites. Effect of alignment on
the percolation distribution is studied. Tailoring the SWNT network and
controlling the percolation threshold in parallel and perpendicular direction will lead to dual sensing and actuation capability. Sensing comes
from change in electrical conductivity as percolation network is disturbed
by stress/strain. Actuation comes from electromechanical coupling arising from interaction between SWNT and the polymer chains.

6526-66, Session 14
Self-sensing and self-actuation response of carbon
nanotube composites
H. Y. Lee, Y. M. Shkel, Univ. of Wisconsin/Madison
Changing dielectric properties of a elastically deformed solid material is
called dielectrostriction. This physical response enables a concept of selfsensing in dielectric materials such as polymers and polymeric composites. In addition, dielectrostriction response is governed by same material
parameters as the electrostriction effect which is suitable for self-actuation applications. Designed planar capacitor sensor is employed for monitoring dielectrostriction effect without mechanical contact with a loaded
specimen. Such sensor can also be arranged in a rosette to directly obtain the principal values of the stress/strain and the principal directions.
This study investigates dielectrostriction and electrostriction effects in
carbon nanotube (CNT) composites. Preliminary results show tenfold increase in dielectrostriction response of nanocomposites having 2 vol. %
of randomly distributed CNTs. Current study targets CNT composites
having microstructure which are modified using applied electric field.

6526-67, Session 14
Multifunctional composites with self-sensing
capabilities: carbon nanotube-based networks
E. T. Thostenson, T. Chou, Univ. of Delaware
Increasingly materials and systems are being tailored to achieve multifunctional properties where they can combine active, sensory, adaptive,
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and autonomic capabilities. Toward the development of these material
capabilities there is a critical need to develop methodologies and devices
for in-situ self-sensing. The expansion of processing techniques that enable structuring materials at the nanoscale combined with development
of new methods for analysis should enable optimization of material structure to achieve systems that satisfy specific functional requirements. Owing
to the difference in reinforcement scale between conventional micronsized fiber reinforcement and carbon nanotubes with nanometer-level diameters, it is possible to have carbon nanotube reinforcement in the matrix rich areas between fibers in an individual bundle as well as between
adjacent plies. Recent research has shown that the opportunity exists for
tailoring fiber composites through nanoscale hybridization. With their well
known novel mechanical and electrical properties, carbon nanotubes are
inherently multifunctional and can serve as structural reinforcement as
well as a platform for sensing.
In this research we demonstrate that conducting carbon nanotube networks formed in an epoxy polymer matrix can be utilized as highly sensitive sensors for both strain and damage accumulation in advanced fiber
composites. Using direct-current measurements the internal damage accumulation can be monitored in-situ. Because the nanotube network is
connected throughout the polymer matrix phase, the technique is particularly sensitive to detecting matrix damage. The long-term durability
and performance of advanced fiber composites are governed by properties of the polymer matrix and fiber/matrix interface. In particular, fatigue
life and damage tolerance are strongly affected by matrix cracks occurring between fibers as microcracks or between layers as ply delamination. Although in-plane fracture behavior of composites is dominated principally by breakage of load-carrying fibers, initiation of damage in the
polymer matrix leads to premature fracture and reduced durability. These
matrix-dominated damage mechanisms often occur at low strain or because of out-of-plane loading.
Combining structural fiber reinforcement with conductive percolating networks of carbon nanotubes have applications in self-sensing and structural health monitoring as well as in applications requiring electromagnetic interference shielding or electrostatic discharge capabilities. Potential exists for the development of hierarchical strategies for damage sensing that can distinguish the nature and extent of damage. The sensitivity
of the technique to matrix cracking may find applications in assessing
self-healing approaches.

persing well aligned SWNTs in the polymeric materials. Similarly, fully dispersed, well-aligned SWNTs provided the greatest loss factor and energy
dissipation capability of all the cases considered when the applied stress
was high enough to cause complete sliding of all the SWNTs or nanorope
fillers.
Since polymeric matrix materials possess viscoelastic properties that are
influenced by the nanotube fillers and at the same time affect the overall
damping, their characteristics were analyzed simultaneously with the
“stick-slip” effect using a micromechanical model to determine the total
loss factor of the CNT-based composite [Liu et al., 2006b]. The analytical
results showed that the energy dissipation contribution from “stick-slip”
motion and viscoelastic material varies with the nanotube alignment angle
and applied stress level. In general, the “stick-slip” motion dominates the
total loss factor contribution at high stress level.
Based on previous studies [Liu et al., 2005, 2006a, b], it is known that the
“interfacial strength” is extremely important for predicting damping. One
method to estimate such a parameter is to use a molecular dynamics
(MD) simulation approach (Lordi and Yao, 2000; Liao et al., 2001; Frankland
et al., 2002; Wong et al., 2003; Gou et al., 2004, 2005). The objective of
the research presented in the current paper is to investigate the interaction and load transfer between nanorope and resin for a better understanding on damping characterization of nanorope filled composites.
For a unit cell element containing a nanotube or a nanorope under applied loading and temperature, MD simulations are utilized to provide system and bond configurations. The bonding energy is obtained by calculating the energy required to remove a nanotube from a rope or from the
surrounding material. Interfacial shear strengths are calculated from the
energy gradient associated with dragging the nanotube along the adjacent surface in the direction of the tube axis. The MD simulations are
performed using nanotubes and nanoropes with various volume (or weight)
ratios and geometries, and different temperatures (within temperature
range of realistic applications). The frictional stress is represented as a
function of nanotube concentration, nanotube geometry, and temperature. These constitutive relationships will be used to address the temperature-dependent interfacial CNT/matrix behavior. From the MD simulation of the pullout process of one SWNT from a seven-nanotube rope,
the interfacial shear stress is calculated to be 86 MPa, which matches
well the value of 88.1 MPa obtained by Gou et al.(2005). The interfacial
shear stress between nanotube and resin, nanorope and resin are also
calculated using MD simulations.

6526-68, Session 15
Computational analysis on molecular interaction and
load transfer of a polymeric composite with singlewalled nanotube ropes
A. Liu, K. Wang, C. E. Bakis, The Pennsylvania State Univ.
Carbon nanotube (CNT) based materials, such as densely packed CNT
thin films (Koratkar et al., 2002a, b, 2003; Lass et al., 2002, 2003) and
polymeric composites with dispersed CNT fillers (Wang et al., 2004; Zhou
et al., 2004a, b, c; Suhr et al., 2005; Liu et al., 2005, 2006a, b), have
recently attracted a lot of interest because of their unique damping properties. Due to their large surface area, large aspect ratio, high stiffness,
low density, and high thermal conductivity, CNTs could be ideal fillers for
high performance damping composites.
Based on the “stick-slip” phenomenon previously observed at the atomic
scale on graphite surfaces (Buldum and Lu, 1999; Hölscher et al., 1998),
structural damping models of CNT-based composites have been developed by applying this “stick-slip” motion to the nanotube/resin interface
as well as to the nanotube/nanotube interface (Zhou et al., 2004a, b, c;
Liu et al., 2005, 2006a, b). Zhou et al. (2004a, b, c) developed a “stickslip” damping model for composites containing well-dispersed individual
SWNTs and aligned nanoropes and performed damping measurements
on CNT-based composites. Results showed a strain-dependent damping enhancement due to “stick-slip” motion at the interface of the SWNTs
and the resin as well as the interface of the nanotubes in the ropes.
The damping properties of polymeric composites with well dispersed,
randomly oriented, CNT ropes were investigated by Liu et al (2005, 2006a)
using the “stick-slip” concept. The analytical results indicated that significant improvement of Young’s modulus could be achieved by fully dis82
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6526-69, Session 15
High-homogeneity of LBL composites from SWNT
leads to efficient charge tranport and integration of
conductivity and mechanical strength
B. S. Shim, N. A. Kotov, Z. Tang, Univ. of Michigan
Significant improvement in mechanical properties among composites was
achieved when there was exceptional homogeneity of single-walled carbon nanotubes (SWNTs) in the layer-by-layer (LBL) assembled materials.
Similar structural quality is essential for improved electrical properties.
The electrical conductivities of the resulting LBL composites are as high
as 8.5*103 S/m (200 multilayers, at 200oC) with only 8¡3⁄42wt% SWNT
loading. This exceeds values obtained for other SWNT-insulating polymer composites, and can be favorably compared to a bucky paper with
100% SWNTs contents and SWNT-conductive polymer composites. The
resulting composite demonstrated semiconductor-like behavior in response to temperatures attributed to both nano- and macroscale
heterojunctions with metallic-semiconducting SWNTs. The tensile strength
of the prepared multilayers was 170 MPa, which much higher than that of
bucky paper and SWNT-conductive polymer composites. The combination of high electrical properties and mechanical properties of a SWNTpolymer LBL thin films makes this material unique, opening the way for a
wide range of applications from flexible electronics to space telescopes
and biomedical implantable devices. Importantly, it also demonstrates
the potential of molecular engineering of the composites by LBL and shows
directions for further improvement of the obtained properties.
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6526-70, Session 15
Performance and characteristics of functionalized
multiwalled carbon nanotubes/cellulose EAPap
actuator
J. Kim, S. Yun, S. Lee, K. Cho, Inha Univ. (South Korea)
Cellulose based Electro-Active Paper (EAPap) is an attractive EAP material due to many advantages in terms of biodegradability, lightweight, dry
condition, large displacement output, low actuation voltage and low power
consumption. However, cellulose EAPap should enhance force output
and actuating frequency band to realize its potential application. As an
attempt for that, MWNTs are used to mix with cellulose solution. To fabricate cellulose solution, cellulose fibers obtained from cotton pulp have
been dissolved in LiCl/N,N-dimethyl-acetamide (DMAC) by heating at
150ºC. MWNTs are dispersed in cellulose solution by sonication. The suspension is spin-coated and pressurized to fabricate a plat MWNTs/cellulose film with eliminating process of DMAC solvent, Li+ ions and Cl- ions
from it. However, the locally aggregated MWNTs can make a defect in the
material. Therefore, carboxyl group functionalized MWNTs (F-MWNT) are
used to maintain well-dispersion of MWNTs in cellulose matrix. Finally,
the prepared F-MWNT/cellulose EAPap is investigated in terms of mechanical and electrical characteristics. The actuating performance, output force, frequency band and displacement, was compared with MWNT/
Cellulose EAPap and EAPap.

6526-71, Session 15
Axially compressed buckling of an embedded carbon
nanotube subjected to thermo-electro-mechanical
loading
A. Salehi-Khojin, N. Jalili, Clemson Univ.
Considerable attention has been turned to mechanical behavior of singleor multi-walled carbon nanotubes (NTs) embedded in a polymer matrix.
The tension, compression, bending and torsion are the most common
and basic failure modes of NTs. It is, therefore, necessary to understand
these basic problems in order to comprehend deeply the properties of
NTs under complex mechanical loading. Recently, an elastic double shell
model for infinitesimal buckling of a double-walled NT embedded in elastic medium has been proposed. This analysis is based on a Winkler model
for the surrounding elastic medium and simplified model for the van der
Waals interaction between inner and outer NTs. Motivated by this idea,
we aim to study the buckling and post buckling behavior of
nanocomposites with piezoelectric properties, i.e. boron nitride nanotube
(BNNT) embedded in PVDF polymer. As both BNNT and PVDF are piezoelectric materials, the buckling instability of current structure can be controlled by applying thermal and electrical loads along with external force.
To the best of our knowledge, there has not been any investigation of the
effect of complex (electrical, thermal and mechanical) loadings on buckling instability of nanostructures, and this work can be introduced a new
approach for tuning of nanostructures’ properties. More specifically, we
have developed Donnell shell theory for piezoelectric materials, where
multi-walled NTs embedded in an elastic medium are considered as elastic media and a set of concentric cylindrical shell with van der Waals
interaction between adjacent layers. Also, Whitney-Riley model is developed to determine spring constant of normal displacement of the outermost tube of NTs. The spring constant is a series model consisting of
elastic, thermal and electrical parts and each part of spring constant corresponds to any component of complex loading. It is shown that applying
electrical and thermal loads affect this parameter, and consequently
change the supporting effect of elastic medium.

6526-72, Session 15
Alignment of multiwalled carbon nanotubes in
cellulose EAPap by electric fields
J. Kim, S. Yun, Inha Univ. (South Korea); S. Banda, Z. Ounaies,
Texas A&M Univ.
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Cellulose Electro-Active Paper (EAPap) material has a potential of smart
material due to its advantages in terms of biodegradability, lightweight,
dryness, large displacement output, low actuation voltage and low power
consumption. However, improvement of output force and increased frequency band are challenges in this research. In this paper, the alignment
of Multi-walled Carbon nanotubes (MWNTs) in cellulose EAPap is presented, which is aimed at improving the performance and frequency band
of cellulose EAPap. We expect that asymmetrical arrangement of MWNTs
in cellulose matrix can provide improved mechanical properties in the
aligned direction. To align MWNTs in cellulose EAPap, two approaches of
corona discharge and AC poling are used. In the case of corona discharge, the degree of aligned MWNTs in cellulose EAPap can be changed
with external electric field and poling temperature. In the case of AC poling, it can be varied with external electric field and poling frequency. The
parameters of each approach are optimized to fabricate highly aligned
MWNTs/cellulose EAPap. The mechanical and electrical properties of the
prepared samples are compared with degree of aligned MWNTs.

6526-73, Session 16
A continuum thermodynamics formulation for micromagneto-mechanics with applications to
ferromagnetic shape memory alloys
C. M. Landis, Rice Univ.
A continuum thermodynamics formulation for micromagnetics coupled
with mechanics is devised to model the evolution of magnetic domain
structures in magnetostrictive materials. The theory falls into the class of
phase-field or diffuse-interface modeling approaches. In addition to the
standard mechanical and magnetic balance laws, a set of micro-forces
their associated balance laws are postulated. Thereafter, the second law
of thermodynamics is analyzed to identify the appropriate material constitutive relationships. The general formulation does not constrain the
magnitude of the magnetization to be constant, allowing for the possibilities of spontaneous magnetization changes associated with strain and
temperature. The approach is shown to yield the commonly accepted
Landau-Lifshitz-Gilbert equations for the evolution of the magnetization
when the magnetization magnitude is constant. Within the theory a form
for the free energy is postulated that can be applied to fit the general
elastic and magnetic properties of a ferromagnetic shape memory material near its spontaneously magnetized state. Thereafter, a principle of
virtual work is specified for the theory and is implemented to devise a
finite element formulation. The theory and numerical methods are used to
investigate the fields near both stationary and moving 180º and 90º domain walls.

6526-74, Session 16
Modeling of magnetic shape memory alloys
D. C. Lagoudas, B. Kiefer, Texas A&M Univ.
Multifunctional or active materials have been successfully used as embedded sensors and actuators in engineering structures with the purpose of integrating the thermomechanical with electromagnetic or additional functionalities. Shape Memory Alloys (SMAs) have emerged as a
class of multifunctional materials with unique thermal and mechanical
properties that have found numerous applications. Magnetic shape
memory alloys (MSMAs) have been the subject of much research in recent years as high frequency multifunctional materials with magnetic field
induced strains much higher than ordinary magnetostrictive or
piezomagnetic materials. MSMAs are intermetallic alloys that experience
large deformations at high frequencies when a magnetic field is applied,
with potential applications to actuators and sensors. They have shown
the promise of greater actuation bandwidth than conventional SMAs, since
their actuation frequency is not limited by relatively slow heat transfer. A
magnetomechanical constitutive model that describes the evolution of
the magnetization and the magnetic field induced strain due to the reorientation of variants in MSMAs will be presented and issues related to
material characterization, modeling and design of active devices will be
discussed. The modeling approach presented will be based on continuum
thermodynamics with internal state variables motivated by microstruc-
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tural observations of martensitic variant reorientation and magnetic domain evolution. The model is based on a free energy function in which the
stress and the magnetic field strength are the independent external state
variables. The loading history dependence of the constitutive behavior,
caused by dissipative effects, is introduced into the model through the
internal state variables.

6526-77, Session 17
Magnetomechanical characterization and unified
actuator/sensor modeling of ferromagnetic shape
memory alloy Ni-Mn-Ga
N. N. Sarawate, M. J. Dapino, The Ohio State Univ.

6526-75, Session 16
Quasi-static and acoustic energy absorption in NiMn-Ga composites
J. Feuchtwanger, Massachusetts Institute of Technology and
Univ. of Basque Country (Spain); R. Techapiesancharoenkij,
Massachusetts Institute of Technology; M. Mahendran,
Massachusetts Institute of Technology and Thiagarajar College
of Engineering (India); D. C. Bono, S. M. Allen, R. C. O’Handley,
Massachusetts Institute of Technology
Ferromagnetic shape memory alloys (FSMAs) such as Ni-Mn-Ga exhibit
large plastic-deformation and hysteresis under stress-induced or magnetic-field-induced twin-boundary motion. Composites made of Ni-MnGa particles in a polymer matrix have been shown to exhibit nearly 80%
absorption of quasi-static mechanical deformation1 with a temperature
dependence that reflects the polymer glass transition and FSMA martensitic transformation characteristics.2 Finite-element analysis reveals the
details of the stress distribution transmitted from the matrix to the FSMA
particles. These measurements are now being extended to determine
absorption at acoustic frequencies. Preliminary results indicate superior
absorption as well as characteristic resonances in thin layers of FSMA/
polymer composites.
[1] “Vibration damping in NiMnGa-polymer composites”, Feuchtwanger,
J., R. H. Ivester, C. A. Jenkins R. C. O’Handley, S. M. Allen, SPIE Proc.
5052, 92, (2003); “Large energy absorption in Ni-Mn-Ga/polymer composites” Jorge Feucthtwanger, M. Richard, Y. J. Tang, Ami Berkowitz, R.
C. O’Handley, and S. M. Allen, J. Appl. Phys. 97, 10M313-1 (2005).
[2] J. Feuchtwanger, PhD thesis, Massachusetts Institute of Technology,
2005.

6526-76, Session 17
Hybrid ferromagnetic shape-memory alloy/
piezoelectric actuator
B. W. Peterson, Massachusetts Institute of Technology and
Naval Surface Warfare Ctr.; J. Feuchtwanger, Massachusetts
Institute of Technology and Univ. of Basque Country (Spain); R.
Techapiesancharoenkij, D. C. Bono, Massachusetts Institute of
Technology; J. Huang, Ferro Solutions, Inc.; S. M. Allen, R. C.
O’Handley, Massachusetts Institute of Technology
Piezoelectric actuators exhibit strains of order 0.1%, blocked stresses of
order 100 MPa and bandwidths into the 10s of kHz. In contrast, ferromagnetic shape-memory alloys (FSMAs), such as Ni-Mn-Ga, typically
exhibit magnetic-field-induced strains of order several % , blocked stresses
of 2 to 3 MPa and bandwidths of 1 to 2 kHz. Further, FSMAs have been
shown to exhibit lower threshold field for actuation and reduced hysteresis when small acoustic signals are applied with appropriate polarization and frequency.1 The field, frequency and temperature dependence
of this acoustic-enhanced magnetic-field actuation of FSMAs is described
and a hybrid actuator based on these principles is described. It is shown
that the use of acoustic assist can allow such a hybrid actuator to operate at lower input power and achieve greater output authority.2
[1] “Acoustic assisted, field-induced strain in Ferromagnetic shape memory
alloys”, Bradley Peterson, Jorge Feuchtwanger, Joshua Chambers, David
Bono, Steven Hall, Samuel Allen and Robert O’Handley, J. Appl. Phys.,
95, 6963 (2004).
[2] B. W. Peterson, PhD thesis, Massachusetts Institute of Technology,
2006.
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Several models have been developed to describe the quasistatic
magnetomechanical behavior of ferromagnetic shape memory Ni-Mn-Ga.
Most of this work is based on the actuation effect, i.e., modeling of the
field induced strain (MFIS). We have demonstrated the feasibility of using
Ni-Mn-Ga in sensing applications [1] and proposed a sensing model based
on the continuum thermodynamics approach [2]. This paper is focused
on the development of a unified model capable of addressing both actuation and sensing in commercial Ni-Mn-Ga while utilizing a small number of parameters directly related to simple magnetomechanical measurements. This leads to a simple model with lesser dependence on adjustable parameters and more emphasis on accurate construction of energy terms.
The sensing model is based on prior work by Hirsinger [3], Kiefer and
Lagoudas [4] and Faidley et al. [5] but differs from these models in that
the independent variables are the external strain and the bias magnetic
field, as opposed to the bias stress and applied field. Another critical
difference is that accurate modeling of the magnetization is not of critical
importance in actuation models, and terms such as demagnetization and
anisotropy energy are often ignored. All three elements are considered in
the unified actuator/sensor model presented in this paper.
The microstructure of the single-crystal Ni-Mn-Ga is included in the continuum thermodynamics framework through the use of internal state variables. The magnetic Gibbs energy is used as the thermodynamic potential which is obtained from the Helmholtz free energy by Legendre transformation. The magnetic energy contributions include the Zeeman, anisotropy and demagnetization energies. The mechanical energy terms include
elastic and detwinning components. The constitutive equations are obtained after restricting the process through the Clausius-Duhem inequality to satisfy the second law of thermodynamics. Closed form solutions
are obtained for the evolution of internal state variables (domain fraction,
magnetization rotation angle and variant volume fraction) with the constitutive equations for stress and magnetization.
The sensing model can predict the magnetization and stress dependence
on strain. It is seen that the model accurately predicts the amount of
pseudoelasticity i.e., the strain at which the sample returns to zero stress
upon unloading. The induction vs. strain plots are of interest for sensing
applications, and the model accurately predicts variation of magnetic induction. However, the experimental data shows more hysteresis.
To extend the model to the actuation effect, i.e., prediction of the strain
and magnetization dependence on external field, the Gibbs free energy is
used as the thermodynamic potential, with the change in set of dependent and independent variables. The model performance is compared to
the experimental results presented by Murray [6]. It is seen that the model
accurately predicts the MFIS at varied bias stresses. The model parameters are exactly the same as those used in the sensing effect.
The third type of testing includes blocked force measurements, which
have not been previously discussed in the Ni-Mn-Ga literature. The experiments involve stress measurements as a function of external field at
different values of blocking strains. These tests provide insight into the
force generation capability of the material and the bias strain levels needed
to optimize the same. The magnetization is also measured during the
same tests to obtain a complete magnetomechanical characterization of
the material. The model is used to predict the results of the blocked force
measurements as well, which involves the same model structure as in the
sensing except for the fact that the external strain is now a constant and
the applied field is changing.
Thus, the paper presents a unified model which can describe the following behavior and interdependence for the complete magnetomechanical
characterization of a commercial single crystal Ni-Mn-Ga alloy: (i) Sensing: stress and magnetization dependence on strain at constant bias field
(ii) Force generation: stress and magnetization dependence on applied
field at constant blocking strain, and (iii) Actuation: strain and magnetization dependence on applied field at constant bias stress. A fixed set of
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model parameters is used for all three types. The changes needed to shift
from one type of model to another are made in the basic thermodynamic
framework concerning the use of a given thermodynamic potential, but
formulation of specific energy terms remains unchanged. Also, the variation of the thermodynamic driving forces and internal state variables is
studied separately with the volume fraction and the external field in order
to get an insight into the model behavior.
REFERENCES
1. N. Sarawate, and M. Dapino, “Experimental characterization of the
sensor effect in ferromagnetic shape memory Ni-Mn-Ga”, Applied Physics Letters, 88, pp. 121923 (2006).
2. N. Sarawate, and M. Dapino, “A Continuum Thermodynamics Model
for the Sensing Effect in Ferromagnetic Shape Memory Ni-Mn-Ga”, Journal of Applied Physics, submitted.
3. L. Hirsinger, “Modelling of magnetomechanical hysteresis loops in NiMn-Ga shape memory alloys”, phys. stat. sol. (c), 1, pp. 3458-3462 (2004).
4. B. Kiefer, and D. C. Lagoudas, “Magnetic field induced martensitic
variant reorientation in magnetic shape memory alloys”, Philosophical
magazine, 85, 33-35, pp. 4289-4329 (2005).
5. L. Faidley, M. Dapino, and G. Washington, “Strain model for Ni-Mn-Ga
with collinear field and stress”, Proceedings of IMECE 2005, Orlando, FL,
November 2005.
6. S. Murray, S. M. Allen, R. C. O’Handley, and T. Lograsso,
“Magnetomechanical performance and mechanical properties of Ni-MnGa ferromagnetic shape memory alloys”, Proceeding of SPIE, 3992, pp.
387-395 (2000).

during thermal cycling under load have been measured. It was determined that with increasing palladium content, the maximum work output
for the alloy decreased, while the amount plastic deformation or permanent strain in the alloy increased. To better understand this behavior, the
stress to initiate plastic deformation by dislocation slip of both the austenite and martensite phases were determined for each alloy and compared to the stress needed to detwin the martensite phase. Monotonic
isothermal tension tests were used to determine the stress needed to
yield the austenite phase by dislocation processes and the martensite
phase by detwinning, while step tests were conducted to determine the
stress where dislocation processes first became active in the martensite
phase. This step test is a modification of the load-unload-recover type
strain recovery test wherein successive steps were performed at 0.1%
strain increments from zero percent strain until failure. The results of these
tests will be discussed and compared with the work behavior and dimensional stability during thermal cycling under load for NiTiPd alloys of various Pd contents.

6526-80, Session 17
A dynamical system model for control of shape
memory alloy microstructure and devices
D. R. Mahapatra, R. V. N. Melnik, Wilfrid Laurier Univ. (Canada);
B. Balachandran, Univ. of Maryland/College Park

Relationship between slip deformation
characteristics of the Martensite and Austenite
phases with work behavior and dimensional stability
of NiTiPd alloys

A dynamical system model and control theoretic framework for shape
memory alloy (SMA) devices, such as wire and thin films, are developed
in this paper. Dynamics of SMAs at small scale is not only nonlinear but
also nonsmooth. Such a dynamics is due to the evolving interfaces in
crystalline microstructure undergoing phase transformation and phase
propagation under dynamic thermo-mechanical loading. Phase transformations in alloys play important roles in many applications, e.g., dendritic
pattern formation on thin film surfaces, semiconduction in quantum wells
and quantum dots based on multilayered alloy heterostructures, thermomechanical control of micro-electro-mechanical (MEMS) devices and
multi-point control SMA wires. The process of phase transformation, in
some of the above mentioned applications, strongly influences the electronic and mechanical properties of the materials, whereas in some other
applications mentioned above, the process of phase transformation
strongly influences the geometric properties. Mathematical and computational studies toward understanding these aspects from control system
perspective is almost non-existent in literature and the present paper is a
step forward toward such efforts.
In order to develop a dynamical system framework to analyze the possible control of (1) SMA microstructures and (2) devices of size large than
the microstructure of SMAs, it is essential that a detailed mechanics based
model be employed. Such a model must account for the multiple wellshaped free energy density that arises while describing the SMA microstructure. In this paper, we employ a Landau-Ginzburg type free energy
model and the associated thermodynamics, which are capable of describing the evolution of SMA microstructure under general thermo-mechanical loading. Next, an initial boundary value problem is formulated
and the governing nonlinear partial differential equations are derived. A
dispersion analysis of these partial differential equations reveals the
optimality conditions regarding the spatio-temporal discretization. A dynamical system model in first-order form is then developed to analyze
numerical stability of the computational problem and stability of the controlled system. Heat flux due to thermo-electric heating and applied mechanical deformation on material surfaces are considered as control inputs. Results of open-loop control analysis are reported. A preliminary
study regarding the possibility of closed-loop control using thermo-electric current and geometric information (assumed to be known via timeresolved optical microscopy) as feedback is reported.

G. S. Bigelow, S. A. Padula II, R. D. Noebe, A. Garg, NASA
Glenn Research Ctr.

6526-81, Session 18

6526-78, Session 17
Multiscale theory of thin film magnetic shape memory
alloy microactuators
V. M. Stoilov, Univ. of Windsor (Canada)
Important advances in multi-scale computer simulation techniques for
computational materials science have been made in the last decade as
scientists and engineers strive to imbue continuum-based models with
more-realistic details at quantum and atomistic scales. One major class
of multi-scale models directly couples the atomistic detail to the macro
region modeled using continuum concepts and finite element methods.
Here, the development of such coupled atomistic/continuum model is
presented within a single coherent framework with the aim of providing
quantitative description of the constitutive behavior of magnetic shape
memory alloys actuators. A formulation of the Helmholtz free energy potential based on Ising model has been derived. The developed thermodynamic potential has been used in the context of the sharp phase frontbased continuum model of the first order phase transformations. The
theory has been applied to magnetic shape memory thin films. It has
been shown the possibility of existence of high deformation thin film MSMA
microactuators. These actuators should utilize in-plane deformation with
tensile blocking stress. In the specified mode, the actuation magnetic
field should be applied along the external load. The possibility for MSMA
thin film microactuators based on out-of-plane deformation is also considered.

6526-79, Session 17

High temperature shape memory alloys in the NiTiPd system are being
investigated for use as compact solid-state actuator materials in the aerospace, automotive, and power generation industries. Ternary NiTiPd alloys containing 15 to 46 at.% Pd have been processed and the transformation temperatures, work behavior, and permanent strain (racheting)
SPIE Smart Structures and Materials 2007

Fatigue life characterization and modeling of SMA
actuators
D. C. Lagoudas, O. W. Bertacchini, Texas A&M Univ.; E. Patoor,
École Nationale Supérieure d’Arts et Métiers (France)
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The purpose of this paper is to illustrate how the fatigue behavior of shape
memory alloy (SMA) actuators is sensitive to the environment, how different loading cycles affect the microstructure through damage accumulation and finally how to find a correlation between fatigue results in corrosive and corrosion-free conditions. For this purpose, SMA actuators were
tested in a thermally induced martensitic phase transformation regime
under various stress levels. The testing conditions combined to a forced
fluid convective cooling led to the formation of a consequential corrosion
layer. The key observation was the formation of circular microcracks in a
periodic arrangement. The formation of these microcracks was related to
a cyclic damage accumulation due to corrosion. Early on results under
corrosion-free conditions from previous experiments were then compared
to this latter set of experiments. As SMAs undergoing cyclic martensitic
phase transformation exhibit low-cycle fatigue behavior, similar to plastic
shakedown in conventional metals, different amounts of inelastic strain
were applied and different levels of damage accumulation were obtained.
The damage accumulated in the microstructure during the fatigue cycles
was quantified by comparing the level of applied nominal stress to the
level of applied stress at failure. The formation of circular microcracks
along the actuators created a reduction of the cross sections bearing the
constant load, raising the level of applied stress until failure occurred.
Finally, stress correction profiles were identified, characterizing a continuous evolution of the applied stress level with respect to the life of the
SMA actuators. Consequently, a similar approach to the Miner’s rule of
damage was introduced. The model relied on parameters taken from the
corrosion-free experimental results and on the stress correction profiles.
Numerical results of fatigue life using Miner’s rule approach and the corrosion-free experimental data yielded an accurate prediction of fatigue
life under corrosive conditions, matching experimental results.

by applying a total strain (i.e. 4.0 %) to the specimen at a constant temperature below martensitic finish temperature (Mf). Following this the specimen was unloaded to a fixed stress (actuation stress) level for isobaric
loading. At this stage the stress was held constant and the temperature
of the HTSMA was increased above austenitic finish temperature (Af) to
determine the recoverable transformation strain. Similarly, the recoverable transformation strain generated after the application of various initial
strain levels was studied. Based on the test results, the applied strain
resulting in the least amount of inelastic strain and highest level of transformation strain was chosen for further tests.
As a part of the thermomechanical characterization, the recoverable transformation strain under different actuation stress levels was determined in
both tension and compression for the alloy. Effects of heat treatments on
the recoverable transformation strain were also evaluated as a part of this
study. Consecutive thermomechanical cyclic loading was performed to
evaluate the cyclic behavior of the material in anticipation at its employment in a multi-use actuator application. Isobaric, cyclic thermal testing
was also performed to study the evolution of Two Way Shape Memory
Effect (TWSME) in this alloy. The effect of exposure to high temperature
for an extended period of time on the performance of the actuator was
also studied. In the cyclic behavior studies, specific focus was devoted
to studying the evolution of the recoverable transformation strain and
residual inelastic strain with increasing cycles. The results from the cyclic
behavioral studies were compared to the results of cyclic behavior of
equiatomic NiTi SMAs. The paper finalizes its discussion on the experimental results and compares the properties of the TiPdNi alloy with other
HTSMAs in the literature.

6526-82, Session 18

A cyclic model for superelastic shape memory alloys

Thermomechanical characterization of TiPdNi hightemperature SMAs

L. Saint Sulpice, ENSIETA (France); S. Arbab Chirani, Ecole
Nationale d’Ingénieurs de Brest (France); S. Calloch, ENSIETA
(France)

P. K. Kumar, D. C. Lagoudas, Texas A&M Univ.
Shape Memory Alloys (SMAs) have been widely used for actuator applications over the last four decades. Most of the SMAs currently developed for actuator applications exhibit transformation temperatures below 100°C. Addition of ternary alloying elements such as Hafnium, Zirconium, Palladium and Platinum to NiTi has been shown to shift the transformation temperatures to as high as 800°C. High Temperature SMAs
(HTSMAs), defined as SMAs with actuation temperatures greater than
100°C, can provide solutions to a whole range of high temperature applications in the automotive, aerospace and oil industries among others.
Under such high temperature operating conditions, it becomes a critically important issue to address high temperature environmental effects
on actuator performance and stability of response under such severe
operating conditions. Several researchers have investigated HTSMAs,
however the work-production characteristics of the material have not been
extensively studied. Effect of cyclic loading and the effects of exposure
to high temperature on the performance of the actuator have not been
investigated.
The focus of this study is the thermomechanical characterization of a
high Palladium composition TiPdNi HTSMAs. The material is fabricated
following which a detailed thermomechanical study is performed on the
material in both tension and compression to investigate the behavior of
the material under different conditions. Finally the results from tension
and compression testing are compared with each other and with other
HTSMAs investigated.
The alloy was fabricated by vacuum arc melting technique, cast and hot
rolled. Tension and compression specimens were cut out from the rolled
bar. The transformation temperatures of the alloy were determined using
a Differential Scanning Calorimeter before and after rolling. A high temperature experimental setup was put together on a load frame to test the
material in tension and compression. The test temperature was controlled
and varied using an electronic controller and the temperature of the specimen was recorded for the duration of test. The strain on the sample during the test was measured using a high temperature extensometer. The
effect of applied strain on the level of recoverable transformation strain
was studied in both tension and compression. The test was performed
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More and more applications using the superelastic properties of shape
memory alloys present the fatigue effect because of the cyclic nature of
the loading. To ensure the reliability of the global structure and to dimension it correctly, it is necessary to develop an adapted model for the cyclic behaviour of SMA. In this paper, a macroscopic model which predicts
the stabilized stress state under mechanical loading is proposed. For this,
we used the multiaxial nonproportional model for superelastic shape
memory alloys proposed by Bouvet [1], which uses two yield surfaces:
the first manages the forward transformation, whereas the other manages the reverse transformation. Both are distant from each other by a
fixed distance and grow bigger simultaneously with a term of isotropic
hardening. A parameter which permits to take into account the appearance of a residual strain during cycling has been introduced in this model.
To model the cyclic behaviour of the SMA and to capture the origin of
different phenomena, some experiments have been realized. The real
behaviour of the material under uniaxial cyclic loading, such as tension,
has been studied in NiTi and CuAlBe wires. During these tests a residual
strain appeared. This can be due to residual martensite. In order to check
the cause of this phenomenon, thermal loading has been applied. During
the tension tests, the martensite volume fraction evolution has been evaluated in CuAlBe wires. For that we used the resistivity measurement described by Calloch [2], which consists in comparing the electrical resistance of the alloy during the test, with the resistivity of pure martensite
and pure austenite. Finally the volume fraction is deduced by the application of a mixture law. This permits the verification of an important relation
between the volume fraction of martensite and the equivalent transformation strain proposed by Calloch and Bouvet [1, 2]. Tension-compression tests have been realized to know the exact form of the material response during reverse transformation. The other obtained information in
this case is the evolution of the residual strain formed during cycling.
The developed model has been integrated in the CASTEM finite elements
code in order to dimension the SMA structures. It has been applied to the
endodontic Ni-Ti instruments. They are used in real conditions under the
flexion-torsion nonproportional cyclic loading. This path has so been simulated integrating the exact form of the root canal [3] as limit condition.
This study permits to know the more loaded zones of the existent instru-
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ments and also to optimize the shape of the future instruments.
References
[1] C. Bouvet, S. Calloch and C. Lexcellent, A phenomenological model
for pseudoelasticity of shape memory alloys under multiaxial proportional
and nonproportional loadings, European Journal of Mechanics A/Solids,
Vol. 23, pp. 37-61, 2004.
[2] S. Calloch, K. Taillard, S. Arabab Chirani, C. Lexcellent and E. Patoor,
Relation between the martensite volume fraction and the equivalent transformation strain in shape memory alloys, Material and Science Engineering A, 2006 (in press).
[3] R. Arbab Chirani, V. Chevallier, S. Arbab Chirani et S. Calloch, Simulation numérique par la méthode des éléments finis du comportement
mécanique des instruments endodontiques en Ni-Ti, Collège Nationale
en Odontologie Conservatrice, Paris, France, 2006.

6526-84, Session 18
Relation between Martensite volume fraction and
equivalent transformation strain in anisotropic shape
memory alloys
K. Taillard, École Normale Supérieure de Cachan (France); S.
Arbab Chirani, Ecole Nationale d’Ingénieurs de Brest (France);
S. Calloch, ENSIETA (France); C. Lexcellent, Univ. de FrancheComté (France)
The superelastic behavior of Shape Memory Alloys (SMA) is useful for
several industrial applications. To determine the behavior of SMA structures, the development of specified phenomenological constitutive models is necessary. In particular, the definition of the criterion in order to
detect the elastic behavior from the non-linear one related to the martensitic transformation is required. Recently, a macroscopic model, based
on the concept of two transformation surfaces (a first surface drives the
forward transformation and the second drives the reverse transformation) has been proposed and validated on a large data base of experimental results under uniaxial and multiaxial loadings. This model, in its
initial version, is only valid for the pseudoelastic behavior of isotropic
polycrystalline SMA. However, it is well-known that the initial crystallographic texture is an important parameter in the behavior of SMA and in
particular in the shape of the transformation yield surface. The aim of this
paper is to present some results concerning, on the one hand, the determination and the modeling of the transformation surface of polycrystalline textured SMA and, on the other hand, the relation between the volumic
fraction of martensite and the macroscopic transformation strain. Comparisons between experiments and the two theoretical investigations will
be done on Cu-Al-Zn and Cu-Al-Be polycrystalline shape memory alloys.

6526-85, Session 18
Superelastic behavior of shape memory alloy wire
considering the influence of loading frequency:
theory and experiment
H. Qian, Dalian Univ. of Technology (China)
The influence of loading frequency on the superelastic behavior associated with the martensitic transformation under various strain amplitudes
and different temperatures is investigated by cyclic tensile tests on NiTi
shape memory alloy (SMA) wires. Experimental results show that the increase of the transformation stress associated with an increase of loading frequency appears to be due to the inner temperature rise because of
latent heat. Then, an internal temperature variable which indicates the
influence of loading frequency under various strain amplitudes and different temperatures is introduced to the Tanaka’s constitutive equation of
SMA. Using the proposed numerical model, the restoring force characteristics of the superelastic SMA wires under different loading frequency
are well expressed and predicted. These results are useful for the application and availability of the SMA wires as kernel components for the
seismic protection devices.
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6526-86, Session 19
Producing and quantifying induced anisotropy in
stress-annealed polycrystalline galfenol
J. R. Boer, Etrema Products, Inc.; J. B. Restorff, Naval Surface
Warfare Ctr.; E. M. Summers, Etrema Products, Inc.
Samples of polycrystalline Galfenol (Fe100-xGax) with 17 < x < 29 of
varying diameters (6 - 20 mm) and processing conditions (Bridgman and
FSZM) have been successfully stress annealed. The annealing procedures
for inducing anisotropy were modified from previously reported efforts by
NSWC Carderock1. Stress annealing of Galfenol is of interest because of
the mechanical manifestations of the induced uniaxial magnetic anisotropy; allowing operation of Galfenol elements in the tensile regime and
making them attractive materials for active structural components and
other innovative devices.
The development of a process for inducing anisotropy in polycrystalline
Galfenol is discussed; factors that affect the amount of induced anisotropy, such as soak time and ramp rate, are explored. The development of
a testing procedure to quantify the amount of induced anisotropy and the
resolution of such a testing method with performance predictions from a
previously established modeling technique2 is also discussed. Predictions for induced compressive stress using physical testing and modeling are reported for an x = 18.4 research grade FSZM sample in Figures 1
and 2, respectively.
Results are summarized for current efforts including: development of an
optimized stress annealing procedure for x = 18.4 samples, repeatability
of a “standardized” stress annealing procedure, and preliminary stress
annealing efforts for large diameter, Bridgman processed material.
1. Wun-Fogle, M. et al, Magnetostriction of Stress Annealed Fe-Ga-Al
and Fe-Ga Alloys Under Compressive and Tensile Stress, SPIE Vol. 5387,
pp. 468-475, 2004.
2. Clark, A.E. et al, Effect of Stress Annealing on Galfenol and Alfenol
Magnetostrictive Alloys, SPIE Vol. 6170, 61700I, 2006.

6526-88, Session 19
Magnetostrictive bending micro-actuator using irongallium alloy
T. Ueno, T. Higuchi, The Univ. of Tokyo (Japan)
We present magnetostrictive bending micro actuator using Galfenol. The
actuator, simple configuration with magnetic circuit and coil, is based on
bimetal of Galfenol and non-magnetostrictive material, and robust against
tensile and bending. The performance of first prototype at length of 10mm
of Galfenol was the displacement of 15um (7.5 times amplified) with resonance frequency of 2 kHz driven by voltage less than 1V. This type of
actuator will be applicable to the vibrator of electrical consumer and micro robot.

6526-89, Session 19
Magneto-mechanical model of sensor-actuator in
bending mode
S. Datta, A. B. Flatau, Univ. of Maryland/College Park
Iron-Gallium (Galfenol) alloys have shown high stress sensitivity thus
making them attractive as magnetostrictive sensors. Unlike brittle magnetostrictive materials, Galfenol is suitable for working under tension as
well as compression which can make it useful as a sensor or actuator in
bending mode. In order to improve the design and performance of such
sensors, it is necessary to develop a model which can predict the magnetostrictive material’s response to both mechanical stress and magnetic
field. Models based on the minimization of magnetization potential have
been capable of capturing the non-linear response of the material to stress
or magnetic field. Such models have been used in predicting actuator
and sensor response of single crystal and polycrystalline Galfenol subjected to axial stress. Earlier attempts to model magnetostrictive sensors
or actuators working in bending mode have either been simplistic in as-
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suming only domain rotation as the magnetization process or were unable to capture the non-linear behavior by assuming constant material
properties. In this work, the magneto-mechanical model based on minimization of magnetization potential has been coupled with plate theory to
obtain a model which can predict the magnetic induction, mechanical
and magnetostrictive strain and bending stress on a magnetostrictive plate
subjected to bending loads. The magnetization potential based model
was benchmarked against the quasi-static actuator-sensor characterization of Galfenol. For a given bending moment, the mechanical strains and
stresses are calculated using plate theory with experimentally obtained
Young’s modulus and Poisson’s ratio. The stress and magnetic bias field
are used as inputs to the magnetization potential model to predict the
magnetostriction and magnetic induction. The sum of mechanical strain
and magnetostriction gives the total strain for a given bending moment
and magnetic bias field at any point along the thickness of the laminate.
The sum of the magnetic induction at these points gives the net induction. This model can be used to predict the sensor and actuator responses
in laminated structures having one or more active layers of magnetostrictive material and can be possibly used for analyzing magnetostrictive
MEMS devices. The model can be easily altered to predict the response
from beam type structures and can serve as a design tool to optimize the
thickness of the magnetostrictive layer and the DC magnetic bias field so
as to maximize the actuator or sensor performance. This model can also
estimate the gradient in magnetic induction, bending stress and strain
along the thickness of the lamina.

6526-90, Session 19
Experimental implementation of a nonlinear control
design for a magnetostrictive actuator
W. S. Oates, R. C. Smith, North Carolina State Univ.; P. G.
Evans, M. J. Dapino, The Ohio State Univ.
A homogenized energy model was implemented in a model-based nonlinear control design to accurately track a reference displacement signal
for high frequency magnetostrictive actuator applications. Rate dependent nonlinear and hysteretic magnetostrictive constitutive behavior is
incorporated into the finite-dimensional optimal control design to improve
control at high frequency. The integration of the rate-dependent nonlinear
and hysteretic ferromagnetic constitutive model in the control design minimizes the amount of feedback required for precision control. The control
design is validated experimentally and shown to accurately track a reference signal at frequencies up to 1 kHz in open loop.

6526-91, Session 19
Soft ferromagnetic materials blend and extension
effect of magnetostrictive composite
X. Guan, X. Dong, J. Ou, Harbin Institute of Technology (China)
Magnetostrictive composite materials are made of Terfenol-D particles
associated together with polymer matrix. As having higher electric resistance, eddy current which happed in Terfenol-D when working under high
frequency can be avoided. Consequently, it has been got attention in the
field of sonar transducer and actuators. Duo to Terfenol-D particles and
resin matrix are not good conductor of magnetic field, huge magnetic
field is needed for exciting the material. Consequently, large magnet coil
is always needed for magnetostrictive actuators. This not only increase
size of the device, but also increase energy loss and temperature of coil.
In this paper, the magnetic conductivity and magnetostrictive effect of
composite blending with carbonyl iron and Terfenol-D particles was tested.
And experiment results show that introduction of soft ferromagnetic materials into the composite can significantly reduce the field strength necessary for large strains.
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6527-01, Session 1
Smart structures product implementation award
winners: a review of real-world experience
E. H. Anderson, CSA Engineering, Inc.; J. M. Sater, Institute for
Defense Analyses; E. V. White, The Boeing Co.
The research field of smart materials and structures has been a distinct
entity for nearly two decades. In the past nine years, SPIE has presented
a Product Implementation Award at its annual symposium. This paper will
revisit eight winning entries, describe their present status, and attempt to
assess the ways in which technologies have or have not matured or evolved
into ongoing products.
The paper will begin with a brief overview of the general field of smart
structures and will describe the original and current intent of the award.
Each of the products awarded over the last decade will be introduced
based on the applicable original award citations. The current status of the
products will be discussed based on publicly available information as
well as input from the respective companies. The experiences of those
companies in the development and ongoing sale of the products will be
summarized, and common issues will be identified.
The purpose of the paper is not to rank the product winners in terms of
success or sales. Rather, it is to help understand the key characteristics
of the products that have moved beyond laboratory research, determine
how smart materials and structures have been integral to the products,
and assess whether those products or their offspring have staying power.
Summary data will be presented in several categories including the influence of advances in materials versus devices, relative importance of mechanical, electrical and software elements, industry application areas,
evolution of product families, and future prospects. The paper will conclude with an assessment of the larger trends in productization of smart
structures technologies.

6527-02, Session 1
Optical payload isolation using the miniature vibration
isolation system (MVIS-II)
M. B. McMickell, T. Kreider, Honeywell Defense and Space
Electronic Systems; E. J. Hansen, Air Force Research Lab.; T.
Davis, M. Gonzalez, Honeywell Defense and Space Electronic
Systems
Precision satellite payloads commonly require isolation from bus disturbance sources, such as reaction wheels, thrusters, stepper motors, cryocoolers, solar array drives, thermal popping, and other moving devices.
Since every satellite essentially has a unique construction, custom isolation systems are usually designed to attenuate a wide bandwidth of disturbance frequencies. The disadvantage of these custom solutions is that
they are not easily reusable or transferable and are generally not robust to
changes in payload geometry and mass properties during the development. The MVIS-II isolation system is designed to provide vibration disturbance attenuation over a wide bandwidth, as well as being able to
adapt to changes in payload mass properties and geometry, through active control of a smart material.
MVIS-II is a collaborative effort between the Air Force Research Laboratory (AFRL) Space Vehicle Directorate and Honeywell Defense & Space
to validate miniature hybrid (passive/active) vibration isolation of sensitive optical payloads. The original flight experiment was to isolate a representative payload mass for demonstration purposes; however, the MVISII has been adapted to support the primary optical payload onboard the
Tactical Satellite 2 (TacSat-2). Throughout the program MVIS-II has been
able to adapt to changes in the payload geometry and mass properties
with little or no modification. The MVIS-II system consists of a hexapod of
SPIE Smart Structures and Materials 2007

hybrid struts, where each strut includes a patented passive 3-parameter
D-Strut(r) in series with a novel hydraulically amplified piezoelectric actuator with integral load cell. Additionally, Honeywell’s Flexible I/O controller electronics and software are used for command and control of the
hardware. The passive D-StrutsTM provide a 40 dB/decade passive rolloff to attenuate mid-to-high frequency disturbances, while the active piezoelectric actuator is used for enhanced low frequency isolation. The
MVIS-II system, which is significantly smaller in size and mass than previous approaches, is currently integrated in the TacSat-2 slated for launch
aboard Orbital Science Corporation’s Minotaur I launch vehicle.
This paper will discuss the adaptive design of the MVIS-II isolation system including simulation, testing, and integration. Active and Passive strut
test results will be presented that demonstrate the wide bandwidth attenuation of vibration disturbances. Simulation results of expected onorbit performance will also be discussed.

6527-03, Session 1
Active flatness control of membrane structures using
adaptive genetic algorithm
X. Wang, W. Zheng, Y. Hu, Canadian Space Agency (Canada)
Membranes have been dreamed as excellent candidates to implement
lightweight large space structures. Membrane structures can be stowed
to a small volume and function as a large structure after deployment. This
kind of structures has unique advantages in achieving low mass and high
packaging efficiency. Their ultra-lightweight and small-volume properties
can potentially reduce the overall space program cost by reducing the
launch vehicle size requirement. Inflatable structures can also reduce total system mass and deployment system complexity, thereby increasing
system reliability. However, this fondest dream was hampered by a number of technological difficulties such as lack of suitable membrane materials, achieve reliable deployment, and techniques to maintain surface
accuracy of membrane structure.
In the Canadian Space Agency, an in-house research project is going on
towards the development of a C-band inflatable membrane Synthetic
Aperture Radar (SAR) antenna. The team for project is aiming to tackle a
number of technical challenges of membrane large structure: active flatness control, active vibration control, deployment mechanism design and
control, etc. Among these challenge, active flatness control is considered
the most challenging and vital problem. In the space environment, the
membrane structure is expected to have surface distortion in orbit due to
the thermal effects in space, in addition to distortion caused by intial configuration and long-term change in material properties. Surface accuracy
of membrane structures comprising performance is extremely important
for membrane to achieve higher accuracy, which would enable some higher
accuracy observation missions, such as soil moisture missions, hazards
missions, and freeze/thaw missions.
Untensioned membranes have little bending and compressive stiffness.
Very small mechanical load or thermal variation would induce local buckling, i.e. wrinkles. Properly tensioned membranes have finite bending and
compressive stiffness to prevent generation of wrinkles. However, constant tension scheme, i.e. passive flatness control, do not adapt to timevarying enviorment, especially termal enovironment. Hence, a pure passive control method is insufficient to maintain the membrane flatness. An
active control system is required to compensate wrinkle effects. Compared with selective heating and embedded sensing and actuating, boundary manipulation is the more intutive and effective. Distributuing sensors
and actuators to the membrane surface may adversely affect functionalities
of membrane structure. Selective heating requires heating devices behind membrane structures, which will complicate membrane structures
and deployment mechanism. It has been analytically and experimentally
proven that boundary manipulation soultion can significantly improve surface accuracy.
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An experimental system built recently to investigate active flatness control strategies is showed in Figure 1. In this set-up, 20 shape memory
alloy (SMA) wire actuators are used to apply tension to the boundary of
membrane structures to compensate for wrinkle effects on membrane
flatness. SMA actuators are used because SMA large displacement and
high force output. To actively control the membrane flatness, shape
memory alloy actuators and strain gages are installed with the links installed between the membrane and the frame. A photogrammetry system
is used to measure the membrane flatness. An active flatness control
method was developed using adaptive genetic algorithm. The performance
of surface accuracy of the membrane structure was improved using the
proposed active flatness control method.
For a standard genetic algorithm (SGA), premeture convergence, local
miminmum, and slow convergence can happen if the control parameters
are not properly set. Fixed control parameters might be dependent on the
shape of the searching space. Several heuristic rules are implemented to
adjust mutation rates on-line. These rules are designed so “stalemate”
and early convergence can be avoided. In the paper,numerical simulation
and experiments are performed to optimize the controller. A mechanical
model of the corner loaded thin membrane structure employed in the
paper. The effects of tension loads and thermal loads are discussed.
Through numerical simulation using this model, it is found that FLIGA can
increase convergence speed of active flatness control over pure genetic
algorithm based approach. The comparison of the standard GA and SGA
is given. It is demonstrated that FLIGA can improve the convergence speed
and avoid premature convergence. Parametric optimization is also undertaken to achieve good flatness control performance. Experiments conducted to verify the effectivess of the proposed active flatness controller
give very promising results. The performance indices of these controllers
are compared. Recommenations are given in the end of the paper.

6527-05, Session 1
Cross-track infrared sounder isolation system
S. Hadden, M. Gonzalez, T. A. Hindle, Honeywell Defense and
Space Electronic Systems

Isolation, pointing, and suppression (IPS) system for
high performance spacecraft

Vibration transmitted from a spacecraft bus is a common problem for
highly-sensitive precision payloads on space vehicles. Ideally, addressing potential vibration issues early in the design process provides the
flexibility to efficiently architect high performance isolation systems. In
some cases, vibration isolation is an afterthought in spacecraft design or
preliminary analysis indicates it is unnecessary. When more detailed analysis shows that vibration isolation is needed, adding isolators in the later
design phases creates packaging challenges that can compromise isolation system performance. For ITT’s Cross-track Infrared Sounder (CrIS),
bus-to-payload disturbances were not found to be significant until late in
the design cycle, necessitating a creative solution to reduce disturbances
transmitted to the payload.
This paper summarizes the efforts to optimize the performance of a compliant hexapod isolating the CrIS remote sensing payload from disturbance sources on the spacecraft bus. Trade studies were conducted to
determine the effects of volume constraints on vibration isolation performance for the payload consisting of viscous damped “tuned” three-parameter isolators. Increased performance was demonstrated by varying
hexapod geometry within a specified volume via an optimization routine
in Matlab constructed to vary isolator mounting locations to minimize the
mode spread and coupling between degrees of freedom. After the hexapod geometry was fixed, the three isolator parameters were tuned to obtain the desired modal frequencies and damping. The final optimization
step occurred after the isolators were manufactured and performance
tested. Each individual isolator’s measured performance was used in a
full-permutation simulation to uniquely place each isolator in its optimal
mounting location. System performance tests of the optimized hexapod
showed excellent isolation performance that met the needs of the CrIS
program.

T. A. Hindle, T. Davis, J. Fischer, Honeywell Defense and Space
Electronic Systems

6527-06, Session 2

6527-04, Session 1

Passive mechanical isolation is often times the first step taken to remedy
vibration issues on-board a spacecraft. In many cases, this is done with a
hexapod of axial elements or struts to obtain the desired passive isolation in all six degrees-of-freedom (DOF). In some instances, where the
disturbance sources are excessive or the payload is particularly sensitive
to vibration, addition steps are taken to improve the performance beyond
that of passive isolation. In other cases, additional functionality is desired
that can be accomplished at the interface between the payload and bus.
This additional performance or functionality can be obtained with the
addition of active control, using a hexapod of hybrid (passive/active) elements.
This paper describes Honeywell’s Isolation, Pointing, and Suppression
(IPS) system. It is a hybrid isolation system designed to isolate a sensitive
spacecraft payload with very low passive resonant break frequencies while
affording agile independent payload pointing, on-board broadband payload disturbance suppression, and active isolation augmentation. This
system is an extension of the work done on Honeywell’s previous Vibration, Isolation, Suppression, and Steering (VISS) flight experiment. Besides being designed for a different size payload than VISS, the IPS strut
includes a dual-stage voice coil design for improved dynamic range as
well as improved low-noise drive electronics. In addition, the IPS struts
include integral load cells, gap sensors, and payload-side accelerometers for control and telemetry purposes. The associated system-level
control architecture to accomplish these tasks is also new for this program as compared to VISS. A summary of the IPS system, including analysis and hardware design, build, and single axis bi-pod testing will be reviewed.
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Reflexive aero-structures: increased vehicle
survivability
T. W. Margraf, C. D. Hemmelgarn, T. J. Barnell, Cornerstone
Research Group, Inc.
Aerospace systems stand to benefit significantly from the advancement
of reflexive aero-structures technologies for increased vehicle survivability. Cornerstone Research Group Inc. (CRG) is developing lightweight,
healable composite systems for use as primary load-bearing aircraft components. The reflexive system is comprised of piezoelectric structural
health monitoring systems, localized thermal activation systems, and lightweight, healable composite structures. The reflexive system is designed
to mimic the involuntary human response to damage. Upon impact, the
structural health monitoring system will identify the location and magnitude of the damage, sending a signal to a discrete thermal activation
control system to resistively heat the shape memory polymer (SMP) matrix composite above activation temperature, resulting in localized shape
recovery and healing of the damaged areas. CRG has demonstrated SMP
composites that can recover 90 percent of flexural yield stress and modulus
after post-failure healing. During the development, CRG has overcome
issues of discrete activation, structural health monitoring integration, and
healable resin systems. This paper will address the challenges associated with development of a reflexive aero-structure, including integration
of structural health monitoring, discrete healing, and healable shape
memory resin systems.
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6527-07, Session 2

6527-09, Session 2

Design of a robust SHM system for composite
structures

Impact monitoring of the aircraft composite structure

S. J. Beard, C. Liu, Acellent Technologies, Inc.; F. Chang,
Stanford Univ.
Composites are becoming increasingly popular materials used in a wide
range of applications on large-scale structures such as windmill blades,
rocket motor cases, and aircraft fuselage and wings. For these large structures, using composites greatly enhances the operation and performance
of the application, but also introduces extraordinary inspection challenges
that push the limits of traditional NDE in terms of time and cost. Recent
advances in Structural Health Monitoring (SHM) technologies offer a promising solution to these inspection challenges. But efficient design methodologies and implementation procedures are needed to ensure the reliability and robustness of SHM technologies for use in real-world applications. This paper introduces the essential elements of the design and
implementation process by way of example. State-of-the-art techniques
to optimize sensor placement, perform self-diagnostics, compensate for
environmental conditions, and generate probability of detection (POD)
curves for any application are discussed. The techniques are presented
in relation to Acellent’s recently developed Smart Composite System that
is used to monitor the integrity of large composite structures. The system
builds on the active sensor network technology of Acellent that is analogous to a built-in acousto-ultrasonic NDE system. Key features of the
system include new miniaturized lightweight hardware, self-diagnostics
and adaptive algorithm to automatically compensate for damaged sensors, reliable damage detection under different environmental conditions,
and generation of POD curves. This paper will provide an overview of the
system and demonstrate its key features.

This article reports on the results of a study about a development of a
system to detect the impact damage to become critical issues when I
applied to a composite material to aircraft structure. Authors were developing the system that could detect a damage occurrence and growth in
composite material using an FBG optical fiber/PZT actuator hybrid sensor system. Also, it was verified that this system accomplished more than
equivalent when compared with conventional NDI technique with respect
to detection performance of the damage occurrence and growth as a
delamination and debonding thorough a various kinds of examinations.
In this research, authors investigate for both impact and the damage detection whether they can use the system, which was developed for damage detection like as delamination and debonding of aircraft structure. As
for the conventional impact detection system, a lamb wave detectability
of a 1MHz level was described with possibility in device specifications.
However, it was impossible to get the measurement device, which can be
satisfied with our requirement in the high frequencies because of many
electro-magnetic noises for an actual application stage. Fortunately, authors realize a damage detection system correspondence by applying a
novel technology. In this article, I will present a result of the examination
for impact damage detection, which we carried out with the developed
system by authors.

6527-10, Session 2
Structural health monitoring potential determination
based on maintenance process analysis

6527-08, Session 2
Detection of crack initiation and propagation in
ceramic composites using piezoelectric acoustic
sensors
A. Ghoshal, United Technologies Research Ctr.; H. S. Kim, Inha
Univ. (South Korea)
This paper investigates the applications of the piezoelectric acoustic sensors for real time detection of crack initiation and propagation in ceramic
composites. In the first case this paper presents a smart method to detect and track the ceramic cell crack initiation and propagating in real
time when the solid oxide fuel cell (SOFC) system is in operation with
extremely high temperature (>750 deg. C). The main sources of fracture
and delamination are the ceramic cell interlayers and interfaces during
high temperature thermocycling. This research work is to successfully
discern the damages during assembly, initial damages at first thermocycle
and damage propagation, if any, at later cycles. The first step in distinguishing acoustic emission (AE) due to cell cracking and metal fretting
and impact in the stack module involves characterization of metal impact
and SOFC cell crack AE. This paper would demonstrate that the AE signals generated from cell cracking and fracture in the stack modules can
be successfully captured by COTS AE experimental hardware. The distinguishing characteristics of the cell crack AE signal and the metal impact AE signals will be presented in the paper. The second case successfully demonstrates the application of acoustic emission sensors to detect
the first crack initiated due to crushing load on ceramic balls. A comprehensive strategy to capture the crushing load with respect to first crack
initiation has been developed and would be presented in this paper. The
crack is initiated when the Hertzian contact stresses are higher than the
crushing load limit. Some initial results on signal processing to distinguish between first and second crack initiation would be presented.

SPIE Smart Structures and Materials 2007

T. Ogisu, N. Nakamura, Fuji Heavy Industries, Ltd.; Y. Okabe, N.
Takeda, The Univ. of Tokyo (Japan); T. Sakurai, R&D Institute of
Metals and Composites for Future Industries (Japan)

C. Boller, H. Kapoor, M. W. T. Goh, The Univ. of Sheffield
(United Kingdom)
One of the various obstacles why structural health monitoring (SHM) has
still not come into the successful application is because of the lack of
being able to describe the resulting cost advantages SHM might have for
specific components accordingly. This paper will present how a maintenance process of a mechanical system such as an aircraft can be simulated by use of a commercial software named ARENA and how the different structural components being critical along the maintenance process
can be identified. It will then be described how these components can be
assessed in terms of SHM implementation and what implications SHM
will have on the mechanical system’s (the aircraft’s) maintenance process
in general and thus the resulting aircraft operability specifically, which
can be finally expressed in terms of cost. The procedure developed will
be illustrated on the basis of different aerospace applications.

6527-11, Session 3
Smart structures technologies for parallel kinematics
in handling and assembly
R. Keimer, S. Algermissen, Deutsches Zentrum für Luft- und
Raumfahrt e.V. (Germany); N. Pavlovic, C. Budde, Technische
Univ. Braunschweig (Germany)
Parallel kinematics offer a high potential for increasing performance of
machines for handling and assembly. Due to greater stiffness and reduced moving masses compared to typical serial kinematics, higher accelerations and thus lower cycle times can be achieved, which is an essential benchmark for high performance in handling and assembly.
However, there are some challenges left to be able to fully exploit the
potential of such machines. Some of these challenges are inherent to
parallel kinematics, like a low ratio between work and installation space
or a considerably changing structural elasticity as a function of the position in work space. Other difficulties arise from the high accelerations,
which lead to high dynamic loads inducing significant vibrations.
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While it is essential to cope with the challenges of parallel kinematics in
the design-process, smart structures technologies lend themselves as
means to face some of these challenges. In this paper a 4-degree of freedom parallel mechanism in based on a triglide structure is presented.
This machine was designed in a way to overcome the problem of low
ratio between work and installation space, by allowing for a change of the
structure’s configuration with the purpose of increase the work space.
Furthermore, an active vibration suppression was designed and incorporated using rods with embedded piezoceramic actuators. The design of
these smart structural parts is discussed and experimental results regarding the vibration suppression are shown.
Adaptive joints are another smart structures technology, which can be
used to increase the performance of parallel kinematics. The adaptiveness
of such joints is reflected in their ability to change their friction attributes,
whereas they can be used on one hand to suppress vibration and on the
other hand to change the degrees of freedom (DOF). The vibration suppression is achieved by increasing structural damping at the end of a
trajectory and by maintaining low friction conditions otherwise. The additional feature to alter the DOF is realized by increasing friction to the point
where clamping happens. This can be used to support the change in the
machines configuration of parallel kinematics. Two kinds of adaptive joints
are presented, both utilizing piezoceramic actuators. The first kind features an adjustable clearance of the slide bearing that provides low friction for high clearance conditions and great friction for reduced clearance. The second kind offers the possibility to reduce the friction by moving the rubbing surfaces dynamically. For both joints experimental results
are shown.
The paper finishes with an outlook on ongoing research in the field of
parallel robots for handling and assembly with an emphasis on smart
structures technologies.

6527-12, Session 3
Ultralight dust wiper mechanism for operation in
Mars
D. Fernandez, Univ. Carlos III de Madrid (Spain); R. Cabas,
Arquimea Ingenieria S.L. (Spain); L. Moreno, Univ. Carlos III de
Madrid (Spain)
Building on the success of the two rover geologists that arrived to Mars in
January, 2004, NASA’s next rover mission is planned for the end of the
decade. Twice as long and three times as heavy as Spirit and Opportunity, the Mars Science Laboratory rover will collect Martian soil samples
and rock cores and analyze them for organic compounds and environmental conditions that could have supported microbial life now or in the
past. MSL meteorological package is called REMS (Rover environmental
Monitoring Station). This is a scientific instrument designed to provide in
situ, near-surface measurements of Temperature (ground surface and atmosphere), Wind, Pressure, Water Vapor and Ultraviolet Radiation (UV).
UV observations at the surface will provide important information necessary to asses the habitability of the near surface environment.
REMS UV sensor on MSL rover shall be pointing to the Martian sky. From
the beginning, deposition of dust particles on the sensor head was considered by NASA’s science office a major concern. Such unpredictable
phenomena may attenuate the signal received by the optical sensor, and
therefore must be considered by far the largest source of error in the
sensor.
We have studied the error introduced by Martian dust deposition, as well
as by frost formation on REMS UV sensor. Several error mitigation strategies such as the use of magnets where evaluated. Finally, a robotic dust
wiper was selected as error mitigation system. An optical sensor with a
dust wiper was designed, constructed and pre-qualified for MSL mission.
Several brushes where fabricated and tested as to maximize its efficiency
with submicron particles dust. An Engineering Model of the Sensor including the dust Wiper technology was fabricated and tested. The prototype was subjected to an early qualification campaign under MSL project
requirements. Technology performance and qualification results are presented in this paper. The proposed Dust Wiper technology proves to be a
simple, yet effective solution to mitigate the error caused by dust on op92
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tical sensors or solar panels operating on dirty atmospheres. Using a novel
actuator technology based on SMA fibers, the solution represents a very
small increase in Mass and a major improvement in system performance.
The actuator technology is now being considered for industrial sectors
where mass, reliability and cost reduction are key design goals.

6527-13, Session 3
Amplification in micropositioning using a hydraulic
booster
S. Valadkhan, A. Khajepour, K. Morris, Univ. of Waterloo
(Canada)
In this paper, displacement amplification in micro-positioning using a hydraulic booster is examined. In many micro-positioning applications, the
displacement produced by micro-positioning actuator is small while the
force is large. Since more displacement is needed, it is desired to mechanically amplify the displacement produced by the actuator.
It is shown that amplification by lever mechanisms reduces the overall
system stiffness. As a result, the potential for high frequency operation
becomes limited since the soft amplification mechanism acts like a lowpass filter, effectively eliminating the high frequency components.
In order to maintain system performance for high frequency applications,
a hydraulic booster is proposed. This booster is composed of a chamber
filled with an incompressible fluid with two flexible membranes with different areas. The input displacement is provided to the larger membrane.
The movement of the larger membrane will displace some fluid, which in
turn, results in the movement of the smaller membrane. More displacement is seen in the smaller membrane. The mechanical amplification gain
is the ratio of the areas for the membranes. If the fluid is incompressible,
the stiffness of the system is unaffected.
The performance of the hydraulic booster is evaluated experimentally.
The input motion is provided by a magnetostrictive actuator. The actuator
is controlled by a closed- loop feedback system to provide a sinusoidal
motion. Two optical encoders are used to measure the input and output
displacements. The applied force on the booster is measured by a load
cell. A set of springs is used to create different loading conditions.
A model for the system was developed. In this model, different flexible
components are modelled with springs and a constant bulk modulus is
assumed for the fluid. The model was confirmed with experimental data.
The stiffness of the hydraulic booster was computed and found to be
relatively high.

6527-15, Session 3
Piezoelectric control of a machine tool with parallel
kinematics
C. Rudolf, J. Wauer, C. Munzinger, M. Weis, Univ. Karlsruhe
(Germany)
In machine tools of parallel structure with two or three translatory degrees of freedom rotatory degrees of freedom are kinematically locked.
However, due to geometric faults, such as installation errors or different
geometries due to production tolerances, those machine tools suddenly
exhibit a full three dimensional behavior resulting in stresses within the
structure and leading to deflections of the tool center point. Thus, the
quality of the workpiece is reduced.
To compensate these errors an adaptronic strut which can be implemented
within such a machine tool has been developed. The strut comprises a
piezoelectric sensor-actuator unit for the force controlled correction of
those static and quasistatic deflections since piezoelectric elements are
advantageous due to their high accuracy and the small installation space
required. The downside of piezoelectric sensors that it’s not possible
measuring static or slowly changing signals is overcome by adapting the
principle of a scale with a vibrating string.
In this paper a control design for the compensation is presented. Firstly, a
single adaptronic strut as a standalone system is considered. External
loads representing constraint forces are applied and the behavior of the
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controlled strut is analyzed. Secondly, the strut is implemented within the
machine tool. Then, the influence of the changed structure of the strut
onto the stiffness of the machine tool is examined and, finally, the effect
of the controlled strut on the operating behavior of the machine tool is
investigated.

6527-16, Session 3
A study on adaptive bolted connection by exploiting
superelastic effect of SMAs
M. Hongwei, Inha Univ. (South Korea) and South China Univ. of
Technology (China); C. Chongdu, Inha Univ. (South Korea)
Traditional buildings of popular welded steel moment frames were severely damaged at the beam-to-column connections in the Northridge
and Kobe Earthquake. Extensive post-earthquake investigations have been
conducted to find alternative connections with enough ductility to resist a
severe earthquake. Even some retrofit methods can improve the sesmic
beahoviors of connection, but for the traditional steel connection, the
ductile failures of connection occur, followed by the local buckling of beam
flange and web. This results in significant unrecoverable deformations in
the core zone and difficulties in the repair work. Meanwhile, shape memory
alloys (SMAs) in the austenitic form have the ability to withstand large
strain up to 8~10% and restore residual strains just by removing the stress,
this unique characteristics of SMAs, also called Superelastic Effect, have
recently led to numerous applications of SMA in the seismic resistant
design of structures. The objective of this paper is to assess the feasibility of a new class of adaptive/self-healing connection using SMAs.:
This paper presents a new long shank NiTi SMA bolted connection, and
its details are as follows: The I-steel beam and column are connected by
the extended end-plate and eight long shank SMA bolts in austenitic form.
For each flange, there are two rows of bolts, with one row outside the
flange on the extended part of the end-plate and the other inside the
flange, and two columns of bolts. The column flanges are reinforced by
two continuity plates at the beam flange position, while the beam flange
is strengthened by strong ribs centered over the web of the beam. In
order to predict the globe behavior of SMA connections, the 3D solid
finite element models of exterior SMA connections are set up in ANSYS
with considering the material and geometric nonlinearities as well as contact phenomena. To fully exploit the SE properties of long shank SMA
bolts, a pre-tension of 110 KN is applied to each SMA bolt with its stresses
below the starting stress of loading plateau. Besides, the thickness of
bolt shim is set as 35 mm, which results in a total SMA bolt stud length of
146 mm, 2.2 times longer than that of the normal bolt in traditional connection. Then, with the cycle loads applied to the beam end, the mechanical behaviors of the joints are analyzed.:
By doing so, the paper arrives at the following conclusions: 1) The connection models show a large inelastic inter-storey drift rotation capacity
beyond 0.03 rad, which indicates that the SMA connection can be designed with good ductility and can be ascribed as ductile connection
according to the AISC Seismic Provisions; 2) The applied moments versus interstorey drift rotations curves are of spindle shape with full recentering capability, which demonstrates moderate energy dissipating
characteristics as well as fully self-healing features of SMA connection; 3)
No local buckling of beam occurs and the connection keeps increasing
carrying load during whole loading history. A plastic hinge forms at the
beam-to-column interface, which is different from the plastic hinge at beam
section away from column face in traditional connection.

6527-17, Session 3
Kinetic ceramics piezoelectric hydraulic pump (PHP)
C. H. O’Neill, J. Burchfield, Kinetic Ceramics, Inc.

draulic actuation systems. Higher power density than motor driven pumps
can theoretically be achieved without rotational parts to wear out.
This paper discusses the development of a practical piezoelectric hydraulic pump. A primary goal was to achieve dramatic improvement in
overall power density over earlier designs. Starting with a working baseline
pump producing 1 watt of output power using commercial check valves,
the final unit weighing under 1lb developed 168 watts of true hydraulic
output power. A major part of the effort was development of new valve
technologies and testing techniques. Development of MEMS valves using polyimid, silicon and nickel materials will be discussed. A unique reed
valve is also described which successfully supported high frequency operation and very large flow rate. A hydraulic energy recovery technique is
described that yielded greatly improved efficiency. The resulting pump is
able to achieve an output pressure of >200 bar and high power density.
Work was sponsored by DARPA and the US Air Force WPAFB and was
completed in December 2005.

6527-35, Session 3
Downhole fiber optic real-time casing monitor
B. A. Childers, Luna Energy; F. Rambow, D. Dria, M. Shuck,
Shell Exploration & Production Co.; S. H. Poland, Luna Energy
Reservoir compaction and other geological conditions can impart significant loads on an oil or gas well and can ultimately lead to well casing
collapse and the complete loss of the well. Casing collapse has been
observed in both land and offshore wells. The loss of a well due to compaction can cost an oilfield operator millions of dollars to repair, if repair is
possible, and the loss or deferral of thousands of barrels per day of hydrocarbon production. Continuously monitoring structural integrity of a
well in real-time will allow an understanding of compaction and other strainrelated conditions that can cause well failure, which in turn will allow the
modeling and prediction of insipient failures in advance of a catastrophic
event. With real-time information, the operator can take mitigating action
to prevent or prolong onset of failure while optimizing production and
reserve recovery. Casing damage resulting in loss of well can be prevented or mediated through the adjustment of production rates via smartwell components or the performance of stimulations or other interventions. However, the onset of a compaction event must first be identified
before corrective actions can be taken.
After surveying sensor technologies for monitoring casing strain and shape,
we identified a fiber optic distributed sensing technology based on optical frequency-domain reflectometry (OFDR) that provides very high spatial resolution strain/temperature measurements, and selected this technology to serve as the basis for our newly developed continuous, realtime casing monitor. OFDR technology has the ability to operate large
scale arrays of low-reflectivity fiber Bragg gratings. The grating arrays are
written on-line during the optical fiber draw process, with the high-temperature sensing fiber then cabled in a metal-clad downhole cable assembly that is installed when the oil well is completed. This high spatialresolution, real-time, continuous, interventionless monitoring will provide
operators with the information that they need to prevent or mediate well
loss due to compaction.
The fiber optic casing monitor development program has included sensor, cable and instrumentation research and engineering. Thus far a series of small-scale and full-scale laboratory tests have been performed
on instrumented tubular and casing samples. Dog-leg sensitivity of better than 10 degrees per hundred feet and compressive and tensile axial
strain range from less than 0.1% to 10% have been demonstrated. In Q4
of 2006 two field tests of the casing imager are planned that will further
develop installation practices and demonstrate the casing monitor in
downhole conditions. Presented will be details on the casing imager technology development, as well as test results and comparisons between
theoretical and actual casing deformation data.

Smart materials and in particular piezoelectric actuators have an exceptionally high electromechanical conversion power density that has been
challenging to utilize in most commercial actuation applications. The impedance mismatch between fast, high force active materials and ordinary actuation requirements can be minimized by efficiently transmitting
energy to a fluid and rectifying the fluid motion with fast acting valves.
Such a pressurized fluid source can then be used to power ordinary hySPIE Smart Structures and Materials 2007
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ness is paired with low bending stiffness while maintaining the surface
gas tight even during prolonged exposure to high heat loads.

6527-18, Session 4
Approaching morphing wing concepts on the basis of
micro aerial vehicles
C. Boller, C. M. Kuo, N. Qin, The Univ. of Sheffield (United
Kingdom)
Morphing wings have been discussed since the early days of smart structures. Concepts and demonstrations started mainly in the context of real
existing fixed wing aircraft. The complexity of existing aircraft and the
limitations in terms of energy required and thus resulting cost made
morphing wings mainly impossible to be successfully integrated into existing aircraft designs. Going however to smaller scaled aircraft where
designs are less or possibly even not defined at all makes demonstration
of morphing wings much more feasible. This paper will therefore discuss
some morphing wing issues for micro aerial vehicle (MAV) designs where
an MAV is considered to be an air vehicle of around 30 to 50 cm in span
and a weight of less than 250 grams. At first the aerodynamics in terms of
different wing shapes for such a small type of aircraft will be discussed
followed by a design procedure on how to successfully design and analyse
a morphing wing MAV. A more detailed description will then be given with
regard to adaptively changing a wing’s thickness where the actuation principles applied will be outlined in terms of conventional mechanical as well
as smart structural solutions. Experimental results achieved in wind tunnel and real flight tests will be described and discussed.

6527-19, Session 4
Shape morphing CMC skin for hypersonic
applications
S. L. dos Santos e Lucato, D. B. Marshall, O. H. Sudre,
Rockwell Scientific Co., LLC
One of the goals in shape morphing technology is to cause surfaces to
displace even when resisted by large pressure loads (or heavy weights).
The challenges become especially demanding when requirements typically found in hypersonic flow path and scramjet combustors such as
thermal and acoustic loads are imposed. This challenge can be addressed
by seeking structures that are simultaneously statically-determinate, yet
stiff and combining them with high temperature materials.
The issues are exemplified by the operation of the scramjet, which relies
on the controlled compression of supersonic air through oblique shock
waves. The development of strong shocks leads to large pressure losses
and a limit beyond which the crossing shocks form a Mach stem: leading
to extreme local heating and catastrophic engine failure. Concepts that
eliminate Mach reflections have major implications. Morphing materials
and structures provide a possible solution by changing the ramp angle to
maintain the product of Mach number and shock turning angle below the
critical “Von Neumann condition”. All scramjet designs incorporate shape
changing, but the present systems are hydraulic and unacceptably heavy.
They also incorporate discontinuous plates with intervening seals that
become exposed to the heat flux, with adverse consequences for survivability.
A concept for a high authority high temperature shape morphing plate is
described and a prototype is demonstrated. The design incorporates an
active back-plane comprising a Kagome truss, capable of changing the
shape of a solid ceramic (CMC) face, connected to the back-plane by
means of a tetrahedral truss core. The shape deformations to be demonstrated consist of large scale hinging along multiple axis alleviating the
need for discontinuous plates. The design is performed by a combination
of analytic estimation and numerical simulation, guided by previous assessments of the Kagome configuration.
In order to withstand the thermal loads a novel C/SiC ceramic matrix
composite has been designed along with the necessary attachment technology to mate the hot CMC skin with the cold backing structure. The
unique design permits the actuators and sensors to be located on the
cold side and thus enabling the use of a wide range devises. Validation
tests of the CMC have been conducted at NASA cell 22, a hydrogen
combustion test facility, and successfully completed. The mechanical
properties of the CMC have been designed such that high in-plane stiff94
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6527-20, Session 4
Application of self-repair to composite airplane
components
C. M. Dry, Natural Process Design, Inc.
The research on self repair of airplane components, under an SBIR phase
II with Wright Patterson Air Force Base, has investigated the attributes
and best end use applications for such a technology. These attributes
include issues related to manufacturability, cost, potential benefits such
as weight reduction, cost reduction and use of less chemically enhanced
prepregs.
The goal of our research has been to develop self-repairing composites
with unique toughness and strength for air vehicles. Our revolutionary
approach involves the autonomous release of repair chemicals from within
the composite matrix itself. The repair agents are contained in small hollow, structural fibers that are embedded within the matrix. Under stress,
the composite senses external environmental factors and reacts by releasing the repair agents from within the hollow vessels. This autonomous response occurs wherever and whenever cracking, debonding or
other matrix damage transpires. Superior performance over the life of the
composite is achieved through this self-repairing mechanism. The advantages to the military would be safely executed missions, fewer repairs
and eventually lighter vehicles.
In particular the research has addressed the issues by correlating the
impact of the various factors, such as 1) delivery vessel placement, shape/
size and effect on composite strength, chemicals released and their effect on the matrix, release trigger and efficacy and any impact on matrix
properties 2) influence of end use such as the importance of speed and
force of release (airplane skin repair) 3) impact of composite processing
methods that involve heat and pressure on the repair vessels. Our self
repairing system can be processed at temperatures of 350F, repairs in
less than 30 seconds, and does not damage the composite by repair
fiber insertion or chemical release.
Scaling up and manufacture of components has revealed that anticipating potential problems allowed us to avoid those associated with fiber
insertion, processing temperatures and pressures. The presentation will
focus on highlighting the issues that were resolved in creating autonomous, self-repairing composites structures and the promise of it’s performance value to the U.S. military.
Acknowledgements
We gratefully acknowledge the financial support of Wright Patterson Air
Force Base through a SBIR phase I grant and a SBIR phase II grant.

6527-21, Session 5
Development of PACS digital pump and implications
for other industries
M. Banister, S. Vohnout, Medipacs, LLC
This paper discusses the development and system integration of the Pulse
Activated Cell System (PACS) Digital Pump(tm) technology using 2 types
of EAP actuators. This is a platform specifically developed for the integration of sensor feedback loops to create an autonomous fluidic monitoring, reaction and delivery system. Initial, proof of concept, performance
testing results are discussed as well as commercial development in the
medical drug delivery and infusion therapies markets. Uses and applications of the technology in other industries provides a new ability to pump
single or multiple fluid flows in a single pump that is programmable with
the ability to instantly vary direction, pressure and flow rates. The result is
digital control of fluid delivery, testing and mixing in application scaleable
product packages.
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6527-22, Session 5
A magnetorheological fluid-based controllable active
knee brace
J. L. Zite, F. Ahmadkhanlou, G. N. Washington, The Ohio State
Univ.
A majority of contemporary knee braces provide support and resistance
for patients. However, studies show that knee braces don’t always help;
especially if the user does not follow all the steps to rehabilitation. Doctors are still trying to determine how well they actually work and when is
the best time to use them [1]. There are various types of knee braces:
prophylactic, rehabilitative, transitional and functional. Despite the variety, only the rehabilitative and functional knee braces have proven to be
effective. The rehabilitative and functional knee braces are not universal
in their capabilities. Rehabilitative knee braces only stabilize the knee to
prevent injury-prone movements. They give the maximum support and
the minimum freedom of motion. The functional knee brace only protects
the knee from further injury by stabilization. These knee braces have no
effect when the patient is not in motion (walking or running). Rehabilitative and functional knee braces can be improved by reinforcing them with
a muscle-strengthening element. Stretching, strengthening and weightbearing activities are very important for healing the knee during rehabilitation. Traditional functional and rehabilitative knee braces have several
disadvantages: (1) the user has no control over the joint resistance of the
brace. If the user wants to increase or decrease the joint resistance in
order to change the pressure on the injured area they will have to replace
the existing joint or purchase a customized unit which can be costly. (2)
Functional knee braces can cause a short-term decrease in physical capability. This stems from the fact that during rehabilitation the functional
knee brace does not exercise the leg while it puts pressure on it and can
decrease blood flow.
To address these shortcomings a magnetorheological (MR) fluid-based
device can be applied to either one of these knee braces. MR fluid is a
type of controllable fluid with rheological properties that change in the
presence of a magnetic field. Generally, it consists of micron-sized (1-10
µm) particles immersed in a carrier fluid. The type of carrier fluid can range
from an oil (silicone, mineral, motor, etc) to water while the particles can
be dielectric, polymeric or metallic. Since an MR fluid has a controllable
yield stress as a function of input magnetic field, one can actually have
control over the resistance of the knee joint. MR devices have been applied to various fields such as passenger protection systems, prosthetics
and automotive suspension [2]. The Active knee brace allows the patient
to exercise sitting down as well as control the intensity of the exercise.
The targeted muscles are the hamstrings and the bicep femora.
The authors have recently developed an MR fluid-based knee brace which
works with permanent magnets [3]. The model is purely passive and uses
stacking of disk shaped magnets to get the desired field and thus the
desired load torque. This allows one to control of the strength of the magnetic field of the magnets and in turn makes the yield stress the MR fluid
controllable. Experimental results of this brace show an increase in resistance torque as the number of magnets is increased [3].
Having tested the feasibility of passive MR based knee braces in previous study, we extended this research to active knee braces. The novel
MR based active knee brace is designed in such a way that a solenoid is
incorporated into the device to generate a controllable magnetic field.
This user controlled magnetic field activates the MR fluid and provides
variable resistance to the rotary motion of the knee joint. The arms of the
device are fastened to the upper and lower limbs of the leg. One arm is
connected to the housing and remains stationary. The other arm is connected to a shaft and rotary piston that fits axially through the device. The
intended rotary motion will be supplied by the patient’s leg, which is connected to the device arms, when the knee is flexed or extended.
The device was designed based on analytical calculations for magnetic
field and stress distribution. Finite element analysis (FEA) was used to
assist with the development of the device. Additional electromagnetic
modeling and analysis as well as stress calculations will be performed.
After doing this analysis the device may be modified in such a way to
minimize the stress and corresponding weight of the device components
and to maximize the shear stress in the MR fluid. A web-based graphical
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user interface (GUI) will be used to further assist with the development of
the device. The graphical user interface will be used to make fast and
accurate electromagnetic and stress calculations. The calculations made
in the GUI will then be compared to the FEA calculations for accuracy.
In order to control the resistance torque of the device a computer based
toolbox will be developed. An encoder will be placed on the knee brace
to measure the angle of leg limbs (or device arms). There should also be
a speed dependent behavior in controlling the device. The federal food
and drug administration’s (FDA) required code and regulations for knee
braces and rehabilitation will be considered in developing the control techniques. Advanced control algorithms such as sliding mode control and
model predictive control will be employed in this study. After manufacturing device and initial testing in the Smart Structures and Systems Lab at
the Ohio State University, the device will be field tested on patients at the
OSU hospital under supervision of medical specialists and rehabilitative
staff in order to make the required changes to the device and make a new
design for optimal performance.

6527-23, Session 5
Water cooling system using a piezoelectrically
actuated flow pump inside a headlight system for
medical applications
R. F. Pires, P. H. Nakasone, Escola Politécnica da Univ. de São
Paulo (Brazil); C. R. de Lima, INOVEO Automação de Sistemas
(Brazil); E. C. N. Silva, Escola Politécnica da Univ. de São Paulo
(Brazil)
The microchips inside modern electronic equipment generate heat and
demand each day the use of more advanced cooling techniques like processors inside notebooks. The traditional techniques, such as fans and
heat pipes, became inefficient for dissipating the heat generated by these
components. Among the new techniques developed to overcome these
problems, we can mention the use of water cooling systems. These systems combined with piezoelectric flow pumps present some advantages
such as higher thermal capacity, lower noise generation and miniaturization potential supplying technological demands in this field of research.
The present work aims at the development of a water cooling system
based on a piezoelectric flow pump for a head light system, for medical
applications, based on leds. The cooling system development consists in
designing, manufacturing and experimental characterization steps.
In the design step, computational models of the pump, as well as the
heat exchanger are built to perform sensitivity studies and to apply optimization techniques using ANSYS(r) finite element analysis software. The
sensitivity study analyzes the effect of parameter changes in the cooling
system performance giving information that guides the design of pump
electronic control modules. This allows us to achieve a desired flow rate
and heat exchange rate by varying the frequency and amplitude of the
applied voltage. In addition, an optimization process is carried out through
Altair Hyperstudy(r) software to find a set of parameter values that maximizes the heat exchange rate for a certain pump flow rate. This software
interacts with ANSYS(r) software allowing the integration of finite-element
analysis with an optimization algorithm. Other parallel activities consisted
in designing the components of cooling system, such as the heat exchanger and cooler. The design was guided by the technical specifications provided by the product manufacturer.
The prototype manufacturing was guided by the computational simulations. The piezoelectric pump as well as the other cooling system components were built using a CNC machine tool and a ceramic cutting tool.
Electronic circuits for cooling system electrical excitation and control were
developed and implemented. They include a signal generator that works
as a source of a sinusoidal wave with controlled amplitude and frequency,
and an amplifier to raise excitation voltage levels to the desired values.
The integration of all system components and experimental tests were
conducted in order to evaluate the thermal performance of the water cooling system. The experimental tests of the cooling system consisted in
measuring the difference of temperature between the heat exchanger inlet and outlet to evaluate its thermal cooling capacity for different values
of the flow rate generated by the pump and for different values of thermal
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loads to be dissipated.
Comparisons among numerical and experimental results were made to
validate the computational results and improve the accuracy of the implemented models. Finally, some ergonomic studies were performed to make
the technological product suitable to surgeons.

6527-24, Session 5
Smart colonoscope with 3D shape detection
capability
L. Zhang, New Mexico State Univ.; J. Qian, Shanghai Univ.
(China)
During a colonoscopy procedure, the geometric shape of the colonoscope
inside the human body is invisible to the doctor. Unpredictable looping of
the scope tube inside colon may happen, which will cause pain and danger to the patient. It is desirable if the doctor can view the 3-D shape of
the colonoscopy while he or she is operating it. The most obvious technology for detecting endoscope shape is fluoroscopy. Unfortunately, fluoroscopy is expensive and also harmful to both patient and endoscopist
due to extended X-ray exposure. Another technology is to use low-frequency magnetic field. However, the magnetic approach requires a nonmetallic surgical environment and is very expensive too.
An alternative technology, a smart colonoscope system, has been developed in Shanghai University. It uses a net of Fiber Bragg Grating (FBG)
sensors distributed along the structure of the endoscope tube to detect
the 3D shape of the scope. It also has a temperature compensation capability for the large temperature gradient between inside and outside a
human body. For the endoscope applications, sensor wire which is designed to be advanced into the surgical channel of the colonoscope must
be very slim and capable to sense large curvature. A four-channel SDM/
WDM FBG sensor net comprised 20 FBG sensors has been designed
and encapsulated on a flexible slim SMA substrate. The maximum out
diameter of the sensor wire is about 2.6mm. Taking advantage of multisensor data processing and curve fitting method, a real time shape sensing system for endoscope is built up.
The 3-D shape of the colonoscopy is reconstructed by solving a boundary conditions problem in terms of the known curvatures at a series of
points along the flexible endoscope. The curvature of each point is determined by measuring the wavelength shift of a pair of FBG sensors at that
point. Since the wavelength change depends not only on the curvature
change but also on temperature variation, a temperature compensation
technique was developed and applied. The sampling frequency of this
shape sensing system is 50 Hz with a 39 ms delay. Theoretical analysis
and experimental research have been done, mainly including temperature influence and compensation, error analysis and accuracy experiment,
elementary adaptability experiments.
Before clinic test, it is necessary to test the adaptability of the shape
sensing systems. After experimenting in a glass tube and in an intestinal
model, the test with a live swine has been done successfully. According
to the experimental results, this kind of sensor wire and system can be
used as a slim affix of endoscopes without any change on the structure of
the colonoscope. It is suitable for the use of colonoscope for animal and
is hopeful to be used in clinic test after further amelioration.
In this paper, we will describe the design, work principle, system set-ups,
and some (non-clinical) experimental results in details.

6527-25, Session 5
Bio-inspired flapping actuators based on concept of
ferromagnetic shape memory alloy composite and
hybrid mechanism
R. Liang, M. Taya, Univ. of Washington; D. Chung, Korea Univ.
of Technology and Education (South Korea)
Bio-inspired actuation, such as flapping of flying insect and swimming
fish, have been an attracted subjects because of their unique actuations
and superior maneuverability. Flapping mechanism of biological flying
organism has been identified as the promising mechanism for future mi96
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cro- or nano- air vehicles (MAV or NAV) for stealth surveillance applications. Micro air vehicle (MAV) with 15cm-span of fixed wings has been
developed based on the fixed wing design. This design limits hovering
and flying agility of MAV due to its relatively high forward velocity for generating sufficient lifting force. The propeller of MAV also creates noise
which is not suitable for stealth missions. These requirements prompted
us to design a thorax actuator for MAV (or NAV) based on flapping mechanism of flying insects which can provide flying capabilities at a low Reynolds
number including hovering. The kinematics of flapping wings is very complicated, including flapping and rotating. During hovering without any forward speed, the insect flaps its wings (stroke plane) in a nearly horizontal
plane with wing rotation near the end of each flapping stroke. While flying
forward, the insect flaps its wings with an angle to the flying direction,
where wings provide both lifting force and forward thrust. In addition,
flying insects can rapidly alter kinematic features (i.e., stroke amplitudes,
angle of attack and so on) on each wing during a flapping stroke to carry
out a desired maneuver. One promising thorax actuator design to mimic
motions of flapping wing is based on ferromagnetic shape memory alloy
(FSMA) composite which is made of superelastic SMA and soft iron. FSMA
composite has been proved as a promising actuator material for fast responsive and robust actuators based on hybrid mechanism. The hybrid
mechanism is a sequence of chain reactions: applied magnetic field with
large gradient, inducing large stress field in a FSMA actuator material,
prompting stress-induced martensite phase change (austenite (r) martensite), thus, its stiffness changes from stiff (austensite) to soft (martensite) resulting in a larger displacement. We designed a NiTi/polymer composite wing driven by a DC motor based on the concept of hybrid mechanism. Our preliminary tests show the similar kinetics of a flapping wing.
The NiTi/polymer composite wing swings back and forth with 115 degree
at 22Hz which is close to its resonance frequency. The flapping angle is
so large that a high stress is induced on the NiTi frame near the fixture
therefore a stress-induced martensite transformation (SIM) occurs. Because of superelastic property (i.e., SIM) of NiTi, the wing frame will swing
back as a plate spring. A normal metal is not suitable for this large strain
due to the plastic deformation. Toward the end of each swing cycle, the
wing also rotates. The induced flow along the trailing edge was measured
by the hot-wire method, where the induced flow velocity is directly related to the thrust. A maximum flow of 6m/s was obtained. One of the
advantages of using FSMA composite for the thorax actuator design is
using less pin joints to avoid mechanical failures.

6527-26, Session 6
Smart structural components by the integration of
sensor/actuator modules in die castings
V. Braeutigam, C. Koerner, R. F. Singer, Univ. of Erlangen
(Germany)
The integration of piezoceramic based sensors and actuators offers a
possibility to produce multifunctional materials with enhanced properties. Especially in the automobile industry there is a strong interest in
using these functional materials, e.g. for suppressing noise emission by
reducing vibration. While there are some production technologies under
consideration for the integration of sensor/actuator-modules in polymer
based structures, there are no established technologies for inserting these
modules in metallic structures. State of the art application of functional
modules onto metallic structures is gluing on the parts surface.
In the envisioned contribution a new developed technology based on the
die casting process is presented. Die casting is a very wide spread and
cost efficient technology with high industrial relevance. Typically, thin walled
structures consisting of aluminium, magnesium or zinc alloys are produced by die casting. During the dynamic die casting process, high mechanical and thermal loads occur that are capable to damage the
piezoceramic modules. Nevertheless, our new developed technology is
suitable to guarantee a total integration of the modules inside the structural components without damaging them. The basic idea to avoid mechanical damages is a wire cloth that surrounds the modules and suppresses any significant bending. Thermal damage can be avoided by using an encapsulation of the sensor/actuator-modules. In addition, the
encapsulation acts as an electrical insulation of the functional module
and of the connecting wires after the integration in the cast matrix. By
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using this adapted die casting process it is possible to integrate commercially available piezoceramic sensor/actuator-modules like macro fiber
composites (MFC) or thin film patch-actuators. Both are usually encapsulated in a polymer. The polymer embedding is maintained after die casting. The advantages of the die casting process like good surface quality,
geometrical accuracy and cost efficiency can be maintained. Therefore,
this new developed process is already strongly responded by industry,
especially for automobile and medical applications.
Demonstration parts consisting of a cast aluminium matrix with integrated
functional modules are presented. The capability of these cast parts to
sense bending and vibration as well as to initialize an active bending or
vibration is demonstrated. Recent results concerning the smart behavior
of cast structures are discussed in comparison to the behavior of the
bare functional modules as well as to functional modules that are applied
to the cast parts surface by gluing.

6527-29, Session 6
Feasibility study of the dual-chamber SMART (SMA
resetable lift) device
J. E. Luntz, D. E. Brei, J. Radice, Univ. of Michigan; N. L.
Johnson, A. L. Browne, K. A. Strom, General Motors Corp.

6527-27, Session 6
The analysis of pulse driven multilayer piezoelectric
actuators for diesel fuel injection
Y. Kalish, Detroit Diesel Corp.; N. Henein, Wayne State Univ.
Continuously tightening emission standards for heavy-duty diesel engines
worldwide have led to a tremendous increase in the required capabilities
of the diesel fuel injection systems in the last ten-twenty years, and this
trend is expected to continue.
One of the significant enabling technologies available to the fuel injection
system developer is the application of a piezoelectric actuation, in lieu of
a conventional electromagnetic actuator. When properly designed, piezoelectric actuator is capable of delivering injection events with higher accuracy, precision and repeatability (both shot to shot and injector to injector). Additionally, the piezoelectric actuator can create more injection
events consistently compared to a solenoid due to its speed of actuation.
One of the important tools in the development of effective piezoelectric
actuators is the finite element analysis (FEA). Multilayer piezoelectric stacks
have been successfully analyzed by FEA methods under steady state
and harmonic (sinusoidal) excitation. However, published data on transient behavior of the multilayer stack under square pulse voltage is scarce.
Meanwhile, the piezoelectric actuator in the diesel fuel injection application will be subjected exactly to such excitation. This presentation describes a treatment of this modeling problem and provides insight into a
stress field inside the stack, highlighting possibility of tensile stresses
developing immediately after application and removal of voltage. Modeling offers an opportunity for optimization of the stack geometry for the
best performance and response under the constraints of available space
envelope, peak electric current and compressive prestress.

6527-28, Session 6
General Motors and the Univ. of Michigan Smart
Materials and Structures Collaborative Research Lab.
N. L. Johnson, General Motors Corp.; D. E. Brei, Univ. of
Michigan
The field of Smart Materials and Structures is evolving from high-end,
one of kind products for medical, military and aerospace applications to
the point of viability for mainstream, high yield/low cost products for automotive applications. For the automotive industry, there are significant
potential benefits to be realized including reduction in vehicle mass, added
design flexibility and reduction in component size and cost. To accelerate
the path from basic research and development to launched competitive
products, General Motors (GM) has teamed with the College of Engineering at the University of Michigan (UM) to establish a $2.9 Million Collaborative Research Laboratory (CRL) in Smart Materials and Structures. Researchers at both GM and UM are working closely together to create
leap-frog technologies, starting from conceptualization and proceeding
all the way through demonstration and handoff to product teams, this
approach bridging the traditional technology gap between industry and
academia. In addition to Smart Device Technology Innovation, other thrust
areas in the CRL include Smart Material Maturity with a basic research
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focus on overcoming material issues that form roadblocks to commercialism and Mechamatronic System Design Methodology with an applied
focus on development tools (synthesis and analysis) to aid the engineer
in application of smart materials to system engineering. This CRL is a
global effort with partners across the nation and world from GM’s Global
Research Network such as HRL Laboratories in California and GM’s India
Science Lab in Bangalore, India. This paper will describe in detail this
new CRL and give an overview of several of the projects underway including ultrafast SMA-latches, rapid panel deployment including reset,
material modeling, and SMA shakedown theory.

Protecting pedestrians in automobile collisions is an important focus in
automotive design, particularly with new upcoming regulations globally.
Over 20,000 pedestrians are killed each year worldwide in automobile
collisions with one primary cause of death being impact of the head with
rigid under-hood components. Traditional approaches to improve survivability in a collision involve increasing the space between the hood and
any rigid under-hood components; thus, providing a crush zone buffer
where the hood can absorb the energy of impact in a longer, less destructive time period versus the instantaneous stop due to the rigid components.
A promising alternative is an active approach which employs a sensor
mounted at the front of the car to detect the collision with the pedestrian,
and lifting the hood above its nominal position providing the necessary
crush distance in time for the head to impact. This is a daunting challenge
because it requires a very quick response (<40 ms) lifting the hood up to
120mm with large actuation forces (~1500N) to overcome the inertia of
the hood. These requirements differ between vehicle styles. In addition, it
is desirable to have it resetable in case of a false deploy. To accomplish
this instantaneously with direct actuation, traditional methods (electromagnetic, hydraulic, pneumatic) or smart materials (shape memory alloys
(SMA), piezoelectric, etc.), aren’t practical because of the extreme levels
of power required and the resulting device size, weight, and cost requirements. However, it is possible to achieve these specifications through
release of a stored energy device that only has to release the energy quickly,
not generate it. This transfers the energy generation to the reset/arming
mode where more time is available resulting in much less power required.
One of the remaining challenges is to release the energy quickly.
This paper presents the feasibility study of an SMA valve controlled pneumatic spring. The pneumatic spring is a dual chamber device which holds
compressed air in both opposing sides of a pneumatic cylinder and lifts
the hood by quickly evacuating the upper chamber allowing the lower
chamber to expand and the piston to lift. The device is reset by evacuating the lower chamber and is rearmed by pressurizing both chambers.
Critical to the proper functioning of this is the ultra-fast valve which must
provide a wide opening for the evacuation of air within just a few milliseconds. This valve requires large actuation forces and motions to provide
sufficient opening area for exhaust flow and to overcome the pressure
acting over the large area of the valve orifice to pull open the valve. Solenoids have difficulty meeting the time requirement and piezoelectrics can
not produce the stroke. An SMA approach was chosen because of the
high force/stroke the material provides, and the fast response possible in
the heating mode (unlike their cyclic response). This paper describes the
design of the dual chamber SMART (SMA Resetable Lift) device along
with the preliminary experimental results.

6527-30, Session 6
Damping of vibrations with active carbon fiber
structures
R. Neugebauer, H. Roscher, H. Kunze, M. Riedel, FraunhoferInstitut für Werkzeugmaschinen und Umformtechnik (Germany)
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In this paper a mechatronical concept for active vibration reduction of
machine tool struts or car shafts is presented.
The active structure is built from a carbon fibre composite with embedded piezo fibre actuators. These actuators are comprising piezo patches
based on the Macro Fibre Composite (MFC) technology licensed by NASA
and produced by Smart Material GmbH Dresden, Germany.
The structure of these actuators allows the separation or selective combination of bending and torsion. Thus both bending vibrations and torsion vibrations can be absorbed actively.
Initial simulation work was done with a finite element model (ANSYS).
The paper describes
- the generation of state space models out of a finite element modelled
structure,
- the integration of controller code into finite element model for transient analysis and
- the model based control design.
First experimental results and an outlook for damping of multimode resonances with a parallel combination of resonant controllers will be given.

6527-31, Session 7
Novel impact-based peak-energy locking
piezoelectric generators for munitions
J. S. Rastegar, R. Murray, Omnitek Partners, LLC; C. M. Pereira,
H. Nguyen, U.S. Army Armament Research, Development and
Engineering Ctr.
Current applications of piezoelectric stacks in munitions-based electrical
generators often employ a mass atop a piezoelectric stack which applies
a force to the stack during the firing acceleration. The generated charge
is then harvested to power certain low power electronic components.
However, since the duration of the firing acceleration is very short, in many
cases on the order of one-tenth of a millisecond or less, the window for
extraction and storage of the electrical energy is equally small and very
difficult to efficiently harvest the generated charge. The techniques presented in this article will provide novel solutions by which the strain applied to the piezoelectric stack can be maintained at its in-firing peak
value throughout the flight of the projectile. As a result, the generated
charge can be harvested efficiently during a significantly longer period of
time. In addition, in many munitions applications this can totally eliminate
the need for storing the generated electrical energy in another storage
medium since the open-circuit charge separation is now continuously
maintained. The maintenance of this open-circuit charge is limited only
by the inherent leakage of the piezoelectric stack, in general an exponential effect with a time constant on the order of seconds. Even if the application would still require an electrical storage element, suitable time is
available to efficiently extract and store the energy. Results of realistic
modeling and simulation of the dynamic behavior of the developed impact-based piezoelectric electrical energy generators indicate great potential for application of such energy harvesting power sources for low
power applications in munitions, particularly for fuzing. The results of
modeling and computer simulation and initial testing of fabricated prototypes are presented.

6527-32, Session 7
Novel piezoelectric energy-harvesting power sources
for gun-fired munitions
J. S. Rastegar, R. Murray, Omnitek Partners, LLC; C. M. Pereira,
H. Nguyen, U.S. Army Armament Research, Development and
Engineering Ctr.
A novel class of piezoelectric-based energy-harvesting power sources is
presented for gun-fired munitions and other similar applications that require very high G survivability. The power sources are designed to harvest energy from the firing acceleration as well as vibratory motion of
munitions during the flight and convert it to electrical energy to power
onboard electronics. The developed piezoelectric-based energy harvest98
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ing power sources produce enough electrical energy for applications such
as fuzing. The power sources are designed to withstand firing accelerations in excess of 100,000 G. In certain applications such as fuzing, the
developed power sources have the potential of completely eliminating
the need for chemical batteries. In fuzing applications, the developed
power sources have the added advantage of providing additional safety,
since with such power sources the fuzing electronics are powered only
after the munitions have exited the barrel and have traveled a safe distance from the weapon platform. The design of a number of prototypes,
including their packaging for high G hardening, and the results of laboratory and air-gun testing are presented. Methods to increase the efficiency
of such energy-harvesting power sources and minimize friction and damping losses are discussed.

6527-33, Session 7
Novel vibration-based electrical energy generators
for low and variable speed turbo-machinery
J. S. Rastegar, R. Murray, Omnitek Partners, LLC
A novel class of vibration-based electrical energy generators is presented
for applications in which the input rotary speed is relatively low and varies
significantly over time such as wind mills, turbo-machinery used to harvest tidal flows, and the like. Current technology uses magnet and coil
based rotary generators to generate electrical energy in such machinery.
However, to make the generation cycle efficient, gearing or other similar
mechanisms have to be used to increase the output speed. In addition,
variable speed mechanisms are usually needed to achieve high mechanical to electrical energy conversion efficiency since speed variation is usually significant in the aforementioned applications. The objective of the
present work is the development of electrical energy generators that do
not require the aforementioned gearing and speed control mechanisms,
thereby significantly reducing complexity and cost, particularly those related to maintenance and service. This novel class of electrical energy
generators operates based on repeated vibration of multiple vibrating elements that are tuned to vibrate at a fixed prescribed frequency. The
mechanical energy stored in the vibration elements is transformed into
electrical energy using piezoelectric elements. The present generators
are very simple, can efficiently operate over a very large range of input
speeds, and should require minimal service and maintenance. The project
is at the early stages of its development, but the analytical modeling and
computer simulation studies using realistic system and component parameters indicate the potentials of this class of piezoelectric-based generators for the indicated applications.

6527-34, Session 7
Shock load mitigation using magnetorheological
energy absorber with bifold valves
M. Mao, W. Hu, N. M. Wereley, Univ. of Maryland/College Park;
A. L. Browne, J. C. Ulicny, General Motors Corp.
Over the past decade, applications of magnetorheological energy absorbers (MREAs) have experienced rapid growth. Many theoretical and
analytical methods were established and various kinds of MR devices
were built and employed as efficient semi-active control components in
numerous practical applications from seismic mitigation to helicopter lag
mode control. Recently, as MR dampers have been identified as a candidate for tunable impact energy absorber applications in helicopters and
automobiles, interest has grown in the development of MR devices to
cope with impact conditions where a high shock load is applied during a
short time period. In this study, we investigate the performance of MREAs
for shock loads generating piston velocities of as much as 6.71 m/s (15
mph). In prior work, GM conducted impact tests of an MR damper at
impact velocities ranging from 1.0 to 10 m/s and showed that the MR
damper force could be tuned by the magnetic field. Analytical models,
however, were not developed to provide a rationale for these experimental data. About the same time, UMd developed a compact MREA for shock
and impact loads, and experimentally tested the MREA up to a peak piston velocity of 1.0 m/s. Although models were developed, these were not
validated at sufficiently high piston velocities for vehicle impact energy
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absorption applications. The design and testing of MREAs for vehicle
relevant impact velocities and loads are not well explored in the literature.
Therefore, our study focused on the theoretical analysis, design and laboratory implementation of a compact high force MR damper for shock and
impact loads.
In this presentation, the design and fabrication of a flow-mode bifold MREA
that operates under piston velocities up to 6.75 m/s is described and a
hydromechanical model of the bifold MREA is detailed. The hydro-mechanical model for the MREA was derived by considering lumped hydraulic parameters which are compliances of MR fluids inside the cylinder and flow resistance through the MR bifold valves. Numerical simulations were conducted to predict the controllable damping force as a function of varying the yield stress of the MR fluid by application of a magnetic field, the post-yield damping due to viscosity of the MR fluid, and
the hysteretic behavior in the low velocity domain due to the compliance
effects of the fluid. The force behavior predicted by the hydromechanical
model was simulated for two classes of inputs: sinusoidal displacement
inputs up to 1 Hz, with an amplitude of 10 mm; and the impact of a 45.5
kg (100 lb) mass dropped onto the damper shaft at speeds of 1, 2 and 3
m/s. Experiments were conducted both in the laboratories at UMd (sinusoidal excitation) and at GM R&D (drop tower tests). In addition, sinusoidal excitation testing was performed with three different MR fluids containing 35%, 40% and 45% iron by volume. Comparison of the simulations with the experiments show that the hydromechanical model is a
useful and accurate method for predicting the MREA behavior for both
classes of inputs.

applications. For example, since the wax reservoir is housed remotely
from the actuator, compact actuators can be used in applications where
space is limited. The separate pump also allows for better access for
heating and cooling purposes. Furthermore, the pump can be used in
conjunction with existing commercial actuators, e.g. our pump could be
used to replace a hand or foot pump in conditions hazardous to, or impractical for, humans.

6527-36, Poster Session
A thermo-hydraulic wax actuation system for high
force and large displacement applications
C. S. Long, Univ. of Pretoria (South Africa) and CSIR (South
Africa); P. W. Loveday, CSIR (South Africa)
Paraffin wax has been used as an actuation material for many years, albeit not as widely as other smart materials. Wax actuators exploit the
significant volumetric expansion (typically between 10 and 15%) experienced during the solid to liquid phase change of paraffin wax. When contained, this expansion results in considerable hydrostatic pressure. Probably the best known and most common example of a wax actuator can
be found in the thermostat of automobile cooling systems. These small
devices can produce a blocked force of 500N and a stroke of 10mm,
while retaining approximately 75% of the blocked force. There are several advantages associated with the use of paraffin wax as an actuation
material. The specific energy available is comparable to that available in
shape memory alloys, but at a fraction of the cost because paraffin waxes
are a by-product of petroleum refining, and are therefore inexpensive and
available in large quantities. Furthermore, since they are driven by thermal energy almost any type of energy can be used, or transformed, to
drive them. Wax actuators typically contain a paraffin wax ‘charge’, separated from a piston (or other rigid output device) by a compliant thin layer
of (usually of soft) material, which could be in the form of a thin diaphragm,
a rubber squeeze boot or it could be a casing, completely encapsulating
the wax. The hydrostatic pressure generated by the wax is then transmitted directly to an output device or component via this compliant layer. In
each case, this housing serves only to contain the wax, and is principally
included for sealing purposes. In this paper, we present what we consider
to be a new concept device making use of wax as an actuation material.
As an alternative to the wax acting directly (via the compliant seal) on an
output device (e.g. piston), we propose using an additional intermediate
(passive) fluid to transmit the pressure. In essence, we propose a solidstate ‘pump’ for hydraulic actuation. The pump makes use of paraffin
wax pellets, submerged in hydraulic fluid. The pellets are encapsulated in
silicon to prevent contamination of the hydraulic fluid. Upon melting, the
volumetric expansion is used to displace the hydraulic working fluid which
can then be used to drive a conventional hydraulic actuator. The pump
and actuator are currently in the final stages of design and experimental
results will be included in the paper. Although there are some limitations
associated with this type of setup (e.g. the bandwidth of wax actuation is
usually limited due to slow heating and cooling rates), we believe it to
have significant advantages over conventional wax actuators for certain
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be discussed. Using the results, the system level applications of the flexible dipole rectenna array will also be addressed.

6528-16, Poster Session
Autonomous materials: developing smart liquids
based on nanoporous technologies
Y. Qiao, A. Han, Univ. of California/San Diego
Advanced intelligent materials and systems are of immense importance
to a wide variety of engineering applications. Currently, the most widely
used intelligent materials are shape memory alloys, ceramics, and polymers that can undergo thermoelastic or electroelastic deformations. Since
these materials are solids, it is quite difficult to directly apply them for
control of fluidic behaviors. Moreover, their energy densities and displacements, although already close to the upper limits, are still far from satisfactory. To produce smart devices that can provide large output energies/
strokes and are suitable for liquid working environments, new mechanisms must be discovered.
Recently, we carried out an experimental study on a novel application of
nanoporous technology. When a nanoporous material is immersed in an
effectively wetting liquid, the liquid can infiltrate into the nanopores. If the
solid-liquid interface is electrifiable, as the electrical potential difference
increases, due to the electrocapillary effect, the liquid-solid interfacial
energy can vary considerably. As a result, the liquid phase can defiltrate
out of the nanopores, accompanied by the release of excess interfacial
energy and a large increase in system volume. As a first-order estimation,
the energy density of this system is E = G*A, where G is the excess interface energy and A is the specific surface area of the nanoporous material.
For a nanoporous material, A is often in the range of 100-1000 m2/g,
hundreds of millions of times larger than that in bulk phases. The volume
change of the system is determined by the nanopore volume fraction,
which is typically 30%-70%. If the potential difference is changed back,
the liquid would infiltrate into the nanopores, and thus the system exhibits a shape memory characteristic. Similar system behaviors can also be
achieved by changing temperature, T, as the effective wettability is thermally controllable.
The attractions of the nanoporous material functionalized smart liquid include: (1) the system can be liquid-like, similar to an ordinary colloidal
suspension; (2) the high energy density associated with the large surface
area of nanoporous material; (3) the large displacement related to the
high nanopore volume fraction; (4) the compatibility with both large-scale
and small-sized electro/thermo-hydraulic devices, as well as
microelectromechanical systems (MEMS); (5) the short response time; (6)
the simplicity in fabrication; and (7) the high controllability, reliability, and
repeatability.

6528-20, Poster Session
Microwave power transmission of flexible dipole
rectenna for smart sensors and devices
J. Kim, S. Y. Yang, Inha Univ. (South Korea); K. D. Song, Norfolk
State Univ.; S. H. Choi, NASA Langley Research Ctr.
There are several potential candidates for energy harvesting technologies suitable for smart actuators and sensors. Smart materials have actively been developed in previous decades in order to sense environmental changes or actuate proper devices, but their applications as a practical system are limited due to the requirements of hard-wire circuits and
power supply. These limiting factors have been key challenges to overcome for practical applications of smart materials. Moreover, the weight
increase may be attributed to the a wired network, the complex gate
switching of power and control networks needed, and the interdependency of power and control routines needed.
Flexible dipole rectenna devices appeared to be attractive for various
applications because of the adaptability on complex structures; possibility for higher power density features, and ability of coupling. In this study,
design concepts and test results of various flexible dipole rectennas will
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6528-22, Poster Session
Immobilization of ε-polylysine onto the probe surface
for molecular adsorption type endotoxin detection
system
K. Ooe, A. Tsuji, Ritsumeikan Univ. (Japan); N. Nishishita, Y.
Hirano, Osaka Institute of Technology (Japan)
Patients with renal failure become not able to expel the waste product,
and they accumulate the toxic products for themselves. They therefore
must use the hemodialysis to weed out the metabolic decomposition product. Hemodialysis for chronic renal failure is the most popular treatment
method with artificial organs. However, hemodialysis patients must continue the treatment throughout their life, the results of long term extracorporeal dialysis, those patients develop the various complications and diseases, for example, dialysis amyloidosis etc. Dialysis amyloidosis is one
of the refractory complications, and the prevention of this complication is
important. Recently, endotoxin is thought to be the most likely cause of
the complication.
Endotoxin is one of the major cell wall components of gram-negative
bacteria, and it forms the complex with proteins and lipopolysaccharide
(LPS). It has various biological activities, e.g. attack of fever, when it gets
mixed into human blood. In addition, it is known that large amount of
endotoxin exists in living environment, and medicine is often contaminated with endotoxin. When contaminated dialyzing fluids are used to
hemodialysis, above-mentioned dialysis amyloidosis is developed. Therefore, it is important that the detection and removal of endotoxin from dialyzing fluids. Until now, the measurement methods using Limulus
Amebosyte Lysate (LAL) reagent were carried out as the tests for the
presence of endtoxin. However, these methods include several different
varieties of measurement techniques. The following are examples of them,
gelatinization method, turbidimetric assay method, colorimetric assay
method and fluoroscopic method. However, these techniques needed
30-60 minutes for the measurement. From these facts, they are not able
to use as a “real-time endotoxin detector”. The detection of endotoxin
has need to carry out immediately, for that reason, a new “real-time” detection method is desired.
We focused attention to adsorption reaction between ε-polylysine and
endotoxin. ε-polylysine has the structure of straight chain molecule composed by 25-30 residues made by lysine, and it is used as an antimicrobial agent, moreover, cellulose beads with immobilized ε-polylysine is used
as the barrier filter for endotoxin removal. Therefore, it is expected that
the endotoxin be adsorbed to the immobilized ε-polylysine onto the probe.
As the result of this reaction, the mass of the probe is increased, and
endotoxin can be detected by using of Quartz Crystal Microbalance (QCM).
In our previous research, we have already acquired the proteins immobilization technique onto Au and Si surface. In this report, the proposal of
molecular adsorption type endotoxin detection system, and the immobilization of ε-polylysine onto the probe are described. We use X-ray Photoelectron Spectroscopy (XPS) to confirm the ε-polylysine immobilization, and the absorptive activity of immobilized ε-polylysine is measured
by QCM. The purpose of this study is to bring about the realization of
“Real-time endotoxin detection system”.

6528-25, Poster Session
Dynamic simulation of microresonator-based
differential pressure sensor
G. Uma, M. Umapathy, M. Shanmugavalli, National Institute of
Technology/Tiruchirappalli (India)
A resonant sensor is a device with an element vibrating at resonance
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which changes its output frequency i.e. mechanical resonance frequency,
as a function of a physical parameter. The frequency domain sensor output is digital in the sense that it is basically independent of analog levels
and can be connected to digital circuitry. The conversion from the
measurand to the resonance frequency of the vibrating element can be
accomplished by means of a change in stress, mass, or form of the resonator. Advantages of the resonator sensor are its high stability, high resolution and quasi digital output. A variety of resonant sensors have been
investigated in some of them commercialized.
This paper focuses on design and analysis of a Micro Resonating Differential Pressure Sensor with three degrees of freedom structure, at a system level using Matlab Simulink. The damping seriously degrades the
intrinsic Q Value of the resonator, as a result of this resonator displays
inadequate resonance amplitude, thus the sensitivity of the device will be
less. This work addresses this problem by using two mass system concepts, which has demonstrated substantial high resonance amplitude at
antiresonance even in atmospheric condition. The simulation results demonstrate that improved sensitivity can be obtained in Micro resonating
sensor with split mass concept, for differential pressure sensing.

effects of mechanical perturbation throughout the cell, tissue, or organ. A
design is proposed that exploits the strain recovery property of the shape
memory alloy (SMA) material to stretch a membrane with cultured cells in
two-directions (longitudinal and transverse). Two sets of SMA actuators
are arranged in an orthogonal configuration. The actuators are clamped
to the edges of a rectangular membrane and by controlling the temperature of the SMAs, controlled biaxial straining of the membrane is achieved.
The proposed configuration allows for amplification of the strain on the
membrane in excess of 10%. A feedback-based controlled is designed
to precisely control the straining of the membrane. The contribution of
this work is we show results to demonstrate the performance of the system in terms of achievable range, precision, and dynamic response.

6528-45, Poster Session
Cylindrical nanocavity and nanowire electrodes for
redox cycle dopamine sensing: design, fabrication,
and characterization
P. Hankins, H. Yoon, V. K. Varadan, Univ. of Arkansas

6528-26, Poster Session
Variable structure control of flexible smart structure
with shape memory alloy actuators
K. Dhanalakshmi, M. Umapathy, C. Chandravathanam, D.
Ezhalarasi, National Institute of Technology/Tiruchirappalli
(India)
Vibration reduction of structures is important particularly in light-weight
structures of many engineering applications. Active vibration control in
smart structures is of interest mainly due to the demand for better performance of mechanical systems. The objective of active vibration control is
to reduce the vibration of a system by automatic modification of the
system’s structural response. In this work the linear dynamic model of the
Shape Memory Alloy (SMA) actuated cantilever beam structure is experimentally established using online ARX RLS system identification approach.
The states are estimated using Kalman filter. A reaching law based discrete time sliding mode control is designed for the SMA actuated structure to suppress the vibration in the presence of external disturbance.
The VSC controller is designed starting with the switching surface design. The eigen values of the reduced order system is located suitably so
that it lies inside the unit circle and the system is stable. The SMA wire
actuators are energized through current sources designed using Pulse
Width Modulation (PWM) circuit. The performance of the controller for
vibration suppression and disturbance rejection is demonstrated through
simulation results. The controller design based on reaching law method
is simple for solving variable structure controllers. As compared to other
control methods discrete VSC is easy to implement and provides good
disturbance rejection.

We investigated the use of a three dimensional, cylindrical nanocavity
structure with two working electrodes for use in dopamine sensing using
redox cycling. This method of dopamine detection has been an active
area of research for many years, with sensor designs developing to smaller
and smaller sizes, as detection limits approach those needed for an in
vivo dopamine detector. Toward that end, the nanocavity structure, based
around a field of vertically oriented nanowires, was conceived, fabricated,
and tested for feasibility. Each nanowire serves as one of the working
electrodes, while the second is formed as a semi-enclosing cylindrical
shell, with an inter-electrode spacing of .2um.

6528-46, Poster Session
Glucose sensing based on Pt-MWCNT and MWCNT
L. Aryasomayajula, J. Xie, S. Wang, V. K. Varadan, Univ. of
Arkansas
It is known that Multi walled carbon nanotubes (MWCNTs) are excellent
electrodes for biosensing applications and with the introduction of Pt
nanoparticles (Pt-MWCNTs) of about 3nm diameter in MWCNTs greatly
increases the response time towards glucose sensing and the S/N ratio
was high. We fabricated the CNT based glucose sensor by immobilization the bio enzyme glucose oxidase (GoX) on the Pt-MWCNT and electrode was prepared. The sensor has been tested effectively for the abnormal blood glucose levels->6.9 mM or < 3.5 mM which are the prediabetic
and diabetic glucose levels respectively which are seen in the calibration
curves. The current signal obtained from the Pt-MWCNT was much higher
compared to the MWCNT. The performance of the biosensor was also
tested with common interference chemicals (ascorbic acid, uric acids etc.).

6528-33, Poster Session

6528-47, Poster Session

The design of a novel biaxial shape memory alloybased system

Synthesis and photonic property study of ZnO
nanowires for a real time photodynamic therapy
monitoring probe

K. K. Leang, J. Dodson, R. Mohr, Virginia Commonwealth Univ.
In this article, we describe the design of a novel shape memory alloybased system to stretch a flexible membrane with cultured cells biaxially
(longitudinal and transverse). We note that mechanical cues (such as strain
and force) can affect the state and behavior of cells, such as, morphology, the differentiation process, and apoptosis. Therefore, a thorough
understanding of the effects of mechanotransduction will deeply impact
various fields from cell/tissue engineering to drug development. Numerous devices are available to stretch cells; however, there is lack of a device that accurately mimics anisotropic (multi-axial) strain. Certain cells,
for example endothelial cells that line the inside of blood vessels and
arteries, experience multi-axial (circumferential and longitudinal) stresses
and strains. Therefore, a cell stretching device that enables controlled
application of biaxial strain is important for advancing the state of knowledge. Such a device will enable systematic and accurate studies of the
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S. Dubakka, J. Xie, V. K. Varadan, J. K. Abraham, Univ. of
Arkansas
In this paper, we present how the photonic properties of zinc oxide (ZnO)
nanowires can be used to potentially advance the effectiveness of Photodynamic therapy (PDT), one of the most recent and promising approaches
among cancer therapies. Presently, PDT employs laser light to activate
intravenously or topically administered photosensitizers to give rise to
highly reactive singlet oxygen which has a very short lifetime and is capable of biochemical damage to cell membranes of the tumor. A probe
that can monitor in real time the penetration depth of the laser in the
tumor and also the evolution of the singlet oxygen, which is critical for
tumor eradication, is capable of improving the efficacy of PDT quite significantly. Such a probe, by providing real time feedback, can help us
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determine whether to increase or decrease the light exposure dose and
also if further local administration of photosensitizers is required or not.
ZnO nanowires are known to be photoconductive and recent research
also demonstrated the temperature dependence of the photocurrent in
the nanowires. They are also sensitive to blue and other near UV spectra
which is same range of activation wavelengths of most photosensitizers,
and hence making them a good candidate for a potential PDT monitoring
probe. ZnO nanowires were fabricated on silicon substrates by vapor
phase deposition using e-beam evaporated gold as a catalyst. Control of
the dimensions of the nanowires could be achieved by varying the dimensions of the catalyst by means of e-beam evaporation process. Photoluminescence properties of ZnO nanowires were investigated at UV and
near UV wavelengths. Further, ZnO is also known for its antimicrobial
properties, thereby ruling out any possibility of bacterial infection because
of the implanted probe. This study was done to compliment the existing
expertise of our research group in the design and fabrication of several
nanowire based probes and microsensors specifically for neuroelectronic
and nanomedicine applications.

6528-54, Poster Session
On the size-dependent behavior of the micro-wire in
the micro-tensile test
S. Ko, B. Jung, H. Lee, H. Park, Pohang Univ. of Science and
Technology (South Korea)
Micro-wires have used widely in microelectronic devices. In order to support the high performance of microsystems, it is important to measure
the mechanical properties of the micro-wires.
In this study, we measured the mechanical properties of micro-wire to
investigate the size effect behavior experimentally. Specimens used in
this study are platinum micro-wires that have various diameters such as
15, 25, 40 and 50 µm. The platinum micro-wires with the purity of 99.99%
were annealed to remove the residual stress. We carried out the tensile
test to measure the mechanical properties using the nanoUTM.
Many researches in micro scale structures have shown that the deformation is dependent on the size of specimen as well as grain size. To evaluate the size effect, we focused on the relation between the strength and
the specimen diameter. Our result shows that the strength of the specimen changes as its diameter changes. We are trying to investigate microstructure of the specimen such as grain boundary to explain this sizedependent behavior.

6528-55, Session 1
MEMS based phased array for army applications
P. B. Ruffin, U.S. Army Aviation and Missile Research,
Development and Engineering Ctr.
No abstract available

6528-08, Session 2
Impingement, adhesion, and size-scale effects of
single polymeric nanofibers
M. Shin, S. Kim, H. Lee, S. I. Kim, S. Kim, Hanyang Univ. (South
Korea)
Electrospun nanofibers have been produced actively because of their
potential applications as cell-culture scaffolds, as nano- or micro-scale
electronic devices, as nano-bio sensors, and as artificial muscles. In particular, the fabrication of polymeric nanofibers using electroactive polymers (EAPs) could play an important role in the construction of powerful,
miniaturized smart systems. EAP nanofibers are often made of randomly
oriented spun mats in an electrospinning process and can be conveniently
separated from a collector. Therefore, study of the formation mechanisms,
adhesion, and physical properties of single EAP nanofibers in electrospun
mats is necessary for an understanding of these polymeric nanofibers at
the nanoscale level.
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Recently, we have paid much attention to impingement between polymeric jets ejected from an EAP solution drop and the solid surface of a
collector during electrospinning. Impingement of the polymeric jets is related to the transformation of the cross-sectional shapes of the EAP
nanofibers and the adhesion of EAP nanofibers onto the solid surface.
The cross-sectional shape of the nanofibers generally depends on the
applied electric field strength and the solution concentration. We have
measured the adhesion between a solid Si surface and aligned single
nanofibers using lateral bending tests employing atomic force microscopy (AFM). It was revealed that the surface properties of a collector have
a significant effect on the adhesion of nanofibers on a solid surface. In
order to elucidate the size-scale effects of the mechanical properties of
single polymeric nanofibers, well-aligned nanofibers were fabricated on
an AFM calibration grating and their elastic modulus was measured using
three-point bending tests. Based on the data obtained from the impingement and adhesion of nanofibers, we have suggested precise methods
for the measurement of the elastic modulus. The measured nanofibers
showed the size-scale effect of the elastic modulus of the nanofibers exponentially increasing with decreasing nanofiber diameter. This may result from the orientation of the polymer chains within the nanofibers during electrospinning. Because polymeric jets ejected from a liquid drop
undergo severe structural deformations because of the high strain rate, in
the range of order of 10 to the 4th power per second, mechanical properties can be very different from those of the bulk material. In addition, the
formation of nanofibers with a smaller diameter in the same experimental
electrospinning conditions could be related to more developed chain orientation. As a result, the size-dependent elastic modulus of single polymeric nanofibers could be attributed to the development of chain orientation within nanofibers.

6528-30, Session 2
Elastic and magneto-elastic modeling of galfenol
nanowires (autonomous materials)
C. Mudivarthi, P. R. Downey, A. B. Flatau, Univ. of Maryland/
College Park
Recent discovery of Galfenol being a magnetostrictive material with ductile properties offers a promising opportunity to use this material in bending mode. Much work has been done to use Galfenol in a variety of applications both as sensor and actuator utilizing its mechanical and magnetostrictive attributes. Galfenol used for sensor applications has been reported earlier where it has been used in a unimorph structure in bending
mode. Good progress has also been made in modeling the magnetostrictive behavior of Galfenol. An energy based magnetostrictive model has
been reported which is better than linear constitutive relations based
models and captures the non-linear behavior of Galfenol with varying
magnetic and stress fields with much accuracy. In this paper we present
experimental results to validate this model at the macroscale and then
investigate use of the model for predicting responses in Galfenol nanowires
and compare model results with experimental findings.
In this work a magneto-elastic model has been developed by coupling
this magnetostrictive model to a 3D finite element elastic model capable
of predicting Galfenol unimorph behavior in sensor applications. The fundamental assumption that the applied field inside the Galfenol sample
will be constant with varying stress is inherent in the development of linear constitutive relations. However, in reality, when a stress is applied not
only the magnetic induction change occurs but also the field flowing
through the sample changes. That is the permeability of the Galfenol
sample itself changes when a stress is applied. Hence, for a given stress
there will be a complete re-distribution of the magnetic induction and the
magnetic field. The energy based magneto-elastic model developed in
this paper takes care of this nonlinearity. It assumes uni-directional coupling and does not take into account the effect of applied field on the
stiffness of the material. The model predictions show a good correlation
when compared with the experimental results.
With the capability of growing Galfenol nanowires at the University of
Minnesota, a novel Galfenol nanowire acoustic transducer is being developed. The design of this sensor is based on the hearing mechanism found
in aquatic animals which have cilia or hair-like structures bending in response to the incoming acoustic waves. The Galfenol nanowires used in
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this sensor serve as artificial cilia which respond by a change in the magnetic flux density induced by stress due to the acoustic waves.
We next employ the magneto-elastic finite element model validated at
the macroscale for prediction of responses of the Galfenol nanowires as
they will be used in the proposed acoustic transducers. Atomic force microscopy (AFM), magnetic force microscopy (MFM), and scanning electron microscopy (SEM) will be used to determine both mechanical and
magnetic properties of Galfenol nanowires, and to learn if the nanoscale
properties and behavior of Galfenol will be significantly different from those
at the macro scale. These properties will be used in the magneto-elastic
coupled model to predict the behavior of the nanowires of different diameters and the deviation of the experimental results from the model predictions will be studied.

6528-31, Session 2
Packaging of an iron-gallium (galfenol) nanowire
acoustic sensor
R. Jain, P. McCluskey, A. Flatau, Univ. of Maryland/College
Park; B. J. H. Stadler, Univ. of Minnesota
A nanowire acoustic sensor is a bio-inspired underwater transducer made
of Galfenol nanowires. The design of the sensor mimics the hearing mechanisms in fish and other aquatic animals which hear due to the stimulation
of cilia due to the sound passing through their bodies. The Iron-Gallium
nanowires were developed to play the role of cilia, and will be attached to
a substrate containing a GMR sensor to measure stress induced change
in the magnetic flux density due to incoming sound waves. While the
effective package that needs to be developed should provide a suitable
environment to these nanowires, it should also allow the sound waves to
reach the sensing element with least attenuation. A stainless steel housing was machined initially for the nanowires, but that does not seem to be
promising for transmission of sound waves at lower frequencies. Later a
polyurethane package was developed and was shown to have a good
impedance match with sea water minimizing the losses at the material
interface. Although polyurethane addresses all the key issues of the package design to the best possible extant it lacks well established
micromachining processes essential to develop a MEMS package.
In this work polydimethylsiloxane (PDMS), a silicon elastomer, package
has been designed and fabricated. PDMS as an encapsulant material
does not have the same impedance as the sea water but has been chosen due to the availability of proven micromachining processes. Both
macro and micro scale PDMS packages have been fabricated and their
impedance and attenuation characteristics, along with moisture absorption, and salt permeation properties were carried out and compared with
those of inorganic as well as polyurethane packaged and unpackaged
microphones. The PDMS encapsulation turns out to be comparable in
performance against the polyurethane package and thus tends to be a
strong candidate to replace the polyurethane.
The finite element analysis of the Galfenol nanowires immersed in a fluid
medium predicts that the nanowires alone may not respond sufficiently to
the acoustic sound waves to produce a measurable change in the magnetic flux density. Hence, a membrane will be fabricated that mimics the
function of basilar membrane in a mammalian ear. Nanowires will be placed
over this membrane similar to cilia which are attached to the top side of
the basilar membrane. For an incoming acoustic wave the basilar membrane, having a larger cross-section in comparison to the cilia, responds
by vibrating along with the cilia, which are sheared along the stationary
tectorial membrane above them. Similarly, a moving silicon oxide membrane on top of which nanowires will be placed and a fixed membrane of
pyrex against which the nanowires will be sheared are fabricated. A commercial miniaturized GMR sensor will be placed underneath these
nanowires to measure the nanowire response. A filler fluid will be injected
into the cavity through an extended inlet and outlet ports/capillaries provided on the pyrex wafer, and an acoustically transparent material, PDMS,
will be molded on the whole system for transmission of the sound waves
with minimal losses.
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6528-41, Session 2
Bio-inspired electric cilia development for biomedical
applications: use of ionic electro-active polymer,
nanowire arrays, and micro-stereo-lithography
H. Yoon, V. Ramachandran, D. Deshpande, V. K. Varadan, Univ.
of Arkansas
This presentation demonstrates the fabrication of bio-inspired electric cilia
structures using bottom-up hetero-nanowires and ionic electro active
polymer on flexible polyimide substrates. In order to obtain sensing function of fluid velocity in meso-scale vessels and minimally disturb original
flow condition, parallel arrays of “electronic cilium” with the size of few
micrometers in length and few hundreds nanometers in diameter are vertically fabricated on a thin flexible film. For active layers, ionic electro
active polymer has been applied on hetere-structured nanowires, which
provide low Young’s modulus and sensitive to bending moment by lateral
force in fluid. This research works include the characterization of electro
active polymer fabrication processes on nanowires and their mechanical
properties by atomic force microscopy and electrochemical analysis tools.
In addition, a three-dimensional microfluidic channel fabrication method
using micro-stereo-lithography (MSL) is introduced in this presentation,
which is an efficient method to simulate fluid conditions in blood vessels.

6528-52, Session 2
Autonomous carbon nanotube and shape memory
yarn, sheet, and wire systems (autonomous
materials)
R. H. Baughman, M. Zhang, S. Fang, A. A. Zakhidov, M. Kozlov,
V. H. Ebron, Z. Yang, D. J. Seyer, The Univ. of Texas at Dallas; J.
Oh, The Univ. of Texas at Dallas and Pusan National Univ.
(South Korea); L. J. Hall, H. Xie, J. P. Ferraris, A. G. MacDiarmid,
J. Razal, The Univ. of Texas at Dallas; A. B. Dalton, Univ. of
Surrey (United Kingdom); E. Munoz, The Univ. of Texas at
Dallas; V. R. Coluci, D. S. Galvao, Univ. Estadual de Campinas
(Brazil); S. O. Dantas, Univ. Federal de Juiz de Fora (Brazil)
Recent advances will be described that can enable novel types of structural material systems that autonomously respond to their environment to
provide intelligent property changes and actuation. Autonomous operation of such material systems will also be described. These advances are:
(1) Development of methods for the fabrication of strong, tough nanotube
yarns and sheets at high linear rates by solid-state processing methods.
These nanotube yarns are twice as tough as graphite fiber, comparable in
toughness to the Kevlar used for anti-ballistic vests, and unsusceptible to
strength and toughness changes due to knotting, knitting, weaving, or
extreme temperature, chemical, and radiation exposures. These nanotube
sheets are transparent and highly conducting and have a higher gravimetric strength than the strongest steel plate and the Mylar and Kapton
used for ultra-low-weight air vehicles. (2) Demonstration and/or modeling
of material systems (nanotube, shape memory, and other) that are powered by high-energy-density fuels and target environmentally available
materials, so as to provide such responses as mechanical actuation and
compliance, mechanical loss, and thermal conductivity changes and
changes in reflectivity/absorption, electronic conductivity, and thermal
conductivity. Such muscles operating on fuels providing over 30 times
higher energy densities than batteries provide strokes of over a hundred
percent and a hundred times higher stress generation and work/cycle
than natural muscle. (3) The ability to amplify environmental effects on
properties using chemical amplification and using amplification effects
provided by giant Poisson ratios and giant linear compressibilities enabled by negative linear compressibilities. Examples of autonomous systems of interest are those proving (a) more efficient flight and marine transport, (b) camouflage function, (c) exoskeletons responding to relatively
feeble human movements, and (d) adaptive protective clothing.
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6528-89, Session 2
Feasibility studies of carbon nanotube composites for
vibration damping and control
W. Liao, R. Dai, The Chinese Univ. of Hong Kong (Hong Kong
China)
Viscoelastic materials (VEMs) are widely used as passive damping elements in vibration applications. In general, the VEM damping effects are
significant for being used in structures due to the energy dissipation when
the structures are vibrating. However, the stiffness of traditional viscoelastic
materials is low, thus large shear strain could be caused while having
significant energy dissipation. The softness property may constrain the
VEMs from being used in the structures with high strength-to-weight ratio, where the strength and/or transmissibility issues are crucial. On the
other hand, epoxy resin is much stiffer than the VEMs and could be used
to enhance structural stiffness; but it barely dissipates any energy from
the structure. In recent years, it has been found that the composites of
carbon nanotubes (CNTs) and epoxy resin could greatly enhance damping ability while the stiffness is kept at a very high level. In this research,
carbon nanotube enhanced epoxy resin is fabricated. The dynamic properties of the nanotube composites are experimentally studied. Material
loss factor and storage modulus are evaluated in frequency domain under different strain level. A testing apparatus for obtaining material properties is set up and measurement procedures are given. Multiple groups
of specimens with different CNT weight ratio are made and investigated.
Experimental results show that CNT additive can provide the composite
with significant damping without undergoing large shear strain as compared to the VEMs, and the dynamic stiffness of the nanotube composite
could be even higher than that of the pure epoxy resin. In order to further
study the damping mechanism of the CNT composite, models are developed. Proposed composite model includes both VEM damping and strain
sensitive damping properties by curve fitting the experimental data of the
fabricated CNT composite. Full structural system model is built by using
finite element method and validated by experiments. Integrated with controllable piezoelectric actuators, these active-passive hybrid nanotube
composites give rise to very promising vibration damping and control
applications. We evaluate passive and actuating abilities individually, and
then their concurrent passive/actuation performances. Experimental efforts are carried out to implement the synthesized active/passive structures with controlled nanotube composites. These feasibility studies would
facilitate the full realization of smart structures with nanotechnology for
vibration damping and control and stimulate continuing research efforts
in this area.

demonstrate these applications with experiments and chemical formulations. These functionalized multi-walled carbon nanotube based nanobrushes can work swiftly in both liquid and air environments. With surface modification and functionalization, the nanotube nano-brushes, introduced here, become a versatile nano-device in many chemical and
biological applications, where they can autonomously pick up the particles they encounter with and are chemically programmed with to function as an Autonomous Chemical Nano Robot (ACNR).

6528-13, Session 3
Comparison of techniques for measurement of
residual stresses in multilayered micro-electromechanical devices
M. E. Vechery, Univ. of Maryland/Baltimore; M. Dubey, Army
Research Lab.; B. Balachandran, Univ. of Maryland/College
Park
A major concern in the development of microelectromechanical systems
(MEMS) is the presence of residual stress. Residual stress, which is produced during the fabrication of multi-layer thin-film structures, can significantly affect the performance of micro-scale devices. Though experimental measurement techniques are accurate, actual stress measurements can vary dramatically from run to run and wafer to wafer. For this
reason, the modeling of this stress can be a challenging task. Past work
has often focused on experimental, static techniques for determining residual stress levels in single-layer and bi-layer structures. In addition, these
past studies have concentrated on residual stress measurements in thin
films as they are being deposited and prior to the release of a particular
device. In this effort, three techniques are used for determining residual
stress levels in four-layer piezoelectrically driven cantilevers and resonator structures. The first technique is a static technique that is based on
wafer bow measurements and Stoney’s formula. The second technique
is a dynamic technique that is based on parameter identification from
nonlinear frequency-response data. The third technique is also a static
technique based on parameter identification from static device deflection
measurements. The devices studied, which are piezoelectric devices, are
fabricated with varying lengths and widths. The results obtained from
these three techniques will be compared and discussed, and it is expected that this work will enable the characterization of residual stress in
microstructures after they have been released.

6528-18, Session 3

6528-96, Session 2

Cellulose micropattern fabrication using silicon
micromold

Autonomous multifunctional nanobrushes
(autonomous materials)

J. Kim, K. S. Kang, K. Y. Cho, J. Nayak, Inha Univ. (South
Korea)

M. N. Ghasemi-Nejhad, A. Cao, Univ. of Hawaii at Manoa
In this work, taking advantage of carbon nanotubes small size, and exceptional mechanical, chemical and electrical properties, we employ a
series of nano-synthesis procedures that combine conventional chemical vapor deposition and selective substrate area growth followed by
chemical functionalizations to fabricate functionalized nano-brushes from
aligned carbon nanotube arrays and selective functional chemical groups.
The high aspect ratio and small dimension, mechanical stability and flexibility, surface chemical and adhesive characteristics of carbon nanotubes
provide opportunities to create nano-brushes with selected chemical
functionalities. The nano-brushes are made from aligned multi-walled
carbon nanotube bristles grafted onto long SiC fiber handles in various
configurations and functionalized with various chemical functional groups.
These nano-brushes can easily be manipulated physically, either manually or with the aid of motors. Our developed nano-brushes are recognized as the world’s smallest brush made ever, by the Guinness World
Record in 2006. Here, we demonstrate the autonomous characteristics
of our functionalized nano-brushes by having various functional chemical
groups on a single nano-brush structure such that our nano-brush can
collect various metal particles, ions, and contaminations from liquid solutions and potentially air environment, autonomously. In this work, we also
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Cellulose based Electroactive Aaper (EAPap) is attractive for fabricating
flexible and biodegradable microelectromechanical system (MEMS). In
the flexible MEMS, micro structure or micro pattern fabrication is essential. This paper deals with micro-patterning of cellulose paper. Large shrinkage of a dimethylformade (DMAc)-cellulose solution during water based
hydrolysis process is a major drawback to fabricate micro-structure of
DMAc-cellulose. The use of proper ratio of 2-propanol and water combination can minimize the shrinkage during the DMAc-cellulose film process. The silicon-wafer-mold having various patterns was fabricated using the following processes: 1) spin casting photoresist onto the silicon
wafer, 2) expose UV-light with photomask, 3) develop the photoresist, 4)
etching the exposed silicon surface using reactive ion etching (RIE) process, and 5) finally strip the photoresist using stripper. The pattern depth
can be determined the radio frequency (RF) power, spices of gas, gasflow rate, and etching time.
The DMAc cellulose was pored into the mold with certain height of spacer
and hydrolyzed using 2-propanol and water solution. The cellulose pattern was removed from the silicon wafer mold. The edge and surface
state of the pattern were thoroughly investigated using optical microscope
and scanning electron microscope (SEM). The cellulose was modified
with tirmethoxysilpropylmethacrylate (TMSPM) having a UV-curable group.
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The cellulose-TMSPM was poured to the mold and exposed to UV-light
to cure the modified cellulose. The pattern was obtained by removing the
cellulose film from the silicon wafer mold. The characteristics of actuation
behavior for the micro-structured cellulose are investigated.

that will drive costs down.
With the rapid growth of the MEMS industry and the potential for MEMS
utilization in advanced weapon systems, it is crucial to consider the reliability of this emerging technology in the early stages of development.

6528-27, Session 3

6528-31, Session 3

U.S. Army Corrosion Office’s storage and quality
requirements for military MEMS program

The theory of a micro hybrid piezoelectric actuation
system

J. L. Zunino III, D. R. Skelton, U.S. Army Armament Research,
Development and Engineering Ctr.

T. Xu, National Institute of Aerospace; J. Su, NASA Langley
Research Ctr.

As the Army transforms into a more lethal, lighter and agile force, the
technologies that support these systems must decrease in size while increasing in intelligence. Micro-electromechanical systems (MEMS) are one
such technology that the Army and DOD will rely on heavily to accomplish these objectives. Conditions for utilization of MEMS by the military
are unique. Operational and storage environments for the military are significantly different than those found in the commercial sector. Issues unique
to the military include; high G-forces during gun launch, extreme temperature and humidity ranges, extended periods of inactivity (20 years
plus) and interaction with explosives and propellants. The military operational environments in which MEMS will be stored or required to function
are extreme and far surpass any commercial operating conditions. Security and encryption are a must for all MEMS communication, tracking, or
data reporting devices employed by the military.
Current and future military applications of MEMS devices include safety
and arming devices, fuzing devices, various guidance systems, sensors/
detectors, inertial measurement units, tracking devices, radio frequency
devices, wireless Radio Frequency Identifications (RFIDs) and network
systems, GPS’s, radar systems, mobile base systems and information
technology. MEMS embedded into these weapons systems will provide
the military with new levels of speed, awareness, lethality, and information dissemination. The system capabilities enhanced by MEMS will translate directly into tactical and strategic military advantages.
While reliance on MEMS devices has been increasing, limited studies
have been performed to assess their reliability and identify failure mechanisms. Accordingly, the US Army Corrosion Office at Picatinny, NJ has
initiated the “Storage & Quality Requirements for Military MEMS” as part
of their MEMS Reliability Assessment Program to address these issues.
The goals of the MEMS Reliability Assessment Program are to: 1) establish the reliability of MEMS devices including the impact of transportation, long term storage, operating environment, packaging & interconnection issues, 2) analyze the compatibility of MEMS devices with energetic and other hazardous materials found in military items, 3) identify
failure mechanisms and failure rates, 4) develop accelerated test protocols for assessing the reliability of MEMS, 5) develop reliability models for
these devices, 6) identify a standardizing body, standard terminology,
definitions, and categories for MEMS devices and 7) determine potential
test methodologies for assessing these mechanisms.
Current ongoing efforts in support of the program include: 1) an assessment of the long-term storage performance and standards requirements,
2) initiation of ESS testing for the identification of failure mechanisms of
selected devices, 3) drafting of a joint test protocol for assessment of the
corrosion potential of MEMS devices, 4) assessment of applicability of
reliability software packages for use with MEMS devices and 5) development of test guidelines for the assessment of MEMS reliability.
This program will benefit the MEMS user community by filling the information gap that currently exists for reliability, including:
• Assessment of the operational environments in which the military
MEMS device may be utilized
• Determining & developing methods to preserve MEMS devices during
long term storage before they are designed into products
• Independent assessment of reliability that cannot be obtained from
private industry
• Establishment of reliability data that will be fed back into development
& design to improve MEMS devices
• Production & design process can be vastly improved increasing yields

A new configuration of a piezoelectric polymer, ceramic-based micro hybrid actuation system (micro-HYBAS) has been developed. The microHYBAS is a device that uses different piezoelectric materials in a cooperative way to optimize electromechanical performance. A theoretical
model has been developed, based on the elastic and electromechanical
properties of the materials and on the configuration of the device. The
investigated micro-HYBASs use piezoelectric polyvinylidene fluoride
(PVDF) as the electroactive polymer (EAP) element combined with
electroactive ceramic (EAC) elements, which are piezoelectric hard lead
zirconate titanate (PZT), soft PZT, or Pb(Zn1/3Nb2/3)O3-4.5%PbTiO3
single crystal (PZN-PT single crystal). The micro-HYBAS demonstrates
significantly enhanced electromechanical performance by utilizing synergistic contributions of the electromechanical responses of an EAP and an
EAC. The modeled results provide guidelines for future developments of
high performance micro-HYBASs to meet various applications.
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6528-40, Session 3
NanoDAC: object deformation measurements for
micro and nanotechnology applications
J. Keller, AMIC GmbH (Germany); D. W. Vogel, B. Michel,
Fraunhofer-Institut für Zuverlässigkeit und Mikrointegration
(Germany)
The manufacturing, handling and control of micro and nano scale devices require the quantification of their geometrical and mechanical properties. While the measurement of geometrical and size data is easily accessible by SFM and SEM imaging equipment, mechanical characterization is a general problem for these objects. Different kinds of size effects
more often force material property determination directly on micro/nano
objects. Therefore, new strategies for material testing have to be developed. Displacements and their derivatives are two basic properties to be
measured during testing for many mechanical material properties. The
authors make use of SFM and high resolution SEM imaging in order to
obtain spatially resolved displacement data over the scan area. Locally
applied cross correlation algorithms are utilized to compute displacement
fields and the corresponding first order derivatives. Micrographs are captured subsequently for different object load states. The established technique and measurement system (nanoDAC) is reviewed briefly.
The authors present different applications of the nanoDAC method establishing the characterization of micro/nano scale material behaviour.
Among the application fields are approaches to measure fracture mechanics criteria from crack opening displacement (COD) fields, a method
of measuring residual stresses in thin membranes and testing techniques
to measure Young’s modulus and Poisson ratios of thin foils and micro
wires.
The measurement of fracture mechanics bases on linear elastic fracture
mechanics. Measured by AFM, COD fields in the very vicinity of crack
tips are used to extract fracture toughness values. In this case, knowledge of external or functional forces and their impact on crack load in
complex devices is not a necessity as far as Young’s modulus could have
been determined independently.
Stress determination on membranes utilizes the unique capability of focused ion beam (FIB) equipment, which allows concurrent material milling and micrograph capture with high resolution. A Zeiss XBeam system
has been used to mill trenches and holes into membranes of semiconductor structures. Treated that way stress release fields are determined
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from SEM micrographs. Taking into consideration reasonable stress hypotheses, membrane stresses are calculated from the obtained deformation fields.
The development of specialized testing modules for extremely low loading forces allows testing of thin foils and micro wires. These modules can
be installed in FIB or SPM equipment. Applying nanoDAC measurements
on specimens under test, Young’s modulus and Poisson ratios can be
measured for MEMS or MEMS packaging materials.

6528-01, Session 4
Electro-mechanical optimization of a low-voltage
MEMS-based SPDT
A. Ziaei, Thales Research & Technology (France)
This paper presents the electromagnetic and electromechanical model
and design of a MEMS SPDT
switch to be integrated in a radio-front end or active antenna 1.8-10 GHz.
The switch is based on a coplanar waveguide (CPW) T- junction configuration, employing capacitive contact series or shunt switches using high
k materials (zro2). It has been first optimized in a very wide band in order
to reduce the parasites and electromagnetic couplings by using both circuital and full wave electromagnetic modelling. The validity of the model
is demonstrated by comparing the simulated and measured results of a
prototype realized. The MEMS bridges dimensions and anchor geometry
have then been modified in order to lower the actuation voltage as required by the new project specification. Full wave electromechanical simulations show that the switch with the new membrane topology can be
actuated by applying about 15V instead of the 40V needed for the actual
bridge. The electrical performance of the final structure has been re-optimized in the frequency and 1.8-10 GHz in order to use the SPDT switch
at different sections of the radio front-end or active antenna. The switch
is manufactured by THALES on high resistivity silicon substrate following
the well-established MEMS manufacturing process.

6528-07, Session 4
Cognitive tracking secondary electron microscope
Y. Park, Science and Technology Corp.; G. C. King, S. H. Choi,
NASA Langley Research Ctr.
Secondary Electron Microscope (SEM) is one of the most versatile research tools for micro-structures and nano-materials. A pattern-recognizing SEM can be very useful to compensate mechanical vibration, thermal expansion, and movement of micro-objects. It can be used for the
real-time study of micro-actuator, membrane-actuator, and various piezoelectric materials. We report an innovative pattern-recognition and vibration-compensation algorithm and performance test in an integrated
system with mechanical vibrations.

6528-16, Session 4
Fabrication of various metal electrodes on the
electro-active paper actuators using soft lithography
J. Kim, K. S. Kang, H. K. Lim, S. Y. Yang, Inha Univ. (South
Korea)
This paper represents a Schottky diode fabrication on a flexible cellulose
paper. This attempt is challenging in developing flexible and biodegradable microelectromechanlcal system (MEMS). The cellulose solution dissolved in dimethylacetamide (DMAc) and LiCl was spin-coated to the silicon wafer and removed DMAc solvent using 2-propanol and deionized
water. The various metal electrodes having different work-function, such
as gold, platinum, aluminum were fabricated on the DMAc-cellulose using the following two different soft lithography processes. For the first
process, gold electrodes were deposited onto the polydimethylsilane
(PDMS). Self-assembly monolayer (SAM) of 3-(mercaptopropyl)
trimethoxysilane (MPTMS) were fabricated on the cellulose surface before stamping the gold electrode. After that the gold electrodes were transferred to the DMAc-cellulose surface. For the next process method, gold
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electrodes were deposited onto the PDMS stamp, and SAM layer of
MPTMS was fabricated on the gold electrodes instead of cellulose paper.
Various solvent and vacuum deposition processes were employed in this
step to improve electrode quality. Finally the gold electrodes modified by
MPTMS were transferred to the DMAc-cellulose. Also multiple metal layers retaining different band-gap energies were fabricated to investigate
the multiple metal layer effect.
Two electrodes having different band energy were connected with various semiconductor materials, such as poly (3, 4-ethylenedioxythiophene)/
poly (4-styrenesulfonate (PEDOT/PSS), polyaniline, or TiO2 nanoparticles
using soft lithography method. The characteristics of the Schottky diode
structure were investigated.

6528-24, Session 4
Active coatings technologies for tailorable military
coating systems
J. L. Zunino III, U.S. Army Armament Research, Development
and Engineering Ctr.
The main objective of the U.S. Army’s Active Coatings Technologies Program is to develop technologies that can be used in combination to tailor
coatings for utilization on Army Materiel. The Active Coatings Technologies Program, ACT, is divided into several thrusts, including the Smart
Coatings Materiel Program, Munitions Coatings Technologies, Active
Sensor packages, Systems Health Monitoring, Novel Technology Development, as well as other advanced technologies. The goal of the ACT
Program is to conduct research leading to the development of multiple
coatings systems for use on various military platforms, incorporating
unique properties such as self repair, selective removal, corrosion resistance, sensing, ability to modify coatings’ physical properties, colorizing,
and alerting logistics staff when tanks or weaponry require more extensive repair. A partnership between the U.S. Army Corrosion Office at
Picatinny Arsenal, NJ along with researchers at the New Jersey Institute
of Technology, NJ, Clemson University, SC, University of New Hampshire,
NH, and University of Massachusetts (Lowell), MA, are developing the
next generation of Smart Coatings Materiel via novel technologies such
as nanotechnology, Micro-electromechanical Systems (MEMS), metamaterials, flexible electronics, electrochromics, electroluminescence, etc.
This paper will provide the reader with an overview of the Active Coatings
Technologies Program, including an update of the on-going Smart Coatings Materiel Program, its progress thus far, description of the prototype
Smart Coatings Systems and research tasks as well as future
nanotechnology concepts, and applications for the Department of Defense.

6528-32, Session 4
Fabrication of nonlinear plastic optical fiber (POF)
and application
E. Kim, Pusan Univ. of Foreign Studies (South Korea); Y. S. Yu,
Dongeui Univ. (South Korea); M. Y. Jeong, Pusan National Univ.
(South Korea); T. Kinoshita, Keio Univ. (Japan)
Optical technology has been widely used in many application areas such
as communication, sensor, analysis, and display, etc. since the laser was
developed in 1960.1 In these technology, optical fiber communication
technology has been much interested and leads to ultra high speed information society because of wide bandwidth, high transmission, small size,
light, and EMI free. The optical fiber is used to all application areas, such
as communicaitons, sensor, and display. We fabricated nonlinear plastic
optical fiber (POF) with a novel fabrication technology and evaluated the
fabricated fiber. The fabrication technique is the core solution is injected
directly into the hole of cladding preform formed by polymerization of
cladding solution. The preform of fiber was pulled into fiber following polymerization of core solution in cladding perform. The cladding solution
was made of MMA, BBP, and BPO. DR1 was added in core solution to
have nonlinearity. The transmission and temperature characteristics was
investigated. We have known this fabricated POF was used to sensor
applications.
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Energy harvesting of dipole rectenna for airship
applications

Using the chip, patch clamp recordings were made on the cells as the
temperature was rapidly varied. The flow conditions and temperature range
are optimized for various applications with different activation temperature thresholds of thermosensitive ion channels.

K. D. Song, Norfolk State Univ.; S. H. Choi, NASA Langley
Research Ctr.

6528-09, Session 6

No abstract available

Miniature fiber optic pressure sensor for intradiscal
pressure measurements of rodents

6528-51, Session 5

S. Nesson, M. Yu, A. Hsieh, D. A. Ryan, Univ. of Maryland/
College Park

6528-60, Session 4

Magnetic nanotubes for biomedical applications
L. Chen, J. Xie, Univ. of Arkansas; M. Srivatsan, Arkansas State
Univ.; V. K. Varadan, Univ. of Arkansas
Due to their geometrical and magnetic attributes, magnetic nanotubes
are highly attractive for biomedical applications. In this work, three kinds
of iron oxides nanotubes, including hematite, magnetite and maghemite,
will be synthesized using template method followed by suitable heat treatments; and the effects of the synthesis procedures on the geometrical
structures, crystalline properties, and magnetic properties of the synthesized iron oxide nanotubes will be discussed. To realize multi-functionality, the inner and outer surfaces of the nanotubes will be functionalized
differently. Finally, two examples of biomedical applications of magnetic
nanotubes will be given: magnetic-field-assisted separation, and the effects of magnetic nanotubes on the growths and activities of neurons.

6528-56, Session 5
Nano-bio quantum technology at NASA Langley
Research Ctr.
S. H. Choi, NASA Langley Research Ctr.
No abstract available

6528-02, Session 6
High-speed microfluidic thermal stimulator for
temperature-activated ion channel studies
T. Pennell, J. Wang, S. Z. Hua, Univ. at Buffalo

6528-42, Session 6

In the past several years, thermo-nociception research has focused on
imparting acute thermal stimuli to cells and studying the gating properties of ion channels in response to changes in temperature. This requires
a sharp gradient in temperature to be applied to a cell in order to accurately measure the heat-gated channels response (say, using a patch
clamp). Microfabricated devices offer the advantage of control over precise thermal input and fast temperature changes over a small volume of
the test solution. In this work we have designed and built a microfluidic
thermal chip that provides rapid temperature changes in the solution combined with accurate temperature control.
The prototype was constructed using SU-8 materials with low thermal
conductivity to reduce thermal losses. Various microfluidic channel dimensions and heater configurations were considered to optimize the heat
exchange rate in the fluid channel. Finite element analysis has been performed over various flow rates, heating power, and other test conditions.
The device consists of a closed fluid inlet channel 25µmx140 µm in crosssection, connected to a reservoir accessible for making patch-clamp
measurements on individual cells. A microfabricated heater and sensing
element are located in the channel close to the junction between the reservoir and the channel. A platinum thin film heater was used to generate
rapid heating. A microfabricated temperature sensor was integrated at
the point of interest (junction) for precise temperature monitoring and feedback. The chip was characterized for various flow rates ranging from 0.05
µl/s to 1 µl/s with heater power ranging from 0.2 to 5 mW. The rate of the
temperature change was measured for different flow rate and input heater
power. For a given flow rate, the rate of change of temperature was directly related to input heater power. For the initial chip design, heating
rate of 1oC/10 ms can be reached with an input heater power of 4 mW.
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Lower back pain continues to be a leading cause of disability in people of
all ages, and has been associated with degenerative disc disease. It is
well accepted that mechanical stress, among other factors, can play a
role in the development of disc degeneration. Pressures generated in the
intervertebral disc have been measured both in vivo and in vitro for humans and animals. However, thus far it has been difficult to measure pressure experimentally in rodent discs due to their small size. With the prevalent use of rodent tail disc models in mechanobiology, it is important to
characterize the intradiscal pressures generated with externally applied
stresses.
In this paper, a miniature fiber optic Fabry-Perot interferometric pressure
sensor with an outer diameter of 360 µm was developed to measure
intradiscal pressures in rat caudal discs. A low coherence interferometer
based optical system was used, which includes a broadband light source,
a high-speed spectrometer, and a Fabry-Perot sensor. The sensor employs a capillary tube, a flexible, polymer diaphragm coated with titanium
as a partial mirror, and a fiber tip as another mirror. The pressure induced
deformation of the diaphragm results in a cavity length change of the
Fabry-Perot interferometer which can be calculated from the wavelength
shift of interference fringes. The sensor was calibrated using a pressure
chamber and it exhibited good linearity with pressures ranging from 01psi and pressure resolution of 0.001 psi. Pressure measurements were
conducted within rat tail discs under externally applied static and dynamic loading. Our validation experiments show that owing to the small
size, inserting the sensor does not disrupt the annulus fibrosus and will
not alter intradiscal pressures generated. Measurements also demonstrate
the feasibility of using this sensor to quantify external load intradiscal
pressure relationships in small animal discs.

Nanowire integrated microelectrode arrays for labon-a-chip applications
J. K. Abraham, R. Reddy, H. Yoon, V. K. Varadan, Univ. of
Arkansas
The monitoring of biological signals generated during nerve excitation
and cell-to-cell communication are important for design and development of novel materials and methods for laboratory analysis. In-vitro biological applications such as drug screening and cell separation also require cell-based biosensors. The sensing technology is based on the
optical or electrical read-out from the lab-on-a-chip. The electrophysiological activity of certain cells such as neurons and cardiac cells are
monitored using planar microelectrode arrays integrated with microfluidic
devices. One of the main issues of the current microelectrode array is the
difficulty selective integration of neuronal cells due to the size dependency of the microelectrode array impedances and the mismatch introduces large amount of noise in the circuit. It is quite evident that
nanotechnology can solve these problems and an efficient electrical interconnection is possible. This paper presents the design and development of planar microelectrode arrays integrates with vertically aligned
nanowires for the applications of lab-on-a-chip devices. The higher surface area densities of such nanowire integrated microelectrode arrays
show promising results in impedance control for the integration of labon-a-chip devices. We have fabricated microelectrode arrays on silicon
and flexible polymer substrates and vertically aligned nanowires were fabricated onto in using template method. High degree of specific growth
can be obtained by controlling the nanowire growth parameters.
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This paper discusses development of a carbon nanotube array biosensor. The sensor was fabricated using an array of aligned multi-wall carbon nanotubes synthesized by chemical vapor deposition. Cyclic
voltammetry was performed to examine the redox behavior of the nanotube
array sensor and showed a steady-state response attributable to radial
diffusion with a high steady-state current density. Neurotransmitter and
cytokine detection were also performed. In addition, a fluidic channel was
developed and the nanotube array biosensor was tested for on-line monitoring of biomolecules. The sensor development and testing are discussed
below.

and saved in a database for subsequent immersive training and training
performance analysis.
We use two 6 DOF DC magnetic trackers with a sensor diameter of just
1.3 mm - small enough for insertion into 4 French catheters, embedded in
the shaft of a 5 mm Babcock grasper form Ethicon Endo-Surgery. One
sensor is located at the distal end of the shaft while the second sensor is
located at the proximal end of the shaft. The placement of these sensors
does not impede the functionally of the instrument. Since the sensors are
located inside the shaft there are no sealing issues between the valve of
the trocar and the instrument.
The software component of the project is being implemented in the .NET
framework using C# and the OGRE real-time rendering engine. During
recording, the system both tracks and virtually reconstructs the stage
and the tools on screen offering high-fidelity, real-time visual feedback.
During playback the system displays the recorded tool motion as a translucent “ghost”, which the operator tries to follow with his own tool, rendered as opaque, and visual feedback is given as to the operator’s success in following the recorded motion.

6528-17, Session 7

6528-44, Session 7

Performance simulation of a valveless micropump
with electro-structural-fluid interaction

A total patient monitoring system for point-of-care
applications

K. Lee, T. T. Nguyen, N. Goo, Konkuk Univ. (South Korea)

A. Whitchurch, J. K. Abraham, V. K. Varadan, Univ. of Arkansas

In this paper, a piezoelectric micropumps are simulated and analyzed
using a finite element method (FEM) with the commercial software
COMSOL Multiphysics 3.2a. The micropump is composed of a
LIPCA(LIghtweight Piezo-Composite Actuator) diaphragm, a
polydimethylsiloxane (PDMS) pump chamber, and two diffusers. The piezoelectric domain, structural domain and fluid domain are coupled in
the simulation. Super-hydrophobic property of the pump body material is
also taken into account. Water flow rates are numerically predicted under
various driven frequencies, applied voltages, and geometric parameters
of the micropump. Based on this study, the micropump is optimally designed to obtain its highest performance.

Immersive training and mentoring for laparoscopic
surgery

Traditionally, home care for chronically ill patients and the elderly requires
periodic visits to the patient’s home by doctors or healthcare personnel.
During these visits, the visiting person usually records the patient’s vital
signs and takes decisions as to any change in treatment and address any
issues that the patient may have. Patient monitoring systems have since
changed this scenario by significantly reducing the number of home visits while not compromising on continuous monitoring. This paper describes
the design and development of a patient monitoring systems capable of
concurrent remote monitoring of 8 patient-worn sensors: Electroencephalogram (EEG), Electrocardiogram (ECG), temperature, airflow pressure,
movement and chest expansion. These sensors provide vital signs useful
for monitoring the health of chronically ill patients and alerts can be raised
if certain specified signal levels fall above or below a preset threshold
value. The data from all eight sensors are digitally transmitted to a PC or
to a standalone network appliance which relays the data through an available internet connection to the remote monitoring client. Thus it provides
a real-time rendering of the patient’s health at a remote location

V. Nistor, B. Allen, G. P. Carman, P. Faloutsos, E. Dutson, Univ.
of California/Los Angeles

6528-28, Session 8

6528-11, Session 7
On-line carbon nanotube-based biosensor using
microfluidics
Y. Yun, A. Bange, W. R. Heineman, H. B. Halsall, M. Behbehani,
S. K. Pixley, A. Bhattacharya, Z. Dong, V. N. Shanov, M. J.
Schulz, Univ. of Cincinnati

6528-39, Session 7

This project is focused on developing of a haptic guidance system to
facilitate minimally invasive surgical (MIS) training and telementoring. Our
system combines the functionality of real time, intraoperative
videoconferencing with haptic guidance that together allow a novice operator to perform an endoscopic procedure with the assistance of a remote expert. Using a console, the mentor defines the appropriate pathways for the novice surgeon to manipulate his instruments. Via this haptic
guidance system, a distant mentor can effectively guide the hands of the
trainee as the novice surgeon executes fairly complex procedures. In addition to the telementoring application, an immersive training simulation
is being generated by recording an expert surgeon perform a real operation while using this system. Intraoperative data is stored and later accessed at one or multiple training stations that are designed to reproduce
an operating surgeon’s ergonomic experience.
Our system is based on tracking the spatial position and orientation of
the instruments on the console for both the expert surgeon and the trainee.
The technology is the result of recent developments in miniaturized position sensors that can be integrated seamlessly into the MIS instruments
without compromising functionality. In order to continuously monitor the
positions of laparoscopic tool tips, DC magnetic tracking sensors are used.
Object-oriented software architecture translates the two-way position inputs of mentor and mentee into appropriate resistances generated by a
high fidelity haptic interface. In order for our users to communicate with
each other effectively, an intuitive graphic user interface displays the instruments spatial position and orientation for the mentor/trainee, patient
vital signs, and endoscopic video information. These data are recorded
108

SPIE Smart Structures and Materials 2007

Viability study of oscillatory flow pumps using
bimorph piezoelectric actuators
S. L. Vatanabe, A. Choi, INOVEO Automação de Sistemas
(Brazil); R. F. Pires, P. H. Nakasone, Escola Politécnica da Univ.
de São Paulo (Brazil); C. R. de Lima, INOVEO Automação de
Sistemas (Brazil); E. C. N. Silva, Escola Politécnica da Univ. de
São Paulo (Brazil)
Precision flow pumps have been widely studied over the last three decades. They have been applied in the areas of Biology, Pharmacy and
Medicine in applications usually related to the dosage of medicine and
chemical reagents, such as continuous insulin injection in diabetic patients eliminating peaks and valleys of this dosage, common in the usual
treatment. Another motivation for flow pump studies consists in overcoming the present matters found in the traditional biological fluid pumping techniques, the most relevant of which could be the death of microorganisms and cells in the fluid during the process, caused by the high
pressure or even the turbulence generated in the flow. In addition, thermal management solutions for electronic device cooling have also been
recently developed using these kinds of pumps offering better performance with low noise and low power consumption.
In a previous work, the working principle of a pump based on the use of
bimorph piezoelectric actuators inserted in a fluid channel to generate
flow was presented. In this work, novel configurations of this piezoelectric flow pump, such as, piezoelectric actuators in parallel mode, series
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mode, and a combination of both modes, have been studied and it will be
presented. These configurations were inspired on fish swimming modes.
The complete cycle of pump development was conducted, consisting in
designing, manufacturing, and experimental characterization steps.
In the design step, computational simulations were applied to perform
sensitivity studies and optimization process by using commercial software. To simulate and study the fluid-structure interaction inside the pump,
as well as the bimorph piezoelectric actuator behavior, the ANSYS(r) finite element analysis software has been applied. A sensitivity study was
conducted using computational simulations to analyze effects of parameter variation of geometry in the pump behavior.
In addition, an optimization process was carried out through Altair
Hyperstudy(r) software to find a set of parameter values that maximizes
the pump performance measured in terms of flow rate. This software interfaces with ANSYS(r) software allowing the integration of finite-element
analysis with an optimization algorithm.
The prototype manufacturing was guided based on computational simulations. Both pump case and bimorph piezoelectric actuator were manufactured. Load-loss and flow characterization experimental tests were
conducted, generating data that allows us to analyze the influence of
geometric parameters in the pump performance. Comparisons among
numerical and experimental results were made to validate the computational results and improve the accuracy of the implemented models.

6528-36, Session 8
MEMS glaucoma monitoring device
S. Shankar, M. Austin, Royal Melbourne Institute of Technology
(Australia)
Glaucoma is a serious disease affecting millions of people worldwide requiring continuous monitoring of intra ocular pressure (IOP) to avoid the
risk of blindness. Current laboratory measurements are external to the
eye and infrequent and hence do not indicate the progression of the disease. The paper reports on the development of an implantable glaucoma
monitoring system that will be capable of continuously monitoring IOP
levels in the eye and indicate any risk in elevation to the patient. A mathematical model of the anterior chamber of the eye was used to analyze
the complex fluid flow and pressure balance in the eye. This was done in
order to determine the performance requirements of the sensor and transmission electronics that could be integrated onto a single microchip using microlectromechanical systems (MEMS) technology, to carry out testing
internally. The accuracy of the system was theoretically tested against
results from external medical tests and the results were found to be comparable.

6528-43, Session 8
Passive wireless flow sensors for point-of-care
monitoring applications
J. K. Abraham, S. Dubakka, V. K. Varadan, R. Tian, Univ. of
Arkansas
Minimal invasive determinations of various physiological parameters are
more and more demanding for medical applications. Many techniques
have been evolved in nanomedicine using one dimensional nanostructure
to aid the analytical tools for disease diagnosis, treatment and control.
Nanowire sensing probes have potential applications not only in electronics and optoelectroncs industry, but have tremendous potential in
evaluating minute changes in cellular level, particularly for designing medical diagnosis tools. The design and development of a vertically aligned
nanowire array flow sensor for the design of passive wireless flow sensors is presented in this paper. The deflections of a vertically aligned piezoelectric nanowire array can be used for the generation of voltages and
can be able to calibrate the flow inside the microfluidic channel. Vertically
aligned ZnO nanostructure has the advantages of showing piezoelectric
properties that can be coupled with MEMS sensors for the measurement
of flow for various applications. Piezoelectric nanowire arrays are synthesized on conducting substrate and the piezoelectric properties are measured for the evaluation of the flow inside the microfluidic channel.
SPIE Smart Structures and Materials 2007

6528-50, Session 8
Integrated polymer multimode waveguides for
microfluidic sensing applications
T. Otto, Fraunhofer-Institut für Zuverlässigkeit und
Mikrointegration (Germany); J. Nestler, Technische Univ.
Chemnitz (Germany); M. Baum, F. Ebling, H. Schroeder, T.
Gessner, Fraunhofer-Institut für Zuverlässigkeit und
Mikrointegration (Germany)
A broad variety of detection methods is currently being developed for the
use in Lab-on-Chip systems. While for many applications electrical measurements (like impedance) and surface-optical sensing principles (fluorescence measurements, surface plasmon resonance) can be employed,
other applications may however require a volume-optical analysis of a
sample liquid. Such applications can be found e.g. in cytometry and particle counting, glucose monitoring, colorimetric analyses, or turbidimetry/
nephelometry based bioassays. For example measurements of the rheumatoid factor as well as blood glucose measurements are possible at a
high sensitivity by nephelometric methods.
This paper presents a technology for polymer microfluidic chips with integrated polymer multimode waveguides. These waveguides with a cross
section of typically (150x150)µm(c)˜ are fabricated by selectively filling a
high refractive index polymer in special cavities within a polymer
microfluidic substrate, leading to planar waveguides close to the
microfluidic channels. This allows to couple light to (and from) microfluidic
channels and reservoirs very precisely to the waveguides, hence reducing the stray light coupled to the substrate significantly.
Polymer microfluidic chips were replicated by high precision hot embossing. The embossing masters were fabricated in a technology based on
silicon micromachining, which ensures a very low surface roughness.
Especially sidewall surface roughness is a critical issue for both hot embossing and microoptics.
Polymer waveguides where integrated by selective dispensing or stencil
printing of a polymer with a refractive index higher than that of the substrate material. The selection of a suitable core material is of high importance for the proper functionality of the system.
The chips were subsequently sealed with a cover layer to ensure proper
functionality of the microfluidic channel system.
Using this buried waveguide approach, absorbance and stray light was
measured for different liquids and particles. Different coupling techniques
in combination with different waveguide designs, as well as different measurement setups were investigated and compared.
The proposed technology platform allows the fabrication of disposable
volume-optical measurement devices in combination with microfluidic
channels and reservoirs at an affordable price. The sensor can be easily
integrated into more complex polymer based Lab-on-Chips to increase
their functionality towards integrated volume-optical sensing. Its possible
applications can be found not only in biomedical sensing, but also in
monitoring of chemical reaction in micro chambers and food and environmental control.

6528-10, Session 9
In situ monitoring of volatile organic compounds
using a single-mode D-fiber and
polydimethylsiloxane-evanescent field interaction
J. D. Gordon, S. M. Schultz, R. H. Selfridge, Brigham Young
Univ.
Current optical components in sensing applications prove to be bulky
and exhibit relatively high optical loss. Optical fiber is advantageous in
that they allow for remote sensing of hazardous environments. Still, coupling to additional sensing components is required which can result in
high optical loss and limited integrability. In-fiber devices, in which the
component is integrated into a small section of an optical fiber, provide a
promising alternative to the bulky components. In-fiber devices are much
smaller, do not exhibit high optical coupling loss, and are easily integrated
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into remote sensing environments. Furthermore, the small in-fiber devices
do not require electrical power at the sensing region eliminating the dangers and undesired interaction from use of electrical components or wires
within a hazardous environment. Also, multiple sensors may be constructed upon a single fiber length, allowing for remote sensing of multiple locations simultaneously.
In order to create an in-fiber chemical sensor, a D-shaped optical fiber (Dfiber) is used. This optical fiber creates a good sensor platform because
the flat of the D-fiber is close to the core, providing easy access for interaction. Also, the D-fiber’s elliptical core maintains the polarization state of
the light.
In this paper we demonstrate an in-fiber sensor suitable for real-time
monitoring of volatile organic compounds (VOCs). The inherently inert
optical fiber is made sensitive to VOC by coating the D-fiber with
polydimethylsiloxane (PDMS). The PDMS layer is created by attaching a
D-fiber to a wafer and then spin-coating it with PDMS. The PDMS coated
fiber can be removed from the wafer once the PDMS layer is fully cured.
The PDMS layer provides a hydrophobic barrier that will absorb VOCs in
the environment relative to analyte concentration. This PDMS layer provides a protective barrier and responds to VOCs absorbed. The refractive
index of PDMS resultantly changes to more closely match the refractive
index of the VOC.
The PDMS has an index of refraction that is lower than that of the optical
fiber core. Therefore, the PDMS behaves similar to the fiber cladding. The
interaction between the light guiding in the core and the PDMS layer is
increased by etching the D-fiber to reduce the core-to-flat distance.
Changes in the index of refraction of the PDMS overcoat will interact with
the evanescent field of the light in the core.
The D-fiber’s asymmetric elliptical core supports two eigenmodes which
give the fiber a birefringent nature. Any change in the index of the PDMS
layer alters the evanescent field of the two fiber modes differently resulting in a change in the birefringence of the fiber. The birefringence change
causes a relative phase shift between the two modes, which can be observed as a change in the polarization state. Observed changes in the
polarization state correlate to the amount of VOC absorbed into the PDMS
layer. In this paper, we explore various characteristics of the PDMS-layered chemical sensor design.
We obtain data by launching circular-polarized 1550nm light through use
of a polarizer and quarter-wave plate and monitor changes in the relative
phase difference between the orthogonal polarization states through use
of an Agilent 8509B Lightwave Polarization Analyzer. Through application
of a liquid concentration of VOC to the PDMS surface, we measure the
resultant polarization phase shift. The different concentrations result in a
non-linear response that is due to significant swelling of the PDMS layer,
creating more free volume for VOC absorption.
The response of the PDMS layer to VOCs is very fast and completely
reversible. Peak response is achieved within a few seconds and maintains polarization phase shift relative to the applied VOC concentration.
Also, removal of the analyte results in the sensor returning very quickly to
its original polarization state. The response is repeatable and consistent
with previous experiments of the same concentration. Also, the sensor
response shows no significant degradation over time even with repeated
application of multiple VOC concentrations.
Lastly, the sensor responds differently depending on the type of VOC
applied. This recognizable difference can be further applied to achieve
chemical recognition capability in addition to quantitative results. These
differing responses can be attributed to the index of refraction for each
chemical in additional to absorption rates. The data may be applied to
achieve a “fingerprint” of various chemicals which can be recognized in
addition to their respective concentration.
We have shown that there are many unique characteristics of PDMSlayered D-fiber sensors. These unique results can be characterized to
acquire valuable quantitative chemical sensing and recognition data. The
in-fiber device has many benefits to current chemical sensing applications and environments. The D-fiber chemical sensor provides a smaller,
more versatile and dependable alternative to existing bulky optical sensors. Through an array of D-fiber chemical sensors, accurate monitoring
of multiple points of a system is possible.
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6528-12, Session 9
Three-dimensional fiber optical trap for biological
force measurement
Y. Liu, M. Yu, Univ. of Maryland/College Park
Optical tweezers have been widely used as sensors and actuators for
biophysical studies of single molecules. However, microscope objectives
are needed to build the optical tweezers in most of current studies, which
makes the optical tweezers difficult to be integrated due to the large size.
In this paper, an optical fiber trap was used to measure biological forces
of yeast cells. Two lensed optical fibers are appropriately positioned to
build a stable three-dimensional (3D) trap. The dependence of trapping
forces on cell displacements was calibrated and compared with the simulation results. Another multimode optical fiber, serving as a sensing fiber,
was used to collect the transmitted laser beam. According to the experimental results, the relationship between the received laser intensity from
the multimode fiber and the cell displacement was obtained, which allows remote sensing of the biological forces of the cells. This cost effective system will eliminate the need for a microscope in biological force
measurements. The system also holds the promise of being further integrated on an embedded chip for in-vivo cell measurements.

6528-23, Session 9
Uncertainty analysis of mircoresonator using interval
algorithm
B. Vasuki, M. Umapathy, G. Uma, M. Shanmugavalli, National
Institute of Technology/Tiruchirappalli (India)
Uncertainty analysis is the process of estimating the uncertainty in a design with known uncertainties in system parameters. The analytical methods more often reported in literature are Worst case analysis, Monte carlo
method using conventional assumptions, Probabilistic analysis based on
maxi entropy criterion and Method of moments. Each method has its
theoretical advantages, but the best in particular circumstances depend
on what and how much empirical information is available. Generally, Monte
carlo method and Probabilistic analysis are standard probabilistic approach
which cannot handle non-statistical uncertainty problem. The worst case
analysis and interval analysis are bounding approaches, which are not
most powerful when very detailed information available. Interval method
applied to micro resonator is able to perform uncertainty analysis and it is
an alternative and valid technique to calculate how the design accuracy
varies. The uncertainties in micro resonator are generally analyzed by statistical methods. This paper aims in analyzing the uncertainties in Micro
resonator using interval algorithm and the results are compared with analytical methods. Uncertainties are introduced in geometrical variables and
material constants. Results are validated using Coventorware and INTLAB.

6528-29, Session 9
Hologram-based humidity indicator for domestic and
packaging applications
I. Naydenova, J. M. Raghavendra, Dublin Institute of
Technology (Ireland); V. Toal, Dublin Institute of Technology
(Ireland) and Ctr. for Industrial and Engineering Optics (Ireland);
S. Martin, Dublin Institute of Technology (Ireland)
A passive indicator for Relative Humidity based on a photopolymer recorded hologram has been developed. The indicator works on the principle that the wavelength reconstructed by a reflection hologram is dependent on the spacing between the planes of the hologram. As the Relative Humidity changes, the hologram swells or shrinks and the apparent
colour changes.
The response time, operational range and reversibility of the indicator
have been studied in controlled humidity environment. The response times
from less than a minute to tens of minutes have been measured depending on the holograms physical properties. Indicators with different operational ranges have been designed. For some indicators the operational
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range spreads from 10 % RH to 90% RH.
The indicator is completely reversible in its present formulation. It could
have an extensive market in industrial monitoring, food packaging and
household applications.

6528-06, Session 11
Developing high-performance energy absorption
structures based on nanoporous technologies
Y. Qiao, Univ. of California/San Diego

6528-30, Session 9
Measurement of stresses in MEMS structures by
stress release
D. W. Vogel, N. Sabate, A. Gollhardt, B. Michel, FraunhoferInstitut für Zuverlässigkeit und Mikrointegration (Germany)
Micromachining processes applied for MEMS manufacturing in many
cases cause severe residual stresses within devices. These stresses superpose with functional or environmental loading stresses during exploitation and can lead to early failure of the whole system. With regard to
thermo-mechanical reliability considerations, their knowledge and control is a strong need for designing new microsystems and their packaging. At the moment, only a few methods exist, which allow experimental
access to residual stresses on very local sites of MEMS structures. Most
of those methods, like e.g. EBSD and micro/nanoRaman based techniques, are only under development or are restricted to particular materials. The authors have developed a new approach for local stress measurements utilizing stress release deformation observed after material
removal by focused ion beam (FIB) milling. Because of the microscopic /
nanoscopic size of milled patterns very local stress measurement on
MEMS structures is possible. Moreover, the method can be applied to
nearly all materials.
In order to measure stresses responsible for stress release deformation,
a comparison between measured deformation fields and theoretical predictions of them has to be carried out. In the past the authors demonstrated that for through hole milling as well as for through slot milling
analytical solutions for the expected displacement fields can be used
successfully. Stresses are computed from fitting of the experimentally
obtained displacement field to the analytical solution. Consequently, the
method can be used routinely for thin membrane structures. It is reviewed
briefly.
A larger potential application field is the stress evaluation at non-membrane structures like thin films, multilayer films or 3D systems. The theory
for stress release fields is more complex in that case. Simple data fitting
as for membranes is impossible. The authors present first attempts to
evaluate stresses for these structures. Quantitative approaches to fit experimental data to analytical theoretical solutions are discussed as well
as combined finite element simulation / measurement for stress release
by trench milling. Measurement resolution in terms of stress values and
effects influencing measurement accuracy are depicted.
Residual stress measurements commonly base on some kind of stress
built-up hypotheses. Furthermore, determined stresses are as good as
residual stress models applied. This issue is addressed in the presentation with respect to the measurement of depth dependencies of stresses
in layered systems. First stress measurement results for different
microsystem components are presented, too.

6528-57, Session 10
The role of nano- and micro-devices in
cardiovascular surgery and neurosurgery
V. K. Varadan, Univ. of Arkansas
No abstract available

6528-58, Session 10
Electronic packaging for medical devices
V. Wang, V. K. Varadan, Univ. of Arkansas; S. Spiesshoefer,
NeoNanoSys
No abstract available
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Developing high-performance energy absorption systems (EAS) has important relevance to advanced protection and damping devices, which
are immensely important to a wide variety of industries such as automobile, aircraft, defense, construction, as well as sport, health care, etc.
Currently, most of EAS are based on soft materials including composites
and shape memory alloys that, when subjected to high external pressures, can dissipate a certain amount of energy through dispersed damages or phase transformations. While they have unquestionable utility,
EAS of higher energy absorption efficiency must be developed to meet
the increasingly high functional requirements of small-sized and lightweight
systems. Furthermore, it is desirable to have EAS materials that are reusable and of selective characteristics.
Recently, we carried out an experimental study on nanoporous energy
absorption systems (NEAS) that consist of nanoporous materials immersed
in nonwetting liquids. At the atmosphere pressure, due to the capillary
effect, the liquids could not enter the nanopores. As the pressure increased
to a critical value, the pressure induced infiltration would occur, accompanied by a large increase in system free energy. In some of the NEAS,
the confined liquids would remain in the nanoenvironments as the pressure was reduced back to zero; that is, the excess interface energy could
be considered as being absorbed. Because of the ultrahigh surface area
of the nanoporous material that usually ranges from 100-2000 m2/g, the
specific absorbed energy of a NEAS could be higher than that of many
conventional EAS materials by 2-3 orders of magnitude. By using appropriate chemical admixtures, the infiltration pressure can be adjusted in a
broad range and the system recoverability can be improved to about 75%,
i.e. the system is selective and can be used repeatedly.
Further investigation indicated that cellular structures, particularly honeycombs, can be significantly enhanced by using the liquid-like NEAS. Using liquids to improve honeycombs is not a new idea. However, many
previous efforts failed since most of the liquids are nearly incompressible.
Therefore, as the cells are filled, the cell walls cannot buckle, and thus the
advantage of being cellular is lost. The liquid NEAS, however, is energy
absorbing and compressible. Consequently, as the cells in a honeycomb
panel are filled or partly filled by NEAS, not only the cell wall buckling
properties can be modified, but also the compression of the “liquid filler”
itself, which is otherwise impossible in ordinary cellular structures, would
lead to a considerable additional energy dissipation. The energy absorption efficiencies of various systems are analyzed.

6528-15, Session 11
Fused vision force feedback based optimal robust
control of a nanomanipulator for nanofiber grasping
applications
R. Saeidpourazar, N. Jalili, Clemson Univ.
Nano-manipulation has recently attracted widespread interests due to its
tremendous applicability in different biological and material science technologies. Defining materials properties, fabricating electronic chipsets,
testing of microelectronics circuits, assembly of MEMS, teleoperated surgeries, micro injection and manipulation of chromosomes and genes serve
as demonstrable examples of nano-manipulation. In nanofiber manipulation, the ultimate goal is to grasp, manipulate and place nanofibers in
certain predefined arrangement. The overall operation resembles weaving a nano -fabric. Due to ultra high precision of this process with atomic
resolution, the nano-fabric will have extra ordinary properties and can be
designed and used in deferent applications. For instance, in self-cleaning
nano-fabrics when subjected to ultraviolet light, the titanium dioxide produces an oxidizing agent that can break down dirt and other organic substances. Also, single-atom-thick carbon nano-fabric with almost perfect
electrical properties can be used to produce the ultimate chip substrate.
These are just two representative examples already achieved with nanofabrics demonstrating the potential for other textile-related applications.
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Because of the complexity in nano-fabric production procedure, there is
a need to study different strategies of nano-manipulation and select the
most accurate way of manipulation which enables for grasping delicate
fibers and placing them in a complex structure.
This paper presents the problem of modeling and vision-force fused control of a 3-DOF Micromanipulator. The state-of-the-art micromanipulator,
MM3A, consists of two rotational motors and one linear Nanomotor(r).
Weighing just 30g and having short lever arms (< 5cm), the MM3A is
virtually insusceptible to vibrations. The contact between the tool on the
tip of the MM3A and the sample is stable even if the bench is non-stationary. The first issue in controlling the MM3A is the kinematic and dynamic modeling of the system, followed by designing suitable controller
for the system. In designing a controller for such a system, some issues
such as uncertainty in dynamic model, unmodeled dynamics and most
important lack of position feedback must be considered as detailed next.
For overcoming conventional problem of lack of position feedback in nonCartesian nanomanipulators (typically the nanomanipulator put under the
SEM) to achieve accurate position feedback by using high precision SEM
image. However, verity of problems in this process exist, some of which
could be the limitation of the nanomanipulation, adjusting the working
pressure and volume with SEM chamber’s pressure and volume, complicated image processing and very slow image refreshing rate in SEM high
precision imaging. In this paper, fused force and vision based robust controller is proposed as a solution for overcoming above problems. Using
vision feedback from CCD cameras is a conventional solution for getting
position feedback in manipulation. Although vision feedback from CCD
cameras in macro world has the required precision, its precision, simplicity and processing time is strongly under question when moving into micro and nano world. Force feedback has been used widely in getting
position feedback, imaging and defining materials properties in nano world
specially in AFM. However, because of nature of interaction forces between nano-probe’s tip and surface, these forces become insignificant at
over micro-level distance between tip and surface and useless. In order
to overcome this shortfall, a novel optimal control based switching function combined with a robust controller is designed here to properly utilize
force and vision feedback signals and achieve the most precise and optimal performance. Following the development of the controller, numerical simulation and experimental results of the proposed controller on the
manipulator are used to verify the controller’s performance.

6528-21, Session 11
Studying insect motion with piezoelectric sensors
B. Mika, H. Lee, J. Gonzalez, B. Lam, V. Godinich, B. Vinson, H.
Liang, Texas A&M Univ.
Piezoelectric materials have been widely used as sensors in instruments,
such as tranducers, pressure sensors, acoustic components, and airborne
sensors. Because of its biocompatibility and flexibility, we apply a small
piezoelectric sensor, made of PVDF, to cockroaches. Studying the locomotion of insects has significant environmental benefits.
In this research, we develop a PVDF sensor in a size of 2x10 mm. The
performance of the sensor was studied using a motor that produces bending motion. The piezoelectric signals generated by the sensor are tested
and analyzed using a motor that produces bending motion. The effects of
frequency, magnitude, and test duration are studied against the performance of the sensors developed. It was found out that the output signal
depends on the frequency and amplitude. The developed sensor is then
attached to a cockraoch’s leg. The movement of the leg is further analyzed. It is found that the locomotion of the cockroach’s leg can be detected by the piezoelectric sensor and the motion mechanisms can be
studied through the piezoelectric signal. In this presentation, we illustrate
the sensor development, demonstrate the sensor interface with cockroaches, and discuss the behavior of roaches found during investigation.
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6528-48, Session 11
Development of amperometric glucose sensors with
heterostructured nanowire arrays for continuous
subcutaneous monitoring
D. Deshpande, H. Yoon, A. Khaing, V. K. Varadan, Univ. of
Arkansas
This research discusses a novel sensor for continuous subcutaneous
monitoring of glucose levels, which uses hetero-structured vertically
aligned metal nanowires as the sensing electrode. Since the intended
application of this sensor is continuous subcutaneous monitoring, we
employed hetero structured metal surfaces for enzyme immobilization
and sensing separated. This paper will address the fabrication process of
the sensor electrodes and the enzyme immobilization process, and will
discuss the sensor performance with respect to changing levels of glucose in solution. The combination of enzyme immobilization and the composite nanowire arrays yielded superior performance with regards to the
sensitivity and response time. These results indicate that the monitoring
of glucose concentrations using nano-electrodes and without mediators
is a viable tool and provides additional design flexibility for continuous
subcutaneous monitoring.

6528-59, Session 11
Point-of-care (POC) flexible organic thin film
transistor based sensors in smart fabrics
S. Jung, T. Ji, V. K. Varadan, Univ. of Arkansas
No abstract available

6528-14, Session 12
Coupled flexural-torsional nonlinear vibrations of
microcantilever beams
S. N. Mahmoodi, N. Jalili, Clemson Univ.
The problem of vibrations of microcantilevers has received considerable
attention since it appears in several scientific and industrial applications,
such as Friction Force Microscopy (FFM), Microgyroscopes, Atomic Force
Microscopy (AFM) and biological/chemical mass and surface stress sensing. In this paper, the coupled flexural-torsional nonlinear vibrations of a
piezoelectrically-actuated microcantilever beam are theoretically and experimentally investigated. The top side of the microcantilever beam is
covered by a piezoelectric layer, which acts both as actuator and sensor.
Such configuration finds numerous applications in variety of Scanning
Probe Microscopy (SPM) such as Piezo AFM. The microcantilever is considered to have flexural, torsional and longitudinal vibrations together,
simultaneously. The piezoelectric properties combined with nonlinear
geometry of the beam introduce both linear and nonlinear coupling of
flexural vibration to the longitudinal and torsional vibrations. Considering
inextensibility condition for the microcantilever, the equations merge into
coupled flexural-torsional nonlinear vibrations. The piezoelectric nonlinear terms appear in quadratic form while inertia and stiffness nonlinearities
are cubic as it is expected. The Galerkin method is utilized to discretize
the equations of motion. The obtained equations are both numerically
and experimentally investigated and compared. The experimental setup
is composed of commercial piezoelectric microcantilever which is installed
on the stand of a state-of-the-art laser-based microsystem analyzer for
non-contact measurement of tip deflection. First and second flexural natural frequency are obtained and it is demonstrated that the modeling can
provide a fine representation of the system. The linear, nonlinear and experimental results are compared and it is observed that nonlinear modeling response matches the theoretical findings very closely. Using a chirp
signal for studying the frequency response of the beam, it is demonstrated
that there exists coupling between flexural and torsion vibration around
the second flexural resonance frequency.
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6528-19, Session 12
Study of the transverse shear mode resonator with
coupled viscoelastic layer by scanning tunneling
microscopy

properties with high accuracy becomes important. The performance of
AFAM qualifies it as an important tool for investiagations in development
of new materials and for quality assurance in semiconductor processes.

6528-49, Session 12

G. K. Chen, C. Y. Wu, K. Wu, W. Wu, C. K. Lee, National Taiwan
Univ. (Taiwan)

Microdeformation analysis by atomic force acoustic
microscopy

Nowadays, the classical modeling of quartz crystal microbalance (QCM)
describes the relationship between frequency and mass; resistance and
viscosity are widely accepted and used for many years. It is clear that the
mass loading decreases the resonance frequency, and the viscoelastic
damping increases the resistance of quartz resoance. Due to rapidly advancement of electronics techniques, these effects can be easily read out
through an advanced electronic circuitry precisely. However, the influence of the oscillatory condition by a bio-molecule layer on the top of
quartz is more complex and beyond the scope of classical model due to
coupled vicoelastic effect. The dynamics of the quartz crystal shear mode
resonance are difficult observed by traditional metrology techniques because of the very small vibration amplitude. Scanning tunneling microscope (STM) which can scan the surface in atomic level provides a new
route to study and analyze the interaction between quartz and bio-molecule viscoelastic layers. STM not only can detect the tiny vibrational
change but also observes the process of growth of a viscoelastic layer
consisting of biotic material. The measurement of dynamic behaviors of
QCM with couple viscoelastic layer and also a proposed new model with
extra parameters based on the classic model will all be detailed in this
paper.

B. Bendjus, B. Koehler, A. Striegler, Fraunhofer-Institut für
Zerstörungsfreie Prüfverfahren (Germany); N. G. Meyendorf,
Univ. of Dayton; D. W. Vogel, Fraunhofer-Institut für
Zuverlässigkeit und Mikrointegration (Germany)

6528-38, Session 12
Visualization of buried structures in atomic force
acoustic microscopy
A. Striegler, B. Koehler, B. Bendjus, Fraunhofer-Institut für
Zerstörungsfreie Prüfverfahren (Germany); N. Pathuri, N. G.
Meyendorf, Univ. of Dayton
Advanced Scanning Probe Microscopy modes such as Atomic Force
Acoustic Microscopy (AFAM) and Ultrasonic Force Microscopy (UFM)
combine Atomic Force Microscopy (AFM) with ultrasonics. These techniques are developing into increasingly powerful tools for the determination of material properties on a nanoscale.
In AFAM, flexural and torsional cantilever vibrations are excited by outof-plane and in-plane sample surface vibrations. The ultrasound is transferred from the sample into the cantilever via the forces acting between
the sensor tip and the sample. The sample surface is scanned by the
sensor, and an ultrasonic image is acquired parallel to the topography
image. The contrast obtained in the ultrasonic image depends on surface
topography and on the local elastic and adhesive properties of the sample.
Regions with different elastic constants inside the material as for example
voids, inclusions, or cracks influence the local elastic response sensed
by the tip. Therefor one obtains information from hidden structures made
visible by the acoustic excitation. This subsurface information is overlaid
by additional topographic information which is also present in the ultrasonic image.
Our systems combines the Atomic Force Microscope and ultrasonic excitation set up with tensile and bending modules. This innovative approach
allows generation of deformation fields on surfaces of stressed objects
and in situ imaging and analysis of the deformation fields in the AFM. A
software module for micro deformation analysis by means of correlation
based algorithms (MicroDAC) is used to determine the local surface deformation quantitatively. AFAM modes are used to examine local stiffness
variations of the sample. Examples of stress fields in different materials
are investigated and images with high resolution will be shown.
The main application field of AFAM is the analysis of materials with local
variation of elastic properties on a micro- and a nano-scale. Strain fields
and buried structures can be visualised. The principle of AFAM allows for
the evaluation of porous materials, e.g. stacked layers, porous low-k, and
hidden cracks in subsurface areas. With the implementation of new materials in semiconductor technologies, the measurment of machanical
SPIE Smart Structures and Materials 2007

Atomic Force Acoustic Microscopy (AFAM) combines Atomic Force Microscopy (AFM) with ultrasonic excitation. This technique enables the
determination of material properties on a nano-scale. AFAM employs ultrasound that exits a sample. The result is an elastic interaction between
the specimen surface and the cantilever via the forces acting between
the sensor tip and the sample. By scanning the cantilever across the specimen surface while ultrasound is applied, an ultrasonic image is acquired
simultaneously to the topography image. The contrast obtained in the
ultrasonic image is based on the local elastic and adhesive properties of
the sample. Typically, these AFAM images show much higher contrast
and finer structures compared to most AFM topography images.
Image correlation algorithms allow the study of the material deformation
behaviour by comparing images from different sample loading states. Such
a micro deformation analysis by means of correlation based algorithms
(microDAC) has already been proved to work when applied to images
gathered with the AFM. But this combination fails if the AFM images show
only few features with low contrast. The main idea of the present contribution is using the advantage of the higher contrast and denser structures of the AFAM images for microDAC.
The challenge was to combine the loading procedure of the sample with
the ultrasonic excitation at the limiting space under an AFM. This was
solved by integration of piezoelectric transducers directly into the loading
module. Laser vibrometric measurements show, that the vibration is transferred into the sample without the necessity to couple the transducer
directly to the specimen. Modules for two types of loading (tensile and
bending) were modified in this way.
The paper will demonstrate that microDAC in combination with AFAM
imaging gives indeed much more reliable results if compared to the known
AFM microDAC.
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6529-01, Session 1

6529-02, Session 1

Bio-inspired design of sensing, cognition and
actuation: examples in real biology and its transfer to
a new man-made sensor system

From photogrammetry, computer vision to structural
response measurement

M. Taya, R. Stahlberg, Univ. of Washington
Biological systems are an ideal intelligent structural system with integrated
sensing and acting capability. The knowledge gained from the mechanisms of the biological species is key input for designing intelligent materials and systems. With regard to structural systems, we will be able to
learn from energy- conservative actuation mechanism and with regard to
materials, we will learn from the microstructure-macrobehavior relation of
intelligent materials. I introduce the following five examples inherent in
biology.
1) Example 1 Venus Fly Trap
2) Example of tactile sensor of cucumber skin
3) Chemosensing in insects
4) Interactions between insect and plant
5) Autonomic self-healing in rubber trees of the genus Ficus
The above examples of sensing and actuation inherent in two action plants
provide us with adequate hints in designing man-made sensor and actuator, which are built in a single unit and would require little energy. The
above brief review of sensing and actuation mechanisms inherent in a
few biological species, reveals that there exists a gap between our knowledge based on engineering and the integrated sensing and actuation of
biological species. The smaller the gap will be, the sooner, the final goal
of us achieving the bio-inspired autonomous engineering systems (BAES).
The following is short list of the fundamental knowledge missing in the
engineering research community that needs to be advanced:
1) Expanding the currently limited list of sensor and actuator materials by
bio-inspired design and leveraging the design and processing knowledge
of nanotechonology. Such materials are required to be light-weight, energy efficient, cost-effective, integratable into flexible and wearable structures.
2) Establishing the smooth integration of sensing, cognition and actuation mechanisms inherent in biology, to a set of new autonomous control
algorithm.
3) any proposed BEAS need to be simple, more reliable, aiming at achieving a few goals, while attempting to achieve too many functions and
flexibilities would make the proposed BEAS less reliable, thus this should
be avoided.
4) Promoting strongly interdisciplinary research and educational programs
around biomimetics across US universities.
A final question is how to transfer the above knowledge gained rich in real
biology to designing a new bioactuator and sensor system. I will discuss
briefly the case study of a new tactile mechanosensor based on the above
example, 2.
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C. C. Chang, Hong Kong Univ. of Science and Technology
(Hong Kong China)
Measuring displacement response of large-scale structures is necessary
to assess their performance and health condition. Current global position
systems (GPS), with a significant cost, can provide point coordinate measurement with an accuracy of ±1cm horizontally and ±2cm vertically at a
sampling frequency up to 20 Hz. Photogrammetry is a measurement technology in which the three-dimensional coordinates of points on an object
are determined by measurements made in two or more photographic
images taken from different positions. This technology is regaining its
popularity in various engineering disciplines due to a recent remarkable
evolution in the consumer digital cameras. The image resolution of these
cameras has increased rapidly from below 1 million pixels a few years
ago to over 10 million pixels today, with little increase or even decrease in
cost. Image sequences recorded by these cameras contain both spatial
and temporal information of the target object; hence can be used to extract the object’s dynamic characteristics such as natural frequencies and
mode shapes. Research indicates that accuracy in the order of as high as
1 part in 30,000 can be achieved when cameras are properly calibrated in
the field and multiple high-resolution images are used. At this level of
accuracy, point positions of a 30m object would be accurate to 1mm at
68% probability and responses of large-scale structures can be measured for further meaningful processing and interpretation. In this paper,
several image-based sensing techniques that can be used for measuring
response of large-scale structures are presented. These techniques are
developed based on some methods from photogrammetry and computer
vision such as the optical flow method, the egomotion estimation and the
fringe reflection analysis. Examples used to illustrate these techniques
include response measurement of buildings and cable-stayed bridges.
Results show that the image-based sensing techniques have a great potential for accurately measuring displacement responses of these largescale structures. Further research efforts needed to accomplish such a
goal are also discussed in this paper.

6529-03, Session 2
Piezoelectric paint sensor for ultrasonic NDE
Y. Zhang, X. Li, Lehigh Univ.
This paper presents a piezoelectric paint-based nondestructive evaluation technique. Fatigue inspection and corresponding retrofit actions will
lead to a prolonged life and enhanced reliability of structural systems. A
smart material - polymer-based piezoelectric paint is utilized here for surface crack detection because its electro-mechanical coupling properties.
Piezoelectric paint typically comprises tiny piezoelectric particles mixed
within polymer matrix and therefore belongs to the “0-3” piezoelectric
composite. Piezoelectric composite materials consisting of ferroelectric
ceramics and polymer have received much interest as sensing elements
because of their desirable material properties that may not be attainable
in a single-phase material. A series ultrasonic testing series were performed to verify the damage (such as fatigue cracks) detection capability
of piezoelectric paint sensor. In the proposed NDE technique, piezoelectric paint sensor along with ultrasonic testing technique is used to detect
surface cracks. Based on the results of preliminary experimental study,
the proposed piezoelectric paint-based NDE technique appears to provide a useful method to detect fatigue cracks occurring on structural sur-
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faces. Piezoelectric paint sensor provides a promising NDE technique
because of its conformability to surface with complex geometry, flexibility, and good bonding between paint and host structure (no adhesive is
used).

6529-04, Session 2
Enhancement of a unimorph actuator performance
implementing the nonlinear characteristics of
piezoceramic wafer (3203HD, CTS)
Q. V. Nguyen, H. C. Park, N. Goo, Konkuk Univ. (South Korea)
In current applications such as in the flapping device, control surface and
miropump, the LIPCA (LIghtweight Piezoceramic Composite Actuator)
always experiences certain external loads during operation. The external
load makes the performance of the actuator degrade even though it is
operated at high electric field and resonant frequency.
To enhance the performances of the actuator in term of actuation displacement and force, the LIPCA can be operated under a certain external
compressive load. Under this condition, the piezoelectrically induced strain
from the piezoceramic materials (3203HD, CTS) shows different nonlinear characteristics depending on the prescribed electric field and internal
stress state. The nonlinear behavior is expected to make the higher actuation performance in the actuation of unimorph and bimorph
piezoceramic actuators. When the LIPCA is subjected to compressive
load, which is slightly lower than its buckling load, the bucking in the
LIPCA can be intentionally triggered by prescribing a proper voltage to
the actuator. By this way, larger actuation displacement and force can be
achieved than when the same actuator is excited only by electric field.
For this purpose, the actuation performance of the LIPCA under various
combinations of the external compressive load and prescribed voltage
has been numerically and experimentally examined. In the numerical analysis, the full model of the LIPCA in simply support was modeled by using
three-dimensional solid elements. The measured material nonlinear behavior of the bare piezoceramic was implemented into the analysis based
on the thermal analogy approach. In the experiment, the central out-ofplane displacements of the LIPCA were measured while applying various
electric fields and compressive loads at the same time.
The numerical results and the measured data showed a good agreement
even for high electric field and compressive load. The investigation showed
that the actuation displacement and force of the LIPCA were significantly
increased. At the same electric field, the actuation displacements with
nearly buckling load could be more than about two times larger than those
without compressive load. In other words, the LIPCA can produce the
same level of actuation displacement even when the operating voltage
can be reduced a half and the power consumption is also cut down. The
results also indicate that the positive voltage should be better applied to
the actuator than the negative voltage. Therefore, the high negative electric field, which causes the polarization switching in the piezoceramic wafer,
can be avoided in applications. At +150V, the blocking force of the compressed actuator with nearly buckling load was also increased around
26% higher than that of the actuator without compressive load, i.e., the
LIPCA is stiffer and can sustain more external load.

6529-05, Session 2
Robust structural damage detection using
piezoelectric actuator and Lamb wave approach
J. Tang, Univ. of Connecticut
Structural damage detection using piezoelectric actuator and the Lamb
wave approach has been studied extensively. So far, most of the systems
developed are only being used on an evaluation basis. The main problem
hindering the practical implementation is the large number of false alarms
caused by overlooking the statistical variation in baseline wave propagation that compromise the validity of such systems. The goal of this research is to develop a protocol for the robust damage detection using the
Lamb wave excitation. This new methodology consists of feature oriented
data processing using an adaptive wavelet transform, followed by principal component analysis for feature extraction and signal denoising. DamSPIE Smart Structures and Materials 2007

age detection is then facilitated by the multivariate statistical analysis using
the Hotelling control limit.
The wavelet transforms have shown great potential for Lamb wave detection, as they can characterize the feature of transient and non-stationary signals in the joint time-frequency domain. The generalized harmonic
wavelets are especially attractive, as they can form a great number of
orthogonal bases and can be easily computed using FFT/IFFT techniques.
Currently, however, there is no criterion for selecting a set of frequency
partitions that can best represent the signal for damage detection purpose. In this research, using the Shannon entropy as the sparsity metric,
we will develop the best representation that concentrates on as few basis
functions as possible (or, equivalently, that yields the sparest representation). This can truly reveal the critical feature of the wave propagation
pattern and, in the meantime, provides a basis for the succeeding statistical analyses.
The adaptive wavelet transform yields a set of wavelet coefficients that
can completely describe the signal composition in the joint time-frequency
domain. The original signals, however, all contain certain level of noise.
Intuitively, we can remove the noise portion of the signal if we can find a
few major contributors to signal variances, which correspond to the critical features, and discard many other trivial contributors in the data, which
are more likely a result of background noises and disturbances. Here we
will use principle component analysis (PCA) for de-noising. Essentially,
this is done by solving the eigenvalue problem of the covariance matrix of
the data after auto-scaling.
At the detection stage, we compare the critical features of the on-line
measurement and the baseline (healthy) results of Lamb wave propagation. Here we incorporate the Hotelling statistic analysis. There are two
phases involved in constructing the Hotelling control limits. First, we use
the baseline results of the healthy structure (after PCA) to establish an
upper control limit under a specified confidence level. When a real-time
sensor measurement comes in, after de-noising we will calculate its statistic T-square value. If this value exceeds the aforementioned upper control limit, we may declare, with the specified confidence level, that damage has been identified in the structure.
A series of experimental and numerical studies will be performed to demonstrate and verify the validity, sensitivity, and robustness of the proposed
methodology.

6529-06, Session 2
Sensing region of PZT transducers bonded to
concrete
Y. Hu, Y. Yang, Nanyang Technological Univ. (Singapore)
Despite various successful applications of piezoceramic (PZT) transducers in structural health monitoring (SHM) technique, fundamental research
work such as the sensitivity of PZT transducers for damage detection is
still in need. So far the most striking application of PZT transducers in
SHM has been in the form of electro-mechanical impedance (EMI) technique based on PZT material’s unique ability of imparting material deformation in response to an applied electric field, and conversely, a dielectric polarization when subjected to mechanical strain. Conventionally, the
root mean square deviation (RMSD) is utilized to numerically analyze the
differences between the pre-damage and the post-damage values extracted from the electro-mechanical admittance signatures of a PZT patch
used in the EMI technique. Recently, a new damage index method based
on the driven point structural impedance which is transformed from the
raw signature of PZT admittance has been derived and successfully used
for structural damage diagnosis.
This paper presents a comprehensive comparison of the sensitivity of
these two methods to structural damage. An experimental test is carried
out on a two-storey concrete frame subjected to base vibrations that simulate earthquake and underground explosions. Several PZT transducers
are regularly arrayed and bonded to the concrete frame structure. After
each phase of vibration loading, PZT patches are scanned to acquire the
raw signatures of PZT admittance. Subsequently, the damage indexes
based on both raw signatures and the driven point structural impedance
extracted from the experimental raw values are calculated. Results show
that PZT transducers with different distances away from damage have
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different sensitivity to structural damage. Under the same damage state,
the greater the damage index value, the higher the PZT sensitivity is. A
sound relation between the damage index and the distance of PZT patch
away from the structural damage is constructed. Consequently, the sensitivity of PZT transducers to structural damage is discussed, and their
sensing region in concrete material is concluded.

Monitoring the setting times and strength gain of
mortar using one-sided ultrasonic guided wave
approach

Using a computational version of the theoretical model of HYBAS, shape
profile and maximum displacement results can be obtained. However,
only the two prototype materials are included in the model. There are
many materials that exhibit electric field-induced strain, yet no significant
database of these materials currently exists. The purpose of this research
is to assemble such a database of materials and incorporate them into
the model. This allows preliminary results to be obtained for alternative
HYBAS configurations prior to building a prototype. In this manner, a more
optimal HYBAS layout could be determined, either generally or to meet
the requirements of a particular application. At the time of abstract submission, a database of approximately ten piezoelectric materials exists.
Another goal of this research is to augment this database with as many
materials as can be characterized.

H. L. Reis, J. L. Borgerson, Univ. of Illinois at UrbanaChampaign

6529-09, Session 3

6529-07, Session 3

A one-sided ultrasonic guided wave approach that characterizes the setting and hardening of early age mortar during the first twenty-four hours
of hydration is presented. The pulse-echo method transmits a torsional
wave mode on one end of a cylindrical steel rod embedded in mortar and
then receives the reflected signals. Both the reflection from the end of the
rod and the reflection from the point where the waveguide enters the
mortar are monitored. The evolution of the mortar properties is related to
both the energy leaked into the surrounding mortar and the energy reflected at the entry point. Results show that the technique is useful for
monitoring the development of the mechanical properties of varying water-cement ratios (w/c = 0.40, 0.50, and 0.60). In addition, the effects of
chemical (accelerant and retardant) and mineral (silica fume and fly ash)
admixtures on the guided wave behavior have also been observed. Setting time and compressive strength measurements have been performed
on the various mortar mixtures. The change in signal strength of the end
and entry reflection of the guided wave appears to be correlated to the
setting times and compressive strength of the mortar. The ability of this
method to only require access to one side makes it attractive for the development of a system that could monitor in-place structures.

6529-08, Session 3
A computational method for materials selection in
hybrid actuation systems
B. J. Nickless, National Institute of Aerospace; J. Su, NASA
Langley Research Ctr.; T. Xu, J. E. Hubbard, Jr., National
Institute of Aerospace
A growing trend in micro- and nano-technology has caused designers to
turn towards smart materials for use in actuators and sensors because of
their dimensional versatility, mechanical simplicity, and high energy density. These are all very desirable qualities, but the quest of actuation design is to obtain large actuation force and high displacement without consuming a relatively large amount of electrical power. However, actuators
made from smart materials are usually found wanting in at least one of
these three categories. Despite the shortcomings, a great effort has been
made to amplify their displacement, increase their actuation force, or enhance their overall efficiency.
Researchers at NASA-Langley Research Center have made one such attempt. It is a hybrid actuation system (HYBAS) which uses two types of
smart materials and arranges them to achieve enhanced electromechanical performance and efficiency. Currently, the HYBAS is in the prototype
design stage. A few prototypes of different dimensional combinations have
been tested and theoretically modeled. The two types of materials used
in the HYBAS are an electroactive polymer (EAP) and an electrostrictive
single crystal (ESC). Only one of each type of material has been used to
date. The material employed for the EAP component is poly(vinylidenefluoride) (PVDF), and for the ESC component it is lead zinc niobate-lead
titanate (PZN-PT). The experimental and theoretical results are in agreement.
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Studies on effects of thermal variation on guidedwave propagation for structural health monitoring
A. Raghavan, C. E. S. Cesnik, Univ. of Michigan
Several initial laboratory tests have demonstrated the potential of guidedwave (GW) schemes for structural health monitoring (SHM) in damage
prognosis systems. However, there are issues that need to be addressed
before their application to practical aerospace structures. One of these is
compensation for varying environmental temperature. Research at the
University of Michigan is directed towards spacecraft structures, particularly those associated with NASA’s planned manned missions to the Moon
and Mars. Spacecraft structures present a challenging application due to
the harsh environment of outer space as well as the tremendous heat flux
and high temperatures attained during re-entry into a planet’s atmosphere.
The internal spacecraft structures, however, are somewhat insulated
through the thermal protection system (TPS). The TPS is typically designed to keep temperatures below 150 degrees Celsius in internal structures (particularly in manned missions). Commercial piezoelectric wafers
(PZT-5A) are functional without loss in properties up to half their Curie
temperature, which is about 175 degrees Celsius. Thus, these become a
potential application area for GW SHM using piezoelectric wafer transducers (hereafter referred to as “piezos”).
Investigations are in progress to examine the behavior of piezos as GW
transducers over a range of elevated temperatures. Some preliminary
experiments have been done with piezos bonded on an Aluminum plate
and operating in “pitch-catch” mode. The setup was placed in an oven
and was heated up to 150 degrees Celsius and then cooled to room temperature over multiple cycles. A computer-controlled system excited the
actuator (using a sinusoidal toneburst with fixed center frequency) and
recorded the sensors’ response at intervals of 10 degrees Celsius. At
each point, the average and standard deviation of the amplitude over 30
readings were recorded, along with the time domain signal. While some
non-recoverable degradation in sensor response strength was observed
over the first cycle as temperature increased, the response variation with
temperature seemed to stabilize after the second cycle (within the error
margins). In addition, initial analysis suggests that the wavespeeds decrease considerably with temperature. Again, this variation with temperature was consistent after the first cycle. A freely suspended piezo was
also separately tested over a similar thermal cycle in the oven. Its capacitance was found to vary approximately linearly with temperature and there
was only a small increase in capacitance at the end of the thermal cycle.
Presently, experiments are underway to examine whether the unrecoverable loss in response strength was due to bond degradation. Different
epoxies are being tested to find the most robust one for varying temperature. Once the variation with temperature can be reliably predicted from
empirical models, the baseline signal for the healthy structure can be accordingly compensated. This will minimize false positives for damage in
the structure resulting from temperature change. The final paper will
present results from these experiments and discuss the proposed compensation approach in detail.
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6529-10, Session 3
Estimation of adhesive bond strength in laminated
safey glass
H. L. Reis, S. Huo, Univ. of Illinois at Urbana-Champaign
Laminated safety glass consists of a plastic interlayer with two adjacent
glass plates, and is used in automotive applications as well as in architectural applications. The level of adhesive bond strength between the
plastic interlayer and the two adjacent glass plates plays a significant role
in the penetration resistance against flying objects. Penetration is prevented mainly by absorbing the kinetic energy through stretching the plastic
interlayer, delamination between the plastic interlayer and the two adjacent glass plates, and fracture of the two glass plates.
Laminated safety glass test samples with different levels of adhesive bond
strength were manufactured and tested using guided waves. The adhesive bond strength of there test samples was then also evaluated using
the commonly used destructive testing method, i.e., the pummel test
method. The imperfect interfaces between the plastic interface and the
two adjacent glass plates are modeled using a bed of longitudinal and
shear springs. The spring constants used to model the imperfect interfaces are estimated using fracture mechanics in conjunction with a surface analysis of the plastic interlayer and glass plates using atomic force
microscope and profilometer measurements. In addition to a mode shape
analysis, phase, group, and energy velocities are calculated and discussed.
The results obtained using this multilayered model are validated by comparing them to the results obtained using the destructive pummel test
method. Results show that this approach is useful in the nondestructive
assessment of adhesive bond strength in laminated safety glass.

The following conclusions have been obtained in this paper:
(1) The principle, producing technique and the main factors which influence the conductive properties of the smart concrete are discussed. It is
found that the dispersion of carbon fiber is the key problem of manufacturing SCFC. The content and the degree of dispersion of carbon fiber,
the water/cement ratio, the sand/cement ratio and the curing age have
an obvious effects on the resistance of SCFC.
(2) The piezoresistivity of SCFCC under monotonic compressive loading,
cyclic loading with increasing amplitudes, cyclic loading with same amplitude and the dead loading are investigated. The experiment results
reveal that the resistance changing of SCFCC can reflects quantitatively
the loading on it, so the SCFCC can be used as compress strain sensor.
(3) The changing of resistance in SCFC beam under bending load is discussed .It is found that the resistance decreases slightly with the increasing of the loading at the beginning, but when the loading increases to a
certain value, the resistance changes sharply and then turn to slowly again
until the beam fracture. The change of the resistance indicates the formulation and the propagation of the micro-crack in the SCFC, so SCFC has
the ability of self-diagnose.
(4) The change of resistance in SCFCC under fatigue compress loading is
studied. The resistance value increases gradually with the number of the
loading cycles. This phenomenon indicates the damage occurred under
the fatigue load and the damage is accumulated during the fatigue process.

6529-13, Session 4
Microfabrication of a wall shear-stress sensor using
side-implanted piezoresistive tethers

6529-11, Session 4

Y. Li, T. Nishida, D. Arnold, M. Sheplak, Univ. of Florida

Integrating broadband high-fidelity acoustic emission
sensors and array processing to study drying
shrinkage cracking in concrete

We present the microfabrication process of a MEMS piezoresistive shear
stress sensor for direct, quantitative measurement of time-resolved, fluctuating wall shear stress. The sensor structure integrates shadow sideimplanted diffused resistors into the element tethers for detecting in-plane
deflection[1]. Four slots in the substrate near the edge of tethers are designed to relieve stress concentrations that arise during fabrication[2].
Temperature compensation is achieved by integrating a fixed, dummy
Wheatstone bridge adjacent to the active shear-stress sensor[2]. The
geometries of the fabricated sensors are from previous optimization results[1].
The fabrication process starts with a 100-mm (100) silicon-on-insulator
(SOI) wafer with a 50 µm thick 1~5 Ω-cm n-type silicon device layer above
a 1.5 µm thick buried silicon dioxide (BOX). A phosphorus blanket implantation forms the n-well to achieve surface concentration of 6.5Å~10^16
cm-3 to control the space-charge layer thickness of reverse-biased P/N
junction-isolated piezoresistors. A thin oxide layer is then deposited by
plasma enhanced chemical vapor deposition (PECVD) and patterned by
buffered oxide etch (BOE) in preparation of the reverse-bias contact implant. Phosphorus is implanted, and the device is annealed to drive in the
dopants. Next, the oxide is patterned by BOE, and a two-step Ge
preamorphization implant is performed to minimize the effect of random
channeling tail caused by the subsequent high-dose boron implantation,
which provides a heavily doped ohmic body contact.
A 1 µm oxide layer is deposited via PECVD and patterned via RIE to serve
as a nested mask for the deep reactive ion etch (DRIE) to define the tethers and floating element. After patterning the wafer, the Si is etched vertically to 8 µm by DRIE to form the trench for the sidewall implant. Hydrogen annealing[3] is performed to smooth the scallops on the sidewalls
that arise from the DRIE process. A 0.1 µm oxide layer is thermally grown
as a dopant protection layer on the sidewall. After a Ge preamorphization
implant, boron is then implanted at an oblique angle of 54° to achieve a 5
µm shadow side-wall implantation. The oxide on the trench bottom is
then etched by DRIE. The channels/trenches are then etched via DRIE
with the BOX as an etch stop, and the tether sidewall oxide is then removed by BOE. Subsequently, the wafers are annealed and a thermal
oxide is grown as a passivation layer.
After filling the trenches with photoresist, the wafer is patterned followed
by a BOE oxide to open contact vias for aluminum sputtering. A 1 µm

G. C. McLaskey, S. D. Glaser, Univ. of California/Berkeley; C. U.
Grosse, Univ. Stuttgart (Germany)
Array processing of seismic data provides a powerful tool for source location and identification. For this method to work to its fullest potential,
accurate transduction of the unadulterated source mechanism is required.
In our tests, controlled areas of normal-strength concrete specimens were
exposed to a low relative humidity at an early age to induce cracking due
to drying shrinkage. The specimens were continuously monitored with an
array of broad-band, high-fidelity acoustic emission sensors contrived in
our laboratory in order to study the location and temporal evolution of
drying shrinkage cracking.
The advantage of the broadband sensors (calibration NIST-traceable)
compared to more traditional acoustic emission sensors is that the full
frequency content of the signals are preserved. The frequency content of
the signals provide information about dispersion and scattering inherent
to the concrete, and the full unadulterated waveforms provide insight into
the micromechanisms which create acoustic emissions in concrete. We
report on experimental and analytical methods, event location and source
mechanisms, and possible physical causes of these microseisms.

6529-12, Session 4
The self-sensing ability of carbon fiber smart
concrete
Z. Xu, Nanjing Univ. of Science and Technology (China)
Smart carbon fiber concrete(SCFC) is a kind of multifunctional cement
based composite material by uniformly admixing short carbon fibers to
concrete and it not only has good mechanical characters but also possesses the sensing ability. This sensing capability can be used in health
monitoring, forecast of damage accumulation and residual life to the concrete structure on service or subject to natural disaster and reduces the
loss of personnel and properties.
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thick Al-Si layer is sputtered and patterned to form the metal contact. A
thin, low-stress silicon nitride layer is deposited via PECVD to form a
protective moisture barrier. The bond pads are exposed by plasma etching the silicon nitride. The structure is then released from the backside
using DRIE along with an oxide and nitride etch using RIE. Finally, the
sensors are annealed in forming gas to improve the noise floor[4].
In summary, an 8-mask, silicon-surface-micromachining process was
developed to realize the sensors. The preliminary electrical and mechanical characterization will be included in the final paper.

6529-18, Session 4
Ultrasonic/sonic driller/corer (USDC) as a subsurface
sampler and sensors platform for planetary
exploration applications
Y. Bar-Cohen, S. Sherrit, X. Bao, M. Badescu, J. B. Aldrich, Z.
Chang, Jet Propulsion Lab.
The search for existing or past life in the Universe is one of the most
important objectives of NASA’s mission. For this purpose, effective instruments that can sample and conduct in-situ astrobiology analysis are
being developed. In support of this objective, a series of novel mechanisms that are driven by an Ultrasonic/Sonic actuator have been developed to probe and sample rocks, ice and soil. This mechanism is driven
by an ultrasonic piezoelectric actuator that impacts a bit at sonic frequencies through the use of an intermediate free-mass. Ultrasonic/Sonic
Driller/Corer (USDC) devices were made that can produce both core and
powdered cuttings, operate as a sounder to emit elastic waves and serve
as a platform for sensors. For planetary exploration, this mechanism has
the important advantage of requiring low axial force, virtually no torque,
and can be duty cycled for operation at low average power. The advantage of requiring low axial load allows overcoming a major limitation of
planetary sampling in low gravity environments or when operating from
lightweight robots and rovers. The ability to operate at duty cycling with
low average power produces a minimum temperature rise allowing for
control of the sample integrity and preventing damage to potential biological markers in the acquired sample. The development of the USDC is
being pursued on various fronts ranging from analytical modeling to
mechanisms improvements while considering a wide range of potential
applications. While developing the analytical capability to predict and
optimize its performance, efforts are made to enhance its capability to
drill at higher power and high speed. Taking advantage of the fact that the
bit does not require rotation, sensors (e.g., thermocouple and fiberoptics)
were integrated into the bit to examine the borehole during drilling. The
sounding effect of the drill was used to emit elastic waves in order to
evaluate the surface characteristics of rocks. Since the USDC is driven
by piezoelectric actuation mechanism it can designed to operate at extreme temperature environments from very cold as on Titan and Europa
to very hot as on Venus. In this paper, a review of the latest development
and applications of the USDC will be given.

6529-14, Session 5
Tire tread deformation sensor and energy harvester
development for “smart tire” applications
K. S. Moon, San Diego State Univ.; H. Liang, J. Yi, Texas A&M
Univ.
Pneumatic tires are critical components in mobile systems that are widely
used in our lives for passenger and goods transportation. Wheel/ground
interactions in these systems play an extremely important role for not
only system design and efficiency but also safe operation. However, fully
understanding wheel/ground interactions is challenging because of highly
complexity in such interactions and the lack of in situ sensors.
In this paper, we present the development of tire tread deformation sensor and energy harvester for “smart tire” application and understanding
tire/road interactions. Polyvinylidene fluoride (PVDF) based micro-sensor
is designed and fabricated to embed inside the tire tread and to measure
the tread deformation. The sensing system will wirelessly transmit the
measured information to the on-board computer in real time. The sensor
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and wireless communication devices are operated autonomously and
powered by an energy harvesting unit.
We have developed and fabricated a PVDF-based deformation microsensor at a size of around 10 x 1 x 0.05 mm3. The sensor was fabricated
on a 50 µm-thick PVDF thin-film with a deposited 100 nm-thick gold film
on each side of the substrate as conducting electrodes. The micro-sensor can produce as high as 0.5 V voltage under a cyclic buckling load at
10 Hz with one end displacement around 3 mm. Some preliminary experiments show that the sensor output voltage changes with loading frequency and displacement. We also present a cantilever array based energy harvester that takes advantages of the mechanical bandpass filter
concept and is able to adjust the harvester’s natural frequency to track
the changing frequency of the vibration sources. The energy harvester is
also built using with new single crystal relaxor ferroelectric material (1 –
x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT) and interdigited (IDT) electrodes
that can perform the energy conversion more efficiently. For PMN-PT, the
piezoelectric coefficient and electromechanical coupling factor are significantly higher than those of the lead zirconate titanate Pb(Zr1–xTix)O3
(PZT). Moreover, the natural property of single crystal in PMN-PT also
gives more desirable and predictable resonance characteristics. We have
built an energy harvester prototype at a size of 10 x 1.2Å~0.1 mm3. Experimental testing results for the energy harvester is presented to show
the performance and effectiveness of the design.

6529-15, Session 5
A microfluidic biosensor for bacteria detection and
identification
D. A. Boehm, P. Gottlieb, S. Z. Hua, Univ. at Buffalo
Bacterial detection and identification is critical in many biological processes ranging from clinical diagnostic, monitoring food borne pathogens, to detection of biological warfare agents. Conventional methods to
detect and identify bacteria usually require high cell population, and the
testing normally requires long periods of time. There is a need for small,
low cost sensors that are capable of rapid detection and accurate identification of bacteria. We have developed a microfluidic biosensor based
on the impedance measurement of a fluid chamber with fixed volume.
The presence of bacteria in the solution can be selectively fixed on the
chamber wall and detected via impedance change in real time. Our impedance based volume sensor has been previously shown to have unprecedented resolution in detection of changes in cell volume. In this paper, we demonstrate that the impedance based microfluidic biosensor
can be used to detect and identify very small amount of bacteria in fluid in
a short time. The simplicity of the technique also makes the device portable and ideal for clinical and field applications.
The sensor was built on silicon chips using MEMS technology. The sensor sensitivity is characterized using fluorescence beads with various size
and different concentration. Less than 0.1 percent change in the chamber volume can be detected. In order to detect a given bacteria pathogen
in a sample that contains a mix of pathogens, we derivatized the surface
of sensing chamber by using monoclonal antibodies that target specific
bacteria. This approach allows us to purify and concentrate the specific
bacteria strain in the sensing chamber. Various concentrations of cultured E. coli cells ranging from 105 to 108 CFU/ml were tested using the
biosensor. The number of bacteria in the sensing chamber was increased
by repeated perfusion. A detection limit of ~7000 E. coli (BL21(DE3)) in
the detection chamber was obtained for the current chamber. The biosensor was able to detect 106 CFU/ml E. coli (BL21(DE3)) using five consecutive perfusions. The selectivity of the sensor is demonstrated by testing the solution with mixed stains of bacteria, E. coli and M. catarrhalis.
By derivatizing the chamber walls with specific antibodies, we can clearly
identify the bacteria that are specific to the antibodies in the detection
chamber.
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6529-16, Session 5

6529-19, Session 5

Ferroelectric thin-film active sensor arrays for
structural health monitoring

Development of ionic polymer transducers as flow
shear stress sensors: effects of electrode
architecture

B. Lin, Univ. of South Carolina; A. S. Bhalla, The Pennsylvania
State Univ.; C. Chen, The Univ. of Texas at San Antonio; V.
Giurgiutiu, Univ. of South Carolina; J. Jiang, The Univ. of Texas
at Arlington; R. Guo, The Pennsylvania State Univ.
Piezoelectric wafer active sensors (PWAS) have been proven a valuable
tool in structural health monitoring. Piezoelectric wafer active sensors are
able to send and receive guided Lamb/Rayleigh waves that scan the structure and detect the presence of incipient cracks and structural damage.
In-situ thin-film active sensor deposition can eliminate the bonding layer
to improve the durability issue and reduce the acoustic impedance mismatch. Ferroelectric thin films have been shown to have piezoelectric
properties are close to those of single-crystal ferroelectrics but the fabrication of ferroelectric thin films on structural materials (steel, aluminum,
titanium, etc.) has not been yet attempted. In this work, we tried to develop methods for in-situ fabrication of thin-film piezoelectric wafer active sensors arrays using the nano technology approach. Initial specification for the piezoelectric thin-film sensors arrays using electro-mechanical-acoustical model has been made and initial Barium Titanate (BT) thin
film has been deposited on Nicole substrate using pulsed-laser deposition. The interface between the piezoelectric thin-film sensors and structural substrate were characterized the using TEM and other microstructural analysis techniques. The piezoelectricity at various temperatures and
under different conditions was characterized as well. The research objective is to develop the fabrication and optimum design of thin-film active
sensor arrays for structural health monitoring applications. The short
wavelengths of the micro phased arrays will permit the phased-array imaging of smaller parts and smaller damage than is currently not possible
with existing technology.

6529-17, Session 5
Development of a small reusable space release
device using SMAs
X. Yan, K. Zhang, Beijing Univ. of Aeronautics and Astronautics
(China)
Development of advanced lightweight solar arrays and small satellites
requires deployment and release devices to be very small and lightweight.
Achieving release requirements through a small size device will face more
challenging design problems. The SMAs (Shape Memory Alloys) devices
designed so far have all been discrete point bolt release devices. When
several release devices are used, it is very hard for present SMAs devices
to keep synchronous because of a long individual separation time.
This paper will describe the advantages of a new type of space release
device actuated with SMAs, the design and experimental results to demonstrate its functions. The scheme is to take advantage of the ability of
SMAs to recover a parent shape when heated by an electrical current. A
clever and simple structure design ensures small size and light weight of
the device. To achieve high release reliability, Tanaka-Liang’s constitutive
model was selected to describe SMA wire’s deformation and response
characteristics. Ground test facilities were designed to validate numerical
predictions.
Tests results showed that the small release device actuated with SMA
wires can response very quickly (within 0.1 seconds under satellite power
supply of 28V). Synchronous deployment tests were also done when two
release devices were installed at the same time, and also gained success. It is concluded that the developed SMAs release device owning
advantages of small size, lightweight, low shock, no contamination, easy
reset and synchronization etc. will play an important role in developing
future advanced lightweight solar arrays.
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D. J. Griffiths, J. Dominic, B. J. Akle, P. Vlachos, D. Leo, Virginia
Polytechnic Institute and State Univ.
Ionomeric polymer transducers (IPT) have recently received a great deal
of attention. As actuators, IPT have the ability to generate large bending
strain and moderate stress at low applied voltages. Although the actuation capabilities of IPTs have been studied extensively, the sensing performance of these transducers has not received much attention. The work
presented herein aims to develop a wall shear stress sensor for aero/
hydrodynamic and biomedical applications. Therefore the need for very
high sensitivity and high temporal response is sought. Ionic polymers are
generally created by coating an ion exchange membrane, typically Nafion117, with a flexible electrode. It has been shown that the electrode thickness has impact on the efficiency of ionic polymer transducers in both
sensing and actuation. The traditional impregnation reduction fabrication
technique of IPT has little control on the electrode thickness. However,
the new Direct Assembly Process for fabrication of IPT allows for experimentation with varying conducting materials and direct control of electrode architecture. The DAP consists of mixing a metal particulate with an
ionomer solution and spraying it directly on a diluent saturated ion conducting membrane. The thickness of the electrode is controlled by altering the amount of the ionomer/metal mix sprayed on the membrane. The
electrode thickness is measured using a high magnification microscope
or scanning electron microscopy (SEM). In this study, we investigate the
relation between the IPT architecture and the overall sensing performance.
Transducers with varied electrode and membrane thicknesses, metal composition, and metal species are fabricated. The transducer sensitivity is
characterized using three basic experiments. First, the electric impedance of the transducer is measured and its capacitive properties are computed since capacitance has been strongly correlated to actuation performance. Subsequently, the sensing capabilities of the IPT in bending,
and compression are quantified using a fixed-pined cantilever configuration for bending and a mechanical shaker for the compression test respectively. Finally the shear stress sensing performance in fluid flow is
quantified through a detailed calibration procedure. This is accomplished
using two dynamic shear stress calibration apparatuses. The first setup
uses an oscillating plate in a fluid, usually water, which moves in the horizontal direction to generate sinusoidal waves with a frequency from 1 Hz
to 35 Hz and a displacement as large as 1.65 mm. The second setup
uses a speaker to generate traveling acoustic waves that shears the sensors with a frequency from 30 Hz to 500 Hz. A critical element of the
sensor development presented here is the appropriate signal conditioning scheme. IPTs are very high capacitance transducers. In addition, the
capacitance greatly depends on the fabrication processes investigated
here. For this study, customized signal conditioners are designed and
tested to measure the output signal exploring voltage, current, and charge
flow sensing modes. The design process of the signal conditioner accounts for many parameters including the measurement conditions that
determine the post-amplification needed for efficient analog to digital
conversion (ADC). Also, the impedance from the sensor is taken into account to prevent bias currents from flowing into the amplifier.

6529-20, Session 5
Surface stress sensors for detection of chemical and
biological species
P. Shrotriya, K. Kang, J. Marquardt, Iowa State Univ.
Sensors capable of monitoring surface stress change are increasingly
being used to detect the presence of chemical and biological species in
both gas and liquid environments. Sensors have been successfully demonstrated for DNA sequence recognition and as electrical noses to detect
chemical mixtures. While a number of studies have been undertaken to
explore potential use of the sensors as medical screening devices, the
widespread application of current state-of-art sensors is severely limited
due to: limits on sensitivity; lack of integration of all the components in a
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single microfabricated device and incomplete understanding of the molecular mechanisms governing the sensor response. A high resolution
interferometry based sensing approach is investigated to overcome these
limitations. As a proof-of-concept for our sensing approach, we have
developed robust miniature sensors for measurement of surface stress
associated with adsorption/absorption of chemical species on a sensitized surface of microcantilevers.

to monitor, and optimizing the algorithm, improved power efficiency,
smaller dimensions, and increased robustness of the hardware will be
attained. Additionally, the system-on-board approach demonstrates the
feasibility of a system-on-chip design, which includes wireless telemetry
for communications and power harvesting to recharge a battery or
supercapacitor, as an intermediate stage between a multiple stacked board
configuration and more integrated hardware.

6529-21, Session 5

6529-23, Session 6

Dynamic analysis of highway bridges with seismic
restrainers by using shape memory alloy

Remote control of a morphing model aircraft with
distributed sensors

A. Guo, H. Li, Harbin Institute of Technology (China)

A. M. Baz, J. Smoker, Univ. of Maryland/College Park

Excessive movement of highway bridges with expansion joints and hinges
can induce the damage, even the unseating of the bridge girders. Seismic restrainers made of steel cables and high-strength steel rods are the
primary forms of devices to prevent the unseating damage of the highway bridges. In this paper, the possibility of using the shape memory
alloy seismic restrainers as a measure for retrofitting the highway bridges
under the seismic excitations is investigated. A shape memory alloy seismic restrainer is developed, and the installation way of this seismic restrainer is also discussed. Governing equation of motion of the highway
bridge with this type of seismic restrainer is established to analyze the
dynamic characteristics of the bridge with the restrainers. Numerical simulation indicates that the high damping and superelastic characteristics of
the shape memory alloy can significantly reduce the responses of the
bridge under strong earthquake excitations. The shape memory alloy seismic restrainers can achieve effective performance for preventing the unseating of the bridge girders if the parameters of the device are properly
selected.

6529-22, Session 6

A remotely-controlled model aircraft with morphing wings is built and its
performance is evaluated. The aircraft relies in its operation on a network
of distributed sensors that are embedded in the composite fabric of the
wings to monitor the wing shape during morphing. The output of the sensor network is wirelessly transmitted to the ground command computer
to simultaneously map the wing shape and the strain distribution of the
aircraft during flight. The error between the actual wing shape and the
desired shape corresponding to a specific aircraft mission is determined.
The necessary control action is computed according to a selected control law and the resulting action is tele-metered from the ground computer to the servo-motors of the flying aircraft to compensate for the shape
errors.
The theory of operation of the sensor network and its interaction with the
wing and aircraft dynamics are introduced. Comparisons between the
desired and actual shapes of the morphing wings are also presented for
different control law parameters.
The developed theoretical and experimental techniques provide invaluable tools for the design and operation of other classes of remotely-controlled morphing aircraft. [Work is funded by NSF]

A system-on-board approach for impedance-based
structural health monitoring

6529-24, Session 7

J. Kim, B. L. Grisso, D. S. Ha, D. J. Inman, Virginia Polytechnic
Institute and State Univ.

Enhanced passive and active damage detection by
directional guided-wave piezocomposite transducers

The structural health monitoring (SHM) community is shifting their focus
towards incorporating SHM technology into real world structures, and
compact hardware with low power dissipation therefore become demanding features for a SHM system. A smaller form-factor can increase the
physical robustness, as well as lower the deployment and maintenance
costs, of SHM systems. Low power dissipation makes the use of power
harvesting units exploiting ambient vibration and temperature gradients
possible and contributes to cost reduction.
Previously, we have developed the first fully self-contained system that
performs impedance-based SHM, which is implemented using digital signal processor (DSP), analog-to-digital converter, and digital-to-analog
converter evaluation boards. This DSP based multi-board system effectively replaces a traditional impedance analyzer and all manual analysis
required for damage determination. The procedures of structural excitation, data acquisition, and structural health analysis are performed in a
matter of seconds, and damage in a structure can be detected almost
instantaneously. However, the SHM system is implemented on multiple
evaluation boards and is power hungry due to frequent communications
between components on different evaluation boards, fragile because of
the physical connections among the boards, and impractical for deployment and maintenance because of its large form-factor.
In this paper, an IB-SHM system is devised on a custom-designed printed
circuit board (PCB) with a commercially available off-the-shelf DSP and
an improved SHM algorithm to address the physically demanding aspects, low power dissipation, and small form-factors of realistic SHM
systems. By exploiting our formerly developed multi-board system, highly
sensitive monitoring frequency ranges are located to achieve improved
performance with less computation, which in turn reduces the memory
access in the system and communications between components. Consequently, power efficiency is increased. By implementing the whole SHM
system on a single PCB, determining damage sensitive frequency ranges

H. M. Matt, I. Bartoli, S. Salamone, F. Lanza di Scalea, Univ. of
California/San Diego; P. Rizzo, Univ. of Pittsburgh
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Piezocomposite transducers, such as Macro-Fiber Composite (MFC)
patches, are gaining increasing interest in built-in structural health monitoring systems using ultrasonic guided waves. Compared to bulk piezoelectric transducers, MFC patches are conforming to curved surfaces
and more robust against impacts. In this paper the directional response
of rectangular MFC patches is exploited to determine the direction of an
incoming Lamb wave. This concept is exploited both passively to detect
and locate occurring damage/impact, and actively to detect and locate
existing damage in anisotropic composite aerospace structures. The second part of the paper examines the effects of temperature changes on
the response of the MFC patches to ultrasonic guided waves. Ways to
account for these temperature effects are proposed in a specific application to damage detection in composite-to-composite adhesive joints.

6529-25, Session 7
Lamb waves time-reversal method using frequency
tuning technique for structural health monitoring
B. Xu, V. Giurgiutiu, Univ. of South Carolina
Lamb wave time reversal-method is a new and tempting reference-free
damage detection technique for SHM. However, this method is complicated by the existence of at least two modes at any given frequency, and
by the dispersion nature of the modes. To better understand Lamb wave
time-reversal procedure in plate-like structure, this paper first reviews the
exact solutions of Rayleigh-Lamb wave for 1D PWAS (Piezoelectric wafer
active sensor) and 2D PWAS. Secondly, based on the exact solutions,
theoretical predictions of time reversibility of single mode and two-mode
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Lamb waves are presented. Thirdly, with PWAS frequency-tuning technique, time reversibility of Lamb wave in plate-like structure is investigated both numerically and experimentally. Finally, experimental results
of this new SHM technique for detecting different types of damages, such
as crack, corrosion, disbond, etc., will also be presented.

significant wavelength differential is required for simultaneous temperature and strain measurement if collocated gratings are used.

6529-28, Session 7

6529-26, Session 7

Miniaturized sensors for intelligent system fault
detection and diagnosis

Ultrasonic/sonic driller/corer as a hammer-rotary drill

I. Kao, Stony Brook Univ.

M. Badescu, Jet Propulsion Lab.; S. Kassab, Purdue Univ.; S.
Sherrit, J. Aldrich, X. Bao, Y. Bar-Cohen, Z. Chang, Jet
Propulsion Lab.

This paper presents a novel miniaturized sensor designed for employment in pneumatic-mechanical systems for intelligent fault detection and
diagnosis (FDD). We will present the analytical and experimental studies
of the new MEMS smart flow sensor. The flow sensor has an array of
curved-up cantilever beams that are surface-micromachined with two
layers of deposition under two sets of different process parameters. The
differential residual stress between the two layers of the polysilicon deposition causes the beams to curve upward from the substrate surface when
the sacrificial layer is released. The array of beams vibrates successively
as the flow rate increases, enabling more accurate sensing and identification of range of flow rates based on the vibration characteristics. Design and fabrication of these sensors are discussed. Experiments were
conducted on the MEMS flow sensors to characterize the deflection of
the curved cantilever beams with respect to flow rates. In addition,
backflow tests were also conducted separately. Analytical study is presented to investigate the cause of vibration of beams when subjected to
flow. Finite element analyses of vibration of the sensors comply with the
experimental observation. Parameter studies were also conducted to learn
the influence of various parameters on the characteristics of flow measurement. Such study can shed lights on the design and integration of
such miniaturized sensor to the intelligent FDD. Based on the analysis of
fundamental natural frequencies, possible arrangement for the distribution of lengths of the beams is proposed to enhance its functionality as a
sensor. Results of study of the integration of FDD with sensors, including
wireless sensor and network, will also be presented.

Rock, soil, and ice penetration by coring, drilling or abrading is of great
importance for a large number of space and earth applications. Proven
techniques to sample Mars subsurface will be critical for future NASA
astrobiology missions that will search for records of past and present life
on the planet. An Ultrasonic/Sonic Drill/Corer (USDC) has been developed as an adaptable tool for many of these applications [1]. The USDC
uses a novel drive mechanism to transform the ultrasonic or sonic vibrations of the tip of a horn into a sonic hammering of a drill bit through an
intermediate free-flying mass. For shallow drilling the cuttings travel outside the hole due to acoustic vibrations of the bit. Various methods to
enhance the drilling/coring depth of this device have been proposed including gas blowing[2] and bit rotation[3]. The combination of bit rotation
at low speed and hammering at sonic frequencies are described in this
paper. Theoretical approach and testing results are presented.
[1] Bar-Cohen, Y., Sherrit, S., Dolgin, B., Bao, X., Chang, Z., Krahe, R.,
Kroh, J., Pal, D., Du, S., Peterson, T., “Ultrasonic/Sonic Driller/Corer (USDC)
for planetary application,” Proc. SPIE Smart Structure and Materials 2001,
pp. 529-551, 2001.
[2] Badescu, M., Sherrit, S., Olorunsola, A.K., Aldrich, J., Bao, X., BarCohen, Y., Chang, Z., Doran, P.T., Kenig, F., Fritsen, C., Murray, A., McKay,
CP., Peterson, T., Du, S., Tao, S., “Ultrasonic/Sonic Gopher for Subsurface Ice and Brine Sampling: Analysis and Fabrication Challenges, and
Testing Results”, Proceedings of the SPIE 13th Annual Symposium on
Smart Structures and Materials, San Diego, CA, SPIE Vol. 6171-07, 26
February - 2 March, 2006.
[3] Chang, Z., Sherrit, S., Badescu, M., Bao, X., Bar-Cohen, Y., Backes,
P.G., “Reaction Force of Percussive Coerer, Rotary-friction Corer, and
Roray-percussive Corer”, Proceedings of the SPIE 13th Annual Symposium on Smart Structures and Materials, San Diego, CA, SPIE Vol. 617106, 26 February - 2 March, 2006.

6529-27, Session 7
Characterization of fiber Bragg gratings for multiparameters sensing
N. Mrad, Ministry of National Defence (Canada); A. Leshka, J.
Albert, Carleton Univ. (Canada); G. Z. Xiao, National Research
Council Canada (Canada)
Since their introduction in the mid seventies, a variety of fiber optic sensor configurations have been developed for the measurement of strain,
deformation, temperature, vibration, pressure, etc. Variation of these parameters alters the refractive index and the geometric properties of the
optical fiber, which in turn perturbs the intensity, phase, or polarization of
the light wave propagation in the waveguide. Only in the past decade that
Bragg grating-based fiber optic sensors emerged as the non-disputed
champion in multiplexing and dual parameter sensing with increased potential for smart structures applications. Stringent requirements for single
point discrete and distributed simultaneous strain, pressure, and temperature measurements prompted this characterization study which has
the objective of developing a detailed understanding of the grating characteristics and response under static and dynamic loadings. Collocated
and serially placed gratings were evaluated and tested for their effective
sensitivity to multi-parameters (strain and temperature) and to coating
material variation (polymide and acrylic). Obtained results indicate good
sensitivity for both temperature and strain in single gratings. Whereas,
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6529-29, Session 8
Time domain simulation of piezoelectric excitation of
guided waves in rails using waveguide finite elements
P. W. Loveday, C. S. Long, Council for Scientific and Industrial
Research (South Africa)
Piezoelectric transducers are commonly used to excite waves in elastic
waveguides such as pipes, rock bolts and rails. In theory it is possible to
simulate the operation of these transducers attached to the waveguide,
in the time domain, using conventional finite element methods available
in commercial software. However, these models have to extend a few
wavelengths along the waveguide and can result in very large numerical
models. This is especially true if the dispersion of the waves over large
distances is to be investigated. An alternative method of analysing waves
that propagate in waveguides, which are infinite in one dimension, is to
use specially formulated waveguide finite elements (sometimes called
Semi-Analytical Finite Elements). These elements are not available in commercial software packages but have been implemented by a few research
groups. Models using these elements require only a two-dimensional finite element mesh of the cross-section of the waveguide and can be
used to compute the propagating and evanescent waves supported by
the waveguide as well as the response of the waveguide to harmonic
point forces. Previously, this forced response was used to combine
waveguide element models with conventional 3-D finite element models
of piezoelectric transducers. These models provide the frequency response
of the waveguide as a superposition of the frequency response of each
mode of wave of propagation and are therefore useful for designing transducers, or transducer arrays, that will effectively excite a particular wave
at a specified frequency and wavenumber. This is particularly important if
resonant transducers are to be used for long range guided wave inspection or monitoring. However, it is difficult to experimentally verify such a
frequency domain model. Experiments are usually conducted by exciting
a transducer, attached to the waveguide, with a short time signal such as
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a toneburst and measuring the response at a position along the waveguide
before reflections from the ends of the waveguide are encountered. The
measured signals are a combination of all the modes that are excited in
the waveguide and separating the individual modes of wave propagation
is difficult if there are numerous modes present. Instead of converting the
measured signals to the frequency domain we show that it is possible to
transform the modelled frequency responses to time domain signals in
order to verify the models against experiment. The frequency response is
computed at many frequency points, multiplied by the frequency spectrum of the excitation signal, before an IFFT is used to transform from the
frequency domain to the time domain. This method is used to obtain time
signals that can be directly compared to time signals measured on a length
of rail. Waves travelling in a rail, excited by a rectangular piezoelectric
ceramic patch are predicted numerically and compared to responses
measured using a laser vibrometer. By using this approach it is possible
to determine which modes of propagation dominate the response and to
predict the signals that would be obtained at large distances, which cannot be measured in the lab.

6529-30, Session 8
FEM modeling of guided wave behavior in integrally
stiffened plate structures
S. A. Martin, NDE Computational Consultants; K. V. Jata, Air
Force Research Lab.
Structural health monitoring (SHM) technologies, which use integrated
sensing for damage detection, are expected to improve system reliability,
availability, and operational cost. Guided waves can propagate great distances while experiencing low attenuation. They have been successfully
used for damage detection in structures of relatively low geometric complexity such as plates and cylindrical pipes. The use of guided waves for
this purpose becomes increasingly difficult as the geometric complexity
of the structure increases. Aerospace structural components such as fuel
tanks, wings, etc. often are comprised of substructures that consist of
plates with integral stiffeners. This work reports on finite element simulations of guided waves in integrally stiffened plate structures. In these studies, the guided waves are generated by PZT wafer-type transducers
mounted on the structure. Transient dynamic finite element simulations
using PZFlex, in 2D and in 3D, were used to model both the structure and
transducers. The interaction of the guided waves with cracks, simulated
by notches of varying dimensions, is also modeled. This allows appraisal
of the sensitivity of various modes for crack detection by providing insight into mode conversion and scattering resulting from the guided wave
and crack interaction.

6529-31, Session 8
Sensing rich drive trains for modern mechatronic
systems

axes micro-positioning system and analysis of nonlinear friction forces.
Also under development is a two axis direct drive manipulator with a vision camera mounted at the tip end of the manipulator for vision feedback control.

6529-32, Session 8
Fabrication and evaluation of hybrid glass/plastic
optical fiber sensors for large strain measurement
H. Huang, The Univ. of Texas at Arlington
Optical fiber sensors are the sensor of choice for strain and deflection
measurement in structural health monitoring systems due to their light
weight, small size, and immunity to electro-magnetic interference. These
sensors can be either surface mounted on or embedded in large civil and
mechanical structures to assess their reliability and functionality. Ideally,
the surface mounted or embedded strain sensors should have a lower
stiffness and higher strain fracture toughness than the host materials.
However, most existing optic fiber sensors are fabricated from silica-based
optical fibers and usually have a large stiffness and can only sustain maximum strain of ~3-5%. In general, silica-based optical fiber strain sensors
are only reliable up to around 2% strain unless special preparation procedures are followed. Due to this mismatch of mechanical properties between the optical fiber and the host material, sensor fracture and
debonding before the host structure failure are commonly encountered in
optical fiber-based structural health monitoring systems. To overcome
this shortcoming of the silica-based optical fiber sensors, plastic optical
fiber strain sensors are exploited for large strain measurement. However,
the length of the plastic optical fiber is limited to 100 meters due to its
high optical losses and its multimode nature. Therefore, it is not suitable
for the structural health monitoring of large structures. In this paper, a
novel technique to fabricate hybrid glass/plastic optical fiber sensors is
presented. First, stress analysis of a surface-mounted optical fiber sensor is performed to understand the relationship between the mechanical
properties of the fiber/host structure and the stress distributions among
the optical fiber, the bonding material, and the host structure. Next, the
concept of fabricating a polymer sensing element on the end face of an
optical fiber using ultraviolet (UV) irradiation is explained. An inexpensive
UV LED is employed as a light source and the UV light is coupled into the
optical fiber by butting the cleaved end of the fiber directly against the UV
LED chip. The output end of the optical fiber is submerged into a pool of
UV-curable photopolymer. By irradiating the photopolymer with the UV
light exiting from the optical fiber, a polymer sensing element that is automatically aligned with the fiber core is fabricated at the end face of the
optical fiber. Micrographic images of the fabricated polymer sensing elements are presented and the control of the fabrication parameters is discussed. Two different types of strain sensors, intensity-based and intrinsic Fabry-Perot, are constructed by fabricating a plastic sensing element
in between two optical fibers. The performance of these hybrid silicon/
plastic strain sensors are evaluated by mechanical testing and compared
with conventional silica-based optical fiber sensors.

M. Tomizuka, Univ. of California/Berkeley
This paper summarizes the progress to date of an NSF sponsored project,
Sensing Rich Drive Trains for Modern Mechatronic Systems (NSF Award:
CMS 0529451). The research develops mechatronic approaches to the
design of drive trains for mechanical systems based on heavy sensing. A
typical drive train includes an actuator (electrical motor), a set of gears,
bearings and an inertia load (link), which may be connected to another
drive train or an end effecter. The technical objectives of the research are
to 1) study sensing of various signals in the drive train, in particular, those
not utilized in conventional practice such as acceleration signals, force
signal in the drive train and end effector’s position, 2) develop signal processing and decision making algorithms that take advantages of the
sensed signals for betterment of performance and other mechatonic advantages, and 3) demonstrate these benefits experimentally. New signal
processing and decision making algorithms will handle nonlinearities and
uncertainties in drive train mechanisms as well as the environment in which
drive trains and entire mechanical systems operate. This will bring advantages to both producers and end users of mechanical systems, e.g. robots, assembly machines and other manufacturing equipment. During
the first year, progresses have been made on precision control of two
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6529-33, Session 8
Fabrication and evaluation of a LPFG-based
whitelight interferometric distance sensor
H. Huang, The Univ. of Texas at Arlington
Optical fiber whitelight interferometers for distance measurement have
attracted a lot of attentions recently because they offer absolute measurement, ultrahigh accuracy, large dynamic range, and robustness. In
this paper, the development of an in-fiber whitelight interferometric distance sensor based on the mode coupling effect of a long period fiber
grating (LPFG) is presented. The absolute distance measurement system
consists of a broadband light source, an optical circulator, an optical fiber
probe, and an Optical Spectrum Analyzer (OSA). The optical fiber probe
is fabricated from a single mode fiber with a LPFG located at a distance
from the cleaved fiber end, whose cladding region is covered by a mirror.
The LPFG grating serves as a beam splitter that couples a part of the light
traveling along the fiber core into the cladding, which then propagates
along the cladding until it reaches the mirrored end of the probe. Re-
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flected from the mirror, this cladding mode will trace its path back to the
LPFG. The part of the light that travels through the fiber core exits the
probe, is reflected by the sample, and finally is coupled back to the fiber
core. The LPFG then recombines the core mode and the cladding mode
and thus generates a whitelight fringe pattern, from which the absolute
distance between the fiber probe and the sample can be determined. To
fabricate a mirror on the cladding area of the fiber end face, an inexpensive and innovative microlithographic fabrication technique is invented
and is presented in the paper. First, a photomask covering the fiber core
is fabricated by Ultraviolet (UV) irradiation. UV light from a UV Light Emitting Diode (LED) is coupled into an optical fiber by butting the cleaved
end of the optical fiber directly against the UV LED chip. The other end of
the optical fiber is dipped into a pool of UV curable epoxy and removed
quickly. Because of surface tension, a small amount of epoxy is deposited on the fiber end, which is cured by the UV light exiting the fiber core.
Since the output UV light is confined within the fiber core, only the epoxy
covering the fiber core is exposed and cured by the UV light. Metallic thin
film is then deposited on the cladding area of the fiber end face. The
photomask is removed by rinsing the optical fiber in an alcohol solution
to expose the fiber core. Finally, the fiber probe is spliced with an optical
fiber with a LPFG. The performance of the LPFG-based whitelight interferometric sensor for absolute distance measurement is evaluated and is
compared with that of the whitelight Fabry-Perot distance sensor.

6529-34, Session 9
Development of a MEMS acoustic emission sensor
system
I. J. Oppenheim, D. W. Greve, W. Wu, Carnegie Mellon Univ.
A new multi-channel MEMS chip for acoustic emission sensing was designed and fabricated in 2006 to create a device that is smaller in size,
superior in sensitivity, and more practical to manufacture than earlier designs. The device, fabricated in the MUMPS process, contains four resonant-type capacitive transducers in the frequency range between 100
kHz and 500 kHz on a chip that is less than 2.5 mm square. The completed device, with its circuit board, housing, and connectors, has a footprint slightly more than 25 mm square. The small footprint is an important
attribute for an acoustic emission sensor, because multiple sensors must
typically be arrayed around a crack location. Superior sensitivity was
achieved by a combination of four factors: the reduction of squeeze film
damping, a resonant frequency approximating a rigid body mode rather
than a bending mode, a ceramic package providing direct acoustic coupling to the structural medium, and relatively high-gain amplifiers implemented in a small circuit board. Manufacture of the system is more practical because of higher yield (lower unit costs) in the MUMPS fabrication
task and because of a printed circuit board engaging the ceramic package of the MEMS chip for easy assembly and compactness.
The transducers on the MEMS chip incorporate two major mechanical
improvements, one involving squeeze film damping and one involving the
separation of resonance modes. For equal proportions of hole area to
plate area, a triangular layout of etch holes reduces squeeze film damping as compared to the conventional square layout. The effect is modeled
analytically, and is verified experimentally by characterization experiments
on the new transducers. Structurally, the transducers are plates with spring
supports; a rigid plate would be the most sensitive transducer, and bending decreases the sensitivity. In the 2006 MEMS chip, the structure was
designed for an order-of-magnitude separation between the first and the
second mode frequency, strongly approximating the desirable rigid plate
limit. The effect is modeled analytically and is verified experimentally by
measurement of the resonance frequencies in the new transducers. Another improvement arises from the use of a pin grid array ceramic package, in which the MEMS chip is acoustically coupled to the structure with
only two interfaces, through a ceramic medium that is negligible in thickness when compared to wavelengths of interest.
Completed devices were used side-by-side with commercial piezoceramic
transducers in a series of tests. The MEMS device is not as sensitive as
the commercial transducer, but is sufficiently sensitive to be effective in
structural health monitoring; the relative sensitivities are derived from theory
and verified by experimental data. An advantage of the MEMS device is
the ability to sense with four channels at different frequencies, as comSPIE Smart Structures and Materials 2007

pared to the single-channel sensing achieved by the commercial transducer. Experiments are described in which multi-channel data was obtained from different damage sources, with the purpose of providing additional information for damage localization and categorization.

6529-35, Session 9
A wire-guided transducer for acoustic emission
sensing
I. J. Oppenheim, D. W. Greve, I. T. Neill, Carnegie Mellon Univ.
A novel transducer for active or passive sensing has been developed and
tested experimentally. It features a steel wire acting as a wave guide between a piezoceramic element and the structure under test. Some advantages of the wire-guided transducer include its applicability to structures operating at high temperature, which otherwise preclude the surface mounting of piezoceramics, its small contact area to the structure,
which enables several such transducers to be deployed in an arc around
a known crack location as an acoustic emission sensor array, and its low
cost and ease of installation. Another potential advantage is simplified
signal processing for source localization, which is developed in this paper and evaluated experimentally.
The various steel wires used in our experiments to date are less than 1
mm in diameter and between 10 cm and 50 cm in length. The wire guides
have been studied with active excitation under a pulse excitation as used
in ultrasonic testing, at a relatively high frequency such as 1 MHz, and in
the frequency range of 100 kHz to 500 kHz which is often of interest for
Lamb wave generation in thin plates or for acoustic emission sensing.
Our tests confirm that the wire acts a cylindrical rod in which the fastest
wave is the lowest longitudinal mode, displaying a sharp arrival, and in
which the lowest flexural mode and lowest torsional mode are also excited; we report excellent agreement between measured and predicted
wave speeds, as expected.
We show experimental results in which a group of wire-guided transducers permit the localization of acoustic emission events simulated physically by pencil lead breaks. We also show experimental results in which a
group of wire-guided transducers permit the discrimination of a symmetrical Lamb wave mode from an antisymmetrical Lamb wave mode. We
describe other experiments with bulk waves, involving a single wire-guided
transducer as an active sensor to perform an ultrasonic pulse-echo
through-thickness measurement, such as needed to check pipe walls.
We describe other active sensing experiments in which a group of wireguided transducers are used to generate Lamb waves in plates or in hollow cylindrical shells.

6529-36, Session 9
A sub-microwatt self-powered fatigue sensor
operating
N. G. Elvin, N. Lajnef, S. Chakrabartty, Michigan State Univ.; A.
Elvin, Univ. of the Witwatersrand (South Africa)
Fatigue and overload of mechanical, civil and aerospace structures remains a major problem that can lead to costly repair and catastrophic
failure. Long term monitoring of mechanical loading for these structures
could reduce maintenance cost, improve longevity and enhance safety.
However, the powering of these sensors during the lifetime of the monitored structure remains a major problem. Several research groups are
now focusing on mechanical to electrical energy conversion systems to
provide adequate lifetime power to various electronic sensors. Previously
our research group has shown that the typical converted mechanical energy available from a 5 cubic centimeter sensor embedded in a concrete
bridge is on the order of 10 microjoules. Currently the lowest power electronic sensors consume on the order of 100 microjoules. Thus at this time
it is impossible to power electronic sensor nodes for civil structure monitoring by using small volume, mechanical-to-electrical energy converters. In this paper we describe an implementation of a novel self-powered
fatigue monitoring sensor. The sensor is based on the integration of piezoelectric transduction with floating gate avalanche injection. The miniaturized sensor enables self-powered continuous battery free monitor-
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ing and time-to-failure predictions of mechanical and civil structures.
Measured results from a fabricated prototype in a 0.5 micrometer CMOS
process indicate that the device can compute cumulative statistics of
electrical signals generated by the piezoelectric transducer, while consuming less that one microwatt of power. Furthermore, the sensor is capable of storing this information in non-volatile memory which makes it
an attractive alternative when the converted electrical energy levels are
low due to small mechanical force inputs. We have shown that the floating gate memory storage units are able to store discrete levels of input
voltage, thus providing a simple analog-to-digital mechanical input level
counter. It is expected that these mechanical input levels can be stored
for approximately 8 years in non-volatile memory. The current microchip
is less than 2 square millimeters in area. The ultra-low power operation
makes the sensor suitable for integration with piezoelectric transducers
that can be readily incorporated into civil and mechanical structures. The
non volatile memory storage is coupled to a radio frequency (RF) identification microchip which allows the sensor to be interrogated asynchronously (for example during routine inspections) through a RF reader. We
are currently developing a state vector machine (SVM), neural network
based hardware to be included on the microchip. The SVM hardware will
enable low-power processing and computation of the incoming mechanical loading cycle data. Testing of the implemented SVM algorithm and
memory storage will be confirmed through fatigue testing in the laboratory.

6529-37, Session 9
A linear peristaltic MRF/foam actuator
C. H. M. Jenkins, J. J. Larsen, Montana State Univ.; U. A.
Korde, South Dakota School of Mines and Technology
Magneto-rheological fluid (MRF) was first developed in the late 1940s.
MRF consists of iron or other ferrous particles, typically on the order of 1
- 10 µm characteristic dimension, dispersed in a host carrier fluid, usually
oil or water. In the presence of a magnetic field, the alignment of the iron
particles along field lines results in the effective rheological properties of
the composite fluid to be modified. In the “off” state (no field applied), the
fluid has similar viscous properties to the host fluid. In the “on” state (field
applied), the viscosity and yield stress can be significantly modified.
Recently, MRF has been of interest in a number of novel devices, for
example, for variable damping such as in automotive shock absorbers. In
the present work, we briefly describe our initial investigations into variable damping MRF/foam devices. Closed-cell polymer foam blocks were
infused with commercial MRF and subjected to magnetic fields of various
strengths. Drop tests were conducted by dropping a small indenter from
a fixed platform and observing the rebound height as a function of applied field strength. The difference in rebound height can be directly related to loss of energy through damping. In the tests conducted, the energy absorbed by the MRF/foam increased from about 60% in the offstate device to over 90% in the on-state device. One of the difficulties
encountered in performing the drop tests and providing credible data interpretation was that the MRF/foam itself changed dimensions under
applied field. The iron particles in the fluid were attracted to the magnet
and thus caused constriction of the foam block.
Peristalsis is the process of involuntary and successive wave-like muscular contractions by which food is moved through the digestive tract. The
esophagus, stomach, and intestines all move and/or mix food and liquid
by peristalsis. Peristalsis is also used to move lymph through the lymphatic system. Inspired by biological peristalsis, peristaltic pumps in industry are common for a variety of material handling applications, particularly involving the movement of sterile fluids (for example, blood). The
peristaltic pump is usually circular in configuration, relying on external
rollers to move fluid within a tube. Some linear configuration pumps have
been proposed and developed, however they are often more complicated
than their circular counterparts.
In the remaining part of the present work, we discuss the development of
a linear peristaltic actuator based upon the deformation of MRF/foam.
The actuator consists of a closed-cell polymer foam substrate infused
with MRF. To one side of the foam substrate resides a linearly variable
electromagnet (LVEM), such that an electromagnetic field can be propagated down its length. Field shaping or localization is discussed. The
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linear peristaltic action is generated as the transversely propagating field
shapes the MRF/foam substrate in a corresponding way. Experimental
results are discussed, an outline of on-going theoretical modeling is presented, and conclusions are provided.

6529-39, Session 9
Dynamic deformation sensing and electrical stiffness
tuning in ferromagnetic shape memory Ni-Mn-Ga
N. N. Sarawate, M. J. Dapino, The Ohio State Univ.
A major advantage of ferromagnetic shape memory Ni-Mn-Ga over conventional shape memory materials is the higher bandwidth, which is associated with the magnetic field activation. However, very few studies
have addressed the dynamic properties of Ni-Mn-Ga. This paper is focused on the experimental characterization of dynamic properties related
to sensing and electrically tunable stiffness of a commercial single crystal
Ni-Mn-Ga alloy. The combination of actuation, sensing, and tunable stiffness responses exhibited by Ni-Mn-Ga can lead to unprecedented multifunctional smart structures.
Henry [1] investigated dynamic actuation properties of Ni-Mn-Ga which
demonstrated that ferromagnetic shape memory materials can exhibit a
magnetic field induced strain (MFIS) of more than 3% over a bandwidth
of at least 500 Hz. The limited bandwidth was found to be caused by
inductive losses in the electromagnet rather than the material itself. Faidley
et al. [2] investigated the elastic modulus change and associated resonance shift in Ni-Mn-Ga with dynamic magnetic and mechanical excitation of up to 1800 Hz and 2500 Hz, respectively. An elastic modulus increase of 250% was observed with the DC field being shifted from 0-380
kA/m. The sample used was unique in that it exhibited reversible strains
as opposed to conventional Ni-Mn-Ga samples. The authors have demonstrated the ability of Ni-Mn-Ga as a quasistatic high-compliant displacement and force sensor [3] with a reversible flux density change of
145 mT over a range of about 5.8% strain and 4.4 MPa stress at a bias
field of 368 kA/m. The variation of magnetization with strain is almost
linear with negligible hysteresis, whereas the variation of magnetization
with stress is linear but hysteretic.
This paper investigates if the material does exhibit similar magnitudes of
magnetization change or sensitivity at higher frequencies. A 6 x 6 x 10
mm3 Ni-Mn-Ga sample obtained from AdaptaMat Inc. is used for testing.
An MTS 831.50 elastomer testing machine capable of applying dynamic
forces of up to 1000 Hz [4] is used to apply high frequency displacements
and forces. The peak to peak magnetization change with stress and strain
is recorded as a function of frequency to estimate the bandwidth of the
sensor. The input displacement is applied at different discrete frequencies of up to 1000 Hz at a bias field of 368 kA/m, which is the optimum
field for obtaining maximum reversible magnetization change [3]. The
sample is biased at 3% compressive strain, which roughly corresponds
to the midpoint of detwinning region in quasistatic stress-strain curve [3].
The material typically exhibits a twin variant structure [1-3] under a moderate field and stress. The measurements also give information about the
effect of high frequencies on the damping loss by observing the stressstrain behavior, since the area under the stress-strain curve represents
the energy loss or damping in a given cycle. The damping loss was briefly
studied by Couch [5] for low frequencies of up to 10 Hz.
Another significant advantage of the magnetic smart materials over their
piezoelectric counterparts is that the magnetization changes are present
at zero (dc) frequency; piezoelectric sensors tend to discharge at dc and
very low frequencies. Hence, Ni-Mn-Ga can also prove useful in the frequency range where the piezoelectrics are not in terms of force and displacement sensing, while retaining the performance at higher frequencies.
To test the material’s utility in electrically tunable vibration absorption
applications, the transmissibility tests are performed similar to the mechanical excitation tests in Faidley at al. [2]. The sample is mounted on a
shaker table, with a dead weight on top. Two PCB accelerometers are
mounted on the base and top. Permanent magnets are used to apply
either collinear or transverse bias field. The collinear field favors the caxis of crystals parallel to longitudinal axis of sample and transverse field
favors the c-axis perpendicular to it. The acceleration/displacement trans-
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missibility and the resonance shift at different bias fields give an indication of the effect of bias field on the dynamic properties of the material. A
pick up coil is used to measure the magnetization change during the tests.
If the frequency response function, magnetization over acceleration is
significant, then the material can have potential applications in acceleration sensing also.
The effect of changing elastic modulus can be utilized in electrically tunable vibration absorption systems by replacing the permanent magnets
with an electromagnet or solenoid. Unlike actuation and sensing applications, this particular application can involve a solenoid to apply collinear
fields instead of bulky electromagnet system applying transverse fields,
as is the case in actuation applications. This is because the objective is to
obtain a certain range of material stiffnesses, which can be achieved by
collinear or perpendicular fields. The input current to the electromagnet/
solenoid can be controlled to obtain the desired bias field and hence
stiffness which makes the absorber’s natural frequency equal to the natural frequency of the vibrating structure.
Preliminary measurements employing a collinear field using permanent
magnets show a resonance shift of 10% over a range of about 100 kA/m
is observed. However, more testing is necessary to obtain accurate characterization of the system. One problem is to accurately measure the
actual magnetic field applied to the sample by the permanent magnets
because of the discontinuities in the interface between the magnets and
the sample. The stiffness increases with increasing field because the collinear field favors the crystals with c-axis in the longitudinal direction; and
the horizontally stacked crystal structures exhibits higher stiffness compared to the vertical one. Further testing using transverse field will also be
done in order to fully characterize this behavior.
REFERENCES
1. C. Henry, “Dynamic actuation properties of Ni-Mn-Ga ferromagnetic
shape memory alloys”, PhD Thesis, MIT, (2002).
2. L. Faidely, M. Dapino, G. Washington, and T. Lograsso, “Modulus increase with magnetic field in ferromagnetic shape memory NiMnGa “,
Journal of Intelligent Material Systems and Structures, 17, 2, pp. 123-131
(2006).
3. N. Sarawate, and M. Dapino, Experimental characterization of the sensor effect in ferromagnetic shape memory Ni-Mn-Ga, Applied Physics
Letters, 88, pp. 121923 (2006).
4. G. Kim, and R. Singh, Study of passive and adaptive hydraulic engine
mount systems with emphasis on nonlinear characteristics, Journal of
Sound and Vibration, 179 (3), pp. 427-453, (1995).
5. R. Couch, J. Sirohi, and I. Chopra, “Testing and modeling of NiMnGa
ferromagnetic shape memory alloy for static and dynamic loading conditions”, Proceedings of SPIE, 6173, (2006).

6529-40, Session 9
Co-located fiber-optic temperature sensor and
extensometer for high temperature strain
measurements
S. M. Klute, R. S. Fielder, Luna Innovations, Inc.

6529-41, Session 10
Encoding sensing transduction mechanisms in SWNT
thin films for strain and corrosion monitoring
K. J. Loh, J. P. Lynch, Univ. of Michigan
Carbon nanotubes (single-wall and multi-wall) have been at the forefront
of the ongoing nanotechnology revolution. Interest in single-wall carbon
nanotubes (SWNT) is fueled by their impressive array of material properties. In particular, the high surface area offered by the SWNT high aspect
ratio tubular structure allows the SWNT to serve as a scaffolding for chemical species. In this study, SWNT are explored for inclusion in a highly
homogenous composite material molecularly assembled from polyelectrolyte species (PE). Chemical functionalization of the SWNT can be utilized to encode a variety of sensing transduction mechanisms into the
macroscopic composite material. Of particular interest is the design of
SWNT-PE strain and corrosion sensors. First, a strain sensor is illustrated
using SWNT and polyvinyl alcohol (PVA) self-assembled into conformable thin-films. Experimental testing reveals the inherent piezoresistive
properties of the resulting SWNT-PVA films. Second, alternative polyelectrolytes are explored to modify the chemical sensitivity of the SWNT-PVA
thin films to chloride ions. Experimental testing is conducted to reveal
changes in the bulk conductivity of SWNT-PVA thin films as chloride ions
bind to the film surface. SWNT-PVA thin films are embedded within
cementitious structural elements submerged in saline solutions that accelerate the diffusion of chloride ions in the cementitious material. The
conductivity of SWNT-PE thin films is shown to change in tandem with
chloride ingress.

6529-42, Session 10
A magnetic sensing approach to characterize
corrosion in reinforced concrete
J. S. Popovics, Univ. of Illinois at Urbana-Champaign

There is currently an un-met need for high-temperature strain sensors in
several markets including: 1) Target instrumentation for directed energy
and conventional weapons, 2) structural health monitoring in aircraft and
industrial turbines, and 3) structural health monitoring in industrial and
nuclear power plant applications. Conventional foil gages are limited in
temperature range to below 350°C. Direct-write foil gages have improved
temperature ranges, but can be difficult in the instrumentation of complex geometries. Additionally, high-temperature structures experience high
total strains due to CTE effects. There currently exists no reliable method
to measure strain and fatigue in high-temperature components.
Luna Innovations Incorporated has developed a field-portable fiber-optic
temperature and strain sensor assembly capable of measuring temperatures in excess of 1100°C and strains in excess of 25%. Both the temperature sensor and extensometer are integrated into a thin stainless steel
coupon with outside dimensions of 0.15"x 0.20" for high spatial resolution temperature-compensated strain measurements. The coupon con-
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tains precisely located features for accurate placement of sensors in the
field using standard hand-held spot-welding tools.
In addition to high spatial resolution, sensors are designed to provide
high frequency measurements. The temperature sensor is extremely small
at approximately 0.165mm in diameter with a transducer that is approximately 0.035mm thick. This small transducer size enables exceptionally
fast response times, with results demonstrated that exceed 20,000°C/s.
The extensometer, which undergoes no fatigue during operation, exhibits
very low hysteresis, and since the extensometer bears no mechanical
load, extremely large strain ranges are feasible.
Luna Innovations has designed, built and tested several fiber-optic spotweldable temperature and strain sensor assemblies in an MTS load frame
at Virginia Polytechnic Institute and State University. Data presented show
good agreement between the temperature sensors and a co-located thermocouple for slowly varying temperatures up to 1100°C and with the
load frame extensometer at room temperature. The fiber-optic extensometer also demonstrated good agreement with a conventional foil gage
over the limited range of data that was available from the foil gage.

Steel reinforcement corrosion is a significant problem for the US infrastructure, and the need for effective corrosion sensing in structures is
clear: the cost of corrosion damage to highway bridges in the United
States alone is estimated at $6 to $10 billion per year. Accurate and continuous corrosion sensing methods would help reduce this cost and enable effective health monitoring and service life prediction in concrete
structures. In this paper recent developments in corrosion sensing are
reviewed. First the bases and applications of several different types of
embedded corrosion sensors are reviewed and discussed. Then a new
basis for corrosion sensing is presented, based on magnetic field measurement using recently-developed high sensitivity miniature IC sensor
chips. In the approach, the existing corrosion state (thickness of corrosion product at steel surface) is monitored in an active sensing configuration that interrogates a nearby volume of material. The existing corrosion
rate is estimated using a passive configuration, again using the sensor
chips. These configurations are described. Used together, the results would
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provide complete characterization of the corrosion state. Both active and
passive approaches can be applied without excavation of the concrete,
so remote sensing at a surface and internal sensing with an embedded
unit are possible.

6529-43, Session 10
Estimation of general corrosion damage to steel
reinforced mortar using high-frequency guided
mechanical waves
H. L. Reis, B. L. Ervin, J. T. Bernhard, D. A. Kuchma, Univ. of
Illinois at Urbana-Champaign
High frequency (2 - 4 MHz) guided mechanical waves have been used to
detect and assess general corrosion damage in steel reinforced mortar
specimens undergoing accelerated corrosion using impressed current.
Low loss longitudinal modes of propagation were primarily invoked. The
decay of waveform energy (indicative of attenuation) at different frequencies is presented and discussed in terms of general corrosion damage.
Experimental results indicate that the percentage of corrosion damage
can be detected and evaluated invoking higher frequency longitudinal
guided mechanical waves.

6529-44, Session 11
Semi-active flutter control of a high-aspect-ratio wing
using multiple MR dampers
J. Hu, L. Zhou, Nanjing Univ. of Aeronautics and Astronautics
(China)
Recent years, application of semi-active control strategies and semi-active control devices in civil engineering and other control problems has
been developed. In particular, the semi-active control based on Magnetorheological (MR) dampers has been attracted considerable attention for
its simple mechanism, low energy requirement, high robustness and flexible control algorism. Hence, the extended application of the semi-active
control based on MR dampers to suppress the flutter of aeroelastic systems in aerospace engineering is quite natural.
In this paper, an aeroelastic system of three degrees of freedom, which
includes a two-dimensional airfoil section with a control surface and a
MR damper, is established. A phenomenological model based on a BoucWen hysteresis model of MR damper that presented by Spencer et al. is
used in this paper. The clipped-optimal control strategy is performed in
the semi-active flutter control of the aeroelastic system. The numerical
simulations based on the Theodorsen’s aerodynamic load suggest that
the MR damper is able to increase not only the structure damping, but
also the critical flutter speed. After which, a passive flutter control of the
system is performed through the use of a visco damper instead of the MR
damper in the system, and the numerical simulation results of the passive
case are compared with the semi-active case.
After the aeroelastic system of airfoil section is modeled and analyzed
numerically, this paper discusses a method that deals with a high-aspect-ratio (HAR) wing-aileron system through the use of multiple MR dampers mounted on the hinge axis along span-wise. The dynamic equation of
the wing-aileron section of unit span subject to Theodorsen’s aerodynamic load is established, and the aerodynamic equation of the whole
HAR wing-aileron system is reached through the use of strip theory. The
flutter characteristic of the whole system is discussed through numerical
simulation. In addition, the effect of the structural parameters on the flutter characteristics is also discussed in detail. The numerical simulation
shows that the semi-active control strategies based on multiple MR dampers hold promise in suppressing the flutter of an entire HAR wing with
aileron.

6529-45, Session 11
A video-assisted approach for health monitoring
C. Tan, D. Ashebo, Wayne State Univ.; M. Feng, Y. Fukuda,
Univ. of California/Irvine
Structural condition assessment of highway bridges is traditionally performed by visual inspections or nondestructive evaluation techniques,
which are either slow, unreliable or detects only local flaws. Instrumentation of bridges with accelerometers and other sensors, however, can provide real-time data useful for monitoring the global structural conditions
of the bridges due to ambient and forced excitations. This paper reports
a video-assisted approach for structural health monitoring of highway
bridges, with results from field tests and subsequent offline parameter
identification. The field tests were performed on a short-span instrumented
bridge. Videos of vehicles passing by were captured, synchronized with
data recordings from the accelerometers. For short-span highway bridges,
vibration is predominantly due to traffic excitation. A stochastic model of
traffic excitation on bridges is developed assuming that vehicles traversing a bridge (modeled as an elastic beam) form a sequence of Poisson
process moving oscillators and that the contact force of a vehicle on the
bridge deck can be converted to equivalent dynamic loads at the nodes
of the beam elements. Basic information of vehicle types, arrival times
and speeds are extracted from video images to develop a physics-based
simulation model of the traffic excitation. This modeling approach aims at
circumventing a difficulty in the system identification of bridge structural
parameters. Current practice of system identification of bridge parameters is often based on the measured response (or system output) only,
and knowledge of the input (traffic excitation) is either unknown or assumed, making it difficult to obtain an accurate assessment of the state
of the bridge structures. Our model reveals that traffic excitation on bridges
is spatially correlated, an important feature that is usually incorrectly ignored in most output-only methods. The importance of vehicle-bridge
interactions, which is often neglected in structural health monitoring, is
also assessed in this study. The effectiveness and viability of this videoassisted approach are demonstrated by the field results.

6529-46, Session 11
Developing hybrid structural health monitoring via
integrated global sensing and local infrared imaging
H. T. Yang, Univ. of California/Santa Barbara; D. T. Ma, Univ. of
Hawaii at Manoa; Q. He, X. Han, Wayne State Univ.
Sensing technology and sensor development have received increased
attention in the recent years, and a number of types of sensors have been
developed for various applications for materials and structures. In this
paper, we will discuss the concept of combining sensing of global vibration and local infrared imaging techniques. The global vibration-based
techniques determine the health condition of structures by the changes
in their dynamic properties or responses to external disturbs or excitations. Infrared Imaging is introduced here to detect local defects or problems so that to provide more direct and accurate assessment about the
severity and extent of the damage. Results on a lab module/sample will
be given and the progress on developing the hybrid structural health
monitoring system will be presented.
This work is sponsored by the NSF CMS program directed by Dr. ShihChi Liu, award number CMS-0511046.

6529-47, Session 11
Application of XML database to autonomous
configuration control and data transfer for sensor
networks in buildings
M. Shoji, A. Mita, Keio Univ. (Japan)
The Structural Health Monitoring (SHM) systems monitor the condition of
structures in order to promptly and quantitatively evaluate risks due to
their deterioration or damage. The SHM systems require deployment of
many sensors. However, it has been found that the management of sen-
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sor network configuration and data transfer becomes extremely difficult
when many kinds of sensors are used for different structural systems. In
addition, for accurate diagnosis of a structure we need statistical information of similar structural systems. Thus we need standardized data
structures for databases and the rules (protocols) for data transfer. Furthermore, using the databases, we can make the configuration control of
sensor networks autonomous. For demonstrating the potential of the proposed system, we selected the XML database system. The metadata
associated with acquired data and the sensor configuration are properly
modeled and used for autonomous configuration control and data transfer.

6529-48, Session 11
Scheduling of intelligent sensor and actuator network
in flexible structures
M. A. Demetriou, R. Potami, Worcester Polytechnic Institute
We consider the problem of monitoring and scheduling a network of intelligent sensors and actuators in large flexible structures. A hybrid controller that activates a subset of the devices in the sensor and actuator
network is proposed and whose objective is to effectively address the
effects of spatiotemporally varying disturbances. It is assumed that the
flexible structure is subjected to disturbances and the intelligent control
policy attempts to activate the actuators that over the duration of a time
interval, have spatial authority against the spatiotemporally varying disturbances. The hybrid controller switches the relevant actuators on and
deactivates the ones that are not used over a given time interval. The
basic idea behind the proposed supervisory scheme is to show that using a switched controller, it is possible to simultaneously improve controller performance and reduce the power consumption in the actuator/sensor network. Both analytical and experimental results on a flexible aluminum plate with eight pairs of collocated actuator/sensor PZT pairs are
presented.

6529-49, Session 11
A study of train intelligent measurement system using
acceleration of train
Y. Fujino, The Univ. of Tokyo (Japan); H. Ishii, Yokogawa Bridge
Co. (Japan); Y. Mizuno, The Univ. of Tokyo (Japan); K. Kaito,
The Univ. of Kyoto (Japan)
Local railways, even though they have a very limited budget, need to
keep high safety standards and to maintain their railway system. Therefore, we are developing low-cost railway monitoring system that can be
installed in ordinary trains. The accelerometers are installed on the floor
of train. The field measurements were carried out in Local Railway.
First, we developed train position identification method using GPS sensor and train acceleration. The Dynamic planning method is applied to
match twice records because this method must have some errors. Second, we confirmed the relation between train acceleration and track irregularity. The track irregularity can be calculated from the acceleration
using equation of motion of train. Finally, we developed TIMS (Train intelligent measurement system) that track irregularity can be usually monitored.

6529-50, Session 12
Reliable data management in a low-cost wireless
structural sensing network
Y. Wang, Stanford Univ.; J. P. Lynch, Univ. of Michigan; K. H.
Law, Stanford Univ.
By replacing cabled communication with wireless communication, wireless structural sensing network offers a low-cost alternative to traditional
cable-based structure monitoring systems. Flexible monitoring system
architecture is also supported by the wireless structural sensing network,
due to the ease of relocating wireless sensors. Because these portable
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wireless sensors normally operate on batteries with limited energy supply, a simple and efficient communication protocol is proposed for managing simultaneous and continuous data streams from multiple wireless
sensors. The protocol reduces power-consuming wireless transmission
to the minimum, meanwhile maintaining high reliability for deployment in
civil structures. Multiple data compression schemes that assist in reducing wireless data traffic, including lossy and lossless ones, are also investigated. When these compression algorithms are integrated with the proposed communication protocol, battery energy is effectively saved for
the network of wireless sensors. Meanwhile, it is found that sufficient data
fidelity is achieved when feeding the collected data into a number of typical structural damage identification algorithms.

6529-51, Session 12
Non-target image technique for spatial-temporal
structural responses measurement
C. C. Chang, Y. Ji, Hong Kong Univ. of Science and Technology
(Hong Kong China)
Image sequences recorded by high-resolution digital video cameras contain vast amount of spatial-temporal information of the targeted objects.
With the rapid increase of image resolution, these digital cameras can
now be used to measure three-dimensional complex motion of structures with sufficient accuracy for the purpose of modal analysis or health
monitoring applications. In this paper, a measurement technique based
on image sequence analysis is proposed for extracting spatial-temporal
responses of three-dimensional (3D) continuous structures. Two digital
cameras are used to record two-dimensional (2D) image sequences of a
3D structural response. This structural response can be reconstructed
using the two 2D image sequences through the epipolar geometry theory.
Hence, it is possible to obtain 3D displacement responses of the structure without any pre-installed targets. Those 3D displacement responses
can provide a more direct way to quantify the complex 3D modal properties of the structure. To demonstrate, a lab test to measure the free vibration of a steel cantilever beam is performed. Results show that the proposed technique can obtain excellent results as compared to the analytical ones. The proposed technique provides a low-cost alternative to measure 3D vibration of low-frequency flexible structures such as bridge cables
in a non-contact and non-target fashion.

6529-52, Session 12
Flexibility-based structural damage identification
using Gauss-Newton method
C. Bilei, S. Nagarajaiah, Rice Univ.
Existence of structural damage in civil engineering infrastructure greatly
influences the long term performance of the system and in some cases
leads to disastrous consequences. Therefore, the ability to detect structural damage has become increasingly important from the viewpoint of
economic viability and life-safety. The modal flexibility matrix, with finite
element model updating, has gained much attention recently in the field
of structural damage detection because it combines natural frequencies
and modal shapes of the structure, which together readily indicate changes
in stiffness more accurately, than either natural frequencies or mode shapes
by themselves. Moreover, modal flexibility matrix is easy to obtain experimentally, since only a few lower modes are required to achieve reasonable accuracy. In some cases, the number of degrees of freedom (DOF)
of the systems are so large, that it is impractical to install the full set of
sensors. So the challenge is to use the incomplete set of identified first
few modes to detect structural damages. Jaishi and Wen (2006) used the
first few modes to formulate the minimization problem consisting of the
change of modal flexibility matrix, and then applied the trust region method
to find the optimal structural parameters. In their method, however, one
needs to compute Hessian matrix, which is the second derivative of flexibility matrix and thus computationally expensive. The other problem is
that a lot of modes are required in order to compute derivatives of modal
shapes, which is not economical for large structures. In this paper, a new
method based on the flexibility method and Gauss-Newton optimization
algorithm are presented for structural damage detection. First, the ex-
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perimental flexibility matrix corresponding to the measured DOFs is obtained by using the first few modes. Second, the Frobenius norm of the
change of flexibility matrix is minimized by Gauss-Newton algorithm, where
only first derivatives of modal shapes are calculated and Hessian matrix
is not required. Additionally, Gauss-Newton method is more efficient
computationally. The iterative method (Zhang and Zerva, 1996) is applied
to calculate derivatives of modal shapes using only the first few modes.
Simulation examples demonstrate that the proposed flexibility-based
method can detect and identify structural damages successfully.
Reference:
[1] Jaishi, B. and Ren, W., 2006. “Damage detection by finite elment model
updating using modal flexibility residual.” Journal of Sound and Vibration, 290(1-2), 369-387.
[2] Zhang, O. and Zerva, A., 1996. “Iterative Method for Calculating Derivatives of Eigenvectors.” AIAA Journal, 34(5), 1088-1090.

6529-53, Session 12
The slow-flow method of identification in nonlinear
structural dynamics
G. Kerschen, Univ. de Liège (Belgium); A. F. Vakakis, National
Technical Univ. of Athens (Greece); Y. S. Lee, M. McFarland, L.
A. Bergman, Univ. of Illinois at Urbana-Champaign
The field of nonlinear dynamics is not new: still the first contributions to
the identification of nonlinear structural models date back only to the
1970s. Since then, numerous identification methods have been proposed
and developed, largely because of the highly individualistic nature of nonlinear systems. Most of the early methods focused on single-degree-offreedom (SDOF) systems, but over the past ten years, or so, significant
progress toward the accurate identification of multi-degree-of-freedom
(MDOF) lumped-parameter systems has been realized. However, it is still
the case that there is no identification method that can be applied universally to all nonlinear systems. For a review of the literature on the subject,
the reader is invited to consult the monograph by Worden and Tomlinson
and recent overview by Kerschen, et al.. One of the more successful approaches to nonlinear system identification is the restoring force surface
method, introduced in the late 19070s by Masri and Caughey. A parallel
approach force-state mapping, was developed independently by Crawley
and Aubert. The technique provides an estimate of the functional form of
the nonlinearity from a three-dimensional plot versus displacement and
velocity. A characterization of the elastic and dissipative forces can be
obtained by taking a cross section of this surface along the axes where
either the velocity or the displacement is equal to zero. The restoring force
surface method can be used for identification of MDOF nonlinear systems, but then its key advantage, which lies in the graphical representation of the restoring force, is lost. Another attractive technique, which
uses the Hilbert transform and the slow-flow dynamics for nonlinear system identification, dates back to the early 1990s and is due to Feldman
and co-workers. SDOF systems were first studied in the “FREEVIB”
method, and the generalization to 2DOF systems soon followed. That
procedure tracks the varying nature of vibration of a large class of nonlinear systems thanks to the extraction of backbone curve from experimental data. Because multicomponent signals do not admit a well-behaved
Hilbert transform, the “FREEVIB” method is best exploited for SDOF systems for single-mode resonance of MDOF systems. Alternative approaches for slow-flow-based identification were developed using, for
instance, the Wigner-Ville approach, wavelet, and Gabor transform. Recognizing the limitation of the Hilbert transform for signals with multiple
frequency components, Huang et al. introduced the Hilbert-Huang transform (HHT) in 1998. It decomposes signals in terms of elemental components, termed intrinsic mode functions (IMFs), through the empirical mode
decomposition (EMD). Its ability to analyze nonlinear and nonstationary
data, demonstrated in several applications such as plasma diagnostics,
assessment of cardiovascular autonomic control, study of ozone records,
and financial time series, makes it potentially superior to the Fourier and
wavelet transforms. This is discussed in detail in the monograph by Huang
et al..
Several applications of the HHT to structural dynamics recently appeared
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in the literature, including damage detection, gearbox and roller bearings
fault diagnosis, aeroelastic flight data analysis, and nonlinear vibration
characterization. Yang et al. related the IMDs to modal properties, providing a clear interpretation of the relationship of the HHT to linear system
dynamics. However, when nonlinearity is present in the system, a complete analytical foundation for the HHT is still lacking. As shown for the
first time in Kerschen et al., the lack of this fundamental understanding of
the HHT in nonlinear structural dynamics can be addressed by linking its
outcome to the slow-flow dynamics of the system. The slow-flow model
is established by performing a partition between slow and fast dynamics
using the complexification-averaging (CxA) technique, resulting in a reduced dynamical system described by slowing varying amplitudes and
phases. Moreover, these slowly-varying variables can be extracted directly from experimental measurements using the Hilbert transform
coupled with the EMD. The comparison between experimental and analytical results forms the basis of a novel parameter estimation method,
termed the slow-flow model identification (SFMI) method, as presented
by Kerschen et al.
This presentation will include a brief discussion of the CxA method, the
HHT, the concept of an IMF, and their application to characterization of
nonlinear time series. The fundamental contribution of the SFMI, exploiting the relationship between the slow-flows and IMFs, will be discussed,
and several applications will be presented.

6529-54, Session 12
Application of pattern recognition techniques to
identify damage in different test specimens
M. Gul, Univ. of Central Florida; F. N. Catbas, Drexel Univ.; M.
Georgiopoulos, Univ. of Central Florida
Identification of damage in a structure has been a challenging problem
for the researchers in Structural Health Monitoring (SHM) area. A number
of experimental and analytical techniques have been developed to solve
such problem. It has been has been recently accepted in the literature
that the process of damage identification problem is one where statistical
pattern recognition techniques can be of use because of the inherent
uncertainties of the problem. Time series analysis is one of the widely
used methods for statistical pattern recognition applications to SHM. AutoRegressive (AR) and Auto-Regressive with eXogenous inputs (ARX) models are highly utilized for this purpose. The residual error (difference between the real time history data and the estimated time history data with
AR-ARX models) or the outliers in the identified AR and ARX model parameters can be used for damage identification purposes. In this study,
time series analysis methods are combined with different outlier detection algorithms and applied to analytical and experimental data sets for
damage detection in the context of SHM. The experimental data sets are
obtained from different test specimens for different structural configurations and damage cases. The promising features and the shortcomings
of the methodology are discussed in detail based on the analytical and
experimental results.

6529-55, Session 13
Integrated structural health monitoring system with
interactively retrieved sensor data
Y. Zhang, J. Li, Lehigh Univ.
This paper presents a new concept for an integrated structural health
monitoring (SHM) system and its potential use in civil infrastructure application. The integrated SHM system incorporates sensor data compression, interactive data retrieval and structural system identification to address the challenging issues arising from current SHM practice. Since
rapid data analysis is highly desired during or immediately after extreme
events such as strong earthquakes to enable rapid emergency relief and
disaster assistance efforts, innovative sensor data compression techniques
are needed to facilitate fast and reliable remote transmission of seismic
data from monitored structures to central information processing station.
Real sensor data measured from a prototype integrated SHM system which
is comprised of a model steel bridge, a real-time data acquisition system
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with remote access were used in this study to demonstrate the concept
for the integrated SHM system. The performance of the integrated SHM
system with lossy data compression is also discussed in this paper.

6529-56, Session 13
Real-time condition assessment of the Bill Emerson
cable-stayed bridge using artificial neural networks
W. Wang, G. Chen, Univ. of Missouri/Rolla
The Bill Emerson Memorial Bridge is a newly built 3956 feet long cablestayed bridge crossing the Mississippi River near Cape Girardeau, Missouri. It is located approximately 50 miles from New Madrid Seismic Zone
where three of the largest earthquakes in the U.S. continent occurred.
Due to its criticality and proximity to the New Madrid Seismic Zone, a
seismic monitoring system (ASPEN) consisting of 84 accelerometers was
established for the cable-stayed bridge and its adjacent area. This paper
is focused on a three-step artificial neural network that was developed to
detect the damage of the cable-stayed bridge directly using the field
measured dynamic response time histories without doing any eigenvalue
analysis. Some issues related to the application of neural network such
as data compression, effect of different excitations on performance of
the proposed neural network strategy are also discussed in this paper.
Damage is defined as the change of structural parameters such as stiffness and damping coefficients in this study. The first step is to develop
and train an emulator neural network for accurate prediction of the responses of the Bill Emerson Cable-stayed Bridge model, which represents the healthy state of the structure. A finite element model of the
cable-stayed bridge was established with a total of 2012 joints, 2120 frame
elements, 244 shell elements, and 274 rigid link elements resulting in 10326
degrees of freedom. The FEM model which represents the as-built Bill
Emerson Bridge was calibrated with the measured data from the seismic
monitoring system. The second step is to establish and train a parameter
evaluator neural network for relating the damage in the model bridge to
the response prediction error by the emulator neural network. When damage occurs in the bridge, the emulator neural network that was trained for
the as-built Bill Emerson Bridge can no longer predict the responses with
sufficient engineering accuracy even under the same excitations as used
for the training of the emulator neural network, because the damage will
change the response and parameters of the bridge. The relationship between response change and the bridge parameter change is established
implicitly in the parameter evaluator neural network. Since the Bill Emerson
Bridge is newly built up and there is no damage occurred thus for, artificial damage scenarios are introduced to simulate the possible damage
using the calibrated FEM model and the relationship between prediction
error and the bridge parameters is established by the parameter evaluator neural network. The third and last step is to identify the location and
severity of damages in the Bill Emerson Cable-stayed Bridge. By inputting the measured responses from the simulated damaged bridge into
the emulator neural network, the prediction errors can be obtained, which
is input into the parameter evaluator neural network to predict the bridge
damage. Extensive parametric studies indicated that the two back-propagation neural networks are effective in identifying the damage. Some investigations are also placed on data reduction techniques for preparing
training data sets for neural networks. The effect of different excitations
on the performance of the proposed neural network strategy is also investigated in this paper.

6529-57, Session 13
Experimental verification of a bivariate regressive
adaptive index for structural health monitoring
S. Su, T. L. Kijewski-Correa, Univ. of Notre Dame
Given the present burdens associated with the inspection and maintenance of Civil Infrastructure, research in vibration-based damage identification has been rapidly expanding over the last few years. This study
focuses on data-driven methods for structural health monitoring and introduces a Bivariate Regressive Adaptive INdex (BRAIN) for damage detection in a decentralized, wireless sensor network. Unlike many damage
sensitive features in the literature, BRAIN utilizes a dynamic damage inSPIE Smart Structures and Materials 2007

dex that automatically adapts to the data set, extracting the most damage sensitive model features, which vary with location, damage severity
and loading condition. This data-driven feature is key to providing the
most flexible damage sensitive feature (DSF) incorporating all available
data for a given application. Such capabilities offer more accurate analysis and more reliable outcomes by optimally exploiting all data features.
Further, as its name suggests, BRAIN exploits heterogeneous sensor arrays to enhance detection capability through the use of two types of response data, each with its own unique sensitivities to damage. Findings
generated to date have demonstrated BRAIN’s ability to not only consistently determine the presence of modest levels of damage, but also its
location and severity, in comparison to other traditional homogeneous
methods.
Unfortunately, the performance of BRAIN and other data-driven methods
is entirely reliant on the underlying model used to represent the time series. This dependence is often noted in static (non-adaptive) DSFs; however, it will be demonstrated that adaptive, data-driven DSFs such as
BRAIN, can provide enhanced flexibility and thus utility over a wider range
of applications and data sets. Therefore, this study will first discuss the
BRAIN concept and then evaluate several regressive type-models, including common homogeneous formats and newly proposed heterogeneous descriptors to demonstrate their performance using their traditional
static DSFs and the proposed dynamic DSFs. Performance will be validated by documenting their damage success rates on repeated simulations of randomly-excited thin beams with modest levels of damage.

6529-58, Session 13
Some data-driven modeling approaches for detecting
changes in nonlinear dampers
H. A. Yun, S. F. Masri, F. Tasbihgoo, R. W. Wolfe, Univ. of
Southern California
Full-scale viscous dampers are used in civil structures to mitigate structural vibration because of their effective energy dissipation capability.
Various types of nonlinearities are employed in the design of viscous
damper for optimal dynamic characteristics of the dampers in vibration
mitigation. In order to ensure the proper operation of such nonlinear dampers, the development of reliable condition assessment methodologies is
imperative. The current practice of full-scale viscous dampers, however,
largely depends on human visual inspection, which frequently fails to detect complicated physical damages of the dampers over time. As an alternative approach, vibration-based system identification methods could
provide more accurate and reliable means for damper condition assessment. In this paper, various identification methods are compared for fullscale nonlinear viscous dampers, including a parametric approach using
a simplified design model (SDM), the non-parametric Restoring Force
Method (RFM), and the non-parametric Artificial Neural Network (ANN)
approach. Advantages and disadvantages of each method are discussed
for monitoring purposes. In the comparison, it is shown that the RFM is
superior to other methods in regard to the following aspects: (1) no assumption is needed on the nature of the monitored systems; (2) the method
is applicable to a wide range of nonlinear system types; (3) the same
identification model can be used for the unknown system changes, including the change of system type as well as the change of system parameter values; and (4) physical interpretation of system changes are
possible, using the identified values of the series expansion coefficients.
A set of experiments was also conducted using magneto-rheological (MR)
dampers to validate the feasibility of system change detection. For small
change in the magnetic field strength, the change in the dynamic characteristics of the MR damper was detected, using the identified RFM coefficients. The application of some statistical classification techniques is
discussed for robust change detection of the identified RFM coefficients.
The effects of uncertainty types and modeling error on the system change
detection are also discussed.
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6529-59, Session 13
Reduced surface wave transmission function and
neural networks for crack evaluation of concrete
structures
S. Shin, C. Yun, Korea Advanced Institute of Science and
Technology (South Korea); H. Furuta, Kansai Univ. (Japan); J. S.
Popovics, Univ. of Illinois at Urbana-Champaign
Crack in concrete is a common defect that may cause significant deterioration and failure of concrete structures. Determination of crack depth in
field using the self-calibrating surface wave transmission measurement
and the cutting frequency in the transmission function (TRF) is very difficult due to variations of the measurement conditions. In this study, it is
proposed to use the measured full TRF as a feature for crack depth assessment. A principal component analysis (PCA) is employed to generate
a basis of the measured TRFs for various crack cases. The measured
TRFs are represented by their projections onto the most significant principal components. Then artificial neural network (ANN) using the PCAcompressed TRFs is applied to assess the crack in concrete. Experimental study is carried out for five different crack cases to investigate the
effectiveness of the proposed method. Results reveal that the proposed
method can be effectively used for the crack depth assessment of concrete structures.

6529-60, Session 13
A heuristic neural network initialization scheme for
modeling nonlinear restoring forces: continuous
development

and high quality and relatively low cost of laser sources. In this paper, we
present a laser interferometric sensor for seismic wave propagation measurement. We demonstrate that a Michelson laser interferometer with one
fix arm behaves as a velocimeter for a seismic wave. In the paper the
methodology for choosing the optimal system parameters is presented
and the performances of the interferometric system are analyzed in comparison with a standard state-of the art standard sensors, in connection
with the sensitivity and the stability of the interferometric system.

6529-140, Poster Session
Comparison of sensor placement methods in
structural health monitoring of civil structures
D. Li, Dalian Univ. of Technology (China)
Many sensor placement methods are proposed and applied in dynamic
testing to achieve best identification of structural characteristics, for instance, eigenfrequencies, and mode shapes, including also corresponding damping ratios. The emergence of structural health monitoring of civil
structures render sensor placement problem more important since the
number of sensors used is relatively large compared to laboratory test.
This paper will compare and discuss several influencing sensor placement methods, and their results applied on the I-40 bridge. Furthermore,
the relationship between Effective Independence method and Modal Kinetic Method is derived. It is found that the later is expanded version of
the former with the product of Fisher Information Matrix computed from
unorthogonized mode shapes as weights. Finally, these methods are compared with our proposed loading dependent sensor placement methods.

6529-141, Poster Session

J. Pei, E. C. Mai, Univ. of Oklahoma

A fiber optic sensor for web edge detection

The paper introduces a continuous effort towards the development of a
heuristic initialization methodology for constructing multilayer feedforward
neural networks to model nonlinear functions. In this and previous studies that this work is built upon including the one presented at SPIE 2006,
the authors do not presume to provide a universal method to approximate arbitrary functions, rather the focus is given to the development of a
rational and unambiguous initialization procedure that applies to the approximation of nonlinear functions in the specific domain of engineering
mechanics. The applications of this exploratory work can be numerous
including those associated with potential correlation and interpretation of
the inner workings of neural networks, such as damage detection. The
goal of this study is fulfilled by utilizing the governing physics and mathematics of nonlinear functions and the strength of the sigmoidal basis
function. A step-by-step graphical procedure utilizing a few neural network prototypes as “templates” to approximate commonly seen
memoryless nonlinear functions of one or two variables is further developed in this study. Decomposition of complex nonlinear functions into a
summation of some simpler nonlinear functions is utilized to exploit this
prototype-based initialization methodology. Mathematical insights are
offered to justify this methodology. Training examples are presented to
demonstrate the rationality and efficiency of the proposed methodology
when compared with the popular Nguyen-Widrow initialization algorithm.
Future work is also identified.

A. Seshadri, P. R. Pagilla, Oklahoma State Univ.

6529-139, Poster Session
Laser interferometric sensor for seismic wave
measurement
R. De Rosa, Univ. degli Studi di Napoli Federico II (Italy); F.
Acernese, Univ. degli Studi di Salerno (Italy); F. Garufi, Univ.
degli Studi di Napoli Federico II (Italy); R. Romano, F. Barone,
Univ. degli Studi di Salerno (Italy)
Laser interferometry is one of the most sensitive methods for small displacements measurement for geophysical and civil applications. This technique was successfully used in several fields of physics, exhibiting very
good performances also for the large availability of optical components
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A web is any material in a continuous flexible strip form which includes a
wide spectrum of materials like paper, plastic, aluminum and steel. Web
materials are manufactured and stored in rolled form since it is easy to
transport, handle and process them. The term web handling refers to the
physical mechanics of handling the web materails i.e., transport and control of web materials through the processing machinery. One key aspect
of control includes the lateral control of web on rollers. Control of web
guides to maintain the lateral position of the web on a roller prior to coating, printing, winding and other web processes is critical for making a
web which is suitable for commercial applications. For example, large
lateral movements of the web on rollers can cause slackness of the web,
which can result in wrinkles. Hence, monitoring and tight control of the
lateral position of the web is essential in any type of web processing.
Web guiding is becoming increasingly demanding due to variation in web
materials, variation in web width, and the need for increased accuracy.
For proper web guiding it is essential to have accurate lateral position
measurement, which is used as feeback in the lateral control algorithms.
Several types of sensors are available for lateral position measurement,
including optical, ultrasonic, CCD image cameras, etc. Common industrial sensors like infrared and ultrasonic sensors are based on the principle of blocking and unblocking of the optical/ultrasonic signals. They
suffer from common limitations like opacity changes, plane changes,
ambient light conditions, dust, high temperature environments, etc. CCD
image sensors are expensive, require complex image processing algorithms and are not commonly used due to their high cost. The main objective of our research is to develop a new sensor which can overcome
some of the key limitations of the existing sensing methods and sensors.
A laser based fiber-optic sensor was proposed in our previous work [1].
The sensor developed was based on the principle of scattering of light
and the directional property of optical fibers. When a beam of light is
incident on a surface or an edge, light in scattered in all the directions.
The intensity of scattering depends on the intensity of the incident light,
the type of materail which scatters the light, and the viewing direction of
the scattered light. A linear array of optical fibers were used to collect the
scattered light, and the position of the web was measured by observing
the intensity of light received by each fiber in the fiber array.
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Our previous work is extended in this contribution. A detailed investigation on improving the measurement accuracy of the sensor is presented
in this paper. The problem of determining the actual position of the web
when it is completely outside the sensing window, or when it completely
covers the sensing windows, is resolved in this work. This configuration
also provides better scattered signal and hence improves the precision of
the sensor. Our previous work provided static data to validate the proofof-concept. In this work, the performance of the sensor is evaluated on
an actual web handling system to observe the dynamic characteristics of
the sensor. The analysis of static and dynamic experimental data, that
characterizes the performance of the sensor under various realistic operating conditions and disturbances, is presented. A direct comparison of
the fiber optic sensor and an existing infrared sensor is carried out, on an
actual web handling platform, to compare their performance characteristics. The two sensors are compared using different web materials, under
different operating conditions. It is observed that the fiber optic sensor
has a better performance in terms of accuracy and noise characteristics
apart from obviating some of the key performance limitations of existing
sensors. Additionally, experiments were conducted on a web platform to
investigate the behavior of the developed sensor by using its measurement for feedback in a closed-loop lateral control system. Comparitive
experimental results will be presented and discussed.
[1] A. Seshadri, A. Abbaraju, and P.R. Pagilla, “A Novel Edge Sensor for
Web Guiding,” Proc. of the 2006 SPIE Conf. on Sensors and Smart Structures for Civil, Mechanical, and Aerospace Systems , San Diego, CA.

6529-142, Poster Session
An astable multivibrator formed by a novel NDRHBT
P. Niu, Tianjin Polytechnic Univ. (China); W. Guo, Tianjin Univ.
(China); C. Miao, X. Yu, W. Wang, Tianjin Polytechnic Univ.
(China); H. Qi, S. Zhang, Tianjin Univ. (China)
This paper has reported an astable multivibrator formed by a novel negative differential resistance heterojunction bipolar transistor (NDRHBT) with
ultra-thin base.
NDRHBT is a novel type of HBT with NDR characteristic. It has the advantages of high speed, high frequency, bistability, self-latching and saving device count. So it can be applied widely in high frequency oscillation
circuits and high speed digital circuits. The designed MBE material structure of NDRHBT mainly included Si-doped (1Å~1017cm-3) InGaP emitter
(200nm) and collector (300nm) and Be-doped (1Å~1019 cm-3) base (8nm)
as well as cap, spacer, subcollector layers.
The fabrication of NDRHBT, essentially, is the same as conventional HBT,
involving photolithography, lift off, wet etching, evaporating and sputtering, PECVD SiO2 and rapid thermal annealing using seven masks. To
control the width of base precisely, the selecting etch technique has been
adopted, using HCL:H2O=3:1 as an InGaP etching solution. It can stop
etching at GaAs base surface. The fabricated NDRHBT has a very good
standard “N” type NDR characteristic modulated both by voltage VBE
and by base current IB. For the VBE modulated NDRHBT, IP varies from
2.4mA to 12mA as VBE changes from 0.8V to 3.1V, corresponding, PVCR
varies from 120 to 7. The mechanism on NDR creation can be explained
briefly as following: In the narrow base of HBT, as the VCE and then VBC
(in reverse) increase, the depletion layer in base will extend and then neutral region of base becomes narrower, thus base resistance RB increases.
At a definite VBE, IB (=VBE/RB) will decrease and then IC also decreases,
the NDR effect will happen.
A voltage controllable negative resistance device can be employed in
astable mode to generate periodic pulse waveforms with very high frequency, as the load line intersects only in the negative resistance region.
The circuit configuration of an astable multivibrator involves load resistance RL, inductor L, “N” type NDR device (C with a capacitor in parallel)
and power supply in series.
The previous astable multivibrator usually was formed by Silicon Tunnel
Diode. The frequency of the Si-base astable multivibrator is not enough
high and is difficult to modulation. So we can use the high speed GaAsbase NDRHBT to displace the Si-base tunnel diode to form the astable
multivibrator. Because in the astable multivibrator, the frequency is dependent to the peak current IP, and the IP of NDRHBT is a function of
SPIE Smart Structures and Materials 2007

base voltage VBE. Thus in the astable multivibrator formed by NDRHBT,
the vibrator frequency can be modulated by base voltage VBE. The experimental result shows that the frequency corresponding to time interval
between two adjacent pulses f1 varies from 7Å~104Hz down to
2.5Å~104Hz as VBE changes from 4.5V to 6.5V and exhibits near a linear
relationship. So we will conclude that the novel astable multivibrator formed
by GaAs-based NDRHBT can be used as an efficient voltage controlled
frequency modulation for pulse signal in high speed digital circuits.

6529-143, Poster Session
Modeling of bimorph piezoelectric cantilever beam
for voltage generation
J. Ajitsaria, S. Choe, D. Kim, D. Shen, Auburn Univ.
Piezoelectric materials (PZT) can be used as mechanisms to transfer
mechanical energy, usually ambient vibration into electrical energy that
can be stored and used to power other devices. This PZT device can
potentially replace the battery that supplies the power in a micro watt
range necessary for operating sensors and data transmission. Feasibility
of this application has been repeatedly demonstrated in several literatures, but a real demonstration of a working device is partially successful
because of the various design parameters necessary for a construction
of the PZT bender. The modeling approach would simplify the design
procedure necessary for determining the appropriate size and vibration
levels necessary for sufficient energy to be produced and supplied to the
electronic devices. This paper deals with the modeling of a bimorph PZT
cantilever beam to study the output voltage generated. This paper focus
on the three approaches based on Beam theory, Energy method and Variational approach based on combination of both beam theory and variational energy method for the modeling of the PZT bender for voltage generation. The three models are implemented in Matlab/Simulink/Simpower
environment and simulated with an AC/DC power conversion circuit. An
experimental verification of the models is also performed to ensure the
accuracy.

6529-144, Poster Session
Safety research on glass furnace crown based on
tension test
Y. Deng, G. Dou, Tsinghua Univ. (China)
Glass furnace is the key device of the glassworks. Corrosion during the
furnace running and man-made damage during the furnace baking and
maintenances are the main factors impacting the safety of the glass furnace crown. High temperature scour, alkalescent steam corrosion, and
hot brunt will cause the scoured trace, silica brick corrosion, mousehole,
craze and flake of crown. The structural intension of crown will be reduced. Meanwhile, incorrect tie rode adjustment will make the sink and
stagger of crown, endangering the safety of crown. The tension test for
the crown tie rod can evaluate the damage of the furnace crown early.
Also it can provide a quantitative measurement for the tension adjustment while maintaining the furnace crown. So it is important to test the
tension of the tie rod for the glassworks. This paper discussed the frequency method for the tension test. According to the structural characteristic of the tie rod, the arithmetic for the frequency and the tension was
determined. Based on the Virtual Instruments development platform
LabVIEW, a new tension test system of the tie rod was developed. The
result of the field experiment showed that the new system can meet the
enterprise¡¯s precision requisition of tie rod tension test. At the same time,
the system has the advantages of easy operating, economic and practical. Finally, the test system was used on two typical glass furnaces of
Henan Ancai Group Co., Ltd to research their safety status.
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The sensor prototype has been tested under controlled atmosphere as
well as ambient condition with varying hydrogen concentrations.

6529-146, Poster Session
Lateral mode piezoelectric dual oscillator sensors for
health monitoring of civil infrastructures
Y. Roh, D. Kim, I. Yun, Kyungpook National Univ. (South Korea)
Previous paper of the authors reported the feasibility of a piezoelectric
oscillator sensor to detect damages in civil infrastructures. The oscillator
sensor is composed of an electronic feedback oscillator circuit and a
piezoelectric thickness mode vibrator to be attached to a structure of
interest. This paper deals with improvement of the oscillator sensor performance in terms of stability, reproducibility and sensitivity. The piezoelectric ceramic composing the sensor is inherently a pyroelectric material as well. Environmental effects such as the change of temperature,
humidity, external vibration and noise can also cause changes of the oscillation frequency, which results in erroneous response of the sensor. To
compensate the environmental effects, we developed a dual sensor
scheme; a reference sensor to respond to all the environmental parameters but not to structural damages and a detection sensor to respond to
both of the effects. Difference of the two sensor signals is solely due to
the influence of structural damages. Validity of the scheme was confirmed
through experiments and finite element analyses with a plate having artificial cracks. Performance of the dual oscillator sensor was also compared with that of its conventional counterpart, i.e. impedance measurement, to manifest the superiority of the oscillator sensor system.

6529-147, Poster Session
Application of zonal model on indoor air sensor
network design
Y. H. Chen, J. Wen, Drexel Univ.
Three types of simulation approaches exist for indoor air pollutant dispersion simulation, namely, multi-zone simulation, CFD simulation, and zonal
model simulation. Multi-zone simulation approach is easy to use but may
not be very accurate due to its well-mixed assumption especially for large
indoor space. CFD simulation can be very accurate but its accuracy is
largely determined by the model quality. Meanwhile, CFD simulation is
time and computational challenging. Both multi-zone and CFD simulation approaches have been used for indoor air sensor network design. In
this study, the third simulation approach, zonal model approach, is employed for indoor air sensor network design. Zonal model has a better
accuracy than the multi-zone model for large indoor space simulation,
and is much simpler than the CFD approach. In this study, the sensor
network design results by using the zonal model are compared with those
by using multi-zone and CFD approaches. The effects of furniture and
partition on sensor system design are discussed. The relationships between sensor location, sensitivity, and quantity are examined. Both detection time and total occupant exposure are employed as optimization
objective functions for sensor system design.

6529-61, Session 14
The detection of hydrogen with a nanotube
structured sensor
H. Gu, A. Polar, Univ. of Illinois/Chicago; H. Wang, Argonne
National Lab.; E. Indacochea III, M. L. Wang, Univ. of Illinois/
Chicago
The employment of hydrogen has shown a lot of promises as an alternative for conventional fuel sources. However, if not handled properly, hydrogen content as low as 4% can lead to a life-threatening catastrophe.
Some sensors for hydrogen detection have already been built to address
this safety issue. Unlike most of the traditional hydrogen sensors, the
sensor developed in this study features high sensitivity, fast response,
miniature size, and the ability to detect hydrogen under room temperature. The sensor template has a special nanoporous structure, coming
from self assembled aluminum oxide after anodization process. Deposition of palladium particles into the nanopores brings superb hydrogen
sensing ability by introducing a granular structure of sensing particles.
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6529-62, Session 14
Parameter estimation techniques for multi-story civil
structure monitoring and modeling
T. Ma, N. Xu, Univ. of Hawai’i at Manoa
A decentralized structural damage detection method based on transmissibility functions is proposed in this study. The transmissibility function
between any two measured output signals of a structure is defined as the
ratio between the two transfer functions associated with the outputs. For
single-input systems, the transmissibility functions contain only zeros of
the system. Compared to poles, zeros of a system are more sensitive to
local structural properties, thus damage detection methods based on
transmissibility functions are more local in nature as compared to those
that detect damage based on transfer functions alone. In the proposed
method, the transmissibility function of any two measured output signals
from the healthy structure is used as the transfer function of a virtual
single-input-single-output (SISO) system. One of the two measured outputs is used as the input to the SISO system and the other as the reference output. The output of such SISO system is almost identical to the
reference output for a healthy structure. Damage occurred between the
two corresponding locations is detected in real time when the output of
the virtual SISO system deviates from the actual measurement. In order
to minimize the influence of possible damage at other locations, a set of
parallel narrow-band filters with different central frequencies are used.
The filtered outputs are then weighted by different weighting factors to
produce the final damage index. Thus, based on a diagnosis criterion
using mean squared value of the weighted sum of filtered residual outputs and properly chosen thresholds, the damage can be detected and
isolated. Such method is validated numerically on lumped mass shear
beam models of building structures subject to seismic excitations. Structural damage is modeled as changes in mass, inter-story stiffness and/or
damping coefficients. Accelerations are assumed to be measured at various locations. It is shown that structural damage between any two floors
can be detected by evaluating the measurements corresponding to such
two floors. As only the local measurements are needed to detect structural damage, the proposed method is suitable for implementation using
distributed sensor networks.

6529-63, Session 14
Fatigue crack detection in a plate girder using Lamb
waves
I. J. Oppenheim, D. W. Greve, W. Wu, P. Zheng, Carnegie
Mellon Univ.
We report on the application of wafer-type PZT transducers to the detection of flaws in steel plate girders. In these experiments one transducer is
used to emit a pulse and the second receives the pulse and reflections
from nearby boundaries, flaws, or discontinuities (pitch-catch mode). In
this application there will typically be numerous reflections observed in
the undamaged structure. A major challenge is to recognize new reflections caused by fatigue cracks in the presence of these background reflections.
A laboratory specimen plate girder was fabricated at approximately half
scale, 910 mm deep with an h/t ratio of 280 for the web and a b/t ratio of
16 for the flanges, and with transverse stiffeners fabricated with a web
gap at the tension flange. Two wafer-type transducers were mounted on
the web approximately 175 mm from the crack location, one on each side
of the stiffener. The transducers were operated in pitch-catch mode, excited by a windowed sinuosoid to create a relatively narrowband transient excitation. The transducer location relative to the crack corresponded
to a total included angle of roughly 30 degrees in the path reflecting from
the crack. Cyclic loading was applied to develop a distortion-induced
fatigue crack in the web at the web gap location. After appearance of the
crack ultrasonic measurements were performed at a range of center frequencies below the cutoff frequency of the A1 Lamb wave mode. Subse-
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quently the crack was extended mechanically to simulate crack growth
under primary longitudinal (bending) stress and the measurements were
repeated. Direct differencing of the signals showed arrivals at times corresponding to reflection from the crack location, growing in amplitude as
the crack was lengthened mechanically. These results demonstrate the
utility of Lamb waves for crack detection even in the presence of numerous background reflections.
A parallel set of measurements were performed using an inductively
coupled (wireless, passively powered) Lamb wave transducer of a design
that we have reported previously. We will present data taken using this
inductively coupled transducer both as an emitter and a receiver of ultrasonic pulses. The evidence of cracks in this set of data is less persuasive
than in the case of the wired transducers. This is possibly a consequence
of less favorable transducer location, or the transducer design may require further improvement to obtain performance closer to that of wired
transducers.

6529-64, Session 15
Restraint-free wearable sensing clothes using a
hetero-core optic fiber for measurements of arm
motion and walking action
M. Nishiyama, H. Sasaki, K. Watanabe, SOKA Univ. (Japan)
In recent years, unrestrained monitoring of the posture and motion of
human action is a field of increasing interest in the welfare of the elderly
and the sport-biomechanics. The objective of this study has been to develop a wearable sensing cloth which can detect entire body posture and
motion using a hetero-core optic fiber sensor. This newly developed sensor can offers several advantages such as the simplicity of structure and
fabrication, the stable single mode based operation, the temperature independent property, and the precise loss controllability on given macrobending, together with the typical merits of fiber sensors; the thin- and
light-weight shape, the flexibility, and the resistance to corrosion. These
properties are suitable for implementing unrestrained wearable devices
to monitor human posture and motion. The hetero-core fiber sensor has
been developed as a bend-sensitive sensor, and it has been found that
the optical loss of the hetero-core fiber sensing element monotonically
increased with bending action of hetero-core portion with a high reproducibility. This sensor has been successfully applied in the form of a wearable-sensing cloth which could detect flexion of arm, motion of shoulder,
gesture of finger and motion of foot such as walking. In order to measure
flexion of arm, the mounting way of a hetero-core sensor element is carefully designed so as to avoid the joint of elbow and knee, because the
joint portion of cloth tends to randomly yields rucks hence to make unstable data of the hetero-core sensor portion when the joint is bent. On
the other hand, a tandem use of sensing element has been examined to
circumvent the increase in the optical fiber lines due to the increase of the
number of sensors which might be needed to cover whole body posture
and motion, since such an increase of fiber transmission lines would result in the need of a large number of optical sources and photo detectors.
Additionally, a small number of the fiber transmission line could be more
desired from the view point of unrestrained monitoring. More specifically,
the intensity changes from the two hetero-core elements which are tandem placed in a single line have been well discriminated by looking at the
differential values of the two signals. Therefore, this result implies that
discrimination of multi-element signals in a single transmission line can
be possible by making measurement of only optical intensity of a single
wavelength signal. By means of this method, we have developed the
monitoring system of human walking, monitoring of which are made on
the flexion of knee and the contacts of toe and heel, using hetero-core
sensors with a transmission line. The flexion of knee produced a relatively
slow change in the sensor performance with having a small differential
value, the contact of toe and heel contrary produced a very fast change
with a large differential value. As a result, we have successfully demonstrated that the wearable sensing clothes could monitor arm and hand
segment posture and motion and human walking without restraint to human daily behavior.
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6529-65, Session 15
Use of optical fiber technology to measure lowvelocity impact responses of railway prestressed
concrete sleeper
S. Kaewunruen, A. M. Remennikov, Univ. of Wollongong
(Australia); L. F. Boswell, City Univ. London (United Kingdom)
Railway prestressed concrete sleepers are required to resist repetitive
impact stress waves from dynamic interactions from the rail vehicles in
services. The magnitude of the shock load relies on various factors such
as axle load, types of wheel/rail imperfections, speeds of vehicle, track
stiffness, etc. It is inevitable to avoid those criteria in any consideration of
rail track designs since even the standard quality ride of rail vehicles still
involves with the low-velocity impact forces. Structural performance monitoring using optical fibre technology is an effective way to establish better
understanding into the impact behaviors of prestressed concrete sleepers. This paper demonstrates the application and development of the use
of optical fibres to measure the dynamic responses of prestressed concrete sleepers, particularly under a variety of controlled low-velocity impact loads. In this study, the optical fibre was installed along the bottom
surface of the tested sleeper. The low-velocity impact loading was generated by the drop weight impact machine with the varied drop heights
from 100 to 500 mm. The drop mass used in these experiments was 0.80
kN. The results, which are the dynamic strains and displacement responses
captured by the optical fibres in the loading range of 100 to 400 kN, are
discussed herein. In addition, the experimental techniques of the use of
optical fibre technology are highlighted.

6529-66, Session 15
Composite scarf repair monitoring using fiber Bragg
grating sensors
H. C. H. Li, I. Herszberg, Cooperative Research Ctr. for
Advanced Composite Structures Ltd. (Australia); P. R. Stoddart,
Swinburne Univ. of Technology (Australia)
Bonded composite patches are often used to restore the operational
strength of damaged aerospace structures. Significant cost savings may
be realised over component replacement. On external surfaces where
there is sufficient material thickness, scarf repairs are often employed to
minimise aerodynamic disturbances whilst providing excellent load transfer
efficiency. However, the integrity of such repairs, particularly at the bonding surfaces, may degrade over time due to combined loading and environmental effects. This necessitates highly conservative design, together
with a labour intensive inspection regime. The incorporation of in-situ health
monitoring systems in bonded composite repairs may allow the use of
less conservative designs and increase the confidence and industry acceptance of this repair strategy.
Fibre Bragg grating strain sensors may be used to continually assess the
repair integrity during normal aircraft operation without the need for any
additional downtime. This can be achieved by monitoring the strain in the
vicinity of the repair and that at a far-field location in order to detect any
load shedding from the repair, which may be indicative of structural degradation. This paper will discuss the implementation of fibre Bragg grating sensors in a typical bonded scarf repair for structural health monitoring. A finite element study is presented on the strain distribution of the
scarf repair with various levels of disbonds in the bond line. The optimum
sensor locations are determined using the finite element models. This is
validated by an experimental investigation. The practicalities of the monitoring technique are also discussed.
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6529-67, Session 15
Self-assembled PN semiconductor detectors on
optical fiber sensors
H. Ruan, E. Kang, J. H. Lalli, A. J. Hill, R. O. Claus, NanoSonic,
Inc.
This paper describes the self-assembly of PN junction-based semiconductor detectors directly on the ends of glass optical fiber waveguides.
We have used molecular-level self-assembly processes to deposit multilayer optical detectors onto the cleaved and polished ends of multi-mode
and singlemode glass optical fiber waveguides. The resulting integrated
detectors may be interconnected to external electronic circuitry using
conventional wire electrodes or self-assembled electrically conducting
interconnect elements. The simple manufacturing technique involves multistep aqueous solution chemistry wherein the end of the fiber is alternately immersed in water solutions of different semiconductor nanocluster
materials. The detectors may be operated in several different electronic
configurations. Here, we will specifically discuss an initial device model in
which the detector device consists in general of internal bulk resistance
and capacitance components and an active transimpedance element,
and show experimental results based on photoconductive device behavior that help define model component values. Applications in optical fiber
sensors and integrated optoelectronic systems are suggested.

6529-68, Session 15
Miniature fiber Bragg grating sensor interrogator
(FBG-Transceiver(tm)) system
E. A. Mendoza, C. Kempen, Redondo Optics; C. M. Lopatin,
Naval Surface Warfare Ctr.
This paper describes recent progress in the development of a miniature
fiber Bragg grating sensor interrogator (FBG-Transceiver(tm)) system based
on multi-channel integrated optic sensor (InOSense(tm)) microchip technology. The hybrid InOSense(tm) microchip technology enables the integration of all of the functionalities, both passive and active, of conventional bench top FBG sensor interrogators systems, packaged in a miniaturized, low power operation, 2-cm x 5-cm small form factor (SFF) package suitable for the long-term structural health monitoring in applications
were size, weight, and power are critical for operation. The FBG-Transceiver system uses active chip-onsubmount (CoS) optoelectronic components monolithically integrated to the InOSense(tm) microchip, a microprocessor controlled signal processing electronics board capable of
processing the FBG sensors signals related to stress-strain and temperature as well as acoustics and ultrasound. The FBG-Transceiver(tm) system represents a new, highly robust and reliable, technology that can be
use to accurately monitor the status of an array of distributed fiber optic
Bragg grating sensors install in critical infrastructures. Its miniature package, low power operation, and state-of-the-art data communications architecture, all at a very affordable price makes it a very attractive solution
for a large number of SHM/NDI applications in aerospace, naval and
maritime industry, civil structures like bridges, buildings and dams, the oil
and chemical industry, and for home land security applications. The miniature, cost efficient FBG-Transceiver(tm) system is poised to revolutionize the field of structural health monitoring and nondestructive inspection
market.

within structural and mechanical elements, then the accurate identification and control of these failure modes is essential. Previous studies have
demonstrated that embedded optical fiber Bragg grating (FBG) sensors
can be used to identify matrix cracking and delamination throughout impact events by measuring the complete spectral response of the FBGs.
Furthermore, the integrity of the FBG sensor can be independently monitored through measurements of the core mode to radiation mode coupling at the location of the FBG. These results indicate that local measurements can be used with global measurements to effectively monitor
damage progression in woven composites and can potentially be used to
mitigate damage, if it is detected at an early stage of progression.
However, as the location of impact is not necessarily known a-priori, for
woven composite structural members a network of sensors must be embedded in a repeated pattern throughout the structure. In this study, embedded FBG sensor configurations were optimized to maximize the damage identification capability for a given sensor density. The role of the
sensor interaction with the surrounding material system as well as sensor
to sensor interactions were specifically analyzed.
Optical fibers were uniformly embedded in increasing densities within the
composite plates in both unidirectional and woven configurations. The
orthogonal layers of optical fibers were embedded at different depths
within the composites to avoid stress concentrations caused by fiber overlap. The impact response of the composites integrated with sensor networks was measured and compared to that of previous specimens with
few, isolated embedded optical fibers and without embedded fibers. The
woven composite specimens were subjected to multiple low velocity
strikes in a drop-tower facility at 2 m/s until perforation occurred, and the
impactor position and acceleration were monitored throughout each event.
From these measurements, the rate of damage progression and global
energy dissipation was compared among the specimens. Initially, individual embedded fibers were checked for integrity and lightwave transmission. Several manufacturing adjustments were made to improve fiber
survivability rates. A frame was specially designed to help properly space,
orient, and support the high densities of optical fibers in place during the
embedment process. Additionally, multiple layup processes were tested
in order to promote fiber survivability while maintaining a uniform specimen response. In addition to impact damage testing, cross sectional micrographs from unloaded specimens were also studied to correlate these
responses with local changes in the geometry of the laminated material
system at the location of the embedded fibers and the collocation of zones
of influence of isolated sensors at higher sensor densities.

6529-70, Session 16
Nanoimprinting of ferroelectric polymers as sensor
array
J. Li, L. Zhang, Univ. of Washington
In this talk, we report our recent work on nanofabrication of ferroelectric
polymeric micro-sensor array using nanoimprint lithography (NIL). The
nanoimprinting of ferroelectric P(VDF-TrFE) copolymer is demonstrated,
with feature size ranging from 10s nanometers to 100s nanometers, their
ferroelectricity is confirmed, and their ferroelectric, piezoelectric, and dielectric properties are characterized. Nanoimprinting of composite P(VDFTrFE) films filled with second phase filler is also investigated. This offers a
powerful new tool to fabricate ferroelectric-based microsensor and
microactuator arrays.

6529-69, Session 16

6529-71, Session 16

Optimization of sensor configurations for in situ
failure identification in woven composites throughout
impact

Electrical impedance tomography of carbon
nanotube composite materials

R. C. Garrett, J. D. Pearson, K. J. Peters, M. A. Zikry, North
Carolina State Univ.

Nanotechnolgy and its associated tools and processes has emerged as a
promising technology for the design of a new class of sensors for monitoring structures. In recent years, a number of researchers have proposed
strain sensors designed from carbon nanotube-based composite materials. While such sensors show tremendous promise for serving as substitutes to traditional strain sensors, fundamental understanding of electri-

Woven composites subjected to low velocity impact can fail due to simultaneous failure modes, such as matrix cracking, delamination, and fiber
debonding and breakage. If woven composites are to be widely used
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cal-mechanical dependencies of such novel materials is still unknown. To
advance in understanding their interplay, a novel approach to assessing
the electrical properties of single-wall carbon nanotube thin film composites is proposed. Termed electrical impedance tomography (EIT), the approach electrically stimulates a carbon nanotube thin film along its boundary. Based upon electrical measurements made along the carbon nanotube
thin film boundary, an inverse problem can be solved to derive a twodimensional mapping of the thin film conductivity. During mechanical loading, the thin film conductivity is continuously mapped by the EIT method
to illuminate strain distributions in the thin film material. Thin film materials are taken to failure with EIT revealing strain localization in near realtime. The EIT method shows promise for implementing smart patches
designed from carbon nanotube composites; such patches would be used
to detect crack damage in an underlying structural surface.

6529-72, Session 16
Trifunctional nanocomposite material based on
carbon nanosphere chains
G. Choi, V. N. Shanov, G. Seth, S. Chopra, Y. Yun, M. J. Schulz,
Univ. of Cincinnati
Trifunctional nanocomposite materials are being developed using Carbon Nanosphere Chains (CNSC). Three material functions; good elastic
properties, electrical conduction, and smart sensing are sought in developing this material. Synthesis of the material is discussed first. The CNSC
material consists of onion-like nested spheres about 60 nm in diameter
chained together to form random chains on the micron length scale. The
CNSC are produced in large volume commercially by a modified chemical vapor deposition technique. The CNSC have unique morphology that
may be useful for three-dimensional reinforcement of polymers. It is also
useful for improvement of polymer properties, such as electrical and thermal conductivity. Our preliminary study showed that the CNSC are well
crystallized graphitic structures with spherical shape connected in chains.
This structure may affect reinforcement and electrical conductivity of the
polymer. Initial testing was done to characterize the CNSC, to determine
if the nanosphere chains can be purified and then dispersed and used to
reinforce an epoxy polymer. The testing involved evaluation of the mechanical properties and electrical conductivity of an epoxy nanocomposite
material. The piezoresistive smart sensing property of the material was
also evaluated. The CNSC are almost catalyst free and are light weight
and hydrophobic. The material can be functionalized using acid to improve dispersion and bonding in the polymer. The surface area to volume
ratio is an important parameter for applications of nanoparticles.
Nanoparticles have a large surface area to volume ratio which affects the
dispersion of the particles when added to liquids. Nanoparticles can greatly
increase the viscosity of polymers. The CNSC have morphology between
that of spheres and cylinders. The surface area to volume ratio for the
sphere and long cylinder were computed versus the diameter of the sphere
and cylinder. Two conclusions of this analysis are: the surface area to
volume ratio for a sphere is 50% greater than the same ratio for a long
cylinder, and the surface area to volume ratio is huge for small diameter
nanoparticles. The large surface area to volume ratio provides a large
surface area for functionalizing the nanoparticles, and provides a large
surface area for electrical and thermal conductivity. A possible advantage
of the spherical nanoparticles is that they have a rounded surface as compared to the needle-like nanotubes. The rounded surface may make dispersion easier and the spheres may be safer than the needle-like particles for medical applications. The chains provide a large length to diameter aspect ratio which is useful for reinforcing polymers. The surface
area to volume ratio of CNSC is between the values of the sphere and
cylinder. Nanocomposites were formed using the CNSC by simultaneously
mixing the material using a shear mixer and an ultrasonicator. The elastic
properties of the cured nanocomposite showed moderate improvement
with small percentages of the CNSC added to the polymer. Electrical and
sensing properties will be reported in the final paper.
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6529-73, Session 16
Use of impedance measurements for crack detection
in piezoelectric ceramics
N. Mrad, Ministry of National Defence (Canada); S. H.
Ferguson, H. W. King, Univ. of Victoria (Canada); D. F. Waechter,
B. Yan, R. Blacow, S. E. Prasad, Sensor Technology, Ltd.
(Canada)
Piezoelectric ceramics are gaining significant interest in the Structural
Health Monitoring (SHM), Diagnotics, Prognostic and Health Management
(DPHM), and smart structures communities. The reliability of these dual
function materials for in-situ in-service health monitoring and prognostics
is of critical importance. Micro cracks developed during mechanical and
electrical loading could grow to levels that are detrimental to systems
reliability and safety. In this paper, the growth of pre-existing cracks in
piezoelectric ceramics is investigated. The application of cyclic electric
fields induces changes in impedance and shifts in resonance peaks. The
impedance change can be correlated to the length of the pre-existing
cracks that are generated by Vickers diamond indents and to the growth
of these cracks by low cycle electric fields. These findings demonstrate
that impedance measurements can be used as the basis of a non-destructive test to cracks in piezoelectric sensors.

6529-74, Session 17
Magneto-mechanical characterization of iron-gallium
nanowire arrays for use in underwater acoustic
sensors
P. R. Downey, A. B. Flatau, Univ. of Maryland/College Park
This project investigates the magneto-mechanical transduction properties of electro-chemically deposited iron-gallium (Fe100-x Gax) nanowire
arrays for use as artificial cilia in underwater acoustic sensors. By incorporating significant magnetostriction with strong mechanical properties,
this alloy has a pronounced sensing response to dynamic bending stresses
at the millimeter scale. This research details the efforts to validate these
same characteristics on nanowires with diameters as small as 20 nm and
lengths of several microns. When cantilevered in an array and incorporated into a sensor housing, the magnetization changes induced by acoustic excitation can be accurately measured with giant magnetoresistive
(GMR) sensors.
The experimentation includes visualizing and statically manipulating groups
of nanowires with an atomic force microscope (AFM), where loads are
applied with the AFM tip to determine mechanical bending stiffness and
self adhesion. Dynamic testing is performed with a nanomanipulation
device that allows for in situ visualization within a scanning electron microscope (SEM). Individual wires as well as complete arrays are excited
at high frequency to identify resonant properties, with the attached GMR
sensors providing data on the magnetic response to these vibrations.
This data is compared with an analytical model of the magneto-mechanical transduction that was originally developed for the macroscale. Further studies deal with the efforts to fully integrate these sensor elements
into a complete underwater package.

6529-75, Session 17
Mechanical monolithic sensor for low-frequency
seismic noise measurement
F. Acernese, Univ. degli Studi di Salerno (Italy); R. De Rosa,
Univ. degli Studi di Napoli Federico II (Italy); R. Romano, F.
Barone, Univ. degli Studi di Salerno (Italy)
This paper describes a new low-frequency single axis seismic sensor for
geophysical and civil applications, that can be configured as seismometer or as accelerometer. The instrument is basically a monolithic tunable
folded pendulum, shaped with precision machining and electric-dischargemachining (EDM). The monolithic mechanical design and the introduction
of a laser interferometric technique for the readout implementation make
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it a very sensitive and compact instrument with a very good immunity to
environmental noises. The main feature of this accelerometer is that its
measurement band can be tuned: by means of a fine tuning the resonant
frequency can be dynamically changed from the intrinsic construction
resonance frequency up to a frequency of the order of 5 mHz. The mechanics of the seismic sensor, the optical scheme of the readout system,
the theoretical predictions and the preliminary experimental performances
(both as seismometer and accelerometer) are discussed in detail and
compared with standard status-of-the-art sensors. Preliminary measured
spectra in different sites and structures are discussed and compared with
the high and low noise Peterson Model and with the best expected sensitivity curve of the sensor.

6529-76, Session 17
A MEMS vibration sensor based on Mach Zehnder
interferometers
T. Ma, Univ. of Hawai’i at Manoa; W. Zhao, Advanced Photonics
Integrated Circuits
A MEMS vibration sensor based on Mach Zehnder Interferometer (MZI) is
proposed for acceleration measurement. MZI is well known as a phase
sensitive device. A small change in the phase of traveling waves in the
MZI induces significant change in the intensity of the output wave. The
input light to the MZI has a continuous wave form and is split into two
waves by the input multimode interference (MMI) coupler of the MZI. The
two light beams travel along the two arms (waveguides) of the MZI and
then the beams interference at the output MMI coupler of the MZI to
produce the output optical signal. The intensity of the output signal is
amplified or decreased depending on the phases of the two light beams.
A MEMS structure including a seismic mass is attached to one arm of the
MZI as the mechanical sensing unit. The acceleration of the mass induces elastic deformation of such arm (waveguide) and thus changes the
index of the waveguide due to photo-elastic effects, which then modulates the phase of the light wave traveling in the waveguide, resulting an
output optical signal with different intensity. The output signal is detected
by a photo detector for calculation of acceleration.

6529-77, Session 17
Design and modeling of a multifunctional MEMS
Fabry-Perot sensor for the simultaneous
measurement of displacement, pressure and
temperature
P. M. Nieva, Univ. of Waterloo (Canada)
MEMS for harsh environments are essential for many market sectors such
as automotive, aerospace, and communications. Simultaneous measurement of multiple parameters with one chip is critical to decrease complexity, reduce weight, and improve reliability. This paper presents a multifunctional optical MEMS sensor system that can be used for the simultaneous measurement of displacement, temperature, and pressure. The
system is based on a micromachined Fabry-Perot device (MFPD) that is
suitable for high temperature and pressure operations. It uses a thin film
microcantilever beam as the top mirror and a Silicon substrate as the
bottom mirror of the Fabry-Perot structure. These two mirrors form the
optical microcavity for a monochromatic laser beam initially propagating
from the top side of the microbeam. For this arrangement, the total interferometric light back-reflected from the microstructure depends on the
height of the optical microcavity. When the substrate vibrates there is a
relative deflection of the cantilever beam with respect to the substrate,
and hence a change in the microcavity height which can be measured to
sub-nanometer accuracy. The central concept of the sensor system is
that the force of the airflow around the moving beam (air viscous damping) strongly affects the height of the microcavity and hence, the mechanical performance of the MFPD. The major effect that the viscosity
and the density of the air have on the damping provides the mechanism
for the simultaneous detection of pressure and temperature in addition to
displacement. Since the air is trapped by the viscous damping effects
there is no need for a sealed cavity.
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This paper introduces a model to accurately predict the frequency response of the MFPD subjected to a mechanical excitation on the substrate at different pressures and temperatures. The model calculates the
squeeze-film damping using the Reynolds’ equation under the conditions
of small amplitude oscillations in an incompressible isothermal squeezefilm. Airflow damping, caused by the air surrounding the cantilever beam
is determined by solving the Navier-Stokes equation for an oscillating
string of spheres. The effect of initially curled-shaped microbeams, due
to inherent film stress gradients, is also considered. The experimental
verification of the model is performed by measuring the frequency response for sensors fabricated using LPCVD Silicon nitride beams of different lengths, widths and air gaps showing extremely good agreement
with the theory. The model is then optimized to predict the frequency
response of an array of adequately shaped MFPD microcantilever beams
at different pressures and temperatures. Effects of temperature and humidity on the performance and sensitivity of the sensor system are also
considered. The model shows that shifts of the order of 13.5°C and 19psi
can be detected for temperatures and pressures around 350ºC and 284psi
respectively using 120µm long microcantilever beams vibrating at a frequency of 51.9 kHz. To the best of our knowledge, the MFPD is one of the
few, if not the only one, MEMS device in the literature capable of simultaneous measurement of displacement, temperature, and pressure in high
temperature environments. Finally, the very simple configuration in the
optical interferometric system can be considered for the integration in the
sensor system package.

6529-78, Session 17
Integrated force and displacement sensors for onchip measurement and control
T. Waterfall, B. Jensen, L. Howell, T. McLain, Brigham Young
Univ.
This paper reports the design, fabrication, and testing of an integrated
sensor and actuator. As the actuator moves, its displacement and applied force are sensed, allowing better actuator characterization and control. Such an integrated sensor and actuator allows control of both force
and displacement for applications such as micro-surgery, cell manipulation, and micro-assembly. For example, studies requiring genetic material to be deposited in a cell are normally performed through a labor-intensive manual method using tiny pipettes. The process could be automated using a micro-actuator with integrated sensing to determine when
the cell membrane has been penetrated.
The integrated sensor-actuator system is realized by combining three
components: 1) an existing thermal microactuator design, 2) a previouslyreported piezoresistive displacement sensor, and 3) a force sensor that
transfers actuator force while measuring it. The force sensor, which is
reported here for the first time, is integrated with the other two components and is fabricated in the same batch fabrication process. It senses
force piezoresistively, by directing the actuator’s force output through two
thin legs, which are placed in tension in response to a positive force applied by the actuator. Due to the piezoresistive effect, this tensile load
corresponds to a resistance change in the thin legs. The resistance
changes linearly with the applied load.
The device was designed by considering both its piezoresistive sensitivity and out-of-plane torsional stability. A design trade-off exists because
longer legs are more sensitive but less stable. For a leg length of 10 micro
m, the expected sensitivity of the device is approximately 1% change in
resistance per mN, with a maximum stable force load of 190 micro N.
Assuming a minimum measurable resistance change of 10 m Ohms, this
corresponds to a measurement resolution of approximately 0.7 micro N.
The devices have been fabricated using the MUMPS fabrication process.

6529-79, Session 17
Strain transfer model of embedded fiber Bragg
grating sensor in optional orientation
G. Zhou, H. Li, L. Ren, D. Li, Dalian Univ. of Technology (China)
Optic fiber Bragg grating sensor is widespread used in various fields.
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When this type of sensor is embedded in the structure, there is a strain
transferring ratio between structure and sensor for the existence of fiber
core cladding. In this paper, a strain transfer model is developed for evaluating the interaction between the surrounding host material and a length
of fiber Bragg grating sensor embedded in it, when there is an angle existence between the sensor axis and the external principal stress direction of the host material. And the general formula of average strain transfer rate is deduced at the same time. The fiber Bragg grating sensors
were used to verify the theoretical results. At last, the average strain transfer
rate evaluation error and strain measured error which are induced by sensor location angle deviation is discussed. The result indicates that the
strain transfer models that the fiber Bragg grating sensor under non-axial
stress and axial tress are great different. The influence of angle must be
taken into account in using fiber Bragg grating sensors to measure host
material strain of arbitrary orientation. And the measured results have
some errors because of the angle location error of fiber Bragg sensors.

6529-80, Session 18
Seismic response control of two-storey frame
structure braced with shape memory alloy tendons
S. Yan, Shenyang Architectural and Civil Engineering Univ.
(China); G. Song, Univ. of Houston; L. Huo, Dalian Univ. of
Technology (China)
SMAs have been used as controllers to suppress vibration responses of
frame structure. However, most of studies from literatures in this area
have two main weaknesses. One is the research objective is simple such
as one-storey and one-span frame structure with harmonic loading, the
other is only using the superelasticity (SE) of SMA to increase damping
efficiency of the structure by supposing usually an unchangeable temperature for SMA and few uses the shape memory effect (SME). In this
paper, a two-story frame structure is used as an example to investigate
the seismic dynamic responses of the building braced with the temperature influenced SMA tendons by the methods of both numerical simulation and experiment.
Based on the Brinson’s one dimension constitutive law for SMAs, a hysteretic multi-linear model is developed and the parameters of the model
are also determined. The model has a property of temperature dependence during the time history. Therefore, the two typical properties of the
SME and SE for SMAs are considered in both simulation and experiment.
Based on the developed hysteretic model, a finite element method (FEM)
is used to take numerical simulations for the structure under the given
earthquakes which the input amplitudes of the accelerations are adjusted
up to 1.0g (acceleration of gravity). The different initial conditions for SMAs
are considered such as different pre-stresses, various temperatures and
the temperature loading rates. The results of the numerical simulation
show that the proposed hysteretic model can effectively perform the behaviors for SMAs under a given dynamic loading, and the structural responses can also effectively decreased by using the SMA tendons.
To validate the efficiency of the developed model and the results of the
simulation, a shaking table experiment is conducted in the lab and the
parameters of the specimen are chosen as the same as that of the simulation to make a comparison between them. Four kinds of earthquakes
with the typical spectra are used to validate the applicability of the control. The displacement and acceleration responses of the frame are obviously decreased. The results of the experiments and simulations match
well by comparing the peak responses, and also show that the seismic
responses of the frame structure can be controlled by the bracing of SMA
tendons.

6529-81, Session 18
Mass-variable TLD systems and their seismic
effectiveness for building response control
Y. Xin, G. Chen, Univ. of Missouri/Rolla
In this paper, a new concept is introduced for the design of a mass-variable tuned liquid damper (TLD). It is basically a rectangular tank of sloping bottom that is filled with water and sand particles. The dampers reSPIE Smart Structures and Materials 2007

quire no external power to operate and therefore belong to passive systems. However, when the excitation on the TLD changes from weak to
strong, the percentage of sand particles that is in suspended state or the
mass of the mixed sand and water increases. Therefore, the corresponding control force of the new damper increases with the excitation level
more rapidly than the conventional TLD. As such, the proposed TLD is
referred to as adaptable passive damper.
In this study, an emphasis is placed on the seismic effectiveness of such
a concept for the reduction of building responses. A series of shake table
tests were conducted on a 1⁄4-scale, 3-story frame structure equipped
with a mass-variable TLD system (540 mmÅ~720 mm rectangular box) to
verify the seismic effectiveness of the new concept. Special attentions
will be paid to the reduction of the first peak response under near- and
far-field ground motions, the sensitivity and robustness of the TLD system. For shake table tests, the TLD system consists of four compartments with their bottom on a slope of 30°, simulating four individual dampers with their natural frequencies all slightly less than the fundamental
frequency of the building model. The bottom of the dampers is either in Vor W- shape. For comparison purpose, a flat-bottom tank was also tested
to represent the conventional TLD. In this case, the depth of water and
the total mass in each TLD damper was kept the same by adding inserts
into the conventional TLD since sand particles are heavier than water.
The total mass of each damper is approximately 1.6% of that of the controlled structure.
To evaluate the proposed mass-variable TLD system, two far-field and
two near-field historical records were used during the experimental study.
They were compressed in time to make their dominant frequencies approximately equal to the fundamental frequency, 2.32 Hz, of the structure
under consideration. To investigate the adaptability of the proposed massvariable TLD system, both lower and upper levels of these earthquake
inputs were designed to run the shake table. In comparison with the conventional TLD, the results from shake table tests indicate that the proposed mass-variable control strategy is more effective for the upper level
of excitations when many sand particles are in suspended state. For the
lower excitation level, the new damper has similar or even slightly less
effective since sand particles are sunk at the bottom of the tank and the
water above them in sloshing thus has less mass than the conventional
damper. The new damper with W-shape bottom can further suppress the
peak inter-story drift and floor acceleration of the structure by additional
10-13% at the upper level of excitations. The new damper is also more
effective for first peak reduction due to increasing mass as the excitation
becomes more intensive.

6529-82, Session 18
Non-model based vibration control of stay cables
using MR damper
M. Liu, Harbin Institute of Technology (China); G. Song, Univ. of
Houston; H. Li, Harbin Institute of Technology (China)
Cable-stayed bridges have been built widely throughout the world. Stay
cables used in the cable-stayed bridges are prone to vibration with large
amplitude because of their slenderness and lower internal damping ability. Unaccepted stay cable oscillations have appeared on the several cablestayed bridges. In the past few decades, though many control methods
have been proposed and some have been implemented to eliminate the
stay cable vibration, in the present, it is still a big challenge for numerous
researchers to find innovative techniques to suppress the wind and windrain induced stay cable vibration.
Optimal passive dampers provide sufficient damping for shorter cables,
however, they are not effective to control longer cable vibration due to
limited location of the dampers installed. Transverse and axial active controls of stay cable vibration require much more power source beyond
practical limits. Semi-active dampers have been proven to be effective in
many applications and can potentially achieve performance levels almost
the same as comparable active devices. However, the present control
algorithms of the semi-active dampers were based on accurate dynamic
models of the stay cable/damper system. The accuracy of the dynamic
models makes effects on the control efficacy of the stay cable vibration.
Moreover, it is dif-ficult to identify the dynamic system of the combined
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stay cable/damper due to its complex boundary con-ditions.
In this paper, one model stay cable equipped with a MR damper is set up
in the laboratory of Depart-ment of Engineering, University of Houston,
USA, which is 3.988m long with an inclination angle of 14.42 degree. One
MR damper and one shaker are installed perpendicularly to the stay cable
in plane near to the lower and upper ends respectively. Two accelerometers are attached at the selected locations along the stay cable. Under
sweeping sine and sinusoidal excitations with the first two modes resonant frequencies, the unimpeded stay cable and the stay cable/passive
MR damper system, which corresponds to different current inputs to the
MR damper, are carried out respectively. According to the acceleration
responses and utilizing the half-power band width method, the damping
ratios of the stay cable vibration without/with the MR damper control are
calculated. With the same excitations, non-model based vibration control
of the stay cable using the MR damper is investigated based on the acceleration feedback at the location installed with the MR damper. PD controllers, fuzzy controllers, adaptive controllers and robust controllers are
respectively de-signed to eliminate the stay cable vibration.
Comparisons of the experimental results show that non-model based vibration control of the stay cable using the MR damper can reduce the
stay cable vibration effectively and avoid identifying the stay cable/MR
damper system. Therefore, non-model based vibration control of the stay
cable using the MR damper is easy to realize in practical engineering.

6529-83, Session 19

works for the SHM properly.

6529-85, Session 19
Real-time damage nonitoring scheme in PSC girder
bridge using output-only acceleration data
J. Kim, J. Park, H. Do, J. Lee, Pukyong National Univ. (South
Korea)
Artificial neural networks (ANNs) have been increasingly utilized for structural health monitoring (SHM) due to the advantage that it needs only a
few training data to detect damage in structures. In this study, a new
damage monitoring method using a set of parallel ANNs and acceleration
signals is developed for alarming locations of damage in PSC girder
bridges. First, theoretical backgrounds are described. The problem addressed in this paper is defined as the stochastic process. Also, a parallel
ANN-algorithm using output-only acceleration responses is newly designed for damage detection in real time. The cross-covariance of two
acceleration-signals measured at two different locations is selected as
the feature representing the structural condition. Neural networks are
trained for potential loading patterns and damage scenarios of the target
structure for which its actual loadings are unknown. The feasibility and
practicality of the proposed method are evaluated from numerical-model
tests and laboratory-model tests on several beams for which accelerations were measured before and after several damage cases.

Leak detection using the pattern of sound signals in
water supply systems

6529-86, Session 19

T. Sato, A. Mita, Keio Univ. (Japan)

Online detection of damage using autoregressive
models and artificial neural networks

Water supply systems are absolutely essential for healthy and comfortable civil life and industry activities. In water supply systems, leak sometimes occurs due to vibration of vehicle traffic, ground settlement, earthquakes, corrosive soil, stray current flowing in the soil, and so on. Leakage prevention is thus the first priority in managing such systems.
There acoustic method is the most popular leak detection method. An
expert listens to the sound of water flowing in pipes picked up by a microphone to detect a leak point by his or her experiences. This method
relies heavily on the experts. To be an expert, it usually takes two to three
years of experience. Even with the help of this expert, precise and quantitative detection is quite hard.
The purpose of this study is to sophisticate and automate leak detection
method for water supply systems with the help of pattern recognition
tools. We collect the sound of water flowing in pipes picked up in the
form of digital signals. Then the data are analyzed to extract features that
have strong correlation with the leak. By combining sophisticated signal
analysis tools, the proposed method is proven to have a good potential
to replace the experience of the experts with the simple detection packages.

6529-84, Session 19
Insurance derivatives based on information obtained
by sensor networks to improve the safety of buildings
and urban systems
H. Tamura, A. Mita, Keio Univ. (Japan)
In modern cities, all kinds of buildings are built without proper risk hedge
strategies against large disasters such as earthquakes. In addition, accumulation of infrastructures into the cities intensifies the risk values and
their network mechanisms are quite complicated. In order to control such
risks, new mechanisms should be developed from the view point of both
engineering and economics. Recently, Structural Health Monitoring (SHM)
systems using sensor networks are proposed in many variations. Fortunately some of the data taken by those systems are good candidates as
risk indexes for each building or infrastructure. The purpose of this study
is to propose insurance derivatives to maintain and improve the safety of
buildings and to provide a risk hedge instrument for each owner and local
government. As triggers to the proposed systems, we use sensor net-

138

SPIE Smart Structures and Materials 2007

O. R. de Lautour, P. Omenzetter, Univ. of Auckland (New
Zealand)
In the past decade research into Structural Health Monitoring (SHM) systems has received much attention. Continuous monitoring of structures
naturally tends towards the use of time series analysis techniques to recognize the accumulation of damage in structures over time. Our previous
studies have shown that Autoregressive (AR) models in conjunction with
Artificial Neural Networks (ANNs) can successfully detect, locate and
quantify damage in structures. In these studies, the AR models where
identified using an offline identification technique. In this study, an online
method for detecting damage is developed and applied to a 3-storey
building simulated by computer. Acceleration time history data from each
storey was fitted to an AR model and identified online. The AR coefficients were feed into an ANN and trained to relate changes in the coefficients to the damage at each storey. Damage was simulated by a reduction in lateral stiffness. Two online identification techniques, the Kalman
filter and forgetting factor approaches were investigated and compared
to an offline method. Both online methods were successfully able to track
damage as it developed. The effect of measurement noise and the abruptness of damage accumulation on the proposed method were also investigated. Experimental verification of the proposed damage detection technique has successfully been undertaken using a small-scale, laboratory
structure excited on a shake table.

6529-87, Session 19
Internal damage localization in a thick plate using
moving sensing windows
Y. Kim, Yooshin Engineering Corp. (South Korea)
According to elastic wave theories, the characteristics of elastic guided
waves in a plate are determined by the product of plate thickness and
input driving frequency which is referred to as the thickness-frequency
product. When the thickness-frequency product is relatively small, the
elastic guided waves have Lamb wave characteristics. On the other hand,
the elastic guided waves approach the realm of Rayleigh waves as the
thickness-frequency product increases.
The plates used in civil infrastructures usually are relatively thick com-
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pared to those used in other engineering fields such as aerospace engineering and mechanical engineering. Therefore, the elastic waves propagating on the plate surface are of Rayleigh waves. Originally, Rayleigh
waves are uni-directional plain-strain waves which attenuate exponentially with respect to depth in a semi-infinite body. Due to the finite thickness of the plate, there also exist bulk waves propagating through plate
thickness. Note that the analytic solutions for these bulk waves propagating through plate thickness have not been available so far.
In this paper, damage such as internal crack is localized by using bulk
waves through plate thickness. Note that the input driving frequency is
set to properly produce the Rayleigh wave and bulk wave modes on and
within the thick plate. Finite element method (FEM) is employed to approximately solve a two dimensional elasto-dynamic problem in which
both guided waves and bulk waves propagate for a prescribed traction
and displacement boundary conditions of the thick plate. Incorporating
the conventional wave propagation theories into approximate solutions
from FEM, elastic wave modes in the thick plate are investigated semianalytically. In particular, the most sensitive wave modes for internal cracks
have been found to be diagonal bulk transverse wave modes.
The sensing ranges of surface bonded active sensors are to be limited
because bulk waves attenuate as they propagate through the medium.
To overcome this limited sensing range of the active sensor, a new moving sensing window concept is developed for internal damage localization. Each sensing window encompasses of a pair of the surface bonded
active sensors. The maximum size of sensing window is determined based
on the signal-to-noise characteristics of bulk transverse waves. If there
exists an internal crack on the effective diagonal wave path in a moving
sensing window, the internal crack can be confirmed by measuring the
attenuation of diagonal bulk transverse waves due to the internal crack.
Considering all damage-confirmed wave paths of moving sensing windows, the location of the internal crack can be identified on a maximum
likelihood basis.
The validity of the proposed method is demonstrated by localizing a internal crack in 50mm thick plate.

6529-88, Session 19
Damage indicator for building structures using
artificial neural networks as emulators
A. Mita, Y. Qian, Keio Univ. (Japan)
Damage indicator for building structures using artificial neural networks
(ANN) requiring only acceleration response is proposed. The ANN emulator used for emulating the structural response is tuned to properly model
the hysteretic nature of building response. To facilitate the most realistic
monitoring system using accelerometers, the acceleration streams at the
same location but at different time steps were utilized. The prediction
accuracy could be raised by the increment of number of acceleration
streams at different time steps. In our proposed approach, damage occurrence alarm could be obtained practically and economically only using readily available acceleration time histories. Based on the numerical
simulation for a 5-story shear structure, the adaptability, generality and
appropriate parameter of the neural network were studied in. The damage is quantified by using relative root mean square (RRMS) error. Variant
ground motions were used to certify the generality of this approach. The
appropriate parameter of the neural network was suggested according to
variant values of damage index corresponding to the different parameters.

6529-89, Session 20
Implementation and validation of net-based structural
health monitoring system using smart sensor
networks
O. Iwasawa, A. Mita, Keio Univ. (Japan)
Strong interests in structural health monitoring (SHM) systems that comprehensively exhibit health status of a structure in order to quantify the
associated risks are present. While there are many individual tools for
structural health analyses, a few systems are available for grasping the
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structural health with the confidence in statistical manners. Thus, a new
SHM platform that can collect and validate the data from number of structures is proposed. It can show the statistically accurate results in a comprehensive manner to the users. The proposed platform consists of three
components, database, smart sensor network and Matlab webserver. The
database contains the metadata of sensor devices and structures directly.
The smart sensor network consisting of sensor nodes with communication and signal processing capability is established. Each sensor node is
able to communicate with database flexibly (e.g. sending metadata to
database directly, processing collected data in sensor network, control
sensors from remote locations easily et al.). The Matlab webserver can
analyze the collected data and publish the analysis results to the users.
Feasibility of this system is studied using data obtained from real structures. The novelty of proposed system lies in the flexibility of the system
and its automatic configuration and data transfer with smart sensor networks.

6529-90, Session 20
Parametric identification for a MDOF model structure
using shaking table test measurements
B. Xu, Hunan Univ. (China)
Parametric identification has become an increasingly important research
topic for health monitoring, performance assessment and safety evaluation of infrastructures. In the last two decades, some mathematical-modelbased inverse analysis algorithms using eigenvalues or mode shapes have
been proposed. The ability of artificial neural networks to approximate
arbitrary continuous function and its parallel computation character provide an efficient soft computing strategy for on-line parametric identification and damage detection. In the past years, neural networks-based identification method for multi-degree-of freedom (MDOF) structures using
several seconds of vibration measurements without any mode shapes
and frequency extraction have been proposed and testified by numerical
simulation. In this study, the accuracy, sensibility and efficacy of the proposed methodology with an acceleration-based neural network (ANN) for
acceleration forecasting and a parametric evaluation neural network
(PENN) for parametric identification for the inter-storey stiffness and damping coefficients identification using spatially complete and incomplete
acceleration measurements of a MDOF shear structure that is excited by
base excitation on a shaking table is examined. The effect of measurement noises is studied. Experimental study results show that the proposed neural-network-based methodology may be applicable in practice
for structural model updating and damage detection.

6529-91, Session 20
Error analysis of dynamic strain measurement for
damage assessment of large scale structures
Y. Deng, P. Yan, Tsinghua Univ. (China)
In the past decades, damage assessment of large scale structures has
been paid more and more attention. Among the vibration based damage
detection methods, strain mode is regarded as one of the most promising
indexes. However, up to now the strain mode method is not being widely
used on the actual large scale structures yet. The instrumentation of dynamic strain field measurement plays as the role of bottle-neck. A new
approach of estimating dynamic strain through two point¡¯s displacement
measurement, proposed in this paper, could be a simple and convenient
way to obtain the dynamic strain and to assess damage. The key of this
method lies in the precise measurement of the structures¡¯ vibration displacement with micron or sub-micron amplitude. Based on a kind of high
precision vibration transducer (DP transducer), the measurement errors
were analyzed. The effects of the errors on dynamic strain measurement
precision and the signal processing means were investigated. The error
analysis and signal processing illuminated that there is no very rigorous
requirement to the placement of the transducers on structures, and the
optimization of the transducer¡¯s characteristics is the sticking point of
improving the testing precision of dynamic strain. Moreover, appropriate
signal processing could also reduce the effects of the errors and reckon
the original dynamic strain. The analysis results provided some useful
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advices for the dynamic strain measurement on the actual large scale
structures for damage assessment.

6529-92, Session 20
Substructure damage identification using adaptive
quadratic sum squares error method
J. N. Yang, Univ. of California/Irvine
A challenging problem in structural system identification and damage
detection lies in the requirement of a large number of sensors and the
numerical difficulty in obtaining reasonably accurate results when the system is large. To address this issue, the substructure identification (SSI)
approach has been developed based on measured response data and
external excitations. However, due to practical limitations, only a limited
number of sensors can be installed in the structural health monitoring
system, indicating that the response data may not be available at all degrees of freedom of the structure and that the external excitations may
not be measured (or available). In this paper, a new data analysis method,
referred to as the adaptive quadratic sum squares error with unknown
inputs (AQSSE-UI) along with the sub-structure approach will be used to
identify structural damages at critical locations of the complex structure.
In our approach, only a limited number of response data are needed and
the external excitations may not be measured. The accuracy of this approach is demonstrated using a substructure of a long-span truss with
finite-element formulation. Simulation results demonstrate that the proposed approach is capable of tracking the changes of structural parameters, leading to the identification of structural damages.

6529-93, Session 20
Experimental verification for adaptive tracking of
structural damage
J. N. Yang, Univ. of California/Irvine
An early detection of structural damage is important for structural health
monitoring systems. Analysis techniques for damage tracking of structures, based on vibration data measured from sensors, have been studied recently without experimental verifications. Traditional time-domain
analysis techniques, such as the least-square estimation (LSE) method
and the extended Kalman filter (EKF) approach, require that all the external excitation data (input data) be available, which may not be the case
for many structural health monitoring systems. In this paper, a newly proposed data analysis method, referred to as the adaptive quadratic sum
squares error with unknown inputs (AQSSE-UI), for the damage tracking
of structures will be verified experimentally. In the AQSSE-UI approach,
only a limited number of response data are needed and the external excitations may not be measured. A series of experimental tests using a smallscale 3-story building model have been conducted. In these experimental tests, white noise excitations were applied to the top floor of the model,
and different damage scenarios were simulated and tested. Here, the
capability of the proposed AQSSE-UI approach in tracking the structural
damage will be verified using experimental data. The tracking results for
the stiffness of all stories, based on the AQSSE-UI approach and measured response data, are compared with the stiffness predicted by the
finite-element method. Experimental results demonstrate that the AQSSEUI approach is capable of tracking the structural damage accurately.

6529-94, Session 21
Piezoresistive and piezoelectric MEMS strain sensors
for vibration detection
S. Kon, K. Oldham, R. Horowitz, Univ. of California/Berkeley
Piezoresistive and piezoelectric materials are both commonly used to
detect strain or structural vibrations in macro scale. With the increasing
complexity and miniaturization of modern mechanical systems such as
hard disk drive suspensions, it is imperative to explore the performance
of these strain sensors as their dimensions shrink with host structures.
The strain sensors needs to be as small as possible so that it has mini140
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mum effect on structure dynamics yet still show decent resolution. In this
paper, piezoresistor geometries are optimized to effectively increase the
gage factor of piezoresistive sensors while keeping the sensor area at
minimum. Micro fabrication processes have been developed for both
amorphous silicon piezoresistive strain sensors on a silicon substrate,
which is later bonded to a steel substrate for testing, and ZnO piezoelectric strain sensors that are fabricated directly on steel substrates. The
advantage and disadvantage of the piezoresistors are compared to those
of the piezoelectric sensors. Experiment results reveal that currently the
MEMS piezoelectric sensors have a better resolution than piezoresistors
whereas piezoresistors usually take much smaller area and are potentially capable of achieving an even better resolution.

6529-96, Session 21
An in-situ eddy current sensor/fastener for fatigue
crack detection in layered joints
A. S. Rakow, Stanford Univ.
Fatigue cracks emanating from fastener thru-hole locations are a continuing, ubiquitous maintenance issue throughout the aerospace industry, leading to extensive hours of labor and elevated airframe inspection
costs. In the case of complex, multi-layered joint locations such as those
found at an aircraft wing-root, inspection efforts are further complicated
by the need for vehicle disassembly.
In this paper the concept of a fully embeddable, in-situ sensor/fastener
system for monitoring fatigue cracks in layered metallic joints is presented.
This novel technology provides several benefits over existing SHM solutions for this problem: the sensor/fasteners can be easily installed or retrofitted on existing structures, sensor replacement is simplified and synonymous with fastener replacement, and access to all the layers of material within the joint at the site of fatigue is facilitated. Embeddable, noncontact, thin-film eddy current sensors designed for this application are
presented along with results for detection of bearing deformation and
simulated fatigue cracks in laboratory joint specimens. The key aspects
of fastener and sensor integration including geometric constraints and
fatigue and wear characteristics are discussed with an emphasis on design referencing several prototypes.

6529-97, Session 21
Monitoring pavement condition using “smart dust”
under surge time sychronization
R. A. Ivey, Auburn Univ.; J. Pei, H. Lin, Jr., A. R. Landrum, C. J.
Sandburg, T. King, M. M. Zaman, H. H. Refai, Univ. of
Oklahoma; O. Oshlake, Rutgers Univ.; A. Heriba, South Dakota
School of Mines and Technology; E. Hurt, Univ. of Oklahoma
This paper is a continuation of the authors’ previous efforts to develop a
“Smart Dust” (i.e., the Mica2 Motes)-based wireless sensor network to
detect hazardous roadway surface conditions presented at SPIE 2006.
New developments reported herein include the packaging solutions of
the selected sensors and the Motes in this specific application, and a
series of investigations into the performance of “Smart Dust” wireless
network. The network is fairly small with a large transmitting range between each Mote , compared to the published work on applying the same
product.
A series of pseudo-outdoor and road tests are conducted in this study.
Special attention is paid to the survivability of the selected fragile analog
sensors in a harsh roadway condition. In this regard, a novel solution
called a “sensor-road button” is developed and validated experimentally
in this study. To further adapt the generic packaging of the Motes to the
specific application, the antenna design details recommended by the
manufacturer, and other Mote packaging details innovated by the authors are implemented. These methods allow the “Smart Dust” wireless
sensor network to be easily installed and provide robust solutions to the
environmental factors such as wind and rain.
Surge Time Synchronization is explored in the specific application to enable the wireless sensor network to be operated at a low power consumption mode. This application allows each Mote to “wake up” periodi-
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cally at a predefined time interval. In addition, a fairly simplistic pattern
classification algorithm is successfully embedded into the Motes to create the smart wireless sensing application.
The size of the wireless sensor network in this study is quite small utilizing
a total of five Motes in order to fully exploit the transmitting range of each
Mote. This option is based on a typified scenario in most civil infrastructures where the cost of the monitoring system is a constraint, thus the
philosophy “less is more” is likely to prevail in the deployment of sensors.
Long hour testing (i.e., an uninterrupted 12-hour time frame for each data
collection) adds an additional advantage to evaluate the selected wireless sensor network for long-term monitoring using the low power operation under Surge Time Synchronization. The experience from this experimental investigation is further disseminated in terms of troubleshooting
the network connectivity that can benefit other applications of “Smart
Dust” in structural health monitoring.
Many performance metrics of the adopted “Smart Dust” wireless sensor
network with a small size and large transmitting range are revealed in this
study through a series of data processing efforts. Results are presented
to examine (1) battery life, (2) the length of the initial network connection
time, (3) error rate, types of errors and their possible correlations with
packet losses, i.e., the information requiring subsequent data cleansing
effort, (4) inter-node connectivity, and (5) other network routing properties
such as the parent time histories for each Motes. These results and analysis
form a database for future effort to better understand the performance of
and the collected results from “Smart Dust”.

6529-98, Session 21
Optimization studies of self-sensing composites
K. L. Schaaf, P. M. Rye, A. Starr, S. Nemat-Nasser, Univ. of
California/San Diego
The demand for real-time or in situ structural health monitoring has stimulated efforts to integrate self and environmental sensing capabilities into
structural composite materials. Essential to the application of smart composites is the issue of the mechanical coupling of the sensor to the host
material. In this study various methods of embedding sensors within the
host composite material are examined. Quasi-static three-point bending
(short beam) and fatigue three-point bending (short beam) tests are conducted in order to characterize the effects of introducing the sensors or
suitable simulated sensors. The sensors that are examined include simulated sensors in the form of chip resistors with the original packaging
geometry, chip resistors with the edges of the original packaging beveled, and thin film sensors (PVDF). The sensors are integrated into the
composite either by placement between the layers of prepreg or by placement within precision punched cut-outs of the prepreg material. Thus,
through these tests we determine the technique that optimizes the mechanical properties of the host composite material.

6529-100, Session 22
Reference-based damage diagnosis of structure
using embedded statistical model

(correction between reference model and the measured system on postyielding stiffness), the strength and stiffness degradation, and the pinching effects.
Based on the measurement of floor structural responses, particularly the
structural component restoring force diagram of floor system, the model
parameters of the inelastic hysteretic model is identified first. Using the
proposed statistical model the damage index as well as the percentage
of stiffness and strength degradation can be quantified. This proposed
model is verified both numerically and experimentally using RC frame
structures. The results indicate that the current approach can quantify
the degree of damage of RC frame structure.

6529-101, Session 22
Research on measuring three-axis forces with fourphase sensing elements
J. Liu, X. Mo, Chongqing Univ. (China); J. Wang, Chongqing
Technology and Business Univ. (China); Y. Zhou, Y. Pan,
Chongqing Univ. (China)
As the development of intelligent robots, more and more sensors of highertechnique are required, and tactile sensing technology gets extensively
attention. It is the three-axis forces that are working when the robot is
grasping or walking, but it is quite difficult to measure the three-axis forces
directly in numerous tactile sensors.
Four-phase sensing elements are designed to measure the three-axis
forces according to different signals. A general formula is summarized
through research on measuring three-axis force with four-phase sensing
elements based on mechanical signals, electrical signals and optical signals.
In mechanical signal system, the sensor head is made up with a foursquare-cone, and a foundation support. Foursquare-cone is fabricated
with electro-conductive resin, on which overlaid with thin silicon rubber
that can contact with object directly. Piezoelectric quartzose crystal is
pasted on each side face of foursquare-cone. And the foundation material is epoxide resin.
In electrical signal system, the sensor is based on differential capacitance principle. It is combination of IC processing and micro mechanical
technology, normal force and tangent force can be measured by capacitance arrays. It is made up with four layers, which are elastomer, silicon,
glass and polymer.
In optical signal system, the force-sensitive component of the system is
made up of silicone rubbers. One side of the sheet is cylinder contact
array, while hemisphere contact array is on the other side, and there are
four hemisphere contactors under each cylinder contactor. When applying a force on a cylinder contactor, the full reflection condition will be
destroyed in guide wave because of optical leakage. Moreover, the deformation of four hemisphere contactors will lead to faculae on the waveguided plate.
Finally, the feasibility and reliability of measuring three-axis forces with
four-phase sensing elements is verified by the experiment results.

A. Wu, C. Loh, National Taiwan Univ. (Taiwan)

6529-102, Session 22

Structural damage will cause the change of modal characteristics, such
as natural frequencies, mode shapes or modal damping. However these
dynamic characteristics can not quantify the damage of the structure.
The purpose of this paper is to develop a method for damage diagnosis
of a sub-structural system and identify the degree of damage which can
be interpreted not only on the damage index but also on the percentage
of strength and stiffness degradation. Based on parameter identification
of component inelastic hysteretic behavior and the proposed statistical
damage model, the damage index and the degree of structural damage
can be identified.
To develop the statistical damage model a reference inelastic hysteretic
behavior (a generalized bi-linear model) is assumed. Two statistical models of response indices are developed: Normalized hysteretic energy (NHE)
and Gama-spectrum, using simulation of seismic response data. These
two models contain the modification factor of the post-yielding stiffness

High-strain and deformation measurements using an
imaging technique and smart material sensors
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A. Carney, C. Niezrecki, E. E. Niemi, Jr., J. Chen, Univ. of
Massachusetts/Lowell
The continuing necessity for strategic mobility and reliance on airborne
insertion requires the Army’s focus to be centered on soldiers’ protection
during these tactics. In Operation Just Cause, 50% of combat injuries in
the first 24 hours were jump related. In addition, parachuting is one of the
highest training-related injury producers in the Army. Increasingly heavy
payloads are compounding the risks and new equipment needs to be
implemented to ensure the soldiers’ safety. Prior to active field testing of
alternative parachute designs, the void of detailed, validated, physics-
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based, High Performance Computer (HPC) Modeling needs to be filled.
The experimental tools necessary for full model validation and understanding the detailed physics of any parachute system were not available until
now. Both contacting and non-contacting methods of measurement are
employed to obtain strain and deformation data, which can be used to
validate the unproven structural finite element and computational fluid
dynamic codes recently developed at the Army’s Natick Soldier Center
(NSC).
The contacting measurements are made using a Metal Rubber(tm) sensor. Metal Rubber(tm), a material developed by Nanosonic, Inc., is a unique
self-assembled nanocomposite material that combines the high electrical conductivity of metals with the low mechanical modulus of elastomers.
Due to its relatively low modulus of elasticity, the Metal Rubber(tm) sensor will not mechanically affect the strain and displacement of the parachute fabric. These sensors operate in the same manner as a conventional metal foil strain gage, such that a change in length of the sensor will
produce a change in resistance. Since these Metal Rubber(tm) sensors
have only recently been developed, their use in the measurement of fabric strain has been previously unexplored. Furthermore, several challenges
have been presented concerning these sensors. These challenges include
attaching leads to the surface of the sensor and adhering the sensors to
the fabric.
The equipment that is used to acquire non-contacting measurements is a
three-dimensional (3D) image correlation system (Aramis 3D HR/RS System). The system produces static and dynamic measurements, which
include both in-plane and out of plane motion (displacement, velocity,
acceleration) and structural deformation of transient events. The principles
of photogrammetry, are used to determine a 3D shape of the component,
the 3D displacements, and the in-plane strains.
In order to compare these methods, an experiment was designed to
achieve a uniform biaxial state of stress in the parachute material. A cylinder was constructed from parachute fabric. The cylinder is both internally pressurized and axially loaded in a way such that the axial and circumferential stresses are equal. Strain and deformation measurements
are made using both the Metal Rubber(tm) sensors and the 3D imaging
technique. The results are compared and ultimately will be used to validate the structural finite element and computational fluid dynamic codes
developed at NSC.

6529-103, Session 23
Signal processing of multiplexed intrinsic Fabry-Perot
interferometric fiber optic sensors
F. Shen, M. Han, A. Wang, Virginia Polytechnic Institute and
State Univ.
UV-induced intrinsic Fabry-Perot interferometric (IFPI) optical fiber sensors, which have low reflectance and low power loss, are good candidates for multiplexed sensors networks. In this paper, we develop a frequency estimation-based digital signal processing algorithms to determine the absolute optical path differences of the IFPI sensors.Digital filters are used to select individual frequency components and filter out the
noise. The frequency and phase of the filtered signal are estimated by
means of peak finding and phase linear regression methods. The performance of the signal processing algorithms is analyzed.

6529-104, Session 23
Localization and recovery of damage in plate
structures through sensitivity enhancing feedback
control
C. Li, L. Zhou, Nanjing Univ. of Aeronautics and Astronautics
(China); F. Yuan, North Carolina State Univ.
Vibration-based damage detection methods in structures using modal
information is hindered by the sensitivity of modal frequencies to small
changes in mass, stiffness, and damping parameters induced by damage. Sensitivity Enhancing Control (SEC) enhancing modal frequency sensitivity to damage using feedback control is introduced. Using state feed-
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back, closed-loop modal frequencies are placed at locations where enhance sensitivity to particular types of damage. This paper focuses on
the ability to locate damage in plate structures and restore its stiffness
through feedback control. The coherence methods rely in a priori knowledge of how certain damage scenarios affect modal properties. Using
this information, the correlation between measured frequency shifts and
predicted modal frequency shifts for a given set of damage scenarios is
used to find damage location. The control model from which a state feedback control law is designed consists of 9 elements finite-element model
(FEM) of a Mindlin plate. A 36-element plate constitutes the truth model
to which the control law is applied. By the methods the author finds the
element which is damaged. And then restore its stiffness using piezoelectric (PZT) patches for the plate. The methods are evaluated through
finite-element simulation of controlled plate with stiffness and mass damage. Results show that the methods to measured closed-loop modal characteristics increases both the accuracy of locating damage and the ability to tolerate noise in measurement of modal properties used to locate
damage.

6529-105, Session 23
Studying the effect of coupling materials in sonic IR
imaging
X. Han, R. Yu, Wayne State Univ.
Sonic infrared (IR) Imaging employs a short ultrasonic pulse excitation
and Infrared Imaging to detect defects in materials and structures. The
ultrasound pulse, typically a fraction of a second, causes heating in the
defects, which results in the change of IR radiation from the target. This
change can be detected by infrared sensors, thus, defects can be identified. One key objective in developing this technology is to optimize the IR
signal with minimum ultrasound excitation energy being applied to the
target. We have learned that the ultrasonic frequency, coupling medium
between the ultrasonic transducer and the target, the pressure from the
transducer to the target, the characteristics of the target itself, etc. are all
factors that affect the IR signals. In a previous paper at this conference,
we presented the thermal energy computing tools developed for analyzing IR data. In this paper, we’ll present the results of our study on the
effect of different coupling materials on IR signal levels for different types
of materials.

6529-106, Session 23
Exploring resistance change trends associated with
integrated piezoresistive sensoring elements
G. Johns, T. Waterfall, L. Howell, B. Jensen, T. McLain, Brigham
Young Univ.
The piezoresistive properties of silicon have been used to sense physical
phenomenon since it was described by Charles Smith in 1954. Several
microelectromechanical systems (MEMS) have utilized piezoresistive sensing due to its reliability and the inherent piezoresistive material property
of silicon. Some of the devices that have used piezoresistive sensing include microphones, acceleration sensors, inertial sensors, and force and
pressure sensors.
Smith developed a model to predict the piezoresistive behavior of a beam
in tension or compression. This model has been used extensively to design piezoresistive sensors. The model was designed to predict the
piezoresistive effect for elements experiencing tension and compression.
This paper demonstrates that although this model works well for axial
loads, it is inadequate for more complex loading conditions. This is particularly an issue for compliant elements of integrated sensors that employ the material’s bulk piezoresistive properties.
MEMS devices are often made with compliant segments, which experience more complex loading conditions than pure tension and compression. As the compliant segments deflect, their resistance changes. This
change in resistance can be linked to the physical phenomenon that
caused the displacement, making the compliant segments integral sensors. Since these integral sensors experience bending stresses,
piezoresistivity in bending needs to be explored.
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Several devices have been designed and tested to explore the
piezoresistive effect in bending. Resistance data was taken from the devices to validate Smith’s model. Because beams in bending experience
tension and compression simultaneously, a superposition of Smith’s model
was explored. A finite difference solution was used to implement the superposition model, which calculated a unique resistivity for each finite
section of the beam. Each resistivity was a function of the stress and of
the piezoresistive coefficients used in Smith’s model. Using this superposition method, tension and compression components could simultaneously
contribute to the change in resistance. However, the trends predicted by
this superposition model do not match experimental results for complex
loading conditions. Smith’s model was also applied via commercial finite
element analysis models, and predicted trends similar to those found by
the finite difference method. This result is a call for the development of
new modeling methods that accurately predict the trends of the
piezoresistive effect under complex loads. This paper presents experimental evidence and arguments for the need for these new models, and
provides preliminary experimental results that may be used in future development of such models.

6529-107, Session 23
Omnidirectional guided wave PWAS phased array for
thin-wall structure damage detection
L. Yu, V. Giurgiutiu, J. Kendall, Univ. of South Carolina
Widely used 1-D guided wave phased arrays can only scan within 0°~180°
range due to the intrinsic structural limitation. To overcome this limitation,
multiple installations are unavoidable. However, by using 2-D configuration phased arrays, large structural interrogation can be conducted from
a single location with a single scanning covering 0°~360° range through
the omnidirectional beamforming. Based on the developed generic PWAS
Lamb wave phased array beamforming formula, this paper aims to bring
up the practical implementation of an 8x8 PWAS array and present analytical and experimental results concerning the omnidirectional damage
detection ability.
The theoretical beamforming of 2D rectangular PWAS configuration will
be presented at first based on the generic PWAS phased array
beamforming formulation. Then, an itching technique borrowed from electrical engineering is described to show how an 8x8 PWAS array can be
created to ensure the sensor requirements for phased array application.
Next, a laboratory experiment is set up and conducted a set of crack
damage detection in Aluminum thin plate specimens. The specimens include: 1) a single crack positioned along the center lines of the array; 2) a
single crack positioned in between the center lines; 3) two cracks positioned at the center line and in between the center lines, respectively. The
experiments will demonstrate the omnidirectional crack finding ability of
the 2D PWAS array and the multiple crack detection ability as well. We
finally end up with discussions on the practical application of such 2D
arrays and come up with plans for future work.

6529-108, Session 23
Coupled vibration control system for slender
buildings constructed closely in urban area
T. Azuhata, T. Ishihara, National Institute for Land and
Infrastructure Management (Japan); M. Midorikawa, Hokkaido
Univ. (Japan)
In urban areas, especially downtown, lots of slender buildings are constructed closely. When such buildings are subjected to sever earthquake
ground motions, they may collide with each other. If we install some dampers into them to reduce their seismic response displacement, we could
prevent their collision. However, these urban buildings do not usually have
enough space where we install such dampers. Thus we propose the new
coupled vibration control system for the slender buildings constructed
closely in urban areas.
The coupled vibration control systems have some dampers connecting
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adjacent buildings, which are set outside the buildings. When applying
these systems, we need not install the dampers into each building. The
connection dampers in the previous systems are set horizontally in general and utilize differences in horizontal displacement responses of the
adjacent buildings. In order to dissipate more seismic input energy, the
connection dampers need a horizontal longer stroke. But there is not
enough space to secure such a long horizontal stroke, because our target buildings are constructed very closely. In contrast, the connection
dampers of our proposing system are set vertically between the adjacent
buildings and utilize the differences in vertical displacement responses of
those buildings. To concentrate the seismic input energy to the connection dampers, we also apply the rocking structural system, which allow
the building to uplift on the pile head, to each building. According to the
previous studies about the rocking structural systems, they can reduce
seismic damage of buildings efficiently. But we mostly need to install some
devices at the pile head to control the uplift and roof displacement responses of the buildings when applying them. In the case of our proposing coupled vibration systems, the connection dampers can control these
responses.
To verify the seismic response reduction effects of the new coupling vibration control systems, some numerical analyses are conducted. In the
analyses, two or three slender buildings are connected by vertical dampers. Each building, which is steel structure, has one bay, and eight or ten
stories. Vertical dampers have a frictional damping mechanism. Combination of the story number or the first natural period of the connected
buildings is selected as a parameter of the numerical analyses. The response results of the coupled vibration control systems are compared
with those of the corresponding fixed base models without the connection damper. The energy dissipation mechanism is also investigated. An
artificial ground motion and the 1995 Kobe earthquake ground motion
are used as the input waves.
The conclusions of this study about the new coupled vibration control
system are summarized as follows;
1) It can prevent slender buildings constructed closely, which are also
allowed to uplift intentionally, from colliding with each other.
2) It can keep the building structures elastic even against severe earthquake ground motions.
3) The connection dampers used in it can dissipate the large part of seismic energy input in the connected buildings.

6529-109, Session 24
Polymer optical fiber sensors for civil infrastructure
systems
S. Kiesel, O. Abdi, K. J. Peters, M. Kowalsky, T. Hassan, North
Carolina State Univ.
POFs provide a maximum measurable strain range of 6-12%, are more
flexible than silica optical fibers, are more durable in harsh chemical or
environmental conditions and have a relatively high fracture toughness.
These characteristics make them ideal for large-strain civil infrastructure
applications such as seismic load conditions. Conventional strain gages
for cyclic load applications can be reliable up to approximately 3% strain
when surface mounted on steel structures and less than 1% when embedded in concrete. These limitations are a serious challenge for civil
infrastructures subjected to seismic loads, where material strains can
exceed 2% in the concrete and 5% in the reinforcing steel. Recent advances in the fabrication of singlemode POFs have made it possible to
extend POFs to interferometric sensor capabilities. Therefore, interferometric POF sensor systems potentially offer a larger strain range measurement capability along with more long-term survivability for civil infrastructure systems.
A series of mechanical and opto-mechanical tests were performed to
calibrate the two linear and two nonlinear independent mechanical properties and the two linear and four nonlinear opto-mechanical properties
of a singlemode POF. These calibrated properties were applied to a previously derived response model for the POF interferometric sensor in the
small and large strain domains. A time of flight interferometer for the measurement of large phase shifts induced during deformation of the POF
was also developed and verified through testing.
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Afterwards, a procedure for the embedment of POFs into large scale reinforced concrete structures was developed. The bond strength between
various civil structural materials (cement paste, hydrostone and mortar)
and the POF was also investigated through tensile pull-out tests of casted
specimens with an embedded POF at a rate of 2.5mm/min. Comparing
the three materials, the mortar was the most difficult material to mix and
cast with the embedded POFs due to the large particle size. However, the
rough surface provided a relatively good bond between the mortar and
POF, resulting in low slippage between the two. The hydrostone was relatively easy to mix and cast, however the smooth surface of the material
reduced the bond with the POF significantly. Finally, the cement paste
was the optimal material system in which to embed the POF due to the
ease of mixing and casting and the strong bond between the cement and
the POF. Furthermore, the force vs. displacement behavior for the cement paste specimen indicated that no pullout occurred prior to fracture
of the POF. Small concrete blocks with an embedded POF were pre-cast,
after which light transmission through the embedded POF was verified.
Negligible reduction in light propagation occurred, indicating that the transverse residual strain on the POF was sufficiently small. The pre-cast blocks
were then successfully embedded into full-scale structural members for
verification of the POF sensors. Other potential effects beyond the reach
of the current study include the temperature, creep and hysteresis properties of the POF which will likely play a significant role in their long-term
response.

Low-cost fiber Bragg grating interrogation system for
in situ assessment of structures
J. R. Zayas, D. P. Roach, Sandia National Labs.; W. R. Allan, D.
A. Horsley, Univ. of California/Davis
A project targeted at developing a low-cost Fiber Bragg Grating (FBG)
system has been completed, and has resulted in a stand alone fiber optic
interrogator that can be used in multiple applications. The system, initially tailored as a potential solution for embedded strain sensing on composite wind turbine blades, was tested on a thick composite specimen at
the Airworthiness Assurance department at Sandia National Laboratories
(SNL). A single fiber optic cable with multiple FBG’s was embedded into
the composite structure and arranged around a series of known flaws.
Foil type resistive strain gages were bonded to the surface of the fiberglass laminate at the precise location of each embedded FBG sensor.
The fiber optic interrogator was used to sample the FBG’s and an independent data acquisition system was used to sample the strain gages.
The specimen was tested in static loading and results from both strain
gages and the FBG sensors were compared.
Fiber optic strain sensor technology has matured through the years and
several companies are now offering commercial products for wind turbine applications. Fiber Bragg Grating (FBG) sensors are particularly attractive, since the sensor consists of an interference grating which is optically written into the fiber, maintaining the fiber’s mechanical integrity
and minimal size. Although these sensors are relatively well-established,
they have seen little use in practical applications because of the high cost
of existing FBG interrogators, which can exceed $20,000 per unit. The
interrogator is based of an off-the-shelf, MEMS-based, tunable, FabryPerot optical filter and broadband illumination produced by a single
superluminescent diode. Light transmitted through the FBG sensors is
sensed by a photodiode and is correlated with calibration data to determine the local strain experienced by each sensor. The interrogation technique provides fast scanning rates for each sensor and can accommodate over 15 sensors on a signal fiber cable. Results from the data analysis showed good correlation between the embedded FBG’s and the strain
gages. This paper will provide detailed information on the interrogator
and the composite specimen manufactured to test the device. It will also
characterize the performance of the low-cost FBG interrogator system
and discuss prospects for its use in structural health monitoring applications.
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Application of an embedded FBG sensor system to
RC structure health monitoring
S. Li, H. Li, Dalian Univ. of Technology (China)
Proper monitoring of building performance will be useful to optimize maintenance scheduling and to minimize maintenance costs. The benefits of
the information obtained by monitoring during each period of the structure life are apparent will help to improve and enlarges the knowledge
concerning structural behavior and makes an accurate calibration of numerical models possible and permanent monitoring can give early indication of structural malfunctioning. In this way, safety measures can be considered in time, and intervention on the structure can be performed immediately and with minimal economical losses. This paper discusses the
monitoring of the temperature change and strain changes of a 5-story
reinforce concrete building by an optical fiber Bragg grating sensor system in building construction course. Based on the project result the packaged FBG used in measurement is feasible and superior to strain gauge
and evaluate the reliability of FBG sensor system for a long period. This
project also provides some useful advice for structure health monitoring.

6529-113, Session 24
Dynamic shape estimation by modal approach using
fiber Bragg grating strain sensors

6529-110, Session 24
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6529-112, Session 24

S. Rapp, Technische Univ. München (Germany); L. Kang, Korea
Advanced Institute of Science and Technology (South Korea);
U. C. Mueller, H. J. Baier, Technische Univ. München (Germany);
J. Han, Korea Advanced Institute of Science and Technology
(South Korea)
A possible approach to meet increasing lightweight requirements in aerospace engineering is the application of smart structures. Often the shape
of a structure is an important property, but in a lot of applications such as
bridges, airplanes or structures in dangerous environments, it is difficult
to measure deformations.
This paper discusses the deformation estimation of a dynamically excited rectangular plate using fiber optic sensors as an in-plane strain sensors. Thereby the plate shall represent a 2-dimensional structure such as
an airplane wing. The optical sensors offer advantages, since they are
light in weight, insensitive to electromagnetic disturbances and easy to
integrate into modern composite structures.
Using a modal approach it is possible to provide a transformation matrix,
which calculates the deformation and thus the shape, from strain data.
Therefore an approach for an 1-dimensional beam case was expanded to
the 2-dimensional plate case using a transformation of principal strain
directions into arbitrary coordinates.
Due to the modal approach, it is possible to estimate the deflection of the
entire structure using only a few discrete strain sensors. However, only as
many mode shapes as strain sensors can be used to represent the real
shape, which results in errors in the shape estimation due to residual
modes.
To investigate the sensor amount, sensing location and orientation, as
well as loading conditions, a rectangular plate was simulated. Using different simulation tools, parameter studies and sensitivity analyses were
performed. To reduce the errors due to higher order strain mode shapes,
a gradient searching optimization algorithm was used to find optimum
sensor locations and orientations. A minimum condition number of the
transformation matrix provided a general solution with satisfying results
for every load case. During this optimization process different constraints
regarding orientation, location etc. were established to find an easy but
still sufficient sensor alignment.
To analyze especially 2-dimensional effects, a special aspect ratio of a
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plate was chosen to observe bending, lateral bending as well as torsion
effects within low frequencies.
An experiment was performed to verify the method and the simulation
results. Using 16 fiber Bragg gratings with different orientations and optimized locations, the shape of a dynamically excited, rectangular acryl
plate was estimated. The cantilever plate was excited by means of a modal
shaker with resonance and off resonance frequencies. Four laser sensors
which measured the surface deflection at distributed points, acted as
reference measurements. The estimated deflections at these reference
points were compared with the laser signals. Furthermore the estimated
shape was compared with the approximately simulated “real” deformation.
The results of this survey brought suggestions for the sensor amount and
sensor alignment for this kind of application. In addition to that methods
to increase its performance were investigated.

results compared with the experimental data given by strain-gauges and
accelerometer for validating the Bragg grating sensors have favorable
reliability under the condition of loading. The results of test indicate that
the data were steady and reliable, and the test data were in accord with
the theory calculated value. It showed the advantages of strong surviving
capability, absolute value measurement and long service life over conventional electrical strain gauge and accelerometer in experiments.

6529-114, Session 24

Structural Heath Monitoring (SHM) of large civil structures such as bridges
may often require dozens of sensors, and so connection of each to a
reader unit can be very demanding. One of the advantages of fiber optics
with respect to traditional electrical gauges is their double capability: as
both a sensor and a pathway for signals produced from other sensors.
This feature allows adoption of a simple Fiber Optic Sensor (FOS) system
architecture such as the in-line multiplexing scheme, even when arrays of
many sensors are needed.
In this paper, we present the development and laboratory validation of inline multiplexing for a low-coherence interferometer sensor. This sensor
is derived from the SOFO(r) standard deformation sensor (SDS) as developed, produced and commercialized by Smartec SA. A commercial SDS
employs total reflectors at the end of the measurement and the reference
fibers, allowing to measure the strain over a single measurement field. In
the solution presented in this paper, broadband fiber Bragg gratings (FBGs)
are employed as partial reflectors to obtain in-line multiplexing. FBGs are
produced by using a chirped phase mask and their reflection spectra
present a 5% reflectivity. An experiment has been carried out on a 3-field
sensor, interrogated by an off-the-shelf reading unit, to investigate effectiveness, resolution and stability. Outcomes show a clear fringe visibility
for each pair of gratings and a resolution of about 2.3 µm RMS, in the
same order of the single field sensor. Issues regarding the maximum number of measurement fields on a single line and deformation range limits
are also discussed.
Integration of the sensor within reinforced concrete (RC) structures is
obtained using a composite profile as a support. The measurement fiber
can be directly bonded to the profile, while the reference fiber can be
placed in a protection tube. To prove the effectiveness of such packaging, the bond between profile and concrete was tested in the laboratory.
This work is part of a research effort aimed at new bridge construction
using smart structural elements, these defined as precast RC elements
embedding a sensing system and capable of self-diagnosis. Sensors are
conceived as an integral part of the prefabricated element, influencing its
design criteria and detailing: in this context, low-coherence interferometer sensors have been selected for their high stability and precision performance in long-term monitoring.

Monitoring of an interstate highway bridge from
construction thru service with a built-in fiber optic
sensor system
R. L. Idriss, Z. Liang, New Mexico State Univ.
An optical fiber monitoring system was designed and built into one span
of the five span high performance prestressed concrete I-10 Bridge over
University in Las Cruces, NM. A total of 72 long-gage (2m long) deformation sensors, along with 36 thermocouples were embedded in the prestressed concrete girders. Sensors were installed along the bottom and
top flanges, at midspan and quarter spans. Pairs of crossed sensors in a
rosette configuration were embedded in the webs at the supports. The
embedded sensors measured temperature and deformations at the supports, at quarter spans, and at mid-span. The bridge was monitored during fabrication, construction and service. Collected data was analyzed to
calculate the prestress losses and cambers in the girders. Actual losses
and camber were compared to the losses and camber predicted using
available code methods. At completion of construction the bridge was
tested under truck loading and data was collected to evaluate the load
distribution in the bridge. Distribution factors from field data were compared to the distribution factors obtained using the AASHTO LRFD code
provisions. The project was funded by FHWA and the NM DOT under the
Innovative Bridge Construction Program.

6529-115, Session 25
Effect of residual strain on sensing property of FRPOFBG smart rebar
Z. Zhang, Z. Zhou, J. Ou, Harbin Institute of Technology (China)
In FRP-OFBG smart rebar fabrication progress, there are residual strain
happening to FBG, and shapes changing of FBG reflection spectrum,
leading to misreading of the strain. And these are all because of nonaxisymmetric thermal stress between fibre, matrix and FBG. In this paper,
it discussed the method of relief residual strain, which is the reheating
treating progress. It confirmed the time of residual strain relief and the
temperature. The result indicates that the reheating treating progress can
improve the sensing stability of FRP-OFBG

6529-117, Session 25
Multiplexing low-coherence interferometer sensors:
laboratory tests and design for integration within RC
structures
M. Pozzi, D. Zonta, H. Wu, Univ. degli Studi di Trento (Italy); D.
Inaudi, Smartec SA (Switzerland)

6529-118, Session 25

6529-116, Session 25

Modal flexibility-based damage detection technique
for online structural health monitoring using smart
FBG sensors

Strain and acceleration measurements of steel
structure by FBG sensors

H. Park, S. Shin, K. Koo, C. Yun, Korea Advanced Institute of
Science and Technology (South Korea)

X. Ji, H. Li, R. Liang, Dalian Univ. of Technology (China)

Long-term continuous monitoring of the condition of structures so as to
provide the necessary maintenance will ultimately reduce life cycle costs.
Sensing systems for long-term monitoring must satisfy hard specifications in terms of multiplexing capability, low intrusivity, immunity to
eletromagnetic interferences, and long operative life in harsh environments.
Optical fiber sensors, especially fiber Bragg grating (FBG) sensors, are
ideally suited to meet those requirements and have shown the ability for
the long-term structural health monitoring.

A simplified model is developed for monitoring the strain and acceleration of a steel frame with three stories by an optical fiber Bragg grating
sensor system. The dynamic response of the structure is calculated using the Finite Element Method. In the experiment, the data of the FBG
measurement were collected immediately after the installation of the steel
structure using a commercial FBG interrogation system. The measuring
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Many vibration-based damage detection techniques have been developed for structural health monitoring. Among them, strain-based methods seems to be suitable for an effective use of FBG-sensed data. For
example, Yao et al. (1992), Yam et al. (1996), and Maeck et al. (1999)
introduced the strain mode shape based methods for damage identification. In the methods, damage detection and localization is executed based
on the changes in strain mode shapes of the structure in the undamaged
and damaged states. Although the strain mode shape approach may be
effective, it is not yet easily employed for continuous online monitoring
using FBG sensors. The strain mode shape can be directly determined
from measured strain frequency response functions with known input and
output. For an online application, however, damage detection must be
done continuously with the structure in service, which may be able to use
only output information. Moreover, high frequency modes are measured
to effectively detect and localize small damages in structures when using
the strain mode shapes. It is, because of limitations of the experimental
instrumentation, difficult to measure higher frequency response data.
The aim of this study is to develope a damage detection technique for
online structural health monitoring based on FBG sensed signal. To achieve
this aim, output only modal parameter identification using frequency domain decomposion (FDD) method is employed to estimate the strain mode
shape. Then, the modal flexibility-based scheme is proposed to detect
and localize small multiple damages in structures. A numerical study is
performed to illustrate the validity of the FDD method. An experimental
study is also conducted to show the effectiveness of the proposed method
for damage detection and localization.

6529-120, Session 26
In situ measurement of conductivity and temperature
during concrete curing using passive wireless
sensors
M. M. Andringa, J. M. Puryear, D. P. Neikirk, S. L. Wood, The
Univ. of Texas at Austin
The long design lives of civil infrastructure (e.g., buildings, bridges, and
roadways) coupled with the inaccessible nature of particular areas of interest create unique challenges when designing sensors for structural
health monitoring systems. Previous efforts at The University of Texas at
Austin have led to the development of novel electronic structural surveillance (ESS) tags to monitor various characteristics of steel reinforced
concrete using wireless techniques. Unlike many sensors either on the
market or under development elsewhere, these sensors are designed to
be extremely simple and low cost. The sensors are embedded in the concrete and are powered and interrogated wirelessly through the use of
inductively coupled magnetic fields. Without the need for batteries, the
sensors can conceivably last the lifetime of the structures which they are
designed to monitor.
Previous work on our first sensor designed to detect the onset of corrosion in the reinforcing steel of the concrete has shown that the sensor
performs well as a threshold sensor. In this paper a new sensor will be
discussed that is designed to monitor the conductivity of concrete, which
may provide information on the ingress of chloride ions during the life of
the structure. A method of extracting temperature information from the
existing corrosion sensor will also be presented. During a recent test,
both a wireless corrosion sensor and a wireless conductivity sensor were
placed in concrete and monitored throughout the duration of the curing
process. For correlation purposes wired sensors were also placed in the
concrete and monitored during the cure. Analysis of the data suggests it
is possible to determine temperature information based on the wireless
sensor response, allowing wireless in-situ temperature monitoring of the
concrete during the cure. Monitoring curing temperature using the same
sensor which would later be used for long-term corrosion detection would
help reduce the cost of such a monitoring system.
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6529-121, Session 26
Low-cost wireless sensors for civil infrastructure
J. M. Puryear, M. M. Andringa, S. L. Wood, D. P. Neikirk, The
Univ. of Texas at Austin
A class of low-cost, unpowered sensors has been developed at the University of Texas at Austin to monitor civil infrastructure systems. The sensors are designed to be interrogated sporadically over the life of the system, and the readings indicate if conditions at the sensor location exceed
an established threshold. The sensors do not require batteries or connections to external power supplies. As such, the sensors are designed to be
maintenance free over the life of the civil infrastructure system.
Research efforts have focused on detecting the onset of corrosion in reinforced concrete structures. It is envisioned that the sensors would be
attached to the reinforcement cages before placement of the concrete.
The sensor is designed such that the corrosion detection threshold is
exceeded well before structural damage occurs. Therefore, interrogating
the sensors during routine inspection of the structure will give the owner
sufficient time to take corrective action to extend the service life of the
structure.
The prototype corrosion sensor includes two resonant circuits, each with
an inductor and a capacitor. The sensing circuit also includes a steel wire,
which is exposed to the environmental conditions within the concrete.
The condition of the steel wire varies with time as corrosion occurs. In
contrast, the other circuit is isolated from the environment and serves
only as a reference.
The sensor is interrogated wirelessly by reading the complex impedance
through an external reader coil. If the sensing wire is intact, indicating
that the corrosion has not exceeded the corrosion threshold, two distinct
resonant frequencies may be observed in the phase of the impedance. In
contrast, if the sensing wire is broken, indicating that the threshold amount
of corrosion has occurred, only the resonant frequency of the reference
circuit will be detected.
Long-term accelerated corrosion tests have demonstrated the reliability
of the sensor to detect a corrosion threshold. Tests are ongoing to extract
analog information regarding corrosion rate from the sensor response.

6529-122, Session 26
Wireless real-time monitoring of soil and soilstructure systems
T. Abdoun, Rensselaer Polytechnic Institute; A. Abe, Tokyo Soil
Research Co., Ltd. (Japan); V. G. Bennett, Rensselaer
Polytechnic Institute; L. A. Danisch, Measurand, Inc. (Canada);
M. Sato, National Research Institute for Earth Science and
Disaster Prevention (Japan); K. Tokimatsu, Tokyo Institute of
Technology (Japan); J. Ubilla, Rensselaer Polytechnic Institute
The evaluation, health monitoring and response prediction of soil and
soil-structure systems during construction and due to extreme hazard
conditions are on the verge of a significant paradigm shift. New and less
expensive sensing technologies have enabled the development of innovative instrumentation and advanced interactive modeling tools. These
tools, combined with recent advances in information technology including wireless sensor networking, data mining, visualization and system
identification, promise significant improvements in real time monitoring
during construction, sensor-assisted design and early warning of impending failure.
This paper presents the newly developed Wireless Shape-Acceleration
Array (WSAA) sensor that measures 3D acceleration and deformation profiles and constitutes a major step toward autonomous monitoring technology for soil and soil-structure systems. The Wireless Shape-Acceleration Array (WSAA) sensor employs micro-machined electromechanical
sensors (MEMS), which have enabled gravity-based shape calculation
along a sensorized substrate. The method is an extension of technologies that use fiber optic orientation sensing to calculate 3D polylines representing the shape of a sensor array. WSAA uses MEMS accelerometers
in a pre-calibrated, geometrically constrained array to provide long-term
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stability previously unattainable with fiber optic methods. This sensor array is capable of measuring 3D soil acceleration and 3D permanent ground
deformations to a depth of one hundred meters. Each sensor array is
connected to a wireless earth station to enable real time monitoring of a
wide range of soil and soil-structure systems as well as remote sensor
configuration. This paper presents the evolving design of this new sensor
array as well as preliminary results from full scale laboratory tests completed at the National Institute for Earth Science and Disaster Prevention
(NIED, Japan), aimed at validating and calibrating the measured accelerations and displacements.

into a numerical solution of a position control system actuated and sensed
with the ER feedback by the SMA wires which fixed to a spring at one
end. To validate and setup the model, experimental studies for a proportional position control system actuated and sensed by the SMA wires are
also conducted. The numerical simulation and the experimental study
both show that the developed ER model can efficiently describe the behaviors of the ER for SMAs in the cases of various temperatures and
loading levels and can be used as sensors to predict the deformation of
the system combined with SMAs resulting in both the elimination of the
additional position sensors and lower cost of the application.

6529-123, Session 27

6529-125, Session 27

Development of a new mindlin plate element with a
through crack

Finite element simulation of piezoelectric wafer
active sensors for structural health monitoring with
coupled, filed, and boundary-infinite elements

C. Liu, J. T. DeWolf, J. Kim, Univ. of Connecticut
This work deals with the development of a new four noded rectangular
plate finite element with a crack. This cracked plate element is formulated based on the Mindlin plate bending theory with three degrees of
freedom at each of the four corner nodes. The crack is assumed to be not
closed and non-propagating. The complete element stiffness matrix is
constructed as a combination of the stiffness matrices of non-cracked
and cracked elements. The existence of crack changes the elastic strain
energy and the stiffness matrix of the element, whereas the mass matrix
remains unchanged. To evaluate the behavior of this cracked element,
some numerical examples are tested using user subroutines in the commercial ABAQUS software. The finite element analysis results are then
compared with those reported in previous work. The cracked element is
used to investigate the behavior of cracked bridge structures, thus providing a simple and robust approach to model the real service conditions
in bridges.

6529-124, Session 27
Modeling of electrical resistance for shape memory
alloys in hysteretic movement
S. Yan, Shenyang Architectural and Civil Engineering Univ.
(China)
Shape Memory Alloys (SMAs) can be used as both actuators and sensors in the field of structure control and structure health monitoring. As a
sensor, electrical resistance (ER) of SMAs is usually used to make a feedback of not only the thermomechanical properties of SMAs themselves
but also the performance of the structure embedded the SMAs in it since
the measurement of the ER is simple and feasible in a hysteretic movement of an application.
Some models of the ER for SMAs were developed from literatures in the
field. However the complexity and uncertainty of the relationship between
the ER and its factors makes the models being restricted in applications
and most of the models need to be improved in a way. In these models,
the hysteretic performance of the ER was not well considered and became a bottleneck for the development of the ER for SMAs in the applications.
The mathematical Preisach hysteresis model is widely used to describe
empirically the various hysteretic performances of materials. The ER of
SMAs has been proved experimentally to have distinct hysteretic and
repeatable performances, and can be used as sensors by embedding in
the structures.
In the paper, the Preisach hysteresis model based on the system identification is used to describe the hysteretic relationship between the strain/
stress and ER for the SMA wire that is used as a sensor, and is also able
to predict the deformation of the structure. The Preisach weighting function which describes the relative contribution of each relay to the overall
hysteresis is setup based on the data of the experiments by subdividing
the deformation into subcases based on increasing and decreasing displacement. The input and output variables for the model are the ER and
the deformations of the SMA wires, respectively. The efficiency of the
developed ER model on the sensing of the system is studied for various
temperature levels and system configurations. The model is integrated
SPIE Smart Structures and Materials 2007

W. Liu, V. Giurgiutiu, Univ. of South Carolina
Crack detection with piezoelectric wafer active sensors (PWAS) is emerging
as an effective and powerful technique in structural health monitoring
(SHM). Modeling and simulation of PWAS and host structure play an important role in the SHM applications with PWAS. For decades finite element method has been extensively applied in the analysis of piezoelectric materials and structures. The advantage of finite element analysis
over analytical solutions is that stress and electrical field measurements
of complex geometries, and their variations throughout the device, are
more readily calculated. FE allows calculation of the stress and electric
field distributions under static loads and under any applied electrical frequency, and so the effect of device geometry can be assessed and optimized without the need to manufacture and test numerous devices. With
FE method coupled-field analysis- mechanical, electrical, circuits and
acoustics analysis should all be integrated together to provide a systemic
overview of the piezoelectric sensors/actuators (even arrays of them) and
the host structures. In addition to the wave propagation applications,
PWAS based Electro-mechanical (E/M) impedance technique also gains
more and more interest. This technique utilizes the direct and the converse electro-mechanical properties of piezoelectric materials, allowing
for the simultaneous actuation and sensing of the structural response.
To detect the cracks or structure defects with PWAS, high frequency waves
(ultrasonic range) are usually utilized and thus small size mesh is required
in the FE simulation process. When relatively big structures like metallic
plate with PWAS attached are studied, tens of thousands of elements are
needed to discretize the geometry model. The high volumes of elements
will make the solution quite time consuming. In such cases the effect of
remote boundaries to the PWAS sensors can be neglected and the plate
can be seen as infinite to the PWAS. So a nature idea to study such
structures is to use certain kind of boundary elements to define the “region of interest” and model the effect of far field decay, thus the solution
process could be greatly simplified. In this paper metallic plate with PWAS
sensors will be investigated using coupled field elements as well as boundary infinite elements. Both wave propagation and structural E/M impedance spectrum will be studied. The simulation results will be compared to
analytical calculation and experimental data.

6529-126, Session 27
Chaos theory analysis of a cable-stayed bridge part I:
finite element model development
R. A. Livingston, S. Jin, Turner-Fairbank Highway Research Ctr.
Cable-stayed bridges can exhibit large amplitude irregular stay cable oscillations under certain conditions of combined traffic flow and rain-wind
loads that can pose severe risks to structural integrity. To investigate the
mechanisms causing this behavior, a high fidelity nonlinear finite element
model of a typical cable-stayed bridge has been developed using LSDYNA based on the design of the Bill Emerson Memorial Bridge at Cape
Girardeau, MO. The model uses over 540,000 finite elements representing 1254 bridge components to fully describe the detailed real geometry
of the bridge tower, deck, stay cables, edge girders and floor-beam support girders. Traffic loads on the bridge deck are simulated by a Poisson

• spie.org/events/ssn

• TEL: +1 360 676 3290

• spie@spie.org

147

Conference 6529: Sensors and Smart Structures
Technologies for Civil, Mechanical,
and Aerospace Systems
Distributed Pulse (PDP) stochastic process model involving multi-lane traffic flows of more than 300 vehicles of various axle loads with varying
arrival rates. The response data sets generated by the LS-DYNA simulations were then analyzed for chaotic behavior with the software CTBR.
This extracts the nonlinear system invariants, the Lyapunov exponents,
to identify the chaotic behavior from the dynamics of the structural system. The simulations showed positive Lyapunov exponents at various
locations of the bridge deck and the bridge stay cable network. The analysis of these results revealed that even in the absence of strong rain-wind
excitations the bridge deck vibration exhibits significant chaotic behavior
that could excite the stay cables into a stronger chaotic regime, especially at the upper portion of the networked stay cables. This illustrates a
phenomenon often ignored or unable to be captured by conventional linear dynamics analysis. Analysis of actual data sets collected from a monitoring network on the bridge also confirmed this chaotic behavior.

the advice of qualified technicians, in addition to the physical breaking of
glass sighting states - induced the running assembly - after varied doubts,
obstructionisms and other vicissitudes, including serious and arbitrary
illations towards some scrupulous technicians - to find the only practicable way in cases of this sort, that of a radical cure of structural consolidation with a massive and targeted laying of carbon fibre lamina, in order
to prevent the increase of a emergency state, become during the last
days more worrying due , luckily, to an earthquake of modest magnitude,
which was declaredly feared by the author of this paper.Detailed and interesting considerations - equipped by a photographic documentation of
the initial emergency state and of the following stability restoration - would
be reported in the final paper.

6529-129, Session 28
Non-contact rail flaw detection system: first field test

6529-127, Session 27
Chaos theory analysis of a cable-stayed bridge part
II: analysis of monitoring data for base-line conditions
R. A. Livingston, S. Jin, Turner-Fairbank Highway Research Ctr.;
G. Chen, Univ. of Missouri/Rolla
Long term structural health monitoring has become recognized as an
important tool for ensuring the structural performance of our nation’s cablestayed bridges. However, this depends upon the establishment of a reliable base-line of structural condition at the start of the bridge’s service
life. The recent completion of the Bill Emerson Memorial Bridge at Cape
Girardeau, MO, which included the installation of a network of seismic
motion sensors, provides an opportunity to investigate the issues of creating such a base-line. Moreover, the availability of such a data set enables the evaluation of the possibility of inherent chaotic behavior in cablestayed structures. This study thus analyzed the time series data sets collected from various locations along the bridge deck and tower of the Bill
Emerson Bridge using CTBR, a Windows-based software application
developed by Turner-Fairbank Highway Research Center of FHWA. This
software automates the process of extracting the Lyapunov exponents,
which are used to characterize the nonlinear dynamics of a structure. The
analysis found one or more positive Lyapunov exponents at various locations on the bridge deck, which is the signature of chaotic behavior. This
phenomenon, which results from ambient traffic loading rather than from
wind and rain loading on the stays themselves, illustrates a mechanism
that has been implicated in chaotic behavior of other cable stayed bridges.
The analysis has thus revealed a previously unknown effect of chaotic
deck motions that could couple into the stay cables. This research demonstrates that once the base-line chaotic systems have been identified it
will be possible to track the values of the Lyapunov exponents over time
to monitor the structural health of the bridge.

6529-128, Session 27
Technical and ethical reflections about the very
critical instability of a construction in Varese, Italy
F. Bartolozzi, Independent Researcher (Italy)
The building - subject of study in this paper - is a construction for dwelling consisted of five floors with twenty four living units and it is in Varese,
Italy. This building was constructed in the first years of 1970 and it has a
bearing structure in reinforced concrete. The very critical state of instability, which struck the bearing structure and which is pointed out from a
general state of splitting, is the effect of unjustifiable design and operational insufficiencies.The cause of the phenomenon is put down both to
the shortage of steel reinforcement and to the considerable problems of
laying of the structures. A so worrying structural situation unavoidably
causes ethical reflections too with respect to the human behavior and the
responsabilities of the directly involved professional figures.Indeed, the
design incompetence of the structure calculating man, as well as the great
technical and professional superficiality of the work manager, of the building firm and of the structure tester emerge clear and incontestable.The
very serious pathological state of the structures - pointed out, as already
report, by a general and considerable state of splitting and confirmed by
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P. Rizzo, Univ. of Pittsburgh; S. Coccia, I. Bartoli, F. Lanza di
Scalea, Univ. of California/San Diego; M. A. Fateh, Federal
Railroad Administration
Researchers at UCSD, with the initial support of NSF and the current
support of the Federal Railroad Administration (FRA), have been working
on a flaw detection prototype for rails that uses non-contact ultrasonic
probing and robust data processing algorithms to provide high speed
and high reliability defect detection in these structures. Besides the obvious advantages of non-contact probing, the prototype uses ultrasonic
guided waves able to detect and quantify transverse cracks in the rail
head, notoriously the most dangerous of all rail track defects. This paper
will report on the first field test which was conducted in Gettysburg, PA in
March 2006 with the technical support of ENSCO, Inc. Good results were
obtained for the detection of both surface-breaking and internal cracks
ranging in size from 2% cross-sectional head area (H.A.) reduction to
80% H.A. reduction. Preparations for subsequent field tests will be also
discussed.

6529-130, Session 28
Reference-free transducer and system diagnosis and
beyond
H. Sohn, D. W. Greve, I. J. Oppenheim, S. B. Kim, S. Lee, S.
Kim, A. Boscha, Carnegie Mellon Univ.
Structural Health Monitoring (SHM) is a process of evaluating and assessing the safety and integrity of a structural system based on real-time
data measured from sensors. Within our society, there are increasing demands to adopt this technology for monitoring and maintenance of aerospace, civil and mechanical systems. The study presents ongoing research
at Carnegie Mellon University in the context of guided wave based SHM.
Main enabling technologies presented in this paper include (1) activesensing, (2) transducer self-sensing (3) reference-free transducer self-diagnosis, (4) baseline-free nondestructive testing (NDT), (5) contactless
power transmission and data retrieval, and (6) development of an inspection robot. First, active sensing is achieved by using smart materials such
as Lead Zirconate Titanate (PZT) for alternative actuation and sensing.
PZT possesses the property of piezoelectricity, which is the phenomenon
of generating an electric charge in a material when subjected to a mechanical stress and conversely generating a mechanical strain in response
to an applied electric field. This property allows PZT to function as either
a sensor or an actuator at any given time. Second, electronic circuits and
signal processing techniques are developed to realize self-sensing. This
concept of self-sensing allows a single PZT transducer to excite a host
structure and measure the corresponding response, simultaneously. Third,
this feature of self-sensing is leveraged to develop a transducer self-diagnosis scheme to detect cracking and debonding of the PZT wafers in
near real time. Since typical high-expenditure systems are designed to
last several decades, the sensing devices can be the weakest link in the
entire system. Therefore, it is critical to monitor the performance of the
transducers themselves as well as the target structures. The uniqueness
of the transducer self-diagnosis lies in the fact that the transducer itself
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examines its own performance without relying on any previously obtained
reference data for comparison. Fourth, this concept of reference-free diagnosis is extended to structural damage detection. This reference-free
NDT technique is successfully applied for detecting crack in metallic structures and debonding in CFRP strengthened concrete beams, minimizing
false-positive indications of defects. Finally, the power required to operate the active sensing devices is supplied by an inspection robot based
on a near-field magnetic (inductive) coupling effect without contact or
wires. The same principle is also applied for wireless retrieval of the measured response.

6529-131, Session 28
High-sensitivity active system interrogation by
bifurcation and attractor morphing
S. Frangakis, B. I. Epureanu, Univ. of Michigan
One of the important aspects of successful system identification for sensor and damage detection applications is the interrogation of a system
(sensor/structure) for the purpose of identifying parameter changes. Most
current system interrogation approaches are based on observing the system dynamics under regular operation, and monitoring certain features
(which are often scalar metrics) of the dynamics. Other approaches recognize that the system may not exercise certain parts of its structure
under regular operating conditions, and hence, they apply an auxiliary
signal to the system in the form of excitation. All such current techniques
use predefined excitation signals, which can be of a variety of types, ranging from pulsed waves to frequency sweeps. Such auxiliary signals are
designed off-line, and do not adapt to the particularities of the response
of the system during its interrogation. This paper discusses a novel system interrogation approach, which is based on feedback auxiliary signals. The feedback nature of the excitation is a key enabling technique for
enhancing sensitivity and selectivity of this novel sensing paradigm. Furthermore, this feedback excitation is nonlinear, and designed to create
certain dynamic behavior in the system, which is best suited for interrogating parameters critical for sensing and/or damage detection. The question we address is how to design a nonlinear feedback excitation such
that the resulting dynamics (of the monitored sensor/structure) is most
sensitive to several of its parameters (e.g. mass, damping, and stiffness
distributions) and yet least sensitive to other parameters (e.g. temperature, humidity). Hence, high-sensitivity and robust interrogation techniques
are discussed. Moreover, the novel approaches presented allow for simultaneous detection of multiple parameters (analyte properties or damage scenarios). The results of this research highlight that inducing a dynamics which has positive Lyapunov exponents and small amplitude
motions is both possible and desirable. Nonlinear feedback excitation
approaches are discussed and demonstrated computationally.

6529-132, Session 28
Multi-mode models of atomic force microscopes and
enhanced selectivity by exploiting sensitivity vector
fields
J. Lim, B. I. Epureanu, Univ. of Michigan
Atomic-force-microscopes (AFMs) are an important tool for modern small
scale science and engineering for imaging and surface manipulation. AFMs
are capable of resolving surfaces at the atomic level for both conducting
and non-conducting samples, and their application is broad, ranging from
biological systems to nano-electronic engineering. The key element of an
AFM is a micro-cantilever (and a probe tip which is attached to the microcantilever) whose dynamics is monitored. The micro-cantilever interacts
in a strongly nonlinear fashion with the sample surface through atomic
forces. Hence, modeling and understanding the nonlinear dynamics of
the micro-cantilever and tip are paramount for improving the accuracy,
selectivity and performance of AFMs, in particular for their use in tapping
mode.
Typical models of AFMs use Lennard-Jones potentials to characterize
the atomic interaction forces with the substrate, and use single mode
approximations to model the micro-cantilever dynamics. While single mode
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approximations are sufficient in the (periodic) limit cycle oscillation regime of AFMs in tapping mode, they are inadequate when more complex
dynamics occur. For example, in certain operation conditions, higher
modes change the predictions for the system dynamics qualitatively from
periodic to chaotic. Also, despite driving the micro-cantilever at its first
resonance, where higher modes have much smaller amplitudes than the
first mode, higher modes are still significant because of the strong
nonlinearity in the system. This paper demonstrates that higher modes
play an important role in those dynamic regimes of the AFMs, and a multimode model for the tapping mode AFM is presented. Furthermore, the
paper shows that increased selectivity and sensitivity are obtained when
specifically driving the micro-cantilever in the more complex dynamic regimes. There, models based on higher modes can be used in conjunction
with a novel system interrogation approach referred to as sensitivity vector fields (SVF) to identify simultaneously multiple substrate and microcantilever properties. SVFs allow the identification of simultaneous variations of multiple parameters within chaotic attractors. They can be used
to determine multiple parameter variations very accurately in a variety of
areas such as system identification, sensing, damage detection, and others. The use of SVFs in the context of AFM assists in analyzing the dynamics of the micro-cantilever and probe tip, and enhances AFM’s capability to detect multiple parameter variations. SVFs allow for a more accurate monitoring of the effective spring constants and other important parameters of the system by exploiting chaotic dynamics. The proposed
method results in improved accuracy of the imaging process, and enhanced range of operating conditions for AFMs. Earlier work by the authors showed the basic concept and application of the SVF method to
parameter reconstruction. This paper builds on those results and focuses
on multi-mode AFM, where several challenges are addressed, such as
the fact that mode shapes vary due to perturbations in system parameters. Numerical results are presented to demonstrate the application of
SVFs for multi-mode AFMs, and to show the importance of higher modes
in the micro-cantilever dynamics.

6529-133, Session 28
Characterization and 3D modeling of Ni60Ti SMA for
actuation of a variable geometry jet engine chevron
D. C. Lagoudas, D. J. Hartl, Texas A&M Univ.; F. T. Calkins, J. H.
Mabe, The Boeing Co.
This work describes the thermomechanical characterization and FEA
modeling of commercial jet engine chevrons incorporating active Shape
Memory Alloy (SMA) beam components. The reduction of community noise
at airports generated during aircraft take-off has become a major research
goal. Serrated aerodynamic devices along the trailing edge of a jet engine
primary and secondary exhaust nozzle, known as chevrons, have been
shown to greatly reduce jet noise by encouraging advantageous mixing
of the streams. To achieve the noise reduction, the secondary exhaust
nozzle chevrons are typically immersed into the fan flow which results in
drag, or thrust losses during cruise. SMA materials have been applied to
this problem of jet engine noise. Active chevrons, utilizing SMA components, have been developed and tested to create maximum deflection
during takeoff and landing while minimizing deflection into the flow during the remainder of flight, increasing efficiency. Boeing has flight tested
one Variable Geometry Chevron (VGC) system which includes active SMA
beams encased in a composite structure with a complex 3-D configuration. The SMA beams, when activated, induce the necessary bending
forces on the chevron structure to deflect it into the fan flow and reduce
noise. The SMA composition chosen for the fabrication of these beams is
a Ni60Ti40 (wt%) alloy. In order to calibrate the material parameters of the
constitutive SMA model, various thermomechanical experiments are performed on trained (stabilized) standard SMA tensile specimens. Primary
among these tests are thermal cycles at various constant stress levels.
Material properties for the shape memory alloy components are derived
from this tensile experimentation. Using this data, a 3-D FEA implementation of a phenomenological SMA model is calibrated and used to analyze the response of the chevron. The primary focus of this work is the full
3-D modeling of the active chevron system behavior by considering the
SMA beams as fastened to the elastic chevron structure. Experimental
and numerical results are compared. Discussion is focused on actuation
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properties such as tip deflection and chevron bending profile. The model
proves to be an accurate tool for predicting the mechanical response of
such a system subject to defined thermal inputs.

6529-134, Session 29
Wireless piezoelectric acoustic-electric power
feedthru
X. Bao, B. J. Doty, S. Sherrit, M. Badescu, Y. Bar-Cohen, J.
Aldrich, Z. Chang, Jet Propulsion Lab.
There are numerous engineering applications where the use of wires to
transfer power and communicate data thru the walls of a structure is prohibitive or involves a significantly complex design. The use of feed-through
wires in such systems may make them prone to leakage of chemicals or
gasses, loss of pressure or vacuum. Moreover, feeding wires through a
wall of a structure reduces the strength of the structure and makes it
susceptible to cracking due to fatigue that can result from stress concentration and cyclic loading. The piezoelectric acoustic-electric power
feedthru devices transfer the electric power wirelessly through the wall
by using elastic or acoustic waves. The idea was suggested by Y. Hu, et
al. The devices allow for the avoidance of cabling or wiring. The technology is applicable to the transfer of power for actuation, sensing and other
tasks inside sealed containers and vacuum/pressure vessels. A network
equivalent circuit including material damping loss was developed to analyze the performance of the devices. Experimental test devices were constructed and tested. The power transfer capability and the transfer efficiency in broad frequency bandwidth were measured. Both theoretical
and experimental results will be presented and discussed in this presentation.
[1] Y. Hu, X. Zhang, J. Yang, Q. Jiang, “ Transmitting Electric Energy
Through a Metal Wall by Acoustic Waves Using Piezoelectric Transducers, IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, 50, 7, pp. 773-781, 2003.

6529-135, Session 29
Energy harvesting by magnetostrictive material
(MsM) for powering wireless sensors in SHM

Since the magnetostrictive effect results from rotation of the magnetic
domain of MsM, the Villari effect of MsM depends in part on the external
bias magnet field. Different vibrational response including longitudinal and
flexural modes of a rod can be converted into electrical energy by judiciously selecting the configuration of bias magnets. The optimization of
the configuration of bias magnets is analytically deduced; furthermore it
is verified by FEA and experiments.
A concept of volt-ampere characteristic line is investigated to optimize
the external electric load and output power. Furthermore to enhance the
output, the configuration of bias magnets is analytically optimized. Accordingly the proposed MsM energy harvester can achieve 200µW and
corresponding power density is 900µW/cm3. When the MsM beam-mass
element vibrates at its resonant frequency, the harvester gives the maximum output.

6529-136, Session 29
Power loss considerations in wireless piezoelectric
acoustic-electric power feedthru
Z. Chang, X. Bao, B. J. Doty, S. Sherrit, Y. Bar-Cohen, M.
Badescu, J. Aldrich, Jet Propulsion Lab.
Piezoelectric acoustic-electric power feedthru devices that are able to
transfer electric power through metallic/ferromagnetic wall are investigated [1]. Electric energy is converted to acoustic energy by piezoelectric
transducer at one side of the wall. The acoustic wave propagates through
the wall and, then, it is converted back to electric energy by another transducer on the other side. For high efficient transmission, it is critical that all
the energy loss should be minimized. In addition to the electrical, mechanical and electromechanical loss in the transducers and the thickness
of the wall, Lamb (plate) waves are excited by the transducers in the wall
and they also result in energy losses. In this study, the energy loss caused
by the Lamb waves are analyzed analytically and by finite element simulations. The results and the methods to reduce the loss are presented and
discussed in this presentation.
[1] “Wireless piezoelectric acoustic-electric power feedthru”, SPIE Smart
Structures and Materials & Nondestructive Evaluation and Health Monitoring, 14th International Symposium, March 18-22, 2007.

L. Wang, F. Yuan, North Carolina State Univ.

6529-137, Session 29

Magnetostrictive material (MsM), is not poled because magnetostriction
is an inherent property of ferromagnetic materials. Thus, MsM can permit
almost unlimited vibrational cycles, ideal for long-term use with significantly enhanced reliability. It has a high magneto-mechanical coupling
coefficient (0.9in MsM and 0.4~0.6 in PZT), efficiently translating vibrational energy into electrical energy, and a large coefficient of magnetostriction at low magnetic field. In addition, MsM provides strains, which
are much higher than piezoelectrics and possesses wider temperature
range capability.
This paper presents a new type of energy harvesting scheme based on
magnetostrictive material (MsM). It consists of three components: an energy converter comprising a giant magnetostrictive layer (Metglas 2605SC)
and a pick-up coil; an energy regulator; and an ultra-capacitor for energy
storage. MsM beam-mass element utilizes Villari or sensing effect of magnetostrictive, where induced strain of a ferromagnetic material produces
a change in the magnetization of the material. Upon the dynamic or cyclic
loading, this change in magnetization is converted into electrical energy
using a pick-up coil surrounding the MsM layer according to Faraday’s
law.
To provide a quantitative relation of output power including geometry and
material parameters of the beam-mass element, an equivalent mechanical-electrical circuit model, based on the principle of ideal mechanicalelectrical gyrator, has been recently derived to analyze and optimize the
power conversion efficiency. When the MsM beam-mass element vibrates
at its resonant frequency, the harvester gives the maximum output. Finite
element analysis (FEA) is employed to predict the first three resonant frequencies and mode shapes of the MsM beam-mass element.

Structural health monitoring utilizing Intel’s Imote2
wireless sensor platform
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B. F. Spencer, Jr., T. Nagayama, J. A. Rice, Univ. of Illinois at
Urbana-Champaign
Abstract: The world’s aging infrastructure requires engineers to have the
ability to assess the condition of a structure rapidly and efficiently. Structural health monitoring (SHM) is an expanding technology that aids in the
evaluation and maintenance of civil infrastructure. Traditional wired sensors and data acquisition systems cannot provide the dense sensor arrays and decentralized computing necessary for effective SHM. Wireless
sensor networks allow for the exploration of potentially new scenarios for
the application of the technology - such as the formation of sensor clusters around critical joints to detect local failure. Intel has recently developed an open-interface wireless sensor node platform, the Intel Mote2
(Imote2), built around a low power XScale processor that integrates an
802.15.4 radio into the mote. The Imote2 provides enhanced computation and communication resources that allows for the support of demanding sensor network applications like the SHM of civil infrastructure. This
study explores the potential of the Imote2 for SHM applications including
the implementation of modal analysis and damage detection algorithms.
Techniques for achieving synchronized data and reliable communication
between the sensor nodes are also addressed.
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6529-138, Session 29
Application of wireless sensing and control system to
control
C. Loh, K. Lu, Y. Lin, National Taiwan Univ. (Taiwan); P. Lin,
National Ctr. for Research on Earthquake Engineering (Taiwan);
J. P. Lynch, Univ. of Michigan
Low power consumption, high reliability and fail-safe operation make the
semi-active control technique one of the more promising approaches for
mitigation of seismic responses in civil engineering structures. Currently,
magnetorheological (MR) dampers are being widely studied for their potential use as semi-active control devices. For the installation of semiactive control devices in structures, extensive lengths of wires are often
needed to connect sensors (to provide feedback signals) with a controller
where control forces are calculated. Furthermore, additional wiring is
needed to communicate command signals to the semi-active actuators.
In contrast to this classical approach, wireless sensor and control unit
can be considered for controlling structures with MR-dampers. The advantages of using this unit for structural health monitoring and control
have been verified using symmetric building in the laboratory, there are
still many challenges must still be explored in detail.
In the fist phase study, the control of MR-dampers using wireless “active”
sensing and control system is examined first. A control signal is wirelessly
broadcasted from a computer to control the change of voltage applied to
the MR-damper. Based upon a measure of the shaft velocity of the damper,
desired control forces can be achieved by selecting an optimal damping
coefficient of the device. The second phase of this study is the application of the MR-damper to an almost full-scale an-symmetric 3-story steel
building excited by a 6 degree- of-freedom shaking table. The third phase
of the research is the application of de-centralized control algorithm to
control the building. With two MR dampers installed in the structure base,
structural responses during seismic excitation are measured by wireless
sensors and communicated to the MR damper’s wireless active sensing
unit where both LQR and H2 controller have been implemented. The wireless active sensor is responsible for the reception of response data, determination of optimal control forces, and issuing of command signals to
the damper. Performance aspects of the wireless active sensing unit specifically explored in this study include the reliability of the wireless communication channel for real-time data delivery.
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6530-01, Session 1
Fiber optic grating sensors for structural health
monitoring at cryogenic temperatures
W. Ecke, I. Latka, T. Habisreuther, Institut für Physikalische
Hochtechnologie e.V. (Germany); H. Lingertat, Max-PlanckInstitut für Plasmaphysik (Germany)
Conventional electrical strain sensors show increasing instabilities in their
strain-depending electric resistivity with decreasing temperature (at liquid helium and lower). Beside, the thermal conductivity of the signal wires
(4 pcs. per measuring site) as well as the parasitic voltages induced in
strong magnetic fields (which are one of the main applications of lowtemperature environment) are almost prohibiting the use of electrical strain
sensors.
On the other side, the optical parameters of isolating waveguides (e.g.,
optical fibers) are getting more and more stable in cryogenic environment. Their refractive index doesn’t further depend on temperature; thermal conductivity is limited to a 0.125mm diameter quartz fiber fed to a
high number of strain sensors in the order of 20 and more; dependence
of Bragg wavelength on magnetic fields is very low and it can be completely eliminated using appropriate depolarizing technique.
So, fiber Bragg grating sensors have specific application advantages not
only as previously shown at the high extreme end, but also at very low
temperatures. This in turn enables the possibility of providing structural
health monitoring at locations and for applications that were previously
not possible. The paper describes these developments, actual test results with their application-orientated analysis will be presented regarding to: health monitoring of superconductive magnets for nuclear fusion
reactors, measurement of thermal expansion of superconductive materials, integrity test of liquid gas tanks, and others.

6530-02, Session 1
Extension of fiber optic grating sensor technology
toward very high temperatures for structural health
monitoring
E. Udd, Columbia Gorge Research
Recently techniques have been developed that have enable the generation fiber grating sensors to operate at very high temperatures. This in
turn enables the possibility of providing structural health monitoring at
locations and for applications that were previously not possible. This paper decribes these developments and potential applications to high temperature applications.

6530-03, Session 1
FlexPatch: a rugged miniature FBG strain sensor
S. Ferguson, D. Snyder, T. W. Graver, Micron Optics, Inc.; A.
Méndez, MCH Engineering LLC
Over the last few years, optical fiber sensors have seen an increased
acceptance as well as a widespread use for structural sensing and monitoring in civil engineering, aerospace, marine, oil & gas, composites and
smart structure applications. Optical fiber sensor operation and instrumentation have become well understood and developed. However, one
of the areas in need of further development and commercial maturity is
that of sensor packaging and installation technique.
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In this paper, we report the design and development of a novel micro
opto-mechanical strain sensor based on the use of an optical fiber Bragg
grating (FBG) mounted into a custom-made miniature metallic flexure,
which we call “FlexPatch”. The FBG element is attached to the flexure
using a special glass bonding technique which ensures a linear, drift-free
and repeatable strain response even in the presence of moisture or under
harsh environments. The FlexPatch is intended for use in diverse structural health monitoring (SHM) applications and can be easily mounted
using epoxy bonding or by spot welding. Pertinent test data will be presented describing the sensor’s strain and temperature sensitivities, environmental stability and endurance under continuous mechanical cyclic
loading.

6530-04, Session 1
Accelerating an integrated FOS system for flight on a
small UAV
W. Kunzler, J. Newman, D. Wilding, R. H. Selfridge, S. M.
Schultz, M. J. Wirthlin, Brigham Young Univ.
The efforts of many diligent researchers have demonstrated that fiber
optic sensors (FOS) exhibit special characteristics favorable to health
monitoring, and many have employed such wavelength-based sensors
(such as fiber Bragg gratings or Fabry-Perot transducers) to gather data
in conditions harboring stimuli that may hinder conventional electrical
sensors. Realizing that the FOS interrogator often limits the possible applications of tiny sensors, the Electro-optics lab at BYU created an FOS
readout system capable of being deployed as a sensor node to monitor
wavelength-based fiber sensors in size-conscious field applications. The
handheld monitoring unit is self contained - well enough to be flown on a
small, unmanned aerial vehicle (UAV) while collecting flight data for ground
analysis, and the team is implementing state-of-the-art hardware and flexible interrogation methods to accelerate the measurement speed to be
on par with the fastest spectral FOS readout systems currently on the
market.
Fiber optic sensors are desired for applications where low weight and
nonmetallic parts are important. They offer immunity from electromagnetic interference, and they do not create it. These sensors, typically being quartz based, are resistant to corrosive environments and often have
larger temperature ranges than many electrical sensors. However, although
wavelength-based fiber optic sensors are not new to health monitoring
applications, field installations are often much more belabored than conventional sensor applications. This is not a surprise, since many of the
current interrogators arrive as bulky, fragile, power-hungry acquisition
systems, and are therefore unsuitable for remote applications - particularly field installations which are hindered by the additional weight of a
readout unit or the burly battery required to power it. Installations on a
UAV, for instance, must be small and lightweight or the plane will never
leave the ground; nor would a heavy battery be welcome (for a readout
system which requires a large amount of power). Additional system problems include the quality to cost ratio of the interrogators: industry has
strained to produce high resolution, low cost FOS readout units, and has
struggled even more to be able to monitor several sensors simultaneously
at high dynamic rates (at any cost). Employing them in lightweight applications has typically been considered “a problem to tackle later, after the
technology matures”.
Having acquired lightweight key components with high speed capabilities, the Electro-optics lab at BYU determined that a concerted effort
using the latest microelectronic technologies could create a simple, compact, field deployable sensor node. We focused on creating integrated
processing and system control which could not only spare users of need-
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ing a highly trained FOS specialist, but particularly make FOS technology
usable as a sensor node - an autonomous part of a greater interrogation
system. We based our target speed estimates on non-conventional interrogation techniques we hoped to employ based upon the specifications
of our components, then factored in a margin of safety.
Starting with compact microcontrollers, and then employing the latest
low-power parallel field programmable gate array (FPGA) processing and
megahertz mixed-signal components, an autonomous readout system
was developed to gather multi-spectral sensor data using an optical filter
capable of interrogating 10 million nanometers per second. We felt that
this was significant, since the bulk of similar interrogators currently available are four or five orders of magnitude slower. For further acceleration,
our team developed specialized processing techniques to limit interrogation to the wavelengths of interest and employed parallel pipelined processing of data. Issues inherent to the mechanical movement of the micro-electro-mechanical system (MEMS) optical filter prevented some of
the highest-speed interrogation methods from working as well as we
hoped, and possible solutions were explored. Notwithstanding the maximum data rate issues, the resulting system needs no post-processing
outside the node even at moderately high speeds, so the reduced dataset
can be passed to a master node controller that is left free to focus on
larger system issues or to collect data from dozens of such nodes across
a field installation.
Functional system tests showed that FOS data from the sensor node
could be conglomerated with other sensor nodes interrogated during the
flight on one of BYU’s fleet of unmanned aerial vehicles. The battery is
still the heaviest component; but having been designed to be lightweight,
low-power, compact, and portable, the Fiber-optic Integrated Sensor
Monitor (FSIM) was small enough that it could ride in the payload bay of
a small-wingspan UAV and monitor parameters such as motor temperature, air temperature, and wing strain, capturing data for ground analysis
or real-time feedback and control.

6530-05, Session 1
Large scale distribution monitoring of FRP-OF based
on BOTDR technique for infrastructures
Z. Zhou, Harbin Institute of Technology (China); J. Ou, Harbin
Institute of Technology (China) and Dalian Univ. of Technology
(China)
BOTDR is regarded one of the most practical solution for distributedsensing technique for large-sized structures. However, it is still a big obstacle to apply BOTDR in large-scale area due to the problem of high
cost and sensing head’s reliability. In this paper, a novel low-cost and
high reliable FRP-OF ( Fiber Reinforced Polymer-Optical Fiber) used for
BOTDR sensing head, which is easily to be industrialized, has been developed in Harbin Institute of Technology. And its practical solution of
BOTDR technique applied in long-term SHM for infrastructures has also
brought forward and developed. The experimental results show that this
kind of sensor is proper to be used in long-term SHM for large area civil
infrastructures. Finally, feasibility and advantages of this solution are discussed.

photon energy. This disadvantage is often circumvented by the use of a
scintillator absorption layer. Due to scattering of the low energy fluorescence photons, resolution and contrast of the X-ray images decrease. In
order to eliminate these disadvantages, hybrid detectors consisting of
direct converting semiconductors and readout electronics parts are fabricated.
For this configuration, it is advantageous that both parts can be optimized separately and different materials can be used. Because of the
well developed technology, the readout chip is fabricated out of silicon.
As absorbing material, silicon is less suitable. In a silicon substrate of 500
µm thickness, only 15% of a 30 keV radiation is absorbed and converted
into charges. In order to increase the absorption, materials with a higher
atomic mass have to be used. Several compound semiconductors can
be used for this purpose. One of them is GaAs, which is available as high
quality semi-insulating wafer material. For detector optimization, GaAs
wafers from several manufactures with different properties were investigated. Test structures with Schottky and PIN diodes were fabricated. The
I/V curves of the diodes, the spectral response from 5 up to 150 keV, the
carrier concentration, and the carrier mobility were measured and compared. A survey of the results and the criteria for material selection resulting from these measurements will be provided in the paper.

6530-07, Session 2
Ferroelectric-based single source of multiple types of
radiation for NDE and multifunctional and analytical
instruments
Y. Bar-Cohen, S. Lih, X. Bao, S. Sherrit, Jet Propulsion Lab.
NASA exploration mission are increasingly seeking to determine existence of past or present life, detect water and examine the mineralogy of
various planets in the solar system. Determination of the surface and bulk
properties of selected samples currently requires multiple analytical instruments, each with an independent type of radiation source. Using
multitude of instruments requires high power, mass and volume. Recently,
the authors demonstrated a ferroelectric based radiation source, which
they named Ferrosource, that was shown to emit five radiation types enabling a new generation of compact, low power, low mass multifunctional
NDE analytical instruments. The emitted radiation types include visible
light, ultraviolet, X-ray, as well as electron and ion beams. These radiation
types are already under development for detecting water, performing mineralogical/chemical analysis and for identifying biological markers. This
ferroelectric-based source consists of a disk having a continuous ground
electrode on one side and a grid-shaped cathode on the other side. This
source is placed in a vacuum tube and is used to generate plasma by
switching high voltage pulses and the plasma is harnessed to generate
the radiation. A series of experiments were performed to demonstrate the
emission of the five radiation types and the results will be described and
discussed in this paper.

6530-08, Session 2
Ultrasonic 3D imaging system for the automated
application in milling machines

6530-06, Session 2

R. Schmitt, P. H. Hafner, RWTH Aachen (Germany)

X-ray detectors for NDE applications

In order to combine the requirements of rising flexibility and automated
material inspections in a small batch production environment, an automatically changeable ultrasound sensor tool for milling machines has been
developed. This system enables automated ultrasonic inspections of varying parts to be carried out directly on a machining centre and characterised
hidden geometries and material imperfections three-dimensionally. The
sensor tool is based on commercialised ultrasonic squirter-probes, which
are able to use the cooling lubricant for sound coupling. By using a
standardised tool holder and a special signal connection interface, the
sensor tool can be interchanged automatically and stored within the ATC
magazine.
During the measurement recordings, the milling machine’s axes move the
sensor numerical-controlled across the workpiece. By this means, automated material inspection tasks can be performed very cost-effectively

A. Berthold, M. Kroening, Fraunhofer-Institut fur
Zerstorungsfreie Prufverfahren (Germany); T. Baumbach,
Forschungszentrum Karlsruhe (Germany); R. G. Melkadze, T. M.
Lezhneva, L. B. Khvedelidze, G. D. Kalandadze, Tbilisi State
Univ. (Georgia)
A tremendous development in the field of imaging radiation detectors has
taken place in the last decade. Conventional X-ray film has been replaced
by digital X-ray imaging systems in a number of ways. Such systems
mainly consist of silicon charge coupled devices (CCDs)where incident
photons create electron-hole pairs in the thin silicon absorption layer near
the surface. In contrast to visible light, which is absorbed within a 2 µm
layer of silicon, the penetration of X-ray is much deeper due to higher
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without setting up separate testing facilities. 4- or 5-axis kinematics capacitates the system to check even very complex-shaped parts. The automated ultrasonic inspection can be conducted on the raw part, the finished part or process-intermittent. Measurements of the interior workpiece
texture are transformed and visualised as common cross-section images
(e.g. B-Scan) or in a three-dimensional voxel view. In addi-tion image
processing algorithms can be applied for an automated evaluation.
The ultrasonic sensor tool is especially applicative if an elaborate machining is intended or the raw part has experienced an extensive heat
treatment and material flaws are likely to occur. Defective or security relevant unemployable raw parts then can be rejected. Possible parts for
the pre-machining inspection can be cast iron blanks for crankcases,
marine propellers or by build-up-welding refurbished extruder screws or
turbine blades respectively.

6530-09, Session 2
Process monitoring system for laser transmission
welding of plastics using direct visualisation of the
weld seam
D. Herzog, M. Fargas, O. Meier, A. von Busse, Laser Zentrum
Hannover e.V. (Germany)
The laser transmission welding process has many advantages, such as
non-contact precise energy input, high flexibility regarding the geometry
of the weld seam, low thermal and mechanical loads, the possibility of
joining semi-products with different colours and low levels of process byproducts due to plastic decomposition. In order to increase the economic
efficiency and the dissemination of laser transmission welding of thermoplastics within industrial production processes, it is necessary to have a
complete, process-integrated and reliable monitoring and quality control
system.: This paper presents a new monitoring principle for laser transmission welding of plastics. The principle uses two independent detectors: a CCD or CMOS camera supplying an image of the weld seam and
a pyrometer detecting heat radiation from the welding process. Besides
demonstrating the basic principle of the monitoring system, investigations regarding the attainable information content and signal strength
depending on different set-ups of the process monitoring unit and the
properties of the plastic materials will be presented.: In laser transmission
welding, the weld seam is usually masked by the laser transparent joining
partner which may still be coloured in the visible spectrum. Therefore, a
special lighting laser will be used to acquire an image of the weld by CCD
or CMOS cameras. If the upper joining partner is not only partly transparent for the laser wavelength of the welding laser but also for the laser
wavelength of the lighting laser, a direct visualisation of the weld is possible. The images obtained may have low contrast and can be superimposed by the part of light which is reflected or scattered at the surface of
the upper joining partner. Image processing techniques are applied to
extract the information contained in the pictures.: Factors influencing the
weld quality or leading to defects within the weld are dents on the surfaces of the joining partners, moisture uptake of the plastic material and
the surface finish of the materials. It will be shown, which weld defects
are resulting from these factors and how they can be detected by the
monitoring system. Not all of the resulting defects can be detected with a
single detector. Therefore, the information from the two detectors - camera and pyrometer - will be correlated.: Based on the information gathered by the two detectors and their correlation, it is possible to build a
robust and economically reasonable process monitoring system for laser
transmission welding of plastics, which can detect major defects in the
weld and be more reliable than techniques relying on only one principle of
detection.

6530-10, Session 2
Nondestructive testing of ferroelectrics by thermal
wave methods
G. U. Gerlach, G. Suchaneck, Technische Univ. Dresden
(Germany); A. Movchikova, O. Malyshkina, Tver State Univ.
(Russia)
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The determination of physical property profiles is an important prerequisite for the device application of ferroelectrics. For the determination spatial
distribution of polarization and space charges in polymers and ferroelectrics, thermal waves were used since the 80´s of the last century. Considering a thermal diffusivity of 0.5 mm2/s, the penetration depths of the
thermal wave amount of 400 nm to 400 µm for frequencies of 1 Hz and 1
MHz, respectively. Therefore, one challenge for investigation of the near
surface region is the increase of the modulation frequency of the incident
on the sample radiation which generates the travelling into the sample
thermal wave. Another challenge is the increase of the thermal wave penetration depth at frequencies below 1 Hz to enable the polarization profiling of ceramic and single crystal samples.
In this work, pyroelectric depth profiles of ferroelectric crystals, ceramics
and thin films were determined from the pyroelectric current spectrum
caused by the interaction of thermal waves with the internal electric field
and the unknown polarization distribution. Thermal waves travelling into
the sample were generated by the absorption of rectangular modulated
laser pulses by the top electrode of the sample. Digital methods of signal
processing were used to enable experiments below 1 Hz. In the frequency
range of 1 Hz to 1 kHz, the pyroelectric current was converted to voltage
by an operational amplifier. For modulation frequencies of 1 kHz to 20
MHz the amplitude and phase of the pyroelectric response was measured at the fundamental frequency and at higher harmonics. Pyroelectric profile reconstruction was performed using MATLAB-software containing algorithms for the inverse solution of the appropriate Fredholm
integral equation and a TIKHONOV regularization method for stable numerical solutions. Piezoelectric properties were estimated from the obtained piezoresonances.
The application of thermal wave measurement techniques was demonstrated for Strontium Barium Niobate (SBN) and Lithium Tantalate (LT)
crystals, Lead Zirconate Titanate (PZT) ceramics, and PZT thin films. SBN
crystals are used for optical memory and optical frequency conversion in
the quasi-phase matching regime. Doped with rare-earth or transition metal
elements SBN single crystals are of special interest in the field of volume
holography, two- or four-wave mixing, phase conjugation, and investigations of relaxor-type phase transitions. LT single crystal wafer find application in infrared sensor arrays of high detectivity. PZT ceramics are widely
used as piezoelectric actuators. PZT thin films are currently used in thin
film infrared sensor arrays and piezoelectric MEMS devices such as accelerometers, r.f. switches, sensor beams etc.
We have investigated the influence of poling conditions and of chromium,
cerium, rhodium, and europium doping on the polarization distribution
and domain wall pinning in SBN crystals, the impact of ion beam etching
on the polarization distribution in high-detectivity LT infrared sensors, the
influence of poling procedure on the polarization distribution of PZT
piezoceramics, and the polarization distribution in self-polarized PZT thin
films which were applied in infrared presence detectors.
This work was supported by the Herbert-Quandt/ALTANA Foundation, by
the German Research Council (DFG) as part of the Research Group
FOR520, and by Grant RNP 2.1.1.3674 of the Ministry of Education and
Science of the Russian Federation.

6530-11, Session 3
New sensor principle based on Barkhausen noise
J. Schreiber, N. G. Meyendorf, Fraunhofer-Institut für
Zerstörungsfreie Prüfverfahren (Germany)
The knowledge of the residual stress state at critical locations, e.g. for
fatigue loaded steel constructions and sensitive automotive components,
is crucial for evaluating and assuring the reliability of these systems. Also
during manufacturing of tools, residual stresses arise from surface processing, which can harm the tool quality. Quantitative determination of
stress values and other parameters like hardness is based on a calibration of the electromagnetic measuring quantities like for example, extracted from Barkhausen noise.
The paper summarizes new ideas for generation and analysis of
Barkhausen noise.
An approach is presented that is based on a new calibration procedure
and allows determining 2D-stress states, e.g. residual stresses for tur-
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bine rotors and wind power plants. The residual stress components at
the surface of a component are derived from Barkhausen Noise amplitudes, which are measured for two perpendicular magnetization directions. By applying a newly developed sensor, which permits to turn the
direction of the magnetizing field electronically, a systematic investigation of 2D-stress and texture states can be accomplished. Results are
presented for such sensors which can be integrated in the metal forming
process.
The outlook refers to new applications of the Barkhausen noise effect.
Utilizing cognate noise effects, e.g. the potential noise is stimulated by
periodic current excitation. Promising results are furthermore obtained by
evaluating the fatigue damage and residual service life on the basis of a
fractal analysis of the Barkhausen noise signals as a measure of the deformation structures.

6530-12, Session 3
Structure-integrated fiber-optic sensors for reliable
static and dynamic analysis of concrete foundation
piles
M. Schallert, W. R. Habel, Bundesanstalt für Materialforschung
und -prüfung (Germany); J. Stahlmann, Technical Univ.
Braunschweig (Germany)
It remains a difficult task to assess the ultimate bearing capacity and the
bearing behavior of large concrete piles in existing foundations or during
and after installation. A common test method is high strain dynamic testing using the one dimensional theory of wave propagation to calculate
the bearing capacity. Furthermore one can notice a very big increase in
the application of pile integrity testing (low strain dynamic testing) as an
important instrument of quality insurance. Both testing methods use sensors attached to or near the pile head for measuring velocity (low strain)
or velocity and strain (high strain) generated by dynamic impact.
In order to get significant geotechnical information directly at the location
required and reliable signal response over the whole pile length, highly
resolving fiber-optic sensors based on Fabry-Pérot sensors have been
developed. These sensors can be integrated into any type of concrete
piles (cast-in-situ driven or bored piles and precast concrete piles) into
several levels. In laboratory the fiber optic sensors have been tested with
precast concrete piles with and without special imperfections to get damage-depending signal responses from testing. Piles were loaded by static
and dynamic testing. All responses from integrated sensors are compared
to signals from common methods. All laboratory tests were very successful; field tests have been planned for testing the sensors integrated
into bored concrete piles and driven precast piles under real environmental conditions.
Mainly, the presentation will comprise the most important aspects of this
new measuring device and laboratory testing:
- material design aspects for the sensitive part of the fiber optic sensor
mounted at the surface of a sensor corpus,
- engineering design of the embeddable sensor corpus,
- testing of small scale pile models under simulated loading,
- data analysis and results of testing cycles.
Finally, responses from fiber optic sensors will be compared with those
achieved from conventional assessing methods.

6530-13, Session 3
Behavior of intrinsic polymer optical fiber sensor for
large-strain applications
S. Kiesel, K. J. Peters, M. Kowalsky, T. Hassan, North Carolina
State Univ.
This paper presents a theoretical description and experimental calibration of the response of an intrinsic polymer fiber (POF) sensor for the
performance-based assessment and health monitoring of civil infrastructure systems. POFs provide a maximum measurable strain range of 612%, are more flexible than silica optical fibers, are more durable in harsh
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chemical or environmental conditions and have a relatively high fracture
toughness. These characteristics make them ideal for large-strain applications such as earthquake loadings due to the large induced strains that
result in failure of conventional strain gage or silica optical fiber systems.
Previous researchers have used multimode POFs for the detection of
cracks or the change in dynamic response of a structure by interrogating
the intensity of lightwaves propagated through the POF. These measurements, while successful, are limited in application due to the presence of
multiple modes and the lack of detailed, quantitative knowledge on the
opto-mechanical response of the POF. Recent advances in the fabrication of singlemode POFs have made it possible to extend POFs to interferometric sensor capabilities. However, several challenges make the
application of the POF interferometer more difficult than its silica counterpart at high strain magnitudes: the finite deformation of the POF, nonlinear strain optic effects, attenuation with strain.
The goal of this paper is to provide a consistent model for the response of
the POF interferometric sensor in both small and large strain ranges. For
the analytical model, the effects of nonlinear photo-elastic parameters
and finite deformation are included to second-order in strain. Mechanical
testing of a particular singlemode POF is performed to determine the
linear and nonlinear mechanical properties of the POF. It is demonstrated
that these nonlinear mechanical constants are an order of magnitude
greater than those of silica and of opposite sign, resulting in significant
response for strain magnitudes as low as 1% (as compared to a minimum of 2.5% for silica). The yield and ultimate strain of the POF are found
to be approximately 4.5% and 30%. The mechanical response of the
POF is also measured at varying strain rates up to 5% per second, in
order to simulate earthquake loading conditions. Afterwards, tensile and
transverse loading is applied to the POF while the phase shift of the propagating lightwave is measured through a Mach-Zender interferometer. From
these measurements the linear and three independent combinations of
the nonlinear opto-mechanical constants are calculated. These combinations are sufficient to predict the sensor response as long as the magnitude of applied shear strain is low. Finally, the limiting value for the measurable strain range is determined from the measured attenuation with
strain behavior of the POF.

6530-14, Session 3
Side-polished and tilted fiber Bragg grating sensors
for structural health monitoring applications
C. Chan, G. A. Ferrier, D. J. Thomson, Univ. of Manitoba
(Canada); C. Chen, J. Albert, Carleton Univ. (Canada); A.
Vincelette, P. Lefebvre, LxSix Photonics Inc. (Canada)
Fiber Bragg grating sensors are one of several fiber optic sensor technologies currently being used in structural health monitoring systems.
When the effective refractive index of a fiber Bragg grating is changed by
external chemical variations (e.g. pH), the wavelength at which incident
light experiences a maximum reflection from the grating will correspondingly shift. Therefore, the detection system collects the light spectra from
the grating and translates the wavelength shift into a chemical change.
This work studies the sensitivity and reliability of two different types of
fiber Bragg gratings - side-polished fiber Bragg gratings and tilted fiber
Bragg gratings.
The sensitivity of a fiber Bragg grating to surrounding refractive index
changes increases when the grating is polished on one side. This sidepolishing technique enables the Bragg grating to preserve a greater portion of its mechanical strength as compared with other techniques such
as chemical etching. In this work, we utilized side-polished fiber Bragg
grating sensors that were centered at a 1542 nm wavelength with cladding thickness values from 3-5 µm. We studied the response of these
sensors to small refractive index changes and different temperature and
humidity environments. Since our previous work on fiber Bragg grating
sensors has shown that the peak wavelengths can be measured with 3
pm repeatability, we estimate that a 7&#61620;10-4 surrounding refractive index change will be observed with the side-polished sensors. Hence,
when coated with a functional film (a transducer converting chemical
changes into refractive index changes), side-polished fiber Bragg gratings have the potential to be applied to structural health monitoring.
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The sensitivity to surrounding refractive index variations can also be enhanced by using tilted fiber Bragg gratings due to the increased coupling
between cladding modes and the core mode, with an ability to discriminate parameters such as temperature and surrounding refractive index.
In this work, fiber Bragg gratings with a 4° tilt and a 1566 nm Bragg wavelength were written on 50, 80, and 125 µm diameter fibers. We have successfully detected a 1&#61620;10-4 change in the surrounding refractive
index with these tilted fiber Bragg gratings within the index range 1.31 to
1.44. In addition, fibers that incorporate tilted gratings have the advantage of maintaining their full mechanical strength since the fiber geometry
remains intact. Consequently, tilted fiber Bragg gratings show greater
promise as reliable sensors for future structural health monitoring applications.

6530-15, Session 3
Nondestructive evaluation and quality control of
surface treatments
C. A. Rideout, S. Ritchie, Positron Systems, Inc.
The generation of compressive residual stresses both on surfaces (e.g.,
shot peening) and in fastener holes (i.e., cold expansion) have long been
recognized as methods for enhancing the fatigue life of components in
aircraft structures by retarding crack initiation and growth. Both surface
treatments and cold work are performed to extend the life of the component by inducing compressive residual stresses near the surface of the
material which inhibits crack formation. The ability to detect and quantify
beneficial surface and subsurface residual stresses and operational damage in aerospace materials/structures in a reliable and efficient manner
presents significant challenges to existing nondestructive inspection technologies. Accurate measurement of induced or operational residual stress/
strain with current methods is difficult because of the presence of textured materials such as wrought aluminum or the inability to detect damage more than a few microns into a cold worked surface. Thus, accurate
characterization of initial surface treatment effectiveness (e.g., shot peening
and cold expansion techniques) and subsequent condition, along with
quantifying operational damage effects, are key issues in maintaining the
readiness of aerospace platforms and turbine engine components.
Positron Systems has developed a nondestructive inspection technique
that can quantify small changes in microstructure induced by surface treatments. Positron Systems’ Induced Positron Analysis-Surface (IPA-S) technology is sensitive to the surface/near-surface (0.1 to 3 mm) region of
materials. The IPA-S has demonstrated the ability to detect and quantify
manufacturing defects and operational damage accumulation in materials with surface coatings, and assess induced residual stress from shot
peening and cold working around fastener holes. The IPA-S
nanotechnology is based upon the physics of positron annihilation.
Positrons are sensitive to defects, damage, and treatment induced
changes in materials as they initiate at the atomic microstructural level.
Changes induced by surface coatings, treatments and fatigue or corrosion damage cause a change in the positron energy distribution response
signal in the materials. The positron response will change according to
the size of the induced defect/damage and the intensity of induced
changes or defects, providing a characteristic signature as to the
component’s current condition as related to the “as-manufactured”
baseline. The IPA technology provides early indications of impending failure or degradation of treated components and can be used in the assessment of the relative effectiveness of competing surface coating/treatment technologies. The technical basis for the use of IPA-S technology,
the equipment used (including field portable equipment) and case histories such as the analysis of shot peening treatments/near surface residual
stress in variety of materials, coating assessments and heat treatment
assessments will be discussed. Use of the IPA-S technology has the potential to significantly improve the understanding at the microscale level
the effects of surface coatings/treatments on the durability and fatigue
life of critical components.
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6530-16, Session 3
Development of a wireless bridge monitoring system
for condition assessment using hybrid techniques
M. J. Whelan, M. P. Fuchs, M. V. Gangone, K. D. Janoyan,
Clarkson Univ.
The introduction and development of wireless sensor network technology has resulted in rapid growth within the field of structural health monitoring (SHM), as the dramatic cable costs associated with instrumentation of large civil structures is potentially alleviated. Traditionally, condition assessment of bridge structures is accomplished through the use of
either vibration measurements or strain sensing. One approach is through
quantifying dynamic characteristics and mode shapes developed through
the use of relatively dense arrays of accelerometers. Another widely utilized method of condition assessment is bridge load rating, which is enabled through the use of strain sensors. The Wireless Sensor Solution
(WSS) developed specifically for diagnostic bridge monitoring provides a
hybrid system that interfaces with both accelerometers and strain sensors to facilitate vibration-based bridge evaluation as well as load rating
and static analysis on a universal platform.
This paper presents the development and testing of a wireless bridge
monitoring system designed within the Laboratory for Intelligent Infrastructure and Transportation Technologies (LIITT) at Clarkson University.
The system interfaces with low-cost MEMS accelerometers using custom signal conditioning for amplification and filtering tailored to the spectrum of typical bridge vibrations, specifically from ambient excitation.
Additionally, a signal conditioning and high resolution ADC interface is
provided for strain gauge sensors. To permit compensation for the influence of temperature, thermistor-based temperature sensing is also enabled. In addition to the hardware description, this paper presents features of the software applications and host interface developed for flexible, user-friendly in-network control of and acquisition from the sensor
nodes. The architecture of the software radio protocol is also discussed
along with results of field deployments including relatively large-scale
networks and throughput rates sufficient for bridge monitoring.

6530-17, Session 3
A study of implantable power haversting transducers
B. Lee, B. Shih, J. He, W. Shih, W. Wu, National Taiwan Univ.
(Taiwan)
The power harvesting technologies for low-power electronic devices, such
as wireless sensor networks and biomedical sensor applications, has received a growing attention in recent years. Of all possible energy sources,
such as the mechanical vibrations, electromagnetic radiations and the
magnetic fields, the mechanical vibrations have been considered a promising choice for power harvesting in a wide variety of applications. This
paper presents the development of a piezoelectric MEMS generator comprising a beam structure based on the silicon wafer with laminated PZT
(lead zirconate titanate) material, and the interdigital electrode on the top
of the PZT layer to transform mechanical strain energy into electrical charge
with using the d33 mode of PZT. The piezoelectric MEMS generator is
tested with using a shaker as the external vibration source. The experimental result is compared with the theoretical model to investigate the
relations between the charge generation ability and the design parameters of the piezoelectric MEMS generator. For the application of the power
to the implanted medical sensors, the piezoelectric MEMS generator is
claimed to be a power receiver of an additional vibration sources. An
experimental model is also developed to study the power transmission
efficiency and the charge ability of the MEMS generator device. A feasibility study of the piezoelectric MEMS generator as a power receiver is
performed and some testing results are presented.
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6530-18, Session 4
Effect of adhesive properties on elastic wave
generation by bonded sensors
S. A. Martin, NDE Computational Consultants; J. L. Blackshire,
Air Force Research Lab.
Modeling of the effect that adhesive viscoelastic properties have on generation of elastic waves by sensors bonded on a plate is presented. Surface bonded sensors have been investigated for use in Structural Health
Monitoring to detect and characterize damage in legacy aircraft structures. These sensors can experience degradation and failure in service
due to exposure to weather, vibration, temperature, and mechanical loading of the structural members of the airframe. Experimental and analytical
studies have been performed to characterize the transfer of static load
from the structure through the adhesive layer into the sensor. These results indicate that the sensor should be decoupled from the nearly static
loading induced from the structure to improve their survivability. Similar
work has also been performed to determine the effect of the adhesive on
elastic wave generation in and receipt from the structure attached to.
These indicate that strong coupling with the structure is required for effective generation and receipt of elastic waves. The elastic material properties of the sensor, bond, and structure were the primary focus of these
studies. Thus, the means of meeting the two goals are contradictory.
Consideration of a strongly viscoelastic adhesive is viewed as a technique for resolving this predicament by allowing weak coupling at low
frequencies and strong coupling at high frequencies.

6530-19, Session 4
Structural health monitoring in fuselage lap joints
M. J. Sundaresan, North Carolina A&T State Univ.
This paper describes a acoustic emission based structural health monitoring technique for tracking fatigue crack growth in fuselage joints. It is
feasible to integrate this sensor into critical areas of aircraft structure with
minimal cost and weight penalty. Panels and joints made of 7075-T6 and
2024-T3 Aluminum alloys, in 0.125" and 0.0625" thicknesses were monitored. These panels included specimens cut from a retired aircraft as well
as those prepared from commercially available aluminum plates. The signal attributes corresponding to the fatigue crack related AE signals as
well as extraneous noise were compared. Based on these attributes it
was feasible to classify the source mechanism, and in particular it was
possible to distinguish between fretting related AE signals from crack
growth related AE signals. With the sensor and instrumentation developed under this program, it was feasible to track crack growth in high
noise environment and be able to get reasonable indications of the rate of
growth. The sensitivity of the technique was better than 1 micron crack
growth per cycle in aluminum. AE signal characteristics associated with
different crack growth rates and fracture surface morphologies are examined.

6530-20, Session 4
Disbonding effects on elastic wave generation and
reception by bonded piezoelectric sensor systems
J. L. Blackshire, Air Force Research Lab.; S. A. Martin, NDE
Computational Consultants; J. K. Na, Univ. of Dayton Research
Institute
Durable integrated sensor systems are needed for long-term health monitoring evaluations of aerospace systems. For legacy aircraft the primary
means of implementing a sensor system will be through surface mounting or bonding of the sensors to the structure. Previous work has shown
that the performance of surface-bonded piezo sensors can degrade due
to environmental effects such as vibrations, temperature fluctuations, and
substrate flexure motions. This performance degradation included sensor cracking, disbonding, and general loss of efficiency over time. In this
activity, the bonding state of a piezo sensor system was systematically
studied to understand and improve the long-term durability and survivability of the sensor system. Analytic and computational models were
SPIE Smart Structures and Materials 2007

developed and used to understand elastic wave generation and reception performance for various states of sensor disbond. Experimental studies were also conducted using scanning laser vibrometry, pitch-catch ultrasound, and pulse-echo ultrasound methods to understand elastic wave
propagation effects in thin plate materials. Significant performance loss
was observed for increasing levels of sensor disbond as well as characteristic frequency signatures which may be useful in understanding sensor performance levels for future structural health monitoring systems.

6530-21, Session 5
Demonstration of an instrumented patch
M. J. Martinez, D. Backman, G. Renaud, National Research
Council Canada (Canada)
Military and civilian aircraft fleets require robust, quick and reliable means
of repairing aircraft structures that have been damaged by fatigue and
corrosion. Common repair schemes have utilized metallic or composite
patches that are either mechanically fastened or adhesively bonded to
the area of concern. The main advantage of adhesive bonding over mechanical fastening of patches is the stress concentration reduction associated with over-sizing or machining additional holes in the structure and
improved aerodynamic profiles. The primary disadvantage of adhesively
bonded repair is the difficulty to identify if the patch is intact, i.e. bonded
to the structure, and whether it is carrying the required loads. Depending
on the application, the loss of the patch load-carrying ability could lead to
a reduction in fatigue life or even premature catastrophic failure of the
structure. The primary intention of this program was to demonstrate the
use of strain gauges and other sensors to monitor disbonding conditions
of a specially designed damage prone graphite patch bonded using FM73
to aluminium 2024-T3 specimens. The patch design was modelled using
Finite Element Analysis and configured to produce a disbond due to the
geometric characteristics of a specific location of the patch and not due
to an artificial disbond condition. The aluminium substrate was grit blasted
and the curing process of the adhesive followed the curing profile recommended by the adhesive manufacturer. The geometric characteristics of
the patch followed representative real repair conditions, such as material
selection, tapered angles and loading conditions, with the exception of
the patch area designed for premature disbond. All test specimens were
inspected using non-destructive testing techniques (ultrasound pulse echo)
in order to guarantee that no disbonding had occurred during curing of
the specimen. The specimens were placed under fatigue loading to induce a disbond condition between the aluminium specimen and the patch.
The specimen were cyclically loaded between 13,000lbf and 1,300lbf (tension-tension) with R=0.1. The strain gauges were able to measure the
strain on the patch and capture the development of the disbond. A Digital
Image Correlation (DIC) system was used to measure full field strains
over the gauge length of the coupon. The DIC results were compared
with the strain gauge data and were used to provide a qualitative measure of the load transfer in the bonded specimen. Failure analysis of the
specimens using Scanning Electro Microscope and optical microscope
techniques were performed to determine the type of failure between the
patch and the substrate. The results of this work will serve to test the
different types of sensors available for the design and manufacturing of a
“Smart Patch” for aircraft structural applications.

6530-22, Session 5
Advanced disbond monitoring strategy in composites
bonded repairs
N. Mrad, Ministry of National Defence (Canada); G. Renaud, G.
Z. Xiao, National Research Council Canada (Canada)
Bonded composite patch repair technology is often used as an economical repair strategy to restore the strength of weakened secondary or tertiary structures. Such repair strategy, if implemented on primary structures, is expected to reflect significant cost savings in addition to increased
aircraft operational availability. Due to the uncertainty of long-term adhesive performance and the inability to continuously assess the repair condition and integrity, these repairs are limited to a few military applications
in experimental programs. Advanced sensing technology resulting into
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enhanced in-situ Structural health monitoring (SHM) capability will enable the continuous through-life assessment of the repair efficacy and its
integrity in an in-service environment. This paper describes an innovative
sensory system based SHM technique for disbond detection and disbond
propagation in composite bonded patches. Highly multiplexed and distributed fiber optic sensors are embedded in the repair system. Distributed sensors are employed to provide strain and temperature distribution
map for disbond detection and propagation during static and fatigue loadings. An innovative micro fiber optic sensor interrogation system is used
in this demonstration of this disbond monitoring capability, illustrating the
feasibility of the proposed methodology for aerospace and military applications.

6530-23, Session 5
Small-diameter optical fiber and high-speed
wavelength interrogator for FBG/PZT hybrid sensing
system
S. Komatsuzaki, S. Kojima, A. Hongo, Hitachi Cable, Ltd.
(Japan); N. Takeda, The Univ. of Tokyo (Japan); T. Sakurai, R&D
Institute of Metals and Composites for Future Industries (Japan)
We have been developing a sensing system for health monitoring of aircraft structures made of composite materials. In this system, the elastic
waves generated by PZT actuators travel through the composite material
and are received by embedded FBG sensors. By analyzing the change in
received waveforms, we can detect various kinds of damages. The frequency of the elastic waves is several hundred kHz and it is too fast for a
conventional optical spectrum analyzer to measure the wavelength
change. On the other hand, for embedded FBG sensor, normal single
mode optical fiber cannot be used. Because, normal optical fiber is so
thick that it induces mechanical deterioration in the composite material
structure by embedding. For these reason we developed a wavelength
interrogator using arrayed waveguide grating(AWG) which can detect the
high-speed wavelength change of the FBG sensors due to the elastic
wave and small diamete optical fiber whose cladding diameter is 40?m
for embedded FBG sensor. The AWG is an optical filter which devides
input light into multiple channels of output ports with different wavelength
and is used widely in telecommunication industries as a key device for
wavelenth division multiplexing(WDM). In our study, we applied AWG as
a device for converting wavelength change into output optical power
change by using wavelength depedency of the transmittance of the AWG.
For this conversion, two adjacent output ports in the AWG are selected
corresponding to some FBG sensor. The AWG has a lot of output ports
which can be used for wavelength interrogation, so it is useful not only for
high speed wavelength interrogation, but also for multiplexing of the FBG
sensors.
On the other hand, small diameter optical fiber is so thin that it doesn’t
induce any structural defect in the composite material by embedding.
However, under embedded condition, some micro of macro bending is
given on optical fiber, and it causes a transmission loss of the optical
fiber. In order to supress the transmission loss, we have given a high
relative refractive index diffrence of 1.8% to the small diameter optical
fiber.
In this report, we show the evaluation results of the wavelength interrogator optical fiber such as temperature characteristc, sensitivity, and capable wavelength range of the FBG sensor, and experimental result of the
transmission loss of small diameter optical fiber.

6530-24, Session 5
Guided wave diagnosis in composite grid structure
with embedded FBG sensors
M. Amano, T. Arai, N. Takeda, The Univ. of Tokyo (Japan)

AGS is defined as trussed structures whose ribs are made of CFRP unidirectional material. Therefore, ribs carry only axial forces and the mechanical property along the weak direction of CFRP which is transverse to fiber
direction is negligible. Also, AGS is a redundant structure, which means
the fracture of a rib seldom lead catastrophe of whole structure. In other
words, AGS has high reliability. Moreover, a completely automated fabrication process has already been realized. Based on these advantages,
many researchers are currently paying attention to AGS. On the other
hand, there is little investigation about structural health monitoring (SHM)
of AGS. The authors already reported one possible method of SHM of
AGS by monitoring of static strain distribution with embedded FBG sensors network in AGS.
In this paper, we propose another possible method of SHM of AGS. We
utilize two types of guided waves, longitudinal and lateral waves, and the
same sensor network mentioned above as wave receiver. The advantage
of this method is that, since AGS is a trussed structure made of CFRP
unidirectional material, the wave propagating paths are limited to them
so that the attenuation of guided waves in AGS is less than that in other
common structures, such as semi-monocoque structure.
There have been two main achievements in this research, hardware of
the SHM system of AGS, including FBG sensor embedment and high
sampling rate measurement system, and finite element analysis (FEA)
models to estimate propagations of two guided waves. All following discussions are based on these two achievements.
First, optimized frequencies to generate both longitudinal and lateral waves
were determined based on classical mechanics theory and were verified
experimentally and analytically. According to the result, we determined
their frequencies as 80 kHz for longitudinal wave generation and 40 kHz
for lateral wave generation. In addition, we compare signals measured by
embedded FBG sensors with those measured by attached FBG sensors.
The result confirmed that embedded FBG sensors could measure guided
waves as sensitively as attached FBG sensors. Moreover, those waves
were propagated in AGS to clarify characteristics of their propagation in
AGS, especially effect of intersections. The result concluded that those
waves could propagate through AGS so that we can use them as guided
waves.
Then, we compared signals obtained after the occurrence of damage
with ones before the occurrence of damage. According to the comparison, we chose a correlation coefficient between the two signals as an
index for damage estimation. With this index, we proposed an innovative
technique based on statistical pattern recognition method to identify damage locations in AGS. Applying this technique in some experiments confirms that we realized the SHM system of AGS.

6530-25, Session 5
Quantification of impact damage in CMC thermal
protection systems using thin-film piezoelectric
sensors
S. J. M. Kuhr, Univ. of Dayton Research Institute; J. L.
Blackshire, K. V. Jata, Air Force Research Lab.
Thermal protection systems (TPS) are frequently subjected to impacts
from micrometeoroids and ground handling during refurbishment. The
damage resulting from such impacts can greatly reduce the vehicle’s overall
ability to resist extreme temperatures. Therefore it is essential to have a
reliable method to detect and quantify the damage resulting from impacts. In this effort, the effectiveness of lightweight thin film piezoelectric
sensors was evaluated for impact detection and quantification in CMC
wrapped TPS. Several different CMC wrapped tiles were impacted and
studied for increasing impact energy levels. The frequency content of the
sensors detecting the impacts was analyzed to determine if particular
frequencies are prevalent for specific damage types. The induced damage zones were characterized to correlate physical damage features to
the detected sensor response.

The primal objective of this research is to identify damage in composite
grid structure called Advanced Grid Structure (AGS) by using two types
of guided waves, longitudinal and lateral waves, propagating along the
ribs of AGS. A fiber Bragg grating (FBG) sensors network embedded in
AGS is utilized as their receivers.
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6530-26, Session 6
Performance monitoring of a single-span integralabutment bridge using a dense wireless sensor
network
M. V. Gangone, M. J. Whelan, M. P. Fuchs, K. D. Janoyan,
Clarkson Univ.
Discussed in this paper is the implementation of a wireless sensor system for performance monitoring of bridges. The advanced Wireless Sensor Solution (WSS) developed at the Clarkson University Laboratory for
Intelligent Infrastructure and Transportation Technologies (LIITT) provides
a hybrid system that interfaces with both accelerometers and strain sensors for Structural Health Monitoring (SHM) of bridge structures. A singlespan integral-abutment bridge located in New York State is instrumented
with a dense wireless sensor network measuring acceleration, strain and
temperature to monitor the behavior of the structure under various loading conditions. Results from the monitoring allow for the development
and calibration of bridge SHM and damage detection methodologies.
Strain and acceleration measurements are used to validate various performance characteristics of the bridge, including load distribution, additional stiffness factors (end fixity and composite action of the beams and
bridge deck) and dynamic effects, implementing existing bridge load rating and condition evaluation guidelines used by the New York State Department of Transportation (NYSDOT) and American Association of State
Highway and Transportation Officials (AASHTO). Acceleration measurements are also used to extract mode shapes and produce response spectra.

6530-27, Session 6
Real-time wireless sensing with spatiotemporal
tracking
M. J. Whelan, K. D. Janoyan, Clarkson Univ.
This study proposes the use of an innovative array of accelerometers for
inertial tracking that is enabled through the use of a non-Cartesian hypercoordinate frame. Traditional inertial tracking technologies employ an array of accelerometers and gyroscopes oriented in the orthogonal axes of
the Cartesian coordinate system. The gyroscope sensors are responsible
for deducing the relative orientation of the instrumented object, while the
accelerometer measurements are double integrated to approximate the
change in linear position relative to the local coordinate frame. Since the
position determination is dependent on the orientation derivation, the
accuracy and stability of the gyroscope sensors to a large extent determines the overall system performance. Consequently, high-performance
gyroscopes are generally used in inertial tracking systems, thereby driving the system cost significantly higher. The proposed approach exclusively utilizes accelerometers in an innovative six axis orientation that,
through linear algebra, resolves linear and angular accelerations. The functional layout is processed in the context of hyper-dimensional coordinates which ultimately produce an inherent vector redundancy when resolved in the Cartesian coordinate frame. This revised architecture is anticipated to alleviate many of the issues plaguing traditional inertial tracking that stem from the stability of derived orientation from gyroscope readings. In addition, the exclusion of gyroscopes from the design significantly reduces the unit cost of the system.
This paper additionally presents the development of a wireless system
that incorporates the above described, unique array of dedicated sensors for inertial tracking to provide accurate determination of position
and orientation of the sensor over time. The system permits access for
additional channels of sensors for application specific monitoring tasks.
This permits sensing on objects in motion and in regions or flow patterns
that cannot be easily instrumented with traditional wired systems while
maintaining knowledge of instantaneous position relative to the initial location. To date, the majority of wireless sensor network deployments have
enabled instrumentation of widespread sites, such as civil structures, to
alleviate the expense associated with the lengths of cable necessary to
connect the sensors to a central acquisition station. The alternative approach sought utilizes the unrestrained nature of the wireless sensor to
extend the use of this technology beyond static monitoring into applicaSPIE Smart Structures and Materials 2007

tions in which the sensor node travels across an area without a priori
knowledge of the sensor motion. Documentation of the hardware development of the proposed wireless sensing node as well as assessment of
the system performance will be provided.

6530-29, Session 6
Multiple damage identification on a wind turbine
blade using a structural neural system
G. R. Kirikera, Northwestern Univ.; M. J. Schulz, Univ. of
Cincinnati; M. J. Sundaresan, North Carolina A&T State Univ.
A large number of sensors are required to perform real-time structural
health monitoring to detect acoustic emissions produced by damage
growth on large complicated structures. This requires a large number of
high sampling rate data acquisition channels to analyze high frequency
signals. To overcome the cost and complexity of having such a large data
acquisition system, a structural neural system has been developed. The
structural neural system reduces the required number of data acquisition
channels and predicts the location of damage within a sensor grid. The
sensor grid uses interconnected sensor nodes to form continuous sensors. The combination of continuous sensors and the biomimetic parallel
processing of the structural neural system tremendously reduce the complexity of structural health monitoring. The neural system was recently
tested by a team of researchers from University of Cincinnati and North
Carolina A&T State University during a quasi-static proof test of a 9 meter
long wind turbine blade at the National Renewable Energy Laboratory
test facility in Golden, Colorado. Twelve piezoelectric sensor nodes were
used to form four continuous sensors to monitor the condition of the
blade during the test. The four continuous sensors were used as inputs to
the structural neural system. There are only two analog output channels
of the structural neural system, and these signals are digitized and analyzed in a computer to detect damage. In the test of the wind turbine
blade, multiple damages were identified and later verified by sectioning
of the blade. The results of damage identification using the structural neural
system during this proof test will be shown in this paper. Overall, the
structural neural system is very sensitive and can detect damage on complex structures with ribs, joints, and different materials, and the system
relatively inexpensive and simple to implement on large structures.

6530-30, Session 6
The application of ultrasonic phased array technology
to offshore platform structures inspection
S. Baohua, Harbin Institute of Technology
Offshore platform structures operate in a harsh environment and are subjected to a variety of cyclic loads such as wind and waves. This can, in
some cases, lead to degradation due to fatigue, and flaws are usually
easy to come into being in welded tubular joints. In order to ensure the
reliability of the offshore operations different NDT methods are used to
detect offshore platform structures, however the existence of undetected
zone of traditional ultrasonic inspection method increase the incipient
fault of security of offshore platform structures, it is necessary to research
a synthetic and intelligent evaluation method used to inspect tubular joint
welds flaws of offshore platform structure.
Aimed at the practical requirement of tubular joint welds inspection of
offshore platform structures of Shengli oil field, an ultrasonic linear phased
array is designed, and the operating frequency, piezoelectric material and
geometry parameters of transducer are confirmed. According to the inspection requirement of tubular joint welds, ultrasonic phased array inspection arithmetic for offshore platform structures is proposed. Based
on the study of inspection arithmetic, the integrated design of ultrasonic
phased array inspection imaging system for offshore platform structures
are finished, the ultrasonic phased array inspection imaging system for
offshore platform structures is integrated on the basis of the each module
and the exploitation of subsystem, which is made up of computer, ultrasonic circuit system, scanning device and phased array transducer.
The ultrasonic phased array inspection experiments of tubular joint model
are performed, the flaws characteristic could be exactly estimated through
comparing and analyzing the flaws position in B-scan image and the
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waveform feature in A-scan curve, and the flaws size could be measured
from the images of C-scan and D-scan. Experiment results indicate that
the ultrasonic phased array inspection arithmetic is practical, which could
inspect artificial detects in specimens, such as incomplete fusion, crack,
gas porosity, etc. the whole trend of development of flaws are factually
imaging by the ultrasonic phased array inspection technology of offshore
platform structures, inspection results are visible and the repetition and
reliability are better.

6530-31, Session 7
Effects of embedded SHM sensors on the structural
integrity of glass fiber/epoxy laminates under inplane loads
F. Ghezzo, S. Nemat-Nasser, Univ. of California/San Diego
This experimental research is focused on examining the effects of stress
concentration due to the embedded Structural Health Monitoring (SHM)
sensors on the structural integrity of glass fiber/epoxy laminates subjected to in-plane tensile loads. Recent advances of health monitoring
technologies have resulted in development of micro-dimensional sensors
that can be embedded into composite laminates. Notwithstanding their
small sizes, such inclusions are expected to affect the response of the
composite. Damage induced by the peak values of stress concentration
around the embedded devices is, in fact, one of the main concerns, since
it may compromise the load-carrying capabilities of the hosting media. To
assess this and related issues, we have fabricated a series of tensile
samples with and without embedded (dummy) sensors and micro-processors in S2 glass fiber/epoxy laminates, and systematically tested the
samples, while continuously monitoring the response by the acoustic
emission technique. In this manner we have sought to address the process of damage initiation and evolution within the material. Various samples
were manufactured with moderate-sized (dummy) sensors embedded at
the mid plane of the laminates and centrally located with respect the two
in-plane global axis of the specimen. The results show that acoustic events
begin earlier on during the loading process, in specimens with embedded
sensors and the source of the damage is located near the sensors. These
early events are associated with matrix failure at the sensor-resin interfaces. Micrographic observations reveal also that the enhancement of
the embedment process is an important issue in the manufacture of smart
materials with embedded sensing networks.

6530-32, Session 7
Structural integrity of composite laminates with
embedded micro-sensors
Y. Huang, Univ. of California/San Diego
The study of the mechanical interaction among the host, interface, and a
device embedded within a laminated composite is an important issue.
Embedding micro-sensors into composite laminates causes material discontinuity around the inclusions. This in turn produces stress concentrations at or near the inclusions. Both 2D plane strain and 3D FEM models
are developed to analyze the stress state surrounding the embedded micro-sensors within a unidirectional composite laminate. The objective of
the present numerical is to take into account the observed resin-rich area
caused by embedment, and to determine its effect on the local stress
field around the embedment and the potential failure modes.

6530-33, Session 7
Intelligent FRP retrofits for critical civil infrastructures
G. Jiang, K. J. Peters, North Carolina State Univ.
With their high strength to weight ratio and excellent corrosion resistance,
fiber-reinforced polymer (FRP) composites have been widely used to
strengthen or repair existing structurally deficient civil infrastructures.
However, since the strengthened structures are typically wrapped by the
non-transparent FRP plates, it is difficult to monitor the continued integrity of the structures as well as the condition of the FRP repair. Also the
160

SPIE Smart Structures and Materials 2007

presence of the FRP retrofit itself can lead to local failure of the structures. For example, debonding of the FRP plates from the structure, dominated by either plate end debonding or intermediate interfacial debonding,
creates significant further damage to the concrete in the vicinity of
debonding.
In this article, the concept, modeling and preliminary testing of an intelligent FRP retrofit are presented. This intelligent system is based on an
easy-to-apply configuration of FRP pre-preg tapes with multiple stacked
unidirectional layers of piezoelectric or SMA actuators and integrated
optical fiber sensors. Both local and global actuation can be provided,
while the detailed local sensor measurement, combined with the global
sensor information, will help to identify the location and the characterization of the damages. Correspondingly, control force will be transferred to
the FRP layer through local actuators. In other words, this intelligent retrofit will be able to not only monitor conditions including bonding of the
FRP to the structure and opening of concrete cracks, but also minimize
the crack opening and retard the progression of further FRP debonding.
The stress transfer between the FRP, actuator and sensor layers are expected to be complex. Although finite element analysis methods could
be applied, the process is too computationally intensive. Also it is not
efficient to incorporate a finite element model in the control loop. A simplified model is necessary, in which the majority of the calculations will be
only performed once as a function of the overall FRP system. Therefore,
we developed a computationally efficient 2-D model based through the
extension of a 1-D optimal shear lag theory previously reported. The shear
stresses along each cross-section are derived from the interfacial shear
stresses between adjacent layers through assumed shape functions.
Combining stress equilibrium with material constitutive laws and continuities in both axial displacements and shear stresses, yields an analytical model in the form of a set of constant coefficient linear ordinary differential equations (ODE). Partitioning the system into known and unknown
interfacial shear stresses, the analytical model can be expressed in a matrix
form that can be rapidly solved numerically.
To demonstrate the potential of this intelligent technique, a preliminary
FRP system including global strain measurement optical fiber sensors
was developed. Pre-fabricated flat optical fiber ribbons were embedded
into the FRP strengthening of a reinforced concrete bridge girder. The
full-scale FRP strengthened beam was quasi-statically tested to failure.
Experimental results showed the feasibility of this intelligent FRP system.

6530-34, Session 7
Interface transferring mechanism and error
modification of OFBG strain sensor based on monoscalar isotropic damage constitutive model
J. Li, Z. Zhou, Harbin Institute of Technology (China); J. Ou,
Dalian Univ. of Technology (China)
This paper presents the interface transferring mechanism and error modification of the Optical Fiber Bragg Grating (OFBG) sensors based on the
mono-scalar isotropic damage constitutive model. The OFBG sensor is
made up of optical fiber and encapsulated materials which include protective coating, adhesive layer et al. The accuracy of OFBG sensor is
highly dependent on the physical and mechanical properties of the optical fiber and encapsulated materials. The encapsulated materials were
regarded as scatheless continuum in the prevenient researches and the
elastic modulus, for example, the Young’s modulus (E) or shear modulus
(G), was keeping constant from the beginning to the end of transformations. However, there is lots of damage, such as microcracks, inclusions
and voids, in the encapsulated materials. And these micro-defects can
become cores, expand and joint up with together which induce the gradual
bad in the materials. Hence, the modulus (E and G) is no longer assumed
as a constant but as a variable with the damage. So the mono-scalar
isotropic damage model (damage modulus D) is employed to describe
the shear constitutive equation of the encapsulated materials along the
optical fiber axes. The general expression of multilayer interface strain
transferring mechanism of OFBG sensor is given based on the isotropic
damage theory. And the error rate and error modification coefficient of
OFBG sensor are obtained under the defining of average strains. Finally,
the changing property of the error rate and error modification coefficient
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with the damage D is analyzed through an example. The results indicate
that the damage of encapsulated materials affects the interface strain
transferring property of the OFBG sensor.

6530-35, Session 7
Study on the production process and physical and
mechanical performance of FRTP-OFBG (fiber
reinforced thermoplastic polymer-optic fiber Bragg
gratings) rods

36 Fiber Optic Braggs Grating sensors were used during an ambient temperature hydrostatic pressurization testing of a Space Transportation System (STS) 40-inch Kevlar Composite Over-wrapped Pressure Vessel
(COPV). The 40-inch vessel was of the same design and approximate
age as the STS Main Propulsion System (MPS) and Orbiter Maneuvering
System (OMS) vessels. The sensors were surfaces mounted to on the
vessel to measure strain during a stress rupture event. The Bragg signals
were linear with the applied pressure. The results indicated that the vessel was under an uneven force distribution at various locations on the
vessel.

C. Wang, Z. Zhou, Harbin Institute of Technology (China)

6530-57, Poster Session

FRP materials can be divided into tow groups according to the resin used
in which, one is FRSP(Fiber Reinforced Thermosetting Polymer), the other
is FRTP(Fiber Reinforced Thermoplastic Polymer).In these years, FRTP
attacked people’s attention for its characteristics such as: light weight,
high strength, high tenacity, high elongation percentage, good durability,
no environmental pollution and reshaping character. In this paper, we have
successfully produced a new kind of GFRPP-OFBG(Glass Fiber Reinforced Polypropylene-Optic Fiber Bragg Gratings) rod by our own thermoplastic pultrusion production line. In producing process, we not only
monitored the hardening temperature and chemical and thermal shrinkage induced residual strain in GFRPP rod pultrusion fabrication process
with FBG. But also we studied the Physical and Mechanical Performance
of GFRPP-OFBG rods. The results show that: The strain of FBG in the die
increases with the increasing length into the die, but begins to decrease
at the hardening temperature. And while the temperature is below the
melting point of PP, the strain and temperature changes appear linear
relationships. And as is also shown that GFRPP-OFBG rods have good
sensing performance, the strain and temperature sensitivity coefficient
are separately about 1.2pm/µε and 17pm/ °C, which are almost the same
with FRSP-OFBG rods. The ultimate strain of this new kind of smart rod
can be reach about 10000~15000µε. Besides these, the surface of GFRPPOFBG rods can be handled just as steel bars and also can be bended
and reshaped. These are all good and important to civil engineering.

Determination of the size and the location of
subsurface defect by lock-in thermography
K. Kang, M. Choi, J. Park, Korea Research Institute of
Standards and Science (South Korea); W. Kim, Kongju National
Univ. (South Korea)
This paper proposes the simple and practical technique for the quantitative determination of subsurface defect. Infrared thermography provides
colorful images of concerning area where local changes of surface temperature indicate subsurface defects. Temperature (or phase) difference
between a defect area and sound area on thermal image indicates the
qualitative location and the size of a defect. To accurately estimate those,
the paper proposes the image shearing technique in which the inspected
image is shifted with a proper pixel size to obtain the shearing image and
the subtraction between two images gives a relative temperature distribution. The relative temperature distribution has the maximum, the minimum, and zero value which is a key to quantitatively determine the size
and the location of subsurface. Experimental results of steel plate with
artificial defects show good agreements.

6530-58, Poster Session
Image processing for NDT of electrode profile in
resistance spot welding

6530-36, Session 7
A new kind of high range FBG strain sensor based on
Mechanical sensing-coefficient decreasing method

A. I. Al-Shamma’a, J. D. Cullen, A. Shaw, Liverpool John
Moores Univ. (United Kingdom)

Z. Zhou, Harbin Institute of Technology (China)

Within the automotive industry, the quality of a spot weld is a major concern due to heavy reliance on its use in manufacturing cars. As a result,
there has been a great deal of effort channelled into the idea of improving
the quality of monitoring and control the resistance spot welding. Much
of the research has concentrated on methods of which monitoring the
weld parameters including voltage, current and dynamic resistance. Unfortunately, a great deal of past and present research overlooks one of
the most important components if the spot welding process is the electrode of which its profile “tip” has a direct effect into the quality of the
weld. As the number of the weld increases, the electrode tip wear off and
hence the applied current need to be increased in order to maintain the
same current density. This paper introduces a way to monitor the electrode profile, by using a compact low cost camera integrated into a PC.
The algorithm and method of an image processing technique, will be presented, was written in Delphi to provide the users a standalone package
for predicting the quality of the electrode tip in real time.

Structural Health Monitoring (SHM) system, whose aim is to detect damage and give safety evaluation for infrastructures, is meaningful to keep
the structures in service at a good situation. Optical Fiber Bragg Grating
(OFBG) is now widely accepted as smart sensor due to its advantages of
electric-magnetic resistance, small size, distributed sensing, durability,
and so on. However, to our great regret, the bare FBG can only stand
3000~5000 micro strain (0.3~0.5%), which can not meet the need of practical monitoring of infrastructures, especially for the damage detection,
such as crack and large strain. So it is very necessary to develop a new
kind of high range (more than 10000 micron strain,1%) FBG strain sensors . However, FBG’s measuring range is limited by the matrix material
of SiO2, so it is impossible to develop high range FBG strain sensor only
considering material package method. In this paper, a new kind of high
range FBG strain sensor based on Mechanical sensing-coefficient decreasing method has been developed. The basic theoretical design method
of high-range FBG strain sensors has been studied. And a new kind of
high range FBG strain sensor has been designed and fabricated. The
results of the test and calibration shows that such kind of high range FBG
strain sensor are good enough for practical applications.

6530-37, Session 7
FBG sensors used in dynamic NDE of space flight
COPV
J. Grant, NASA Stennis Space Ctr.; C. E. Banks, NASA Marshall
Space Flight Ctr.
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6530-59, Poster Session
Hybrid control and acquisition system for distributed
sensors for environmental monitoring
F. Garufi, Univ. degli Studi di Napoli Federico II (Italy); F.
Acernese, Univ. degli Studi di Salerno (Italy); A. Boiano, Istituto
Nazionale di Fisica Nucleare (Italy); R. De Rosa, Univ. degli
Studi di Napoli Federico II (Italy); R. Romano, F. Barone, Univ.
degli Studi di Salerno (Italy)
In this paper we describe the architecture and the performances of a
hybrid acquisition system prototype we implemented in Napoli for re-
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mote sensing applications, which allow the fusion of multi-source data
produced by environmental noise sources. In particular, we discuss how
the system is able to integrate geographically distributed sensors for seismic, electromagnetic, acoustic, etc. noises, sampled at different frequencies, too. This system is an improvement of the environmental monitoring
system developed by our group for interferometers for gravitational wave
detection. In this paper we discuss the system, together with its characteristics and performances in connection with its application for the implementation of a geographically distributed monitoring system.

and survivability in extreme temperature environments. In this paper, we
compare the performance and survivability when making strain measurements at elevated temperatures for a range of fabrication and processing
conditions such as UV-laser and electric-arc writing and post-fabrication
annealing. The optimum method or process will depend on the application temperatures (e.g., up to 300 C, 600 C or 1000 C), and times at these
temperatures. As well, other sensing requirements, including the number
of sensors, measurand and sensitivity may influence the grating choice
(short or long period).

6530-60, Poster Session

6530-63, Poster Session

Stress analysis and fatigue limit evaluation of plate
with notch by lock-in thermography

High-speed, high-resolution fiber Bragg grating
matrix structural health monitoring system

W. Kim, Kongju National Univ. (South Korea); M. Choi, J. Park,
K. Kang, Korea Research Institute of Standard and Science
(South Korea)

K. K. Chau, Intelligent Fiber Optic Systems Inc.; P. Qiao, W.
Lestari, Washington State Univ.; R. J. Black, B. M. Moslehi,
Intelligent Fiber Optic Systems Inc.

This paper describes stress analysis and fatigue limit evaluation of plate
with V-notch and hole-notch by lock-in thermography. Temperature change
of specimen under cyclic loading is negatively proportional to the sum of
principle stress change and surface temperature measured by lock-in
thermography is estimated to stress with thermoelastic equation. In plastic deformation, change of intrinsic dissipation by inelastic effect of material is related to the manifestation of damage and the temperature of specimen. The paper assumed that intrinsic dissipation and damage present
the same evolution under cyclic loading as they occur in traditional fatigue tests used for determining the endurance limit.

Structural Health Monitoring (SHM) is becoming an increasingly important tool for the maintenance, safety and integrity of aerospace structural
systems. Immune to electromagnetic interference, Fiber Bragg Grating
(FBG) optical sensor matrices are light-weight and multiplexable, allowing many sensors on a single fiber to be integrated into smart structures.
Highly sensitive to minute strains, they can facilitate maximum SHM functionality, with minimum weight and size. Consequently, these optical systems, in conjunction with advanced damage characterization algorithms,
are expected to play an increasing role in extending the life and reducing
costs of new generations of structures and airframes. In this paper, we
discuss the development of both hardware and algorithms to detect, locate and quantify delamination in composite laminated beam structures.
We present an integrated SHM system including (a) the capability of interrogating over 50 FBG sensors simultaneously with sub-picometer resolution at over 50 kHz, (b) an FBG-sensor/piezo-actuator matrix smart skin
design and methodology, and (c) damage detection location and quantification algorithms based on mode shape or other relevant advanced algorithmic-based damage diagnosis and prognosis techniques. Comparison with other SHM systems (e.g., based on piezo-electric (PVDF) and
Scanning Laser Vibrometer sensors) demonstrates better signal-to-noise
and damage detection for our FBG system.

6530-61, Poster Session
Battery-free system for wireless sensor network
J. Huang, Ferro Solutions, Inc.; D. C. Bono, R. C. O’Handley,
Massachusetts Institute of Technology
Wireless health-monitoring systems require i) a local source of power, ii)
efficient power management and storage, iii) low-power sensors, and iv)
a radio for wireless communication of data and command information.
Ferro Solutions has pioneered the development of two types of vibration
energy harvesters (VEHs), one, a highly-efficient inductive type (patent
pending) and the other based on laminations of piezoelectric and magnetostrictive materials.1 Recent efficiency improvements in conditioning
harvested power and managing its short term storage and distribution
have made these VEHs even more effective. These compact VEHs are
now capable of generating 16 mW of continuous power from 100 milli-g
vibrations in the range of 20 to 60 Hz; the stored energy can be released
in the higher power bursts required to initiate data processing and transmission. Further they have now been combined with essentially passive
magnetic field sensors2 and Zigbee-compliant transceivers to form a
complete, efficient wireless node for a health monitoring system.
[1] U.S. Patent No. 6,984,982, Jan. 10, 2006, J. K. Huang, R. C. O’Handley,
and D. Bono.
[2] “New, high-sensitivity, hybrid magnetostrictive/ electroactive magnetic
field sensors”, Jiankang Huang, R. C. O’Handley, and D Bono, SPIE Proc.,
5050, 229 (2003).

6530-64, Poster Session
High-resolution extended distance distributed fiberoptic sensing using Rayleigh backscatter
S. T. Kreger, R. G. Duncan, D. K. Gifford, M. E. Froggatt, M.
Wolfe, A. K. Sang, R. J. Seeley, B. J. Soller, Luna Innovations,
Inc.

6530-62, Poster Session

We describe the use of swept-wavelength interferometry for distributed
fiber-optic sensing in single- and multimode optical fiber using intrinsic
Rayleigh backscatter. The interrogation technique is based on measuring
the spectral shift of the intrinsic Rayleigh backscatter signal along an unaltered standard telecommunications grade optical fiber and converting
the spectral shift to strain or temperature. This technique shows great
utility as a method for highly distributed sensing over great distances
with existing, pre-installed optical fiber. Results from sensing lengths
greater than 1 km of optical fiber with spatial resolutions better than 10
cm are reported.

Optical fiber gratings for structural health monitoring
in high-temperature environments

6530-65, Poster Session

R. J. Black, K. K. Chau, G. Chen, B. M. Moslehi, L. Oblea, K.
Sourichanh, Intelligent Fiber Optic Systems Inc.
Fiber gratings are proving to provide versatile discrete sensor elements
for structural health monitoring systems. For example, they outperform
traditional resistive foil strain gages in terms of temperature resistance as
well as multiplexing capability, relative ease of installation, electromagnetic interference immunity and electrical passivity. However, the fabrication method and post-fabrication processing influences both performance
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High-accuracy fiber-optic position tracking
R. G. Duncan, M. T. Raum, M. E. Froggatt, D. K. Gifford, A. K.
Sang, R. J. Seeley, S. T. Kreger, M. Wolfe, B. J. Soller, Luna
Innovations, Inc.
No abstract available
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6530-66, Poster Session
Temperature compensation for CFRP sensors
C. Yang, Z. Wu, H. Huang, Ibaraki Univ. (Japan)
In our previous studies, novel types of carbon fiber reinforced polymer
(CFRP) and hybrid CFRP (HCFRP) composite sensors have been developed, wherein epoxy resins are used as matrix and different types of carbon fibers are used as active elements. The HCFRP sensors consist of
C1, C5 and C8, which are used as high strength (HS), middle modulus
(MM) and high modulus (HM) carbon fibers, respectively. In this paper,
the temperature dependence of electrical behaviors of C1, C5 and C8 as
well as their hybrids are firstly addressed. And then, an effective compensation for the influence of temperature on the electrical behavior of CFRP
and HCFRP sensors is proposed. It is shown that the carbon fibers impregnated with standard epoxy resin are characterized by a negative temperature coefficient (NTC). The NTCs of C1, C5 and C8 are 0.038, 0.033
and 0.094. However, for all the carbon fibers impregnated with one type
of conductive resin, a positive temperature coefficient (PTC) is demonstrated. Consequently, a hybridization of epoxy and conductive resins is
proposed as matrix to lower the influence of temperature. It is confirmed
that through a proper hybridization of epoxy resins and conductive resins, the influence of temperature on HCFRP sensors can be lowered and
even avoided.

6530-67, Poster Session
Integrated sensor system for smart materials:
multidisciplinary approach using COTS optic fiber
sensors; design, validation and calibration in
aeronautical components area
A. M. Calabro, Italian Aerospace Research Ctr CIRA (Italy); L.
Mazzola, C. Caneva, Univ. degli Studi di Roma/La Sapienza
(Italy)
The monitoring of composite materials during the realization process is
very important to achieve a good quality of manufacturing. At the same
time, a monitoring system, able to continuously identify the stress state
and the possible incoming of micro-cracks during the component operative life, may increase the safety levels.
Fibre optics, instrumented with FBG (Fibre Bragg Gratings) and embedded in composite materials can be a key sensor system for structural
health monitoring, minimally intrusive.
In this work, the calibration of a FBG-based sensorial system has been
carried out with static and dynamic strain tests and compared with measurements, made with traditional strain gage and piezoelectric sensors.
Tests demonstrate that these devices, embedded in a composite laminate, can monitor static and dynamic strains with the same accuracy
levels of traditional ones.
Fibre optic may be also used as refractometer which can be used for
monitoring the advancement of the resin front and the curing reaction
during an RTM manufacturing process.
In the future these two fibre optics-based sensor systems could be applied in operative structures so to increase their reliability level.

experiment has been performed with an automated impact testing setup
under controlled bonding and disbonding conditions in an attempt to establish a standardized sensor bond quality inspection methodology.

6530-39, Session 8
Eddy current enhancement for EMATs
S. B. Palmer, S. M. Dixon, X. Jian, The Univ. of Warwick (United
Kingdom)
When an electromagnetic acoustic transducer (EMAT) is used to generate ultrasound in an electrically conducting sample, eddy currents are
generated in the sample’s skin depth as the first stage in transduction.
The amplitude of this eddy current is proportional to the acoustic wave
amplitude and so anything that we can do to increase the eddy current
will lead to the generation of larger amplitude ultrasonic waves. In eddy
current testing, wire coils are often wound onto a ferrite core to increase
the generated eddy current, with the effect that inductance increases
greatly. When we are dealing with an EMAT, any increase in the coil inductance is unacceptable as it leads to a reduction in the amplitude of a
given frequency of eddy current from a limited voltage source. This is
particularly relevant where current arises from capacitor discharge, as is
typically used in EMAT driver current circuitry. We present a method for
electromagnetic acoustic transduction where ferrite is used to increase
eddy current amplitude, without significantly increasing coil inductance
or changing the frequency content of the eddy current or the generated
acoustic wave.

6530-40, Session 8
Network for structural health monitoring in avionic
applications
B. B. F. Frankenstein, L. Schubert, F. Schubert, J. Augustin,
Fraunhofer-Institut für Zerstörungsfreie Prüfverfahren (Germany)
The paper presented describes a condition monitoring system based on
the evaluation of acoustic Lamb waves. Using a transducer array, methods of near-sensor signal processing are required to detect wave modes
and their interaction with defects. To meet these requirements, units for
signal processing have to be developed, which can be configured as nodes
within a sensing network.
A compact near-sensor signal processing unit for realizing a guided wave
based multi-channel SHM system is designed and applied for monitoring
of delamination-like defects in avionic structures. It contains components
for analogue pre-processing of acoustic signals, their digitalization, algorithms for data reduction and network communication. The core component is a digital signal processor (DSP), which performs the basic algorithms necessary for filtering, down sampling, mode selection and correlation of spectral components.
As a first application, impact detection and characterization of delaminations were realized for a fiber composite plate. Based on simulations of
wave propagation, characteristic signal parameters were determined. It
was proven experimentally that impact locations and delaminations can
be derived from the detected Lamb waves.

6530-41, Session 9
6530-38, Session 8
Investigation of bond quality effects on piezoelectric
sensing of impact damage
J. K. Na, Univ. of Dayton Research Institute; J. L. Blackshire, Air
Force Research Lab.
Elastic waves generated by foreign materials impacting surfaces of aerospace vehicle can be used to detect and quantify the severity of damage.
Passive acoustical emission sensors, made of piezoelectric elements, are
typically used as impact signal detection devices. In this study, we have
concentrated on characterizing the bonding qualities of piezoelectric sensors in terms of various bonding materials and adhesion conditions such
as bond strength, bond stiffness, partial bonding, and disbonding. The
SPIE Smart Structures and Materials 2007

Calibration verification for wideband macro fiber
composite strain sensing operation
J. R. Wait, M. D. Todd, Univ. of California/San Diego
Piezoelectric sensors and actuators comprised of lead zirconate titanate
(PZT) materials have been widely employed over the last decade for structural health monitoring applications (SHM). More recently, a new type of
PZT actuator/sensor, referred to as macro fiber composite (MFC), was
developed by NASA, Langley. MFCs have mainly been utilized for structural health monitoring (SHM) applications. These applications rely on the
raw time history obtained from an MFC and do not convert the data to a
calibrated measurement such as strain, force or acceleration. The au-
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thors recently completed a preliminary validation of MFCs for low-frequency strain sensing applications. This paper addresses the wideband
operation of the MFC strain sensors and explores the mechanical properties of MFCs to develop more refined calibration parameters. In addition,
the theoretical formulation of MFC strain measurements is reviewed and
appropriate signal conditioning requirements are discussed. Several dynamic strain tests were conducted and the MFC strain was compared to
that obtained from a fiber Bragg grating (FBG) strain sensor. The MFC
and FBG were bonded on opposite sides of a fixed-free beam in order to
monitor the same strain fields. The wideband experimental results and
the new calibration factors serve as further validation for the strain sensing capabilities of MFCs.

6530-42, Session 9
Shape determination of large deployable space
structures, through the use of fiber-optics, with
integrated fiber-Bragg’s gratings
B. J. Arritt, Air Force Research Lab; C. M. Klimcak, The
Aerospace Corp.; E. Pollard, CSA Engineering, Inc.; H. Dumm,
Jackson & Tull Inc.; T. Murphey, Air Force Research Lab.
The Department of Defense is actively pursuing programs that will place
large apertures on orbit. Although these apertures have potential to deliver extremely high resolution images, they still must conform to some of
the standard rules of imagery; most significantly, that the error associated
with the surface of the aperture must be less than lambda/20 RMS. Unfortunately, the scale of these structures necessarily implies that they can
not be considered static, and will never conform to the “lambda over 20
rule.” However, there is a possible work-around for this situation; software compensation of the incoming image.
Software compensation requires precise knowledge of an aperture’s geometry and kinematics in order to “figure out” what the picture would
have looked like, had the aperture been in its unstrained state. The system used to rectify the shape and dynamics of these structures is typically referred to as a “metrology system.” For the purposes of this research, a metrology system consists not only of the sensor package, but
also the algorithms, software, and computing required to determine the
shape and motion of a structure.
In order to properly perform compensation, the metrology system resolution must now conform to the “lambda over 20 rule,” since the aperture
itself is no longer able to meet this requirement. To put this into perspective, in a radar application, where the aperture is potentially hundreds of
meters long, the metrology system must have a total error less than 1mm,
over the entire length of the aperture. These apertures can also be theoretically expanded into planar structures that measure hundreds of meters
on a side. Obviously this is a daunting task. It becomes even harder when
you consider the on-orbit operations of these structures, where they will
deflect due to dramatic shifts in temperature, slewing of the spacecraft,
and possibly due to impact from space objects.
This paper details a collaborative effort, between the Air Force Research
Laboratory/Space Vehicles Directorate (AFRL/VS), the Aerospace Corporation, CSA Engineering, and Jackson and Tull Engineering, conducted
to assess the potential of using a fiber-Bragg’s system for the metrology
of large, space-based apertures.

6530-43, Session 9
Early detection of changes in dynamic properties of
cyclically symmetric structures
Bladed disks and turbine wheels in jet engines may after a certain period
of service degrade into a condition called mistuning, whereby these cyclically symmetric structures lose their symmetric dynamic properties,
leading to imbalance, loss of performance, and ultimately to failure. This
paper describes a diagnostic procedure whereby such mistuning may be
detected in its early stages, allowing for the scheduled maintenance and
replacement of these critical parts.
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6530-44, Session 9
Development of signal processing tools for
piezoelectric sensor diagnostic processes
T. G. Overly, G. Park, C. R. Farrar, Los Alamos National Lab.
This paper presents a piezoelectric sensor diagnostic and validation procedure that performs in-situ monitoring of the operational status of piezoelectric (PZT) materials used for sensors and actuators in structural
health monitoring (SHM) applications. A sensor/actuator self-diagnostic
procedure, where the sensors/actuators are confirmed to be functioning
properly during operation, is a critical component to a successful SHM
system. This is of particular value in SHM operations where large numbers of active sensors may be deployed in a structure. The promise of
this method is to track the capacitive value of PZT transducers, which
manifest in the imaginary part of measured electrical admittance. Both
degradation of the mechanical/electrical properties of a PZT transducer
and bonding defects between a PZT patch and a host structure could be
identified using the proposed procedure.
However, it was found that temperature variations and changes in sensor
boundary conditions manifest themselves in similar ways of sensor faults
in the measured electrical admittances. Therefore, we examined the effects of temperature variation and sensor boundary conditions on the
sensor diagnostic process. The objective of this study is to quantify and
classify several key characteristics of temperature change and to develop
efficient signal processing techniques to account for those variations in
the sensor diagnosis process. The paper concludes with experimental
results to demonstrate the effectiveness of the proposed technique.

6530-45, Session 10

K. Napolitano, H. I. Vold, ATA Engineering, Inc.
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The procedure is based on measuring the dynamic response of these
structures and then by application of a nonparametric statistical test to a
statistic that measures the deviation from cyclically symmetric response.
This paper will focus on the performance of a modal test with symmetric
boundary conditions, even though operating measurements are also feasible as inputs to this procedure. When a structure is cyclically symmetric
in material properties, geometry and boundary conditions, the mode
shapes will map into one and only one wave number, also when the mode
shape extraction is somewhat arbitrary in the presence of repeated and
close roots. Repeated roots of multiplicity two will always be present in
cyclically symmetric structures, and the corresponding mode shapes are
only unique in the sense of the invariant subspaces that they span.
Each extracted mode shape will be transformed to the wave number domain, and the normalized kinetic energy will be concentrated in only one
wave number for a cyclically symmetric structure. When mistuning is
present, symmetry is broken, and the mode shapes will no long map onto
a single wave number. Measurement error is not subject to such symmetry, and as such, in order to determine if a set of mode shapes is no longer
representing a symmetric structure, a statistical procedure is called for in
order to differentiate systematic mistuning from just a noise floor of measurement noise. We propose a simple solution based on doing one or
more baseline tests on good structural specimens, and the constructing
a Bernoulli experiment by comparing the wave number energies of the
structure under investigation with the baseline structures. For an undamaged structure, each such comparison by wave number will have an equal
probability of coming out positive, whereas for a damaged structure, most
of the wave numbers will have systematic larger value than the symmetric structures. The Bernoulli experiment then gives rise to a uniformly strongest unbiased hypothesis test for rejecting the null hypothesis of no damage. Examples will be presented from academic bladed disks that have
asymmetric damping treatments as mistuning sources.

A flexible multiagent architecture for vehicle health
monitoring
A. C. Esterline, Jr., M. J. Sundaresan, North Carolina A&T State
Univ.
This paper presents a framework for rigorously developing and proving
the correctness of multiagent architectures for vehicle health monitoring.
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These architectures can fully exploit the parallelism offered by modern
computer systems while avoiding their pitfalls. The rising costs of current
maintenance paradigms for expensive, safety-critical, or mission-critical
structures motivates the search for health monitoring systems that can
determine the status of their platforms in near real time. An architecture
for such a system must address highly dynamic relations among computational components. We have developed a prototype multiagent architecture for vehicle and structural health monitoring. We review the background on this architecture. The need and requirements for health monitoring are outlined, the general nature of multiagent systems is discussed,
and applications of agent technology to vehicle health monitoring are
reviewed. Since our prototype system uses JADE (Java Agent Development Environment), it and the FIPA (Foundation for Intelligent Physical
Agents) reference architecture are outlined as well as the contract net
protocol, which provides flexibility while respecting agent autonomy. We
present our architecture in terms of the kinds of agents and their interactions. Since the behavior of non-trivial concurrent systems is too complex and uncontrollable to be thoroughly tested, formal methods have
been developed to verify their designs. One such method, model checking, is used in the current study. We also discuss the implementation of
our prototype health monitoring system, and we relate the tasks in our
framework to data-fusion levels. We show how a system consisting of a
multiagent system and the monitored platform exhibits behavior at several levels. Communication, perception of public events, and system design conspire to provide the common knowledge needed to coordinate
diagnostic tasks. We highlight how our prototype architecture integrates
implementations of AI techniques, such as neural networks and fuzzy
rule-based systems. This architecture allows such implementations to
collaborate in a flexible manner and to dynamically reconfigure themselves in response to changing situations. These desirable properties rely
critically on the negotiation protocol used, in our case a variation of the
classical contract net protocol. This paper describes and analyses the
factors involved in bids, how potential contractors determine the values
for these factors, and how manager agents use these values to determine awards. The paper also describes and analyses how problems are
decomposed into subproblems, which results in the hierarchical structure of problem solving.

6530-46, Session 10
Multi sensor fusion for NTE of spot welding in
automotive industry
A. I. Al-Shamma’a, J. D. Cullen, A. Shaw, Liverpool John
Moores Univ. (United Kingdom)
The project was concerned with the development of an on-line multiple
sensor system for assessing the quality of resistance spot welds produced for the automobile components industry. The proposed system
was to be a combination of sensors, which have previously been shown
individually to provide an indication of weld quality. This paper presents
an overview of the current sensor technologies and discusses the novel
integrated sensor, based upon neural network techniques, was to allow
the sensor outputs to be combined to collectively predict the size of the
spot weld nugget and also, the weld quality.

6530-47, Session 10
Low-cost smart embedded sensor for single throw
mechanical equipment
Z. Mahmood, Univ. of Peshawar (Pakistan)
This research builds on the work [vi, vii, viii, ix,] carried out in the area of
developing a smart sensor for Single Throw Mechanical Equipment (STME).
Limits sensors are the best candidate for observing throw trajectories
although their limitation to detect a continuous change in residuals, restricts their usage to discrete applications. Thus research and academia
maintains focus on continuous sensors, while industry keeps the limit
switches as their key sensor. The paper attempts to bridge the gulf and
formally presents a framework for deploying optimal number of limit
switches to capture the process dynamics with increased degree of freedom and use them as model based multi sensor residual generator. The
SPIE Smart Structures and Materials 2007

energy distribution of Residual Spectra generated by such Model Based
Parity Space relationship results in drifts in the form of Eigen value. The
Eigen vector in such a multi-dimensional Residual Space is used to maintain the degree and polarity of drift. This paper presents investigations
into the issues related to such Eigen analysis. It was found that normalized residuals from multiple sources and parity space relations are neutralized in the form of unified representation of energy that can be used to
form a generic framework for fault detection and isolation. It is being investigated, how the proper modeling of quantitative entities as energy,
could lead to unified and neutral residual space while keeping the implementation cost reasonably low. Higher degree of freedom allows robust
model based self diagnostics to cater for sensor, actuators and system
failures isolation model based self diagnostics

6530-48, Session 10
Development of an integrated software solution for
piezoelectric active-sensing in structural health
monitoring
L. D. Jacobs, G. Park, C. R. Farrar, Los Alamos National Lab.
In this study, a novel approach of integrating data interrogation algorithms
of active sensing methods for structural health monitoring applications,
including Lamb wave propagation, impedance method, and sensor-diagnostics is presented. Contrary to most active-sensing SHM techniques,
which utilize only a single signal processing method for damage identification, a suite of signal processing algorithms are employed and grouped
into one package to improve the damage detection capability. A MatLabbased user interface called H.O.P.S. (Health Of Plate Structures) was created, which allows the analyst to configure the data acquisition system
and display the results from each damage identification algorithm for side
by side comparison. This side by side comparison of results simplifies
the task of identifying the relative effectiveness and sensitivity of each
algorithm. By grouping a suite of algorithms into one package, this study
contributes to and enhances the visibility and interpretation of the activesensing methods related to damage identification in a structure. An aluminum plate with piezoelectric transducers attached was used to demonstrate the effectiveness of the software.

6530-50, Session 11
Monitoring and evaluation of cracked beams based
on nonlinear wave modulation
A. Masuda, Y. Kinugawa, S. Maekawa, D. Iba, A. Sone, Kyoto
Institute of Technology (Japan)
A sensing methodology is developed and experimentally investigated to
detect and characterize damages, which are essentially accompanied by
changes in the micro/macroscopic condition of surface contact. The proposed technique is developed mainly focusing on early detection of cracks
in a beam structure, but also may be applicable to kissing bonds in adhesive joints as well as partial loss of preload in bolted joints under the
operational condition. The presented system consists of PZT patches
attached on the structural surface, one of which acts as a transmitter of
high frequency harmonic wave. The incident harmonic wave is scattered
by the contact surfaces which potentially involve damages, and received
by the other patches. When the structure is subjected to the operational
or ambient load at low frequencies, it vibrates, and the inherent damages
may introduce a nonlinear effect to the vibro-acoustic dynamics that induces an interaction between the low frequency structural vibration and
the high frequency transmitted wave. This nonlinearity is observed as the
amplitude and phase modulation of the received wave due to the changes
in the scattering characteristics synchronous with the structural vibration. By investigating the relationship between the modulations and the
structural vibration, the nonlinear characteristics of the damages can be
specified. Experiments using a cracked beam are conducted for illustrative purpose.
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6530-51, Session 11

6530-54, Session 11

Embedded microcontroller networks: accoustic
materials health monitoring

Optimization of the statistical model for the structural
health monitoring using the SI-F method

P. M. Rye, Univ. of California/San Diego

K. Yuguchi, A. Iwasaki, Gunma Univ. (Japan); Y. Shimamura,
Shizuoka Univ. (Japan); A. Todoroki, Tokyo Institute of
Technology (Japan)

Fiber reinforced polymer matrix (FRP) composites have a rich history of
diagnosis and characterized using acoustic emissions techniques. The
highly dispersive, attenuating, and anisotropic nature of unidirectional
composites places an emphasis on high density local sensing as opposed to low density more-global sensing strategies.
A high density of sensors, naturally implies large quantities of data requiring large bandwidth and substantial processing power. By distributing
processing with the sensors themselves results in a decreased demand
for bandwidth and lower computational power needed at each node in
what is now a parallel processing computer.
Desired information, time constraints and mechanical considerations place
both hard and soft constraints on our network helping to define its architecture.
I will present investigated computing architectures and their benefits and
limitations as they relate to the various constraints involved.

6530-52, Session 11
Classification of novel events for structural health
monitoring systems
N. J. Dhruve, D. K. McNeill, Univ. of Manitoba (Canada)
The following paper reports on results obtained when applying neural
networks to the problem of vehicle classification from SHM measurement data. It builds upon previous work [1], which addressed the issue of
reducing vast amounts of data collected during an SHM process, by storing only those events regarded as being “interesting”. This helped decrease the stored data to a manageable size. This capability is extended
in the current project by providing a means to group and classify these
novel events using artificial neural network (ANN) techniques.
The neural classifier, which consists of 3 layers of ANN, is trained using
simulated data generated from a software model of the Red River North
Perimeter Bridge in Winnipeg, Manitoba. A four second observation window containing strain data from each of the four individual gauges is
analysed at a time and is generated by simulating different vehicles types,
with varying speeds and weights.
The 4-sec observation window is presented to a two layer ANN sub-system; the first layer (trained using unsupervised learning) acts as a feature
extractor, while the second layer (trained using supervised learning) acts
as the event identifier. The results from the four sub-systems are processed by a final layer which outputs a possible classification of the event.
Finally, a majority rule is used on the output to give a more precise and
average output.
Through experimentations, the classifier has been found to identify vehicles very well when they are isolated from each other. The tests showed
a success rate of 86% for 1000 simulated test vehicles prior to applying
the majority rule. The errors in classification occurred when an events
response is only partially present in the observation window. The tests
showed a slight degradation in performance when multiple vehicles are
traveling over the bridge in close proximity to each other as this means
that the two vehicles may exist in the same observation window, often
with overlap.
References:
[1] Loren Card, “Unsupervised Neural Computation for Event Identification in Structural Health Monitoring Systems”, Masters of Science Thesis, University of Manitoba, July 2004.
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A large number of the structures including the bridge, the power plant,
etc. are reaching their lifetime considered when they designed. Since a
lot of the structures deteriorate due to aging, cost for maintenance is
increasing year by year. Previously, the integrity of the structure was evaluated by the in service inspection (ISI) using the visual inspection, or the
kinds of non-destructive test such as CT, PT etc. However, the cost of the
ISI is remarkably high and those kind of structures must be suspended
during the inspection. Moreover, since they require the highly qualified
technicians, these types of inspecting might not be possible after major
event. Thus the Structural health monitoring attracts global attention as
the technology raising the reliability of structure and reducing the maintenance cost. Structural health monitoring will be achieved by judging the
integrity of the structure from analysis of the physical parameter obtained
from the sensor installed to the structure.
Although many researchers have developed the signal processing technology to estimate the integrity of the structures ever, most of the previous methods were not practical from several reasons. For instance, the
complex physical model is necessary to utilize the FEM analysis, and the
large number of data acquired from the fracture test is required to apply
the neural networks. The SI-F method was suggested by Iwasaki et al, as
the reasonable damage detection algorithm which doesn’t use the data
of initial state. By the SI-F method, damages are detected by judging the
statistical difference of data of intact state and present state. Therefore,
the SI-F method is novel damage detection algorithm which doesn’t use
the complex physical model for FEM and the training data for the neural
networks. The difference between the normal data and present data will
be judged by the difference of the correlation among the sensors attached.
The correlation among the sensors will be identified by the response surface methodology. The normal response surface will be obtained from
data acquired in the intact state, and the detection response surface will
be obtained from data acquired in present state. By testing the similarity
between the normal response surface and the detection response surface using the F-test, it is possible to estimate the damage occurrence in
the structure. If the hypothesis of the similarity were rejected, damage
would be detected. Otherwise, integrity of the structure would be proved.
Since the SI-F method is able to detect the damage in the structure by
judging the deviation from the normal state, it is important to avoid the
false positive detection for raising the reliability of the structure. In the
present study, relationship between the condition of the false positive
detection and the shape of the response surface is clarified. And several
numerical simulations were carried out to declare the optimal statistical
model for the structural health monitoring using the SI-F method.

6530-55, Session 11
Statistical damage diagnosis of in-service structure
under high noise environment using multiple
reference data
A. Iwasaki, Gunma Univ. (Japan); A. Todoroki, Tokyo Institute of
Technology (Japan); Y. Shimamura, Shizuoka Univ. (Japan)
In the health monitoring of existing structures, modeling of entire structure or obtaining data sets after creating damage for training is almost
impossible. This raises significant demand for development of a low-cost
diagnostic method that does not require modeling of entire structure or
data on damaged structure.
Therefore, the present study proposes a low-cost statistical diagnostic
method for structural damage detection. The new statistical diagnostic
method is a low cost simple system. The diagnostic method employs
system identification a using response surface and the damage is automatically diagnosed by testing the change of the identified system by
statistical F test.
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The statistical diagnostic method consists of a learning mode and a monitoring mode. The learning mode is a preparation mode and is performed
to create the standard of the diagnosis. The monitoring mode is a diagnosis mode and is performed to diagnose the structural condition. In the
learning mode, reference data are measured from an intact structure. A
reference response surface is calculated from the reference data using
the response surface method. In the monitoring mode, data are measured from a structure to diagnose and a measured response surface is
calculated. The statistical similarity of the reference response surface and
the measured response surface is tested using the F-test for the damage
diagnosis. When the similarity of the response surfaces is adopted, a
conclusion of the diagnosis is intact condition. On the other hand, when
the similarity is rejected, the diagnosis concludes the structure was damaged. The system does not require the relation between measured sensor data and damages. The method does not require a FEM model of the
entire structure. This method diagnoses slight change of the relation between the measured sensor data.
In this study, the health monitoring system of the jet fan was developed to
investigate the effectiveness of the proposed method. In this study, field
test was conducted using an actual jet fan in a tunnel. In the field test,
robustness of the proposed method was investigated. As a result, the
structural condition of the jet fan was successfully diagnosed and effectiveness of proposed method was confirmed.

monitoring. We also report the experiment of molding process monitoring
of a large composite structure, manufactured by Vacuum-Assisted Resin
Transfer Molding (VaRTM) method. Optical fiber sensors can be embedded in the composite material along the fiber direction and can form the
sensor network on the structure. In the experiment, several optic fibers
were embedded, and some distributed strain data were obtained by PPPBOTDA. Using these data, we identified the amount of thermal deformation using the proposing algorithm. And then, we showed the effectiveness of shape identification algorithm using PPP-BOTDA data.

6530-56, Session 11
Structural shape identification using distributed strain
data from PPP-BOTDA
M. Nishio, T. Mizutani, N. Takeda, The Univ. of Tokyo (Japan)
We report the high-accuracy structural shape identification method using
distributed strain data. The accurate shape sensing method is expected
to be useful for large scaled structural monitoring of future aerospace
structures. Real-time displacement data of the full-field structure can be
used for structural health monitoring system or shape control system,
such as morphed wings or space deployable structures.
The point of this research is using distributed strain data measured by
optical fiber sensor; pulse-prepump Brillouin Optical Time Domain Analysis (PPP-BOTDA). Discrete strain data, which are measured by FBGs or
strain gages, have a small gage length, and hence they are effective for
local area measurement. On the other hand, distributed optical fiber sensors can measure strains at all positions of the fiber, and the continuous
distribution of the measured value can be obtained. Therefore, such distributed strain sensor is suitable for full-field structural shape monitoring.
We are developing the algorithm to reconstruct displacement from strain
data; that is to say solving inverse problem. In general, such inverse problems don’t necessarily satisfy condition of existence, uniqueness, and
stability. Consequently, in inverse displacement-strain problem using discrete data, the accuracy of estimated values is influenced by number and
placement of sensors or measurement errors. These elements affect the
process of smoothing or curve fitting of data. However, the distributed
data are the average within the length of the spatial solution, which is
same as the moving average process, one of the smoothing methods.
Therefore, using least-square method, the estimated value becomes already smoothed, and then, these values are applied to finite element
model. On the other hand, because the distributed data is continuous
along sensor direction, the way of identification and error estimation of
position information along the sensor is needed to be considered.
To show the effectiveness of the developed algorithm, experimental and
analytical verifications are carried out. We use the distributed strain data
of a bending beam, and identify the deflection. The present PPP-BOTDA
system ensures up to 10cm spatial resolution and ±0.0025% strain measurement accuracy. The results show whether the distributed strain obtained from PPP-BOTDA is appropriate for this shape monitoring system.
In the analytical verification, the effectiveness of algorithm is investigated
by comparison between estimated value and calculated value derived
from direct FEM analysis. In addition, we set parameters, spatial resolution and measurement error, and consider the influence of these parameters to the accuracy of the estimated value.
The accurate shape identification method is also useful for manufacture
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6531-01, Session 1

6531-02, Session 1

Damage assessment of composite laminate by using
a fiber optic AE sensor based on fused-tapered
coupler

Sensing damage in an inaccessible area of a
structure using frequency response functions

J. Leng, J. Hao, Harbin Institute of Technology (China)
In recent years, advanced composite structures are used extensively in
many industrial areas such as aerospace, aircraft, automobile, pipeline
and civil engineering fields due to their high strength-to-weight and stiffness-to-weight ratios, corrosion resistance, light weight and potentially
high durability. The reliability and safety is the key of the advanced composite structure that is often used under harsh environment. The structural health monitoring (SHM) in-service is very important and definitely
demanded for safely working of high performance composite structures
in-situ. A sort of non-destructive evaluation (NDE) techniques have been
developed in the past including ultrasonic scanning, acoustic emission
(AE), shearography, stimulated infrared thermograph (SIT), vibration testing, etc. The challenge is to develop new technique which can perform
the on-line structural heath assessment to composite structures. It is very
difficult to carry out by using conventional methods.:A unique opportunity was provided to real-time monitor the health status of composite
structures by using smart materials and structures. Smart materials and
structures not only have traditional structural materials’ functions, but also
have actuating, sensing and microprocessing capability. Fibre optic sensors (FOSs) are very important sensors used in smart materials and structures because of their many advantages. Compared to the piezoelectric
sensors; they are lightweight, immune to electromagnetic interference and
highly sensitive. They also have a little volume, easy to be embedded in
the advanced fiber-reinforced composite materials. With the development
of smart materials and structure technology, various techniques are being developed and some of the most promising are based on the use of
fibre optic sensors (FOS). Furthermore, fibre optic sensors can monitor
the damage of composite materials.:In this paper, fibre optic acoustic
emission (AE) sensors based on single mode fibre optic fused-tapered
coupler have been developed and investigated. Pencil-break test has been
done on the carbon fiber composite laminate. The test results obtained
indicate that the fibre optic AE sensors have good frequency response
than commercial piezoelectric sensors. In addition, damage inspection of
composite laminate by using fibre optic acoustic emission sensors have
been performed under failure loads. The different acoustic emission signals during composite laminate stretched are detected by fibre optic AE
sensor. Identification of failure modes in composite laminate - three types
of failure modes in glass fabric epoxy composite laminates are considered, such as matrix cracking interfacial stripping and fiber breakage.
Different acoustic emission signals have been obtained from the three
types of failure modes. AE signals had low amplitude, short duration in
matrix cracking. AE signals showed a little higher amplitude, longer duration in interfacial stripping than in matrix cracking. The acoustic emission
signals generated by the fiber breakage are distinguished from other signals. They had higher amplitudes than most of the other signals. Consequently, there will be also great benefit to monitor the structural health
status of composite materials if we could locate the damage areas using
fibre optic AE sensors array.
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X. Hou, S. Quek, National Univ. of Singapore (Singapore)
This study investigates the possibility of using complex Frequency Response Functions (FRFs) measured at few points in the accessible area
to detect damage in the inaccessible area of a structure. To validate the
proposed method, finite element solutions of aluminum beams before
and after damage are used to generate responses at locations which are
accessible. The damaged locations are assumed to be inaccessible. By
using the FRF at one accessible point under undamaged and damaged
conditions and comparing both phase and magnitude at first bending
resonance, the presence of the damage can be determined. Once damage is assessed to be present, to locate the damage, transfer FRFs are
also measured at the accessible regions and their amplitudes normalized
with respect to the maximum FRF value. The difference in the normalized
FRFs for undamaged and damaged conditions is utilized as a damage
index. If the damage is in the accessible area, its location can be accurately identified. However if the damage index demonstrates that there is
no damage in the accessible area, it is concluded that damage occurs in
the hidden area. Numerical results showed that the proposed method is
feasible and accurate.

6531-04, Session 1
An innovative MEMS microphone sensing array for
structural health monitoring
G. Feng, National Chung Cheng Univ. (Taiwan); H. Chung,
ImageCat, Inc.; H. F. Wu, National Institute of Standards and
Technology
A micro-machined piezoelectric microphone system is developed for use
of structural health monitoring. A series of MEMS microphone designs
have been fabricated in an earlier investigation. Designs in variable piezoelectric active region geometries showed usefulness and different
sensitivities in detecting a series of system parameters for structural health
monitoring. Piezoelectric sensors have been employed to quite a few structural health monitoring studies by having their practical designs and applications. Most of the developed ones are emphasized on the acceleration and/or displacement measurements. The nature of the piezoelectric
sensors is a low-cost, low-power activated, and easily implemented to a
sensing network. This study focuses on the non-intrusive sensing array
system for detection of abnormal conditions of structures.
The micro-machined microphones are made by silicon bulk-machining.
Using a silicon dioxide or silicon nitride as a supporting layer, the sandwiched structure of piezoelectric (ZnO/PZT) active region is formed by
evaporation, sputtering, wet etching and necessary photolithography processes. Due to the batch fabrication process, the micro-machined microphone possesses highly uniform quality between individual devices. Thus,
they are feasible to make a sensor array and effectively process signal for
a structural health monitoring.
The sensor is firstly used in a proof-of-concept experiment of using ambient vibration testing for a structural member, such as a beam member
with slender geometrical cross-section. Further testing of a realistic scale
for a complex structural system will be investigated in near future. The
preliminary results of this research show that effectiveness and usefulness of micro-machined microphones is promising with its anticipated
performance in structural health monitoring.
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6531-05, Session 1
Soft matter acoustics
A. Kamanyi, Jr., Univ. Leipzig (Germany); W. Ngwa, Univ. of
Central Florida; W. Grill, Univ. Leipzig (Germany); T. Kundu, The
Univ. of Arizona
Soft matter acoustics is concerned with the application of acoustical techniques in the study of soft matter (in the mesoscopic length and thermal
energy scales). Here, we demonstrate variant approaches for the ultrasonic characterization of sample soft matter systems: synthetic homopolymer and polymer blend thin films, cells, and biomembranes. The results
obtained by phase-sensitive acoustic microscopy include: the observation of pseudo-dewetting in homopolymer films, the apparition of Theissen
patterns in polymer blend films, estimations of mechanical properties of
cells, and the corroboration of phenotypic plasticity in water fleas.

measured waveform data.
This method has the following features that make it superior to the conventional visualization methods such as photo-elasticity method, Schlieren
method, reception probe scanning method and computer simulation. (1)
It enables us to visualize ultrasonic waves propagating on a complexshaped object with curved surfaces, steps, and dents. (2) It makes highspeed imaging possible by use of mirror scan. (3) It provides excellent
working efficiency by eliminating the need for adjustments to the laser
incidence angle and the focal distance. (4) It has high detection sensitivity. (5) It enables us to remotely measure images of ultrasonic waves propagating over a wide area. For these reasons, we believe that this new method
can be effectively applied to the inspection of defects in the field. In this
study, we visualized the ultrasonic propagations around delamination and
debonding in CFRP, and the results demonstrate the validity of this method
for nondestructive flaw inspection in CFRP-structures.

6531-08, Session 1
6531-06, Session 1

Smart plug-and-play system for satellites

Quantification of damage detection schemes using
receiver operating characteristic (ROC) curves
S. T. Trickey, M. E. Seaver, J. M. Nichols, Naval Research Lab.
In this work we detect damage in a composite to metal bolted joint subject to ambient vibrations and strong temperature fluctuations. Damage
to the joint is considered to be a degradation of the connection strength
implemented by loosening the bolts. The system is excited with a signal
that conforms to the Pierson-Moskowitz distribution for wave height and
represents a possible loading this component would be subject to in situ.
We show that as the bolts are loosened, increasing amounts of nonlinearity
is introduced in the form of impact discontinuities and stick-slip behavior.
The presence of the nonlinearity, hence the damage, is detected by drawing
comparisons between the response data and surrogate data conforming
to the null hypothesis of an undamaged, linear system. Several metrics
are used for comparison purposes including: nonlinear prediction error,
mutual information, and the bispectrum. Results are displayed using Receiver Operating Characteristic (ROC) curves. The ROC curve quantifies
the trade-off between Type I error and the power of detection (1 - Type II
error). We demonstrate that ROC curves provide a unified quantifiable
approach for directly comparing the merits of different detection schemes.

6531-07, Session 1
Nondestructive detection of delamination and
debonding of CFRP by a laser-based ultrasonic
visualization method
J. Takatsubo, S. Yashiro, H. Tsuda, N. Toyama, J. Lee, AIST
(Japan); T. Ogisu, Fuji Heavy Industries Ltd. (Japan)
In the field of ultrasonic flaw detection, the inspection of defects by observation and analysis of signal waveforms is common. However, the
propagation characteristics of ultrasonic waves vary depending on the
sensor type in use and its mounting state as well as on the sensor position and the material and dimension of the object inspected. In areas with
complex shapes, reflected waves, diffracted waves, and mode-converted
waves propagate while interfering with each other, making it difficult for
even an expert inspector to accurately identify the echoes resulting from
a defect within a short time. If it were possible to perform inspections
while observing the propagation behavior of ultrasonic waves as images,
the identification of echoes resulting from defects would become easier,
and quicker inspection would become possible. Furthermore, fewer defects would be overlooked or improperly recognized, leading to higherreliability inspections.
We have developed a generation pulsed-laser scanning method for visualizing the propagation of ultrasonic waves. While scanning an object
with a pulsed-laser beam to generate ultrasonic waves, we detected the
propagated waves by means of a fixed PZT transducer. Although the detected waves were generated from different irradiation points, we were
able to produce animated images of the ultrasound generated at the reception-transducer position by applying simple data processing to the
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A. Kumar, Acellent Technologies, Inc.; B. J. Arritt, Air Force
Research Lab.; R. Hannum, S. J. Beard, X. Qing, Acellent
Technologies, Inc.
The Department of Defense, and specifically, the Air Force, is actively
pursuing an Operational Responsive Space (ORS) capability. ORS will
provide our warfighters an unprecedented level of capability and battlefield situational awareness. The goal of ORS is to provide a tailored space
asset, operating over a specific region of the globe, within days of getting
the requirement from the field. ORS also benefits our nation, by providing
a capability to perform rapid replenishment of space assets that might be
lost due to attack. There are many potential methods for implementing an
ORS capability; from stockpiles of completely built satellites, to modular
satellites that are essentially designed and assembled after getting the
“call” from a theater commander. Structural Health Monitoring (SHM) provides a means for assessing the structural health of the satellite, without
the requirement for shake tests, thereby dramatically truncating the checkout time before launch. A SHM system can allow for rapid, and continuous assessment of the satellite structure prior to and upon assembly.
Additionally, it can be used to determine the location, type, and severity
of the damage within the structure, in order to aid in “go/no-go” decisions, and/or repair actions. Acellent Technologies in collaboration with
the U.S. Air Force is developing a modular plug-and-play SHM system
for satellite panel pattern recognition and structural integrity determination. This presentation will provide an overview of the SHM system developed for this purpose along with some examples of its applications.

6531-09, Session 1
Possibility of electrical discharge pulse sound for
hammering test
Y. Akematsu, K. Kageyama, N. Mohri, H. Murayama, M. Kanai,
The Univ. of Tokyo (Japan)
Hammering test has been applied for structural inspection. This technique is nondestructive inspection which was required special skill. In our
country, many inspector who has these skill will be retired 2007 or later.
So, these special skills do not pass down by oral tradition. It will be considered that a human life become impaired. There are great demands for
new inspection technologies instead of hammering test. In Hammering
test, important things were hammering sound and sensor by using sound
detection. In our past research, it was found that electrical discharge sound
contains wide band frequency and was good repeatability. Acoustic Emission (AE) method has been a focus of attention for various fields. AE is
ultrasonic wave caused by energy release of material deformation, cracking and crack propagation. AE method has been applied to evaluate the
healthiness of structure by using AE sensor. Almost all the AE sensors in
practical use now are piezoelectric. While the piezoelectric sensor has
various advantages, it is difficult to AE monitoring due to an indication of
electrical noise. In order to overcome some problems of AE monitoring
system, optical fiber sensor has been developed. AE monitoring system
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using optical fiber sensor is compact, light weight and free of electromagnetic hazard. In our laboratory, optical fiber sensor has been developed based on the Doppler Effect. The optical fiber vibration sensor can
be detected the displacement velocity in wideband frequency from 0.1Hz
to several MHz. The displacement velocity was able to be measured by
bonding manufactured optical fiber vibration sensor on a surface of a
specimen. The displacement can be calculated by integrating the signal
detected by the optical fiber vibration sensor, because of the optical fiber
vibration sensor is able to detect displacement velocity at the sensing
point.
In this study, it was investigated that the possibility of electrical discharge
pulse sound for new inspection technologies instead of hammering test.
Electrical discharge pulse sound was applied for hammering sound and
sensor by using sound detection was applied for the optical fiber vibration sensor. It was investigated that the effect of plate thickness on propagation characteristic of elastic wave. The plate thickness was changed
from 1mm to 10mm. Moreover, on the assumption that generation factor
of elastic wave was only depending on a force, numerical analysis by
using finite element method (FEM) was adapted. The numerical analysis
result using the FEM and the experiment result along with the single pulse
discharge was compared. As the result, it was estimated that the generation factor of the elastic wave was same as the current duration. These
results become possible to estimate the propagation characteristic of elastic wave. Evaluation of electrical discharge sound for hammering test by
using optical fiber sensor was investigated. Defect shape and scale was
estimated from comparison with detected waveform by using optical fiber vibration sensor and simulated waveform. As the results, it was considered that electrical discharge sound was available for hammering test.

6531-10, Session 1
A wavelength multiplexed interferometric inertial
sensor network for nondestructive evaluation and
distributed monitoring
M. A. Perez, A. M. Shkel, Univ. of California/Irvine
We present the characterization of a technology for extended sensor networks capable of detecting micro-g accelerations over a wide frequency
band (above 1,000 Hz). As opposed to strain-based sensors, inertial sensors of this type are well suited for nondestructive evaluation (NDE) applications since they provide high resolution characterization information
without requiring internal integration into the evaluated or monitored system. They also provide the sensor frequency bandwidth, scalability, and
signal propagation speed needed to provide extended border or structure monitoring capabilities for homeland security purposes.
The approach is based on the fabrication of an array of highly sensitive
accelerometers, each utilizing a Fabry-Perot cavity with wavelength-dependent reflectivity that allows for embedded optical detection and serialization. A unique feature of this approach is that no local power source
is required for each individual sensor. Instead one global light source is
used, providing an optical input signal which propagates through an optical fiber network from sensor to sensor. The information from each sensor is embedded into the transmitted light as an intrinsic wavelength division multiplexed signal. This optical rainbow of data is then assessed,
providing real-time sensing information from each sensor node in the
network. As well as allowing the creation of widely distributed sensors
networks (100+ km between nodes) with nearly instantaneous (speed of
light) signal propagation.
This paper presents fabricated Fabry-Perot based accelerometers formed
via different processes and examines their critical features, including effects of structural design on bandwidth and resolution. Direct experimental characterization places the resolution of these sensors on the order of
a micro-g and devices with bandwidth as high as 10 kHz have been created. It is noted that nanometer level tolerance control of the physical
structure is needed to maintain such resolutions during sensing. The paper then presents serialization techniques for the creation of a system of
arrayed sensors and examines the effects of serialization on sensor response. It is experimentally demonstrated that simple linear serialization
can be achieved in such devices.
Devices both with and without the wavelength dependent characteristics
required for serialization have been created and are described, demon170
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strated and characterized. Trade-offs between optical and mechanical
sensitivity characteristics are presented and analyzed. Specific novel fabrication processes involving elastomeric proof-mass suspension structures that have been developed for increased sensor linearity and resistance to cross-axis sensitivity are described and compared to more conventional micromachining fabrication techniques. Such elastomeric techniques have been observed to be up to 2.9 times better then the compared traditional techniques. High optical quality surfaces are formed using
multilayered thin film stacks and devices using this technique are been
shown to have resolution of 2.9ug at operation at 2kHz. The same multilayered stacks are shown to provide the wavelength-dependent reflectivity
needed to provide optical signal propagation windows through the devices with an insertion loss less then 1db.

6531-11, Session 1
Integrated acoustic emission/vibration sensor for
detecting damage in aircraft drive train components
V. F. Godínez-Azcuaga, Physical Acoustics Corp.; D. Ozevin,
Lehigh Univ. and Physical Acoustics Corp.; R. D. Finlayson,
Physical Acoustics Corp.; A. Anastassopoulos, A. Tsimogiannis,
Envirocoustics (Greece)
Diaphragm-type couplings are high misalignment torque and speed transfer components used in aircrafts. Crack development in such couplings
or in the drive train in general can lead to component failure that can bring
down an aircraft. Real time detection of crack formation and growth is
important to prevent such catastrophic failures. However, there is no single
Nondestructive Monitoring method available that is capable of assessing
the early stages of crack growth in such components. While vibration
based damage identification techniques are used, they cannot detect
cracks until they reach a considerable size, which makes detection of the
onset of cracking extremely difficult. Acoustic Emission (AE) can detect
and monitor early stage crack growth, however excessive background
noise can mask crack initiation acoustic emissions. Fusion of the two
mentioned techniques can increase the accuracy of measurement and
minimize false alarms. Combined system, though, may prove heavy for
installation on aircrafts.
In the present work, we will introduce a robust integrated piezoelectric
type Acoustic Emission/Vibration [AE/VIB] sensor which can operate in
the temperature range of -55°F to 257°F and in high EMI environment.
The frequency range of the vibration sensor is 5 Hz-2 kHz; it is 200-400
kHz for acoustic emission sensor. Weight is kept low, comparable to currently used accelerometers, including all electronics. We will present its
application in the diagnosis of crack growth in aircraft drive train components.
In addition, we will introduce new Pattern Recognition software which
can extract spectral features from streamed AE waveforms and classify
them in near-real time. Traditional AE Hit Driven Data (HDD) approaches
are not effective due to high signal attenuation and strong background
noise conditions, commonly found in drive train systems. As an alternative, a Time Driven Data (TDD) approach, which consists of collecting
long duration streamed waveforms at established time intervals, can overcome these adverse conditions found in aircraft drive trains. Finally, we
will discuss the fusion architecture to combine TDD based AE and vibration based diagnosis using a fully autonomous monitoring tool.

6531-12, Session 2
Prospective economic analysis of a cluster of NIST/
ATP programs in advanced composites with
applications in the automotive, petroleum, and civil
infrastructure
H. F. Wu, National Institute of Standards and Technology
Composite materials are strong, lightweight, and corrosion resistant, as
well as expensive to manufacture and not widely used in large-scale industrial applications. In 1994, the Advanced Technology Program (ATP)
undertook a program focused on composite manufacturing in order to
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trigger the creation of high-performance manufacturing infrastructure for
commercial composite parts. From 1994 to 2000, ATP invested $67 million, along with industry partners who invested $70 million, in 22 high
technical risk projects under the focused program, “Manufacturing Composite Structures.” To assess the economic and societal benefits from
ATP-funded projects for composite manufacturing, a cluster-study approach was used to combine the methodological advantages of detailed
case studies and high-level overview studies. Five projects were selected
for analysis, spanning automotive, offshore oil production, and civil infrastructure applications. Within the cluster of five projects, two projects
with the best near-term prospects for commercial deployment were selected for detailed case studies.
Based on primary research and analysis, the cluster study estimates exceptional returns on ATP’s investment in five composites manufacturing
projects:
* Benefit-to-cost ratios on ATP’s investment raging from 83:1 to 92:1
* Net present value of ATP’s investment ranging from $892 to $994 million
* Public rates of return on ATP’s investment ranging from 44 to 46 percent.
These measures reflect the estimated benefits to industry users and the
general public relative to the ATP investment. Estimated benefits to direct
recipients of ATP funding are excluded. Additional qualitative benefits are
reported, including automotive quality improvements, energy production
benefits, reduced harmful environmental emissions, and lower levels of
traffic congestion in metropolitan areas. Research performed for this study
indicated that ATP’s industry partners would not have developed highrisk, low-cost composite manufacturing technologies without ATP support and without ATP facilitation of broad-based industrial joint ventures.
The study concludes that the above benefits are directly attributable to
ATP’s investment.

6531-13, Session 2
Challenge of smart drilling technology: the use of
composite materials increase the availability of oil
and gas and reduce the cost of drilling and
production operations
J. C. Leslie, Advanced Composite Products and Technology,
Inc.; H. F. Wu, National Institute of Standards and Technology
Recognizing the potential benefits, the oil exploration and production industry began to experiment with the field use of composites materials in
the last half of the 1900 s. Gradually, the inherent reluctance to move
“unproven advanced materials” into full operational applications is being
overcome. Now, the increased price of crude and the need to locate and
produce more oil and gas and to reduce associated costs are forcing an
accelerated acceptance and use of composite materials in these operations.
Starting in 2007, ATP-funded composite production risers will be used to
reach increasingly deep petroleum reservoirs in the Gulf of Mexico. Over
a period of 16 years, lightweight composite production risers are expected
to be used in the construction of 15 new oil production platform and redeployment of 9 existing platforms that have exhausted their underlying
reservoirs. Prior to 2007, as part of a transitional stage, composite production risers could also be used in currently operating Gulf of Mexico
platforms to complete remaining production wells and expand production from nearly lateral reserves. The composite drill pipes also have the
same demand and challenge effectively and practically used in the onshore and/or offshore oil exploration and production.
As a result, the cost of constructing, servicing, and maintaining drilling
rigs and pipe lines is being reduced. “Thought to be depleted” oil and gas
deposits are being revitalized. Technology currently in development and/
or in the process of field trial demonstration are showing promise to provide enabling technologies for obtaining greater reach in both extended
reach and deep water drilling. Smart drill pipes and coiled tubing, able to
provide both real-time monitoring/communication from well head to drill
bit and to similarly provide down hole power, have been demonstrated.
This paper presents a summary of the current “state-of-the-art” of the
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use of composite- materials in the Oil Patch and discusses areas of technology which must be brought to fruition in order for the oil industry to
reap full benefit such as has been accomplished by the aerospace industry.

6531-14, Session 2
Single crystal piezoelectric composites for advanced
NDE ultrasound
X. Jiang, K. A. Snook, W. S. Hackenberger, X. Geng, TRS
Technologies, Inc.
Single crystal piezoelectrics (PMN-PT and PZN-PT single crystal) has
drawn a lot of attention for high strain piezoelectric actuations as well as
advanced ultrasound transducer applications because of its high piezoelectric coefficient, electromechanical coupling coefficient and energy
density. PMN-PT/epoxy composites for sonar ultrasound and medical
ultrasound transducers have been proved with high electromechanical
coupling, wide bandwidth and improved sensitivity. In this paper PMNPT/epoxy composites will be reported for NDT ultrasound transducers. In
specific, 1-3 PMN-PT/epoxy composites with center frequency of 5 MHz50 MHz were fabricated using dice-and-fill method and photolithography
based micromachining process. The composite fabrication processes
including dice-and-fill or micromachining, kerf filling, lapping and
electroding will be reported. Composite plates were poled under 10 KV/
cm for a few minutes at room temperature and then ready for characterization. Capacitance and dielectric loss were measured at 1 KHz using
impedance analyzer, impedance and phase spectrum of the composites
were measured using impedance analyzer and the electromechanical
coupling coefficients were then calculated. The tested electromechanical
coefficients for composites with frequency of 5 MHz - 15 MHz are about
0.78-0.83, coupling coefficient for composites with frequency of 20 MHz50 MHz is about 0.66-0.75. Composite properties will be used in transducer modeling using PiezoCAD considering various NDE ultrasound
applications. It is expected that significantly improved sensitivity and bandwidth will be obtained from single crystal piezo composite based ultrasound transducers for advanced NDE ultrasound.

6531-15, Session 2
Design of piezoelectric transducers for health
monitoring of composite aircraft structures
T. Stepinski, M. Engholm, Uppsala Univ. (Sweden)
Composite structures have become a significant part of modern lightweight aircrafts. Contrary to the aluminum panels such structures are
susceptible to catastrophic failure without noticeable forewarnings. One
possible way of preventing catastrophic failures is integrating health monitoring systems in the critical composite structures of the aircraft.
Ultrasonic resonance inspection is especially suitable for the inspection
of multilayered composite structures. In our previous works we have described the principle of narrowband ultrasonic spectroscopy (NBUS),
where the surface of an inspected structure is scanned with a resonant
transducer whose frequency response is monitored in a narrow frequency
band. It has been proven that the NBUS method is capable of detecting
both artificial disbonds and real impact defects in carbon fiber composites.
In this paper we present design guidelines for optimizing NBUS sensors
that are to be integrated with a monitored composite structure. The NBUS
sensor takes the form of a piezoelectric element provided with a proper
matching layer that is bonded to the monitored structure. Parameter variations in the inspected structure result in the respective variations of the
electrical impedance of the piezoelectric sensor. Relation between the
state of the inspected structure and the sensor’s impedance is estimated
using an equivalent circuit model and a finite element analysis. Conclusions concerning the proper choice of the operating frequencies suitable
for various structures are presented.
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6531-16, Session 2
NDI technique development for new technologies
S. C. Ruth, The Aerospace Corp.
In the aerospace industry, the space industry in particular, there is a persistent emphasis on knowing the quality of the components, assemblies
and systems. The drivers in the space industry are the high cost of finding
problems late in assembly and the impediments to repairing hardware on
orbit. As a part of an effort to identify gaps in the suite of funded efforts,
we used the Risk Roadmap. We then amplified this from a systems point
of view, this analysis led to the identification of gaps associated with implementing a new technology into the system. One of the key insights resulting from this effort is the need for the development of nondestructive
evaluation techniques to begin sooner, at approximately TRL 3, with respect to the technology, in order to avoid causing a program delay. This
paper describes the risk roadmap and the logic for the development of
the associated systems view.

6531-17, Session 2
Lamb wave propagation in composite laminates
using a higher-order plate theory
L. Wang, F. Yuan, North Carolina State Univ.
A new higher-order plate theory is developed to more accurately approximate the exact solutions of Lamb waves in composites and remarkably
reduce computational cost. The dispersion relations comprising five symmetric and six antisymmetric modes can be analytically determined. Computational procedures for phase and group velocities are discussed. Meanwhile, characteristic wave surfaces including velocity, slowness, and wave
surfaces are introduced to investigate the angular dependence of Lamb
wave propagation in composites. According to numerical examples of
Lamb waves in a lamina and two laminates, it shows that the higher-order
plate theory not only gives good agreements with three-dimensional (3D) elasticity theory over a wide high frequency range, but also runs fifty
times faster than 3-D elasticity theory. In experiments, two piezoelectric
actuators operate corporately to excite pure symmetric or antisymmetric
wave modes, and then a Gabor wavelet transform extracts arrival times
of Lamb wave signals. From the compared results between theory and
experiment, it can be seen that the higher-order theory effectively models
dispersive behaviors and wave surfaces of Lamb waves in laminates.
Therefore it demonstrates the feasibility of using the proposed theory in
conjunction with piezo-excitation/collection technique for Lamb-wavebased Structural Health Monitoring (SHM) in composites.

6531-19, Session 2
A scaleable integrated sensing and control system
for NDE, monitoring, and control of medium to very
large composite smart structures
J. E. Jones, V. L. Rhoades, Native American Technologies Co.;
R. Arner, Apex Mountain Equipment, LLC; T. Clem, A. Cuneo,
Native American Technologies Co.
NDE measurements and monitoring and control of smart and adaptive
composite structures requires that the central knowledge system have
an awareness of the entire structure. Achieving this goal necessitates the
implementation of an integrated network of significant numbers of sensors. Additionally, in order to temporally coordinate the data from specially distributed sensors, the data must be time relevant. Early adoption
precludes development of sensor technology specifically for this application, instead it will depend on the ability to utilize legacy systems.
Partially supported by the U.S. Department of Commerce, National Institute of Standards and Technology, Advanced Technology Development
Program (NIST-ATP), a scalable integrated system has been developed
to implement monitoring of structural integrity and the control of adaptive/intelligent structures. The project, called SHIELD (Structural Health
Identification and Electronic Life Determination), was jointly undertaken
by: Caterpillar, N.A. Tech., Motorola, and Microstrain. SHIELD is capable
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of operation with composite structures, metallic structures, or hybrid structures.
SHIELD consists of a real-time processing core on a Motorola MPC5200
using a C language based real-time operating system (RTOS). The RTOS
kernel was customized to include a virtual backplane which makes the
system completely scalable. This architecture provides for multiple processes to be operating simultaneously. They may be embedded as multiple threads on the core hardware or as separate independent processors connected to the core using a software driver called a NAT-Network
Integrator (NATNI). NATNI’s can be created for any communications application. In it’s current embodiment, NATNI’s have been created for CAN
bus, TCP/IP (Ethernet) - both wired and 802.11 b and g, and serial communications using RS485 and RS232.
Since SHIELD uses standard C language, it is easy to port any monitoring
or control algorithm, thus providing for legacy technology which may use
other hardware processors and various communications means. For example, two demonstrations of SHIELD have been completed, in January
and May 2005 respectively. One demonstration used algorithms in C running in multiple threads in the SHIELD core and utilizing two different
sensor networks, one CAN bus and one wireless. The second had algorithms operating in C on the SHIELD core and other algorithms running
on multiple Texas Instruments DSP processors using a NATNI that communicated via wired TCP/IP.
A key feature of SHIELD is the implementation of a wireless ZIGBEE
(802.15.4) network for implementing large numbers of small, low cost,
low power sensors communication via a mesh-star wireless network. While
SHIELD was designed to integrate with a wide variety of existing communications protocols, the ZIGBEE network was implemented specifically
for SHIELD. This will facilitate the monitoring of medium to very large
structures including marine applications, utility scale multi-megawatt wind
energy systems, and aircraft/spacecraft. The SHIELD wireless network
will facilitate large numbers of sensors (up to 32000), accommodate sensors embedded into the composite material, can communicate to both
sensors and actuators, and prevents obsolescence by providing for reprogramming of the nodes via remote RF communications. The wireless
network provides for ultra-low energy use, spatial location, and accurate
timestamping, utilizing the beaconing feature of ZIGBEE.

6531-20, Session 3
Micromechanics-based analysis of material damage
in civil structures
G. Y. Zhou, L. Sun, M. Shinozuka, Univ. of California/Irvine
Effective structural health monitoring, diagnosis and prognosis are of importance for the safety and reliability analysis of civil infrastructure systems. While the technologies of sensor-arrays embedded in host structures are widely employed, the key issue is how to set up a physicsbased model framework and its corresponding efficient algorithm to evaluate the quality of the host structures through the output of the sensors. It
is a frontal interdisciplinary topic bridging the microstructural damage
mechanics and signal estimation theory. By applying a micromechanicsbased, multi-scale constitutive model of solids with damage, this paper
conducts an exploratory research on the algorithm of estimating the mean
value of crack density and the distribution of crack orientation of a cracked
plate. The algorithm is a neural network model and refers the strains outputted from sensors, when the damaged plate is subjected to unidirectional tensile, bending or torsion. Simulations are conducted to evaluate
the performance of the proposed algorithm on estimating the crack orientation and crack density.

6531-21, Session 3
Structural identification, damage identification and
structural health monitoring
S. Alampalli, New York State Department of Transportation; M.
M. Ettouney, Weidlinger Associates Inc.
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There are numerous Structural identification (StrId) methods and techniques. The purpose of StrId in civil infrastructure arena include: a) design
validation of new structures, b) condition assessment of existing structures, c) analytical model updating of existing and new structures, and d)
damage identification (DmId) of existing structures. Many StrId researchers utilized StrId methods for DmId. However, not all StrId methods are
suited for DmId and not all damages are possible to be identified by popular
StrId methods.
This paper investigates the relationship between StrId methods and DmId.
We investigate which StrId method is suited for DmId for type of damages that may affect civil infrastructure. It will be shown that some damages can be identified by StrId methods, while some other damages need
specific methods that are not within the conventional realm of StrId methods.

6531-22, Session 3
Application of statistical pattern recognition methods
for damage detection to field data
C. M. Cabrera, A. Cheung, Sensametrics, Inc.; K. K. Nair, A. S.
Kiremidjian, Stanford Univ.
The field of Structural Health Monitoring (SHM) has received considerable attention for its potential applications to monitoring civil infrastructure. However, the damage detection algorithms that form the backbone
of these systems have primarily been tested on simulated data instead of
full-scale structures because of the scarcity of real structural acceleration
data. In response to this deficiency in testing, we present the performance
of two damage detection algorithms used with ambient acceleration data
collected during the staged demolition of the full-scale Z24 Bridge in
Switzerland. The algorithms use autoregressive coefficients as features
of the acceleration data and hypothesis testing and Gaussian Mixture
Modeling to detect and quantify damage. While experimental or numerically simulated data have provided consistently positive results, field data
from real structures, the Z24 Bridge, show that there can be significant
false positives in the predictions. Difficulties with data collection in the
field are also revealed pointing to the need for careful signal conditioning
prior to algorithm application.

6531-23, Session 3
Application of PDE methods for image-based
concrete surface damage detection
Z. Chen, T. C. Hutchinson, Univ. of California/San Diego
Tremendous progress has been achieved in image analysis and processing, and in particular, the use of partial differential equations (PDE) methods in image restoration, enhancement and segmentation has proliferated in recent years. However, PDE methods have seen little application
to image-based structural damage detection for civil/mechanical systems
in the NDE community. This paper investigates several well developed
PDE methods, and applies them in the detection of concrete surface damage using optical images. Two primary types of damage may be observed
on a concrete surface image: (i) cracks and (ii) spalling, which manifest
different topological patterns. Different PDE methods are applied and
addressed individually.
Narrow cracks have arbitrary curvature and are typically modeled by step
edges or thin-line edges on a surface image. In image analysis, a common edge detector involves a smoothening process applied to the image
with a deterministic scale. This fixed scale causes the well-known dilemma that a larger scale is good at denoising, however the detected
edges are significantly smeared; yet if a lower scale is used, a considerable amount of spurious edges due to background noise are generated.
Anisotropic diffusion methods were invented to deal with this dilemma,
which perform filtering in an adaptive way that uses large smoothing scales
for areas without meaningful edges and prevent smoothing around the
edges. With the edge-stopping functions tuned appropriately, our numerical examples show that the narrow cracks are effectively enhanced, and
their location and length are extracted.
For a wide cracking or a spalling region, to obtain its perimeter or area, a
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closed curve enclosing this damaged region is necessary, which in image
analysis is related to segmentation. Curve evolution methods, such as
active contour models, are a popular choice to this task. In this paper,
two active contour models are used, which are both formulated in the
framework of level set theory. Level set theory provides a robust numerical scheme, which considers the evolving interface in an implicit form
and handles the topological merging or splitting of the interface automatically.
The first active contour model is a gradient-driven model, geodesic active contour, which requires the detected objects have sharp boundaries
against the background. Therefore, it is suitable for the detection of cracking regions on concrete surface. We apply this method in a tracking problem arising from our laboratory experiment. In the experiment, a simply
supported concrete beam is loaded in three point bending and shearcracks regions were captured with a continuous video stream. In our numerical experiment, the non-rigidly developing cracked region is detected
continuously.
In contrast to cracking damage, spalling may be characterized visually as
a texture-like damage with random intensity variations. A prominent difference with crack damage is the lack of clearly defined boundaries spalling and the background of the concrete surface are just two different
textures. Recognizing this, we utilize another well developed active contour model, active contours without edges. This method is region-based
and driven without the use of gradients. Numerical experiments for the
detection of spalling is also presented.

6531-24, Session 3
Long term health monitoring system for bridges
M. L. Wang, Univ. of Illinois/Chicago
A number of efforts had been sought to instrument bridges for the purpose of structural monitoring and assessment. The outcome of these efforts, as gauged by advances in the understanding of the definition of
structural damage and their role in sensor selection as well as in the design of cost and data-effective monitoring systems, has itself been difficult to assess. The authors’ experience with the design, calibration, and
operation of several monitoring systems for long span bridges in USA
and China has provided several lessons that bear upon these concerns.
The systems have performed well in providing a continuous, low-cost
monitoring platform for bridge engineers with immediate relevant information for maintenance decision.

6531-25, Session 3
Integrity monitoring of old steel bridge using fiber
optic distributed sensors based on Brillouin
scattering
B. Glisic, D. Inaudi, D. Posenato, Smartec SA (Switzerland)
Götaälvbron, the bridge over Göta river, was built in thirties and is now
more than sixty years old. The bridge is more than 900 meters long and
consists of concrete slab supported on nine steel continuous girders supported on nearly 40 columns. During the last maintenance works, number of cracks were found in steel girders, notable in zones above columns
where the important negative bending moments are present. Two issues
are in cause of steel cracking: fatigue and mediocre quality of the steel.
The bridge authorities decided to keep the bridge in service for the next
fifteen years, but in order to increase the safety and reduce uncertainties
related to the bridge performance an integrity monitoring system have
been mandatory. The aim of the monitoring system have been to detect
and localize new cracks that may occur due to fatigue and to automatically send warning messages to responsible engineers. The main issue
related to selection of the monitoring system have been the total length of
the girders which is for all the nine girders more than 8 km. It was therefore decided to monitor the most loaded five girders (total length of 4.5
km approximately) and logically a fiber optic distributed sensing system
have been selected. For the first time a truly distributed fiber optic sensing system is employed on such large scale to monitor bridge integrity.
The monitoring system itself, the monitoring strategy, installation issues
and the data flow are presented in this paper.
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6531-26, Session 3
Structural health monitoring of Lindquist Bridge
D. Sargent, Sargent & Associates Engineering Ltd. (Canada); E.
Rivera, Univ. of Manitoba (Canada); B. Bakht, JMBT Structures
Research Inc. (Canada); A. A. Mufti, Univ. of Manitoba (Canada)
Many forestry bridges in Canada are typically single-lane, single span
structures with two steel plate girders and a deck comprising of precast
reinforced concrete panels. The concept of arching in deck slabs was
utilized in the steel-free precast panels used in the Lindquist Bridge in
British Columbia, Canada. The panels were completely devoid of tensile
reinforcement and transverse confinement to the panels was provided by
external steel straps. After the bridge was constructed in 1998, electrical
strain gauges were installed on the girders and straps. Static and dynamic load tests were performed. The cracks on the top and bottom of
the deck were mapped in 1999 and 2003. In 2006, a load test and crack
mapping were performed on the bridge. The strain readings in the straps
were compared with the data obtained 8 years prior. After analysis of the
cracks and strain gauge readings, conclusions were drawn on the performance of the bridge. The cracks were formed to accommodate arching
action and it was concluded that the bridge is still performing as it was
designed.

6531-27, Session 3
Monitoring fatigue life in concrete bridge deck slabs
J. P. Newhook, Dalhousie Univ. (Canada)
Concrete bridge deck slabs are the most common form of bridge deck
construction in short and medium span bridge structures in North America.
The majority of applications are concrete deck slabs on girder bridges. In
studies of the rating and condition of the bridge inventory in the United
States and Canada, the deterioration of these slabs is a common reason
for a poor assessment. Understanding and monitoring the condition of
these bridge decks is therefore an important component of a bridge management strategy.
Deterioration of the deck slab due to corrosion of internal steel reinforcement or freeze thaw damage to the concrete is a frequent occurrence.
Many non-destructive evaluation techniques are being explored to develop techniques to provide accurate assessment of the level of this deterioration prior to planning repair. Progressive deterioration due to fatigue also occurs in concrete deck slabs, even in the absences of steel
corrosion or other material degradation phenomena. The fatigue damage
is due to the large number of cycles of heavy wheels loads and normally
manifests itself as the progressive growth of cracks in the top and underside of the deck slab. While some laboratory fatigue testing programs
have been reported in the literature, there is very little information on proposed techniques to monitor this phenomenon.
This paper discusses the issue of how fatigue monitoring may be included
as part of a structural health monitoring system for bridges. The paper
draws upon previously published experimental results to identify the main
characteristics of fatigue damage and structural response for concrete
bridge deck slabs. Several means of monitoring this response are then
evaluated and cumulative monitoring indices are proposed. A specific
field structures monitoring program is then used to illustrate the application of the concept. The cases study examines several sensor systems
and discusses the various limitations and needs in this area. The results
are of interest to both the general area of structural health monitoring as
well as fatigue monitoring specifically.

from within the matrix itself. The repair agents are contained in hollow,
structural fibers or beads that are embedded within the matrix. Under
stress, the matrix senses external environmental factors and reacts by
releasing the repair agents from within the hollow vessels. This autonomous response occurs wherever and whenever cracking, debonding or
other matrix damage transpires. Superior performance over the life of the
matrix is achieved through this self-repairing mechanism. The advantages
are safely executed trips, fewer repairs and eventually lighter bridges and
vehicles.
Research to assess and clarify the impact of the various factors involved
in self-repair of matrix materials has been the focus of our work for several years. Our research has addressed the issues by correlating the impact of the various factors, such as 1) delivery vessel, shape/size, coating, chemicals released, release trigger and efficacy and impact on matrix properties 2) influence of end use such as the importance of speed
and force of release (airplane skin repair) 3) impact of processing methods that involve heat and pressure on the repair vessels. Our self repairing system can: be processed at temperatures of 350F, repairs in less
than 30 seconds, and does not damage the matrix by repair fiber insertion.
Unique toughness and strength is developed at damaged areas and material interfaces. Findings are based on testing in compression after impact, compression, fatigue, flexural toughness and flexure modes.
The presentation will focus on highlighting the issues that were resolved
in creating autonomous, self-repairing structures and vehicles.
Relevant Reference Papers authored by Dr. Carolyn Dry
“Self-Repair of Polymer Matrix Composite Materials,” Materials Technology, 1998.
“Self-forming polymer ceramic composite made by an in-situ process to
yield superior microstructrue while using materials and energy efficiently”
Proc. SPIE Vol. 4234, p. 30-35, Smart Materials, Alan R. Wilson; Hiroshi
Asanuma; Eds. April 2001.
“Design of self-growing, self-sensing, and self-repairing materials for engineering applications” Proc. SPIE Vol. 4234, p. 30-35, Smart Materials,
Alan R. Wilson; Hiroshi Asanuma; Eds. April 2001.
“Passive smart self-repair in polymer matrix composite materials” Proc.
SPIE Vol. 1916, p. 438-444, Smart Structures and Materials 1993: Smart
Materials, Vijay K. Varadan; Ed. July 1993.
“Passive Tuneable Fibers and Matrices,” International Journal of Modern
Physics B, Vol. 6, Nos. 15 & 16, pp. 2763-2771, World Scientific Publishing Co., Rivers Edge, New Jersey, 1992.
“Passive Smart Materials for Sensing and Actuation,” Journal of Intelligent Material Systems and Structures, Vol. 4, no. 3, pp. 415-418,
Blacksburg, Virginia, July 1993.
“Matrix Cracking Repair and Filling Using Active and Passive Modes for
Smart Timed Release of Chemicals From Fibers Into Matrices,” Journal
of Smart Materials and Structure, Vol. 3, no. 2, pp. 118-123, June 1994.
“Three Part Methylmethacrylate Adhesion System as an Internal Delivery
System for Smart Responsive Matrices,” Smart Materials and Structures,
1996, pp. 297-300.
“Smart Fibers that Sense and Repair Damage in Concrete Materials,”
Materials Technology, Vol. 11, no. 2, March/April 1996, pp. 52-54.
“Procedures Developed for Self-Repair of Polymer Matrix Composite
Materials,” Composite Structures, 35, Paisley, UK, 1996, pp. 263-269.

6531-29, Session 3
Measuring deflections through strains

6531-28, Session 3
Self repair of impacts, blasts in critical targets such
as infrastructure and vehicles
C. M. Dry, Natural Process Design, Inc.
The goal of our research has been to develop self-repairing matrices with
unique toughness and strength for infrastructure and vehicles. Our revolutionary approach involves the autonomous release of repair chemicals
174

SPIE Smart Structures and Materials 2007

A. A. Mufti, Univ. of Manitoba (Canada); L. Jaeger, Dalhousie
Univ. (Canada); N. Kyriakopoulos, Univ. of Manitoba (Canada);
B. Bakht, JMBT Structures Research Inc. (Canada); G. Tadros,
SPECO Engineering (Canada)
In long-term monitoring of structures, the deflections are the most difficult to measure. Traditional devices such as deflection transducers, besides being subjected to substantial drift, have to be connected to an
‘immovable’ reference point. Laser-controlled deflection measuring de-
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vices do not have these disadvantages, but are very expensive.
Strains, on the other hand, are the easiest to measure. Two fairly simple
methods are proposed to calculate deflections of beams through strains.
Both methods rely on the calculation of curvature of beams from observed strains. A procedure is included in the proposed methods to minimize errors in calculating the curvatures from strains. In one of the methods, deflection from curvatures are obtained through numerical integration. In the other method, harmonic analysis is used to calculate beam
deflections from curvatures computed from observed strains.
Tests on a full-scale prestressed concrete girder are used to verify the
accuracy of the two proposed methods.

6531-30, Session 3
Measuring axle weights and spacings of trucks
through a girder bridge
B. Bakht, JMBT Structures Research, Inc. (Canada); A. A. Mufti,
J. Wu, Univ. of Manitoba (Canada); G. Tadros, SPECO
Engineering (Canada)
Truck weight data have been gathered in several countries during the last
two decades by using medium span bridges as weighing-in-motion (WIM)
devices. Several methods are used to obtain the axle weight and gross
vehicle weight (GVW) data from observed bridge responses. All these
methods lead to unavoidable errors. While errors in the estimation of GVW,
being as large as 10%, might be considered acceptable, errors in estimating axle weights by most methods are unacceptably large.
A method developed in Australia utilizes short span concrete box culverts to measure axle weights fairly accurately. However, in order to obtain inter-axle spacings, the method requires the knowledge of vehicle
speed, which can be obtained from tape switches that are difficult to
maintain for long periods of time.
Recently, Japanese researchers have tested a WIM method, called the
reaction force method, in which vertical stiffeners on support diaphragms
of steel girder bridges are used to measure axle weights. This method,
which also requires knowledge of vehicle speed, is yet to be improved to
give axle weight data of acceptable accuracy.
A test on a Canadian bridge with two steel girders provided an opportunity to explore a new method of measuring truck axle weights and spacings. In the new method, girder strains are measured near one of their
supports. The strain-time plot at this location has distinct peaks permitting the determination of the weights of individual axles or groups of closely
spaced axles fairly accurately. Another instrumented transverse section
permits the determination of the speed of the vehicle, from which the axle
spacings are calculated.
The paper describes tests on the bridge with vehicles of known weights,
and the determination of the weights and spacings of several other vehicles.

matching layers and properties are provided for specific applications. The
applications considered in this work include metallic targets inside an
enclosed container, food products and also elastomeric composites such
as automotive tires.

6531-33, Session 4
Terahertz NDE application for corrosion detection
and evaluation under shuttle tiles
R. F. Anastasi, E. I. Madaras, J. P. Seebo, S. W. Smith, NASA
Langley Research Ctr.; J. K. Lomness, P. E. Hintze, NASA
Kennedy Space Ctr.; C. C. Kammerer, United Space Alliance,
LLC; W. P. Winfree, NASA Langley Research Ctr.; R. W. Russell,
NASA Kennedy Space Ctr.
Pulsed Terahertz NDE is being examined as a method to inspect for possible corrosion under Space Shuttle Tiles. Other methods such as ultrasonics, infrared, eddy current and microwave methods have demonstrable
shortcomings for tile NDE. This work applies Terahertz NDE, in the frequency range between 100 GHz and 2 THz, to the inspection of manufactured corrosion samples. The samples consist of induced corrosion
spots that range in diameter (2.54 to 15.2 mm) and depth (0.036 to 0.787
mm) in an aluminum substrate material covered with tiles. Results of these
measurements are presented for known corrosion flaws both covered
and uncovered and for blind tests with unknown corrosion flaws covered
with attached tiles. The Terahertz NDE system is shown to successfully
detect all artificially manufactured corrosion regions under a Shuttle tile
with a depth deeper than 0.13 mm.

6531-34, Session 4
Capacitance sensors for the nondestructive
measurement of moisture content in in-shell peanuts
C. V. K. Kandala, C. L. Butts, USDA Agricultural Research
Service

Progress in air-coupled ultrasound

Moisture content (mc) in peanuts is measured at various stages of their
processing and storage in the peanut industry. An instrument was developed earlier that would measure the capacitance and phase angle of a
small sample of peanuts held between two circular parallel-plates at two
frequencies 1 and 5 MHz. These values were used in an empirical equation, developed using the capacitance and phase angle values of samples
of known mc levels, to obtain the average mc values of peanut samples
with moisture values in the range of 7 to 18%. In the present work, two
rectangular parallel-plates were mounted inside a vertical cylinder made
of acrylic material and filled with about 200 g of in-shell peanuts and their
average mc was determined from a similar empirical equation. The calculated mc values were compared with those obtained by the standard airoven method. For over 85% of the samples tested in the moisture range
between 8 and 17% the mc values were found to be within 1% of the airoven values. Ability to determine the mc of in-shell peanuts without shelling and cleaning them, as is done presently, will save time, labor and
sampling material for the peanut industry

S. B. Jayaraman, I. Lucas, D. Pellkofer, M. Bezdek, B. R.
Tittmann, The Pennsylvania State Univ.

6531-35, Session 4

6531-32, Session 4

A variety of industrial and everyday non-destructive inspection applications exist where the target material/product is inaccessible or contact
with the material is prohibited. In such cases, air-coupled ultrasonic techniques play a major role but commonly significant transmission loss is
known to occur. Therefore, it becomes imperative to know the amount of
absolute wave mechanical strain achieved in materials embedded in gaseous medium, for certain applications. Thus, the overall objective of this
work was to establish simulated results and specific experimental verifications of the numerical modeling, and develop guidelines in the use of
matching layers to maximize the wave mechanical strain imparted to
materials. A Laser Doppler Vibrometer was used to obtain the displacements/strains induced in the materials. Coupled Acoustic Piezoelectric
Analysis (CAPA), a coupled fields finite element method software was
used to perform the simulations. Results from the use of different sets of
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Nondestructive characterization of engineering
materials using capillary diffusion (CDM) and gas
adsorption (GAIM) methods
G. W. Lopez, Wentworth Institute of Technology; N. G.
Berezkina, I. O. Leipunsky, Russian Academy of Sciences
(Russia)
Capillary Diffusion (CDM) and Gas Adsorption (GAIM) are two highly sensitive and rapid nondestructive methods for characterization of composites and other engineering materials of common use in aerospace and
terrestrial applications. These techniques have been researched, developed and utilized in the inspection and monitoring of space systems,
power plants, and structural building in the former Soviet Union and, more
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recently, in the Russian Federation, and they are relatively unknown in the
United States. CDM and GAIM are simple, versatile, and inexpensive categories of nondestructive testing that allow the inspection of surface
anomalies and defects during manufacturing of composites and other
specialized engineering materials. The techniques are also well suited for
inspection and monitoring of a large variety of structures, component parts,
and elements that are open to standard or harsh environments allowing
the detection of defects such as, cracks, micro-porosity, corrosion, and
other surface micro-discontinuities. CDM and GAIM can be considered
an innovative cutting-edge refinement of Penetrant Testing (PT), i.e.: a
NDE method by which surface anomalies are revealed based on the optical changes shown by a material (the penetrant) that seeps into an out
of surface discontinuities.
This paper explains (1) the underlying phenomena (diffusion kinetics and
vaporization rates of specialized chemical solutions, adsorption kinetics,
layer formation in materials, and color reaction and desorption of chemical solutions and gases into detection-sensor indicators), (2) the mathematical principles and formulation behind computational models to predict and interpret CDM and GAIM behavior, and (3) experimental aspects
associated with the use of these techniques in nondestructive characterization of carbon-based composites, metallic and non-metallic materials
used in the aerospace industry, energy conversion systems, and building
structures. A detailed theoretical study of these techniques is presented
as guideline for the interpretation of photo-optical behavior of the sensorindicators of the CDM and GAIM techniques. Computational simulations,
normalized graphs, and experimental documentation are also presented.
In the GAIM technique for example, model simulation and graphical results indicate that gaseous penetrant desorption occurs in three identifiable stages. The diffusion flux densities in each stage possesses its own
peculiar mathematical character. The special character of the third stage
constitues the basic principle for the use of GAIM as a technique for characterization of materials. Conversely, the photo-optical behavior of the
indicator during the third stage of disorption helps to sort surface defects
and predict the size of these anomalies during the evaluation of materials.
Opportunities for further development and improvements of CDM and
GAIM are identified, and cost-benefit and standard-compliance (civil and
military) for the implementation of these techniques in fields of Aerospace
Engineering, Civil Infrastructure, and Homeland Security are examined,
documented and discussed.

6531-36, Session 4
Acoustic emission characteristics and damage
evolution model of steel strands in tensile test
D. Li, Harbin Institute of Technology (China)
Acoustic emission characteristic parameters of steel strand damage are
obtained on tensile test. The testing results show that the acoustic emission characteristic parameter isn’t apparent before fracture, at the approaching critical fracture point, the acoustic emission signal is rapidly
increasing, and nearby yield point, it is appear a big burst signal. According to the correlation figure of acoustic emission accumulative energy,
the steel strand damage evolution process and law can be dynamically
analyzed and broken strand numbers and time are very easily judged. At
last, based on the monitoring data, the relationship between acoustic
emission parameter and damage variables is derived. The steel strand
tensile damage evolution equation is defined with acoustic emission accumulative energy relative change, its rightness and rationality have been
verified through experiments.

176

SPIE Smart Structures and Materials 2007

6531-37, Session 4
Filtering of NDT signals obtained from wrapped steel
cables
R. E. Christen, A. Novakovic, A. E. Bergamini, M. Motavalli,
EMPA (Switzerland)
The main cables of suspension bridges are often wrapped with a steel
wire in order to compact the cable and hold it in shape. If a non-destructive evaluation by means of magnetic methods is performed on such a
cable, disturbances due to the wrapping can be expected in the measured signal. In the presented work, these disturbances shall be quantified and compared to the flaw signals. Moreover, different filtering methods will be proposed and a comparison of these methods with respect to
the realization cost is made. To do so, the influence of the wrapping was
investigated using finite element (FE) simulation and experimental laboratory measurements. The following three main phases will be presented:
1. construction of laboratory set-up and generation of FE model
2. model validation and data generation
3. development and comparison of different filter algorithms
As experimental set-up a parallel wire bundle with an outer diameter of
approximately 125mm and a length of about 3.5m was installed in the
laboratory. Artificial flaws were introduced to simulate two different damage scenarios. On one hand a reduction in steel cross-section due to wire
breaks is simulated by cut wires, on the other hand a bundle of corroded
steel wires was introduced. The cable was then wrapped with a 2.5mm
steel wire, to simulate the wrapping of suspension cables. For this task a
special device was designed and built, including a mechanical break to
achieve a constant force in the wire and consequently a tight wrapping.
Before and after the cable was wrapped with the steel wire, the results
from the measurements were compared with the data obtained from the
FE simulation. With this validated model, a parameter study was performed in order to obtain data for the development of a filter algorithm.
The parameters varied in this study were chosen depending on the prospect of success and the cost of the realization. Using these data sets
different filtering methods, such as wavelet analysis, were implemented.
A final comparison of the different methods leads to the most efficient
way to assess the condition of such cable systems using magneto-inductive testing. Furthermore, the information obtained from the parameter study shows that appropriate parameters have to be used in order to
achieve a satisfactory result. Finally, it can be concluded that the use of
FE simulation is a very useful tool for the developing of new data analysis
methods, even if a real set-up and data from measurements exist. For
this specific problem a working filtering algorithm could only be developed, because FE simulations were performed.

6531-38, Session 4
Early detection of degradation of cable supported
structures
M. Ghandehari, Polytechnic Univ.
Emphasizing system robustness and long-term durability, we will present
optical technologies for in-situ monitoring of the environment within cable
structures. These include moisture, chlorides, pH levels, temperature and
metal oxides.
Current technologies for in-situ monitoring of metal degradation include
embedded resistivity and capacitive sensors. However, in reality these
technologies monitor the corrosion of the sensor probe itself while they
indirectly signifying the corrosivity of the environment. The effect of the
environment on the sensor is often different from the effect on the structure. A more desirable option is a technology that reports the condition of
the subject being monitored, one that responds directly to the concentration of aggressive species such and products of corrosion.
Optical fibers in telecommunications are produced so that light inside the
fiber does not interact with the external environment. However for chemical sensing, functionalized nano-porous polymeric materials may be employed to serve as a zone, where light in the fiber core is modulated by
the media it encounters created. A discussion on such optical antenna
will be presented.
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6531-39, Session 5
Building inventory extraction method using remote
sensing for urban risk management
P. Sarabandi, Stanford Univ.; H. Chung, ImageCat, Inc.
Building inventory is a core input to risk and loss evaluation models, and
as such, plays a key role in providing decision support for the disaster
management community. This paper describes the extraction of detailed
building inventory data, using optical remote sensing data within the MIHEA
(Mono Image Height Extraction Algorithm) tool. MIHEA is developed to
extract building inventory information such as height, shape and square
footage from single high-resolution remotely sensed images. Its pilot implementation in conjunction with QuickBird satellite imagery for London,
United Kingdom and Long Beach, USA is described. A methodological
protocol is proposed for integrating remote sensing-derived data into loss
estimation tools, such as HAZUS(r) and INLET, to replace default datasets
which offer limited accuracy at a census tract scale. The study suggests
that when used in conjunction with MIHEA, remote sensing is a valuable
source of building inventory information for locations around the World.
Previous investigations suggest that disaster management applications
of loss estimation tools such as HAZUS(r) demand a more detailed building inventory dataset. Accordingly, this study presents a methodological
protocol for the implementation of remotely sensed imagery for collecting inventory data. Specifically, the methodology employs a new building
extraction tool called MIHEA to generate the input data, which is imported
to the loss estimation software using a series of building inventory update
schemes. In HAZUS(r), default building inventory datasets employ a library of tables representing building materials and occupancy classifications within a study region. Currently, all census blocks within a study
region (e.g. east, mid or west coast) use the same inventory dataset; intra-regional variations in inventory profiles are not accommodated. Using
remotely-sensed data as source of building inventory data may result in a
more accurate risk estimates at an intra-regional scale, thereby improving results aggregated across an entire study region.

6531-40, Session 5
Performance evaluation of decentralized wireless
sensing and control in civil structures
Y. Wang, Stanford Univ.; R. A. Swartz, J. P. Lynch, Univ. of
Michigan; K. H. Law, Stanford Univ.
Structural control has been a topic of great interest for the last few decades. In a structural control system, sensors, controllers, and actuators
constitute an integrated network that effectively mitigates building vibration during external excitations. The high cost for installing coaxial cables
to connect these components in a large structural control system, however, is one of the major factors hampering structural control technology
from wide-spread practice. Wireless communication technology is therefore proposed for eliminating the cost of installing coaxial cables. Meanwhile, the adoption of wireless communication offers great flexibility in
the architecture of a structural control system. To address the communication latency problem in a wireless structural sensing and control system, different decentralized control algorithms are investigated and their
performance compared in this paper. Practical suggestions for designing
decentralized wireless structural control systems are recommended.

6531-41, Session 5
Passive wireless displacement sensor for civil
structural health
D. J. Thomson, G. E. Bridges, D. Card, C. S. Klowak, A. A.
Mufti, Univ. of Manitoba (Canada)
Existing sensing technologies for civil structural health monitoring have a
serious deficiency in that they require some type of permanent connection to the outside world. This causes significant problems in the installation and ongoing use of these sensors. We have developed a new type of
wireless displacement sensor that requires no battery or electrical power.
SPIE Smart Structures and Materials 2007

The displacement sensor is a passive device that can be easily attached
to civil structures. In this work we will be discussing some recent results
with this sensor and the development of a field usable interrogation system for this sensor. The wireless displacement sensing system consists
of a passive electromagnetic resonant cavity with one end of the cavity
being a flexible diaphragm. A rod is connected to the diaphragm and the
free end of the rod is attached to the structure. As the structure displaces,
the rod causes the diaphragm to flex and the resonant frequency of the
cavity shifts. The interrogator emits radio waves over a range of frequencies into the sensor. An antenna that is attached to the sensor couples
the signals into the sensor cavity. The sensor absorbs signals in a narrow
frequency band, as determined by the cavity’s dimensions. When the radio waves are turned off, the sensor will reemit radio waves back to the
interrogator, which uses the information received to calculate the displacement of the structure. The sensors performance was tested on a
displacement sensor calibration fixture and on a full scale model bridge
deck. The sensor was found to have a resolution of 0.01 mm on the calibration test fixture. The displacement measurements on the model full
scale bridge deck were well correlated to measurements of displacement
taken with a PI guage. The sensor exhibited good linearity over a 1mm
range and was hysterisis free (less than 0.05mm) up to 2mm of displacement. This sensor should be useful for periodic monitoring applications,
such as crack monitoring, where the implementation of realtime monitoring is not justified.

6531-42, Session 5
Study on the weights of different human face
geometric feature values
J. Liu, Y. Lan, Y. Zhou, Y. Pan, Chongqing Univ. (China)
With the development of biometrics technology, the recognition of human-face plays a more and more important role in personal identification.
As a matter of fact, there are many kinds of methods to complete face
recognition. But in this paper, we will focus on geometric features. Firstly,
23 typical geometric feature points are defined, including the endpoints
of two eyebrows, the inside and outside canthus of two eyebrows, the
inner edge points at the bottom of two nares, the endpoints of mouth,
etc. Secondly, through the calculation and comparison, 16 prominent
geometric feature values have been chosen from all the possible facial
geometric features, they are mainly including vertical ratio, horizontal ratio, aspect ratio and angles. Finally, we calculate the weights of different
geometric feature values through some discriminant functions, and analyze the reason why a geometric feature value is significant that another.
Actually, according to the weights of different geometric feature values,
we can get rid of those geometric feature values that have the least weights,
and add some other geometric feature values that we think that should
be more important in face recognition. Following these steps, after several finite experiments, the best combination of human face geometric
feature values should come up eventually. And at the same time, we have
set up a face image database of Chinese human face with a 3-D digital
camera system, and divide them into seven classes according to China
Administrative Districts. Multi-class classifier is also discussed in this paper
to classify human face into different China Administrative Districts.

6531-43, Session 5
Role of structural health monitoring for bridge
security: a workshop finding
M. M. Ettouney, Weidlinger Associates Inc.; S. Alampalli, New
York State Department of Transportation
The role of Structural Health Monitoring (SHM) in bridge security arena is
not well defined or understood. In order to investigate this issue, a workshop was held with representative members from bridge owners,
academia/researchers, consultants, and security personnel. This workshop organized by Weidlinger Associates was co-sponsored by the federal Highway Administration and New York State Department of Transportation. The workshop deliberated several aspects of this issue, including
various SHM technologies, measurement methods, hazards that affect
bridge security, temporal nature of security (before, during, and after event),
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interaction between hazards, bridge components and disciplines, and
interaction between stakeholders.
A summary of the workshop deliberations along with some of the relevant results, obtained using statistical analyses, are reported in this paper. Such results can be of help to the SHM and Security communities in
understanding the role of SHM in enhancing bridge security and to focus/
prioritize their efforts in this field.

6531-44, Session 6
Application of 3-D visualization based on computed
tomography to oral implantation orientation
B. Wei, Chongqing Univ. (China); Y. Wang, HuiZhou Hospital of
Stomatology (China); D. Mi, P. Feng, F. Yao, Chongqing Univ.
(China); Z. Wang, HuiZhou Hospital of Stomatology (China); S.
Jiang, Chongqing Univ. (China)
Through three-dimension (3D) computed tomography(CT) images, a virtual stomatological implantation Orientation Computer-Assisted Design
(CAD) navigation system has been proposed in this paper. The system
has been reconstructed the 3 D images and the multi-plane image of the
teeth with the combination of spiral X-CT, computer graph and image
and 3D visualization. The height, width, shape of the (alveolar bone) of
jaw bone, the accurate position of lost teeth and mentum aperture, the
density of ossicles, the orientation of submaxillary, the position and shape
about the bottom of nasal cavity and antrum maxillary can been get. The
maxillary evaluation in terms of radiography before the tooth implantation
and guide the clinic localization of false tooth can been provided in the
system, in which can not only greatly reduce the risk of implantation operation but also improve the stability and security of tooth implantation.

6531-45, Session 6

6531-46, Session 6
Sampling phased array: a new method of signal
processing and image reconstruction in ultrasonic
non-destructive testing
M. Kroening, A. Boulavinov, Fraunhofer-Institut für
Zerstörungsfreie Prüfverfahren (Germany); K. M. Reddy, Quality
Network Pvt. Ltd. (India); L. von Bernus, Q Net Quality
Management GmbH (Germany); D. Joneit, Fraunhofer-Institut
für Zerstörungsfreie Prüfverfahren (Germany)
Different signal processing and image reconstruction techniques are applied in ultrasonic non-destructive material evaluation. In recent years,
rapid development in the fields of microelectronics and computer engineering lead to wide application of phased array systems.
A new phased array technique, called “Sampling Phased Array” has been
developed in Fraunhofer Institute for non-destructive testing. It realizes
unique approach of measurement and processing of ultrasonic signals.
The sampling phased array principle make use of the measurement of
elementary waves generated by individual elements of sensor array to
reconstruct the composite phased array signal for any arbitrary angle or
focus depth. The use of special signal processing and image reconstruction algorithms, allows generating A-Scans of several angles and / or
Sector-Scan, which can be implemented in real time. With parallel computing structures, this principle is used for automatic testing systems at
very high inspection speed.
The electronics was developed as a development platform for high speed
automated ultrasonic inspection systems for process integrated testing
and also for testing of critical components. The development results, including relevant test methodology and electro-technical/electronic aspects
are presented in the current work.

On an image reconstruction method for ECT

6531-47, Session 6

S. Akira, T. Suzuki, Y. Nishimura, National Institute of Advanced
Industrial Science and Technology (Japan)

Advanced hybrid piezoelectric energy harvesting
power supply for sensor networks

An image data by Eddy Current Testing is blurred image to original crack
shape. This arises from both spread scattered magnetic field by Maxwell’s
equation and sensor coil detection area being over its volume. This is
inevitable phenomenon in principle. If some method to make clear the
image is provided, it will be grate benefit to users. An inverse analysis
with computation could be the method. For example, if one execute magnetic field analysis with taking into account of all those physical effects
based on Maxwell equation’s in 3 dimensional space under actual sensor
characteristics, user may reconstruct detailed image from blurred image.
However, this complex strategy requires a lots of efforts in order to develop it, and its software results in target system oriented strongly. Huge
computational time is needed in execution as well. To avoid this complex
treatment, we take an assumption that a very simple relationship between
measured data and source were described by a convolution on response
function and crack shape in Fourier space. This assumption let us derive
a simple inverse analysis method. In order to verify its validity, we apply
the method to actual experimental data. Those data was obtained from
differential coil type sensors (ZETEC, Inc) to a hole and notch on SUS316
plate (200mm*200m*12mm). The results show that the method make it
possible to separate original interference image among closely located
holes into sharp discrete hole image. Also an estimation of notch width
has been much improved. For this method, somehow, user should identify a response function to hole and notch which plays important role in
this method. It remains unsettled problem completely at this moment.
This method is simple and easy implementation, wide applicable to variety type of ECT measurement system.

T. Xu, National Institute of Aerospace; J. Su, NASA Langley
Research Ctr.; X. S. Jiang, W. S. Hackenberge, TRS
Technologies, Inc.
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Power supply is one of the most challenging issues for today’s various
sensors, sensor networks, and advanced control systems for our civil
infrastructures and homeland security. Piezoelectric energy harvesting is
one of the solutions for this issue. However, the energy harvesting coefficients of most conventional piezoelectric energy harvesting transducers
are lower than 1%. We recently invented a novel hybrid force/stress amplified piezoelectric energy harvesting transduction system concept. This
utilizes an active materials-based force amplified mechanism and hybrid
piezoelectric materials for more efficient energy harvesting from mechanical
shock and vibration. The theoretical study indicates that the newly invented hybrid force/stress amplified transduction system has at least one
order higher energy conversion efficiency than conventional flextensional
or multilayer stack transducers. The amount of harvested power depends
on the force, bandwidth, and size of the system. The generated electric
power from this low-volume, light-weight device should be high enough
to serve as sensor network power supply for various applications, such
as infrastructure health monitoring, motion detection, environmental safety
alert systems, and compact power sources for deployed soldiers and
rescue workers, and other technologies requiring portable power supplies.
A theoretical model was established based on 1) the configuration of the
system, 2) force reactions between elements as well as between the layers in the multilayer stack elements, and 3) the piezoelectric and dielectric properties of the piezoelectric material used in the transduction system. The model provides a guideline for design and performance optimization of the transduction system. This paper gives the detailed theoretical derivations for the novel hybrid piezoelectric transduction system. Finally, theoretical modeling results are presented for three representative
examples of this kind of transduction system based on different piezoelectric materials.
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6531-48, Session 6
Aural stealth of portable cryogenically cooled infrared
imagers
A. M. Veprik, H. Vilenchik, N. Pundak, Ricor-Cryogenic &
Vacuum Systems Ltd. (Israel)
Novel tactics for carrying out military and antiterrorist operations calls for
the development of a new generation of enhanced portable infrared (IR)
imagers, the focal plane arrays of which are maintained at cryogenic temperatures using the rotary Stirling cryogenic engines, which are known as
powerful sources of wideband vibration export.
For the sake of weight and compactness, the enclosure of the above
imager is usually designed in the form of a light metal thin-walled shell,
accommodating a directly mounted Infrared Detector Dewar Cooler Assembly (IDDCA), the operation of which typically leads to an excitation of
the inherently lightly damped structural resonances and, therefore, to a
radiation of the specific acoustic signature capable of compromising the
aural stealth of the IR imager. Such a “noisy” IR imager may be detected
from quite a long distance using enhanced sniper detection equipment or
even aurally spotted when used in a close proximity to the opponent force.
Numerous efforts were taken towards achieving the desired inaudibility
level, apparently becoming one of a crucial figure of merit characterising
the portable IR imager. However, even the best examples of modern
“should-be silent” imagers are quite audible from as far as 50 meters.
The authors attempt to improve the aural stealth of the portable IR imager
by compliant mounting the IDDCA, where the stiffness and damping of
the vibration protective pad are optimised for the best acoustical performance without developing excessive line of sight jitter. This enables using the imager enclosure as a vibration isolated and damped acoustic
envelope and allows making it inaudible at greater then 10 meters, thus
complying with the stringent MIL-STD-1774D (Level II) requirements.
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6532-01, Session 1

6532-03, Session 1

New development in the real-time ultrasonic imaging
system for NDI applications

Damage detecting and modeling of pre-cracked
bolted joints using varied tightening loads and their
effects on crack nucleation and propagation under
cyclic loading

Y. Zhou, I. N. Komsky, S. Krishnaswamy, Northwestern Univ.
Ultrasonic NDI methods have an impressive record of applications on
metallic and composite structures. However, the need for a wet couplant
between the specimen and the transducer and the rather long inspection
times necessitated by point-by-point scanning of large structures limit
their applications. To overcome these constraints, a dry-contact largearea ultrasonic imaging system is being developed for real-time highresolution NDI applications. The system consists of a large piezoelectric
ultrasonic source, a dry-coupled polymer membrane, and a commercially
available real-time ultrasonic CCD camera which displays easy-to-interpret images. Applications of this real-time high-resolution ultrasonic imaging system on metallic and composite structures are presented. Pulseecho and pitch-catch modes of the ultrasonic imaging system have been
evaluated. Both modes can be used for single-sided ultrasonic inspection. However, pitch-catch mode does not require the narrowband
beamsplitter which is necessary in the pulse-echo mode. Therefore, this
configuration can substantially improve the system’s bandwidth, spatial
resolution, and image quality. Images of artificial defects of different types
and shapes in metallic and composite materials are demonstrated.

6532-02, Session 1
An integrated strategy for detection and imaging of
damage using a spatially distributed array of
piezoelectric sensors
J. E. Michaels, T. E. Michaels, Georgia Institute of Technology
Permanently attached piezoelectric sensors arranged in a spatially distributed array are under consideration for structural health monitoring
systems. Ultrasonic signals transmitted and received between various
array elements have been shown to be effective for localizing discrete
sites of damage using algorithms based upon changes in signals compared to the undamaged state. Necessary to the success of the various
imaging methods that have been proposed is a set of baseline signals
recorded under the same conditions as the signals acquired after damage has occurred. Since many conditions other than structural damage
can cause changes in ultrasonic signals, we propose here an integrated
strategy whereby damage is first detected and is localized only if the
outcome of the detection step is positive. In this manner false alarms can
be reduced since signal changes due to benign variations will not be localized and erroneously identified as damage. The detection strategy
considers the long time behavior of the signals in the diffuse-like regime
where distinct echoes can no longer be identified, whereas the localization strategy is to generate images of damage based upon the early time
regime when discrete echoes from boundary reflections and scattering
sites are meaningful. Results illustrating the efficacy of this strategy are
shown for aluminum plates with simulated damage.
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C. Coelho, S. Soni, J. Wei, A. Chattopadhyay, P. Peralta,
Arizona State Univ.
Bolted joints are used at numerous locations in aerospace systems. In
addition to providing alignment and high-pressure gas sealing, aircraft
structural joints can operate at high temperatures and may be required to
survive very large applied loads resulting from structural failures. An important characteristic of a bolted joint is that the preload in the bolts varies as a result of changes in the external load (torque) applied to the joint.
The magnitude of the preload is also important to prevent slip, separation
or fatigue failure of the joint. The required preload is achieved by tightening the nut which creates a strain field between the head and the nut. This
strain field can vary with changes in loading environment, causing the
bolts to become lose. Therefore, it is necessary to develop techniques to
analyze and detect the initiation and evolution of damage in bolted joints
so that appropriate measures can be taken to stop catastrophic failures.
This paper deals with the simulation and detection of crack nucleation
and growth in bolted joints under fatigue loading using self-sensing piezoelectric sensors.
A hybrid structural health monitoring framework (SHM), combining a wave
based technique and distributed piezoelectric sensors is developed to
monitor crack growth in lap joints subject to fatigue loading. The joint are
made of Al6061-T651 with each lap about 0.125in thick and 1.5in wide
with two 1/4in bolts on either side. Half threaded bolts are used to ensure
that the required load transfer between laps is obtained. A calibrated torque
wrench is used to apply the different levels of torque. An Electrical Discharge Machining (EDM) notch is made at the inner edge of the bolt bearing so that the crack nucleation site is known for initial investigation.
Experiments are conducted on double lap bolted joints under tensiontension fatigue loading. Preliminary results obtained indicate that crack
nucleation and the rate of crack propagation is significantly affected by
the torque level in the bolt. Piezoelectric sensors and actuators are placed
on different laps across the bolts to get scattered data due to the bolts
and the lap-lap interface. Data is also collected with the sensor and actuator on the same lap so that the reflected wave can be studied. This is
done after every predetermined set of cycles. The crack length is measured using an optical telescope mounted on the load frame every time
the test is stopped to take sensor data. This test is repeated using the
same bolted joint setup with the bolts tightened to different torque levels.
Experiments will be conducted to determine the coefficient of friction
between the bolt head and the aluminum lap. The friction coefficient between the different laps will also be determined.
The analysis is conducted using the ABAQUS/Standard finite element
software taking into consideration the pre-notch used to initiate the crack
and the crack length at every data point. The friction between the bolt
head - lap interface and friction between the laps are also modeled based
on experimental observations. A signal wave similar to the one used during the experiments is used to excite the structure at the location where
the actuator is placed during the experiment. The output sensor signal is
compared with the experimental results to establish the validity of the
simulation.
A combination of the virtual sensor data (from the simulation) and the
sensor data collected from the experiments will be analyzed using a novel
time-frequency based signal processing algorithm to predict the torque
levels in the bolt while taking into consideration the attenuation and scattering due to the increasing crack length. The results from this signal processing algorithm can also be used to further refine the simulation model.
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The temperature at present is up to 350°C.

Detection and quantification of fatigue damage in
aircraft structural components

6532-06, Session 2

C. A. Rideout, Positron Systems, Inc.

Ultrasonic guided waves for fatigue crack detection
in multi-layered metallic structures

The remaining safe operational life of flight critical aircraft structural components prior to crack initiation and detection is currently estimated by
fatigue and fracture models supplemented by destructive testing. To provide an acceptable margin of safety, analytical and test results are typically reduced by a factor of from two to four. To more accurately assess
the remaining life of a structural component prior to the initiation of a
detectable crack, a non-destructive inspection process that measures
fatigue damage accumulation is required. Such measurement results could
be useful in refining fatigue damage accumulation models, predicting probability of failure, determining safe life remaining, and establishing inspection intervals at any point in the operational life of structural components.
Induced Positron Analysis (IPA) was investigated and evaluated to determine IPA’s capability to measure operationally induced fatigue damage
accumulation in thick and multilayer aircraft structural components. For
example, F-16 wing attach fittings (WAFs) made of 7475-T3751 aluminum with operational histories that varied from “as manufactured” through
“end of life” were obtained and evaluated using IPA. The purpose was to
determine IPA’s capabilities for detecting fatigue damage in the WAFs,
correlate the damage with the operational usage history, and determine if
IPA results were suitable for use in life remaining predictive models. Results of the WAF damage measurements demonstrated the potential for
IPA to quantify fatigue damage accumulation, correlate damage accumulation with operational usage, and enhance life prediction models. This
paper will discuss the IPA technology, its applications, and the results of
the WAF investigation.
In addition to the F-16 WAFs, other structural components are being assessed for IPA evaluation. Candidates include landing gear and turbine
engine components.

E. Lindgren, K. V. Jata, Air Force Research Lab.; J. C. Aldrin,
Computational Tools; J. Knopp, Air Force Research Lab.

6532-05, Session 1

A representative area of concern for fatigue crack detection in aircraft is
multi-layered metallic structures. Ultrasonic plate waves are currently being
investigated by multiple initiatives to detect these types of flaws with a
minimal number of sensors to enable Structural Health Monitoring (SHM).
Previous work has focused on structures with one or two layers, coupled
with modeling of the wave propagation within these representative
samples. However, it is common for multi-layered structures to have more
than two layers in many areas of interest. Therefore, this study investigates ultrasonic wave propagation and fatigue crack detection in a multilayered sample consisting of 2 to 4 total layers with fatigue cracks located in only one layer. The samples contain fastener holes configured as
would be expected to be found on typical aircraft structure. The fatigue
cracks were grown using cyclic fatigue loading after the fastener holes
were placed in the samples.
Preliminary measurements show that fatigue cracks can be detected by
the guided ultrasonic waves, but that the sensitivity to crack size is dependent on the boundary conditions of each layer. The boundary conditions are changed by applying various loads on the surface of each layer
by tightening and loosening the fasteners that hold the sample together.
This variation depicts representative conditions found on aircraft. The
experimental results are supplemented by modeling of guided wave propagation within the structure using Finite Element Methods. The primary
parameter studied in the modeling effort is the effect of the changes in
the boundary condition on the mode and amplitude of the guided wave.
The results of this investigation establish some recommendations for the
use of guided waves in multi-layered structures, plus challenges that exist for their use in SHM applications and strategies to address these challenges.

Integrated plate and surface acoustic wave sensors
for health monitoring

6532-07, Session 2

C. Jen, M. Kobayashi, K. Wu, L. Song, N. Mrad, National
Research Council Canada (Canada)
For diagnostic and prognostic health monitoring (DPHM) there is a critical
need for integrated in-situ sensors for local and global damage detection
and assessment. The purpose of this study is to demonstrate the on-site
fabrication capability of integrated high temperature plate and surface
acoustic wave transducers directly onto desired structures or materials
for DPHM applications, including high temperatures using hand held devices. One of the goals is to use these structurally integrated sensors, to
inspect in-flight aircraft critical components, thus increasing platform availability and reducing associated maintenance costs.
Piezoelectric composite films using submicron size lead-zirconate-titanate or bismuth titanate powders mixed with solution of high dielectric
constant are directly sprayed onto steel and aluminum substrates to form
the desired sensors. These structurally integrated sensors are then dried
and fired by heat. Multiple coatings are used to achieve desired sensors
characteristics and preferred thicknesses for plate or surface acoustic
wave generation and detection. A corona poling is used to achieve the
piezoelectricity of the film sensors. The interdigital transducer (IDT) mask
was made by electrical discharge machining method and the top IDT
electrode was then made by a spray technique or a electroless plating
method. The center frequency of the IDT for plate and surface acoustic
waves was designed to be around 1 MHz. IDT patterns can be made for
bi-direction planar and cylindrical wave propagation wave front.
The thicknesses of the specimens (steel and aluminum) are chosen so
that specific plate and surface acoustic waves can be efficiently generated and received. Both smooth and sand blasted sample surfaces have
been tested. The measurement results have been compared with theoretical calculations using isotropic substrate mode and good agreements
have been obtained. The detection of cracks is demonstrated as well.
SPIE Smart Structures and Materials 2007

Impact of ultrasonic guided wave transducer design
on structural health monitoring of composite
structures
H. Gao, J. L. Rose, The Pennsylvania State Univ.
Much research is currently being carried out onr structural health monitoring of composite structures. Ultrasonic guided wave based methods
are becoming popular because of a good compromise between coverage area and sensitivity to localized damage. However, the transducers
currently used in the structural health monitoring field are limited by their
capability, availability, and cost. Design parameters such as element number, element width, and excitation frequencies are being explored in this
paper to achieve benefits of increased sensitivity, resolution, and penetration power.
The work presented in this paper provides an example of transducer design in a 16 layer quasi-isotropic composite laminate. The essence of our
theoretically driven transducer design is to select a suitable guided wave
excitation source that can achieve a satisfactory guided wave excitation,
propagation, and damage interrogation performance.
A numerical modeling toolset was developed to simulate spatial and frequency dispersion relations, wave structure and skew angle of each guided
wave mode, which are all critical to the transducer design process. The
normal mode expansion technique was used to simulate the wave excitation capability of a piezoelectric transducer attached on the surface of
a composite structure. Wave scattering sensitivity for delamination and
surface erosion damage was also estimated through the normal mode
expansion technique. All these aspects of wave propagation, excitation
and sensing are considered comprehensively in a fuzzy logic decision
making program to provide recommendations on acceptable mode selection and source design.
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Validation and comparison of the transducer designs are carried out with
both finite element modeling and experimental tests. Several excitation
sources with desired mode selection performance and some other arbitrary selected transducers are studied. Result shows that well formed
wave packages are excited from specially developed transducer designs.
However, when using randomly selected transducers, the waves are either difficult to be excited, highly dispersive, or highly skewed.
Therefore, for composite structures, a specific transducer design based
on wave mechanics study is critically needed to achieve good health
monitoring performance.

gation distance and therefore sensor spacing. An example for the case of
5 mm thick aluminum plate shows that the residual signal from an edge is
larger than the signal expected from damage in the form of a 5 mm diameter through hole, even for a quite modest senor spacing of 1000 mm and
an ambient temperature change of only 5 degrees Celsius. It is shown
that a significant improvement (typically 20 dB) is possible if signal envelopes rather than RF signals are subtracted but that this leads to the problem of sensitivity functions that vary non-monotonically and which may
even include blind spots. Finally the choice of sensor configuration, guided
wave mode and operating modality are discussed and compared.

6532-08, Session 2

6532-10, Session 2

Instantaneous crack detection under changing
operational and environmental variations

On piezoelectric Lamb wave-based structural health
monitoring using instantaneous baseline
measurements

S. B. Kim, H. Sohn, Carnegie Mellon Univ.
A new methodology of guided wave based nondestructive testing (NDT)
is developed to detect crack damage in a thin metal structure without
using prior baseline data or a predetermined decision boundary. In conventional guided wave based techniques, damage is often identified by
comparing the “current” data obtained from a potentially damaged condition of a structure with the “past” baseline data collected at the pristine
condition of the structure. However, it has been reported that this type of
pattern comparison with the baseline data can lead to increased false
alarms due to its susceptibility to varying operational and environmental
conditions of the structure. To develop a more robust damage diagnosis
technique, a new concept of NDT is conceived so that cracks can be
detected even when the system being monitored is subjected to changing operational and environmental conditions. The proposed NDT technique utilizes the polarization characteristics of the piezoelectric wafers
attached on the both sides of the thin metal structure. Crack formation
creates Lamb wave mode conversion due to a sudden change in the
thickness of the structure. Then, the proposed technique instantly detects the appearance of the crack by extracting this mode conversion
from the measured Lamb waves, and the threshold value from damage
classification is also obtained only from the current data set. Numerical
and experimental results are presented to demonstrate the applicability
of the proposed technique to instantaneous crack detection.

6532-09, Session 2
Sensitivity limitations for guided wave structural
health monitoring
P. D. Wilcox, A. J. Croxford, G. Konstantinidis, B. W. Drinkwater,
Univ. of Bristol (United Kingdom)
Guided acoustic waves can easily propagate over distances of tens of
metres in many structures and are reflected to varying degrees by defects such as corrosion, cracks and delaminations. Furthermore deployable
guided wave systems are commercially used for the inspection of long
lengths of pipelines in non-destructive testing (NDT) applications. On this
basis it might seem that guided waves could be used in a structural health
monitoring system (SHM) that is able to detect damage anywhere in a
structure with a relatively sparse array of permanently attached sensors.
Furthermore, while guided wave NDT is limited to simple structures because of the problem of signal interpretation, reference signal subtraction
can be applied to guided wave SHM hence apparently solving the problem of structural complexity. Despite this, and considerable international
research effort, there have been no serious commercial applications of
guided wave SHM. In this paper, the concept of guided wave propagation and reference signal subtraction are examined at a fundamental level
to analytically estimate the sensitivity of the reference signal subtraction
approach. It is argued that the limitation on sensitivity is the size of the
residual signal left after baseline signal subtraction. The subtraction is
never perfect due to environmental changes and results in imperfect cancellation of the signals from benign structural features, such as welds,
edges, flanges etc. It is shown that the sensitivity decreases with propa-
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S. R. Anton, Virginia Polytechnic Institute and State Univ.; G.
Park, C. R. Farrar, Los Alamos National Lab.; D. J. Inman,
Virginia Polytechnic Institute and State Univ.
A critical aspect of any Structural Health Monitoring (SHM) system is the
ability to compare current data obtained from a structure to a prerecorded
baseline measurement taken for the undamaged case. Several Lamb
wave-based SHM techniques have been successfully developed that use
baseline measurements to identify damage in structures. The method
developed in this study aims to instantaneously obtain baseline measurements in order to eliminate any complications associated with
archiving baseline data and with the effects of varying environmental conditions on the baseline data. The proposed technique accomplishes instantaneous baseline measurements by deploying an array of piezoelectric sensors/actuators used for Lamb wave propagation-based SHM such
that data recorded for equidistant sensor-actuator path lengths can be
used to instantaneously identify several common features of undamaged
paths. Once identified, data from these undamaged paths can be used
as a baseline for near real-time damage detection. This method is made
possible by utilizing sensor diagnostics, a recently developed technique
which minimizes false damage identification and measurement distortion
caused by faulty sensors. Several aspects of the instantaneous baseline
damage detection method are detailed in this paper including determination of the features best used to identify damage, development of statistical algorithms used to analyze data, comparison of various sensor/actuator deployment schemes, and the ability of the method to detect damage in both simple and complex structures.

6532-11, Session 3
Active sensing-based structural health monitoring
using pattern recognition techniques
S. Park, C. Yun, Korea Advanced Institute of Science and
Technology (South Korea); D. J. Inman, Virginia Polytechnic
Institute and State Univ.
An active sensing system composed of several PZT/MFC patches was
investigated in conjunction with both impedance and guided wave propagation methods to detect real damage of steel structures including a railroad track section and a simple beam-like structure. The active sensing
system has been extensively investigated for the efficient use in structural health monitoring (SHM) applications. The principal component analysis (PCA) algorithm is applied to the raw data obtained from the PZT/
MFC patch to enhance a local data analysis-capability of the active sensing system, maintaining the essential vibration or wave propagation characteristics and eliminating the unwanted noises including environmental
effects such as temperature, humidity, etc through the data compression.
Further, the support vector machine (SVM) is also applied for damage
detection and classification. The feasibility of the proposed methods was
demonstrated by experimental examples with two different kinds of steel
structures. This paper summarizes the description of the proposed active
sensing methods, pattern recognition techniques, and several issues that
can be used as a guideline for future investigation.
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6532-12, Session 3

6532-15, Session 3

SAFE modeling of elastic waves in axis-symmetric
waveguides

Lamb wave phased array beam steering in composite
plates

I. Bartoli, Univ. of California/San Diego; A. Marzani, Univ. degli
Studi di Bologna (Italy); F. Lanza di Scalea, Univ. of California/
San Diego; P. Rizzo, Univ. of Pittsburgh; E. Viola, Univ. degli
Studi di Bologna (Italy)

F. Yan, J. L. Rose, The Pennsylvania State Univ.

The authors have recently extended the Semi-Analytical Finite Element
(SAFE) method to model wave propagation in waveguides accounting for
material damping. Prior studies were conducted on plate-like structures
and arbitrary cross-section structures. In this paper the technique is applied to axis-symmetric waveguides. This problem is relevant to the structural monitoring of cables, prestressing strands and pipes by ultrasonic
guided wave probing. Results will be shown both in terms of modal (unforced) solutions and in terms of forced solutions. Relevant points that
are useful for structural monitoring applications, such as low-loss modefrequency combinations, will be identified for all the cases examined.

6532-13, Session 3
Modal decomposition of double-mode Lamb waves
with attenuation
K. Luangvilai, L. J. Jacobs, J. Qu, Georgia Institute of
Technology
This research proposes a technique to decompose a transient Lamb wave
signal consisting of two Lamb modes (called a double-mode Lamb wave
signal). Existing Lamb modes may experience attenuation for generality.
This technique assumes a Lamb-wave propagation model with the known
(or measurable) propagation characteristics (relationships between frequency and the real part of wavenumber of existing modes) to solve for
the unknown attenuation characteristics. The proposed technique determines attenuation for the best fit of the model to the test signals. The
proposed technique is first verified for both simulated signals to demonstrate the method’s accuracy in an almost-ideal situation, and then applied for the real experimental signals. Calculated attenuation is presented
with the numerically-predicted values.

6532-14, Session 3
Electro-mechanical analogies for modeling the
structural impedance response
A. N. Zagrai, New Mexico Institute of Mining and Technology
Electro-mechanical (E/M) impedance is a powerful structural identification and health monitoring (SHM) technique that allows for inferring highfrequency structural dynamic characteristics directly by interrogating a
network of embedded piezoelectric active sensors. In recent years, there
has been a considerable interest in expanding range of applications of
the electromechanical impedance technique, its synergistic integration
into complementary SHM methodologies, and miniaturizing the associated impedance measurement circuitry. The present work is aimed at
developing an E/M impedance modeling approach that explores analogies between electrical and mechanical systems and permits representation of the mechanical system elements in terms of equivalent electrical
circuits. The advantage of such a representation is that analytical modeling is substantially simplified by considering a network of electrical elements, mechanical quantities are incorporated directly into the electrical
model of a measurement unit, and modern circuit design, simulation and
analysis software tools can be employed to improve the method performance. The electro-mechanical model of a piezoelectric impedance sensor is discussed and development of the electrical circuit representation
of the sensor-structure interaction is presented. The proposed electrical
and existing mechanical models are compared showing a good agreement. Applicability of the developed modeling approach is discussed and
examples of numerical calculations are provided. It is suggested that describing a sensor-structure electro-mechanical system in terms of electrical analogies could simplify analytical modeling and improve instrumentation design.
SPIE Smart Structures and Materials 2007

Lamb wave phased array systems have great potential in structural health
monitoring (SHM), especially for aircraft applications due to its capability
of steering the emitted Lamb wave beam to inspect a large area with the
sensor array at just one accessible position. However, when the Lamb
wave phased array is applied to composite panels of an aircraft component, the anisotropic behavior of the composite materials leads to a significant influence on the beam steering performance of the phased array.
In this study, mode neighborhoods in dispersion curves where Lamb waves
have quasi-isotropic behavior (i.e. constant or similar phase velocities in
different wave propagation directions) are explored for unidirectional,
cross-ply, and quasi-isotropic composite plates. It was demonstrated that
the energy skewness of Lamb waves was well suppressed in these mode
neighborhoods. Furthermore, by utilizing a modified delay-and-sum beam
forming algorithm, the Lamb wave beam of a linear phased array can be
steered quite well to the desired directions in a composite plate.

6532-16, Session 3
Simultaneous multipoint acousto-ultrasonic sensing
based on fiber wave bragg grating sensors
J. Lee, J. Takatsubo, H. Tsuda, National Institute of Advanced
Industrial Science and Technology (Japan)
We introduce a simultaneous multipoint acousto-ultrasonic (AU) sensing
system using a high power tunable laser and fiber wave Bragg grating
(FWBG) sensors. The demodulation technique is actually same as the
existing method where the narrowband lasing peak is tuned to a
midreflection point in a fiber Bragg grating (FBG) spectrum. However, the
sensor head is changed to the FWBG sensor for which a FBG is installed
in a strain-free configuration and then it detects AU waves in a structure
not directly but in the form of a fiber-guide wave. Therefore since the
structural strain cannot make Bragg wavelength move, multiple FBGs
with the identical spectrum can be connected with the multiple optical
paths realized by equal light intensity dividers. The possible temperature
difference among the multiple FWBG sensors is passively resolved by
using FBGs with a smaller length, which provides a wider temperatureoperating region. Consequently, we can resolve the problem that the FBG
spectrum is easily deviated from the lasing wavelength by strain. In addition, the simultaneous multipoint sensing capability based on a single
laser improves the cost-performance ratio of the optical system, reduces
structural inspection time, and enables in-situ health monitoring of a real
structure exposed to large and dynamic strain. The system feasibility is
demonstrated in the structural health monitoring examples such as acoustic emission source localization, ultrasonic wave detection in a deflected
composite plate and development of hybrid diagnostics based on a pulsed
laser and the built-in FWBG sensors.

6532-17, Session 4
Guided wave based structural health monitoring of
piping systems
F. Schubert, B. B. F. Frankenstein, K. Froehlich, M. Kuettner,
Fraunhofer-Institut für Zerstörungsfreie Prüfverfahren
(Germany); R. Petricevic, Neue Materialien Würzburg GmbH
(Germany)
In the present paper guided elastic waves in the frequency range between 100 and 250 kHz, generated and detected by appropriate transducer arrays, are used to monitor the structural integrity of piping systems by comparing the actual state of the pipe with a predefined reference state. For these purposes, theoretical, numerical, and experimental
results are combined to study guided wave propagation and wave interaction with relevant defects in detail. Based on these findings, a guided
wave based multi-channel SHM system is designed and applied for moni-
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toring of crack-like defects in steel pipes. A synthetic aperture technique
is presented yielding spatial distributions of damage parameters along
the pipe. The results reveal that guided wave based SHM in the kHz frequency regime has great potential for online monitoring of piping systems. It combines imaging techniques with long range detection capabilities and therefore closes the gap between high-frequency NDE on the
one hand and low-frequency vibration analysis on the other hand.

6532-18, Session 4
Parametric studies on attenuation of cylindrical
guided-waves

allowing sensors to be designed to be either sensitive or impervious to
surface effects. The dispersivity of the guided wave velocity can also be
optimized for applications involving time-of-flight measurements. Despite
the advantages afforded by guided wave analysis, current magnetostrictive transducers, consisting of coil of wire and a bias magnet, can not
perform at the frequencies necessary to excite higher order guided wave
modes. In order to advance the capability of magnetostrictive transducers for ultrasonic guided waves in wires, the design parameters of inductance coils are examined. Using a Laser Doppler Vibrometer, ultrasonic
displacements are measured over a range of excitation frequencies for
different coil configurations and parameters to determine the feasibility of
developing a higher mode magnetostrictive transducer.

W. Na, J. Kim, D. Hong, Pukyong National Univ. (South Korea)

6532-21, Session 5

Guided wave techniques have been used for pipeline inspection because
of the long-range inspection capability of guided waves. One of main
concerns of these techniques is how ones decide the axial interval of
sensors when they are utilized for pipeline inspection. This question is
related to the characteristic of cylindrical guided wave propagation, especially wave attenuation. Thanks to modern computer science, it is possible to numerically generate the wave attenuation dispersion curves.
However, in reality, it is not easy to predict the exact but economic sensors interval because of too many factors affecting wave attenuation. Thus,
a preliminary numerical investigation has been numerically done for estimating the interval. Various parameters such as boundary conditions, pipe
materials, pipe geometry, and filling materials inside pipes are considered
for the investigation. The effects of those parameters on the attenuation
of cylindrical guided waves are obtained from the numerical calculation.
Those effects are summarized and a simple formula predicting wave attenuation is made with the concept of parametric density.

Effect of a fluid wedge on the wave propagation
along a fluid-solid interface: a modeling approach

6532-19, Session 4
Optimization of the magnetic field for wide-band
EMATs to increase the efficiency of the excitation and
detection of guided ultrasonic waves traveling on
metallic rods
E. Twerdowski, W. Grill, Univ. Leipzig (Germany)
The components creating the magnetic fields in electromagnetic acoustic transducers (EMATs) have been optimized for efficient wide band excitation and detection of guided ultrasonic waves travelling on rods. The
field created by a permanent magnet has been optimized in magnitude
and shape. Additionally a rather localized dynamic field is used for excitation respectively a similarly localized inductive probe for detection. The
presentation includes an application where the local sound velocity is
detected with high resolution for guided waves travelling on rods. This
technology can serve the purpose to detect even small variations of the
group velocity and respective inhomogenieties or flaws in rods and is
also employed for the detection of the solid liquid interface under directional solidification for experiments in the
Material Science Laboratory (MSL) of the International Space Station (ISS).

6532-20, Session 5
Ultrasonic magnetostrictive transducers for guided
ultrasonic waves in thin wires
M. M. Kropf, B. R. Tittmann, The Pennsylvania State Univ.
The magnetostrictive effect is used to generate ultrasonic waves for a
variety of health monitoring applications. Given the ductile nature of many
ferromagnetic materials and the common geometrical configuration of
magnetic inductance coils, magnetostrictive generation of ultrasound is
especially suitable for long cylindrical waveguides such as thin wires.
Furthermore, utilizing ultrasonic guided wave modes in such waveguides
provides a robust tool for remote inspection of materials or environments
over long distances. Through the use of different guided wave modes,
structural health monitoring sensors could be tailored to suit individual
applications. Guided wave modes offer a choice in displacement profile
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S. Banerjee, S. Das, C. M. Dao, T. Kundu, The Univ. of Arizona
In this paper a semi-analytical technique called Distributed Point Source
Method (DPSM) is adopted for modeling ultrasonic field in a wedge shaped
fluid structure supported by a solid half space. This study is of practical
interest. For example, ultrasonic waves are used for underwater communications and inspections. Better understanding of the elastic wave propagation in water and in submerged marine strata near the sea shore requires extensive investigations of such problem geometries. The semianalytical technique developed here considers a bounded acoustic beam
striking a fluid-solid interface near a fluid wedge meeting a solid halfspace. Solution of this problem is beyond the scope of the currently available analytical methods. However, it is important to consider the effect of
bounded beams because in all underwater communications and inspections bounded beams are considered. Currently only numerical method
(Boundary Element Method or Finite Element Method) based packages
(e.g. PZFlex) are in principle capable of modeling ultrasonic fields in such
structures. However, these packages are very CPU intensive; those require huge amount of computation memory and time for their executions
that DPSM technique can avoid. Effect of the angle variation between the
fluid-solid interface and the free fluid surface on the wave propagation
characteristics is studied and presented in this paper.

6532-22, Session 5
Analytical and experimental evaluation of
piezoelectric wafer active sensors performances for
Lamb waves based structural health monitoring in
composite laminates
B. S. Giola, Univ. of South Carolina; N. Chrysochoidis, Univ. of
Patras (Greece); V. Giurgiutiu, Univ. of South Carolina; D. A.
Saravanos, Univ. of Patras (Greece)
Recent work on structural health monitoring techniques has indicated
benefits of using guided lamb waves in detecting various types of small
size damage and in interrogating the condition of a structural component. The application of guided lamb waves towards the detection of damage in composite materials remains an open issue; hence, current interest is directed to the usage of lamb waves for revealing the damage in
composite structures. A promising tecnique is the excitation and detection of lamb waves via piezoelectric wafer active sensors (PWAS), which
are small, have low weight and cost and can be attached or embedded in
composite structures. The proposed paper will present two analytical
approaches for predicting Lamb wave propagation in metallic and composite structures with surface attached PWAS. These approaches enable
formal modeling and design of a smart structural health monitoring system with active piezoelectric sensors. The first approach implements a
layerwise mechanics theory and a finite element for laminated composite
beams with piezoelectric sensors and actuators and delaminations. The
second approach uses a transfer matrix methodology and exact solution
of PWAS-plate interaction.
Wave propagation predictions will be performed using a 2-D layerwise
beam theory approximating the in-plane displacement, the through-thick-
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ness displacements and the electrical field as a continuous assembly of
linear layerwise fields through the thickness. This model is also able to
predict the effect of delamination cracks, by the introduction of additional
degrees of freedom. The consideration of a variable transverse displacement field provides the capability of capturing both symmetric and antisymmetric Lamb modes, and also other complex phenomena, not captured by models assuming constant transverse displacement fields. This
layerwise model shortly provides the base for the development of both a
semi-analytical solution and a beam finite element, which have the ability
to predict the wave propagation and electromechanical transient response
of laminated composite beams, respectively.
Additionally prediction of symmetric and antisymmetric Lamb modes will
be done for undamaged structures (beams and plates) using transfer matrix
methodology. The method developed by Nayfeh can be used to predict
dispersion curves for composite structures made of several layers with
different ply orientation. The results for the simple case of composite plate
of unidirectional fibers will be used to model the elastic field of the plate in
the vicinity of the PWAS actuator.
Analytical and experimental results will be presented for composite structures. The performance of the two analytical approaches to predict the
Lamb wave propagation and dispersion curves in various composite structures excited via PWAS will be evaluated. Sensor signals and power of
transmitted and reflected waves will pre predicted. Local displacement
and stress distribution curves through the thickness will be presented, at
various time moments of the transient response, to reveal the wave propagation through the thickness of a composite structure. Additionally dispersion curves will be presented for delaminated composite beam investigating the effect of damage introduction on the high frequency transient
response and wave propagation. Analytical predictions of both methods
will be correlated with experimental measurements on composite structures actuated with PWAS.

6532-23, Session 5
Sensitivity comparisons of layered Rayleigh wave and
Love wave acoustic devices
M. K. Pedrick, B. R. Tittmann, The Pennsylvania State Univ.
Due to their high sensitivity, layered Surface Acoustic Wave (SAW) devices are ideal for various film characterization and sensor applications.
Two prominent wave types realized in these devices are Rayleigh waves
consisting of coupled Shear Vertical and Longitudinal displacements and
Love waves consisting of Shear Horizontal displacements. Theoretical
calculations of sensitivity of SAW devices to pertubations in wave propagation are limited to idealized scenarios. Derivations of sensitivity to mass
change in an overlayer are often based on the effect of rigid body motion
of the overlayer on the propagation of one of the aforementioned wave
types. These devices often utilize polymer overlayers for enhanced sensitivity. The low moduli of such overlayers are not sufficiently stiff to accommodate the rigid body motion assumption. This work presents device modeling based on the Finite Element Method. A coupled-field model
allows for a complete description of device operation including displacement profiles, frequency, wave velocity, and insertion loss through the
inclusion of transmitting and receiving IDTs. Geometric rotations and coordinate transformations allow for the modeling of different crystal orientations in the piezoelectric substrate. The generation of Rayleigh and Love
Wave propagation was realized with this model by examining propagation in ST Quartz both normal to and in the direction of the X axis known
to support Love Waves and Rayleigh Waves, respectively. Sensitivities of
layered SAW devices to pertubations in mass, layer thickness, and mechanical property changes of a Polymethyl methacrylate (PMMA) overlayer
were characterized and compared. Experimental validation of these models is presented. A discussion of existing and novel applications in materials characterization and environmental sensing of such devices is provided.
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6532-24, Session 5
Application of Gabor transform on cylindrical guided
waves to detect defects in underground pipes
R. Ahmad, S. Banerjee, T. Kundu, The Univ. of Arizona
Gabor transform is a powerful signal processing tool. Gabor transform
maps a signal into a two dimensional function of time and frequency which
provides information about both when and at what frequency a signal
arrives. In this paper, investigations are carried out for the applicability of
cylindrical guided waves, generated for underground pipes, to detect
defects in pipes. Cylindrical guided waves are generated by piezo-electric transducers. Guided waves are propagated through pipes that are
buried in the soil by placing transmitters on one end of the pipes and the
receivers on the other end. The recorded signals are then processed using 2-D Gabor Transform or Short Time Fourier Transform (STFT). Gabor
transform converts the time-amplitude signal into a time frequency signal
which shows the group velocities of the signal. These experimentally obtained group velocities are then compared with the theoretical velocities
for cylindrical pipes embedded in the soil. From the comparison of the
theoretical and experimental group velocities, an effort has been made to
identify which modes are propagating throgh the embedded defective
pipes and which ones are being scattered by the pipewall defects.

6532-25, Session 6
Application of Hilbert-Huang transformation for
detection of damage in concrete
H. Wu, Wayne State Univ.; F. Pai, Univ. of Missouri/Columbia
Several nondestructive testing methods can be used to estimate the extents of damage in a concrete structure. Pulse-velocity and amplitude
attenuation are very common in nondestructive ultrasonic evaluation.
Velocity of propagation is not very sensitive to the degrees of damage
unless a great deal of micro-damage have evolved into localized macrodamage. Amplitude attenuation is potentially more sensitive than pulsevelocity. However, this method depends strongly on the coupling conditions between transducers and concrete, and hence is unreliable. In a
previous study, a new active modulation approach, Nonlinear Active Wave
Modulation Spectroscopy, was developed and found promising to allow
early detection of damage in concrete. In this procedure, a probe wave is
passed through the system in a fashion similar to regular acoustic methods for inspection. Simultaneously, a second, low-frequency modulating
wave is applied to the system to effectively change the size and stiffness
of flaws microscopically and cyclically, thereby causing the frequency
modulation to change cyclically as well. The resulting amplified modulations can be correlated to the extents of damage with the effect that even
slight damage should become quantifiable. In this paper, we investigate
the use of Hilbert-Huang transform (HHT) for time-frequency decomposition of nonlinear non-stationary time-domain responses to detect and
estimate damage in concrete.

6532-26, Session 6
An improved DPSM technique for modelling
ultrasonic fields in cracked solids
S. Banerjee, T. Kundu, The Univ. of Arizona; D. Placko, École
Normale Supérieure de Cachan (France)
Distributed Point Source Method (DPSM) is being used for modelling various ultrasonic, electrostatic and electromagnetic problems in recent years.
In conventional DPSM several point sources are placed near the transducer face, interface and anomaly boundaries. The ultrasonic or the electromagnetic field at any point are computed by superimposing the contributions of different layers of point sources whose radiations can reach
the point of interest. The conventional DPSM modelling technique is modified in this paper so that the contributions of the point sources in the
shadow region can be removed from the calculations. For this purpose
the conventional point sources that radiate in all directions are replaced
by Controlled Radiation Sources (CRS). CRS can take care of part of the
shadow region problem. The rest of this problem that cannot be taken
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care of by simply introducing CRS is handled by introducing artificial interfaces as discussed in this paper. Numerically synthesized fields obtained by the conventional DPSM technique that does not give any special consideration to the point sources and the proposed modified technique that nullifies the contributions of the point sources in the shadow
region are compared. One application of this research can be found in the
improved modelling of the real time ultrasonic non-destructive evaluation
experiments.

6532-27, Session 6
Advanced signal processing for structural
identification: experiment studies
J. Zhang, Kyoto Univ. (Japan)
The aim of this study is using the observed data from a shaking table test
to verify experimentally the SVR-based (support vector regression) structural identification approach, which has been developed in previous work
and showed excellent performance in robustness and accuracy for largescale structural health monitoring in numerical verifications. The SVR, a
promising data processing method, employs a novel -insensitive loss function and the ‘Max-Margin’ idea, thus the SVR-based approach identifies
structural parameters accurately and robustly, even when the I/O data
are corrupted by high-level, non-Gaussian noise. Moreover, the sub-structural technique is used, thus the SVR-based approach work rapidly on a
reduced dimension. Experimental validation is necessary to check how
this method applied successfully in the reality. For this purpose, a fivefloor shear-building shaking table test has been conducted to verify experimentally the efficiency of the SVR-based approach. Two cases, in
which the input excitations added on the shaking table are Kobe (NS
1995) earthquake and Sine wave with constant amplitude, respectively,
are investigated.

6532-28, Session 6
Analysis of bearing vibration signatures using
empirical mode decomposition and Hilbert-Huang
transform
S. Haran, M. A. Davidson, Arkansas State Univ.; L. W. Salvino,
Naval Surface Warfare Ctr.
Vibration-based damage detection has grown over the past decade with
considerable attention paid towards monitoring of civil structures and
machines. Much of the focus has been based on comparison of system
properties ‘before’ and ‘after’ after damage, with the premise that the
system can be treated as linear in both states. This work uses a novel
method for analyzing vibration signatures, aimed at monitoring structures
and machines for incipient damage. This non-destructive method is based
on a new technique, Empirical Mode Decomposition (EMD) and HilbertHuang Transform (HHT) for non-stationary and non-linear time series analysis. The technique essentially allows the decomposition of the time-domain signals into intrinsic oscillatory modes, providing a time-frequency
distribution. Results from analysis of vibration signatures from anti-friction bearings will be presented. The data was obtained from experiments
conducted on a lab test set-up specifically designed for this study. Analysis based on the time-frequency plots and Hilbert-Huang spectrum illustrate that this new approach may allow for the development of a reliable
damage detection methodology for antifriction bearings.

D-S (Dempster-Shafer) evidence theory and Shannon entropy are employed for decreasing the uncertainty and improving accuracy of damage
identification. Regarding that the multiple evidence from different information sources are different importance and not all the evidences are
effective for the final decision. The different importance of the evidences
is considered by assigning weighting coefficient. Shannon entropy is a
measurement of uncertainty. In this paper it is employed to measure the
uncertainty of damage identification results. The first step of the procedure is training several artificial neural networks with different input parameters to obtain the damage decisions respectively. Second, weighing
coefficients are assigned to neural networks according to the reliability of
the neural networks. The Genetic Algorithm is employed to optimize the
weighing coefficients. Third, the weighted decisions are assigned to information fusion center. And in fusion center, we present a selective fusion method. Numerical studies on Binzhou Yellow River Highway Bridge
are carried out. The results indicate that the method proposed can improve the damage identification accuracy and increase the reliability of
damage identification to compare with the method by neural networks
alone.

6532-30, Session 7
Chaotic and ambient vibration analysis of composite
lap joint damage
L. M. Pecora, J. A. Nichols, M. E. Seaver, S. T. Trickey, S.
Motley, Naval Research Lab.
We examined strain time series from fiber Bragg gratings sensors located
in various positions on a composite material beam attached to a steel
plate by a lap joint. The beam was vibrated using both broad-band chaotic signals, and a narrow band signal conforming to the PiersonMoskowitz frequency distribution for wave height (ambient excitation).
The system was damaged by decreasing the torque on instrumented bolts
in the lap joint from very tight all the way through to a joint with a gap and
slippage. We analyzed the strain data by reconstructing the attractor of
the system in the case of chaotic forcing and a pseudo-attractor in the
case of sea-wave forcing. Using the highest torque case as an “undamaged” baseline, we calculated the continuity statistic between the baseline
attractor and the attractors of the various damage levels for both forcing
cases. We show where one can and cannot say that the functional relationship between the attractors changes and how those changes are related to damage levels.

6532-31, Session 7
Exploring the sensitivity of the auto-bispectrum as a
nonlinearity detector
J. M. Nichols, Naval Research Lab.; P. Marzocca, Clarkson
Univ.; S. T. Trickey, M. E. Seaver, Naval Research Lab.

6532-29, Session 6

Higher-order spectra (HOS) appear often in the analysis and identification
of nonlinear systems. The auto-bispectrum is one example of a HOS and
is frequently used in the analysis of stationary structural response data to
detect the presence of structural nonlinearities. In this work we derive the
formula for the auto-bispectrum and also for the sensitivity of the autobispectrum to changes in system parameters. We then build a nonlinearity
detector based on the auto-bispectrum using the method of surrogate
data. The performance of the detector is quantified using a Receiver Operating Characteristic (ROC) curve illustrating the trade-off between TypeI error and power of detection (1-Type-II error). Results are presented for
different levels of nonlinearity.

Application of information fusion and Shannon
entropy in structural damage detection

6532-32, Session 7

Y. Bao, H. Li, Harbin Institute of Technology (China)
Vibration-based damage identification is a useful tool for structural health
monitoring. However, the uncertainties caused by measurement noise,
modeling error involved in an analytical model, and environmental changes
such as variations in temperature and load conditions can impede reliability of damage identification. In this paper, information fusion based on
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Identification of damage in a suspension component
using narrowband and broadband nonlinear signal
processing techniques
D. E. Adams, M. Haroon, Purdue Univ.
A crack is seeded in the stabilizer bar of an automotive suspension sys-
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tem and durability tests on the suspension are used to grow the crack
size. During these tests, slow sine sweeps are used to extract narrowband
restoring forces in multiple response directions across the stabilizer bar.
The restoring forces are shown to characterize the linear and nonlinear
changes in stiffness and damping due to crack growth. Time-frequency
analysis along with higher order frequency response models across the
cracked region are also used to characterize the extent to which even
and odd harmonics are produced by the crack. Broadband frequency
response domain techniques are also used to analyze the durability response data. Nonlinear frequency domain models of the transmissibility
across the cracked region are shown to change as a function of crack
growth. Comparisons between linear indicators (reduction in linear stiffness) and nonlinear indicators (magnitude of harmonic response components) are made. It is shown that both linear and nonlinear methods for
characterizing fatigue crack growth are desirable because linear methods quantify the strength of the component whereas nonlinear methods
indicate qualitative changes in crack growth.

6532-33, Session 7
Development of higher-order spectra for randomly
excited quadratic nonlinear systems: Volterra
functional series approach
P. Marzocca, Clarkson Univ.; J. M. Nichols, M. E. Seaver, S. T.
Trickey, Navy Research Lab.; A. Milanese, Clarkson Univ.
Higher order spectral analysis techniques are often used to identify nonlinear interactions in modes of complex dynamical systems. More specifically the bispectrum and cross-bispectrum have proven to be useful
tools in testing for the presence of quadratic nonlinearities based on a
system’s stationary response. In this paper a class of mechanical system
represented by a second-order nonlinear ordinary differential equation
subject to random forcing is considered. Analytical expressions for the
second-order auto- and cross-spectras are determined using a Volterra
functional approach and the presence and extent of nonlinear interactions between frequency components are identified. Numerical simulations accompany the analytical solutions to show how modes may interact nonlinearly producing intermodulation components at the sum and/or
difference frequency of the fundamental modes of oscillation. Further we
show how the proposed technique can be used to identify the source of
non-linearity due to interactions at specific frequencies. Such identification tools can be used as a benchmark for validation of nonlinear analysis
methods associated to structural health monitoring techniques and to
reduce the burden associated with these methods. Advantages of using
higher-order spectras techniques will be revealed and pertinent conclusions will be outlined.

6532-34, Session 7
Damage identification through generalized
correlations between measurements
L. A. Overbey, M. D. Todd, Univ. of California/San Diego
Information theory based features developed within the perspective of
generalized correlation and synchronization among measurements have
recently proven to be successful at detecting damage in structures. Features such as interdependence and transfer entropy also have the advantage of determining directionality of information flow within systems. Therefore, in addition to damage indications, these features can also provide
details about the location and type of damage present in a structure by
evaluating changes in information exchange between measurements. This
work proposes a framework for establishing such an analysis procedure
that can detect presence, extent, location, and type of damage in a structure from a single feature. This approach is validated on a multi-degree of
freedom spring-mass oscillator and an experimental frame structure.
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6532-35, Session 7
Tailored stochastic signals and comparison metrics
for structural health monitoring via evolutionary
programming
C. C. Olson, M. D. Todd, Univ. of California/San Diego
Recent work has demonstrated that the parameters of a system of ordinary differential equations may be adjusted via an evolutionary algorithm
to produce excitations that improve the sensitivity and noise robustness
of state-space based damage detection metrics for a simple structure in
a supervised learning mode. In a similar manner it was shown that the
bandwidth of a Gaussian noise input excitation could be adjusted to improve the detection capability of that same metric. This work demonstrates that an evolutionary algorithm can be used either to adjust the
parameters of a given probability density function, or similarly to shape or
color Gaussian noise such that improvement is seen in the sensitivity of
the detection metric. In addition, a similar algorithm is used to produce
comparison metrics that are optimized for a fixed (in a stationary sense)
stochastic input.

6532-36, Session 7
Estimation of structural parameters of nonlinear
structural system with unknown excitation and
limited observations
Y. Lei, Xiamen Univ. (China); J. P. Lynch, Univ. of Michigan; W.
A. Shen, Y. Song, Xiamen Univ. (China)
Estimation of structural dynamic parameters is of great importance for
the health monitoring of structures. Various techniques based on the analysis of vibration data of structures have been proposed. However, estimation of structural parameters of nonlinear structural system is still quite
challenging, especially when the excitation inputs are unknown and/or
only incomplete measurements of output response can be measured. In
this paper, a novel technique combing the recursive least-square estimation and Kalman filter approach is proposed for the real time on-line estimation of structural parameters at element level in nonlinear structural
systems, where external input information is not required and only a limited number of accelerometers are installed in the nonlinear structural
systems, indicating that acceleration responses are not available at all
degree of freedoms (DOFs) of the systems. Consequently, the proposed
technique has significant advantage over other previous numerical algorithms for the identification of structural parameter when external excitation inputs on structural systems are unknown, as it’s impractical to measure structural responses at all DOFs. Performance of proposed technique is illustrated by numerical examples including the estimation of the
parameters of hysteretic systems in the Boca-Wen models. For verification purpose, both noise-free and noise-included acceleration response
data are considered. Simulation results demonstrates that the proposed
technique provides an efficient tool for the identification of structural parameters of nonlinear structural system with Unknown excitation and limited acceleration observations, which can be applied in practical structural health monitoring.

6532-69, Poster Session
Remote assessment of new bridge deck systems
using wireless sensors
Y. K. Cho, G. Morcous, J. Youn, Univ. of Nebraska/Lincoln
This paper introduces an on-going research effort at the Peter Kiewit Institute (PKI) at Omaha, Nebraska for developing the technologies necessary for evaluating the long-term performance of the coming generation
of bridge systems rehabilitated or constructed using advanced materials.
According to the National Bridge Inventory Study Foundation, over 25%
of the 600,000 highway bridges in the U.S. are classified as either “deficient” or “functionally obsolete”. Bridge decks are considered the most
deteriorating component in bridge structures because they are directly
exposed to traffic and environment. The Federal Highway Administration
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(FHWA) has also reported that many bridge decks require major rehabilitation or replacement every 15 to 20 years to satisfy continuously growing demand, while other bridge components may last for up to 40 years
or more. Recently, new construction materials, such as fiber reinforced
polymers (FRP), ultra-high performance concrete, and engineered
cementious composites, have been introduced as promising alternatives
to conventional construction materials particularly concrete and steel. The
main advantages of the new materials are their high strength, corrosion
resistance, constructability, and light weight. Therefore, the current focus
of the FHWA is to advance the use of new materials to rebuild the U.S.
transportation infrastructure in the 21st century. However, most state departments of transportations hesitate to adopt these materials at a significant level. This is basically due to the limited experience within the
construction industry, inconsistent testing methodologies, and lack of longterm performance data, which is a serious obstacle toward the development of reliable design standards and widespread use of the new materials.
The main goal of this research is to evaluate the performance of fiber
reinforced polymer (FRP) bridge decks using the wireless sensor technology while other new materials still remain for future investigation. To accomplish this goal, this research is currently investigating the challenges
of FRP deck, parameters that control their behavior (fatigue, creep, deflection, delamination, cracking, shrinkage, movements, and vibration),
and their levels of abnormal status. Currently static and dynamic loading
tests are being conducted with honey-comb FRP bridge deck panels.
Based on the findings from the tests, as a short-term plan, this research
plans to develop a prototype of wireless sensor platform to efficiently
detect the identified challenges. In this research, a generic multi-sensing
platform is being considered to be developed to flexibly embed different
sensors in the platform for different parameter measurement from the
FRP panels. In the long-term plan, this research will integrate wireless
and sensing technologies to provide communication between the bridge
and the remote monitoring office for data analysis and maintenance management. To support this long-term plan a real-time Wireless Sensor Network (WSN) testbed required to study the performance of the proposed
wireless protocols has been established at the Peter Kiewit Institute (PKI)
and will be expanded to accommodate real-time aspects of the WSN
application. This wireless sensor testbed provides a multi-hop heterogeneous sensor network platform that enables the research team to explore
sensor network technologies in a real-world environment. The outcomes
of this research will contribute to making efficient and optimal maintenance decisions and saving taxpayers millions of dollars in bridge inspection, rehabilitation, and replacement.

6532-71, Poster Session

6532-70, Poster Session

M. Kobayashi, National Research Council Canada (Canada); Q.
Liu, K. Wu, McGill Univ. (Canada); C. Jen, J. Kuo, National
Research Council Canada (Canada)

Real-time long term measurement using integrated
framework for ubiquitous smart monitoring
G. Heo, G. Lee, Konyang Univ. (South Korea); W. Lee, J. Jeon,
Chungnam National Univ. (South Korea); P. Kim, Konyang Univ.
(South Korea)
A ubiquitous monitoring combining internet technologies and wireless
communication is one of the most promising technologies of infrastructure health monitoring against the natural or man-made hazards. In this
paper, an integrated framework of the ubiquitous monitoring is developed for real-time long term measurement in internet environment. This
framework develops a wireless sensor system based on bluetooth technology and sends measured acceleration data to the host computer
through TCP/IP protocol. And it is also designed to respond to the request of web user on real time basis. In order to verify this system, real
time monitoring tests are carried out on a prototype self-anchored suspension bridge. During the monitoring tests, various events are generated as representations of hazards, such as traffic collisions, strong winds
and ground motions, ect. Also, wireless measurement system is analyzed
to estimate its sensing capacity and evaluate its performance for monitoring purpose. Based on the evaluation, this paper proposes the effective strategies for integrated framework in order to detect structural deficiencies and to design an early warning system.
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Evaluation of dermal segment on viscoelasticity
measurement of skin by rheometer
T. Nemoto, National Institute for Longevity Sciences (Japan)
The engineering of human tissue represents a major technique in clinical
medicine. Material evaluation of skin is important as preventive medicine.
Decubitus originates in pressure and the rub. However, shearing in the
skin has exerted the influences on the sore pressures most. This paper
examines one demand of crucial importance, namely the real time in vivo
monitoring of the shearing characteristics skin tissue. Rheometer is a technology developed to measure viscoelasticity of solid and liquid. To measure viscoelasticity of the skin in the noninvasive with this device, we
remodeled it. It is ideal for the continuous monitoring of tissues in vivo.

6532-72, Poster Session
Study on damage identification of high-rise buildings
S. Yu, Xiamen Univ. (China)
Damage detection is the core technique of structure health monitoring
systems. Mostly, the detection is based on comparison of initial signatures (frequency, mode shapes and so on) of intact structure with that of
damaged structure. The techniques based on the analysis of vibration
data of structures have received great attention in recent years.
Generally, high-rise buildings have enough security under wind or some
other natural conditions. Instances of damage caused by routine work
can be rarely found. But under earthquake, high-rise buildings may occur
damages on some weakness area. In this paper, the damage detection is
studied on these weakness areas. Taking a high-rise building as an example and calculating the modal date by the finite element model, simple
and multi damages have analogized at the locations of weakness areas
determined by earthquake-resistance analysis, some mode shape-based
methods are used to identify the damage. The numerical example shows
that the damage can be effective identified by using vibration characteristics of the building.

6532-37, Session 8
Flexible ultrasonic array sensors for health
monitoring

The purpose of this investigation is to develop flexible ultrasonic array
transducers which can be attached to the desired structures or materials
for diagnostic and prognostic health monitoring applications through high
temperature glue or brazing or welding techniques. These flexible ultrasonic transducers (UTs) arrays consist of a thin substrate, a piezoelectric
ceramic film and top electrodes. The flexibility is realized owing to the
porosity of piezoelectric film and the thinness of substrate and electrodes.
In this paper, lead-zirconate-titanate composite is chosen as piezoelectric film and its thickness is from 40 to 90 µm fabricated by a spray technique. The thin substrates used were stainless steel foils or polymer films.
Top and bottom electrode materials are silver paste, silver paint or electroless plated nickel alloys. The UT array is configured by the several top
electrodes. The piezoelectric constants (d33 and d31) have been measured by the optical interferometer. For protection purpose polyimide films
are glued onto the top electrodes of the UT array. Copper thin and narrow
strips are used as the flexible wire for electrical connections. The flexible
UT array has been successfully tested at 150°C and also immersed into
water as immersion ultrasonic probe operated in the pulse-echo mode.
They have been used for non-destructive testing on flat and curved surfaces of different materials with good signal to noise ratio. Their applications for health monitoring will be discussed.
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6532-38, Session 8
Development of a composite UAV wing test-bed for
structural health monitoring research
J. A. Oliver, J. B. Kosmatka, Univ. of California/San Diego
Structural health monitoring (SHM) technology is required to fully enable
lightweight composite structures for aerospace. Modern unmanned aerial
vehicles (UAV) in particular will benefit from functioning SHM systems
and offer a platform for near-future implementation of new systems. In
order to facilitate damage detection and SHM research for composite
UAV a specialized test-bed has been developed. This test-bed consists
of several 8-ft. all-composite wing test-pieces closely emulating scaledversions of real-life composite UAV wings, a series of detailed finite element models of the test-pieces and their components, and a dynamic
testing setup including a mount for simulating the cantilevered operation
configuration of real wings. Each test-piece comprises two carbon fiber
prepreg and Nomex honeycomb co-cured skins and two carbon fiber
prepreg spars bonded together in a secondary process to form the complete piece. These four components are laid up one set at a time on aluminum molds and cured in an autoclave. The individual component pieces
are then modally characterized via vibration testing using a scanning
Doppler laser vibrometer to provide part-to-part variability data and aide
in model correlation. After assembly the full wings are tested again in a
cantilevered condition. At the present time the pieces for four wings have
been fabricated and tested and one wing has been fully assembled and
re-tested. The component part and assembled wing finite element models, created using Femap for MSC.NASTRAN, have been correlated to
their respective structures using the modal information. The remaining
three sets of wing-pieces await future assembly with varying levels of
damage built in. In addition, two wings, one undamaged and one damaged, will be fitted with a range of embedded and attached sensorspiezoelectric patches, fiber-optics, and accelerometers-during assembly.
These sensors will allow collection of realistic data for damage detection
algorithm comparison, comparison of the physical impact of the sensors
on the structure compared to the damage-induced variation, and overall
evaluation of the sensors for implementation in an operational structure.
This paper details the design, manufacturing, and modal vibration testing
of the test-piece, as well as the finite element model construction. Measured natural frequencies and mode shapes for the assembled cantilevered wing are reported. Finally, finite element model modal response
predictions for a small range of damage configurations are given to aide
in understanding of the applicability of the test-bed to damage detection
and SHM research.

6532-39, Session 8

6532-40, Session 9
The influence of the radius of the electrodes
employed in coulomb excitation of acoustic waves in
piezoelectric materials
E. Twerdowski, W. Grill, Univ. Leipzig (Germany)
Excitation and detection of ultrasound in piezoelectric single crystals by
scanning electrical point contacts is employed for the imaging of volume
acoustic wave propagation within crystals. The Coulomb excitation
scheme leads to a predictable excitation and detection scheme. Depending on the radius of the electrodes used for spatially resolved excitation
and detection of acoustic waves in piezoelectric crystals, approximate
point sources/detectors or sources/ etectors with dominant planar wave
excitation/detection can be realized. Acoustic wave imaging results obtained with electric excitation at a frequency of 100 MHz are demonstrated for a Z-cut lithium niobate single crystal and compared to those
obtained with conventional acoustical imaging with ultrasonic lenses.

6532-41, Session 9
Investigating a stepped ultrasonic phased array
transducer for the evaluation and characterization of
defects
E. A. Blickley, B. R. Tittmann, The Pennsylvania State Univ.

Effect on detection sensitivity for smart washer
configuration, and ambient temperature
characteristics on bolted joint
T. Tanaka, M. Okugawa, Gifu National College of Technology
(Japan)
Bolted joints are used in many machines/structures and some of them
have been loosened during long time use, and unluckily these bolt loosening may cause a great accident of machines/structures system. These
bolted joint, especially in important places, are main object of maintenance inspection. Maintenance inspection with human-involvement is
desired to be improved owing to time-consuming, labor-intensive and
high-cost. By full automation of the bolt loosening detection, constantly
monitoring of bolted joint is achieved. In order to detect loosening of bolted
joints without human-involvement, applying a structural health monitoring technique and smart structures/materials concept is the key objective. In this study, a new method of a bolt loosening detection by adopting a smart washer has been proposed, and the basic detection principle
was discussed with numerical analysis about frequency equation of the
system, was confirmed experimentally. The smart washer used in this
study is in cantilever type with piezoelectric material, which adds the
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washer the self-sensing and actuation function. The principle used to
detect the loosening of the bolts is a method of a bolt loosening detection
noted that the natural frequency of a smart washer system is decreasing
by the change of the bolt tightening axial tension. The feature of this proposed method is achieving to identify the natural frequency at current
condition on demand by adopting the self sensing and actuation function
and system identification algorithm for varying the natural frequency depending the bolt tightening axial tension.
For practical use of smart washer, it is necessary to investigate the problem of repeatability and data quality depending on the influence of the
ambient temperature characteristics, and to improve the detection sensitivity at the beginning condition of the bolt tightening axial tension decreasing. This paper describes the results of experimental and analytical
about the effect on the detection sensitivity for the smart washer configuration, and the ambient temperature characteristics on the bolted joint.
The experimental results indicate that the temperature change influence
the bolt tightening axial tension. To improve bolt loosening detection sensitivity, vibration-modal analysis of smart washer system is performed for
the configuration of the smart washer by using ANSYS.

Previous work has led to the design, simulation, and development of a
linear phased array transducer. The intention of the array is to be used as
a non-destructive ultrasonic device to monitor and evaluate the health of
a given specimen. The phased array has been manufactured and tested
for the detection and characterization of defects on a target. The array
was fabricated with a four-row “stepped” design with four wires to transfer data and one wire for grounding. The “stepped” design allows for the
interrogation of a larger region using time delays and beam sweeping
without the use of additional electrical channels. The array was designed
to be utilized in a water immersion environment with about one inch between the array and the target specimen. An OmniScan MX system was
used to operate the phased array and perform real-time linear and sectorial scans on a set of rectangular plates. S-Scans allow for beam sweeping over an angle range as well as adjustments for time delays and a truedepth display. The array was operated with 16 active elements and an
angle range of 0 to 45 degrees. The phased array was tested with a variety of targets and was used to investigate and characterize different types
of defects such as cracking, warping, and corrosion. The ability of the
phased array to distinguish between defect types as well as resolve defect size was evaluated.
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6532-42, Session 9
Wireless energy transmission for SHM embedded
sensor nodes
M. J. Nothnagel, G. Park, C. R. Farrar, Los Alamos National
Lab.
The integration of wireless communication technologies into structural
health monitoring (SHM) systems has been widely investigated. However, the ability to power the sensing, on-board processing, and telemetry devices is a significant challenge for many SHM applications. Several energy harvesting techniques, based on the use of piezoelectric or
thermoelectric materials, have been proposed and investigated to solve
such problems.
In this paper, we present a feasibility study of using wireless energy transmission systems to operate SHM sensor nodes. The goal of this study is
to develop SHM sensing systems which can be permanently embedded
in the host structure and do not require an on-board power sources. With
this approach, the required energy will be periodically delivered as needed
to operate the sensor node, as opposed to being harvested as in the
conventional approaches. The wirelessly transmitted microwave energy
is captured by a microstrip patch antenna, and then transformed into DC
power by a rectifying circuit and stored in a storage medium to provide
the required energy to the sensor and transmitter. Based on the fact that
recent networked sensor systems require power on the order of fractions
of a watt, it is quite possible to operate such sensing devices completely
from the captured wirelessly delivered energy. The method of increasing
the efficiency, energy storage medium, target applications, and the integrated use with traditional energy harvesting sources will also be discussed. This paper summarizes considerations needed to design such
energy delivery systems, experimental procedures and results, and additional issues that can be used as guidelines for future investigations.

6532-43, Session 9
Viscosity measurement using intrinsic fiberoptic
polarimetric sensor
W. Wang, Univ. of Washington and Southern Taiwan Univ. of
Technology (Taiwan)
Method for viscosity measurement has not changed significantly over the
past several decades. Most common techniques either require sample to
be taken from the material to be measured or special installation of a side
stream to be set up to monitor the viscosity. Here we present a compact
fiber optic based viscometer based on damping measurement stem from
interaction between fluid and the optical sensor. The fluid viscosity measurement is deduced from the fluid’s frictional damping on the surface of
the immersed vibrating fiber optic probe. This frictional damping, which
becomes the dominant factor in the fluid damping under a small fiber’s
vibration, is a function of viscosity. Utilizing an intrinsic polarimetric technique, the fiber’s vibration profile can be measured and thus damping
characteristic due to viscosity on the probe can be derived. The uniqueness of the sensor is its compact size and potential application in an
industrial environment without any additional modification to the existing
sensor or the industrial setting. The sensor is also potentially can be made
portable so that operators can take with them to the test site. Here theoretical and preliminary results will be presented.

6532-44, Session 9
Finite element model correlation of a composite UAV
wing using modal frequencies
J. A. Oliver, J. B. Kosmatka, Univ. of California/San Diego
Damage detection and structural health monitoring (SHM) technology is
required for future lightweight composite aerospace structures, in particular unmanned aerial vehicles (UAV). Modal and vibration-based analysis
combined with validated finite element (FE) models offer a promising approach to damage detection. FE models need to be highly correlated to
the initial structure so damage-induced variation can be distinguished
190
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from modeling errors. However, this process can be problematic in the
case of realistic structures with numerous joints and interfaces. The current work compares two correlation methods applied to an all-composite
UAV wing test piece and corresponding FE model, developed to support
damage detection and SHM research. The wing comprises two graphite/
epoxy prepreg and Nomex honeycomb co-cured skins and two prepreg
spars bonded together in a secondary process. Detailed MSC.NASTRAN
FE models were created of the four structural components as well as the
assembled structure. Vibration testing using a shaker and scanning laser
Doppler vibrometer was applied to each independent component piece
and then the full wing after assembly to provide modal frequencies for
each case. These results were used to first correlate the FE model on a
component-basis and then apply further correlation to the assembled
wing, concentrating on the bondline properties. The two correlation procedures compared are traditional Newton-Raphson iteration and a more
novel meta-model based approach. The first of these two iteratively uses
first-order Taylor-series sensitivity. The second procedure employs the
following steps: (1) selection of correlation parameters and response features via sensitivity analysis and/or analysis-of-variance; (2) running the
models with specific combinations of parameter perturbations according
to a predefined design-of-experiment and storing of results; (3) fitting of
polynomial meta-models to these results, one for each response feature;
(4) optimization of the meta-models to the experimental response features; and finally, (5) returning the optimized parameters to the original FE
models. Results show that significant improvements can be made to the
assembled model fidelity, with the meta-model procedure producing
slightly superior results to Newton-Raphson iteration, albeit at a higher
computational expense.

6532-45, Session 10
Health monitoring with optical fiber sensors: from
human body to civil structures
É. Pinet, C. B. Hamel, FISO Technologies, Inc. (Canada); B.
Gli‰i´c, D. Inaudi, Smartec SA (Switzerland)
Civil structures could be compared in certain philosophical aspects to
human body: once borne and grown after completion of the construction, they age and degrade with time, should be repaired when damaged
and die when finally destructed or worn out. For both civil structures and
human body cases, health monitoring is an important concern to increase
life expectancy. Important efforts have thus been accomplished in civil
engineering and medical fields in order to develop new tools for better
inspection, diagnosis and prognosis. Among those tools, measuring physical parameters with fiber optic sensors is now considered as an interesting emerging and reliable technology. We present how and why such sensors could be successfully applied to civil engineering structures or to
human body health monitoring. Similarities but also differences of the
two realities are discussed in details.
Alike condition monitoring of civil structures or works, evaluation of patient health does not rely only on a single measurement. Certain diagnoses relating to the physiology or the functional defects of certain organs and systems require a physiological follow-up of the conditions or
phenomena over several hours to days. The most common measured
parameters are body or tissue temperature, pressure in vessels or drains,
and strain applied on tissues or structures during therapies or minimally
invasive surgeries. Most fiber optic sensors used in medical applications
are still point sensors but some applications involving quasi-distributed
sensors are now emerging.
Besides biocompatibility and chemical inertness, the two main advantages offered by optical fiber sensors interesting for medical applications
are miniature size and electromagnetic insensitivity. The first allows in situ
monitoring in small areas such as blood vessels and eases integration in
medical equipments such as instrumented catheters dedicated to minimally invasive surgeries or therapies, while the second advantage enable
reliable measurements in presence of electromagnetic interferences such
as encountered in modern operating rooms filled with many electronic
equipments or such as created by the intervention method itself that may
use electromagnetic waves. With stable and always accurate measurements, a proper patient health monitoring could be performed allowing
fast feedback loop control in certain interventions (such as in intra-aortic
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balloon pumping therapy) or slower physiological drift monitoring (such
as intra-cranial pressure monitoring).
When used in civil engineering applications, the cited fiber optic sensors
advantages still remain. For instance, having a miniature size sensor makes
it possible to package in a way to make it compatible with the rough on
site conditions. Electromagnetic insensitivity is also useful to allow proper
function even under lightening strokes or when high electromagnetic fields
are present such as encountered in energy transformation or transportation applications. High temperature and corrosion resistance are additional advantages for oil and gas or long term structural health monitoring
applications. But one of the greatest advantages of such sensors is definitely the ability to offer long range distributed or quasi-distributed capabilities if proper sensing technology is used. The main physical parameters for civil health monitoring measured by fiber optic sensors are mostly
strain/load, temperature, pressure and elongation.
This contribution will cover fiber optic sensing technologies that have
found practical applications in both fields, including significant application examples.

6532-48, Session 10
Model updating for Binzhou Yellow River Highway
Bridge considering uncertainties

6532-46, Session 10
PZT active health monitoring for fatigue accumulative
damage of concrete beam containing nano-particles
for pavement
M. Zhang, Harbin Institute of Technology (China)
Based on the actuation and sense function of piezoceramic materials,
PZT active health monitoring for fatigue accumulative damage of concrete beam containing nano-particles (TiO2) for pavement is experimentally studied.
The test results indicate that the vibration signals received by PZT patches
have three development stages obviously: the damage-formation stage,
the damage-steady-growth stage and the damage-sharp-growth stage,
which shows that PZT patch can monitor the whole course of the formation and growth of cracks in concrete and the failure of concrete beam.
The fatigue damage index of concrete based on wavelet packet decomposition is established, and its change trend is similar to that of fatigue
damage of concrete. In the range of 0%-10% of fatigue life, the damage
index is approximately zero, which means that the concrete beam is basically in a healthy state and internal cracks are germinating. In the range
of 10%-90% of fatigue life, the damage index increases from zero to a
smaller value slowly, which means that the cracks in concrete propagate
slowly. After the 90% of fatigue life, the damage index increases rapidly,
which means that the cracks in concrete extend sharply and run through
up to the fracture failure of concrete beam.
The magnitude of damage index can reflect the serious extent of fatigue
damage in concrete and the healthy status of concrete. The fatigue damage in concrete can be located by comparing the amplitude character of
break signals or the change regularity of damage indices of PZT patches
attached on concrete beam in different position. Moreover, the smaller
the distance of PZT patch from the damage is, the more obvious the
signal break and the change of damage index of PZT patch are, and the
more sensitive the identification of PZT patch to the damage is.

6532-47, Session 10
Nondestructive inspection of reinforced concrete
reefs submersed in seawaters
H. Kim, National Fisheries and Development Institute (South
Korea); W. Na, Pukyong National Univ. (South Korea)
The enhancement of coastal fisheries ground for fisheries in Korea has
been desperately demanded because of fish ground shrinkage along its
coasts mainly due to the declaration of the new order, 200 miles exclusive economic zones, the deep-sea fishery regulation, and pollution of
coastal waters. For the demand, the Korea government started biology
habitat-enhancement project, which used artificial reefs, from 1971. Up
to 2001, the reefs, mainly manufactured from concrete, which was selected due to its good construability and stability, have occupied total
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1,570 km2 area in Korea water, worthy as 515 millions in US dollars. The
enhancement project is not finished yet but continues in the more diverse
ways; hence, a systematic study on deterioration of the concrete reefs is
required. This paper studies the physical characteristic of reinforced concrete reefs, which was fully immersed in seawater for 19, 21, 23, and 25
years, respectively. First, the marine environmental factors such as sea
temperature, salinity, pH, dissolved oxygen, sea bottom material, and water
depth of target water sites were surveyed from 1997 to 2001. Second,
four reinforced concrete reefs extracted from different sites in Tongyeong
water were tested through various destructive and nondestructive tools
such as visual inspection, composition testy, tensile strength test, compressive strength test, absorption rate and dry density test, and pore volume test. Third, those test results are analyzed to see the physical characteristics, especially physical deterioration. Based on the observation
and test results, it is shown that, the reinforced concrete reefs have sound
physical properties although their service life was designed for 30 years.

S. Li, H. Li, Harbin Institute of Technology (China)
This paper presents an improved finite element (FE) model updating
method for Binzhou Yellow River Highway Bridge and its associated uncertainties by utilizing measured dynamic response data. The dynamic
characteristics of the bridge have been studied through both three dimensional finite element prediction and field vibration previously. A comprehensive sensitivity study to demonstrate the effects of structural parameters (including the connections and boundary conditions) on the
modes concern is first performed, according with a set of structural parameters are then selected for adjustment. According to the eigenequation
considering uncertainties, the proposed methodology transforms model
updating problem for Binzhou Yellow River Highway Bridge into two deterministic constrained optimization problems regarding the predictable
part and uncertainties of structural parameters. Both the predictable part
and associated uncertainties of the structural parameters could be obtained in iterative fashions so as to minimize the difference between the
predicted and the measured natural frequencies. The final updated model
for Binzhou Yellow River Highway Bridge is able to produce natural frequencies and associated frequency uncertainties in good agreement with
measured ones, and can be helpful for a more precise dynamic response
prediction.

6532-49, Session 10
Dynamic assessment of undersea pipeline bedding
condition
X. Zhu, H. Hao, The Univ. of Western Australia (Australia)
Offshore pipelines have been used extensively to transport hydrocarbons
across seabeds. They serve as a critical link between storage units and
offshore fields. The consequences of pipeline failure would be severe both
economically and environmentally. Offshore oil and gas pipelines are being subjected to deeper water depths, more extreme environmental conditions, and harsher operating requirements than ever before. Given these
conditions, free spanning pipelines are becoming more common and are
often unavoidable during pipeline installation. Free spans occur as a result of irregular seafloor topography at installation or during pipeline operation as a result of vibration and scour. The pipeline with free span or
regional and local scour will suffer fatigue damage due to oscillatory loads
induced by vortex shedding.
Conventional structural condition assessment is based on the regular visual inspection or local experimental methods, which usually are not possible to be conducted continuously and require that the part of the structure being inspected is readily accessible. These limitations are particularly apparent in offshore structures, for example, underwater pipelines.
Offshore industry in Australia has thousands of kilometers long underwater pipelines and many offshore structures that need annual inspection.
The current inspection methods such as sending divers under sea to check
the structural conditions are time consuming and costly. The ability to
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monitor the integrity of structures in real-time without human vicinity of
site can provide for increased safety to the aging structures with reduced
cost. Observing and/or predicting the onset of dangerous structural
behaviour, such as crack or impact in pipelines, can allow for advance
warning of such behaviour and to make cost-effective decisions regarding repair, retrofit and removal of the structures for the protection of asset, environment and human life.
In this paper, a dynamic method will develop to characterize the surrounding bedding condition. The pipeline on the seabed is simplified as a simply supported beam on elastic foundation. Two parameters are used to
describe the scour or free span in the pipeline that are the central location
of the scour or span and the width of the scour or span. The study takes
into account the dynamic interaction between the pipeline and the elastic
foundation. The parameters are determined from dynamic responses of
the pipeline in time domain. The effect of the number of the measurements and their locations is studied. Numerical simulation shows that the
method is effective and reliable to assess the bedding conditions of the
pipeline.

Impact and damage quantification in a filament
wound missile casing using a single passive multidirectional sensor
D. E. Adams, N. Stites, C. Escobar, Purdue Univ.; M. A. Triplett,
U.S. Army Aviation and Missile Command
Filament wound rocket motor casings are being considered by the U.S.
Army for use in future lightweight missile systems. Impacts due to helicopter blade wash, tool drops, shipping and storage loads, and other
environmental factors are the primary cause of missile failure. A frequency
response function model for one 7 inch diameter filament wound missle
casing is experimentally identified using modal impact testing. The casing is then impacted at several energy levels and health monitoring measurements are made using a single triaxial accelerometer. This data is
used to estimate the impact force location and magnitude for several
canisters using a novel algorithm that reduces an underdetermined set of
equations to an overdetermined set of equations. Then the estimated force
is used to recompute the frequency response functions for the casing for
use in estimating the impact damage level.
The reduction in bending wall stiffness stiffness is also measured offline
using an active sensing approach along with an experimental sensitivity
algorithm for comparison with the passive damage identification results.
It is shown that impact forces and damage can be estimated reasonably
well using passive response data acquired with a single sensor.

6532-51, Session 11
Detection of minuscule changes in structures from
spectral data
K. V. Singh, A. Shukla, Miami Univ.
The spectral data i.e. eigenvalues (natural frequencies) and eigenvectors
(mode-shapes), characterizes the dynamics of the system. Recent experimental modal analysis techniques have potential to obtain the spectral data of engineering structures such as rods, beams, bridges, microresonators, oscillators, etc. The mathematical formulation of such dynamic
behavior of the system deals with certain direct and inverse eigenvalue
problems. The direct eigenvalue problem deals in evaluating the spectral
behavior of structures for various distributions of physical parameters such
as mass, area, stiffness etc. whereas, the estimation of these physical
parameters form the spectral data is commonly known as inverse eigenvalue problem. The detection of minuscule (micro and nano scale) changes
in the stiffness and mass of the structure, by solving certain inverse eigenvalue problems, is considered here. We have considered two types of
eigenvalue problem in solving the proposed problem: (i) the conventional
algebraic eigenvalue problems in which the structure is approximated by
the finite element and finite difference methods and (ii) recently developed transcendental eigenvalue problems corresponding to the associated distributed parameter system. For simplicity, a cantilever rod/beam
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6532-52, Session 11
Monitoring and characterizing corrosion in aluminum
using Lamb waves and attached sensors

6532-50, Session 11
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type structure is considered and the associated direct and inverse eigenvalue problems are solved by extending the existing numerical methods
that are used for solving algebraic and transcendental eigenvalue problems. In conclusion, we have (a) identified a suitable mathematical model
for addressing such problems, (b) analyzed the behavior of the spectral
data due to minuscule scale change in the physical parameters, and (c)
determined the different type of spectral data corresponding to various
boundary conditions that are required for such detection. It is demonstrated here that by solving certain inverse transcendental eigenvalue
problems, the minuscle changes in the physical parameters of the structures can be detected efficiently. Few numerical examples are solved here
demonstrating the feasibility and accuracy of the identification technique.
The results obtained here can also be used for structural health monitoring, design, optimization and structural modification of macro and micro
structures as well as mechanical systems based on the measured vibration spectrum.

T. E. Michaels, J. E. Michaels, Georgia Institute of Technology
Corrosion is detrimental to the structural integrity of many critical components, and ultrasonic methods are routinely used in the field to make thickness measurements at points of interest. However, is often difficult to
assess the true extent of corrosion damage because of the likelihood of
missing small corroded areas and the difficulty in mapping the extent of
large corroded areas without an extensive number of time consuming
measurements. Guided ultrasonic waves have the potential to both detect corrosion as early as possible and reduce the subsequent inspection
time. This paper presents results from a study on using Lamb waves to
detect corrosion in aluminum plate specimens. A sparse array of ultrasonic transducers is permanently attached to an aluminum plate, and
broadband excitation methods are used to generate both symmetric and
anti-symmetric Lamb wave modes. The through transmission response
is recorded for each transmit-receive pair of the array before, during and
after introduction of corrosion. First, results are analyzed to determine if
corrosion exists and approximately determine the affected area. Next,
acoustic wavefield images are recorded over this area using the permanently attached transducers as sources and an air-coupled transducer as
the receiver; the receiver is scanned over the specimen surface to acquire full wavefield data. It is shown that these acoustic wavefield images
are useful for quantifying the severity of the corrosion. The methodology
demonstrated here on aluminum plate specimens is appropriate for application to critical metallic structural components as part of an integrated
vehicle health management system.

6532-53, Session 11
Mode selective actuation and reception of Lamb
waves for structural health monitoring of woven
composite laminates
G. R. Kirikera, G. Petculescu, S. Krishnaswamy, J. D.
Achenbach, Northwestern Univ.
The quantitative evaluation of woven composites using mode selective
excitation of Lamb waves has been reported in the literature. In the present
work a PVDF (polyvinylidene fluoride) transducer with spatially patterned
electrodes is used to excite and receive the Lamb waves. Multiple fingers
spaced apart representing the positive electrode are deposited on the
surface of the PVDF. The spacing of the electrodes on the surface of the
PVDF is dependent on the wavelength of the specific Lamb wave mode
that is to be excited. The bottom surface of the PVDF is at the ground
potential. The coupling coefficient of the PVDF material is less than a PZT
based material and hence the signal to noise ratio of the received Lamb
wave is of primary concern. We will report on improved modally-selective
transducers using piezo-composites. New radial designs of the transducer have been developed to excite and receive Lamb waves over a
wide angle of wave propagation. An energy-harvesting device with ap-
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propriate analog circuitry is used to actuate the piezoelectric devices to
excite the specific Lamb wave mode. The system is used to identify the
location of impact damage on woven composite laminates.

6532-56, Session 12

6532-54, Session 11

W. Wang, Univ. of Washington and Southern Taiwan Univ. of
Technology (Taiwan)

Impedance-based structural health monitoring of
wind turbine blades
C. Pitchford, B. L. Grisso, D. J. Inman, Virginia Polytechnic
Institute and State Univ.
Wind power is a fast-growing source of non-polluting, renewable energy
with vast potential. However, current wind technology must be improved
before the potential of wind power can be fully realized. One of the key
components in improving wind turbines is their blades. Blade failure is
very costly because blade failure can damage other blades, the wind turbine itself, and possibly other wind turbines. A successful damage detection system incorporated into wind turbines could extend blade life and
allow for less conservative designs.
A damage detection method which has shown promise on a wide variety
of structures is impedance-based structural health monitoring. The technique utilizes small piezoceramic (PZT) patches attached to a structure
as self-sensing actuators to both excite the structure with high-frequency
excitations, and monitor any changes in structural mechanical impedance. By monitoring the electrical impedance of the PZT, assessments
can be made about the integrity of the mechanical structure. Recently,
advances in hardware systems with onboard computing, including actuation and sensing, computational algorithms, and wireless telemetry,
have improved the accessibility of the impedance method for in-field
measurements.
This paper investigates implementing such an onboard system inside of
turbine blades as an in-field method of damage detection. Also presented
are the results of a series of tests run to verify the capability of the method
on an actual wind turbine blade section. The test section is from an experimental carbon/glass/balsa composite blade developed at Sandia
National Laboratories.

6532-55, Session 11
Assessment of vibration-based damage indexes in
structural health monitoring
X. Sun, Harbin Institute of Technology (China); J. Ou, Dalian
Univ. of Technology (China)
As a key problem of the vibration-based damage detection, many damage indexes were developed in recent years, but a systematic and effective method to evaluate those damage indexes is not available till now.
Therefore, a new assessment method by sensitivity from damage to stiffness, adaptation to noise, ability of identified correctly based on incomplete information and locality indicating locations of damage precisely is
proposed to reflect various main problems in the damage detection better and choose the proper damage index. In this paper, sensitivity derivation from damage to stiffness is improved to show relation between change
of damage indexes and damage elements better for all kinds of structure.
Incomplete information includes shortage of high-order mode shapes and
rarefaction of measure points, which is a practical problem restricting
development of structural health monitoring. Therefore, a damage index
exhibiting damage with low-order mode shapes information and fewer
sensors is a good one definitely. Locality means that in the damage location a good damage index takes on peek value, while decreases swiftly at
none-damage place. This characteristic simplified mapping of structural
damage parameters and information identification, so as to find the damage location easily. Based on sensitivity analysis, the formulation taking
account of incomplete information and locality was got. White noise simulating modal error, measuring error, ambient influence is added in measure data in the study. The numerical example results show that conclusion drawn from proposed method as a foreordain way is consistent with
one by direct identification, which means it has strong reliability. The assessment method containing four indexes has bright prosperity in large
structures for many important problems in practice are considered.
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3-D force measurement using distributive
microfabricated waveguide sensor

The paper presents recent work on a flexible waveguide sensor used in
distributive 3D force measurement. A new fabrication technique and the
sensor’s performance will be discussed. The optical technique for distributive force measurement is based on a simple bend-induced light attenuation of an array of microfabricated waveguide. A neural network is
introduced to help identify different load shapes. Currently, the sensor
has successfully identified 16 different patterns and 4 different magnitudes in the 2-D plantar pressure measurement. The sensor also successfully measurement shear forces of four different loaf shapes.

6532-57, Session 12
Mechanical characterization of bone samples by
ultrasound holography at 100 MHz
W. Grill, Univ. Leipzig (Germany); H. Hartmann, EPCOS AG
(Germany); U. Cobet, Martin-Luther Univ. Halle-Wittenberg
(Germany)
Point source ultrasound holography has been applied to small bone
samples using a phase sensitive scanning acoustic microscope (P.S.A.M.)
in transmission at 100 MHz. Conversion of the phase images into appropriate data matrices and subsequent data processing yielded the angle
dependent ultrasound velocities for a certain space sector. The mathematical tools were derived from geometrical considerations and basic
sound properties.
The results match conventional direction-resolved measurements of the
sound velocity in bone. However, the presented technique requires only
two specimens, and small sample sizes of 5 x 5 x 0.5 mm(c)¯ are sufficient. No chemical or other treatment changing the composition of the
bone sample is necessary. The technique is illustrated and the results are
demonstrated and discussed.

6532-58, Session 12
An approach to bioelectric DAQ
A. Kumari, Birla Institute of Technology (India); R. Kumari,
Mahadeo Singh College (India)
this paper is an approach to provide cost effective circuit applecation and
design for bioelectric data acquisition systems,which promise important
new insights into the origin of a large variety of health problems by providing light-weight, low-power, low-cost medical measurement devices
that allow long-term studies. They also promise significant cost reduction
in medical care, as patients in principle become mobile and do not have
to be hospitalized for observation. We have designed it to meet key characteristics of a broad variety of bioelectric signals in terms of their dynamic range, sampling rate and input noise; e.g. electrocardiogram (ECG),
electroencephalogram (EEG) and, most constringently, evoked potentials
(EPs). Our approach for the first time makes cost-effective use of stateof-the-art microelectronics in medical measurement equipment, thus offering to replace discrete, single application devices used at present.

6532-59, Session 13
Ultrasonic imaging in absorptivity and velocity
contrast by time selective first arrival line tomography
in transmission
E. Twerdowski, Univ. Leipzig (Germany); M. Pluta, Politechnika
Wroclawska (Poland); A. Schwagmann, D. Ivanov, W. Grill, Univ.
Leipzig (Germany)
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Narrowband excitation at 86 MHz with vector detection and wide band
excitation in the range of 2 two 20 MHz have both been used for tomographic imaging in transmission. A line-shaped point spread function has
been realized by temporal apodisation selecting from a pulsed signal
observed in transmission only the contribution traveling on the shortest
path. By this method a pair of scanned focusing transducers mounted in
a defocused arrangement can be employed to generate a tomographic
image.The technology relates to shadowing of a point source in transmission as used in x-ray tomography, but in addition variations of the
time-of-flight are measured else by phase contrast or correlation procedures with high resolution. From this data an image in velocity contrast
can be derived in addition to the usual image representing the absorptivity of the samples under investigation. Examples are demonstrated including resolution test samples and bio-medical relevant materials. It is
also demonstrated that the coherent detection scheme can be used to
enhance the resolution by the synthesis of an enlarged aperture. Respective procedures are implemented in the image processing
procedures.

6532-60, Session 13
New x-ray compton scatter tomography method for
nondestructive evaluation and medical diagnostics
P. Paki Amouzou, V. Grubsky, M. Gertsenshteyn, T. P. Jannson,
Physical Optics Corp.
This paper describes a new method for X-ray Compton scatter tomography, which can be applied to both nondestructive evaluation (NDE) and
medical diagnostics. The method features a new scanning technique that
maximizes the detection of the scattered signal together with a simple
and precise reconstruction algorithm. The scanning technique also makes
acquisition faster, reducing radiation dose exposure. The paper also includes a detailed power budget for the collimated incident beam, as well
as trade-offs for both collimating and detection sub-systems. X-ray
Compton scatter tomography’s three- dimensional imaging capability is
different from that of computerized axial tomography and can collect nondestructive and medical diagnostic information that is difficult or expensive to derive from conventional techniques. The proposed method may
be a means of gaining a new penetrating view of air-filled organs such as
the gastrointestinal tract, the sinuses, and the tracheo-bronchial tree, and
a useful tool for early detection of breast cancer and osteoporosis.

6532-61, Session 13
Design of a multi-layered optical bend loss sensor for
pressure and shear sensing
C. Liu, Chung Cheng Institute of Technology (Taiwan); W. Wang,
Univ. of Washington and Southern Taiwan Univ. of Technology
(Taiwan)
A multi-layered optical bend loss sensor for pressure and shear sensing
will be presented. This design is based on the characteristic of optical
bend loss. When external forces applied to the sensor, the optical fibers
will bend and cause the light to escape from the fiber. The amount of light
attenuation depends on the amount of bending occurred on the fiber.
In our previous study, the sensor is composed of two layers of fiber optic
mesh sensors that are molded into a thin polydimethylsiloxane (PDMS)
substrate. Measuring changes of light intensity transmitted through the
fiber provides information about the force induced changes of the fiber¡õs
radius of curvature. Pressure is measured based on the force induced
light loss from the two affected crossing fibers divided by each sensing
area. Shear is measured based on the relative position changes on these
pressure points between the two fiber mesh layers. The new design will
modify the existing elastomeric layer sandwiched between the two optical fiber meshes. The new material will provide better mobility in the lateral movement. Using this design, the loaded layer will be easier to shift
out of alignment with the fixed layer due to shearing forces, and the amount
of misalignment determines the amount of shear. We will report our preliminary study on the new multi-layered sensor including results from the
normal and shear load measurement. The paper will also discuss an inte194

SPIE Smart Structures and Materials 2007

grated signal and image processing system using advanced pattern recognition algorithm.

6532-62, Session 13
Design and implementation of a Bluetooth based
infant monitoring/saver (BIMS) system
A. E. Sonmez, M. T. Nalcaci, Fatih Univ. (Turkey); M. A.
Pazarbasi, Sakarya Univ. (Turkey); O. Toker, K. Fidanboylu, Fatih
Univ. (Turkey)
This paper is about the design and implementation of a Bluetooth based
Infant Monitoring/Saver (BIMS) system, which will enable the mother to
monitor her baby’s health condition remotely. The system will measure
the heart rate, and temperature of the infant, and transmit these to the
mother’s Bluetooth based unit (cell phone, PDA, etc.). Existing infant
monitors are either wired, which is a potential for risk the infant, or they
are wireless but transmit only voice and/or video information, which is not
enough for monitoring the health condition of the infant.
With the proposed system, the mother will be warned against any abnormalities, which may be just an indication of a disease, or may be more
severe and possibly result with sudden infant death. The proposed system consists of a Bluetooth based embedded system, and sensors on
the infant side, and a Bluetooth enabled portable device (Cellphone, PDA,
etc.) on the mother side.
The proposed Infant Saver System consists of two main units: ISTU (Infant Saver Transmitter Unit) and ISRU (Infant Saver Receiver Unit), which
are connected to each other via a Bluetooth link by using the ToothPIC
module. ISTU is the transmitter part of the system, which has to be placed
on the right arm of the infant with a hygienic cotton belt. ISTU will be
carefully designed to be suitable for the infant’s body, will be of compact
size and utilize the Bluetooth technology. It will be designed not to restrict
the infant’s movements while it is awake or in asleep. ISTU will have two
analog sensors, a temperature probe and a heart rate sensor.
ISRU is the receiver part of the infant saver system. This may be a Bluetooth
enabled cell phone, PDA, laptop or PC, where the last one is more appropriate for a nurse in a maternity hospital. If ISTU gets an emergency message, it will warn the mother or nurse visually and audibly.

6532-63, Session 13
Design and performance of a fiber Bragg grating
displacement sensor for movement measurement of
tendon and ligament
L. Ren, Dalian Univ. of Technology (China); G. Song, Univ. of
Houston
Biomechanical studies often aim at determining the load or strain contribution of a tendon or ligament in posture, gesture and locomotion. Fiber
optic measurement of tendon and ligament movement is attractive due
to its low cost, easy implementation and comparable accuracy relative to
other implantable transducers. A new displacement sensor based in fiber
Bragg grating and shape memory alloy technology was putting forward
to monitor the movement of tendon and ligament under different posture
locomotion. After sensor calibration in the laboratory, a comparing test
between fiber sensor and traditional camera displacement sensor was
carried out to evaluate the performance of fiber sensor in several tensile
loads within Achilles tendon. Furthermore, these fiber sensors were applied in cadaver knees to record the deformation of ligament in a series of
simulated postures. The results demonstrate that this fiber optic measurement of tendon movement is a high-accuracy, easily implantable and
minimally invasive method.
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6532-64, Session 14
Detection of structural damage in carbon fiber and
metal structures using Lamb waves
A. MacLean, G. J. Thursby, H. Hogg, B. Culshaw, Univ. of
Strathclyde (United Kingdom)
We present work that was conducted to evaluate the structural health of
complex carbon fibre composite plates and metal components similar to
those found in the superstructure of a high performance carbon fibre vehicle. The analysis was performed on carbon fibre plates of varying layup, thickness and shape, some incorporating foam filled sandwich sections designed to replicate components of the car critical to its safe operation. The interrogation techniques employed are relevant to many structural monitoring applications in the automotive, aerospace, power generation and civil engineering industries.
Detection of damage was performed using ultrasonic Lamb waves that
were generated and detected using piezoelectric transducers bonded
directly onto the surface of the structures under test. The presence of
damage in the structure can affect both the amplitude and phase of the
Lamb wave as it propagates through the plate, thus changing the detected signal shape. The extent of the damage may be estimated by making a direct comparison of the signal response in the damaged structure
with the corresponding signal taken prior to the damage occurring. In the
initial stages of the investigation, damage induced by drilled holes and
delaminations due to high energy impacts were detected in a variety of
different carbon fibre plates and structures.
Additional tests on more complex structures were conducted in an attempt to detect damage in bonded sections due to bond failure and in
bolted metal sections due to bolt loosening. Investigations were undertaken to determine the effects of altering the launch conditions of the
Lamb wave on the ability to detect damage. It was observed that the
launch frequency of the ultrasonic signal has a significant impact on the
amount of power that is coupled through the thicker bonded section, due
to its different modal propagation characteristics. Fully loosening the bolts
or extensive weakening of the bond layer was shown to result in dramatic
changes in the relative power that is coupled through from the launch
section.
Finally, several Bragg gratings were bonded onto the bolted sections in
order to compare the quality and amplitude of the received signals with
those obtained using conventional piezoelectric transducers. Using Bragg
gratings in structural health applications for damage detection provides
the potential to interrogate several sensors at different locations simultaneously. Installation of optical fibres incorporating multiple gratings results in fewer optical fibres being required to monitor large areas, thus
minimising the complexity of the system but maximising the ability to
detect damage, bond failure or bolt loosening should it occur.

remove a genuine signal from damage. Another possibility is signal processing to improve sensitivity. A uniform temperature change to a structure results in a change in wave velocity and a dilation of the structure
itself. The net effect is a dilation of the arrival times of each wave-packet
in a guided wave signal. An obvious strategy to compensate for this effect is to apply the inverse dilation to the time-axis. However, this does
not compensate for the effect exactly since the temperature change does
not dilate individual wave-packets. An alternative and exact compensation scheme is presented and its practical application is discussed. Finally, the various sensitivity improvement schemes are compared on both
experimental data and simulated data with non-spatially uniform temperature variations.

6532-66, Session 14
Autonomous health monitoring of stiffened
composite structures using statistical damage index
approach
S. Banerjee, St. Louis Univ.; F. Ricci, Univ. degli Studi di Napoli
Federico II (Italy); A. K. Mal, Univ. of California/Los Angeles
This paper is concerned with the detection and characterization of impact damage in stiffened composite structures using high frequency Lamb
waves and low frequency modal vibrations. The geometric and material
complexities of the structure present practical difficulties in the direct
analysis of both wave propagation and modal vibration data using theoretical constructs. Improved ultrasonic and vibration test setups consisting of distributed, high fidelity, surface mounted sensor arrays are used
here to determine changes in the dynamical properties of composite structural components in the presence of damage. The sensors are assumed
to provide both the low frequency global response (i.e., modal frequencies and mode shapes) of the structure to external loads and the (local)
high frequency signals due to wave propagation effects in either passive
or active mode of the ultrasonic array. A damage index, comparing the
measured dynamical response of two successive states of the structure
is introduced as a determinant of structural damage. The method relies
on the fact that the dynamical properties of a structure change with the
initiation or growth of damage. A diagnostic imaging tool is used for the
interpretation and graphical representation of the indices to enable automated monitoring of the changes in the indices at a given instant of time.
The value of the index at a given sensor increases with the proximity of
the damage to the sensor. A sensitivity analysis is carried out in an effort
to determine a threshold value of the index below which no reliable information about the state of health of the structure can be estimated. It is
shown that the automated procedure is able to identify a defect right
from its appearance, with some degree of confidence. The feasibility of
developing a practical Intelligent Structural Health Monitoring (ISHM) System, based on the concept of “a structure requesting service when
needed,” is discussed.

6532-65, Session 14
Strategies for overcoming the effect of temperature
on guided wave structural health monitoring
P. D. Wilcox, A. J. Croxford, G. Konstantinidis, B. W. Drinkwater,
Univ. of Bristol (United Kingdom)
Changes in environmental conditions, and in particular temperature, limit
the sensitivity of guided wave structural health monitoring (SHM) systems that use reference signal subtraction. The limitation on sensitivity is
the size of the residual signal left after reference signal subtraction that
arises from imperfect subtraction of the signals from benign structural
features. The sensitivity can be improved by decreasing the spacing between sensors but the effect of temperature is so strong that it is doubtful
whether the resulting SHM system is economically viable. This provides
the motivation for searching for alternative strategies to improve sensitivity. One possibility is to record an ensemble of reference signals over a
range of temperatures and then use the signal in the ensemble that best
matches a subsequent signal for subtraction. Experimental results show
that this provides an improvement in sensitivity of around 10 dB. It does
however require a large database of signals and there is the potential
concern that the subtraction of the best match signal may somehow also
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6532-67, Session 14
Monitoring cracks and prestress-loss in PSC girder
bridges using vibration-based damage detection
techniques
J. Park, J. Kim, Y. Ryu, J. Lee, Pukyong National Univ. (South
Korea)
One of the uncertain damage parameters to jeopardize to safety of existing PSC birdges is the loss of the prestress force. A substantial prestressloss can lead to severe problems in the serviceability and safety of the
PSC bridges. In this paper, a nondestructive method to detect prestressloss and severe cracks in beam-type PSC bridges using a few natural
frequencies and mode-shapes is presented. An analytical model is formulated to estimate changes in natural frequencies of the PSC bridges
under various prestress forces. Also, inverse-solution algorithms are introduced to detect the prestress-loss and cracks by measuring the
changes in natural frequencies and mode-shapes. The inverse-solution
algorithms include a frequency-based technique, a mode shape-based
technique and a genetic algorithm-based technique. Those are evaluated
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Conference 6532: Health Monitoring of
Structural and Biological Systems

using PSC girder bridges for which a few natural frequencies and modeshapes were experimentally measured for a set of prestress-loss and crack
cases.

6532-68, Session 14
Hybrid health monitoring of PSC girder bridges using
vibration and impedance based methods
D. Hong, J. Kim, W. Na, H. Do, Pukyong National Univ. (South
Korea)
To develop a promising hybrid structural health monitoring (SHM) system, which enables to detect damage by the dynamic response of the
entire structure and more accurately locate damage with denser sensor
array, a combined use of structural vibration and electro-mechanical (EM)
impedance is proposed. The hybrid SHM system is designed to use vibration characteristics as global index and EM impedance as local index.
The proposed health-monitoring scheme is implemented into prestressed
concrete (PSC) girder bridges, for which a series of damage scenarios
such as change of bridge-support and prestress-loss of tendon-anchor
are designed to simulate various situations at which the target bridges
can experience during their service life. The measured experimental results, modal parameters and electro-magnetic impedance signatures, are
carefully analyzed to recognize the occurrence of damage and furthermore to indicate its location and severity.
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