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6166-01, Session 1

Conceptual design and multidisciplinary optimization of in-
plane morphing wing structures
D. Inoyama, B. P. Sanders, J. J. Joo, Air Force Research Lab.

Conventional air vehicles are designed and optimized for specific flight condi-
tions/profiles. When the vehicle maneuvers away from these design points, the
performance often declines dramatically. Although the ability to adapt air vehicle
shape to attain an optimum flight performance is highly desirable, the conven-
tional fixed wing design is technically limited to accomplish this revolutionary per-
formance objective. Therefore, major research efforts have been spurred recently
to develop concepts, methodologies, and ideas to efficiently morph air vehicle
geometry into optimum shapes depending on flight environments.

The main focus of this research is to investigate the development of a
multidisciplinary design optimization methodology to determine the structural
configuration that enables large scale area changes. The optimum structural con-
figuration translates to simultaneous determination of optimum actuator place-
ment, hinge/joint placement, and structural topology. The objective function will
involve total actuator energy and shape-matching error terms. Although many
argue that wing shape and its structural configuration should be a resultant of
performance objective, the shape-matching objective is suitable for the present
work due to its characteristics of disfavoring out-of-plane structural deformation.
Additionally, total actuator energy minimization provides for an efficient distribu-
tion of an actuation system design as well as determination of actuator size re-
quirement for a particular morphing wing design. Finite element analysis will be
performed within each iteration of optimization process to evaluate objective func-
tion and static equilibrium constraints. In order to solve this multidisciplinary opti-
mization problem, gradient-based optimization methods, such as Globally Con-
vergent Method of Moving Asymptote.

For this paper, the wing design will focus on an in-plane morphing geometry. The
in-plane morphing wing model is based on the concept similar to variable geom-
etry truss and rigid-body spring model. The analysis model is developed to meet
several important criteria: It must allow large rigid-body displacement, as well as
variation in planform area, with minimum strain on structural members while re-
taining acceptable numerical stability for finite element analysis. Preliminary work
has indicated that addressed modeling concept meets the criteria and is suitable
for the purpose. Optimization will be performed on the ground structure based on
this modeling concept with design variables that control the system configuration.
In other words, states of each element are design variables and they are to be
determined through optimization process. In effect, the optimization method as-
signs morphing members as ‘soft’ elements, non-morphing members as ‘stiff’
elements, and non-existent members as ‘voids’. In addition, the optimization pro-
cess determines the location and force intensities of distributed actuators, which
is represented computationally as equal and opposite nodal forces with soft axial
stiffness.

Preliminary investigations successfully demonstrated that addressed design/op-
timization scheme can provide a proper placement of joints and actuators, as well
as magnitude of actuator forces. With further study and refinement, we believe
that constructive solution to the addressed multidisciplinary problem can be ob-
tained. It is expected that the research will be an important “first-step” to the
topology synthesis of distributed actuation system solution for morphing air ve-
hicle design of the future.

6166-02, Session 1

A methodology for optimal structural design of a morphing
aircraft wing using non-dominated sorting genetic
algorithm Il

S. Bharti, M. |. Frecker, G. A. Lesieutre, The Pennsylvania State Univ.

Achieving multi-mission capability with a single aircraft through in-flight morphing
of the wing is highly beneficial due to efficiency under different flight conditions
such as cruise and dash. In addition higher maneuverability is possible from using
such a vehicle. As opposed to traditional wing morphing where discrete surfaces
such as hinged flaps and ailerons are used, current research focus is directed
towards achieving continuous morphing in order to reduce drag from geometric
discontinuities.

The present research aims to achieve continuous wing morphing by employing a
wing structure comprising of an optimized internal layout of cables and struts.
Cables are used as actuators while struts provide rigidity to the wing. In addition

to achieving continuous morphing by changing cable length, this structure has
the advantage of being light in weight.

In our previous work, a discrete Genetic Algorithm has been used to obtain an
optimal layout of cables and struts in the wing body. Large deformation using
non-linear Finite Element Analysis was employed to calculate the nodal deflec-
tions. Although the algorithm was successful in generating optimal topologies,
the amount of actuation in cables could not be optimized due to the discrete
nature of the design variables. This limitation has been removed in the current
work.

The current work discusses a methodology for optimal structural design of the
continuously morphing tendon actuated wing using Non-dominated Sorting Ge-
netic Algorithm (NSGA Il). The NSGA Il is an elitist strategy which can be used to
solve a multi-objective, multi-constrained problem with mixed (discrete-continu-
ous) design variables. Non-linear Finite Element Analysis (FEA) is used in the func-
tion evaluation to account for large displacement requirements of the application.
Serial and parellel versions of the algorithm are employed in order to speed up the
computationally expensive function evaluation. The algorithm is used for obtain-
ing optimal cable and strut layout for two example designs; the NASA's Hyper-
Elliptic Cambered Section (HECS) wing and the NextGen Aeronautics’ TSCh wing.
The algorithm implementation, computation issues and results are presented.

6166-03, Session 1

Optimal actuation location within a morphing wing scissor
mechanism configuration

J. J. Joo, B. P. Sanders, Air Force Research Lab.; T. E. Johnson, M. . Frecker,
The Pennsylvania State Univ.

New design solutions using structural mechanization concepts with distributed
actuation concepts have the potential to revolutionize air vehicle over a wide range
of applications from micro air vehicles weighting less than a pound to larger un-
manned systems weighting 10,000s of Ibs. There is currently a large focus on
radically changing planform parameters of a wing to enable it to perform over at a
variety of design points of interest. One of the proposed morphing concepts is
based on in-plane motion of the wing. It uses multiple cells of scissor mechanism
to change wing area and sweep angle with distributed actuation system. One of
the concerns of enabling this wing design is to find an optimal location of actuator
within a unit scissor mechanism that can satisfy shape change requirements with
minimum actuation energy to reduce the size of the entire actuation system. In
this paper, the optimal location of actuator within an unit cell for further explora-
tion of the distribution of actuators and the verification of numeric result using test
result will be followed.

We start modeling a single cell representation of the scissor mechanism. This cell
contains four linkages connected by pin joints, a single actuator, a two springs to
represent a flexible skin in both in-plane directions, and an external load. Equilib-
rium equations are developed using statics and virtual work equations. The objec-
tive function is to maximize the efficiency of an unit cell model that is defined as
useful work over input work with two constraints; one is to reduce the transferred
force from the external force to the actuator less than the maximum actuator force.
Otherwise the cell will not move to the desired direction because actuator force is
unable to overcome external load. The other is to require the ratio of output dis-
placement over input displacement, i.e., geometrical advantage (GA), of the cell
to be larger than a prescribed value. A known solution of the most energy efficient
location of the actuator is to put each ends of an actuator on two hinges facing
each other. However, the actuator usually located on linkages next to each other
to maximize displacement using leveraging effect due to the limitation of the ac-
tuator stroke. Sequential quadratic programming is used to solve the optimization
problem.

This process suggests a systematic approach to identify an optimum location of
an actuator and to avoid the selection of location by trial and error. Preliminary
results show that optimum locations of an actuator can be selected out of feasible
regions according to the requirements of the problem such as a higher GA, a
higher efficiency, or a smaller transferred force from external force. Results in the
final paper will include analysis of multiple cell wing structure.

6166-04, Session 1

Active vibration control with optimized piezoelectric
topologies

M. J. Parsons, A. Lumsdaine, The Univ. of Tennessee
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Vibration control using piezoelectric materials and the optimal use of these mate-
rials has been the focus of many research endeavors in active control systems.
Commonly, optimization research has focused on the location and/or the number
of actuators; in general, they used expense global optimization routines. How-
ever, studies on piezoelectric topology optimization using homogenization mod-
els have been used to determine optimal microstructure, optimal topology of a
piezoelectric sensor , and optimal topology of a piezoelectric actuator on a static
beam. Little work has been done to determine the optimal topology of a piezo-
electric actuator under harmonic loading to maximize the vibration effectiveness.

Interest in topology optimization has grown considerably with the advent of com-
puting power. Bendsoe and Kikuchi first introduced the homogenization method
for determining the optimal topology of a structural problem. Work was done by
Silva and Kikuchi which demonstrated topology optimization of piezoelectric ma-
terials. Drenckhan and Lumsdaine3 investigated optimal topologies of a piezo-
electric actuator mounted on a cantilever beam under a concentrated static load
at the free end. Parsons et al extended this work to a harmonic load applied at the
free end; that work, however, was only a preliminary study on active layer damp-
ing using piezoelectrics. This research will extend Parsons’ work and fully explore
piezoelectric parameters and optimal piezoelectric actuator topologies.

This study focuses on the optimal topology of a piezoelectric actuator bonded to
a cantilever beam under steady-state harmonic load. The piezoelectric material
applied to the bottom of an aluminum base beam acts as the sensor, and the
piezo on the top is the actuator. The piezoelectric material is optimized using a
continuous “artificial material” model optimized with a sequencial linear program-
ming (SLP) algorithm.

The finite element model is employed using the commercial finite element pack-
age ABAQUS and is broken into layers: one layer for the piezoelectric sensor, one
layer for the elastic beam, and multiple layers (1 to 5) for the piezoelectric actuator.
All layers contain the same number of four-node continuum elements along the
length. The finite element discretization may be a substantial source of error. To
help minimize this error, the elements aspect ratio is kept below one. Additionally,
a convergence study shows a reasonable optimization result for the finite element
model.

The active vibration control is achieved using distributed control theory. First,
ABAQUS passes the stiffness and mass matrices for non-active control model to
Matlab. Matlab builds the global mass and stiffness matrix (which includes the
beam, actuator, and sensor) and applies a control law to the actuator based on
the sensor’s degrees-of-freedom. The displacement of the free end is then deter-
mined from the system of equations constructed from the global mass and stiff-
ness matrices. The model is verified with an analytical formulation.

Before optimization, a parameter study is performed to examine various piezo-
electric characteristics. Assorted piezoelectric (piezo-ceramics) materials are ex-
plored to determine the most effective one. Additionally, the angle of polarization
of the piezoelectric actuator is investigated. Normally, the 3-1 orientation is used
in this type of sensor and actuator setup. However, this work further examines the
effects of changing the poling angle. Finally, the parameter study includes a look
at the gain applied to the actuator. Too much gain can “over correct” the beam
causing problems with the optimization routine. With the parameters set, the op-
timal actuator and sensor design is analyzed.

The actuator and sensor design is determined using topology optimization. Sev-
eral techniques are available for manipulating the topology. One possibility is that
the elements could be modeled using a binary discrete variable optimization where
each element would be either void or contain 100% piezoelectric material. Since
this technique would require a global optimization algorithm, this routine would
have an exorbitant computational cost. The alternative approach, and the method
selected for this work, is to use a local optimization algorithm that allows the
material properties to vary for each element. Each element can have between 0 to
100% material and, thus, the design variables are continuous.

A sequential linear programming (SLP) algorithm is used to solve the optimization
problem. SLP linearizes around the current design point in each iteration, and the
next point is computed using linear programming until the convergence criterion
is met. SLP is a robust code that is capable of handling large numbers of local
minima. The commercial code VisualDOC is used to implement the SLP algo-
rithm. As with all local optimization routines, the result may be a local minimum
and not the global minimum. To help ensure the result, a sequential quadratic
programming (SQP) algorithm is used to verify the convergence. However, SQP is
still a local optimization method. Even though SQP may still converage on a local
minimum, the new topology out performs the initial configuration.

The overall topology optimization scheme for the actuator and sensor occurs in
two main steps. First, ABAQUS is used to determine the mass and stiffness matri-
ces for the non-actively controlled dynamic model, and Matlab reads in these
mass and stiffness matrices. Additionally, Matlab manipulates these matrices to
include active control of the structure. Secondly, VisualDOC determines the opti-
mal topology of the actuator elements given an initial configuration where all the

material is distributed evenly along the length of the beam. The objective function
for VisualDOC is evaluated with Matlab, and the gradient is calculated using finite
differencing. Using the mass and stiffness matrices in Matlab saves computa-
tional time since ABAQUS has to only run once. However, the unfortunate side
effect of numerically evaluating the gradient and objective function is the potential
for significant errors and/or large costs in computational time. To help alleviate
this problem, VisualDOC reads in the analytic gradients calculations from Matlab.
However, this does not completely eliminate the numerical errors that may be in
the finite element model and optimization calculations.

The optimization results show that a substantial decrease in displacement of the
free end for the first mode can be achieved by changing the actuator topology;
Figure 2 shows the results for a one layer topology optimization with an initial
piezoelectric actuator of 20% material fraction.

Additionally, optimizing the sensor topology and polarization direction, determin-
ing a desirable gain, and selecting the most effective piezoelectric material can
greatly suppress the vibrations of the cantilevered beam.

6166-05, Session 1

Analytical modeling and piezoelectric actuator
configuration optimization for an adaptive composite
satellite dish

S. Yan, M. N. Ghasemi-Nejhad, Univ. of Hawai’i at Manoa

Adaptive composite panels have great potentials to be used as common struc-
tures in various industrial fields and main components of future spacecrafts. Spe-
cially, particular adaptive composite material applications such as a composite
antenna or a composite satellite dish are gaining researchers’ attentions. As a
result, the knowledge of their modal behavior has to be explored in order to estab-
lish a technological roadmap for their applications. As a basic stepping stone,
numerous models have been developed recently to describe the dynamics of adap-
tive composite panels with surface-mounted piezoelectric (PZT) patches using
various methods. Although, much research has been performed on the dynamics
of beams, rectangular plates, even circular plates, less research has been per-
formed on shallow shell such as a composite satellite dish.

In this paper, the dynamic analysis of a satellite dish with respect to spherical
polar coordinate system is investigated. In this complicated three-dimensional
case, the method of separation of variables is employed to obtain the explicit
solution of the partial differential governing equation of the composite satellite
dish. Then, the mode shape functions are expanded in combination of periodic
functions, associated Legendre functions, and spherical Bessel functions. The
validation of the theoretical model is performed by comparing the developed ana-
lytical mode shapes with finite element analysis mode shapes.

Also, employing the developed model, the norm-2 of LQR optimal feedback gain
vector is set as the objective function of the optimization strategy to obtain the
optimal actuator location coupled with the control law, with which good structural
vibration suppression as well as less control energy consumption can be achieved
by the linear quadric regulator (LQR).

6166-06, Session 2

A study of optimal locations of piezo-patch actuators and
sensors on a cantilever beam for maximum frequency gaps

J. C. Bruch, Jr., C. Spier, J. M. Sloss, Univ. of California/Santa Barbara; S. Adali,
Univ. of KwaZulu-Natal (South Africa); I. S. Sadek, American Univ. of Sharjah
(United Arab Emirates)

Active vibration control is implemented using multiple piezoelectric actuators and
sensors bonded to the top and bottom surfaces of a cantilever beam. The control
is exercised using closed-loop displacement feedback. The objective of the study
is to determine the optimal locations of patch actuators and sensors such that the
fundamental frequency or the frequency gap between higher frequencies of the
beam is maximized. Maximizing the fundamental frequency is useful in those cases
where the excitation frequency is specified to be less than the fundamental fre-
quency to avoid resonance. However, in some cases the excitation frequency can
be placed in between two higher order frequencies. This arrangement also avoids
the resonance. In these cases the design requirement is to maximize the differ-
ence between the two higher order frequencies such as between the first and
second frequencies or between the second and third frequencies, etc. In the present
study the fundamental frequency and the frequency gaps between the higher or-
der frequencies are investigated with respect to actuator and sensor locations
with a view towards determining the optimal locations for largest frequency gaps.

The differential equation governing the vibrations of a feedback controlled cantile-
ver beam/piezo patch system is solved using an integral equation approach. The
equivalent integral equation formulation of the problem avoids the discontinuities
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which arise due to partial length piezo patches. The solution is approximated us-
ing the eigenfunctions of the host structure which lead to a system of algebraic
equations in the final step of the solution procedure. The numerical results are
given for various patch combinations and the optimal locations of the actuators
and the sensors are determined. It is observed that the optimal locations of the
piezo patches depend on the specific frequency gap as well as the patch configu-
rations.

6166-08, Session 2

Design of functionally graded piezoelectric actuators using
topology optimization

E. C. N. Silva, R. C. Carbonari, Escola Politecnica da USP (Brazil); G. H. Paulino,
Univ. of lllinois at Urbana-Champaign

Functionally Graded Materials (FGMs) possess continuously graded material prop-
erties and are characterized by spatially varying microstructures. The smooth varia-
tion of properties may offer advantages such as reduction of stress concentration
and increased bonding strength. Recently, this concept has been explored in pi-
ezoelectric materials to improve properties and to increase the lifetime of bimorph
piezoelectric actuators. Usually, elastic, piezoelectric, and dielectric properties
are graded along the thickness of a piezoceramic FGM. Thus the gradation law of
piezoceramic properties can influence the performance of piezoactuators. In this
work, topology optimization has been applied to find the optimum gradation varia-
tion in piezoceramics FGMs in order to improve actuator performance measured
in terms of output displacements. A bimorph type actuator design is considered.
Accordingly, the optimization problem is posed as finding the optimized gradation
variation of piezoelectric properties that maximizes output displacement or out-
put force in the tip of bimorph actuator. The optimization algorithm combines the
finite element method with sequential linear programming (SLP). The finite ele-
ment method applied is based on the graded finite element concept where the
properties change smoothly inside the element. This approach provides a con-
tinuum approximation of material distribution (CAMD), which is appropriate to model
FGMs. The alternative FGM modelling using traditional FEM formulation and
discretizing the FGM into layers gives a discontinuous stress distribution, which is
not compatible with FGM behavior. The present results consider gradation be-
tween two different piezoceramic properties and consider two-dimensional mod-
els with plane strain assumption.

The practical use of the approach proposed here can dramatically broaden the
range of application of functionally graded piezoelectric actuators in the field of
smart structures.

6166-09, Session 2

Optimum place of piezoelectric material in the
piezoactuator design

R. C. Carbonari, E. C. N. Silva, Escola Politecnica da USP (Brazil); S. Nishiwaki,
Kyoto Univ. (Japan)

Piezoelectric mechanisms offer significant promise in a wide range of applications
such as cell manipulation, microsurgery, nanotechnology processes, and many
other fields. The piezoelectric mechanisms considered in this work essentially
consist of a flexible structure actuated by piezoceramics that must generate out-
put displacement and force at a certain specified point of the domain and direc-
tion. The flexible structure acts as a mechanical transformer by amplifying and
changing the direction of piezoceramics output displacements. Thus, the devel-
opment of piezoelectric actuators requires the design of actuated compliant mecha-
nisms that can perform complex movements. The design of these piezoelectric
mechanisms are complex and a systematic design method, such as topology
optimization has been successfully applied in the latest years, with appropriate
formulation of the optimization problem to obtain optimized designs. However, in
these previous piezoelectric actuator design formulations, piezoceramics posi-
tion are usually kept fixed in the design domain and only the flexible structure is
designed by distributing only conventional material (aluminum, for example). This
imposes a constraint in the position of piezoelectric material in the optimization
problem limiting the optimality of the solution. Thus, in this work, a formulation
that allows the simultaneous search for an optimal topology of a flexible structure
as well as the optimal positions of the piezoceramics in the design domain, to
achieve certain specified actuation movements, will be presented. This can be
achieved by allowing the simultaneous distribution of conventional and piezo-
electric material in the design domain. The optimization problem is posed as the
design of a flexible structure together with optimum positions of piezoelectric
material that maximizes output displacements or output forces in a certain speci-
fied direction and point of the domain. The method is implemented based on the
SIMP material model where fictitious densities are interpolated in each finite ele-
ment, providing a continuum material distribution in the domain. The optimization
algorithm employed is based on sequential linear programming (SLP) and differ-

ent types of piezoelectric mechanisms considering different kinds of output dis-
placement were designed to demonstrate the usefulness of the proposed method.
Although the presented examples are limited to two-dimensional models, this is
appropriate since most of the applications for such piezoelectric mechanisms are
planar devices. The use of topology optimization for the design of piezoelectric
mechanisms is a novel approach that has the potential to dramatically broaden
the applied range of such devices, especially in the field of smart structures.

6166-10, Session 2

Multi-actuated functionally graded piezoelectric micro-tools
design using topology of optimization

R. C. Carbonari, E. C. N. Silva, Univ. de S&o Paulo (Brazil); G. H. Paulino, Univ.
of lllinois at Urbana-Champaign

The micro-tools considered in this work essentially consist of a multi-flexible struc-
tures actuated by two or more piezoceramic devices that must generate different
output displacements and forces at different specified points of the domain and
on different directions. The multiflexible structure acts as a mechanical transformer
by amplifying and changing the direction of the piezoceramics output displace-
ments. Thus, the development of these piezoelectric micro-tools requires the de-
sign of actuated compliant mechanisms that can perform detailed specific move-
ments.

Micro-tools offer significant promise in a wide range of applications such as cell
manipulation, microsurgery, and micro/nanotechnology processes. Although the
design of these micro-tools is complicated by the coupling between movements
generated by various piezoceramics, it can be realized by means of the topology
optimization method. Recently, the concept of functionally graded materials (FGMs)
has been explored in piezoelectric materials to improve the properties and in-
crease the lifetime of piezoelectric actuators. In an FGM piezoceramic, usually,
elastic, piezoelectric, and dielectric properties are graded along the thickness.
Thus, the objective of this work is to study the influence of the piezoceramic prop-
erty gradation in the design of the multiflexible structures of piezoelectric micro-
tools using topology optimization. The optimization problem is posed as the de-
sign of a flexible structure that maximizes different output

displacements or output forces in different specified directions and points of the
domain, in response to different excited piezoceramic portions, while minimizing
the effects of movement coupling. 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).

As examples, designs of an XY nano-positioner actuated by two FGM
piezoceramics and a micro-gripper actuated by three FGM piezoceramics are
considered. The obtained designs are compared with designs considering homo-
geneous piezoceramics. The present examples are limited to two-dimensional
models because most of the applications for such micro-tools are planar devices.

6166-11, Session 3

Minimum mass design of tensegrity towers and plates
M. C. de Oliveira, R. E. Skelton, W. Chan, Univ. of California/San Diego

In this paper we advance the state-of-the-art of Tensegrity systems by showing
how to design towers and plates which are made of a number of stable units,
called “Snelson Prisms”, so named to honor the artist that first constructed one
as an art-form.

Tensegrity structures can be optimized to minimize mass and maximize strength
due to the fact that tensile elements can carry more load per mass than compres-
sive elements. By using more strings, tensegrity structure design can save mass.
For instance, in the simplest possible three dimensional traditional frame struc-
ture, a tetrahedron, one needs six bars to keep four nodes in equilibrium. In the
simplest three dimensional tensegrity structure, one can keep six nodes in equi-
librium using only three bars.

The design of tensegrity towers and plates presented in this work is characterized
by the sites of the connections with adjacent members, and the parameters of
each Snelson Prism. These formulas are analytical in nature, allowing the user to
substitute any material choice and any bounds on strength and stiffness.

Since the properties of tensegrity structures are scalable, we can also save mass
by taking advantage of geometry. For instance, in previous works we have shown
how to apply self-similar iterations, to replace an individual bar by yet another
tensegrity structure with less mass, without sacrificing strength, leading to the
concept of tensegrity fractals. In this paper we show that a similar result, that is,
minimization of the total mass on a finite number of iterations can be achieved on
more traditional geometries, such as towers (columns) and plates. By increasing
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the number of units (Snelson Prisms) in tensegrity towers and plates it is possible
to reduce mass without changing the external dimensions nor the strength of the
resulting tensegrity system. These iterations allow the total mass of the structure
to be minimized in a finite number of self-similar iterations.

6166-12, Session 3

Tensegrity structures in aquaculture installations

A. S. Wroldsen, Norges Teknisk-Naturvitenskapelige Univ. (Norway); V.
Johansen, SINTEF Fisheries and Aquaculture AS (Norway); A. J. Sgrensen,
Norwegian Univ. of Science and Technology (Norway); R. E. Skelton, Univ. of
California/San Diego

Aquaculture is the fastest growing food production sector in the world and has
experienced an increased annual production of close to ten percent in average
since 1970. The future demand of seafood products could only be solved by de-
veloping offshore aquaculture due to an increasing number of installations and
shortage of shelter locations. The quality of water is another reason for investigat-
ing offshore aquaculture. The extreme weather conditions experienced offshore
leads to a focus on the development of new structure concepts, remote monitor-
ing and a higher degree of automation.

This paper introduce the use of tensegrity structures in the design of aquaculture
installations. The net spanning tensegrity structure will change its position and
attitude as a function of environmental loading from waves and currents. A multi-
objective control strategy is used on a controllable tensegrity structure to alter the
structure geometry in an optimal manner as a trade-off between minimizing envi-
ronmental loads and optimizing through-flow of water and net spanning volume.

A novel second order matrix differential equation form proposed by R. E. Skelton
is used to describe the dynamics of this multi-body system. This form requires no
matrix inversion and is therefore effective for analysis and control of systems with
a large number of rigid bodies.

A simulation study with different hydrodynamic load conditions has revealed that
new structure concepts and multi-objective control could reduce loading and in-
crease fish welfare and efficiency of production.

6166-13, Session 3

A dynamic model for generating actuator specifications for
small arms barrel active stabilization
A. Pathak, D. E. Brei, J. E. Luntz, C. Lavigna, Univ. of Michigan

Over the past century, no significant modifications have been made to small arms;
yet, it is still very difficult to attain higher marksmanship levels due to shooter
induced disturbances. Modern advances in active stabilization based upon smart
materials have the potential to reduce if not eliminate shooter induced disturbances
increasing accuracy and thus mission effectiveness and survivability. Indepen-
dent of the selected mode of actuation, piezoelectric or shape memory alloy, it is
difficult to ascertain the actuator requirements due the unknown jitter introduced
by a shooter’s arm or shoulder physiological inputs. These specifications are nec-
essary for the design of all elements of the active stabilization system including
the actuator, controller and stabilizing mechanism (springs, dampers, levers, etc.).

This paper presents a generic analytical dynamic model of small arms that encap-
sulates all the key parameters necessary to predict the required actuation forces
and displacements as functions of frequency. This model is unique because it
captures the human interface - shoulder and arm - that introduces the jitter distur-
bance in addition to the geometry, inertial properties and active stabilization stiff-
ness. Because no data to date is available for actual shooter-induced disturbance
in field conditions, a method is given using the model to back solve from actual
shooting range variability data the disturbance amplitude information relative to
the input source (arm or shoulder). This modeling method is powerful because it
can be applied to a wide range of hand-held weapons with varying kinematics,
different frequency conditions and disturbances, and generates the actuator re-
quirements (force, amplitude, frequency) for the active stabilization system in both
the azimuth and elevation directions.

As validation, the model was applied to two very different weapon systems: M24
which is a sniper weapon with the active stabilization would operate between the
stock and barrel and the disturbance is introduce via the stock, and the M16A4
where the active stabilization would operate between the shooter’s forward hand
and the barrel/stock assembly. In both cases, model based simulations provided
significant insight into the interplay of the human - weapon - active stabilization
interface. This included the effect of increasing frequency of shooter induced dis-
turbances, the disturbance location (shoulder vs arm), the impact of active stabi-
lization system stiffness, and required barrel rotation (or accuracy variability). An
interesting finding is that the quasi-static solution always bounded the require-
ments for reasonable disturbance frequencies (less than 5 Hz), independent of the
disturbance source, amplitude or stabilization stiffness, making it straightforward

to set conservative specifications for the active stabilization actuator.

6166-15, Session 3

Low-order actuator influence functions for piezoelectric in-
plane actuated tensioned circular deformable mirrors
M. J. Shepherd, R. G. Cobb, W. P. Baker, Air Force Institute of Technology

Lightweight, large deformable mirrors for space-borne optical telescopes and sur-
veillance activities are an area of intense research to support astronomical explo-
ration and national security objectives. Simply stated, space deployable, large-
diameter, low areal density, optical quality surfaces are required to overcome limi-
tations for all foreseeable launch vehicle packaging and payload constraints. The
choice of a deformable mirror stiffened by membrane tension and forced by pi-
ezoelectric in-plane bimorph or unimorph actuators may be a desirable configura-
tion. Compared to a conventional mirror where discrete actuators are attached to
a rigid backing structure and operate directly against the mirror’s non-reflecting
face, the in-plane actuated mirror is lighter in weight, is capable of remote actua-
tion, and is capable of higher spatial frequencies for a given number of actua-
tors—all distinct advantages for space-borne operations. However, efforts to sim-
ply model the influence functions of deformable mirrors have long relied upon
matching individual actuated shapes without regard to the domain of the mirror
surface. Error terms, such as pinning errors, have dominated discussions utilizing
these modeling efforts. Furthermore, the case of non-isotropic piezoelectric ac-
tuators is often ignored, although it is the most common type employed for in-
plane actuation. A simplified model incorporating the domain of the mirror surface
which allows for non-isotropic actuators is desired. The research presented herein
is an incremental step towards quasi-static optical precision control of the envi-
sioned large scale deformable mirror surface.

The analytic influence functions are determined using modeling techniques famil-
iar in piezoelectric actuated structures where piezoelectric actuation is injected
into the simplified governing partial differential equation via line moments. The
method described herein prescribes an asymptotic solution to the partial differen-
tial equation, where scaling is achieved as the comparison in stiffness between
flexural rigidity and tension. For an actuator pattern defined in radial coordinates,
the first order solution solves the Poisson equation using Green'’s functions. The
asymptotic solution is unique in that it highlights the effects of the tuning param-
eters such as membrane tension versus thickness which become tools at discre-
tion of the design engineer.

The analytical approach in this presentation involves calculating the influence func-
tions for this class of deformable mirror with a finite element model used as the
truth source. Piezoelectric forcing is introduced to the finite element model through
the familiar piezoelectric-thermal analogy, and the membrane is tensioned via a
non-linear update to the stiffness matrix. The model, constructed in MSC.Nastran,
is undergoing concurrent verification in a series of laboratory experiments.

Analytical results show the presented simplified solution closely replicates the
non-linear finite element solution at a lower computational cost. Furthermore, by
forming a model which incorporates the entire domain versus the use of localized
influence functions, the negative effects of pinning errors are reduced. Moreover,
the simplified influence function should prove useful to researchers seeking to
implement control algorithms scaled to large-diameter space-borne systems, and
for use in genetic, iterative algorithms for determination of actuation location, and
for design/performance trade studies of membrane mirrors.

6166-16, Session 3

Experimental multi-input multi-output (MIMO) control of a
smart fin

A. Yousefi-Koma, Y. Chen, D. G. Zimcik, National Research Council Canada
(Canada)

Buffet induced tail vibration is a significant problem particularly for twin-tail fighter
jets, which require frequent inspection to prevent catastrophic failure. In this pa-
per an Aluminum fin was considered as a representative model of a typical fighter
vertical tail with scaled dynamic modes and geometry. Piezoceramic actuators
were bonded to both surfaces of the fin and accelerometers were used to monitor
the dynamic response. The smart fin fabricated at the NRC laboratory. A modal
analysis of the finite element model of the integrated smart fin provided the natu-
ral frequencies to compare with the experimental results. A Multi-Input Multi-Out-
put (MIMO) control system was designed and implemented using the Simulink,
the Real-Time Workshop, and the xPC TargetBox of Mathworks. Results demon-
strated that the active control system reduced the vibration significantly and the
MIMO control system demonstrated superior performance over the Single-Input
Single-Output (SISO) controller for a broadband control of the smart fin.

The first two dynamic modes, i.e. first bending and first torsional modes, of the
smart fin were considered in this study. Accelerometers were employed as sen-
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sors and 24 Piezoceramic actuators were bonded to both sides of the fin. Some
actuators were used as disturbance generators and others as control actuators.
In order to excite/control the second mode, i.e. torsional mode, more effectively
actuators were operated out of phase.

First, two independent SISO control systems for the first two dynamic modes of
the smart fin were designed and implemented for narrow band control around
each of these modal frequencies. Then, a MIMO control system was designed
and implemented for broadband control.

The frequency response of the accelerometer to a random vibration without con-
trol and with the first mode SISO control was studied. The controller was effective
for the first mode with peak vibration suppression of 78.5% but it was unable to
suppress the second mode. However, the controller did not have any spillover
effect to enhance the second mode. Also, the second mode SISO control system
was able to suppress the second vibration mode induced by a random excitation
effectively without causing spillover to the first mode. A reduction of 55.5% in the
peak acceleration, is achieved for the second mode. Using the MIMO control sys-
tem, both sets of excitation actuators were driven by a random signal to excite
both modes effectively. The two sets of control actuators were then employed in
the MIMO control loop to suppress the vibration over a broad range of frequency.
The MIMO control system showed its superiority over the SISO controllers by
suppressing the vibration over the broadband frequency. A simultaneous vibra-
tion reduction of 71.1% and 45.1% for the first and second vibration peaks re-
spectively were achieved.

The active control systems were also tested with narrow band and broadband
sine sweep excitations which demonstrated a robust and effective vibration con-
trol. Details of the control system and the complete experimental results will be
presented in the full paper.

6166-17, Session 4

A reptation model for magnetic materials
T. R. Braun, R. C. Smith, North Carolina State Univ.

Reptation is a phenomenon affecting most ferroic materials. It may be observed
by showing that several loops over the same input field (ferroelectric and ferro-
magnetic materials) or temperature (shape memory alloys) produce slightly vary-
ing polarizations/magnetizations/strains. This corresponds to varying displace-
ments, which poses problems for actuators or sensors requiring high accuracy.
While the underlying causes of reptation are complex and vary by material, the
macroscopic behavior can be treated in a consistent manner which holds promise
for real-time designs. A constituative reptation model is presented in the context
of homogenized energy models, and its performance is analyzed. To simplify the
discussion, magnetic materials are focused on, although the model itself has
broader application.

6166-18, Session 4

An evolutive model for magnetostrictive interactions:
existence of weak solutions
V. Valente, Istituto per le Applicazioni del Calcolo (ltaly)

The dynamics of magneto-elastic materials is described by a nonlinear parabolic
hyperbolic system which couples the equations of the magnetization and the dis-
placements. We propose a model for the two-dimensional case and establish the
existence of weak solutions. Our starting point is the Gilbert-Landau-Lifschitz equa-
tion introduced for describing the dynamics of micromagnetic processes. Three
terms of the total free energy are taken into account: the exchange energy, the
elastic energy and the magneto-elastic energy usually adopted for cubic crystals.
In this approach we neglect the contributions due to the anisotropy and the de-
magnetization effects. The analysis of the equations is carried out in 2D frame-
work which allows us further simplificative hypotheses mainly concerning the as-
sumption of small plane displacements. The paper is devoted to the existence of
weak solutions for the proposed differential system. The existence theorem is
proved combining the Faedo-Galerkin approximations with the penalty method
which introduces a small parameter. The convergence as the parameter vanishes
is deduced from compactness properties.

6166-19, Session 4

Modeling and characterization of a smart two-directions
MOSFET magnetic sensor

A. Abou-Elnour, Ajman Univ. of Science & Technology (United Arab Emirates)

A great attention has been recently given to the characterization and realization of
precise MOSFET magnetic field detectors. This is referred to the remarkable en-

hancement in device concepts and technology and because of the ever increased
wide range of applications in which precise integrated circuit (IC) magnetic field

detectors are required. However, most of the present used magnetic field detec-
tors are either bulky, heavy, sophisticated, or can not be integrated using MOSFET
technology in a single ship. On the other hand, theoretical models had been de-
veloped to determine the effect of magnetic fields on the electrical performance of
active devices. However, some of these models has no coupling between the
magnetic field and the electron transport equation. This limits the ability of these
models to determine the effects of all device parameters and operating conditions
of the detector sensitivity. On the other hand, sophisticated models which fully
coupled Maxwell’s equations with the device transport equations require high CPU
time what limit the usage of these models as efficient CAD tools in the device
structure optimization process.

The aim of the present work is to develop an accurate physical device simulator
that can be efficiently used to characterize the operation and to optimize the struc-
ture of a new suggested smart two-directions MOSFET magnetic sensors. The
limitation of the previous models and simulators are overcome by using an effi-
cient coupling scheme of the external applied magnetic field in the device trans-
port equations. The simulator is used to investigate the effect of different device
and circuit parameters on the sensor sensitivity and hence to determine the best
biasing conditions to have maximum sensitivity of the sensor.

The simulator is then applied to characterize the operation of a smart two-direc-
tion magnetic sensor. It is constructed of a square-looped source MOSFET sur-
rounded by four lateral MOSFETs whose sources act as current collectors. Two of
them are axially located along the x-direction and they are responsible of detect-
ing the z-oriented magnetic fields while the other two are located along the z-
direction and are responsible of detecting the x-field component.

The square-looped source structure provides a trapezoidal-formed channel, which
enhances carrier heating even at small biasing voltages without need for scaling
down the device geometry. In the absence of the magnetic field, the carrier sub-
strate current penetrates into the bulk and the four lateral collectors accumulate
equal currents, and a portion of this current (depending on the substrate bias)
goes to the substrate terminal. In the presence of the magnetic field excursion
caused by the presence of microwave signal, the symmetry of the substrate cur-
rent flux is upset in such a manner that one or two collectors (depending on the
orientation of magnetic field ) accumulate more currents than the others.

The ability of the sensor to detect the direction of the applied magnetic field makes
it possible to have two-direction sensor which is able to detect magnetic field
variations in two perpendicular directions from d.c. to microwave ranges. The
suggested sensor is found to have very high sensitivity, very good linearity, wide
dynamic range of operation, and excellent resolution. Moreover the present de-
tector overcomes the challenging problem of inability to determine the orientation
of the magnetic field in conventional magnetic sensors.

6166-20, Session 5

Monte-Carlo simulation of ion transport at the polymer-
electrode interface of high strain ionomeric
X. He, D. J. Leo, Virginia Polytechnic Institute and State Univ.

The transport of charge due to electric stimulus is the primary mechanism of ac-
tuation for a class of polymeric active materials known as ionomeric polymer trans-
ducers (IPT). Functionally an IPT is very similar to a piezoelectric transducer con-
verting mechanical energy to electrical energy or vise-verse. It is believed that a
larger polymer-electrode interface area increases the capacitance of IPT. Recent
experimental results have demonstrated that increasing the volume percentage of
conductive particles in the electrode increases the capacitance and performance
of the transducers. The focus of this paper is to use a computational model to
compare the difference before and after metal particle loading in the electrode.
The model contains a 50nm 50nm 50nm lattice cells representing the IPT sub-
strate. 1000 cations are distributed inside while the same number of negative
charges are uniformly scattered and fixed as background charge. Before any metal
particle loading, the system can be described purely by an ion hopping model
with Monte Carlo simulation as thermally activated cations hop between multiwell
energy structures by overcoming energy barrier with a hopping distance of 1nm
each time. A step voltage is applied between the electrodes of the IPT. In one
single simulation step, coulomb energy, external electric potential energy and in-
trinsic energy of the material are calculated and added up in energy wells around
the cations. And then hopping rates in those potential hopping directions are ob-
tained. Due to the random nature of the ion transitions, a weighting function from
Monte-Carlo algorithm is added in to calculate the ion hopping time. Finally the
minimum hopping time is chosen and one hopping event is accomplished. Both
system time and ions distribution are updated before the next simulation loop.
Periodical boundary conditions are applied when ions hop in the direction per-
pendicular to the electric field. The intrinsic energy term is adjusted to properly
describe Nafion based IPT and help match the dynamic properties of IPT in the
experiments. The influence of the electrodes on both faces of IPT is presented by
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the method of image charges. The charge density at equilibrium state qualitatively
matches the result from a continuum-based model. The property of charge den-
sity has charge neutrality over the most central of part of the membrane and the
charge imbalance over narrow boundary layer close to the anode and cathode.

After metal loading in the electrode, at the place far from interface, ion hopping
model with Monte-Carlo simulation still can be used to effectively describe ion
transport inside the transducer. However, at the polymer-electrode interface, simu-
lation will concentrate on varying the material properties near the electrode and
analyzing the effect on ion transport. Results comparison includes the number of
ions accumulated at the polymer-electrode interface and the time taken to reach
the accumulation when the volume percentage of conductive particles in the elec-
trode varies.

6166-21, Session 5

Dynamic modeling of the nonlinear response of ionic
polymer actuators
C. S. Kothera, D. J. Leo, Virginia Polytechnic Institute and State Univ.

lonic polymers are compliant, light weight materials that operate under low volt-
age levels as transducers. They can be used as both sensors and actuators for
various applications, primarily those involving flexible structures. The electrome-
chanical transduction properties of these materials were discovered just over a
decade ago, spawning the development of ionic polymer research. While the de-
bate continues over the dominant physical mechanisms of actuation, several model
forms have been proposed. The majority of these existing models are stated to be
linear approximations and some were derived with input-dependence. However,
nonlinear characteristics have been observed in both the electrical and mechani-
cal response of cantilever actuators, including harmonic distortion in the time-
domain and magnitude scaling of the frequency response. Characterization re-
sults indicate that the nonlinear mechanisms are dynamic since they have domi-
nance at low frequencies, but are essentially negligible as the excitation frequency
increases. This research uses knowledge gained from the characterization results
to develop a dynamic model that can predict the observed nonlinear behavior.
The empirical model is constructed from input-output data collected using a
Gaussian input current signal and is validated using the measured frequency re-
sponse function and single-frequency sinusoidal responses. While this model does
not derive any new physical laws, it does provide a phenomenological account for
how nonlinearities affect the actuation response of ionic polymer transducers,
which will be helpful for future modeling efforts and parameter studies. Addition-
ally, with an identified model structure that can capture the nonlinear dynamics,
ionic polymer actuators will be one step closer to system implementation.

6166-22, Session 5

Variational modeling of ionic polymer plate structures

M. A. Buechler, Los Alamos National Lab.; D. J. Leo, Virginia Polytechnic
Institute and State Univ.

lonomeric polymers are a promising class of intelligent material, which exhibit
electromechanical coupling similar to that of piezoelectric bimorphs. lonomeric
polymers are much more compliant than piezoelectric ceramics or polymers and
have been shown to produce actuation strain on the order of 2% at operating
voltages between 1V and 5 V. This performance indicates the potential for self-
actuating devices manufactured from ionomeric polymers, such as deformable
mirrors or low pressure pump diaphragms.

This paper presents a variational approach to the dynamic modeling of ionic poly-
mer plates in rectangular coordinates. A linear matrix equation, which relates dis-
placement and charge to applied forces and voltage, is developed then applied to
shape control of a boundary-constrained plate. One of the more interesting as-
pects of the modeling method is the incorporation of empirically determined ma-
terial properties, which have been shown to be highly frequency dependent. The
matrices are calculated and solved for a discrete frequency vector resulting in
frequency response functions or spatial solutions at an individual frequency.

An example model is developed and validated experimentally. Simulated frequency
response functions are compared to experimental results for several spatial loca-
tions. Then spatial solutions are investigated at some frequencies identified by
interesting characteristics of the frequency response functions. These spatial so-
lutions are also compared to experimentally determined response shapes.

6166-23, Session 5

EAPap walking actuator device

W. J. Craft, North Carolina A&T State Univ.; J. Kim, Inha Univ. (Spain); K. D.
Song, Norfolk State Univ.; S. H. Choi, NASA Langley Research Ctr.

Initial Abstract of 8/9/05

Electroactive Paper has been proposed as a bio-inspired and friendly smart mate-
rial and an Electroactive Polymer Actuator. One smart device that is within the
present design capabilities of emerging EAPap materials is that of an ambulatory
or walking actuator. Most prior EAPap materials have been too thin and flexible to
allow them to carry sufficient weight for use in an ambulatory system. The move
from 15 to 18 micron thickness EAPap materials to 30 micron and thicker papers
with good electroactive action provides improved bending stiffness and tip forces
so that walking devices are feasible.

We are constructing an elemental device constructed of two bending elements.
Taken as a compound unit smart actuator, this device can perform forward or
backward motion controlled by a simple signal generator with a staggered peri-
odic signal to both elements. The performance of this unit varies with signal, so
that as some specific frequencies and delays, it is able take advantage inertial
effects to help it traverse a variety of terrains. This basic unit may be sufficiently
robust to serve as one portion of a larger device capable of forward, backward,
and side movement allowing it to follow a prescribed path or to take intelligent
action in response to a specific mission requirement.

One of our concepts involves two bending elements interconnected at one loca-
tion to promote repetitive walking motion.

6166-24, Session 6

Nonlinear vibration modes in microresonator arrays
A. J. Dick, B. Balachandran, C. D. Mote, Jr., Univ. of Maryland/College Park

In the solid-state physics literature, nonlinear phenomena such as mode localiza-
tion have been studied for a number of years. Energy can become localized at a
specific location in a discrete system as a result of the nonlinearity of the system
and not due to any defects or impurities within the considered systems. Intrinsic
Localized Modes (ILMs), which are defined as localization due to strong intrinsic
nonlinearity within an array of perfectly periodically oscillators, are of interest to
the present work. Here, such localization is studied in the context of micro-canti-
lever arrays and micro-resonator arrays, and it is explored if an intrinsic localized
mode can be realized as a nonlinear normal mode. The method of multiple scales
is used as a part of the analysis to study the nonlinear vibration modes of the
resonator arrays. Preliminary investigations to be reported in this article suggest
that this is possible, and these results are believed to be important for future de-
signs of micro-resonator arrays intended for signal processing, communication,
and sensor applications.

6166-25, Session 6

Frequency-dependent modeling of nonlinear history effects
in piezoceramic stack actuators
A. J. Kurdila, Univ. of Florida

No abstract available

6166-27, Session 6

Thermal-electrical-mechanical coupled FE buckling
analysis of smart plates using discrete layer kinematics

G. Giannopoulos, J. Vantomme, Royal Military Academy (Belgium) and Vrije
Univ. Brussel (Belgium)

Piezoelectric materials and especially PZTs have been introduced in several sci-
entific areas over the last decades. In combination with advances in control meth-
ods, areas of structural mechanics that were not implemented in real applications
in the past, are now in the front line of development. Aeronautical structures take
advantage from these developments as non-linear mechanics enters the stage
which permits to expand the operational envelope of piezoelectric actuators by
increasing their displacement and blocking force.

The issue of non-linear structures that amplify the actuation provided from piezo-
electric elements has been shown for aeronautical applications in [1]; in this work,
the potential of non-linear mechanics for increasing the performance of piezo-
electric elements is clearly shown. Snap-through buckling is a step further in the
direction of using non-linear mechanics for actuator design. Numerous buckling
and postbuckling analysis publications have been presented treating the issue on
atheoretical level, taking into account different parameters such as thermal forces
[2], and in more complicated analyses both thermal and electrical forces [3]. Some
researchers have also treated the subject using similar formulations implementing
finite element solvers [4]; in most of the cases, the coupling exists between the
mechanical and electrical field and an equivalent single layer theory is used (CLPT,
FSDT, HSDT).

In the present work, a fully coupled thermal-electrical-mechanical constitutive for-
mulation has been implemented in combination with a plate finite element and
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discrete layer kinematics in order to asses the buckling behavior of smart plates of
different thickness to length ratios. Non-linear terms due to large displacements
are introduced. Additionally, the issue of buckling compensation through electri-
cal actuation of the piezoelectric elements is examined. The thermal buckling is
also examined introducing thermal effects (temperature gradients and heat flux).
The coupling capabilities of the FE solver permit the prediction of the buckling
onset in a more accurate way compared with a solver where the coupling capabil-
ity between all fields does not exist and where thermal effects are represented
through equivalent thermal forces. This is due to the fact that in the case of the
fully coupled solver, the temperature distribution inside the structure is calculated
through the heat transfer equations and thus the global temperature response is
more accurately represented. This parameter is becoming more important as the
plate thickness increases.

An important aspect is the examination of buckling onset due to the excitation of
piezoelectric elements, in a precompressed beam. A high displacement actuator
can be build using this phenomenon, since a slight excitation from piezoelectric
elements can occur in buckling where displacements are orders of magnitude
higher than the displacement of the piezoelectric element itself.

The discrete layer kinematics implemented in [5] for all degrees of freedom permit
the accurate calculation of the global response of the structure, as well as the
stress levels in each of its layers, as it has already been shown in [6]. Electrical and
thermal degrees of freedom are also approximated through discrete layer kine-
matic assumptions. Compared with an equivalent single layer theory, the predic-
tion is more accurate for all degrees of freedom especially for thick plates. Results
from experimental procedures already performed are used to support the present
analysis.
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6166-28, Session 6

Model validation of piezoelectric polymer applied to mm
size microrobot I-SWARM

J. Brufau-Penella, J. Sanchez-Martin, M. Puig-Vidal, Univ. de Barcelona (Spain)

In classical microrobotics, highly integrated and specialised robots have been
developed in the past years, which are able to perform micromanipulations con-
trolled by a central high-level control system. On the other hand, technology is still
far away from the first “artificial ant” which would integrate all capabilities of these
simple, yet highly efficient swarm building insects. The aim of the Integrated Project
I-SWARM (FP6-2003-IST-507006) is the realisation of a “real” microrobot swarm,
i.e. a thousand micro manufactured autonomous robots will be designed for the
collective execution of different tasks in the small world. The function of the ro-
bots agents will be reduced to locomotion, integrated tool permitting basic ma-
nipulation, possibility to attach and release other agents, a limited capability to
store information on the state of the agent as well as the possibility to transfer
basic information between agent to agent.

In several insects the mechanical structure for locomotion is based on shells and
muscles. Agile limbs can be made when a suitable muscle “actuator” is integrated
with the shell structure. To mimic the biological world the materials for the back-
bone of the insect robot should be polymeric. A full custom IC will be designed
and implemented for on-board power management and intelligence. The whole
robot insect dimension is restricted to Tmm*2mm*2mm. As a locomotion principle
4 PVDF (Poly Vinylidene Fluoride) thin film multilayer pair legs should be imple-
mented, each of them with a maximum surface of about 0.3mm*0.5mm.

In this paper an electro-mechanical model to describe the behaviour of a multiplayer
PVDF smart structure as the proposed robot legs is presented. The study is based
on the modal analysis of the partial differential equations governing the motion of
an Euler-Bernouilly cantilever beam. A pair of linearly coupled piezoelectric equa-
tions between the mechanical and the electrical domains is used. An important
element in the modelization of such materials is the energy losses term, in this
paper a viscous damping contribution is considered which allows us to extract a
more realistic constituent equations for the material to work as senor and actua-
tor. The development of this equation as an infinite linear combination of each
mode allows us to extract a compact lumped equivalent electrical circuit to work
at any frequency region as sensor or actuator instead of the classical reduced
models.

Once the theory is presented experimental measurements are developed for the
model validation. The experiments are measured on custom made multilayer can-
tilever structures based on PVDF thin films obtained from Measurement Special-
ties, Inc.:

- First a lumped compact equivalent circuit compatible with commonly used Inte-
grated Circuit software design is obtained and validated. The different compo-
nents are defined by the material and geometrical parameters and by the mode
shapes of the vibration transmission.

- Secondly a validation of an actuator (I=29e-3m, w=4e-3m, h=110e-6m) modal
equation for the first 3 natural frequencies shows a good correspondence be-
tween the theory and the experimental results (theo: 63Hz, 402Hz, 1.12KHz ,exp:
61Hz, 380Hz, 1.06KHz).

- Thirdly, assuming the viscosity as the unique loss term, give us a proper approxi-
mation on the maximum displacement at the first resonance mode (theo: 900um,
exp: 855um). The viscous term is experimentally measured for each PVDF, due to
the process of fabrication we obtain different values for each one of them.

- Finally a model scalability validation is presented by the measurements of differ-
ent size actuators (11=29e-3m, w1=4e-3m, 12=18e-3m, w2=10e-3m, 13=17e-3m,
w3=4e-3m) obtaining the first resonance frequency increasing (PVDF1: 61Hz,
PVDF2: 162Hz, PVDF3: 183Hz).

The PVDF model validation allows us to determine the performances of the I-
SWARM small leg expecting a maximum velocity of each robot ,working at it’s
resonance frequency, of about 1mm/s.

6166-29, Session 7

Adaptive wavelets applied to smart structures in
astronomical adaptive optics
K. J. Jones, Rice Univ.

Adaptive wavelets have great potential for optimizing performance in Smart Sys-
tems. Adaptive wavelets are important when signals or environments are chang-
ing in time. Of particular interest is using adaptive wavelets in astronomical adap-
tive optics systems. The most advanced design for Adaptive Optics is ground
based telescopesin Steward Observatory’s 6.5 m MMT (Multiple Mirror Telescope)
which uses three-axis PZT actuators for its Deformable Mirrors. Adaptive wave-
lets are expected to enhance performance in this very complex design.

Stewart Observatory’s 6.5 m MMT telescope has a unique design: the Deform-
able Mirror (DM) is both the secondary mirror of the Cassegrain telescope and the
Deformable Mirror of the Adaptive Optics system. The DM consists of 336 voice
coil actuators that push on 336 small magnets glued to the backsurface of the thin
642 mm asheric ULE glass ‘shell’.

A 512-segment DM has each segment glued to a three-axis PZT actuator giving
1500 degrees of freedom. The DM bimorph is a sandwich of piezo-electric mate-
rial oppositely poled so that when an electric field is applied across the sandwich,
one layer shrinks while the other expands creating an induced cruvature. Actua-
tors are arranged in a circular symmetric pattern and have tens of microns of
stroke. This complex design has a multitude of problems with alignment, vibra-
tions and abberations, but it is by far the most advanced design for Adaptive
Optics.

Adaptive wavelets will be applied to achieve higher resolution, greater sensitivity
and faster response time to a model element of the PZT actuators which form the
basis of the MMT’s Adaptive Optics system. Adaptive wavelets are useful when
the environment is changing with time which is the case when the Adaptive Optics
senses and corrects the atmospheric distortion. Certain wavelets, i.e. 2-D CWT
curvelets, may be uniquely suited for the circularly symmetricly arranged actua-
tors.

Actuators for the Adaptive Optics systems of the MMT telescope have 10’s of
microns of stroke and a sensor which measures displacement at 40 kHz. An adap-
tive wavelet system will be developed to enhance peformance of one model PZT
element of this system. Higher resolution may be possible improving Adaptive
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Optics performance

6166-31, Session 7

Removal of noise from vibration data using wavelet
denoising and damage classification of structures using
wavelet transform and neural network (ANN) identification

J. K. Gope, G. N. Singh, M. Joshi, Research and Development Establishment
(Engineering) (India)

An integrated method for removal of noise form noisy vibration data and damage
detection of structures using the vibration response, wavelet transforms and arti-
ficial neural network has been developed. When structural vibration response sig-
nals in time domain are decomposed into multiple sub-signals using wavelet trans-
form, change corresponding to structural damage in each sub-signal may show
notable difference, and some of the sub-signals may posses high sensitivity to
small damage in structure. In this study vibration responses are denoised using
soft thresholding of detail coefficient. A mixture of Stein’s Unbiased Risk Estimate
(SURE) and Fixed form threshold is used as a threshold selection rule. Denoised
responses are then decomposed into various sub-signals using discrete wavelet
transform and energy of each sub-signal in a given time-interval is calculated to
quantify variations in the sub-signals caused by the structural damage. Damage
feature vectors are constructed from the energy of decomposed sub-signals. ANN
is used to map the relationships between damage feature and structural damage
status. Damage status includes damage location as well as damage extent. This
methodology has been applied on ASCE (American society of civil engineers) Struc-
tural Health Monitoring (SHM) benchmark problem. Results indicate that the pro-
posed method can be used to remove noise associated with vibration response
and detect damage status.

6166-32, Session 7

Implementation of wavelet transform based image
compression using Altera’s max plus Il and EPF10K70

N. Garg, A. K. Aggarwal, Sant Longowal Institute of Engineering and Technology
(India)

An important characteristic of configurable computing systems is the ability to
perform several functions using a single architecture, an idea captured by the
term versatility. In this paper, authors got the compression results using Altera’s
Max PLus Il software and have implemented on EPF 10K70 FPGA chip. For down-
loading the design, ByteBlasterMV downloadable cable has been used, which is a
hardware interface to a standard parallel port. The wavelet compression algorithm
is accomplished through a sequence of steps that transform grayscale images in
“PGM” format into a compressed format. External memory HM628512 has been
interfaced with the FPGA chip, in order to have sufficient memory for the original
image. The coding has been done on VHDL platform, in which SRAM controller
has been used as a component. Authors have got the good results as now the
original image of any size can be taken for compression purpose, depending upon
the external memory interfaced. Authors have also verified the same work on Texas
Instrument’s TMS320 6711 floating point DSP processor, and observed that for
these applications, the results obtained with FPGAs are much better as compared
to that with DSP processor.

6166-33, Session 7

Damage detection in multiwire strands by discrete wavelet-
based outlier analysis and embedded guided ultrasonic
waves

P. Rizzo, Univ. of California/San Diego; E. Sorrivi, Univ. degli Studi di Bologna
(ltaly); F. Lanza di Scalea, Univ. of California/San Diego; E. Viola, Univ. degli
Studi di Bologna (ltaly)

This paper describes a method based on novelty detection and Discrete Wavelet
Transform for damage detection. A statistical discordancy test is used to deter-
mine the presence of outliers in a set of features extracted from the Discrete Wavelet
Transform of ultrasonic guided-wave signals; the outliers indicate a faulty condi-
tion of the structure under investigation. The proposed approach, which is dem-
onstrated to be general, is applied to the quantitative detection of notch-like de-
fects in steel strands used as cable-stays or prestressing tendons. The effect of
the number of features and the effect of the ultrasonic noise level on the sensitivity
of the method to the presence and the size of the defects are discussed.

6166-34, Session 7

Adaptive time-frequency analysis method for the analysis of
dispersive elastic waves

K. H. Sun, Seoul National Univ. (South Korea); J. Hong, Hyundai-Kia Motors Co.
(South Korea); Y. Y. Kim, Seoul National Univ. (South Korea)

Although conventional methods such as the short-time Fourier transform (STFT)
and the continuous wavelet transform (CWT) have been effectively used for the
analysis of dispersive elastic waves, rapidly varying wave signals may not be ac-
curately analyzed by these methods. Because the time-frequency tiling of con-
ventional methods do not take into account dispersion phenomena, it is often
difficult to trace accurately the time-frequency varying feature of the signals. The
objective of this work is to develop advanced adaptive time-frequency analysis
methods whose time-frequency tiling is varied to the dispersion characteristics of
the signal to be analyzed. More specifically, a method called, “the dispersion-
based short-time Fourier transform (D-STFT) and the dispersion-based continu-
ous wavelet transform (D-CWT)” are newly developed. In these methods, each
time-frequency tiling is adaptively rotated in the time-frequency plane depending
on the estimated local dispersion rate of a wave signal. Since the dispersion rela-
tionship is not known in advance, an efficient procedure to extract information on
the dispersion relationship hidden in a wave signal must be devised. In the pro-
posed approach, the dispersion relationship is estimated iteratively from the ridge
analysis of the result by the proposed adaptive methods where the initial estima-
tion is based on the result by the standard methods. To verify the validity of the
present approach, the Lamb waves measured in an aluminum plate were consid-
ered. Indeed, the present D-STFT and D-CWT extracted the time-frequency char-
acteristics of wave signals more accurately than the standard STFT and CWT.

6166-14, Poster Session

Development of MR rotary suspension system for field
robot
N. Huh, WIA Co., Ltd. (South Korea)

The field robots doing autonomous driving have the mission obstacle avoidance
or overwhelming. But as driving off-road, the shock and vibration effects transmit-
ting from road profile are falling down the performance of world map modeling
and obstacle recognition.

To do solve these problems, generally field robots are built assemble anti-shock
and anti-vibration equipment to sensors and computers, or active or semi-active
suspension equipments. These systems are to do minimization of vibration ef-
fects transmitting from road profile. And some researchers are studying the intel-
ligent wheel mechanism for overwhelming obstacles like as if step, gap, and cre-
vasse etc.

In this paper suggest MR rotary suspension system of field robot. This system has
semi-active and 360 degree rotary suspension system.

The control criterion of suspension system is sky-hook control and the main power
source supply piston actuator. And the rotating torque and angle are controlled
the MR valve mode

6166-61, Poster Session

Instant-hot electrothermal water temperature control
system based on PIC16C72
B. Yang, J. Zang, Changchun Univ. of Science and Technology (China)

The Instant-hot electrothermal water temperature control system (IEWTCS) uti-
lizes the method of high-power to heat to improve rapidly a temperature of water,
and utilizes the closed-loop control system to carry on the temperature control
according to temperature of settling. The paper adopted fuzzy logic control algo-
rithms which realized IEWTCS, and utilizes thermal resistor to detect the system
temperature of output of water, according to the difference of the system tem-
perature of output of water with settling water temperature and the difference at
any time implements the difference values of temperature fuzzy logic control. Last
output through regulating coherence and broken rate of the power relay contact
realized the heated controls of electric power, thus achieved to constant tempera-
ture. For lowering costs, temperature control detection utilized negative coeffi-
cient of temperature of thermal resistor values with temperature change to realize
temperature detection. Its distinguish ratio reach 1°C, its control’s precision reach
+2°C.Thus it satisfies with IEWTCS. The circuit export of temperature detection
device is corresponding to the direct currents voltage of electric heat water tem-
perature control system, from PIC16C 72 (utilized chO of A/D), it transfers and
exports 00H-FFH(the binary scale data codes) at inside 8 bits A/D. It utilized
PIC16C72’s contrast form in the memory and tried to achieve real-time tempera-
ture value according to this one, according to last time the real-time temperature
value that samples and tries to achieve the real-time temperature value this time
that tries to achieve with sampling, then it is used in the two input precision quan-
tity of the fuzzy logic controls: First, the difference value(dT) of the sampling values
with the value that settles temperature, second, the speed (5T/6t) that this differ-
ence value changes at any time. For resisting 50Hz interfere frequently, become
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the export direct current voltages of temperature transition were sampled, it should
gather 64 times in succession. lts sample time should been designed the integer
times of 50 Hz periods, then gained sample average value of 64 times deserving
sampling values, It can filtered the mass interferes and reserved frequently at 50
Hz. This average value is used as the sample of a temperature value, and partici-
pated in follow-up operation and disposal. This fuzzy logics control procedure
changed a little, namely move up to other control systems.

6166-63, Poster Session

A semi-analytical finite element model for the analysis of
piezolaminated cylindrical shells
C. M. Mota Soares, Instituto Superior Técnico (Portugal)

The development of a semi-analytical finite elcement model is presented for the
analysis of culindrical shells under general loading.

The dispacement field is expand in the circumferential direction and the electical
potencial by Fourier Series, considering symmetric and anti-symmetric terms.

The performance of the model is discussed through benchmark examples for static
and dynamic situations.

6166-64, Poster Session

Experimental study on semiactive control of frame-shear
wall eccentric structure using magnetorheological dampers
X. Li, Sr., H. Li, Sr., Dalian Univ. of Technology (China)

Magnetorheological damper (MRD) is a kind of intelligent actuator, which shows
immense potential in the field of structural vibration control. In order to study the
dynamic characteristics of the frame-shear wall eccentric structure under earth-
quake and the control of the coupled translation and torsion response using MRD,
the shaking table experiment was carried out.

The construction and mechanical behavior of MRD are introduced firstly, and then
a new mechanical model-double-sigmoid is proposed based on the experimental
study of MRD. The outstanding features of the proposed model are the consider-
ation of the magnitude of control current and a wide range of excitation condi-
tions. Also the identification of parameters is relatively easy, and the physical con-
cept of the model is clear. By comparing with experimental data under different
excitation conditions (frequency and amplitude), the results revealed that the pro-
posed model could accurately describe the hysteresis nonlinear properties of MRD.

The simulation system of MRD and the 3-floor frame-shear wall eccentric struc-
ture was built according to the coupled translation and torsion response control
using MRD, based on Matlab/Simulink software environment and hardware/soft-
ware resources of dASPACE. This paper introduces dSPACE Real-Time simulation
platform and its software environment which includes RTI and ControlDesk. It
expatiates on the developing steps of control system which based on dSPACE. It
is more convenient, efficient and accurate than traditional methods.

The shaking table experiment of the structural model was implemented by using
rapid control prototyping (RCP) technology. The experimental results show that
the coupled translation and torsion response is significantly mitigated, and the
location of the MRD has an important effect on the results. The experimental en-
vironment is efficient.

6166-65, Poster Session

Adaptive blind system identification for leak detection and
location in the water distribution system
J. Yang, Y. Wen, P. Li, Chongging Univ. (China)

The vibration acoustic signals separately collected on pipelines are used for pin-
pointing a leak or leaks in buried pipelines. It may contain leak noises emanating
from leakage in pipeline. However, because of the complexity and the heavy cor-
ruption with ambient noises, it is essential to use an appropriate signal model and
analysis method to extract leak signals and specify leak locations. Because of the
distinct acoustic channel performances, the modification on the leak noises by
tubular propagation is not the same for different acoustic paths, and the leak sig-
nals picked up by separately sensors installed on either side of the leak position
may alter. The features of leak signals vary with the materials, the sizes and the
inbuilt conditions of tubular pipes. So it is difficult to pre-determine the knowledge
of the leak noises. An adaptive blind system identification strategy is applied to
estimate the transmission performances of the two acoustic paths associated
with the two sensors and leak source. The relative time delay of arrival can be
extracted from the transmission performances, and the attenuation factor due to
the propagation of the leak source signal traveling from the leak point to the sen-
sors is also determined.

With the time delay estimation-based source localization algorithm, the time delay

of arrival is used to estimate the leak source location with the knowledge of the
detection length of buried pipe between the two sensors. However, because of
the distribution complexity and the inbuilt variety of the buried pipelines, the length
between the two sensors is inaccessible as usual. A new location algorithm with-
out a priori knowledge of the length of pipeline is needed. As the attenuation
factor representing the propagation loss is a function of the ratio of distances
between the observed and the leak source. The location can be calculated based
on an algebraic relationship between the time delay, the attenuation factor, and
the propagation velocity of acoustic signal in the pipe.

On the other hand, spatially separately installed sensors may simultaneously pick
up an acoustic source, other than a leak, emanating from inside or outside a pipe-
line. The signal components from the identical source are indeed correlated. A
relevant time delay between the components can be acquired. If the time delay is
within the detection range, a location can be acquired. But the location can’t tell
whether it is a leak or not. By integrating the time delay with the relative attenua-
tion factor, the information to distinguish the real leak has been yielded.

In this paper, the principle of the proposed scheme is discussed in detail and the
corresponding algorithm is developed and used process quantity of data collected
on practical engineering pipelines. The results show the validness of the proposed
scheme.

6166-66, Poster Session

Nonlinear controls influence functions in an aircraft
dynamics simulator

N. M. Guerreiro, National Institute of Aerospace and Univ. Maryland; M. A.
Motter, NASA Langley Research Ctr.; J. E. Hubbard, Jr., National Institute of
Aerospace

In the development and testing of novel structural and controls concepts, such as
morphing aircraft wings, appropriate models are needed for proper system iden-
tification. Both structural and aerodynamic characteristics are important in the
development of these models. In most instances, available system models are not
sufficient to define morphing structures but may be modified to some degree to
achieve a compatible system. The objective of this study was to apply wind tunnel
data collected for an Uninhabited Air Vehicle (UAV), that implements trailing edge
morphing, to create a non-linear dynamics simulator, using well defined rigid body
equations of motion, where the aircraft stability derivatives change with time. The
aircraft, a former US Army target drone classified as the FQM-117B, modified,
housed, and flown at NASA Langley Research Center, implements segmented
trailing edge flaps to achieve trailing edge morphing for advanced control law
development and testing. An analysis of this wind tunnel data, using data extrac-
tion algorithms, was performed to determine the reference aerodynamic force and
moment coefficients for the aircraft. Further, non-linear influence functions were
obtained for each of the aircraft’s control surfaces, including the sixteen trailing
edge flap segments. These non-linear control influence functions are applied to
the aircraft dynamics to produce time varying aircraft stability derivatives. Using
well-defined rigid body equations, the aircraft’s aerodynamic coefficients, statisti-
cal damping derivative models, and these control influence functions, a non-linear
dynamics simulator has been developed for the drone aircraft. Time domain analysis
of the aircraft motion, trajectory, and state histories may be performed using these
non-linear dynamics. Perturbations were introduced into the control inputs and
aircraft dynamics and visualized using a 3-dimensional aircraft model. Linear models
were also extracted to facilitate frequency domain analysis of the system and for
control law development. The results of this study are useful in similar projects
where trailing edge morphing is employed and will be instrumental in the Univer-
sity of Maryland and NASA’s continuing study of active wing load control.

6166-67, Poster Session

Thermal and acoustic management using multiple on-die
thermal sensors and multiple fans in high-performance
computer platforms

R. de la Guardia, Guadalajara Design Ctr. (Mexico)

A typical high performance PC has at least three fans: one for the power supply,
one for the CPU and one for the graphics card. The CPU fan is normally integrated
with a heat sink that is attached to the silicon through a spreader plate, with ther-
mal interface material applied between the contact surfaces to enhance heat trans-
fer. This so called active heat sink, where the fan controls the thermal resistance of
the cooling solution, is sometimes ducted directly to the ventilation apertures at
the back or at the side of the chassis. The other major component of a PC that
increasingly features an active heat sink is the graphics card. The power supply
fan provides most of the airflow to cool the remaining parts of the system by
pulling air from the outside through the venting areas of the chassis and discharg-
ing it back to the outside, hopefully after it flows over the key electronic compo-
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nents, i.e., the “hot spots” of the system. The greater the air velocity over a com-
ponent, the greater is the heat transfer from that component; hence a power sup-
ply with the greatest airflow possible is normally used. Fans generate acoustic
noise in a cubic relation with fan speed; they also tend to fail due to wear-out and
other causes more frequently than the electronic components they are intended
to protect. Moreover, typical air cooling thermal solutions are approaching physi-
cal limits given cost and size constraints and with ever increasing power densi-
ties, modern microprocessors must implement thermal management policies at
the micro-architectural level to self-protect from excessive heat generation. This
ensures system reliability at the expense of maximum performance. Modern
motherboards feature hardware monitoring to protect system components and
alert users about abnormal operating conditions. Fan speed control through an
embedded ASIC is also possible based on instantaneous temperature readings
from a temperature sensor that is typically located right on the CPU. In the present
work we report results of using a thermal and acoustic management scheme based
on non-linear, adaptive control of multiple system fans using input data from mul-
tiple on-die thermal sensors. The aim of this study is to contribute towards ex-
tending the use of air cooling solutions in modern high performance computer
platforms.

6166-68, Poster Session

Experimental validation of an active eddy current vibration
control scheme
H. A. Sodano, Michigan Technological Univ.

Eddy currents are induced when a conductive material is subjected to a time chang-
ing magnetic field. These eddy currents can be formed through several different
methods, including motion of the conductor in a static field or variation in the
strength of the magnetic field relative to the conductor. Once the eddy currents
are formed they circulate inside the conductor resulting in a magnetic field. The
field generated due to this circulation interacts with the applied magnetic field
producing a force. However, this force is dynamic and will only be present for a
short period of time due to the internal resistance of the conductive material which
causes the eddy currents to be dissipated. This manuscript will study the use of
an electromagnet with a time changing current applied to it in order to induce
eddy currents in the structure. By actively controlling the current flowing through a
coil based on a sensor signal, the strength of the magnetic field is controlled as
well as the density of the eddy currents induced in the conductor. The model of
the eddy current vibration control system has been developed in a previous manu-
script and will therefore only briefly presented. Using the model of the system
experiments will be performed on a cantilever beam in order to validate the mod-
els accuracy. It will be shown that the model can accurately predict the dynamics
of the beam with the electromagnetic control system and that significant vibration
control can be achieved.

6166-69, Poster Session

Optimum sensor placement on damage detection of long-
span bridges
Y. Song, J. Wang, Xiamen Univ. (China)

Damage detection is the core technique of bridge health monitoring systems.
Mostly, the detection is based on comparison of initial signatures (frequency, mode
shapes and so on) of intact bridge with that of damaged bridge. To identify the
damage in time, the problem of sensor placement is the key factor.

In this paper, three optimum sensor placement algorithms based on El (Effective
Independence), MAC (mode assurance criterion) matrix and the fisher information
matrix are used. The study begins with a detailed finite element model of Wenhui
cable-stayed bridge. The choice of the minimum number of coordinates is esti-
mated by Kammer DC'’s theory of model error effect on sensor placement.

Comparing the four criteria (MAC, mode energy, condition number and fisher in-

formation) value of these two methods, this paper suggests where the suitability
of the chosen locations can be assessed.

6166-71, Poster Session

Comparison of collocation strategies of sensor and
actuator for vibration control of smart structures
Y. Lee, Korea Research Institute of Standards and Science (South Korea)

The problem considered in this paper is about the collocation strategies of sensor
and actuator for the active control of sound and vibration. It is well-known that a
point collocated sensor-actuator pair offers an unconditional stability with very
high performance when it is used with a direct velocity feedback (DVFB) control,
because the pair has strictly positive real (SPR) property. In order to utilize this
SPR characteristics, a matched piezoelectric sensor and actuator pair is consid-

ered, but this pair suffers from the in-plane motion coupling problem with the out-
of-plane motion due to the piezo sensor and actuator interaction. This coupling
phnomenon limits the stability and performance of the matched pair with DVFB
control. As a new alternative, a point sensor and distributed piezoelectric actuator
pair is also considered, which provides SPR property in all frequency range when
the pair is implemented on a clamped-clapmed beam. The use of this sensor-
actuator pair is highly expected for the applications to more practical active con-
trol of sound and vibration systems with the DVFB control strategy.

6166-72, Poster Session

Construction of digital shadow moire images for the
analysis of bending vibrations of a plate

V. Ostasevicius, L. Saunoriene, M. Ragulskis, Kauno Technologijos Univ.
(Lithuania); L. Ragulskis, Vytautas Magnus Univ. (Lithuania); A. Palevicius,
Kauno Technologijos Univ. (Lithuania)

The problem of bending vibrations is common in different engineering and physi-
cal applications. Bending vibrations of centrally clamped rotating circular disks
play crucial role in functionality of hard disk drives. Lots of efforts are spent for
dynamic stabilisation, control and measurement of bending vibrations in such
micromechanical systems. Nevertheless, measurement of microscopic deflections
from the state of equilibrium is a challenging problem. Different optical measure-
ment techniques are developed for experimental investigation of bending vibra-
tions. Shadow moire is one of the popular methods for experimental analysis of
bending vibrations of structures. Unfortunately, interpretation of experimental
measurement results is a nontrivial inverse engineering problem often having non-
unique solutions. Therefore there exists a definite need for hybrid numerical - ex-
perimental techniques that could help to interpret the measurement results. The
procedure for the generation of digital stroboscopic shadow moiré images for the
eigenmodes of bending vibrations of a plate is developed. It is based on the meth-
ods of computer graphics and the method of finite elements for the analysis of
bending vibrations of a plate. The construction of digital shadow moire images
builds the ground for hybrid numerical-experimental procedures and enables to
analyze the experimental results with greater precision.

6166-35, Session 8

A multidimensional thermomechanical model for
pseudoelastic response of SMA

B. Azadi Borujeni, N. Rajapakse, D. Maijer, The Univ. of British Columbia
(Canada)

It has been shown by experiments that the stress-induced transformations in NiTi
shape memory alloys are inhomogeneous in nature and can result in localized
deformation. It has also been shown that the complex coupling that exists among
stress, temperature, and the rate of heat generation during stress-induced phase
transformations can affect the pseudoelastic behavior of SMAs. In the present
work, a multi-dimensional thermomechanical model is developed in order to simu-
late the localized phase transformations and propagation of transformation front(s)
in SMA materials. The model is a generalization of the one-dimensional model
previously developed by the authors, which consists of a constitutive relation, a
nucleation criterion, and a transformation evolution rule (kinetic relation). The con-
stitutive relation is constructed based on the continuum mechanics principles and
generalized plasticity, which relates the increment of total strain to those of stress
and martensitic fraction. The nucleation and kinetic of transformation for both the
forward and reverse transformations are expressed in terms of a set of transfor-
mation surfaces defined in the stress-temperature hyperspace. It is assumed that
the stability of a phase at any instant is determined by a potential function of
stress, temperature, and martensitic fraction, which forms a surface in the stress-
temperature hyperspace. During the forward (or reverse) transformation, the stress-
temperature vector in this space moves from a higher (or lower) level of energy
towards a lower (or higher) level of energy. The path that is traveled by this vector
is governed by the kinetic equation and appears in the form of an incremental
relation among stress, temperature, and martensitic fraction. Therefore, the model
allows for the determination of phase transformations induced solely by mechani-
cal loading, change in ambient temperature, or simultaneous mechanical and ther-
mal loading. The dynamic behavior of a NiTi strip and a beam at various loading
rates are simulated by using the finite element method and the current model. The
thermomechanical coupling among the transformation stress, latent heat of trans-
formation, and heat exchange with the ambient medium are considered thus al-
lowing the model to capture the strain rate effects. Some of the interesting fea-
tures of the simulated responses related to the damping capacity and cyclic ef-
fects are highlighted.
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6166-36, Session 8

Application of one-dimensional phase transformation model
to tensile-torsional pseudoelastic behavior of shape
memory alloy tubes

T. Ikeda, Nagoya Univ. (Japan)

The one-dimensional phase transformation model proposed by lkeda et al. [2004
Smart Mater. Struct. 13 916-925: 2004 Proc. SPIE 5383 112-121] was applied to
tensile-torsional pseudoelastic behavior of shape memory alloy (SMA) tubes. Com-
parison of numerical simulation with available experimental data [Helm and Haupt
2001 Proc. SPIE 4333 302-313] confirmed that this model could capture the ten-
sile and torsional pseudoelastic behavior quantitatively.

The one-dimensional phase model is a kind of the continuous macroscopic mod-
els, which was derived by mathematically increasing number of grains to infinity
on a grain-based micromechanical model [Nae et al. 2003 Smart Mater. Struct. 12
6-17: lkeda et al. 2003 Proc. SPIE 5049 35-45]. In this one-dimensional phase
model, the virtual grains are sorted in order of energy required for transformation
due to the internal friction between the grains and the phases. The order of the
grains is assumed to be unchanged irrespective of the phases before and after
transformation. Accordingly, the transformation can be considered to take place
in the one-direction along the grains sorted one-dimensionally. The previous name
of this model was the shift-skip model because minor loops were drawn by shift-
ing and skipping a major loop. This model was applied to a uni-axial tensile-com-
pressive asymmetric pseudoelastic behavior [Ikeda 2005 Proc. SPIE 5757 344-
352]. There three phases were considered, namely, an austenitic phase, a tensile
stress induced martensitic phase, and a compressive stress induced martensitic
phase. Stress-strain hysteresis loops for a SMA bar under tensile-compressive
cyclic loading were simulated and the obtained result showed that the model could
well capture the asymmetric stress-strain loops for tension and compression, mi-
nor loops, and effects of temperature and strain rate.

In the present paper, this one-dimensional model was applied to bi-axial tensile-
torsional pseudoelastic behavior. The tensile-torsional pseudoelastic behavior can
be also simulated by micromechanical models. However, their results are rather
qualitative and these calculations are time-consuming. Hence, a simple yet accu-
rate model would be useful for the analyses. Here a torsional stress induced mar-
tensitic phase was considered additionally. The tensile and torsional stress-strain
hysteresis loops for a pseudoelastic SMA thin tube were simulated. The simulated
loops were in quantitative agreement with the experimental data for both the ten-
sion and torsion. Then the values of the material constants were easy to be deter-
mined. However, for combined loading, it was not easy to determine those, be-
cause some constants for tension affected the torsional deformation behavior,
and vice versa. To find a way to determine those values is a future work.

6166-37, Session 8

Improved one-dimensional constitutive model of
superelastic shape memory alloy wires

W. Ren, Hebei Univ. of Technology (China) and Dalian Univ. of Technology
(China); H. Li, Sr., Dalian Univ. of Technology (China); G. Song, Univ. of Houston

The superelastic shape memory alloys (SMAs) have been increasingly used to
provide passive damping in various applications. Modeling of SMAs’
thermomechanical behavior has been an active area of research. The exsiting
models are generally valid only for quasi-static loading conditions, and the formu-
lations with many difficultly measurable parameters are extremely complex for
practical use. Graesser modified Ozdemir’s one-dimensional hysteretic model to
include the macroscopic characteristics of SMAs. Except for the relative simple
formulation and easily acquired parameters, Graesser’s phenomenological model
can approximately express the effect of loading rate on the hysteresis without
considering the complex mechanism of phase transformation. However, Graesser’s
model uses the identical elastic modulus during the loading and unloading
branches, so its prediction is not a nice match for the experimental result and it
over-estimates the material’s absorbing energy. Therefore, it is necessary to im-
prove Graesser’'s model according to the experimental results. First, displace-
ment controlled cyclic loading tests of superelastic Ni-Ti uniaxial specimens are
conducted under isothermal conditions on electron equipment. The investigation
concerns the effects of strain levels and loading rates on the material response.
Diversified strain levels are used in the experiments, ranging from 1% to 6% with
intervals of 0.5% strain. The tests are carried out at various displacement rates,
such as 3mm/min, 15mm/min, 35mm/min, 60mm/min and 80mm/min, but the
displacement rate keeps constant through each cycle. Second, the hysteresis
behavior of Ni-Ti is studied in mathematic methods. The experiments not only
show the evident difference of the slopes between the loading and unloading
phases, but also indicate that the unloading’s slope decreases with the strain level
increasing. The yield point where the transformation from the parent phase to

martensite starts doesn’t show a pronounced sensitivity to the loading rate. But
the higher loading rate can increase the phase transformation course’s slope (i.e.,
the inelastic branch’ s slope) and decrease the unloading’s modulus, which af-
fects the shape of the hysteresis and the material’s energy dissipation. By least-
square method, two formulas are set up. One expresses the relation between the
slope of unloading branch and strain level (or internal variable) at varying loading
rate, the other describes the developing trend for the inelastic slope to loading
rate. Third, Graesser’s model is improved and the corresponding procedure is
finished. On the base of Graesser’s model, the improved model divides the full
cyclic course into two parts, such as the loading part and unloading part, and
each part adopts its respective elastic modulus and inelastic slope. Some param-
eters can be easily chosen according to the testing data. The MATLAB program is
compiled to calculate the improved model employed fourth-order Runge-Kutta
Forward integration. Finally, Several numerical simulations are given. The issues
addressed in this work include the comparisons of model predictions to the ex-
perimental responses for different strain levels and loading rates. Some conclu-
sions can be drawn that the improved model can predict the cyclic hysteresis
consistent to the experimental results, and the model can capture the details of
mechanical behavior of SMAs more accurately than Graesser’s model.

6166-38, Session 9

Use of a piezo-driven cantilever beam as a sensor for
electrostatic voltmeter
M. A. Noras, J. Kieres, W. A. Maryniak, TREK, Inc.

In this paper authors examine the design and implementation of a cantilever beam-
style probe for non-contacting electrostatic voltmeter. The beam is driven by a
piezoelectric actuator with a feedback loop controlling amplitude of the electro-
static sensor displacement. Choice of the vibration mode and placement of the
actuator and sensor are discussed. A simple model for the first three natural fre-
quencies of the beam is constructed and compared with the experimental results.

6166-39, Session 9

Numerical comparison of patch and sandwich piezoelectric
transducers for transmitting ultrasonic waves
P. W. Loveday, Council for Scientific and Industrial Research (South Africa)

Guided wave ultrasonic inspection is becoming an important method of non-de-
structive testing for long, slender structures such as pipes and rails. It is possible
to inspect or even monitor large lengths of the structure using stationary trans-
ducers. In this case it is desirable to use transducers that can strongly excite a
specific mode of wave propagation in the waveguide.

Piezoelectric patch transducers are frequently employed, by researchers, for ex-
citing waves in beam like structures. The piezoelectric patches can be attached to
both sides of the beam and driven in phase or in anti-phase they can excite longi-
tudinal or bending waves. Sonar systems frequently make use of resonant trans-
ducers, such as sandwich transducers, for acoustic wave generation and this
principle has been used to excite a rail. This paper compares the two transduction
approaches, for launching waves in constant cross-section waveguides, by nu-
merical modeling.

A general modeling method should be applicable to any configuration of trans-
ducer and any cross-section of waveguide. Analytical solutions exist for simple
cross-sections but more complex waveguides require numerical modeling by
methods such as the finite element method. The excitation of waves in waveguides
may be analysed in the time domain using conventional finite element methods.
This analysis is computationally very demanding as the model must be a number
of wavelengths long to avoid the influence of reflections from the ends of the
model. In addition, separating the contributions of the individual modes of propa-
gation can be difficult. In this paper an alternative approach is employed, which
allows direct computation of the frequency response of the transducer attached
to the waveguide. The waveguide is modelled using specially developed waveguide
finite elements, which are formulated using a complex exponential to describe the
wave propagation along the structure and finite element interpolation over the
area of the element. This requires only a two-dimensional finite element mesh
covering the cross-section of the waveguide and provides a very efficient analysis
of the free wave propagation in the waveguide. This model can be used to com-
pute the response of the waveguide to harmonic forces. The response of the
waveguide to forces at the nodes which are in contact with the piezoelectric trans-
ducer can be computed to produce a dynamic stiffness matrix (complex and fre-
quency dependent) representing the waveguide. This matrix is included in a model
of the piezoelectric transducer developed using conventional three-dimensional
piezoelectric finite elements. The response of the piezoelectric transducer (at-
tached to the waveguide) to electrical excitation is computed and the displace-
ments at the interface degrees of freedom are used to compute the forces applied
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to the waveguide and hence the waves excited in the waveguide.

This modelling method is applied to patch and sandwich type transducers for
producing longitudinal and bending waves in rectangular waveguides. Rules for a
meaningful comparison are established and performance measures defined. Fi-
nally conclusions are drawn as to which type of transducer is better for which
application.

6166-40, Session 9

High displacement nonlinear asymmetrically designed
piezoelectric actuators

G. Giannopoulos, J. Vantomme, Royal Military Academy (Belgium) and Vrije
Univ. Brussel (Belgium)

As the application of piezoelectric elements in aeronautics is expanding continu-
ously, new types of structures are necessary in order to support this trend. The
need to use the piezoelectrics’ full potential, has led to the design of new class of
actuators [1], [2], [3] which although are based on conventional pzt materials, they
seem to get rid of the inherent drawback of these elements, namely, the force/
displacement trade off that someone has to deal with for the elaboration of a
functional actuator. Non-linear dynamics are entering the stage creating a new
area of research on large displacement pzt actuators. A number of researchers [4],
[5] have addressed already the theoretical aspects of non-linear mechanics for
piezoelectric actuators.

As it has been shown already in [1], post buckling behavior of pzt actuators can be
very promising regarding the displacement behavior of such actuators. Experi-
ments have shown that by increasing the compressive force, the displacement
response is enhanced. However, there are limits on this procedure taking into
account the fragile behavior of pzt elements as well as depoling problems that
may occur due to high stress levels. In any case these arrangements are a clear
evidence of the potential that exists in non-linear mechanics if they are used in a
proactive way.

In the present work this concept goes one step further. Instead of using continu-
ous pzt elements over a thin metallic substrate and covering the whole length of
the actuator, a new configuration is proposed. The pzt elements are much smaller
and cover only a small part of the actuator and this is done in an asymmetrical
pattern. The pzt elements cover only the areas of the actuator very close to the
edges. Although the quantity of the active material is much less, the result is not
proportionally smaller. This configuration permits the excitation of the second buck-
ling mode of the actuator leading in higher displacements and even to snap-through
buckling in the extreme case.

This issue is tackled both theoretically and experimentally. An analytical formula-
tion is presented in order to derive the critical buckling load and also the post
buckling behavior of the actuator implementing CLPT since thin structures are
considered. Additionally the displacement of the actuator is examined for differ-
ent positions of PZT layers keeping constant their dimensions. Experimental veri-
fication is performed through compression tests. The buckling of the piezoelectric
actuators is displacement driven and the distance between the two edges of the
actuator is kept constant. A very sensitive load cell is placed on the edge of the
actuator and once the buckling occurs, the pzt elements are actuated. It is thus
possible to measure the change on the compressive force exerted on the actuator
due to the action of the pzt’s and compare it with the theoretical results. The out of
plane displacement is measured using a laser sensor so that there is no influence
on the buckling behavior of the structure due to a contact measuring device like
an LVDT. Additionally the blocking force of the actuator is examined with respect
to the vertical distance between its edges. The higher the compression, the higher
the blocking force of the actuator; however, this is examined with respect to the
maximum stresses that the pzt elements can withstand and also with respect to
the displacement that the actuator can provide. It is thus obvious that for specific
geometric characteristics, there is an optimum compression of the actuator that
can provide the best trade off between displacement and blocking force.
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6166-41, Session 9

Dynamic analysis of a pressure sensor diaphragm coupled
with an air-backed cavity
Z. Chen, M. Yu, Univ. of Maryland/College Park

In this paper, recent efforts conducted to investigate the dynamic behavior of a
pressure sensor diaphragm coupled with a cylindrical air-backed cavity are pre-
sented. Our study shows that a careful consideration of the coupling effect be-
tween the plate and the air-backed cavity is necessary to understand many de-
sign parameters of a pressure sensor, such as sensitivity, bandwidth, and dy-
namic range. A coupling parameter is determined to serve as an indicator of the
coupling strength. For a strong coupling case, the model predictions in terms of
diaphragm center displacement and natural frequencies based on the linear analysis
of the coupled system are found to be significantly different from a pure plate
model. The nonlinear analysis of the coupled system shows that the nonlinear
effects limit both the sensor bandwidth and the dynamic range. These analyses
and results would be valuable for carrying out the design of small pressure sen-
sors (e.g., MEMS pressure sensors) for various applications.

6166-42, Session 9

Modeling and fuzzy control of ER damper using higher
order spectra

J. Joh, J. Cho, T. Joung, Changwon National Univ. (South Korea); S. Kim, LG
Electronics Alabama Inc.

The damping force of the semi-active suspension system using ER fluid is con-
trolled by the magnitude of applied voltage. Therefore, a mathematical model of
the ER damper is very useful for the design of the ER damper device which con-
sists of a control unit and dynamic weights.

In this paper, we obtained nonlinear model of ER damper by analyzing the fre-
quency coupling between damper speed signal (input) and damper force signal
(output).

We applied a FLC (Fuzzy Logic Control) algorithm to the obtained nonlinear model
to improve tracking performance of the required damping force.

We also controlled the overall suspension system of the quarter model, which
uses the applied voltage as an input, using a fuzzy sky-hook control algorithm
tuned by SOC (Self-Organizing Control) algorithm.

2 DOF (Degree Of Freedom) quarter car experimental system is used to obtain
nonlinear model of ER damper. It consists of a tire, an unsprung mass, a spring, an
ER damper and a sprung mass.

Hydraulic servo system is used to excite 2 DOF vibration systems and control flow
of servo valve using feedback signal of LVDT, which is installed in hydraulic cylin-
der. And then, amplitude and frequency of excitation signals are controlled by
flow.

Sprung mass and unsprung mass move vertically along guide rail and position of
masses are measured by LVDT. Therefore, the displacements of mass by excita-
tion are measured.

Load cell, which can measure damping force directly, is installed in ER damper
and high voltage power supplier applies electric field to ER damper. High voltage
supplier is implemented to amplify 0~5V computer output voltage to 0~5kV high
voltage and its maximum output current is 10mA.

High order spectrum analysis method, which is used to obtain nonlinear model of
ER damper, offers information of frequency coupling and can analyze existence of
nonlinearity. Therefore we can obtain information about the modeling of the damper
by analyzing the frequency coupling between damper speed signal and damper
force signal.

And by use of higher order spectra analysis method, nonlinear characteristics of
ER damper are analyzed. It shows the existence of nonlinear 2nd and 3rd-order
order terms.

Using the experimental system, 2Hz mono-frequency is used for excitation of ER
damper and the damping force is measured by load-cell.
From the obtained bispectrum, bicoherence, trispectrum and tricoherence, we

can confirm that frequency coupling of 4Hz and 6 Hz is produced by 2 Hz excita-
tion frequency signal.

Based on the higher order spectrum analysis results, we can represent the damp-
ing force model as higher order function with 3rd-order nonlinear term.
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The 1st order coefficient of the proposed damper model is linearly varied accord-
ing to the variance of applied electric field. The 2nd order coefficient is rapidly
changed between 1kV/mm and 2kV/mm. But 3rd-order coefficient is decreased
at the range over 2kV/mm.

From the comparison of the calculated damping force by least-square method
and measured damping force from experimental system, we confirmed the pro-
posed nonlinear model of ER damper can be used as a mathematical model of the
ER damper.

Skyhook control method of suspension system uses damping force as a system
output.

In the case of suspension system with ER damper, damping force is adjusted by
the applied voltage of ER damper duct. Therefore a suitable controller is neces-
sary in order to improve tracking performance of the required damping force.

In this paper, we uses fuzzy logic controller to improve tracking performance of
ER damper.

Error and change of error between reference damping force and output damping
force of ER damper model are used as linguistic inputs. And electric voltage, which
is used in order to control ER damper, is used as a linguistic output.

The control performances of the FLC are investigated using step input, ramp input
and sinusoidal input as reference damping forces. Damping force of the damper
model is a function of speed. Therefore simulations are performed with various
fixed speed of sprung mass.

6166-43, Session 10

Nonlinear optimal tracking control of a piezoelectrically
driven nanopositioning stage
W. S. Oates, R. C. Smith, North Carolina State Univ.

High performance nanopositioning stages used in research applications such as
molecular spectroscopy and three-dimensional nanometer-scale lithography re-
quires stringent position control over relatively large dimensions and multiple drive
frequencies. Piezoelectric materials typically employed in nanopositioning stages
provide excellent position control when driven at relatively low frequency and low
field levels. However, in high speed applications over micron to millimeter size
envelopes, piezoelectric materials exhibit nonlinear and rate-dependent hyster-
esis which requires control designs that can effectively accommodate such be-
havior. In this work, a nonlinear, rate-dependent piezoelectric constitutive law is
incorporated into the optimal tracking control design to accurately track a desired
reference signal when nonlinearities and rate-dependent hysteresis are present. A
comparison between linear optimal control and the nonlinear optimal control de-
sign is given to illustrate performance enhancements when the constitutive be-
havior is included in the control design.

6166-44, Session 10

A finite element approach for simultaneous precision
positioning and vibration suppression of smart structures
with PID controller

R. Russ, K. Ma, M. N. Ghasemi-Nejhad, Univ. of Hawai’i at Manoa

Smart structures are combinations of structural units, sensory units, actuation
units, as well as control and signal processing units so as to perform specific
functions, e.g., position and/or vibration control, and have been developed rap-
idly due to their great potential in the fields of aerospace, civil engineering, ships,
automobiles, as well as precision instruments and machines. Much attention has
been paid to either vibration control or the feasibility of position/shape control of
smart structures. However, smart structures with simultaneous precision posi-
tioning and vibration suppression (SPPVS) capabilities are very commom in
aeroautical and astronautical engineering structures.

This paper presents a finite element approach for simultaneous precision posi-
tioning and vibration suppression of smart structures with PID controllers. The
modeling, dynamic analysis, controller design, and simulations are all performed
in the finite element environment, which makes the design, analysis, and control
of smart structures much easier. First, a model of an active composite panel with
two surface-mounted PZT patches is built and its dynamics is analyzed and ex-
perimentally measured. A PID controller is then designed to achieve the SPPVS of
the smart panel subject to harmonic and random excitations. The parametric studies
of the controller are also carried out for selecting the optimal controller param-
eters. The results indicate that the controller can meet both requirements of preci-
sion positioning and vibration suppression simultaneously; however, the overall
performance is not always satisfactory. These finite element results are also com-
pared with those from The MathWorks’ Matlab — — the most recognized control
code. The agreement between the two demonstrates the feasibility and correct-

ness of the proposed finite element environment for smart structures modeling,
analysis, and control design.

6166-45, Session 10

Extremum-seeking control and closed-loop quality factor
monitoring for an ultrasonic/sonic driller/corer (USDC)
driven at high power

J. B. Aldrich, S. Sherrit, Y. Bar-Cohen, X. Bao, M. Badescu, Jet Propulsion Lab.

Future NASA exploration missions will increasingly require sampling, in-situ 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 for low axial loading while oper-
ating 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. Studies of the operation
of the USDC at high power have shown there is a critical need to self-tune to
maintain the operation of the piezoelectric actuator at resonance. Performing such
tuning is encountered with difficulties and to address them an extremum-seeking
control algorithm is being investigated. This algorithm is designed to tune the
driving frequency of a time-varying resonating actuator subjected to both random
and high-power impulsive noise disturbances. Using this algorithm the perfor-
mance of the actuator is monitored on a time-scale that is compatible with its
slowly time-varying physical characteristics. The algorithm includes a parameter
estimator, which estimates the coefficients of a unimodal function that character-
izes the quality factor of the USDC. Since the parameter estimator converges
sufficiently faster than the time-varying drift of the USDC’s physical parameters,
the proposed extremum-seeking estimation and control algorithm is potentially
applicable for use as a closed-loop health monitoring system. Specifically, this
system may be programmed to automatically adjust the duty-cycle of the sinusoi-
dal driver signal to guarantee that the quality factor of the USDC does not fall
below a user-defined set-point. Such fault-tolerant functionality is especially im-
portant in automated drilling applications where it is essential not to inadvertently
drive the piezoelectric ceramic crystals of the USDC beyond their capacities. The
details of the algorithm and experimental results will be described and discussed
in this paper.

6166-46, Session 10

An approach for adaptive drive-vibration control of
lightweight machine tools

F. Deuble, C. Hofmann, R. Bayram, F. Holig, B. H. Kroplin, Univ. Stuttgart
(Germany)

The performance of machine tools like e.g. laser cutting machines is mainly char-
acterized by two paramters: On the one hand high stiffness in order to shift vibra-
tions out of the critical frequency range and thereby get high decay rates, on the
other hand high speed of the tool center point to lower production time in opera-
tion. Yet, these demands are somewhat contrary, as an increase of stiffness yields
high amout of moving mass and therefore limits the attainable accelerations. So
far, the control system of machine tools is implemented using classical cascaded
Pl-controllers which can not sufficiently be adapted to the complex structural
machine dynamics.

The approach presented in this paper starts with a lightweight design for the ma-
chine tool’s structure (e.g. using CFRP), which allows to use the power of the drive
motors in an optimal way. However, for such a lightweight design, vibrations are
inevitable. This problem is compensated for, by using an adaptive model-based
control algorithm which simultaneously controls both, the drive motors and a set
of piezoelectric stack actuators for active vibration suppression. The input signals
to the controller are position and velocity of the drives and the signals of optimally
placed piezoceramic sensors attached to the structure.

For the example of a 2-D laser cutting machine, one has to deal with a two-dimen-
sional parameter space for the controller design model. This model is generated
using a grid of finite-element models for distinct positions of the tool center point
in the workspace and combine these models to a parameterized continuous model
using Linear Fractional Transformation (LFT) Modelling. The computed model will
be used to design the integrated adaptive drive-vibration-controller. As the veloc-
ity of the parameter variations when the tool center point is moving yields addi-
tional dynamics which might lower the performance or even destabilize the sys-
tem when not taken care of, a design method which can cope with fast parameter
variations for high-order models must be applied. The LMI (Linear Matrix
Inequations) approach provides the necessary tools for robust adaptive control
while taking into account parameter variations by the Popov criterion.
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6166-47, Session 10

Gain-scheduled control of a smart beam with identification
of a crack

K. Takagi, M. Saigo, National Institute of Advanced Industrial Science and
Technology (Japan)

This paper deals with damage detection and vibration control of a smart beam.

This study proposes a method for the crack identification when the vibration of
the beam is suppressed by using active control. A finite element model of a cracked
beam is established by applying fracture mechanics methods. This model is ap-
plied to a cantilever beam and the natural frequencies are determined for a differ-
ent crack length and locations. First, we identify the crack length and locations by
using the relationship between the crack and the natural frequency of the beam.
However, when the vibration is suppressed by an active control, the crack length
and locations is difficult to identify. This is because the natural frequency is ob-
tained by fast Fourier transform (FFT) of the vibration data. This study propose
crack identification algorithm under the vibration control where the crack detec-
tion is repeated more than once. Furthermore, we design the gain-scheduled con-
troller considering both the crack length and the location. Once cracks are present
in structures, the control performance becomes worse because both eigenvalue
and eigenvector of the beam vary. A linear parameter-varying (LPV) model consid-
ering the crack length and locations is designed for the gain-scheduled controller
design. To obtain the LPV model, the discrepancy between the state-space repre-
sentations of the reduced-order model and the LPV model is measured by its
Frobenius norm, and this norm is minimized by simultaneous optimization of the
coefficient functions and the state-space representations contained in the model.
The efficiencies of our crack identification method and the gain-scheduled con-
troller design are verified by simulation and experiment.

6166-48, Session 11

Shape and vibration control of active laminated plates for
RF and optical applications
A. Punhani, G. N. Washington, The Ohio State Univ.

Active structures flexible enough to be molded in desired shapes and coupled
with the ability to be controlled have been pursued for many high precision appli-
cations. Membrane-thin but extremely large (\>10 m) optical mirrors and reflectors
for combined RF-Optical applications are one of the important high precision ap-
plications where shape and vibration control of a structure is highly desirable. In
this application the precision demands of the optical surface coupled mitigates
the combined benefit of the large aperture.

Polyvinylidene Fluoride or PVDF is a synthetic polymer with strong piezoelectric
properties. This material is particularly suitable for making large reflectors due to
its availability in thin sheets, 9 to 800 thick. Additionally, it's almost linear and
nonhysteretic behavior at low to moderate operating voltages and its relative low
cost and ease of manufacturability makes it a suitable material for shape and
vibration control of large reflecting structures.

This research focuses on a three-layer laminated actuator with two layers of PVDF
film bonded with a layer of epoxy. In this research the actuator itself will act as the
RF and optical surface and therefore will require no secondary surface. This means
that the orthotropic properties of the laminate cannot be neglected. The elec-
trodes are applied externally on the PVDF film in a given pattern such that the
applied electric field will yield the desired shape of the laminate. Research has
been conducted for the quasi-static shape control of the laminate. Sumali, H. et.
al. [1] used the simply supported laminated plate to get the desired static deflec-
tion by applying the required voltages at different places. Massad, J.E. et. al. [2]
used the corner-supported laminated plate for static deflection. The quasi-static
cases find it difficult to counter the external disturbances and regain their original
shape. This research is aimed to minimize this problem by including the dynamic
term in the laminate vibration model. Vibration control will help in retaining the
shape in the presence of external disturbances.

The research specifically deals with the dynamic model of a simply supported
laminated plate. The vibration model takes into account the orthotropic properties
of the PVDF film and assumes the bonding epoxy to be isotropic. The top and
bottom layers of the laminate are polarized in the opposite directions thus creat-
ing a moment and a case of bending in the laminate. Figure 1 shows a three layer
laminate with two PVDF films bonded by a layer of epoxy.

Assuming all the layers are perfectly aligned, simply supported laminated plate
equation of motion in the transverse direction can be written as,.....

Control Methodology:

Figure 2 shows a schematic of the system with controller, output (), reference (),
noise , disturbance , and input to the system.

Burke and Hubbard Jr. [3, 4] used Green'’s function to develop a dynamic control
methodology for a beam. This research will extend the methodology to plates and
will use a similar idea to convert the equation of motion of the laminated plate into
an integral equation.

The output of equation (1) in spatial coordinates and time domain can be given as,

To use the Green’s function in the control block diagram (as a transfer function), it
needs to be transformed into frequency domain and wave number. If each pair of
modal numbers (m, n) can be represented by a single variable (considering each
pair correspond to one natural frequency), then the transformed output of the
system can be written as,

Where, is the transfer function or the transformed Green’s function. From the block
diagram of figure 2, the output of the system can be written as,

The idea in control development is to make so that. This ensures that the output
() tracks or converges to the reference input. This highlights how the proposed
control will force the plate to maintain a given shape. Just by inspection of equa-
tions (4) and (6), it could be seen that in the absence of external disturbance and
sensor noise the above conditions could be achieved by making. To achieve this
the controller needs to be fine-tuned, so that the input to the plant could be
altered to get the desired result.

To distribute the controller output, the electrode is divided into grids (grid size
depends in the accuracy of the final shape); each grid will get the input from the
controller. If the dominant mode is uncontrollable, then the number of grids could
be altered to make it controllable.

Also instead of placing external sensors to measure the deflection, grids on the
PVDF film could be used as sensors. This will reduce the unknown dynamics of
the external sensors.

6166-49, Session 11

Averaging and switching control for actively tuned
piezostructural vibration absorbers
A. J. Kurdila, Univ. of Florida

No abstract available

6166-50, Session 11

Distributed vibration control with sensor networks
T. Tao, K. D. Frampton, Vanderbilt Univ.

The application of sensor networks for distributed vibration control of a simply
supported beam is studied both analytically and experimentally. A simply sup-
ported beam is controlled by nodes within the sensor network. Each node con-
sists of a pair of collocated sensor and actuator along with network communica-
tion. The nodes can communicate sensor information according to a predefined
distributed algorithm, in order to achieve global vibration reduction. A control al-
gorithm using direct velocity feedback, which is appropriate for distributed con-
trol, is presented in this work. When large-scale systems are considered, this
scheme provides a scalable control approach due to small computation complex-
ity. Satisfactory vibration suppression has been observed for distributed vibration
control of a simply supported beam. The effects of different distributed architec-
ture such as the reach are also demonstrated.

6166-51, Session 11

Comparison of actuators for semi-active torsional vibration
control
K. A. Williams, S. Ye, The Univ. of Alabama at Tuscaloosa

Three commercially available torsional actuators have been tested and analyzed
to assess their applicability for use in semi-active torsional vibration control. Semi-
active control of torsional vibration can be realized through the use of variable
friction brakes or clutches applied to a primary system acted on by oscillating
torques. A modified skyhook damping control approach can then be used such
that the brakes and clutches are actuated to alternately load and release the pri-
mary system during parts of the cycle. The efficacy of this control approach is
directly dependent on the authority of the particular actuator used, both in terms
of bandwidth and also in terms of the maximum torque that can be generated. A
dry friction brake, a magneto-rheological fluid brake, and a magnetic particle clutch
were acquired and tested to evaluate the actuators in terms of their torque “on”
and “off” response times, friction torque as a function of rotating speed and ac-
tuation signal, and standard bandwidth. That data was then used to create gen-
eral mathematical models to predict the behavior of the different actuators when
excited with different control signals. The results indicate the limitations of the
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different actuators and their applicability to general torsional vibration control prob-
lems.

6166-52, Session 11

Six DOF vibration control using magnetorheological
technology

M. Unsal, Univ. of Florida; C. Niezrecki, Univ. of Massachusetts/Lowell; C. D.
Crane I, Univ. of Florida

Within this work a 6 DOF vibration isolation system with semi-active control, using
magnetorheological (MR) technology, is investigated. Parallel platform mechanisms
are ideal candidates for 6 DOF positioning and vibration isolation. While active
and passive vibration control have been extensively used in parallel platforms, a 6
DOF parallel platform which utilizes semi-active vibration control has not received
as much attention. The advantages of semi-active control include reduced cost
by using a simpler actuator intended for only positioning, reduced power require-
ments, and improved stability. Within this work, a 6 DOF parallel platform model
was created. Each leg of the platform model includes an actuator for precision
positioning, a stiffness element, and an MR damper. The simulations show that
the platform can be used for positioning and at the same time it is able to achieve
a considerable vibration attenuation that results in a clean environment for the
precision steering of sensitive equipment.

6166-53, Session 11

VHDL control system for linear ultrasonic motors

C. R. Rodrigues, R. S. Pippi, J. B. d. S. Martins, A. L. Aita Il, Univ. Federal de
Santa Maria (Brazil)

Traveling wave ultrasonic motor (TWUSM) is a promising type of position actuator
that utilizes piezoelectricity for producing displacements. Nakamura presented a
dynamic model for TWUSM describing its typical behavior. TWUSM slider dis-
placement could be approximated by a first order system when accelerating and
by a zero order equation when braking, depending exclusively from the friction
between rotor and stator. Coefficients for both equations are found by applying an
input pulse at motor’s input and observing the resulting displacement. Those co-
efficients are different for each motor and may change in time. Thus, ultrasonic
motor’s optimal driving conditions may require an adaptative trimming in order to
track the changes in its resonance conditions. The state machine presented in
this work can predict relevant parameters of ultrasonic motors for its control.

The proposed control system implements several important features for TWUSM
positioning applications, such as: identification of allowed slider displacement
range; identification of instantaneous speed at each position reading; prediction
of wait time to the next position reading that corresponds to a “moving” condition,
or to a “stopped” condition; estimation of the stop position and the corresponding
power turn-off time that leads the slider at this point; identification and updating
of parameters; three displacement modes: coarse, fine, and one step, according
to required speed and resolution.

The controller described in this work applies, in a general way, to any type of linear
TWUSM. The adaptation of control rules to its characteristics is made by identify-
ing some of its parameters. The system will only start to drive the motor after the
first manual reset command, when it reads the encoder output and drives the
slider to the most distant position inside the working range. Since the parameters
of the motor are still not computed at this stage, first displacement is executed in
the coarse mode. When the controller identifies the right position code, it turns off
the input voltage but the axis continues to slide till it stops. The speed and accel-
eration values acquired during the first displacement are employed to compute an
initial parameters approach. This value is used by controller to return the slider to
required position, and the system is already able to operate in the fine mode,
enabling its inputs for receiving external commands.

Since friction coefficient may change along the displacement range, some small
positioning errors may occur, typically one or two encoder positions. For the final
position approach, the system assumes “one step” operation mode. In this mode,
the input pulse width for the exact positioning is determined from the parameters
calculated in recent driving cycles.

The control system logic was tested with ModelSim 5.6a(c), in MentorGraphics(c)
environment with a simulated linear TWUSM.

Timing diagrams describing controller inputs and outputs indicate a correct op-
eration for every operation mode, summarizing its successful operation. Several
critical situations have been simulated for different TWUSM characteristics, and
the controller was always capable of positioning the slider at the exact programmed
position. Thus, the positioning resolution of this system depends mainly from the
encoder resolution.

6166-54, Session 12

Power management of actuator/sensor groups for the
intelligent control of a flexible structure subject to
spatiotemporally varying disturbances

M. A. Demetriou, R. Potami, Worcester Polytechnic Institute

The problem of actuator and sensor placement in a flexible plate is revisited within
the context of an intelligent control scheme. Instead of considering individual ac-
tuators and sensors, we consider groups of actuators and sensors that have the
same capacity to address specific modes. The placement optimization procedure
chooses actuators and sensors within a given group so that collectively can ad-
dress a range of frequencies. Incorporated into the control scheme is the ability to
select a given group that can best address spatiotemporally varying disturbances
in which the spatial distribution of disturbances changes with time. For the nu-
merical studies on a thin aluminum plate, clamped on all sides and employing
piezoceramic patches as collocated actuators/sensors, we consider four groups
of PZT actuators/sensors wherein each actuator in each group is designed to
have a high level of modal controllability with respect to a given modal shape.
Incorporated into the above optimization is the influence of each PZT on the plate’s
modal shapes. The intelligent control then provides the switching scheme in which,
at a given time instance, only one of the four groups is active with the remaining
three being kept dormant in order to reduce power consumption.

6166-55, Session 12

Model of an active eddy current vibration controller system
H. A. Sodano, Michigan Technological Univ.

There exist many methods of adding damping to a vibrating structure; however,
very few can function without ever coming into contact with the structure. One
such method is eddy current damping. This magnetic damping scheme functions
through the eddy currents that are generated in a conductive material when it is
subjected to a time changing magnetic field. Due to the circulation of these cur-
rents a magnetic field is generated that interacts with the applied field resulting in
a force. In this manuscript, an active damper will be theoretically developed that
functions by actively modifying the current flowing in a coil, thus generating a time
varying magnetic field. By actively controlling the strength of the field around the
conductor, the eddy currents induced and the resulting damping force can be
controlled. The actuation method is easy to incorporate into the system and al-
lows significant forces to be applied without every coming into contact with the
structure. This allows vibration control to be applied without inducing the mass
loading or added stiffness that are downfalls of other methods. This manuscript
will provide a theoretical derivation of the equations defining the electric fields
generated and the dynamic forces induced in the structure. This derivation will
show that when eddy current are generated due to a variation in the strength of
the magnetic source the resulting force occurs at twice the frequency of the ap-
plied current. This frequency doubling effect will be experimentally verified. Fur-
thermore, a feedback controller will be designed to account for the frequency
doubling effect and simulated to show the significant vibration suppression the
can be achieved with this technique.

6166-56, Session 12

Mover device driven by hydrogen storage alloy thin film
operated by electric current
T. Ogasawara, H. Uchida, Y. Nishi, Tokai Univ. (Japan)

Using extremely large volume expansion induced by hydrogenation we have de-
veloped the mover device operated by electric current.

Hydrogen storage alloy(HSA), such as LaNi5 indicates as much as 25% of volume
change in the course of H2 absorption and desorption. We examined to apply this
phenomenon to a mechanical mover device as a driving force controlled by the
amount of hydrogen in the alloy. In this study an unimorph structural mover device
was tested using HSA thin film deposited on an inert substrate.

We confirmed displacements generating drastically large stresses by applying H2
gas. While the amount of hydrogen in the alloy is a function of H2 pressure and
temperature, we also tried to control the hydrogen amount in the HSA by electric
current directly applied in the film in a closed system.

We report discussions on results with precise relationship between current and
displacement under different temperatures.

Displacement can be achieved by the temperature change caused by the electric
current placed under ambient H2 pressure, therefore, the results indicate the pos-
sibility of mover devices with simple structure similar to an artificial muscle con-
trolled by electric current.
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6166-57, Session 13

Control of enclosed sound fields using shunted
piezoelectric circuits

M. Al-Bassyiouni, B. Deleon, S. Edmonds, S. Hoidra, B. Lester, K. Wroblewski,
Univ. of Maryland/College Park

In this article, the modeling and control of enclosed sound fields using shunted
piezoelectric circuits is investigated. A spherical wave, which is generated by a
noise source located in the near field, is transmitted into a rectangular enclosure
through a flexible panel. Piezoelectric patches, which are bonded symmetrically
to the top and bottom surfaces of the panel, are shunted through electric shunt
circuits and are used as energy dissipaters. Microphone sensors are used inside
and outside the enclosure for acoustic pressure measurements and polymer based
piezo (PVDF) film sensors are bonded to the top surface of the plate for vibration
measurements. The shunted circuits are developed such that the acoustical ef-
fects of the first three dominant vibration modes can be attenuated, and this fea-
ture makes it appealing for noise control schemes for multiple tones. The numeri-
cal predictions of the noise attenuation levels are found to be in good agreement
with the corresponding experimental measurements.

6166-58, Session 13

Active control of dispersive waves: coupling finite-
dimensional control system using isospectra

D. Roy Mahapatra, Wilfrid Laurier Univ. (Canada); B. Balachandran, Univ. of
Maryland/College Park

High dimensionality in the control of waves or more precisely the control of vibro-
acoustic disturbances is one of the most demanding aspects in designing smart
structures. Although, various problems in the context of linear control have been
addressed mathematically in literature, they are not well realized in high-dimen-
sional active control system. Among the main reasons behind this are (1) the lack
of physical means to realize those well-defined mathematical properties, estimates
and their bounds and (2) the use of the standard notion of state-space observability-
controllability as a min-max problem rather than taking advantage of the spectral
properties of the coupled structure-control system under consideration. A new
design methodology for active control of linear dispersive waves in elastic struc-
ture is reported in this paper. The concept is based on evaluating a hypothetical
constitutive model and its spectral characteristics that follows certain desired dis-
sipative behaviour if realizable in an infinite-dimensional system (e.g. beam, plates
etc.). This spectral characteristics is then used as a differential inclusion in a finite-
dimensional feedback control system (sensors and actuators in closed-loop) which
is integrated with the elastic host structure. It is then discussed how this idea can
be extended to a smaller length-scale involving array of MEMS transducers inher-
ent to material microstructure. The proposed methodology is applicable to prob-
lems involving the control of acoustic waves in passive-active material system
with complex constitutive behaviour at different length-scales. In the present pa-
per we consider a strain rate type constitutive model which can be correlated to
feedback control involving physical phenomena such as piezoelectricity, memory
effect, and rheology. Numerical simulation of flexural wave control in beam is car-
ried out. Two-sate feedback sensors (namely a shearing strain sensor and a cur-
vature sensor) and two tunable bending-shear actuators are considered for a struc-
tural element with given length-scale. The resulting coupled structure-control sys-
tem are parameterized in the solution space of the design variables, namely the
strain-rate coefficient, the wavelength(s) to be controlled and the location of the
sensors. The characteristics of the controller transfer functions and their pole-
placement problem are studied. Various practical engineering issues related to
the usual notion of asymptotic stability and robustness for the proposed concept
are addressed.

6166-59, Session 13

The noise reduction using smart panel with shunt circuit
L. Zhao, H. S. Kim, J. Kim, Inha Univ. (South Korea)

If we consider the transmission of sound through a partition, we can actually mea-
sure the sound energy on both the source side and the receiving side to determine
exactly what fraction of the sound is transmitted through. The term Transmission
Loss (TL), or more commonly Sound Reduction Index (SRI) are used to describe
the reduction in sound level resulting from transmission through a material. In this
paper, a broadband shunt technique for increasing transmission loss will be ex-
perimentally investigated. Some new approaches in the modeling of smart panel
as well as shunt damping techniques will be discussed.

In the modeling process, the PZT patch bonded on the main structure forming the
smart panel, numerical results can be achieved in terms of commercial soft pack-
ages such as ANSYS and NASTRAN. Taguchi method will be applied in the opti-

mal design process to obtain the optimal configuration of the smart panel. The
impedance model based on the measured electrical impedance will be applied by
adopting Van Dyke’s equivalent circuit and electrical impedance is simulated with
the commerecial soft packages in order to predict the performance of piezoelectric
shunt damping. The simple shunt circuit is used to damp the vibration of the smart
panel because of its low cost and simplicity. The synthetic inductor substitutes
the coil inductor and makes the circuit more flexible and tuning easily for the
optimal control when it is used practically. To verify the transmitted noise reduc-
tion using shunt circuit, reverberation chamber and anechoic chamber will be ap-
plied based on the standard SAE J1400 and different models of transmission loss
will be measured based on the octave analysis to certify the performance of smart
panel. The single-mode shunt damping will demonstrate a remarkable noise re-
duction at specific resonance.

6166-60, Session 13

Active acoustical impedance using distributed
electrodynamical transducters

M. Collet, D. W. Petr, Univ. de Franche-Comté (France); M. Berthillier, Univ. of
Franche Comté (France)

New miniaturization and integration capabilities available from the emerging MEMS
technology will allow silicon-based artificial skins involving thousands of elemen-
tary actuators to be developed on the near future. SMART structures combining
large arrays of elementary motion pixels coated with macroscopic components
are thus being studied so that fundamental properties such as shape, stiffness,
color, and even reflectivity of light and sound could be dynamically adjusted. This
paper investigates acoustical impedance capabilities of a set of distributed trans-
ducers connected with suitable controlling laws. The paper aims at showing in a
first part how a well controlled semi-distributed active skins can modified sub-
stantially transmissibility or reflexibility of the corresponding homogenous wall. In
a second part efficiency of such device is compared with those obtained by clas-
sical X-filtered Feedforward strategy.

Basically, we search to design an integrated electro-mechanical system which
presents a global behavior with appropriate acoustical characteristics. This prob-
lem is intrinsically connected with the control of multiphysical system based on
PDE and with the notion of multi-scaled physic when we use MEMS devices.

The used method to design a dedicated control strategy connects the technologi-
cal or physical aims of the desired system with the design of a collocated or quasi-
collocated active behavior law. To explain this notion, let us consider a simple
semi-infinite 2D fluid-structure interface covered with distributed transducers which
can be connected by suitable electronics circuits. The optimization problem is
also to induce in this interface some new acoustical properties such as total ab-
sorption or reflexion by designing a dedicated distributed discreet control opera-
tor.

By using specific techniques based on partial derivative equation control theory,
we have first build a simple boundary control equation able to annihilate wave
reflexion. The obtained control strategies can also be discretized to be imple-
mented like a zero or first order spatial operator. Thus, we can use quasi-collo-
cated transducers and their well-known poles-zeros interlacing property to guar-
antee robust stability. Furthermore this decentralized approach decreases the dif-
ficulties in implementing it on a large discreet system. Indeed, each transducer
does not need to be addressed by a centralized computer but can simply be used
by some decentralized distributed controllers. One can imagine the decrease of
CPU times for MIMO systems.

Finally numerical and experimental results underline the capabilities of such a
methods. Comparisons with classical x-filtered LMS techniques are also present
to underline the efficiency of the proposed strategy.
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6167-01, Session 1

Differential phase tracking applied to Bragg gratings in
multicore fiber for high-accuracy curvature measurement

G. M. H. Flockhart, G. A. Cranch, SFA, Inc.; C. K. Kirkendall, Naval Research
Lab.

Optical fiber Bragg grating (FBG) strain gauges have been used for structural moni-
toring in civil, marine, and aerospace applications. Structural deformation and
bending is of interest in many applications and is often inferred from the measured
strain at a number of points in the structure. The accuracy of the deformation or
bend measurement is dependent on the strain transfer between the structure and
FBG strain gauges; the precise knowledge of the gauge locations and the algo-
rithm used. A direct measurement of curvature is desirable for certain applications
and curvature sensors using FBG strain gauges have been reported by measuring
differential strain in a structure.

Temperature-insensitive curvature measurement has been simply demonstrated
by applying FBG strain gauges to opposite sides of a cantilever beam. However
this demonstration is sensitive to temperature gradients across the cantilever beam.
A more robust curvature sensor can be fabricated by writing FBG strain gauges in
to three cores of a multicore fiber (MCF). The MCF accurately defines the core
separation and promotes good thermal stability between cores as a result of the
small core separation. Direct two-axis bend measurement can be made by differ-
ential strain sensing between the cores of the MCF. However, the small core sepa-
ration requires improved strain measurement.

In this paper we report the application of a practical interferometric interrogation
technique for direct differential strain sensing in separate cores of a MCF for high
resolution quasi-static and dynamic curvature measurements. The MCF has an
outside diameter of 125microns, which is the same as standard singlemode fiber,
but has four singlemode cores orientated in a square with a pitch of 50microns.
FBGs are written in to the separate cores of the MCF and a fan-out is constructed
to interrogate each core independently. High resolution quasi-static measurements
are achieved by measuring the differential phase between the FBG sensors, which
compensates for the random drift of the interrogating interferometer. A DC curva-
ture accuracy of (radius of curvature = 333m), and an AC curvature resolution of
(radius of curvature 8.33km) are reported. This interrogation technique can be
readily combined with wavelength- and time-division multiplexing to allow the
potential to interrogate up to 500 FBG curvature sensors in a single fiber.

6167-02, Session 1

Packaging of surface relief fiber Bragg gratings for use as
strain sensors at high-temperature

R. H. Selfridge, S. M. Schultz, T. L. Lowder, Brigham Young Univ.; A. Méndez,
MCH Engineering LLC; V. P. Wnuk, Hitec Products Inc.; S. Ferguson, T. W.
Graver, Micron Optics, Inc.

Optical fiber Bragg grating sensors have seen an increased acceptance as well as
a widespread use for structural sensing and monitoring in civil engineering, aero-
space, marine, oil & gas, composites and smart structure applications. However,
one of the drawbacks of standard FBG sensors is that their spectral response
decays when exposed to elevated temperatures (\>200°C). Removing this limita-
tion is particularly necessary and attractive in harsh environment and high tem-
perature applications-such as automotive, industrial process control and aero-
space-where conventional foil strain gauges cannot operate. In addition, another
area in need of further development and commercial maturity is that of sensor
packaging.

Several means have been developed to improve the thermal stability of FBGs
such as doping fibers with tin, using N-doped silica fibers, single-pulse laser writ-
ing or relying on chemically-modified gratings via temperature annealing. In this
paper, by contrast, we report on an alternative type of high-temperature resistant
fiber grating based on the chemical etching of a grating structure into the surface
of a D-shaped fiber. Samples of etched FBGs were surface mounted onto support
substrates and packaged using a special, glass-filled high-temperature, epoxy
compound. The etched grating fabrication and its packaging procedure will be
discussed along with experimental results on the sensor’s strain and temperature
response at elevated temperatures and under extreme RH conditions.

6167-03, Session 1

Development of small-diameter optical fiber sensors and
high-speed optical wavelength interrogator for damage
detection in composite materials

S. Kojima, S. Komatsuzaki, 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 study a sensing system for health monitoring of aircraft structure made of
composite materials. This sensing system is composed of fiber Bragg grating
(FBG) sensor and a piezoelectric transducer (PZT). The FBG sensors receive elas-
tic wave of several hundred kHz generated by the PZT.

For this sensing system, we have developed the FBG sensors using the polyimide-
coated small-diameter optical fiber with cladding diameter of 40 micrometer and
core-cladding relative index difference of 0.65 %, which can be embedded in
composite materials without inducing any structual defects. However, the small-
diameter optical fiber is too thin cladding diameter. The transmission loss of the
small-diameter optical fiber increase more than in case of normal single mode
optical fiber under embedded conditions because of macro bending loss and mi-
cro bending loss. So, we developed a new small-diameter optical fiber with clad-
ding diameter of 40 micrometer and core-cladding relative index difference of
1.0% and 1.8% in order to suppress loss increase due to bending or strain. And,
the small-diameter optical fiber is too fragile and hard to handle. In practical use,
the small-diameter fiber needs to be joined to a normal optical fiber with a 125-
micrometer cladding diameter. So, we developed a small-diameter optical fiber
modules which can connect the normal optical fiber.

For high-frequency vibration monitoring, we have developed a high-speed optical
wavelength interrogator, which can detect the high-frequency vibration of the FBG
sensors. In this interrogator, we used an arrayed waveguide grating (AWG) as an
optical filter which converts wavelength shift of the reflecred light from the FBG
into the output optical power change. This system is suiatable for high-speed
wavelength detection because there is no mechanical moving part.

In this paper, we presents the estimation result of small-diameter optical fiber with
high relative index difference using high-speed optical wavelength interrogator
and the joining techniques promoting the usage of the small-diameter optical fiber
for practical heath monitoring systems.

6167-04, Session 1

Characterization of a fiber optic shape and position sensor
R. G. Duncan, M. Raum, Luna Innovations, Inc.

We report the results of a study of the performance characteristics of a fiber-optic
shape and position sensor. Strain measurements from distributed fiber Bragg grat-
ings in a multi-core optical fiber multiplexed via the frequency domain reflectom-
etry technique are used to deduce the shape of the optical fiber. We have mea-
sured a range of two and three dimensional shapes using a multi-core fiber with a
sensor spacing of 1.0 cm and a gage length of 0.5 cm and have reported the
accuracy and precision of these measurements. A discussion of error sources is
also included.

6167-05, Session 2

A self-interfering fiber optic acoustic emission sensor
system with fiber optic Bragg grating

Z. Xu, Nanjing Univ. of Science & Technology (China); F. Ansari, Univ. of lllinois
at Chicago

This paper describes a self-interfere optic fiber sensor (SOFS) system which can
be used to detect acoustic emission companying the damage in structures. The
system consists of laser diode(LD), fiber optic Bragg grating (FBG) filter, optical
fiber lead line ,sensing arm and reference arm , photo diode (P/D) , voltage ampli-
fier and data analyzer system. The fiber optic Bragg grating filter is used to reflect
the certain wavelength light produced by LD and thus get the narrow bandwidth
light which is led into the sensor arm and reference arm. For the light reflected
from FBG described in this paper, the coherence length light is about 18mm, it is
very easy to keep the light reflected from the end of the two arms as soon as keep
the optical path difference between the two arms less than 18mm, no additional
online phase adjust device is needed on reference arm, the sensor system is very
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simple.

When the strain wave induced by the acoustic signal acts on the sensing arm, the
fiber optic arm’s physical length and reflective index will change slightly and thus
induce the phase shift in the interferometer system. The phase shift can be de-
tected easily by transferring the optical signal into the electrical signal through the
P/D amplifier.

The sensor system is tested by a serial of experiments. The sensitive of the sys-
tem is evaluated by the pencil lead breaking test. To test the robust of the system,
the output voltage in waiting state is monitored in 48 hours and it is found that the
fluctuation level is small enough compared to the acoustic emission response
signal. The system has no response delay for the acoustic emission signal and
can identify the different signals act on the sensing arm in a short time. In this
system, the two arms can be used as the sensing arm and this two arms act as
the reference arm each other. When the two arms are under the same temperature
field, the influence of the temperature can be eliminated automatically.

The sensing arms are embedded into fiber reinforced samples which are loaded
to break point. It is verified by the experiments that the sensing system present
here is efficient to detect the breakage of the fiber in the FRP material.

6167-06, Session 2

High-spatial resolution measurements of transverse stress
in a fiber Bragg grating using four-state analysis, low-
coherence interferometry, and layer-peeling

R. J. Espejo, S. D. Dyer, National Institute of Standards and Technology

Fiber Bragg grating (FBG) sensors have been shown to be a good means of non-
destructive monitoring of the stress and/or strain of the materials in which they are
embedded. Many FBG transverse stress/strain measurement systems can only
resolve a single stress and/or strain value for the entire length of the FBG and
often require the use of polarization-maintaining fiber. We demonstrate a new
method for measuring the two components of transverse stress with high spatial
resolution in a distributed FBG sensor. A directional compressive load is applied
by placing weights on top of the FBG, creating a transverse stress in the core of
the FBG. Small metallic strips are placed under the FBG to create a localized
stress in the FBG. The index of refraction as a function of position in the FBG is
measured using a low-coherence Michelson interferometer and a layer-peeling
algorithm. With this method we are able to measure changes in the refractive
index with resolution better than 5*10-6, limited by the signal-to-noise of the mea-
surement system, with a spatial resolution of 16 um, which is determined by the
spectral bandwidth of the low-coherence source. To determine transverse stress/
strain, we repeat the measurement for four different polarization states. A four-
state analysis is then used to determine the birefringence as a function of position
in the grating. This measurement assumes that the applied transverse load is much
larger than any other birefringence in the grating, so that the principal axes do not
change with position in the grating. This measurement offers the advantage that it
can be implemented with a simple layer-peeling algorithm, and it does not require
the use of expensive polarization maintaining fiber. Measurements of the exter-
nally induced birefringence agree well with values predicted using the stress-optic
properties and the geometry of the fiber.

6167-07, Session 2

Multiplexed adaptive two-wave mixing wavelength
demodulation of fiber Bragg grating sensor for monitoring
both dynamic and quasi-static strains

Y. Qiao, S. Krishnaswamy, Northwestern Univ.

A multiplexed 16-channel version of two-wave mixing (TWM) wavelength demodu-
lator using InP:Fe photorefractive crystal (PRC) in the C-band (1530-1570nm) is
demonstrated. The system can be used as a wavelength demodulator for use
with Fiber Bragg Grating (FBG) sensors to monitor both dynamic strains and quasi-
static strains. In this configuration, the FBG is illuminated with a broadband source,
and any strain in the FBG is encoded as a wavelength shift of the light reflected by
the FBG. The reflected light from the FBG is spilt into two unbalanced paths and
both beams (pump and signal) mix in the PRC. Any wavelength shift of the re-
flected light results in an equivalent phase shift between the pump and signal
beams as they travel unbalanced path lengths. Since TWM is an adaptive pro-
cess, the two interfering beams are naturally in quadrature and remain in quadra-
ture even in the presence of large quasi-static strains. Quasi-static strains can be
obtained by monitoring the spectrum shift of the transmitted pump beam. Finally,
the TWM wavelength demodulation system is used to demonstrate the impact
monitoring on a real composite panel.

6167-08, Session 2

Unique characteristics of surface relief fiber Bragg gratings
and their application to multiaxis sensing

T. L. Lowder, R. S. Gibson, K. H. Smith, R. H. Selfridge, S. M. Schultz, Brigham
Young Univ.

In submitting this extended abstract | am requesting consideration for the 2006
SPIE/ASME Best Student Paper Presentation Contest.

Fiber Bragg gratings (FBGs) have become an imperative device in optical com-
munication and optical sensing technology. Because they are a not a bulk optic
component they exhibit low insertion loss and are easily integrated into contem-
porary systems. Existing FBGs are fabricated such that a periodic modulation in
the index of refraction is photoinduced into the core of the fiber. This periodic
modulation reflects a narrow band of wavelengths centered on the Bragg wave-
length while transmitting all other wavelengths.

As an alternative method to creating a Bragg grating, we etch the grating into the
flat surface of an elliptical-core D-fiber. The flat surface of the D-fiber is etched
close to the core so that the grating can influence the guided light. The gratings
are about 1.5 cm long, 0.4 microns above the core and have a peak-to-trough
distance of about 80 nm. These surface relief fiber Bragg gratings (SR-FBGs) dem-
onstrate many unique characteristics that are not apparent in standard FBGs.

In this paper we explore these characteristics and how they can be exploited for
use in multi-axis sensing applications. Specifically, we use the grating and the fact
that D-fiber has high birefringence to create a multi-axis strain sensor that can be
used to simultaneously monitor both longitudinal and transverse strain. In addi-
tion, because the grating is on the surface of the fiber, the gratings tilt angle can
be changed by simply bending the fiber. This allows us to also use SR-FBGs as a
multi-axis bend sensor. Lastly, SR-FBGs demonstrate a strong polarization de-
pendence that is not experienced in other FBGs.

We create a multi-axis strain sensor by monitoring both the Bragg wavelength and
the output power of the transmitted light. Longitudinal strain (strain along the fiber
axis) is detected by tracking the Bragg wavelength. Increasing strain causes the
period of the grating and the effective index of the fundamental mode to change.
These changes cause the Bragg wavelength to shift and this shift is correlated to
longitudinal strain. Experimentally gathered data shows that the shift in wave-
length versus the applied strain is linear. The strain sensitivity of our SR-FBGs is
1.2 pm/microstrain.

Transverse strain (strain orthogonal to the fiber axis) is detected by monitoring the
output power of transmitted light. Increasing strain alters the cross sectional di-
mensions of the fiber and thus changes the effective indices of the two orthogonal
polarizations of the fundamental mode, but they change by different amounts.
This causes the birefringence to change as more strain is applied to the fiber. By
placing a polarizer at the input of the fiber and an analyzer at the output, the
change in birefringence can be measured by monitoring the output power. Using
Young’s modulus this data is then correlated to find the transverse strain.

SR-FBGs can also be implemented as multi-axis bend sensors. As the fiber is
bent up and down the grating period increases or decreases which causes the
Bragg wavelength to shift. As the grating is bent side to side, the grating experi-
ences a tilt. Other researchers have shown that this tilt reduces the efficiency of
the grating and thus reduces how much light is reflected at the Bragg wavelength
[1]. By monitoring the shift of the Bragg wavelength and also its efficiency, a multi-
axis bend sensor can be attained.

Lastly, we have found that the y-polarized mode (light polarized along the minor
axis of the core) has less field concentrated in the area of the grating, and there-
fore reflects less strongly than the x-polarized mode (light polarized along the
major axis of the core). The y-polarized mode is much less efficient because the
glass-air interface causes a large index modulation (An~0.45) and a small field
overlap (the amount of modal field that falls in the physical area where the index
modulation occurs). Simulations show that a notch due to the y-polarized mode
is approximately 20 dB less deep then a notch due to the x-polarized mode. De-
creasing the index modulation with the use of index matching oils increases the
field overlap and the overall efficiency of the y-polarized mode. This strong polar-
ization dependence allows us to use SR-FBGs as wavelength selective polarizers
by filtering out the y-polarization at specific wavelengths.

In conclusion, we have shown that there are many unique characteristics of SR-
FBGs. These unique characteristics allow SR-FBGs to be used in a number of
multi-axis sensing applications. They exhibit high birefringence, can easily be tilted,
and demonstrate strong polarization dependence. Therefore, SR-FBGs provide a
viable alternative to existing multi-axis sensors.

References

[1] T. Erdogan and J.E. Sipe “Tilted fiber phase gratings” J. Opt. Soc. Am. A, vol.
13, pp. 296-313; Feb. 1996.
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6167-10, Session 3

Fiber grating sensors for structural health monitoring of
aerospace structures
E. Udd, Blue Road Research

Fiber optic grating sensors can be used to support a wide variety of measure-
ments that are necessary for structural health monitoring of aerospace structures.
This includes their usage to measure structural integrity of composites using “strain
imaging”, monitoring of adhesive bond lines, measurement of corrosion and mois-
ture in key areas, and overall deformation measurements. This paper will provide
an overview of fiber grating sensor technology that is of particular interest in aero-
space applications and review how it is being applied.

6167-11, Session 3

An application test using Brillouin optical frequency domain
analysis method for aircraft structural health monitoring

T. Yari, M. Ishioka, K. Nagai, Mitsubishi Heavy Industries, Ltd. (Japan); T.
Sakurai, R&D Institute of Metals and Composites for Future Industries (Japan)

The necessity for airplane structural health monitoring technology has been in-
creasing, because of improvement of reliability and maintenance cost reduction.
Optical fiber sensing system is an attractive scheme for airplane structural health
monitoring. There are great hopes for applying the system to airplane structural
health monitoring because of the light weight, non-electromagnetic interference,
durability and capability of sensors to be embedded to composite structures. Es-
pecially the distributed optical fiber sensor fits the health monitoring for large-
sized structures. However, the distributed optical fiber measurement system us-
ing the pulse light represented by the Brillouin optical time domain reflectometer
has low spatial resolution and long measurement interval. These performances
have been the obstacle of application to airplane structure health monitoring sys-
tem. Then, the authors have proposed the Brillouin optical frequency modulation
method for improvement of the spatial resolution.

In this work, we developed the distribution measurement and the high-speed mea-
surement of arbitrary points technology using Brillouin optical frequency domain
analysis method. In this development, we achieved 50mm of spatial resolution
and 1Hz of measurement responses of arbitrary points. Moreover, we considered
substructure test and flight demonstration test to verity the validity of BOFDA
sensing system. From these results, it was confirmed that BOFDA system has
potential to be applied to an airplane structure health monitoring system.

6167-12, Session 3

Structural health monitoring of composite T-joints for
assessing the integrity of damage zones

S. J. John, A. Kesavan, M. Deivasigamani, RMIT Univ. (Australia); I. Herszberg,
Cooperative Research Ctr. for Advanced Composite Structures Ltd. (Australia)

This paper uses one category of Structural Health Monitoring (SHM) which uses
strain variation across a structure as the key to damage detection. The structure
used in this study is Glass Fibre Reinforced Plastic (GFRP). GFRP’s are used often
these days in military warfare because of its distinct advantages namely; high
strength to weight ratio, high stiffness, ability to form complex shape, and also for
stealth. However, GFRP’s are also prone to delaminations and matrix cracking,
which could lead to a catastrophical failure of the structure if gone undetected.

This paper discusses a technique developed to sense the presence of damage,
determine the location and also determine the extent of damage. Finite Element
Models (FEM)of T-joints found in most ship structures are created using MSC/
Patran. This FEM is modelled with delaminations at various locations across the
bond-line of the structure. And the resulting strain variation across the surface of
the structure is observed. A prototype of the model was then manufactured at
RMIT University and it was tested to corroborate the FEM Model. Signal process-
ing techniques where then used to determine the presence, location and size of
the crack, from the strain variation pattern of the structure. The signal processing
techniques used included both Artificial Neural Networks and Statistical Tech-
niques. The signal processing techniques used have been shown to predict the
location of damage for a number of simulated cases. The effect of pre-processing
the strain distribution using the Damage Relativity Analysis Technique (DRAT) has
also been discussed.

Future work proposed includes the extension of this technique to predict the re-
maining life span of the structure. The use of vibration response signals instead of
the strain signature is also proposed.

6167-13, Session 3

Safety and security monitoring of dams using nano-
micromachined-based surface acoustic wave (SAW)
sensors

W. Ross, Jr., Morgan State Univ.; M. Saafi, P. Romine, D. Pett, Alabama A&M
Univ.

Concerns about the safety of concrete dams have increased during recent years,
partly because of the expanding number of “at-risk” citizens located downstream
of major dams. These dams have long-term damage and inadequate seismic de-
sign. The damage could be detected with intense inspection of the bridges and
can then be repaired or even replaced. In the US alone, there are more than 78,000
dams that pose a safety hazard to their environments. More than 2,900 nonfederal
dams in the US were declared unsafe. Today, the replacement and repair of bridges
cost the United States billions of dollars each year. The long-term deterioration of
these mass structures are manifested in the form of cracks due to freeze/thaw
cycles, oxidation, decay, thermal stresses and ASR. These micro cracks will even-
tually become wider and can develop into holes or delamination, thus presenting
a safety problem for the dam. A large number of dams have been damaged by
ASR where high moisture levels are present in concrete which assist in producing
ASR gel. Swelling of this ASR gel can lead to cracking and overall expansion of
the affected structure. As a result of this damage, the structure loses strength,
particularly in flexure, stiffness and impermeability. Serious threats to concrete
dams often involve cracks in the dam’s abutments and foundation. These cracks
are usually in remote locations and are invisible to inspection. Since the assess-
ment of the dam integrity and safety is being done via onsite visual inspection,
these invisible and remote cracks can be undetected until they become severe.
This could lead to a catastrophic failure. Reliable techniques for continuous moni-
toring of certain key parameters affecting the dam’s integrity are currently nonex-
istent. This is due to the lack of sensing technology capable of functioning in a
hostile milieu such as low temperature, high moisture levels, and other environ-
mental variations. The objective of this paper is to investigate the possibility of
incorporating MEMS based SAW sensors to detect moisture (H20), Ph, CL-, and
CO2 located internally in the concrete of dams; thus preventing the decay of inter-
nal elements which may lead to catastrophic failure. These sensors are to be pas-
sive and should not require much power for performance. They also are going to
be low cost and wireless devices. Success in this project will ensure the safety of
inhabitants who reside in close proximity to these dams. Preliminary results ob-
tained from sensor simulation and experiment will be presented.

6167-14, Session 3

Smart FBG-based FRP anchor
Z. Zhou, Harbin Institute of Technology (China)

FRP has become the popular material to alternate steel in civil engineering under
the harsh corrosion environment. But due to its low shear strength ability, the
anchor for FRP is most important for its practical application. However, the condi-
tion at the surface between FRP and anchor is not fully understood due to that
there is no proper sensor to monitor the inner strain in the anchor by traditional
method. In this paper, a new smart FBG-based FRP anchor is brought forward,
and the inner strain distribution of a kind of FRP anchor has been monitored using
FRP-OFBG sensors, a smart FBG-embedded FRP rebar, which is pre-embedded
in the FRP rod and cast in the anchor. The distribution of bonding shearing stress
on the surface of FRP rod along the anchor is obtained. This method can supply
important information to FRP anchor design and can also monitor the anchorage
system, which is useful for the application of FRP in civil engineering. The studies
result show that the smart FBG-based FRP anchor can give direct information of
the load and damage of the FRP anchor, which is proper for practical applica-
tions.

6167-15, Session 3

The strain and temperature measurements of RC building
based an embedded FBG sensor system
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 moni-
toring 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 rein-
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force concrete building by an optical fiber Bragg grating sensor system in building
construction course. Based on the project result the packaged FBG used in mea-
surement 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 ad-
vice for structure health monitoring.

6167-16, Session 3

Sensitivity analysis of dynamic properties of shear buildings
in damage detection
H. Zhu, Huazhong Univ. of Science and Technology (China)

Sensitivity analysis of dynamic properties of shear buildings in damage detection:
The objective of this paper is to study the change law of the sensitivity coefficients
of dynamic properties of shear buildings, and make dynamic properties to be
effectively used in damage detection. Firstly, the absolute and relative sensitivity
coefficient expressions are derived from structural vibration equation. Then, the
sensitivity analysis is applied to a 10-story shear building. All of the sensitivity
analyses show higher modes are more sensitive than lower modes to damage.
Through frequency sensitivity analysis, it is helpful to choose a few lower frequen-
cies as indicator of damage. By means of mode shape sensitivity analysis and the
slope of mode shape sensitivity analysis, it can be found the slopes of mode
shapes are more sensitive than mode shapes to damage. Damage always results
in the increase of the slope of first mode shape corresponding to damage loca-
tion, and it is very useful for damage localization.

6167-17, Session 4

Industrial design of instrumented PRC elements for the
condition monitoring of civil infrastructure

D. Zonta, M. Pozzi, A. Colombo, Univ. degli Studi di Trento (ltaly); O. S. Bursi,
Univ. of Bristol (United Kingdom)

Recognizing the growing importance of new technologies in the life-cycle man-
agement of civil infrastructures, the University of Trento is promoting a research
effort aimed at developing a novel construction system that will allow real-time
condition monitoring of bridge structures. The general concept is to build new
bridges using smart structural elements, i.e. precast RC elements embedding a
sensing system and capable of self-diagnosis. Sensors are not just applied to the
member, but are conceived as an integral part of the prefabricated element, influ-
encing its design criteria, performance and detailing Depending on the type of
instrument used, a smart element will potentially be capable of self-detecting point
to point physical quantities such as: strain and stress distribution; vibration re-
sponse; cracking location and extension; temperature; moisture; pH; chloride con-
centration. An Internet-based Bridge Management System will be able to inter-
pret these quantities in terms of condition state and reliability, and will make these
available to those concerned. As sensors are activated, all those involved in the
production/management process can connect via the Internet, at any time and
from any location worldwide, and directly check the actual condition of the ele-
ment, during production, transportation, construction and operation.

A first step of the research was accomplished in 2004 with the construction and
testing of reduced-scale prototypes of smart elements. The objective was to de-
velop simplified elements, suitable for extensive laboratory testing, yet compris-
ing all the features enabling them to reproduce the behavior of the full-scale struc-
ture. While the scope of the first phase of the project was to validate the perfor-
mance of fiber optics based sensing systems applied to RC elements, the second
phase aims at demonstrating the industrial feasibility of the series production of
prefabricated elements embedding FOS technology as well as their in-field reli-
ability. In detail, the program includes the production of two 21m-long prestressed
RC box girder elements. One of the two elements will be employed in the con-
struction of a single span road bridge, while the other will be extensively tested in
the laboratory, in order to record and identify the response signature associated
with recurrent deterioration scenarios, including cracking, concrete cover spalling
and partial corrosion of the reinforcement.

The general paradigm of the design is to conceive the sensing system in two
separate parts, embeddable and external. The embeddable part is to be perma-
nently installed in the element, and therefore must have high durability and ro-
bustness. The embeddable sensing system is prepared in the form of linear sub-
assemblies referred to as smart bars. In a smart bar, all optical sensors and wires
are mounted on a modular aluminum support specifically designed for the pur-
pose. Optical signals are carried along the smart bar and collected at the element
edges. The production process in the prefabrication plant starts with steel rein-
forcement pretensioning, and the smart bars are easily arranged in the framework
along with the non-tensioned reinforcement, before pouring the concrete. The
external part of the sensing system includes the interrogation units and the tele-
communication system. These parts are conveniently located at the edges of the

element at an easily accessible position. Once the bridge is in operation the exter-
nal sensing system can be replaced during routine maintenance work or as nec-
essary in the case of malfunction, or for technology upgrade.

6167-18, Session 4

Self-organizing wireless sensor networks for structural
health monitoring

S. Ratnaraj, J. Sarangapani, Univ. of Missouri/Rolla; V. S. Rao, Univ. of Missouri-
Rolla

Structural health monitoring represents a class of sensor network application with
enormous benefits. By embedding sensors on civil infrastructures, various fail-
ures such as excessive cracking, overstress, anchorage pullout, delamination,
and corrosion can be detected in real-time at the incipient stages. The integration
of local processing and storage allow sensor nodes to perform complex feature
extraction and triggering functions, and data compression. In order to success-
fully detect these failures, the embedded sensor nodes must form a self organiz-
ing wireless network that can collectively send data to a base station for decision
making. In this paper an effective way of self organizing the sensor nodes for
transmission of data is investigated.

A novel self organizing method to cluster sensor nodes is presented for structural
monitoring applications by clustering the nodes around a region in the network
only when a failure event is detected. In general sensor nodes have power, memory,
and bandwidth constraints. In order to conserve the energy, normally the nodes in
the sensor network are in idle or sleep mode. If nodes around a failure region start
sensing incipient failures, they form into sub-networks that consist of nodes that
have signal strength greater than a predefined threshold value. Using the nodes in
the sub networks, initial cluster heads were selected and clusters are formed based
on the received signal strength due to a failure. Once clusters were formed, the
node with the maximum available energy in each cluster will be selected as the
new cluster head. These cluster heads in turn form a multihop network to transmit
the aggregated data from each cluster to a base station. This process of self-
organization is repeated as the event propagates. The performance of the pro-
posed scheme was analyzed and metrics such as energy, delay, and throughput
were utilized to compare available methods to the proposed one. The proposed
method is applied to a simulated example and the results demonstrate that less
energy is consumed and the end to end time delay is reduced when compared
with the existing LEACH (Low Energy Adaptive Clustering Hierarchy) algorithm.
The proposed method is scalable as the new nodes does not increase the overall
amount of energy used for self organization since the clustering is done around
the failure region in contrast with other methods.

6167-20, Session 5

Long-term stability of a new EFPI stress monitoring sonde
installed in a brown coal mine in Poland

R. Gloetzl, Gloetzl GmbH (Germany); J. Krywult, Zaklad Proj Prod Usl Handl
Budokop (Poland); J. Schneider-Gloetzl, Gloetzl GmbH (Germany); M.
Dynowska, Zaklad Proj Prod Usl Handl Budokop (Poland)

In cooperation with BAM the German federal institute of material testing, Mining
Construction Research and Development Centre BUDOKOP from Myslowice Po-
land a new measuring system EFPI (Extrinsisch Fabry Pérot Interferometer) with
zero point measurement was developed and for a first important installation used
to get site experiences.

The installed stress monitoring system consist of 3 single pressure sensors orien-
tated in 3 directions to monitor 2 dimensional main stress in rock in direction and
value.

For long term measurements and interpretation drift effects have to be avoided or
/ and controlled.

A zero point measurement and control is done with every measurement and is
approving the long term results.

A new quality of result and interpretation is reached and possible as not only
sensibility is increased, we have now approved results.

Experiences and first results will be reported for discussion.

6167-21, Session 5

Real-time fiber optic sensor demodulation schemes based
on phase-shifting interferometry with error compensations
Z. Chen, M. Yu, Univ. of Maryland/College Park

In this paper, the recently developed high-speed, real-time fiber optic sensor de-
modulation techniques based on low coherence interferometry and phase-shift-
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ing interferometry are presented. The demodulation schemes are applied to a pres-
sure sensor system that consists of a Fabry-Perot sensing interferometer and an
integrated optical circuit phase modulator as a reference interferometer. Various
conventional phase-stepping algorithms and novel algorithms with error compen-
sations are investigated as to how to reduce the errors in the demodulated phase
signals. The errors introduced in the phase demodulation include several sources:
random intensity measurement errors, errors related with interference fringe vis-
ibilities, phase shifting errors, and errors associated with phase modulation fre-
quency. Both theoretical and numerical analyses are conducted to compare the
performances of the demodulation schemes based on different phase-shifting
algorithms. We also provide the experimental data from high-frequency acoustic
measurements and static force measurements to look into the robustness of these
phase-shifting algorithms to various error sources. These analysis and experi-
mental results will give guidelines for choosing appropriate phase-stepping algo-
rithms in sensor demodulation schemes and improving the sensor accuracy and
bandwidth.

6167-22, Session 5

Inversion technique for an all-optical inspection of
materials’ elastic properties
B. Sorazu, B. Culshaw, Univ. of Strathclyde (United Kingdom)

Helped by the modern advances in computer power and Signal Processing tech-
niques, ultrasonic guided waves inspection has emerged recently as a promising
Non-destructive Testing tool for Structural Health Monitoring.

Ultrasonic guided waves inspection is able to provide information not only of the
presence and location of surface and internal damages in plate-like structures,
but also it can provide information about the severity of the damage. In addition to
its lightweight, inexpensive and portability capabilities, ultrasonic guided waves
inspection allows structural integration and non-contact and remote monitoring.

In this paper we present an inversion technique, applied to a complete non-con-
tact, all-optical inspection tool, for the extraction of the most important mechani-
cal characteristics of plate-like structural materials (effective stiffness, Poisson
ratio and plate’s thickness).

A short pulse high power laser is used for the optical generation of broadband
ultrasonic guided waves, which in our plate-like application corresponds to Lamb
waves. In the reception stage we use a Michelson modified surface displacement
optical fibre interferometer, which provides very good sensitivity for the remote
detection of the ultrasonic waves.

The advantage of using Lamb waves for the inspection of the materials is that they
interact with the structure’s entire thickness propagating longer distances than
other acoustic waves. They also provide a strip area inspection allowing fast cov-
erage of large structures in opposition to other point scanning ultrasonic inspec-
tion techniques such as C-scan.

The Lamb waves propagation characteristics are very much affected by the
material’s elastic properties as well as by its geometrical conditions (e.g. plate
thickness). We apply by two different and complementary signal processing tech-
niques over the detected waves time signals in order to display their propagation
information in the so-called Lamb waves dispersion curves. A two dimensional
Fourier transform gives as the phase velocity dispersion curves with propagation
information of the local region where the ultrasonic sources are located. On the
other hand a time-frequency analysis gives us the group velocity dispersion curves
with information of the global region between the source and the sensor.

By looking into the asymptotic behaviour of the obtained dispersion curves we
achieve a first estimation of the dynamic elastic and geometrical properties of the
material, based mainly in frequency thickness product information. The obtained
elastic properties are later used as initial values in an optimized inversion proce-
dure applied to the Lamb waves’ velocity information, for a more accurate and
complementary elastic properties estimation.

In the development of the inversion procedure different weighting factors are ana-
lyzed, for the minimization of the theoretical and experimental dispersion curves
difference. The inversion process is considerably affected by the regions of the
dispersion curves to which it is applied. An examination of this effect helps us to
choose an adequate region of analysis. Applying this technique to the two differ-
ent obtained dispersion curves will provide us with local and global elastic proper-
ties information of the specimen under test.

A monitoring of the changes in the estimated material properties could be used as
an indicator of the presence of structural condition perturbations.

6167-23, Session 5

Sensitivity of an extrinsic Fabry-Perot interferometric
sensor with respect to the alignment direction of the sensor

for detecting lamb waves

D. H. Kim, Univ. of California/Irvine; Y. Kim, Agency for Defense Development
(South Korea); C. Kim, Korea Advanced Institute of Science and Technology
(South Korea)

Lamb wave is a good method to detect some imperfections in a thin plate. In
order to use this method, a sensor as well as an actuator is needed. Usually, a
piezo-ceramic transducer is a good sensor and also a good actuator. Nowadays,
fiber optic sensors are good alternative transducers for detecting Lamb wave as
well as other ultrasonic waves. However, in the case of the fiber optic sensor, its
sensitivity has directivity; that is, the sensitivity is variable according to the align-
ment direction of the sensor because the sensor dominantly measures the dis-
placement induced by the change of gage length along the parallel direction to
the sensor. Thus, considering the change of the sensitivity with respect to the
alignment direction of the sensor to an ultrasonic source is essential in order to
detect the ultrasonic wave using a fiber optic sensor and to determine the abso-
lute amount of the measured value correctly. In this paper, the directivity of the
fiber optic sensor was investigated through both a theoretical analysis and an
experimental one. The theoretical analysis showed that the sensitivity was related
to the alignment angle of the sensor and to the ratio of the gage length of the
sensor and the wavelength of the Lamb wave. In the experimental analysis, an
extrinsic Fabry-Perot interferometric sensor was used for detecting the Lamb waves
which were excited by a lot of piezo-ceramic transducers. One fiber optic sensor
was attached on the center of the aluminum plate; otherwise these piezo-ceramic
transducers were attached around the fiber optic sensor according to the align-
ment direction of the fiber optic sensor. Finally, the theoretical results were verified
in the experimental analysis.

6167-24, Session 5

A fiber sensor integrated monitor for embedded
instrumentation systems

S. W. Lloyd, J. Newman, E. Parsons, R. H. Selfridge, S. M. Schultz, Brigham
Young Univ.

In submitting this extended abstract | am requesting consideration for the 2006
SPIE/ASME Best Student Paper Presentation Contest.

Optical fiber sensors are finding increased application as smart sensors because
of their relatively high immunity to environmental phenomena and small size. They
are finding significant use in embedded nondestructive evaluation for monitoring
and analysis of civil, mechanical and aerospace systems. While much research is
focused on developing and applying new optical sensing technologies, there is
also a great need for better fiber sensor interrogators. The current equipment re-
quired for interrogating fiber optic sensors tends to be large, bulky and costly,
have high power consumption, and usually performs only the most basic func-
tions. While this may be acceptable for current technologies, the demands of new
and more complicated smart sensor technologies will require smaller, faster, and
more flexible monitoring systems. Several groups have proposed using either a
chirped fiber Bragg grating (FBG) system or an arrayed waveguide grating to
demultiplex an optical signal into individual wavelengths in order to monitor an
FBG sensor. However, such systems are limited when it comes to denser sensor
arrays. In this paper a new fiber sensor integrated monitor (FSIM) to be used in an
embedded instrumentation system (EIS) is proposed and its operating features
are examined.

The proposed system consists of a super luminescent diode (SLD) as a broad-
band source, a novel high speed tunable MEMS filter with built in photodetector,
and an integrated microprocessor for data aggregation, processing, and trans-
mission. As an example, the system will be calibrated with an array of surface
relief fiber Bragg gratings (SR-FBG) for high speed, high temperature monitoring.
The entire system was built on a single breadboard less than 50 cm(c)in area. The
possibilities for use with other multiplexed FBG and Fabry-Perot (FP) sensors are
also explored.

The primary component in the proposed system is the MT-15 Tunable Filter, made
by Nortel Networks and obtained through an equipment grant sponsored jointly
by the National Science Foundation (NSF) and the Defense Advanced Research
Project Agency (DARPA). The MEMS filter consists of a Fabry-Perot etalon featur-
ing a half-symmetrical confocal cavity and is available with an integrated photo-
detector for enhanced compactness. The MEMS filter has a nominal tuning speed
of 10nm/us, a FWHM of 60 pm, insertion loss <3dB, a 25dB suppression fre-
quency of 100 GHz and low power consumption. The integrated photodetector is
a standard photodiode operated under -5V reverse bias with a responsivity of 0.6
A/W.

Filter operation was initially characterized using a traditional interrogation system
consisting of an optical spectrum analyzer (OSA), external power supply, and com-
puter for data processing. Tuning is accomplished by applying a positive voltage
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to the filter drive pin with respect to the filter case. By ranging the applied voltage
from 5-35V the filter can be tuned from approximately 1610nm-1515nm respec-
tively. While the voltage-to-wavelength function is not linear, it is sufficiently smooth.
The temperature response of the filter was also characterized in order to address
the feasibility of operating without a thermo-electric cooler (TEC), which has high
power consumption. Experimental analysis showed that the transmitted peak
wavelength of the filter had an approximately linear drift when the tuning voltage
was held constant while the temperature varied. Analysis also showed that the
FWHM of the peak did not change significantly with temperature. Thus by simply
monitoring the temperature of the filter, software can be used to offset any peak
drift, avoiding the use of a TEC.

The other major components are the SLD and the microcontroller. The SLD used
in analysis had a center wavelength of 1530nm and spectral width of 34nm. By
using a lower power SLD the use of a TEC was once again avoided. Similarly, a
microcontroller was chosen with sufficiently fast operating speed, low power con-
sumption, and the necessary functionality (A/D conversion, I(c)C and serial com-
munication, etc.). For experimental purposes the Microchip(c) PIC16F737
microcontroller was used.

Our FSIM system was initially tested using a tunable laser to simulate a fiber Bragg
grating. The laser has a FWHM of around 10pm; most FBG’s have a bandwidth of
100-200pm. The data points obtained from the FSIM system were transmitted
through a serial cable to an external computer where the plot was produced. The
system easily tracked changes in the peak wavelength of the tunable laser.

Using the given setup, an expected resolution of 1pm can be attained with a
sampling rate in the kHz, and with further optimization possibly in the MHz. The
main limiting factors on operating speed are the digital-to-analog and the analog-
to-digital conversion rates. The upper limit on sampling speed is the tuning speed
of the filter. Since the system already contains an embedded microprocessor, ap-
plication-based data processing and aggregation can be performed quickly and
efficiently before being transmitted to a central processing unit. Because of this,
several such systems can be implemented together without placing high demands
on the central processing unit. The result is a high speed, dynamic, application
specific system.

A new fiber sensor integrated monitor for embedded instrumentation systems has
been proposed. This system includes a fully integrated SLD source, a high speed
tunable MEMS filter, and an integrated microprocessor, replacing the traditional
bulk ASE source, OSA, and external computer. The system will be evaluated with
an array of SR-FBG’s for high temperature sensing. This new system has the ca-
pability for high speed, dense FBG sensor array demodulation.

6167-25, Session 6

Fiber optic contact sensor for cardiovascular operation
D. Inaudi, Smartec SA (Switzerland); G. Leo, Endosense SA (Switzerland)

For many years, exploration and treatment of various organs or vessels has been
possible using catheter-based diagnostic and treatment systems. Such catheters
are introduced through a vessel leading to the cavity of the organ to be explored.
In this manner, the patient avoids the trauma and extended recuperation times
typically associated with open surgical procedures. To provide effective diagnosis
or therapy, it is frequently necessary to first map the zone to be treated with great
precision. Often, the mapping procedure is complicated by difficulties in locating
the zones to be treated due to periodic movement of the heart throughout the
cardiac cycle.

It therefore would be desirable to provide apparatus and methods for detecting
and monitoring contact forces between a mapping catheter and the wall of the
organ or vessel to permit faster and more accurate mapping, without being af-
fected by electromagnetic interference generated by other equipment also used
in the operation’s room.

This can be accomplished by instrumenting a deformable catheter tip with at least
two optical fiber sensors and with adequate software able to compute at a two- or
three-dimensional force vector from the detected changes in the optical charac-
teristics of the optical fiber sensors.

An example of implementation based on the use of 3 Fiber Bragg Grating sensors
for strain detection and 2 FBG temperature sensors, is presented in this contribu-
tion.

6167-26, Session 6

Novel dual-channel fiber optic surface plasma resonance
sensors for biological monitoring
W. Peng, S. Banerij, Y. Kim, K. S. Booksh, Arizona State Univ.

Fiber optic SPR sensors have drawn considerable attention over the past few
years, currently most fiber optic SPR devices are used for single chemical param-

eter detection and usually omitted the compensating ability to avoid the unex-
pected effects that caused by the changes of instrumental or external testing
conditions such as the thermal expansion coefficient t of optical material, fluctua-
tion or shift of light source spectrum and sensitivity of spectrometer, the test con-
dition changes of external environments as well as bulk refraction index variation
in less controlled environments. Recently, multi-channel SPR sensors have at-
tracted a great deal of attention due to their potential uses in the multi-analyte
detection. Some multi-channel SPR sensors have been constructed from a prism
or a light pipe containing sensing channels with recognition elements for detec-
tion of specific analytes, they are not suitable for remote in-situ multi-analyte and
also their applications were mainly for analyte detections in liquid phase monitor-
ing. In this study, we intent to develop a kind of practicable highly sensitive fiber
optic SPR sensors for multi-analyst monitoring of both liquid and vapor analyte
with self-compensating capability. Dual-channel fiber optic sensors based on sur-
face plasmon resonance (SPR) for direct refractive index measurements are re-
ported in this paper. We presented two dual-channel fiber optic SPR sensors based
on flat-tip or tetra-taper tip structure with two SPR spectrum located on separate
wavelengths that can be used for self-compensating refractive index monitoring
of more than one biological samples. The prototyped sensors were fabricated and
laboratory characterized. The preliminary experimental results demonstrate the
characteristic responses of both SPR wavelengths from two channels are inde-
pendently correspond to the refraction index changes of the detected samples or
the temperature characters of external environment. The experimental results also
confirmed us that for flat-tip based SPR probe, one sensing area can be used as
a reference sensing channel which could compensating the unexpected effect
from external temperature changes, it is possible to develop this kind of sensors
as practicable high-sensitivity SPR instrumentation. Both of these designs could
be extend into multi-channel biosensing devices that will have extensive applica-
tions for biological monitoring. This study demonstrates the general functionality
of the designed dual-channel fiber optic SPR sensors for potential multi-analyst
or self-compensating measurements in biological environment.

6167-27, Session 6

Chemical sensors based on temperature-responsive
hydrogels

M. Guenther, G. U. Gerlach, J. Sorber, G. Suchaneck, K. Arndt, Technische Univ.
Dresden (Germany)

In order to realize a new type of chemical sensor, a thermo-shrinking poly(N-
isopropylacrylamide) (PNIPAAm) hydrogel with a solution concentration depen-
dant swelling behavior was used as chemo-mechanical transducer. Commercially
available pressure sensor chips with a flexible thin silicon membrane were em-
ployed as mechano-electrical transducer for the transformation of membrane de-
flection into an appropriate electrical output signal. The hydrogel itself was brought
into a cavity at the backside of the silicon chip and closed with a cap. The sensor
chip was bonded to a socket with inlet and outlet flow channels. The aqueous
solution to be measured was pumped through the inlet tubes into the silicon chip
cavity. The swelling or shrinking processes of the hydrogel were monitored by
corresponding changes in the piezoresistance of an integrated Wheatstone bridge
due to a stress state change inside a rectangular silicon membrane affecting pro-
portionally the output voltage of the sensor. Since the sensor chip itself shows
excellent stable properties, the long-term stability of the sensor is solely deter-
mined by the stability of the hydrogel characteristics.

The sensor’s output voltage was measured during the swelling of the hydrogel
under influence of water solutions with different organic and inorganic solute con-
centrations at different temperatures. It was found that the change in the gel vol-
ume phase transition temperature depends on the solution viscosity and the con-
centration of the additive affecting the stiffness of the polymer chain in the sur-
rounding solution. The influence of an initial gel conditioning procedure on the
signal value and the sensitivity of the proposed chemical sensors was investi-
gated and the measurement conditions necessary for high signal reproducibility
and long-term stability were determined.

6167-28, Session 6

Solid polymer electrolyte membrane flow sensor for
tracheal tube

T. lhara, Y. Ikada, T. Nakamura, Suzuka Iryo Univ. (Japan); T. Mukai, The Institute
of Physical and Chemical Research (Japan); K. Asaka, National Institute of
Advanced Industrial Science and Technology (Japan)

Solid polymer electrolyte membrane (SPM) is a new type of material that works
both as an actuator and as a sensor. It has unique characters of extremely light
weight, controlled by low voltage, very fast response time, and versatility in fabri-
cation into various configurations. We have developed a flow sensor unit using
SPM. Nafion R-1100 resin was immersed to hydrolysis solution using a mixture of
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dimethyl sulfoxide (DMSO), potassium hydroxide (KOH), and water. The mem-
brane was placed in a molding pipe during the hydrolysis process; after this pro-
cess, the membrane retained the molded shape throughout to produce desired
shape and thickness of SPM. The pre-shaped membrane then was permeated in
[Au(phen)CI2]+ solution. After the immersion, the membrane was reduced with
5% Na2S03 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 on a plastic
pipe of diameter 22 mm and was connected to a ventilator circuit and driven by a
ventilator (IMI T-Bird) with a pressure control ventilation (PCV) mode. Generated
voltage developed by the membrane with the setting the maximum pressure from
5 cmH20 to 20 cmH20 was measured and amplified with an operational amplifier
and a low pass filter with cutting frequency of 100 Hz. The waveform was re-
corded on an oscilloscope. SPM sensor demonstrated a biphasic response to the
ventilator flow. In this setting, inspiration flow was detected as positive deflection
while expiration flow was negative. The developed voltage was in order of several
hundred uV. In addition, a sensor array unit with SPM was developed to attach
inside a tracheal tube. This sensor unit detects the pressure change associated
with respiratory flow. The flow sensor serves as (1) flow detecting sensor that
alerts the operator if the tracheal tube was inserted to esophagus by mistake, (2)
respiratory effort sensor that triggers the initiation of respiration cycle for the ven-
tilator attached to a patient. A preliminary data for respiratory flow measurement
demonstrated a proportional response to the pressure and the direction of flow
was reflected on the polarity of the developed voltage. Thus, the sensor identifies
the tract where the tracheal tube is placed: if the tube is placed in the esophagus,
it does not detect bidirectional flow whereas if is correctly placed in trachea, it
verifies with bidirectional signal. Also, the very fast response for very low initial
pressure change, e.g., 2-3 cmH20 is ideal for detecting initiation of respiration.

6167-29, Session 6

Comparison of self-assembled nanocomposite thin film and
optical fiber hydrogen sensors

R. O. Claus, Virginia Polytechnic Institute and State Univ.; A. A. Kazemi, The
Boeing Co.; H. Ruan, Y. E. Kang, J. H. Lalli, A. J. Hill, NanoSonic, Inc.

This paper compares the design, fabrication and performance of self-assembled
nanocomposite and optical fiber-based hydrogen sensors. Both sensors are based
on the physical displacement that occurs in Pd thin films due to the presence of
hydrogen gas. Optical fiber-based hydrogen sensors based on Pd thin film coat-
ings applied to both Fabry-Perot and fiber Bragg grating (FBG) strain sensing
elements. The operation of these devices is based on the hydrogen-elicited ex-
tensional response of the Pd film, the corresponding changes in the length of the
sensing elements, and the resulting changes in the phase or spectral reflectivity
response of the elements, respectively. Performance limits of these devices are
due to the strain response of the Pd films, the high modulus of the fiber sensor
elements, and the minimum detectable signals of interferometric and spectral
detection systems. Self-assembled Pd thin film sensors are entirely different. They
are based on the self-assembly of Pd nanoclusters into sensor films on top of
Metal RubberTM-type materials that change their electrical conductivity with ex-
tension. Unlike glass optical fibers, Metal RubberTM-type materials have a modu-
lus as low as 1 MPa or lower, so do not significantly mechanically load the Pd film
as it deforms. Limits on the performance of these sensors are the control over the
percolation dynamics of the Metal RubberTM material and all of the disadvan-
tages of amplitude-based detection techniques. This paper compares the perfor-
mance of such sensors for hydrogen analysis in engineering systems.

6167-30, Session 7

Smart magnetic materials and magnetoresistive sensors in
controlling of mechanical structures

J. Kaleta, J. Bomba, D. Lewandowski, P. Wiewiorski, Politechnika Wroclawska
(Poland)

Materials named SMART ones in current literature play growing role in materials
science and applications: “The definition of smart materials has been expanded
to materials that receive, transmit, or process a stimulus and respond by produc-
ing a useful effect that may include a signal that the material is acting upon it.
Some of the stimuli that may act upon these materials are strain, stress, tempera-
ture, chemicals (including pH stimuli), electric field, magnetic field, hydrostatic
pressure, different types of radiation, and other forms of stimuli.” Smart Magnetic
Materials (SMM) play an important role in this group of materials. SMM being
subjected to research presented below include:

Materials changing their internal structure (Magneto-Rheological Fluids - MRF,
Ferro-Fluids - FF, Magnetic Gels - MG, Magnetic Greases - MGS, Magneto-Rheo-
logical Composites - MRC);

Materials with fixed internal structure (Giant Magneto-Resisitive materials - GMR,

Giant Magnetostrictive Materials - GMM, Giant Magneto-Caloric materials - GMC,
Magneto-Rheological Elastomers - MRE, Magneto-Strictive Elastomers - MSE,
Ferromagnetic Memory Alloys - FMA).

Effective application of Smart Magnetic Materials requires identification of their
properties, mainly damping characteristics as function of mechanical parameters
(stress, strain, frequency) as well as magnetic properties (magnetic field intensity).
Last purpose entails generation of new constitutive equations and experimental
methods needed for verification. Due to variety of materials we have confined
ourselves to magnetorheological fluids (MRF), magnetorheological composites
(MRC) and Giant Magnetostrictive Materials (GMM). Chosen examples are briefly
presented below.

Possibilities of the Magneto-Rheological Composites MRC:

The MRC used for tests was created by soaking porous material of density 20 kg/
m(c)” with Magnetorheological Fluid containing 85% mass ratio of carbonyl iron
(diameter about 5 um). It was adhered to plastic plate surface and inner surface of
magnetic core that implied relatively small values of displacement. The experi-
mental set-up used for applying, acquisition, processing mechanical and mag-
netic signals is shown and described precisely. Total influence of magnetic field
and amplitude of deformation on damping in tested magnetorheological compos-
ite is presented. Examples of application are discussed.

Testing of the Giant Magnetostrictive Materials - GMM:

Tests were performed for cylinder made from rare earth elements alloy (Terfenol-
D). High effectiveness in transforming magnetic energy into mechanical one (ac-
tuator) as well as mechanical into magnetic (sensor) requires experimental deter-
mination and identification. Original stand used in research allowed to fix me-
chanical and magnetic loads, measurement of signals and signal processing. The
damper constitutes a main element of a system. Exemplary results of model iden-
tification comprising own experimental data are presented.

Magnetovision camera and applications:

The study was aimed to design a system for measuring the strength of magnetic
field surrounding a ferromagnetic specimen subjected to cyclic (or static) loading.
A new type of camera for monitoring the magnetic picture of specimen and other
object was constructed. The measurement principle is based on the reverse mag-
netostriction effect (also called the Villari effect). No external magnetizing field is
assumed; the entire magnetic effect is due solely to cyclic mechanical loading.
The measuring arrangement is best suited for examining plane stress cases. The
measuring set-up is made up a precision computer controlled X-Y positioner and
a basis unit whose main element is a single magnetoresistor or an array of
magnetoresistors. A digital processing system yields a quasi-continuous mag-
netic image of an object. Examples of application are presented.

6167-31, Session 7

A self-powered wireless sensor based on magnetic and
piezoelectric composite material
P. Li, Y. Wen, Chongqing Univ. (China)

In many applications of wireless sensors, such as in rotating objects and embed-
ded sensors in buildings, the sensor must be completely embedded in the struc-
ture for ever, with no physical connection to the outside and no power supply. A
promising solution for long-term and long sensing distance is self-powered or
energy harvesting sensors. Such sensors convert energy from existing energy
sources within their environment into electrical energy. The ambient energy sources
may be light energy, thermal energy, flow of liquids or gas, gravitation fields, me-
chanical vibration and electromagnetic field, etc. Due to the limitation of the appli-
cation condition, the electromagnetic self-powered system may have more ad-
vantages than other self-powered systems and can be used in many specific fields.

The most important parameters influencing the design of self-powered system
are its physical size and conversion efficiency. The size is dependent on the en-
ergy requirement and must be as small as possible, to be compatible with the
general design objectives of MEMS. The magnet coil power generator and pas-
sive wireless SAW (surface acoustic wave) RF (Radio Frequency) powered tags
are conventional schemes, however, they have extremely limited power and gen-
erally require either a large collection area or close proximity to the radiating source.
Another composite sandwich transducer with PZT and magnetostrictive material
has a small size, but it is the challenge of generating power from comparatively
high RF radio frequency and high efficiency of energy harvesting.

This paper presents a new scheme of self-powered magneto-electric transducer
with high-frequency magnetic and piezoelectric composite heterostructure mate-
rial. Both the magnetostrictive material and the piezoelectric material convert the
energy in resonant surface coupling wave modes. A surface wave transducer and
a unidirectional transducer group (UDT) are created inside a ferromagnetic alloy
and a piezoelectric structure, respectively, while propagating the unidirectionality
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required for low loss and receiving the acoustic wave with higher efficiency. While
the electromagnetic energy is collected from ambient-radiation sources, the reso-
nant surface vibration in magnetic material may be energized. Then the UDT in
piezoelectric material can receive and convert the surface wave to electric energy
with high efficiency. Due to the exchanging energy concentrated on the surface
and negligible leakage currents, this multilayer structure of magnetostrictive and
piezoelectric phases shows a stronger electromechanical coupling and higher
magneto-electric conversion efficiency than bulk composite. This work is devoted
to investigations of resonant surface electromechanical effects in layered sys-
tems. Studies are important at magneto-mechanical-electric coupling in surfaces
of layered structures and two types of resonances: ferromagnetic resonance for
the magnetic phase and electromechanical resonance for piezoelectric compo-
nent. As the most of energy is mainly distributed on surface of magnetic material
and piezoelectric material, and the interaction energy is also on the surface be-
tween two materials, the energy loss in inner material can be decreased greatly
and the conversion efficiency can be very high. After combining the device of
energy transmitter and store, the self-powered wireless sensor can be used as
micro-power supply in longer distance forever.

6167-32, Session 7

Surface control of cold hibernated elastic memory self-
deployable structure
W. M. Sokolowski, R. Ghaffarian, Jet Propulsion Lab.

A new class of simple, reliable, low mass and packaging volume, and cost self-
deployable structures has been developed for use in space and commercial ap-
plications. Feasibility of this smart structure technology has been demonstrated
previously by numerous experiments. This technology called “cold hibernated elas-
tic memory” (CHEM) utilizes shape memory polymers (SMP) in open cellular (foam)
structures. One of many potential of CHEM smart structure for space applications
is its use for solar arrays, antennas, sunshields and solar sails as self-deployable
multifunctional structures with embedded thin film electronics, sensors, actuators
and power sources. This space application require a high precision deployment
and surface accuracy. The CHEM structure could be slightly distorted by the
thermo-mechanical processing cycle of compaction, deployment and rigidization
as well as by thermal space environment. Therefore, the sensor system will be
needed to monitor and correct the potential surface imperfection.

During these studies, the surface control of CHEM smart structures was demon-
strated using a Macro-Fiber Composite actuator (MFC) developed by NASA Lan-
gley Research Center and the Army Research Laboratory. This flexible piezoelec-
tric actuator was initially developed to control vibration and deformation in com-
posite helicopter rotor blades. Here it was used to control and monitor the shape
of CHEM structure. Prior to fabrication of a test structure, tests were performed to
evaluate the optimum bonding materials and processes. The adhesive with the
best bonding behavior was selected for fabrication of an experimental test CHEM
structure with integrated MFC actuators.

The performance of actuator and recoverability of the original shape of CHEM
structure were examined before and after thermo-mechanical processing cycles.
Behavior of these smart structures was evaluated for rigidization characteristics
and storage stability at RT prior to exposure to higher temperature. Thermo-me-
chanical processing cycles of compaction as well as deployment/shape restora-
tion at elevated temperature were also demonstrated by subsequent tests. This
paper will present details of processing and test conditions. The test results indi-
cate that the MFC actuator performed well before and after processing cycles. It
reduced some residue compressive strain that in turn corrected very small shape
distortion after each processing cycle. The integrated precision strain gages were
detecting only a small flat shape imperfection indicating a good recoverability of
original shape of the CHEM test structure.

6167-34, Session 7

Wireless accelerometer network for process monitoring
M. J. Whelan, K. D. Janoyan, Clarkson Univ.

Lost Foam Casting (LFC) enables the production of complex castings while offer-
ing the advantages of consolidation of components, reduced machining, and re-
circulation of the casting mold material. In the process, a replica of the desired
product is produced of blown polystyrene, coated in refractory slurry, and cast in
a dense, unbonded sand mold. In order for the unbonded sand mold to fill into
pattern holes and to provide sufficient confining force to prevent the advancing
molten front from penetrating beyond the mold boundaries, the sand mold is pro-
duced by an overhead raining and flask vibration schedule that encourages fluidi-
zation and subsequent densification. The amplitude, frequency, and duration of
the flask vibration as well as the rate of sand filling are critical parameters in achiev-
ing quality castings. Currently, many foundries use an often-lengthy trial-and-er-

ror process for determining an acceptable raining and vibration schedule for each
specific mold and rely heavily on simple measurements and operator experience
to control the mold making process on the foundry line. This study focuses on
developing a wireless sensor network of accelerometers to monitor vibrational
characteristics of the casting flask during the mold making stage of LFC. Transfor-
mations in the vibrational characteristics of the flask can provide a “signature” for
indicating the condition of the unbonded sand mold. Additionally, the wireless
nature of the sensor nodes enables the technology to travel across the foundry
floor during the casting cycle eliminating the necessity of routine placement and
setup.

6167-35, Session 7

Vibration control of polymeric composite plates using shape
memory alloys
S. J. John, M. A. Hariri, B. Veeramachaneni, P. Trivailo, RMIT Univ. (Australia)

Vibration and resonance of plates are well known problems in designing and analy-
sis of mechanical structures. While these problems are considered during the de-
sign process, significant amount of research has been directed to handle the un-
foreseen loading situations which may lead to catastrophic events. Different types
of techniques (passive and active) were developed to prevent these events. Among
these techniques, the implementation of the smart materials such as Shape Memory
Alloys (SMAs) and piezoelectric ceramics gained importance for controlling the
vibrations through damping or altering the resonant frequencies of the parent struc-
tures. Composite materials have become major players in building modern and
advanced structures especially plates as a consequence; the development of smart
composite structures emerged as an area of high interest. In this paper, the feasi-
bility of SMA wires in controlling the vibration of composite plates through altering
the strain energy and hence the natural frequency is investigated. The effect of
placing the SMA wires in different directions (longitudinal and angularly trans-
verse) over the composite plates will be studied. Computational and experimental
work will be conducted to develop the control strategy to control combined vibra-
tion situations. Strain energy analysis of the composite panel using laminate theory
considerations was used to relate the strain energy alteration in the panel as a
result of the SMA actuation to its effect on the laminate stiffness.

6167-51, Poster Session

A new heart monitoring system developed with
piezoelectric film sensor

Y. Liu, X. Jian, L. Xin, Y. Yang, W. Gang, H. Hu, Changchun Institute of Applied
Chemistry (China)

This article is concerned with the employment of PVDF piezoelectric film in the
sensor to detect the weak physiological signals, combined with electrocardio-
graph, to establish the dynamic heart monitoring system. Using a kind of imped-
ance converter technology, which makes the voltage enlarged easily, can decrease
the output impedance of the piezoelectric sensor. The system consists of a piezo-
electric sensor with electrodes detecting the heart’s signals, the appliancation
and a recorder connected with personal computer and special software for re-
cording and analyzing the data of the heart’s signals in wide frequency spectrum
from 20 Hz to 5 KHz. The system will alert doctor or patient to the abnormal
signals. According to our experience the system is helpful in screening of the
man’s heart sounds. It is more significant that the system is thought to be helpful
in the orientation and evolvement of myocardial infarction and myocardial ischemia.
Further studies to evaluate the clinical value of the system are in progress.

6167-52, Poster Session

Experimental measurement of fiber optic strain sensor
S. Her, C. Tsai, Yuan-Ze Univ. (Taiwan)

Optical fiber as a sensing element has been studied for over a decade. The fiber
optical strain sensors possess several advantages such as light weight, small
dimension, high temperature endurance, dielectric nature, and immunity to elec-
tromagnetic interference, that meet the basic requirements to be a smart struc-
ture sensing element. The accuracy of the strain measured by the optical sensor
is highly dependent on the bonding characteristics among the bare optical fiber,
protecting coating, adhesive layer and host structure. As a sensor, it is expected
that the strains between the optical fiber and host structure are the same. How-
ever, due to the existence of the adhesive layer and protecting coating, part of the
energy would convert into the shear deformation. Thus, the strain of the optical
fiber is different from the host structure. In this paper, three experimental tests
namely three-point bending, four-point bending, and uniaxial tensile, are performed
to reveal the differential strains between the fiber-optic sensor and test specimen.
Mach-Zehnder interferometric type fiber-optic sensor is adopted to measure the
strain. Incident light is separated into two components propagating along two
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distinct paths named as sensing arm and reference arm, respectively. The sensing
arm is bonded to the host structure subjected to strain field, reference arm is
strain free. The resultant optical intensity will be a sinusoidal function. The optical
phase difference between the sensing and reference arms is induced by the
measurand (strain) field. The optical intensity is converted to electric voltage by a
photodector. The direct peak counting method is used to calculate the induced
strain in the fiber-optic sensor. An electric strain gauge is attached to the test
specimen to measure the strain in the specimen. Experimental results show that
the strain measured at the optical fiber is lower than the true strain in the test
speimen. The percentage of the strain in the test specimen actually transferred to
the optic fiber is dependent on the bonded length of the fiber. Parametric study
shows that the longer of bonded length the more strain is transferred to the optic
fiber.

6167-53, Poster Session

long-term monitoring FBG-based cable load sensor
Z. Zhou, Harbin Institute of Technology (China)

Stay cables are the main load-bearing components of stayed-cable bridges. The
cables stress status is an important factor to the stayed-cable bridge structure
safety evaluation. So it’s very important not only to the bridge construction, but
also to the bridge structure in-service long term safety evaluation. How to mea-
sure the cable force? The key is to choose an effective sensor, which can meet the
long time durability and measurement demand. FBG, for its great advantage of
corrosion resistance, absolute measurement, high accuracy, electro-magnetic re-
sistance, quasi-distribution sensing, absolute measurement and so on, is the most
promising sensor, which can cater for the cable force monitoring. In this paper, a
pressure sensor has been developed, which is made up of a bushing elastic sup-
porting body, 4 FBGs uniformly-spaced attached outside of the bushing support-
ing body, and a temperature compensation FBG for other four FBGs, more over a
cover for protection of FBGs. It's analyzed the sensor measuring principle, and
gotten the relationship equation of FBG wavelength shifts and out force. From the
calibration result, the pressure sensor has excellent linearity of out force and FBG
wavelength shifts, and repeatability, which is suitable for force measurement. So
this kind of pressure sensor makes the cable force long-term, real time monitoring
into reality.

6167-54, Poster Session

Early-age monitoring of cement structures using FBG
sensors
Z. Zhou, C. Wang, Harbin Institute of Technology (China)

With more and more widely used of the cement-based materials such as neat
cement paste, cement mortar and concrete in structures, people want to see what
their performances like. As is known, the working performances of cement-based
materials are affected very much by the hardening process of the early-age. But
the common measuring techniques on the early curing of the cement-based ma-
terials are limited for some of the disadvantages, such as: difficulties in embed-
ding sensors inside the concrete, limited measuring points, poor durability and
interference of electromagnetic wave. So in this paper, according to the sensing
properties of the Fiber Bragg Gratings sensors and self-characters of the cement-
based materials, we have successfully finished measuring and monitoring the early-
age inner-strain and temperature changes of the neat cement paste, concrete
with and without restrictions, mass concrete and negative concrete systemati-
cally. We developed three types of FBG sensors suitable for being embedded and
monitoring in cement-based materials, while the embedding technology and the
embedding requirements of FBG sensors in cement-based materials are also dis-
cussed. The results show that FBG sensors are well proper for measuring and
monitoring the temperature and strain changes including self-shrinkage, dry shrink-
age, plastic shrinkage, temperature expansion, frost heaving and etc inside differ-
ent cement-based materials during their early-age.

During the construction of the Third Nanjing Yangtze Bridge, 250 FBG sensors
were applied to monitor the temperature distribution of the mass concrete. The
monitoring results of temperature distribution and its changes with time, environ-
mental temperature, setting retarder, and cooling water agree well with that from
experience and qualitative analysis.

This technique provides us a new useful measuring method on early curing moni-
toring of cement-based materials and greater understanding of details of the hard-
ening process.

6167-56, Poster Session

Noninvasive measurement of on-chip RF field strength with
application to RFID systems
B. Jamali, The Univ. of Adelaide (Australia)

In the modern world of increasing miniaturization, electronic devices are getting
smaller and smaller with more transistors packed into a smaller area. Continual
scaling of devices into the deep-submicrometer regime has resulted in the need
for studying the effects of electromagnetic signal fed to sub-micron transistors.

The importance of this work is the incorporation of RF detectors on chip. That
would allow a direct analog microwave level measurement to be implemented on
a single chip along with the rest of the circuit. Integrating detectors with amplifiers
allows non-invasive on-chip measurements. In this paper we start with a brief
survey of different power detection techniques and then will focus on methods of
measuring electromagnetic signal strength at chip level. Knowing this enables a
designer to employ strategies to mitigate its destructive effects more rapidly.

6167-57, Poster Session

Methodology and device in measuring thickness of thermo-
plastic tape in real time
Y. Chen, X. Chen, C. R. Liu, Univ. of Houston

Thermoplastic pavement marking materials (TPMM) provide delineation on high-
ways around the world. The thickness of TPMM on pavement is a very important
parameter to control the quality of TPMM, calculate durability of TPMM, and pro-
vide information for the maintenance and replacement of TPMM. Traditionally, the
thickness measurement is conducted by using pre-embedded plates and mea-
suring the thickness of TPMM after spraying of the marking materials. This method
is labor intensive and cannot obtain a continuous-thickness profile. Developing
an automatic thickness measurement system for marking materials is critical to
pavement management and public safety.

The measurement system developed in this dissertation uses laser devices to
detect the thickness of TPMM. A dedicated digital laser signal processing circuit
is developed to restore thickness information. Both optical and electrical filtering
techniques are applied in the design. The thickness measurement system includes
two versions: (1) a pushcart measurement device and (2) a vehicle-mounted mea-
surement device, which provide continuous real-time thickness measurement of
TPMM. Both devices consist of two major parts: a hardware system to measure
the thickness of marking materials using a laser triangulation technique, and a
software package to analyze and process the measured data in real time.

Lab and field tests under various conditions with marking materials on real pave-
ment surfaces were conducted. The test results showed that the measurement
system is capable of reaching the resolution of 5 mils on pavement. The devel-
oped system for thickness measurement of TPMM has a 267 KHz working fre-
quency, which is the highest among similar devices. The high speed allows the
system to provide higher accuracy and more flexibility in various applications.

6167-58, Poster Session

Simulation, modeling, and application of ground-
penetrating radar in pavement dielectric constant and
thickness measurement

H. Xing, J. Li, X. Chen, C. R. Liu, Univ. of Houston; B. Michalk, C. Bertrand, E.
Oshinski, G. Claros, H. Chen, Texas Dept. of Transportation

Ground penetrating radar (GPR) is a non-destructive continuous electromagnetic
(EM) detection technique, with wide applications in the civil and environmental
parameter measurements. Applied to the highway pavement quality evaluation
and maintenance, the GPR can provide pavement condition and soil property
characterization. This technique is based on the measurement of the travel time
and reflection amplitude of a short EM pulse, which is transmitted through the
medium and reflected by the dielectric discontinuity interface. Such time and
amplitude of the reflected signal is a function of the medium properties: dielectric
constant, conductivity, thickness and moisture content.

Most thickness measurement for GPR is based on the priori knowledge of the
dielectric constant of the pavement materials. However, the changes in pavement
materials and moisture conditions make the fixed dielectric constant based on the
manual estimation inaccurate. And actually, the dielectric constant is also an im-
portant parameter in such applications. For some GPRs, the dielectric constant
can be estimated by using the surface reflectivity information. Such method needs
additional at least one time prior measurement for the dielectric constant estima-
tion, and the result is used for further continuous measurements in the similar
environment. So this method is also not a real time solution. And for a ground
coupling GPR, the method based on the surface reflectivity is not applicable.

In this paper, new methods are introduced to measure pavement dielectric con-
stant and thickness accurately by ground coupling GPR at the same time. For
different GPR types, different methods are implemented. For low frequency pulse
radars, such measurement is based on the time shift between the air wave and
the underground surface wave. The existence of the underground surface wave
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has not been used in the GPR applications. In this paper, the existence of such
underground surface wave is explained physically and verified by numerical simu-
lation results. Also the application condition of this method and relationship with
pavement structure are discussed. For high frequency FMCW radars, the signals
take different paths. Here the model for the ray path is set up based on the theo-
retical derivation and simulation. Measurements based on unrelated ray paths
and minimum error theory are introduced. Finally, applications and field test re-
sults for pavement evaluation are presented.

Compared to the air launched mode, the ground coupled mode is complicate
because of the coupling effect between the antenna and ground. In this paper,
simulation results reveal the ray path for such complicate mode. And by these two
methods, focusing relatively for the low frequency pulse radar and high frequency
FMCW radar, the measurements of pavement dielectric constant and thickness
for ground coupling radar can be implemented accurately in real time without
prior knowledge.

6167-59, Poster Session

Novel strain sensor for steel rebar or cable based on FBG
Z. Zhou, Harbin Institute of Technology (China)

The feasibility and advantages of a new kind of sensor on steel rebar or cable
measuring based on FBG are discussed, Which can be easily installed in struc-
tures. And the sensing properties of this kind of new sensor under dead load are
tested. The experimental results and theoretical calculation show that this kind of
sensor is proper to be used in steel rebar or steel cable measuring, even long-
term health monitoring.

6167-60, Poster Session

Defect classification of highly noisy NDE data using a linear
discriminant classifier

K. F. Goebel, GE Global Research; J. Celaya, Rensselaer Polytechnic Institute;
V. Avasarala, The Pennsylvania State Univ.

Condition monitoring in solid structures involves identification of defects that im-
pact the normal equipment functioning. Advanced signal processing techniques
are required to determine the relationship between system condition and sensor
signals. Non-destructive evaluation (NDE) techniques typically rely on multi-sen-
sor data fusion, since the information provided by a single sensor may not be
accurate or adequate to estimate system condition. Typical systems for condition
monitoring involve feature extraction from the sensor data and pattern recognition
algorithms that operate on the extracted features to characterize the state of the
system. To maximally exploit sensor information, sensor information is transformed
into various domains, where different features are extracted with the potential of
providing (or at least contributing) to the desired characteristics. Examples are
frequency domain features like spectral analysis and time domain features like
mean value, kurtosis etc. Performance of pattern recognition algorithms is contin-
gent on quality of sensor data and the number of training samples available. In
many practical applications, NDE sensor data is highly noisy and number of train-
ing samples available is limited. In such circumstances, the choice of pattern rec-
ognition algorithm and features used for classification become crucial to the suc-
cess of NDE. In this paper, we present a feature extraction, evaluation and classi-
fication approach that was used to assess highly noisy sensor data from a NDE
field study. The goal was to differentiate between two types of defects occurring
in a solid structure. Multiple, heterogeneous NDT sensors were employed to ex-
amine the solid structure. Initially, areas of potential defects were marked using a
c-scan visualization tool that exhibited sensor information from all the sensors.
Sensor validation techniques were used to select the best available sensor that
had the least noise effects and the best defect signature in the region of interest.
A very large number of features that possibly exhibit some separability between
the two kinds of defects were formulated and extracted from the sensor data.
Next, we employed separability measures and correlation measures to select the
most promising set of features. Since the number of data was small, particular
care had to be taken to avoid over fitting. We experimented with two different
classifiers: CART decision tree and b) linear discriminant classifier that were tuned
to a set true positive rate using the Neyman-Pearson criterion. As expected, CART
performed better on the available data, but an analysis of the decision boundaries
revealed the problem of overfitting. Thus, the linear discriminant classifier was
chosen over the decision tree algorithm for the NDE tool.

6167-61, Poster Session

Auto-synchronized laser scanning range sensor for
thermoplastic pavement marking material thickness
measurement

W. Sun, C. R. Liu, Univ. of Houston

Pavement marking materials provide delineation on highways around the world.
The condition of the marking materials is very important for the driver’s safety as
well as the comfort and the driving expenses. Currently thermoplastic pavement
marking materials (TPMM) are widely used in states. Measuring the thickness of
TPMM on pavement is an essential index to monitor the contractors, calculate
durability of marking materials, and provide better information for the pavement
marking evaluation.

In recent years to measure the thickness of TPMM, a procedure involving pre-
embedded plates sprayed with the marking materials has been widely accepted.
This method is labor intensive, and cannot obtain a continuous-thickness profile.
Therefore there are demands to develop a high-speed automatic measuring sys-
tem for determining the thickness and uniformity of marking materials.

In this paper, a laser range sensor based on auto-synchronized laser scanning is

proposed for the thermoplastic pavement marking material thickness measure-
ment. Compare to classical triangulation method, this approach doesn’t scarify
the system resolution for large field of view and it is more suitable for highway
speed measurement. To achieve high speed measurement, PSD (Position Sensi-
tive Detector) is used in the prototype system instead of CCD (Charge Couple
Device) in traditional auto-synchronized system. The standoff distance and trans-
verse scan range of the prototype system both are 2 feet. The lab test results
show that the prototype system can measure the thermoplastic type thickness
with error in 2.5mil at laser scanning rate up to 50Hz.

6167-62, Poster Session

Development of the RF soil moisture sensors

J. Cheng, J&M Biotek International LLC; X. Chen, J. Li, C. R. Liu, Univ. of
Houston

Accurate measurements of soil water content are important to land activities, es-
pecially those involving agriculture, forestry, hydrology, and engineering. In this
paper, a theoretical and experimental study of the microwave moisture measure-
ment sensors is conducted.

A phase-based moisture sensor system using a transmission line sensor is de-
signed. The amplitude of the transmission measurement is a strong function of
the conductivity (loss of the media) and the imaginary part of the dielectric con-
stant, and the phase is mainly a strong function of the real part of the dielectric
constant. One can obtain the soil moisture information from measuring the phase
shift of the transmitted waves.

Microstrip resonator sensors are also studied and fabricated. The effective per-
mittivity will change if a dielectric material is present near the substrate of the
resonator, which causes the shift of the resonant frequency. The measured data
show that both sensors are sensitive and accurate.

6167-63, Poster Session

Aircraft sensor validation monitor and state estimator using
artificial intelligence
S. Kwak, SenAnTech, Inc.; H. Yoon, The Ohio State Univ.

A new Sensor Validity Monitoring, Verification and Accommodation (SVMVA)
scheme for flight control systems is developed. An artificial intelligence algorithm
based on the vector quantization technique is employed as the state estimator. A
new input vector optimization technique is applied to enhance the SVMVA. The
feasibility of the system is demonstrated through numerical simulations with flight
data obtained using an in-house F-16 aircraft simulator. The results show that the
SVMVA can detect the failure of sensors and mask them accurately.

6167-64, Poster Session

Modal analysis using the Bessel harmonics of an extrinsic
Fabry-Perot interferometric sensor (EFPI) and neural
networks

A. M. Abdi, College of Optical Sciences/The Univ. of Arizona; S. E. Watkins,
Univ. of Missouri/Rolla

A demodulation system employing neural networks is used to process the non-
linear signal from an extrinsic Fabry-Perot interferometric (EFPI) sensor. A sinusoi-
dal strain is theoretically shown to produce well-defined Bessel harmonics in the
EFPI signal. The neural network demodulator (NND) uses a Fourier Series Neural
Network to separate the Bessel harmonic components of the EFPI signal and a
Back-Propagation Neural Network is used to predict the strain levels through the
analysis of the Bessel harmonics. The NND is first simulated in a computer pro-
gram and then actually employed in an experimental setting to determine the fre-
quency response of a 25 cm composite cantilever beam. A function generator
was used to drive a PZT actuator attached to the composite beam and resulting
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periodic strain was measured by the EFPI; the frequency of the composite beam
was varied between 10 Hz and 900 Hz. The NND demodulated the EFPI signal
and determined the frequency response of the composite beam. The results show
that the NND accurately reproduced the natural frequencies and mode shapes of
the cantilever beam.

6167-65, Poster Session

The use of hybrid automata for fault-tolerant vibration
control
C. R. Byreddy, K. D. Frampton, Vanderbilt Univ.

The purpose of this work is to make use of hybrid automata for vibration control
reconfiguration under system failures. Fault detection and isolation (FDI) filters are
used to monitor an active vibration control system. When system failures occur
(specifically parametric faults) the FDI filters detect and identify the specific fail-
ure. In this work we are specifically interested in parametric faults such as changes
in system physical parameters; however this approach works equally well with
additive faults such as sensor or actuator failures. The FDI filter output is used to
drive a hybrid automata which selects the appropriate controller and FDI filter
from a library. The hybrid automata also implements switching between control-
lers and filters in order to maintain optimal performance under faulty operating
conditions. The biggest challenge in developing this system is managing the switch-
ing and in maintaining stability during the discontinuous switches. Therefore, in
addition to vibration control, the stability associated with switching compensators
and FDI filters is studied in detail. Furthermore, the performance of two types of
FDI filters are compared: filters based on parity relations and so called “Beard-
Jones” filters. Finally, these simulations help in understanding the use of hybrid
automata for faulty-tolerant control.

6167-66, Poster Session

Optimization of passive piezoelectric vibration shunt control
based on strain energy transfer and online frequency
detection

S. J. John, J. J. Cao, T. Molyneaux, RMIT Univ. (Australia)

Mechanical vibration control has long been a subject of engineering research.
Recently, the use of smart material-related components for vibration control has
become an alternative to traditional vibration control techniques. It has many ad-
vantages such as lighter overall weight, smaller size and lower cost. They are
especially suitable where traditional techniques cannot be applied due to weight
and size restrictions. Passive vibration shunt control using piezoelectric material
(PZT) and an electrical network can remove considerable amount of vibration en-
ergy from flexible structures when being properly tuned. In this paper, an analyti-
cal study of the passive piezoelectric vibration shunt control on a beam structure
by using the Hamilton’s principle, Galerkin’s method and finite element analysis
(FEA) method is presented. However, the efficiency of such vibration control method
relies on the optimization of vibration energy transfer between a structure and
piezoelectric material. In the paper, strain energy transfer within the composite
material, which is made of two layers of different materials, and how do the mate-
rial property, geometry sizes of the layers affect the strain energy transfer are
analyzed. It indicates that neutral axis of the composite material has significant
influence on the optimization of strain energy transfer between the structure and
PZT. Simulation results using a finite element analysis software package - ANSYS(r)
as well as experimental results are presented in the paper. Since the passive vi-
bration shunt control circuit functions as a bandpass filter that has narrow band-
width, it is very sensitive to frequency shift of the structure to be controlled. How-
ever, in reality, the natural frequencies or resonant frequency of flexible structures
often vary somewhat due to environment change such as boundary conditions,
temperature variation and material. The effectiveness of the vibration control will
be significantly reduced when the frequency of the shunt circuit does not match
the natural frequency of the structure to be controlled. It is important to have a
control algorithm that can determine the natural frequency of the structure in real
time therefore the shunt circuit can track the change of natural frequency. In the
paper, an algorithm of estimating and tracking the resonant frequency of flexible
structures using adaptive notch filter (ANF) is presented. The structure of the filter
is synthesised from digital lattice all-pass filters which are lossless and computa-
tional efficiency building blocks. The resistor-inductor (R-L) piezoelectric shunt
circuit is basically a R-L resonant circuit which uses an inductor to cancel the
inherent capacitive reactance of piezoelectric material. The frequency of the shunt
circuit is controlled by adjusting the value of the inductor. Since the value of the
inductor is usually large, especially for low frequency control, it often uses a syn-
thetic inductor which is made of operational amplifiers, capacitors and resistors.
The value of the inductor is determined by the values of capacitors and resistors.
With an online frequency detection algorithm, the inductor value is possible to be
adjusted in real time by some kind of controllable capacitors and resistors to com-

pensate the frequency shift of structures.

6167-67, Poster Session

The equivalent circuit parameters of piezoelectric
transducers embedded in concrete
Y. Chen, Y. Wen, P. Li, Chongging Univ. (China)

A scheme for monitoring concrete structure has been previously proposed by
embedding PZT ceramic into concrete. By measuring the equivalent circuit pa-
rameters of the embedded piezoelectric ceramics, the structural state may be
interrogated. However, for a long time, it has been disturbing that piezoelectric
elements are not only sensitive to mechanical settings but also sensitive to a lot of
surrounding factors such as temperature, humidity. Thus, it is commonly thought
that it’s almost impossible to embed piezoelectric devices into rough concrete
structure to perform repeatable and detectable sensitivity even though embed-
ding piezoelectric material into other composite has proved to be a feasible way
to produce smart material or structure.

Here, a dozen of experiments have been conducted to characterize the stress and
temperature dependence of PZT ceramic embedded in concrete. In experiments,
concrete specimens with a dimension of 100A~100A~100mm are repeatedly tested
under varying stress or temperature. Two kinds of PZT ceramics (PZT-4 and PZT-
5H) which have a same dimension of $25A~2mm are embedded in concrete speci-
mens. The stress and the temperature fields are separately established by a stress
testing machine (SHIMADZU AG-I 250 Universal Testing Machines) and a tem-
perature chamber (SDJ-402). In the temperature experiment, the PZT ceramics
free of embedment and the concrete specimens with embedded PZT ceramics
are together placed in the temperature chamber, and experience a temperature
change from -30°C to 120°C. Because the stress experiments are carried out at
room temperature, where the temperature can be taken as time-invariant, the varia-
tion of the parameters can be taken as only resulting from the stress variation.
However in temperature experiments, the temperature variation also introduces
the stress variation by changing the volume of the concrete specimens. In addi-
tion to the temperature caused stress, there is another kind of stress which takes
its effect. Since the PZT ceramics are embedded, the ceramics have been af-
fected by the stress accumulated in the process of concretion of the concrete
specimens. It is found that, some of the parameters change their values a lot after
the concretion process finished. We also monitored the parameters during this
process. The time-dependence of the parameters is found to show a near-expo-
nential curve in 20 days of concretion. At the end of the concretion, the param-
eters reach their steady values. The stress and temperature experiments reveal
that all the equivalent circuit parameters of two kinds of PZT ceramics are sensi-
tive to both stress and temperature. Moreover, interestingly, it is found that the
characteristic frequencies including resonance and anti-resonance frequencies
respond only to temperature. It is of great significance to amend the stress mea-
surement. Consequently, by analysing and synthesising the equivalent circuit pa-
rameters, it is possible to acquire the specific signature only connected with the
surrounding mechanics from PZT ceramics embedded in concrete.

6167-68, Poster Session

Hybrid biotic/abiotic biomolecular nanofactory
H. Choi, C. D. Montemagno, Univ. of California/Los Angeles

Living organisms carry on certain life processes, resulting from the sub-cellular
level chemical processes, which are of major interest in physiology. Each cell is a
basic structural and functional unit of an organism. As such, different types of
cells carry out various kinds of fundamental chemical reactions to create and
maintain life processes. In addition, as a result of the laws of nature, they provide
an excellent example of optimally functioning machine. Therefore, interfacing bio-
chemical processes with nanotechnology promises both a structure and a func-
tion to gain high-order functionality. This creative process starts from the under-
standing of how life works and is accomplished through the modification of nature
to our needs. This integrative technology implies the engineering functionality of
living systems.

Typical structure of a cell can be divided into plasma membrane, cytoplasm, and
nucleus. The plasma membrane is a flexible barrier that is formed by self-assem-
bly of lipid molecules, separating the cell’s internal environment from the external
environment. Transport of materials across the cell wall is an essential process to
the life of a cell, which is performed by membrane proteins. While in vitro experi-
ments can recreate the natural environment of membrane bound proteins, lipid
membranes have an innate instability undesirable for the production of useful
bioelectronic devices. For this reason, much attention has been drawn to the self-
assembling, amphiphilic ABA triblock copolymer membrane/vesicle as an artifi-
cial cell membrane in the fabrication of biosensors and nano-containers [1].

Presented is the nanosized hybrid biological/inorganic factory, artificial organelle,
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where programmed biochemical reactions take place in response to the external
stimulus, resulting in the production of biomolecules. We have reconstructed a
mitochondrial ATP synthesis process through the orchestration of two proteins
(bacteriorhodopsin, FOF1-ATP synthase) reconstituted into the nano-size polymer
vesicles, where photon energy is converted to biological energy. It is expected
that hybrid systems with engineered functionality will have wide applications in a
number of fields ranging from in vitro investigation of cellular metabolism to the
synthesis of a new class of functional smart materials.

[1] H.-d. Choi, E. Brooks, and C. D. Montemagno, Nanotechnol. 2005, 16, S143.

6167-69, Poster Session

Fiber optic Bragg grating sensors for high-precision
structural deformation control in optical systems

U. C. Mueller, T. Zeh, A. W. Koch, H. J. Baier, Technische Univ. Mlinchen
(Germany)

Fiber Optic Bragg grating (FBG) sensors are inscribed into optical fibers. They
show promising capabilities in the measurement of strain and temperatures in
structures. Their multiplexing capability allows the simultaneous measurement of
these quantities at many locations of a structure. In this work, the potential of FBG
sensors for high-precision deformation control in optical applications is investi-
gated. This study contains an experimental test rig with a simply supported steel
beam. The beam was designed in order to represent the stiffness of an optical
mirror made by Cesic. The deflection of this beam is controlled by an actuator.
The measurement of the deflection is done using capacitive displacement sen-
sors with a resolution < 1 nm. FBG sensors are mounted onto the structure to
record the strain. It is being investigated to what level of accuracy FBG sensors
can be used to reconstruct the displacement information.

Different methods in order to increase the accuracy are discussed: decreasing the
sensor noise by oversampling and increasing the number of sensors. Tests were
performed using different diffraction-based interrogation techniques for the wave-
length detection: a CCD-based and a PSD-based high-speed FBG sensor system
which - to our knowledge - has not been used for an application of this kind, so
far. A comparison of both systems discussing the weaknesses and strengths is
given for the recording of mechanical strain < 1 um/m. The experimental results
so far showed that a resolution of < 60 nm for the deformation control using FBG
sensors can be achieved. This study shows an interesting application potential for
FBG sensors in structural deformation control for various fields such as optics or
high-precision tooling machines.

6167-70, Poster Session

Temperature and strain monitoring over 200km with meter
spatial resolution using fiber optic distributed Brillouin
scattering analysis

M. Nikles, F. Briffod, Omnisens S.A. (Switzerland)

The authors have developed and demonstrated a method for extending the reach
of a Brillouin OTDR interrogating system such that sensing sections of conven-
tional length (approximately 25km) can be successfully interrogated from distances
well in excess of 100km without having to compromise on the performance. With
a single instrument, more than 250km of sensing fiber can be monitored to within
1 meter resolution. By this means, temperature and strain profiles may be mea-
sured along pipelines or flow lines looking at leakages, deformations, blockage,
etc.

6167-36, Session 8

Self-assembled Metal Rubber(TM) mechanical sensors

R. O. Claus, Virginia Polytechnic Institute and State Univ.; A. J. Hill, J. H. Lalli,
M. Homer, NanoSonic, Inc.

This paper describes progress in the development and demonstration of mechanical
sensors fabricated using so-called self-assembly manufacturing processes. The
room-temperature self-assembly process allows the formation of multilayer mate-
rials from a variety of molecules, including metallic and ceramic nanoclusters,
polymers and others. Recent work had demonstrated the ability to combine elec-
trically conducting metal nanoclusters with advanced polymers in ultralow modu-
lus (less than 1 MPa) multilayer materials using this process. The electrical con-
ductivity of such materials is comparable to that of bulk metals, and is observed
to vary with mechanical strain if the volume percentage of the nanoclusters is near
the electrial conductivity percolation limit. Of interest, these electrically conduct-
ing and highly elastic materials may be strained to nearly 1000% (one thousand
percent) and relax back to their original size and shape. This allows 1) the mea-
surement of very large strains that are typically difficult to quantify using conven-
tional strain measurement systems, and 2) minimal mechancial loading on flexible

materials to be measured. Rigid foil strain gages and optical fiber strain sensors
typically cannot allow this type of large deformation without failure, and/or delami-
nation from the substrate surface.

The paper will discuss results of large strain measurement and also multiplexing
methods used to remotely address several such sensor elements using wideband
RF techniques.

6167-37, Session 8

Intrinsic polymer optical fiber sensors for high-strain
applications

S. Kiesel, P. Van Vickle, K. J. Peters, T. Hassan, M. Kowalsky, North Carolina
State Univ.

This paper presents experiments to characterize the performance of polymer op-
tical fibers (POF) for such high strain applications. POFs provide a maximum strain
range of 6-12%, are more flexible than silica optical fibers, and are more durable
in harsh chemical or environmental conditions. 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. The propagated intensity is diminished due to bending of the fiber or necking
of the fiber at high applied strains. These measurements, while successful, are
limited in application due to the presence of multiple modes and the lack of de-
tailed, 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 coun-
terpart. These include: (1) the nonlinear stress-strain response of the polymer; (2)
the finite deformation of the POF cross-section at high strain values; (3) nonlinear
strain optic effects in the polymer; and (4) the attenuation with strain of the POF. In
order to predict the response of the sensor a second-order (in strain) photoelastic
effect is derived and combined with the second-order solution of the deformation
of the optical fiber when loaded. Based on these derivations, the number of inde-
pendent sensor sensitivities (or coefficients) are determined and a series of ex-
periments proposed to determine these sensitivities. It is determined that for the
small deformation region four constants are required (2 mechanical properties
and 2 photoelastic properties) and for the large deformation region six additional
constants are required (2 mechanical properties and 4 photoelastic properties).

This paper also presents the results of the calibration experiments applied to a
singlemode POF and demonstrates its use as a strain sensor. Finally, the paper
discusses the relative sensitivity of the sensor to various loading conditions.

6167-38, Session 8

New kind of FBG-based crack (large strain) sensor
Z. Zhou, Harbin Institute of Technology (China)

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 regret, the bare FBG can only stand
3000~5000, which can not satisfy the need of practical strain monitoring of infra-
structures, especially for the damage detection, such as crack and large strain. In
this paper, new technique of sensitivity-decreasing of FBG strain sensor has been
brought forward and a new kind of FBG-based crack sensor is developed. The
novel FBG-based crack sensor ( also named large FBG strain sensor) can detect
100000 at maximum, almost 20mm crack at the calibration length of 20 centime-
ter, and the accuracy can reach 0.002mm. The new kind of crack sensor is proper
for crack detection of long term structural health monitoring of infrastructures.

6167-39, Session 9

A simple method to identify the spatial location
complication due to the transient phonon relaxation on the
Brillouin loss spectrum

X. Bao, Q. Yu, F. Ravet, L. Chen, Univ. of Ottawa (Canada)

Distributed sensors based on Brillouin scattering has drawn increasing attentions
due to their capability of measuring strain and temperature continually over a large
distance. The measurement accuracy in temperature, strain and location has been
greatly improved over the past years. For a non-uniform distributed strain or tem-
perature, it is important to map the distributed strain or temperature with accurate
location using multiple peaks fitting method.

Here we report the compound Brillouin spectra at the location much further than
the pulse length from the boundary of two fiber sections. Our study indicates that
it results from the transient phonon field created by the pump and pulsed probe
signal through the Brillouin scattering process, and then the DC of the probe sig-
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nal is reflected from it in the Brillouin resonance frequency region and re-join the
pump signal at the time and location beyond the pulse coverage length. When the
DC level of the probe signal in the Brillouin loss spectrum is comparable to the
peak power of the probe, we could observe the AC pump power increment spec-
tral feature (opposite of the Brillouin loss signal) in the different Brillouin resonance
region. The detected AC pump signal in the Brillouin loss spectrum is the net
results of the DC of the pulsed probe and pump signal reflection from the transient
phonon field. Such transient field then decay or relax to the noise level at the time
scale longer than normal phonon lifetime (10ns) depending on its strength. This
phenomenon has not drawn attention because the transient phonon relaxation
effect was considered due to the strain (temperature) gradient, or the pulse cover-
ing of the boundary. Particularly when the pulse width is comparable with the
phonon relaxation time (10ns in silica fiber).

This is contributed by the reflection of the DC level of the probe pulse and CW
signal of the pump by the transient phonon field, which lasts longer than the phonon
lifetime (~10ns). We observed 65ns phonon relaxation time for two temperature/
strain sections. This prolonged relaxation time depends on the pump and probe
powers. We propose a new criterion to determine the boundary, which is the 2nd
order partial derivative of Stokes signal with respect to frequency and position
shows a maximum or minimum at the boundary between two different strained
sections.

The second derivative procedure has been used in spectroscopy signal process-
ing to find peaks of spectrum (second derivative of amplitude with respect to
frequency). Here, the derivative is relative to frequency and location, rather than
frequency alone, because the distributed Brillouin sensor needs both location and
spectrum information related to strain or temperature.

This idea has been used to locate the boundary of different stress regions. Know-
ing the boundaries we then fit the Brillouin spectrum at the middle between them
to get the strain value. This allows a location accuracy of between 5-10 cm, which
is shorter than the pulse length of 20 cm used in the experiment. The lowest
detectable Brillouin frequency difference between two strain sections is 1.2 MHz.

6167-40, Session 9

Combined Raman and Brillouin scattering sensor for
simultaneous high-resolution measurement of temperature
and strain

K. A. Brown, A. W. Brown, B. G. Colpitts, Univ. of New Brunswick (Canada)

Recently, strain and temperature measurement results using the first ever sponta-
neous Brillouin and Raman scattering based fiber optic sensor have been reported.
This contribution reports the performance results of a combined Brillouin and
Raman sensor used to measure strain and temperature simultaneously. This sen-
sor is based on the combination of a BOTDA loss-based Brillouin sensor and a
spontaneous Raman scattering based sensor, which has not been previously re-
ported to date. We have implemented the combined sensor system for operation
over useful sensing lengths and show significantly improved temperature and strain
accuracy along with superior spatial resolution. Measurements of temperature
and strain on a beam in an outdoor environment are given. This combined sensor
system is shown to be capable of separating temperature and strain effects which
previously limited Brillouin systems in some applications.

6167-42, Session 9

Integration of distributed strain and temperature sensors in
composite coiled tubing
D. Inaudi, B. Glisic, Smartec SA (Switzerland)

Composite coiled tubing is an emerging technology in the oil & gas sector that
presents important advantages compared to the steel coiled tubing and conven-
tional drilling. The composite tube has reduced weight, allowing extended reach
and improved fatigue life. An additional advantage resides in the fact that the
coiled tube wall can contain and protect additional functional elements, such as
electrical conductors and fiber optics for sensing and data communication.

Sensing systems based on Brillouin and Raman scattering can be used to verify
the pipe operational parameters, prevent failure, optimize oil production from the
well, provide strain distribution along the tubing and detect hot-spots in high-
power cables. The integration of such sensing elements into composite tubing
presents additional advantages and challenges. On one hand the embedded sen-
sors are protected by the composite material and can be installed during produc-
tion, avoiding external installation that could interfere with the tubing operations.
In the other hand, the integration of optical fiber sensors into the composite struc-
ture requires the development of appropriate packaging and installation techniques
that allow easy handling during production and avoid and damage to the sensor
and the composite structure itself.

This contribution presents the sensing cable designs for temperature and strain
sensing in a composite coiled tubing as well as testing results form initial field
demonstrations.

6167-43, Session 9

High-resolution distributed sensor using dark Brillouin
scattering
A. W. Brown, K. A. Brown, B. G. Colpitts, Univ. of New Brunswick (Canada)

Distributed sensors based on time-domain Brillouin scattering have typically had
spatial resolutions in the metre range, with some advanced systems improving
upon this by an order of magnitude. Resolution in the centimetre range generally
has been made possible by using correlation based systems or frequency-do-
main approaches. Both of these techniques offer practical limits on overall sens-
ing length and or acquisition speed. We present a new technique using dark pulses
to implement a time-domain sensor system that provides centimetre resolution,
with short acquisition times and minimal restrictions on sensing length. Results
are shown to demonstrate the technique’s efficacy in a number of applications.

6167-44, Session 10

Overview of fiber optic standarization activities
A. Méndez, MCH Engineering LLC

Optical Fiber sensors have reached a good level of maturity. They enjoy over 20
years of research and development. By now, there is a small but growing number
of companies around the wrold offering a variety of fiber optic sensing products
and systems.

A critical area to ensure a broader acceptance and use of this technology, as well
as its compatibility across different suppliers and products is the formulation and
adoption of standards.

In this paper, we present an overview of the ongoing activities related to standards
on fiber optic sensors and their connection and relevance in regards to with smart
structures and SHM. In particular, a discussion is made of the efforts carried out in
the USA by the Fiber Optic Sensor Consortium within the Optoelectronics Devel-
opment Association, NIST and others.

6167-45, Session 10

Guidelines and standards for fiber optic sensors: Quo
vadis?
W. R. Habel, Bundesanstalt fiir Materialforschung und -priifung (Germany)

Standardization activities for fiber optic sensor are increasingly discussed in the
scientific as well as users community. Although numerous standards for fiber op-
tic components have been available for years, guidelines or extensive standards
for use of fiber optic sensors are still “in statu nascendi” and have to be devel-
oped. Standards for fiber optic sensors will be intrinsically very complex and thus
different from standards for optical fibers, cable or connectors. They have to cover
different functional physical mechanisms due to different physical principles for a
multitude of measurands, application fields, and types.

The lecture will give first an overview on recent international, especially European
activities in this field. It will propose second a possible classification for fiber optic
sensor standards as well as a structure for guidelines needed for the most fre-
quent practical applications. Special standardization issues to be pointed out for
discussion will also concern:

- choice and design aspects for sensors for mechanical quantities (particularly
strain and deformation)

- consideration of possible environmental and measurement-relevant circum-
stances on-site

- proof test conditions including validation procedure to evaluate and confirm sen-
sor-related characteristics

- requirements on application techniques to bring the sensor system into service
appropriately.
The discussion integrated in European and worldwide committee activities that
already exist or will presently be started should cover all mentioned standardiza-
tion aspects.

6167-46, Session 10

Reliability, availability, and maintainability considerations for
fiber optical sensor applications
P. M. Nellen, R. Brénnimann, M. Held, EMPA (Switzerland)

ABSTRACT (invited)
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Fiber optic sensors are potentially very well suited for condition monitoring of
environment, materials, structures, and facilities. Measurable variables are mainly
temperature, electrical current, strain and pressure. Optical fibers and sensors are
often promoted to work in electromagnetic fields, at high temperature and humid-
ity, or in aggressive chemical environment. Especially fiber Bragg grating (FBG)
sensors have been demonstrated to operate in applications from airplanes to civil
infrastructure like dams and bridges. However, there is a long way from a labora-
tory prototype to a reliable, standardized industrial sensor system. And there is an
urgent need for a common understanding of terms.

As sensors have to be coupled to the monitored object, they are exposed to the
environment in one or the other way. Either they have to be replaceable where the
consistency of data has to be considered. Or, especially if replacement is not
possible, they should outlast lifetime of the monitored objects, an optimized pack-
aging and adequate protection is particularly important. Extensive aging and reli-
ability tests are required to determine lifetime models and parameters for fibers,
coatings, and sensors. Major factors influencing lifetime of fiber optic sensors are
mechanical load from strain, bending or vibration, temperature, humidity, ice and
water, chemicals, as well as dust and dirt. Reliability has to be considered during
sensor system design, installation, and operating phase. Correctly built in redun-
dancies increase data integrity and reliability considerably.

In this paper, based on the examples of fiber Bragg grating systems used for long
term monitoring of strain and temperature, general sensor system reliability will be
discussed. In addition, specific reliability considerations and lifetime tests, espe-
cially for relevant system components like optical fibers and Bragg gratings, coat-
ings, and adhesives will be presented. A discussion of the advantages of redun-
dant sensor structures and sensor systems RAM (reliability, availability, and main-
tainability) follows, applied to the critical non-repairable and non-replaceable sen-
sor parts of two surveilled bridges. RAM considerations are the first steps towards
standardized industrial sensor systems.

6167-47, Session 11

Application of long gage-length fiber optic sensors for
monitoring pipeline integrity
R. C. Tennyson, D. Morison, Fiber Optic Systems Technology, Inc. (Canada)

This paper reviews the major pipeline structural integrity issues and how FT long
gage-length fiber optic sensors (FOS)work.A structural health monitoring system
is described, with reference to models that relate how to interpret the FOS mea-
surements and correlate them with specific structural problems, such as corro-
sion wall thinning, bending and buckling for example.Details on actual installation
techniques employed in the field are presented,along with problems that need to
be addressed.Long-term reliability and system integrity criteria are described, with
reference to different installations.A brief overview on the software requirements
for data acquisition and management is given, with examples based on test data
acquired from field sites.One of the major issues confronting the interpretation of
sensor data is that of discriminating between “events”. In other words, how does
one distinguish between a pipeline leak, and a buckled pipeline for example. What
redundancy is required in sensor installations to differentiate false alarm signals
from real events? This is a major concern in any structural health monitoring sys-
tem installation.

6167-48, Session 11

Reliability and testing of distributed strain and temperature
sensors
D. Inaudi, B. Glisic, Smartec SA (Switzerland)

Distributed fiber optic sensing presents unique features that have no match in
conventional sensing techniques. The ability to measure temperatures and strain
at thousands of points along a single fiber is particularly interesting for the moni-
toring of large structures such as pipelines, flow lines, oil wells, dams and dikes.
Sensing systems based on Brillouin and Raman scattering have been used for
example to detect pipeline leakages, verify pipeline operational parameters, pre-
vent failure of pipelines installed in landslide areas, optimize oil production from
wells and detect hot-spots in high-power cables.

The measurement instruments have been vastly improved in terms of spatial, tem-
perature and strain resolution, distance range, measurement time, data process-
ing and system cost. Analyzers for Brillouin and Raman scattering are now com-
mercially available and offer reliable operation in field conditions.

New application opportunities have however demonstrated that the design and
production of sensing cables is a critical element for the success of any distrib-
uted sensing instrumentation project. Although standard telecommunication cables
can be effectively used for sensing ordinary temperatures, monitoring high and
low temperatures or distributed strain present unique challenges that require spe-

cific cable designs.

This contribution presents three cable designs for high-temperature sensing, strain
sensing and combined strain and temperature monitoring as well as the respec-
tive testing procedures during production and in the field.

6167-49, Session 11

Analysis of accuracy error and distortion in an operationally
passive interferometric demodulation technique

M. D. Todd, Univ. of California/San Diego; J. M. Nichols, S. T. Trickey, M. E.
Seaver, Naval Research Lab.

A system for interrogating fiber optic Bragg grating arrays at kiloHertz sampling
rates with sub-microstrain resolution was presented recently. The system makes
use of a tunable fiber Fabry-Perot filter for demultiplexing and a path-imbalanced
Mach-Zehnder interferometer for wavelength conversion. The operationally-pas-
sive demodulation technique for the interferometer makes use of probing the 3x3
coupler at the interferometer output for its coupling parameters to execute the
technique. In this work, we discuss the effects of how errors in determining these
parameters translate into measurement error and harmonic distortion. We com-
pare measured effects in the laboratory with predictive models to give error sensi-
tivity metrics.

6167-50, Session 11

Sensor validation in nondestructive evaluation using the
kernel-split method and clustering

V. Avasarala, The Pennsylvania State Univ.; J. Celaya, Rensselaer Polytechnic
Institute; K. F. Goebel, N. Eklund, GE Global Research

Non-destructive evaluation (NDE) techniques for condition monitoring in remote
solid structures have evolved vastly in the last few years. NDE techniques typi-
cally rely on multi-sensor data fusion, since the information provided by a single
sensor may not be accurate or adequate to estimate system condition. However,
sensor degradation and noise effects corrupt sensor information and adversely
effect multi-sensor fusion. Algorithms for estimation of sensor integrity and for
noise correction form a crucial aspect of NDE. This paper presents a sensor vali-
dation approach that verifies sensor integrity, identifies and corrects noise effects
and selects the best possible array of sensors for multi-sensor fusion. This method
has been developed for assessing sensor data obtained from a NDE field study
that was used to differentiate between two types of defects, occurring in a solid
structure. Multiple, heterogeneous NDT sensors were employed to examine the
solid structure. However, features extracted from the time domain signals of these
sensors had poor discrimination capabilities, due to noise effects that were caused
by a) mal-functioning sensors and b) different constituents of the solid structures
that produced sensor signals that dwarfed the signature of the defect. Therefore,
a key challenge was to identify the best set of sensors among the heterogeneous
sensors for use in the higher-level algorithms like feature extraction and pattern
recognition. The sensor validation approach was used to a) remove noise effects
and b) select the sensor with the best defect signature. The sensor validation
approach used is as follows: Analysts marked areas of potential defects in the
solid structure as “regions of interest”, using c-scan visualization that exhibits
signal information from all the sensors. Rectification for noise was based on a
specially devised algorithm called the kernel-split, which detects patterns across
the region of interest and its adjoining areas, called as “context areas” in the solid
structure. Kernel-split identifies patterns that do not show a significant change
form the region-of-interest to the context and classifies them as noise. After noise
correction, the sensor validation algorithm selects the sensor with the best defect
signature. To that end, a clustering algorithm was used to detect and mark the
signature of the defect in the region of interest. All sensors were ranked using a
schema, based on cluster properties, such as cluster area, number of clusters
etc. These ranks were used to select the best possible set of sensors that could
be used for higher-level fusion, like pattern recognition. The results obtained us-
ing the sensor validation approach were compared to a manual sensor validation
approach. The manual validation approach is highly time consuming. It involves
human analysts viewing the signal data from all the sensors and manually select-
ing the best sensor. The outcome of the sensor validation approach and the manual
selection approach coincided for a vast majority of the cases and vindicated the
robustness of the present automated approach.
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6168-01, Session 1

What can we learn from nastic plant structures? The
phytomimetic potentiality of nastic structures
R. Stahlberg, M. Taya, Univ. of Washington

While some researchers see developments on the nanotechnology scale as the
major or exclusive biomimetic trend for the 21st century, others insist that the
exploration of the biomimetic potentialities of macroscopic systems has hardly
been started. On either scale, the exploration of biological systems and engineer-
ing materials will proceed in parallel and one can predict with certainty that the
more these two processes are integrated, the greater will be the rewards for either
discipline. Accordingly, recent studies of plant responses ranging from rapid cal-
cium-dependent shape changes in proteins (forisomes) to the rapid closure of
Venus flytraps and the ultra-rapid opening of dogwood flowers attracted the at-
tention of a large audience of both biologists and engineers. In engineering,
electroactive polymers have emerged as new actuation materials featuring large
electrically induced strain and bending capacity. While dry EAPs are versatile tools,
it is the wet or hydrated EAPs with low voltage-actuation may have relevance and
proximity to biological situations; in particular nastic plant motors. Weak and strong
electric fields were found to exist and change in plant and animal cells and tissues
as well. Many aspects of their role, however, are unexplored and remain a matter
of uncertainty and speculation.

6168-02, Session 1

Biologically inspired technology using electroactive
polymers(EAP)
Y. Bar-Cohen, Jet Propulsion Lab.

Through evolution over billions of years nature introduced highly effective and
power efficient biological mechanisms that are incredible inspiration for innova-
tion. Humans have always made efforts to imitate nature and we are increasingly
reaching levels of advancement that it becomes significantly easier to imitate,
copy, and adapt biological methods, processes and systems. Advances in sci-
ence and technology are leading to knowledge and capabilities that are multiply-
ing every year. This brought us to the ability to create technology that is far be-
yond the simple mimicking of nature. Having better tools to understand and to
implement nature’s principles we are now equipped like never before to be in-
spired by nature and to employ our tools in far superior ways. Effectively, by bio-
inspiration we can have a better view and value of nature capability while studying
its models to learn what can be extracted, copied or adapted. Using electroactive
polymers (EAP) as artificial muscles is adding an important element in the devel-
opment of biologically inspired technologies. This paper reviews the various as-
pects of the field of biomimetics and the role that EAP play and the outlook for its
evolution.

6168-03, Session 1

Designed chambered elastomers for enhancement of EAP
actuation and applications thereof
D. F. Hanson, Hanson Robotics, Inc.

In this paper, the authors explore various ways that designed chambering of elas-
tomers can enhance electroactive polymer (EAP) actuation. Such enhancements
include structuring of chambers for various mechanical functions and advantages,
boosting of surface area of a polymer for enhanced ionic migration, construction
of advanced electret foams for sensing and for tunable hydrophobicity for micro/
pumping action, and distribution of composite EAP devices throughout the cham-
bered elastomer to achieve discrete controllability of electroactive polymer actua-
tors.

With varied design of the chambers of the elastomer, the mechanical and struc-
tural properties of the elastomer can be tuned to greatly enhance EAP actuation.
The chambers can be designed to act as one-way-valves for enhanced fluidic
pumping, in accordion-like bellows to achieve extreme elongation with low forces,
in chiral geometries to effectuate torsion under actuation, and as fluidic manifolds
for fluidic sensing or tunable dampening and stiffness. These are but a few ex-
amples of the advantages that can be achieved via desighed chambering of elas-
tomers.

The authors also discuss the chambering of EAP materials themselves for en-
hanced actuation effects. Controlled hydrophobicity as a method for polymeric

actuation is described. Enhanced ion exchange via chambering is also described.

The authors also discuss various application uses of the described chambering
technologies. Such chambered elastomers, combined with advanced muscle-like
actuators, can substantially benefit facelike robots (useful for entertainment and
education etc), prosthetics, and numerous modalities of bio-inspired locomotion.

Methods for deploying chambering technologies with EAP actuators for useful
applications are considered as well.

6168-04, Session 1

Design of commercial applications of EPAM technology

N. Bonwit, M. A. Rosenthal, J. R. Heim, C. Duncheon, A. Beavers, Artificial
Muscle, Inc.

Since its inception in 2004, Artificial Muscle, Inc. (AMI), a spinout company from
SRl International, has rigorously pursued the commercialization of artificial muscle
technology that is called Electroactive Polymer Artificial Muscle (EPAM(r)) through
innovative designs and fabrication processes and by focusing on performance,
reliability and manufacturability across a wide variety of applications. Scaleable
solutions developed by AMI include air and liquid pumps, valves, linear and angu-
lar positioners, sensors and generators. Innovative device designs demonstrating
the ability to meet the specifications of demanding applications and combining
practical levels of power densities and actuation lifetimes will be discussed. Inte-
grated electronics control modules allow the freedom to design artificial muscles
directly into new or existing product lines while effectively managing the transition
from conventional technologies. Simple modular designs, coupled with low cost
industrial materials and flexible automated manufacturing processes, provide a
cost effective solution for products serving such diverse industries as consumer
electronics, medical devices, and automobiles. Several case examples are pre-
sented to illustrate the commercial viability of EPAM(r)-based devices.

6168-05, Session 2

Arm-wrestling robot driven by dielectric elastomer
actuators
G. M. Kovacs, EMPA (Switzerland)

On March 7, 2005, the first arm wrestling match of EAP robotic arm against hu-
man was held during the EAP-in-action session of the EAPAD conference in San
Diego.

The Swiss Federal Laboratories for Materials Testing and Research (EMPA),
Dubendorf, Switzerland, was one of the three participating organisations in this
competition. The primary object was to demonstrate the potential of the EAP tech-
nology for such or similar applications.

Dielectric acrylic elastomers are well-known as materials for electric field-induced
actuators. Thereby, the thin elastomer film is sandwiched between two compliant
electrodes. When a large electrostatic field is applied to the electrodes, the elas-
tomer is squeezed in thickness direction and elongates thus in planar directions.
The investigation of various actuator designs has shown that very promising ac-
tuation performances are reached when a pre-stretched dielectric elastomer film
is wrapped around a flexible core.

The arm robot developed at Empa was driven by a system of such dielectric elas-
tomer actuators. More than 250 rolled actuators were arranged in two groups
according to the human protagonist-antagonist operating principle in order to
achieve an arm-like rotation movement in both directions and to accomplished
the basic arm wrestling competition rules: the active movement from the horizon-
tal arm position to the upright starting position and the reverse “arm wrestling
motion” exhibiting maximal force. The robot was powered by a computer-con-
trolled high voltage device. The rotary motions of the arm were controlled by elec-
trically activating respectively deactivating the corresponding actuator group.

The focus of this talk is on the development and manufacturing technique of the
rolled dielectric elastomer actuators and on the engineering procedure for the
robot design. In addition, the major issues concerning the overall efficiency and
long term behaviour of rolled dielectric elastomer actuators are presented. Finally,
the signification of the EAP technology for future applications will be discussed in
the scope of “lessons learned”.
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6168-06, Session 2

New high-performance electroelastomers based on
interpenetrating polymer networks

Q. Pei, S. M. Ha, W. Yuan, Univ. of California/Los Angeles; R. Pelrine, SRI
International

We will present our recent development of a new class of electroelastomers oper-
ating at zero to minimal prestrain. The new electroelastomers are composed of
interpenetrating polymer networks in which one network is under tension while
the other under stress. The polymer films exhibit electrically induced strain greater
than 200%. These new electroelastomers promise new actuators that contain
minimal prestrain-supporting structure and are more compliant. The packaged
actuator will also have higher energy and power densities when compared to our
previously reported electroelastomer (a.k.a. dielectric elastomer) actuators.

6168-07, Session 2

Breakdown field improvement in silicone dielectric
polymers via compression molding
R. Chakraborty, Massachusetts Institute of Technology

The strong dependency of electroactive polymers on prestrain is a significant draw-
back as an actuator. Prestraining plays an important role in generating large strain
by increasing the breakdown field of the elastomer. However, the elastic forces by
prestrain makes the deformation smaller, and the induced stress relaxation is se-
verely detrimental as an actuator.

It has been suggested that elastomer chains are more resistant to breakdown
when they lie perpendicular to an electric field than when they lie parallel to it, and
that this effect may account for the performance improvements observed with
prestraining. The research proposes an alternative method, compression mold-
ing, to produce some degree of alignment in the polymers to increase breakdown
field.

Compression molding consists of two metal plates separated by a 50um thick
tape. The silicone tested (NuSil CF-19-2186) is available in a two-part system with
a working time of 10 minutes. The mixed substance was placed between the
plates and compressed to a 50um film. The forced radial shear flow is believed to
induce the elastomer chains to align parallel to the plates. The mold was com-
pressed with platens in a vacuum (190psi) at variable temperature to determine
the effect of curing time on breakdown field. The cured silicone was then tested
using silver grease electrodes.

In preliminary tests, silicone manufactured by an extrusion casting system without
prestrain and with prestrain showed breakdown fields less than 30 V/um. Silicone
manufactured through the compression molding procedure showed a threefold
improvement in breakdown field, withstanding up to 125 V/um. The average break-
down field also increased with curing temperature. This is consistent with the
hypothesized induced alignment in that fast-curing silicone chains would have
little time to randomize before reaching its final cured state.

Future tests will include density measurements of the compression molded sili-
cone through refractometry. This technique would gauge the degree of order in
the elastomer chains.

6168-08, Session 2

Cylindrical dielectric elastomer actuators reinforced with
inextensible cords
N. C. Goulbourne, Virginia Polytechnic Institute and State Univ.

Novel actuator configurations for various applications can be obtained using cy-
lindrical dielectric elastomer actuators. Cylindrical dielectric elastomer actuators
simultaneously deform in the radial and axial directions when a voltage is applied
in the thickness direction. Although dielectric elastomer actuators are capable of
very large strains, the force generated during actuation is very low. To increase the
force output of dielectric elastomer actuators, the elastomer is reinforced by
inextensible cords with a higher modulus of elasticity. This confers added strength
to the composite elastomer. As a direct result of the inextensible cords, deforma-
tions are reduced along the path of the cords. An electroelastic numerical model
is used to predict the large deformation behavior of the actuator. The model com-
bines Maxwell-Faraday electrostatics and nonlinear elasticity. Two specific con-
figurations are examined in this work: (1) uniform actuation and (2) segmented
actuation. During uniform actuation the deformation is cylindrically symmetric. On
the other hand, during segmented actuation the resultant motion of the actuator is
non-uniform since portions of the cylinder are independently actuated. In this pa-
per, numerical results and experimental results are compared.

6168-10, Session 3

Highly aligned electrostrictive graft elastomer nanofibrils
and electromechanical activity

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

Electroactive polymers (EAPs) have been considered as one of the most promis-
ing materials for artificial muscle applications. The electrostrictive graft elastomer,
developed at NASA, is one of the newly developed electromechanically active
polymers that can be used for artificial muscles. This graft elastomer demonstrates
a large electrical field-induced strain and high mechanical modulus. The unique
mechanism of the electromechanical properties of the graft elastomer allows for
an increase in both the field-induced strain and the mechanical modulus at the
same time by using morphology control. Therefore, high electromechanical power,
which is determined by the strain and the modulus, can be generated. Recently, a
novel method was developed to create highly-aligned nano-fibrils of the graft elas-
tomer. The characterization of the fibrils using scanning electron microscopy (SEM)
and atomic force microscopy (AFM) demonstrated that the fibrils are round-shaped
with a diameter of 70-160 nm and are uni-axially aligned in the fibrils’ axial direc-
tion. The test of the electromechanical response of the fibrils showed that the
electrical field-induced strain of the highly aligned fibrils is very similar to the strain
demonstrated by the film form of the graft elastomer. These results make highly-
aligned nano-fibrils of the electrostrictive graft elastomer a promising candidate
for artificial muscle applications.

6168-11, Session 3

Contractile dielectric elastomer actuator with folded shape
F. Carpi, D. De Rossi, Univ. di Pisa (ltaly)

Linear dielectric elastomer actuators with contractile ability are demanded today
for several types of applications. In order to achieve such a goal, two basic actu-
ating configurations are today available: the multilayer stack and the helical struc-
ture. The first one consists of several layers of elementary planar actuators stacked
in mechanical series and electrical parallel. The second one relies on a couple of
helical compliant electrodes alternated to a couple of helical dielectrics. The fab-
rication of both these configurations presents today some specific difficulties, aris-
ing from the peculiarity of each structure. Even though successful implementa-
tions have been reported and further improvements are currently in progress, the
availability of simpler solutions would boost the short-term use of contractile ac-
tuators in practical applications. In order to propose a viable alternative to the
present configurations, a new structure is here described. It is designed to obtain
a contractile monolithic actuator, starting from a planar electroded sheet, which is
then folded up. The resulting compact structure is equivalent to a multilayer stack
with interdigited electrodes and square cross-section. With respect to the con-
ventional multilayer stack, the new configuration is advantageously not discon-
tinuous and can be manufactured in one single phase, avoiding layer-by-layer
multistep procedures. The current developmental stage of this new actuator with
a silicone elastomer is here presented.

6168-12, Session 3

Modeling of silicone dielectric elastomer actuators

G. Akhras, Royal Military College of Canada (Canada); G. Yang, EXFO (Canada);
B. K. Mukherjee, Royal Military College of Canada (Canada)

Dielectric elastomers are known to produce large transverse strains in response
to electrically induced Maxwell stresses and thus provide a useful form of electro-
mechanical actuation. Using an interferometer, experimental results show that a
pre-load initially causes an increase in the strain. This increase appears to be a
function of the relative geometries of the electroded area and of the specimen
itself. The transverse strains in these materials decrease when larger values of
pre-load are applied. Models of hyperelasticity capable of describing large defor-
mation of rubber like polymers are used to describe and interpret the results.
Numerical simulations of the material’s behaviour are performed in order to pro-
vide an accurate prediction of the actuator’s performance.

6168-13, Session 3

Electromechanical model for static and dynamic activation
of elementary dielectric elastomer actuators

P. Lochmatter, S. Michel, G. Kovacs, EMPA (Switzerland)

In this paper the fundamental static and dynamic electromechanical behavior of
Dielectric Elastomer (DE) actuators under activation is investigated. In the static

case, the dielectric film was modeled with a simple three-dimensionally coupled
elastic material model. This model was fitted to the mechanical stress-strain be-
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havior of the well-known dielectric film VHB 4910 (3M) evaluated in a uniaxial
tensile test. The model predicted in all cases stable deformation states for activa-
tion under constant electrical charge. For activation under constant electrical volt-
age however, the model predicted two equilibrium states - a “stable” and an “in-
stable” one. For activation voltages beyond a “critical voltage” the film collapses
in thickness direction due to the electrostatic forces (Maxwell stresses). The me-
chanical energy density and the global electromechanical efficiency of such DE
actuators under closed quasi-static activation loops were derived. The model
showed strongly improving actuator performance for activation voltages close to
the “critical voltage”.

For the investigation of the dynamic electromechanical behavior of DE actuators,
the model was enhanced by two parts: first, the incorporation of dampers into the
mechanical model to cover the film’s viscoelasticity and second the embedding of
the actuator into an appropriate electrical circuit. The viscoelastic model param-
eters were fitted to a typical combination of a uniaxial loading test with holding
time and subsequent unloading.

This electromechanical model was evaluated in terms of closed loop activation
cycles of a one-dimensionally pre-strained stripe actuator. The stripe actuator
was either cyclically actuated and cyclically loaded with a phase shifted external
force (“force-controlled”) or cyclically actuated and cyclically elongated with a
phase shift (“displacement-controlled”). A qualitative parameter study showed that
the global electromechanical efficiency as well as the specific energy density of
such DE actuators strongly depends on the mechanical properties of the film, the
electrical activation level and the external mechanical loading.

6168-14, Session 3

Polymer models: compilation and modeling in computer
simulation

A. Ainla, E. Soolo, H. Kasemégi, M. Kruusmaa, A. Aabloo, Tartu Ulikool
(Estonia); D. Brandell, Uppsala Univ. (Sweden)

The work focuses on computational study of PTFE polymer chain. PTFE models
are particularly interesting because of applicability as Nafion backbone. The main
purpose of this work was to find proper force field and modeling strategies for
aforementioned Nafion backbone chain. Force fields by Jang and Borodin were
compared in Monte Carlo chain generation and Molecular Dynamics simulations.
Polymer chains consisting of 180 to 200 monomers were generated and studied.
These chains were approximately 10 times longer than in previous analysis, where
ultimately 20 units long oligomers were investigated. After overcoming several
problems, simulations were performed with Jang’s and Borodin’s force fields.
Analysis of densities, infrared spectra, radial distribution functions and dihedral
distributions were conducted. The following results were obtained: for amorphous
phase of PTFE force field indicated relatively close and slightly smaller densities
than experimental ones. Infrared spectra qualitatively reproduced experimental
results. Also RDF copied previous results which were in good agreement with
static structure factor and X-ray scattering studies. Helical conformation, like ex-
pected, was noticed, but it was smaller (10°) than experimental studies have had
proved (14°). Despite of missing crystallinity in particular studies, strongly prevail-
ing trans-conformation peak in dihedral distribution was observed, which should
support formation of crystals. In particular case the simulation box was too small
and time of the simulation was too short to make crystal formation possible. The
main advantage of Borodin’s force field was stability with longer time steps. As a
conclusion it might be said that both force field had relatively equal performance
and preference of force field should be based on additional studies in particularly
interesting conditions.

6168-15, Session 3

Finite element and experimental analysis of non-
axisymmetric
E. Yang, M. I. Frecker, E. M. Mockensturm, The Pennsylvania State Univ.

In this paper the general-purpose finite element software ABAQUS is used to model
the viscoelastic response of non-axisymmetric dielectric elastomer membrane ac-
tuators. Geometries investigated consist of membranes with holes in the shape of
an ellipse, rectangle, and a square. ABAQUS is used to calculate the deformation
and block force fields on the surface of each membrane. These results are used to
aide in the selection of actuator configurations that yield the largest deformation
and block force fields. The actuators are fabricated and experimentally analyzed
using the particle image velocimetry technique commonly used in the study of
fluid flow. The 3M VHB polyacrylate and silicone dielectric elastomer materials are
utilized in this research.

6168-16, Session 3

Integrated theoretical model of EPAM technology
A. Beavers, Artificial Muscle, Inc.

Over the last few years, there have been several papers published which form the
basis of the theory behind electroactive polymers in general and dielectric elas-
tomers in particular. In most cases, these papers focused on salient but relatively
narrow aspects of the field of electroactive technology. Presented in this paper is
an integration of these essential theoretical elements with the objective of forming
a basis for a comprehensive understanding and comparison of the most promis-
ing forms of electroactive polymer technologies. Included in this paper will be a
model that captures the relationship and interdependence of elasticity and ca-
pacitor theory, polymer chemistry, power electronics, and mechanical dynamics
as they relate to the application and evaluation of electroactive polymer technolo-
gies. This theoretical analysis has evolved out of the efforts of Artificial Muscle,
Inc., a young company founded in 2004 as a spin-out of SRI International for the
purpose of commercializing a form of electroactive polymer technology that has
been named Electroactive Polymer Artificial Muscle (EPAM(r)). The integrated theory
will be used in this paper to compare and contrast three different types of
electroactive polymer technology.

6168-17, Session 3

The role of multifield theories in the modeling of active
materials

M. Gei, Univ. degli Studi di Trento (ltaly); P. M. Mariano, Univ. degli Studi di
Roma/La Sapienza (ltaly); L. Magnarelli, Univ. degli Studi di Trento (ltaly)

The theoretical prediction of the experimental observations in the field of ‘active
materials’ requires the formulation of specific models which depend on the nature
of the driving mechanism of that specific phenomenon. An extremely limited list of
such phenomena are piezoelectricity and electrostriction, where strain is induced
by an electric field, ionic transport in chemically-activated materials, liquid crys-
tals. Even though such examples seem not to share any feature, in all of them the
material displays activity at the microstructural level. We call ‘complex’ such ma-
terials, when their substructure from nano to meso-level influences drastically their
gross behaviour in a way in which interactions due to substructural changes are
prominent and cannot be smeared out as in common homogenization procedures.
There exists a general model building framework (the one of ‘multifield theories’)
that unifies common models of complex materials and is also a theoretical tool to
construct new special models for the behaviour of new complex materials pro-
duced in the industrial practice. Such a framework is essentially the geometry and
the mechanics associated with maps between manifolds. In the standard format
of continuum mechanics a body is a set of material elements whose morphology
is identified just by their place in space. In this way, the geometrical description of
the body skips details about the minute substructure.

However, when one looks to real bodies, one realizes that the material elements is
not properly just a material point, but, rather, a system of interacting molecules. To
describe the morphology of this system a ‘morphological descriptor’ (order pa-
rameter) is introduced. It may be an element of the unit sphere, a stretchable
vector, a second-order tensor of various nature, etc., depending on the physical
conditions envisaged. Of course, we could develop models for each choice of the
order parameter to describe different physical situations. Formally, all of them
arise from the same general model-building framework, the one of multifield theo-
ries.

To construct the formal structure of models of complex bodies we need just to
require that morphological descriptor be an element of an abstract manifold M of
substructural shapes, endowed with ‘minimal’ geometrical properties.

The choice of M is the first step toward the construction of each special model,
thus it has a ‘constitutive’ nature, in a sense wider than usual. The introduction of
morphological descriptors - to represent details of the morphology of the body -
allows to account directly for interactions due to substructural events that may
change, even drastically, stress distributions. In fact, interactions within a body
are objects conjugated in the sense of power with the rates of its morphological
descriptors. Here these rates are the standard velocity and the rate of change of
the order parameter. Standard tensions are associated with the former while mi-
cro-tensions with the latter. A new balance arises: the local balance of substruc-
tural interactions. In the context of electric EAP the polarization vector is a typical
example of order parameter. The microstress associated with rate-of-change of
polarization gradient is responsible, for instance, of domain switching in ferroelec-
trics.

Another important class is that of ionic EAP, where the morphological descriptor
may be a scalar quantity representing the ion concentration.
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6168-18, Session 4

Possibility of cellulose electro-active papers as smart
materials
J. Kim, Inha Univ. (South Korea)

With technological interests in renewable raw materials and more environmentally
friendly and sustainable resources, a renaissance of cellulose research and appli-
cation has been triggered over the past ten years. This paper will present a recent
discovery of cellulose papers as smart materials that can be used for bio-mimetic
sensor/actuator devices and microelectro-mechanical systems (MEMS). This cel-
lulose paper is termed as Electro-Active paper (EAPap). First, the discovery story
of EAPap as an actuation material is addressed along with fabrication and recent
improvement of EAPap materials. The actuation mechanism is also explained by
gathering all information on physical, chemical, electrical and mechanical obser-
vations. Also the functional capability of sensor/actuator is discussed with experi-
mental testimony. The cellulose EAPap materials have merits in terms of ultra-
lightweight, dryness, low cost, low actuation voltage, low power consumption
and biodegradability. To demonstrate these advantages, applications such as mi-
cro insect robots, micro flying objects, MEMS, biosensors and flexible electrical
displays are discussed with some examples. Dealing with ultra-lightweight actua-
tion devices, a remotely driving technology is important. Thus, microwave driving
technology is introduced with biomimetic devices. In summary, possibility of cel-
lulose papers as smart materials will be addressed with the future direction and
challenges in this research.

6168-19, Session 4

Electro-active paper made with aqueous and non-aqueous
cellulose solution
N. Wang, J. Kim, Y. Chen, S. Bae, S. Lee, Inha Univ. (South Korea)

Electro-Active Paper (EAPap) is attractive for EAP actuator due to its merits in
terms of lightweight, dry condition, large displacement output, low actuation volt-
age and low power consumption. EAPap actuator has been developed based on
cellulose material. Cellulose fibers are dissolved into a solution and extruded in a
sheet form, and a thin gold electrodes are made on it. The cellulose solution has
been made according to the viscous process that uses aqueous solvent NaOH
and non-aqueous method (DMAC / LiCl). The use of strong alkali aqueous solvent
or DMAC / LiCl results in decreasing hydrogen-bond of cellulose molecules. It
makes EAPap material possessing ionic behavior to mix with anionic polymer in
solution. On the other hand, cellulose were added conducting polymer (such as
polyaniline or polypyrrole) or PZT (Pb(Zr, Ti)O3) has piezoelectricity. Thus, it is nec-
essary to maximize the piezoelectric effect by adding some other material. The
cellulose solution in aqueous sodium hydroxide show the common viscoelastic
behavior at about room temperature, in coagulating solvent the cellulose solution
become cellulose Ill crystal. The cellulose Ill crystal show some degree piezoelec-
tric property. Performance of EAPap actuator made by non-aqueous solvent is
compared with the previous EAPap material in terms of force and displacement
along with frequency, voltage, temperature and humidity.

6168-20, Session 4

Electromechanical properties of LaRC EAP: a SWNT-
polyimide nanocomposite

J. S. Harrison, S. E. Lowther, N. M. Holloway, NASA Langley Research Ctr.; J.
Kang, C. Park, National Institute of Aerospace

Much has been said about the electrical and mechanical properties of carbon
nanotubes and carbon nanotube-polymer composites. However reports of the
electromechanical properties of these materials are scarce. Herein we report the
electromechanical properties of a novel series of single wall carbon nanotube
(SWNT) -polyimide nanocomposites (LaRC EAP). Small loadings of SWNT were
incorporated into an amorphous, piezoelectric polyimide, a nitrile-substituted APB/
ODPA. These nanocomposites exhibit both a sensing and an actuation response.
Sensing properties of LaRC EAP were explored as a function of stress, strain,
pressure, and temperature. Out-of-plane strains as large as 2.6% were measured
at relatively low field strengths (< 1 MV/m) and cantilever-like bending strains in
the similar range were measured at equally low fields. This presentation will high-
light the electroactive sensor and actuation characteristics of LaRC EAP and ex-
plore potential aerospace applications of these materials.

6168-21, Session 4

Development of new synthetic rubber for energy efficient
polymer actuators

H. R. Choi, J. Koo, K. Jung, M. Jung, J. Nam, Y. Lee, Sungkyunkwan Univ.
(South Korea)

Dielectric elastomers are one of the most actively studied EAP materials for new
generation of actuators. Although many different dielectric elastomers have been
developed and used for the implementation of various new actuation concepts,
effectiveness of the newly introduced actuator design is often limited by the me-
chanical characteristics of the elastomer. Those characteristics are time depen-
dent stress relaxation, low actuation force, and limited tensile strength. The present
paper introduces a new synthetic rubber based dielectric elastomer that provides
higher dielectric constant, stronger tensile strength, and less stress relaxation
compared with the existing material.

6168-22, Session 5

Study on actuating mode shapes of electroactive paper

Y. Park, Myongji College Seoul (South Korea) and North Carolina A&T State
Univ.; W. J. Craft, M. J. Sundaresan, J. Sankar, North Carolina A&T State Univ.;
J. Kim, Inha Univ. (South Korea)

The paper presents a study on actuating mode shapes of cellulose-based Electro-
Active Paper (EAPap) in order to investigate its suitability as actuators. As well
known, the cellulose is almost inexhaustible source of raw material for increas-
ingly demand for environmental and biocompatible products as an important skel-
etal component in paper and also has hydroxyl groups, which are responsible for
water sorption to participate in hydrogen bond. Cellulose with crystalline struc-
tures upon the electric field is ionically conducting materials, in which their con-
ductivity is very sensitivity to the relative humidity and is related with the mobility
of ions. Especially in aqueous environments, the hydrogen of water molecular
may jump to a nearby water molecule under electric fields. The water molecule
losing its hydrogen becomes negatively charged as a “hydroxyl ion (OH-)” and
the water molecules gaining the hydrogen becomes positively charged as a “hy-
dronium ion (H30+ )", which replaces alkali metal ions such as and in the view of
electrolytes. According to magnitude and direction of electric fields, the migration
of these ions can produce a suitable deformation of the cellulose-based paper,
which gives an actuating capability with light weight, low power consumption and
simple fabrication. On the other hand, the cellulose coated with electrodes acts
as a dielectric component in condenser. Dielectric property of the cellulose greatly
related to dipole moment increases with respect to water molecules, which gives
an effect on the longitudinal direction of cellulose as an actuating component.
Herein, EAPap is fabricated by embedding gold as electrodes into both sides of
cellophane sheets. The cellophane has a higher dielectric constant and a lower
degree of polymerization. Stiffness of gold electrodes coated through physical
vapor deposition is negligible compared to that of the host cellophane material.
The size of EAPap is long 40mm and 10mm wide with thickness of 20umm.
Phenomenological characteristics of EAPap are evaluated by applying electric
fields at different exciting frequencies as well as different humidity. Actuating mode
shapes upon applying electric fields are experimentally evaluated via laser scan-
ning vibrometer as a function of frequency and humidity. Furthermore, a theoreti-
cal model based on the micro mechanism of ion migration and dipole moment is
suggested to predict a macro point of view on actuating effect. The modeling is
incorporated with electrostatic and hydraulic effects, along with dipole moment of
water molecules. Through the comparisons between the experimental and theo-
retical results, the proposed modeling and the actuating mechanism are adopted
to represent EAPap-based smart structures. The results obtained from the pro-
posed methodology indicate that EAPap can be used as a potential actuating
candidate for shape control of smart structures, along with bio-inspired actuator
materials.

6168-23, Session 5

Reliability of high-strain ionomeric polymer transducers
fabricated using the novel direct assembly process
B. J. Akle, S. Nawshin, D. J. Leo, Virginia Polytechnic Institute and State Univ.

lonomeric polymer transducers have received considerable attention in the past
several years. These actuators, sometimes referred to as artificial muscles, have
the ability to generate large bending strain and moderate stress at low applied
voltages.

Typically, ionic polymer actuators are composed of Nafion-117 membranes with
platinum electrodes and are saturated with water diluents. Recently the authors
have developed a novel fabrication technique named the Direct Assembly Pro-
cess (DAP), which allowed good control on electrode morphology and composi-
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tion. The DAP consists of spraying two high surface area metal-ionomer elec-
trodes on a Nafion membrane. A single-walled carbon nanotubes (SWNT) and
ruthenium dioxide (RuO2) hybrid electrode was sprayed on a Formamide hydrated
Nafion-117 membrane using the DAP method. This transducer was shown to gen-
erate 9.4% peak-peak strain under the application of +/-2V at a strain rate of 1%/
sec. Furthermore using the DAP one is capable of incorporating several types of
diluents in ionomeric polymer transducers. Transducers with ionic liquid diluents
are demonstrated to operate in air for long periods of time.

In this work we will present a reliability study of transducers fabricated using the
DAP. Each transducer is tested under a frequency range of 0.2Hz to 1Hz, and a
potential of +/-1V to +/-3V. Water hydrated transducers dehydrates and stop moving
within 5 minutes while operating in air under +/-2V. Transducers with Formamide
diluents operate for 20,000 cycles under +/-1.5V and 0.5Hz (around 11hrs), while
they degrade in less than 3000 cycles under +/-2V and 0.5Hz. lonic liquid based
transducers are demonstrated to operate in air for over 400,000 with little loss in
performance. Actuators with several electrode compositions are fabricated and a
correlation between the reliability of ionic liquid-ionic polymer transducers and
maximum strain will be presented. This correlation will be used to asses the adhe-
sion between the high surface area electrodes and the Nafion membrane. SEM
images of tested transducers will be presented. Degradation mechanism will be
characterized.

6168-24, Session 5

Nanomesa and nanowell formations in Langmuir-Boldgett
polyvinylidene fluoride trifluoroethelyne copolymer films
J. Li, Univ. of Nebraska/Lincoln

Self-organizing nanomesa and nanowell patterns have been observed in Langmuir-
Blodgett (LB) films of polyvinylidene fluoride trifluoroethelyne [P(VDF-TrFE)] co-
polymers recently. In this talk, we report an energetics-based model combined
with kinetic relations to explain this remarkable phenomenon. One of the key as-
sumptions of our model is that the internal energy density of P(VDF-TrFE) films
varies with the surface concentration of molecules, reflecting its dependence on
the morphology of polymer chains. The feature size of nanomesas and nanowells
has been estimated using a linear stability analysis, and the morphology of the
nanomesas and nanowells has been revealed by the numerical simulation, both in
consistency with experiments. A number of other model predictions regarding the
nanomesa and nanowell formations also agree with experimental observations.
The nanomesas and nanowells can be used as template to fabricate electroactive
nanocomposites.

6168-25, Session 5

Flemion-based actuator with ionic liquid as solvent
J. Wang, C. Xu, Univ. of Washington

A perfluorinated carboxylic acid membrane, i.e. Flemion, shows improved perfor-
mance as actuator material compared with Nafion (perfluorinated sulfonic acide).
Flemion has a higher ion exchange capacity and good mechanical strength. Es-
pecially, Flemion will deform with no back-relaxation when applied electrical stimu-
lus. However, with water as solvent, the operation of Flemion in air has serious
problems. Since water would evaporate quickly in air. Moreover, the electrochemical
stability window of water is less than 1.4V at room temperatures. In previous work,
investigations on Nafion with ionic liquid as solvents have been carried out and
good results have been obtained. In current work, we explore the use of highly
stable ionic liquid instead of water as solvent in Flemion. Experimental results
indicate that Flemion based actuators with ionic liquid as solvent have improved
stability as compared to the water samples. However, the forces that Flemion
based actuators with the use of ionic liquid output decreased dramatically as
compared to water. These initial results still suggest good potential for this ap-
proach in future work. An antenna switch actuator based on Flemion with ionic
liquid will be discussed in this study.

6168-66, Poster Session

A method to estimate the deformation and the absorbed
current of an IPMC actuator

C. Bonomo, L. Fortuna, P. Giannone, S. Graziani, S. Strazzeri, Univ. di Catania
(Italy)

Basing on the work presented in the last EAPAD Conference and supported by
the European Community by the research project ISAMCO (lonic polymer metal
composite as Sensors and Actuators for Motion COntrol, 2004-2006) inside the
sixth Framework Program, the proposed paper goes on describing the results
about the characterization of IPMC materials as motion actuators, obtained by
using an improved infrared-based system designed, realized and characterised to

this aim. The system was asked to detect both the IPMC absorbed current and its
consequent deflection, under the effect of the applied voltage. The deflection is
detected by the IR system, that uses a differential configuration in order to reduce
non-linearity, peculiar to IR devices. This system is able to detect displacement
from tenth of millimeters to few centimeters, in a frequency range from hundreds
of millihertz to hundreds of Hertz, that is compatible with the IPMC actuator band-
width, with the specification of low cost. The measurement system that we devel-
oped is use to identify and then validate a model, proposed to analytically de-
scribe the IPMC actuator behaviour in a wide range of operating conditions. The
model was synthesised by adopting a grey box approach. The two quantities,
detected by the measurement system, that are current and deflection, are consid-
ered respectively as input and as output of the electro-mechanical block model of
the actuator, and are necessary to identify the parameters of the model, in order to
estimate its behaviour. The electromechanical stage follows an electrical stage
that transduces the applied voltage into the absorbed current: this block counts
for the non linear phenomena referred in the literature and experimentally evident.
By acquiring the signals involved: the applied voltage, the absorbed current and
the IPMC displacement, for different inputs such as pulses, sinusoidal waves (vary-
ing frequency and amplitude) and noise, and by post processing these signals, all
the parameters relative to the IPMC actuator were identified and several tests
were performed in order to compare the behaviour of the actuator as predicted by
the model with the experimental one. The obtained results show a very good ac-
cordance between the simulated and the real actuator response, hence represent
a good validation of the proposed model.

6168-67, Poster Session

A multiphysics model of ionic polymer-metal composite
actuator
D. Kim, K. Kim, Univ. of Nevada/Reno

lonic Polymer-Metal Composite (IPMC) is a promising smart material for future
use in biomimetics, robotics, and mechatronics. In order to better understand the
electro-chemo-mechanical behavior of IPMC, we developed a mathematical model
which deals with multi-physics tasks including mechanical, electrical, and chemi-
cal phenomena, simultaneously. In this study, the multiphysics of interest consists
of force generation, electrostatics, momentum, heat and mass transfer, and elec-
trochemical reactions. The physical phenomena of the studied system are de-
scribed as coupled partial differential equations. Also, model experiments were
conducted to obtain important model parameters. The proposed model was then
implemented in the FEMLAB and MATLAB platform. The model results were com-
pared against experimental data. Seemingly, the model accurately predicts the
non linear behavior IPMCs.

6168-68, Poster Session

Sensory behavior of ionic polymer metal composite
A. Pudipeddi, K. Kim, D. Kim, Univ. of Nevada/Reno

lonic Polymer-Metal composite (IPMC) sensory systems have been intensively
investigated due to their unique properties such as softness, light weight and
flexibility. The systems can convert inner reaction energy to electrical signal under
applied force. Electromechanical sensors and actuator systems are largely used
in medical, electronic and industrial applications. This work is based on the doc-
trine that there is a production of charge on the surface of the IPMC under a
mechanical deformation. Various experiments were conducted on IPMCs with dif-
ferent solvents, electrode materials, thickness and aspect ratios and studied in
both time and frequency domain. The results show that the ionic liquids as sol-
vents gave more regular and stable response for sensing when compared to the
aqueous medium. The polypyrrole coating in aqueous medium gave a consistent
response when compared to platinum IPMC. In this presentation mechanical char-
acteristics of the IPMC are also presented.

6168-69, Poster Session

Thermal management of ionic polymer-metal composites
S. Vemuri, K. Kim, Univ. of Nevada/Reno

The main objective of the current research work is to theoretically evaluate 2-D
transient temperature distribution in an IPMC. Most of the prior work on IPMC
concentrated on its ability as an actuator. The effect of temperature distribution
due to applied voltage in an IPMC composite has not been studied earlier and is
the main subject of the current research. In determining the temperature distribu-
tion in IPMC, FEMLAB software was used for modeling purpose. In developing
the model the IPMC is assumed to be at room temperature. Surrounding air tem-
perature and convection due to air are considered in developing the model. Equal
amount of heat flux was applied at the electrodes. In developing the model plati-
num and Nafion are assumed to be in perfect thermal contact. The data obtained
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form the model showed that a maximum temperature rise was seen at the regions
where the heat flux was applied and the rest of the IPMC has shown no significant
rise in temperature. This may has been attributed to Nafion’s very poor thermal
conductivity and very high specific heat capacity. The effect of varying external
surrounding air heat transfer coefficient form 1 to 100 W/m2-K was also studied
on the maximum temperature rise in the IPMC.

6168-70, Poster Session

Muscle-like linear actuator by using ionic polymer-metal
composite and its actuation characteristics
S. Lee, K. Kim, Univ. of Nevada/Reno

IPMC (lonic Polymer-Metal Composite) actuators produce large bending behav-
iors under low input voltages and are flexible enough to be potentially implemented
in biomedical applications. Realizing that natural muscles generate strain and stress
via linear actuation, the bending behavior of IPMC actuator needs to be converted
to linear motion for mimicking natural muscle-behavior. In this study, IPMC was
used for developing muscle-like linear actuator. In the design process, numerical
analysis was utilized to predict free strain and blocked stress of IPMC-made linear
actuators. Large free strain and blocked stress are the most important factors for
the development of artificial muscle. Based on the preliminary analysis results, an
effective linear actuator was successfully fabricated by using IPMC components.
In order to evaluate the performance of the manufactured linear actuator, actua-
tion displacement and force were measured. The measured data showed a good
correlation with the estimated results.

6168-71, Poster Session

Silkworm protein: its possibility as an actuator
H. Jin, S. J. Myung, H. S. Kim, W. Jung, J. Kim, Inha Univ. (South Korea)

In the last ten years, Electro-active polymers (EAP) have received much attention
as aresult of the development of new EAP materials that exhibits a large displace-
ment. This characteristic is a valuable attribute that has enabled a myriad of po-
tential applications, and it has evolved to offer operational similarity to biological
muscles. The potential to operate biologically inspired mechanism driven by EAP
will offer capabilities that are currently considered science fiction. EAP are able to
offer a range of performance and characteristics that may not be reproduced by
other technologies. Therefore, it is certain that EAP materials have, indeed, a prom-
ising future for applications as such biologically inspired actuators thus driving
various mechanisms for manipulation and mobility including microrobots, micro
flying objects and animatronic devices. Recently, silkworm protein received atten-
tion as a possible biologically inspired actuator.

In this paper, the possibility of silkworm protein as an actuator will be examined.
Silk films will be prepared from high concentrations of regenerated fibroin in aque-
ous solution (~8 wt%). Films with thicknesses that ranged 100 to 150 mm will be
prepared for coating electrodes. These cast films will be annealed in water at
room temperature to induce formation of a silk | structure. After that, silkworm
protein actuator will be made by constructing thin gold electrodes on both sides
of the film. When electrical voltage is applied on the electrodes, the silkworm
protein actuator produces bending displacement. Therefore, this paper will de-
scribe the working principle and performance of silkworm protein actuator as an
artificial muscle and its possibility for many applications.

6168-72, Poster Session

Manufacturing and characterization of ionic polymer metal
composites with silver as electrodes
S. D. Pandita, H. T. Lim, Y. T. Yoo, H. C. Park, Konkuk Univ. (South Korea)

In the past decades, ionic polymer metal composites IPMCs have gained a great
deal of interests as actuators and transducers. IPMCs can exhibit large dynamic
deformation under a time varying electric field. The properties of IPMCs are af-
fected by many factors such as cations, solvents, and electrodes. The most widely
used electrodes for IPMCs are platinum metals. At present, non precious metals
such as silver and copper are used only as the secondary electrode. Copper was
employed in the secondary depositing or co-reduction process in order to reduce
the production cost. As a secondary electrode, copper is less likely to contact
with solvent and reactive sulfuric groups in Nafion. The use of silver metals as
primary electrodes for IPMC has not yet been reported. Tollen’s reagent that con-
tains silver cations can be easily synthesized and economically feasible compared
with gold and platinum compounds. Based on the electrochemical oxidation po-
tential, the nobility of silver is in between copper and gold. The electrical conduc-
tivity of silver is the best among gold, copper and platinum. However, silver metal
can be easily dissolved or oxidized in hot concentrated sulfuric acid solution. Sil-
ver can also be dissolved in dilute or concentrate nitric acid solution. In this re-

search, silver metal is investigated as primary electrodes for IPMCs. Silver is de-
posited on Nafion 117(r) by using sodium boron tetrahydrate as the reduction
agent. Silver IPMCs show higher conductivity than Platinum IPMCs. The thick-
ness of the silver electrode from both initial compositing and surface electroding
processes is about 40 microns, which is thicker than the common platinum elec-
trode (about 20 microns). The high conductivity of silver IPMCs certainly gives
better the actuation response. Two types of solvents will be investigated in this
research, namely electrolyte (Li+) solution and ionic liquids.

6168-73, Poster Session

Multiwall carbon nanotube mixed EAPap material for smart
materials
C. Song, S. Yun, S. Bae, N. Wang, J. Kim, Inha Univ. (South Korea)

The paper will present a new Electro-Active Paper (EAPap) made by mixing multiwall
carbon nanotubes (MWNT) with cellulose solution. EAPap material is attractive as
smart materials due to its merits in terms of lightweight, dry condition, large dis-
placement output, low actuation voltage, low power consumption and biodegrad-
ability. However, there are some challenges in EAPap research: force output and
frequency band should be improved. For the sake of this, MWNT is mixed in the
cellulose EAPap material. This approach will enhance not only the mechanical
property but also the electrical property of EAPap material. Cellulose solutions are
made with aqueous and non-aqueous solvents, and MWNT are mixed in them by
sonicating. The mixed solutions are cast into a sheet form by means of spin coat-
ing, dip coating and extrusion as well. Physical, chemical and electrical character-
istics of these sheet samples are examined via X-Ray Diffractogram, NMR, FT-IR,
SEM, dielectric property measurement and conductivity measurement.

The performance of these EAPap materials is tested in terms of tip displacement,
blocking force, electrical power consumption with frequency, humidity and tem-
perature. The weight percent of MWNT is also important in the electrical and me-
chanical properties of the material. High concentration ratio will increase the con-
ductivity while low ratio will bring a functionality as sensors and actuators. Thus,
an optimal weight ratio of MWNT should be investigated to be smart materials.
From the characterization anf performance evaluation results, the actuation mecha-
nism of the new EAPap material will be addressed.

6168-74, Poster Session

Fabrication and characterization of linear motion dielectric
elastomer actuators

J. Koo, H. R. Choi, J. Nam, M. Jung, K. Jung, Y. Lee, Sungkyunkwan Univ.
(South Korea)

One of the most significant advantages for using EAP actuator is that no compli-
cated mechanical component is needed for generating rectilinear motions. How-
ever lack of reliable schemes for assuring controllability of the linear motion pro-
duced by the polymeric material actuators hampers application of them to deli-
cate missions. A new design of dielectric polymer actuators that produce linear
motions is introduced and fabrication process of the actuators is mentioned in the
present paper. A study on the characterization of the fabricated actuators are also
elaborated.

6168-75, Poster Session

Effect of reduction temperature on the electrode formation
and performance of ionic polymer/metal composites
J. Lee, N. V. Khanh, S. Y. Park, Y. Yoo, Konkuk Univ. (South Korea)

lonic polymer metal composite (IPMC) was prepared by deposition of platinum
(Pt) on NafionTM film via electroless plating consisted of sequential Pt cation re-
duction steps. In this study, the effect of temperature in each reduction step was
investigated. XRD study and SEM of cross-sections of IPMC films showed an
increase of Pt density and deposition depth of Pt electrode layer as well as better
surface filling at higher reduction temperature, resulting in improved surface and
ion conductivity. IPMCs prepared at higher reduction temperatures displayed higher
tip displacement, tip force and rate of response. However, some relaxation behav-
ior was observed for IPMC samples prepared at high 1st reduction temperature
during bending experiment, partially attributable to the stiffness of thick Pt elec-
trode. IPMC samples were post-treated via additional gold (Au) coating employ-
ing ion coater and dc sputtering method. In the case of dc sputtering Au polycrys-
tals with the size of 0.5 - 2.5 um was formed. On the other hand much smaller Au
polycrystals were obtained in the case of ion-coating process effectively filling the
gaps between Pt polycrystals. Consequently, the IPMC treated by ion coater dem-
onstrated better performance.
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6168-76, Poster Session

Surface electrode for dielectric elastomer actuator using
carbon nano tube (CNT)

K. Jung, I. Koo, N. H. Chuc, J. Lee, M. Cho, J. Nam, Y. Lee, J. Koo, H. R. Choi,
Sungkyunkwan Univ. (South Korea)

Recently, ElectroActive Polymers(EAPs) are one of the most prospective solutions
among the various kinds of smart materials considered as a novel actuator in the
near future.1 Also, the electrostatically driven soft actuators based on dielectric
elastomer are considered to have high potential to be applicable to practical ap-
plications among the EAPs. As reported in the previous researches, the perfor-
mance of the dielectric elastomer largely depends on the electrical property, es-
pecially dielectric constant, breakdown voltage as well as the mechanical prop-
erty, such as elastic modulus, stress relaxation and viscous damping. Especially,
the softness accompanies by the compliant electrode is prerequisite with high
conductivity. However, the current technologies for the surface electrode does
not satisfy the desired performance due to the degradation of the conductivity on
the actuation. In this paper, we propose the carbon nano tube(CNT) as the ideal
substitute of the existing technologies. Its superior conductivity over the other
materials s.t carbon, graphite is well known, but its application on the dielectric
elastomer has not been discussed yet. According to our current investigations,
the conductivity of the electrode using CNT is almost 10 times higher than the
carbon or graphite. In addition, we has found that charges from the Field Emission
Effect of CNT multiplies the conductivity of the electrode, which makes it possible
to actuate the elastomer using around several hundred volts of input voltages.
Theoretical explanations are given with experimental validations.

6168-77, Poster Session

Viscoelastic studying of conducting polymers using quartz
crystal microbalance

M. Bahrami Samani, P. Whitten, G. M. Spinks, C. D. Cook, Univ. of Wollongong
(Australia)

Application of conducting polymers has been growing widely in different fields
such as batteries, solar cells, capacitors and actuators. Mechanical properties of
conducting polymers like flexibility, high power to mass ratio and high active strain
make them potentially applicable to robotic and automation industries.

Obviously, a dynamic model of actuation phenomenon in conducting polymers is
needed to study its controllability and also to optimize the mechanical perfor-
mance. De Rossi and colleagues suggest treating the mechanical behaviour of
conducting polymers separately from the viscoelastic structural model and elec-
trochemical actuation. But it has been observed that the effects of electrochemi-
cal actuation and diffusion of ions on the viscoelastic coefficients cannot be ne-
glected in some conducting polymer actuators, as shown in [1]. In this paper, we
present the effects of cyclic voltametry actuation on viscoelastic properties of
polypyrrole in propylene carbonate and TMI.TSFI using an electrochemical Quartz
Crystal Microbalance (QCM).

The QCM consists basically of an AT-cut piezoelectric quartz crystal disc with
metallic electrode films deposited on its faces. One face is exposed to the active
medium. A driver circuit applies an AC signal to the electrodes, causing the crystal
to oscillate in a shear mode, at a given resonance frequency. It has been routinely
used for the determination of mass changes. Measured resonance frequency shifts
are converted into mass changes by the well-known Sauerbrey equation. In this
paper, we correlate the admittance output of QCM to the complex shear modulus
of polypyrrole. Then the results of the correlation which contains viscoelastic data
are presented during actuation using two different types of electrolyte. These re-
sults are compared with previous results to show the increased accuracy ob-
tained.

1. Mazzoldi, A., A. Della Santa, and D. De Rossi, Chapter 7: Conducting Polymer

Actuators: Properties and Modeling, in Polymer Sensors and Actuators, Y. Osada
and D.D. Rossi, Editors. 2000, Springer Verlag. p. 207-244.

6168-78, Poster Session

Mutiple electrode patterning of ionic polymer metal
composite actuators
I. Oh, Chonnam National Univ. (South Korea)

The research on the artificial muscle for the implementation of biomimetic actua-
tion becomes a challenging multi-disciplinary topic between science and engi-
neering. The ionic polymer metal composite (IPMC) actuators have been gener-
ally manufactured by using electrode plating of Pt on Nafion film with a chemical
reduction. Those actuators show a single actuation mode because of the same
electrode in top and bottom surfaces. In order to naturally actuate the IPMC ac-

tuator, the pattened IPMC with multiple electrodes should be designed by using
the etching techique and sputtering methods. The etching techique is a simple
way to pattern the pure IPMC manufactured by the chemical reduction. The elec-
trode patterning by using sputtering devices can be made with a precise and
repeatable manufacturing process. Present results shows deformation and force
characteristics of the patterned IPMC actuators according to the etching and sput-
tering techiques. For the purpose of the miniaturation of IPMC actuator, the sput-
tering method is more reasonable regardless of large deformation and actuation
forces, while the etching techique is more reliable for the actuation performance.

6168-80, Poster Session

Application of the Monte Carlo method for creation of initial
models of models of EAP molecules for molecular dynamics
simulation

E. Soolo, J. Karo, H. Kasemagi, M. Kruusmaa, A. Aabloo, Tartu Ulikool (Estonia)

The purpose of this work was to create a routine for creating initial models for
Molecular Dynamics simulations, capable to arrange at least the followings into
simulation cells:

® non-branched polymers,
e branched polymers,

® copolymers,

® nanoparticles,

e solvated salts (ions),

® liquids.

mcgen, a program according to these requirements was written and tested with
polymers like Nafion. The optimal values were found for the control parameters
the Monte Carlo algorithm depends on, such that the program works steady and
fast enough.

Generation features of mcgen allow to:

® generate one or several chains of same or different types;

¢ add sidechains with fixed or random spacing along the main chain;

e insert atoms and ions into the simulation cell before generating the polymers;
* mark given atoms as “invisible” so that those atoms are not checked against

any geometric constraints and will be removed from the simulation cell, if they
happen to be on the way of the growing polymer chain;

e establish geometric constraints (sphere, upper and lower limit on one, two or all
three axes) and generate polymer chains either inside or outside them.36

When comparing the program with Accelrys Materials Studio, a well-known soft-
ware package for materials science, it has been found that Materials Studio is
easier to use and also produces more relaxed model when the simulation cell is
small and sparse. mcgen, the newly created progam however works better under
any of the following circumstances:

e more than 524 monomer units in a molecule of poly(ethylene oxide)

* more than 9500 atoms inside a simulation cell

® necessity for more generation steps than Materials Studio can provide

* when on a limited budget

* when one needs to run many generation jobs with some varying parameters
The mcgen program has been attached to the thesis on a Compact Disc. In order
to provide te users a possibility to adapt mcgen to their specific needs, the progam

has been publicized as open source under the GNU General Public License con-
ditions.

A possible use for the program could be in modelling some fluoro-organic poly-
electrolytes and electroactive polymers, incorporating sidechains, e.g. Nafion R
for investigation of their properties in Molecular Dynamic simulations. The pro-
gram might be supplemented to add possibility fo modelling cyclic polymers and
polymer with crosslinks.

6168-82, Poster Session

Digital pulse activated cell pump
M. Banister, S. Vohnout, Medipacs LLC

A new array based EAP pump is explored with initial results and design consider-
ations. By developing an array of EAP actuators that are digitally addressable and
controlled it is possible to build a pump mechanism with programmable flow rates,
psi, flow direction and multiple flows. This provides fluid flow by having a continu-
ous pump chamber consisting of multiple cells that are actuated to an open or
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closed position. When closed the fluid in the cell is displaced by the actuator and
forced into the next sequential cell that is open. The unique pulse activated cell
array format provides the ability to pump in a programmable x &y axis format.

6168-83, Poster Session

Mesoscopic dynamics of piezoelectric copolymer thin films
D. Roy Mahapatra, R. V. Melnik, Wilfrid Laurier Univ. (Canada)

Polymer semiconductors and their composite variants with significant piezoelec-
tric effect are considered as promising candidates to compete with the silicon
based technologies, especially for applications in bio-medical industry, micro/nano-
scale molecular assembly, and self-sensing-actuating electronic systems. Up to
date, several constitutive models have been proposed in literature for polymer
chains in solvent as they are solidified. When the dynamics is studied, substantial
efforts have been devoted to the analysis of the equilibrium conformations of the
polymer chains and their brownian interactions in a non-Newtonian fluid. At the
same time, it is known that in the solid state, the dynamics of the resulting active
polymer (most often used as thin-film) are governed by the

deformation of the polymer chains that produces electric (or magnetic) polariza-
tion and surface charge. Hence, the resulting charge transport coupled with dy-
namical changes in the conduction band of the polymeric network is of vital im-
portance from the device engineering viewpoint. If the charge transport (generally
defined in terms of transport of the positive charges) in a polymer dominates over
the molecular polarization such polymers are termed as ionic polymers. Our major
focus in this studies is on another category of polymers where the piezoelectricity
dominates the dynamics. Electroactive polymeric blends and copolymers based
on PVDF provide typical examples of these materials where a large electrostriction
(~5%) at ultra high frequencies (~1MHz) may be observed. In this context, a num-
ber of applications have already been reported where interaction of laser and UV
radiation with piezoelectric polymer thin film is of significant interest. In this contri-
bution, we develop a mesoscopic model of the coupled dynamics involving the
time-dependent electromagnetics arising from the interaction of the excitation
source term, nonlinear elasticity arising due to deformation of polymer chains,
and charge transport. In the numerical studies, we consider electron-irradiated
[P(VDF-TrFE)] copolymer, where the Gibbs free energy density is characterized by
an ensemble average of conformational energies of the PVDF chains and interac-
tion energies due to random numbers of Tr and FE doping in the blend. Since
there exist multiple conformational states, the free energy density is homogenized
over a mesoscopic scale. Based on this homogenized free energy density, we
derive a new conservation-laws-based model. Numerical simulations aimed at
identification of electrostriction patterns under different electric fields are also re-
ported.

6168-84, Poster Session

A solid state actuator based on PEDOT/NBR system: effect
of anion size of imidazolium ionic liquid

M. Cho, H. Seo, J. Nam, J. Koo, H. R. Choi, Y. Lee, Sungkyunkwan Univ. (South
Korea)

The fabrication of dry type conducting polymer actuator was presented. In the
preparation of actuator system, nitrile rubber (NBR) was used as a base material
of the solid polymer electrolyte. Thin films of NBR (150 ~ 200 um) were prepared
by compression molding process. The conducting polymer, poly(3,4-
ethylenedioxythiophene)(PEDOT) was synthesized on the surface of NBR by chemi-
cal oxidation polymerization technique, and the room temperature ionic liquids
based on imidazolium salts, 1-butyl-3- methyl imidazolium X [where X= BF4-, PF6-
, (CF3S02)2N-], were introduced into the composite film. The effects of the anion
size of ionic liquids on the actuator-displacement were investigated. The displace-
ment increased with increasing anion-size of ionic liquids. The cyclic voltammetric
responses and the redox switching dynamics of the actuators in different ionic
liquids were studied.

6168-86, Poster Session

Deformation pattern of EAPap bending actuators with
frequency and humidity

Y. Kang, W. Jung, Inha Univ. (South Korea); Y. Park, W. J. Craft, North Carolina
A&T State Univ.; J. Kim, Inha Univ. (South Korea)

Electro-Active Paper (EAPap) made with cellulose is attractive as smart materials
due to its merits in terms of lightweight, dry condition, large displacement output,
low actuation voltage, low power consumption and biodegradability. We have ob-
served a large bending deformation from EAPap actuators in controlled environ-
ment condition when an electric field was applied on the surface electrodes. So
far, based on the cellulose structure and processing of cellulose-based EAPap,

the bending deformation of the actuator is caused by the combination of migra-
tion and the shear deformation of the EAPap material.

To investigate these actuation mechanisms, the deformation pattern of EAPap is
studied under the various parameters. The EAPap material has large portion of
region with disordered cellulose chains as well as the ordered crystal region, and
water molecules including others can be easily detached to hydroxyl groups of
cellulose chains in the disordered regions. When an external electric field is ap-
plied, ions and water molecules can be mobile, and migrated to electrode. This
results in pure bending deformation of EAPap material due to the expansion of
anode or cathode electrode. On the other hand, biopolymers including cellulose
exhibit shear piezoelectricity due to the internal rotation of polar atomic groups
associated with asymmetric carbon atoms. Interestingly, the shear piezoelectric
effect is related with the bending deformation on EAPap actuator. We assume that
this bending deformation caused by shear piezoelectricity in monomorph beam of
cellulose material may not be pure bending shape. We expect that by investigat-
ing the bending deformation pattern, the migration and piezoelectric effects can
be determined. Experimental deformation pattern is studied with different humid-
ity and frequency when the alternating current is applied to the EAPap sample,
and theoretical calculation will be followed.

6168-87, Poster Session

Effect of bending stiffness of the electroactive polymer
element on the performance of a hybrid actuator system

(HYBAS)

T. Xu, National Institute of Aerospace; J. Su, NASA Langley Research Ctr; X. S.
Jiang, P. W. Rehrig, TRS Technologies, Inc.; S. Zhang, T. R. Shout, Q. M. Zhang,
The Pennsylvania State Univ.

An electroactive polymer (EAP)-ceramic hybrid actuation system (HYBAS) was
developed recently at NASA Langley Research Center. This paper focuses on the
effect of the bending stiffness of the EAP component on the performance of a
HYBAS and on theoretical prediction of that performance. For a constant elastic
modulus of the EAP component, the effects of length, thickness, and width of the
EAP component on the bending stiffness were studied. A theory based on rigid-
beam behavior was found to apply above a critical bending stiffness for electron-
irradiated P(VDF-TrFE) copolymer. For example, experimental data and theoreti-
cal modeling agree for a HYBAS with an EAP length to thickness ratio of 375.
However, the beam based theoretical modeling becomes invalid; i.e., the profile of
the HYBAS movement does not follow the prediction of theoretical modeling, when
the bending stiffness is lower than a critical value. In this case, the EAP element
becomes an initially deformed beam. A shell based theoretical model needs to be
developed for this situation.

6168-88, Poster Session

Polypyrrole actuators for micropump applications

J. Travas-Sejdic, P. A. Kilmartin, S. Valiavalappil, J. Hegewald, K. Li, C. Soeller,
G. A. Bowmaker, R. P. Cooney, Univ. of Auckland (New Zealand)

Fluid handling devices are commonplace and traditional engineering approaches
have enabled pumps to meet many needs. However, nearly all pumps involve
‘moving parts’ that generate wear from frictional losses. The problems associated
with pumping small volumes and/or high pressures are also difficult to surmount
from traditional engineering approaches. The aim of this programme is to develop
a polymer-based pump which can be fabricated to move micro-/nano-liter quan-
tities of fluids with precision. Apart from nanotechnology applications, such as
lab-on-chip designs, one possible application of such a pump is within an im-
plantable device which could deliver very small quantities of a highly concen-
trated drug or hormone at a controlled rate.

Conducting polymer materials are attractive for such applications due to their low
voltage operation and the design freedom of the polymeric matrix. Here we will
present our initial results on development of both macro- and micro-scale actuat-
ing elements based on polypyrrole and substituted polypyrroles, including a spiral
polypyrrole single-layer design and out-of-plane micro actuating elements. Stan-
dard electrochemical methods, Raman spectroscopy, electron microscopy and
mechanical-actuating testing techniques are used to evaluate the actuating ele-
ments properties. Preliminary experiments on hybrid conducting polymer/poly-
mer gel actuators will also be presented.

6168-89, Poster Session

New design concept for dielectric elastomer actuators

G. Kofod, Univ. Potsdam (Philippines); S. Bauer, VTT Processes (Finland) and
Johannes Kepler Univ. Linz (Austria); M. Paajanen, VTT Processes (Finland)
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A large number of actuator geometries are known for dielectric elastomer actua-
tors. It is known that pre-strain has a beneficial effect on the actuation output
properties of dielectric elastomer actuators, though actuators without pre-strain
have also been realized and proven to be of value. We would like to present a new
concept for design of dielectric elastomer actuators which draws on conclusions
from both approaches with, and without a pre-straining frame. With this concept,
a large number of new actuator geometries can be visualized, and easily pre-
pared.

6168-90, Poster Session

Electromechanical characterization and modeling protocol
for dielectric elastomer actuators

S. Bauer, VTT Processes (Finland) and Johannes Kepler Univ. Linz (Austria); M.
Paajanen, VTT Processes (Finland)

Dielectric elastomer actuators (DEA) considerably change shape when stimulated
electrically and hold promise as artificial muscles. An electromechanical charac-
terization protocol for DEA’s is developed and tested with the VHB 4910 acryl
elastomer from 3M, where the current - voltage response of the actuator is re-
corded together with the area expansion from video-extensometry until break-
down occurs. The current is a direct measure of the area expansion of the DEA
and can be used to control the actuator. The modeling of the DEA's is based on
hyperelasticity models for elastomers. Minimum requirements for the strain en-
ergy function of dielectric elastomers are derived in terms of the principal stretch-
ing ratios guaranteeing stability against mechanical collapse of the actuator. The
electromechanical characterization and modeling protocol developed may pro-
vide useful guidelines for the selection and assessment of new dielectric elas-
tomer materials.

6168-26, Session 6

Conducting polymer soft actuators based on polypyrrole
films
K. Kaneto, Kyushu Institute of Technology (Japan)

Soft Actuators utilizing electrochemomechanical deformation (ECMD) of conducting
polymer, polypyrrole films are examined in terms of strain, stress, response time,
efficiency and cycle life. The polypyrrole films were prepared in organic electrolyte
of methyl benzoate with an ionic solution of tetra-n-butylammonium
bis(trifluoromethansulfonyl)imid (TBATFSI) with the condition of 0.2 mA/cm2 for 4
h. The conductivity of the film with thickness of 20 micro m was 80-140 S/cm with
spongy morphology. The ECMD strain and stress were more than 26 % and 6
MPa, respectively.

An energy efficiency of ECMD, the ratio of mechanical out put energy to electrical
input energy was estimated. The efficiency was found to be less than 0.2% for the
polypyrrole films prepared with electrolyte of TBACF3SO3/methyl benzoate. The
unexpected small energy efficiency was conjectured to result form the energy
consumption to contract the film by itself.

The improvement of response time and cycle life of ECMD as well as current
application of the soft actuators are shown. Actuation will be demonstrated by
movies.

6168-27, Session 6

Cycling conjugated polymers with different cations
X. Wang, E. Smela, Univ. of Maryland/College Park

Theions present in the electrolyte in which a conjugated polymer actuator is cycled
are known to affect performance. Understanding how force, response time, strain,
etc. are affected by ion size and other ion characteristics is critical to applications,
but is not yet well understood. In this paper, we present the effect of alkali cation
mass on transport velocity and volume change in polypyrrole doped with
dodecylbenzenesulfonate, PPy(DBS), which is a cation-transporting material. Vol-
ume change, measured by mechanical profilometry, was greatest for Li+ and de-
creased in order of atomic mass: Na+, K+, and Cs+. This was expected because
prior studies had shown that the ions are hydrated when they enter the PPy, and
Li+ has the largest hydration shell. lon transport, measured by phase front propa-
gation experiments, was also fastest for Li+, however, contradicting the expecta-
tion that larger species would move more slowly.

6168-28, Session 6

Modeling ion transport in conjugated polymers
X. Wang, B. Shapiro, E. Smela, Univ. of Maryland/College Park

Previously, we presented a model for ion transport in conjugated polymers during

electrochemical reduction. In this paper, we will present an updated model that
includes electron/hole transport, which was neglected in our previous model. This
addition allows the model to take into account the interactions between electron
and ion transport. The result is that reduced material now propagates with con-
stant velocity, consistent with experimental data from polypyrrole doped with
dodecylbenzenesulfonate, PPy(DBS). In addition, the electrolyte has been added
to the model, and as a result the ion concentrations behind the phase front are
better predicted. This addition also allowed us to test the hypothesis that the
experimentally observed saturation of velocity at reduction potentials more nega-
tive than -1.6 V was due to diffusion limitations in the electrolyte. However, the
model predicted ever increasing velocities at higher potentials, telling us that ion
transport in the electrolyte is not the rate-limiting step in that regime. Simply by
varying potentials in the model, simulation results match the experimental data
from PPy(DBS) upon reduction very well.

This year we also present modeling predictions for the electrochemical oxidation
process, running the same model “backwards”. The parameters used for oxida-
tion were inherited from those used for reduction. The results were again consis-
tent with experimental observations. Simulated ion concentration profiles show
no dependence on applied potential and no phase fronts. The reason for the dif-
ference in behavior during reduction and oxidation is that the electric field profiles
within the film are quite different. The model shows that during reduction, the
electric field changes abruptly across the phase front, whereas during oxidation
the electric field varies smoothly across the whole film. The asymmetric initial
states, starting with a conductive oxidized state versus an insulating reduced state,
create these differences.

6168-29, Session 6

Polypyrrole/gold bilayer microactuators: response time and
temperature effects
M. Christophersen, E. Smela, Univ. of Maryland/College Park

Bilayer microactuators of gold and polypyrrole doped with dodecylbenzene sul-
fonate, PPy(DBS), are being developed in our laboratory for several applications.
Last year we presented experimental data and models on the curvature and force
of the actuators. In this paper we conclude our characterization with an investiga-
tion of the response times and the influence of operation temperature.

The bilayers were subjected to potential steps to switch the PPy between the
oxidized and reduced states, and the bending angles were measured with no
loads applied. For PPy film thicknesses between 100 and 4,000 nm, the response
time, or time it took to reach the final bending angle, was a linear function of PPy
thickness (and was independent of Au thickness). Therefore, at these length scales
ion transport is not primarily by diffusion. Electrochemical reduction was approxi-
mately 1.7 times faster than oxidation. The actuation speed or velocity, defined as
the change in angle per unit time, was also examined and found to be different for
oxidation and reduction. The speed in the case of oxidation increased rapidly,
peaked, and then dropped rapidly until the hinge reached the final curvature val-
ues. In comparison, the velocity for reduction increased and then stayed con-
stant. The velocity profiles did not directly follow the current profiles.

The temperature during electrochemical actuation was varied from room tem-
perature to 55 °C. The curvature increased irreversibly by up to 45% at elevated
temperatures. The actuators also became 250% faster. However, the force dropped.
These temperature effects must be considered when deriving design rules for
bilayers used in biomedical applications at body temperatures.

6168-30, Session 6

Fast switching of conjugated polymer films
X. Wang, E. Smela, Univ. of Maryland/College Park

It is important to increase the switching speed of conjugated polymers between
oxidized and reduced states for a wide range of devices, including capacitors,
electrochromic displays, and actuators. In this paper, we present an engineered
conjugated polymer film that responds approximately 100 times faster than a regular
conjugated polymer film. A polypyrrole film doped with dodecylbenzenesulfonate,
PPy(DBS), was electrochemically deposited onto a gold substrate, and then nano-
to micro-scale pores were created in the film. Based on their oxidation/reduction
currents and color changes, films with pores responded much faster than films
without pores. This is consistent with our previous ion transport studies, which
showed that velocities in-plane were much faster than those out-of-plane. Thus,
ions are mainly moving in-plane, even though the transport distance out-of-plane
is much smaller. Such anisotropy is induced by the DBS anions, which layer the
polymer parallel to the electrode surface. Pores allow the cations in the electrolyte
(another fast-transport medium) direct access to these layers.
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6168-31, Session 6

Soft and flexible actuator based on electromechanical
response of polyaniline particles embeded in cross-linked
poly (dimethyl siloxane) networks

P. Hiamtup, A. Sirivat, Chulalongkorn Univ. (Thailand); A. M. Jamieson, Case
Western Reserve Univ.

Electrorheological characteristics of poly (dimethyl siloxane) (PDMS) networks con-
taining camphorsulfonic acid (CSA) doped-polyaniline (PANI) particles were in-
vestigated. Samples were prepared by dispersing fine polyaniline particles into
cross-linked PDMS. Rheological properties of the PANI/PDMS blends were stud-
ied in the oscillatory shear mode in order to study the effects of electric field strength,
crosslink density of the matrix, particle concentration, and operating temperature
on their electromechanical responses. The electrostriction of the blends were ob-
served as a result of an attractive force among polarized particles embedded in
the network. The sensitivity values of blends are defined as the storage moduli at
any applied electric field subtracted by those values at zero electric field, and
divided by the moduli at zero field. They were found to increase about 10-50%
when electric field strength was increased to 2 kV/mm. These moduli values in-
creased with particle concentration and temperature but they decreased with
crosslink density of the matrices.

6168-32, Session 6

Effect of single wall carbon nanotubes (SWNTs) on the
electromechanical response of a polyimide nanocomposite

S. J. Deshmukh, Texas A&M Univ.; C. Call, Virginia Commonwealth Univ.; Z.
Ounaies, Texas A&M Univ.; C. Park, J. S. Harrison, NASA Langley Research Ctr.

The mechanical, electrical, and thermal properties exhibited by single wall carbon
nanotubes (SWNT) provide strong motivation for their use in composites to de-
velop multifunctionality. SWNTs have been investigated as ionic actuators, but
their study as inclusions in the dry state for the purpose of actuation has been
limited. The polyimide matrix in this study is non-polar and does not exhibit elec-
tromechanical coupling in the pristine condition. Addition of SWNTs as inclusions
creates an electromechanical coupling, along with enhanced structural reinforce-
ment and electrical properties, rendering

The SWNT polyimide composite is processed using in-situ polymerization under
sonication, to obtain a composite with uniform dispersion. Electrical conductivity
and dielectric constant values are calculated at different SWNT concentrations
and at different frequencies (20 Hz - 1 MHz). A percolation transition is observed
at 0.05 vol% SWNT loading. Figure 1 shows the conductivity of the composite at
different SWNT loading. There is a sharp increase in the conductivity at 0.05
vol%:;this is indicative of a percolation transition. Also, the conductivity increases
with frequency up to 0.05 vol% SWNT concentration. Above it, conductivity re-
mains constant with frequency thus indicating a change in the nature of the com-
posite from an insulator to that of a conductor.

Thin strips of the sample of thickness around 50 microns are tested using DC and
AC electric fields as stimuli. The sample strip is suspended vertically as a cantile-
ver and a voltage is then applied through the thickness. The strip bends and its
bend increases with an increase in the applied voltage. For DC voltage, bending is
observed in the same direction, regardless of the polarity of the voltage. The ex-
tensional strain is calculated from the tip displacement, modeling the bent strip as
a cantilever beam under a uniformly distributed load. In this case, the length ex-
tensional strain (S ) is given in terms of the tip displacement (w), the thickness of
the strip (t) and the length of the strip (I) by -

S=2wt/1h2 (1)

Figure 2 shows the dependence of the strain on the electric field and SWNT load-
ing.

The strain increases with the electric field and with SWNT loading until 1vol%.Above
1vol%, a slight decrease in the strain is seen. When plotted against the square of
the electric field, the strain data shows a linear trend. These quadratic fits are also
shown in Figure 2. Based on the experimental data, the actuation mechanism
proposed is bending electrostriction, which is due to quadratic non-linear electro-
mechanical coupling in the material. The electrostrictive strain is given by:

S13=(M1333)E3/2
=(Q1333)P312
=£0/72(¢33-1)72(Q1333)E3"2 (2)
Where,
S13 = length extensional strain
M1333= coefficient of electrostriction related to the electric field
E3= electric field applied across the thickness of the strip

Q1333= coefficient of electrostriction related to the polarization
P3= polarization vector

¢33= dielectric constant

¢0= permittivity of vacuum

The electrostriction coefficient related to electric field, M1333 is thus calculated
and the effect of SWNT loading on the coefficient is studied. The strain rate as a
function of time is calculated and compared at different SWNT loading.

The three main observations with the DC test are; 1) The strain is proportional to
the square of the electric field. 2) Strain increases with the increase in the SWNT
concentration until 1 vol%. 3) It shows a slight decrease above 1 vol%, indicating
a plateau in the strain as a function of SWNT content. Similar observations are
made by carrying out experiments using AC field. Calculations for electric field in
this case are carried out using the peak-to-peak voltage.

The increase in the dielectric constant with SWNT concentration can account for
the reason why the electrostrictive strain increases with increase in concentration.
The electrostriction coefficient related to electric field depends on the dielectric
susceptibility of the dielectric material and hence the dielectric constant, which in
turn increases with an increase in SWNT concentration. This relationship can be
inferred from Figure 1 and Equation (2). This also accounts for why the strain
plateaus after reaching a certain concentration, as similar behavior is also ob-
served for dielectric constant (Figure 1).

In summary, actuation is observed and measured above the percolation threshold
where the composite behaves as a conductor. Also, based on the actuation mea-
surements under DC and AC field , it can be concluded that the addition of SWNTs
in the polyimide gives rise to an electromechanical coupling in the nanocomposite.
The actuation mechanism observed is electrostriction, which increases with the
increase in the SWNT concentration up to a certain concentration. Above this
value a slight decrease is observed in the strain indicating a plateau in the behav-
ior.

6168-33, Session 7

Modeling of charge transport and electromechanical
coupling in ionomeric polymer transducers
D. J. Leo, Virginia Polytechnic Institute and State Univ.

Recent work by our group has demonstrated that a one-dimensional transport
model combined with an electromechanical coupling model can predict the step
response and harmonic response of ionomeric polymer transducers. The trans-
port model is solved using a discrete approximation to the nonlinear transport
equations. The result is a computation of the volumetric charge density as a func-
tion of space and time. The localized stress is assumed to be a summation of a
linear function of volumetric charge density and a quadratic function of volumetric
charge density. Measured step response date illustrates that the current discharge
of the polymer can be accurately modeled by determining the diffusion coefficient
and permittivity of the ionomer substrate. Accurate simulation of the current dis-
charge allows computation of the harmonic electrical impedance of the trans-
ducer subjected to sinusoidal voltage excitation. Correlation of measured imped-
ance response with simulation demonstrates that the model is able to adequately
predict the trends in the peak-to-peak current amplitude as well as the phase
between the applied voltage and induced current. The model of localized stress is
incorporated into a beam mechanics model and measured data is compared with
predictions of the bending strain for a step change in voltage and a harmonic
voltage excitation. Comparisons of predictions with measurements demonstrate
that the model accurately predicts the trends associated with the peak-to-peak
strain over two decades of frequency response (0.1 Hz to 10 Hz) and the ampli-
tude of the strain output to a step change in voltage. Most importantly, the step
response data clearly illustrates the need for a linear and quadratic relationship
between volumetric charge density and induced stress. A linear relationship be-
tween these two parameters would not be able to capture the nonlinearity in the
strain output as a function of step voltage potential. These results demonstrate
that a one-dimensional transport model coupled to an electromechanical model
of localized stress generation can produce an accurate static, quasi-static, and
harmonic response model for ionomeric polymer transducers.

6168-34, Session 7

Fluid interaction of segmented ionic polymer-metal
composites under water

D. Dogruer, K. Kim, Univ. of Nevada/Reno; W. Yim, Univ. of Nevada/Las Vegas
The numerous potential applications of lonic Polymer-Metal Composite (IPMC) as

an underwater propulsor have lead to the investigation of the IPMC behavior in an
aqueous environment. This study compares the performance of the IPMC when
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subjected to fluid drag forces to its performance without such forces. Both the
form (i.e. pressure) drag and the viscous (i.e. skin friction) drag forces experienced
by the IPMC due to the surrounding liquid are modeled. These forces are incorpo-
rated into an existing analytical model of a segmented IPMC which adequately
models the relaxation behavior of the IPMC. The hydrodynamic model developed
is 2-dimensional. The maximum IPMC deflection and amount of relaxation pre-
dicted for agueous and non-agqueous environments are compared. IPMC material
properties are also varied to determine the effect on the IPMC performance. Re-
sults from this model are used to assess the suitability of the IPMC for underwater
use.

6168-35, Session 7

Electro-chemo-mechanical interpretation of ionic polymer-
metal composites electroded with Pt, Au, and conducting
polymers

D. Kim, K. Kim, Univ. of Nevada/Reno

The necessity of selecting a reliable electrode-material for lonic Polymer-Metal
Composites (IPMCs) is well recognized. Known electrode-materials of current in-
terest include platinum, gold, and conducting polymers. Until now there has been
few studies on electrochemical behaviors of the electrode-surface of IPMC. In
general, the electrochemical reactions under imposed electric fields cause the
variation of resistance and capacitance of IPMC and, thus, lead to the changes in
the bending profile of IPMC. This paper describes the electro-chemo-mechanical
interpretation of the electrode made with Pt, Au, conducting polymer, and hybrid
systems of interest—Pt/Au, Pt/conducting polymer, etc. The conventional elec-
trochemical analyses including voltammetry, electrochemical impedance spec-
troscopy, and capacitance measurements on the electrode surface were carried
out in aqueous and non-aqueous solutions, respectively. The redox behaviors over
a wide potential range were measured by the cyclic voltammetry method. The
experimental results recommend the selection of appropriate electrode materials,
solvents, and operation conditions.

6168-36, Session 7

Multifields responsive ionic polymer-metal composite
I. Park, K. Kim, D. Kim, Univ. of Nevada/Reno

We first report the successful development of an lonic Polymer-Metal Composite
(IPMC) which exhibits both magnetic and electrical responses. Such IPMCs were
fabricated with precipitated iron oxide particles within the ionomer matrix using an
appropriate iron salt reduction technique. We found that the precipitation of iron
oxide within a Nafion membrane induces a good magnetically responsive behav-
ior of IPMC. The SEM cross sectional view of particle precipitated (ppted) layer
was measured along with EDS. Also, the vibrating sample magnetometry of ppted
iron oxide/Nation was performed to verify the paramagnetic characteristics of the
fabricated IPMC. The ppted layer was approximately 2.5 um. We observed that
the iron oxide was well formed at the outer layer of IPMC. It should be noted that
the ppted iron oxide/Nafion IPMC inherently shows fast oxidation that often causes
high electric resistance.

6168-37, Session 8

Effect of nanoparticulate fillers on the deformation behavior
of nafion-based IPMC
N. V. Khanh, J. Lee, H. T. Lim, Y. Yoo, Konkuk Univ. (South Korea)

Incorporation of small amounts (3-7 wt%) of nano-particles such as layered sili-
cate, silica, and CNT may greatly alter some important mechanical and electrical
properties of Nafion matrix. These fillers can be easily modified and functionalized
to implement unique properties for the performance of IPMCs. Our recent study
indicates that Nafion/MMT, Nafion/silicates composites can be prepared with nano-
scale dispersion. Most of IPMCs based on Nafion nanocomposite exhibit improved
displacements and blocking forces compared to pure Nafion based IPMC. Due to
the barrier property and hygroscopic nature of silicates, water loss of IPMC under
dc voltage is greatly reduced, which is significant in term of IPMC performance
durability. In the case of Nafion / layered silicate nanocomposite, however, re-
sponse is slow due to the barrier effect of the clay platelet; while in Nafion / silica
and Nafion / CNT systems, response rate is comparable with that of conventional
IPMC. Improvement in mechanical properties and relaxation was achieved with-
out any significant loss of other important properties.

6168-38, Session 8

An analysis of increase of bending response in IPMC
dynamics given uniform input

K. Takagi, The Institute of Physical and Chemical Research (Japan); N.
Yoshihiro, National Institute of Advanced Industrial Science and Technology
(Japan); Z. Luo, T. Mukai, The Institute of Physical and Chemical Research
(Japan); M. Yamamura, Y. Hayakawa, Nagoya Univ. (Japan)

lonic Polymer-Metal Composite (IPMC) can operate in water by specifying low
voltage, therefore it is a hopeful actuator for underwater robots. Many underwater
swimming robots are controlled to mimic fin motion of living creatures because it
gives a high propulsive efficiency. Living creatures such as snakes, rays, or squids
can swim by generating progressive waves on their bodies or fins.

When such living creatures swim in water, amplitude of oscillatory motion increases
from forward to backward along their swimming direction. It is also found from the
locomotion of swimming robots using IPMC as their actuators that, although we
specify the same amplitude of driven voltages to each unified IPMC unit, the re-
sultant bending amplitudes along the fin’s progressive wave change from small to
large along the robot’s moving direction. In contrast to the conventional underwa-
ter robots using geared motors, the robots using IPMC have soft bodies and their
control variables are moment instead of deflection. In other words, the swimming
robots using IPMC are usually controlled by voltage which is related to the mo-
ment. The phenomenon of increasing amplitude of bending response naturally
appears in spite of uniform moment input. This may also imply that the living
creatures control only their bending moment instead of their shape of motion.

In order to analyze the phenomenon, it is necessary to model the dynamics of the
robot. Furthermore, modeling of the dynamics will be essential in order to design
the optimal control input or/and the optimal shape of the fin for a control objec-
tive. Modeling is also important to understand the swimming form of living crea-
tures.

In this paper, we first propose a deflection model of IPMC using Euler-Bernoulli
beam theory. The model described by a linear partial differential equation can
represent the dynamics of the deflection which is perpendicular to the direction of
the propulsion. Equivalent inertial and viscous forces are considered although fluid
mechanics is not used. The solution of the model can be obtained by eigenfunction
expansion technique. The envelope curve can also be drawn by the obtained
solution. Secondly, we measure the dynamic shape of snake like robot using IPMC
in the experiment. A laser device and a video camera are used to capture the
motion. The captured image is processed and is fitted by a series of the
eigenfunctions. Simulation is also performed to compare with the experiment. Its
result reappear the same phenomenon. Finally, we conclude with a summary and
some notes on the relevance of the model.

6168-39, Session 8

Characterization and dynamic modeling of IPMC ‘artificial
muscles’
A. Mudigonda, J. Zhu, Ohio Univ.

This paper deals with the characterization and dynamic modeling of the lonic
Polymer Metal Composite (IPMC) ‘artificial muscle’ materials. Using indigenously
constructed data acquisition system made for measuring small forces, displace-
ments and currents, experiments were performed to characterize the behavior of
two types of IPMCs. Environmental Robots, Inc. (ERI) was the initial vendor and
its IPMC products required hydration for optimal performance. Virginia Polytech-
nic Institute and State University (Virginia Tech, VT) subsequently developed their
innovative ionic solvent filled IPMCs that obviated hydration. Static tests were
conducted to characterize force, displacement and current as a function of ap-
plied voltage. Dynamic tests were conducted to observe the frequency response
of the material. Fatigue tests were performed on the ERI IPMCs to observe the
change in behavior over time. It was found that the VT IPMCs had a bandwidth
that was almost half that of the ERI product. However, the obviation of hydration
of the VT’s IPMC ensured the repeatability of performance and generated increased
force densities.

6168-40, Session 8

Degradation mechanism of ionic polymer actuators
containing ionic liquids as a solvent
S. D. Pandita, H. T. Lim, Y. T. Yoo, H. C. Park, Konkuk Univ. (South Korea)

lonic polymer metal composites (IPMCs) have been widely studied because they
exhibit an actuation phenomenon at relatively low applied voltage. Currently, wa-
ter is used as solvent for the actuation process. However, water has some limita-
tions. Water easily evaporates at the ambient temperature and is hydrolyzed at
1.22 volt. As a result, IPMCs with water have poor performance in dry environ-
ment. lonic liquids are organic compounds which exhibit extremely low volatility,
large electrochemical window, good conductivity, and excellent thermal stability.
lonic liquids have been recently introduced to replace water for IPMCs. The im-
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pregnation process was carried out by immersing ionic polymers in the mixture of
ionic liquids and alcohols. Alcohols were required as a carrier since ionic liquids
are hydrophobic whereas ionic polymers are hydrophilic. It is shown that the dura-
bility of IPMC with ionic liquid as solvent increased significantly. However, during
the impregnation process, ionic polymers demonstrated a large swelling resulting
in lower surface conductivity and hence give lower actuation performance. In this
research, the surface conductivity of IPMC with ionic liquid as solvent is imple-
mented by employing a gold coating after the impregnation process. Nafion (r)117
with platinum electrodes and 1-Ethyl-3-methylimidazolium trifluromethanesulfonate
(ionic liquid) were used in this study. During the actuation process, some ionic
liquids was squeezed out and accumulated on the surface particularly at relatively
high voltage (3 V) and high frequency (more than 1 Hz). Consequently, ionic liquids
inside the ionic polymer depleted. Polyurethane coating was employed in order to
minimize the solvent loss. In this paper, the actuation response, durability and the
degradation behavior of the ionic polymers with ionic liquids will be reported.

6168-41, Session 8

Fabrication and characterization of linear-moving in-air
ionic polymers actuators with design and motion simulation
tools

J. Citerin, A. Kheddar, Univ. d’Evry-Val d’Essonne (France); F. Vidal, C. Chevrot,
D. Teyssié, Univ. de Cergy-Pontoise (France)

Among electroactive actuators, ionic actuators (such as conductive polymers and
IPMC) have several advantages (softness, low actuation voltages, high deforma-
tions) but also drawbacks (they need a solvent, and their classical beam-shape
exhibits bending movements only).

In this paper, we will evaluate the performances of a fabrication method which
was conceived to devise EAP actuators working in air and producing a linear
motion rather than a bending one. The reference materials with which we worked
are the interpenetrated polymer networks with conductive polymers (IPN-CP) which
are made following Vidal’s procedure. Nevertheless, several elements of this study
can be extended and adapted for IPMC-based EAP, which can be fabricated fol-
lowing a similar technique to the hereafter presented one.

In Vidal’s procedure, an elastic polymer film which is made from several interpen-
etrated polymers is prepared in a first step. Then, a liquid monomer is introduced
and will be polymerized in a second step, to form a conductive polymer which is
interpenetrated in the film. This polymer forms at the surfaces of the film, which
then become electroactive electrodes. This polymerization, which creates the
electroactive parts, can be controlled independently.

The use of this property enabled us to make inhomogeneous polymerizations at
the surface of IPN-CP, to obtain a material with both polymerized and not-poly-
merized areas in the same material. Thus, there will be both electroactive zones,
which are deformed under a voltage, and not-electroactive zones, which are elas-
tic. Subsequently, obtained actuators can have various shapes that engender sev-
eral appropriate motions (which are very different from classical bending ones).

We conceived 3D computer simulation software of the movement and the me-
chanical behavior of the actuators, which is based on finite-element simulation
methods. It allowed us to predict the movements of the actuators as a function of
their shape and of the layout of polymerized areas. Thanks to the simulation, we
show that the polymerization of clearly defined areas enables us to obtain linear
movement actuators, with, moreover, a possible integration of the power supply
wiring. However, inhomogeneous polymerization leads to high mechanical stresses
during the fabrication, between polymerized rigid areas, which inflate during the
process, and not polymerized soft areas, which inflate at first and then go down,
during the process. Consequently, masks techniques cannot be used to control
the polymerization layout.

We show how it was possible to solve this problem thanks to well-controlled
contactless injections of polymerizing agents. We designed a dedicated “robot”
that we will present, to perform accurately this tricky step, with a precise control
of the polymerization locations and time.

We present several linear and air moving actuators that were obtained this way.
Their performances (force, displacement, speed) as a function of the voltage will
be presented and compared to simulation results for each of these non-homoge-
neously polymerized actuators.

6168-42, Session 8
Characterization of IPMC actuators using standard testing
methods

D. Fernandez, R. Espinosa de los Monteros, L. Moreno, J. Baselga, Univ. Carlos
Il de Madrid (Spain)

In response to a clear need, the EAP (Electroactive Polymer) research community
has just started to work on a standard test methodology to characterize EAP ac-
tuators. A very general test methodology for EAPs, covering the characterization
procedures for extensional and bending actuators was recently presented by an
international working group.

In the present work, well known IPMC samples are charecterized following the
proposed standard test methodology. Aldo, additional tests, not covered by the
preliminary standard are included. These tests are conducted using the EAP Unit
Tester, a test bench specifically designed for the characterization of EAP actua-
tors. Rather than presenting new material’s results, the paper focuses on the in-
strumentation, procedures and form of presenting results.

Although the paper is focused on IPMC the method can be extrapolated to other
bending actuators such as those based on conducting polymers or carbon
nanotubes.

6168-43, Session 9

From smart implants to soft robots: the hope and hype of
artificial muscles

S. Rajagopalan, Ecole Polytechnique de Montréal (Canada) and McGill Univ.
(Canada)

Artificial muscles were supposed to bring about a revolution in robotics and pros-
thetics, yet more than a decade later, the science continues to lag behind the
hype. With the research community still grappling with fundamental issues, no-
tions like brain-controlled artificial muscles, snake-like robots or actively-controlled
flexible structures will remain confined to laboratories for a long time to come.
Clearly a paradigm shift is needed to break this scientific stalemate.

Part of the solution would be to adopt a holistic, systems approach to designing
artificial muscles. Design of artificial muscles ought to go hand-in-hand with the
design of an appropriate control and feedback system, much like the nerve fibers
that control muscle contraction. Secondly, we would need to move away from
monolithic structures to design modular, hierarchical structures, akin to biological
muscles - while allowing for discrete control of individual actuating units. The
ultimate objective would be to mimic “turn-over” or the renewal and repair of
biological materials.

This paper addresses some of these pressing challenges with work carried out by
the author toward an integrated neuromuscular implant. Here, through electro-
chemical synthesis, the electron-conducting properties of polypyrrole are com-
bined with the ion-mediated actuation of sodium polyacrylate to create a control-
lable actuator. Biomechanical measurements in simulated physiological fluids bear
striking resemblance to biological muscles. The polypyrrole interface has been
shown to capture electric signals from nerve fibers and can potentially be part of
anerve-responsive artificial muscle. Feedback is provided by the ion outflow from
the polyacrylate gels during stretching and contraction. The integrated implant
displays muscle-mimetic properties in-vivo.

Also, as part of the new biological motors program sponsored by DARPA, an eel-
like robot is under development. Here ion exchange membranes are combined
with charged hydrogels to create undulating motion through charge migration
across the material. Polypyrrole is added both to improve ionic conductivity and
for use as flexible electrodes. Many of the same issues affecting the neuromuscu-
larimplant come into play when designing soft robots - including distributed, adap-
tive control systems and modular vs. monolithic designs.

6168-44, Session 9

Buckling dielectric elastomer actuators and their use as
motors for the eyeballs of an android face
F. Carpi, G. Fantoni, P. Guerrini, D. De Rossi, Univ. di Pisa (ltaly)

The FACE (Facial Automaton for Conveying Emotions) project in course at the
Interdepartmental Research Centre ‘E. Piaggio’ of University of Pisa is aimed at
developing an android face endowed with dynamic expressiveness and artificial
vision. The bionspired approach behind the development of this system foresees
the adoption of electroactive polymers as pseudo-muscular actuators to provide
motion to the skin of FACE, as well as to its eyeballs. The eyes of such a human-
like automaton, and in particular the achievable movements of them, play a rel-
evant role for the ‘believability’ of the overall system, and thus of its effectiveness,
as well as for the performance of the embedded artificial vision. This work pre-
sents preliminary results related the actuation of the FACE eyeballs by means of a
new type (buckling) of dielectric elastomer actuator. This kind of actuator oper-
ates with out-of-plane unidirectional displacements. It is similar to the diaphragm-
type one, with the difference that the necessary pre-deformation is enabled by an
underlying hemispheric support, instead of pressurised air. One silicone-based
buckling actuator was connected to a plastic eyeball of FACE via a tendon-like

SPIE e Smart Structures and Materials/NDE e spie.org/events/ssmnde e Tel: +1 360 676 3290 e spie@spie.org 111



Conference 6168: Electroactive Polymer Actuators and Devices (EAPAD)

wire, in order to enable unidirectional rotations. Relative out-of-plane displace-
ments of the actuator larger than 50% were achieved and used to provide rota-
tions up to 13 degrees.

6168-45, Session 9

Activation of dielectric elastomer actuators by means of
human electrophysiological signals
F. Carpi, D. De Rossi, Univ. di Pisa (ltaly)

The assessed high electromechanical performances of dielectric elastomer ac-
tuators are encouraging the study of possible future applications of such devices
for active prosthetic systems for humans. Although the high electric fields cur-
rently needed for their driving prevent today a short-term use in endo-prostheses,
their adoption for eso-prostheses can be considered more realistic. Exoskeletons
for improving muscular performance in specific tasks or for rehabilitation are ex-
amples of possible fields of investigation. In parallel to a necessary technological
development towards materials and devices capable of improved performances
at reduced fields, the study of such applications requires even the identification of
suitable strategies of activation and control. In particular, actuators for prostheses
or exoskeletons may take advantage from the possibility of being activated by
electrophysiological signals. This would consent advantageous body’s controls of
the artificial system. In this context, this work presents activities carried on to
achieve such a goal. Activations of silicone-made dielectric elastomer actuators
by means of different types of electrophysiological signals opportunely elabo-
rated are presented and discussed.

6168-46, Session 9

An MRI-compatible tactile display device based on IPN-CP
pastille-shaped actuators
J. Citerin, A. Kheddar, Univ. d’Evry-Val d’Essonne (France)

Nowadays, thorough psychophysical and neuroscience studies to better under-
stand the human haptic modalities require functional MRI (fMRI) investigations.
Subsequently, MRI-compatible haptic display technology is necessary to stimu-
late human skin parts in a controllable manner and at different locations. Haptic
devices used to display kinesthetic or tactile stimuli, require actuators. Stimula-
tion of human tactile mechanoreceptors is made classically through matrix ar-
ranged actuated pins. Existing efficient actuators technology for tactile displays is
based on electromagnetic technologies, like electrical motors. But, IRM techniques
require very high magnetic fields making classical actuation technologies useless
for those studies.

The use of artificial muscles based on electro-active polymers is proposed as an
alternative to conceive a tactile display. Therefore, this paper presents an MRI-
compatible tactile display prototype that has been conceived based on our past
experience in haptics and EAP. The tactile display is also designed as 3A~3 ma-
trix-arranged pins. Each pin is actuated independently and in a direct way (i.e. no
intermediary motion or force amplification mechanism is used).

Each actuator is based on the IPN-CP actuation technology, i.e. it is made of an
Interpenetrated Polymer Network as solid polymer electrolyte, and conducting
polymer, interpenetrated with the electrolyte, as electrodes and electro-active parts.
In previous papers, we have achieved a complete characterization of such actua-
tors. Actuators have a pastille shape with an additional integrated power supply
canal, which is also made of IPN-CP. This shape has been chosen to enable a
linear actuation instead of a bending one, and to permit to place the external
electrodes far from the actuation center, to prevent them from reducing the actua-
tion strength. The pin is placed at the center of the pastilles (of circular form)
which transform into semi-spherical forms after actuation. In this way the forces
are concentrated on the highest point of the semi-spherical pastille (positive volt-
age). The total achieved length is nearly the diameter of the pastille if negative to
positive voltage are applied.

Actuators dimensions were chosen so that the force is sufficient to be well per-
ceived by the human haptic modality. In this first prototype, each actuator has a
10mm diameter. The current supply canal dimensions were chosen so that the
mechanical resistance of the canal is the best possible, without being too large, to
prevent bad actuation performances. Additional studies concerning the response
of the actuator element, as a function of various relevant parameters (voltage,
control signal shape, actuation time, external stresses, etc.), have been performed
to evaluate their performances (force, displacement, speed). We studied also the
open-loop and closed-loop control of the actuator. We investigate which control
laws are the most efficient to increase the performances of the actuators, which
have a response that is strongly non-linear with the voltage.

This paper discusses also other parts of the haptic display, namely: its mechani-
cal design (contacts, wiring, external electrodes, force conveying pins, mechani-

cal guides, etc.) and its driven electronics design as well (control, amplification
and addressing circuits). We present its working principle and its global perfor-
mances during preliminary actual use.

6168-47, Session 9

Modeling of ionic polymer-metal composite (IPMC) beam on
human tissues
L. Zhang, Y. Yang, Nanyang Technological Univ. (Singapore)

lonic polymer-metal composite (IPMC) is a type of wet electro-active polymers
(EAP). It consists of a thin polyelectrolyte membrane and a type of noble metal,
such as gold and platinum, chemically plating 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 bending. Thus, the IPMC can sever as
both actuators and sensors. Although some theoretical and empirical models have
been developed to account for the electromechanical behavior of IPMC, the ac-
tuation mechanism of IPMC has yet been fully understood. Nevertheless, research
on applications of IPMC has attracted considerable attention from various
disciplinaries. IPMC offers many advantages over the conventional EAP materi-
als, such as compliance, light weight, low operation voltage and capability of
working in aqueous environments. These properties make it promising for numer-
ous applications in biomedical, naval, robotic and microelectromechanical sys-
tem (MEMS) engineering. One of the important applications of IPMC is biomedical
related instruments which contact with human organs or tissues such as artificial
ventricular muscles, surgical tools and active scleral bands. The configuration of
IPMC materials could be in various forms including bands, rings and beams.

Since IPMC materials are generally expected to work in a vibration state, it is
necessary and meaningful to investigate their dynamic behaviors. However, in the
literature, little research has been reported to investigate the dynamic behaviors
of IPMC materials. In this paper, an analytical model is developed to depict the
vibrational response of a simply-supported IPMC beam resting on an elastic foun-
dation under alternative electric fields. The elastic foundation is employed to simu-
late the effect of human tissues. Nemat-Nasser’s hybrid actuation model is incor-
porated in the motion equation with modifications to account for the applied alter-
native electric field. A closed-form solution is obtained to describe the transverse
vibration of the IPMC beam to the command of an applied electric field. Based on
this solution, the pressure generated on human tissues is calculated by numerical
integration. Preliminary experimental test is conducted to verify the displacement
solution. A light-weight accelerometer is used in the experiment to obtain the
displacement of certain point on the beam. Comparison shows that the theoreti-
cal model is in good accord with the experimental data. The developed model is
useful not only for the biomedical devices that employ IPMC materials but also for
any other applications that utilize the vibration of IPMC materials.

6168-48, Session 9

Packaged Au-PPy valves for drug delivery systems
H. A. Tsai, K. Ma, J. V. Zoval, L. Kulinsky, M. J. Madou, Univ. of California/Irvine

The most common methods for the drug delivery are swallowing pills or receiving
injections. However, formulations that control the rate and period of medicine (i.e.,
time-release medications) are still problematic. The proposed implantable devices
which include batteries, sensors, telemetry, valves, and drug storage reservoirs
provide an alternative method for the responsive drug delivery system. Using this
device, drug concentration can be precisely controlled which enhances drug effi-
ciency and decreases the side effects. In order to achieve responsive drug deliv-
ery, a reliable release device (e.g., a valve) has to be developed. Biocompatibility,
low energy consumption, and minimized leakage are the main requirements for
such release method.

In our previous work , the valves feature a bi-layer structure where one layer is a
thin metal film, functioning as a structural layer and a working electrode, and the
other layer is a polypyrrole (PPy) film electrochemically deposited on the working
electrode. The actuation mechanism of the valve 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 to bend resulting in the opening and closing of
the valve. The voltage applied for actuation is less than 1 V and the current is
lower than 1 mA for an actuator with a flap area of 0.04 mm2. Although we have
demonstrated that the valve can be opened and closed repeatedly by cycling the
voltage between negative and positive values, there is a need to prevent valve
blockage by muscle or tissue. Therefore, a protective device packaging is re-
quired.

In this work, we propose a novel idea to simultaneously fabricate the device reser-
voirs as well as protective packaging. A piece of poly dimethyl siloxane (PDMS)
with an array of reservoirs has been molded and sealed on the substrate to cover
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the flap valves. The PDMS chip can serve as the package to shield the valve from
outside environment and it can also function as the reservoirs to store the thera-
peutic 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. Then current tends to plateau. It is believed that this novel fabrication
approach can be profitably extended to the new generation of the drug delivery
devices.

6168-49, Session 9

Developing multilayer dielectric elastomer actuators for
augmenting human movement

E. P. Calius, Industrial Research Ltd. (New Zealand); E. Hillenmeyer, T. McKay, |.
A. Anderson, Univ. of Auckland (New Zealand)

Developments in smart materials based on electro-active polymers (EAP) are ex-
pected to provide a basis for the development of new artificial devices that supple-
ment natural muscle, such as wearable exoskeletons. However, many challenges
still remain on the road to practical applications.

The goal of this research is to develop low-profile, flexible, body-shape conform-
ing actuator designs suitable for integration into a glove-like exoskeletal device.
Its purpose is to provide some gripping assistance to people with disabilities rather
than augmenting normal human strength. This work is part of a larger program on
assistive devices for the disabled, which for this application is those with certain
cervical spinal cord and brain injuries as well as degenerative muscular/neurologi-
cal conditions such as multiple sclerosis. A power-assisted glove or Smart Grip
that enables certain types of lightweight manipulation requires relatively small ac-
tuation forces yet can have a large impact on the quality of life and care require-
ments for these patients. Although a number of pneumatic or mechanically actu-
ated hand orthoses have been developed, they are generally quite obtrusive and
have low rates of user adoption.

Because of their solid-state nature, large strain and energy density capabilities,
dielectric elastomers (DE) are among the most promising of EAP materials. The
successful implementation of DE-based devices depends in part on the develop-
ment of actuation arrangements that convert Maxwell pressure and dielectric de-
formation into the desired motions and forces. Strain levels compatible with artifi-
cial muscle function are well within the capabilities of acrylic and silicone dielec-
tric elastomers, but the low elastic modulus of these materials means that a multi-
layer assembly is needed in order to achieve significant forces. A laminated con-
struction also allows the required driving voltages to be reduced, which is an im-
portant consideration for wearable applications.

This paper presents results for experiments in active and passive characterization
of single and bilayer dielectric elastomer actuator specimens with different elec-
trode films. These results are compared with the predictions generated by both
conventional and meshless finite element dynamic models that include the
hyperelastic and stress relaxation behavior of the material, and also investigate
their performance under the large strains implicit in this application. The scale
effect of multiplying the number of layers while varying their thickness is exam-
ined through analysis. These modeling methods are then used to study the design
of small-diameter anisotropic cylindrical DE actuator configurations that could be
incorporated easily and unobtrusively in a glove. This cylindrical configuration is
believed to be novel for EAP actuators, and preliminary design results and risk
reduction tests are presented.

6168-59, Session 10

Modeling of EAPs as multiple energy domain systems: a
bond graph approach
B. Yi, Hanyang Univ. (South Korea); I. Busch-Vishniac, Johns Hopkins Univ.

Electro-Active Polymer (EAP) actuators inherently involve energy flow in multiple
energy domains: mechanical, electrical, and at times, chemical and thermal. How-
ever, a complete predictive model explaining the behavior of EAPs has not yet
been reported because of their complexity, particularly regarding the coupling
phenomena between several energy domains. In this paper, we develop a model
of EAPs suitable for dynamic simulations. The model uses bond graph methods
as bond graphs are particularly appropriate for systems with multiple energy do-
mains. Specifically, we develop a bond graph model for a conjugated polymer
that behaves as an extensional electrolyte storage actuator using one cation- and
one anion-exchanging polymer as proposed by Lewis, et al.

There are four aims in developing bond graph models of conjugated polymers.
First, we seek to permit identification of known and as yet, unknown material
properties of the elements in the system as a guide for future research by chem-
ists and material scientists. Second, the model should allow analytical evaluation
of important questions such as what behavior determines the time constants and
efficiency of the system. Third, the model will enable design simulations which
can provide guidance for best parameter choices for new devices. This is an im-
portant step in the maturing of our knowledge of conjugated polymer actuators -
the design to optimize particular aspects of the behavior and to downplay or mini-
mize other characteristics in order to achieve desired performance. Fourth, the
model should serve as a template for models for other sorts of EAP actuators
such as IPMCs and gel-type electroactive polymers. By developing bond graph
models of these additional EAP actuators one could consistently compare the
advantages and disadvantages of each EAP actuator type.

For system under study, the diffusion process of those ionic species resulting
from the applied electric potential, the chemical reactions in the reduction and
oxidation processes, and the resulting volume change of the three layers are rep-
resented using separate bond graph models which are then connected appropri-
ately to form a single bond graph model of the entire system. The coupling phe-
nomenon of the three energy domains (mechanical, chemical, and electrical) is
explained by using a three-port capacitance element derived from the Gibb’s free
energy. The resulting bond graph model includes many phenomena which have
been neglected in previous models of EAPs. In particular, our model includes sig-
nificant resistance elements representing the resistance inherent in the diffusion
process and the chemical reaction, the frictional coupling between the ionic sol-
utes and solvent, and the frictional coupling between the ionic solutes.

The organization of this paper is as follows. Section Il briefly introduces concepts
of the bond graph modeling approach. Section Ill presents bond graph models for
the diffusion process of a binary flow going through a membrane, a chemical
reaction, and a combined diffusion-reaction process. These basic models are then
applied to modeling of forced diffusion and an extension-type conjugated poly-
mer in section IV and V, respectively. Finally, we draw conclusions.

6168-60, Session 10

Multiscale modeling of polyelectrolyte gels
T. Wallmersperger, F. K. Wittel, B. H. Krdplin, Univ. Stuttgart (Germany)

Electrolyte polymer gels are a very attractive class of actuation materials with
remarkable electronic and mechanical properties having a great similarity to bio-
logical contractile tissues. They consist of a polymer network with ionizable groups
and a liquid phase with mobile ions. Absorption and delivery of solvent lead to a
considerably large change of volume. Due to this capability, they can be used as
actuators for technical applications, where large swelling and shrinkage is de-
sired.

In the present work chemically and electrically stimulated polymer gels in a solu-
tion bath are investigated. To describe the different complicated phenomena -
occurring in these gels - adequately, the modeling can be conducted on different
scales. Therefore, models based on the statistical theory and porous media theory,
as well as a multi-field model and a discrete element formulation are derived.

A refinement of the different theories from global macroscopic to microscopic are
presented in this paper:

The statistical theory is a macroscopic theory capable to describe the global swell-
ing or bending e.g. of a gel film, while the general theory of porous media (TPM) is
a macroscopic continuum theory which is based on the theory of mixtures ex-
tended by the concept of volume fractions. The TPM is a homogenized model, i.e.
all geometrical and physical quantities can be seen as statistical averages of the
real quantities. The presented chemo-electro-mechanical multi-field formulation
is a mesoscopic theory. It is capable of giving the concentrations and the electric
potential in the whole domain. Finally the (micromechnical) discrete element theory
is employed. In this case, the continuum is represented by distributed particles
with interaction relations combined with balance equations for the chemical field.
This method is predestined for problems envolving large displacements and strains.

The presented formulations are compared and conclusions on their applicability
in engineering practice are finally drawn.

6168-61, Session 10

Theoretical and experimental investigations of fundamental
effects in carbon nanotube sheet actuators

M. H. Haque, K. Hying, . Kolaric, Fraunhofer Technologie-Entwicklungsgruppe
TEG (Germany); T. Wallmersperger, B. H. Kroplin, Univ. Stuttgart (Germany)

In this paper we present experimental measurements as well as a theoretical model
for the chemo-electrical and mechanical behavior of Carbon Nanotube (CNT) ac-
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tuators.

Carbon nanotube actuators are chemo-electro-mechanical converters and ex-
hibit very promising material parameters (i.e. extremely high elastic modulus, higher
stresses than natural muscles and higher strains than many other electroactive
materials).

To describe the electrical conductivity and the charge transfer process occurring
in the CNT sheets, the chemo-electrical behavior is described by a coupled mi-
cro-mesoscopical model. By applying an electrical field to the CNT material within
a chemical environment, this model is capable to show the double layer process
leading to an asymmetric charge distribution in an actuator consisting of Carbon
Nanotube films laminated together with an insulated film material in between.

In the experimental part, fundamental tests have been realized to demonstrate the
basic actuation behavior of these materials. We have investigated some funda-
mental test configurations where the geometry and surface conductivity of the
bucky paper probes and the electrical contact to the probes have been varied.

Based on these fundamental effects we are able to confirm the theoretical model
and to develop more sophisticated actuators.

6168-62, Session 11

Fuel powered artificial muscles

V. H. Ebron, Z. Yang, D. J. Seyer, M. Kozlov, The Univ. of Texas at Dallas; J. Oh,
The Univ. of Texas at Dallas and Pusan National Univ. (South Korea); H. Xie, J.
Razal, J. P. Ferraris, A. G. MacDiarmid, 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 ~7.5
times higher than for advanced Li batteries, this advance seems quite important
for such applications as autonomous robots or prosthetic limbs, where long op-
eration without recharging or refueling is needed.

6168-63, Session 11

On the nature of dielectric elastomer actuators and its
implications for their design
J. Plante, S. Dubowsky, Massachusetts Institute of Technology

Dielectric Elastomer (DE) actuators have been known widely. Under laboratory
conditions, these actuators show promising performance. However their practical
application has not been able to achieve their full potential. This paper summa-
rizes the results of a detailed analytical and experimental study of the failure modes
and performance boundaries of DE actuators whose objective is to establish fun-
damental design principles of successful DE actuators.

Continuum mechanics models of three fundamental DE failure modes (material
strength, dielectric strength and pull-in) were studied in function of actuator film
stretch rate and film pre-stretch. These analytical models suggest that DE actua-
tors made with highly viscoelastic films are capable of reliably achieving relatively
large extensions when actuated at high speeds (high stretch rates). The implica-
tion of the analysis is that DE actuators used in low speed applications such as
slow continuous actuation are subject to failure at substantially lower extensions.
Experimental results confirm these results.

The optimal DE actuator performance (force, work output per cycle, power and
efficiency) was experimentally studied as function of actuator speed (stretch rate)
and extension. These are relatively complex functions. Analytical models were
developed to help understand the experimental results. These studies suggest
that viscoelasticity and current leakage are governing phenomena for the perfor-
mance of DE actuators in terms of specific force output and efficiency. An impor-
tant conclusion of these studies is that actuator speeds and extensions for opti-
mal performance can reduce actuator life. Hence DE actuator design requires
careful balance of design trade offs between reliability and performance.

In summary, experimentally validated models of the physical mechanisms gov-
erning the failure and performance of DE actuators have been developed. These
models provide an understanding of the fundamental strengths and limitations of
DE actuators. Further, they can provide the basis for effective DE actuator design
guidelines.

6168-64, Session 11

Sound radiation properties of electroactive polymer
loudspeakers
R. Heydt, SRI International

Electroactive polymer film (EPF) loudspeakers based on dielectric elastomers have
been demonstrated previously at SRI International. Dielectric elastomer loudspeak-
ers have the advantages of very light weight and the ability to conform to any
shape or surface. This makes them attractive as low-profile, surface-mounted
speakers in rooms or automobile interiors, and for applications in active noise
control. EPF loudspeaker performance depends on a number of mechanical fac-
tors such as speaker shape and mechanical biasing, as well electrical driving char-
acteristics. This paper discusses important aspects of performance, including loud-
speaker sound pressure level and directivity.

6168-65, Session 11

Hybrid IPMC/PVDF structure for simultaneous actuation
and sensing
X. Tan, J. R. Malinak, Y. Shen, Z. Chen, N. Xi, Michigan State Univ.

lonic Polymer-Metal Composites (IPMCs) are a class of promising electroactive
polymers with numerous potential applications in biomedical devices, biomimetic
robotics, and micromanipulation due to their large bending motion, low actuation
voltage, resilience, and biocompatibility. In these applications, compact sensing
schemes are often desired for feedback control of IPMC actuators. Self-sensing
utilizing the inherent sensory capability of IPMCs is appealing, but it is challenging
since the dynamics and nonlinearities render compensation with linear bridge cir-
cuits ineffective.

In this paper a novel sensing scheme for IPMC actuators is proposed by integrat-
ing an IPMC with a PVDF (polyvinylidene fluoride) thin film that serves as a built-in,
highly sensitive sensing layer. The soft, thin PVDF layer would take very little space
on an IPMC-enabled device and have a minimal impact on IPMC actuation perfor-
mance. The paper discusses the development of the hybrid IPMC/PVDF struc-
ture, actuation performance evaluation and analysis, and signal processing algo-
rithms to deal with the hysteresis nonlinearity in the PVDF sensor. The efficacy of
the proposed simultaneous actuation/sensing scheme is demonstrated experi-
mentally. Further details are provided next.

To construct the sensori-actuator, a PVDF film (28 microns thick) is bonded to an
IPMC actuating beam (50 by 5 by 0.3 mm) using insulating epoxy. A PC equipped
with DSpace ControlDesk is used to control the IPMC actuation signal and pro-
cess the PVDF sensing signal. A precision instrumental charge amplifier is de-
signed to convert the high impedance signal generated by the PVDF sensing film
to a low impedance voltage suitable for measurement by the data acquisition
system. A laser displacement sensor is used for calibration of the PVDF sensor
and for validation of the sensing model. Experiments have shown that the ampli-
fier can measure dynamic as well as quasi-static deformation of the IPMC/PVDF
hybrid structure, and thus are suitable for a wide spectrum of actuation condi-
tions.

Quantitative investigation is performed to study the impact of the additional sens-
ing and insulation layers on IPMC actuation performance by comparing the de-
flection levels, under fixed actuation signals, before and after the PVDF sensing
layer is added. It is found that the choice of insulating glue strongly affects the
bonding quality and the mechanical properties of the overall structure. With ap-
propriate epoxy, the degradation of bending performance is insignificant. A math-
ematical model based on the composite beam structure is further presented to
elucidate the experimental results.

As a piezoelectric material, PVDF reveals strong hysteresis in its charge - stress
relationship, especially under large bending motions. This is confirmed by apply-
ing a quasi-static, sinusoidal actuation signal (0.01 Hz) and comparing the phase
shift between the actual bending (through laser sensor) and the PVDF output. The
Preisach operator is then proposed to capture the piezoelectric hysteresis, and
furthermore, an efficient inversion algorithm for the Preisach operator is used to
extract the correct bending information from the PVDF output. The effectiveness
of the IPMC/PVDF sensori-actuator is verified by examining its sensing capability
under a rich set of actuation signals, and by feedback control experiments, where
the laser sensor is used as an independent observer in both cases.

6168-50, Session 12

Smart glass based on elelctrochromic polymers
C. Xu, L. Liu, D. Ning, C. Kaneko, M. Taya, Univ. of Washington

As economy is highly growing in the worldly wide, energy is strongly demanded.
Within limited energy in the earth, energy efficient devices or systems are urgently
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required. In the next twenty years, several percent of all energy used in the United
States will be ‘consumed’ by residential windows. As a result of these findings,
research into reducing waste heat in residential and commercial buildings has
become an important field. A promising technology, developed to face this chal-
lenge, is electrochromic or ‘smart’, switchable glass. These glass are capable of
controlling the throughout of radiant energy, potentially greatly reducing the amount
of electricity consumed by heating and air conditioning by allowing sun in during
the winter and blocking it during the summer.

Smart glasses are categorized by trigger into three main areas, thermotropics,
photochromics and electrochromics. Here is introduced a fast response and en-
ergy efficient electrochromic glass based on conjugated polymer and inorganic
ion storage layer hybrid configured systems.

Electrochromic glass (window) is composed of five layers, a conductive transpar-
ent, an electrochromic active, an ion conductive, an ion storage and a second
conductive transparent layer. Conjugated polymer, Poly[3,3-dimethyle-3,4-dihydro-
2H-thieno[3,4-b][1,4]dioxepine] (PProDOT-Me2), was used as a blue electrochromic
active layer and inorganic vanadium pentaoxide film was utilized as an ion storage
layer. Two assembly methods were described corresponding to two types of elec-
trolyte, gel and liquid electrolytes. Dimension of smart glass up to 12 x 20 inch
was developed. UV curable sealant was applied for the sealing devices. Color
changing or switching speed of 12 x 20 inch smart glass is less than 15 seconds
under applied 1.5~2.0 voltage. Red and green color electrochromic polymers were
developed lately and will be demonstrated. Multicolor, high contrast ratio, fast
switching speed, long open circuit memory and durability are our study goals.
User can control the degree of tint, which remains after the power is turned off
(open circuit memory). No space consuming or dirt collecting shades, curtains or
blinds are needed. Additional applications of the smart window, e.g. aircrafts and
automobiles will be discussed as well.

6168-51, Session 12

Ultralow-modulus electrically conducting electrode
materials

R. O. Claus, Virginia Polytechnic Institute and State Univ.; J. H. Lalli, M. Homer,
A. J. Hill, NanoSonic, Inc.

This paper describes progress in the development of low modulus electrically
conducting thin film and free-standing nanocomposite materials as electrodes for
EAPAD and other mechanical actuators that undergo large displacements. We
have fabricated such nanocomposites using a modified self-assembly process
that combines multiple layers of electrically conducting nanoclusters and advanced
polymers. This layer-by-layer synthesis approach allows direct control over the
volume percentage of the conducting and polymer species, and thus modification
of electrical conductivity percolation behavior. At loading percentages of the con-
ducting nanoclusters, electrical conductivities on the order of 10-5 ohm cm are
obtained. For these loading percentages and electrical conductivies, we have
demonstrated modulus lower than 1 MPa, which is significantly lower than re-
ported in prior work. These new materials also exhibit maximum strain before
failure of as high as 1000% (ten time elongation) and good mechanical recovery
when released. Such materials have potential use as electrodes on high displace-
ment mechanical actuators due to their very low modulus, ability to experience
large strains, and good mechanical recovery. These materials will be demonstrated
as part of the EAPAD-in-Action session at the SMS Conference.

6168-52, Session 12

The electromechanical response and fracture toughness of
ultrathin metal electrode coatings on elastomer substrates
O. N. Scott, H. Bart-Smith, M. R. Begley, M. H. Jones, Univ. of Virginia

This talk will present experimental and theoretical analyses of the electro-me-
chanical response of metal/elastomer multilayers and the mechanical response of
the electrodes to an applied strain. A novel test has been devised to determine the
relationship between the mechanical response of clamped elastomer membranes,
coated on both sides with metal electrodes, and an applied electric field. The
load-deflection response of the multilayers subjected to different voltages was
measured using an instrumented spherical indenter having dimensions compa-
rable to the freestanding span. The measurements are used with close-form solu-
tions for membrane deflection to determine the effective plane-strain modulus of
cracked multilayers and electrically induced in-plane strains. The experiments
demonstrate that: (i) electrically induced strains vary with the square of the elec-
tric field, as expected from electrostatic models of parallel plate capacitors, (i) the
transverse stiffness of membranes can be controlled using applied electric fields,
(iii) analytical models accurately predict the relationship between electrode crack
spacing, layer properties and effective moduli. Finally, we estimate toughness of
the sub-micron metal electrodes, using cracking models that relate crack spac-

ing, imposed strain and the energy release rate governing channel crack forma-
tion.

6168-53, Session 12

Novel compliant electrodes based on platinum salt
reduction
R. A. Delille, W. Hsieh, S. J. Moseley, E. Smela, Univ. of Maryland/College Park

Dielectric elastomer actuators (DEAs) undergo large mechanical deformations dur-
ing actuation, so compliant electrodes - electrodes that maintain conductivity un-
der axial strain and bending - are critical to their operation. DEAs currently utilize
carbon grease for the compliant electrodes [1, 2]; however, because the carbon
grease must be painted on the actuator, this proves disadvantageous for some
applications. Thus, a new type of compliant electrode that allows more precise
geometric control would be beneficial. Unfortunately, compliant electrodes can-
not be produced by simply loading conductive particles into an elastomeric ma-
trix because this substantially increases the Young’s modulus when the loading
exceeds the percolation threshold, making the electrodes non-compliant [3].

We have developed a compliant electrode based on the impregnation-reduction
process used to form electrodes in ionic polymer-metal composites (IPMCs), but
instead of an ion-exchange membrane, we employ a UV-curable acrylated ure-
thane (3108, Loctite) [4]. The fabrication procedure consists of mixing a platinum
salt into the elastomer precursor, curing the elastomer under ultraviolet light, and
reducing the salt to platinum metal. Because the elastomeric matrix is a photo-
patternable adhesive, meso-scale electrodes of varying geometries can be formed
by exposing the precursor/salt mixture through a mask.

The materials were mechanically and electrically tested. Above the percolation
threshold of 8 vol% platinum salt, the conductivity is 1 S/cm. The modulus of
unloaded 3108 is 18.6 MPa [5], and for platinum salt loadings up to 15 vol%, the
Young’s modulus remains less than 32 MPa. Furthermore, the material maintains
electrical conductivity under axial strains of up to 40%. The effect of temperature
and dispersing agents on the platinum reduction were also investigated.

[1] R. Pelrine, R. Kornbluh, Q. B. Pei, and J. Joseph, “High-speed electrically
actuated elastomers with strain greater than 100%,” Science, vol. 287, pp. 836-
839, 2000.

[2] R. Pelrine, R. Kornbluh, J. Joseph, R. Heydt, Q. B. Pei, and S. Chiba, “High-
field deformation of elastomeric dielectrics for actuators,” Mat. Sci. Eng. C, vol.
11, pp. 89-100, 2000.

[3] K. P. Sau, T. K. Chaki, and D. Khastgir, “Carbon fibre filled conductive com-
posites based on nitrile rubber (NBR), ethylene propylene diene rubber (EPDM)
and their blend,” Polymer, vol. 39, pp. 6461-6471, 1998.

[4] R.Delille, M. Urdaneta, S. Moseley, and E. Smela, “Benchtop Polymer MEMS,”
JMEMS, submitted for publication.

[5] Loctite, “Product Description Sheet, Product 3108,” 2002.

6168-54, Session 13

Active control of stiffness and damping of piezoelectric
polymer films

U. A. Korde, M. A. Wickersham, South Dakota School of Mines and Technology;
S. G. Carr, Tri-State Univ.; C. H. M. Jenkins, Montana State Univ./Bozeman

This paper investigates a method for actively controlling the stiffness and damp-
ing provided by piezoelectric films such as may be used to construct biomimetic
skins on small aerial vehicles. The method being investigated is based on the idea
of elastic control via piezoelectric coupling, and uses a pre-tunable electronic
circuit in parallel with a polyvinilidene fluoride (PVDF) film. The focus of the cur-
rent work is on a fundamental-level understanding of the elastic control method,
and in particular, on theoretically and experimentally characterizing the degree of
dissipation control possible with this method.

A method to use piezoelectric coupling to control material damping was reported
by Date et al. in 2000. They connected an operational amplifier based “negative
capacitance” circuit in parallel with a poled, electroded PVDF film and were able
to select/adjust certain circuit parameters to vary the material damping and stiff-
ness of the film. This work was extended by Mokry et al. (2003a, 2003b), who
used a semi-circular PVDF film within a tube to alter the acoustic transmissivity of
the film. Both groups observed that the effective stiffness and damping of the film
could be varied over a significant range by appropriately setting the ratio of two
resistors in the circuit.

Since both structural and acoustic loads are important in practice, the present
work investigates the response of a PVDF strip both to mechanical excitation and
to acoustic excitation. Frequency response (based on Fourier analysis) and direct
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impulse response observations are used to characterize the strip behavior. The
response of the strip is investigated with and without the negative impedance
circuit in parallel, to determine the extent to which the circuit parameters can
influence the structural dissipation as reflected in the frequency and impulse re-
sponse observations for the strip. In addition, given the simplicity of the circuit
and its crucial role in enabling a PVDF strip to function as a “programmable” damper,
a simple network analysis is presented that clarifies the operation of the circuit
and the relationship between the resistor ratio and the complex elastic modulus of
the strip.

This paper discusses the theoretical and experimental work so far which shows
encouraging improvements in the dissipation in response to structural loads. It is
emphasized that the effect of elasticity control on the structural impulse response
with the structure vibrating as a membrane has not been reported in the work
cited. Furthermore, it is shown here that a more economical low-power control
circuit can sufficiently alter the dissipation characteristics increased dissipation,
and this observation could be potentially important in practical implementations.

Partial support from the Air Force Research Laboratory, Kirtland is gratefully ac-
knowledged.
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6168-55, Session 13

Protein-based microhydraulic transport for controllable
actuation
V. B. Sundaresan, D. J. Leo, Virginia Polytechnic Institute and State Univ.

Plants have the ability to develop large mechanical force from chemical energy
available with bio-fuels. The energy released by the cleavage of a terminal phos-
phate ion during the hydrolysis of a bio-fuel assists the transport of ions and fluids
in cellular homeostasis. Materials that develop pressure and hence strain similar
to the response of plants to an external stimuli are classified as nastic materials.
Calculations for controlled actuation of an active material inspired by biological
transport mechanism demonstrated the feasibility of developing such a material
with actuation energy densities on the order of 100 kd/m”3 by Leo et al. [2004]
(Proceedings of IMECE-2004). The mathematical model for a simplified proof of
concept actuator referred to as micro hydraulic actuator uses ion transporters
extracted from plants reconstituted on a synthetic bilayer lipid membrane (BLM).
Thermodynamic model of the concept actuator discussed in Leo et al. [2005]
(Proceeding of SPIE Smart structures conference -2005) predicted the ability to
develop 5 percent normalized deformation in thickness of the micro-hydraulic ac-
tuator.

Controlled fluid transport through AtSUT4} reconstituted on a 1-Palmitoyl-2-Oleoyl-
sn-Glycero-3- [Phospho-L-Serine] (Sodium Salt) (POPS), 1-Palmitoyl-2-Oleoyl-sn-
Glycero- 3-Phosphoethanolamine (POPE) BLM on lead silicate glass plate having
an array of 50 um holes driven by proton gradient was demonstrated by Leo et
al[2005] (Proceedings of IMECE-2005). Bulk fluid flux of 1.2 ul/min was observed
for each microliter of SUT4 transporter protein mix reconstituted on the BLM.
AtSUT4 (Proton-sucrose co-transporter from Arabidopsis thaliana) proteins were
made available suspended in pH7 medim (16.6 mg/ml). The flux rate is observed
to be dependent on the concentration of sucrose present in pH4 buffer. 10 ul/min
flux of fluid is observed for 5 mM sucrose in the first 10 minutes. The observed flux
scales linearly with BLM area for the same quantity of SUT4 reconstituted on the
membrane. The flux increases with the amount of proteins reconstituted on the
membrane. Our current work is to build upon the current result and drive transport
using biological fuel - Adenosine triphosphate (ATP). We will present our results
from the ATP-ase (bio-fuel) powered fluid transport where chemical energy stored
in ATP is converted to fluid flux which will be used for controlled actuation in a
micro-hydraulic actuator.

6168-56, Session 13

Spring roll dielectric elastomer actuators for a portable
force feedback glove

R. Zhang, A. M. Kunz, ETH Zirich (Switzerland); P. Lochmatter, G. M. Kovacs,
EMPA (Switzerland)

In this paper miniaturized spring roll linear dielectric elastomer actuators (diam-
eter: 12 mm, length: 45 mm, weight: 8 g) for a portable force feedback glove are
presented. The actuator’s core consists of a telescope and a spiral spring, which
is around the telescope. During the fabrication, pieces of acrylic elastomer films
(VHB 4910, 3M(r) ) were biaxially pre-stretched, coated with a mixture of graphite
powder and silicone oil, and were then wrapped around the compressed spring
core. Based on a partly automated manufacturing process the actuators were
produced at Empa Dubendorf. A basic electromechanical model was employed
to qualitatively find manufacturing parameters resulting in an improved actuator
performance.

The force-displacement characteristics of the actuators were determined with pas-
sive uniaxial tensile tests and isometric tests under an activation with high voltage
(0-3.5 kV). All above measurements were controlled via LabView(r).

The passive tensile tests showed a quasi-linear force-displacement behavior of
the actuators. From the active isometric tests we observed that the measured
pre-stretch loads decreased non-linearly as the applied voltage was increased. It
held for different pre-stretch levels. Furthermore, in the whole voltage range these
pre-stretch loads decreased more if the material was more pre-stretched. The
maximum compressive blocking forces of the actuators, which can be effectively
used for a force feedback device ranged from 1.47 to 7.2 N, while the maximum
free-strains varied from 1 to 5 mm. These wide variances originated mainly from
the deficiencies in the actuator’s constructions, imperfect materials and imprecise
manual works. As expected from the viscoelastic material behavior of the acrylic
film, all measurements results exhibited a strong time-dependency. Additionally,
the actuators showed a poor electromechanical durability.

Due to the required high voltages, electrical safety precautions for the user are
also discussed in this paper. The electrical properties of the actuators were mea-
sured and the complete device-user system was modeled with Simulink(r). Vari-
ous protective measures were recommended.

A demonstrator for the actuator was made, by which the user can feel the actua-
tor generated force and stroke. In addition, a prototype for a force feedback glove
was built, which practically showed its force feedback concept.

In the end, this paper concludes and discusses the achieved results, and the next
steps in the development of spring roll dielectric elastomer actuators for a por-
table force feedback device.

6168-57, Session 13

Studying the performance of linearly contractile biomimetic
actuators to actuate fingers of an artificial hand
S. Eskiizmirliler, T. Zengin, M. Maier, INSERM (France)

Even though, the work dealing with the fabrication, modeling, characterization
and improvement of EAP based smart structures often called as artificial muscles
have been intensified in recent years, the discussion about the biological plausi-
bility of the produced devices and related work can be considered as less studied
compared with those dealing with other aspects of these types of materails. In
this work, we report the results of a performance analysis of three different types
of linearly contractile bio-mimetic actuators. The dielectric EAP actuator, designed
and produced by EMPA, the McKibben artificial pneumatic muscle, designed and
produced by INSA de Toulouse and used for a number of other applications by
the authors of this article, and two IPMC based linearly contractile actuator struc-
tures have been chosen as candidates to reproduce biological muscle like behav-
ior. In the case of IPMC based linearly contractile actuators, two different types of
structures based on two different actuation schemes made by IPMCs with differ-
ent membrane thickness and with different active cations were tested in the aim
of changing the actuation performance, and different ionic liquids having low vola-
tility rates were employed as solvents in order to improve the ambient air actua-
tion. We then compared these materials in actuating a mechanical 3 degree of
freedom index finger which is designed to be used as a prototype finger for the
construction of a 5 finger artificial hand. The experimental site is equipped by the
three different types of power supplies (Low DC voltage, high DC voltage and
compressed air) that are necessary to drive the three different types of actuators
as well as by the force and displacement measurement devices. The performance
analysis has not been limited to the comparison of the generic experimental re-
sults (i.e. to the comparison of force and displacement measurements obtained
using only the different physical materials) but it also includes the antagonist ac-
tuation performance analysis of each type of actuators in reproducing the dy-

116 SPIE e Smart Structures and Materials/NDE e spie.org/events/ssmnde © Tel: +1 360 676 3290 e spie@spie.org



Conference 6168: Electroactive Polymer Actuators and Devices (EAPAD)

namic and cinematic values of a specific finger motion. We have chosen the mo-
tion of pushing on a spring studied in a previous work in which the force exerted
on a spring, muscular activity (EMG) and cortico-motoneuronal cells activity re-
corded in monkeys had been reported. Moreover, an artificial neural network (MLP)
structure was proposed in that work to reproduce the biological phenomenon
realised between motor cortex and forearm muscles driving the fingers. A simula-
tor that reproduces all measured parameters of the whole motion employing the
models of the biological muscles relating the EMG activities to the exerted forces
and realised displacements was first established and tested. The performance
analysis of different EAP based structures was then performed by replacing the
models of biological muscles with those of all EAP actuators used in this work
which can be defined as the parametric transfer functions relating the powering
source to the produced forces and displacements. The simulation results were
finally compared with the experimental results.

6168-58, Session 13

The control of the IPMC actuators by non-trivial electric
signals
A. Punning, M. Anton, E. Lenz, M. Kruusmaa, A. Aabloo, Tartu Ulikool (Estonia)

A typical IPMC consists of a thin (<0,5 mm) polymer membrane with metal elec-
trodes plated on both faces. Usually certain co-polymers of teflon, as Nafion,
Flemion, Aciplex, etc. are used. The polymer membrane is plated with some noble
metal such as platinum or gold. IPMCs typically work in a wet environment and an
ionic conductive liquid - usually water - plays an essential role in the principle of
their work.

One method to study the behavior of IPMC actuators is to investigate their equiva-
lent circuit. Several electrical models of IPMC are published in the literature. The
most distinguished of them are the discrete electrical model of an IPMC actuator
described by R. Kanno and S. Tadokoro and the elaborated model of IPMC de-
scribed by M. Shahinpoor and K. Kim. However proposed models do not explain
several effects if we control IPMC actuator by non-trivial shape electrical signals.

In current work we show that using such kind technique can reduce actuator power
consumption several times. We also propose modified equivalent circuit which
describes the situation
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6169-01, Session 1

PVPF control of piezoelectric tube scanners
B. Bhikkaji, M. Ratnam, S. O. R. Moheimani, The Univ. of Newcastle (Australia)

As in most applications of nanotechnology speed and precision are important
requirements for getting good topographical maps of material surfaces using
Scanning Tunneling Microscopes (STM) and Atomic Force Microscopes (AFM).
Many STMs and AFMs use Piezoelectric tubes for scanning and positioning with
nanometer resolution. In this work a piezoelectric tube of the type typically used
in STMs and AFMs is considered. Scanning using this piezoelectric tube is ham-
pered by the presence of a low-frequency resonance mode that is easily excited
to produce unwanted vibrations. The presence of this low-frequency resonance
mode restricts the scanning speed of the piezoelectric tube. Concept of a Posi-
tive Velocity and Position Feedback (PVPF) controller is introduced and designed
to dampen the effect of the undesired first resonance mode. To achieve good
precision specific control signals are designed for the closed loop system to
track a raster pattern. Experimental results revel a significant damping of the
resonance mode of interest, and consequently, a good tracking performance.

6169-02, Session 1

Adaptive control of a scaled model of an aircraft vertical tail

A. Yousefi-Koma, Y. Chen, D. G. Zimcik, National Research Council Canada
(Canada)

Twin-tail fighters encounter severe fatigue failure due to high amplitude vibrations
induced by the buffet loads at high angle of attack flight. Besides improving the
mechanical design of the tail (passive control), active control system seems to be
an attractive option to reduce the vibration. In this paper the application of adap-
tive control systems for vibration suppression of a scaled model of a typical verti-
cal tail is studied.

A total of 24 Piezoceramic actuators were bonded to both sides of a flexible fin
model and accelerometers were employed as sensors to form a smart fin in this
study. Using the xPC TargetBox of MathWorks a real time hardware-in-the-loop
system was created. Some of the piezoelements were used as disturbance gen-
erators to simulate the buffet loads and the rest were grouped properly in order to
have individual mode control authority. A frequency range of 5-100 Hz was con-
sidered to cover the first three dynamic modes in this study. However, the critical
modes of vibration were the first bending mode (1st mode) and the first tosional
mode (2nd mode). Thus, the efforts were concentrated on controlling these modes
effectively.

Adaptive feedforward and feedback control systems were designed and imple-
mented successfully. Sine dwell, chirp, and random excitations were applied to
the smart fin and the adaptive controllers were able to reduce the vibration signifi-
cantly. System identification was done both on-line and off-line. Sine dwell ex-
periments showed that the adaptive controller suppressed each individual mode
without any spillover effect on the other modes. A broadband vibration suppres-
sion using two properly selected sets of piezoactuators under random and chirp
disturbances was also investigated. Another pair of piezoactuators sets was em-
ployed as disturbance generator. The Multi-Input Multi-Output adaptive control
system demonstrated successful vibration suppression in broadband frequencies
particularly at the first two peaks (first two modes). Results showed the impor-
tance of piezoactuators grouping in controlling individual modal control under a
broadband disturbance. Details of the adaptive control system design and imple-
mentation in addition to the experimental results will be presented in the full pa-
per.

6169-03, Session 1

Electromagnetic films as lightweight actuators for active
noise reduction
D. Sachau, T. Kletschkowski, Helmut-Schmidt Univ. (Germany)

Increasing industrialisation leads to growing noise exposure. Noise can not only
make a person deaf at exposures of over 86 dB(A), but it also acts as a factor for
stress and can raise systolic blood pressure. Additionally, it can be a factor in
work accidents, both by masking warning signals, and by impeding concentra-
tion. In vehicle cabins, the noise control at low frequencies is difficult, because a
lot of unwanted mass must be added. Therefore active noise control (also known
as noise cancellation, active noise reduction (ANR) or anti-noise) is a good option.
Herewith unwanted noise from a primary sound source can be reduced signifi-

cantly by anti-noise generated from a secondary source.: At present commercial
active noise reduction systems are using moving-coil loudspeakers as actuators.
These actuators need a quite large built-in volume and they are not lightweight.
Therefore the industrial application of ANR in vehicles is limited. To reduce these
difficulties the use of flat loudspeakers made of electromagnetic films seems to
be a promising approach. It is a precondition for the use of such new technologies
within an ANR-system to have a basic understanding of the dynamic systems
behaviour and the sound transmission behaviour of such a lightweight active com-
ponent.: This paper describes the investigation of a flat panel speaker which is
based on electrostatic loudspeaker technology. First of all the passive transmis-
sion properties have been measured in a test bed. The passive acoustic insulation
has been analyzed and weak spots in the frequency response were discovered.
Afterwards the flat panel speaker has been used as actuator in an ANR-System to
support insulation at those frequencies. An adaptive filter (FXLMS) was adjusted
to the panel and the reduction capabilities of a single-output system have been
determined.

6169-04, Session 1

H-infinity controller design for structural damping

D. Rowen, The Aerospace Corp. and Rochester Institute of Technology; M. A.
Hopkins, Rochester Institute of Technology

This paper describes a multivariable controller design procedure that uses mixed-
sensitivity H-infinity control theory. The design procedure is based on the as-
sumption that structural noise can be modeled as entering a state-space system
through a random input matrix. The design process starts with a full-order flexible
state-space model that undergoes a frequency-weighted balanced truncation to
obtain a reduced-order model with excellent low frequency matching. Weighting
functions are then created to specify the desired frequency range for disturbance
rejection and controller bandwidth. A structural noise input matrix is also de-
signed to identify system modes where maximal damping is desired. An aug-
mented plant is then assembled using the reduced-order model, weighting func-
tions and structural noise input matrix to create a mixed-sensitivity configuration.
A state-space controller is then realized using an H-infinity design algorithm.

A two-input, three-output, doubly cantilevered beam system provides a design
example. A 174th-order, discrete-time, state-space model of the cantilevered
beam system was used to generate a reduced 40th-order model. A 55th-order H-
infinity controller was then designed with a controller bandwidth of approximately
300 Hz. This non-square modern controller uses feedback signals from two pi-
ezoelectric sensors, each collocated with one of two piezoelectric actuators, and
one highly non-collocated accelerometer. The two piezoelectric actuators pro-
vide the control actuation. Frequency analysis and time-domain simulations are
utilized to demonstrate the damping performance.

6169-06, Session 2

Improvement of sound quality for interior noise control
using the piezoelectric smart structure

J. Oh, S. Kim, H. Sim, H. Lee, S. Park, Hanyang Univ. (South Korea); J. Lee,
Kyonggi Univ. (South Korea)

In recent years, much research in the field of acoustics has focused on the reduc-
tion of a sound pressure level. In particular, shunted piezoelectric damping is fre-
quently shown to demonstrate significant performance characteristics over con-
ventional viscoelastic materials, e.g. lower weight with increased controllability.
The performance of the shunted piezoelectric patches depends on the shunt
circuit’s elements, e.g. resistance, inductance and capacitance. Shunt circuit’s
tuning parameters are focused on the resonant frequency in general. Since it is
hard to create a wanted sound quality, it is a simple drop of the peak frequency
levels. In this study, a sound design method that characterized sound quality based
on the psychoacoustics is proposed. Design of Experiments (DOE) is used to
create several modified interior noise. According to this, frequency bands which
are objective sound quality are decided by using the subjective sound quality
analysis and sensitivity analysis. Selected objective frequencies are applied for
tuning frequency of shunt circuit. Using the above process, we have modified a
wanted interior noise that had characterized the sound quality.
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6169-07, Session 2

Improved self-sensing method for semiactive vibration
suppression

K. Makihara, J. Onoda, K. Minesugi, Japan Aerospace Exploration Agency
(Japan)

An improved self-sensing method using piezoelectric actuators for semi-active
vibration suppression is investigated. By using extended system equations, the
method can be implemented with a Kalman filter instead of the conventional bridge
circuit technique. This method is applicable to MDOF structures with multiple pi-
ezoelectric actuators.

So far, a great number of researches on self-sensing methods using piezoelectric
actuators have been conducted, and the use of a bridge circuit connected to a
piezoelectric actuator is a common approach. However, the high sensitivity of the
bridge circuit to parameter variation is a serious drawback of this technique. Ac-
cording to Anderson et al., a mere 1 % variation in piezoelectric capacitance can
make active self-sensing control systems unstable because of the imbalance of
the bridge circuit.

In the semi-active method that we consider, a piezoelectric actuator was con-
nected to a passive electric circuit having a switch, instead of the voltage supplier.
The circuit switch is controlled to suppress the vibration of a structure. With most
of the switching logics, electric current flows in the circuit only for a short time,
and the circuit is open for most of the time. Though the method can suppress
various vibrations, it still needs to have many sensors distributed across a struc-
ture. In contrast, the proposed self-sensing method uses extended system equa-
tions and a Kalman filter, instead of distributed sensors or bridge circuits. Com-
pared with the conventional bridge circuit method, our self-sensing method has
the following advantages. 1) The method can control multiple-mode vibrations by
selectively suppressing vibration modes, because modal displacements and ve-
locities can be estimated with the Kalman filter. The switching of the circuit is
followed by the polarity of the control input that is calculated from the Kalman
filter. Furthermore, sufficient modal information keeps the self-sensing control sys-
tem away from the harmful influence of residual modes. With such a bang-bang
type of the switching control, residual modes may be excited when controlled
modes are suppressed by a method whose control input changes sharply. There-
fore, the small influence of residual modes is an important factor on, especially,
some flexible structures. 2) The method is much less sensitive to parameter varia-
tion, since a sensitive bridge circuit is no longer needed. This robustness provides
a great advantage over the conventional method. 3) The method can control mul-
tiple actuators synthetically rather than independently, because it makes a refer-
ence to the control input based on an active control scheme.

To clarify these advantages, numerical simulations and experiments were con-
ducted with a MDOF structure. The numerical simulations demonstrated that the
self-sensing method worked well and had significant robustness against param-
eter variations. The experiments demonstrated that the proposed self-sensing
method suppressed well not only single-mode vibration but also multiple-mode
vibration of the actual structure. This self-sensing method and the results of this
investigation are, in principle, applicable to other vibration suppression methods,
as long as the electric current flows for a short period in a circuit connected to a
piezoelectric actuator; for example, not only semi-active vibration suppression,
but also hybrid active vibration suppression.

6169-08, Session 2

Numerical and experimental optimized shunted
piezoelectric circuit damping turbomachine structures

S. Livet, Snecma (France); L. Novotny, Czech Technical Univ. in Prague (Czech
Republic); M. Collet, M. Berthillier, Univ. de Franche-Comté (France)

Turbomachine bladed disks are particularly vibration sensitive and their dynamic
stability depends on aero-elastic coupling. Rotating parts can be heavily stressed
and the induced vibration magnitudes have to remain low to make them also high-
cycle-fatigue resistant.

These systems have to respond to severe requirements and the multi-field fea-
tures make the design process realized step-by-step. Nowadays techniques
achieve their maximum of state-of-the-art in design and manufacturing. The re-
maining ways to reach even better compressor performance are to push away
these aerodynamic and aeroelastic limits. The proposed solution is to use devices
able to reduce vibration after being clamped directly on the structure. Pure me-
chanical damping has been already tested but these techniques remain in fact
complex in design. The difficulty of supplying in energy active actuators, as the
components are aimed to be bonded on rotating structures, constrains also by
using only auto-supplied devices. Halfway between passive and active design
systems stands out shunted piezoelectric circuit damping.
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To realize the study on complex turbomachine geometries, the presented tech-
nique develops a Craig and Bampton component mode synthesis method com-
bining both mechanical and electrical coupling parameters. These reduced mod-
els are afterwards used to optimise electrically the shunted piezoelectric element
and its localization. The results, verified experimentally, let suppose that vibra-
tions can be reduced significantly when the shunted piezoelectric circuit is mounted
on a real structure.

6169-09, Session 3

Model-based design of piezoelectric energy harvesting
systems
J. Twiefel, B. Richter, T. Hemsel, J. Wallaschek, Univ. Paderborn (Germany)

In the design process of energy harvesting systems based on piezoelectric ele-
ments, the most interesting question is the achievable energy output. To estimate
this amount a priori manufacturing of prototypes, a mathematical model is very
helpful. Within this contribution we will introduce a model based on electro-me-
chanical circuit theory. Its parameters are identified by measurements and the
model is validated by comparison to experimental results.

The model is designed to support the development-engineer in the dimensioning
of energy harvesting units to specific application demands. Two main challenges
in device design are investigated with the mathematical model: influence of the
ambient excitation frequency, and influence of the load impedance.

Typically, the equivalent model approach delivers models for piezoelectric ele-
ments that are driven in resonance by electrical excitation. In the case of energy
harvesting the piezoelectric elements are excited mechanically and most often
non-resonant. Thus, we first set up a mechanical equivalent model for base ex-
cited systems. In first approximation it represents an energy harvesting unit around
one resonance frequency. The model is expandable for a wider frequency range
using the super positioning of multiple circuits.

From the viewpoint of optimum energy transformation between mechanical and
electrical energy it is favorable to drive piezoelectric elements at resonance or
anti-resonance. Thus, an energy harvesting system should be tuned to the excita-
tion frequency. Therefore, the model is extended by an additional mass parameter
which makes it possible to match the resonance frequency of the energy harvest-
ing system.

The method to archive the models parameters is described in detail. For each
considered resonance frequency a small range admittance measurement is done.
Using this data, an analysis is done where an algorithmic procedure performs the
process of identifying of the modal parameters.

To validate the results of the mathematical approach, measurements of the power
output of energy harvesting systems have been done. With an automated mea-
surement set up. Several piezoelectric elements have been studied in a wide area
of different loads and frequencies with this test bench. Experimental results are
analyzed to show the model’s area of validity and investigate the behavior of the
energy harvesting system outside of this area. Further, the influence of an addi-
tional mass on the maximal output power is examined and crosschecked with the
modeled data.

Our model allows for the systematic design of piezo-based energy harvesting
systems that optimally match specific applications. By optionally tuning the en-
ergy harvesting system for a given electrical load and matching the resonance
frequency to the excitation frequency given by the environment, the power output
of the system can be maximized.

6169-10, Session 3

Tunable resonant frequency power harvesting devices
W. Wu, Y. Chen, B. Lee, J. He, National Taiwan Univ. (Taiwan)

Over the past years, there has been growing interests in the field of power har-
vesting technologies for low-power electronic devices such as wireless sensor
networks and biomedical sensor applications. Methodologies of using piezoelec-
tricity to convert mechanical power of vibrating a cantilever beam which was ex-
cited by external environmental vibration to electric power were widely discussed
and examined. As operating in resonant mode of the cantilever beam was found
to be the most efficient power harvesting condition, but in most cases that the
resonant frequencies of the cantilever beam are hardly matching with the frequency
of external vibration sources. The mechanical resonance has relatively high Q
factor, and thus the harvesting output will be significantly lower compared to the
condition when resonance matching to external vibration frequency. A tunable
resonant frequency power harvesting device in cantilever beam form which will
shift its resonant frequency to match that of the external vibrations will be devel-
oped and verified in this paper. This system comprises a variable capacitive load
to shift the gain curve of the cantilever beam and a low power microprocessor will
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sampling the external frequency and adjust the capacitive load to match external
vibration frequency in real-time. The underlying design thoughts, methods devel-
oped, and preliminary experimental results will be presented. Potential applica-
tions of this newly developed power harvesting to wireless sensor network will
also be detailed.

6169-11, Session 3

MEMS generator of power harvesting by vibrations using
piezoelectric cantilever beam with digitate electrode
B. Lee, J. He, W. Wu, W. Shih, National Taiwan Univ. (Taiwan)

Of all possible energy sources, the mechanical vibrations have been considered a
potential choice for power harvesting in a wide variety of applications. This paper
presents the development of a piezoelectric MEMS generator which has the abil-
ity to scavenge mechanical energy of ambient vibrations from their surroundings
and transform it into electrical energy that can be used in energy storage applica-
tions. The piezoelectric MEMS generator comprises a beam structure based on
the silicon wafer, and the digitate electrode placed in between the upper and the
lower laminated lead zirconate titanate (Pb(Zr,Ti)O3, PZT) material, to transform
mechanical strain energy into electrical charge with using the d33 mode of PZT. A
proof mass is built at the bottom plate of the beam, to adjust the structure reso-
nant frequency of the piezoelectric MEMS generator, for most adaptable frequency
matching to the ambient vibration of its surroundings. Different beam shapes are
also examined to vary the strain energy density distributions on the beam struc-
ture of the piezoelectric MEMS generator and identify the characteristics of the
relations between the beam shape and the energy harvesting ability. To improve
the piezoelectric MEMS generator fabrication process, a self-made PZT deposi-
tion chamber which could deposit PZT thin film up to microns in minutes was
used to deposit the piezoelectric layer on the beam structure of the piezoelectric
MEMS generator. A feasibility study of the piezoelectric MEMS generator is per-
formed and the test results obtained from harvesting energy through mechanical
vibrations will also be presented.

6169-12, Session 3

Harvesting vibration energy for self-powered piezoelectric
sSensors
W. Liao, M. Guan, The Chinese Univ. of Hong Kong (Hong Kong China)

Piezoelectric materials can be used as sensors for monitoring structural vibra-
tions. At the same time, piezoelectric materials can also convert the mechanical
energy under the vibration environment into electrical energy and thus can be
used as power generators. Therefore, using piezoelectric elements to sense and
harvest energy concurrently could be very attractive in nowadays structural health
monitoring, especially when wireless sensor networks are utilized in the system.
In this research, a novel operating scheme for a self-powered piezoelectric sensor
is studied, in which one piece of piezoelectric element will be simultaneously used
as a sensor and a power generator under vibration environment. An ultra-low power
microcontroller is used in the system for receiving and conditioning the signals
from the sensor for further processing, for example, wireless transmission. The
microcontroller also adjusts a DC-DC switching converter, which is applied in the
harvesting circuit to enhance the energy harvesting efficiency. The harvested en-
ergy is stored in the energy storage device, a rechargeable battery, to operate the
microcontroller and the system as a whole. Experimental efforts are carried out to
implement the integrated system. The results of this study show the feasibility of a
self-powered piezoelectric sensor that could be utilized in structural health moni-
toring.

6169-13, Session 3

Energy harvesting from mechanical vibrations using
piezoelectric cantilever beams
T. J. Johnson, D. Charnegie, W. W. Clark, Univ. of Pittsburgh

In this paper, a design methodology for an energy harvesting device will be inves-
tigated and results will be presented to validate the design. The energy harvesting
device in the study will be a piezoelectric cantilever beam used to convert me-
chanical vibration energy into a useful electrical energy source. While the study of
cantilever beams as energy harvesting devices is not new, previous studies have
taken a different approach to the design methodology. Those studies primarily
focused on designing a device and testing it by driving it through a certain fre-
quency range to determine how much energy it could produce.

In this our study, we will take a different approach to designing the energy harvest-
ing device. We start with known vibration data, frequency and vibration ampli-
tudes from a specific application. We also have a know power requirement that
the energy harvesting device must meet. Then from the given vibration data, we

find a range of frequency within the given data where the energy harvesting de-
vice will generate the required energy to meet the power requirements. The device
is then designed specifically targeting that frequency range. This approach is pre-
sented as part of a more general approach to designing energy harvesters for any
application.

6169-14, Session 4

Phase control of a magneto-rheological tuned vibration
absorber

J. Koo, A. Shukla, Miami Univ.; F. D. Goncalves, Lord Corp.; S. Cho, The Univ. of
Western Ontario (Canada)

This paper presents a development of a control law for a Magneto-Rheological
Tuned Vibration Absorber (MRTVA) and evaluates the dynamic performance of the
MRTVA with the control. It considers a single-degree-of freedom structure model
coupled with an MRTVA. The MRTVA is a semi-active TVA that employs an MR
damper as its damping element. To model the MR damper in the TVA, we used
the Bouc-Wen model. Using the model, we developed a control law that is based
on the phase angles between the structure and the TVA masses. The objective of
the controller was to keep +/- 90 degree phase condition, ensuring the maximum
performance of the TVA in counteracting the motions of the structure mass. After
obtaining the optimal tuning system parameters, we performed parametric study
of the system by varying the mass, the stiffness, and the damping of the structure.
Moreover, we compared the dynamic performance of the MRTVA (with the phase
control) with the equivalent passive system as well as other control methods (such
as skyhook control).

6169-15, Session 4

Seismic protection of civil historical structures by MR
dampers

A. Mandara, A. Durante, G. Spina, Seconda Univ. degli Studi di Napoli (Italy); S.
Ameduri, A. Concilio, Ctr. Italiano Ricerche Aerospaziali (Italy)

The use of structural control systems for seismic protection of structures repre-
sents a relative new area of research that is growing rapidly. A wide variety of
devices is now available, ranging from relatively simple passive dampers and iso-
lators to complicate active systems with actuators, sensors, and digital control-
lers.

Passive systems represent a reliable and satisfactory way to protect civil struc-
tures from seismic action used in many worldwide applications. A limit of this
technique is the lack of adaptability to changes in external loading. Alternatively,
active structural control systems are available, using high performance sensors
and actuators digitally controlled by specific algorithm derived from optimal con-
trol theory. However, active systems are more complex and expensive, less reli-
able than passive systems and may require relatively large external power sup-
plies. These factors limit their use in seismic protection applications.

The aim to obtain an effective, reliable and not too expensive structural control
system can be reach using smart devices: these are very similar to passives, but
have the important difference to be controlled in real time, modifying the pro-
duced control forces changing their mechanical properties.

Magnetorheological (MR) dampers are one of the best examples of smart de-
vices, due to their ability to dissipate energy and their low power requirements.
They are based on the use of magnetorheological fluids, which are suspension of
micron-sized magnetizable particles in an appropriate carrier liquid, able to re-
versibly change from free flowing, linear viscous liquids to semisolids having a
controllable yield strength (100 kPa order) in milliseconds when exposed to a
magnetic field.

MR dampers are very suitable in the semi-active control application in civil struc-
ture, thank to their characteristics: reaction force full controllable in dynamic range,
simple mechanics and low power supply.

The aim of the work is the evaluation of the effectiveness of a vibration control
system based on MR dampers, in the case of a typical Italian historical construc-
tion under seismic action. The reference model has been extracted from the struc-
tural scheme of a long-bay building and the control strategy takes into account a
mass damper system.

The MRF damper design has been dealt with, by considering mechanical, hydrau-
lic and electronic related aspects and problems. Both static (i.e. locking force) and
dynamic (i.e. max damper speed, energy dissipation) performance of the device
have been predicted by means of theoretic and numerical models.

A specific logical scheme of the building integrated with the MRF device has been

realised by means of the Simulink toolbox. The effects coming from the MRF ac-
tivation have been simulated by imposing suitable control laws to related damp-
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ing parameters of the scheme.

By taking advantage of this model, the performance of the semi-active control
system has been evaluated in comparison with the passive control strategy and
the structure without control.
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6169-16, Session 4

A 6-DOF model of magnetorheological vibration isolation
system for hydraulic hybrid vehicles
T. M. Nguyen, M. H. Elahinia, Univ. of Toledo

This paper presents the results of vibration isolation analysis for the pump/motor
component of hydraulic hybrid vehicles (HHV). The HHV are designed to combine
gasoline/diesel engine and hydraulic power. Electric hybrid technology is being
applied to passenger cars with small and medium engines to improve the fuel
economy. However, for heavy duty vehicles such as trucks, buses which requires
much more power, the hydraulic subsystem is more efficient than the electric one
in providing regenerative power. In function, the hydraulic hybrid subsystem can
potentially improve the fuel efficiency of the vehicle by recovering some of the
energy that is otherwise wasted in friction brakes. In braking process, the driveshaft
is engaged to the hydraulic subsystem, and the fluid is pumped from low pressure
accumulator to high pressure accumulator where it is stored. When the brake is
released, the high pressured hydraulic fluid, flowing from high to low pressure
accumulator, “assists” the engine in the initial acceleration period. Dual functional
pump/motors are the main components of the HHVs. These devices which func-
tion as pumps while capturing the kinetic energy of the vehicle can also generate
torque while they work as a hydraulic motor releasing the energy. Since the main
component of the subsystem always involves with rotating parts and moving fluid
in its operation, noise and vibration are an issue that affects the ride comfort of
both passengers and surrounding people. This study looks into the possibility of
reducing the transmitted noise and vibration from the hydraulic subsystem to the
vehicle’s chassis by using smart magnetorheological (MR) dampers. MR dampers
utilize MR fluid which is made of pure iron particles suspended in a carrier fluid.
Under the effect from applied magnetic field, the particles form chains parallel to
the field. These chains resist the motion of the fluid in perpendicular direction. The
chains also make the MR fluids become semi-solid which can deliver variable
yield stresses depending upon the magnitude of the applied magnetic field. To
this end, the pump/motor is modeled as a six degree of freedom (6-DOF) rigid
body. Its mass and inertia properties are inherited from the real pump/motor used
in the hydraulic subsystem. A 6-DOF isolation system, consisting of four mounts
connected to the pump/motor at four different points, is modeled and simulated.
The mount is designed with the combination of regular elastomer component and
MR damper. In the simulation, the real loading and working conditions of the pump/
motor are considered. Therefore, the effects of both shock and vibration are ana-
lyzed. The transmissibility of the isolation system is monitored in a wide range of
frequency. The geometry of the isolation system is considered in order to sustain
the weight of the hydraulic system without affecting the design of the chassis and
the effectiveness of the vibration isolating ability. A control method is is studied for
the isolation system to respond the fastest and most effectively to the vibrational
conditions. The simulation results are then compared with the performance of the
isolation system made of regular elastomer to shown the advanced achievement
of the system with integrated MR damper in reducing the vibration for different
working cycles of the regenerative system.
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6169-17, Session 4

Semiactive control using magneto-rheological dampers for
payload launch vibration isolation

J. Pierrick, ONERA (France); R. Ohayon, Conservatoire National des Arts et
Métiers (France); D. Le Bihan, ONERA (France)

The most severe mechanical environment in the lifetime of a satellite occurs dur-
ing its ascent into orbit. To ensure the payload survivability, heavy procedures of
design, experimental tests and simulation of launcher/payload coupling have to
be carried out, which increases duration and cost of flight qualification. The isola-
tion of the payload from 5 Hz upwards would avoid such procedures, while en-
hancing the vibratory comfort of the spacecraft. Over the past years, some pas-
sive soft isolation systems have been investigated, where dissipative elements
were used to damp the suspension modes. The concept of soft mount is very
attractive but, in its passive version, is submitted to an inherent trade-off on the
choice of damping. In order to avoid such a trade-off, we can resort to the use of
actuators or adaptive passive elements instead of passive elements. In this work,
a soft interface between the launcher and the payload using Magneto-Rheologi-
cal dampers is investigated. Because of their high dynamic range, large force and
stroke capacity and low power requirements, these devices seems to be good
contenders to launch constraints, in contrast to other smart materials.

The results reported here concern essentially two configurations of semi-active
isolation system: the single axis and the 6 degrees of freedom configurations. The
study of the single axis system has enabled one to draw some conclusions on the
lay out of the isolation system and on the design of the semi-active controller. A
limitation of isolation performance in high frequency is due to the minimum damp-
ing force at zero current while another limitation in low frequency exists because
of the maximum damping force. As a consequence, the effort range of the damper
has to be optimized for both low and high frequencies. As regards the semi-active
controller design, in the single dof isolation system, a clipped continuous skyhook
damper control using Pl control to track the desired force was found to be effi-
cient. Simulation as well as experimental results show that, while requiring few
energy, a semi-active isolation system using a MR damper has the ability to ap-
proach the performance of a soft active isolation system, especially for narrow
band disturbances. For broadband disturbances, the performance is then slightly
deteriorated and may require some modifications of the controller, such as the
introduction of a threshold in the clipping strategy.

Finally are reported the first conclusions on the semi-active hexapod isolation
system. A design analysis on the geometrical configuration was carried out in
order to minimize the coupling effects between the struts, while trying to have low
frequency axial, lateral and rocking modes to isolate in all the directions. An ex-
perimental equipment issued from this analysis has been built to verify the simu-
lation results. A multi-SISO control approach is adopted, but due to inevitable
couplings between the struts, MIMO control using modern approaches such as
LQG will be considered as well.

6169-18, Session 4

An experimental study of MR fluid dampers for vibration
control of one offshore structure
X. Guan, J. Li, B. Wu, J. Ou, Harbin Institute of Technology (China)

The possibility of reducing offshore structural response under strong external ex-
citations such as wind storm, sea ice and earthquake via control systems is at-
tracting the interest of a large number of researchers. Up to now, lots of dampers
have been installed on different offshore structures. As one new kind of effective
semi-active device, magnetorheological (MR) fluid damper has been used in the
field of mechanical equipment, automobile and civil construction, however, the
practical application for vibration control of offshore structure has not seen be-
fore. In this paper, 8 MR fluid dampers with maximum damping force of 100kN for
vibration control of one offshore structure with total weight of 650t have been
developed and tested. The general situation of MRF damper system and the off-
shore structure include manufacturing issues, powering, range of variability of the
mechanical parameters and response time are introduced.

6169-19, Session 4

Magnetorheological fluid (MRF) flow in channels with MRF
impregnated porous walls

B. M. Kavlicoglu, F. Gordaninejad, X. Wang, Univ. of Nevada/Reno; G. H.
Hitchcock, Advanced Materials and Devices, Inc.

This work focuses on the how the pressure drop and the induced wall shear stress
of magneto-rheological fluids (MRFs) are affected in channel flow, where the channel
walls are stainless steel porous surfaces impregnated with MRF. The porous walls
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are impregnated such that there is no flow through the porous media. Several
different porosity sizes and two different impregnation techniques are utilized in
this study. The pressure drop vs. the volumetric flow rate data are plotted for each
porosity and impregnation technique. For comparison, the MRF pressure drop in
porous walled channels is normalized by the MRF pressure drop in channel with
smooth surface without porosities. From these analyzes, it has been shown that
under an applied magnetic field, the impregnated porous wall surface would in-
crease the MRF pressure drop significantly when compared to the smooth sur-
face. It is also concluded that the impregnation technique affects the amount of
iron particles trapped inside the porosities, therefore affect the pressure drop.
The study revealed that, the impregnation technique, as well as the porosity size,
affect the amount of iron particles trapped inside the porosities, therefore affect
the overall pressure drop. The pressure drop can be increased by 65% without
changing the channel size and MR fluid properties. The surface properties of the
channel greatly affect the pressure drop.

6169-20, Session 4

Theoretical and experimental investigation into dynamics
characteristics of a rotor supported on a disk-type
C. Zhu, Zhejiang Univ. (China)

The rheological properties of magneto-rheological (MR) fluid can be dramatically
and reversibly changed by the application of an external magnetic field, a disk-
type MR fluid damper based on shear mode was developed and it was shown that
the dynamic characteristics of the disk-type MR fluid damper are controlled by a
low-voltage electromagnetic coil and that the disk-type MR fluid damper can ef-
fectively attenuate the rotor vibration. In this paper, the dynamic characteristics of
the disk-type MR fluid damper are studied experimentally and theoretically in a
flexible rotor with an over-hung disk. The effects of the applied currents, rotor
imbalances and different fraction MR fluids on the rotor imbalance response are
systemically studied. The experimental results are basic in agreement with theo-
retical ones obtained by the Bingham fluid model, but the differences are also
analyzed. It is shown that the dynamic behavior of the disk-type MR fluid damper
can vary with the applied current. There is a break-loose phenomenon in the un-
balance response curve of the damper. The break-loose speed rotational speed of
the damper, below which the damper does not move, depends on the rotor imbal-
ance, applied current and property of the MR fluid. The higher the applied current,
or the more the magnetizable particles in the MR fluid or the smaller the rotor
imbalance, the higher the break-loose rotational speed of the damper will be. The
dynamic characteristics of the disk-type MR fluid damper filled with a high weight
percentage MR fluid or with higher applied current behave as a system with a
softening force.

6169-21, Session 4

Experimental investigation on the effectiveness of a
magneto-rheological fluid squeeze film damper
C. Zhu, Zhejiang Univ. (China)

The squeeze film damper (SFD) is one of most effective methods of applying ex-
ternal damping to the rotor system of high-speed rotating machinery, because of
both its relative constructional simplicity and its effectiveness in attenuating rotor
vibration and transmitted force in the properly designed cases. The characteris-
tics of the conventional SFD is highly non-linear in the range of high journal eccen-
tricity ratios and cannot be controlled easily on-line according with the different
operating conditions of rotor, especially when the rotor passes through several
critical speeds, the effectiveness of SFD in both attenuating rotor vibrations and
transmitted force is, therefore, limited.

In order to improve the controllability of traditional SFD characteristics, we use
magneto-rheological(MR) fluids with rapid, reversible and dramatic change in its
apparent viscosity by an external magnetic field to develop a controllable MR fluid
SFD. A rotor test rig with MR fluid SFD is built in order to demonstrate the effec-
tiveness of the MR fluid SFD in attenuating the rotor vibrations. In this paper, we
first describe the concept and structure of the controllable MR fluid SFD and the
rotor test rig, then study the dynamic behaviour of the MR fluid SFD for attenuat-
ing rotor vibration and the effectiveness of the semi-active control on the rotor
vibration by the MR fluid SFD. It is shown that the dynamic characteristics of the
MR fluid SFD can be easily controlled and the MR fluid SFD is very effective for
control of the rotor vibrations if the MR fluid with the relatively low initial viscosity
and sensitivity to the low magnetic flux is used.

6169-22, Session 5

Frequency and temperature effects on damping properties
of TbxDy1-xFe2 particulate composites

C. Kerrigan, Univ. of California/Los Angeles; K. K. Ho, Fortis Technologies; G. P.
Carman, Univ. of California/Los Angeles

Mechanical energy absorption characteristics of polymer matrix Terfenol-D par-
ticulate composites have been experimentally measured. In this work compos-
ites were manufactured with varying particle Terbium concentrations (TbxDy1-
xFe2) and constant volume fraction (45%). Applications of tensive and compres-
sive loads result in significant energy absorption through domain wall motion. In-
creasing strain amplitudes (0 to 3500 microstrain) increases the damping capacity
while simultaneously decreasing the elastic modulus. Measured values of tan d
vary from 0.02 to 0.10 depending of strain amplitude. Corresponding elastic modu-
lus varied from 6 to 11GPa. The effect of frequency variation as well as tempera-
ture variation on the composites is experimentally evaluated. Results indicate low
dependence on either temperature or frequency within measured ranges.

6169-23, Session 5

Modeling of air viscous damping in MEMS devices
P. M. Nieva, Univ. of Waterloo (Canada)

In this paper, the air viscous damping in MEMS microbeams is modeled analyti-
cally and compared with experimental results. For vibrating MEMS devices, the
airflow force is the most important factor influencing the air viscous damping. This
force has two mechanisms: force in the narrow gap and force in the free space.
The former is known as squeeze-film damping and the latter as airflow damping.
The squeeze-film damping for a solid and straight vibrating cantilever beam is
analyzed using the well-known Reynold’s equation. The expression is then modi-
fied to include the effects of release etch-holes and initial curled-shape of the
microbeams due to fabrication and inherent film stress gradients. The airflow damp-
ing, caused by the air surrounding the cantilever beam, is determined by solving a
modified form of the Navier-Stokes equation using the bead model, which is de-
rived based on the oscillation of a string of spheres (beads).

To investigate the air viscous damping effects on vibrating micro cantilever beams
a simple laser interferometric technique is used. A microcavity is formed between
the substrate and a top thin film structure in the form of a cantilever beam. Its
fabrication is simple requiring only two masks. When affixed to a vibrating sur-
face, the amplitude and frequency of vibration are determined by illuminating the
beam with a monochromatic light source and analyzing the back reflected light to
determine deflection of the beam with respect to the substrate. Because the thin
film cantilever beam and the substrate are approximately parallel, this convenient
two-mirror cavity arrangement needs no alignment, no reference arm, and no so-
phisticated stabilization techniques. The magnitudes of the relative displacements
of the beam with respect to the substrate are strongly affected by air viscous
damping (a result of the squeeze film damping in the cavity and the free air damp-
ing on the other side of the cantilever). Different widths, cavity thicknesses, and
release etch-holes affect the air viscous damping.

This paper introduces a closed-form expression considering air viscous damping
effects to accurately predict the dynamic response of microbeams used in MEMS
devices such as accelerometers, gyroscopes, switches, and micromirrors. The
closed-form solution is compared against experimental data gathered during the
dynamic characterization of micro cantilever beams with different widths, air gaps
and release etch-holes. By comparing the measured results to those generated
by analytical models, we demonstrate that they match the damping coefficient to
within 10%. Finally, the guidelines of using this modeling for typical MEMS de-
vices are also provided.

6169-24, Session 5

Vibration control of beams using constrained layer damping
with functionally graded viscoelastic cores: theory and
experiments

A. M. Baz, A. EI-Sabbagh, Univ. of Maryland/College Park

Conventionally, the viscoelastic cores of Constrained Layer Damping (CLD) treat-
ments are made of materials that have uniform shear modulus. Under such condi-
tions, it is well-recognized that these treatments are only effective near their edges
where the shear strains attain their highest values. In order to enhance the damp-
ing characteristics of the CLD treatments, we propose to manufacture the vis-
coelastic cores from functionally graded materials (FGM) that have optimally se-
lected gradient of the shear modulus over the length of the treatments. With such
optimized distribution of the shear modulus, the shear strain can be enhanced,
and the energy dissipation can be maximized.

122 SPIE e Smart Structures and Materials/NDE e spie.org/events/ssmnde © Tel: +1 360 676 3290 e spie@spie.org



The theory governing the vibration of beams treated with CLD, that has function-
ally graded viscoelastic cores, is presented using a spectral finite element (SFE)
approach. The predictions of the SFE model are validated experimentally for plain
beams, beams treated conventional CLD, and beams with CLD/FGM of different
configurations.

The obtained results indicate a close agreement between theory and experiments.
Furthermore, the obtained results demonstrate the effectiveness of the new class
of CLD with functionally graded cores in enhancing the energy dissipation over
the conventional CLD over a broad frequency band.

Extension of the proposed one-dimensional FG/CLD to more complex structures
is a natural extension to the present study.

6169-25, Session 5

Damping added to floors by seated crowds of people
L. Pedersen, Aalborg Univ. (Denmark)

There is a trend to build floors in stadia and in office buildings with span lengths so
long that floor dynamic characteristics become parameters that need to be con-
sidered in floor design. The assessment of floor damping is an essential task in
the evaluation of the dynamic performance of a floor as it has significant impact
on floor vibration levels, and this paper explores the not well understood relation-
ship between floor damping and humans sitting on a floor. The origin to problem-
atic floor vibrations may be humans in motion (jumping, dancing or walking) on
the floor, but often a seated crowd of people is also present such as on a grand-
stand or in an office building. Ultimately, the action of humans jumping can jeop-
ardize structural safety (e.g. on grandstands), but even less intensive human ac-
tion can be problematic as floor accelerations may reach levels that are discom-
forting to the seated crowd of people.

The seated (stationary) crowd is interesting. Firstly, because the people within the
crowd may perceive floor vibrations as annoying, but secondly because the pres-
ence of the crowd on the floor will also significantly influence floor damping as
demonstrated in the paper. The crowd itself thus has a bearing on the vibration
exposure of people within the crowd, and on floor safety for that matter. It is there-
fore essential to be able to model how the crowd influences floor dynamic charac-
teristics, and floor damping especially.

The paper contributes by presenting results of controlled experimental investiga-
tions that involved humans sitting on a vibrating test floor. In tests, floor damping
and frequency were identified for various sizes of the human crowd. On basis of
the experimental investigations it is investigated whether the human crowd can
be represented by an auxiliary system attached to the vibrating floor mass. This
would imply dynamic interaction between the crowd mass and the floor mass and
the paper evaluates the applicability of a two-degree-of-freedom human-struc-
ture interaction model in describing the recorded dynamic characteristics of the
human-occupied floor. Useful estimates of the parameters of the human-struc-
ture interaction model are identified by calibration.

The paper describes the tests and the modal identification procedures. Addition-
ally, the methodologies adopted for evaluating and updating the human-structure
interaction model are outlined. As for the results of the updated dynamic model of
the human-floor system, comparison is made with research results obtained by
others and the recorded floor dynamic characteristics (frequency and damping)
are compared with the model predictions of the simple added mass model of
humans. The last-mentioned model is that normally adopted for seated crowds of
people for static calculations.

Since the approach of considering modelling a crowd of people as an auxiliary
attachment system to a floor is rather novel, the paper also addresses some of the
implications of this modelling approach and thus of the increase in floor damping
added by humans. Overall the results of the updated human-floor interaction model
imply that the damping added to a floor by a seated crowd of people would be
significant for any dynamic calculation of floor vibration.

6169-26, Session 5

Smart damper designed with magnetostrictive materials
X. Guan, X. Dong, P. Guo, J. Ou, Harbin Institute of Technology (China)

Increasing research efforts have been devoted in recent years to the development
of new controllable dampers for mechanical equipment, automobile and civil con-
struction, in the aim of mitigating vibration of above structures during normal ser-
vice condition or wind storm and earthquake. Most of the new controllable damp-
ers are made with special performance of smart materials, such as MR/ER fluid,
piezoelectric ceramic and shape memory alloy. Although has similar smart perfor-
mance such as rapid response time, low power requirement and large driving
force with those smart materials, magnetostrictive material is only got attention by
a few researchers. In this paper, by analysis character of magnetostrtrictive effect,
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the possible dampers such as smart friction or viscous dampers may be made
with magnetosrtrictive material are discussed. The influence effect of structural
parameters on performance of above dampers is studied.

6169-27, Session 5

Vibration control of beams using stand-off layer damping:
finite element modeling and experiments
A. M. Baz, A. H. Chaudry, Univ. of Maryland/College Park

Damping treatments with stand-off layer (SOL) have been widely accepted as an
attractive alternative to conventional constrained layer damping (CLD) treatments.
Such an acceptance stems from the fact that the SOL, which is simply a slotted
spacer layer sandwiched between the viscoelastic layer and the base structure,
acts as a strain magnifier that considerably amplifies the shear strain and hence
the energy dissipation characteristics of the viscoelastic layer. Accordingly, more
effective vibration suppression can be achieved by using SOL as compared to
employing CLD.

In this paper, a comprehensive finite element model of the stand-off layer con-
strained damping treatment is developed. The model accounts for the geometri-
cal and physical parameters of the slotted SOL, the viscoelastic, layer the con-
straining layer, and the base structure. The predictions of the developed model
are validated against the predictions of the commercial finite element code ANSYS.
Furthermore, the theoretical predictions are validated experimentally for SOL treat-
ments of different configurations.

The obtained results indicate a close agreement between theory and experiments.
Furthermore, the obtained results demonstrate the effectiveness of the CLD with
SOL in enhancing the energy dissipation as compared to the conventional CLD.

Extension of the proposed one-dimensional CLD with SOL to more complex struc-
tures is a natural extension to the present study.

6169-28, Session 5

Granular damping analysis using Monte Carlo approach
J. Tang, X. Fang, Univ. of Connecticut

Granular damping is realized by inserting granules/particles of various shapes,
sizes, and materials into enclosures attached to or embedded in a structure. The
underlying principle for granular damping is to absorb and dissipate vibration en-
ergy through particle-to-wall and particle-to-particle frictional collisions. Certain
materials can sustain very high temperature and remain at granular status to ef-
fectively provide passive damping. Therefore, granular damping has unique ad-
vantage for harsh environment applications. Currently, the numerical analysis of
granular damping is based on discrete element method (DEM) where Newtonian
equations of motion for all involved granules are integrated for the characteriza-
tion of granular motion. While straightforward and accurate, this approach is
computationally costly, which leads to difficulties in both analysis and design. In
this paper, we will develop an improved Mote Carlo based statistical approach
specifically for granular damping analysis.

The advantage of general Monte Carlo approach is that one does not need to
perform contact examination, which leads to reduction in computational cost.
This, however, will result in unrealistic granular volume density in certain regions in
granular vibration analysis. That is, certain regions could have unrealistically large
number of granules. Moreover, since granular contacts are not tracked, the im-
pact/friction effect of granules acting on the enclosure cannot be calculated. In
this research an innovative approach will be developed to tackle these issues.
While the individual granular contacts will not be examined to reduce computa-
tional time/cost, the granular damper will be divided into cells and cell population
will be constantly checked to prevent the occurrence of over-population. In the
meantime, the momentum exchange between granules and “full” cells will be taken
into account through contact mechanics analysis. The impact/friction on the en-
closure/structure will be calculated by analyzing overlapping/contact between the
vibrating enclosure and the cells that are adjacent to the enclosure walls. With
these improvements, the Improved Monte Carlo simulation will then be coupled to
structural analysis for damping evaluation. Detailed numerical analyses are per-
formed to highlight the efficiency and accuracy of the proposed new approach.
Using this new algorithm, we carry out parametric analysis on granular damping
to obtain guidelines for system optimization.
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6169-29, Session 5

Dynamic behavior and damping capacity of auxetic foam
pads

F. L. Scarpa, A. Bezazi, Univ. of Bristol (United Kingdom); J. A. Giacomin, W. A.
Bullough, The Univ. of Sheffield (United Kingdom)

In this work we describe the viscoelastic properties and dynamic characteristics
of a sets of damping pads made out auxetic PU-PE foams. The primary applica-
tions targeted are antivibration gloves, damping mats and high structural integrity
packaging. The viscoleastic properties at room temperature and frequency range
up to 500 Hz are obtained identifying the equivalent complex modulus of the foams
from a BSI transmissibility test. The transmissibility of the various auxetic foams is
decreased by 30 % on average compared to the conventional foam base. The
energy capacity at higher dynamic strains is measured at low frequency (5 Hz) for
structural integity applications up to 100000 cycles. In this case, the auxetic foams
show a damping capacity factor in terms of dissipated energy per unit volume
with a 15-times increase compared to the conventional foams at different loading
ratios. We also show results related to auxetic foams doped with MRF fluid for
active vibration control pads, with analysis of time constants in actuations in-
duced by external constant flux magnetic fields. and

6169-30, Session 5

Investigations on the development of a mixed
displacement-pressure formulation for an anelastic
displacement field finite element

R. Rusovici, Florida Institute of Technology

Space and weapon delivery systems contain guidance components and payload
that need to be protected from the extremely harsh acoustic excitation present
during launch operations. The above example represents just one application where
high-damping viscoelastic materials are used in the design of shock and vibration
isolation components. The shock transients generally encountered are character-
ized by a broad frequency spectrum. Widely-available commercial finite element
codes do not offer the proper tools to model the frequency-dependent mechani-
cal properties of viscoelastic materials over the frequency domain of interest. An
added difficulty is the large Poissson’s ratio exhibited by some of these materials,
which indicates that previously developed displacement-based finite element for-
mulations should be complemented with mixed pressure-displacement finite ele-
ment formulations. The Anelastic Displacement Fields (ADF) method is employed
herein to model frequency-dependence of material properties within a time-do-
main finite element framework and using a mixed displacement-pressure finite
element formulation. Solid finite elements based on this new formulation are de-
veloped and validated. Model predictions are compared against theory and ex-
periment.

6169-31, Session 5

The analysis of distributed systems with nonlocal damping

Y. Lei, National Univ. of Defense Technology (China); M. I. Friswell, S. Adhikari,
Univ. of Bristol (United Kingdom)

The dynamic response analysis of damped structures is important in many areas
of mechanical, civil and aerospace engineering, such as the vibration isolation of
precise equipment, aircraft noise, or the vibration of cable stayed bridges. Al-
though the damping model plays a key role in the dynamic analysis, particularly
for complex structures, this model is often approximated by classical or propor-
tional damping distributions for convenience. In many practical situations this sim-
plified approach does not describe the dynamics of the structure with sufficient
accuracy because of the complicated damping mechanisms that occur in prac-
tice. Theoretically speaking, any model that makes the energy dissipation func-
tion non-negative is a possible candidate for a valid damping model. Research
into the dynamics of structures with viscoelastic materials has concentrated on
the time dependence using fractional derivative, GHM and other models. This
paper considers the effect of nonlocal damping on the response of a structure. In
a nonlocal model, the reaction force at any point is obtained as a weighted aver-
age of state variables over a spatial domain via convolution integrals with spatial
kernel functions that depend on a distance measure. In physical terms the non-
local damping or elasticity property often arises when two dimensional structures
are modelled as one dimensional.

In this paper, a nonlocal viscoelastic foundation model is used to analyse the
dynamics of beams and plates with a variety of boundary conditions. The model
yields an integro-differential equation, and obtaining closed form solutions is only
possible for a limited range of boundary conditions by the transfer function method.
This paper will present approximate solutions using the Galerkin method for beams

and plates with typical spatial kernel functions. This requires the approximation of
the displacement to be defined over the whole domain. To treat more complicated
problems with variable damping parameters, non-uniform section properties, in-
termediate supports or arbitrary boundary conditions, a finite element method for
beams is developed. However, in nonlocal damping models, nodes remote from
the element do have an effect on the energy expressions, and hence the damping
matrix is no longer block diagonal. The expressions for these direct and cross
damping matrices are obtained explicitly for several common spatial kernel func-
tions. The approach is demonstrated on a range of examples. The form of the
nonlocal foundation model is shown to have a significant impact on the dynamic
characteristics of structures.

6169-32, Session 5

A new model characteristics predicting approach for
sandwich plate by using finite element method

M. N. Amrane, Univ. de Guelma (Algeria); L. Jezequel, Ecole Centrale de Lyon
(France)

this paper presents a special and new approach to predict the dynamic behavior
of a sandwich plate. in this study, simplified formulation of three layers
viscoelastically sandwiched plate is adopted, complex mass and stiffeness matri-
ces are proposed, calculated and handled to extract the eigenfrequencies, shape
modes and their respectif modal damping loss factors. simple finite element is
used. the utility of this strategy is to treat the complexe structure, the sandwich
one without need of special sandwich finite element. it means that any
commerialised finite element package will be upgraded by adopting this strategy
to treat such complex structures. comparisons between calculated and experi-
mental results show the success and effeciency of the presented approach.

6169-46, Poster Session

Vibration characteristics and dynamic behavior of multiple
story buildings allowed to uplift

T. Ishihara, National Institute for Land and Infrastructure Management Ministry
(Japan); M. Midorikawa, Hokkaido Univ. (Japan); T. Azuhata, National Institute
for Land and Infrastructure Management Ministry (Japan)

It has pointed out that uplifting response can reduce seismic force of buildings. In
this paper, to understand this phenomenon from the point of view of modal analy-
sis, vibration characteristics and dynamic behavior of multiple storey buildings
allowed to uplift are investigated by numerical analysis.

Analytical models are simplified 2-dimensional multiple storey buildings with ver-
tical springs at the bottom, where uplifting is allowed. Models are assumed to be
elastic. Structural parameters are the ratio of height to width of building, the stiff-
ness ratio of building to springs and natural period of fixed-base model.

At first, eigenvalue analysis is carried out to clarify the vibration characteristics
such as natural period, eigenvector, and effective mass. The results are compared
with those of fixed-base models.

Next, dynamic behavior is investigated to clarify the effects of higher modes on
responses, distribution of shear force along the height and the amount of energy
which can be stored as potential energy of self-weight. Dynamic behavior is initi-
ated by means of just adding a certain level of initial horizontal velocities to the
model at rest. The distribution of initial velocities along the height is proportional
to the 1st mode shape of fixed-based model. Direct integration method is used
after initiating dynamic behavior.

The results of eigenvalue analysis of uplifting models are summarized as follows:

(a-1) The natural period of 1st mode becomes longer as the spring stiffness de-
creases. On the other hand, natural periods of higher modes are not so affected
by stiffness of spring and those ranges are approximately equal with those of
fixed-based model.

(a-2) The 1st mode shape becomes approximately linear as the spring stiffness
decreases. So, participation vector of inter-storey shear deformation of higher
modes can be larger than that of 1st mode.

(a-3) Effective masses of uplifting model against horizontal ground motion are
approximately equal to those of fixed-based model.

The results of dynamic analysis are summarized as follows:

(b-1) Horizontal and uplift displacements are dominated mainly by 1st mode, which
is similar to rigid body motion.

(b-2) Higher modes have much effect on the storey shear force responses. This
corresponds (a-2) mentioned above.

(b-3) Storey shear force is smaller than that of fixed-based model up to middle
part of buildings. But it can be increased in the upper part.
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(b-4) More than half of total energy can be temporally stored as potential energy of
self-weight.

6169-47, Poster Session

Seismic response reduction of buildings by rocking
structural systems with adaptive dampers

T. Azuhata, National Institute for Land and Infrastructure Management Ministry
(Japan); M. Midorikawa, Hokkaido Univ. (Japan); T. Ishihara, National Institute
for Land and Infrastructure Management Ministry (Japan)

We are now developing rocking structural systems to reduce seismic responses
of buildings. While a building is uplifting due to rocking against a strong earth-
quake, a part of seismic input energy is temporally stored as the potential energy
of the self weight. Then the stress energy of the building, which causes directly
structural damages, is reduced. The rocking structural systems are based on this
principle. On the other hand, the uplift response may bring destructive impulse
forces to vertical structural elements and amplify the roof displacement exces-
sively. Thus we need generally install some damping devices at column bases on
the grand floor or under footing beams to control the uplift response when apply-
ing the rocking structural system to a building.

In this paper, adaptive dampers are used as the damping devices of the rocking
structural systems. Using adaptive dampers, we can change damping coefficient
of damping devices according to a sign of vertical velocity at each uplifting part.
When a building starts uplifting, and when the sign of vertical velocity is plus, we
should set moderate damping coefficient to the damping devices so that they do
not restrain a building from uplifting. When the building is landing, and when the
sign of the vertical velocity is minus, we can set larger damping coefficient to them
so that they can dissipate seismic energy and reduce the uplift and roof displace-
ments as much as possible. To change the damping coefficient, we do not need a
sophisticated vibration control rule. Principally we need only notice the sign of
vertical velocity and need the simple “on-off control rule”. We can realize this on-
off control rule only by introducing some mechanisms to each viscous damper.

To verify seismic performance of the proposed system with the adaptive damp-
ers, numerical tests are carried out. A building structure is replaced to a one-mass
system with a footing beam. The height and the width are 30 m and 8 m respec-
tively. The first natural period is 1.0 sec. The 1940 EI-Centro NS and the 1995
Kobe NS are input for seismic response analyses. The seismic responses of the
proposed system are compared with those of a fixed-base system, a simple rock-
ing system without any damping devices and a rocking system with conventional
viscous dampers of which damping coefficient is always fixed.

The results of numerical tests are summarized as the following;

1) The maximum base shear of the simple rocking system became smaller than
that of the fixed-base model. However, the roof displacement of the simple rock-
ing system was amplified excessively.

2) The rocking system with the conventional viscous dampers could reduce both
the base shear and the roof displacement. However, this system could not reduce
the base shear when too large damping coefficient was set to each damper to
reduce the roof displacement more.

3) The rocking system with the adaptive dampers could reduce both the base
shear and the roof displacement more than other rocking systems.

From these results, it is concluded the proposed rocking system with adaptive
dampers can effectively reduce seismic responses of buildings.

6169-48, Poster Session

Analytical methodology of magneto-rheogical fluid damper
based on annular mixed modes employing eyring
constitutive relationship

C. Liao, M. Yu, Y. Zhu, W. Chen, Chongqing Univ. (China)

Due to its mechanical simplicity, high dynamic range, low power requirements
and robustness, Magnetorheological (MR) fluid damper can mesh well with appli-
cation demands and constraints to offer an attractive means of protecting civil
infrastructure systems against severe earthquake and wind loading and of im-
proving monarchical system behavior against vibration. So far, Bingham plastic
constitutive model has been widely used to in the evaluation and depiction of MR
fluid rheological behaviors. Even though the Bingham plastic constitutive model is
mathematically simple [2, 3], it has exhibited discontinuous characteristics in the
shear stress versus shear rate, which have deficiencies in the representation of
MR fluids pre-yield behaviors and post-yield behaviors and cannot accurately
account for practical behaviors. In this paper, according to experiment data from
laboratory, the Eyring constitutive model parameters have been identified via op-
timization of the error function of shear stress depicted by experimental test and
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the Eyring constitutive. Authors have theoretically set up flow equations for MR
fluids in annular channel using the Eyring constitutive model and obtained velocity
profile of MR fluids though annular channel. In accordance with piston velocity
and annular channel geometrical parameters of MR damper, MR damper perfor-
mances have been predicated by means of analysis methodology developed in
this paper in order to determine design parameters. In the light of technical re-
quirements for front suspension of Changan star minibus, a Magneto-rheogical
fluid damper, which is designed and fabricated according to design method pre-
sented in this paper, has tested by electro-hydraulic servo vibrator and it’s control
system in National Center for Test and Supervision of Coach Quality. The experi-
mental results reveal that the analysis methodology and design theory are reason-
able.

6169-49, Poster Session

Evaluation of power output for energy scavengers based on
environmental sound energy

J. Oh, S. Kim, H. Sim, H. Lee, Hanyang Univ. (South Korea); J. Lee, Kyonggi
Univ. (South Korea)

The system that harvests from their environments are of considerable interests for
use in self powered devices. In the generality of cases, these energy harvesting
systems are used in the piezoelectric materials as mechanisms to convert me-
chanical vibration energy into electric energy. However, it is hard to find other
energy instead of vibration energy source. Therefore, energy harvesting using the
environmental sound energy is proposed instead of vibration energy. For very low
powered devices, environmental sound energy may be enough to use power
source. Environmental sound, e.g. insect is recorded and used as acoustic excit-
ing source at acoustic tunnel. PVDF attached in acoustic tunnel make an electric
energy by acoustic exciting. Here, environmental excited sound is modeled as a
monopole source and calculated radiation power. We evaluate the electric charge
output. We also discuss the developing system of the piezoelectric energy scav-
enger. An experimental verification of the model is also performed to ensure its
accuracy.

6169-33, Session 6

Nonlinear dynamics of a SMA passive vibration isolation
device
L. G. Machado, D. C. Lagoudas, Texas A&M Univ.

Shape Memory Alloys (SMAs) have attracted much attention as potential materi-
als for the use in passive vibration isolation systems, especially in the aerospace
industry. Pseudoelastic SMAs are very attractive for passive vibration control, due
to their ability to sustain and retrieve large amounts of strains, dissipate high lev-
els of energy and provide a restoring force to the system. Energy dissipation is an
intrinsic characteristic of SMAs and is related to the martensitic phase transfor-
mation and hysteresis. The amount energy dissipated is proportional to the de-
gree of phase transformation achieved during a loading/unloading cycle for either
complete or partial phase transformation.

SMA passive vibration isolation devices can be effectively used to attenuate vi-
brations transmitted to precision instruments in satellites, during on-orbit opera-
tions and launch, where high loads can be developed. They can introduce vari-
able stiffness and provide additional energy dissipation, as a consequence of stress-
induced martensitic phase transformation and hysteresis. Variable stiffness may
shift the natural frequency away from the resonance, while energy dissipation largely
reduces the transmissibility at resonance, where large deformations and displace-
ments occur.

This paper investigates the nonlinear vibration of a passive damping vibration
device, where the main elements are pseudoelastic SMA wires. The main focus of
this work is placed on the numerical simulations. At first, a one-degree of freedom
SMA oscillator, composed of a mass balanced by two pseudoelastic SMA wires,
was considered. A thermodynamic constitutive model capable of predicting SMA
responses, including minor hysteresis loops (partial martensitic phase transfor-
mation) and temperature variations due to phase transformation was used. Trans-
missibility curves, phase plots, Poincaré maps and bifurcations diagrams were
used to investigate how the motion of the oscillator was affected by the SMA
intrinsic nonlinearities. Afterwards, the numerical results were compared with ex-
perimental results of a previous work, where the transmissibility curves and tem-
perature variations were obtained from sine sweeps vibration tests.

The intrinsic energy dissipation characteristic of SMAs is a very complex phe-
nomenon, and can be a function of several factors, such as loading history, tem-
perature, frequency, etc. Therefore, a constitutive model that is able to accurately
simulate the pseudoelastic SMA response was needed. For this reason, the
thermomechanical constitutive model for SMA proposed by Qidwai and Lagoudas
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was implemented. Even though, the model is able to predict the main characteris-
tics of the SMAs pseudoelastic response, it was modified to consider some other
necessary features. At first, the hardening function, which is responsible for the
transformation-induced strain hardening, was changed to account for smooth tran-
sitions between the elastic and phase transformation regimes. This modification
eliminated the presence of sharp corners in the stress-strain curve at the begin-
ning and at the end of the martensitic phase transformation. Therefore, the re-
sponse of a polycrystalline SMA wire could be better represented, where grains
with different orientations start and finish the phase transformation at different
times. Afterwards, the model was improved to predict the temperature variation of
the SMA wire due to martensitic phase transformation and heat exchange with
the environment during the vibration tests.

The next modification conducted on the model was regarded to the prediction of
minor loops. It is not guaranteed that the SMA wires will always undergo a com-
plete phase transformation, following the major loop of hysteresis path in a vibra-
tion test. For this reason, it was necessary to extend the model so that it could
predict minor hysteresis loops properly. The procedure of computing the evolu-
tion of internal state variables during minor loops was based on the work by Bo
and Lagoudas. In this way, the model gained the capability of accounting for the
effects of changing loading paths induced by cyclic loading, even when such
minor loops are close to the transformation start and finish points. The paper also
discusses the numerical implementation of the constitutive model. A similar pro-
cedure described in Qidwai and Lagoudas was followed.

Now that the nonlinear constitutive behavior of the SMAs has already been de-
fined, the integration of the equations of motion of the oscillator was the next task.
Since the SMA response is highly nonlinear, an efficient and reliable numerical
method should be employed to assure stability and convergence of the solution.
For this reason, the Newmark integration scheme was used to compute the time
response of the system. It is also important to mention that, due to the intrinsic
nonlinearities presented by SMAs, the dynamics of the oscillator can present a
very rich class of solutions, evolving from periodicity to chaos. Therefore, Poincaré
maps, bifurcation diagrams, and phase plots, as well as transmissibility curves
were used to analyze the dynamics of the SMA oscillator.

The paper finalizes its discussion comparing numerical results with experimental
results from a previous work. The experiment consisted of exciting a SMA passive
vibration isolation device with a series of continuous sinusoidal acceleration func-
tions in the form of a sine sweep. The SMA vibration device was composed of a
frame, two low-friction ball bearings, a mass, and two pseudoelastic SMA wires of
equal length, connecting the mass to the frame (both top and bottom). Each SMA
wire was preloaded with sufficient preload to assure that the wires remain in ten-
sion throughout the test. Frequency responses and transmissibility of the device
were analyzed for the case where the SMA wires were pre-strained at 3% and 4%
of their original length. The temperature of the wires was recorded during the
dynamical tests, where a large variation was observed.

In summary, this paper discusses the nonlinear vibration of a SMA passive vibra-
tion isolation device. A constitutive model for SMAs was modified to predict minor
hysteresis loops and temperature variations. The dynamics of a SMA oscillator
was numerically investigated, where a rich class of solutions was observed. Nu-
merical results were compared to the experimental results of dynamical tests.

6169-34, Session 6

In-situ model identification and its applications to
optimization of vibration isolation systems
A. Khajepour, O. Vahid, Univ. of Waterloo (Canada)

Vibration isolation systems play crucial roles in many industries including automo-
tive and aerospace. In vehicles for example, engine mounts protect the engine
from excessive movement and forces due to low frequency road and high fre-
quency engine excitations. Or, body mounts protect the cabin from vibration forces
exerted by the body. Normally, vibration isolation devices are conceived at early
stages of design knowing the model of the system and subsequently, they are
tuned in the refinement stage to improve the system’s noise, vibration, and harsh-
ness (NVH) response. This approach in complex systems fails because of the lack
of a comprehensive model or large errors or assumptions made during the design
phase. In a vehicle for example, the noise path from the road and hence, from the
wheels to the engine consists of many subsystems and interconnection that the
model prediction usually is way far from the actual response in the refinement
phase. As a result, the refinement phase becomes the actual design phase.

Currently, noise path analysis (NPA) is used for the design of vibration isolation
systems. Although, this method is an in-situ approach however; it is based mostly
on trial and error and very time consuming. Furthermore, it does not lead to an
optimum vibration isolation system for a given objective function. In theory, it is
possible to arrive at more accurate models experimentally at the refinement phase.

This requires disassembling the system into its subsystems and performing ex-
periments to identify the models. Although this sounds simple, it is not favourable
to NVH companies due to the complexities involved and also the differences in
the identified model and actual assembled system because of the effects of
preloads on the subsystems dynamics.

In this paper, an in-situ method is introduced to find the optimum set of vibration
isolation devices for a given system. In the new technique, the system does not
need to be disassembled and FRF-based substructuring (FBS) synthesis and stan-
dard NVH testing are used to obtain frequency response function (FRF) models of
the subsystems and hence the overall system model. The model is linked to an
optimisation routine to predict the optimum set of vibration isolation devices for a
desired objective function.

For evaluation and verification, this approach has been applied to the optimiza-
tion of body mounts (vibration isolation devices between the chassis and passen-
ger cab) of a pick-up truck. The focus of the optimization is on the role of the body
mounts in attenuating structure-borne noise and vibration from chassis to the
cab. A numerical optimization problem is formulated to find the best set of body
mounts resulting in the lowest level of vibration of a selected objective point in the
cab for a given road induced excitation applied to the four wheels. Experimental
results are presented to show the effectiveness of the in-situ approach in finding
the optimum body mount set.

6169-35, Session 6

Fuzzy skyhook control of semiactive suspensions using
self-organizing controller

J. Joh, J. Cho, T. Joung, Changwon National Univ. (Taiwan); S. Kim, LG
Electronics Alabama Inc.

Skyhook control method has been used widely in vibration control of semi-active
and/or active suspension systems since it was proposed by Karnopp in 1974. A
lot of research results have been reported its outstanding performances in litera-
ture. Recently, some researchers including Yanming Liu showed that the perfor-
mance of skyhook control could be improved more when fuzzy logic is incorpo-
rated suitably. However, the most difficult problem in using fuzzy logic for control
purpose is to select suitable linguistic control rules of the fuzzy controller.

In most of cases, the linguistic control rules are obtained from the designer’s ex-
periences and tedious trial and error tuning. It may be the same case for ER (Electro-
rheological) damper in semi-active suspension system.

The SOC(Self-organizing controller) was proposed by Procyk and Mamdani in
1979 to obtain suitable fuzzy control rules automatically. It has not been used so
widely in the field of fuzzy control. However, several interesting applications have
been reported year after year. We have developed a fuzzy skyhook controller for
ER semi-active suspension system using SOC in order to apply to a commercial
vehicle produced by KIA motors in Korea.

2 DOF (Degree Of Freedom) quarter car model of semi-active suspension is used
for simulation. The parameters of the quarter car model were obtained from mea-
surements and experiments for that vehicle. Road condition, which is used as an
input for simulation, is expressed as a function of road roughness coefficient,
wheel speed and white noise.

In this paper, the fuzzy skyhook controller consists of a skyhook controller module
for damping force generation, FLC (Fuzzy Logic Controller) for damping force co-
efficient adaptation and control rule acquisition algorithm for the modification of
control rules through performance evaluation. Speed of sprung mass and un-
sprung mass are used as input linguistic variables of FLC and are expressed as 7
triangular membership functions. The damping coefficient which determines damp-
ing force is used as an output of FLC and COG (Center Of Gravity) is used as a
defuzzification method.

The performance evaluation method for FLC is implemented as continuous type
FLC evaluator for this application even though quantized type performance index
table has been used widely in the literature. The control rules are adjusted to
decrease the acceleration of sprung mass to improve the comfort of passengers
by using the rate of acceleration of the sprung mass as an input of the fuzzy logic.

In order to verify the performance of the proposed fuzzy skyhook controller with
SOC, numerical simulations about random road input which express rough road
surface and bump road surface which express sudden impact input of road sur-
face are performed. From the simulation results about random road input, we can
confirm that the fuzzy skyhook controller which is tuned by the proposed SOC
algorithm is operated as good nonlinear controller and outperforms the ordinary
well-tuned skyhook controller. Simulations for bump road condition use 3 inch
bump. The vehicle passes the bump with the speed of 10km/h and 40km/h. Simu-
lation results show that the proposed fuzzy skyhook controller outperforms about
35% the ordinary skyhook controller.
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Even though the improvement of control performance is decreased due to incre-
ment of the vehicle speed, it is verified that the proposed fuzzy sky-hook control-
ler outperforms the well-tuned ordinary sky-hook controller.

6169-37, Session 7

Analysis of damping characteristics of a viscoelastic
polymer filled with randomly oriented single-walled
nanotube ropes

A. Liu, K. Wang, C. E. Bakis, The Pennsylvania State Univ.; J. H. Huang, Feng
Chia Univ. (Taiwan)

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 compos-
ites with dispersed CNT fillers (Wang et al.,2004; Zhou et al., 2004a, b, c; Suhr et
al., 2005; Liu et al., 2005a, 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; Holscher et al., 1998), structural damp-
ing models of CNT-based composites have been developed by applying this “stick-
slip” motion to the nanotube/resin interface as well as the nanotube/nanotube
interface (Zhou et al., 2004a, b, c; Liu et al., 2005a, b). Zhou et al. (20044, b, c)
developed a “stick-slip” damping model for composites containing well-dispersed
individual SWNTs and aligned nanoropes and performed damping measurements
on CNT-based composites. Analytical and theoretical 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 (20053, b) using the “stick-slip”
concept. The composite was modeled as a three-phase system composed of a
resin, a resin sheath acting as a shear transfer zone, and SWNT ropes. To show
the inter-tube sliding effects due to nanotube aggregation, the Young’s moduli
and loss factors of composites filled with aligned SWNTs, aligned nanoropes, and
randomly oriented nanoropes were compared. The analytical results indicated
that significant improvement of Young’s modulus could be achieved by fully dis-
persing well aligned SWNTs in the polymeric materials. Similarly, fully dispersed,
well-aligned SWNTs provided the greatest loss factor and energy dissipation ca-
pability of all the cases considered when the applied stress was high enough to
cause complete sliding of all the SWNTs or nanorope fillers.

While the recent study presented by Liu et al. (2005a, b) is a necessary step to-
ward modeling the damping characteristics of nanorope-filled-composites, it is
still limited by only focusing on the damping effects due to interfacial friction be-
tween nanorope fillers and polymeric materials under uniaxial loading. Since poly-
meric matrix materials possess viscoelastic properties that will be influenced by
the nanotube fillers and at the same time affect the overall damping, their charac-
teristics need to be included in the model and analyzed. The objective of the
research presented in the current paper is to address this issue and advance the
state of art in damping characterization of nanorope filled composites.

Based on the viscoelastic material theory (Shames and Cozzarelli, 1991), the CNT-
based composite is modeled as a three-element nonlinear viscoelastic model
(NVM). Allinear spring and a Newtonian dashpot in series are utilized to constitute
the standard linear Maxwell model (Shames and Cozzarelli, 1991). The nonlinear
response due to the “stick-slip” movement between nanotube/sheath interfaces
is associated with a Coulomb friction element connected in parallel with the Max-
well model. A harmonic loading is applied to the composite. The effective loss
factor is defined as the ratio of the dissipated energy per unit volume and the
maximum stored energy per unit volume (Lazan, 1968), where the dissipated en-
ergy includes both the energy dissipated in viscoelastic polymeric materials and
the energy dissipated due to the interfacial friction between nanotube/rope and
sheath. Utilizing this new model, extensive parametric studies are performed. It is
illustrated that the “stick-slip” friction is the main contribution for the total loss
factor of the CNT-based composites even with small amount of nanotubes/ropes.
The loss factor due to viscoelatic polymer decreases as the frequency of the ap-
plied loading increases while the loss factor due to “stick-slip” friction is frequency
independent. From the analysis, it is shown that there is an optimal loading mag-
nitude to achieve maximum effective loss factor.
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6169-38, Session 7

Effect of nanotube-matrix covalent bonding on the stiffness
and damping properties of polymer nano-composites
J. Suhr, N. A. Koratkar, Rensselaer Polytechnic Institute

Surface modification of singlewalled carbon nanotubes (SWNT) are first conducted
using an epoxidation process and then the nanotubes fillers are uniformly dis-
persed in a polycarbonate (PC) matrix in order to investigate the effect of estab-
lishing covalent bonds (linkages) at the interfaces between nanotube fillers and
polymer matrix. Epoxidized SWNT-PC and as-received SWNT-PC nanocomposites
as well as baseline (pristine) polycarbonate samples are dynamically tested using
an MTS-858 servo-hydraulic test facility. The tests are performed over a wide
range of strain amplitudes and frequencies. The results indicates that the epoxidized
SWNT-PC composite shows significant reinforcement in the elastic moduli, com-
pared to as-received SWNT-PC composite, which only have van der waals (non-
bonding) type interactions, indicating that a covalent bond forms between the
surface modified (or epoxidized) nanotubes and polymer chains. For the as-re-
ceived SWNT-PC composite the storage modulus decreases and loss modulus
increases significantly as the strain amplitude is increased, which is indicative of
tube-matrix interfacial slip. In contrast, the epoxidized SWNT-PC samples show
relatively strain-independent storage and loss moduli over the entire strain range.
This indicates that stronger interfacial strength (as a result of covalent boning) can
inhibit filler-matrix sliding thereby lowering the damping response and enhancing
the stiffness.

The results shown in this paper indicate that surface modification of carbon
nanotubes can be used to establish covalent linkages between the nanotube fill-
ers and the matrix materials. These covalent linkages are effective at preventing
interfacial slip resulting in enhanced stiffness coupled with reduced structural damp-

ing

6169-39, Session 7

Next generation advanced nanoparticle-based damping
solutions for aerospace components

M. V. Kireitseu, L. Bochkareva, National Academy of Sciences of Belarus
(Belarus); G. R. Tomlinson, The Univ. of Sheffield (United Kingdom)

It is now accepted that nanotechnology can help solve vibration damping and
high noise issues through the utilisation of nanomaterials (or media) that dissipate
a substantial fraction of the vibration energy that they receive. Damping materials
are often used in conjunction with ceramics or fibre-composites to yield struc-
tures with enhanced vibration performance. While significant advances have been
made in the field of active damping systems in recent years, interesting and im-
portant developments have also occurred with passive damping elements in sys-
tems.

Across a wide range of industries, our new found understanding of the nanoscale
damping phenomenon is enabling existing damping technologies to become eco-
nomically feasible, and offering new solutions to existing vibration damping (dy-
namic) problems. Recent years have seen great advances in carbon nanotube
development and active surfaces with applicability to composite materials strength-
ening and armoring [1-4]; however, the main issue is the need to match applica-
tions to technologies/materials being developed. Wide-ranging application of
damping materials in real-life products is one of the best ways to ensure future
development. Commercial utilisation of a damping technology depends from both
technical performance and business environment for that. There must be a busi-
ness support for extensive technology implementation during its life-cycle cost.
This has often been seen to be a limiting factor in the utilisation of novel material/
technology. In this situation, a broader understanding of the material and its po-
tential application is of great benefit since a “secondary” feature can make the
damping system more attractive than its predecessor.

Our international team has recently recognized a role of nanotechnology in vibra-
tion damping and discovered that enhanced vibration damping can be provided
via nano-scale reinforcements where at least one dimension limited to between 1
- 100 nanometres and carbon nanotubes (CNT) are particularly the strongest and
most flexible molecular cost-decreasing materials because of C-C covalent bonding
and seamless hexagonal network architecture [3, 4].

The technology idea presented here is the advanced nanotechnology-based damp-
ing solutions for the next generation aerospace engineering that provides normal
materials with unique benefits. The technology at the core of the concept is a
nanoparticles/fibres/tubes-reinforced composite material and coating technology
with regard to extensive dynamic characterization and modelling that includes
two key elements: computational simulation and engineering workbench virtual
design environment. The manufacturing design comprises several steps for tailor-
ing the nanoparticle-matrix interface including control over parameters of tem-
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perature, amplitude and frequency. The nanotechnology-based damping solution
uses an advanced proprietary particle technology that manipulates the structure
of the material at the nanoscale level through its saturation with carbon nanotubes.
The nanoparticle-reinforced material is free from health-damaging sensitivity to
temperature and loading, which are enhanced by strong C-C covalent bonding
and seamless hexagonal network architecture. Thus carbon nanotube plays the
role of a damping spring, capable of increasing the dissipation energy in the ma-
terial by a factor of thousands.

The novel concept of nanoparticle-based damping technology shows that a mol-
ecule-level mechanism can considerably enhance vibration damping and dynamic
of aerospace components (fan blades) via enhanced energy dissipation because
of large surface-to-volume aspects in nanoparticle-reinforced composite mate-
rial, large damping energy sources for friction and slip-stick motion at interfaces
of matrix and nanoparticle. Thus carbon nanotube can act as a simple nanoscale
damping spring in aerospace materials and is suggested for aerospace damping
materials of the next generation. The materials offer the potential to further reduce
the mass and dimension, increase performance, and reduce vibrations.

As a result the nanoparticle/tube/fibre-reinforced composite material gains ad-
vanced damping properties compared with conventional materials reinforced
through available technologies as well as other types of commercialized damping
solutions. The damping properties of the material can be further enhanced by
designing unique aerospace components based on personal manufacturer needs
of either civil or military aircrafts. Personalized set of nanoparticles can be intro-
duced into material matrix, for example, through the CVD-based technology com-
bined with conventional particle technologies (thermal spraying, PVD, etc.).

The principal conclusions are that by invoking the properties of nano-auxetics/
nanostructures it is possible to control the wave/sound/vibration propagation in
the material and enhance the energy dissipation that can assist in improving the
inherent damping of materials, but an experimental/theoretical environment is re-
quired to apply it. Nanoparticles/tubes can be used as a reinforcement of a matrix
to provide multi-functionality, and thus we need to create an environment (knowl-
edge) to introduce nanomaterials widely in industry. In this respect developed
computational tools and engineering workbench is important part of next genera-
tion aerospace design.

6169-41, Session 8

Semiactive TMD with piezoelectric friction dampers in floor
vibration control

G. Jiang, North Carolina State Univ.; L. M. Hanagan, The Pennsylvania State
Univ.

Abstract: Floor systems with thinner slabs and lighter materials are more prone to
excessive vibration caused by repetitive human activities such as walking. When
considering resonant vibrations, increasing the damping in the floor can have a
dramatic effect on what is often a very lightly damped system. Passive tuned
mass dampers (TMDs) and active mass dampers are commonly proposed for this
purpose. However, since passive TMDs often require a large mass for adequate
effectiveness, their use is often prohibited because of overload on existing struc-
tures. On the other hand, the initial cost of active mass dampers is prohibitive
because the precision electric motor is too expensive.

A semi-active variable damping TMD (SAVDTMD) seems to be a good combina-
tion of passive TMD and active mass damper. In this type of device, the passive
fixed dampers of the TMD are substituted by the actively controlled dampers. The
benefit of actively controlled dampers is that the weight of the moving mass can
be reduced without loosing the effectiveness of the heavier passive TMD. While
the damper in a passive TMD exerts a force that reduces the relative velocity
between the annoying floor and TMD mass, it does not always reduce the abso-
lute velocity of the floor. An active damper can be configured to target absolute
floor velocity instead of relative velocity, thus increasing effectiveness without re-
quiring a lot of control force.

Using a SAVDTMD for floor vibration control has been investigated by others us-
ing an equivalent SDOF floor model with a semi-active hydraulic fluid damper.
While this method shows promise, these studies do not include the effects of the
untargeted floor modes or servo-valves, which may cause a backlash effect in the
generation of control forces. In this paper, a study which analyzes the application
of SAVDTMD with a piezoelectric friction damper to MDOF floor models is pre-
sented. Since piezoelectric friction dampers do not have servo-valves, the need
to include the backlash effect is eliminated. The use of a MDOF floor model in the
analysis provides some insight on the effect of modes not targeted in the design
of the controller. An optimal semi-active control law originally developed for ve-
hicle suspension control was incorporated into the analytical models. Two floor
system examples, typical of those that would have a floor vibration problem, are
evaluated and shown to be controlled successfully by the SAVDTMD at both the

targeted and untargeted modes. Problems of spillover of the control force to
untargeted modes was analyzed and determined to be stabilizing.

6169-43, Session 8

Transient characteristics of an MRE-based vibration
absorber
A. A. Lerner, K. A. Cunefare, Georgia Institute of Technology

The transient performance of a state-switched absorber (SSA) employing
magnetorheological elastomers (MREs) as tunable springs was examined. State-
switched absorbers (SSAs) consisting of masses, dampers, and changeable
springs, have been found to reduce energy and base displacement in vibration
applications with multiple frequency excitations. However, an SSA must be able
to change its natural frequency in less than a quarter-cycle of the frequency of
interest to avoid risks of instability. The SSAs discussed in this work were sub-
jected to step changes in magnetic fields, and the time-dependent frequency re-
sponse was evaluated.

The SSA used in this work consisted of a low-carbon steel and magnet wire coil
mass, and four MRE pieces that behaved as complex springs. The wire coil was
used to generate a magnetic field within the absorber. The MREs were subjected
to the absorber’s magnetic field in a path of least resistance. The design was
generated in part using finite element simulating software.

MREs were used as springs because an MRE'’s stiffness increases in the presence
of a magnetic field. MREs were manufactured using a two-part silicone gel with a
Young’s modulus of approximately 25 kPa and low-carbon iron micro powder, 6-
9 microns in diameter. MREs were created to contain specified volume fractions
of iron powder, and then placed in a magnetic field during the curing process.
This generated MREs with iron particles aligned in chains, which amplifies the
stiffness increase effect.

MREs were placed in vibration absorber configurations such that the magnetic
field applied to the MREs was parallel to the direction of vibratory excitation. The
SSA was attached to a base mass which was subjected to band limited white
noise excitation, which was also measured with an accelerometer. A displace-
ment probe attached to the base mass was used to measure the displacement of
the absorber mass relative to the base mass.

This work comprised of two primary experiments: determining the natural fre-
quency of the SSA at a set level of excitation amplitude, magnetic field, and iron
content, and determining the transient nature of the natural frequency when a
step change in magnetic field was generated, or how the natural frequency changed
over time. The SSA’s natural frequency was determined as it varied with MRE iron
content, excitation amplitude, and magnetic field intensity levels. FFTs of the
displacement data were taken and fit to a linear, ODE model using a method of
least squares.

6169-44, Session 8

Mitigation of acoustic resonance using electrically shunted
loudspeakers

A. J. Fleming, The Univ. of Newcastle (Australia); D. Niederberger, Swiss Federal
Institute of Technology (Switzerland); S. O. R. Moheimani, The Univ. of
Newcastle (Australia); M. Morari, Swiss Federal Institute of Technology
(Switzerland)

Low-frequency reverberant sound fields are usually suppressed by means of ei-
ther adaptive feedforward control or Helmholtz resonator. Feedforward systems
utilize a noise reference signal, error microphone, and loudspeaker to cancel sound
propagating in one direction. Due to the requirement for multiple transducers and
a powerful Digital Signal Processor, feedforward systems are the most complex
and expensive option for acoustic noise reduction. Helmholtz resonators, com-
prising of auxiliary coupled acoustic chambers, are a popular passive technique
for the control of dominant acoustic modes. Although lightly damped acoustic
modes can be heavily attenuated, the resonators are difficult to tune and require
impractically large cavity volumes at frequencies below 200 Hz. This paper intro-
duces a new technique for the control of low-frequency reverberant sound fields.

By connecting an electrical impedance to the terminals of an acoustic loudspeaker,
the mechanical dynamics, and hence acoustic response can be made to emulate
a sealed acoustic resonator. No microphone or velocity measurement is required.
In some cases, the required electrical circuit is simply the parallel connection of a
capacitor and resistor. With the addition of a single pressure microphone, a tech-
nique for online circuit adaptation is proposed. Experimental application to a closed
acoustic duct results in 14 dB pressure attenuation of a single acoustic mode.
Active impedances can be designed by viewing the system model from a feed-
back control perspective. The resulting electrical impedances, although not pas-
sive, are experimentally shown to attenuate four acoustic modes by up to 10 dB.
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Electrostatic tuning of the bending stiffness of a large scale
GFRP-CFRP beam
A. E. Bergamini, R. Christen, M. Motavalli, EMPA (Switzerland)

The suppression of vibrations of a structure is commonly considered a necessary
measure for the extension of its lifetime, when high amplitude vibrations are ob-
served. As an alternative to the introduction of discrete damping devices, the
modification of the stiffness of a beam is proposed as a means to suppress vibra-
tions due to resonance. The effect of electrostatic tuning on the vibratory proper-
ties of small beams has been demonstrated in previous work. New vibration sup-
pression strategies are also of interest for large size structures, such as automo-
biles, airplanes and lightweight civil engineering structures that are prone to vibra-
tions induced by the combined effect of wind and possibly rain. In order to con-
firm the practicability of such an approach also on larger structures, a large size
(2400mmx60mmx120mm) GFRP I-beam of a type used for the construction of
lightweight pedestrian bridges has been equipped with stiffening elements that
can be coupled electrostatically. The dynamic behaviour of such a cantilever beam
was investigated as a function of excitation amplitude and frequency. The ex-
pected increase in stiffness for an optimally bonded system is of the order of three
and a half times, which would yield a shift of the natural frequency of the order of
100%. The results show that in a sub-optimal system, the first bending natural
frequency of the beam can be shifted by approximately 30% by electrostatically
coupling CFRP strips to the surfaces of the GFRP beam. Additionally, the hypoth-
esis that the interaction between the stiffening elements and the core of the sys-
tem are governed by a stick-slip type behavior could be confirmed by performing
measurements with low amplitude excitation. The behaviour of the system is non-
linear in terms of its dependency on the excitation amplitude. Other than in the
case of high amplitude excitation, where friction at the core face interfaces plays
a dominant role in the reduction of the vibration amplitude, as confirmed by a
marked broadening of the peaks in the transfer function, fairly formed resonance
peaks could be observed in low amplitude experiments. The results indicate that
further work is needed towards the optimization of the interfaces between faces
and core of the sandwich beam and towards the properties of the dielectric mate-
rials used. Such work will make it possible to reduce interfacial slipping also at
higher excitation amplitudes, thus leading to reduced wear of the contact sur-
faces and increased reliability of the system.

Conference 6169: Damping and Isolation

SPIE e Smart Structures and Materials/NDE e spie.org/events/ssmnde e Tel: +1 360 676 3290 e spie@spie.org 129



Conference 6170: Active Materials: Behavior and Mechanics

Monday-Thursday 27 February-2 March 2006

Part of Proceedings of SPIE Vol. 6170 Smart Structures and Materials 2006:

Active Materials: Behavior and Mechanics

6170-01, Session 1

A non-equilibrium thermodynamics framework for domain
evolution; phase field models and finite element
implementation

C. M. Landis, Rice Univ.

Traditionally, the Ginzburg-Landau equation governing the evolution of domain
configurations has been derived from a simple and physically justifiable set of
assumptions. While this approach is certainly sound, it obscures the modern con-
tinuum physics distinction between fundamental balance laws, which are appli-
cable to a wide range of materials, and the constitutive equations that are valid for
a specific material. Here we present a small deformation non-equilibrium thermo-
dynamics framework for ferroelectric domain evolution. In addition to the macro
mechanical (static equilibrium) and electrical (Maxwell’s laws) balance laws, we
also postulate a configurational force balance governing a set of configurational
forces (also called microforces) that are work conjugate to the order parameter,
which in our case is the material polarization. Application of the second law of
thermodynamics to this system allows us to identify general forms for the free
energy and the dissipation coefficient of the material. The general form of the
theory contains the standard Ginzburg-Landau equation as a special case. In or-
der to make computations on relevant size scales with these types of phase field
models, it is important to apply adaptive grid techniques with fine meshes near
domain walls and coarse meshes elsewhere. Such adaptive meshing techniques
are currently available for finite element methods. Hence, as a step towards large-
scale phase field computations, a finite element method for the solution of these
types of phase field theories is described and implemented. Preliminary results
from the model and its finite element implementation on ferroelectric thin film do-
main evolution will be given.

6170-02, Session 1

Coupled modeling and simulation of electro-elastic
materials at large strains
G. Possart, P. Steinmann, Univ. Kaiserslautern (Germany)

In the recent years various novel materials have been developed that respond to
the application of electrical loading by large strains. An expample is the class of
so-called electro-active polymers. Certainly these materials are technologically
very interesting, e.g. for the design of actuators in mechatronics or in the area of
artificial soft tissue biomechanics.

This presentation focuses on the modelling of these materials within the setting of
continuum-electro-dynamics specialized to the case of electro-elasto-statics and
the corresponding computational setting. Thereby a highly nonlinear coupled prob-
lem for the deformation and the electric potential has to be solved.

As an interesting and probably less known aspect the presentation highlights also
the theoretical and computational treatment of various defects, like e.g. cracks or
inclusions, for this example of a coupled multiphysics problem. The discretization
of the fully material setting of the relevant balance equations renders immediately
nodal configurational forces with all the intriguing information richness they pro-
vide. The study of configurational continuum physics renders a valuable tool for
the analyst in order to examine further properties of the solution which would
otherwise stay hidden.

6170-04, Session 1

Finite-element-analysis of poling processes in piezoceramic
devices

M. Kamlah, B. Laskewitz, Z. Wang, Forschungszentrum Karlsruhe (Germany)

Recent advances in the formulation of a micromechanically motivated constitu-
tive model will be presented. The model will be compared to experimental results.
Furthermore, the finite element implementation of constitutive models for
piezoceramic materials will be discussed.

Finally, we discuss examples for the application of such a tool to the analysis of
poling processes in piezoceramic devices.

6170-05, Session 1

Monte Carlo simulation of ferroelectric relaxor crystals at
morphotropic phase boundary

J. Li, Univ. of Nebraska/Lincoln; K. Bhattacharya, California Institute of
Technology

In this talk, we report our recent work on ferroelectric relaxor crystals at
morphotropic phase boundary (MPB) using a Monto Carlo simulation, where the
evolution of a two-dimensional lattice of dipoles under an applied electric field is
studied. Each lattice point is either tetragonal or rhombohedral, while each dipole
can take any one of the eight available polarization directions with certain prob-
ability determined by the overall energetic state. As the dipoles evolve to an equi-
librium configuration, microscopic clusters and macroscopic hysteresis loop have
been observed, and the effects of chemical compositions and temperature have
been investigated. In particular, we have confirmed the mesoscopic polarization
rotation near the MPB, which is believed to be responsible for the superior elec-
tromechanical coupling observed in relaxor crystals near MPB.

6170-06, Session 2

Micromechanical modeling of PMN-32%PT ceramic based
on single crystal properties

K. Webber, C. S. Lynch, Georgia Institute of Technology; R. Zuo, Technische
Univ. Darmstadt (Germany)

The behavior of ferroelectric ceramic materials is governed by complex multiscale
phenomena. At the macroscale, the constitutive behavior displays time depen-
dent coupling between stress, electric field, and temperature. This behavior is
dependent on composition, microstructure, and dopants. Plasticity based
macroscale phenomenological models utilize the concept of internal state vari-
ables and their evolution to represent the volume average behavior. These models
include many variables that must be determined through a combination of experi-
ment and micromechanical modeling. At the mesoscale, the microstructure plays
an important role in the material behavior. Grains form during the sintering pro-
cess and porosity can occur at grain boundaries. Upon cooling, the material un-
dergoes a phase transformation to a ferroelectric state. Domains form within grains
to minimize intergranular stress and electric fields. Within a single domain, the
material behavior is governed by the crystal structure and the local fields.
Micromechanics approaches connect the mesoscale with the macroscale.
Micromechanical models utilize single crystal behavior and a self consistent ap-
proach to handling intergranular stress and electric fields to simulate the macro-
scopic behavior. This approach considers average local fields and utilizes volume
fractions of domain types to characterize the state. This work implements mea-
sured single crystal behavior in a micromechanics code to predict the macro-
scopic material behavior. Specimens of the same composition are characterized
under combined stress and electric field loading and the results are discussed.

6170-07, Session 2

Phase field simulation of ferroelectric and antiferroelectric
single crystals
T. Liu, C. S. Lynch, Georgia Institute of Technology

Ferroelectric materials exhibit spontaneous polarization, spontaneous strain and
domain structures below the Curie temperature. The phase field approach has
been used to simulate the ferroelectric-antiferroelectric phase transformation and
the formation of ferroelectric domain structures. We simulate the evolution of phases
and domain structures in ferroelectric single crystals by solving the time depen-
dent Ginzburg-Landau (TDGL) equation with polarization as the order parameter.
The TDGL model is based on thermodynamic theories and kinetics. In the TDGL
equation the free energy of a ferroelectric crystal is written as a function of polar-
ization and applied fields. Change of temperature as well as application of stress
and electric field leads to evolution of polarization and change the free energy
level. The temporal evolution of polarization field is computed by solving the TDGL
equation with explicit time integration scheme. Finite difference method is imple-
mented for the spatial description of the polarization. Different boundary condi-
tions can are considered. This approach is capable of simulating structural phase
transformations and domain evolution at nano- to micro-scales. Cubic to rhom-
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bohedral and ferroelectric to antiferroelectric (rhombohedral) phase transforma-
tions are simulated. Formation of domain structures and preferred domain wall
orientations are modeled. By applying temperature, stress and electric fields, field
induced polarization switching and phase transitions can be simulated and the
macroscopic material responses can be reproduced. Parameters are chosen ac-
cording to measured energy levels to match the behavior of ferroelectric single
crystals. This phase field approach provides a tool to simulate the evolution of
domain structures based on microscopic parameters. It can be implemented in
numerical codes as a material model to compute the field-microstructure-prop-
erty relation and the macroscopic responses.

6170-08, Session 2

Micromechanics of multivariant and multiphase
ferroelectric domain structures
J. Rodel, Dresden Univ. of Technology (Germany)

High-strain piezoelectric materials are often ceramics with a complicated consti-
tution.

In particular, PZT is used with compositions near to a so-called morphotropic
phase boundary, where not only different variants of the same phase (domains),
but different phases may coexist.

Micro-mechanical models for ferroelectric ceramics would be much more realis-
tic, if these effects could be incorporated.

In this presentation, we consider the conditions of mechanical and electrical com-
patibility of ferroelectric domain structures. One result are the well known crystal-
lographic relationships between domains of the same phase for various phases.
Furthermore we are able to address the question of coexistence of different crys-
tallographic phases within the very same crystallite. In general, the spontaneous
strain and spontaneous polarization of a tetragonal and a rhombohedral domain
are not compatible. The internal fields which are caused by this incompatibility,
and the associated energy contributions, can be calculated using distributed crystal
defects and charge models.

We can also show that this internal fields and energies can be decreased by an
intermediate, e.g. monoclinic, phase and we can calculate optimal, i.e. minimum
energy interface orientations.

The numerical analysis of the derived relationships are susceptible to the crystal-
lographic description of the phases in question. In this presentation, a simple
analysis and analytical, composition dependent fit of strain and polarization of
PZT at room temperature for available data are used.

The outlined approach can be used to model the overall behavior of multi-variant
and multi-phase crystallites with certain, simplified geometrical arrangements of
the constituents.

6170-09, Session 2

A real-space non-local phase-field model of ferroelectric
domain patterns in complex geometries
K. Dayal, K. Bhattacharya, California Institute of Technology

Ferroelectric perovskites are used in various MEMS devices due to the strong
coupling between electric field and strain. They also have large nonlinear responses
to optical excitation for which they have been proposed as an element of photonics
devices. In these applications, ferroelectrics are machined to have complex ge-
ometries with a complex arrangement of patterned electrodes. It is important there-
fore to understand the domain patterns that form in these complicated geom-
etries. However, available phase field models assume periodicity or unrealistic
electric boundary conditions to be useful in these contexts. Therefore, we de-
velop a real-space non-local phase-field model to address this issue.

The key issue is to resolve not only in the dipole-dipole interactions in the ferro-
electric but also stray or induced fields in the surroundings in a computationally
effecient manner. We do so by using a boundary element method to account for
the non-local electrostatic contributions, and this makes the modeling of free sur-
faces computationally tractable. The model is constructed by identifying the total
energy consisting of Landau, domain wall and electrostatic contributions.

We calibrate the method by simulating AFM topography measurement experi-
ments, and use this to test different hypotheses of closure domains at the free
surfaces of ferroelectric crystals. We also simulate PFM experiments in an accu-
rate and consistent manner, by modeling the charged tip and calculating the re-
sponse to the PFM taking into account nonlinear effects, such as large fields near

the tip, and local switching.

We also use the method developed to study the behavior of a ferroelectric crystal
with patterned electrodes, a geometry that is of interest in the design of electronic
devices with ferroelectrics. The ability of the boundary element method to handle
free surfaces also allows us to study the nature of closure domains in ferroelec-
trics and the interplay between elastostatic energy and electrostatic energy. We
also study configurations that are of interest in building photonics devices with
barium titanate.

6170-10, Session 2

Multi-axial non-proportional polarization rotation tests of
soft PZT piezoceramics under electric field loading
D. Zhou, M. Kamlah, B. Laskewitz, Forschungszentrum Karlsruhe (Germany)

In this experimental work, multi-axial, non-proportional polarization rotation tests
were performed for a commercial soft PZT material under purely electric field load-
ing. Large pre-poled piezoceramic plates were cut into rectangular blocks of 5 x 5
x 15 mm[], with their long axes inclined at a set of angles (from 0° to 180°, in steps
of 15°) to the initial poling direction. After cutting, the top and bottom 5 x 5 mm3
surfaces were electroded with a thin layer of silver paint and, then a ramp-shaped
electric field was applied to cause the polarization to rotate. In addition to the
polarization measurement along the field loading direction, the normal strain re-
sponses in all three coordinate directions were monitored simultaneously using
strain gauge technique. Based on a series of polarization and strain versus elec-
tric field curves, switching (domain reorientation threshold) surfaces were con-
structed in the bi-axial electric field space using the conventional offset method.
The experimental data were used to examine the existing switching criteria in
phenomenological and micromechanical models for the non-linear constitutive
behavior of piezoceramics.

6170-15, Session 3

Temperature dependence of the dielectric, elastic and
piezoelectric material constants of lead zirconate titanate
(PZT) ceramics

G. Sabat, Dept. of National Defence (Canada); W. Ren, Xi’an Jiaotong Univ.
(China); G. Yang, EXFO (Canada); B. K. Mukherjee, Dept. of National Defence
(Canada)

Piezoelectric lead zirconate titanate (PZT) ceramics are widely used as sensors
and actuators and some of the applications, such as those in space, involve envi-
ronments in which the temperature varies over a wide range. It is therefore neces-
sary to characterize the behaviour of these ceramics over a wide range of pos-
sible operating temperatures. We have used resonance methods to determine the
variation of the material constants of PZT ceramics as a function of temperature
over a temperature range from -165°C to 195°C.

Soft (EC-65) and hard (EC-69) PZT samples, manufactured by EDO Ceramic, were
cut according to the prescribed aspect ratios and satisfying the following reso-
nance modes: radial mode, thickness extensional mode, length extensional mode
and length thickness extensional mode, as described in the |IEEE Standard on
Piezoelectricity (1987). Several piezoelectric, elastic and dielectric constants, as
well as the corresponding electromechanical coupling factors, were plotted as a
function of temperature ranging from 15°C to -165°C, up to 195°C and back down
to 15°C. These material constants were obtained by analysing the fundamental
resonance of the corresponding impedance or admittance spectra as a function
of the frequency for each sample geometry and composition. Upon cycling the
temperature between -165°C and 195°C, the piezoelectric constants d33 and -
d31, as well as the dielectric constants EpsT33, generally increased with tem-
perature for both soft and hard PZT samples. However, the elastic constants sE11
and -sE12 exhibited abnormal variations seen as broad peaks over parts of the
tested temperature range. These variations may be attributed to a tetragonal-to-
rhombohedral phase change in the crystal structure of soft and hard PZT samples,
occurring around 50°C and -75°C respectively. Furthermore, thermal hystereses
were observed in all the studied material constants upon heating the samples to
195°C and during the subsequent cooling to 15°C. These hystereses were caused
by de-pinning of domains in some cases and by irreversible contributions of do-
main dynamics during the first heating cycle in others. Finally, it was noted that,
overall, the material constants of soft PZT varied significantly more than those of
hard PZT under changing temperature conditions. This is due to the fact that the
extrinsic contributions to the piezoelectric effect, caused by domain dynamics,
are larger in soft PZT.
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6170-16, Session 3

Time dependent evolution of polarization in PZT

J. E. Huber, Univ. of Oxford (United Kingdom); Q. Liu, Univ. of Cambridge
(United Kingdom)

The dielectric and mechanical responses to a constant electric field have been
measured on initially unpoled PZT-5H and PLZT 8/65/35. In particular, we are
interested in the time dependent behavior of remnant strain and polarization and
the results associated with the domain switching behaviour due to unipolar elec-
tric field. An experimental method has been developed to obtain the remnant strain
and polarization by excluding strain gauge drift, leakage, dielectric and piezoelec-
tric effects. The evolution patterns of the remnant strain and polarization in two
soft ferroelectrics suggest that they undergo different microscopic polarization
mechanisms. In PLZT 8/65/35, a critical remnant polarization was reached before
rapid switching was observed, but no such threshold is observed in PZT-5H. Fi-
nally, thermal effects on the remnant strain and polarisation rates are reported.
Possible rate laws are discussed.

6170-17, Session 3

Fatigue crack growth in ferroelectrics under cyclic electrical
loading
A. Ricoeur, A. Emrich, M. Kuna, Technische Univ. Freiberg (Germany)

Today, piezo- and ferroelectric ceramics find a widespread application in adaptive
systems. They are main components of actuator stacks and sensors or are inte-
grated as fibers and laminated films into structural materials. Put into operation,
they are mostly subject to cyclic loading by electric fields, mechanical loads or a
combination of both. As with all brittle materials micro cracks have an essential
influence on the reliability of the piezoelectric components. If an incipient macro-
scopic crack develops, the prediction of durability requires a fracture mechanics
evaluation. Thereby, the mechanisms of fatigue crack growth in structural ceram-
ics and ferroelectrics are basically different. Ferroelectric domain switching due to
electrical and mechanical fields plays an essential role.

Crack growth under cyclic electrical loading has experimentally been investigated
by different researchers. Thus, some qualitative knowledge on how the electric
field intensity, cycling frequencies and signal shapes influence the crack growth
rates is available. The subject of our paper is twofold. First, a geometry indepen-
dent quantitative description of the phenomenon is given presenting an electro-
mechanical crack growth rate relation similar to a Paris-Erdogan-Law. Therefore,
experiments are evaluated in which fatigue cracks grow in Double-Cantilever-Beam
(DCB) specimens made of PIC151 driven by cyclic electric loads. In some experi-
ments the electric load is combined with a constant mechanical load. To quantify
the loading at the crack tip, the electric displacement intensity factor KIV and the
stress intensity factor Kl are calculated numerically accounting for realistic electri-
cal crack boundary conditions. The applicability of the K-concept in the presence
of large-scale-switching is theoretically investigated and considered as justified to
characterize the loading condition for fatigue crack problems. A method for a
simplified calculation of the interaction integral for limited permeable cracks in
piezoelectrics is presented. The numerical simulations reveal among others a crack
closure effect leading to a threshold value of the electric load which is in good
agreement with experimental observations.

Second, the crack driving forces which are due to domain switching are calcu-
lated. Therefore, a micromechanical model has been developed and implemented
into a self-developed finite element code. A domain switching criterion is evalu-
ated in representative volume elements deciding upon local changes of polarisation
and inelastic strain. The influence of a rotation of the anisotropic material axes on
the electrical and mechanical fields as well as the interaction of evolving residual
stresses on the switching are taken into account. To demonstrate the reliability of
the model, ferroelectric hysteresis loops are presented and discussed. Simula-
tions of fatigue crack growth give information about the reason of electrically driven
crack growth and enlighten the influence of different features such as poling state
or loading history on the crack growth rate.

6170-18, Session 3

Understanding microstructural effects on long term
electrical fatigue in multilayer PZT actuators

J. Mueller, S. A. Hooker, National Institute of Standards and Technology; D.
Balzar, Univ. of Denver

Piezoelectric ceramics are desirable actuator materials due to their fast response,
wide bandwidth, high force, compact size, and ease of motion control. Many new
applications are emerging for these materials, including adaptive structures, vi-
bration isolation, and nanorobotics. In these instances, the materials may be re-
quired to perform continuously over long durations, while also achieving maxi-
mum physical displacement. These demands translate into relatively harsh driv-
ing conditions, where an increased possibility of property degradation and fatigue
exist. Microstructure control offers one possible route to improve fatigue resis-
tance. To determine the relationship between microstructure and fatigue, we ex-
amined the effects of continuous cyclic actuation on multilayer lead zirconate ti-
tanate (PZT) actuators. These devices were produced from sub-micron particles
and processed over a 150 °C sintering range. The resulting actuators possessed
average grain sizes from 2.5-4 microns. Components were fabricated in a surface
mount configuration (0.30 cm x 0.15 cm) with ten active (PZT) internal layers, each
50 microns thick. Fatigue resistance was determined by monitoring the change in
ferroelectric properties (remnant polarization, Pr, saturation polarization, Ps, and
coercive field, Ec) during cumulative exposure to switching electric fields. Mea-
surements were performed using a modified Sawyer-Tower circuit and applying a
sinusoidal wave approximating the PZT-5A coercive field (Ec ~ 15 kV/cm). Micro-
structure evolution affected both the initial and fatigued properties of the different
devices. All parts remained functional beyond 1E7 cycles, with no microcracking
observed. Because of the dependence of the initial ferroelectric properties on
sintering temperature, final polarization values were quite similar among all parts,
indicating the retention of a minimum polarization regardless of microstructure. X-
ray diffraction measurements were performed on as-produced, poled and electri-
cally fatigued specimens. Examined crystallographic properties included coher-
ently diffracting domain sizes evaluated from line broadening in the [001] and [100]
directions, orientation ratio of c- and a-domains, and unit cell tetragonality. A pos-
sible clamping effect by smaller grain sizes of the spontaneous tetragonal distor-
tion was found for processing temperatures below 1250 °C. This temperature
seems to mark a threshold of the material, as specimens processed beyond this
level showed only minor differences in crystallographic orientation, regardless of
electrical treatment, indicating faster pinning of domains at higher, and facilitated
domain wall movement at lower processing temperature. The results confirm
measurements of electrical properties, which showed that devices processed at
low temperatures fatigued far less than those processed at higher temperatures
(<20 % vs. \> 50 %), with fatigue rate increasing with increasing sintering tem-
perature up to 1250 °C.

6170-19, Session 3

Development of broadband, high-power single crystal sonar
transducers

H. Robinson, Naval Undersea Warfare Ctr.; J. Powers, Progeny Systems Corp.;
M. B. Moffett, Anteon Corp.

Ferroelectric single crystal materials have been developed under the auspices of
the Defense Advanced Research Projects Agency and the Office of Naval Re-
search for use in sonar and ultrasonic arrays. Single crystals such as lead magne-
sium niobate-lead titanate (PMN-PT) typically have elastic moduli of 10-15 GPa,
piezoelectric constants of 1200-2000 pm/V and electromechanical coupling fac-
tors of 0.9. These unique material properties promise a revolutionary advance in
sonar and ultrasonic technology. In particular, single crystal sonar projectors can
be designed that offer over an octave of bandwidth from a single transducer, sub-
stantially increased source level over current ceramic transducers, smaller size
and reduced power amplifier requirements. Several prototype single crystal trans-
ducers and arrays have been developed for Naval applications whose performance
demonstrated conclusively that the enormous potential of these materials can be
realized in practical devices. The first demonstration was an array of sixteen longi-
tudinal vibrator (tonpilz) transducers. Extensive testing of this array revealed that
many properties of the array’s performance varied depending on the magnitude of
the dc electrical bias and ac electrical drive. However, it was also discovered that
these performance variations correlated exactly with the variations in the mea-
sured material properties observed in laboratory material characterizations. This
tonpilz array showed an improvement by a factor of three in bandwidth over a
comparably sized system using lead zirconate titanate (PZT) ceramic transduc-
ers, with as much as 15 dB higher source levels (or 30 times the acoustic power)
available within that band. These improvements occurred with no increase in the
drive amplifier size, indicating the tremendous performance improvements pos-
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sible when ferroelectric single crystal transducers are used in place of PZT ce-
ramic ones. A second device demonstration was a compact, high power single
crystal cylinder. This transducer showed very small impedance variations (3:1)
over nearly a decade of frequency. Simultaneously, this transducer was extremely
well matched to the power amplifier, with a tuned power factor of 0.8 or more,
over 2.5 octaves of frequency. This implies that the amplifier that is needed to
drive this transducer can be physically smaller in size, simpler to design and cheaper
to build than an analogous ceramic based system designed to cover the same
frequency band. [Work sponsored by DARPA and ONR]

6170-20, Session 3

Characterizing reliability in multilayer PZT actuators
S. A. Hooker, National Institute of Standards and Technology

Many new applications are emerging for piezoelectric ceramics including adap-
tive structures, active flow-control devices, and vibration and noise suppression.
Additionally, there are opportunities to use these devices in the biomedical field
for miniature pumps, ultrasonic surgical tools, micro-needle arrays, and nano-
robotics. In each of these instances, actuator stability is critical, representing a
significant challenge for piezoelectric ceramic materials. For example, the proper-
ties of lead zirconate titanate (PZT) have been found to degrade, often signifi-
cantly, during continuous operation due to a combination of domain pinning, re-
laxation of interfacial stress, and, in the worst cases, micro-crack formation. This
degradation, referred to as actuator fatigue, can be even more pronounced when
high voltages are used to achieve maximum displacement. Multilayer configura-
tions, such as co-fired stacks, are important for many emerging applications, par-
ticularly as these devices are now being produced in very small physical dimen-
sions with lower power requirements. However, multilayer components may also
be highly susceptible to long-term fatigue due to the large number of interfaces
involved in their configuration. In this work, we report the polarization and dis-
placement fatigue for a series of miniature (3 mm x 3 mm x 2 mm) multilayer
actuators produced commercially from soft PZT (PZT-5A-type) materials. These
devices have relatively thin internal layers (~ 50 microns), substantially reducing
the voltage needed for operation. Frequency, voltage, and clamping force were
varied to determine their effect on the rate of fatigue. This presentation will de-
scribe the significance of these parameters on determining actuator reliability, with
the goal of ensuring that application developers optimize operational conditions
to promote fatigue resistance.

6170-21, Session 3

Low-voltage single crystal actuators
X. S. Jiang, P. W. Rehrig, J. Luo, W. S. Hackenberger, TRS Technologies, Inc.

Conventional co-fired PZT actuators are used extensively in Piezoelectric actua-
tions requiring low driving voltages because of the fact that full strain could be
achieved under < 100 V for PZT tape thickness of less than 50 um. However,
piezoelectric properties of PZT is low comparing with single crystals, and PZT lost
~ 70% of its room temperature piezoelectric activity at temperature of 77K, indi-
cating that low voltage PZT actuators are not desired for applications featuring
with low profile, and/or low temperatures. On the other hand, single crystal
piezoelectrics has drawn a lot of attention for high strain piezoelectric actuations
because of its high piezoelectric coefficient, electromechanical coupling coeffi-
cient and energy density. But the relatively high driving voltage is required to achieve
full strain for single crystal actuators with regular layer thickness of 0.5 mm, which
could also lead to bulky driving electronics and that is not allowed in some cases.
In this paper low voltage single crystal actuators will be investigated using thin
PMN-PT plates for applications requiring low voltage, large strain, low profile and/
or actuation at cryogenic temperatures. Firstly, single crystal thickness effect on
piezoelectric properties was studied by investigating the relationship between elec-
tromechanical coupling coefficient of PMN-PT crystals and the crystal thickness.
It is found that electromechanical coupling coefficient (kt) of 50 um, 75 um and
100 um PMN-PT single crystal thin plates are 0.5, 0.51, and 0.55, respectively,
which are slightly lower than that of bulk single crystal (0.6). A couple of single
crystal actuators were then assembled using crystal plates with thickness of 100-
250 um. These actuators were characterized by measuring strain vs. electric field
at room temperature and cryogenic temperatures. A 3 mm x 3 mm x 19 mm single
crystal stack actuator showed 21 um stroke at room temperature under 150 V,
and 10 um stroke at 60 K under 200 V. A5 mm x 5 mm x 12 mm single crystal
actuator showed 13.5 um stroke at room temperature under 150V, and 6 um stroke
at 77K under 150V. These low voltage actuators hold promising in space precise
positioning and adaptive structures and cryogenic SEM, SPM and STM applica-
tions.

6170-22, Session 3

Advanced Tonpilz transducers incorporating single crystal
piezoelectrics

K. A. Snook, P. W. Rehrig, W. S. Hackenberger, X. S. Jiang, TRS Technologies,
Inc.; R. J. Meyer, Jr., D. C. Markley, The Pennsylvania State Univ.

Transducers incorporating the single crystal piezoelectric Pb(Mg1/3Nb2/3)x-1TixO3
(PMN-PT) exhibit significant advantages over ceramic piezoelectrics such as PZT,
including both high electromechanical coupling (k33 \> 90%) and piezoelectric
coefficients (d33 \> 2000 pC/N). This orientation gives inherently larger bandwidth
and output power, however, the anisotropy of the crystal also allows for tailoring
of the performance by orienting the crystal along different crystallographic axes.
This attribute can be used to improve thermal or mechanical stability, which is
important in high power, high duty cycle sonar applications.

By utilizing the ‘31’ resonance mode, the high power performance of PMN-PT can
be improved over traditional ‘33" mode single crystal transducers, due to an im-
proved aspect ratio. Utilizing novel geometries, effective piezoelectric constants
of -1000 pC/N to -1600 pC/N have been measured. The phase transition point
induced by temperature, pre-stress or field is close to that in the ‘33’ mode, and
since the prestress is applied perpendicular to the poling direction in ‘31’ mode
elements, they exhibit lower loss and can therefore be driven harder.

The high power characteristics of tonpilz transducers can also be affected by the
composition of the PMN-PT crystal. TRS modified the composition of PMN-PT to
improve the thermal stability of the material, while keeping the loss as low as
possible. More than a 50% decrease in the temperature dependence of the di-
electric constant was achieved, while maintaining a loss mechanical loss below
0.008. A decrease in the source level of approximately 5 dB was calculated, which
can be compensated for by the higher drive voltages possible.

6170-11, Session 4

Mixed mode elastic-magnetostrictive wave propagation in a
cubic media
W. D. Armstrong, Univ. of Wyoming

A preliminary theoretical effort has provided a robust three dimensional energy
based model of magnetostrictive wave propagation in a general cubic magneto-
strictive material. Under high intensity impact the present theory predicts that the
wave front will split between a higher velocity elastic precursor wave and a lower
velocity, strongly dissipative, magnetostrictive shockwave. The wave front solu-
tion strongly depends on longitudinal pre-stress level and initial magnetization
state. We may expect that a significant portion of the magnetostrictive shockwave
deformation will be reversible under sufficiently large external applied magnetic
fields. In combination these technical characteristics therefore present an oppor-
tunity to develop magnetostriction based shock hyper-toughness in safety critical
civil and military structures.

6170-12, Session 4

High-temperature plasticity of polycrystalline Galfenol (Fe-
Ga)
L. M. Cheng, R. Ham-Su, Defence R&D Canada - Atlantic (Canada)

Magnetostrictive Galfenol (Fe-Ga) is a promising and mechanically robust actua-
tor material. Single crystals of Galfenol have been shown to exhibit up to 400 ppm
magnetostrictive strains with saturating fields of several hundred oersteds. How-
ever, due to the high conductivity of Galfenol, device operation will require it to be
laminated, or in thin sheet form, in order to avoid eddy current loses. Current
lamination techniques are costly, time consuming, and can only produce a small
number of laminates at a time. To produce large quantities of thin sheet Galfenol
for future device applications, we are investigating the effects of rolling on texture
evolution and magnetostrictive properties of polycrystalline Galfenol. This work
includes experimental rolling, theoretical modeling and studies of high tempera-
ture polycrystalline plasticity. Models are being developed for the microstructure
evolution and texture development as the deformation process proceeds. In-situ
neutron diffraction experiments are being used to attain quantitative information
on the high temperature, plane strain deformation of Galfenol. These experiments
are also used to identify preferential slip systems and thermomechanical treat-
ments that will enhance/minimize lattice rotation during deformation. The high-
temperature plasticity and deformation behavior of polycrystalline Galfenol during
simulated rolling conditions is also being studied. The results obtained from these
experiments are critical to the development of the models which take into account
the relations among imposed deformation strain, constraints between neighbor-
ing grains and operating slip systems. Recovery and recrystallization mechanisms
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and kinetics are also being studied. As shown by these experiments, significant
dynamic recovery and recrystallization occurred during the deformation process.
In this paper, latest results from these investigations will be discussed.

6170-13, Session 4

Effect of stress annealing on Galfenol and Alfenol
magnetostrictive alloys

A. E. Clark, Clark Associates Inc; J. B. Restorff, M. Wun-Fogle, Naval Surface
Warfare Ctr.; E. M. Summers, ETREMA Products, Inc.

Selected Etrema Produced Galfenol (Fe100-xGax, x =6, 12.5, 17, 18.4) and Alfenol
(Fe85AI19) research grade alloy rods (~50mm x 6 mm dia.) were annealed under
stresses up to 200 MPa at temperatures ranging from 100°C to 700°C for periods
of 10 and 20 minutes. Because of the magnetostriction of the alloys, such heat
treatments build in various degrees of uniaxial magnetic anisotropy depending
upon annealing stress, annealing temperature, and alloy composition. This built-
in uniaxial magnetic anisotropy has the effect of extending the high power capa-
bility of these positive magnetostrictive alloys into operation under tensile loads.

Magnetization and magnetostriction measurements of both annealed and
unannealed alloys have been taken at room temperature under compressive loads
\> 100 MPa to tensile loads up to 50 MPa (~7 ksi). To fit the magnetization and
magnetostriction as a function of magnetic field, an energy expression containing
a fourth order anisotropy term (cubic term) plus a second order uniaxial term was
utilized. To fit the data over a wide range of (compressive) stresses it was neces-
sary to include a second order uniaxial stress dependent term. The uniaxial anisot-
ropy now consists of two parts: (1) the conventional term that depends upon the
annealing stress and independent of the applied (compressive) stress and (2), a
new term that linearly depends upon the applied (compressive) stress. Using this
energy expression excellent fits were obtained to the magnetization curves and
magnetostriction curves. Importantly, from the magnitude of the constant ‘C’, which
is derived from the stress dependent anisotropy term, it is possible to calculate
the maximum tensile stress that can be built-in by stress annealing.

6170-14, Session 4

Magnetostriction of polycrystalline strong-textured Fe-
17at%Ga fabricated by combining rapid-solidification and
sintering processes

C. Saito, Moritex Corp. (Japan); Y. Furuya, T. Okazaki, Hirosaki Univ. (Japan); M.
Omori, Tohoku Univ. (Japan)

Magnetostrictive bulky Fe-17at%Ga alloy was fabricated by combining laminate
of rapid-solidified ribbons (80 um in thickness) and spark plasma sintering/joining
(SPSJ). SPSJ is characterized by short time and low temperature heating and
sintering process. The laminated sample made by SPSJ maintained the unique
metallurgical microstructure of polycrystalline texture of columnar grains as well
as almost non-equilibrium metastable phase with little existence of ordered pre-
cipitations in as-spun ribbons. The excellent sintered sample having large
magnetostoriction was obtained under a condition of the compressive stress of
100 MPa at the temperature of 973 K. The magnetostriction depended on com-
pressive pre-stress level for specimen and reached about 100 ppm which was a
half of value obtained for the ribbon sample. Furthermore, by following short an-
nealing for this specimen, the magnetostriction increased to 170 ppm compa-
rable to the ribbon’s value.

6170-23, Session 5

A free energy model for the magnetostrictive behavior of
polycrystalline Iron-Gallium alloys
J. Atulasimha, A. B. Flatau, Univ. of Maryland/College Park

While study of single crystal FeGa alloys is a good starting point for characterizing
and modeling Galfenol behavior, commercial actuators and sensors are more likely
to be made of polycrystalline FeGa. This is due to greater yields produced by
manufacturing process used to make polycrystals which could make FeGa com-
mercially viable, provided the actuation and sensing properties of polycrystals are
not significantly inferior to that of single-crystals. This motivates the study of the
effect of presence of <110\> and <111\> crystallographic orientations in polycrys-
tal samples in degrading its performance relative to that found in oriented <100\>
single crystal alloys.

The behavior of 18.4% Ga polycrystalline samples produced by Free Stand Zone

Melt (FSZM) manufacturing processes will be characterized while properly ad-
dressing inherent statistical variations in the polycrystalline samples. This effort
will consist of characterizing the actuation and sensing behavior these samples
by subjecting them to quasi-static constant compressive load tests and constant
applied field tests respectively.

The sample texture will be determined using Electron Back Scattering Diffraction
of multiple sample cross-sections. In addition to establishing empirical correla-
tions between texture and actuation and sensing behavior, an effort will be made
to incorporate texture information in a model that captures the net effect of the
distinct <100\>, <110\> and <111\> contributions to actuation and sensing be-
haviors.

6170-24, Session 5

Measurement of magnetic field dependent Young’s modulus
of Iron-Gallium alloy in flexural mode
S. Datta, A. B. Flatau, Univ. of Maryland/College Park

Iron-Gallium alloy (Galfenol) is a promising magnetostrictive material owing to its
moderate saturation magnetostriction at low applied magnetic fields. It has shown
high magneto-mechanical coupling along with attractive elastic properties that
would enable it to be used as a smart structural material. Unlike the brittle
magnetostrictives which can be only used in the axial compression mode, Galfenol’s
structural properties enable it to be used in axial tension and bending thus open-
ing up new application areas for its use as magnetostrictive sensors and actua-
tors and hence demanding the characterization of its elastic properties in flexural
mode. Due to the inherent magneto-mechanical coupling, the elastic properties of
a magnetostrictive material are dependent on the magnetic state of the material.
A four-point bending test was devised based on ASTM standard C 1161. To ex-
pose the Galfenol sample to a magnetic field, the test setup was modified to
accommodate a closed magnetic circuit made up of a source of magnetic field
provided by a solenoid, an electromagnet core made of 1018 steel and the Galfenol
sample. The magnetic field was applied along the length of the sample by using a
controlled current source. The current was varied from 0 to 2.5 A which corre-
sponded to a change in magnetic field of upto 79.6 kA/m in the air inside the
solenoid. From previous work, this field was deemed to be sufficient to magneti-
cally saturate the Galfenol sample. A finite element model was used in the design
of the magnetic circuit to ensure minimum flux leakage from the circuit and to
verify the homogeneity of the magnetic field inside the Galfenol sample. The poly-
crystalline Galfenol samples used were supplied by ETREMA(c). The samples had
a nominal composition of 16 at % gallium and 84 at % iron and were classified as
research or production grade based on their production process. The samples
were of the dimensions 25mm x 2mm x 1.5mm with a preferential <100\> texture
along the length of the sample. An MTS 810 universal testing machine was used
to apply the load and the stress on the sample was calculated from analytical
expression. A strain gage attached on the sample was used to obtain the strain
along the length of the sample. A pickup coil wound around the sample in con-
junction with an integrating fluxmeter was used to record the changes in magnetic
induction in the sample. Experiments were performed under different applied
magnetic fields until the sample saturated. Results will be shown for the stress-
strain plots obtained for each material under different applied magnetic fields and
the corresponding Young’s modulus calculated from the slope of these plots.

6170-25, Session 5

Machining of Iron-Gallium for microactuator

T. Ueno, T. Higuchi, The Univ. of Tokyo (Japan); E. M. Summers, ETREMA
Products, Inc.

We have succeeded fabrication of micro magnetostrictive actuator using Iron-
Gallium. Iron-Gallium is a machinable magnetostrictive material with moderate
magnetostriction of 300ppm. The actuator consisting of rod of Fe-Ga and winding
coil is expected to have advantage of smaller size, low voltage and non-contact
driving and higher efficiency compared with that of PZT. In this paper, we discuss
the machining condition of the material and how it affects on the magnetostrictive
properties. The experimental result of displacement with different frequency of
driving is shown to investigate eddy current effect.
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6170-26, Session 5

Performance and application of novel magnetic actuator
using composite of Terfenol-D and PZT
T. Ueno, T. Higuchi, The Univ. of Tokyo (Japan)

Novel composite of Terfenol-D and piezoelectric actuator was proposed for coil-
less magnetic force control. This force control is based on the inverse magneto-
strictive effect of magnetostrictive materials whereby the strain hence magnetic
force is controlled by the actuator. Because the piezoelectric actuator is an elec-
trically capacitive, this method has the advantages of zero power consumption in
steady-state operation. Furthermore, the configuration which requires no robust
structure of constraint is simple compared with that of conventional device. In this
paper, the behavior of the magnetic force dependant on the dimension of the
magnetic circuit (permanent magnet) and pre-stress is investigated. Applications
of magnetic levitation and linear stepping motor are also constructed to demon-
strate its advantage of zero power consumption.

6170-27, Session 5

Enhanced GMI effect in Fe73.5-xMnxSi13.5Nb3Cu1 (x =1, 3,
5) nanocomposites for sensor application

M. Phan, H. Peng, Univ. of Bristol (United Kingdom); S. Yu, Chungbuk National
Univ. (South Korea)

Giant magneto-impedance (GMI) sensors has greatly benefited from the develop-
ment of advanced sensing materials. Our recent works have revealed that substi-
tution of Cu and Nb for B in an initial Co70Fe5Si15B10 composition forming the
Co70Fe5Si15Nb2.2Cu0.8B7 composition improves both giant magnetoimpedance
(GMI) effect and its field sensitivity [1]. Similar feature has also been reported on
Fe73-xAlxSi14B8.5Cu1Nb3.5 nanocrystalline ribbon with Al (x = 2) substitution
for Fe [2].

In the present work, we have investigated the giant magnetoimpedance (GMI)
effect in Fe73.5-xMnxSi13.5Nb3Cul (x = 1, 3, and 5) nanocomposites. The
nanocomposite microstructures were attained by annealing the rapid quenched
amorphous ribbons. GMI was measured as functions of magnetic field, frequency
and ac driving current. The results indicate that the GMI ratio [ Z/Z(%)] increased
with increasing Mn-substituting content as a direct consequence of the increase
of the ultrasoft magnetic properties. With increasing frequency, the GMI ratio first
increased up to f = 2 MHz and then decreased at higher frequencies. At the fre-
quency of 2 MHz, the GMI ratio reached the highest values of 83%, 94% and
130% for x = 1, 3, and 5 compositions, respectively.

It was found that, for the samples investigated, the GMI effect and its sensitivity to
the applied magnetic field increased with increasing ac driving current (see figure,
for x =5, and the insert). Interestingly, the field sensitivity of GMI shifted towards a
higher frequency as the ac driving current was increased, which is ideal for high-
frequency GMI sensor applications. This phenomenon is correlated to the ac cur-
rent dependence of longitudinal permeability in connection with the dc magneti-
zation data.

References:
[1] M.H. Phan, H.X. Peng et al., Phys. Stat. Sol. A, 2004; 201:1558.
[2] M.H. Phan, H.X. Peng et al., Proceedings of SPIE, 2005; 5763:255-266.

6170-28, Session 5

Effect of the processing conditions on the microstructure of
urethane magnetorheological elastomers

A. Boczkowska, K. Babski, R. Wroblewski, M. Leonowicz, Politechnika
Warszawska (Poland)

Magnetorheological (MR) materials change their rheological properties under the
influence of applied magnetic field. Magnetorheological elastomers (MREs) are
solid analogues of magnetorheological fluids. They both consist of micron sized
magnetically permeable particles in non-magnetic matrix material. In a similar way
as in the case of MR fluids, the particles try to arrange themselves in the direction
of magnetic field.

MR fluids have a field-responsive yield stress. When an external magnetic field is
applied, MRFs undergo a considerable increase in their apparent yield stress.
MRFs have some disadvantages like the inability of ferromagnetic iron particles to
remain in suspension. Also, it is possible that irreversible agglomeration of the
particles used may reduce fields of their practical applications.

The advantage of MRE, in regard to MR fluids, is that ferrous particles don’t un-
dergo sedimentation. The thermal stability of MRE is grater than MRF and their
resistance for degradation is higher. In the comparison with MR fluids the MR
elastomers have a field-responsive modulus. The amount of particle filler can also
be lower in MRE comparing to MRF. As a result the weight of sensing and actuat-
ing devices based on MREs is lower. Due to the characteristic MRE microstruc-
ture the time of response and strain value versus magnetic field intensity could be
shortened. Interest in such intelligent materials has increased recently. They hold
promise in enabling variable stiffness devices and adaptive structures in aero-
space, automotive, civil, electrical engineering applications.

The MRE based on polyurethanes and silicone rubbers were made and studied.
The aim of this study was to develop an innovative processing method of
magnetorheological elastomers. This method comprises optimization of the MRE
structure in the context of their properties in magnetic field. The MRE were manu-
factured by dispersing magnetic particles in a polyurethane matrix. The influence
of the amount of the ferromagnetic particles, spacing between them and their
arrangement in relation to the external magnetic field was investigated. Influence
of particles size and shape on the properties was also analysed.

As matrixes several different elastomers with different stiffness were used. Their
properties were compared with the commercial available silicone rubbers. Rela-
tive change of the MRE modulus in the magnetic field is higher in the case of soft
elastomers. Urethane elastomers are very promising as MREs matrix, because
they are more heat resistant and have much better degradation stability compar-
ing to natural and silicone rubbers. The high iron volume fraction may influence
the long-term stability of the MRE. The selection of suitable matrix material is
important when cosidering the possible applications and long-term stability of
MRE.

It was found that the structure of the MRE produced depends on the viscosity of
the matrix before curing and the flux density of the magnetic field applied. Two
different magnetic field strengths were used: 100 and 300 mT. The amount of the
carbonyl iron particles was equel to 1.5, 12.0 and 33.0 vol. %. Scanning electron
and light microscopy techniques were used for the MRE microstructure observa-
tions. The compression tests on cylindrical samples in the absence and presence
of a magnetic field showed that the magnetic field increase the stiffness of the
material.

6170-29, Session 5

A particle pair model for magnetorheological fluids
C. Ciocanel, G. Lipscomb, G. Naganathan, Univ. of Toledo

A microstructural model of the motion of particle pairs in MR fluids is proposed
that accounts for both hydrodynamic and magnetic field forces. A fluid constitu-
tive equation is derived from the model that allows prediction of velocity and par-
ticle structure fields. Results for simple shear and elongational flows are presented
for cases where particle pairs remain in close contact so they are hydrodynami-
cally equivalent to an ellipsoid of aspect ratio two. Additionally, only the magnetic
force component normal to the vector connecting the centers of a particle pair
affects motion. Shear flow results indicate particle pairs rotate continuously with
the flow at low magnetic fields while a steady state is reached at high fields. For
elongational flows, when the applied magnetic field is parallel to the elongation
direction, particle pairs orient in the field/flow direction. Either orientation is pos-
sible when the field is perpendicular to the flow.

Model predictions for various shear rates and magnetic fields are compared with
experimental data. The comparison indicates a good agreement between model
predictions and experimental data at low to moderate shear rates and magnetic
fields.

6170-30, Session 5

Magnetorheological elastomers: studies of fatigue,
temperature, and particle size dependence
P. von Lockette, Rowan Univ.; J. Koo, Miami Univ.; J. Kadlowec, Rowan Univ.

Magnetorheological elastomers (MREs) are state-of-the-art elastomagnetic com-
posites comprised of magnetic particles embedded in an elastomer matrix. MREs
offer enormous flexibility given that elastomers are easily molded, provide good
durability, exhibit hyperelastic behavior, and can be tailored to provide desired
mechanical and thermal characteristics. MRE composites combine the capabili-
ties of traditional magnetostrictive materials with the properties of elastomers,
creating a novel material capable of both highly responsive sensing and controlled
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actuation in real-time. While a cache of literature exists quantifying and modeling
MRE behavior, several issues central to the materials science and rheology of
elastomers have not been fully addressed in MREs. First, being crosslinked mac-
romolecular networks, elastomers exhibit temperature dependent behavior. Sec-
ond, filled elastomers are subject to cyclic damage, e.g. the Mullin’s effect. And
third, both the transient and damage responses of elastomers are known to be
functions of particle size distributions. This study seeks to address these core
issues in relation to MREs using static and dynamic mechanical testing, and mag-
netometry techniques over a range of temperatures. In addition, a novel method
of increasing the critical particle volume concentration to enhance the MR effect
beyond its suspected limits is introduced.

6170-31, Session 6

A time-integration scheme for thermomechanical evolutions
of shape-memory alloys
M. Peigney, Lab. Central des Ponts et Chaussées (France)

This Paper addresses the thermomechanical simulation of structures embedding
Shape Memory Alloys (SMA). Those materials have been extensively studied in
the context of quasi-static evolutions, supposing that the system is in thermal
equilibrium at each time. The phase transformation in SMA is known to produce
heat (recoverable latent heat and irreversible frictional contributions), and the va-
lidity of the thermal equilibrium assumption is in fact dependent on the rate of
loading and on the thermal exchange conditions between the system and its en-
vironment. To better predict the response of SMA systems, it is therefore neces-
sary to take the thermomechanical coupling into account, considering the tem-
perature field as an unknown to be solved for. Several material models have been
proposed in that direction (Souza et al. 1998, Anand and Gurtin 2003, Petrini and
Auricchio 2004). The resulting evolution problem is nonlinear and exhibits strong
coupling between the mechanical and temperature fields. The time-discretization
of this system is not obvious, and difficulties of convergence have been observed
in numerical simulations (Pagano and Allard 1999). The purpose of this Paper is to
propose a time-discretization scheme for which convergence is ensured for a large
class of SMA material models, thus allowing for robust numerical simulations of
thermomechanical evolutions in SMA structures. A central point in the analysis is
the experimental fact that, for SMA, the irreversible heat contribution, which is
connected to the mechanical dissipation, is small compared to the latent heat
contribution (Chrysochoos et al. 1995). This leads to a simplification of the heat
equation in the rate evolution problem. A time-integrated version of the corre-
sponding thermomechanical problem is proposed, allowing the mechanical and
temperature fields at time t’ to be computed from their values at time t. This incre-
mental scheme is a discretization of the rate problem in the sense that it coincides
with the rate evolution problem as t’ tends to t. The key feature of the scheme
proposed is that its solutions can be expressed as the solutions of a variational
problem. This variational formulation allows one to study the existence and unicity
of solutions to the finite-time increment thermomechanical problem. In particular,
focusing on the superelastic regime, existence of solutions is proved for some of
the thermomechanical constitutive laws proposed recently in the literature. The
approach presented is applied to simulate the propagation of a martensitic zone
in a circular cylinder under traction. Initially the structure is fully austenitic. As the
loading increases, transformation into martensite takes place. The time histories
of the phase transformation and of the temperature field, as computed with the
finite-time increment scheme proposed, are studied. This example is also used to
discuss the influence of the thermomechanical coupling as well as the robustness
of the method proposed.

6170-32, Session 6

Behavior of a hybrid constitutive model for shape memory
alloy micro-actuators

F. C. Wong, Defence R&D Canada/Valcartier (Canada); O. Boissonneault, Ecole
Technologie Superieure (Canada)

The volume and weight budgets in missiles and gun-launched munitions have
decreased with the military forces’ emphasis on soldier-centric systems and rapid
deployability. Reduction in the size of control actuation systems employed in today’s
aerospace vehicles would enhance overall vehicle performance as long as there is
no detrimental impact on flight performance. Functional materials such as shape
memory alloys (SMA’s) offer the opportunity to create compact, solid-state actua-
tion systems for flight applications by virtue of the material’s ability to convert
electrical energy to thermal energy to mechanical energy within its microstructure.
A hybrid SMA model was developed for designing micro-actuated flow effectors.
It was based on a combination of concepts originally presented by Likhatchev for

microstructural modeling and Brinson for modeling of transformation kinetics. It
was assumed that, under stress, only one of the three martensite variants oriented
along the local cartesian grain coordinate system could develop according to a
maximum stress criterion. The variant strain was calculated with the classic Bain
deformation tensor. Transformation of stress-induced or autoaccomodation mar-
tensite was described using the kinetic model that Brinson developed for a modi-
fied Tanaka constitutive law. Global strain of the polycrystal, where the grains
were assumed to be randomly oriented, was calculated by averaging the elastic,
stress-induced and autoaccomodation strains of each grain over the total mate-
rial volume. The phase diagrams for a series of SMA wires varying between 0.002"
to 0.005" dia. were created by carrying out tensile tests in a Rheometrics RSA-II
solids analyser over a range of temperatures from 30C to 130C. The characteriza-
tion parameters were used in the hybrid model to predict the displacement-time
trajectories for the wires under constant load conditions. Predictions were com-
pared with experimental measurements from a LVDT-equipped testbench. A sec-
ond testbench was constructed to study the performance of the wires in an an-
tagonistic micro-actuator set-up. The force of each wire was measured with thin
beam load cells and the displacement was measured indirectly by a LVDT through
a pulley mechanism. A series of step voltage inputs were alternately injected into
each wire of the two-wire antagonistic actuator to characterize the peak to peak
displacement and the motion time constant. The hybrid SMA model was used as
part of a Matlab antagonistic SMA model to predict the testbench data. The full
paper will discuss the results of the validation and design effort.

6170-33, Session 6

Modeling and testing of shape memory alloy chiral
honeycomb structures

F. L. Scarpa, Univ. of Bristol (United Kingdom); M. R. Hassan, The Univ. of
Sheffield (United Kingdom); M. Ruzzene, Georgia Institute of Technology

In this work we develop numerical models and tetsing procedures to assess the
in-plane mechanical properties of chiral honeycomb structures made out shape
memory alloy ribbons. The chiral structures feature an auxetic behaviour - i.e., a
negative Poisson’s ratio effect, with global epansion when the samples are pulled
along one direction. The chiral honeycombs are made with superleastic
Ni46Ti48Cu6 ribbons connected to hard PVC cylinders. The samples are
accomodated in special designed rigs to measure the in-plane mechanical prop-
erties (in-plane stiffness and Poisson’s ratios). Numerical homogenisation FE mod-
els based on Auricchio and Taylor model (SPIE Paper 2779) are developed to
simulate the in-plane stress-strain curves and the strain dependence of the
Poisson’s ratio. The sumulations and the experimental results provide good com-
parison. In particular, the Poisson’s ratios shows a degree of constancy (around -
1) well above 20 % of tensile strain deformation, in agreement with other theoreti-
cal results related to chiral structural cellular solids. The overal results show the
potential of chiral honeycombs for strain energy storage, crashworthiness capa-
bilities and implementation in morphing and deployable structures.

6170-34, Session 6

Is it necessary to model shape memory alloys within the
scope of large strains?
D. Christ, S. Reese, Ruhr-Univ. Bochum (Germany)

Shape memory alloys (SMA) can undergo phase transformations between a higher-
ordered austenite phase and a lower-ordered martensite phase as a result of
changes in temperature and the state of stress. Consequently, SMA exhibits sev-
eral macroscopic phenomena not present in traditional materials.

Three significant phenomena are the shape memory effect, the external two way
effect as well as the phenomenon of pseudoelasticity.

These unique features of SMA have found numerous applications in mechanical,
automotive, aerospace and electronic industries as well as in the field of medical
technology.

The increasing use in commercially valuable applications has motivated a vivid
interest in the development of accurate constitutive models to describe the
thermomechanical behaviour of SMA.

Meanwhile, many three-dimensional material models have been developed to de-
scribe the behaviour within the frame of small deformations.

Some of these describe only the effect of pseudoelasticity [1],[2] whereas others
consider also the shape memory effect [3],[4].

However, there is still a lack of material models which are developed in the scope
of large strains [5],[6].
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In this contribution we present a thermomechanically coupled material model for
SMA based on the concept of Helm & Haupt [7] which includes the effect of
pseudoelasticity as well as the shape memory effect and the external two way
effect.

Experiments show that SMA materials exhibit deformations up to 20% strain if
one takes into account the plastification phase which follows the austenite-mar-
tensite transformation.

For this reason we extend the latter model [7] within the scope of large strains.

Subsequently, the model is implemented into a FE code by using an innovative
implicit time integration scheme.

The final aim of the research work is to investigate whether FE simulations of SMA
applications, e.g. NiTl-stents and medical foot staples, should be based on large
strain formulations.

If this was not the case the computational cost of such numerical investigations
could be reduced significantly.
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6170-35, Session 6

Modeling the essential atomistic influence in the phase
transformation dynamics of shape memory materials
D. Roy Mahapatra, R. V. N. Melnik, Wilfrid Laurier Univ. (Canada)

A physics based modeling framework to analyze the dynamics of multivariant
phase transformation in three-dimensional samples of shape memory materials
have been developed recently by these authors. The present paper is focused on
linking the previously developed microscopic model with the atomistic reordering
process that gives rise to self-accommodating microstructure. The microscopic
model is based on a systematic representation of the Gibbs free energy in stress,
temperature and n-dimensional order parameter space. Here n indicates the number
of martensitic variants (M). Landau theory has earlier been successfully applied to
solve the problem of phase-field evolution in phase transforming solids. In the
context of diffusionless transformation in solids described by the Landau theory
of first-order kinetics, the order parameters are the scaled ensemble averages of
the atomic order variables. The diffusion kinetics model based on the time-depen-
dent Ginzburg-Landau equation is thus the homogenized form of the spatio-tem-
poral fluctuation due to atomic reordering. Our main objective in this paper is to
study how this first-order kinetics influences the stress-temperature induced dy-
namics of phase transformation in microscopic and larger length-scales without
attempting to solve a molecular dynamic problem in a coupled manner. This idea
leads us to a thermodynamic conservation law whose characteristics are con-
trolled by the phase kinetics. Numerical results show how this model captures the
sharp interfaces and hysteretic cycles. However, while employing such micro-
scopic model in predicting the response over large time-scales, one requires ap-
propriate dislocation mechanisms to be accounted for. For this we turn back our
attention to the dynamics of atomic ensamble by considering small clusters across

grain boundaries. Depending on the

microscopic state in stress-temperature space, we introduce random dislocations
in the lattice structure and then employ a Density Functional Theory (DFT) to couple
the dynamics of the clusters with the macroscopic model. This coupling is imple-
mented over discrete spatio-temporal scales in order to update the microscopic
model. Numerical simulations are reported for small samples with prescribed grain-
boundaries. Comparison between thermo-mechanical shake-down of Ni-Al, Ni-Ti
and Ni-Cu-Al alloys are reported.

6170-36, Session 6

Experimental test for numerical simulation of SMA
characteristics and its simulation
M. Cho, S. Kim, H. Choi, Seoul National Univ. (South Korea)

Shape memory alloys(SMA) are metal alloys, which exhibit unique properties, that
is, pseudo-elasticity, one-way shape memory effect(SME) and two-way shape
memory effect(TWSME). SMA can exhibit interesting features such as diverse re-
sponses according to the induced temperature and stress. SMA changes its prop-
erties and material behavior progressively under cyclic loading conditions and
finally reaches stable path(state) after a certain number of stress/temperature load-
ing-unloading cycles, so called ‘training’ completion. The presence of permanent
deformation, due to plastic strains or residual martensite variants during the ma-
terial training, shifts the material characteristic curves of SMA wire.

Through the training and two-way experiments, SMA wire accumulates drastic
permanent (irreversible) deformation until experiencing about 50~100 cycles. Af-
ter 300 training cycles, SMA wire is to be in a stable state. In this study, we mea-
sured its stress-strain curve in stable state. In addition, we observe other impor-
tant effects such as effect of stress induced during training, time rate of thermal
cycle, etc. until now, time rate of thermal cycle is not considered significantly and
only extremely slow time rate is considered in most SMA experiments and used in
SMA behavior simulations. Therefore to make the actuators using an SMA wire
which has the fast response or short-time thermal cycle, these effects should be
properly considered.

From the result of two-way experiment at each (short or long time) cycle in phe-
nomenological aspect, stress-strain-temperature relations and hysteresis charac-
teristics become changed. In short-time cycle, strain-temperature curve moves in
counterclockwise and the size of hysteresis envelop is large. As the time rate of
the thermal cycle increases, the size of the hysteresis envelop is getting smaller
and strain-temperature curve moves along the clockwise direction above a cer-
tain cycle time. Above that thermal cycle time, hysteresis is fixed in the stable
state. These new effects of SMA are investigated and the effect would be ex-
plained qualitatively.

The present work presents the experimental test using 1-D SMA wire through
two-way shape memory effect after training by thermal cycling. Through these
tests, we measured the characteristics of SMA. With the estimated SMA proper-
ties and effects, we compare the experimental results with the simulation results
based on the SMA constitutive equation which is advanced ones including the
training, thermal rate effect, etc.

6170-37, Session 6

Properties of a high-temperature NiTiPd shape memory
alloy in tension and compression

O. Rios, Univ. of Florida; G. Bigelow, R. D. Noebe, B. Lerch, NASA Glenn
Research Ctr.; H. J. Seifert, Univ. of Florida

The numbers of specific designs and potential applications involving high-tem-
perature shape memory alloys have been growing in recent years, yet available
materials for actual implementation in such plans are limited. Even in those cases
where promising new high-temperature shape memory alloys have been identi-
fied, the knowledge base for such alloys contains gaps crucial to the develop-
ment and implementation of these materials in actuation and other applications.

We begin to address these issues by characterizing the mechanical and shape
memory behavior of a Ni-30Pd-50.5Ti high-temperature shape memory alloy in
both uniaxial tension and compression. Isothermal tensile and compression tests
were performed on the NiPdTi alloy in the martensitic and austenitic states. While
superelastic behavior was not observed, a stress induced martensite was pro-
duced when the alloy was tested just above the austenite finish temperature. This
stress induced martensite was not reversible upon unloading but could be recov-
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ered by additional thermal input. Since the elastic modulus of the material was
very dependent on strain level, dynamic Young’s Modulus was determined as a
function of temperature by an ultrasonic technique.

Additionally, the performance of a thermally activated actuator material is depen-
dent on the work output of the alloy; therefore, the paper emphasizes this perfor-
mance index. The strain-temperature response of the alloy under various loads
was determined in both tension and compression and the specific work output
calculated and compared in both loading conditions. Interestingly, the strain-tem-
perature response and specific work output were similar for tension and compres-
sion loading. In both cases the strain-temperature loops did not close at the low
temperature end of the hysteresis due to the fact that the transformation strain
during cooling was always larger than the transformation strain during heating.
This was the result of permanent plastic deformation of the martensite phase with
each cycle. Consequently, before this alloy can be used under cyclic actuation
conditions it would be necessary to modify the microstructure or composition of
the material in order to increase the resistance of the alloy to plastic or permanent
deformation.

6170-38, Session 6

A comparison of the DSC measurements of shape memory
alloys and the material’s thermal characteristics in a large
scale actuators

J. H. Mabe, The Boeing Co.; C. (. Yu, E. Rosenzweig, Naval Air Systems
Command; R. Smith, Materials Resources International

An accurate measure of a Shape Memory Alloy’s (SMA) transition temperatures is
necessary for the development of successful actuator designs. Differential Scan-
ning Calorimetry (DSC) is used to obtain SMA's transition temperatures associ-
ated with changes in alloy formulations, fabrication processes, and forming meth-
ods, and to predict an SMA’s thermal characteristics when designed into an ac-
tuator. However there is little data directly correlating a material’s DSC results with
its performance in an actuator configuration, particularly for large-scale actuators
producing high force and large displacements. In this paper the authors compare
the DSC results of several NiTinol samples with the thermal performance of the
same material in a rotary actuator. Data are presented for NiTinol torque tubes
5.5" long by 0.4" in diameter. The tubes were tested over a range of loads exceed-
ing 150 in-Ibs of torque, with angular displacements of more than 60 degrees, and
for durations exceeding 7,000 thermal cycles. Data from various NiTinol suppliers,
levels of cold work, and a range of heat treatments is presented. The DSC data is
directly compared to the strain vs. temperature hysteresis curves of the same
material under various loads; both before and after extended cycling. The value of
the DSC measurements as a predictor of a material’s thermal characteristics in an
actuator configuration is assessed. Additionally the DSC measurement of SMA
parts formed using Vacuum Plasma Spray and the material’s thermal characteris-
tic under load is presented.

6170-39, Session 7

Thermomechanical characterization of high- temperature
SMA actuators
D. C. Lagoudas, P. K. Kumar, Texas A&M Univ.

High Temperature Shape Memory Alloys (HTSMA) have been studied by numer-
ous researchers. NiTi based ternary alloys with alloying elements like Palladium,
Hafnium and Zirconium have shown promising results as high temperature actua-
tors. Current practical applications of SMAs are restricted to temperatures below
100°C, approximately. Most high temperature SMAs investigated in the literature
are limited to actuation temperatures below approximately 300°C. HTSMAs with
actuation temperatures greater than 300°C can provide solutions to a whole range
of high temperature applications in the automobile, aircraft and oil industries. It
becomes a critical issue to address high temperature environmental effects on
actuator performance and stable Shape Memory Effect (SME) response under
such severe operating conditions.

The focus of this study is the thermomechanical characterization of HTSMAs at
different load levels and various temperatures ranging from 300 - 500°C. Cyclic
response and environmental effects are also studied. In order to investigate the
above issues a NiTiPd HTSMA with a high composition of Palladium was used.
The alloy was fabricated by vacuum arc melting technique, cast and hot rolled.
Tension coupons and compression specimens were cut out from the rolled bar. A
high temperature experimental setup was put together on a load frame to test the
material at high temperatures under constrained actuation conditions. Certain key
observations were made in the study of the NiTiPd high temperature shape memory
alloy, including the material response in terms of actuation strains under certain
specific applied stress levels and variable temperature profiles. The stability of the

material response under cyclic actuation has also been investigated. The impact
of exposure to environmental effects on the actuator performance has been finally
studied and will be presented in detail.

6170-40, Session 7

Design of higher energy absorption materials based on
shape memory alloy and composites
Y. Zhao, M. Taya, Univ. of Washington

Porous NiTi shape memory alloy with several porosities are processed by Spark
Plasma Sintering (SPS). The compression behavior of the porous NiTi was exam-
ined with the aim of using it as a high energy absorbing material. A model for the
macroscopic compression behavior of the porous NiTi is established. The analyti-
cal results are compared with the experimental data for porous NiTi, resulting in a
reasonably good agreement. Based on the investigation of the porous NiTi and
NiTi spring, an energy absorbing composite structure made of a concentric NiTi
spring and a porous NiTi rod is processed. Both NiTi spring and porous NiTi rod
are of superelastic grade. This composite structure exhibits not only high revers-
ible force-displacement relation from small to intermediate loading but also high
energy absorbing property when subjected to large compressive load. Therefore,
it will be used repeatedly for low to intermediate impact loading and as a very high
impact energy absorber for high impact loading. A model for the compressive
force-displacement curve of the composite structure is presented. Compared with
the experimental data, the predicted curve matched reasonably well. Higher po-
rosity (25% - 40%) NiTi is processed by SPS. Two types of powder mixture are
used, one is Ti, Ni and TiH2 (Type-1), the other is NiTi and TiH2 (Type-2). It is found
that Type-2 exhibits more ductility and superelasticity.

6170-41, Session 7

The effect of severe plastic deformation on the recoverable
phase transformation in high- temperature shape memory
alloys

B. Kockar, J. Kim, I. Karaman, Texas A&M Univ.

NiTi alloys are the most important shape memory alloys due to their superior me-
chanical and functional properties, however their use is restricted below 100 °C.
In order to extend their utility in high temperature applications, higher martensitic
transformation temperatures than 100 °C, lower temperature hysteresis, and bet-
ter cyclic reversibility are required. The transformation temperatures of NiTi alloys
can be increased by the addition of Hf and Pd, however, these additions lead to
the degradation of thermal cyclic response under stress due to the decrease in
critical stress for slip. In this study, severe plastic deformation via equal channel
angular extrusion (ECAE) was used to increase the critical stress for slip by grain
refinement down to nanometer range and by designing specific textures in NiTi
and NiTi(Pd,Hf) alloys. We will present methods of engineering microstructure and
texture using ECAE and resulting thermomechanical response including tempera-
ture hysteresis and enhanced cyclic reversibility.

6170-42, Session 7

On the characterization of thin sheets of Nickel-Titanium
using digital image correlation

S. Daly, A. Miller, G. Ravichandran, K. Bhattacharya, California Institute of
Technology

Shape memory alloys (SMAs) are a group of metallic alloys that are able to revert
to a previously defined size or shape when deformed and then heated past a set
transformation temperature. This “shape memory” behavior is due to a shear-
dominated diffusion-less transition between crystalline phases of different sym-
metries. SMAs display other unusual mechanical properties that make them highly
useful, including pseudoelasticity, high vibration damping, high yield stresses, and
high power to weight ratios. In addition, the alloys are durable and corrosion resis-
tant. Nickel-Titanium, commonly referred to as Nitinol, is a promising shape memory
alloy used in a wide variety of applications, including advanced biocompatible
and MEMS materials.

This paper presents an experimental investigation into the propagation of a mar-
tensitic phase boundary through thin sheets of austenitic Nitinol. The phase bound-
ary is observed using Digital Image Correlation (DIC). DIC is a full-field optical
correlation method used to measure strain on the surface of an object by optically
tracking a speckle pattern on the sample surface. Correlation software is then
used to translate discrete speckle motion to strain fields that directly relate to
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phase boundary nucleation and propagation.

Quasi-static uniaxial tension tests were performed on dogbone specimens con-
forming to ASTM Standard E8-M. The phase boundary propagation was investi-
gated in solid specimens cut in different orientations, as well as in specimens with
a centered hole and a side notch. Martensitic propagation was also investigated
in a side crack specimen during fracture. Strain in the specimens ranged from
approximately zero to eight percent. In addition to full-field information at high
strain levels, interesting martensitic behavior at lower strain levels, approximately
one percent, was observed. At the end of testing, small amounts of residual strain
due to plastic deformation were shown to be present. The finite element modeling
program ABAQUS was used to analyze the localized strain in both low and high
strain cases. This data was then compared with experimental results.

The martensitic transformation is well-defined in the DIC images, providing a clear
qualitative representation of the transformation behavior, as well as quantitative
information. Although other methods have been used to explore phase transition
in shape memory alloys, DIC is unique in providing a quantitative estimate of the
strain inside the area of martensitic transformation, as well as providing full field
information.

6170-43, Session 7

Model for the magnetomechanical behavior of NiMnGa
driven with collinear field and stress
X. Wang, M. J. Dapino, The Ohio State Univ.

Much interest has been given to the development and understanding of ferromag-
netic shape memory alloys (FSMAs) in the nickel manganese gallium (NiMnGa)
system. Compared with other smart materials, for example piezoceramics and
magnetostrictive materials, NiMnGa has the advantage of achieving both high
bandwidth and large strains in response to magnetic fields. Indeed, while
piezoceramics and magnetostrictive materials have high response frequencies,
they can produce only small strains, normally on the order of 0.001. On the other
hand, shape memory alloys can produce strains in excess of 8% in tension, but
show a small thermal or mechanical bandwidth due to the restriction of thermal
conduction. In NiMnGa, large bidirectional strains up to a maximum 10% are pro-
duced by twin boundary motion as martensite variants rotate to align respectively
parallel or perpendicular to applied magnetic fields or stresses.

The magnetic shape memory effect was first observed by Ullakko et al., who re-
ported strains of nearly 0.2% in unstressed NiMnGa single crystals. Since then
several models have been proposed by different groups to explain the strain mecha-
nism based on twin variant reorientation. But the existing models do not predict
reversible strains without applying an external force or magnetic field orthogonal
to the applied field as a restoring force.

This is done in applications by driving the material with an electromagnet and
perpendicular loading stage. From our tests, a reversible compressive strain of
0.41% was produced along the [001] crystal direction of a cylindrical
Ni50Mn28:7Ga21:3 rod without the need for an externally applied restoring force.
This result is significant not only in that the underlying behavior cannot be ex-
plained by existing models for martensitic variant reorientation, but also because
it enables a new class of solenoid-based transducers that are more compact,
lighter, energy efficient and broadband than their electromagnet counterpart. This
paper presents a thermodynamic model which offers an explanation for the re-
versible strain measured in the absence of an externally applied restoring force as
well as for the smaller magnitude of strain produced by this sample.

In order to effectively design and control solenoid-based NiMnGa transducers in
applications, the mechanism that governs the generation of field-induced strains
must be understood and modeled. In this paper, pinning sites in the martensite
are hypothesized to provide an internal restoring force allowing for reversible strain.
The pinning sites, which are point defects, dislocations, second phase materials,
compositional gradients or residual stresses, are hypothesized to have varying
energies. During the reorientation process, the field does not provide enough en-
ergy to overcome the energy barrier which comes from the pinning sites. The twin
boundary displaces against the pinning sites and as it does work against the pin-
ing sites, energy is dissipated. When the field is removed, the anisotropy energy
returns the magnetic moments to the easy c-axis of the crystal and the pinning
energy provides a restoring mechanism for the twin boundary, returning the sample
to its original length and magnetization?7. This theory provides an addition to pre-
vious models and an explanation for the smaller magnitude of strain produced by
the sample.

In previous work by Faidley et al. the pinning energy was incorporated by consid-

ering a simplified two variant system in which pinning sites are assumed to be-
have as mechanical springs. In this paper, the mathematical formulation of the
proposed mechanism shares a common thermodynamic foundation with other
existing free energy models for ferromagnetic shape memory alloys. A thermody-
namics approach similar to that presented by Kiefer and Lagoudas9 and Faidley
et al. is used here. However, a constant bias stress caused by the pinning sites is
considered instead of a spring pinned to the boundary as in Faidley et al.. The
resulting model is therefore two-dimensional as it must accommodate the exter-
nally applied stress and magnetic field, as well as an orthogonal internal bias
stress - which is responsible for the reversibility of the strain. The model is formu-
lated by considering the Zeeman, elastic and bias stress energy. Constitutive rela-
tions for the strain and the magnetization are derived by differentiation of the Gibbs
energy with respect to stress and field, in combination with evolution equations
for the two-variant system. In order to test the validity of this approach, the math-
ematical model is implemented numerically and the results compared with strain
and magnetization data collected by Malla et al. using a solenoid transducer.

6170-44, Session 8

Application of a MSMA constitutive model in the analysis of
magnetomechanical boundary value problems
B. Kiefer, D. C. Lagoudas, Texas A&M Univ.

Magnetic shape memory alloys (MSMA) have recently drawn considerable research
interest due to their ability to produce magnetic field-induced strains (MFIS) at
least one order of magnitude higher than those of ordinary magnetostrictive or
piezomagnetic materials. They have shown the promise of greater actuation band-
width than conventional shape memory alloys (SMA), since their actuation fre-
quency is not limited by relatively slow heat transfer. The magnetic field-induced
strain response is nonlinear and hysteretic in nature and it is coupled to a nonlin-
ear change in the magnetization of the material. Therefore MSMA are not only
interesting materials for actuator and sensor design, but also candidates for new
magnetic material applications such as transducers, or voltage generators.

In the design process of MSMA actuators, which have now become commercially
available on a limited scale, it is inevitable that the intrinsic coupling between
mechanical and magnetic effects in these materials be addressed. A reliable con-
stitutive model for numerical analysis is needed as a tool in the development pro-
cess to go beyond trial-and-error development techniques involving extensive
experimental testing. The main focus of this paper is on the modeling of the MSMA
constitutive response, the correlation with experiments and the application of the
constitutive model to solving specific magnetomechanical boundary value prob-
lems. All three of these steps are aimed at improving the design process of MSMA
actuators and other applications. This includes employing the constitutive model
to increase the accuracy of the MSMA characterization experiments themselves,
as they provide the data on which the design process is based.

The magnetic shape memory effect (MSME) is a result of the rearrangement, i.e.
detwinning or re-orientation, of martensitic variants in MSMA under the influence
of magnetic fields. The field-induced variant reorientation process is explained by
the tendency of the ferromagnetic martensite to nucleate and grow those variants
whose magnetic easy axes are favorably oriented with respect to the applied
magnetic field. This crystallographic rearrangement causes the macroscopically
observable MFIS. Simultaneously, the magnetic microstructure evolves to align
the intrinsic magnetization with the magnetic field through the variant rearrange-
ment process and the additional mechanisms of magnetic domain wall motion
and the magnetization rotation. The magnetic field-induced shape change is there-
fore always accompanied by a nonlinear magnetization behavior of the material.

The phenomenological MSMA model presented here is based on a free energy
function in which the stress and the magnetic field strength are the independent
state variables. Loading history dependence of the constitutive behavior, caused
by dissipative effects, is introduced into the model through the evolution of inter-
nal state variables. In this approach the model distinguishes itself from most of the
constitutive models presented in the literature, which are based on the minimiza-
tion of the free energy. The considered internal state variables are the variant vol-
ume fractions, the magnetic domain volume fractions and the magnetization rota-
tion angles. These variables are motivated by the crystallographic and magnetic
microstructure. The energy function is comprised of the elastic energy, the Zeeman
energy, the magnetocrystalline anisotropy energy and an interaction term. From
the free energy expression the constitutive equations for the dependent state vari-
ables, namely the elastic strain and the magnetization, are derived in a thermody-
namically- consistent manner by following the Coleman-Noll procedure. A reori-
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entation function, subject to Kuhn-Tucker loading conditions, governs the activa-
tion of the evolution of the variant volume fraction. The corresponding evolution of
the MFIS is described by a reorientation strain tensor and appropriate strain hard-
ening functions. A calibration scheme has been devised to identify model param-
eters from experimental data.

The paper briefly discusses experimental work, in which a newly developed mag-
neto-thermo-mechanical test setup has been used to measure the MFIS in MSMA
single crystals. To illustrate the applicability of the model, the calibration proce-
dure is employed to deduce a set of model parameters from the obtained experi-
mental data. The constitutive model equations are reduced to reflect the loading
conditions for the considered experiment. The MFIS and magnetization response
are then predicted for different stress levels. It is evident from a comparison with
the experimental data that the model predictions capture stress-dependence, the
nonlinearity and the hysteretic nature of the constitutive response as well as the
so-called first cycle effect.

After the predictive capabilities of the constitutive model have been validated, the
model is utilized in the analysis of specific magnetomechanical boundary value
problems. It has been indicated that in this manner the modeling effort can be
used to improve the MFIS experimental setup itself, as well as the interpretability
of the measured data. The motivation for this application is given by the fact that
in the experiments the magnetic field measurements are conducted by placing a
high sensitivity Hall probe close to the MSMA single crystal specimen. Due to the
demagnetization effect encountered in all ferromagnetic materials, however, the
magnetic field inside the specimen is significantly reduced compared to the exter-
nally applied field which the probe registers. Furthermore, the presence of the
specimen itself perturbs the otherwise homogeneous magnetic field around it,
which leads to the question of appropriate probe placement. To correctly deduce
the magnetic field strength acting on the material in the interior of the specimen
from the probe data, tabularized demagnetization factors are usually employed.
However, these lose their validity if the considered body is not homogeneously
magnetized. This problem is addressed by using a finite element analysis, in which
the magnetostatic problem is solved for the specific geometries of the considered
experiment. The computation accounts for the nonlinear magnetic behavior of the
MSMA single crystal by utilizing the magnetization response as predicted by the
constitutive model for a given stress level. The obtained magnetic field strength
and magnetization distributions are utilized to compute a volume averaged (mag-
netometric) demagnetization factor. The error made by the common assumption
of a homogeneous magnetization of the specimen is computed.

The paper concludes with a discussion of the capabilities and limitations of the
introduced constitutive model and its applicability in the actuator design process.
Possible extensions of the presented work and future efforts are outlined.

6170-45, Session 8

Design of ferromagnetic shape memory alloy composites
M. Taya, Univ. of Washington

Ferromagnetic shape memory alloys (FSMA) are attracting a strong attention among
actuator designers and materials scientists, as they are considered to provide a
larger force and stroke at fast actuation speed. There are three mechanisms of
actuation associated with FSMA, (1) phase change by magnetic field, (2) variant
rearrangement mechanism in martensite phase under constant magnetic field and
(8) hybrid mechanism under magnetic gradient field. The University of Washing-
ton (UW) group identified that the hybrid mechanism is best suited for compact
actuators with higher force and stroke capability.

In this talk, | will discuss the fundamentals of the hybrid mechanism of FSMA.
Although FSMA has been studied by many materials scientists in the world, its
applications to compact actuators are still very limited. If the hybrid mechanism is
utilized, one can expand the application area of FSMA. However, the cost of FSMA
is still expensive. Thus, UW group proposed the concept of FSMA composites
whose actuations can be easily realized under the hybrid mechanism. FSMA com-
posites which are best suited for use in the design of compact actuators. The

technical challenges facing us are, processing of FSMA composites, MEMS de-
sign, analytical modeling. As to the modeling, | would like to introduce the FSMA
composite modeling based on the Eshelby type model and laminated composite
theory. The modeling will provide an actuator designer with optimized microstruc-
ture of FSMA composite.

6170-46, Session 8

A homogenized strain model for Ni-Mn-Ga driven with
collinear field and stress
L. E. Faidley, M. J. Dapino, G. N. Washington, The Ohio State Univ.

Ferromagnetic Shape Memory Alloys (FSMAs) in the Nickel-Manganese-Gallium
system have been shown to exhibit large magnetically induced strains of up to
9.5% due to magnetically driven twin variant reorientation. In order for this strain
to be reversible, however, an external restoring stress or magnetic field needs to
be applied orthogonal to the field and hence the implementation of Ni-Mn-Ga in
applications involves the use of electromagnets, which tend to be heavy, bulky
and narrowband. In previous work at The Ohio State University a sample of
Ni[50]Mn[28.7]Ga[21.3] has been shown to exhibit reversible compressive strains
of -4200 micro-strain along its [001] direction when a magnetic field is applied
along this same direction and no externally applied restoring force is present. This
reversible strain is possible because of an internal stress field associated with
pinning sites induced during manufacture of the crystal. This paper analyzes the
switching between two variant orientations in the presence of magnetic fields
(Zeeman energy) and pinning sites (pinning energy) through the formulation of a
Gibbs energy functional for the crystal lattice. The minimization of the Gibbs free
energy yields a strain kernel which represents the predicted behavior of an ideal-
ized 2-dimensional homogeneous single crystal with a single twin boundary and
pinning site. While adequate, the kernel has limitations because it does not ac-
count for the following: (a) a Ni-Mn-Ga sample consists of a large number of twin
variants and boundaries, (b) the strength of the pinning sites may vary throughout
the material, and (c) the local and applied magnetic field will differ locally due to
neighbor-to-neighbor interactions. These limiting factors are addressed in this paper
by considering stochastic homogenization. In similar models for ferromagnetic
materials the effects of polycrystallinity, material inhomogeneities, inclusions, tex-
tures, and variable interaction fields are incorporated by assuming that the local
coercive field and interaction field are stochastically distributed with appropriate
densities. In this paper, stochastic distributions are used on the interaction field
and on the pinning site strength, yielding a phenomenological model for the bulk
strain behavior of Ni[50]Mn[28.7]Ga[21.3]. The model quantifies both the hyster-
esis and saturation of the strain. Model results are quantitatively compared with
experimental data for various fields and loads applied along the [001] direction of
the sample.

6170-47, Session 8

A multiscale model of thin film magnetic shape memory
alloy actuators
V. M. Stoilov, Univ. of Windsor (Canada)

This paper investigates the nano-macro transition in magnetic shape memory
alloy(MSMA,) thin films using a recently developed sharp phase front-based three-
dimensional (3D) constitutive model outlined by Stoilov (JSMS 2005), and origi-
nally proposed in the 1D context by Stoilov and Bhattacharyya (Acta Mat 2002).
The key ingredient in the model is the recognition of martensite variants as sepa-
rate phases in a MSMA domain. Evolution of the interface between these phases
is taken as an indicator of the process of reorientation in progress. A formulation
of the Helmholtz free energy potential based on Ising model has been derived.
The implications of the external magnetic field on the initiation of phase transfor-
mation are studied for various mechanical loading modes. Finally, the issue of
nano-macro transition is examined in the context of stress-strain-magnetic field
response of Ni2MnGa MSMA thin film actuators.

6170-48, Session 8

Sensing behavior of ferromagnetic shape memory alloy
NiMnGa

N. N. Sarawate, M. J. Dapino, The Ohio State Univ.

Ferromagnetic shape memory alloys (FSMAs) produce large strains under exter-
nal magnetic fields. FSMAs in the Ni-Mn-Ga system exhibit strains of up t0 9.5 %
under fields of 400 kA/m [1]. The strain results from the rotation of martensite twin
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variants which can be driven by external magnetic fields and also by external
stress. Due to field activation, the frequency response of Ni-Mn-Ga alloys can be
higher than that of thermal activation in shape memory alloys [2]. The large strain
and high bandwidth make these materials useful for actuator applications [3]. The
existing work on Ni-Mn-Ga has been largely focused on the effect of magnetic
field on strain [4-8]. A number of models have been developed to explain the
reversible and irreversible strains observed for drive configurations with stress
and field applied parallel as well as perpendicular to each other [9-11].

The effect of external mechanical input on the magnetic properties of Ni-Mn-Ga is
termed the reverse effect and has seen only limited investigation. Mullner et al.
[12] first reported the change in the flux density of Ni-Mn-Ga under external
quasistatic loading at a constant field of 0.7 T (558 kA/m). Suorsa et al. [13] stud-
ied the ability of Ni-Mn-Ga to generate a voltage in response to a mechanical
impulse. In another study, the shape of a Ni-Mn-Ga rod was monitored by observ-
ing the change in the inductance of a coil in an electromagnet [14].

This paper aims at investigating the reverse effect of mechanical input on FSMAs
in a comprehensive manner by studying the effect of external quasistatic and
dynamic straining on the flux density of Ni-Mn-Ga. The results presented here
show the variation of stress and magnetic induction under external quasistatic
strain for a wide range of transverse DC bias fields. A significant change is ob-
served in the flux density upon application of external deformation, indicating that
the material can have potential applications for position, velocity, acceleration,
and force sensing, and power generation. Similar to piezoelectric and magneto-
strictive materials, FSMAs can also be realized as a new class of multifunctional
smart materials, with larger actuation strains, high frequency response, and high
sensitivity to large-deformation, small-force motion.

The experimental setup consists of a custom built electromagnet made from lami-
nated transformer steel, which can produce DC and low frequency AC fields of up
to 750 kA/m, with variation of less than 2% around the area of the pole faces. The
external uniaxial quasistatic strain is applied using an MTS machine with Instron
controller. A6 mm x 6 mm x 20 mm single crystal Ni-Mn-Ga sample is placed in
the center gap of the electromagnet. The sample is first converted to field pre-
ferred variants by applying a high transverse field of 720 kA/m. The sample exhib-
its a free field induced strain of 5.8 %. Then the sample is compressed at a fixed
displacement rate of 0.025 mm/sec, and unloaded at the same rate. The flux den-
sity inside the material is measured using a Walker Scientific MG-4D Gaussmeter
with a transverse Hall probe placed in the gap between the magnet pole and the
face of the sample. This method of measuring induction has been used previously
[15]. We have confirmed the accuracy of the method using FEA analysis, as the
small air gap ensures that the flux density inside the sample and that acting on the
probe are equal. The compressive force is measured by a 200 Ib load cell, and the
displacement is measured by an LVDT. This process is repeated under varying
magnitudes of externally applied transverse fields produced by the electromag-
net. The externally applied field is obtained from the calibration curve of the elec-
tromagnet as a function of the measured current.

The stress and flux density are recorded as a function of applied compressive
strain at various bias fields. The stress-strain plots show similar characteristics as
those seen in literature [16]. The flux density or magnetic induction plots are of
interest for sensing applications. The stress and induction plots show similar char-
acteristics in terms of magnetic field induced pseudoelasticity.

The magnitude of change in the magnetic induction over the entire compressive
range can be defined as sensitivity. The change in induction is found to increase
initially and then decrease after reaching an optimum point with increasing bias
fields. This behavior can be explained from the easy and hard magnetization curves
for Ni-Mn-Ga. The easy axis magnetization curve has a steeper slope, as the curve
tends to saturate at low fields, 120 kA/m in this case. The hard axis magnetization
curve has a lower slope with higher saturation field, 640 kA/m. When the sample is
compressed at a constant field, the induction value changes from the corresponding
easy axis value to the corresponding hard axis value. Hence, the optimum range
occurs when the two curves are at maximum distance from each other. A signifi-
cant flux density change of 0.23 T is observed at a bias field of 173 kA/m. A linear
model by Likhachev and Ullakko [9] relating magnetization to strain is found give
satisfactory predictions at higher fields during compression. However, the model
fails to account for the non-linearity at lower fields, and the hysteresis observed in
the data. Further investigation into developing a quasi-static model explaining the
dependence of induction on strain will be carried out based on the free energy
approach.

This paper will also include dynamic testing and characterization where the sample
will be utilized to measure dynamic properties such as acceleration and force. The

setup will involve a shaker-spring type arrangement [17] to apply dynamic forces
on the FSMA sample, along with the electromagnet to apply transverse fields. The
tests will be done with different bias fields and pre-stresses, under a wide range of
frequencies. The induction values recorded will be compared with the force re-
corded by a PCB dynamic force transducer. A dynamic model will be developed
to predict the frequency response.
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6170-49, Session 8

Magnetic-field-induced-strain in NiMnGa under the effect of
small amplitude stress waves
B. W. Peterson, K. Hartman, K. McComber, S. M. Allen, R. C. O’Handley,
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Massachusetts Institute of Technology

It has been previously shown that the magnetic-field-induced-strain (MFIS) from
ferromagnetic shape memory alloys (FSMAs) can be affected by a high-frequency
acoustic wave. When the maximum field is near the threshold for MFIS (around 5
kOe, well below saturation), the acoustic-assisted effect is substantial. The MFIS
increases almost an order of magnitude with increasing drive frequency [1]. Re-
cent tests conducted for magnetic fields below the saturation fields for the mate-
rial show new results. In these experiments, the effect of a small amplitude stress
wave was tested over a broad range of frequencies for a constant magnetic field
drive with an amplitude of =9 kOe and frequency of 0.5 Hz. It was found that the
behavior in this magnetic field region was considerably different than in the lower
amplitude magnetic field region. Over the same range of frequencies for the stress
waves, there was negligible change in MFIS at +9 kOe

6170-50, Session 8

Magnetic field induced martensite reorientation and
martensite to austenite phase transformation in NiMnGa:
guidelines to increase the blocking stress

I. Karaman, H. E. Karaca, B. Basaran, Texas A&M Univ.; H. J. Maier, Univ.
Paderborn (Germany); Y. I. Chumlyakov, Siberian Physical Technical Institute
(Russia); D. C. Lagoudas, Texas A&M Univ.

Magnetic shape memory alloys (MSMAs) have attracted increasing interest due to
their ability to display one order of magnitude higher magnetic field induced strain
(MFIS) than magnetostrictive materials. MSMAs also provide couple of orders of
magnitude faster dynamic response than conventional shape memory alloys. Nev-
ertheless, their blocking stress is only around a few megapascals. Earlier research
focused on methods to increase the MFIS levels by altering composition and struc-
ture. There are not many systematic investigations for the optimization of the block-
ing stress and MFIS. In previous studies, magnetic field was only utilized to in-
duce martensite reorientation and results achieved in magnetoplasticity and
magnetoelasticity. However, magnetoelasticity caused by the field induced phase
transformation was not investigated comprehensively.

We conducted an extensive study on Ni2MnGa single crystals with 5M martensite
structure. The controlled parameters were the levels and rates of magnetic field,
applied stress, and temperature of the sample. As a separate investigation, the
effect of temperature was examined relative to the characteristic temperatures on
both field and stress induced reorientation and phase transformation. Some physi-
cal parameters such as relative saturation magnetization and magnetocrystalline
anisotropy energy of austenite and martensite phases, twin boundary and phase
front mobility were determined. We have investigated the blocking stress,
magnetostress and field induced strain levels as well as the conditions to observe
magnetic field induced phase transformation in a repeatable manner (i.e. under
magnetic field cycling). Besides, we explicitly revealed the effect of the operating
temperature with respect to the martensitic transformation temperature and Curie
temperature on these physical parameters and resulting magneto-thermo-mechani-
cal materials response.

Modifying some of these factors resulted in: 1) the maximum blocking stress and
magnetostress of about 6 MPa for the magnetic field induced martensite reorien-
tation mechanism that provided more than 50% increase in previously reported
work outputs in NiMnGa alloys; 2) magnetic field induced martensite to austenite
transformation as a new actuation mechanism; 3) utilizing this actuation mecha-
nism, an increase in cyclic blocking stress to 22 MPa with about 1% strain
(magnetoelasticity) and magnetoplasticity with 4% strain.

An empirical correlation is proposed to distinguish between the stress depen-
dence of the critical magnetic fields for martensite reorientation and phase trans-
formation. Another observation elucidated that the MFIS evolution is magnetic
field rate dependent. This was verified by a rate dependent two-stage variant
reorientation where the maximum MFIS magnitude increased as the field rate in-
creased.

6170-51, Session 8

Time-dependent magnetic field induced strain and
permeability of combined acoustic and magnetic actuation
of Ni-Mn-Ga single crystals

R. Techapiesancharoenkij, C. Bieber, D. C. Bono, S. M. Allen, R. C. O’Handley,
Massachusetts Institute of Technology

The effect of acoustic energy input from a piezoelectric actuator on the magnetic-

field-induced strain (MFIS) of Ni-Mn-Ga ferromagnetic shape memory alloys
(FSMAs) near the composition Ni2MnGa is observed to enhance the MFIS perfor-
mance in FSMAs.[Ref#1] The threshold field required to induce twin boundary
motion is reduced by this new technique by up to one kOe and the strain can be
increased by an order of magnitude depending on the magnetic field. To under-
stand better the effect of a piezoelectric actuator, the dependence of permeability
of a Ni-Mn-Ga single crystal on applied magnetic field, Ho, and on supplementary
acoustic energy is investigated.[Ref#2] Because the permeability depends on the
orientation of the magnetic moments, permeability(Ho) is able to distinguish a)
domain wall motion from b) reversible magnetization rotation or c) irreversible field
induced twin boundary motion.

In this work, the permeability and MFIS are simultaneously measured in the long
direction of the crystals (100-cut measuring 5 X 2 X 15 mm) as a function of a
magnetic field applied along the same direction. Above a threshold field, twin
boundary motion is activated such that the twin variants having their easy axes
aligned along the field direction tend to grow. The negative MFIS is observed as
the shorter ‘c’ axis is aligned along the field direction. The permeability drops
significantly at the threshold field after the variant rearrangement due to the twin
motion. The effect on the threshold field of acoustic energy input at varying fre-
quency and amplitude on the threshold field is investigated. With an introduction
of acoustic energy, the threshold field is decreased by almost 1 kOe for 30 Vp-p
applied to the piezoelectric stack actuating at 7 kHz (10% duty cycle).

The time-dependent MFIS and permeability under a constant field are also stud-
ied. The evolution of MFIS and permeability induced by a static field is observed
over a time interval of 90 minutes. Typically, the twin boundary motion occurs
abruptly once the field is sufficient enough to overcome pinning sites. In this study,
the field is set constantly at approximately 1 kOe below the threshold field (Hth) to
observe time-dependent MFIS and permeability due to stress relaxation and ther-
mal fluctuation. The time dependent part of the MFIS varies roughly as A[1-e/(-t/
T)]. An application of acoustic energy reduces the characteristic time constant (T)
and increases A. At 30 Vp-p and 7 kHz piezoelectric assist actuation, the twin
motion occurs instantly right after the field is turned on at H = Hth - 1 kOe. The
knowledge of the time-dependent MFIS and permeability is important in the de-
sign for dynamic actuation. It is possible that the dynamic MFIS may response
better if the duration of the driving field cycles is similar to the characteristic time.
Moreover, the piezoelectric assist actuation may also have optimal effect when its
frequency matches with the characteristic time.
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6170-79, Poster Session

Electroelastic field concentrations and frequency properties
of Rosen-type piezoelectric transformers
F. Narita, Y. Shindo, M. Mikami, Tohoku Univ. (Japan)

In the power electronic industry, miniaturization of power supplies has been an
important issue. Recently, the piezoelectric transformers have been widely ap-
plied to the backlight systems for liquid crystal display to reduce the height and
size of the notebook computers, digital video cameras, etc. The piezoelectric trans-
formers have several inherent advantages over electromagnetic transformers such
as high power density, high efficiency, low cost, compact size, and no magnetic
noise. In most of the applications in the field of piezoelectric transformers, piezo-
electric ceramics are subjected to both high mechanical stresses and intense elec-
tric fields to obtain high voltage step-up. Prediction of the intensified electroelastic
fields in the vicinity of an electrode tip or possibly a crack tip would most likely
require detailed finite element calculations. A two or three dimensional finite ele-
ment model of piezoelectric material systems with cracks [1, 2] or electrodes [3, 4]
was developed, and numerical simulation results were shown to be in quantitative
agreement with test data.

This study examines the effect of frequency on the voltage step-up and
electroelastic field concentrations in Rosen-type piezoelectric transformers in a
combined experimental and numerical investigation. The transformers are fabri-
cated using a hard lead zirconate titanate (PZT) C-205. The transformer is 50 mm
length, 2 mm thick and 13 mm wide. Experiments were performed to measure the
electrical impedance and voltage gain at various frequencies. The finite element
method was also used to solve the coupled electro-elastic boundary value prob-
lem. The impedance and voltage gain were calculated and a comparison was
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made between experiment and simulation. The effects of load resistance and ca-
pacitance on the electroelastic field concentrations were also discussed.

The calculated impedance minimum peak corresponds to the measured reso-
nance frequency. Numerical predictions of the output voltage are also agreement
with the measured values. The output voltage increases with the increase of load
resistance.
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6170-80, Poster Session

Analytical model for performance prediction of unimorph
piezoelectric composite actuators
N. N. Nguyen, K. Yoon, H. Park, N. Goo, Konkuk Univ. (South Korea)

In most applications of unimorph piezoelectric actuators, the simply supported
boundary condition is frequently used to give the highest value of actuating force
and transverse deflection. In this study, we derive the analytical solutions for the
simply supported and multilayered unimorph piezoelectric composite actuator as
a beam model under applied voltage and external mechanical loads. The ob-
tained solutions based on Rayleigh-Ritz technique including thermal effect and
fully piezo-mechanical coupling effect show their convenience in various prob-
lems with different loading conditions. Due to the analytical nature, these solu-
tions can also be served as benchmark to check various composite beam theo-
ries and numerical methods used for modeling of layered composite beams of
different thickness with the shear deformation effect included. The von-Karman
nonlinear terms in strain-displacement relations and the material nonlinearity of
PZT wafer are also taken into account in the model. The nonlinearity appears as
an important factor in predicting performance of this actuator type. As a numeri-
cal illustration, full models (with tabs) of existing series and new generations of
LIPCA (LIghtweight Piezo-Composite Actuator), LIPCA-C3, single-crystal ceramic
mini-LIPCA are analyzed. The predictions are verified by finite element analysis
and experiment results. Limitations of the approach are figured out in this study
and suggestions for future research activities on buckling, vibration and dynamics
problems for full model of actuators including tabs are also discussed.

6170-81, Poster Session

Development of a nonlinear piezoelectric finite element
code
T. Liu, C. S. Lynch, Georgia Institute of Technology

Application of piezoelectric materials in sensors and actuators are leading to fast
development of smart structures technology in many areas such as aeronautics,
robotics and MEMS. In the piezoelectric structures, polarization switching may
occur due to non-uniform fields and field concentration. Numerical analysis and
design tools for piezoelectric structures are needed for the analysis of these struc-
tures as well as for the research and development of new electromechanical cou-
pling materials. We report the development of a piezoelectric finite element code
that is implemented with a nonlinear piezoelectric model. The nonlinear material
model takes field induced polarization switching into consideration, the finite ele-
ment code therefore can provide nonlinear analysis and give more accurate re-
sults for structures where field concentration and polarization switching may oc-

cur. In the finite element formulation, the displacement and the electric potential
serve as independent variables. A thermodynamics based macroscopic constitu-
tive model for nonlinear piezoelectric materials is implemented into the coupled-
field finite element code. The developed finite element code is verified and a pi-
ezoelectric structure is analyzed using the code with the results compared with
the linear solution.

6170-82, Poster Session

Dynamic performance of a magnetorheological fluid
squeeze film damper under AC excitation
C. Zhu, Zhejiang Univ. (China)

Based on the special properties of the Electrorheological(ER)/
Magnetorheological(MR) fluid, a series of controllable vibration-damping devices
or actuators have been developed and shown that the effectiveness and the con-
trollability of the ER/MR fluid based vibration-damping devices to isolate and con-
trol the vibration. Most previous investigations have focused on the dynamic
behaviour of ER/MR fluid vibration-damping devices under a static electric/mag-
netic field, the behaviour of these vibration-damping devices under an alternating
electric/magnetic field has not been thoroughly investigated, limited papers are
on the ER fluid vibration-damping devices, few papers on the MR fluid vibration-
damping devices.

In this paper, the dynamic performance and the capability of the MR fluid squeeze
film damper for attenuating rotor vibration under an AC sinusoidal magnetic field
is experimentally studied on a flexible rotor. It is shown that as the frequency of
AC sinusoidal magnetic field increases, the capability of the MR fluid squeeze film
damper to attenuate rotor vibration significantly reduces. There are a maximum
frequency of AC sinusoidal magnetic field for a given magnetic field strength to
realize the MR effect and a minimum strength of AC sinusoidal magnetic field for
a given frequency of AC sinusoidal magnetic field. When the frequency of AC
sinusoidal magnetic field is over the maximum frequency or the strength of ap-
plied AC sinusoidal magnetic field is less than the minimum strength of AC sinu-
soidal magnetic field, the MR activity almost completely disappears and the dy-
namic behaviour of the MR squeeze film fluid dampers under a high frequency AC
magnetic field is the same as that without magnetic field. In the rotor vibration
control of view, it is not necessary to use the AC sinusoidal power supply for the
MR fluid squeeze film dampers.

6170-83, Poster Session

Characteristics of TiNi shape memory alloy processed by
vacuum plasma spray

H. Nakayama, M. Taya, Univ. of Washington; R. W. Smith, T. M. Nelson,
Materials Resources International; M. Yu, E. Rosenzweig, Naval Air Systems
Command

TiNi alloys are the most popular shape memory alloy that exhibit excellent shape
memory SME) and superelastisity (SE) effects. Therefore, the TiNi alloy is utilized
in many fields. One disadvantage of TiNi alloys are, however, the difficulty of cold
and hot working and machining these alloys, because the TiNi alloy exhibits high
work hardening rate. Therefore, shaping of the TiNi has been restricted to simple
shapes; plate, rod and wire. In addition, the machining of TiNi to final shape is
costly. To overcome these problems, a spray forming process using vacuum plasma
spray (VPS) processing was proposed. VPS can form thick TiNi deposits onto
three-dimensional surfaces by spraying TiNi with a plasma jet to form 3D shape,
into near-net shapes.

TiNi specimens were formed with a VPS process with the aim of achieving high
density TiNi specimens made from TiNi powder. The VPS deposited specimens
were machined to cylindrical shape with diameter of 5 mm and length of 9 mm.
After the machining, the specimens were subjected to various heat treatments.
As- homogenized and aged specimens were subjected to x-ray diffraction (XRD)
analysis to obtain its microstructure and also to differential scanning calorimetry
(DSC) to obtain its transformation temperatures (Ms, Mf, As and Af).

Compression testing was conducted at different testing temperatures to obtain

SPIE e Smart Structures and Materials/NDE e spie.org/events/ssmnde e Tel: +1 360 676 3290 e spie@spie.org 143



Conference 6170: Active Materials: Behavior and Mechanics

characteristic stress-strain (SS) curves. The SS curves conducted at different tem-
peratures exhibited both SME and SE behavior. The values of recoverable strain
of VPS deposited TiNi alloy exhibited SME and SE comparable to those of bulk
(cast & wrought) TiNi reported by other researchers. Therefore, it has been con-
cluded that VPS forming may be a viable processing near net shape forming route
for economically producing TiNi into larger and more complex components.

6170-84, Poster Session

Shape memory films surface study by ellipsometry methods
Y. V. Filipoy, V. S. Staschuk, National Taras Shevchenko Univ. of Kyiv (Ukraine)

Adaptive materials integrate actuating and sensing materials into a structural ma-
terial. The development of polymer composites with embedded shape memory
alloys can open new perspectives with respect to the development of engineering
structures with adaptive shape, stiffness, damping and other properties. The de-
velopment of these advanced composites with embedded shape memory alloy
wires is still in an embryonic stage. Given ellipsometry measurements with vari-
able angle and directions of light incidence in wide spectral range of optical prop-
erties copper based alloy which require further research before these adaptive
composites can be used in industrial applications.

6170-85, Poster Session

Modification of the properties of Ni-Mn-Ga

M. Leonowicz, R. Wroblewski, W. Kaszuwara, Politechnika Warszawska
(Poland); Z. Zenggji, J. Liping, China Rare Earth (China)

The alloys were prepared by arc melting followed by directional solidification. Sub-
sequently the alloys were homogenized at 800°C within 96 hours, quenched in ice
water and tempered at 500°C within 3 hours. The cylindrical samples were pre-
pared by spark-cutting.

The SEM and EDS studies were done using Hitachi S-3500N microscope. The
TEM observations were performed in JEOL JEM 1200 EX microscope. Samples
for the TEM were electro-polished at -20°C.

To determine the phase transitions and Curie temperatures the measurements
with the use of DSC Q 1000, with heating/cooling rate of 10K/min, were performed.
The x-ray diffraction analyses on bulk specimens were done using Philips PW
1830 diffractometer, Cu Ka.. The HV was measured using FV-300 device with 98.07N
load.

The FSME measurements were carried out on a self-built device MSM-1. The
specimens had 3 mm diameter and 4 mm length. The magnetic field direction was
perpendicular to the long axis of the sample.

Microstructure of the alloys studied strongly depends on the Tb content. The grain
size drops from 200-400um for the Tb-free sample down to 30-50um for the sample
having 2.038 at.% Tb. This is a significant change which affects the mechanical
properties.

It was also found that the terbium does not go into solution with the matrix Ni2MnGa
phase. It is evident from the EDS data that the terbium exists in the grain bound-
aries. Some larger precipitates of Tb in the grain boundary area are also visible.
The mean composition of the boundary layer is: Tb - 16, Ni - 55, Mn - 7 and Ga -
22 at.%. It was found that terbium not only affects the grain size, but also changes
the morphology. For the low Tb contents the grains are elongated parallel to the
solidification direction. This elongation becomes perpendicular to this direction
for the higher Tb contents.

6170-86, Poster Session

Shear mode acoustic actuation of Ni-Mn-Ga single crystals
J. M. Simon, S. R. Hall, D. C. Bono, Massachusetts Institute of Technology

The acoustic actuation of Ni-Mn-Ga ferromagnetic shape memory alloy (FSMA)
single crystals by the propagation of shear waves is investigated. Previous experi-
ments have utilized compressive or tensile longitudinal stress waves generated
by piezoelectric stack actuators and propagating along the length of 100-cut crys-
tals to initiate twin boundary motion. In shear mode actuation, a rectangular prism
is cut from the single crystal such that its longest dimension is parallel to the twin
plane normal. The wave is generated either by one of two d33-type piezoelectric
stack actuators mounted at 45° to the length of the crystal, or by a single d15-type
shear actuator mounted to its base.

Bi-directional actuation is demonstrated, corresponding to a shear strain of ap-
proximately 6% that is consistent with the measured c/a ratio of 0.94. For a crys-

tal 5 mm in length this is equivalent to a displacement of 0.6 mm, achieved in
fewer than 200 pulses. A single pulse at the maximum piezoelectric peak voltage
can lead to a displacement of over 2 ?m, while with lower-voltage pulses dis-
placements in the sub-micron range can be achieved.

Results using both the double-stack and shear actuator configurations are dis-
cussed. The effects on actuator performance of the composition, dimensions and
thermal and mechanical histories of the Ni-Mn-Ga single crystal are also exam-
ined. The selection of reflecting and attenuating materials and the input pulse
shape and frequency are optimized. The actuator is tested both while unloaded
and against various loads. Potential applications as either a push-pull actuator or
a micropositioning device (e.g. optical switch) are explored.

6170-87, Poster Session

Synthesis, characterisation and applications of Mn-Zn
ferrite nanoparticles
M. L. Gera, Himachal Pradesh Univ. (India)

Abstract

This paper deals with the synthesis, characterization, and some applications of
Mn-Zn ferrite nanoparticles. The Mn-Zn ferrite was prepared from metallic nitrates,
iron citrate and citric acid with the co-precipitation method with different pH val-
ues and it was further used to synthesis Mn-Zn ferrite with polariser i.e. H202
(Hydrogen peroxide).The X-ray diffraction pattern shows the single phase spinel
structure of the ferrites. The effect of pH and the oxidizing agent on the electrical
properties of Mn-Zn ferrite was studied. The d.c. resistivity is improved with the
pH value and further improved by the addition of H202 (Hydrogen peroxide), which
acts as a strong oxidizing agent. The dielectric constant decreases with increas-
ing pH value; at the same time the dielectric loss also decreases. Further the
decrease in dielectric properties by addition of oxidizing agent are justified by
inverse proportionality between resistivity and dielectric constant.

6170-52, Session 9

Modeling symmetric magnetoelectric laminates
G. P. Carman, Univ. of California/Los Angeles

This presentation describes analytical models for symmetric magnetoelectric lami-
nates composites. This modeling effort consists of both 1-D and 2-D laminates
that are symmetrically oriented (i.e., absence of bending). Using the appropriate
constitutive relations, boundary conditions, governing equations, the effective prop-
erties of the layered materials were developed. During this study, we determined
that representative geometries could be defined to model all plausible layups. A
wide range of studies was conducted, varying the material properties and the
volume fraction of each configuration. Results show that maximum values of the
magnetoelectric coefficient are obtained at specific volume fractions, which is a
function of the material properties and layup, and thus will vary from laminate to
laminate. In addition to maximizing the magnetoelectric coefficient, we discov-
ered that a 1-D layup surpassed the 2-D laminates by a factor of five for several
specific configurations. Several magnetoelectric laminates were manufactured and
results show reasonable correlation with the analytical data.

6170-53, Session 9

Magnetoelectric properties in NCF/PZT bulk laminate
composites
S. V. Suryanarayana, B. S. T,, N. B. S., Osmania Univ. (India)

Magnetoelectric (ME) effect is observed in two- phase composites consisting of
Piezoelectric and Piezomagnetic materials, under the action of an external mag-
netic field, which is absent in either of the phases. In the present work, the bulk
laminates of Ni-Co-Mn ferrite (NCF) and Lead Zirconate Titanate (PZT) were pre-
pared. The geometry of the samples is NCF-PZT-NCF. Thickness of NCF and PZT
were varied between 0.5 - Imm and 0.3 - 1mm respectively. Magnetoelectric (ME)
measurements was carried out on these laminates using the Dynamic method.
The ME output as a function of thickness ratio, dc and ac magnetic field was
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studied. It was observed that the ME output increases with increasing thickness
ratio. The highest ME output of 3.53 V/cm was found to observed at a fixed AC
magnetic field of 64 Oe (1.008 KHz AC frequency) for the sample with thickness a
of NCF 1mm and a thickness of PZT 0.3mm when a DC bias field of 0.75kOe.This
value higher than bilayers of lanthanum manganates-PZT (0.03V/cm), NFO-PZT
(0.2V/cm) and comparable to Terfenol-D-PZT (4.68V/cm). The Magnetoelectric
coefficient (v= was calculated for the samples.

6170-54, Session 9

Ferroelectromagnetic studies on BLSF compounds
S. V. Suryanarayana, B. S. T., V. Ramana, Osmania Univ. (India)

Ferroelectromagnetics belong to the class of compounds that complement ferro-
electric or ferromagnetic materials and display simultaneous electric and mag-
netic ordering. As a result, these materials exhibit change in polarization by the
application of magnetic field, a change in magnetization on the application of
electric field and often some coupling between the two giving rise to an effect
called magnetoelectric (ME) effect. The coupled electric and magnetic ordering in
ferroelectromagnetics is accompanied by the formation of domains and domain
walls. SrBi5-xLaxTi4FeO18 ceramics belongs to the Bi4Ti3012 + n BiFeO3 family
of compounds, which exhibits ferroelectricity and magnetism and hence the ME
effect. Present study describes the ferroelectromagnetic studies on 5-layered SrBi5-
xLaxTi4FeO18 (x=0 to 1) ceramics. Ferroelectricity of these ceramic samples is
determined by observing the Curie temperature by the dielectric studies. Static
pyroelectric method is employed to determine a peak in pyroelectric current, which
corresponds to the ferroelectric transition temperature. ME output obtained in the
present system is 640mV/cm, which is the maximum in any single phase bulk
compounds. The results are presented as a function of composition and a com-
parison is made on the ME outputs obtained in the case of other single-phase
bulk ceramics. The system offers itself as a candidate material for the observation
of multifunctional physical properties that can be exploited for sensors and actua-
tors.

6170-55, Session 10

A comparative study on macrofiber composites and active
fiber composites with metal-core piezoelectric actuators/
sensors

D. Askari, R. Russ, Univ. of Hawai’i at Manoa; H. Asanuma, Chiba Univ. (Japan);
M. N. Ghasemi-Nejhad, Univ. of Hawai’i at Manoa

Piezoelectric sensors and actuators have gained considerable interest by investi-
gators and researchers for the use in intelligent/smart structures and
micromechanical systems. Furthermore, demand from industry for sensors and
actuators with higher quality and better performance for special applications has
lead the researchers to design piezoelectric systems with optimal configurations
to enhance the performance of such actuators and sensors. Finite Element Method
(FEM), as an alternative technique for stress and strain analysis of the
micromechanical and electromechanical systems and structures, has been em-
ployed to numerically investigate the performance of the Metal-Core Piezoelectric
Fibers (MPF) as an Active Fiber Composites (AFC) and Macro Fiber Composites
(MFC). The individual constituents are modeled with their corresponding proper-
ties and Finite Element Analysis (FEA) is performed to study the free expansion of
the piezoelectric actuators and then the results are compared with the experimen-
tal data provided by the manufacturers to verify the finite element models. Next,
the generated three-dimensional models of the MFC and MPF/AFC were sepa-
rately embedded in a composite structure to investigate their constrained exten-
sions. Finally, the results are compared and the performance of each actuator is
discussed in details.

6170-56, Session 10

Reliability of integrated active fiber composites in quasi-
static cyclic and fatigue environments

M. M. Melnykowycz, A. J. Brunner, M. Barbezat, EMPA (Switzerland); A.
Monnin, Eidgenossische Technische Hochschule (Switzerland)

Active Fiber Composite (AFC) materials composed of interdigitated electrode (IDE)
screen printed on Kapton film and piezoelectric Lead-Zirconate-Titanate (PZT)
fibers in an epoxy matrix have become very popular in recent years in smart ma-
terials research. Due to a thin profile, flexibility and actuation performance, AFC
elements can be used as the actuator or sensor component in composite lami-
nate smart material systems such as active rotor blade applications. The design

and implementation of smart materials in aerospace applications requires a clear
understanding of the strain limits and fatigue reliability of the system. Currently
though, the question of AFC reliability has not been widely explored in different
strain and fatigue environments.

AFC reliability and performance in quasi-static strain and fatigue environments is
addressed in the current study. AFC elements were integrated into two types of
composite laminates, and then subjected to cyclic tensile tests. The strain sens-
ing property of AFC was used to gage the performance and health of AFC during
testing. Due to the electro-mechanical coupling nature of the PZT fibers, AFC
sensor performance can be used as a strong indicator of actuation performance
given similar loading conditions. Woven glass (GFRP) and uni-directional carbon
(CFRP) fiber reinforced plastic laminates were used for the laminate material. AFC
were integrated into the GFRP laminate via cutout insertion and in the CRFP speci-
mens, AFC were integrated via cutout insertion and interlaced methods to gage
the effect of integration technique on AFC reliability.

Monotonic cyclic tensile testing was performed on both the CFRP and GFRP
integrated specimens to assess AFC reliability at increasing strain levels in the
different material environments. The AFC voltage output signal was monitored
during testing to examine the subsequent trend in AFC sensitivity in relation to
applied strain. In addition, acoustic emission (AE) monitoring was used during
cyclic testing to track damage evolution in the AFC elements and in the host lami-
nates. Fatigue testing was performed on AFC integrated in GFRP laminates at low
strains (below 0.15%) to gage the ferroelastic reliability of AFC over millions of
cycles.

Quasi-static strain experiments showed AFC performance to be stable below strains
of 0.15%, and showed degradation between strains of 0.20% to 0.50%. AE moni-
toring revealed damage initiation in the AFC area of the laminates at and above
strains of 0.15%. The increase in AE activity and AE intensity corresponded with a
drop in AFC performance as seen by a decrease in the sensitivity of the voltage
output signal. Following cyclic testing, optical microscopy of polished sections of
integrated AFC specimens revealed that crack formation in the PZT fibers oc-
curred at the IDE finger edges. The location of cracks in the PZT fibers is attrib-
uted to the polarization character inherent in IDE based piezoelectric elements.

6170-57, Session 10

Overview on macrofiber composite applications
T. P. Daue, Smart Material Corp.; A. J. Schoenecker, Fraunhofer-Institut flr
Keramische Technologien und Sinterwerkstoffe (Germany)

The present paper is giving an update on availability and system developments of
piezo fiber composites based on the MFC technology. The Macro Fiber Compos-
ite (MFC) is manufactured by Smart Material Corp. on a full-scale production ba-
sis. Recently, two new devices have been added to the MFC family: A contracting
MFC with the advantage of reducing the driving voltage to 360V and a high tem-
perature MFC for operation temperatures up to 180 °C.

Research and development of piezo fiber composites is still ongoing on different
levels, like constitutive phases (piezoceramic, epoxy, insulating and conductive
materials), scale, shape and connectivity, electrical and mechanical field distribu-
tions, interfaces and geometry, coupling to the load carrying structures (size scal-
ing, placement), the electronics (voltage, current, time) and reliability issues. Knowl-
edge on all of these levels is necessary to improve device performance and the
efficiency for smart structure applications.

When embedded or attached to flexible structures, these actuators provide dis-
tributed solid-state deflection and vibration control. Commercial applications are
still under development and are seen in vibrational and noise reduction, shape
control, micro positioning, strain measurement and structural health monitoring.
The correlation between structure and the design and placement of the actuators
has also been analyzed showing a strong interaction. E.g., piezo composite ac-
tuators or sensors and structures must be designed in close combination.
Because basic performance parameters are considerably improved, like for ex-
ample energy economy, precision and comfort, a widespread use is expected in
the very near future. The presentation will highlight the latest commercial applica-
tions for the MFC technology.

6170-58, Session 10

Improvement of actuation displacement and force of LIPCA
implementing bifurcation phenomena
Q. V. Nguyen, H. C. Park, K. J. Yoon, N. S. Goo, Konkuk Univ. (South Korea)
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In currently actual applications, LIPCA (LIghtweight Piezoceramic Composite Ac-
tuator) only can produce a few millimeters even though it is operated at its natural
frequency. The actuator has been used for flapping devices, and the flapping per-
formance is degraded quite quickly when the weight of wings becomes slightly
heavy. For this reason, the actuation displacement and force of LIPCA need to be
improved when LIPCA is used in a flapping device as an actuator. When the LIPCA
is under compressive load up to slightly lower than its bifurcation load, the LIPCA
may buckle if a proper electric field is prescribed. Therefore, the bifurcation can
make the LIPCA create larger actuation displacement and force at the same time.
To predict and search for a proper combination of the compressive load and the
electric field for this purpose, the actuation displacements of LIPCA are calcu-
lated by the geometrically nonlinear finite element analyses based on the thermal
analogy technique. The geometrically nonlinear analysis is used in the analysis
because the LIPCA has the initial curvature due to the curing process, which plays
a role like the initial geometric imperfection. In the finite element modeling, the
three dimensional model including two tabs of LIPCA for laminated composite
plate with piezoceramic material layer, glass/epoxy composite and carbon fiber
composite layers is used. By varying the applied compressive load and electric
field, the displacement changes at central point of LIPCA are examined to figure
out the proper combination of the compressive load and electric field. The calcu-
lated actuation displacements from the geometrically nonlinear analysis are larger
than those from the linear analysis. We could find a proper combination for the
compressive load and electric field from the proposed analysis. Therefore, it is
feasible to apply those results for improving and developing the flapping devices
and the other purposes. The strength of LIPCA is also estimated and examined, to
make sure that the LIPCA including piezoceramic layer can be operated in safe
condition. The experiments have been carried out to verify and validate those
results.

6170-59, Session 10

Hysteresis characterization using charge feedback control
for Lipca actuators

K. M. Mossi, J. M. Beck, K. Leang, Virginia Commonwealth Univ.; M. Noras, J.
Kieres, TREK, Inc.

Pre-stressed composite piezoelectric actuators have become attractive for a wide
variety of aerospace and industrial applications, for example the positioning of
optics and in flow control. This study focuses on characterization of a Lipca series
composite piezoelectric actuator subjected to charge-feedback control. The de-
sign and implementation of a charge feedback control circuitry is discussed, as
well as implications for precise control of such actuators. In contrast to the volt-
age-control mode, charge-feedback control exhibits significantly less displace-
ment hysteresis, and characterization is of importance for the continued develop-
ment of applications involving composite piezoelectric actuators.

6170-60, Session 11

Characterization of piezoelectric effect and mechanical
properties of cellulose-based electro-active paper actuator

H. S. Kim, W. Jung, J. Kim, Inha Univ. (South Korea); C. Yang, K. Song, Andong
National Univ. (South Korea)

Recently, cellulose based paper has been reported to have active properties such
as piezoelectric effects and ion migration effects. It is reported that cellulose based
Electro-Active Paper (EAPap) actuator has some advantages compared to widely
used electronic EAP or lonic EAP actuators due to its merits in terms of light-
weight, dry condition, large displacement output, low actuation voltage and low
power consumption. A promising EAPap actuator has been developed using cel-
lulose paper. Several researches for EAPap actuators have been conducted to
investigate the performance, sensitivity, power consumption, environmental ef-
fects such as temperature and humidity. However, the actuating mechanism is not
quite well known until now on.

In this paper, material characteristics and piezoelectric effects of cellulose based
EAPap actuators will be investigated and piezoelectric actuating mechanism of
EAPap actuator will be studied. Although humidity is a dominant factor and ion
migration effects are considered as dominant actuating mechanism of EAPap
actuator, cellulose is quite well known to have dominant shear piezoelectric ef-

fect. This can provide the clue of the piezoelectric actuating mechanism of EAPap
actuator. Therefore, anisotropic material properties of EAPap actuator will be char-
acterized first and shear piezoelectric constants be measured to show the piezo-
electricity of EAPap actuator. After that, shear piezoelectric actuating mechanism
will be modeled for EAPap actuator. It is expected that the shear piezoelectricity
of cellulose paper can provide the potential of wide application of EAPap actuator.

6170-61, Session 11

Development and characterization of carbon nanopaper-
based nanocomposite materials
J. Gou, S. O’Briant, Univ. of South Alabama; B. Fan, G. Song, Univ. of Houston

This research explored a new concept to fabricate nanocomposite materials based
on carbon nanopapers, which function as both structural reinforcements and sen-
sors in composite structures. In this method, carbon nanotubes/carbon nanofibers
were preformed as nanopaper by multi-step dispersion and micro-filtration of the
suspension of carbon nanotubes/carbon nanofibers. The strips of carbon
nanopapers were then integrated into composite structures by using Resin Vacuum-
Assisted Resin Transfer Molding (VARTM) process. The microstructures of the
composites were characterized with SEM and AFM. The mechanical properties of
the composites were studied with tensile test and dynamic mechanical analysis.
The experimental results show that the integration of the strips of carbon nanopaper
into composite structures enhanced the mechanical properties of composite struc-
tures in terms of strength, stiffness, damping, and toughness. In addition, the
strips of nanopaper embedded into composite structures were used for strain
sensing and crack monitoring.

6170-62, Session 11

Electric field-alignment of high-aspect ratio inclusions in
polymers
S. Banda, Z. Ounaies, Texas A&M Univ.; V. G. Hadjiev, Univ. of Houston

This paper focuses on developing multifunctional polymer composites by aligning
micro and nano inclusions in photocurable polymers. The ultimate goal is to tailor
the physical properties of the composites by controlling the degree of alignment
of the inclusions. By processing and comparing random and field-tailored poly-
mer nanocomposites, we plan to quantify the relationship between processing
parameters and morphology in a range of polymer nanocomposites, and to de-
velop a theoretical understanding that relates the microstructure to the charge
transport properties.

Glass fibers and carbon nanotubes (CNTs) are dispersed in a polymer liquid. The
polymer matrix is an epoxy. Both ac and dc electric fields are used. The aligned
inclusions are then immobilized in the epoxy by photopolymerization, with the
electric field still on. 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 SEM, dynamic mechanical
analysis (DMA) and dielectric spectroscopy. Degree of alignment is assessed us-
ing polarized Raman spectroscopy. The storage modulus is measured to study
the effect of aligned inclusions on the structural reinforcement of the composite.
Percolation threshold is investigated by measuring static electrical conductivity
and dielectric constant parallel and perpendicular to the aligned composites. Ef-
fect of alignment on the percolation distribution is studied. A CNT-polymer com-
posite configuration where the material is conductive in the planar direction whereas
it is insulating in the out-of-plane direction is achieved. Ordering of inclusion net-
work may allow dual sensing and actuation, through control of the percolation
threshold. Sensing comes from change in electrical conductivity as percolation
network is disturbed by stress/strain. Actuation comes from electromechanical
coupling arising from interaction between CNT and the polymer chains.

6170-63, Session 11

Magnetoelectroelastic coupling solution for a penny-
shaped crack
B. Wang, The Univ. of Sydney (Australia)

Electro-magneto-mechanical coupling effects have been observed in single-phase
materials and two-phase composite materials. Due to multi-field-coupling effects,
a magnetic field may induce an electric field and an elastic field in
magnetoelectroelastic materials, and visa versa. The coupled properties of
magnetoelectroelastic materials offer great opportunities for engineers to create
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so-called smart materials/intelligent structures that are cable of responding to
internal and/or environment changes. Most magnetoelectroelastic materials are
brittle. Defects are often unavoidable in these materials. Work has been directed
towards the crack tip field intensity factors. For the reliability evaluation for the
magnetoelectroelastic materials, it is necessary to know the expressions for the
crack tip coupled magneto-electro-elastic fields. This paper solves the penny-
shaped crack configuration in transversely isotropic solids with coupled magneto-
electro-elastic properties. The crack plane is coincident with the plane of symme-
try such that the resulting elastic, electric and magnetic fields are axially symmet-
ric. The mechanical, electrical and magnetical loads are considered separately.
Closed-form expressions for the stresses, electric displacements, and magnetic
inductions near the crack frontier are given.

6170-64, Session 11

Ultrafast optical dynamics in VO2

S. . Lysenko, V. S. Vikhnin, G. Zhang, A. Rua, F. E. Fernandez, H. Liu, Univ. de
Puerto Rico Mayagliez

Design and development of light-controlled solid-state optical switchers, storage
devices, infrared laser cavity mirrors based on metal-oxide films is upcoming branch
of modern optoelectronic technology. In this work the laser induced insulator-to-
metal (I-M) phase transition in VO2 thin films was explored by femtosecond opti-
cal pump-probe spectroscopy. The 400 nm wavelength pump beam provides suf-
ficient energy for interband transition in VO2 between occupied lower 3d level and
7" band hybridized with upper 3d one. Optical pumping of free carriers in VO2
initiates extremely fast changes in transmittance and reflectivity, which behavior is
strongly dependent on excitation pulse energy and structural properties of the
sample.The 130 femtosecond laser pulses were applied for measurements of tran-
sient reflection and relaxation processes, and to characterize the carrier dynamics
during |-M transition in 10E-13+10E-9 temporal-scale.

Transient optical reflection was measured as a function of pump pulse energy and
time delay between pump and probe pulses. The dynamic of photoexcited elec-
trons and phonon relaxation process were studied using an optical delay line which
can precisely change the timing between pump and probe pulses. Analysis of
relaxation times of VO2 system during phase transition allows suggesting the for-
mation of an intermediate state by pure electronic mechanism without complete
lattice relaxation from monoclinic to tetragonal structure.

To analyze the ultrafast change of spectral properties of the VO2 sample the ul-
trashort white light pulses were used as a probe. White light continuum was gen-
erated by focusing of 800 nm femtosecond pulses on the sapphire plate and then
focused on the sample. The reflected light was delivered into spectrophotometer.
The spectral records in optical region are conducted at different fixed time delays
between pump and probe pulses as well as at different temperatures of the sample.
Comparison of the VO2 transient reflectivity for both VO2 temperatures corre-
sponded to insulator and metallic phases gave information about light induced
ultrafast structural transformation of VO2. The experimental data shows that the
complete lattice transformation can be observed at the 10E-12 temporal-scale for
<50 nm thick film as depended on optical pump pulse energy.

The excitonic model is suggested for light-induced insulator-metal phase trans-
formation. The tunnel transition is caused by photoinduced Frenkel and clusterized
Wannier-Mott vibronic excitons. It is expected that the specific intermediate states
are related to vibronic Wannier-Mott excitons cooperated in clusters.

Upon a laser illumination an ultrafast (in ~10E-13 sec) change in reflectivity and its
following pump-dependent relaxation process (in ~10E-9 sec) are observed for
VO2 at different temperatures, in insulator and metallic VO2 phases. The study of
transient reflectivity for VO2 in metallic state has allowed proposing the model for
excited state dynamics at temperatures above insulator-metal phase transition.

6170-65, Session 11

Nonlinear optical characterization of glass-embedded silver
nanoparticles
J. A. Jimenez, S. . Lysenko, G. Zhang, H. Liu, Univ. de Puerto Rico Mayagiiez

The metal-dielectric nanocomposite systems are the object of increasing interest
in modern optoelectronics due to its promising applications in ultrafast functional
electronic, optical switching, and optoelectronic devices. The physical properties
of small silver particles, including their optical properties are strongly dependent
on external high-intense electromagnetic excitations as well as on local structural
and geometric parameters of particles caused by the preparation process. Silver

nanoparticles (NP) embedded in aluminophosphate glass were prepared by melt
and heat treatment processes. A red shift of the surface plasmon resonance (SPR)
peak is observed as particle size increases, with the quadrupolar plasmon excita-
tion being prominent for the more intensely heat treated samples. Low-tempera-
ture photoluminescence studies of Ag NPs embedded in the glass matrix show a
broad band emission at ~410 nm with a dip which has a minimum at wavelength
corresponded to dipole SPR mode in spherical Ag NP. Such a dip is assigned to
reabsorption of Ag20 emission by NPs. The nonequilibrium carrier dynamics in
Ag nanoparticles was explored by ultrafast optical pump-probe spectroscopy.
The time-resolved reflectivity measurements have shown the particle size-depen-
dent nonlinear optical dynamics on a picosecond and nanosecond time scale.
The relaxation mechanism of the electron-phonon system will be discussed. La-
ser-induced nonlinear optical response of NP was observed in transient reflection
and degenerate-four-wave-mixing measurements. The third-order susceptibility
is observed in a nonlinear holographic experiment. The ultrafast relaxation dy-
namics of electron-phonon coupling on the 10E-13+10E-11 sec temporal-scale
shows size- and pump power-dependent properties. Dependencies of electron-
phonon coupling rate and coherent acoustic oscillations on NP size will be dis-
cussed in terms of a two-temperature model and stress generation by optical
absorption. Kinetics study suggests that the nonequlibrium optical excitation of
the NP ensemble leads to coherent acoustic oscillations of NP with different
eigenfrequencies in the nanocomposite. Complete relaxation of nanocomposite
materials occurs on a ~10E-9 sec time scale and can be assigned to phonon
system thermalization.

6170-66, Session 11

Electric reaction arising in bone subjected to mechanical
loadings

G. Murasawa, Yamagata Univ. (Japan); H. Cho, Aoyama Gakuin Univ. (Japan); K.
Ogawa, Kanazawa Univ. (Japan)

Bone is smart materi