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6926-01, Session 1

Dynamic characterization and single-
frequency cancellation performance of
SMASH (SMA actuated stabilizing handgrip)

A. Pathak, D. E. Brei, J. E. Luntz, Univ. of Michigan; C. LaVigna, N.
Nersessian, Techno-Sciences Inc.

The performance of hand-held devices such as surgical tools, optical
equipment, manufacturing tools, and small arms weapons is often
significantly affected by the human operator’s physiologically induced
body tremors. Such tremors can prove to be devastating particularly in
high-precision operations. While increasing the system inertia can achieve
passive stabilization for many devices, it often introduces unwanted weight
and bulk with is unsuitable for hand-held systems. A general technology,
the SMA Stabilizing Handgrip (SMASH), has been developed to address
the tremor problem through the use of active stabilization which does not
suffer from these volume and weight penalties. The SMASH is capable
of being adapted for a wide variety of hand-held systems, and is applied
to the M16 rifle as a case-study. In the SMASH, SMA actuators are
employed to produce large forces and displacement without significant
size, weight, and packaging consequences. The system is designed to be
self-contained, with a power supply, controller electronics, and actuator
all packaged within a single handgrip. This paper presents experimental
studies in the dynamic domain of a SMASH that satisfies quasi-static
force and displacement requirements, which were found to serve as upper
bounds through out the frequency range of interest (0-3 Hz). Studies
on the frequency response of the actuator were conducted along with
stabilization of simulated jitter over this frequency range. Initial tests on
a human subject conclude that the dominant jitter frequency resides at 1
Hz with a displacement of 2 mm peak-peak, and can be estimated with a
sinusoid. Efforts were conducted to empirically obtain an operating regime
of the SMASH that would most closely cancel this simulated disturbance,
and a heating profile was selected to gradually overcome the specific
and latent heat of the SMA while retaining smooth operation, which is
typically difficult to achieve from the material. With this heating profile, up
to 97% RMS cancellation under open loop was obtained. These results
demonstrate the success of the SMASH stabilization and demonstrate
the potential of the system in reducing human tremor under closed loop
control.

6926-03, Session 1

The development of a five-DOF
magnetorheological fluid-based telerobotic
haptic system

F. Ahmadkhanlou, G. N. Washington, S. E. Bechtel, The Ohio State
Univ.

The performance of telerobotic systems can be greatly improved if
some form of kinesthetic feedback is employed. The systems are called
“transparent” when the operator controlling the master has the feeling of
direct interaction with the remote object without any distortions in forces
or geometry caused by the slave. In this study the authors develop haptic
systems for telerobotic surgery. The research outlined in this document is
subdivided into four parts.

(i) Microstructural Modeling:

A microstructural, kinetic theory-based model of MR fluids has been
developed. Microscale constitutive equations relating flow, stress, and
particle orientation are produced. These new models for MR fluids are three
dimensional and applicable to any flow geometry. The model developed in
this study is fully vectorial and relationships between the stress tensor and
the applied magnetic field vector are fully exploited.

(i) Characterization of MR Fluids:
Because of the large range of forces necessary a number of different MR
fluids are employed. The rheological properties of these MR fluid samples

are characterized using a rheometer and their magnetic properties are
obtained using a vibrating sample magnetometer. The resulting shear
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stress-shear rate and magnetization-magnetic field graphs of the MR fluid
samples are used to determine the optimal MR fluid sample to be used in
the design of two haptic systems.

(iii) Actuator Design:

In this stage, MR fluids are used in the design of a novel five degree of
freedom (DOF) MR sponge-based haptic system (master) for controlling
a telerobotic arm used in telerobotic surgery. The master 5-DOF joystick
controls the movement of a 5-DOF slave. A novel multi-axis force sensor
is designed by the authors and used at the end effector (EE) of the slave
for force feedback control.

(iv) Control, Transparency, and Stability of the System:

The control methodology in this research will be categorized in two sub-
sections: motion control of the slave and force feedback control. Two
distinct modern control algorithms will be applied to achieve the required
performance of the system: state feedback control and model predictive
control. Finally, the transparency and stability of the system will be
addressed.

6926-04, Session 1

Techniques and considerations for driving
piezoelectric actuators at high speed
A. J. Fleming, The Univ. of Newcastle (Australia)

Due to their high stiffness, small dimensions and low mass, piezoelectric
stack actuators are capable of developing tens of microns displacement
over bandwidths of greater than 100 kHz. However, due to their highly
capacitive electrical impedance, standard voltage amplifiers are limited in
bandwidth to a few kHz (3 kHz for a 1 uF actuator driven by an amplifier
with 50 ohm output impedance). The limiting factors for bandwidth are
the high output impedance of high-voltage amplifiers, cable inductance
and phase-margin degradation due to load resonance. Maximum power
bandwidth is further limited by the current and dissipation limit of driving
electronics and the preload force on the actuator.

Two new amplifiers are introduced with the capability to drive large
piezoelectric stack actuators from DC up to hundreds of kHz or MHz. By
restricting the displacement range at high-frequencies, the amplifiers can
be made an order-of-magnitude more efficient than traditional designs.
Experimental results are presented for a video-speed scanning probe
microscope positioning stage.

6926-05, Session 1

Modeling and simulation of a 2-DOF
bidirectional electrothermal microactuator
C. Elbuken, N. Topaloglu, P. M. Nieva, Univ. of Waterloo (Canada)

MicroElectroMechanical Systems (MEMS) have attracted considerable
attention in the last few decades. Microactuators constitute a significant
portion of MEMS devices. They can be operated based on various actuation
schemes such as piezoelectric, electrostatic, magnetic, pneumatic and
electrothermal actuation. Electrothermal actuation is commonly preferred
because of its low operation voltage, high repeatability and ease-of-
fabrication. However, the majority of the microactuators are restricted to
move either horizontally or perpendicularly and thus only have a 1-DOF
(degree-of-freedom) motion capability. Hence, there is a need to design
microactuators that can perform multidimensional motions for improved
dexterity on applications such as for example micromanipulators for
biomedical applications.

This paper presents the modeling and simulation of a new 2-DOF
electrothermal bidirectional microactuator. The actuator can be moved in
four directions along its two axes from its rest position, hence achieving
a 2-DOF bidirectional motion. By tailoring the geometrical parameters
of the design, the in-plane and out-of-plane motions can be decoupled,
resulting in enhanced mobility in both directions. The modeling of this
novel microactuator is completed in two steps. First, an electrothermal
analysis is performed to determine the temperature distribution along
the actuator arms as a function of the input electric potential. The
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electrothermal analysis is followed by a thermomechanical analysis
which determines the thermal expansion of each individual actuator
arms and calculates the deflection at the tip using the principle of virtual
work together with Castigliano’s theorem. The simulations of the 2-DOF
microactuator were performed using ANSYS®. It should be noted that all
complex heat transfer mechanisms were taken into account through the
simulations. Various simulations were performed for actuators designed
with different dimensions and very good agreement with the analytical
model was found. It was observed that the deflection at the tip increases
non-linearly with increasing input voltages. For instance, it was calculated
that for an input voltage of 8 V, deflections of approximately 6 microns
and 2 microns can be achieved for the out-of-plane and the in-plane
deflection, respectively. The smaller in-plane deflection is due to the
less compliant nature of the actuator during the horizontal actuation. In
addition, due to the bidirectional motion of the microactuator, the ranges
of operation calculated for the vertical and horizontal motion are quite
high (i.e. 12 microns and 4 microns respectively), which are comparable
with the deflections achieved by state-of-the-art 1-DOF electrothermal
actuators. The first prototypes have been fabricated at MEMSCAP
using PolyMUMPs® (Polysilicon Multi-user MEMS Process) run 78,
demonstrating the compatibility of the actuators with conventional MEMS
processing techniques. The experimental verification of the model is
underway and the results will be included in the final manuscript. Due to its
higher range of operation and ease of fabrication, this novel microactuator
foresees a wide variety of applications.

6926-48, Session 1

Finite element analysis of a 3-dimensional
acoustic wave correlator response for
variable acoustic modes

A. C. Tikka, S. F. Al-Sarawi, D. Abbott, The Univ. of Adelaide (Australia)

Complex signal processing functions can be performed by acoustic wave
correlators, with simple structures, through the variation of electrode
patterns. Therefore, these devices can be used as wirelessly interrogatable
and completely passive devices in hostile environments that can power
wireless sensors and actuators in a secure manner.

Manufacturing a correlator to specifically realise a specific configuration
is both expensive and time consuming. On the other hand, numerical
simulations of Surface Acoustic Wave (SAW) correlator was previously
limited to delta function and equivalent circuit models. These models
do not replicate the actual behaviour of the device. With the continuos
improvement in computing capacity, switching to finite element modelling
(FEM) would be more appropriate, where the complete set of partial
differential equations is resolved. In this paper a novel way of modelling
a 3-Dimensional acoustic wave correlator using finite element analysis is
presented. This modelling approach allows the consideration of different
code implementation and device structures. In this paper we present
simulation results for Barker sequence encoded acoustic wave correlator.
The device response for various surface, bulk and leaky modes determined
by the excitation frequency will be presented. Moreover, the ways in which
the gain of the correlator can be optimised though variation of design
parameters will also be outlined.

6926-06, Session 2

Precision displacement control of a
piezoelectric flextensional actuator

B. J. Nickless, J. E. Hubbard, Jr., Univ. of Maryland/College Park; T. Xu,
National Institute of Aerospace; J. Su, NASA Langley Research Ctr.

Precision position control is a demanding field with many applications
including vibration control, machine tooling, and optical alignment to
name a few. Smart material actuators are quickly dominating these
strenuous applications. Piezoelectric stack actuators, or piezostacks,
have been found very suitable as they offer high stiffness, high bandwidth,
and nanometer resolution that are tantamount in precision positioning
applications. If, however, a larger amount of displacement is required,
piezostacks may lack the ability to meet the application needs. A
flextensional actuator driven by a piezostack is a viable alternative to the
piezostack alone. It possesses the desired qualities of the piezostack but
offers increased displacement.
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Controlling such a device begins with modeling the open-loop system, or
the plant. Several options exist for constructing a dynamic model suitable
for control purposes. Of all of the options available, as many have been
tried, and some degree of success has been had with each. There are two
major avenues that can be traveled to arrive at a dynamic plant model.
One is analytical in nature being derived from basic laws of physics. The
other is fitting a model to experimental data via a system identification
algorithm. With either, the model may be linear or nonlinear. One intention
of the research presented here is to address the issue of which modeling
technique is best suited to a flextensional actuator and to what degree
accounting for or neglecting the nonlinearity affects the model accuracy.

Regarding analytical modeling, IEEE published a set of linear, constitutive
relations describing piezoelectric behavior. This set of relations is generally
accepted and serves as the basis for most piezoelectric actuator models in
use. Since then several models have been put forth that aim to include the
piezoelectric nonlinearities in order to compensate for them. With respect
to system identification modeling, any model developed will be specific to
the particular device at hand as the model is derived from experimental
input/output data. After adapting models of the aforementioned types
to a piezoelectric, flextensional actuator, the models are compared to
determine which best represents the actuator behavior.

After arriving at a sufficient open-loop plant model, a controller is devised
based on said model with the intention of commanding the device to track
a desired displacement trajectory. The controller must be such that the
closed-loop system possesses desired traits (damping, rise time, settling
time, etc.). Such traits are typically application specific, so in this case
a set of values for these traits are arbitrarily chosen based on what is
generally accepted for automatic control systems. As many different
control structures exist, this detail is dealt with in the same manner as
selecting which open-loop model to use. When the controller is deemed
suitable based on simulation, it is taken online with the real actuator to
assess the ability of the actual closed-loop, hysteretic system to track a
reference displacement signal.

6926-07, Session 2

Advanced control algorithms for a SDOF
piezoelectric nano-positioning stage
A. York, S. S. Seelecke, North Carolina State Univ.

Nano-Positioning devices such as translation stages have found
applications in ultra-high precision manufacturing, biomedical research,
scanning tunneling microscopes, atomic force microscopes, and many
other research and development areas. Piezoelectric materials, which
produce a strain under the influence of an external electric field, have
become elementary components for these nano-positioning devices
due to their high-frequency response and almost infinite resolution.
Conventionally, translation stages couple a piezoelectric actuator with a
linear system controller to achieve sub-nanometer resolution.

Piezoceramics, however, exhibit a complex and strongly non-
linear behavior, including hysteresis, rate-dependence, temperature
dependence, and creep. The non-linear behavior is amplified with higher
electric fields or higher stresses, thus limiting the device operation under
conventional linear control to the short stroke and low frequency regime.
In order to make efficient use of the actuator, one has to incorporate the
non-linear, hysteretic behavior of the actuator into the control algorithm via
a model. One method that has been suggested in the literature is known
as inverse compensator method, see e.g. [1], [2], which couples a non-
linear hysteresis model with a feedback controller. The models used for
this approach commonly use rate-independent mathematical descriptions
of the hysteresis such as variants of the Preisach model and focus on
stability rather than optimality. When operating at higher frequencies,
however, the strongly rate-dependent behavior of piezoelectric materials
has to be accounted for if the controller is to be presented with an accurate
model of the actuator.

The rate-dependent hysteretic behavior is known to be due to domain
switching processes in the material. This paper presents a model-based
controller capable of compensating for the hysteretic behavior along with
the frequency-dependence present in these materials. The controller uses
a free energy model, first proposed by Smith and Seelecke [3], which is
based on the theory of thermal activation for single crystal piezoceramics.
The model couples mechanical stress and electric field and is capable
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of representing the rate-dependent kinetics of the switching processes.
This piezoelectric actuator model is then coupled with a SDOF model of
a Mad City Labs Nano-OP 30 translation stage. The model is validated
by experiments conducted on the stage and the results are used for
comparison with model simulations. The model also features a convenient
mathematical structure, given by a system of ODEs in time, allowing it to
be easily integrated into a variety of control schemes.

For feed-forward control, the model is implemented into the optimal
control package NUDOCCCS developed by Biskens [4]. The model’s
ODE system is integrated by an implicit Runga-Kutta scheme (RADAU
Ila) using the efficient and robust RADAU5. NUDOCCCS then solves the
resulting NLP problem with a sequential quadratic programming method.
The optimal control scheme not only compensates for the non-linear and
hysteretic material behavior, but also allows optimality criteria like speed
of adjustment to be taken into account. Furthermore, a real-time capable
version of the optimal controller is developed for the nano-positioning
stage designed by Mad City Labs mentioned above. It is based on the
parametric sensitivity analysis of nonlinear programming problems
originally developed by the authors for shape memory alloys [5]. The
real-time controller is ultimately coupled with feedback for improved
performance. The efficiency of this type of stage controller will allow it
to track arbitrary set point functions at high frequencies and will not be
limited to harmonic set points, enabling technologies like, e.g., 3-D force
microscopy.

1. P. Ge and M. Jouanch, Tracking Control of a Piezoceramic Actuator,
|IEEE Transactions on Control System Technology, 4, pp. 209-216, 1996.

2. H. Janocha, Adaptronics and Smart Structures, chapter Actuators in
Adaptronics, Springer Verlag, 1999.

3. R. C. Smith, S. Seelecke and Z. Ounaies, A Free Energy Model for
Piezoceramic materials, SPIE Smart Structures and Materials 2002,
Modeling, Signal Processing and Control, San Diego, CA, 17-22 March
2002, 20083.

4. C. Buskens, NUDOCCCS - User’s Manual, Universitat Minster, 1996.

5. S. Seelecke, C. Buskens, I. Mller, and J. Sprekels, Online Optimization
of Large Systems: State of the Art, chapter Real-Time Optimal Control
of Shape Memory Alloy Actuators in Smart Structures, Springer Verlag,
2001.

6926-08, Session 2

Modeling and control of piezoelectric stack
actuator using a weighted directed graph
W. S. Galinaitis, Rose-Hulman Institute of Technology

A directed graph is used to model rate independent hysteresis for
an actuator with a bounded input $u(t)$ that attains only $n$ distinct
levels $ {u_{min}= u_{1} < u_{2},...,u_{n-1} < u_{n}=u_{max} }$ between
a minimum input $u_{min}$ and maximum input $u_{max}$. It is proven
that this discrete model fulfills the basic properties of rate independent
hysteresis model. It is then shown that a control input $u~{*}$ exists that
minimizes the positioning error induced by hysteresis, and a method for
determination of this minimizing control is provided. The veracity of this
approach is demonstrated through simulation, and experimentally by
controlling a piezoelectric stack actuator in real time.

6926-09, Session 2

Switching sliding mode control for a
membrane strip with MFC actuators

J. M. Renno, A. J. Kurdila, D. J. Inman, Virginia Polytechnic Institute
and State Univ.

A switching sliding mode controller for the static shape control of a
membrane strip is considered. The membrane strip is augmented with
two macro fiber composite (MFC) bimorphs. The combined structure is
modeled as an Euler-Bernoulli beam under tensile load. The two bimorphs
are actuated independently. One bimorph operates in bending, whereas
the other bimorph operates in tension. The presence of the later causes
the system to be nonlinear, hence the use of the sliding mode technique,
and gives rise to a structural singularity. To evade this problem, a switching
command is introduced. Hence, the closed loop system utilizes a hybrid
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control law, which can cause stability problems. Fortunately, the same
Lyapunov function can be used to analyze the stability of the switched
system. Consequently, the switching is safe, and asymptotic stability is
guaranteed. Simulation results are presented to demonstrate the efficacy
of the control law.

6926-11, Session 3

Digital signal processing for an adaptive
phase-locked loop controller on a FPGA-
based platform

J. Twiefel, Leibniz Univ. Hannover (Germany); H. Kruiger, C. Paiz, M.
Klubal, Univ. Paderborn (Germany)

Piezoelectric transducers are often used as ultrasonic actuators. To gain
the highest possible vibration amplitude, mostoften these actuators are
driven in their resonant frequency. Depending on the application these
actuators can be grouped roughly in three main categories, weak damped
systems, medium damped systems and strong damped systems.
Ultrasonic cleaning applications, piezoelectric ultrasonic motors, and
powder atomization are some of the various application examples of
these categories, respectively.

All these systems have in common that the driving frequency should be
- as the definition says - as close as possible to the actual resonance
frequency of the system. Furthermore, all these systems do change their
resonance frequency during operation. From the control point of view
the main difference in these systems is the necessary accuracy of the
driving frequency, where in weak damped systems the resonance can
be seen as a sharp peak in the admittance diagram, it appears in the
strong damped system as smooth round hill. Therefore, a small error in the
driving frequency causes a considerable loose in efficiency in the weaker
damped systems; a similar error in the driving frequency would nearly
not affect the efficiency of the strong damped system. Many common
used control algorithms rely on the relationship between the phase zero
line crossing and the resonance peak, which can only be used for the
weak and medium damped systems. An increasing damping drifts these
two frequencies (electrical resonance and phase zero) apart. Further, the
increasing damping reduces the phase drop, which causes a loss of the
phase zero crossing for high damped systems.

In practice, mostly application-specific driving circuits are used to satisfy
the differed needs, which is the best way to optimize resource-utilization
for commercial products sold in high numbers. For the use in the laboratory
or in products with low quantities a universal systems for driving any kind
of resonant piezoelectric actuator is preferred. Therefore, a standalone
FPGA-based control platform is developed at the Heinz Nixdorf Institute.
This platform allows a high speed data acquisition and data processing for
controlling resonant actuators with a driving frequency in the range from
18 kHz to 100 kHz. An FPGA-base solution enables the implementation
of application-specific controllers, which can be adjusted for different
kinds of piezoelectric transducers, without loosing performance, by
reconfiguring the FPGA.

The used controller is an adaptive phase-locked loop (APPL) algorithm.
While most types of PLL controllers rely on the phase zero crossing for
driving the actuator in resonance, the APPL can estimate the mechanical
(v/u) phase behavior, which always has a phase zero crossing, to control
on it. To measure the amplitude of voltage and current, and the phase
between these two signals an FFT algorithm is utilized.

This paper concentrates on the digital signal acquisition, and processing.
Further, the implantation of the control algorithm on the FPGA-based
platform is described in detail.

6926-12, Session 3

Cooperative behavior of mobile robots as
a macro-scale analogous of the quantum
harmonic oscillator

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

noindent This paper studies a model of cooperative behavior in a multi-
robot system that consists of N mobile robots. It is assumed that the
robots correspond to diffusing particles, and interact to each other as the
theory of Brownian motion predicts. Brownian motion is the analogous of
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the quantum harmonic oscillator (Q.H.O.), i.e. of Schrédinger’s equation
under harmonic (parabolic) potential. However, the analytical or numerical
solution of Schrodinger’s equation, is computationally intensive, since for
different values of the potential V(x) it is required to calculate the modes v, (x)
in which the particle’s wave-function y(x) is decomposed. Moreover, the
solution of Schrodinger’s equation contains non-easily interpretable terms
such as the complex number probability amplitudes which are associated
with the modes ,(x), or the path integrals that constitute the particle’s
trajectory. On the other hand, instead of trying to solve Schrodinger’s
equation for various types of V(x) one can study the time evolution of the
particles through an equivalent diffusion equation, assuming probability
density function depending on Q.H.O’s ground state, i.e. p(x) = hy, (x)P?
Each diffusing particle (mobile robot) is subject to the following forces: (i) a
spring force (drift) which is the result of the harmonic potential and tries to
drive the particle to an equilibrium and (ii) a random force (noise) which is
the result of the interaction with neighboring particles (robots or obstacles
in the motion plane). This interaction can be in the form of collisions or
repulsive forces. It is shown that the diffusive motion of the stochastic
particles (kinematic model of the robot) can be described by Langevin’s
equation which is a stochastic linear differential equation. Following
the analysis it is proved that Langevin’s equation is a generalization
the conventional gradient algorithms. Therefore the kinematic models
of mobile robots which follow conventional gradient algorithms can be
considered as a subcase of the kinematic models which are derived from
the diffusion analogous of the Q.H.O model. The structure of the paper
is as follows: In Section 2, an analysis of the diffusive motion of particles
is given and Brownian motion is explained. In Section 3 the background
that relates Schrodinger’s equation with diffusive motion is analyzed. It is
shown that Schrédinger’s equation with harmonic potential is equivalent
to a stationary diffusion equation with drift. The time-dependent solution
of the quantum harmonic oscillator model is obtained through the study
of a diffusion process. In section 4, mobile robots self-assembly based
on the motion of interacting diffusing particles, is proposed. The position
of the mobile robots corresponds to the positions of the particles, while
their displacement in a 2D motion plane corresponds to the motion of
each particle. The kinematics of the particles is described by Langevin’s
stochastic differential equation which is shown to be a generalization of
conventional gradient algorithms. Moreover, stability analysis is performed
to demonstrate that the robots (particles) converge to an equilibrium
(attractor). In Section 5, simulation experiments are performed. First, it is
demonstrated how the particles (mobile robots) converge to an equilibrium
under the drift term that is imposed by a harmonic potential and a random
term imposed by the interaction with neighboring particles (robots). Finally,
in Section 6, concluding remarks are stated.

6926-13, Session 3

Force control of a shape-memory alloy wire
using fuzzy controller

O. Rohani, A. Yousefi-Koma, A. Rezaeeian, A. Doost-Hosseini, Univ. of
Tehran (Iran)

Shape Memory Alloys (SMAs) are a group of metallic materials that exhibit
shape memory effect which occurs through a solid-state temperature and
stress dependent shift in their crystalline structure between two different
phases. At higher temperatures, the material is in the austenite phase and
is relatively hard. As the temperature is lowered, the material changes to
the martensite phase which is relatively soft. This unusual characteristic of
SMA actuators has a wide variety of applications in control and actuation
systems.

Currently, substantial attention is given to micro-grippers that use SMAs in
particular SMA wire as a means of actuation. One of the most significant
problems to develop such grippers is controlling the force induced in the
SMA wire. The hysteresis associated with SMAs makes the development
of a mathematical or numerical model as well as designing a tracking
controller for SMA materials and actuators a challenging task.

In this paper, an experimental setup including a Nickel-Titanium (NiTi) SMA
wire, a load-cell sensor, data acquisition terminal, a power amplifier and
computer for recording data is designed and fabricated to measure and
control the induced force in an SMA wire. The SMA wire specifications are
as 0.1mm diameter, 32cm length, and 37.8 ohm electrical resistance. By
Calibration, relation between voltage and force of the load-cell is obtained.
When heated, due to transformation from martensite to ausenite phase,
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the SMA wire tends to be shortened, but because it is clamped at two
ends, a tension force is induced in it. By cooling the SMA, it returns to the
martensite phase and so the induced force is released.

Using Matlab xPC target toolbox and D/A data acquisition terminal,
different pulse inputs are applied to the SMA wire and the response is
recorded. The raw signal from the load cell consists of significant noise
component. In order to remove the noise, a low pass digital filter is
designed to filter the output force signal of the data collected.

Using autoregressive model with exogenous input (ARX) method for
system identification of the experimental data, two appropriate transfer
functions of the induced force in the SMA wire versus the applied voltage
during heating and cooling processes are derived. The model selected for
heating and cooling are arx331 (for heating) and arx310 (for cooling).

Afterwards, a conventional PID controller and a self-tuning fuzzy PID
controller are designed to control the force in the SMA wire. The self- tuning
fuzzy PID control algorithm is implemented by tuning the parameters of
the PID controller, thereby integrating fuzzy inference and producing a
fuzzy adaptive PID controller, which is used to improve the force control
performance.

Finally, the responses of the system with both controllers for different step,
multi-step and sine inputs are simulated and compared.

Results show that in the force control of the SMA wire, the self-tuning fuzzy
PID controller is more efficient than the conventional PID controller. The
results achieved in this study can be used as fundamental and guidelines
for force control of a gripper actuated by SMA wires.

6926-14, Session 3

Fuzzy control of flexible structure using
piezoelements

A. Doosthoseini, Univ. of Tehran (Iran); A. Yousefi-Koma, Univ. of Tehran
(Iran) and Tehran Univ. of Medical Sciences (Iran); B. Shasti, Univ. of
Tehran (Iran); O. Rohani, Univ. of California/Irvine (Iran)

The usage of smart material in vibration suppression of structures is
gaining popularity fast. An example of such material is the piezoelectric
actuators whose functionality rests on their high compatibility with
structures, low weight, rapid reaction, broad bandwidth, and desired
force and displacement output. In this paper the vibration suppression
of a flexible structure using fuzzy controller with bonded piezoelements
was investigated. The system considered in this paper was an aluminum
cantilever beam which is fabricated at the Advanced Dynamic and Control
Systems lab (ADCSL). On either end of the beam one patch of piezoelectric
was attached. One piezoelectric was used as an actuator and the other
one as a sensor. The ANSYS software was employed for the FE modeling
of the beam. A modal analysis was done on the model and the three first
modes with natural frequencies of 7.5388HZ, 45.957HZ, and 125.46HZ
were obtained respectively. A harmonic analysis was performed on the
smart beam with a frequency range of 0-60 HZ and 0.5 Hz step sizes.
A polynomial of order 9 was found as proper fit to frequency response.
The accuracy of the model has to be evaluated, thus an experiment was
conducted. A chirp signal of 60 volts was applied to the piezoelectric
actuator and the first two natural frequencies of the smart beam from
experimental, FE model were compared and the error calculated for first
and second natural frequencies are .81% and 6% respectively.

A fuzzy control system is then designed and implemented for vibration
suppression of the smart beam. This proposed controller has been
developed to minimize first and second resonant responses by increasing
the damping of the structure. In this manner, it is a resonant fuzzy logic
controller (RFLC). For this purpose, the vibration controller is examined
for three excitations: impulse, dwell around first natural frequency and
dwell around the second natural frequency. The root-mean-square (RMS)
output voltage under open-loop, PD-controlled and fuzzy vibration
controller were calculated for the three excitations and The results show
that the fuzzy controller reduces the magnitude of the first mode under
impulse excitation, by 38% compared with the open-loop system. Also it
is observed that the fuzzy controller, developed in this research, reduces
the displacement due to vibration of an open loop system by 82%. The
PD control controller only controls the vibration up to the 75%.A fuzzy
controller yields a more significant improvement in displacement reduction
over that obtained by PD controller.
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6926-15, Session 4

Contact-aided compliant mechanisms for
morphing aircraft skin
V. Mehta, M. I. Frecker, G. A. Lesieutre, The Pennsylvania State Univ.

While there are numerous concepts for morphing aircraft skins, most of
these require many actuators, adding to the structural weight. Recently
much attention has been given to sandwich panels with cellular
mechanisms as a core for a morphing skin. Because of low in-plane
stiffness and relatively high out-of-plane stiffness these structures are
advantageous for such morphing applications.

Honeycombs designed for a specific required global strain do not yield the
same strain when subjected to aerodynamic loads. A contact mechanism
is presented to alleviate stresses so that the required global strain can still
be obtained in presence of aerodynamic loads. A 1 Ib. aircraft is considered
for the initial analysis. The half-span of the wing is divided into number of
cells consisting of contact mechanism. The aerodynamic loads are applied
and the number of connection points over span direction and chord
direction where skin is attached to the underlying morphing mechanism
is determined by keeping the maximum out-of-plane deformation below a
threshold value. The rectangular portion of the skin between four adjacent
connection points defines a skin element. The in-plane and out-of-plane
bending moments and shear forces along the edges of a skin element
are then found. Kinematic equations are formed relating the geometry of
the contact mechanism to the overall span and chord length of the wing.
The mechanism is designed so that the maximum stresses are below the
allowable stresses with aerodynamic loads. The design is further verified
by putting the skin elements into the half-span of the wing and finding the
maximum out-of-plane displacement and the reaction forces and moments
for the skin element. The above procedure is repeated if necessary.

The mass, maximum stress and global strain are compared to those for
honeycomb cells. The maximum stresses in the core are under allowable
stresses for contact-aided mechanisms while those for honeycombs are
not when subjected to aerodynamic loads. Global strains as high as 100%
can be achieved using this approach. Different material models such as
linearly elastic, multi-linear elastic and super-elastic are analyzed and their
results are compared. The approach used here can readily be extended
for larger aircraft.

6926-16, Session 4

Adaptive PI control of a smart projectile fin

V. R. Mudupu, S. N. Singh, W. Yim, M. B. Trabia, Univ. of Nevada/Las
Vegas

The objective of this paper is to develop an adaptive PI control for the
control of the rotation angle of a smart projectile fin. The hollow projectile
smart fin is actuated using a cantilevered piezoelectric bimorph that is
completely enclosed within the fin. A linear model of the actuator and fin
is identified experimentally by exciting the system using a chirp signal.
The rotation angle of the fin is controlled by deforming the piezoelectric
bimorph which is hinged at the tip of the fin. A linear combination of the
fin angle and rate of fin angle is chosen as the controlled output variable
and an adaptive control system is designed for the control of the fin angle
and disturbance rejection. In the closed loop system, all the signals are
bounded and fin angle trackes the desired trajectory. Simulation results are
presented along with the experimental validation using the subsonic wind
tunnel at the University of Nevada, Las Vegas (UNLV). Both simulation and
experimental results show that in the closed-loop system, the fin angle is
precisely controlled in spite of uncertainties in the identified model and the
aerodynamic moment induced by the wind.

6926-17, Session 4

An application of D-FSMC in speediness
track telescope direct drive system

X. Lv, H. Wang, Nanjing Institute of Astronomical Optics & Technology
(China)

Speediness track telescope mostly track and observe near spherical
object, the characteristic are large inertia, strong wind interferer; it requests
high speed and high precision. This paper designs a kind of D-FSMC
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(Distance-Fuzzy Sliding Mode Control) for speediness track telescope
direct drive system. The track peculiarity of BLDCM used in executive part
changes while motor parameter or motor load or input signal changes,
traditional PID control method can not fits this motor system very well. The
outstanding strongpoint of sliding mode control is that the sliding mode can
achieve independent of disturbance and parameter change completely.
But a disadvantage --high frequency vibration come forth in switch control
as well. So this paper combines sliding mode control and fuzzy control.
A SMC output an equivalent control to keep the system statements on
the sliding surface; a FC makes a real-time tune to the direction and
amplitude of switch control. It uses a method based on distance to form
a one dimension fuzzy rule instead of traditional tow dimension fuzzy rule,
increases compute speeds. Finally, the D-FSMC softens the control signal,
accordingly abates or avoids the vibration of general sliding mode control.
The arithmetic is firstly validated in MATLAB. The preliminary simulation
result show that the project used in the speediness track telescope direct
drive system increases the precision, robust and speediness tracking
properties which meet the demand for this system use.

6926-18, Session 5

Adaptive control of hysteresis in smart
materials
X. Fan, R. Smith, North Carolina State Univ.

Smart materials display coupling of elastomechanics with electromagnetic/
thermal influences. Hence these materials have built-in sensing/actuation
mechanisms. However, the hysteresis widely existing in smart materials
presents a challenge in control of these actuators/sensors. Inverse
compensation is a fundamental approach in coping with hysteresis,
where one aims to cancel out the hysteresis effect by constructing a right
inverse of the hysteresis. The performance of the inverse compensation
is susceptible to model uncertainties and to error introduced by inexact
inverse algorithm. We develop a mathematical model for describing
hysteresis precisely.

On the basis of the hysteresis model, an robust adaptive inverse control
approach is presented, for reducing hysteresis. The asymptotic tracking
property of the adaptive inverse control algorithm is proved, and the
issue of parameters convergence is discussed in terms of the reference
trajectory, sufficient conditions under which parameter estimates converge
to their true values are derived. Extensive simulations are used to examine
the effectiveness of the proposed approach.

6926-19, Session 5

ANFIS-based modeling and inverse control

of a thin SMA wire

A. Kilicarslan, G. Song, K. M. Grigoriadis, Univ. of Houston

The development of modeling and control techniques to compensate
effects of unknown hysteresis using parametric and nonparametric
models has been studied extensively.

The Preisach model is a well-known approach to model the hysteretic
effect. Although being a good generic model, the model parameters
are relatively difficult to compute. Several attempts have been made
recently to use Neural-Network (NN) based modeling of hysteresis via
different network structures. Improving the generalization property of a
model for different cases should be solved using appropriate parameters
or combining different models. There are also attempts in the literature
using different NN structures for modeling the ascending and descending
branches of the hysteretic curve to improve the model representing the
behavior of hysteresis.

In our work we propose an ANFIS based modeling of the hysteretic effect.
By using a hybrid learning procedure ANFIS architectures are powerful
tools for many applications, such as identifying nonlinear parameters in a
controlled system, predicting chaotic time series and modeling nonlinear
functions. Hybrid learning procedure uses both Gradient Descent and
Least Squares algorithms. By using a hybrid learning procedure, ANFIS
can construct an input-output mapping based on both if-then rules and
input-output data pairs.

A test setup has been built to gather data and implement the controller
for the SMA wire. The tested wire has 0.001 inch diameter and 5.5 inch
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length. The test setup includes a laser displacement sensor, a two disk
structure connected with a soft spring to be actuated by SMA wire and a
D-Space system to collect sensory data and send control signals.

In the modeling part of our work, we used a Takagi-Sugeno type ANFIS
structure. Using only two inputs with 5 membership functions yields
remarkable results. For testing the generalization capability of our model
we made it predict a hysteresis loop in a different frequency which is not
directly included in the input-output data. Results are quite good and the
resulting error is RMSE=0.0043. Comparisons are made using iterative
multiple step prediction.

In the control part, for compensating the hysteretic effect, we used an
inverse ANFIS model and used it directly as a controller. After dramatically
reducing the hysteretic effect, we implemented a Pl control to fine tune the
response. This methodology yield quite good results where the maximum
tracking error is 0.004 mm for a sinusoidal reference trajectory of 3mm
in amplitude. Finally the compensation results in an approximately linear
input-output relationship.

6926-20, Session 5

Memory-based hysteresis compensation
and nonlinear modeling of galfenol-driven
micropositioning actuators

S. Bashash, K. Vora, N. Jalili, Clemson Univ.; P. G. Evans, M. J. Dapino,
The Ohio State Univ.

Galfenol (Fe-Ga) is a relatively new active material which exhibits moderate
magnetostriction, and unique metallurgical and mechanical properties
including ductility and high strength. However, the presence of large
butterfly-like nonlinearity and moderate magnetomechanical hysteresis
can complicate its practical implementation in high-performance smart
system design. A memory-based hysteresis modeling framework is
presented for accurate description of butterfly hysteresis nonlinearity in
the response of Galfenol-driven micro-positioning actuators to applied
currents. The model is based on three important properties known as
targeting turning points, curve alignment and the wiping-out which
have been recently established for piezoelectric materials. In short, the
hysteresis trajectory targets the closest recorded turning point, aligns to
the broken trajectory at this point, and continues its path towards the next
set of recorded turning points. Once the direction of input changes, a new
turning point is recorded; once a turning point is surpassed, it is no longer
useful for the prediction of the response and is thus wiped out.

To describe the nonlinear hysteretic behavior of the actuator, the model
initially separates the nonlinearity of the response from the hysteresis
loop and approximates it with a piecewise continuously differentiable,
monotonically increasing exponential function. The approximate function
is then utilized in a nonlinear mapping technique where it is mapped
between consequent turning points recorded in the model memory unit.
This mapping uses two constant shaping parameters for the ascending
and two for the descending trajectories. Curve alignment and targeting the
previously recorded turning points are satisfied by the mapping method,
while amemory organizer is utilized in the model to wipe-out the surpassed
turning points from the memory unit, evacuating it for new turning points.
To assess the performance of the proposed model, a Galfenol-driven
micro-positioning actuator is utilized for experimental verification. The
results indicate that the model is able to precisely predict the response
of the actuator for its full-range motion including both major and minor
hysteresis loops. The maximum error percentage and the average error
between the experiment and the model for a 120 pm stroke are 1.5431%
and 0.4364pm, respectively. With using only 14 coefficients, the proposed
framework not only offers a precise model, but also a computationally
efficient algorithm to capture the butterfly hysteresis response of Galfenol-
driven actuator.

6926-21, Session 5

Nonlinear adaptive control of dynamic
systems driven by shape memory alloy
(SMA) actuators

S. Chen, W. J. Craft, Y. D. Song, North Carolina A&T State Univ.
Composite systems with imbedded smart material components are
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expected to have attractive health monitoring features such as self-
diagnosis, damage avoidance, and even auto-repair. They also have
the capability to update their residual life expectation to avoid “high
risk” behavior and accidents. Evidently, automatic control theory plays a
crucial role in these structural systems. In this work a structure similar to a
cantilever beam embedded with a bulk material having “smart” properties
is considered.

Embedded distributed sensors in conjunction with embedded distributed
actuators are used in the structure to achieve both internal sensing and
motion control tasks. The distributed “actuators” whether current, voltage
and/or applied magnetic field driven are utilized to control the properties
of the structure so as to control or suppress the vibrations. By this,
the spillover phenomena associated with a “truncated” model due to
neglected modes can be minimized.

It should be noted that such a structural system for use under severe
environmental conditions is susceptible to element/component failure
during operation, and how to adapt to unexpected faults becomes an
interesting and challenging research topic.

This work concerns the development and analysis of nonlinear adaptive
based control algorithms for composite structures/systems embedded
with Shape Memory Alloy (SMA) actuators, and a mathematical model
charactering the motion of such composite systems is established. By
using Lyapunov stability theory, algorithms for vibration damping via
controlling the voltage of the SMA actuators are derived. It is shown that
with the proposed strategy both the magnitude and frequency of vibrating
can be effectively suppressed. The novelty of the proposed approach also
lies in the fact that it is fairly easy to model and the computation involved
is much less as compared with other strategies. An example is used to
verify the validity of the proposed approach.

6926-22, Session 6

Uncertainty representation and propagation
in multiscale finite element simulations

of local mechanical behavior in damaged
metallic structures

A. Noshadravan, Univ. of Southern California; A. Keck, R. Teale,
Arizona State Univ.; R. G. Ghanem, Univ. of Southern California; P.
Peralta, Arizona State Univ.

Prediction of scatter on the mechanical behavior of metallic materials due
to microstructural heterogeneity is quite important in a variety of scientific
and technological applications. This is particularly the case for damaged
metallic structures, where degradation mechanisms such as fatigue can be
very sensitive to the details of the microstructure and its variability, which
is also a contributing factor on the well-known scatter observed in the
fatigue response of metallic materials. Two-dimensional (2-D) and Three-
dimensional (3D) representations of microstructures of 2xxx Al alloys are
created via a combination of dual-scale serial sectioning techniques, with
a smaller scale for particles and a larger scale for grains, and available
volume reconstruction software. In addition, “artificial” representations of
the grains are also built from Electron Backscattering Diffraction (EBSD)
measurements of the crystallography and the geometry of the grains in
representative cross sections of the samples. These approaches are, in
turn, used to define whether or not a length scale can be found for an
appropriate Representative Volume Element (RVE) that has statistical and
mechanical properties that are comparable to those in larger length scales,
via simulations performed using finite element models of the RVE.

The use of finite element models will also allow studying the effects of
constitutive behavior, e.g., elastic and plastic anisotropy, progressive
damage, in the length scales used to define the RVE and also in the
propagation of uncertainty across different length scales via multiscale
approaches. In one approach, stochastic homogeneization methodologies
are used to propagate the uncertainty from the micro- to the meso-scale
based on the 2-D and 3-D reconstructions via multiscale Green'’s functions
and stochastic expansions based on the results from the finite element
models.

In another approach, the basic characteristics of the RVE will be varied, by
introducing changes on either geometry, material properties or both and
also by “seeding” defects that represent possible damage mechanisms
(microcraks, pores). Then, the finite element engine will be used to
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“sample” the different stiffness matrices resulting from the variability in
the RVE. Appropriate bounds or limits on these stiffness matrices will be
discussed based on the physical mechanisms controlling the mechanical
behavior and damage accumulation and on the results from the simulations.
In addition, possible probability density function for these matrices will be
discussed as well, so that they can be sampled without having to perform
full-scale computer simulations.

Methodologies will be discussed for using the sampled matrices for
simulations at larger length scales at much lower computational expense,
while still representing the variability produced by the heterogeneity of the
microstructure. The final version of the paper will describe examples of the
microstructure reconstruction procedures for the 2-D and 3-D cases, the
dual serial sectioning methodology to sample complex microstructures, i.e.,
grains and precipitates, the formulation of 2-D RVE’s and the sampling of
the stiffness matrices for that case with induced defects and microstructural
variability.

Work funded by a Structural Health Monitoring MURI, Department of
Defense AFOSR Grant FA95550-06-1-0309, Victor Giurgiutiu program
manager.

6926-23, Session 6

Stochastic crack growth modeling under
spectrum loading for health monitoring and
prognosis

C. J. Willhauck, S. Mohanty, A. Chattopadhyay, P. Peralta, Arizona State
Univ.

Failure prognostics and risk analysis facilitate maintenance scheduling
and operation planning of aging aircraft structural components. Decision
tools for failure prognostics must have the capability of incorporating the
dynamic behavior of material damage under both normal and off-normal
operating conditions. This paper models a stochastic measure of fatigue
crack damage in ductile alloys under center wing type spectrum load. The
center wing type loading spectrum has four to five short span lower load
ratio over loads to depict the off-normal operating condition. The non-
stationary probability distribution (PDF) function of the damage estimate
will be generated by numerically solving stochastic differential equations
in the Wiener integral or Ito integral setting. On the other hand, the median
crack growth curves representing the damage measure will be found using
a hybrid physics and data driven crack growth model.

For statistical variation in data, compact tension (CT) samples with the
following nominal dimensions are tested: thickness of 6.31mm, width of
25.4 mm (from the center of the pin hole to the edge of the specimen)
and an initial notch length of 6.5 mm. To simulate real flight conditions a
typical center wing load spectrum is programmed into the digital controller
of the load frame. A total of 32 CT samples subject to the spectrum load
will be tested to generate the dataset. From each test, approximately 40
observations will be made leading to approximately 1280 data points. The
final paper will present a probabilistic prognosis model for 2024 Al alloy,
which is an integral part of our multidisciplinary structural health monitoring
framework.
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6926-24, Session 6

Physics-based modeling for time-frequency
damage classification

D. Chakraborty, S. O. Soni, J. Wei, N. Kovvali, A. Papandreou-
Suppappola, D. Cochran, A. Chattopadhyay, Arizona State Univ.

We use the finite element package ABAQUS to simulate a lug joint sample
with different crack lengths and piezoelectric sensor signals. A mesoscale
internal state variable damage model defines the progressive damage and
is incorporated in the macroscale model. We furthermore plan to use a
hybrid method (Boundary element-finite element method) for the purpose
of modeling wave reflection and mode conversion of the Lamb wave from
the free edges and scattering from the internal defects. The hybrid method
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reduces the size of the problem and gives better performance in the
analysis of high stress gradient problems.

We describe a damage classification scheme which integrates the physics
based modeling with sensing and signal processing. The approach utilizes
data computed numerically from the models for learning the parameters of
the time-frequency damage classification algorithm. Since the procedure
does not require (slow, error-prone, and expensive) collection of data from
real experiments but instead relies on efficiently simulated data for training
the classifier, this leads to significant savings in design time, complexity
and costs. The models capture the essence of the damage wave-physics,
and the classifier is naturally more robust to system variability such
as sample and sensor variation, the effects of which are often difficult
to isolate in experiments. Results are presented from an application to
the classification of fatigue-induced material damage in a lug-joint,
demonstrating the utility of the proposed approach.

6926-25, Session 6

Sensor fusion and damage classification in
composite structures

W. Zhou, W. D. Reynolds, A. Moncada, N. Kovvali, A. Chattopadhyay,
A. Papandreou-Suppappola, D. Cochran, Arizona State Univ.

The ability to detect and classify damage in complex materials and
structures such as composites is crucial both from safety and economical
perspectives in aerospace industry. However, many existing techniques
dealing with these problems have some practical issues mainly because
they fail to consider any uncertainty inherent in the actual material
and structural characterization progress. In this context, stochastic
approaches have been applied as they aspire to capture the statistical
properties characterizing the underlying physical process, accounting for
uncertainties and thereby achieving robustness to variance in materials
and structural geometry. It also facilitates the integration of both available
and unavailable information in a consistent and effective manner.

In this paper we describe a statistical method for the classification of
damage in complex structures. Our approach is based on using hidden
Markov models (HMMs) to model the time-frequency features extracted
from the data. Unlike conventional deterministic methods, the HMM
is a stochastic approach which better accounts for the uncertainties
encountered in structural damage detection and classification tasks. For
the construction of the HMMs, we utilize simulated data generated by finite
element (FE) modeling instead of experimentally collected data. Among
other things, this is advantageous in situations when enough experimental
data is not available for training the classifiers. The model fitting step is
followed by a validation step that employs a portion of the experimentally
collected data to ensure that the models are matched to the experimental
scenario. Once built and verified, the HMMs are integrated efficiently into
a Bayesian framework for damage classification.

For each received damage signal, feature extraction is performed
using an effective matching pursuit decomposition (MPD) method with
Gabor atoms. The HMM defines its underlying states as the number of
stationary regions where the associated observation features change very
slowly. The inter-state transitions are modeled through a Markov random
process, while in-state features are modeled with discrete and continuous
observation densities, indicating in this study the use of both discrete and
continuous HMMs.

The proposed approach is applied for the classification and localization
of delamination in a composite plate. A sensor fusion procedure is also
implemented that combines information from all distributed sensors to
boost overall classification performance. Results using both discrete and
continuous observation density HMMs, together with sensor fusion, are
presented and discussed. In addition, due to the dispersive nature of the
wave propagation in the composite structure, we plan to study the effect
of changing the time-frequency characteristics of the excitation waveform
on the classification performance.
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6926-26, Session 6

Wave propagation and scattering from
damage-induced defects and free edges
S. O. Soni, J. Wei, A. Chattopadhyay, P. Peralta, Arizona State Univ.

Wave Propagation and Scattering from Damage Induced Defects and
Free Edges

Sunilkumar Soni, Jun Wei, Aditi Chattopadhyay, Pedro Peralta

Department of Mechanical and Aerospace Engineering, Arizona State
University, Tempe, AZ 85287-6106

When a wave propagates through a damaged medium it gets scattered
from internal defects and the free edges. At the free edges, Lamb waves
undergo mode transformation upon reflection. It is observed that the
reflection of an incident wave becomes close to zero on interaction with
other reflected modes over a certain frequency range seen through energy
interaction. It increases again beyond this minimum point due to reverse
mode conversion.

This paper deals with the study of elastic wave scattering from the free
edges and damages present in a complex metallic structure. A mesoscale
damage factoris used to define the progressive damage and is incorporated
in the macroscale model. A finite element approach is used to model
wave reflection and scattering from internal defects and free edges of
the complex metallic structure. Further, a hybrid method using boundary
element and finite element will be explored to see the improvement in the
solutions compared to finite element method alone. The hybrid method
works in the following manner: 1) An extended boundary element method
will be used to model Lamb wave interaction with the free edges of the
metallic specimen and its mode conversion on edge reflection, 2) A finite
element approach will be used for lamb wave scattering from the cracks
present inside the joint.

Piezoelectrical-mechanical coupling will be used to convert these
mechanical displacements due to transient wave propagation into electrical
signals. Experiments are carried out on a complex metallic specimen (Lug
joint) under fatigue loading. The materials used are Al 2024 and Titanium
with PZT sensors and actuators attached on the surface. Sensor readings
are taken at different crack lengths. The simulated electrical signals
obtained from the model will then be validated against the experimental
sensor signal data for different lengths of fatigue crack.
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6926-27, Session 6

Ultrasonic sensing and time-frequency
analysis for detecting plastic deformation in
an aluminum plate

L. Channels, Johns Hopkins Univ.; N. Kovvali, Arizona State Univ.; J.
Spicer, Johns Hopkins Univ.; A. Papandreou-Suppappola, D. Cochran,
P. Peralta, A. Chattopadhyay, Arizona State Univ.

We investigate the use of low frequency (10-70 MHz) laser ultrasound for
the detection of fatigue damage. While high frequency ultrasonics have
been utilized in earlier work, unlike contacting transducers, laser-based
techniques allow for simultaneous interrogation of the longitudinal and
shear moduli of the fatigued material. The differential attenuation changes
with the degree of damage, indicating the presence of plasticity.

In this paper, we extract time-frequency damage features from the
ultrasonic data using the matching pursuit decomposition (MPD)
algorithm, an algorithm known to be effective for the extraction of specific
components of interest in a signal. The features are then processed using
a stochastic classification technique known as hidden Markov modeling
(HMM). The HMM models the data with a (hidden) Markov random process
and inference is performed efficiently in a Bayesian framework. Results
are presented for the detection of rolling-induced plastic deformation in
a Al-6061 plate.
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6926-28, Session 6

Damage detection in bolted joints using
hierarchical SVMs

C. K. Coelho, N. Kovvali, A. Papandreou-Suppappola, A.
Chattopadhyay, P. Peralta, Arizona State Univ.

Structural health monitoring (SHM) of aerospace components subjected
to fatigue loading is an important problem with the current age of a
majority of the aircraft in service. This type of automated monitoring is
essential especially in hard to access areas. For this reason, damage
detection in bolted joints will be the focus of this paper. Bolted joints are
used at numerous locations in aerospace systems. In addition to providing
alignment and high-pressure gas sealing, aircraft structural joints can
operate at high temperatures and may be required to survive very large
applied loads resulting from structural failures.

An important characteristic of a bolted joint is that the preload in the
bolts varies as a result of changes in the external load (torque) applied to
the joint. The magnitude of the preload is also important to prevent slip,
separation or fatigue failure of the joint. The required preload is achieved
by tightening the nut which creates a strain field between the head and
the nut. This strain field can vary with changes in loading environment,
causing the bolts to become lose and hasten the growth of fatigue cracks.
Experiments are conducted on double lap bolted joints under tension-
tension fatigue loading. Preliminary results obtained indicate that crack
nucleation and the rate of crack propagation is significantly affected by the
torque level in the bolt. Therefore, it is necessary to develop techniques to
analyze and detect the initiation and evolution of damage in bolted joints
so that appropriate measures can be taken to stop catastrophic failures.

A robust network of piezoelectric (pzt) sensors and actuators will be
used to detect the damage due to fatigue. The voltage time history of
the sensors will be studied and the damage will be classified using a
hierarchical machine learning based approach. This approach is more
computationally efficient than most currently used classification schemes
that compare a given test signal with every available training set in order
to classify the signal. In the hierarchical approach, one or more classifiers
are constructed at each level of a category tree and each classifier works
as a flat classifier at that level. For example, in a bolted joint the root level
of the classifier ma