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ABSTRACT
Smart materials are complex materials that contain both active and passive components.  The system
performance depends not only on active component performance capabilities but the synergistic
response of the smart material and companion structure.  Behavior is a result of interaction between
diverse subsystems including, but not limited to, sensors, actuators, drive amplifiers and connecting
digital electronics.  An integrated model is developed which incorporates structural characteristics of a
smart material and companion structure with a dynamic model of the amplifier used to power the smart
material.  Actuators are modeled using nonlinear constitutive laws and integrated with the dynamic
model of the amplifier.  The actuators have a significant structural influence on the smart material
response.  This interaction is obtained through a detailed finite element model used to determine the
structural response of the smart material.  Calculated displacements are compared for the dynamic
model and the static finite element structural response model.  The two analysis methodologies are used
in conjunction to obtain a better understanding of the smart material performance.
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INTRODUCTION
Smart materials and structures are often composite materials designed for specific purposes that

include devices that can apply forces or moments, the electronics to drive these devices, sensors, and
digital electronics connecting the sensors to the actuators that implement the control system that allows
the material to respond to its environment.  These materials exhibit complex behavior that is the result of
the interaction between the diverse subsystems.  The synergistic behavior requires incorporation of all
subsystems in any methodology used to predict performance.  In general, experimentation is required to
understand the behavior of these materials.  However, modeling and simulation methodologies can be
used to predict performance before the smart material is fabricated.  This can be a great advantage in the
design of new materials where there is little understanding of the overall device performance.  It is also
an advantage in the design of relatively well understood smart devices since modeling and simulation
will allow for fine adjustments to the design for specific applications.  The ability to accurately model a
smart material has the potential to reduce design cycle time and costs.  Numerical simulations can be
used to refine the design therefore limiting the number of prototypes required in the design cycle.

The modeling is a challenge because of the diverse, tightly coupled subsystems that contribute to
the collective behavior of the material.  As a step towards the development of a complete model of smart
materials, a model is developed to represent the interaction between the electronics, the actuator
material, and the structural dynamics of a specific smart material.

Extensive work has been reported in recent years on modeling of actuators and modeling of
actuators and structures.  Kim et al [1] and Freed and Babuska [2], among others, have contributed by
the development of new finite elements that allow for simplification and accuracy in modeling of
actuators and their host structure. Use of finite element approach allowed for comparison of competing
control algorithms. Seeman et al [3] used both pin and finite element models to obtain force results for a
similar cantilever beam structure.  The results were defined for incorporation into control algorithms.
Bonding stresses between actuators and structures and mesh refinement were noted as two areas
requiring more developmental work.  Finite element models have been used to determine performance
characteristics of a variety of smart materials and structures in addition to the cantilever beams noted.
The work reported has verified that finite elements are a viable methodology for the evaluation of smart
materials performance.  The tight coupling of subsystems and their influence on smart material
performance is a complexity that cannot often be addressed by conventional finite element or analytical
modeling approaches.  The work presented in this paper uses finite element methodologies to capture the
structural interaction of a highly complex smart material.  The smart material structural interaction is
then used as input to an integrated electro-mechanical response model.  In this way subsystems
previously not coupled in the modeling efforts are combined to estimate system performance.

Lim et al [4], Seeman et al [3] and Laing 5] have addressed smart material system performance.
Lim et al [4] investigated the use of finite element modeling to enhance closed loop control of an active
structure.  The structure examined is a cantilever beam with a piezoelectric actuator.  Frequency domain
finite element analyses were described using the advanced finite elements of Kim et al [1] the region
where the piezoelectric actuator was located.  Liang et al [5] have developed electro-mechanical
impedance modeling of active material systems.  While similar in nature to the work presented here
there are importance differences.  The electro-mechanical models of Liang et al focus on use of
transducer relationships that represent the actuator behavior and independently calculated structural
mechanics.  Linear systems are considered.  The focus on active component behavior in this work is on
constitutive model that captures the nonlinear behavior of electrostrictive material.  A comparison of the
modeling approach of Liang et al with the approach adopted here is given by Zvonar and Lindner [6].
The stiffness coefficients used to represent the smart material in this work incorporate both active and
structural systems. The methodology of Liang et al has been developed for a variety of structural
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geometries in which the stiffening and mass effects of the actuators are insignificant. This is not true of
all smart devices.   In the smart material examined in this work the actuators are a significant component
of the structural device.

The smart material considered in this work is an acoustic piston that is a component of a panel
designed for acoustic suppression.  The top portion of the acoustic piston is a multilayered composite
material that contains a 6 by 6 array of stacked electrostrictor actuators mounted on a rigid alumina
baseplate.  A second rigid alumina plate (headmass) is mounted on the actuators.  Hence, vibrations in
the actuators are transmitted to the headmass that in turn generates an acoustic wave.  The power
amplifier is mounted immediately below the baseplate in a graphic epoxy box.  The whole assembly is
potted against the water.

In this paper the characteristics of the specific smart material described above are examined by
two analysis methodologies.  First an integrated model is developed which incorporates the amplifier,
the actuator constitutive equations, actuator dynamics, and the structural dynamics of the headmass and
supporting structure.  This development begins with the constitutive equations [7] of the electrostrictor
actuation material.  These equations, which are nonlinear, couple the electrical properties to the
mechanical properties of the stacked actuators.  By including the geometry of the actuators, these
equations give a relationship between the current and voltage at the terminals of the actuator.  This
knowledge, in turn, is used to integrate the model of the electronics with the constitutive equations of the
actuator [8,9].  Next the dynamics of the actuator is related to the constitutive equations.  This
development establishes the essential link between the dynamics of the structure and the
amplifier/actuator model.  Second a detailed finite element model of the multilayered composite material
is used to define structural performance and to extract a reduced order dynamic model of the piston
using superelements [10].  Simulations based on the integrated model are presented and compared with
detailed finite element simulations of the device.

DESCRIPTION OF SMART MATERIAL
The present work evaluates design options for a smart panel designed for acoustic quieting.  The

smart panel was developed as part of the Composite Smart Materials (CSM) Program, an
interdisciplinary effort which partnered Lockheed Martin, AVX Corporation, Active Signal
Technologies, Virginia Polytechnic Institute and State University, Virginia Power Technologies, Signal
Systems and the Naval Research Laboratory.

The smart panel consists of an array of smart pistons.  The geometry examined in this work is
based on, the smart piston, is the basic building block of the smart panel.   The active surface of the
piston is 74.0 x 74.0  mm.   Major geometric features of the smart piston are an alumina headmass
supported by 36 actuators arranged in a 6 x 6 array.  The actuators are mounted on a baseplate that is
attached to a box that houses the required electronics.  All actuators in a piston are driven
simultaneously.
A cross section of this smart material is shown in Figure 1.

The support box contains the amplifier that drives the actuators in addition to other electronics
required for experiments performed using the panel.  Only the amplifier is considered in the model of
the electronics developed in this work.  The support box also provides a rigid base on which are
mounted stacked electrostrictor actuators.  To the top of these actuators is mounted a rigid headmass.  A
PVDF sensor is mounted on top of the headmass.  This whole device would be covered with a
polyurethane coating to create a continuum material and to seal it from the water.

The purpose of this device is to cancel incoming underwater acoustic waves.  These pressure
waves are detected by the PVDF sensor and communicated to the control system (not shown in Figure
1).  The control system generates a control signal to the amplifier.  The amplifier, in turn, drives the
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electrostrictor actuators and vibrates the headmass in such a way as to cancel the incoming acoustic
wave.

The active panel is a composite structure fabricated from six different components.  All passive
materials are modeled as linear elastic.  Passive material properties are shown in Table 1.  An average
value is given for the polymer filler material [11]. Measured properties are presented for Kapton [12].
Compliant adhesive is modeled using Kapton properties.  Textbook values are used for the graphite
epoxy composite [13]. Failure stresses are average values.  The ceramic actuators are fabricated from a
brittle material with a tensile failure stress an order of magnitude less than the compressive failure stress.
Measured active material response for the B300100 electrostrictive actuator material is shown in Table 2
[14].

In this paper we are concerned with developing an integrated model of this device.  The
subsystems with which we are concerned are shown in Figure 2.  The power bus delivers the raw power
to the amplifier to drive the actuators.  The amplifier controls the delivery of the electrical power to the
actuators in response to a control signal from the control system.  The stacked electrostrictor actuators
convert the electrical power into mechanical power.  The mechanical response of the actuators causes a
structural response (vibrations) in the piston.  This structural response includes the dynamics of the
actuators, the headmass, the mounting plate from the actuators, and the filler material (not shown).  We
will discuss these subsystems in the following sections.

INTEGRATED MODEL

Model of the Actuator Material
In this section the model of the actuator is developed.  The actuator material, PMN, is

characterized by a set of coupled constitutive equations [7].  The relationship between stress and strain
uses a linear elastic model

s = Ye m. (1)

The coupling between the electrical and mechanical properties is nonlinear and is given by
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These constitutive laws assume polarization and stress as the independent variables with electric field
and strain as the dependent variables.

The total displacement of the actuator is the sum of the mechanical response due to the applied
force and the electrically induced strain as shown in (2).  First, the displacement due to polarization is
considered.  To convert the strain to displacement the extension of each layer is taken into account.  The
displacement in each layer of the actuator due to applied polarization is

( ).)())(( 2
11PQdd p =e (4)
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For Nc number of layers per actuator with a layer thickness of d, the total change in length is

( ).))(( 2
11PQNdy cp = (5)

Here, displacement of the actuator is measured from equilibrium determined by the bias voltage.
Next the model of the electric field in the actuator as generated by the applied stress and applied

charge is considered.  The charge delivered by the amplifier by to the actuator is first considered.  The
actuator is a capacitor.  The polarization is approximately the charge, qe, divided by the area of the
capacitor, Ae,
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The area of the electrode is calculated for all layers and the number of actuators.  Here the dielectric is
the electrostrictor material of the actuator, and the polarization is related to the induced strain by (2).
Therefore
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These equations couple the electronics to the mechanical properties in that the electronics deliver the
charge qe.

The induced polarization generates a field in the material according to the relationship in (3).  If
this field is multiplied by the distance between the plates of the capacitor the voltage at the terminals of
the capacitor is obtained.  The voltage across the terminals is

.))(( avEd = (8)

The voltage across the terminals of the actuator is explicitly identified in the model of the electronics.
Combining the equations above a coupled model of the material properties of the actuator is

obtained.  The block diagram in Figure 3 is based on these equations.

Description of Electronics
The purpose of this description is to develop a system level model of the power electronics.  This

model is developed so that it can be integrated with the material model in the last section.  A simplified
circuit model is shown in Figure 4.  The capacitor in Figure 4 is the capacitance of the actuators.  The
inductor along with the capacitor is the output stage of the PWM chip.  The two power mosfet
transistors and their input logic, the comparitor, the 400 kHz sawtooth wave and the op amp are
contained in a single PWM chip.  The resistors on the op amp implement the control loop gains.  There
is also current and voltage regulation.

To describe the operation of this circuit, first the output stage shown in Figure 5 is considered.
The current through the inductor and resistor in terms of the voltage across the terminals is
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The voltage across the capacitor in terms of the current is
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The total accumulated charge in the capacitor is the integral of the current into the capacitor.  This
model is chosen because of the way the material model of the actuator will be integrated with the model
of the electronics.

The voltage into the inductor, vs(t), is generated by the mosfet transistors.  These mosfet
transistors are turned on and off by the gate signal.  The gate signal is generated by the comparitor from
the 400 kHz sawtooth wave and the control signal.  The reference sawtooth wave at fpw = 400 kHz is
generated internally to the PWM chip.  (This switching frequency identifies the power converter.)

The gate signal is a square wave of varying pulse width.  The duty cycle of the gate signal is
generated by comparing the control signal with internal sawtooth reference signal.  Different levels of
the control signal lead to different duty cycles in the gate signal.  The gate signal controls the two mosfet
devices that act as switches.  Hence, vs(t) is either at the buss voltage or tied to ground.  The diodes
allow for bi-directional current flow.  Hence, the supply voltage vs(t) is also a square wave with the
same duty cycle as the gate signal.

Basically, the voltage vs(t) is dc component with harmonic components.  It is the purpose of the
inductor along with the capacitor to filter out all of the unwanted harmonics in vs(t) in the frequency
band of interest.  Hence, the voltage across the capacitor and resistor is essentially the dc component of
the input voltage.  Therefore it is possible to model the supply voltage as a constant voltage which varies
linearly with the control signal.  In the block diagrams output stage of the amplifier is modeled as a
simple constant gain

).()( tvKtv cpws = (11)

The amplifier contains voltage and current regulation in the frequency band of interest.  These
loops are necessary because of the nonlinear load imposed by the actuators.

Based on the above analysis, the block diagram of this system is shown in Figure 6.  To integrate
the amplifier model with the material model it is only necessary to replace the capacitor in Figure 6 with
the equations relating the polarization, P(t), to the field and terminal voltage, va(t).

From the description of the actuator and amplifier we can characterize the actuator mechanical
response in terms of charge flowing into and out of the actuator material.  The amplifier acts as a gate to
control this charge.  Charge flowing from the amplifier into the actuator is the normal configuration of
an electrical system.  For this application, however, the charge also flows from the actuator into the
amplifier.  The amplifier must be able to handle this charge flow.  In an ordinary push/pull amplifier this
charge would be dissipated as heat.  In the PWM amplifier described in this section, this reverse charge
flow returns to the local power bus.  Hence, the power distribution system must be designed to
accommodate this charge.  Commonly, this charge is stored temporarily in storage capacitors local to an
amplifier.  More commonly, the power distribution system is so large that it can absorb the excess
charge.  For some proposed applications, however, the amplifiers for the actuators will be a significant
part of the power system load.  In this case, the power distribution system must be designed specifically
for the special impedances presented by the smart material.
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Integration of Structural and Electronics Model
In this section the integration of the model of the electronics and the actuator with a lumped mass

model of the smart material is developed.  The purpose of this section is to illustrate the integration
principle.  The mechanical configuration considered is shown in Figure 7.  Here the actuator is attached
to the tailmass that is the alumina circuit board.  This circuit board is glued to the graphic-epoxy
composite box.  It is assumed that the composite box is mounted on a rigid foundation.  The actuator is
also attached to an alumina headmass that generates the acoustic wave.  On top of this head mass is the
potting compound.  Note that this figure is not to scale.  A lumped mass model of this structure is shown
in Figure 8.  For the purposes of the model development in this section it is assumed that the alumina is
incompressible.  The force, fp(t), shown in Figure 8, is the force generated by the actuation material due
to applied current.  The force, fext(t), is an external force applied to the structure.

Referring to Figure 8 the equations of motion can be written in matrix form as
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More compactly these equations become

).()()()()( tfBtfBtKytyCtyM extextpi +=++ &&& (13)

Next this structural model is connected with the model of the electronics and actuator.  The
electronics is connected to the actuation material through the polarization in the material and the
associated induced strain.  The structure asserts an influence on the field in the actuator material through
the stress feedback term in the constitutive equations.  Now it is a matter of establishing these
relationships with (13).

Referring back to Section 3.1, the displacement generated by the polarization is given by

yp (t ) = dNc( ) Q1 1P
2( t )( ). (14)

The force within the actuator associated with this displacement is determined using Young’s modulus
for the actuator.  Therefore

fp(t ) = k ay p( t) = k a dNc( ) Q 1 1P
2( t )( ). (15)

The actuator is also coupled back into the electronics through the stress feedback.  The total
force in the actuator calculated from the net displacement of the actuator is given by

ft (t ) = ka (y2(t) - y1( t )). (16)
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To calculate the net external force the force due to the polarization is subtracted.  The resulting equation
is obtained

fe(t )= ft ( t ) - k ayp (t ) = ka (y 2(t ) - y1( t)) - k ay p(t). (17)

Combining (15) and (17) with (13) results in
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From the total force in the actuator the stress in the actuator can be calculated as

s =
fe
A a

. (19)

This equation now couples directly into the equations of Section 3.3.  From (12) the equations for the
polarization and current are given by
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The complete set of equations is given by (18) and (20).  The block diagram of the total system is shown
in Figure 9.

STRUCTURAL PERFORMANCE SIMULATIONS

Finite Element Simulation
A finite element analysis to determine top surface displacement and structural integrity

characteristics of the active piston was performed.  The requirement to obtain structural integrity
information in addition to frequency domain response information led to the development of a static
finite element analysis.  As a first estimate of maximum displacement, static results were evaluated to
determine if the smart material would provide the magnitude of deflection required for the application.
In the finite element model the maximum surface deformation is approximated by static evaluation of
the maximum applied field.  Stress levels at maximum applied field are compared to the appropriate
ultimate stress values.   This structural integrity information cannot be obtained from the electronics
model.  Additional analyses were completed to determine frequency domain response of the smart
material [15].

The smart device under consideration is comprised of multiple components.  These are the
ceramic actuators, the headmass, the tailmass, the polymer filler materials, LVDT sensors and adhesive
layers joining the sections as shown in Figure 1.  Previous analyses [16,17] of similar smart device
designs have demonstrated that all components must be included in the structural response model for
accurate displacement predictions.  The support structure on which the smart device rests has also been
shown to have a significant influence on device performance [16].  Therefore the support box has to be
included in finite element model.
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The finite element model used for structural performance evaluation is a 2D representation of a
slice though an individual piston.  Symmetry of the piston layout and of piston interconnections allowed
for modeling of half of the width of the piston.  The section of piston modeled is shown in Figure 10.
Boundary conditions are used to define the edge constraints and the internal symmetry conditions.  The
support box is included in the finite element model by inclusion of the relatively thick top surface of the
box. Connections to adjoining pistons are included through defined nodal boundary conditions.  Edges
are defined so that movement in the horizontal direction is prohibited however movement in the vertical
direction is unconstrained.  This corresponds to use of a rigid frame to connect individual pistons to
fabricate the composite panel.  The lower surface of the top of the electronics/support system box is
constrained so that both vertical and horizontal motion is prohibited.  Materials explicitly included in the
computational model are a graphite composite, alumina, an adhesive, a polymer filler material such as
urethane, B300100 ceramic actuator material, and Kapton, a compliant rubber material.  Material
properties are as defined in Section 2.

The PMN actuators are modeled as monolithic piezoelectric actuators.  This is a linear
approximation of the nonlinear electrostrictive response.  In order to account for the effects of stacking,
piezoelectric material properties were scaled in the 33, or poling, direction by the number of layers in
the actuators.  The response of a single actuator finite element model on a rigid foundation was
compared with theoretically predicted stroke values for the layered actuator.  The two models yielded
identical results.  The results are within 3% of results reported by an electronics based model that
incorporates electrostrictive constitutive response [18].   It is recognized that the approach taken is a
simplified approximation of the layered PMN response.  It was felt that for the current design study, a
linear approximation was adequate.  Active material properties used in the analysis are given in Table 2
of Section 2. The 33 strain coefficients in Table 2 are those for the actual material and are not scaled.

The active layer is attached to the support box by an adhesive bond.  This bond is modeled as a
0.1 mm thick adhesive layer.  Use of a very compliant material response for the adhesive will
conservatively estimate the loss of actuator performance resulting from the presence of adhesive layers.
Adhesive layers between the actuators, headmass and tailmass are included in the finite element model.
Each of these layers is 0.1 mm thick and is defined with Kapton material properties.

The commercial finite element code ABAQUS [19] was used to evaluate the deformation and
stress resulting from the applied electrical field.  The piezoelectric constitutive response used to model
the actuator behavior is a standard option in ABAQUS.  The model consists of 2340 8-noded
quadrilateral elements shown in Figure 11 on the deformed shape plot of results.  Perfect bonding is
assumed for all adhesive layers.  The 2D model is defined with a unit dimension in the out of plane
direction. The 2D model is able to capture the effects of the compliant filler material in the horizontal
direction but not the out of plane direction. Element types used in ABAQUS are CPE8 and CPE8E
(piezoelectric elements). Plane strain conditions were assumed for the analysis prohibiting out of plane
displacement under load.

Structural Performance Characteristics of the Smart Material
The applied loading was an electric field of 12 kV/m defined as a voltage difference of 24 Volts

across the vertical dimension of the actuator.  The electric field was applied in the poling direction to all
actuators simultaneously.  There are no externally applied mechanical loadings.  The calculated
displacement and stress values are driven by the piezoelectric response to the applied voltage.
Displacement performance was calculated for a temperature of 20oC.

Deformation performance is measured at three locations in the piston.  These are the bottom of
an actuator, the top of an actuator and the top of the piston above an actuator.  In all cases, the
measurements are taken at the centerline of the actuator.  Device authority is defined as the displacement
at the top surface of the piston above an actuator. Deformation results for the 2D model are shown in
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Figure 11.  The top surface of the piston device exhibits a displacement variation in the thickness
direction.  This wave type pattern is also observed on the upper surface of the alumina head mass plate.
The variation in vertical displacement is a result of the location of internal components in the piston.
The regions between actuators exhibit less vertical displacement than the regions above each actuator.
There is a negligible difference in vertical deformation at each actuator and between any two actuators
for rows internal to the piston.  There is a lesser amount of vertical displacement above the actuator
nearest the outer edge of the piston.  There is also a decrease in vertical displacement at the outer edge
of the piston when compared with top surface displacement between interior rows of actuators.  The
boundary conditions applied to the centerline and the outer edge of the piston are identical.  However,
there is a longer span from the last actuator to the piston edge than there is from the centerline to the first
piston included in the 2D model.  This longer span results in the decrease in top surface displacement.
This is a geometric effect of the piston design.   The maximum difference in top surface displacement is
approximately 0.3 x 10-6 m.  The differences between maximum and minimum upper surface
displacement are given in Table 3.  Application requirements will determine if the top surface of the
device is within flatness requirements.

Baseline deformation performance characteristics were calculated using definitions of
piezoelectric strain coefficients and an applied field of 12 kV/m in the 33 directions.  Scaling the 33
direction piezoelectric coefficient approximated the effects of layering in the actuators by the number of
layers in the actuators.  In the baseline condition the actuator is mounted in air on a rigid support plate
which prohibits displacement in the backplane direction.  Piston performance and baseline estimates are
presented in Table 4.  There is significant loss of actuator authority from the baseline prediction.  When
total displacements are compared the difference in actuator authority can be primarily attributed to back
surface displacement in the piston.  The other loss mechanism is the presence of the passive materials,
such as the headmass, in the piston.

Internal stress and strain components are calculated as part of the finite element solutions.
Maximum stress components are compared with critical failure values for each material.  All materials
are modeled as linear elastic.  Stress values are reported here.  Strain values can be readily calculated
since all materials are modeled with linear elastic constitutive responses.

Stresses in the passive materials are generated by the displacement response of the active
components resulting from the applied field and the resistance of the boundary conditions and passive
material resistance to the applied displacement.  The stresses generated in the actuators are a result of the
applied electrical field and the resistance of the surrounding passive materials to the displacement of the
active material.  Maximum stress values for the graphite composite and alumina base plate and alumina
headmass are below critical failure values.  Stress transfer laterally between actuators through the
compliant polymer filler material is minimal.  With respect to stress and strain components, the three
actuators in the finite element model behave identically.  Stresses are below critical for all components
except for the relatively brittle ceramic actuator material.  Maximum stress components for the actuators
are shown in Table 5.

The horizontal (x direction) and shearing stress components dominate.  Maximum stresses occur
at the actuator to passive material junction at the connections to the headmass and tailmass.  In both
locations the adhesive joint experiences extreme deformation and does not bridge the difference in
displacement between active material responding to applied voltage and unresponsive passive material.
In the design evaluated stress levels in the ceramic actuators are sufficient to cause fracture.  In a
detailed structural analysis of piston design variations it was determined that decreasing the polymer
filler material stiffness by an order of magnitude while maintaining a thin compliant joint significantly
reduces stress levels [20].
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COMBINING MODELS

Finite Element Superelement Modeling
The finite element model used to evaluate stress and displacement performance is also used to

determine effective spring stiffness values to use with the electronics model defined in Section 3.3.  In
this way the interaction of components can be included in the electronics model.  Constitutive models
that are more appropriate for the stacked PMN electrostrictive actuators are included in the electronics
model.  The electronics model also incorporates dynamic response effects.  These are the two severest
limitations of the structural response finite element model presented here.  Use of simple spring
connections between components in the device in the electronics model may not accurately represent
structural interactions in the pistons. The use of superelements to determine structural interaction in
place of the simple spring connections should enhance the accuracy the electronics model.

Superelements are a finite element procedure that allows the grouping of elements to determine
the global response characteristics of the group of elements.  Individual element stiffnesses are
combined to form a global stiffness matrix for the defined superelement.  Superelements maintain active
degrees of freedom only on their outer boundaries.  Superelements are connected to other finite elements
or superelements through the active degrees of freedom.  Superelements are used in this work to
determine the composite stiffness in the horizontal (x-axis) and vertical (y-axis) directions.  Two series
of superelements are defined as shown in Table 6.  For superelements SE1-SE5, the width of the
superelement is the same as the width of the actuator.  For superelements SE6-10, the superelement
width extends from centerline to centerline in the filler material surrounding the actuator.  Adhesive
layers are not included in the superelements SE1-SE10. Calculated superelement characteristics include
only the effects of the components and materials contained within the superelement.  It is possible to
obtain internal stress and displacement data for a superelement.  However, this requires solution steps in
addition to the ones required to formulate the mass and stiffness matrices.

A limitation of superelement formation as implemented in ABAQUS is that the structural
response within a superelement is linear.  In the linked analysis this is not a concern.  Results calculated
from the finite element analysis and used as input to the electronics model are the structural stiffness of a
section of multiple components.  The material constitutive response of the components is calculated in
the electronics model.  The nonlinear material response of the stacked PMN electrostrictive actuators is
incorporated directly in the electronics model.

The number of retained degrees of freedom required for each superelement was determined by
comparing calculated response in the absence of superelements with superelement model calculated
response.  It was determined that all degrees of freedom for all nodes along the boundary of each
superelement were required for accurate displacement predictions.  This resulted in superelements with
64 to 134 nodes per element.  Because of the large number of retained degree of freedom nodes it is
impractical for the calculated mass and stiffness matrices to be used as direct input to the electronics
model.  However, an equivalent spring stiffness, which represents the structural response of the
superelement in a simplified manner, could be directly used as input to the electronics model.  The
electronics model as defined in Section 3.5 is designed for a linear spring to connect components.

Equivalent stiffnesses were determined by applying a unit displacement independently in the
horizontal (x-axis) and vertical (y-axis) directions to an equivalent element defined by the superelement
mass and stiffness matrices.  The equivalent element is allowed to contract in the direction transverse to
the applied displacement.  The surface opposite to the applied displacement is rigidly fixed.  The
footprint for SE1-SE5 is 3.5 mm in the out of plane direction and 4.5 mm in the horizontal direction, the
dimensions of an actuator in these directions.  The footprint for SE6-10 is 3.5 mm in the out of plane
direction and 12 mm in the horizontal direction, the dimensions of an actuator and half of the
surrounding polymer filler material in the horizontal direction. The footprint for SE11-15 is 3.5 mm in
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the out of plane direction and 12.0 mm in the horizontal direction incorporating the same material
sections of SE6-10.  Calculated reaction forces for the equivalent element are used to determine
equivalent spring stiffness in the horizontal and vertical directions.  Calculated equivalent spring
stiffness values are given in Table 6.

Inclusion of Finite Element Calculated Stiffness Coefficients in Integrated Model
To illustrate the use of the superelement calculations, the model shown in Figure 3.6 was

modified to include the five superelements described above.  The two simulation results shown below
are based on the Ky stiffness values for superelements SE11-15.  The adhesive layers are included in
these superelements.  As shown in Table 6 the glue layer reduces the stiffness of the actuator and the
base plate.  This reduction in stiffness results in a larger base motion of the actuator.  Use of these
superelement was based on previous work which indicated that the presence of the adhesive layers are
required for accurate results in finite element modeling [10].  The displacement at the top of the actuator
is shown in Figure 12.  The actuator rests on the alumina baseplate and adhesive layer.  The
displacement at the top of this superelement which corresponds to the bottom of an actuator is shown in
Figure 13.  The effects of the nonlinear constitutive equations of the actuator material are clearly
evident.

Comparison of Modeling Results
Finite element structural model predicts an actuator top displacement of 1.27 x 10-6 m at the

centerline of the actuator.  The integrated model using finite element generated stiffness coefficients
predicts an actuator top displacement of 0.7 x 10-6 m.  The variation in predictions is attributed to the
synergistic influence of factors.

The structural finite element model uses piezoelectric material constitutive response as an
approximation of the electrostrictor actuator material used in the smart material.  The linear
approximation will overestimate actuator performance.  The linear approximation was used in the
structural finite element analysis as a conservative simplification.  Calculated stress and strain values
higher than actual values result in a higher margin of safety in structural integrity evaluations.

The integrated model predicts smart material performance in the time domain.  The structural
finite element model is a static analysis.  The static nature of the analysis allows for the full development
of material response to the applied maximum electrical field.  The integrated frequency domain model
incorporates the time at load effects.

The structural finite element analysis does not include all subsystems included in the integrated
model.  The only subsystem included in the structural finite element analysis is the structural system.
The power supply dynamics are not included.

The other result of interest in understanding the behavior of the specific smart material examined
in this work is the backplane displacement.  Structural finite element calculations result in a much higher
backplane displacement, -0.43 x 10-6 m versus -0.02 x 10-6 m peak for the integrated model.  The
differences in backplane displacement are attributed to the same factors noted previously.  The
magnitude of differences is much greater.  This indicates that despite the relatively detailed structural
response finite element analyses, the mechanisms of displacement for the smart device are not well
understood.  While backplane displacement does occur and therefore reduces actuator authority, the
relative magnitude is not consistent between models even when actuator authority magnitudes are
consistent.  The time domain analysis also indicates a peak value for backplane displacement at initial
startup and then variations in the cyclic behavior.  This would not have been predicted from the static
structural analysis.  This is a good indicator that power supply dynamics has a large influence on system
performance.
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SUMMARY AND CONCLUSIONS
In this paper two modeling methodologies are presented for use in determining the performance

characteristics of a smart material.  The first is an integrated model of a smart material that includes the
dynamic response of the amplifier and structure linked by the constitutive equations of the actuator.  The
second modeling methodology is conventional finite element techniques used to provide insight into the
structural characteristics of the smart material.  A detailed finite element analysis of the smart material
was completed to determine the structural response characteristics. The stiffness coefficients used in the
integrated model of the structural dynamics of the multilayer composite material are derived from the
structural response finite element model through the use of superelements.  Typical time histories of the
displacements of the actuators are presented. Integrated model predictions are similar to those calculated
using the detailed finite element analysis.  Variations in results can be attributed to differences in the
models.  For instance the use of piezoelectric material response to approximate electrostrictor actuator
material in the structural finite element analysis.  The incorporation of dynamic response of amplifier
does result in significant differences in backplane displacement.

The integrated model and finite element model presented are for a specific smart material that
consists of a multilayer composite material with embedded active components, electrostrictor actuators.
While the development of the model is for this specific smart material, the methodology is applicable to
any smart material.  A nonlinear constitutive response for the active material is incorporated into the
integrated model.  The active components are recognized as having a significant influence on smart
material structural response.  The structural response used in the integrated model is generated from a
detailed finite element model that incorporates active and passive composite material components.
Information, which supplements that obtained from standard finite element approaches, can be obtained
from the integrated model.  Use of the integrated model in the time domain in order to provide
information on the smart material performance characteristics meets an essential design need in the field
of smart materials.  Use of the model developed in conjunction with other standard modeling
methodologies will enhance the understanding of the performance of smart materials.  The geometry and
structural complexity and tightly coupled nature of subsystems in smart materials require such advanced
modeling methodologies to understand and predict performance behavior.
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Table 1. Passive material properties
Material E

(GPa)

Poisson
Ratio

Mass
(10-3 g/mm)

Failure
Stress
(MPa)

Alumina
Polymer filler
 Kapton
Adhesive
Graphite
     composite
Ceramic
     actuator

372.
23.
3.1
3.1
165.

80.

0.25
0.30
0.30
0.30
0.30

0.30

3.9
1.0
1.0
1.0
1.6

7.9

172.
-
-
-

380.

6.9-T
60.-C

Table 2. Active material properties
d33

d31, d32

Permittivity

8.30 x 10-1 m/Volts
-4.15 x 10-1 m/Volts

0.16 x 10-9 F/m

Table 3. Calculated maximum vertical displacement (x 10-6 m) at top of piston from finite element
model

Internal Actuators
Maximum Dy

Internal Actuators
Minimum Dy
Between Actuators

Outer Edge
Maximum Dy

Outer Edge
Minimum Dy

0.91 0.82 0.87 0.6

Table 4. Calculated displacement (x 10-6 m) at centerline of actuator from finite element model
Condition Actuator Bottom Actuator Top Piston Top Total Dy

Rigid
Foundation

FEM

0.0

-0.43

1.85

1.27

n.a.

0.91

1.85

1.70
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Table 5. Calculated maximum stress (MPa) in actuators from finite element model
20oC and plane strain conditions.

sx sy sz sxy

12.9 -4.3 2.9 9.5

Table 6. Definitions of superelements and equivalent stiffness values
Superelement Number Kx Ky
Superelement: width of actuator
SE1 graphite epoxy 4.876E8 7.994E8
SEE alumina base plate 4.179E8 4.798E8
SE3 actuator 5.999E9 1.399E9
SE4 head mass 2.515E9 7.469E8
SE5 top layer (Kapton and filler material) 5.761E7 9.730E7

Superelement: centerline to centerline around actuator
SE6 graphite epoxy 1.340E9 3.087E8
SE7 alumina base plate 1.138E10 1.813E8
SE8 actuator 7.914E9 2.046E7
SE9 head mass 7.032E9 2.939E8
SE10 top layer (Kapton and filler material) 1.569E8 3.686E7

Superelements: adhesive layers included
SE11 graphite 1.340E9 3.087E8
SE12 base plate and adhesive layer 1.469E9 1.818E8
SE13 actuator and glue layer above and below 8.816E8 2.057E7
SE14 head mass, identical to SE9 7.032E9 2.939E8
SE15 top layer, identical to SE10 1.569E8 3.686E7
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a. Cut away view of the smart material

Control Power

b.  Profile of smart material showing subsystem components

Figure 1.  The smart material considered

Structure

Actuator

Amplifier

Figure 2.  Subsystems of the smart material included in the model
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Figure 10. Schematic of piston layout and section used in finite element model
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Figure 11.  Calculated vertical displacement (m) contour plot from finite element model.
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Figure 12.  Calculated displacement (x 10-6 m) at top of an actuator from integrated model.
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Figure 13.  Calculated displacement (x 10-6 m) at the top of the superelement section corresponding to
the top of adhesive layer at the bottom of the actuator.


