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ABSTRACT

Adaptive materials/structures involve embedding or surface-
mounting of acluator/sensor devices and associaled control
electronics in host struclures.  The purpose of this paper is 1o
summarize previous work and to provide improved predictions for
modeling the interactions hetween embedded microdevices and the
host in adaptive struclures using Eshelby’s classical equivalent
inclusion methods. Eshelby’s technique offers a unified methed
lo address both the sensors and the acluators by treating sensors
as devices without real induced actuation strains. The application
of this method is shown through an example of a "smarl” beam
with embedded arrays of piezoelectric microdevices. Preliminary
analytical results provide importam clues regarding the change in
the vibrational characteristics of the structure.

1. INTRODUCTION

Piezoclectric materials have attructed significant atention for
their potential application as sensors and actuators for controlling
the response of structures, Distributions of sensors. actuators. and
data processing capability are used to modify, tne, and control
the respense of adaplive struclures to sensed stimuli. Actuators
or sensors are either embedded within the structure or bonded to
the surface of the structure.

Numerous siudies have modeled the interactions belween
devices and hosts in smart structures.  For example, fiber optic
sensors, as embedded cylindrical devices, have been analyzed
using displacement function methods [Dasgupta and Sirkis, 1992:
Pak, 1992; Carman and Reifsnider, 1992; Sirkis, 1993]. The
responsc of adaptive structures with laminated assemblies of
piezocleciric walers/films in composite beams have been analyzed
by laminate anatysis [Crawley and Lazarus, 1991], simple beam
madels [Bailey and Hubbard. 1987; Crawley and Lazarus. 19911,
pin force maodeds [Crawley and de Luis. 1987; Lin and Rogers,

1992]. large deformation beam theory [Im and Atluri, 1989). and
one-dimensional eigen-funelion approximalions {Crawley and de
Luis, 1987; Lin and Rogers, 1992]. Variational methods have also
been developed for solving the coupled boundary value problems
in adaptive structures. These include a strain energy method
[Wang and Rogers, 1991], finite element methods {Allik and
Hughes, 1979: Tzou and Tseng, 1990: Robhins and Reddy, 1991;
Ha et al, 1991}, and Rayleigh Ritz methods [Hagood ct al, 1990]
These models address situations where the size of the device is of
the same length scale as the surrounding host structure. The focus
of the present paper is on the behavior of a bearn with embedded
microdevices.  The devices are small compared to the
characteristic dimensions of the host and the maximun: volume
fraction of the devices is below 5 %.  This corresponds 1o a
spacing greater than 3.5 times the actuator width.

In this paper we present new improvements of recent results
from previous work [Alghamdi and Dasgupta, 1993] on modeling
Lhe interaction mechanics between embedded microdevices and the
host stnucture, using Eshelby's "equivalent inclusion method" for
modeling the perturbation of a uniferm applied far field strain, hy
an ellipseidal inhomogeneity [Eshelby, 1957]. This method is
illustrated here for the dynamic behavior of a stmply supported
beam made of ALPLEX plastic containing two rows of devices.
The system equation of motion is solved and the Rayleigh
quotient is used 1o study the change in the natural frequency of
the siruclure due to harmonic excitation of the actuators.

2. PROBLEM STATEMENT

The cquivalent inclusion method is illusirated here through an
cxample of an adaptive beam. As shown schematically in Figure
I two rows of uniformly spaced microdevices are assumed o he
embedded in the beam at a distance d/2 symunetrically about the



neutral plane of the beam. The change in natural frequency of the
heam is studied in order to investigate the influence of the devices
on the vibrational characieristics of the beam. As the beam

ilexes, every alternate device in each row acts as a sensor and the.

outputs arc used in a closed-loop feedback circuit lo actuate the
active hall (actuators) of the oppasitc row of devices. This
actuation strain is assumed to be opposed in sign to the bending
strain seen by the sensors. The resull is an apparent stiffening of
the structure and an accompanying increase in lhe natural
irequency w, if all Josses in the system are ignored. The aim of
this paper is to review and update the electro-mechanical
interaction informaiion, necessary for combining the device
response with that of the host beam. in an integrated dynamicat
simuiation of the adaptive structure.

The analytical study is simplified significanilly by scveral
assumpuions.  I}- Euler-Bernoulli beam theory is assumed to
apply. [1)- Each embedded microdevice is assumed to be a
piezoelectric micro-cylinder of clliptical cross-section, whose
polarization axis is oriented along the length of the beam. [II)-
The length scale of each device is limited to at least an order of
magnitude less than the beam. Hence, [V)- The bending strain is
assumed 10 be approximately uniform over the length scale of the
device. This approximation greally simplifies the algebra of the
eigenstrain solution. Further, V)- Each device is assumed Lo be
embedded far enough below the free surface of the beam such
that Cshelby's eigensirain solution for infinile domains s
applicable.  VI}- The distance between neighboring devices is
assumed to be large enough to prevent mutual interactions. Thus,
this solution is only valid for beams with low volume fraction of
devices. Finally, VII)- The elecirical field in each device is
assumed o be uniform, as a first order approximation.

As o resull of the assumptions presented above, cach
microdevice is approximaled to act like clastic helerogeneities
embedded in a large host structure.  Perfect bending is assumed
al the interfaces between the devices and the host.  The
actuator/sensor material is assumed to be PZT-5H. Host and
devices malerials are approximaled 1o be linear and mechanically
isotropic.  All material properties arc listed in Table 1. The
lincarizing assumption limits the validity of this approximale
analysis o small far field strains and small electrical potentials.

3. ANALYSIS

Eshelby's classical equivalent-inclusion technique is applied to
obtain the elastic interaction fields, both in the device and in the
host, under external applied loads and under internal actuation
loads [Eshelby, 1957]. External loads are handled through
equivalent inclusion techniques as a fictitious eigenstrain, The
internal actuation loads are treated as real eigenstrains and arc
obtained from  the linearized, isothermal, coupled eleciro-
mechanical constitutive models given below. [n the present
analytical context, sensors have only a fictitious cigenstrain due
w external loads, while actuators have both ficlitious and real
eigenstrains.

The  lingarized,  isothermal,
counstitutive inedel is [[keda, 1990

coupled  electro-mechanical
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where O . the mechanical stress and €, the tolal sirain, are

expressed in condensed notatian as vectors instead al tensors. As

an example, the stress vector a is

Toe Ol T B i The total  strain

I‘ o ¥y zF tyz TXT "Xy

XX
includes mechanical as well as clectro-mecharucal contributions. £

is the electrical field vector, and D is the electrical

displacement vector. C is the mechanical stiffness matrix, b is the
piezoelectric coupling matrix indicating the stress caused by
completely constrained excitation of the PZT material under a unit
applied electrical field, and e is the fully constrained dicleciric
matrix for the PZT matcrial,  Arrows over a quantity are used lo
denote vector quantities, while an underscore is used to denote
matrix quantities. Clearly, only the mechanical portion of this
constilutive model applies to the ALPLEX host material.
Eshelby's method is based upon postulating an equivalen
inclusion with a fictitious eigenstrain which has the same stress
ficld as the real heterogencity, under hoth external loads and
internal acluation strains. Thus, in the heterogeneily:
60"'6;:_(:0 {g0+-cjf_6r) (21
- _CH (E'D + é.f é') ’

where €° = &€ +« €% ; superscripts D und H on the stiffness

indicale the PZT device and the ALPLEX host. respectively,
superscripts 0, /7, . f and * on the stress and strain lerms indicate
applied far-field value, disturbance duc to the presence of the
heterogencity, real actuation eigenstrains, lictitious eigenstrains
due to external loading, and 10tal eigenstrains, respectively.  The
rcal actuation eigenstrain is obtained from Equation (1} as:

A dT ‘!:J" {31
where d - h 5?2
d represents the free-expansion of the piezoelectric actuator for 2
unit applied electric field and $” is the compliance tensor of the
device material.
The total cigenstrain is now related to the disturbance strain by
Eshelby's strain concentration tensor 5%

. B e b ()
SFE =57 (£ v €7

Explicit forms for Eshelby’s tensor are readily available i the

literature for embedded isotropic heterogencities of ellipsoidal §




geomelries jlishelby, 1957,
Substituting Equation {4) in Equation (2), we obtain:

CP [@ #.8F (80 +/dY) 7] =
QH [gﬂ + SE fET » Ef) g £n)

Equation (3} can now be solved for the unknown fictitious

cigenstrain - €7 in terms of the apphed external strain €°

and the real acluation cigenstrain - €% . | the applied strain is

uniform, so is the fictitious cigenstrain.

Now, the mechanical, eleciro-mechanical, and electrical encrgy
terms are computed Lo obtain the stiffening of the structure under
harmonic excitation, through a suitable variational scheme. The
variational principle is 2 peneralized form of Hamilon's principle,
and may be written as [Tiersten, 19671

30{"(L+widt]=o0 (6)
fa

where the Lagrangian functional L is the dilference between the
kinelic energy T and the clectric enthalpy H. The work term, W,
inctuddes the potential of all applied mechanical loads and the
elecirical charges. Thus, using the definition of electric enthalpy
{Ticrsten, 1967]

- B S Avgr, 2, o1 pr @
L+ fv[ {2)e e +{2)5 & E ET JT E
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where @ is the natural frequency, p is the density of host or

device. (I s the displacement field, ¢ is the elcctric polential

specified over the surlace area A of the devices, and /i tx the
unit outward normal vector on the surface of the devices.
The variation of (L+W) yields stationary solutions for which, the
Rayleigh quotient can be presented as [EerNisse, 1967]:

f (ETC E)dv + fo(ET_e Eyav
wi = v : -

(®)
[ pimdav
v

This cquation has been used to predict the natural frequencies of
smart  structures  with embedded actuators [Alghamdi  and
Dasgupta, 1993]. New updated results are summarized below,

The first integral in the numerator is the sum of elcetro-
mechanical and mechanical encrgy terms and is denoted as U et
for convenience.  Using Eshelby's analysis, U 15 Obtained as

-
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where 1  is the volume of the devices, and €° iy obtained

from Equation (5). AC

stiffness of device C° and host C* Note that Equation (Y)
represents @n improvement over previous results published by Ihe
authors [Alghamdi and Dasgupta, 1993: Dasgupta and Alghamdi,
1993}, since the last three terms were missing in the previous
work. Afler some manipulations, we obtain a more simplified
equation for U, as

represents the difference in the

2 Ume(.‘h - fv EOTCH €° dV = fﬂ g.r QH é° av
+fn ETheav

{4a)

In erder to perform the integrations in Equations (&) and (%), ali
lhal remains now is to assume explicit representations for the
applied flexural sirain field, and the acluation eigenstrain.  For
example, in the Rayleigh scheme for estimatinig the natural
frequency ef conservative systems, an approximate displacement
field can be assumed. In Lhis example. the approximate bending
ficld is assumed Lo be harmonic in time and sinusoidal in space.
Thus, the transverse deformation of the beam neutral axis is given
as,

n . (10)
w=3Y a, Sinlw,) Sin(n—zyl
1

where the y axis is oriented along the length of the beam, w is the
transverse displacement in the z direction, @, and 4, are the
nawral frequency and amplitude, respectively, of the n™ mode. L
is the length of the beam, and t is time. Only the fundamenial
mode (n=1) is of interest in this study. In view of the Euler
Bernoulli assumptions, the onty non-zero term in the bending

. gl ] 5 o t :
strain field &€~ s €, | and is given ay:

5 (1)

-, 7 : o Y
€z —2.'-I7a1 Sinf{w, t) SIH(T)

where, z is the distance of the microdevice from the neutral axis



of the beam. The only non-zero component of the actuation
voltage vector is now E, and is assumed to be proportional to the
output of the sensory devices, and hence, (o the hending strains.
Thus E, is written as:

_—— , {12)
E, = & Sin{w, t) Sln{IIX)

where the amplitude ;" is assumed to be proportional to the
amplitude of the bending strain due to the fundamental vibrational
mode of the beam, and the non-zero terms of the actuation strain
¥COlOr are now written as:

P . (13)
€; = d,; E, e 1=

Equations (10-13) are used in Equation (8) 1o compute the
natural frequency of the system.

4. RESULTS AND DISCUSSIONS
Figure (2} shows the increase in the natural frequency (w) as a

tunction of the actuation strain ( € ) for different numbers of

actuators (n). Increasing n increases the volume fraction (V) of
devices and decreases the spacing between devices. The
minimum spacing {c. in Figure 1) is maintained above 3.6 limes
the actsator width (a, in Figure 1) in order to minimize the
interactions  between them.  For convenience, the natural
frequency (w) is normalized with respect 1o that for zero electrical

excitation { g ). The acluation strain amplitude ( ¢ ) is

normalized with respect o the far field strain ( €® ). The

maximum field strength shown here corresponding to ¢f =

4 ¢° . is approximately 54 KV/m ( less than 6% of typical

fields achicvable in PZT-5H). The corresponding voltage is 2800
V for the nominal device size (a = 0.0052 m) assumed in this
study. The increase in the natural frequency is o measure of the
stiffening of the beam duc to the actuation loads, In Figure (3),
the volume fraction (V) of devices has been increased, noi by
increasing the number of devices as in Figure (2}, bul by
increasing the size of cach device (a and b), relative to the host
beamn dimensions. The minimum spacing between devices is
again maintained above 3.6a. Figure (4} illustrates the
dependence of the stiffening cffect (natural frequency) on Lhe
location of the actuators, relative to the neulral axis. As expected,
moving the actuators away from the neutral axis increases the
naturat frequency, for the same excitation. Figure (5) illustrates
the dependence of this stiffening effect {natural frequency) on the
Young's modulus of the host malerial. As expected the stiffening
effect decrcases with increasing host stiffness.  Figure (6)
illustrates the relative contributions of the mechanical interaction
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energy (U, ), and the clectrical energy (U}, lowards stitfening
of the structure. The mechanical term is larger than the electrical
term and its relative contribution increases as the actuation s
increased and decreases as the host stiffness is increased. The
relatively large contribution from U, illustrales the importance
of accurale modeling of the electromechanical interactions in the
adaptive beam.

5. CONCLUSIONS

This paper has summarized recent research improvements on the
use of Eshelby’s tlechniques for medeling the interaction between
microdevices and the surrounding host. This method presents a
unified approach for addressing the interaction mechanics of
microdevices embedded in an adaptive structure. Preliminary
results suggest that accurate models for electromechanical
interaclion are extremely important for predicting the behavior of
adaptive structures.
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TABLE 1. ELECTROMECHANICAL PROPERTIES OF DEVICE AND HOST MATERIALS.

E v d,, dn dis € €2

(GPa) (C/N) #le-12 {ChavY)*1e-10
PZT-5H 64 0.39 274 593 741 150 66
ALPLEX 3.5 0.35 - o —_ — —

2 T T T T T T /
1.9} n = NUMBER OF ACTUATORS %9@ .
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FIGURE 2. NORMALIZED NATURAL FREQUENCY AS A FUNCTION OF THE NORMALIZED ACTUATION
STRAIN (¢',/c%), FOR DIFFERENT DEVICE DENSITIES (DIFFERENT NUMBERS OF ACTUATORS, n).
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307 Transverse strength of compasites containing optical fibers [1917-28]
G. P. Carman, Univ. of California/Los Angeles: C. A. Paul, G. P. Sendeckyj, Air Force Wright Lab.

317 Interaction mechanics between embedded microactuators and the surrounding host in adaptive
structures [1977-29]

A. A. Alghamdi, A. Dasgupta, Univ. of Maryland/College Park

329 Basic design guidelines for embedded piezoactuators in a layered cemposite structure
[1917-30]
A. R. Masters, |. D. Jones, Purdue Univ.

N Improving transverse actuation of piezoceramics using interdigitated surface electrodes
11917-25)

N. W. Hagood, R. Kindel, K. Ghandi, Massachusetts Institute of Technology; P. Gaudenzi, Univ.
di Roma La Sapienza {ttaly)

SESSION 138 AERONAUTICAL APPLICATIONS -

354 Vibrational behavior of rotating helicopter blades incorporating adaptive capabilities [1917-32]
O. Song, L. Librescu, Virginia Palytechnic Institute and State Univ.

je8 Vibration attenuation of aircraft structures utilizing active materials [1917-33)
G. 5. Agnes, S. R. Whitehouse, ). R. Mackaman, Air Force Wright Lab.

380 High-power actuators in intelligent rotor application [191 7-34)
R. Kashani, Michigan Technological Univ.

330 Distributed deflection sensing of rotating beams {1917-35)
A. Baz, 5. Poh, Catholic Univ. of America
!
407 Terfenol-D-driven flaps for helicopter vibration reduction [1917-36]

R. C. Fenn, ). R. Downer, D, A. Bushka, V. Gandhalekar, SatCon Technology Corp.; N. D. Ham,
Massachusetts Institute of Technology

419 Shape control of structures with semi-definite stiffness matrices for adaptive wings [1917-106]
F. Austin, W. VanNostrand, M. . Rossi, Grumman Corporate Research Ctr.

SESSION 4A ACTIVE LAMINATES

428 Structural response of plates with piezoceramic layers [1917-37]
D. K. Shah, S. P. Joshi, W. $. Chan, Univ. of Texas/Arlington

440 Study of the effect of embedded piezoelectric layers in compaosite cylinders [1917-38)
I. A. Mitchell, . N. Reddy, Texas A&M Univ.

451 Dynamic modeling of piezoelectric laminated plates using finite element method [1917-39]
K. Chandrashekhara, A. N. Agarwal, Univ. of Missouri/Rella

461 Theory of sandwich plates with piezoelectric reinforcements [1917-40)
V. Birman, Univ. of Missouri/Rolla and Univ. of Missouri/St. Louis

473 Structural integrity of compasite laminates with interlaced piezaceramic actuators {1917-41]
D. A. Singh, A_|. Vizzini, Univ. of Maryland/College Park
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