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Exact Solutions for Static Analysis of Intelligent Structures

M. C. Ray,* R. Bhattacharya,t and B. Samantat
Indian Institute of Technology, Kharagpur 721302, India

Exact solutions for static analysis of simply supported rectangular plate-type intelligent structures are
presented. The intelligent structure proposed here is composed of a laminated substrate of graphite/epoxy
composite coupled with distributed sensor and actuator layers of a biaxially polarized piezoelectric polymer,
polyvinylidene fluoride (PVDF). The study aims at investigating the capability of the actuator and sensor layers
to cause and sense the deformations, respectively, of the substrate of the intelligent structure. The results show
that the effectiveness of the piezoelectric actuator layer to cause induced strain actuation in the structure
significantly increases with the decrease in the length to thickness ratio of the substrate.

Introduction

A N intelligent structure is made up of a purely elastic
material, called the substrate, integrated with distributed

actuators and/or sensors. This structure is capable of achiev-
ing shape control as soon as it is deformed. A recent trend
shows the effectiveness of piezoelectric materials as both dis-
tributed sensors and actuators. These materials induce an
electric potential/charge when they are subjected to a mechan-
ical deformation by virtue of the direct piezoelectric effect and
are deformed due to the externally applied voltage/charge by
virtue of the converse piezoelectric effect.

So far several papers have been devoted to the study of
intelligent structures. These include analytical treatment with
some assumptions or approximate techniques. Broadly, in all
of these papers, the attention is focused on the study of the
nature of the distributed sensing of deformations and induced
strain actuation of the load bearing structures, such as plates
and beams. A good account of these papers may be found in
a recent paper by Ray et al.1 and in the technical reports by
Ray et al.2'3 Exact solution for static analysis of intelligent
structures under cylindrical bending is presented in a recent
work.2 However, the exact solution for the analysis of intelli-
gent structures under more general deformations is not avail-
able. Ray et al.3 obtained the exact solution for static electroe-
lastic behavior of a piezoelectric material, polyvinylidene
fluoride (PVDF). The three-dimensional effects of the applied
voltage in this material can be used as a guideline to study the
performance of this material when coupled with a substrate
(i.e., the load bearing structure) to form an intelligent struc-
ture.

In this paper the authors present the exact analysis of
simply supported rectangular plate-type intelligent structures
without making any assumption about how the piezoelectric
sensor and actuator layers are deformed. The intelligent struc-
ture proposed here is treated as a laminated plate, and the
distributed piezoelectric sensor and actuator layers are consid-
ered to be the plies of the laminated intelligent structure and to
be bonded perfectly to the surface of the substrate. The sub-
strate is a laminate of graphite/epoxy composite. The interac-
tions of the sensor and actuator layers with the substrate are
considered in the same manner as the interactions between two
laminae of the substrate. The present analysis will be helpful
for further analyses of intelligent structures of complicated
geometry and other boundary conditions using improved ap-
proximate techniques.
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Procedure for Solutions
Figure 1 shows a simply supported rectangular intelligent

structure on the xz plane. The length and breadth of the plate
are denoted by a and b, respectively. The top and bottom
layers serve as the distributed actuator and sensor, respec-
tively. The material of the distributed sensor and actuator is
the so-called piezoelectric polymer PVDF. The substrate is a
laminate of any number of layers of orthotropic materials.
The axes of elastic symmetry in the orthotropic layers are
parallel to the reference sixes. The exact analysis of a lami-
nated-type intelligent structure requires determination of the
stresses, strains, and displacements at any point in any layer of
the structure satisfying all of the governing field equations,
stress-strain relations, and strain-displacement relations for
that layer subjected to known boundary conditions and inter-
face continuity conditions. The closed-form expressions for
the stresses and displacements for an orthotropic layer under
simply supported boundary conditions are available4 and will
be directly used to show the performance of the distributed
piezoelectric sensor and actuator. Hence, only the expressions
for the stresses and displacements in the piezoelectric sensor
and actuator layers are derived and presented in the following.

The linear constitutive equations coupling the elastic and
electric fields in a piezoelectric medium are given by5

[D] = [e]{EJ

(la)

where {D}, {£}, { € }, and [a] are the electric displacement,
electric field, strain, and stress vectors, respectively, and [C],
[e], and [e] are the elasticity, piezoelectric, and dielectric con-
stant matrices, respectively, with [e]T defined as the transpose
of M.

-Substrate

Actuator
h

Fig. 1 Plate configuration.
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The piezoelectric constant matrix [e]T and the dielectric
matrix [e] for the PVDF polymer are given by Cady,6 and
Tzou and Pandita7 as

le]T =
0 0
0 0

_*31 *32

[e] =
611

0
0

0
0

*33

0
€22
0

0 eis 0
e24 0 0
0 0 0

0
0

e33_

(lb)

The constitutive relations for the piezoelectric layers of the
intelligent structure are obtained from Eqs. (la) and (lb) as

+ C12€*

C22€*

* 4- C33t£-e33Ek

ak
yz =

€22Ek

- €33£* (2)

where the superscript A: denotes the layer number and for the
piezoelectric layers k takes the value 1 and N + 2, TV being the
number of layers in the laminated substrate.

The two governing field equations5 for a piezoelectric
medium are given in the following.

The stress equilibrium equations are

(3a)

(3b)

where the comma is followed by a quantity representing the
partial differentiation with respect to that quantity.

The strain-displacement relations are

The charge equilibrium equation is

€ * = : dvk

3x ' ^

av* aw*;
dz dy

„ duk

dz
dvk

dx (3c)

and the electric field-potential relations are given by

°V T?k __ __ 0<P
« » •C'y — »\ >dx y dy ---J- (3d)

where uk vk and wk are the mechanical displacement compo-
nents along the x, y, and z axes, respectively, in the kth layer,
and <t>k is the electric potential function.

Use of Eqs. (3c) and (3d) in Eqs. (3a) and (3b) yields

fn + (C12 + C66)V,^ + (Cl3 + C55)Wkxz + C«jU*yy

z = 0 (4)

^ -f C22vfxy + (C23 + CM)wk
yz

z = 0

(Q3 + C55)uk
xz + (C23

(e15

(5)

(6)

The solutions of Eqs. (4-7) are sought for SS3 boundary
conditions,8 which translate into

<8a)

A: = 0 and a, and .y = 0 and b

Also, the edges are suitably grounded so that the electric
potential at the edges are zero,1 i.e., that

: = 0 at x = 0, a and y = 0, b (8b)

The displacement functions and the electric potential func-
tion that exactly satisfy the boundary conditions (8a) and (8b),
respectively, have the form

cos px sin qy

sin px cos qy

wk = Wk(z) sin px sin qy

sin px sin <jry (9)

where p = m-K/a, q = nir/b, and w and n are nonzero in-
tegers. The results obtained here may be modified easily in the
more general case where Eq. (9) has a double Fourier series
representation with more than one combination of integers m
and n.

Following Pagano,4 let us assume that

(U*9 = (Uok, (10)

where Uok, Vok, Wok, $ok, and t are unknown constants.
Then, substitution of Eqs. (9) and (10) in Eqs. (4-7) yields the
following set of homogeneous algebraic equations in terms of
the unknowns Uok, V0k, WQk, and $ok:

- CllP
2 -

= 0

Cl2)Uok

= 0

-pt(Cl3 + C55)U<* - qt(C23

e32)VQk + (e33t2

-el5p2-e24q2)W0k

(11)

(12)

0 (13)

= 0 (14)
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Fig. 2 Distribution of in-plane stresses across the thickness without
prescribed electric potential on the surface of the actuator.

where for the material considered the coefficients A, B, C,
and D are simplified as

A = - C

C = -

D =

Thus, from Eqs. (18) and (18a) and the definitions of p and q
given after Eq. (9), it follows that the value of t depends on the
elastic, dielectric, and piezoelectric constants as well as on the
geometry and the integers m and n .

Equation (18) can be transformed into the standard cubic
equation as

B = C1i(3C44e1i + e^)(p2 + q2)

+ q2)2

q2)3 (18a)

(19a)

with
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Fig. 3 Distribution of in-plane stresses across the thickness with
prescribed electric potential on the surface of the actuator.

The piezoelectric material considered here is elastically
isotropic and biaxially polarized. A voltage or electric field
applied across the faces (perpendicular to the z axis) of the
plate results in longitudinal strains in both x and y directions
owing to the piezoelectric constants e^\ and €32. The other
constants e^ e2^ and e33 are considered to be absent in the
medium.9 Since e^\ = 632 and also e\i = €22 = 633 (Tzou and
Tseng9), the relation between Uok and Vok may be obtained
from Eqs. (11) and (12) as

(15)

Equation (15) is now used in Eqs. (13) and (14) to obtain WQk

and $0k in terms of U0k as follows:

(16)

(17)

Finally, to find the nontrivial solution of Uok, Eqs. (15-17)
are used in Eqs. (11) and the following polynomial equation is
obtained:

<72)]

•V2) fjOk

At6 + Bt4 + Ct2 + D = 0 (18)

B2-3AC 2B*-9ABC

The solutions of Eq. (19a) depend on the sign of the quan-
tity Q given by

f1 g3
Q = — + —^ 4 27

Here Q is positive for the material considered, and the
solutions of Eq. (19a) can be obtained as

V3
(7-6) (20)

where

Substitution of Eq. (20) into Eq. (19b) yields the following six
roots of Eq. (18).

B
First pair: either ± X (if 7 + 5 - — - > 0)

B
or ± iX (if 7 + 6 -— -<0)3A

Second pair:

Third pair:

where

± (a + iff)

±(a- iff)

a = (a2 + b2)l/4 cos ( - tan-1 — )
\2 aj

sn
2 a

= 1/2(7 + 6)-—B V3
—

In the present case, the first pair of roots are real. Use of
these roots along with Eqs. (9), (10), and (15-17) leads to the
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general solutions of uk, vk, wk, and <t>k as follows:

uk = [(Fik cosh \z + Glk sinh Xz) + eaz(F2^ cos ft

+ G2* sin ft) + e°*(F3* cos ft- G3* sin ft)] (

vk = (q/p)[F\k cosh Xz 4- Gljt sinh Xz) + e°*(F2* cos ft

+ G2Ar sin ft) + e ~az(F3A: cos ft

-G3£ sin ft)] sin/?Ar cos qy

wk = [Qi(FiAr sinh \z + Gik cosh Xz) + G^^F^ cos ft

+ G2k sin ft) - Q2e~az(¥3k cos pz-G3k sin ft)

+ Qs^G^A: cos &z-F2k sin ft) - Q3e~°*(G3A: cos ft

+ F3k sin ft)] sin px sin ^ry

0^ = [Ri(Fik sinh Xj + G1A: cosh Xz) + R2eaz(F2k cos ft

+ G2A: sin ft) - R2e~az(F3k cos ft-G3k sin ft)

+ R3eaz(G2k cos ft-F2* sin ft) -. R^'^G^ cos ft

+ F3A: sin ft)] sin px sin ^ry (21)
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Fig. 4 Distribution of transverse normal stress across the thickness.
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Fig. 6 Maximum in-plane normal stress (0*) for various span to
thickness ratios.
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Fig. 7 Values of K to make the midplane deflection zero for various
span to thickness ratios.

where F.^, and Gjk (/ = 1, 2, 3) are unknown constants to be
evaluated from boundary conditions. Note that the subscript k
also takes the value for the layer number of piezoelectric
layers. Various other quantities appearing in Eqs. (21) are
defined as follows.

62 =
(p2 + g2)(C12 + C44)(ac1 + /3d,)

Q3 =
<72)(C12 +

c\ = q2)

1 ~ enP(P2 + <12 - X2)

- a,
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- ad2)

rfl =
Finally, using the strain-displacement relations in conjunc-

tion with Eqs. (la) and (21), the following expressions for
stresses and electric displacement are obtained:

<% = Vfnt cosh Xz + GIA: sinh Xz)7\ + F2k(T2 cos ft

- T3 sin ft)e°* + G2k(T3 cos ft + T2 sin ft)e°*

+ F3k(T2 cos ft + T3 sin /3z)e~az + G3Ar(T3 cos ft

- T2 sin ft)e ""*] sin pjc sin <£y

ff* = K^iA: cosh Xz + GI* sinh Xz)r4 + F2k(T5 cos ft

- T6 sin 0z)eaz + G2Ar(r6 cos ft + T5 sin ft)*?0*

+ F3k(T5 cos ft + T5 sin ^z)e~az + G3^(r6 cos ft

- T5 sin ft )£""*] sin /?A: sin ^ry

ok
z = K^IA: cosh Xz + GI* sinh Xz)r7 + F2k(Ts cos ft

- J9 sin ft)^0* + G2k(T9 cos ft + 7^ sin ft)e°*

-I- F3Ar(r8 cos ft + T9 sin Pz)e~az + G3A:(r9 cos ft

- r8 sin ft)e ""*] sin /?A: sin ^ry

ak
xz = [(Fik sinh Xz + Gik cosh Xz)ri0 + F2k(Tn cos ft

- T!2 sin ft)^0* + G2k(Ti2 cos ft + rn sin j

+ F3k(Tn cos ft + 7"i2 sin ft)e~az + <

- Tn sin ft)e~az] cos px sin <jry

a^z = (q/p)[(Fik sinh Xz + G^ cosh 1

- T12 sin 0z)eaz + G2k(Tl2 cos ft + Tn sin ,

+ F3k(Tn cos ft + T12 sin ft)e -az + <

- rn sin ft)^'0^ cos px sin #y

lyt cosh Xz + Gik sinh Xz

: cos ft + G2k sin ft + e-^Fu cos ft

: sin ft)] cos /?A: cos qy

: sinh Xz + GIA: cosh Xz)7"i3 + F2k(Ti4 cos ft

+ r15 sin &)e°*-G2A:(ri5COS ft - 7\4 sin ft)e°*

+ ^3Ar(^i4 cos ft- T^ sin ft)e -« - G3k(Tl5 cos ft

+ T14 sin ft)e ~az] sin /?* sin ^ry (22)

where

T2 = -pCn - (q2/p)Cl2 + Cl3(aQ2 - j

+ e3l(oiR2-i

cos ft

cos ft

cos ft

3 = C13(aQ3

4 = -PC12 - (q2/p)C22 +

5 = - PC12 - (q2/p)C22 +

+ e32(aR2- /3R3)

6 = C23(aQ3 - f3Q2) + e32(aR3 - f3R2)

7 = -pCl3- (q2/p) C23 + XgiC33

8̂ = -pC13 - (q2/p)C23 + C33(ae2 -

i = C33(o:Q3 + jSQz) r10 = C

n = C44(a + pQ2) T12 = C44C

1 - (q2/p)e3i - e33\R1

T15 = e33(aR3
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Fig. 8 Distribution of induced electric potential on the surface of the
sensor along the length (y=b/2) of the plate without prescribed
electric potential on the surface of the actuator.
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Fig. 9 Distribution of induced electric potential on the surface of the
sensor along the length (y=b/2) of the plate with prescribed electric
potential on the surface of the actuator.
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The expressions for Dk and Dk are not given here and can
be obtained from the constitutive equations. As a check, the
derived expressions for stresses and electric displacements are
found to satisfy the governing Eqs. (3a) and (3b).

In what follows, the boundary conditions for the top and
bottom surfaces are discussed. Since the surfaces of the overall
structure are made of the piezoelectric material, both the
electrical and mechanical boundary conditions are to be pre-
scribed to evaluate the system behavior. In a piezoelectric
continuum, one may specify the electric potential or the free
charge density5'10 over the portions of the boundary. The
relation between the free charge density a and the electric
displacement vector Dr(r - x, y, z) on the surface of a piezo-
electric continuum is given by5

a + nrDr = 0 (23)

Here nr are the direction cosines of the unit normal to the
surface considered for the specification of free charge density.
Thus if we specify zero free charge density on the surface
normal to the z axis, then Eq. (23) yields zero value of Dz on
that surface. This can be used as the boundary condition for
that surface. Therefore, the specification of boundary condi-
tions will determine the behavior of the piezoelectric layers
acting as a sensor and an actuator. Accordingly, the boundary
conditions for the overall structure can be taken as follows:

1) On the surface of the piezoelectric layer that behaves as
an actuator

crKx^h!) = q0(x,y)

i) = 0 (24)

where qd(x9y) and $i(x,y) are the prescribed surface traction
and the electric potential distribution function, respectively.

2) On the surface of the piezoelectric layer that acts as a
sensor

oZ+2(x,yfhN+3) = 0 <%z
+2(x,y,hN+3) = 0

<$z
+2(x,y,hN+3) = 0 D? + 2(x,y,hN+3) = 0 (25)

Also the following interface conditions must be satisfied:

*l(x,y,h2) = 0 ^+\x>yfhN+2) = 0

uk(x,y,hk + i) = uk + l(x,y,hk+i)

vk(x,y,hk+ 1) = vk+ \x,y,hk + 0

wk(x,y,hk + 0 = wk+ l(x,y,hk+ 1)

ok
z(x,y,hk+ 1) = o*+l(x,y,hk+ 1)

<4(*^A+ 0 = o*£l(x,y,hk+ 0

ok
yz(x,y,hk+ 0 = ofclto,y,hk+ 1) (26)

wherein k = 1, 2, 3, . . ., N + 1.
The expressions of stresses and displacements for an or-

thotropic layer of a laminated plate obtained by Pagano4

contain six unknown constants. Also, the derived expressions
for the stresses, displacements, and electric potential functions
for each piezoelectric layer contain six unknowns. Thus, the
analysis of the overall structure requires solution of 6(N + 2)
unknown constants. But the solutions need to satisfy eight
boundary conditions given by Eqs. (24) and (25) and (6N + 8)
interface conditions given by Eqs. (26). Hence, the total num-
ber of conditions to be satisfied turns out to be greater than
the number of unknowns to be found. To introduce four

additional unknown constants, the expressions for vk, and
o*j(fc = l and Af + 2), given by Eqs. (21) and (22), respec-
tively, are modified. Note that in performing this modification
the governing field equations are still satisfied. The results are

v* = [F cosh \z + G4k sinh Xz + (q/p)[eaz(F2k cos pz

+ G sin Pz) + e~az(F3k cos Pz

- G4k sin pz)]} sin px cos qy

tfyz = {(fit* sinh \z + G4k cosh \z)Ti0

+ (q/p)[F2k(Tn cos Pz - Tn sin pz)eaz

+ G2k(Tl2 cos pz + Tn sin /3z)e°* + F3k(Tn cos Pz

+ Tn sin pz)e ~az + G3^(ri2 cos Pz

- Tn sin pz)e ~az]} sin px cos qy (27)

Here, the additional unknown constants F4k and G±k are intro-
duced as follows:

F*k = (Q/P)F\k G4k = (q/p)Glk

With these modifications the system is now sufficient to solve
for the unknowns satisfying all the boundary and interface
conditions. Imposing the boundary and interface conditions
given by Eqs. (24-26) one can obtain the system response with
<2r0(jc,j;) = a sin px sin qy, and $(x,y) = Vsin px sin qy, where
a(N/m2) and V (volt) are constants. Note that once the un-
knowns are evaluated, one can use either the modified expres-
sions for vk and <fyz as given by Eqs. (27) or the expressions
derived earlier in Eqs. (21) and (22) to obtain the layer-wise
system response.

Results
Specific results are presented for the intelligent plate, the

substrate of which is a three-layered (0/90/0 deg) bidirectional
laminate made of graphite/epoxy composite.

Using the material properties for the piezoelectric layer
from Tzou and Tseng9 and those for the orthotropic layers in
the substrate from Pagano,4 and considering m = n - 1 in the
definition of p and q, the unknowns and the numerical results
are evaluated with distributed sinusoidal mechanical load and
with or without creating the electric potential distribution on
the actuator surface for different values of length to thickness
ratio, s (= a/H9 with H the thickness of the substrate).

Table 1 Comparison of substrate response for negligible h and
F=0 with that of an identical laminate obtained by Pagano4

Source s b/a u* w* 9 -
Present . t -.0097 .801 .534 .256 .2170 -.0511
analysis .0094 L99 -.756 -.559 .0502

-.0097 .801 .534 -.0511
Pagano4 4 1 0094 1.99 _ 756 _ 556 .256 .2172 0505

:.0067 .47 ±.539 ±.181 .395 .0828 T.0214Present 1QO
analysis
Pagano4 100 1 ±.0067 .47 ±.539 ±.181 .395 .0828 =F.0213
Present ' , -.0143 1.14 .105
analysis .0141 2-82 -1.10 -.12

- .0268
.0264

-.0142 1.14 .109
Pagano4 4 3 0139 2-82 -1.10 -.119 -351 -0334

-.0269

*o*x=ax(a/2, b/2, ±H/2), a*=ay(a/2, b/2, ±H/6), o*, = axz(
a*z = ayz(a/2, 0, 0), a* = axy (0, 0, ±H/2), u* = u(Q, b/2, ±H/2),
b/2, 0).

b/2, 0),
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Table 2 Response in the substrate of the square intelligent structure

s

4

6

10

20

100

V

0

100

0

100

0

100

0

100

0

100

<£
.799

-.754
-29.29
11.78
.668

-.659
-10.83

5.09

±.589
-3.12
1.48
.552

-.552
-3.21
- .039
.538

-.538
-.504
-.518

a*
.532

-.557
-21.24

5.21
.406

-.418
-8.155

.9452

.284
-.288
-2.34
-.261
.209

-.209
-.372
- .277
.181

-.181
.158

-.184

°*z*

.492

-6.68

.497

-3.09

.499

-.878

.499

.145

.50

.486

<£

.256

-3.625

.31

-2.033

.357

-.683

.384

.145

.394

.382

*<*yz

.217

-.910

.169

.210

.123

.336

.094

.096

.083

,086

°xy
-.051
.049
2.706
-.728
-.038
.038
.80

-.263
- .0287
.0288
.181

-.058
-.023
.023
.017
.005

-.021
.021

-.019
.021

u*
- .0097
.0094
.358

-.146

T.0082
.134

-.064

=? .0073
.0388

- .0186

=F .0069
.004
.0005

=F.0067

- .0063
.0065

w*

1.99

-31.56

1.24

-10.17

.774

-2.35

.549

-.095

.471

.447

aa*=az(a/2, 6/2,0).

The results are nondimensionalized as

, 5y, axy) = — (o£, a*,
OS

fez, Ojz) = — (<4»
OS ~(J

as4//

where ET is the transverse Young's modulus of the orthotropic
layers.

If the thickness and weight of the piezoelectric sensor and
actuator layers are very much less than those of the substrate,
the static and dynamic behaviors of the substrate of an intelli-
gent structure without the applied voltage to the actuator do
not differ significantly from those of a structure identical to
the substrate under the same mechanical boundary condi-
tions.11 Hence, to check the numerical results, the mechanical
displacements and stresses in the laminated substrate of the
intelligent structure obtained without applied voltage to the
actuator are compared to those obtained by Pagano4 for a
laminate identical to the present substrate for various values
of s. The results are found to match very well (see Table 1)
when the thickness of the sensor and actuator layers are negli-
gibly small in comparison to the thickness of the substrate, say
0.0011% of that substrate. Next, taking the value of the
thickness of the sensor and actuator layers as 40/*m9 and using
the value for the thickness of each layer of the substrate as 3
inm, the response of the substrate of the proposed intelligent
structure has been computed. These results are shown in Figs.
2-9 for s - 4 and in Table 2 for several values of s. Figures 2
and 3 illustrate the distribution of inplane stresses (ax) ay, and
axy) in the layers of the laminated substrate without and with
the electric potential distribution on the actuator surface. It is
evident from these figures that the actuator counteracts the
mechanical loading. For example, the distribution of ax im-
plies that the top and bottom layers of the substrate undergo
bending mainly when V - 0 (Fig. 2). Due to the combined
action of actuator and mechanical loading, these layers also
undergo bending predominantly but in a reverse way when
V = 100 (Fig. 3). The maximum value of ax is more than 35
times of that at V = 0. Since the fiber direction of the middle
layer of the substrate is along the y axis, the distribution of ay
in the middle layer is significantly affected (Figs. 2 and 3).

Figures 2 and 3 also show that the actuator causes a significant
effect on the inplane shear in the layers of the substrate caused
by the mechanical loading alone. The maximum value of oxy at
V = 100 in each layer increases to more than 50 times its value
at V = 0. For V — 100 as the actuator tends to cause the
substrate to bend in a direction opposite to that caused by the
mechanical loading alone, the middle layer of the substrate
undergoes severe transverse compression (Fig. 4). The actua-
tor also induces transverse shear stresses in all the layers of the
substrate, as shown by the distributions of axz and ayz in Fig. 5.

Figure 6 shows the elasticity solution for maximum inplane
normal stress (dx) in the substrate as affected by the span to
thickness ratio of the substrate without and with the pre-
scribed electric potential distribution on the actuator surface,
respectively. This figure demonstrates that as the value of s
becomes smaller, the solution for a particular value of V
(V - 100) deviates more from the solution obtained with
V = 0. The other results are also affected in the same manner
as given in Table 2.

From the foregoing analyses it is apparent that for a given
value of 5, and mechanical load acting on the intelligent square
plate, there exists a particular voltage of actuation for which
the midplane deflection is zero. Figure 7 illustrates such a
value of V necessary to make the deflection of the substrate
zero for a particular value of s. It is also established from the
figure that the effectiveness of the actuator increases as the
value of s decreases, since it is required to prescribe higher
electric potential on the actuator surface as s increases. This
result may be due to the fact that for a given mechanical load
the stresses and deflections of a laminated plate decrease as the
span to thickness ratio of the plate decreases.4 It is also found
(not shown in Fig. 7) that the value of V necessary to obtain
the zero midplane deflection for very thin plate substrate (e.g.,
s = 100) is within the breakdown voltage (2000 V)9 for PVDF.

Finally, the capability of the sensor layer to sense the defor-
mations in terms of induced electric potential on its surface as
influenced by the deformation of the substrate is shown in
Figs. 8 and 9. The variation of the thickness of the sensor and
actuator layers within the commercially available range12 (9 /A
to 0.5 mm) affects the elasticity solution negligibly (not pre-
sented here). But the induced electric potential on the sensor
surface varies considerably, as shown in Figs. 8 and 9.

Conclusions
The exact solutions for static analysis of a simply supported

rectangular plate-type intelligent structure is presented here.
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The structure is composed of a laminated substrate of
graphite/epoxy composite coupled with distributed sensor and
actuator layers of biaxially polarized piezoelectric polymer,
called PVDF. The actuator layer causes the layers of the
substrate to undergo bending, transverse compression, inplane
shear, and transverse shear deformations. The effectiveness of
the actuator layer increases with the decrease in the length to
thickness ratio of the substrate. The variation of the thickness
of the piezoelectric layers within the range of 9 /x to 0.5 mm
affects the elasticity solutions negligibly. But the induced elec-
tric potential on the surface of the sensor varies considerably.
The procedure for the solutions can be employed to study the
performance of other piezoelectric materials such as lead zir-
conate titanate to act as sensor and actuator. The results can
be useful for the verification of the solutions obtained from
further analysis of an intelligent structure of complicated ge-
ometry subjected to other boundary conditions by approxi-
mate methods.
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