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A Refined Sinus Finite Element Model for the Analysis

of Piezoelectric-Laminated Beams

S. B. BEHESHTI-AVAL,' M. LEZGY-NAZARGAH,' P. VIDAL>* AND O. POLIT?
' Department of Civil Engineering, Khajeh Nasir Toosi University of Technology, Tehran, Iran
PLEME-EA 4416, Universite Paris Ouest, 50 rue de Sévres, 92410 Ville d’Avray, France

ABSTRACT: A three-nodded beam finite element is developed for the analysis of composite-
laminated beams with distributed piezoelectric sensor/actuator layers. The mechanical part of
the proposed element is based on the refined sinus model. This element does not require shear
correction factor and ensures continuity conditions for displacements, transverse shear stresses
as well as boundary conditions on the upper and lower surfaces of the beam. This conforming
finite element is totally free of shear locking, and the number of mechanical unknowns is
independent of the number of layers. For each piezoelectric layer, a high-order electrical
potential field is considered. The virtual work principle leads to a derivation that could include
dynamic analysis. However, in this study, only static problems have been considered.
Comparison of numerical results obtained from this formulation with previous works
shows that the present finite element is suitable for predicting fully coupled behaviors of

both thick and thin smart-laminated beams under mechanical and electrical loadings.

Key Words: finite element, composite beams, piezoelectric layers, refined sinus model.

INTRODUCTION

UTURE engineering research is inclined toward struc-

tures that are able to sense, respond, and minimize
the effects of applied disturbance on them. This class of
structures is generally called smart structures.
Piezoelectric materials have been widely used in the
form of sensors and actuators in order to self-respond
to structures. Thanks to small dimensions, it is possible
to use many piezoelectric patches as sensors and actua-
tors, without causing significant changes in dynamic
properties of the main structure. In the application of
sensors, mechanically induced deformations can be
determined by measuring the induced electrical poten-
tial, whereas in the application of actuators, deforma-
tions can be controlled by introducing an appropriate
electric potential. An overview on applications of smart
structures can be found in the study carried by Chopra
(2002) and Gaudenzi (2009).

Various mathematical models developed for struc-
tures containing piezoelectric sensors and actuators
can be classified into two broad categories including
induced strain models and coupled electromechanical
models. An overview on the modeling of piezoelectric

structures is given in Benjeddou (2000), Saravanos
and Heyliger (1999), and Carrera and Boscolo (2007).
Also, see Gaudenzi (2009).

The induced strain models use approximate theories
in order to incorporate external forces associated with
the piezoelectric actuators. The electric potential is
neglected as a state variable in the formulation; there-
fore, these models cannot capture the coupled mechan-
ical and electrical responses and are only limited to
predict the actuator behavior of piezoelectric materials
(Crawley and de Luis, 1987; Tzou and Gadre, 1989;
Wang and Rogers, 1991; Sung et al., 1996).

Compared to the induced strain models, the coupled
electromechanical models provide a more consistent rep-
resentation of both the sensor and actuator responses of
piezoelectric materials, incorporating both the displace-
ments and the electric potentials as the state variables in
the formulation. Piezoelectric three-dimensional (3D)
finite elements (FEs) have been proposed early by
Allik and Hughes (1970), Tzou and Tseng (1990), and
Xu et al. (1995). However, the cost of the 3D analysis is
relatively high, and it will become a problem when pie-
zoelectric layers are thin compared to the structure size.

In order to overcome these restrictions, several theories
for laminated structures including piezoelectric elements
exist in the literature. The electric part is usually modeled
by a layerwise (LW) approach (Reddy, 1993); therefore,
the discussion concerns only the mechanical approach.



The following classification is associated with the depen-
dence on the number of mechanical degrees of freedom
(DOFs) with respect to the number of layers:

e The equivalent single layer (ESL) approach: the num-
ber of unknowns is independent of the number
of layers, but continuity of transverse shear and
normal stresses is often violated at layer interfaces.
This approach is called ‘hybrid” or ‘mixed’ in the lit-
erature. We can distinguish classical laminate theory
(CLT), first-order shear deformation theory (FSDT)
(Suleman and Venkayya (1995), Sheikh et al. (2001),
and Wang (2004) for plates), and higher order
theories: the third-order shear deformation theory
has been carried out by Chee et al. (1999) (beams),
and Shu (2005), Thornburgh and Chattopadhyay
(2002), Fukunaga et al. (2001), and Mitchell and
Reddy (1995) (plates) for instance.

e The LW approach: the number of DOFs depends
on the number of layers. This theory aims at overcom-
ing the ESL shortcoming by allowing discontinuity of
out-of-plane stresses on the interface layers. See for
instance, Saravanos and Heyliger (1995), Kusculuoglu
et al. (2004), and Plagianakos and Saravanos (2005) for
beams, Semedo Garcao et al. (2004), Garcia Lage et al.
(2004a, b), Heyliger and Saravanos (1994), Saravanos
et al. (1997), and Robaldo et al. (2006), etc., for plates,
and Tzou and Ye (1996) for shells.

Note that an extensive assessment has been provided
by Saravanos and Heyligher (1999).

In this framework, refined models have been devel-
oped in order to improve the accuracy of ESL
models while avoiding the computational burden of
the LW approach. Starting from a refined LW descrip-
tion, taking into account physical considerations and
after some algebraic transformations, the number of
unknowns becomes independent of the number of
layers. This type of approach has been carried out by
Ambartsumyan (1969). The resulting model can be clas-
sified as a zig-zag one (see the historical review of
Carrera (2003)). In the framework of electromechanical
problems, Oh and Cho (2004) have extended the third-
order zig-zag model. Also, note the recent works for
beams (Kapuria, 2001; Kapuria and Alam, 2006) and
plates (Kapuria, 2004).

Finally, the so-called advanced models based on prin-
ciple of virtual displacement (PVD) or Reissner’s mixed
variational theorem (RMVT), and Carrera unified for-
mulation (CUF) must be referred here. Different types
of interlaminar continuity can be considered: transverse
shear/normal stresses and/or transverse electric displace-
ment. For the most recent works on multilayered piezo-
electric structures, readers can refer to D’Ottavio and
Kroéplin (2006) and Carrera and Nali (2009) for plates,
and Carrera and Brischetto (2007) for shells.

In this article, a refined sinus beam FE is presented for
the prediction of fully coupled behavior of smart rect-
angular laminated beams under electromechanical con-
ditions. This element is based on the sinus model
introduced by Touratier (1991). Then, it was extended
to take into account the interlaminar continuity of the
transverse shear stresses by Polit and Touratier (2000)
for plates, and by Dau et al. (2004) for shells. The cou-
pling with the piezoelectric effect is carried out by
Ossadzow-David and Touratier (2004) and Fernandes
and Pouget (2003) using an analytical approach. The
original sinus model has been enriched by Vidal and
Polit (2008) by introducing a layer refinement in the
kinematics, and then extended to thermal effects (Vidal
and Polit, 2009). In this framework, this study is focused
on the extension of these last works of the piezoelectric
effect.

This beam element is a three-nodded element which
satisfies the continuity conditions between layers of lam-
inate for displacements, transverse shear stress, and the
free conditions at the top and bottom surfaces of the
beam. The element is totally free of shear locking
(cf. Vidal and Polit, 2008) and has finally four indepen-
dent generalized displacements: three displacements
and one rotation. Concerning the electrical part, a
high-order electrical potential field is considered.
The advantage of this electrical potential field is that it
satisfies the boundary conditions of applied voltage.
This high-order electrical potential also allows dealing
with the conjuncture conditions between two piezoelec-
tric layers using the electric field at the interface. The
results obtained with this FE are in good agreement with
available published reference solutions. This efficient FE
is simple and has a low cost compared to layer-wise
theory or 3D models from commercial softwares.

MATHEMATICAL FORMULATION
Geometry and Coordinate System

The considered beam has a rectangular uniform cross-
section of height 4, width b, and is assumed to be
straight. The beam is made of NC layers of different
linearly elastic materials. Each layer may be piezoelectric
(actuators/sensors) or non-piezoelectric. The laminated
beam and Cartesian coordinate system (xj,Xp,z) are
shown in Figure 1. As shown in this figure, the x;, x;,
and z axes are respectively along the central line, width,
and thickness of the beam. This study is based upon a
displacement approach for geometrically linear elastic
beams.

Constitutive and Governing Coupled Equations

In this study, the non-piezoelectric materials are
assumed to be orthotropic and the general type of
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Figure 1. The laminated piezoelectric beam and coordinate system.

piezoelectric materials is “‘orthorhombic-class mm?2.”
Considering this assumption, the constitutive equations
of a piezoelectric material in its material axis system can
be expressed as:
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where D; is the electric displacement vector components,
E; the electric field vector, and ¢y, e, x;; the elastic, pie-
zoelectric, and dielectric material constants.

In a laminated beam with small width, the following
assumptions are made:

0.0, 0,20, 7,.~20, 1,20, E =0 (3)

Using the conditions (3), the constitutive relations (1)
and (2) reduce to:
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The principle of virtual work for the piezoelectric
medium of volume Q and regular boundary surface I’
can be written as:

—/0,,88,,d$2+/F,8uldS+/ﬁSu,dQ +fc,~8u[
Q

Q r

— / pilSu;d2 + / DSEdQ — / 058¢dS — / Gopd2=0
Q Q r Q
5

where F,, f;, ¢, and Q are surface force components,
mechanical body force components, electrical body
charge, and surface charge, respectively. du; and 8¢ are
admissible virtual displacement and potential. p is the
mass density and f.; the components of concentrated
loads.



Substituting Equation (4) in Equation (5) allows us to
deduce the formulation, where u; and ¢ are the
unknowns. The obtained equation is a good starting
point for a FE formulation.

Displacement and Strain Fields

The displacement field used in this model is given by
Vidal and Polit (2008):

uy(x1,x2,2,0) =u(x1,1) —zw(x1,1) +f(2) w3 (x1, ) +w(x1,1)")
NC
+ ) (@ (1,2, 0+, (x1,2,0)(H(z = 21)

—H(z—z141))
u3(x1,x2,2,0) =w(xy,1)

(6)

The functions wuj(xy,x2,z,¢) and wu3(xy, x2,2,1)
represent the horizontal and vertical displacements,
respectively. The subfunctions u(x;, ) and w(x, ) are
the mid-plane horizontal and vertical displacements,
respectively. ws(xy,7) is the shear bending rotation
around the x, axis, and ¢ the time.

The local functions i, and #X based on Legendre
polynomial can be written as:

iy (X1, 2, 1) = Egtdy) (x1, 1) + <—§+ Sk)un(xl,t) (7

L_licoc(xl’z’ t) = <_%+ §k> §3(X1,l) (8)

Z/c+1 + zk
Zk.

where & = ayz — by, a = ﬁ, and by =

H is the heaviside function, f (z) is defined by

o=

The coordinate system related to the above formula-
tion is shown in Figure 2.
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Figure 2. Coordinate system of the laminated piezoelectric beam.

CONTINUITY CONDITIONS

The following continuity conditions on displacements
and interlaminar stresses must be imposed to the
displacement field equations.

Displacement Continuity Conditions

The continuity conditions of displacement on the lam-
inate interfaces should be satisfied. By applying
the continuity condition on the displacement based
on the so-called 1,2—3 double-superposition theory
(Li and Liu, 1997), the following two equations can be
deduced:

a =@k k=2, . NC ©9)
i =l k=2,...,NC (10)

Using the above equations yields the following
equations:

hy =y s+l (11)
why = (=1 u (12)

Transverse Shear Stress Continuity
The transverse shear stress of the kth layer can be
obtained as follows:

Tlf3 =Gif (2)(ws + ') + Gka/cuél + 3Gk§kaku§2

3 15 1
+ Gy (_Eak + 761/(5;%) s (13)

where Gy, is the shear modulus of kth layer. By imposing
the transverse continuity conditions between two adja-
cent layers, the following recursive equations need to be
satisfied:

Giof zi)w3 +w') + Gkakué‘] — 3Gkakul3‘2 + 6Gkaku]3‘3 =
Grf (zi) (@3 + W) + Groyag—1uyy ' + 3Gr_ a1y
+ 6Gy_1ar_ 153" k=2,...,NC
(14)
Boundary Conditions
Free shear traction conditions should be satisfied for

both lower and upper surfaces. Thus, the following two
boundary conditions are obtained:

h T :
1113 <z = _E) =G f (—E)(m +w)+ Glalu_%l
—3Giauy, + 6Grajuyy =0 (15)
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T{\;C(Z ) Gif ( )(w3 +w') + Gycancuy©

+ 3GNCaNCu32 + 6GNcaNCugV3 =0

(16)

Using Equations (11) and (14), the following recursive
equations are obtained:

”31 = Aj(w3 +w) + Bku31 + Cku LS Dku33 (17)

ul3‘2 = Ep(w3 +w) + Fkué(l_l + Hkul§2_1 + 1kul§3 (18)

The calculation of coefficients Ay, By, Ci, Dy, Ei, Fi,
Hj, and [; are detailed in Appendix. Substituting
Equation (12) in Equation (15) yields:

(—Df (=1
6 uél—}_ 2 uéZ

(19)

VY

3= 6a (w3 + W)+
ai

The above equation expresses u4; with respect to u},,
uly, and (w3 +w'). Substituting Equation (19) in
recursive Equations (17) and (18) allows us to deduce

uf, and 4, with respect to ul;, uly, and (w;+w).

After calculating )¢, u}F, and €, respectively,
from recursive Equations (17), (18), and (19) and
substituting them in Equation (16), u}, can be elimi-
nated. Thus, Equations (17), (18), and (19) can be

rewritten as:

Uk, (x1, 1) = Bi(ws(xr, ) 4+ wixr, 1)) + Kudy (1, 1)

k=1,...,NC

u32(XI, [) - ﬁQ(w?)(xly [) + M}(xls [) ) + aku (xla [)
k=1,...,NC

us3(x1, 1) = Bi(ws(x1, l) 4 w(xu 1)) + 85uly (x1, 1)
k=1,...,NC

(20)

where coefficients gf, 5, and g5 and &, 65, and &
are obtained from the procedure described above.
These coefficients are only dependent on the shear mod-
ulus and z-axis coordinate of layers. Finally, the four
unknowns are u, w, w3, and ul;.

Displacement and Strain Fields

Using the usual definitions for strain, the strain
equations can be derived from the displacement field:

el =u1 — 2w + (031 + wi)Fz) + S@uy;
iz = (w3 +w1)Fz)3+ S(z)q3u;1 (21

where

NC . 1 Sk
FO =+ &b+ (—5 )ﬂz
k=1

+ <_ 32ﬂ + 5€k>ﬁk> x (H(z — zx) — H(z — zk+1))

. 3§ 36 SE\

S(z) = (S 5\ + (—— + ")5" + (——+ ’“)3?)

;; . 20 2)7 2 T2 )%
X (H(z = z4) = H(z = Zk41))

In order to prepare the FE approximations, the dis-
placement and the strain Equations (6) and (21) are
expressed in the following form:

u=Au, &=1L,u, (22)
where u=[u wu]’, w,=[u w ws u 1",
e=[en yi3]', and

! &+ Fo & A2 Se)
““lo 1 0o o [

d d? d? d d
0 F(Z),3 %, F(Z),s S(Z),s

High-Order Electric Potential

In this study, the following electric potential has
been used for the kth piezoelectric layer (Jiang and Li,
2007):

di(x1, %2, &) =Lyt (8x) Egs1(x1, X2) + Lio(E) Ex(x1, x2)
+ Lis ()i (x1, x2)
(23)

where Ek 41(x1,x2) and Ek(xl , X») denote the electric field
at the top and bottom surfaces, respectively. ¢ (x1, x2) is
the difference of electric potential between the top and
bottom surfaces. L;(&;) (i = 1,2, 3) are the interpolation
functions as follows:

Lit = — L&+ 1 — Dz — 21
Lo =—§( + 1)(§/c 1) (Zk+1 — zk) (24)
Lo =36+ -4 +Y -1

This high-order electric potential ensures the bound-
ary condition of applied voltages. Moreover, this elec-
tric potential enables us to deal with the conjuncture
conditions between two piezoelectric layers by
means of the electric field at the interface. According
to the definition of electric field, this one can be
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Figure 3. Mechanical representation of the laminated beam FE.

expressed as:

op
Ek = [EM } = — TYI
EZ layer k % k

B _|:Lk1(3§k)(§.l LioE) & LisE) & :| Egrl

dLi dL dls k
dz dz dz (,Z;/
K

oy kk
= L¢u¢

(25)
FE FORMULATION

FE approximations have to be defined for the vari-
ables of Equation (6). From the displacement field
(Equation (6)), the transverse displacement w must be
C'-continuous. Therefore, Hermite cubic functions are
employed to interpolate transverse displacement w.
Although the rotation w; must be only C’-continuous,
it is interpolated by Lagrange quadratic functions. This
choice allows the same order of interpolation for both
w and ws in the corresponding transverse shear strain
components due to bending, and enables to avoid trans-
verse shear locking phenomenon using the field compat-
ibility approach. Finally, v and u}; are interpolated by
Lagrange quadratic functions (Polit et al., 1994; Polit
and Bruant, 2006; Vidal and Polit, 2006; Vidal and
Polit, 2008). Mechanical representation of the laminated
beam FE is shown in Figure 3. For the geometric
approximation, Lagrange’s linear interpolation is
employed. The mechanical variables u, can be expressed
with respect to the DOFs vector #¢, as follows:

u, = N,u (26)
where
u, = {ul wi (w3); (w,l)1 (uél)1 u3 (w3)3

1 0y 17
(31)5 u2 w2 (@3), (W), (“31)2}

NiO O 0 0O0N;O ON, OO O 0
0Ny ONd 0000 0N, O N O
0 0ON 0 0 0ON; OO ON 0O 0
000 0 NOONOOO 0 N

Nu -

where Nj(i = 1,2, 3) are the Lagrangian quadratic func-
tions defined as

Ny =Ni(§) = =61 = §)/2, Nr = Na2(§) = §(1 +§)/2
N3y = N3(§) = (1 +8)(1 - §)/2

27
and the Hermitian shape functions are:
1
Ni=Ni() =7(1-92+89),
1
Ny =No(§) = 72— 81 + &’
(28)

Ny = Nai(€) = £ (1 — 871 +9)
Ny = Ne(®) = ~ (1 - (1 +87

where & is the local coordinate.
Using Equations (22) and (26), the displacements
vector and the strain vector can be expressed as follows:

u=Au, =A,Nu, = Nu;,

(29)
&= L,u, = L,Nu, = B,u,

where the NV and B, are displacement and strain interpo-
lation matrices, respectively. Again, using the linear
Lagrangian interpolation functions for Ek(x, »),
Ek 4+1(x,»), and #r(x, y), the vector uy can be expressed as:

u¢ = N¢u; (30)
where
N? 0 0 Ng 0 0
Ny=1| 0 N(l’ 0 0 Ng 0o [,
0 0 N? 0 0 Ng

w,=[(E), (B @) (B (Brpn)y @] "

and Ny, N are the Lagrangian linear shape functions
defined as:

N =M@ =(0-8§/2, N =NE=(1+8/2 31)

From Equations (25) and (31), the electric field E can
be expressed as:
Substituting Equations (4), (30), (31), and (33) in

Equation (5), and assembling the elementary matrices,
yield the following general dynamic equation of motion:

M OY[§0] ., [Ky K [a0]_[F0
[0 OM¢<Z>}+[KZ§ K;¢M¢(Z)]_[Fi(t)] (33)



Table 1. Main features of different FE models.

Number of DOFs per node

Number of generalized

or (element) Interlayer unknowns
continuity
Element/number
Electrical Mechanical of nodes conditions electrical mechanical Models
Saravanos and Heyliger (1995)
NCP +1 2xNC+2 Beam/2 Not considered  NCP + 1 2xNC+2 Chee et al. (1999)
NCP +1 4 Beam/2 Not considered  NCP + 1 3 Fukunaga et al. (2001), nine-node
element
(NCP) 5 Plate/9 Not considered  NCP 5 Fukunaga et al. (2001), four-node
element
(NCP) 7 Plate/4 Not considered  NCP 5+2 Correia et al. (2000), 11 DOFs
(NCP) 11 Plate/9 Not considered  NCP 11 Correia et al. (2000), nine DOFs
(NCP) 9 Plate/9 Not considered  NCP 9 Tzou and Ye (1996)
NCP +1 3xNC+3 Plate/12 Considered NCP +1 3xNC+3 Suleman and Venkaya (1995)
(NCP +1) 5 Plate/4 Not considered  NCP +1 5 Hwang and Park (1993)
(1) 3 Plate/4 Not considered 1 3 Present
2 x NCP +1 5/3 Beam/3 Considered 2xNCP+1 4 Saravanos and Heyliger (1995)

Note: NCP, number of piezoelectric layers/sublayers.

The matrices and vectors in the above equation are
the mechanical DOFs ¢(¢), the electrical DOFs ¢(¢),

the mass matrix M = [ pN'NdV, the elastic matrix
K,, = [BICB,dV, electromechanical coupling matrix
K, = [BTeB,dV, the permittivity matrix Kg
= Bg ﬂ%d V, the mechanical load vector F,
= yNdeV-f- /NTFdS + N'f., and the applied charge
vector Fy = [*NI0dS.

s

RESULTS AND DISCUSSION

In this section, a four-layered substrate composite beam
with piezoelectric bonded to its top face [pz/0°/90°/90°/0°],
a three-layered cantilever beam made up of piezoelectric
and non-piezoelectric materials, and a polyvinyl difluoride
(PVDF) bimorph beam are analyzed using the present ele-
ment. In order to evaluate this FE, the obtained results are
compared with available experimental and numerical
ones. Note that the polarization of the piezoelectric mate-
rials is aligned with the transverse direction of each piezo-
electric layer unless stated otherwise.

For further comparison, Table 1 gives the main fea-
tures of the FE formulations given in the following
numerical examples: the type of FE, the number of
nodes, the number of mechanical and electrical DOFs
per node or element, the number of generalized
unknowns, and the interlaminar continuity of the trans-
verse shear stress are precised.

Four-Layered Substrate Composite Beam with
Piezoelectric Bonded to its Top Face

In this section, a simply supported piezoelectric-lami-
nated beam with length-to-thickness ratio S(L/h) =4

(thick beam), S =10 (moderately thick beam), and
S = 100 (thin beam) is considered. This beam has the lam-
ination scheme [pz/0°/90°/90°/0°], where pz indicates the
piezoelectric layer. The substrate of the beam is made up of
graphite—epoxy with the following properties:

(EL.Er,Grr,Grr) =(181, 10.3, 7.17, 2.87) GPa,
(7. vr7) = (0.28, 0.33)

L and T denote parallel and transverse directions to the
fibers, respectively. The piezoelectric layer is made up of
PZT-5A with the following properties:

(Evr, Ex, E33, G2, Gz, G31) =

(61.0, 61.0, 53.2, 22.6,21.1, 21.1) GPa,
(v12, V13, v23) = (0.35, 0.38, 0.38)
(d31, d32, dx3, dys, dog) =

(=171, — 171, 374, 584, 584) x 107> m/V,
(11, x22, x33) = (1.53, 1.53, 1.50) x 10~* F/m

The ratio of the piezoelectric layer thickness to the
laminate thickness % is assumed to be 0.1. All layers of
the substrate are assumed to have equal thickness. The
accuracy of the proposed element is assessed by compar-
ing the obtained result with an exact piezoelectric solu-
tion. The 3D exact solution and the aforementioned
properties for graphite—epoxy and PZT-5A are issued
from Kapuria (2001). In the following sensor/actuator
model, all results are normalized as follows:

(i1, i13) = 100(uy, u3/S) Y1/ hS° po,
(@11, T13) = (011/S.113)/Spo. ¢ = 10*¢Yrdr/hSpo
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Figure 4. Distribution of the non-dimensional maximum displacement t3(0.5L, 0) with respect to aspect ration L/h — four-layered substrate

composite [pz/0°/90°/90°/0°] left (sensory beam) — right (actuated beam).

(121,17!3) = 10(u1,u3/S)SdT¢0,
(011, T13) = (011/10, ST13)h/ Y rd7h0

where dr = 374 x 1072CN™" and Y7 = Er.

Before proceeding to the detailed analysis, numerical
computations are carried out for the influence of the
aspect ratio (shear locking). The normalized displace-
ment obtained at the middle of the beam is shown in
Figure 4 along the exact solution for the sensor and
actuator cases (see ‘Sensor model’ and ‘Actuator
model’ sections for more details about the configura-
tion). The results are in good agreement. It can be con-
cluded that the present element is free from shear
locking phenomenon.

SENSOR MODEL

A sinusoidal pressure p(x;) = po sin(mw x; /L) is applied
on the top surface of the simply supported beam. The
beam is divided into 24 elements of equal lengths. The
normalized numerical results for deflection, in-plane dis-
placement, shear stress, in-plane stress, and the induced
potential at the sensory layer are given in Table 2 for
three values of length-to-thickness ratio S =4, S = 10,
and S = 100. The variation of the normalized in-plane
displacement, shear stress, and in-plane stress through
the thickness (S = 4 and S = 10) are shown in Figures 5
and 6. The distribution of the normalized induced
potential across the sensory layer is also shown in
Figure 7. It must be noted that the transverse shear
stress is obtained by integrating the stress equilibrium
equation through the thickness of the laminates (i.e.,
T13(2) = — fih/z o11,1dz) at the post-processing level.

For deflection, the present model gives results with an
error rate of less than 4.3%, whatever the length-to-
thickness ratio. The model predicts the in-plane dis-
placement and in-plane stress of thin to moderately
thick laminated beams with an error of less than 3.4%.
The shear stress distribution obtained from the present
model is in excellent agreement with the exact solution
for both thin and thick laminated beams (with a maxi-
mum error rate of 2.5%). The present coupled model

Table 2. Results for the sensory beam under the
pressure load.

Sensory beam [pz/0°/90°/90°/0°]

Present/exact Exact S
i13(0.5L, 0) 0.95 —3.0636 4
0.97 —1.2971 10
0.99 —0.9444 100
u1(0,0.5h) 0.86 2.4785 4
0.96 1.6797 10
0.99 1.5218 100
511(0.5L,0.5h) 0.85 —0.5140 4
0.96 —0.3409 10
1.00 —0.3068 100
511(0.5L,0.4~h) 0.85 —0.8478 4
0.96 —0.7065 10
1.00 —0.6764 100
743(0,0) 1.02 —0.4063 4
1.00 —0.4343 10
0.99 —0.4402 100
#(0.5L,0.5h) 1.24 7.896 4
1.03 7.920 10
1.00 7.884 100

has also the capability to predict induced sensory poten-
tial with very good accuracy for thin to moderately thick
laminated beams. The error rate in the predicted sensory
potential is only 3.7% for moderately thick beams. The
error rate approaches zero for thin beams. These results
show that the prediction of the sensory behavior of thick
and thin laminated beams is accurate.

ACTUATOR MODEL

An actuating potential ¢(x;) = ¢ sin(zwx;/L) is
applied at the top surface of the simply supported
beam. The layered substrate composite beam and its
piezoelectric layer are discretized into 24 elements of
equal lengths and the thickness is divided into five
numerical layers. The normalized numerical results for
deflection, in-plane displacement, shear stress, and in-
plane stress are compared in Table 3 for length-to-thick-
ness ratio S =4, S =10, and S = 100. The variation of
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the normalized in-plane displacement, shear stress, and
in-plane stress through the thickness (S = 4) are shown
in Figure 8.

The model predicts the in-plane displacement, deflec-
tion, and in-plane stress of thin to moderately thick
laminated beams with an error rate of less than 5%.
Similar to the sensor model, the shear stress distribution

deduced from the equilibrium equation using the pre-
sent model is in excellent agreement with the exact
solution, even for the very thick beam, S =4 (the
maximum error rate is 3.3%). These results demon-
strate that the present model allows to predict the
actuator behavior of thick and thin laminated beams
accurately.
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Three-Layered Cantilever Beam Made Up of
Piezoelectric and Non-Piezoelectric Materials

A three-layered cantilever structure constituted by a
substrate (bottom layer), adhesive (middle layer) and
piezoelectric material (top layer) is considered. The sub-
strate is made of isotropic aluminum or Gr/epoxy com-
posite [0°] T300/934. The material properties and the
relevant data are given in Table 4. This beam has been

studied by Saravanos and Heyliger (1995), and Chee
et al. (1999). Saravanos and Heyliger applied the LW
theory for all the mechanical and electrical variables.
Their FE model is divided into 16/5/8 layers for the
substrate/adhesive/piezoelectric materials, respectively.
In the mixed model of Chee et al. (1999), the Higher
Order Displacement Theory (HODT) is used for the
mechanical part. As far as the electric part is concerned,
the LW approach allows them to divide the thickness
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layers into 1/1/2. The variation of the electric potential is
considered as linear through each layer or sublayer. The
comparison of the computational cost is given in Table
S.

THREE-LAYERED ACTIVE CANTILEVER

In order to verify the actuation capability of the pre-
sented model, a 12.5-kV current is applied across the
thickness of the piezoelectric layer, which causes the
beam to bend. This structure is divided into five beam
elements of equal lengths, as shown in Figure 9. The
piezoelectric material, the substrate, and the adhesive
are modeled as one layer each. The numerical results
for the present method are compared with results avail-
able from the literature in Figure 10. We can see that the
present model, not only satisfies continuity condition of
interlaminar displacement and transverse shear stress,
but also has a high correlation with the mixed model
of Chee et al. (1999).

THREE-LAYERED SENSOR CANTILEVER

In order to verify the sensory capability of our element,
a load of 1000 N upward is applied to the tip of the can-
tilever beam. The charges generated on the piezoelectric
layer cause a potential difference across the thickness
which is the outcome of the electromechanical coupling

Table 3. Results for the actuated beam under sinusoidal

electric potential.

Actuated beam [pz/0°/90°/90°/0°]

Exact Present/exact S
U3(0.5L, 0) 0.85 1.7370 4
0.96 1.2837 10
0.99 1.1866 100
{11(0, 0.5h) 0.81 -3.638 4
0.96 —-3.017 10
0.99 —2.890 100
611(0.5L,0.5h) 0.93 —2.032 4
0.95 —2.144 10
0.99 —-2.167 100
511(0.5L,0.4~h) 0.84 1.617 4
0.96 1.429 10
0.99 1.389 100
713(0, 0.4h) 1.03 —6.583 4
0.99 —6.868 10
0.99 —6.927 100

of piezoelectric materials. Figure 11 shows the mid-plane
deflections along the beam. The total voltage across the
thickness of the piezoelectric is plotted in Figure 12. As
shown in Figures 11 and 12, the deflection and voltage
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distribution along the beam predicted by the present for-
mulation have a good correlation with previous results.

PVDF Bimorph Beam

Another case study is a cantilever piezoelectric bimorph
beam with two PVDF layers bonded together and polar-
ized in opposite directions. This particular example has
been analyzed among others by the following researchers:
Chee et al. (1999), Hwang and Park (1993), Tzou and Ye

(1996), Tzou and Tseng (1990), Suleman and
Venkayya (1995), Correia et al. (2000), and Fukunaga
et al. (2001). The geometry of the bimorph beam
is shown in Figure 13. The mechanical and piezoelec-
tric properties of the PVDF are taken as: E|| =
E22 = E33 = 2GPa, G12 = G13 = G23 = 1GPa, V2 =
V23 = V13 = 029, €31 =é€3 =0.0460 C/mz, and X1 =
x33 =0.1062x107°F/m. The e33 coefficient in all
models is assumed to be zero. To assess the computational
cost, a comparison of these models is given in Table 6.



Table 4. Properties for three-layered cantilever.

PZT-4 Adhesive T300/934 Aluminum
Eqs Pa 8.1300 x 10" 6.9000 x 10° 1.3238 x 10! 6.8900 x 10"
Ess Pa 6.4500 x 10'° 6.9000 x 10° 1.0760 x 10'° 6.8900 x 10"
Vis - 0.43 0.4 0.24 0.25
Gis Pa 2.5600 x 10'° 2.4600 x 10° 5.6500 x 10'° 2.7600 x 10"
D3, mv~! —1.22x1071° - - -
x11 Fv—' 1.305965 x 1078 - 3.0989 x 10~ -
X33 Fv—! 1.15102 x 107® - 2.6562 x 107" -
L m 0.1524 0.1524 0.1524 0.1524
h m 0.001524 0.000254 0.01524 0.01524
b m 0.0254 0.0254 0.0254 0.0254

Source: Chee et al. (1999).

Table 5. Comparison of computational cost of different models for three-layered cantilever beam.

Number of DOFs

Number of Number of
Total Electrical Mechanical nodes elements Models
1734 234 1500 26 25 Saravanos and Heyliger (1995)
38 18 20 6 5 Chee et al. (1999)
58 18 40 11 5 Present
7z I Piezo
Adhesive
% l_ T Substrate
Figure 9. Three-layered actuator/sensor cantilever beam.
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Figure 10. Deflection by piezoelectric actuation along the normalized length of the cantilever beam — actuator configuration.

ACTUATOR MODEL

In order to compare the results obtained from the
present model with alternative results, the mesh is com-
posed of five elements of same lengths. The mid-plane
deflection along the beam, produced by exerting an elec-
tric potential of 1V into the piezoelectric layers is given
in Table 7. Results are also given in this table using: the
results from the reduced higher order plate theory via

penalty functions (Fukunaga et al., 2001), the mixed FE
model (Chee et al., 1999) using the Hermitian beam ele-
ments with electric potential incorporated via the LW
formulation, the two nine-node plate elements (Correia
et al., 2000) using a higher order theory (with 11 and 9
DOFs at each node, respectively), and the shell and plate
elements based on FSDT (Suleman and Venkayya, 1995;
Tzou and Ye, 1996). This table shows that the present
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Figure 13. Cantilever piezoelectric bimorph beam.

results are in very good agreement with previous
researchers’ results.

SENSOR MODEL

In this section, the sensory capability is investigated.
A mechanical force is applied at the free tip of the beam
inducing a tip displacement equal to 10 mm. The varia-
tion of the total voltage across the thickness of the beam
is plotted in Figure 14. The results are compared with
the ones obtained from Chee et al. (1999), Hwang and

Park (1993), and Tzou and Tseng (1990). In the model of
Hwang and Park, the sensor voltages have been mea-
sured using 5 (or 10) pieces of separate electrodes, lead-
ing to a constant voltage along each electrode and a step
voltage distribution, as shown in Figure 14. However, it
is possible to locate point electrodes at interested posi-
tions. Tzou and Tseng (1990) and Chee et al. (1999)
measured sensor voltages distribution along the PVDF
beam using these point electrodes. In the present
model as well, these point electrodes has been made
use. Figure 14 shows a good correlation between the
results of the present model and the results of the afore-
mentioned researchers.

CONCLUSIONS

A three-nodded beam element has been extended to
the analysis of layered piezoelectric composite beams. A
refined sinus model is utilized for components of the
mechanical media. All displacement and stress continu-
ities are ensured at layer interfaces as well as the free
boundary conditions at the top and bottom of the beam.



Table 6. Comparison of computational cost of different models for PVDF bimorph beam.

Number of DOFs

Number of Number of

Total Electrical Mechanical nodes elements Models

160 10 150 33 5 Fukunaga et al. (2001), nine-node
element

80 10 70 12 5 Fukunaga et al. (2001), four-node
element

114 24 90 36 10 Tzou and Tseng (1990)

340 10 330 33 5 Correia et al. (2000), 11 DOFs

280 10 270 33 5 Correia et al. (2000), 9 DOFs

336 66 270 33 10 Tzou and Ye (1996)

70 10 60 12 5 Suleman and Venkaya (1995)

70 10 60 22 10 Hwang and Park (1993)

38 18 20 6 5 Chee et al. (1999)

76 36 40 11 5 Present

—e— Hwang/Park
—m—Tzou et al.
—a— Chee/Steven
—=— Present

Voltage difference across beam (V)

Distance (m)

Figure 14. Voltage difference across the thickness of PVDF at various points along the length of the beam — PVDF bimorph beam — sensor
configuration.

Table 7. Comparison of deflections induced by actuators — PVDF bimorph beam.

Deflections (107" m)

100 80 60 40 20 Location x (mm)

3.45 2.208 1.242 0.552 0.138 Present

3.45 2.208 1.242 0.552 0.138 Mixed model (Chee et al., 1999)

3.45 2.21 1.24 0.553 0.139 Plate FE (nine-node element)
(Fukunaga et al., 2001)

3.45 2.21 1.24 0.553 0.139 Plate FE (four-node element) (Fukunaga
et al.,, 2001)

3.45 2.21 1.24 0.552 0.138 Theory (Tzou and Tseng, 1990)

3.45 2.21 1.24 0.552 0.138 Plate FE (11 DOFs) (Correia et al., 2000)

3.45 2.21 1.24 0.552 0.138 Plate FE (nine DOFs) (Correia et al.,
2000)

3.30 2.11 1.19 0.528 0.132 Shell FE (FDST) (Tzou and Ye, 1996)

3.45 2.21 1.24 0.55 0.14 Plate FE (FDST) (Suleman and Venkaya,
1995)

3.16 2.02 1.14 0.51 0.13 Analytical (Correia et al., 2000)

3.15 - - - - Experimental (Tzou and Tseng, 1990)




This conforming FE does not need shear correction
factor, and the number of its mechanical unknowns is
independent of the number of layers. Concerning the
electrical part, a high-order approximation for the elec-
trical potential ensures the boundary condition for the
applied voltage.

In order to evaluate sensor and actuator capabilities
of this element, a four-layered substrate composite beam
with piezoelectric bonded to its top face, a three-layered
cantilever beam equipped with piezoelectric and non-
piezoelectric materials, and a PVDF bimorph beam
have been considered. The numerical results obtained
from this formulation have been compared with results
available in the open literature. Good correlation has
been found. The present FE is very useful in modeling
thin and thick piezoelectric composite beams under
mechanical and electrical loads.

This element seems to be a good compromise between
the computational cost and the accuracy of results for a
wide field of applications.
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APPENDIX

The coefficients Ay, By, Ci, Dy, E, Fi, H; and I, are
given below:

_ S @Gk = Gr)

Ay
’ 2Grax
E, = Ay
B — (=Gr-1ax-1 — 3Grar)
k pr—
2Gkak
F— (=Gr-1ax-1 — Gray)
k =
2Gkak
Co — (—3Gk-1ax-1 — 3Gray)
k p—
2Gay
Hk — (_3Gk71a/c71 - Gkak)
2Gkak
Dy — (6Gr—1ar—1 + 6Gray)
k 2G;<ak
I = Dy





