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SMART PLATES: REDUCED MODELS
AND NUMERICAL SIMULATIONS

JOSE A. CARVALHO, ISABEL N. FIGUEIREDO AND REBECA MARTINEZ

ABSTRACT: In this paper asymptotic models describing the mechanical and electric
equilibrium state of two types of smart structures are presented and justified. The
first structure consists of an anisotropic elastic thin plate with two surface bonded
anisotropic piezoelectric patches and the second one is an anisotropic elastic sand-
wich thin plate with an inserted anisotropic piezoelectric patch. The two unknowns
of the corresponding asymptotic models, the mechanical displacements of the struc-
tures and the electric potentials of the patches, are partially decoupled. The former
are the solution of modified Kirchhoff-Love plate models, while the latter can be
derived as explicit functions of the mechanical displacements. Moreover, different
formulas for the electric potential arise as a consequence of diverse electric boundary
conditions. We report numerical simulations with these asymptotic models.
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1. Introduction

Smart structures are advanced structures that consist generally of a host
structure (for instance a plate, a beam or a shell) with integrated surface-
bonded or embedded devices of active or smart materials (cf. [26]). These
devices have the capability to change the structure’s behavior acting as sen-
sors and actuators, with the purpose of obtaining a self-controlled and self-
adaptive structure able to react and adapt to the environment. The sensors
give information about the state of the structure, while the actuators can
generate modifications in its mechanical behavior. The most used smart
materials are piezoelectric materials, which have the property to convert me-
chanical energy into electric energy and vice-versa. Therefore piezoelectric
devices are both actuators and sensors. This makes them useful in a wide
range of practical applications, where their geometries are those of thin plates
(i.e. the thickness is very small when compared to the area of the middle
plane of the plate).

The aim of this paper is to describe and mathematically justify asymptotic
models for static thin plate structures made of elastic plates with integrated
piezoelectric patches or layers. In short, these asymptotic models are reduced
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(i.e. lower-dimensional) models resulting from the application of a mathe-
matical procedure (termed the asymptotic method) that aims to compute
the behavior of the solutions of the three-dimensional equilibrium variational
equations, as the thicknesses (of the structures) approach zero.

We refer to [5, 6, 8] and [7] for an overview of the application of the as-
ymptotic method to elastic plates and junctions in elastic multi-structures,
respectively, and to [9] and [29] for elastic shells and rods, respectively. In the
literature there are also articles reporting reduced models obtained with the
asymptotic method, for plates, shells or rods made exclusively of piezoelectric
materials (cf. [20, 21, 22, 23, 24, 25, 30, 10, 15, 16, 17]). In all these articles
the asymptotic modelling of an assemblage of elastic and piezoelectric con-
stituents is not analyzed. However that in [4] reduced models are proposed
for thin smart shells with piezoelectric patches; but those are derived with-
out applying the asymptotic variational method, but rather using convenient
a priori mechanical and electric assumptions. There are also articles con-
cerning the mathematical analysis (see [13, 27, 28]), numerical analysis and
numerical simulations (see [18, 14, 1, 2, 3]) for two and three-dimensional
models involving exclusively piezoelectric materials, and not a mixture of
different elastic and piezoelectric materials.

In this paper two types of smart structures are considered : one (termed
PSBP) concerns an elastic thin plate with two surface bonded piezoelectric
patches and the other one (termed PIP) an elastic sandwich thin plate with
an inserted piezoelectric patch. In the corresponding asymptotic models, it is
found that the solution is the pair composed by the mechanical displacement
of the structure, which is a Kirchhoff-Love displacement, and the electric
potential of the patches, which is a function of the mechanical displacement.
These asymptotic models are two-dimensional models, defined on the middle
plane of the structures. In addition, in the three-dimensional models, it is
assumed that each piezoelectric patch verifies a mixed Dirichlet-Neumann
electric boundary condition and it is supposed that there are three possible
parts of the patch’s boundary where the Dirichlet conditon can act (a part of
the patch’s lateral boundary together with both the upper and lower faces of
the patch, or together with just the upper or the lower surface of the patch).
Actually these three possibilities give rise to three distinct formulas for the
patch’s electric potential.

It is significant to say that the asymptotic models of this paper are in good
agreement with those proposed in [4] for thin smart shells with piezoelectric
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patches (a plate is also a shell with a plane middle surface). More specifi-
cally, as in [4], we also found out that the asymptotic electric potentials are
quadratic polynomials with respect to the thickness variable.

We emphasize that all the materials (both elastic and piezoelectric) un-
der consideration are mechanically and electrically anisotropic, but not com-
pletely non homogeneous, since it is assumed that all the material coefficients
are independent of the thickness variable. But an important point is that
this assumption is by no means restrictive, it is only used for the sake of sim-
plicity of the formulas involved in the definition of the asymptotic models (cf.
(1)=(3)). In addition, it is significant to mention that this simplification does
not lead to easier asymptotic models. Actually it is found that the tangential
and transverse components of the mechanical displacement are coupled, un-
less the different constituent materials are equal and symmetrically disposed
with respect to the middle plane of the global structure (cf. corollaries 3.1
and 3.2 for PSBP and corollaries 4.1 and 4.2 for PIP).

Furthermore, it is worthwhile to remark that the asymptotic models pre-
sented here easily generalize to the case of structures that have a finite num-
ber of surface bonded or inserted piezoelectric patches. Moreover different
asymptotic models can be obtained depending on the possible combinations
of the electric boundary conditions (among the three types mentioned above)
for the different patches integrated in the structure. From the physical point
of view, this means that some of the patches may act like actuators, while
the remaining other ones may behave like sensors. In this way the structure
becomes a smart or an active one.

The mathematical justification of the two asymptotic models (for PSBP
and PIP) presented in this paper, strongly relies on the arguments reported
on the papers [12, 15, 17, 25], for the piezoelectric patches (which have the
geometry of plates) and [8] for the elastic plates. In reality the mathemat-
ical reasoning, that leads to the asymptotic models for PSBP and PIP, is
a judicious combination of the proofs presented in these above mentioned
works. In short, it is enough to take into account the specific geometry of the
global structure, to assume the integrated piezoelectric patches are perfectly
surface-bonded or embedded (so that in the three-dimensional equilibrium
equations, the mechanical displacements and the stresses are continuous at
the interfaces of the materials (cf. (11) and (28)) and to combine carefully
the three different possible choices of electric boundary conditions for the
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piezoelectric patches. Consequently, the proofs for the asymptotic models
for PSBP and PIP are only briefly sketched and not detailed in this paper.
After this introduction the remainder of the paper consists of four sec-
tions. Section 2 describes the notation as well as a short summary of the
asymptotic method. In sections 3 and 4 the asymptotic models are defined.
The organization of these sections 3 and 4 is very similar. Firstly the three-
dimensional mechanical and electric equilibrium equations are defined. On
the whole these consist of several groups of equilibrium equations modelling
each part of the structure (either elastic or piezoelectric) together with the
boundary conditions and the transmission conditions at the interfaces of the
different constituents. Next, the asymptotic models are stated in theorems
3.1, 3.2 and 3.3 for the PSBP structure and theorems 4.1, 4.2 and 4.3 for
the PIP structure. Corollaries of these theorems, which arise for particular
symmetric geometries, materials and data of the patches, are also stated and
demonstrated. Finally in section 5 we present the numerical tests.

2. Notations and asymptotic method

2.1. Geometry. Let (O, z1,x2,23) be a cartesian three-dimensional refer-
ence system and w C R? be a bounded domain with a Lipschitz continuous
boundary, and w™* a subset of w. For each 0 < h < 1 we consider the set
2 = w x (—h,h). An arbitrary point of € is denoted by = = (1,2, x3),
where the first two components (z1,z3) = (21, 22) € w are independent of h
and z3 € (—h,h).

In the sequel, in sections 3 and 4, we consider that the plate 2 is made
of one or two elastic materials with integrated piezoelectric patches. This
means that Q = w x (—h, h) = U, Q" where the abbreviation mat stands

. mat
for material and each subset Q™ = ymat x (zmat _ L=

5 ,zmat+$) represents
either the elastic plate or the piezoelectric patches, which are also plates.
The positive scalar t™% represents the thickness of the plate Q™. The
absolute value [2"%| is the distance, measured along the thickness axis, from
the middle plane of Q™ to the xyxo-plane of the global reference system
(O, x1, 9, x3).

Moreover let 9€2 be the boundary of €2 and vy C dw a subset of the bound-
ary Ow of w, such that, meas(yy) # 0 and 73 = dw \ 79. In addition, we
define 4™ C Qw™ which is a subset of the boundary dw™ of w™* and

ymat = g™t \ qmat We denote by v = (11,9, v3) the outward unit normal
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vector to the boundary 0€), where v = (4, 12) = (v4,) is the unit outer normal
vector along Ow.
Given a function 0(x) defined in Q We denote by 0,0 its partial derivative

5. and by O30 = 8 _ is the second

with respect to x;, that is, 0,0 = 075

partial derivative of ¢ with respect to x, and zz.

2.2. Materials. Throughout the paper, the latin indices 7, j, k, [... belong
to the set {1,2,3}, the greek indices o, 3, p... vary in the set {1,2} and the
summation convention with respect to repeated indices is employed, that is,
a;b; = 25’:1 a;b;. Moreover we denote by a - b = a;b; the inner product of
the vectors a = (a;) and b = (b;), by Ce = (Cjjmex) the contraction of a
fourth order tensor C' = (Cjjz) with a second order tensor e = (ey;) and by
Ce : d = Cjjrerd;; the inner product of the tensors Ce and d = (d;;).

We also denote by C™" = (C7if), P = (PJd) and e = (]1*") the
fourth, third and second order tensors, respectively, representing the elastlc
piezoelectric and dielectric coefficients of a plate made of a material denoted
by mat and occupying the three-dimensional plate ™%, For an elastic mate-
rial mat only the tensor C™ is defined but if mat is a piezoelectric material
the three tensors C™  P™ma and €™ are required.

We introduce now the modified coefficients A75! | pyis and pgi* depending

only on C7f, Pl and e} and that are defined by (cf. formula (8) in [12])

mat Ymat mat
Amat Cmat 00533 033’70 Cmat Cl/333 Cmat mat amat
abyp = Mafyp (C'mat af33 ~mat (C'mat afv3 oyp
3333 3333

Y

Cmat Cmat
mat Pmat a333 Pmat Cmat ~33v3 Cmat mat mat
P3ap = 17308 Cmat * 333 aB33 Cmat aBv3

3333 3333

Pm Pmat Cmat
mat mat 333 + 333 mat ~'33v3 mat mat
4 7888 1833 (P _P ) bt o5,

D33 = €33 mat 333 ~mat 3u3
03333 03333
where
mat mat ,ymat mat ymat mat mat mat mat mat
aé’yp 0337/)05333 0637,0033337 05333 333 03333 303 »

[ppet] = [OpatCmat — cmat owel] =t (identity between two matrices).

We always assume that the material mat, either elastic or piezoelectric,
is such that the corresponding material coefficients are independent of the
thickness variable x3 (actually, commonly used piezoelectric materials are
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transverse isotropic like PZT (lead-zirconate titanate), or orthorhombic like
PVDF (polyvinylidene fluoride)).

In the following sections we use several matrices which are associated to
these modified coefficients. For each material mat, these matrices have their
components multiplied by the characteristic function xme (if x € W™ then
Xomat(x) = 1, and if x ¢ W™ then x,ma(z) = 0). The matrices are denoted
by A7 for i = 0,1,2, p}mt for j = 1,2 and ppj*™ for k = 0,1,2. The
components of A% are defined by

t'mat

maer

mat _ mat _ mat ymat
(AO )OCB’YP = meat fzmat tmat AC!B’YP dﬂjg = meatAa,B’ypt

mat+ t'mat

mat mat 75mat mat

(A7) apyp = Xwmat fzmat imar T3 Agigy, dy = Xomat AQS <
2

mat+t mat

(A5 Yo = Xomot [ o 25 AL s = Xomor ATgh, g (£71)? + 1207 (2701)2).

Z 0

The components of p!' mat for j = 1,2 are given by

mat_i_m mat mat

t P3 P3 t
(p’ina )QB'VP - meat fzmat tmat W (x3 - Zma )d.Tg e 0
2

(2)

Zmat+tm ot mat,mat mat o mat (tmat)S

mat P3ap P3yp _ ~mat _ P3ap P3vp
(95" )apyp = Xuwmat fzmat_t”;at Pt (5 — ™M) w3 divg = Xomar Pt 12

Finally the components of pp[*® for k = 0,1, 2 are defined

mat_ t"" mat mat mat . mat
+ P3ap P3yp P5ap Psyp ymat

mat _
(Ppo )aﬁw = Xwmat fzmat_tmat po dxz = Xymat plLat
2

L Zmat+ pgnaéf pgnat pgnaét pgzat ' ‘
ma — @ P N &3 P ma ma

= t 2P0 o dxg = =P f z
(PPT Vo = oot [y e = e 03 Ay = Xomat =S

Z'mat+ mat mat mat,mat

¢ . p3 P3 P3apP3yp 1 t t )2
(PP Vasvp = Xumet [, fmi w3 = Yomar =2t 15 (#71)° + 124790 (279)?).
_pmat

(3)

2.3. Functional spaces. Now let = represent any open subset of R", with
n = 2,3. We use the Sobolev spaces H™(Z) (also denoted by W"?(E)),
defined by

HY(= {UELQ(E): o € L*(2), forizl,...,n},
H?(2) {UEL2 =) Ow, Ojv e L*(2), fori,jzl,...,n},
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where L*(2) = {v: 2 - R, [Z|v[*d= < 400} and the partial derivatives
are interpreted as distributional derivatives.

We use as well the space Vi, associated to the admissible mechanical
displacements, and the spaces U™ and W}t associated to the electric po-
tentials, defined by

Vi = {U c [Hl( )]3 : U, = 0, 61'3(7}) = 0},

\I/mat {wmat c LQ(Qmat) : 83wmat c LQ(Qmat)}’ (4)
\If%at {¢mat c L2(Qmat) : 83,¢mat c LZ(Qmat)’ rrzzgt _ 0},
where 613( (8 v3 + 03v;) and T'p, T7" are subsets of the boundary 02

) =
of Q (cf. (6), (7 ) for PSBP and (23), (24) for PIP). The space Vi, which is
the so-called Kirchhoff-Love mechanical displacement space, is equivalently
defined by (cf. [8], p. 47)

View = {v=(v1,02,09) € [HQP : 3y = (m, ) € [H' (W) x H3(w),
Va(®) = Na(@1, 22) — T3 Oans(21, 72),  v3(x) = n3(w1, 22),

nll"/o - 772\“/0 - 773I"ro - O’ a’/n?’\“fo - 0}

2.4. Asymptotic method. The asymptotic method can be briefly de-
scribed as follows. Starting with the three-dimensional equilibrium vari-
ational equations for a plate with global thickness h, these equations are
scaled to a domain that is independent of h. Assuming appropriate scalings
for the data and unknowns, one then lets h — 0 and studies the convergence
of the unknowns in appropriate functional spaces. This leads to the defini-
tion of the limit model and rescaling it to the original domain then results
the asymptotic model (also termed reduced or lower-dimensional model).

3. Plate with surface bonded patches — PSBP

Here we define the reduced model for a PSBP structure. It is obtained
by applying the asymptotic method to the three-dimensional equilibrium
variational equations of a PSBP structure, and its definition is stated in
theorem 3.1. Particular formulations of this reduced model are described
in theorems 3.2 and 3.3, for different electric boundary conditions on the
piezoelectric patches.
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3.1. The three-dimensional model — PSBP. We consider a thin elastic
plate with two piezoelectric patches bonded on its lower and upper surfaces,
respectively. In the following the geometrical and material properties of the
two patches and the elastic plate are indexed by the upper subscripts — or +
for the lower or upper patch respectively, and m for the elastic plate (meaning
in the middle or between the two patches).

The geometry of this structure is then defined by the three-dimensional set
Q = U™ = Q- UQ™UQ", which has global thickness 2k (where h > 0
is a small parameter) and such that

QO =w x(z -5,z +5),
O — o x (27— a1, (5)

OF=wt x (zF - %,z*—i—%).
The two sets Q~ and QT define the geometry of the two patches and Q™ the
geometry of the elastic plate. The positive scalars ¢, t™ and ¢ represent the
thicknesses of layers Q~, Q™ and Q7, respectively, and verify ¢t ~+t™+t" = 2h.
The absolute values |27, [2™| and |27 are the distances, measured along the
thickness axis, from the middle plane of 2 to the middle plane of layers 27,

Q™ and QT respective

to{ Q+

Q" t"

t{_ O

F1GURE 1. Vertical cross section along the thickness for a rect-
angular plate with two piezoelectric patches

We remark that w™ and w™ are subsets of w. Moreover, we define the bound-
ary sets

Cp=a0x (2" =F,2"+5), TR =T\T},

Fump%o = F;Zat U Fumpat7 F}vowt = mat ¢ {pmat _ tn;t},

F%at — wmat X {Zmat 4 % : (6)
F;nat _ ﬁy;nat % (zmat _ g) pmat %):

tmat

mat gmat
5 )~ + ) )

mat __ ~mat mat
[rat — ~mat o (Zmat — 5
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for mat = +, —. In addition, we also introduce three different disjoint parti-

tions {T'M5, T} of the boundary of Q™ for mat = 4, —, defined by
(ebc1™a) - [mat — Tmat and T78t = FZ;)%O U Tmat,
(ebc2maty . Moyt =TreruTet and TPt =Tty T, (7)
(ebe3™mat) Moyt =T uTpe and TUg" =Tt U T,

The three-dimensional model, representing the mechanical and electric
equilibrium state of the PSBP structure with geometry €2, aims to find the
mechanical displacement u defined in Q@ = Q~ U Q™ U Q" and the electric
potentials ¢~ and ¢*, defined in Q= and Q7. respectively, satisfying the
following system of equations and boundary conditions:

—dive=f in Q- UQ"UOQT

8
divD=r in Q UQT, (8)

u=0 on I} and o-v=g¢g on Iy, (9)
[ D-v=60 on T,y D-v=0 on T/
_ - - and eN 10
Lo =w, on I, ot =ps on T, (10)
[ w"=u" and (0™ —0")-v=0 on Q" NOm=w" x {zm -} a1
_um:qu and (O'm—0'+)'l/:() on QerQm:erx{zm_{_%}’
in Q™ o=C"-e(u)
o=C"-e(u)— P -E(¢")

in Q° B - -
| D=P"-e(u)+c - E(p7) (12)
o=C"-e(u)— P -E(¢")

in QF:

i D =Pt -e(u)+et-E(e")

The equations (8) are the mechanical equilibrium equations and Maxwell-
Gauss equations: o is the stress tensor field, D is the electric displacement
vector field, f and r are the densities of applied body forces and volume
electric charge, respectively, acting on the plate €2. The mechanical boundary
conditions are defined in (9), meaning that the plate is clamped on I'}} and
submitted to the density of applied surface forces g on I'y. The electrical
boundary conditions are defined in (10) and mean that the plate is submitted
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to applied electric potentials, ¢, and ¢ on I'_, and F:D respectively, and
to a surface electric charge of density 6 on I'_,; and I'',,. The equations (11)
represent the transmission conditions at the interfaces and finally (12) are
the constitutive equations that evidence the converse (actuator) and direct
(sensor) effects of the patches. In (12) the tensors C™, C~ and C" represent
the elasticity coefficients of the elastic, lower and upper piezoelectric patches,
and finally P, P* and £, e are the piezoelectric and dielectric tensors of
the lower and upper piezoelectric patches. Moreover the notation o™, o™
and o~ in (11) is self-evident and stands for the restriction of o to Q™ QF
and )~ respectively.

3.2. The asymptotic model — PSBP.

Theorem 3.1. Let us assume any type of electric boundary conditions (ebci™™)

with i = 1,2,3 and mat = +,—. Then, the (variational) asymptotic model
correspondz’ng to problem (8)—(12) is

Find (u,o%,¢7) € Vigr, x U;" x U, such that:
a0, 9",97), (0,0, 07)) = 1wt u7), W00 97) € Vi x Wl x W, (13)

et = pprats on TTSE format = +, —,

where

a(w it ), 0,0 07)) = a™(wv) + a* (), (0.09) +a (0 7), (0.6)),
") = [ Al easlu) eop(v) da,

amat ((u @™ty (v > = Jomar ALS eap(t) exp(V) AT + [o0 PR O30™ Dgtp™ " dz

= Jomae P52 [eaﬁ (u) Bgip™ " — €ap(v) 33<Pmat] dz,

for mat =+, —, and

l(v,zﬁ,w_):/f-vd:c+/rmg-vdFN+/Qirwid:c—/Fi 0= dl'y.

In particular, u is the asymptotic mechanical displacement in Q, o™ and ¢~
are the asymptotic electric potentials in QF and Q~; the triple (u, ™, ¢7) is
the unique solution of the variational equation (13).

Proof: The proof is a straightforward extension of theorem 3.3 in [15], or
equivalently and extension of problem (7) in [12] for a plate {2 made of one
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elastic plate Q™ and two piezoelectric patches Q= and Q. We remark that
the scalings used for the unknowns and data are those adopted in [15]. =

Theorem 3.2. Let us assume the electric boundary conditions (ebc1™™) for
both materials mat = +, —. Then, the asymptotic mechanical displacement u

in (13) is the unique solution of the following variational problem, formulated
in )
find w € Vg such that: a(u,v) =1l(v), Yv e Vg, (14)
where u, = &, — 30,3, for a = 1,2, ug = &3,
= Jom AulspCap()eq,(v) dU™ + [o Aly eap(u) ey,(v) Q™
¥ fye Al () e3p(0) AU — [ 920 (0 27) 005(0) D65 A2 (15)
— Jos B (5 — %) €0p(0) Oy 4V,

and

(0) = Jof v+ [ g-vdly+ [, (B4 GBI )y e s0)d-

P33

P (P10=Poup—RT) (16)
+ Jor ( o e ) Piog Cap(v) dUF.
Here 808% and p§t, with mat = +,—, are the restrictions of @™ to,

respectively, the upper and lower faces T'p™ and T of Q™ and R™" .=
gmat

fz By m 1,3;?; dxs, with P3r = f r dys the antiderivative of v with respect to the
2

zmat

thickness vamable x3. In addition in (13), the asymptotic electrical potentials
@™ (for mat = +, —) are defined by

M (w1, 22, w3) = g (X1, T2)+
x mat mat mat (17)
fzniat_g < pfrfﬁ (y - Zmat) 801,@&3 + FOup S:'?rfat TR plgnzgt> dy3
Moreover, the bilinear form a(u,v) in (15) can be rewritten as
o(,0) = [ [Nasw) caslo) + Mas(u) 0usms) do (18)
w

Here (Nyos(u)) and (Maps(w)) are the components of second-order tensor fields,
associated to the Kirchhoff-Love displacement w, and given by the following
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matriz formula

[ Nog(u) |

| Mas(u) |

i (19)
(A{Jn + A(—JF + A(;)aﬁw _(AT + AIL + Al_)ozﬁw ] [ ew(g) ]

L —(A’{”’ + AT + Al_)ozﬁvp (Agn + A; + Ay + p; + pg)aﬁw 87p€3 '

The matrices A7, pi*™ (fori=0,1,2, j = 1,2, mat = —,m,+) are defined
in (1)_(2); and g = (61752753)'

Proof: The proof is a straightforward extension of theorem 2.1 in [12], which
itself is a generalization of of theorem 3.4 in [15] and consequently of theorem
3.1in [25]. In fact, choosing in (13) (¢ *,4~) = (0,0) and using (ebc1™) for
mat = +, — we obtain the formula (17). Afterwards inserting these formulas
in (13) we immediately get (15) and (16). To obtain the new formula (18) for
the bilinear form it is enough to remark that in (15) e,5(u) = eq3(§) — 30453

and e,3(v) = eq3(n) — x304473. ]

Corollary 3.1. In addition to the conditions of theorem 3.2 we suppose both
patches are made of the same piezoelectric material, have the same geometry,
and are placed in symmetrical positions. Moreover, there are not any applied
body and surface forces, and applied volume electric charge (f =0,9=0,r =

0). We also assume that the applied electric potential differences, gogfgt—@g%,
format = +, —, are equal or symmetrical. i) If o3, — gogup = — (gpalo — goo_up),

then the system (14) is equivalent to

fw eaﬁ(m (Agl + A(T + Aa)aﬁ'yp 67,)(5) dw =10
fw Oapn3 (AF' + A; + Ay + p; + 13 )apyp Ovpés dw = fw+ 2(90570 - Soa_up) p;,raﬁZJr Dapn3z dw™

which means the tangential mechanical displacements & = & = 0. i) If
Poto — Loup = Pore — Poups then (14) is equivalent to

{ fw eap(n) (An)asyp €4p(§) dw = fw 2 (90310 - SO(J)rup) p:j,raﬁ eap(n) dw™
Joy Oapms (A5 + A3 + Ay +p3 + Dy Japyp Oypbs dw = 0,
and in this case the transverse mechanical displacement &3 = 0.

Proof: With the material and geometric hypotheses imposed to the patches
we have that w™ = w™, 2™ =0, 2= = —2z" and t~ = t". Therefore, the
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matrix in the right hand side of (19) becomes
(A + Ag + Ag )app 0

0 (A5 + Ay + Ay + Py + 12 sy

and the linear form in (16) is now equal to

l( ) { foﬁf 2 (903_10 - Soa_up) p;—aﬂ zt 8043773 dw+7 when 908_10 - ¢gup == (90(;10 - Soaup)
U -
[s 2 (0810 = Cup) Phap Cap(n) dw™,  when  @f, — 06, = oo — Poup
This gives the result. ]

Theorem 3.3. Let us assume the electric boundary conditions (ebc2™™) or
(ebe3™) for both materials mat = +,—. Then, the asymptotic mechanical

displacement w in (13) is the unique solution of the following variational
problem, formulated in )

find w e Vigr such that: a(u,v) =1l(v), Yv e Vkp, (20)
where u, = &, — 13043, for a = 1,2, ug = &3
a(u,v) = Jom AbpypCap(u)eqs, (V) dU™ + Joo Al eap(t) eyp(v) d2
o Jor AP () €4 (0) dXT + [ P2 cop(u) eap(v) dQT (21

+ |, p;‘lﬁp;”e (u) eqp(v) dQT
O+ pg% af3 af b

and
:/f.de+/ g-vdly + 19" (v) + 1% (v),
Q INN;

where for mat = +, —

mat

lebcz psaﬁ

Qat et [Par(a1, 20, 23) + (50 — Pyr)(x1, w2, h*)] eqp(v).

tma

Here s = 1 and b* = 2" + 0% for (ebc2™ ), s = —1 and h* = 2™t — 7 for

(ebe3™™). The asymptotic electmcal potential @™ in Q™ for mat = + —
18 defined by

mat (

M2, w9, 13) = @ (T, 22) + fmat mat zzrgﬁ leap (&) — y3 Onpés] dys

mat
T3 Psr(zy,x2,y3)+(0—Psr) (@1 0,2 +15—)

¢ d
smat _ tn;a pgéat y37
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for (ebc2™™) and by

mat
" (w1, w0, w3) = et (v1,29) — [ = iggﬁ leas(&) — Y3 Dapss] dys

mat
+f m‘”-*—— Pyr(zy,@2,y3)+(—0—Psr) (21,@2,2m — 1)
€T3

d
pwéat y?) Y

for (ebe3™™). Moreover, the bilinear form a(u,v) in (21) can be rewritten as

afu,0) = | [Nosfu)caslin) + Mas(a) D] o

where (Nog(u)) and (M,s(u)) are the components of second-order tensor

fields associated to the Kirchhoff-Love displacement u given by the follow-
ing matrixz formula

[ Nag(u)
| Mag(u)

[ (AR + A§ + Ay + 008 +PP0 )y — (AT + AT + AT+ ppl + PPT )apyp ] [ ep(€) ]

—(AT 4+ AT + AT + 07 4007 )apyy (A3 + A3 + A7 +pp3 + P03 )apop 05p€3

The matrices A" and p7'*, withi = 0,1,2, j = 1,2 and for mat = —, m, +,
are defined in (1)-(2), and € = (61,6, &5).

Proof: The proof is a combination of the results found in section 3.4 of [17]
for the electric potentials together with the new geometry of the plate ) =
QruQruUQ. O

Corollary 3.2. In addition to the conditions of theorem 3.3 we suppose both
patches verify (ebc2™™), are made of the same piezoelectric material, have
the same geometry, are placed 1n symmetrical positions. Moreover, there are
not any applied body and surface forces, and applied volume electric charge
(f=0,9g=0,r=0). We assume that the applied surface electric charges
0" and 0~ acting on F:N and I'_y, respectively, are equal or symmetrical. i)
If 07 = —0~ =0, then the system (20) is equivalent to

{ I, eas(n) (A), + Ay + Ag + ppg + DPo )app €4p(€) dw = 0

+
fw Oapnz (AR + AT + Ay +ppd + PP3 )aprp Oypls dw = —s fw+ 2 % (017 27) Dapnz dw™,
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which means the tangential mechanical displacements & = & = 0. i) If
0t =0~ =0, then (20) is equivalent to

N

{ | eap(n) (A% + A5 4+ Ay + g + Pg )apyp €4p(E) dw = s [, 2tF p;’Tif 0 eqp(n) dw™
fw 801,6773 Aén + A;_ + AQ_ + pp2 + pr_)ozﬁ’yp ’yp€3 dw = 0,

and in this case the transverse mechanical displacement &3 = 0.

Proof: Analogous to that of corollary 3.1. A similar result applies if both
patches verify electric boundary conditions (ebc3™). |

4. Plate with an inserted patch — PIP

The procedure is the same as indicated at the beginning of section 3, but
now for the PIP structure. The asymptotic models are stated in theorems
4.1, 4.2 and 4.3.

4.1. The three-dimensional model — PIP. We consider a three-dimensional
thin plate Q = U, with thickness 2h, made of two external elastic lay-
ers (27 on the bottom and 2" on the top of the structure) and an internal
layer which includes and elastic part 2° and an inserted piezoelectric patch
(. This means that the subscript mat ranges now the set {—,e,p,+},

Q=0 UQmUQT with Q" =w™ x (2™ — 25 2m 4+ 22) = QP U Q° and
QO =w x(z7 -5,z + %),
P =wPx (2L 2P+ 1),
0° = we x (ze—%, c+ L), w'=wm\wh
QF = Wt x (2 — £ ot 4 1),
The positive scalars ¢, t¢, t? and t*, with t¢ = t» = ™, represent the
thicknesses of layers Q, ¢, QP and Q7 respectively, and verify ¢t~ +¢"+¢+ =
2h. The absolute values |27, [2¢], |2P| and [2T|, with 2¢ = 2P = 2™, are the

(22)

.

FI1GURE 2. Vertical cross section along the thickness for a sand-
wich elastic rectangular plate with an inserted piezoelectric patch

distances, measured along the thickness axis, from the middle plane of €2 to
the middle plane of layers 2, Q™ and Q7 respectively. The geometrical and
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material properties of the three elastic parts and the piezoelectric patch are
indexed by the upper subscripts — or + for the lower or upper layers, and

by e or p for the internal elastic layer and inserted piezoelectric patch.
We define the following boundary sets of (2 and also two disjoint parts,
['p, 'y, of the boundary of €2 by

P —_ TP P P P p _ 1P P — P p P
1—‘up/lo_1—‘10U1—‘up’ 1—‘lo_(’d X{Z 2 I Fup_w X{Z + 2}7

F§:7§ X (Zp_ %’2P+%)7
[P =92 x (F = 5,27+ 5),
FD =Y X (—h, +h), FN = F\FD

We consider three different disjoint partitions {I'V,, I} of the boundary
of (P defined by

(23)

(ebclP) : I’y =TI? and I'fp =17 , UI?
(b2?): TPy =TPUTZ and I7?, =I7 UT? (24)
(ebc3P) : [Py =T?Uly, and I, =T% UI?

Now the three-dimensional model, corresponding to the mechanical and
electric equilibrium state of the structure PIP, aims to find the mechanical
displacement u defined in Q = Q- U Q™ U Q" and the electric potential ¢
defined in €2, satisfying the following system of equations and boundary
conditions (25)—(29):

—dive=f in Q=0 UQmUQ"
(25)
divD=r in P,
u=0 on I'p and o-v=g¢g on Iy, (26)
D-v=0 on I?
eN (27)
¥ = %o on FI;Da

cv=0, on QNP =wlx{F-"T}
-v=0 on Q+ﬂ§2p:wp><{zp+%}

cv=0 on Q N =wx{z-5} (28)
cv=0 on Q"NQ°=0w"x{z¢+5}

¢=w” and (6°—o0P)-v=0 on Q°NQP=0uwlx (2™ — 2"+ L),
o=CP-e(u)— P?- E(p)

o=C"-e(u) in Q" and in QP. (29)
D = PP-e(u)+eP- E(p)
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These equations have a similar interpretation to that given for (8)—(12). We

repeat it here for the sake of convenience of the reading. The equations (25)
are the mechanical equilibrium equations and Maxwell-Gauss equations, with
o the stress tensor field, D the electric displacement vector field and f and r
are the density of the applied body forces and volume electric charge acting
on the plate €. The mechanical boundary conditions are defined by (26),
and impose that the plate is clamped on I'p and submitted to the density of
applied surface forces g on I'y. The electric boundary conditions are stated
in (27) and mean that the plate is submitted to the applied electric potential
@o on I' ;. and subject to a surface electric charge on I'V; of density 6. The
equations (28) are the transmission conditions at the interfaces. Finally (29)
are the constitutive equations, where C?, C°¢, C'~ and C™ are the elasticity
tensors for the different materials, and PP and &P are the piezoelectric and
dielectric tensors of the piezoelectric patch.

4.2. The asymptotic model — PIP.

Theorem 4.1. Let Vi, V] and V), be the admissible spaces defined in (4)
with mat = p. Then, the variational asymptotic model corresponding to
problem (25)-(29) is

Find (u,¢?) € Vi x U] such that:
a((u, "), (U,W)) = l(v,¢7), V(v ¥P) € Vi x Wy, (30)

¢ =, on I,

where

a((u, o), (v, wp)) = a(u,v) + a" (u,v) + a (u,v) + ap((u, "), (v, wp))
a" " (u,v) = / ATE eap(u)es,(v) de,  format = e, +, —
Qmat

a? ((u, e, (v, WD)) = pr Aiﬁweaﬁ(u)ew(v) dr + pr Phs O3¢P 03P dx

— Jor Pras [eaﬁ(u)83¢p — eaﬁ(U)a?,QOp} dx

l(v,@bp):/gf-vdx+/r g-vdFN—I—/Q rwpdx—/r G P dr? .

g
eN
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In particular, u is the asymptotic mechanical displacement, ©P is the asymp-
totic electric potential in QP (the pair (u, @) is the unique solution of the
variational equation (30)) and

Proof: Analogous to the proof of theorem 3.1. |

Theorem 4.2. Let us assume the electric boundary conditions (ebcl?). The
asymptotic mechanical displacement w in (30) is the unique solution of the
following varitational problem, formulated in 2

Find w e Vir such that: a(u,v) =1l(v), Vv €& Vkp,
where w, = &, — 30,3, for a = 1,2, ug = &3,
a(u,v) = o, Alp, eap(U)e,(v) AT + [ ALs, eap(u)es,(v) dQ™
+ Joe Aiprpeap(t)eq,(0) dQ° + [o, AL, €ap(u)eq,(v) dP (31)

p . p
- fQP % (:ES - Zm) eaﬁ(v) awp&% dea
and

l(v):/ﬂfmd(l—i—/r g.vdrN+/m (1;2,2+ (“00’0_*?2“73_3}7))ﬁaﬁeaﬂ(v)dm (32)

Here @o,, and ¢g, are the restrictions of g to the upper and lower faces,

It and I}, respectively, of P, and RP := fzp+% it dyy (see (16)). The

tP Vg
ZP—% P33

asymptotic electrical potential @ in P is defined by

(@Uup Polo ]zp) I 3T
__ P _
pgg (y3 z )aaﬂg?: o p]gg > dyg.

3 P

o(x1, 29, 23) = 90010($1,952)+/

P
p_t2
2T

Moreover, the bilinear form a(u,v) in (31) can be rewritten as

afu,0) = | [Nas(w) easlm) + Mas(w) 2] do

with (Nag(u)) and (Mas(u)) given now by the following matriz formula

[ Nop(u) |
| Mas(u) |
(33)
[ (A5 + A5 + AT + A7 )agy —(A} + AT+ AT + AT+ PD)aprp ] [ €10(€) ]
L _(Azl7 + AT + AT + Al_)aﬁw (Alz) + A + A; + Ay + pg)aﬁ'yp 87,053 ’
where for mat = —, e, p,+ the matrices A" and p]; with 1 = 0,1,2 and

j =1,2 are defined in (1)-(2), and & = (&1, &2, &3).
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Proof: Similar to the proof of theorem 3.2. |

Corollary 4.1. In addition to the conditions of theorem 4.2 we assume the
two external layers, Q= and QF, have the same geometry and are made of
the same elastic material. i) If Qoo = Qoup, ¥ =0, fi = fo =0, g =0 and
f3 # 0, then the mechanical displacements & = & = 0 and & # 0. i) If oo,
Youp are independent of the thickness variable, po, # Qoup, 7 = 0, f = 0,

g=20, then & =0 and & # 0 # &s.

Proof: 1t is enough to remark that the matrix in the right hand side of (33)
is equal to

(Ag + A5+ Ag + A9 )apy 0
0 (Ag + A3+ A7 + A5+ Do)y
and the linear form in (32) is equal to
fQ J3 - v3dS2, with the hypotheses i)

l(v) =
{ Jow M”“;%“’J Phog €ap(v) d2P,  with the hypotheses ii).

Theorem 4.3. Let us assume the electric boundary conditions (ebc2P) or
(ebc3P).  Then, the asymptotic mechanical displacement u in (30) is the
unique solution of the following variational problem, formulated in €2

find we€ Vi such that: a(u,v) =1(v), Vv e Vkp, (34)
where u, = &, — 130,83, for a =1,2, uz = &3
a(u,v) = Jor ALy, ap(t)es,(v) dQT + [o- Als eap(u)es,(v) dQ
+ Joe Af gy pap(t)ey,(v) dQ° + Jow Agﬂ'ypeaﬁ(u) eyp(v) A2 (35)

pgaﬂpgw de
+ Jo» Z2r 7 €ap(u) eap(v) dOP,

and
[(v) :/f-de+/ g-vdly + 197 (v),
Q FN
where

lebci”(v) _ pr % [ngr(ggl, xo,3) + (s60 — P3r)(xy, 2o, h*)} eas(v).
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Here s =1 and h* = 22+ L for (ebc2?), s = —1 and h* = 2P — L for (ebc3P).
The asymptotic electrical potential P in QP 1s defined by

SOP(371,962,5133) = 90010(9617@ + fp a pgsg [eaﬁ<€) — Y3 aaﬁéé} dys

z3 P3?"($179€27y3)+(9*P37”)(=T1,$2,Zp+%) d
—f tP D Ys,

2P = D33

for (ebc2P) and by

Zp+ pga,g

gﬁp(x'l,iljg,ﬂ??,) - @Oup(xlny) - f% i [eaﬁ(g) — Y3 6&553} dyS

+fz + Psr(zy,22,y3)+(—0—Psr)(z1,22,27 ——)

s dy3 )

for (ebedP). Moreover, the bilinear form a(u,v) in in (35) can be rewritten
as

afu,0) = | [Noslu)casln) + Mas(a) D] o

where (Nog(u)) and (Mys(w)) are now given by the following matriz formula

[ Naﬁw(u) -

L Magyp(u)

[ (Af+ A+ AL+ AY A+ p0b)asap —(AV + AT+ AT + AT + )y | | €vp(8)
—(AV 4+ A{ + AT + AT + ppl)apyp (A + A5+ AT + AT + ppb)asy, 043

Here the matrices A" and pp)™, with i = 0,1,2, j = 1,2 and for mat =
- D6, =+, are deﬁned mn (1)_(2)7 and 5 = (51752753)'

Proof: Similar to the proof of theorem 3.3. |

Corollary 4.2. In addition to the conditions of theorem 4.3 we assume the
inserted patch verifies (ebc2P), the two external layers, Q= and 27, have the
same geometry and are made of the same elastic material. i) If 6 =0, r = 0,
fi=fo=0,9 =0 and f3 # 0, then tangential mechanical displacements
&, =686 =0 and & # 0. i) If 0 is independent of the thickness variable, and
not zero, and r =, f =0, g =0, then & # 0 # & and & = 0.

Proof: Similar to the proof of corollary 4.1. An analogous result exists if the
inserted patch verifies (ebc3P). u
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5. Numerical simulations

In this section we report the numerical tests done with the asymptotic mod-
els described in sections 3 and 4 for elastic plates with two surface bonded
piezoelectric patches (PSBP) or with one inserted piezoelectric patch (PIP).
All the tests where executed with the software CoMSOL MULTIPHYSICS®R)
[11]. We use Lagrange shape functions of degree 1 and Hermite shape func-
tions of degree 3, for the finite element discretization of the Kirchhoff-Love
mechanical tangential displacements &1, & and &3, respectively.

For both structures, either PSBP or PIP, the elastic material is always
Graphite Epoxy 0 and the patches are made of the same PZT piezoelectric
ceramic material. The values of the material parameters are taken from the
tables VIII and XI in [19].

In all our examples we consider w = [0, 0.5] x [0,0.25] for the middle plane
of the structure, and ™ = 0.015, t© = 0.005, t~ = 0.005 and t* = 0.015, for
the thicknesses of the middle elastic plate, the upper and lower layer or patch,
and the thickness of the inserted patch, respectively. Moreover, we consider
a triangular finite element mesh with 498 elements in w. Unless otherwise
stated the applied body forces, surface forces and volume electric charge
densities, f, g and r, are zero. The data are given in SI units, i.e., length is
measured in meter, mechanical forces in Newton and electrical potentials in
Volt.

The Figure 3 illustrates, for a plate of type PSBP verifying the hypotheses
of corollary 3.1, the influence of the clamped mechanical boundary conditions
on the mechanical displacements: when the plate is clamped in one side (top
row), two consecutive sides (middle row) and three sides (bottom row). The
projections of the piezoelectric patches on the middle plane of the plate are
wt =w™ =1[0,0.5] x [0.25/9,2 % 0.25/9] and the two patches satisfy electric
boundary conditions (ebc1™). For the left column the data correspond to
assumptions i) of corollary 3.1 (consequently & = 0 = &) and it shows the
transverse displacements &3 of the middle plane of this plate; here gparl —
Coup = — (P00 — Poup) = —100, with ¢f,, = 100, ¢y, = 100. For the
right column the data are consistent with the assumptions ii) of corollary
3.1 (thus & = 0), and it depicts the deformed middle plane of the plate
(multiplied by 10* and in the tangential directions z, x»); for this case

Olio = P = Poro — Poup = 100, with ¢, = 100, ¢y, = 100.
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FIGURE 3. Elastic plate with two bonded surface piezoelectric
patches (PSBP), verifying the conditions of corollary 3.1, and
three different clamped mechanical boundary conditions. Left
column: transverse displacements &3 (the plate verifies assump-
tions 1) of corollary 3.1). Right column: deformed middle plane
(multiplied by 10%) of the plate in the tangential directions (the
plate verifies assumptions ii) of corollary 3.1). The plate is
clamped in one side (top row), in two consecutive sides (mid-
dle row) and in three sides (bottom row).

The Figure 4 concerns two plates of type PSBP, and gives information
about the significant differences originated just by changing the position of
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01 0.2 03 04 05 0 0.1 0.2 03 0.4 05

FIGURE 4. Two elastic plates with two bonded surface piezo-
electric patches (PSBP), subject to the same data, except the
position of the upper patches: in the left column w™ = [0.5,4 *
0.5/5] x [7 % 0.25/9,8 % 0.25/9] and in the right column wt =
[0.04,0.06] x [0.045, 2% 0.055]. Top row: differences for the trans-
verse displacement £3. Middle row: differences for the deformed
middle plane of the plate (multiplied by 10*) in the tangential
directions. Bottom row: the distinct positions of w™ and the
different values of the electric potentials o™ and ™.

the upper patch, and keeping the other data equal for the two plates. More
precisely, both plates are subject to electric boundary conditions (ebc1™),



24 JOSE CARVALHO, ISABEL N. FIGUEIREDO AND REBECA MARTINEZ

for both materials mat = +, —, with ¢, — 5., = Py — Poup = 100, Vg, =
100, ¢y, = 100, and for the lower patch w™ = [0.5,4 % 0.5/5] x [0.25/9, 2 *
0.25/9]. But the positions of the upper patches are different: for one plate
wt =10.5,4%0.5/5] x [7%0.25/9,8 % 0.25/9] (left column) and for the other
plate wt = [0.04,0.06] x [0.045,2 % 0.055] (the right column). The first row
demonstrates the differences for the transverse displacements of the middle
plane of the plate. The second row exhibits the differences for the deformed
middle plane of the plate (multiplied by 10?) in the tangential directions.
The last row contains the visual representation of the patches’ positions as
well as the values of the electric potentials ¢ and ¢, for the two cases.

-0.1

FIGURE 5. Elastic plate with two bonded surface piezoelectric
patches (PSBP), verifying the conditions of corollary 3.2. Left
column: transverse displacements &3 (the plate verifies assump-
tions i) of corollary 3.2). Right column: deformed middle plane of
the plate in the tangential directions (the plate verifies assump-
tions ii) of corollary 3.2). The plate is clamped in two consecutive
sides (top row), and in three sides (bottom row).

In Figure 5 we have once more a plate of type PSBP, but now we assume
it verifies the assumptions of corollary 3.2. Hence the electric boundary
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conditions are (ebc2™) for both patches and w™ = w™ = [0,0.5] x [0.25/9, 2%
0.25/9]. Figure 5 shows the graphics of the transverse displacements &3, when
the density of the surface electric charges of the patches verify 7 = -6~ = 10
(left column), and the graphics of deformed middle plane of the plate in the
tangential directions, when §* = 6§~ = 10 (right column). Moreover in the
top row the plate is clamped in two consecutive sides and for the bottom row
it is clamped in three sides.

In Figure 6 we have again a plate of type PSBP, whose patches verity the
electric boundary conditions (ebc2™), for mat = +, —. But in this example,
wt # w™, more precisely, w™ = [0.5,4 % 0.5/5] x [7*0.25/9,8 % 0.25/9] and
w- =1[0.5,4%0.5/5] x [0.25/9,2 % 0.25/9]. Thus the plate does not verify the
assumptions of corollary 3.2. This Figure 6 presents the differences observed
in the mechanical displacements and electric potentials, when we just modify
the densities of the surface electric charges of the patches. In the left column
0T = #~ = 10 and in the right column " = 10, #~ = —1. Moreover the
plate is clamped in only one side.

In Figure 7 we study the case of two plates of type PIP, which only differ
on the location of the inserted patch. The electric boundary conditions are
(ebel?) with @gup = 0, wo, = 10, and the only no-zero mechanical data is
f3 = 1 which acts in the elastic part. This Figure 7 displays the differences
for the transverse mechanical displacement &3, the deformed middle plane
of the plate in the tangential directions, and the electric potential for the
two cases: when w? = [0.1,0.4] x [0.25/9,2 % 0.25] (left column), and when
wP = 10.04,0.1] x [0.045, 0.15] (right column). In addition it is supposed that
these plates are clamped in two opposite sides.

In Figure 8 reports the differences in the mechanical displacements and
electric potentials, for two plates of type PIP, which are subject to electric
boundary conditions (ebc2P) and have just the same mechanical, electric and
geometrical data, apart from the value of the surface electric charge densities:
for one plate § = 0 (left column) and for the other plate 8 = 10 (right
column). Big differences appear in the deformed middle plane of the plate
and the values of the electric potential . The components of the mechanical
forces, acting only in the elastic part, are f; = —10, fo = 10, f3 = 10, for
both plates, and they are also clamped in three lateral sides.
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FIcUuRE 6. Elastic plate with two no-symmetric bonded sur-
face piezoelectric patches (PSBP) and different surface electric
charges densities: 07 = 0~ = 10 (left) and 7 = 10, 6~ = —1
(right). Transverse displacements &3 (top row), deformed middle
plane of the plate in the tangential directions (middle row), and
electric potentials (bottom row).
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of the plate in the tangential directions. Fourth row: electric
potential and position of the patches.
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