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FRICTIONAL CONTACT OF AN ANISOTROPIC PIEZOELECTRIC PLATE*

IsABEL N. FIGUEIREDO! AND GEORG STADLER?

Abstract. The purpose of this paper is to derive and study a new asymptotic model for the equi-
librium state of a thin anisotropic piezoelectric plate in frictional contact with a rigid obstacle. In
the asymptotic process, the thickness of the piezoelectric plate is driven to zero and the convergence
of the unknowns is studied. This leads to two-dimensional Kirchhoff-Love plate equations, in which
mechanical displacement and electric potential are partly decoupled. Based on this model numerical
examples are presented that illustrate the mutual interaction between the mechanical displacement
and the electric potential. We observe that, compared to purely elastic materials, piezoelectric bodies
yield a significantly different contact behavior.
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1. INTRODUCTION

The generation of electric charges in certain crystals when subjected to mechanical force was discovered in
1880 by Pierre et Jacques Curie and is nowadays known as piezoelectric effect (or direct piezoelectric effect).
The inverse phenomenon, that is, the generation of mechanical stress and strain in crystals when subjected to
electric fields is called inverse piezoelectric effect and was predicted in 1881 by Lippmann (see [17]). Piezoelectric
materials are solids exhibiting this kind of interaction between mechanical and electric properties. This provides
them with sensor (direct effect) and actuator (inverse effect) capabilities making them extremely useful in a wide
range of practical applications in aerospace, mechanical, electrical, civil and biomedical engineering (see [29]).
In many of these applications, additionally contact phenomena can occur or may be used on purpose, e.g., for
measurement devices.

The aim of this paper is to derive, mathematically justify and numerically study a new bi-dimensional model
for the equilibrium state of an anisotropic piezoelectric thin plate that is possibly in frictional contact with
a rigid foundation. The derivation of the reduced (or lower-dimensional) model is done using an asymptotic
procedure. It will turn out that the resulting equations are defined in the middle plane of the plate.

Let us start with motivating our interest in this problem. It was observed that, if no contact and friction
conditions have to be taken into account, for certain problems the mechanical and the electric parts of the
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equations decouple in an asymptotic process [8, 11,26, 28] (see [1,7,23,25,33] for related results where only
partial or no decoupling occurs). In the presence of contact and friction it is not at all obvious if similar results
hold true. We are also interested in numerically studying the behavior of piezoelectric materials, and by these
means gain a better understanding for their properties and features.

Asymptotic methods have been widely used to deduce reduced models for plates, shells or rods. For the main
ideas and bibliographic references see [3-5] for elastic plates, [6] for shells, and [32] for rods. For thin elastic
plates, asymptotic analysis applies to the thickness variable and can be briefly summarized as follows: Starting
with the variational three-dimensional equations for a plate with thickness h, these equations are scaled to a
domain that is independent of h. Then, assuming appropriate scalings for the data and unknowns, one lets
h — 0 and studies the convergence of the unknowns as well as the properties of the limit variables. Rescaling
to the original domain results in reduced model equations. For a general theory of asymptotic expansions for
variational problems that depend on a small parameter we refer to [21].

In this paper we consider an anisotropic piezoelectric plate whose mechanical displacements are restricted
due to possible contact with a rigid insulated foundation. The contact is unilateral (i.e., the contact region
is not known in advance) and is modelled by the classical Signorini conditions. For the frictional behavior of
the plate, the Tresca friction law is used. The variational formulation of this plate problem is a variational
inequality of the second kind, see [9,18]. The unknowns are the mechanical displacement and the electric
potential. The original, three-dimensional plate is subject to contact and friction on a part of its surface. While
in the asymptotic procedure the system equations become two-dimensional, the contact and friction conditions
remain similar to contact conditions occurring in three-dimensional elasticity.

Note that for modeling friction in physical applications, often the Coulomb rather than the Tresca friction
law is used (see [9]). Since for the numerical realization of Coulomb friction usually a sequence of Tresca friction
problems is used, Tresca friction is not only of theoretical but also practical relevance. In our numerical study,
such a sequence of Tresca problems is used to solve a problem with Coulomb friction.

In the literature, several authors deal with asymptotic models for piezoelectric structures. We mention [26]
for piezoelectric plates including magnetic effects, [28] for piezoelectric thin plates with homogeneous isotropic
elasticity coefficients, [8,11,12,23,25,33] for anisotropic piezoelectric plates and rods, [7] for geometrically
nonlinear thin piezoelectric shells, and [27] for the modelling of eigenvalue problems for thin piezoelectric
shells. However, these papers do not take into account the effects of possible contact or friction with a rigid
foundation; nevertheless for elastic rods and shells, one finds asymptotic frictionless contact models in [32]
and [20], respectively. On the other hand, there are papers dealing with contact and friction of piezoelectric
materials that do not use an asymptotic procedure to reduce the model; we refer to [22], where two different
variational formulations for the modelling of unilateral frictionless contact are established as well as [2] for
primal and dual formulations of frictional contact problems. In [30,31], mathematical analysis of frictional
contact problems with piezoelectric materials can be found; for error estimates and numerical simulations we
refer to [15]. In all of the above references either none or only few numerical simulations can be found.

The main contributions of this paper are twofold: Firstly, the application of the asymptotic method to the
variational inequality of the second kind that describes the anisotropic piezoelectric plate. Due to the presence of
friction and contact conditions, the convergence proof in the asymptotic procedure is significantly more involved
than in the unconstrained case (see [11,28]). Our second main contribution is the numerical study of the limit
problem taking into account contact and friction. These conditions are similar to three-dimensional elasticity
contact problems, where their numerical treatment is known to be a challenging task.

We finish this introduction with a sketch of the structure of this paper. In the next section, the three-
dimensional plate model is described. In Section 3, we apply the asymptotic analysis and prove strong conver-
gence of the unknowns. Finally, in Section 4 we report on numerical tests for the asymptotic equations.

2. THE 3D PLATE PROBLEM

Notations and geometry. Let w C IR? be a bounded domain with Lipschitz continuous boundary dw, 7o,
~e subsets of dw with meas(yg) > 0. We denote v1 := dw \ 70, Vs := Ow \ Ye. For 0 < h < 1, we consider
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Q =w x (—h, h) a thin plate with middle plane w and thickness 2h and the boundary sets

I, = wx{+h}, . = wx{—h} r. = I,ul_,
1—‘D = Y X (_ha h)7 1—‘1 = MmX (_hvh)a 1—‘lN - 1—‘1 U F-I—a (1)
I's = 7 x(=h,h), e = 7ex(=h,h).

For a schematic visualization of Q with the boundary sets (1) see Figure 1.
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FIGURE 1. Three-dimensional plate Q with rectangular middle plane w and thickness 2k (note
that I'y = (Ow x (=h,h)) \T'c and I'y = (8w x (—h,h)) \T'p).

B E

We consider different disjoint partitions I x, [Lp of the boundary 9. The splitting correspond to different
electric boundary conditions and are thus denoted by (ebci) for i = 1,2, 3:

(ebcl) : Ly =T, and Lp=I4UTl,,
(ebc2) : Ly=Tsull'y and Lp=T_UT,, (2)
(ebe3) : Ly=T,Ul'_ and Lp=T;UT..

Note that in all partitions, the set I.p (where we will assume given Dirichlet data) contains I'_ or I'y. The
case that neither on I'_ nor on I';. Dirichlet data for the electric potential are given requires a slightly different
treatment than the one chosen in this paper, see Remark 3.4 on page 16.

Points of Q are denoted by © = (x1,x2,x3), where the first two components (x1,22) € w are independent
of h and 3 € (—h,h). We denote by n = (n1,n2,n3) the unit outward normal vector to 0€2. Throughout the
paper, the Latin indices 4, j, k, [, ... are taken from {1,2, 3}, while the Greek indices a, 3, ... from {1,2}. The
summation convention with respect to repeated indices is employed, that is, a;b; = Zle a;b;. Moreover we
denote by a - b = a;b; the inner product of the vectors a = (a;) and b = (b;), by Ce = (Cjjmen) the contraction
of a fourth order tensor C' = (Cjjx;) with a second order tensor e = (ex;) and by Ce : d = Cyjrierd;; the inner
product of the tensors Ce and d = (d;j). Given a function 6(z) defined in Q we denote by 0,0 = % its partial
derivative with respect to x;.

In the sequel, for an open subset Y C IR", n = 2,3, we define D(T) to be the space of infinitely often
differentiable functions with compact support on Y. We denote by D’(T) the dual space of D(T), often called
the space of distributions on Y. For m = 1,2, the Sobolev spaces H™(Y) are defined by

HY(Y)={veL*Y): dwe L*(Y) fori=1,...,n},
H2(Y) ={ve L*Y): 0w, Oyve L*Y) fori,j=1,...,n},

where L?(T) = {v : T — IR, [ |v]?dY < oo} and the partial derivatives are interpreted as distributional
derivatives. Moreover, for v € (H'(Q))? we denote by v,, := v -n and v; := v — v,n the normal and tangential
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components of v on the boundary of €2, respectively. Similarly, for a second order symmetric tensor field
T = (155) € (L*(Q))? we denote its normal and tangential components on the boundary of Q as 7, :== (tn) - n
and 7; := (Tn) — T,n, respectively. Using the summation convention, this becomes 7, := 7;;n;n; and 7 = (73;)
where 7 := 7;;n; — T,n;. In addition, we denote by | - | the Euclidean norm in IR3.

3D plate in frictional contact — classical formulation. We consider a piezoelectric anisotropic plate
which in its reference configuration occupies the domain 2. It is held fixed on I'p and submitted to a mechanical
volume force of density f in €2 and a mechanical surface traction of density g on I'yy. On its lower face I'_ it
may be in frictional contact with the rigid foundation (which is assumed to be an insulator). We denote by
s : I'_ — IR" the initial gap between the rigid foundation and the boundary I'_ measured in the direction
of the outward unit normal vector n. To model the frictional contact we use the classical Signorini contact
conditions and the Tresca friction law (see [9]).

We assume that the plate is subject to an electric volume charge of density r. Moreover, we suppose given
an electric surface charge of density 6 on I;y and an electric potential equal to ¢ applied to I;p, where the
pair Ly, Lp is defined as in one of the cases (ebci), ¢ = 1,2,3 above. Note that the lower subscripts .y and
ep in Ly and ILp refer to electric (¢) Neumann (V) and Dirichlet (D) boundary conditions, respectively, while
the lower subscripts x and p in T'y and T'p refer to mechanical (Neumann and Dirichlet) boundary conditions.

We now give the classical (i.e., strong) equations defining the mechanical and electric equilibrium state of the
plate Q. The equilibrium is described by the following five groups of equations and boundary conditions, whose
unknowns are the mechanical displacement vector u : Q — IR® and the (scalar) electric potential ¢ : Q — IR.

Mechanical equilibrium equations and boundary conditions

—divo(u,p) = f (e, —0jo4(u, @)= fi) in Q,
olu,o)n = g (ie., gi5(u,0)nj = g;) on Iy, (3a)
u = 0 on I'p.

Mazwell-Gauss equations and electric boundary conditions (ebci), i = 1,2,3

[ divD(u,p) = r (ie., &;Di(u,9)=7r) in Q,
D(u,p)n = 0 (ie, Di(u,o)n;, =0) on Ly, (3b)
® = ©o on Ip.

Constitutive equations

oij(u,p) = Ciyren(u) — PrjEr(@) in €,
Di(u,) = Prijeij(u) +ecuEi(p) in Q.

Signorini’s contact conditions

up <8, o0 <0, op(up—s5)=0 on I'_. (3d)

Tresca’s law of friction
lot] < ¢, and
lov] <qg = u =0, on I'_. (3e)

lot]=q = Fec>0: wu = —coy
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The mechanical equilibrium equations (3a) express the balance of mechanical loads and internal stresses. The
electric displacement field D is governed by the Maxwell-Gauss equations (3b), and the constitutive equations
(3¢) characterize piezoelectricity. They define the interaction between the stress tensor o : @ — IR?, the electric
displacement vector D : Q — IR?, the linear strain tensor e(u) and the electric field vector E(y), the latter two
tensors given by

e(w) = (Vu+ (Vu)') (i.e., €5 (u) = 3 (95u; + Oju;))

E(p) = —Vp (ie., Ei(p) = —0ip).
In (3c), C = (Cyjm) is the elastic fourth order, P = (P;;)) the piezoelectric third order and € = (g;5) is the
dielectric second order tensor field. The Signorini law (3d) describes the contact behavior of the plate with
a rigid foundation. If the plate is not in contact with the rigid foundation (i.e., w, < s), the normal stress
vanishes, i.e., 0, = 0. For u,, = s, that is, the plate is in contact with the obstacle, the normal stress component
oy, is nonpositive. These conditions are the complementarity conditions for contact. Finally, the conditions
(3e) model the frictional behavior of the plate, where ¢ > 0 is a function representing the prescribed friction
bound. Briefly, (3e) expresses the fact that on the contact boundary I'_ the Euclidean norm of the tangential
stress component cannot exceed the given friction bound ¢, that slip occurs if this norm equals ¢, and stick if
it is smaller than ¢q. Moreover, slip can only occur in the negative direction of o;. Note that the regions where
contact and slip or stick occur are not known a priori. This makes contact problems with friction free boundary
problems, which are theoretically and practically challenging.
We assume the following hypotheses on the data

Fe(I2)’, ge (L3Tw))°, re LX(Q), 6 € LA(Ty),
Yo € Hl/Q(I;D)a s € Hl/Q(F—)7 q¢c LQ(F—)7

where 6 = 0 on I'_ for (ebc3). Moreover, the tensor fields C' = (Cyji), P = (Pijr) and € = (g;;) are defined

on @ x [—1,1] for = (x1, 22, %¢). Defining them on the reference plate @ x [~1, 1] makes them independent

of h in the transformed variables also used in the next section. The tensors Cjjxi, Pijk, €5 are assumed to be

sufficiently smooth functions that satisfy the following symmetries Cijr; = Cjiri = Chriij, Pijk = Pikj, €ij = €5i-
Moreover, C' and ¢ are assumed to be coercive, that is there exist ¢1, ¢a > 0 such that

3 3
Cijkl (:E)MMMZ‘]‘ 2 C1 Z (Mij)2 and Eij (:r)&lﬁj 2 C2 Z 93 (4)
i,j=1 i=1
for every symmetric 3 x 3 real valued matrix M, every vector 6 € IR® and every z € @ x [-1,1].

3D-plate in frictional contact — weak formulation. We now give the weak or variational formulation
of (3a)-(3e). We define the space of admissible mechanical displacements

Vi={ve (H'(Q)*: vyr, =0}

that we endow with the norm [[v|ly = |[Vvl|(z2(q)yo, which, due to the Poincaré inequality is equivalent to the
usual H'-norm. Moreover, we introduce the convex cone

K = {v cV:v, <son F_}, where v, = —vs3,
as well as the space of admissible electric potentials
U= {ypeH(Q): ¢, =0},

in which we use the norm |[¢||¢ = [[V¥||(12(0))s (which is also equivalent to the usual H'-norm).
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Next, we briefly sketch how the variational formulation of (3a)-(3e) is obtained. Using the Green formula in
(3a), we obtain for any v € K

/Qawe”( )dm—/BQUUnj( dI‘N—/fZ v; — u;) de. (5)

Sincev=u=0onIp, o;5n; =g, onl'y, 02 =IpUl'y UI'_ and due to
Oij Mg (U - u7) = Ot (Ut - ut) +on (Un - Un)
= oy (v —up) + o, (Vy —8) — op (un, — ),

(5) becomes, using o, (v, —s) > 0 and oy, (uy, —s) =0 on I'_,

/ oij €ij(v —u) dz —/ filvi — ;) dx —/ gi(vi —u;)dl N > / ot (ve — uy) du. (6)
I'n

Adding j(v) — j(u) to both sides of (6), where

j(v) ::/ q vl dT—,  with v =v —v,n = (v1,v2,0),

and using
/Q (¢ (ve — ue) + qlve| — qluy]) dae > 0,
we obtain
/ 0ij €ij(v —u)dx + j(v / fi(vi — ;) dx —/ gi(v; —u;)dl'y > 0. (7)
Q I'n

Next, from (3b) we have for any ¢ € ¥

—ADiaiwdx+/EN9¢dEN=AT¢d$7 (8)

where D;n; = 6 on Ly and ¢» = 0 on ILp have been used. Summing (7) and (8), using the constitutive
equations (3c¢) and the transformation ¢ = @ + ¢g, we obtain as weak formulation of (3a)-(3e) the following
elliptic variational inequality of the second kind [9,13,14,18]

Find (u,p) € K x ¥ such that:

b((,8), (0= w,) +j(0) = j(w) 2 (v = w,0)) V(o,0) € K x W, o

where
b((u, ?), (v, w)> = JoCe(u):e(v)dz + [ei; 0;¢ 050 dx
+ Jo, Piji (@:@'Ejk(v) - &iwejk(u)) dx

and

(v, 0) = Jof-vde+ [r g-vdln+ [orpde — [ 0 dln
—fQ €ij Oipo 059 dx — fQ Pijk Oipo ejx(v) da.
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Remark 2.1. Note that
b((v,w), (v,z/))) = / Ce(v) : e(v) dx —l—/ €ij 0 057 da.
Q Q

Thus, due to (4), the bilinear form b((-,-),(-,-)) is V' x - coercive. Since additionally b((-,-),-,-)) and the
linear form I((-,-)) are V' x W-continuous, the set K is a nonempty, closed and convex subset of V and the
functional j(-) is proper, convex and continuous on V', there exists a unique solution (u,®) of (9) (see for
instance [9,13,14,18]).

3. ASYMPTOTIC ANALYSIS

In this section, we use an asymptotic method, which is mainly due to [3-5], to derive two-dimensional plate
equations from the three-dimensional system of equations (3a)-(3e). The principal idea is letting the plate’s
thickness h tend to zero, after rescaling the 3D variational inequality (9) to a fixed reference domain that does
not depend on h. We investigate the convergence of the unknowns as h — 0 and analyze the resulting system
of equations.

3.1. Scaling of the 3D-equations to a fixed domain

Here, we redefine the 3D variational problem (9) in the h-independent domain = w x (—1,1). To each =
(x1,29,23) € ) we associate the element z = (1,22, has) € €, through the isomorphism 7(x) = (21, z2, has) €
Q . We consider the subsets defined in (1) for the choice h = 1, that is

e = wx{£l}, Tp = 7 x(-1,1),
fl = mX (—1, 1), f‘N = fl Uf+,
f‘s - ’YS X (_17 1)) f‘e = 76 X (_1) 1)7

and the disjoint partitions Iy, I.p of 8 defined by consequently replacing I' by T in (2).

We denote by n = (n1,m2) = (n) the unit outer normal vector along dw, by t = (t1,t2) = (to), with
t1 = —ng and ty = nq, the unit tangent vector along dw, by % = 140,00 the outer normal derivative of the
scalar function 6 along dw. For the asymptotic process we need the data to satisfy the following hypotheses

foom = h2fa, fsom = hPfs in
Ja O h2ga, gsom = higs in T4,
GooT h3g., gsom = kg3 in Ty, (10)
woom h3 o, rom = hr in
som = hs, gom = h¥ in TI_,
Gor = h6 in fsufe, Gor = h20 in Iy.

Above, we assume that f, € H'(Q), fs € L2(Q), o € H'(T'n), g3 € L*(Ty), 7 € L2(Q), 6 € L*(I,y),
¢o € HY(Q), g € L*(T'_) and 8 € L*(I'_) with 8 > 0. In addition, we denote by 5 = 33l o = ol -
$o = ¢o|. and we assume that &¢ — ¢y € H'(w). The unknowns are rescaled as follows

Ugom=h2ul, wusom=hull and @omr=h3p"in (11)

(o]

and analogous scalings to (11) hold for the test functions v and ¢ in (9).
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At this point, we briefly comment on the choice (10)-(11) for the scalings of data, unknowns and test functions.
For the mechanical forces and displacements we assume the scalings also used in [5] for linearly elastic plates.
In [24] it is shown that these are (up to a multiplicative power of h) “the only possible scalings” that lead to a
linear Kirchhoff-Love theory in the asymptotic analysis. Regarding the scalings for the electric variables g, 7,
0, ¢ and v our scalings are chosen such that we are able to compute the limit as h — 0 of the model (15) given
below. We also refer to [11,25, 28], where scalings as given by (10)-(11) are used as well. However, different
electric scalings have to be used if other electric boundary conditions are chosen, see the remark on page 16.

The scaled spaces for the admissible mechanical and electric potential displacements are given by

V = {ve (Hl(fl))3 LU, =0},
{v e H'(Q): ¢p, =0}

7

As before, the spaces are endowed with the norms [[v]ly, = [[V[| 12(q))0 and [[¢]lg = V[ 12(q))s. respectively.
The scaled convex cone needed for the Signorini contact conditions is given by

K = {veV:vnz—vggsonf‘_}.
For any v € V we define the second order symmetric tensor field £"(v) = (n?j (v)) by

Kl (0) = eap(v) = $(9pva + Davp),
Kl (V) = Fea3(v) = 57 (B3va + Davs), (12)

=
3
@
—
<
S~—"
I
>
o
)
o)
@
—
<
S~—
I
-
&
]
@

As a consequence of the scalings (11) we have for the strain tensors e(u), e(v) with v € V
e(u) = R2&"(u") and e(v) = h%k"(vox) with vore V.

For the stress tensor and the electric displacement vector we obtain the scalings

Jh’(uha Sﬁh) = h_QJij(ua 50)7 Dlh(uhv (ph) = h_QDzh('uﬂ 90)’ (13)

)

where

Uzhj (P, ©") = Cijim K (U") + h Pasij 00" + Psij 03",

(14)
DIl ") = Py k1 (u) — hein Oap — i3 O3¢".

Weak formulation of the 3D scaled plate problem. Using the above scalings and assumptions (10) on
the data, we obtain for each h > 0 a problem on the fixed domain € that is equivalent to 9):

Find (u,@") € K x ¥ such that:

. . (15)
bh((/{h(uh)v @h)a (ﬁh(v) - ﬁh(uh)vw)) +J(U) - J(uh) Z lh((v - Uhﬂ/)))a V('U, 1/}) € K x \Ijv
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where @" = " — 3g, and for x,9 in (L2(Q))? and ¢, v in U,
fQ Ck:9Vdx + fQ €33 O3p O3 dx + fQ P3jk (8330 ﬁjk — O3v I{jk) dx

+h fQ €30 (aa(p 039 + O3 &ﬂb) dr +h fQ Pk (8ago Dji — Out ij) dx
+h? fQ EapB &ﬁp 8g¢ dx,

o' (k). (0,))

/ q vt dl_  with v :=v—v,n = (v1,v2,0),

J(v)

Jof-vde+ [n g-vdln + [gide — [i Oy dln — [¢es3 0500 Ost) da
lh((’u, )) = —h fQ €a3 (8a¢0 631/) + (93(,00 &ﬂﬁ) dx — h2 fQ Eap 8a¢0 (95'(!) dx
— J& Psij 93¢0 k1l (v) d — h [ Paij Oapo K15 (v) da.

Using the relation (12) between £ (v) and v, in the sequel (mainly in the proof of Theorem 3.1), we abbreviate

V(R (")), (" (), ) by b ("), (0,0)).

In contrast to (9), where the dependence on the parameter h is implicit (by means of the domain ), problem
(15) now depends explicitly on A, but is defined on a domain independent of h.

3.2. Convergence as h — 0

The aim of this section is to study the limit behavior of the sequences (u") and (") as h — 0F. We are able
to prove strong convergence of these sequences and give a limit problem that characterizes these limits. It will
turn out that the limit displacement is an element of Vicr, the Kirchhoff-Love mechanical displacement space
defined by (see also [5])

VKL = {U = (Ul,’l}g,’l}3) S (Hl(Q))3 : Ulf"D =0, 6¢3 = O}

= {v=(v1,v2,03) € (Hl(ﬂ))3 cdn = (7]1,7]2,7’]3) € (Hl(z,u))2 x H?(w), duns,,, =0, (16)

My = 12y = M350 = 0, Va(2) = N0 (21, 02) — 230073(21, 22), v3(2) = n3(w1, 22) }.

Moreover, U, and Uy are the spaces for the admissible electric potentials defined by
b, {¢6L%) aweL%)} and %m:{weL%) a¢eL()¢m_o} (17a)

Iy for (ebel),
where S=< T_ for (ebe2), (17b)
I, for (ebe3).

As usual, Vi, is endowed with the norm [vllye, = lleap(v)ll(z2(q))s> which is equivalent to the (Hl(Q))B—norm
for elements in Vi, see [5]. For the space ¥; we use the norm l¥llg, == (H¢||L2(Q) + ||83w||L2(Q)) . Finally,
Wy is endowed with the norm ¥l g,, = 1103 2(q), Which is equivalent to the norm defined in 0, for elements

in \I/lo.
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Theorem 3.1. As h — 07, the sequence {(u”, ")}y converges strongly to (u*,p*) € Vir, x U;. This limit
pair is characterized as the unique solution of the variational problem

Find (u*,¢*) € Vier N K x WU, such that:
a((,9%), (0w, 9)) + (o) = ) = (0 — ', ¥)) ¥(0,9) € Vier N K x Wi, (18)
QO* = @07 on Sa

where S C 9K is defined in (17b) and a(-,-) and I(-) are given by

a((u*, ©*), (v, 1/’)) = Jo Aaprpeas(U)ey,(v) dz + [¢ P33 3¢* O3t d
— Jo,P3ap (eap(u*)Osth — eqp(v)dsp*) d,
1((v,9)) ::/Qf-vdx—f—/ng-vdf‘N—|—/wadx—/nN9wdf‘N, (19)

where Aagrp, D3ap and pss are modified material parameters (see part A of the appendiz for details).

Proof. For convenience of the reader, we split the proof into five steps.

Step 1 - Eristence of weak limits u*, k* and ©* of subsequences of (u”), (k"(u")) and ("), respectively. We
first choose (v, ) € K x ¥ in (15) such that v, = u, v3 = 0 and 1 = —@". This results in j(v) — j(u") = 0
and thus (15) becomes

bt (", "), ((0,0,u), ¢)) < 1"(((0,0,u), ") (20)
Next, choosing (v,¢) € K x W as vy = —ul’, v3 = ull and ¢ = —2¢", again j(v) — j(u") = 0 and from (15)

" (", @), (~2ul, 20}, 0), 26" ) = 1" ((~2ul, ~2u},0), —26") ),

which is equivalent to
" (", @), (b, 0),6") ) < 1 (b, 0), &%) (21)
Adding (20) and (21) results in

from which we can deduce
I+ [ R s Y [ ORG2 + 0022 g+ 1052 2 < (22)

where ¢ > 0 is a constant independent of h (see also [28]). Consequently, there are weakly convergent subse-
quences of (u"), (k" (u")) and (¢") with

uh — u in (Hl(Q))3,

Khut) = in (L2()’,
g = gr=¢ —g i L), (23)
s o in L),

(ROt hosh, Dsph) = (0,0,050%)  in (L2(Q))".
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The first two weak convergences follow directly from (22). The existence of the third and fourth weak limit in
(23) follows from (22) using the fact that

f_Ti 030" (21, w2, y3)dys for S = IporS=T1_
@" (1,22, 43) = I . (24)
— [y, 03¢"(z1,22,y3)dys for S =T,
which results in
H@h”m(ﬁ) <V2 ||83@h($1,$2,$3)||m(@) <c (25)

with ¢ > 0 independent of h. This implies the LQ(Q)—boundedness of " and " = @" + $o. In particular,
©* = o on S because " =0 on I.p O S. Finally, the last convergence in (23) is a consequence of (22), which
implies that
. A3
(hor ", hdop", D50™) = (01,02,93) in (L*(Q))".

The weak convergence of ¢ to ¢* yields ;0" — 0;0* in L? (Q), and thus ¥, = 0 for a = 1,2, and 93 = 03¢*.
Moreover, from (23) we can also deduce that u* € Vi. In fact, from (22) we obtain boundedness of the

sequence k5 (u") in L2(Q). Consequently, eqz(u®) = hrlls(u) and esz(u®) = h2kl;(u) — 0 strongly in L2(£2).
Thus, e;3(u*) := %(&ug + Osur) = 0, which implies u* € Vicr. We also remark that, appropriate choice of

subsequences guarantees that
1
KZ,B = eaﬁ(u*) = 5(80111,2(3 + 85UZ) (26)
yielding that the weak limit x* depends explicitly on u*.

Step 2 - Auziliary results. As a consequence of the weak convergences (23) we obtain for arbitrary (v,1) €
Vicr x U that

lim bh((uh,@h),(v,w)) = b*((U*,@*)a(an)),

h—0t
. h _ *
Jim (0, 9)) = P ((v,0)),
where for (v,1) in Vi x U
b*((U*, ©*), (v, w)) = Jo Capijhijeas(v) de + [ 33 D30* O3 da+ 27)
+ o Paap 930" €ap(v) dx — [o Paim 031 K7, d,
and R . PO
l*((v,z/;)) = fo.vdx+ffNg.vdI‘N—i—fowdx—ffeNﬁdeN
— fﬁ £33 83@0 83’1# dx — fﬁ Pgag 83@0 eag(v) dx.
Moreover

lim (j(v) = j(u")) = j(v) = j(u*).

h—0t

Step 8 - The weak limits u*, k* and @* are also strong limits. Here, it suffices to prove that y" strongly
converges to x* in (L?(2))'2, with

X" (kM (uh), By ", hdaph, Dzt € (L2(9)) "
X = (55,0,0,050%) € (L2()) .
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By the ellipticity and linearity of b"(.,.), we have

A =2y S OB = 57, 0P = %), (kP () = 17, 6" = )
= (R ("), "), (R (), ) + 6 (5, 0%), (57, 7)) (28)
0 (R ("), 1), (7,7 ) = B (% 07), (5 (), 1) )

where ¢ > 0 is independent of h. Replacing 1 by ¥ — " in (15), we obtain
(" (), @), (5" (0) = K" (), = 1)) + (o) = (") > 1" (0 = ul, = o),

which is, recalling that @" = ¢" — By and noticing that (k(v) — " (u?),v — ") = (K"(v),¥) — (K" ("), "),
equivalent to

(" (), ), (P (), ) ) < 6 (R (), ), (5 (0), ) ) + () = ()
—fo-(v—uh)dx—fng(v—uh)df‘N (29)
— Jar (W —¢Mdr+ [ 0 — ") dln,

for any v € K. Thus, considering v € Vi, N K in (15), using the weak convergences (23) and the limits of step
2, we derive from (28) and (29) the estimate

2
(L2())12

<0 (w97, (0,9)) +5(0) =) = 1o — w0 = ) = b (W' 0%), (", 97))
=0 ((w,97), (v = s = ) () = ) = 1o = w9 — ),

climsup [[x" — x*|

with [(.) as defined in (19). Choosing v = v* and ¢ = ¢* in the above estimate yields
climsup ||Xh - X*”(LQ(Q))lz <0,

which implies the strong convergence of X" to x* in (L2(Q))'2. Due to ds5(¢" — ¢*) — 0 strongly in L2({)
and " — p* € Ujg, we obtain " — ¢* — 0 strongly in L2(Q) using the equivalence of the norms ||.||y, and
[-l[w,y in Wio. Moreover, e;3(u*) = 0, eap(u*) = K}z and kM(u") — k* strongly in (L2())?. Thus, we have
ap(u™) = eqp(u*) strongly in (L2(£2))?, which proves that u — u* strongly in (H'())3.

Step 4 - Formulas for k* = (k7;). In (26) we already observed that 5 = eag(u*). To obtain formulas for £
and K%,, we first multiply (15) by A% and consider ¢ = 0. Next, we multiply (15) by h and consider v3 = u and
1 = 0. Due to the strong convergences proved in step 3, as h — 07 the limit in the two resulting variational
inequalities exists and we obtain

v

/ (Cijgg :‘i:j + P333 83go*) 33(03 - u§) dx 0 Yus € Hl(Q), vg‘f > —S, U3 =0, (30&)
a -

ITp

v

/ (Cijag Iizj + P3a3 83g0*> O3 (’Ua — u;) dx 0 Yo, € Hl(Q), va‘h =0. (30b)
Q

'p
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Since u} is independent of 23, we obtain dsu = 0 in (30a). In (30b), we choose v, = 2o +u?, with z, € H' ()
arbitrary with zo,. = 0. Hence, the inequalities (30) become

/ <C¢j33 K:j + Ps33 83@*) O3vsdx > 0 Yousg € Hl(Q), ’U3‘f > —s, U3 =0, (31&)
o _

ITp

/ (Cija3 K:j + P3a3 83@*) O3vadr = 0 Y, € Hl(Q), Va,. =0. (31b)
Q

IT'p
For arbitrary 0 € D(2) we consider v3 in (31a) as
vs(w1, w2, 3) = [ 0(x1, 29, t) dt + 23(z1, T2),
with z3 € H'(w) such that z3(z1,z2) > —s(z1, 22, —1) for all (z1,22) € w. Moreover, we choose v, in (31b) as
T3
Vo (1, T2, T3) =/ O(x1,xo,t)dt.
-1

Then, from (31) we obtain

Cijsz vy + Pass O3p* = 0 in L2(Q),
) (32)
Cijas kj; + Psaz 039* = 0 in L?(9).
Since k7,5 = eap(u”), this leads to the formulas
Koz = ~zbva(avppeps(u’) + ¢ 05¢%)
1 Casq (33)

=3/ (al,pgepg (u*) + Cl,agﬁp*)

C3333

K33 = — o (Ps33039" + Cszapeap(u”))

where the coefficients b,q, a,,3 and ¢, are modified material parameters defined in part A of the appendix.

Step 5 - The limit variational inequality. From the previous steps 3-4 and (14) we directly obtain the following
strong L?(£2)-convergences, for the scaled stress tensor and the electric displacement vector

ol(u", ") — oy and  D}'(u",¢") — Df

where
0npg = Copimbin, + Pag0s¢*
05 = CigimK],, + P3i303¢* =0 (because of (32)) (34)
D: = Pilm/f?m — Ei38350*.
With (33) for x* we get
0ap = Aapyp€ap(u”) + P3apds”
D} = piageap(u”) — pizdzp*,
where the coefficients Angy,p, Piag and p;3 are defined in the appendix, part A.

Using again the strong convergences obtained in step 3 and ¢* = ¢* + ¢ we can take the limit in (15) and
obtain the limit variational inequality:

(35)

Find (u*,¢*) € Vi, N K x ¥, such that:

b ((w97), (0 = 0, 0)) +3(0) = (%) 2 (0 = w',9)) V(v,0) € Vi, N K x o, (36)
(p*

¢o on S.
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Here the linear form [(-) is defined by (19) and the bilinear form b*(-,-) by (27). From (34) one obtains

b*((u*7<p*),(v,¢)) :/Qa;ﬁ eas(v) dm—/QDgagwdx. (37)

Using now the equivalent definitions of 07,5 and D3 given in (35), the right-hand side of (37) turns out to be
precisely a((u*,¢*), (v,7)). Hence (36) coincides with the limit problem (18) and the proof of the theorem is
finished. We remark that, the solution of this limit problem is unique if the bilinear form a(- , ) in (18) is elliptic
in the set Vi N K x Uy (cf. [14]). This is, for instance, the case if the material is mechanically monoclinic,
that is, Cagy3 = 0 = Cas3s (see Theorem 3.3 in [11]). One easily verifies that this ellipticity result also holds
true for a laminated plate with mechanically monoclinic piezoelectric layers. O

Remark 3.2. Note that the proof of the previous theorem is technically more involved than in the case without
contact (see [8,11,28]). In particular, to identify the asymptotic model (18) the derivation of explicit formulas
for k* = (k;;) is crucial: in the case without contact weak convergences of the sequences (u), (¢") and (k" (u"))
is sufficient, while for the contact case it is necessary to prove the strong convergences (see step 3). Moreover,
in order to derive formulas for k* = (x};) one needs to choose appropriate test functions (see step 4).

3.3. Rescaling to the original domain

The limit variational inequality (18) can be rescaled to the original plate 2 = w x (—h, k). In order to do so,
let 23 € (—1,4+1) and u} = & — 230,(}, u = (§ be the components of the Kirchhoff-Love limit displacement
u*. The corresponding descaled function ¢ = (1, (2, (3) is given by

Co:=h2C, (:=h{ in o,

which leads to the descaled variables

uo(x) = hPul = (o1, w2) — 2304C3(21, 22),
uz(r) = huj(r,z2) = (3(21,72),
o(r) = h3p*(x),

for x = (x1,x2,23) € Q@ = w x (—h,h). Above, {, and (3 are in-plane and transverse Kirchhoff-Love displace-
ments, u; is the limit mechanical displacements and ¢ the electric potential inside the plate ). The spaces Vi,
W, and U correspond to the descaled variables defined over € and are given by (16)—(17) with € replaced by
Q and T by T in the definition of S.

Plugging the rescaled variables in the limit problem found in Theorem 3.1, we obtain the following rescaled
limit problem:

Find (u,¢) € Vkr, N K x ¥; such that:

a((u, o), (v — u,w)) i) — i) > (v —u), Y(0,0) € Vi NK x Ty, (38)
Y=y, on S,

where for u, v in Vi and ¢, ¥ in ¥

a((u, v, (v, W) = Jo Aapypeap(u)eyp(v) da + [ p3s Osp 03¢ da
— Jo P3ap (€ap(u) O3t — eap(v) O3¢) dz,
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and

l((v,w)) ::/Qf-vdx—i—/FNg-vdI‘N—i-/Qrwdx—/ENOdeI;N.

3.4. Decoupling of u and ¢

The structure of the bilinear form a(-,-), obtained by the asymptotic procedure above allows a certain
uncoupling of the mechanical displacement u and the electric potential p. This leads to a variational inequality
in the mechanical displacement u only, and an explicit formula for the electric potential. This explicit form,
which is a second order polynomial with coefficients that depend on the Kirchhoff-Love displacement u, obeys
a slightly different form for each of the boundary partitions (ebcl), (ebe2), (ebe3) for the electric data.

To derive the decoupling, we choose v = u in the variational inequality (38) and obtain

/Q(P3333<P—P3a,86a5(u)) 831/de:/ﬂr¢dx_/r 0 dLy

eN

for all ¢ € ;9. Due to the density of ;9 in D(Q2) (see [28]), this yields the following formula for ds¢

N d .
D30 = 220 (0,5(C) — 23 0apCs) — — with d= Pyr+c, (39)
P33 P33

where ¢ € D(w) and Psr = f_T; rdys denotes the antiderivative of r with respect to the thickness variable z3.
Using this latter formula and one of the boundary conditions (ebci), we obtain explicit formulas for the electric
potential. In the case that the electric potential is given on both the upper and lower surface I'_ and 'y,
we integrate (39) with respect to x3. Then, using the given boundary data, we obtain the formula (see also
Theorem 2.1 in [8])

(1,2, 23) = g (T1,22)+

s « Qg o ba T + R co — Psr
/ ( D3ap _ Qap Co) eas(C) — (p3 B ys — Yap Co) BapCs + (g — o ) co 3 )dy3,
—h b33 P33 P33 P33 P33

where

+h +h “+h 1 -1 +h P r
Aap = / P3ap dxg, baﬁ 2:/ T3 Md{ﬁg, Co = (/ —d$3) y R 2:/ id{Eg
—h P33 —h P33 —h P33 —h P33

For the case that the electric potential is either given on I'_ or 'y, i.e., for the cases (ebc2) and (ebc3), we plug
(39) into (38) and choose again v = u to obtain

—/Q(Pgr—I—c)agwdx:/97”1/1d$—/EN9¢dIéN~

From the Green formula we obtain 95(Ps3r + ¢) = r in D(Q) and

—/ (Pgr—l—c)ngdjdx—/ (P37"+C)n3¢d$=—/ O dlen, (41)
LN Lp LN
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with ng = 0 on the lateral boundaries I'. and T'y, n3 = £1 on '+ and ¢ = 0 on Ip. Choosing ¥ such that
1 = 0 on the lateral boundary, (41) reduces to

/ (Psr +c)ypdly = 0 dly for (ebe2),

_/ (Pyr + ¢) thdl" 0y dl_ for (ebc3).

_ r_

This implies, for (ebc2) that ¢(xy1,x2) = (0—Psr) (21, 22, +h), and for (ebe3) that c(x1, x2) = (—0—Psr) (21, 2, —h).
Consequently, integrating (39) with d = P3r + ¢ along the thickness variable (from —h to z3 for (ebc2) and from
x3 to +h for (ebel)), we obtain

o(w1,22,73) = @q (71, 22) +/ Phep (€ap(¢) — y3 Oapls) dys

—h P33
(42)
xr3 —
_/ Pyr(z1,22,y3) + (0 — Pyr) (21, 22, +h) dys  for (ebc2)
_h b33
and
h P3ap
(21,2, 73) = g (21, 72) _/ P33 (eas(C) — 3 OasCs) dys
T3
(43)

+h + P,
P —Uv -
/ 57 (21, 22, ys) + (=0 — Pyr) (21, 22, —h) dys  for (ebc3).

3 P33
Next, we plug the above explicit forms for the electric potential into (38) and choose the electric test function
1 = 0. This gives an equivalent formulation for the variational inequality (38), which is summarized in the
next theorem. Now, the mechanical displacement and the electric potential are not coupled in the variational
inequality any more. The main advantage of this decoupled formulation is that after solving a variational
inequality for the mechanical displacement, one can use an explicit formula for the electric potential.

Theorem 3.3. Let (u,p) € Vi x U; be a solution of problem (38), where uy = (o — x304(3, us = (3, and
¢ =((1,¢2,C3). Then the Kirchhoff-Love mechanical displacement u € Vi, is also characterized as solution of
the variational inequality

Find u e Vg, NK  such that:
(44)

aebCi(u7U—u)+j(U)_j(u)ZZEbCi(’U_u) V’UEVKLQK,

and the electric potential can be derived a posteriori from (40) for (ebcl), (42) for (ebc2) and (43) for (ebc3).
The modified bilinear and linear forms, respectively a®®“(-,-) and 1°*°/(-), are defined by

a®(u,v) = /(Nf;%m(u)eaﬁ(n)+M§%Ci(“)a‘wn3) o,

Zebci(v) Af.de+A g-vdFN+l:bci(U),

where Ng%”(u), M;%”(u) and 1¢%¢(.) are detailed in part B of the appendiz.

Remark 3.4. Let us comment on a different (fourth) choice of electric boundary condition (ebc4) given by

(ebcd) : Ly=T,ul'_uUl'y and Lp=T,
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where we assume meas(y.) > 0. This means that we apply an electric surface charge on both the upper and
lower surface of the plate. This case requires a different treatment in the asymptotic analysis: Note that in-
stead of (23) we only obtain u® — w* in (Hl(ﬂ))g, kP (uP) — Kk*in (LQ(Q))9 and (hdy@", hday", D30") —
(91, 02,93) in (LQ(Q))B. Now, we cannot conclude that ", @" are weakly convergent since (24) and con-
sequently (25) do not apply. Hence, 91, 95 are not necessary equal to zero and the limit problem changes
considerably. This is in accordance with observations in [25,26,33], where it is shown that for different electric
boundary conditions significantly different limit problems may arise. To obtain an easier interpretation for the
limit problem in case of (ebc4), it might be advantageous to consider scalings different from those used in this
paper for the electric potential.

Remark 3.5. We now sketch the strong (i.e., the differential) form of the limit problem obtained in Theorem
3.3. This form uses Lagrange multipliers to resolve the contact and friction conditions and is obtained assuming
sufficient regularity of (u,¢) as well as partial integration. It follows from duality theory [10] that there exist
so called multipliers (or dual variables) (A, u) € (H?(w))’ x (L*(w))? satisfying complementarity conditions (see
(48d), (48e) below) for (44), where (H?(w))" denotes the dual of H?(w). Then, u € Vi, N K can be written as

a®(u,v) + [ Av, dl- +/ povedlo =1 (v), Vo € Vir. (45)
r_

Choosing test functions v = (1 — x301m3,1M2 — x302m3,m3) € Vi, with 1 = 9o = 0 and 3 # 0, ie., v =
(—x3011m3, —w302m3,M3), (45) is equivalent to

/Mg%ci(u) Das —/ A3 dP,+/ Ha (=230a13) - = (46)

lebei((—xgamfs, —x3092m3,0)) Vi3 € H?(w) with 73 = 0 on 7.

On the other hand, choosing 13 = 0 and 7, # 0 for « = 1,2, i.e., v = (11, 12,0), (45) becomes

ebci ebci 2 3
/Nofz’a (u) eap(n) +/F fio o A~ = 1 ((m1,7m2,0)) V(1 m) € (H'(w))” with no =0ono.  (47)

Using Green’s theorem in (46) and (47) while neglecting regularity issues, and stating the complementarity
conditions satisfied by (A, ) leads to the following strong formulation of the limit problem.
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Equilibrium equations (coupling mechanical and electric effects)

aagMg%Ci(u) — A+ ha3Oupia = F$* in w,

ebci ebci (48&)
—0a NG5 (u) + pp = F§ on w, and (=1,2.
Boundary conditions
[ C3:0: %a (CvaQ):(O)O) on. 9o, (48b)
| boundary conditions for the terms M ;l}ji + o and N g%”.
Constitutive equations
[ 0ap(U; ) = Aapypeyp(tt) + P3as0sp, oiz(u, ) =0 in € (48¢)
¢
| Di(u, p) = piapeap(u) — pisdzp in Q.
Contact condition
Up=-u3<s, A>0, Mu,—8)=0 on T_. (48d)
Friction condition
lul = /pi+p3<q and
lul<q = wu=0, on I'_. (48e)

lul=q¢ = Fc>0: wu=cp

The terms F§** and F gb“ represent the transverse and tangential forces acting on the middle plane w of the
plate. They are related to the mechanical forces, electric data and charges appearing in the definition of the
linear form [°*¢/(-) (see part C of the appendix for details).

We observe that the limit mechanical displacement u satisfies a system of equations independent of ¢ but
depending on the elastic and piezoelectric coefficients as well as the mechanical and electric data and boundary
conditions. Moreover, (u, ¢) also satisfies the limit constitutive equations (48c), which are a consequence of (35)
and the descalings. In the equations (48a), the tangential and transverse displacements (, and (3 are coupled
due to the anisotropy of the material (as can be seen in the definitions of M, ;%”(u) and N, ;%”(u)) and since to
the friction condition (the Lagrange multiplier u appears in both equations of (48a)).

For the case of a homogeneous and isotropic material and if we neglect friction, the tangential and transverse
displacements ¢, and (3 decouple in the asymptotic model. This happens since the equations in (48a) become
independent from each other since the friction terms containing ;o vanish, since Mg%”(u) = Mg%ci(gg) only

depends on (3 and Ng%“(u) = Ng%“((l, (2) only depends on ((1,(2), see also [8,11].

Remark 3.6. The derivations in this paper remain true for two special cases: Firstly, for bilateral contact
problems (i.e., the contact region is known a priori) with Tresca friction. And, secondly, for unilateral contact
without friction. The latter case corresponds, at least formally, to the choice ¢ = 0. Both of these special cases
are physically more meaningful than unilateral (i.e., unknown) contact with Tresca friction. However, for the
realization of contact with Coulomb friction, which is realistic and often used in practice, usually a sequence of
Tresca frictional contact problems is solved. This renders unilateral contact with Tresca friction to an important
problem as well.

It should be mentioned that the asymptotic procedure employed in this paper applies in a similar way to
contact problems with thin linear elastic plates with integrated piezoelectric patches or layers. The corresponding
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asymptotic models can be derived using similar arguments as in this paper, provided the piezoelectric patches
or layers are perfectly linked (surface bonded or embedded) to the elastic plates.

4. NUMERICAL EXAMPLES

Here, we present numerical tests for the asymptotic equations obtained in the previous sections. We first use
a simple example to verify our code and to discuss the friction and contact conditions and then focus on two
examples, where the mechanical frictional contact behavior interacts significantly with the electric potential.
The numerical treatment of the contact and friction conditions for the mechanical displacement follows [16].
The mechanical equations are discretized with bilinear finite elements for the tangential components (; and (s,
and with third-order nonconforming elements for (3. Note that, while the asymptotic equations are defined on a
two-dimensional domain, the contact and friction conditions remain structurally as in three-dimensional contact
mechanics, where frictional contact occurs on two-dimensional boundary surfaces. To simplify the problem we
replace for our numerical implementation the contact and friction conditions on I'_ by the same conditions in
the middle plane (and, for consistency, we also elevate the obstacle by h).

In all our examples we consider a laminated plate made of two layers of different PZT piezoelectric ceramic
materials. The material parameters are taken from the tables VIII and XI in [19]. Both layers are assumed
to be of the same thickness h = 0.01 leading to a plate of thickness 0.02. The data are given in SI units, i.e.,
length is measured in meter, mechanical forces in Newton and electrical potentials in Volt.

4.1. Example 1

Using this example we verify our implementation for the contact conditions and briefly discuss properties of
Tresca friction contact problems. We assume a plate with middle plane w = [0, 1] x [0, 2] that is subject to the
mechanical volume forces f = (5-107,0,—5-10%). The obstacle is given by s = 0.015 and we assume the case
(ebc2) with all zero electrical boundary conditions. The friction bound for the Tresca friction law is ¢ = 107.
In the upper plot of Figure 2 we show the deformed plate. In the lower left plot, the a priori unknown contact
nodes are shown as black dots. In the lower right plot of Figure 2 we visualize the tangential stress (red arrows)
and the tangential displacement (blue arrows). Note that sliding occurs only in direction of the tangential stress
as required in the Tresca friction law. Moreover, note that friction (that is, nonzero tangential stress) occurs
also in points where the plate is not in contact with the obstacle, which is an unphysical behavior. This is
due to the fact that in the Tresca friction law an a priori given friction bound ¢ is used, see also Remark 3.6.
The more realistic Coulomb friction law uses ¢ = F|o,,| with the so called friction coefficient F > 0. Thus, in
the latter case, ¢ depends on u (see also Example 2). For a more detailed discussion of friction laws we refer
to [9,13], see also [16].

4.2. Example 2

For this second example, w = [0, 1] x [0, 2] and we again use the electric boundary conditions (ebc2). To be
more precise, we apply an electric surface charge density # = 3 on the upper surface I'; and assume the lower
surface to be grounded. Moreover, all mechanical forces are zero with exception of f3 = —10° (that is, the
plate is subject to a gravity force pressing it onto the obstacle). In Figure 3, we show the deformed plate using
various different obstacles. Besides the Signorini contact conditions, we use the Coulomb friction law since it
is more realistic than the Tresca law. Coulomb friction means that ¢ is not given a priori, but that ¢ = Floy,|,
with F > 0 (we use F = 1). The Coulomb friction problem is numerically treated by solving a sequence of
Tresca friction problems, see [16]. The computations shown in Figure 3 are done using 40 x 80 finite elements.

Remarkably, the region of actual contact between obstacle and plate is relatively small, even though addition-
ally to the applied electric surface charge density the plate is subject to a gravity force pressing it towards the
obstacle: For all obstacles, contact essentially only occurs along one-dimensional curves consisting of relatively
few points. This remains true when the mesh is refined to, e.g., to 80 x 160 elements. A possible explanation
for this behavior is that large inner stresses resulting from the applied electric surface charge density 6 avoid a
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FIGURE 2. Example 1: deformed plate (upper plot); top view of nodes where the plate is in
contact with the rigid obstacle (black dots in lower left plot); top view of tangential displacement
(blue) and tangential stress (red, lower right plot).

larger contact region with the obstacle. We’ve observed a similar phenomenon also for the Tresca friction law
and for other (non affine) obstacles: If an electric surface charge is applied to the plate, contact regions are
remarkably small.

4.3. Example 3

With this last example we show, how the direct piezoelectric effect can be used for the detection and study
of obstacles using the sensor effect of piezoelectric plates. We use a plate with middle plane w = [0,1] x [0, 1]
that is clamped along the boundary {0} x [0, 1]. It is subject to the constant gravity force f3 = —10°. All other
mechanical forces are zero and there are no applied electrical forces. We use the boundary conditions (ebc2)
with grounded lower surface (¢9 = 0 on I'_). On the upper surface I';, where we measure the electric potential,
we assume homogeneous electric Neumann boundary conditions. The plate deforms from its original state due
to the applied mechanical force and the shape of the obstacle. For this example we neglect the frictional forces
and only assume Signorini contact conditions. We focus on the electric potential on the upper surface of the
plate and study if it is possible to draw conclusions about the shape of the obstacle.

In Figure 4 we show the three different obstacles used (left column), the corresponding deformed plates
(middle) and the contour plots of the electric potentials on I'} (right). Note that the electric potential on the
upper surface allows to guess the shape of the obstacle. In this sense, piezoelectric plates can be used as sensors
for scanning and for the study of surfaces.
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FIGURE 3. Example 2: deformed plate subject to contact with Coulomb friction, i.e. ¢ = |oy,|;
obstacle corresponding to s = 0.015 (upper left), to s = 0.06 (upper right), to s = 0.11 (middle
left) and deformation if not restricted with an obstacle (middle right); top view of contact nodes
for s = 0.015 (lower, left) and for s = 0.06 (lower, right)—note that the contact regions are
small.

Appendix
Part A. The modified tensors Aag~p, Piag and p;3, in Theorem 3.1, are defined by

Cap33C33+p i (C’ 453 Ch333

Aaﬁwp = UaByp — - Caﬁu?)) bs. As5~yp,

C3333 C3333
Chp3s C33u3
Diag = Piag — Caﬁ Piz3 + (Pi33 C—V - Piu3) bsy asap,
3333
Pi33P333 C33u3
Pig 1= Ei3 + ———2 — (P¢33 = Piu3> bsy cs,
C3333 C3333
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FIGURE 4. Example 3: different obstacles (left), the corresponding deformed plates (middle)
and contour plots of the electric potentials on I'; (right).

where

as~p = C334,C5333 — Cs34,C3333, cs 1= Cs3z3 333 — C3333.P353,

[b(;u} = [05333033u3 - 0531,303333] -t (identity between two matrices).
We remark that ps.s can equivalently be computed as

C33u3
C3333

Capss
D3ag = P3ag — Ca—’GP333 + (Caﬁ?,:s
3333

- Ca,@l/?)) bél/ Cs.

200

-a00

-600

-800
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Part B. The terms (Ng%“ (u)) and (Mg%“ (u)), in Theorem 3.3, are the components of second-order tensor
fields corresponding to the Kirchhoff-Love displacement u, given by the following matrix formula

[ N(i%d (u) €w(C) ]

, — Oebci
M(i%cz (u) 8’Yp<3a

where the components of the 6 x 6 matrix O are functions of the middle plane w, namely

+h ~ebci _ +h Hebei
Oebci _ _hn Caﬁ,ypdir3 f Daﬁ’ypdx3
ebci +h ebci ’
f h I3 Caﬁ,w)dxg _h $3Da57pd$3 66

with the modified coefficients defined on Q:

Ba,@'yp = Aaﬁ'yp + p3—(123§37p
_ P3ap @yp
co for (ebcl)
ebei L ebei ebei B - 7
Coprp = Bapypt+ Cozﬁ’yp with C(){B'y[) - 0 for (ebe2) and (ebe3),
P3ap byp
‘ Pebei - co for (ebcl),
D(exlg’lyp = T3 Ba,@'yp + DZ%:?YP with Dzbﬁcfyp = { P33 0 ( )

0 for (ebe2) and (ebe3).

The linear form [°*“/(.) is defined by
1 (v /f de+/ g-vdly +1 (v),
I'n

with

Jo (Psr+ (95 —¢f — R)co) 2222 eqp(v)dx for (ebcl),

P33

Q ps3

bei -
17" (v) = Psap (Pgr(xl,arg,xg) + (h*0 — Psr) (1, 22, h*)) eap(v),
with h* = +1 for (ebc2) and h* = —1 for (ebe3).
Part C. The formulas for Fgeb‘:i and F gbCi, which appear in Remark 3.5, are defined by

Fgbel = fj:(xgaafa + f3)dzs + 95 + 95 +hoalgl —g5) + Dap( — a3 Geb‘”)

nga = f fﬁ d.]?g + gﬁ +g,8) 8 Geb(‘? fOI‘ ﬁ = 1725

where -
J2 (Psr+(pg — g — R)co) I);’Taf dzs for (ebel)

Gebcz _ +h Psas
—h pss3

with h* =+1,ifi =2 and h* = -1, if i = 3.

(P r(z1,xe, x3) + (h*0 — Psr)(xq, x2, h*)) dxs,
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