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HETEROGENEOUS DIELECTRIC PROPERTIES IN MEMS MODELS
PHILIPPE LAURENCOT AND CHRISTOPH WALKER

ABSTRACT. An idealized electrostatically actuated microelectromechanical system (MEMS) involving an
elastic plate with a heterogeneous dielectric material is considered. Starting from the electrostatic and me-
chanical energies, the governing evolution equations for the electrostatic potential and the plate deflection are
derived from the corresponding energy balance. This leads to a free boundary transmission problem due to a
jump of the dielectric permittivity across the interface separating elastic plate and free space. Reduced models
retaining the influence of the heterogeneity of the elastic plate under suitable assumptions are obtained when
either the elastic’s plate thickness or the aspect ratio of the device vanishes.

1. INTRODUCTION

Microelectromechanical systems (MEMS) are important parts in modern technology [31,33]. In an
idealized setting, a electrostatically actuated MEMS device consists of a rigid conducting ground plate
above which an elastic plate, coated with a thin dielectric layer, is suspended. Holding the two plates at
different electrostatic potentials induces a Coulomb force across the device deforming the elastic plate,
thereby modifying the shape of the device and transforming electrostatic energy into mechanical energy.
The modeling of such an idealized MEMS involves in general the vertical deflection u of the elastic plate
and the electrostatic potential 7/ in the device. More specifically, let us consider a rigid ground plate of
shape D C R? and an elastic plate with the same shape D at rest and uniform thickness d > 0 and being
made of a possibly non-uniform dielectric material. Denoting the vertical deflection of the bottom of the
elastic plate at a point x = (z1,z2) € D by u = u(x), the deformed elastic plate is given by

Do(u) :={(x,2) € DxR;u(zr) < z < u(x)+d},

so that its top surface is located at height z = u(x) 4+ d, x € D. The elastic plate being suspended at its
boundary has zero deflection there, that is, u(z) = 0 for z € 9D. As for the rigid ground plate of shape D,
it is located at z = —H and it is held at zero potential while the elastic plate is held at a constant potential
V > 0.

The region between the two plates is described by

O (u) :={(x,2) e DxR; —H < z < u(x)},
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2 PHILIPPE LAURENCOT AND CHRISTOPH WALKER

and separated from the elastic plate by the interface
Y(u) ={(x,2) e DxR; z=u(x)}.

Due to the above described geometry of the MEMS under study, the electrostatic potential ¢, in the device
is defined in a non-homogeneous medium which is endowed with the following properties: the medium or
vacuum filling the region §2; (u) between the plates is assumed to have constant permittivity o; > 0 while the
dielectric properties are allowed to vary across the elastic plate material, a fact which is reflected by a non-
constant permittivity oo = o9(x) (though independent of the vertical direction at this stage for simplicity).
Introducing the electrostatic potentials between the plates 1, 1 = ¥, 1(z, 2), (2, 2) € Q4(u), and within the
elastic plate 1, 0 = ¥,2(2, 2), (2, 2) € Qs(u), the electrostatic potential 1/, and the permittivity o in the
device are given by

,ll) _{ 1/@,1 il’lQl(U), o _{ 01 ian(u),
v 1/%,2 in Q2<u>, T 09 in Qz(u) .

Since the electrostatic potential v, is defined in the domain
Qu) :=={(z,2) e DxR; —H < z < u(z)+d} = Q(u) UQs(u) UX(u),

which varies according to the deformation u, the definition of the former is obviously strongly sensitive
to the geometry of the latter. In particular, the permittivity o features a jump at the interface >(u) that
changes its location with u. Moreover, the region {2;(u) between the two plates is connected only when
the two plates remain separate, that is, as long as u(z) > —H for all x € D. This corresponds to a
stable operating condition of the MEMS device. However, it is expected that there is a critical threshold
value for the applied voltage difference V' above which the restoring elastic forces can no longer balance
the attractive electrostatic forces and the top plate “pulls in”, that is, sticks onto the ground plate. This
touchdown phenomenon manifests itself in a situation in which u(x) = —H for some x € D. When the
thickness of the elastic plate is neglected, a touchdown leads to a breakdown of the model (or, alternatively,
in a singularity from a mathematical viewpoint) [4,13,17,30,31]. This, however, need not be the case for
plates with positive thickness as it then corresponds to a zipped state with the elastic plate lying directly on
the ground plate [16].

The first purpose of this work is to derive a mathematical model for the dynamics of the above described
MEMS device when the thickness of the elastic plate and hence its dielectric properties are explicitly taken
into account. The approach adopted herein is in accordance with [3,7, 10, 18] and prescribes the dynamics
of u as the gradient flow of the rotal energy E(u) = E,,(u) + E.(u). It includes the mechanical energy

B T
B (u) ::§/Dmu|2 dx+§/D\Vu\2 dz

where the first term accounts for plate bending with coefficient B > 0, and the second term accounts for
stretching with coefficient 7' > 0. For simplicity we restrict ourselves to vertical deflections and consider
only linear bending by neglecting curvature effects from the outset. Moreover, we refrain at this point
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from modeling the above mentioned zipped states and refer to the subsequent sections for this issue. The
electrostatic energy is given by

1
Bw)i=—3 | L olVBP ),

where the electrostatic potential v, is the maximizer of the Dirichlet integral

1
——/ o|VI|? d(z, 2)
2 Jaw

among functions ¥ € H'(Q(u)) satisfying appropriate boundary conditions (see Section 2) on 9(u).
The electrostatic energy E.(u) then clearly depends on the deflection u not only through the domain of
integration Q(u) but also through the implicit dependence of the electrostatic potential v, on u. Since
the derivation of the corresponding mathematical model is based on the energy balance, it requires the
computation of the first variation 6, £ (u) = 6, E,, (u) + 6, E.(u) of the total energy E(u) with respect to .
The computation of J, F(u) turns out to be quite involved as we shall see in Section 2 below. It yields the
electrostatic force F,(u) exerted on the elastic plate in the form

Fo(u) == 0,E(u) = F.1(u) + Feo(u) (1.1a)
where
Foq(u)(x) = —% ﬁrv—mﬁe,l(u)(x) : (1.1b)
with
E,1(u)(z) :=|04u0(x, u(x)) Vu(z) + V'ibyo(z, u(z))
+ (V/Q/J%Q(ZL‘,U(I‘)) . Vlu(:zc))2
+ “2(1‘5) (8-t u(e)) = V) - Vbl u(a)) )
and
Foa(u) (@) = ~02(2) [Vibus(as ule) + d)|° . (1.10)

2

where V' := (0,,,0,,), V*+ := (dy,, —0,,). Let us point out here again that, besides the complexity of
the formula (1.1) giving the electrostatic force in terms of u and ,, the electrostatic potential v, itself
depends in an implicit and intricate way on the deflection u as it solves a transmission elliptic boundary
value problem on a domain which varies with respect to u. The precise equations are stated in the next
section, see (2.5).

If the thickness of the plate is neglected, that is, if d = 0, then ¢, = %, and the corresponding
electrostatic force reduces to

1
F.(u)(z) := 501 |un(x,u(x))\2 (1.2)
as already derived in [10,21].
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A somewhat different approach is pursued in [30] where the electrostatic force F,(u) is a priori assumed
to be proportional to the square of the gradient trace of the electrostatic potential on the elastic plate. More
precisely, if d > 0, then the electrostatic force is taken to be

F.(u) := F.o(u), (1.3)

where I, »(u) is defined in (1.1c), and if d = 0, then it is given by (1.2). Interestingly, both approaches give
rise to the same electrostatic force (1.2) when the thickness d of the elastic plate is neglected and taken to
be equal to zero. However, when the thickness is positive, the electrostatic force (1.1) includes additional
terms compared to (1.2), which are gathered in F, ; (u) and stem from the discontinuity of the permittivity
across the interface > (u). Observe that F, ;(u) is nonnegative in the physically relevant situation where
09 Z 01.

Having the electrostatic force F,(u) from (1.1) at hand we are in a position to write the force balance
which yields the evolution of the deflection u = u(¢, x) in the form

a0u + rowu + BA*u — TAu = —F,(u), reD, t>0. (1.4)
Here, ao(’?fu accounts for inertia forces, rd;u is a damping force, and
BA*u — TAu = §,E,,(u) . (1.5)

Consequently, the evolution of the elastic plate deflection « is given by a semilinear damped wave equation
(1.4) with a nonlocal source term involving, in particular, the square of the trace of the gradient of the
electrostatic potential, the latter being a solution to an elliptic transmission problem (see (2.5) below) on
a domain depending on u. Thus, in addition to a complicated expression for the electrostatic force F,(u),
there is a strong coupling between the deflection v and the electrostatic potential ),,. To get a better insight
into the dynamics it is therefore of utmost importance to derive reduced models, which are more tractable
from an analytical point of view. A first step in this direction is to investigate the limiting behavior of
the model as the plate thickness d vanishes. In Section 3.1 we first consider the case where the dielectric
permittivity o is of order 1 with respect to d. Amazingly, no influence of the permittivity o5 is retained in
this limit. The model we end up with is just (1.4) with electrostatic force given by (1.2). This is in sharp
contrast to the second situation that we consider in Section 3.2 in which o5 is of order d. If 09 = do,, we
find that the electrostatic force is then given by

FKUXx)Z%vaﬂxﬂ%ﬂHQ—dW(deﬂwaxﬂdxﬁ-*VVVUWD

0 (@) (1 + [Vu(@) ) (e, ue)) — V)Otu(z, u(z)).

In addition, the boundary value problem for the electrostatic potential v, is of a different nature (see (3.17)
below for details). In both cases the models obtained in the limit d — 0 are still rather complex.

Section 4 is then devoted to the classical vanishing aspect ratio limit which amounts to let H/diam(D)
go to zero [30]. This procedure allows one to express v, as well as the electrostatic force F,(u) explicitly
in terms of w. The vanishing aspect ratio model we thus obtain reads (after a suitable rescaling)

A

2020 + Owu + BA*u — TAU = —
T i+ p 2(1 4+ u+ oy t)?

., z€D, t>0. (1.6)
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In this situation, the pull-in instability occurs if u reaches the value —1 which is the vertical position of
the ground plate in rescaled variables. It is worth pointing out that this instability does not correspond to a
singularity in the electrostatic force when o, ' > 0. This is consistent with the original model (1.4), where
the positive thickness of the plate prevents the occurrence of a singularity. Touchdown singularities can only
occur at points where the elastic plate is a perfect conductor meaning that o (z)~! = 0. This is contrary to
the widely used model derived in [30], where touchdown singularities may occur only at dielectric points.

2. MODEL

In this section we provide a detailed derivation of the equation (1.4) with electrostatic force given in (1.1)
and first recall the description of the device. We assume that the elastic plate is made of a dielectric material
and has a uniform thickness d > 0. Its shape is an open bounded domain D C R? with sufficiently smooth
boundary.! The rigid ground plate is located at = = — H, while the elastic plate is

Do(u) :={(x,2) € DxR;u(zr) < z < u(x)+d} ,

where u = u(x) denotes the deflection of the bottom of the elastic plate at a point x = (x1,25) € D. For
consistency of the model, we presuppose that u(z) > —H for 2 € D. Since the elastic plate is suspended
above the ground plate, there is zero deflection

u(z) =0, ze€dD,

at the boundary of D. If the plate is assumed to be clamped, then one requires in addition a vanishing
normal derivative

du(xr) =0, x€dD,
with v denoting the outward unit normal on dD. The interface
Y(u) :={(x,2) € DxR; z=u(z)}
separates the elastic plate {25(u) from the region €2, (u) between the two plates, given by
Q(u):={(xr,2) e DxR; —H < z < u(zx)} .
We set
Qu) ={(z,2) e DxR; —H < z < u(x) +d} = Q(u) UQ(u) UX(u)

and let
(=Vu(z),1)

nE(u)<x) = 1—|—‘VU<I‘)‘2 ) z )

denote the unit normal on the interface >(u) pointing into ().

The top surface of the elastic plate is kept at a constant positive voltage value V' while the ground plate
is kept at zero voltage. Let o1 be the constant permittivity of the medium (or vacuum) filling the region
between the plates, and let o5 be the permittivity of the plate material which we do not assume to be

2.1)

D can also be an interval in R in the following and then z is a scalar.
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homogeneous in this paper. In fact, we assume that the dependence on the vertical direction (if any) involves
the relative position of the plate with respect to its deflection u, that is,

0'2(1‘, Z) = O'*(ZL‘,Z - u(x)) ) (ZE,Z) € QQ(U) ) (2.2)
where o, is a function defined on D x [0, d]. Given a pair of real-valued functions (v, 92) with ¢J; defined
on Q;(u), j = 1,2, we put

9 = ’191 in Ql(u) L 01 in Ql(u) s

T ’192 in QQ(U) ’ 7= 09 in QQ(U) .

Also, for a function f = f(x,z) we slightly abuse notation by writing f[-] whenever the x-variable is
omitted, that is, for example f[u] = f(z,u(z)) and 0,[z — u] = o.(z, z — u(x)).
To define the boundary conditions for the electrostatic potential we fix a smooth function

h:D x (—H,o0) X (—H,00) = R with h(z,w,w) =V, h(z,—H,w) =0 (2.3a)
for (x,w) € D x (—H, 00) and define
ho(,2) = h(z, z,0(x)), (z,2) € D x (—H,o0), (2.3b)

for a given function v : D — (—H, c0).

2.1. Electrostatic Potential. We now introduce the functional

1
E(u, ) = _5/51( AV 2)

for a sufficiently smooth deflection u : D — (—H,00) and ¢ € hy,q + Hi(Q(u)), where HL(Q(u))
denotes the subspace of the Sobolev space H'(2(u)) consisting of those functions with zero trace on the
boundary of (). The electrostatic potential 1, in () is the maximizer of this functional with respect to
¥ € hyrq+ Hi(Q(u)). Then the electrostatic energy of the device is given by

Bu(w) = E(u) =3 [ oIV ). 2.4)

To derive the equations for the electrostatic potential ¢/, depending on the given deflection u, we use the
fact that it is a critical point of £ (u,?) with respect to . Letting ¢ € C}(Q2(u)), we obtain from Gauss’
theorem

OpE(u, V) = —/ oV -Vod(z,2)

= / ¢div (cVY) d(z, z) — ¢ [oVI] - g dS,
Q(u) 5 (u)

where [f] := f1 — f» stands for the jump across the interface () of a function f defined in Q4 (u) U (u).
Consequently, the electrostatic potential v, for a given deflection u satisfies

div(eVi,) =0 in Q(u) (2.5a)
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with transmission conditions on the interface ()
[u] = [oVYu] -ngey =0 on X(u), (2.5b)
along with the boundary conditions
Yy = hyta, (x,2) € 0Q(u), (2.5¢)
with h, . 4 being defined in (2.3).

2.2. Electrostatic Force. We now derive the electrostatic force exerted on the elastic plate by computing
the first variation 6, F,(u). Let a (smooth) deflection v : D — R be fixed, vanishing on D with u > —H
in D. Let v, be the corresponding solution to (2.5) in Q2(u) and note that v, depends non-locally on the
deflection u. Let v € C§°(D) and put us := u + sv for s € (—oy, 0¢), Where oy is chosen small enough so
that u; > —H in D for all s € (—0y, 0¢). The goal is to compute

d
SuBe(u)o = —
(wjo = —

Since u is fixed throughout this section, we simply write 1, 2, ;, s, and ¥ instead of 1, Q(u), 2 (u),
Qo(u), and X(u), respectively. For s € (—oy, 0¢), we introduce the transformation ®(s) := (1 (s), Po(s))
with

E.(u+ sv)|s=0 -

Dy (s)(z, 2) == (x,z + sv(a:)[fii%) : (x,2) € Qy,
Dy (s)(x, 2) == (x, 2 + sv(x)) (x,2) € Q.
Note that
Qo(ug) = Pe(s)(), €=1,2,
and
det(VD,(s)) = 1 + Hsi =>0,  det(Va(s) = 1.
Moreover,
0sP1(0)(x, 2z) = (0, %) : (x,2) € O, (2.6)
0sP2(0)(x, z) = (0,v(x)) (x,2) € Q. (2.7)
Let now () be the solution to (2.5) in Q(uy), that is,
div (a(s)Vi(s)) =0 in Qus), (2.8a)
[¥(s)] = [o(s)Vep(s)] - Ny, =0 on X(uy), (2.8b)
V(s) = hysa, (x,2) € 0Q(uy), (2.8¢)
where
o1 for (z,2) € Q(us),

o(s)(z,z) =

oz, 2 —us(x)) for (z,2) € Qo(uy).
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Then ¢)(0) = ¢ and ¢(0) = o. To compute the derivative with respect to s of

1

Biu) == [ o)IVe) A

we use the Reynolds transport theorem (e.g. see [2, XI[.Theorem 2.11]) and obtain

d

() =0 = /Q |oVY - VO(0) + div (%Ww?ascb(o)ﬂ d(z, z)

N % /Qasa(O)\Vi/f\2 d(z,z).

From Gauss’ theorem, (2.5), and the definition of s — o(s) it follows that

d
()l = /BQ o (asw(())w n %|w|2asq>(0)) g0 dS
- / [00.0(0)Ve + ZVy20,8(0)] - n ds
>

1
45 [ 00— d[Te ).
Qo

(2.9)

Note that (2.3) and (2.8¢) entail that 051)(0) = 0 on the parts 0D x [-H < z < u+d]and D x {—H}
of the boundary 09. Also, 9,®(0) =0on D x {—H} and on 9D x [—H < z < u + d] (as v vanishes on

0D). Thus, the corresponding boundary integrals vanish and (2.9) reduces to

d

_ Loy .
B0 = /[ZM o <as¢(0)w +5IVe ascb(O)) ny: dS

- [ [row0vu+ GIverone)] -nsas
+ % /Q2 00,0, [z — ]|V |* d(z, 2) .
We now compute the first integral on the right-hand side of (2.10). To that end, we recall that
U(s)(z,us(z) +d) =V, z€D,
according to (2.3) and (2.8c), and thus
s (0) (2, u(z) + d) = =0, (z,u(z) + d)v(z), =z €D,

and
V'iho(x, u(x) + d) = —0.1bs (2, u(x) + d)Vu(z), x€D.

(2.10)

2.11)

(2.12)
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From (2.7), (2.11), and (2.12) we obtain

[ - (aswoww ; 1|vw|2as<b<o>) g dS
[z=u+d] 2

:/ o.ld (%ng[u—l—dﬂz+8Z1/12[u+d]Vu~V’z/zg[u—i—d])vd:c
D (2.13)

_ / o [d)| 0.t + ][ d
D

1

:_Q/Dcr*[dHV@/)g[qudH vdx.

We next consider the second term on the right-hand side of (2.10) which involves an integral over ..
First note that (2.5b) implies

1
[00s(0)VY] - ny = 2 [05(0)] (01V1/11 + Uszz) ‘ny  on X,
while differentiating (2.8b) with respect to s gives

[[68’17[)(0)]] - [[82’17/)]] v oon X.

Hence,
[00.4(0) VY] - ny = == [0.4] (01 V41 + 02Vv) - s
[0-4] , ;
LT vap Yt o) -V (2.14)

v [0.9]
— —————(010. 0,
2\/1+ |Vul? (Dt + 20
on Y. Now, since (2.5b), after differentiating it with respect to x, implies

—[0.4] Vu=[V'¥] on X, (2.15)

N | <

while (2.6)-(2.7) entail

[o|VY[?0,2(0)] - s on ¥,

= 7% [oIVy[7]

it follows from (2.14) that
o060V + Z|960,0(0)] -ns

Ulvlwl + U2V/¢2) [[VIQ/J]] - (Ulazwl + 028#/12) [[8%/1]]}

1 v
- §7m {_(

1 v
ot [l VP
3 i vae VO
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on Y. From this we readily deduce that
1 v
2./1+ |Vul?

on X.. We finally derive an alternative expression for Vi, - Vi), on .. To this end note that we can express
(2.15) in the form

[[o—asw@)w + %|Vw|23s<1>(0)]] ‘ny = [o] Vipy - Viby (2.16)

V' + 0,41 Vu = V'ipy + 0.1, Vu on ¥, (2.17)
while (2.5b) reads
0'18Z1/11 — 01Vu . V/wl = O'QaZQ/JQ — UQVU . VIQ/JQ on . (218)

Taking the inner product of (2.17) with oy Vu, adding (2.18) to the resulting identity, and multiplying the
outcome by 0,19, one obtains

o1 (14 |Vul?) 9.410.05 = [0]0:42Vu - V'ihy + (01| Vul® + 02) |00 ]? (2.19)

on Y. Next, we take the inner product of (2.17) with o1 V'1)5, multiply (2.18) by Vu - V'), and subtract
the resulting identities. This yields

01 (VIQ/Jl . v/wz —+ (VU . V’wl)(Vu . VIQ/JQ)) (2 20)
= 01|Vl + 02 (V- V'i2)? + [0]0:4: Vi - V't '

on X.. One then easily checks that
(Vu - V') (Vu - V) = [VulP Ve, - Vi — (V'ihy - Vi) (Vs - V)
where V* := (0,,, —05, ). Since (2.17) implies V'b; - V4u = V'thy - V4 u, we derive from (2.20) that
o (14 [Vul?) V'iby - Vi = 01 (Vi - V4u)? 4 04|Vt 01
+ 05 (V- Vi) + [0]0.005 V- V'thy

on Y. Therefore, combining (2.19) and (2.21) we deduce that
o1 (14 [Vul?) Vi - Vipy = o1 (14 [Vul?) (V' - Vg + 0,401 8.1)
= 2[0]0.1sVu - V'thy + (01| Vul|* + 02) [0.40]?
+ o1 (Vs - V) + on [V + 05 (V- V') (2.22)
= 01 (1002 Vu+ V'l + (Ve - V4u)?)
+ 02 (0.4 = Vu - V'iy)”
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on Y. Gathering (2.16) and (2.22) gives

/E [[aaszp(o)w v %\VW&@(O)H -ng dS

o 1 U[[U]] / 2 / 1.\2
-2 /D T [ 0]Vt Vbalul + (Tl - 4u) (2.23)
oolu ,
22 5 o] — V- Tnful)? }az.
01
Finally observe that
u+d
/ 0,0.[z — u] |V Pvd(z, 2) = / v/ 0.0.[z — u]|Vih|* dzdz . (2.24)
Qo D u
Consequently, we infer from (2.10), (2.13), (2.23), and (2.24) that the first variation of F, reads
1 u+d ) 1 )
0ube(u) =3 0:0.[z — ul|Vipp[2]" dz + 5 ou[d] [Vis[u + d]

DotV + V]| + (Vfu] - ) (2.25)

1 [o]
21+ |Vul? {

0.]0]

+

(9-ttalu] — V- V' [u])z} -

Note that the second term of J, . (u) is always non-negative. If the permittivity of the medium filling the
region between the plates is smaller than the permittivity of the dielectric material the plate is made of, then
the third term in 0, E. (1) is also non-negative since [o] = o7 —o2 < 0. This is the case in many applications
where the region between the plates is vacuumized. Finally, the first term of 9, £ (u) is nonlocal and need
not have a constant sign but we emphasize that it vanishes if the permittivity of the plate is independent
of the vertical direction as in [30]. In fact, an interesting mathematical consequence of (2.25) is that the
electrostatic energy F.(u) is monotonically increasing with respect to the deflection u as soon as o,[-| is a
non-decreasing function and o; < o,.

Remark 2.1. If D is a one-dimensional interval, then formula (2.25) for 6, E.(u) is still valid after setting
Viu = 0.

Remark 2.2. The electrostatic force F.(u) = 0, E.(u) acting on the elastic plate found in (2.25) markedly
differs from the one taken in [30], where the last term on the right-hand side of (2.25), involving the jump of
the permittivity, is missing (the first term anyway does not come into play in [30] since no vertical variation
in the permittivity is considered). The reason for this is that in the latter reference the electrostatic force is
not derived as the first variation with respect to u of the electrostatic energy E.(u) as done above, but is
assumed to be given a priori by o5[u] Vb [u]|* /2 (corresponding to the second term in (2.25)).
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2.3. Mechanical Forces. The mechanical energy F,,(u) of the device includes three contributions. We
first account for plate bending and external stretching by the terms

B T
—/ | Aul? dx+—/ |Vu|* dz,
2 Jp 2Jp

where B is the product of Young’s modulus with area moment of inertia of the cross section of the plate
and 7' is the coefficient of the axial tension force. We hence neglect nonlinear elasticity effects as well as
internal stretching effects and take into account only vertical deflections. Finally, we model the natural fact
that the upper plate cannot penetrate the ground plate by adding a constraint term which we choose to be

/ H[,H,Oo) (u) dx .
D

Here, Iy ~) denotes the indicator function of the closed interval [/, co) on which it takes the value zero
and the value oo on its complement. Consequently, the mechanical energy reads

B T
2 Jp 2 Jp D
It readily follows that the mechanical force is given by
6uEm(u) = BAu — TAu + 9[- .00y (1) , (2.26)

where Ol[_p o) (u) is the subdifferential of the indicator function Ij_j ). Recall that given u € Ly(D)
satisfying u > —H a.e. in D, a function ¢ € Ly(D) belongs to Ol|_y «)(u) if and only if it satisfies the
variational inequality

0> / ((v—u)dz forall wve& Ly(D) with v>—H ae.inD. (2.27)
D

Clearly, ¢ = 01if v > —H, that is, as long as the gap between the elastic plate and the ground plate is
positive.

Remark 2.3. The unilateral side condition u > —H can also be modeled by a penalty term involving the
Heaviside function which amounts to replace Ol|_ g )(u) in (2.26) by —s Heav(—H —u) with a sufficiently
large number s.

2.4. Governing Equations for (u,,). To obtain now a complete model for the deflection u and the
electrostatic potential 1,,, we include all forces and add a damping force. Thus, the evolution equation for
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the deflection u reads
ao0?u + rou + BA*u — TAu + ¢

u+d
= —% / 0.0, [z — u]|Vihyo[2]]* dz — %a*[d] |Vabuo[u + d])?
1 2 2
+ 5 % { 82@%,2 [U]VU + V’@/)ug [u]} + (V,@bug [u] . VLU) (2.28a)
0 , 2
+UO_[1 ] (az’l/}uQ[U] —Vu-V ’l/)wz[U]) } s

for t > 0 and z € D with ((t) belonging to Ol_y ) (u(t)) for t > 0 (i.e. satisfying (2.27)), supplemented
with boundary conditions

u=B0u=0 on 0D, t>0, (2.28b)
and some initial conditions. The electrostatic potential v, satisfies
div(eVe,) =0 in Qu), t>0, (2.29a)
with transmission conditions on the interface ¥(u),
[u] = [oV] -ngw =0 on X(u), ¢>0, (2.29b)
along with the boundary condition
Uy = hyra, (x,2) €00u) t>0. (2.29¢)

Recall that h,, 4 is defined in (2.3).

3. THE THIN PLATE LIMIT d — 0

We next derive equations corresponding to (2.28), (2.29) in the limit d — 0 of a thin elastic plate, the
purpose of this derivation being twofold: besides the obvious goal of obtaining reduced models which are
likely to be more tractable for theoretical and numerical investigations, we also aim at determining how the
heterogeneity of the elastic plate — reflected through the non-constant permittivity o, — impacts the limit
models. The starting point is to identify the electrostatic potential in the limit d — 0. Recall that, given a
deflection u, the electrostatic potential v, satisfying (2.29) (and thus depending on d) is a maximizer of the
energy functional

o ) 1 u+d )
E(u,9) = —— IVI|*d(x, 2) — —/ / 02| VY|* dzdx
2 Q1 (u) 2 D Ju
with respect to ¢ satisfying the boundary conditions (2.29¢). To find the limit of this functional as d — 0,
we use ['-convergence techniques along the lines of [1]. This then also allows us to derive the corresponding
force exerted on the thin elastic plate as in Section 2.2.
Throughout this section we fix a smooth deflection u : D — (—H, M) with M > 0 satisfying

u=0,u=0 on J0D. (3.1
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Then
Q% (u) = (u) US(u) U (u) C Qo= D x (—H, M + 1)
for d < 1, where
Qd(u) == {(2,2) € D xR; u(x) < z <u(x)+d}.
We investigate two cases: first when the permittivity of the elastic plate is independent of d and then when
it scales with the plate thickness d.

3.1. The Case 0, = O(1). We here consider the case in which the dielectric profile of the elastic plate is
of order 1 compared to the plate’s thickness d. We thus assume that

oo(x, 2) == o4z, 2 — u(z)), (z,2) € Q(u), (3.2)

where o, is a continuous function on D x [0, 1] independent of d and satisfying o, > oy > 0 for some
constant o;. We set

Calu,0) =2 /Q VO P e 2)

/ / =] V(0 + hyya)Pdedz, 0 € HY(Q%uw)),
and

Ga(u,0) =00, 6€ Ly()\ H&(Qd(u)) )
Moreover, we introduce

Go(u,0) = 7 /wu) V(0 +h,)Pd(z,2), 6e Hi (),

and
Go(u,0) =00, 0€ Ly()\ Hy(2%(u)).

3.1.1. Reduced Electrostatic Energy when o, = O(1). The next result on I'-convergence of the energies
follows exactly as in [1,6]. We omit details here but refer to the next section for a similar computation in a
more complicated situation.

Proposition 3.1. Let o5 be given by (3.2). If 0 € HJ(Q1(u)), then
r— }tin(l) Ga(u,0) = Go(u,0) in Ly(Q).
—

Recalling the relation &(u, ) = —Gy(u, ¥ — hyyq) for 9 € hyypq + HH(Q%(u)) and d > 0, it follows
from Proposition 3.1 that in the limit d — 0 the electrostatic energy F.(u) is given by

E(w)==% [ [V d(.2),
Q1(w)
where 1, — h,, is a critical point of G (u,-) in H}(£2;(u)). Thus, the electrostatic potential 1), solves the
elliptic problem
A, =0 in Q(u), (3.3a)
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along with the boundary condition
y =h, on 0Q(u). (3.3b)
One now argues as in Section 2.2 to compute the electrostatic force which reads

Fu(u) = 8,E.(w) = T |V [ul]*.

Remark 3.2. It is worth pointing out that the elastic force retains no effects of the dielectric properties of
the elastic plate in the limit d — 0 when oo = O(1).

3.1.2. Reduced Model when o5 = O(1). The mechanical forces being still given by (2.26), we obtain from
Section 3.1.1 that the reduced model for (u, 1,,) in the thin elastic plate limit d — 0 reads

02U + 10 + BA*u — TAu = —%|V¢u[u]|2, reD, t>0, (3.4a)

supplemented with boundary conditions
u=Bd,u=0 on 0D, (3.4b)

and some initial conditions, and where the electrostatic potential v, satisfies (3.3).

The above free boundary model (3.3), (3.4) is already well-known in the existing literature and is actually
the building block in the modeling of MEMS when the thickness of the elastic plate is neglected from the
outset [4,12,31,32]. Let us remark that, in (3.3), (3.4), the electrostatic potential ¢/,, jumps from zero to
V' at touchdown points z € D where u(x) = —H according to the boundary condition (2.29¢c), see (2.3).
Consequently, a touchdown of the elastic plate on the ground plate induces a singularity in the electrostatic
force in that case. This also explains why the obstacle term vanishes. Questions regarding well-posedness
and qualitative aspects of this model were investigated in [8, 20, 23], an overview being provided in the
survey [24].

3.2. The Case 0o = O(d). We next consider the case in which the dielectric profile of the elastic plate
scales with the plate’s thickness d. This corresponds to a highly-conducting material. More precisely, let
oo(1,2) = dou(z,z —u(x)), (r,2) € QW(u), (3.5)

for some continuous function o, on D x [0, 1] independent of d satisfying o, > o > 0 for some constant
0y. We set

Calu,0) =2 /Q )|V(9+hu+d)\ d(z, 2)

/ / oz —u] V(0 + huya)Pdede, 6 € HY(QYu)),

and
Ga(u,0) =00, 0€ Ly()\ Hy(Q%u)).
Moreover, we define
01

Go(u, ) = 2/ " V(0 + h,)|?d(z, 2) + %/DU*[O] O[u)® (1 + |Vul*) dz
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for 0 € H5(Qy(u)) and
Go(u,0) =00, 0€ Ly(Q) \ Hy((u)),
where
Hy(Q(u)) :=={0 € H' (Q1(w); 0 =0 on 9 (u)\ S(u)} .
As shown below, Gy(u, -) turns out to be the I'-limit of the functional G4(u,-) as d — 0. In contrast to

the case 0o = O(1) previously studied in Section 3.1, the functional G (u, -) includes a term retaining the
dielectric properties of the elastic plate.

3.2.1. Reduced Electrostatic Energy when oo = O(d). We first identify the I'-limit of the functional
Ga(u,-)asd — 0.

Proposition 3.3. Let oy be given by (3.5). If 0 € Hj(Q(u)), then
I'—lim Gy(u,0) = Go(u,0) in  Lo(S2) .
d—0
Proof. We follow the lines of [1], the main difference being that the domain Q¢(u) is initially not para-
metrized along the normal to 3(u). Since u is a fixed smooth function satisfying (3.1) throughout the proof,

we omit for simplicity the dependence on u in the notation of the functionals G4, Gy, and the sets €1y, Qg,
and Q.

Step 1: Asymptotic lower semi-continuity. It follows from (3.1) that there is dy > 0 such that for any
d € (0,dp), there is a smooth function r4 : D — (0, c0) such that the mapping

sVu(z)

T vemp O T |Vu(x)|2>

AU QF, (2,8) (:p

defines a C!-diffeomorphism, where
Ut = {(z,5); 1€ D,0<s<rq)}
and
lim {74 ooy = 0. (3.6)

The determinant of its derivative is of the form

det(DA(z,s)) = /14 [Vu(z)|2 + sO(|lullwz (p)), (z,5) € U 3.7)
Let x € D and d € (0,dy). According to the definition of rg, there is y; € D such that A(x,ry(x)) =
(ya, u(yq) + d), that is,
rqo(z)Vu(x)
=x— , u +d=u(z)+
Yd T+ [Vu(z)]? (ya) (z)

from which we obtain the implicit equation

ra(7)
L+ [Vu(z)|?

; (3.8)

1 s rq(z)Vu(z) — ()| = d 1
“ra(a) T+ [Vu(z)P? rale) 1+ Vu@)P
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for r4(x). Hence, by Taylor’s expansion,

Ry e I R |  Vu@)?
ra(7) |ralx) 1+ [Vu(z)[? L+ |[Vu(z)[?
< |7’d(37)\%’\ lwz o)

< rall ey llullwz, o) -
so that, by (3.6),

— V14 |Vul?

Ta

lim
d—0

=0. (3.9
Loo(D)

Now, let 0; € H}(9?) be such that 65 — 0y in Ly() as d — 0. We claim that
Go(6o) < liminf Gu(6a) (3.10)
d—0

First note that we may assume without loss of generality that (G4(64))a<a, is bounded. Hence, owing to the
definition of G4 and the lower bound for o, there is ¢y > 0 such that, for all d € (0, dy),

u+d
T [ V(04 + hura) 2 d(z, 2) +d%/ / V(00 + o) 2 dede < co. G.11)
(951 D Ju
In particular, since

s, 2) — ha(@, )| < A Dl g mariny,  (2,2) € L, (3.12)

by (2.3) we may assume further that (65 + h,4q)d<d, converges weakly towards 6y + h, in H*(€2;). This
convergence implies not only that 6y, € H'(;) and satisfies

7 |V (0 + h,)|? d(z, 2) < liminf — / V(04 + hyya)]?d(z, 2) (3.13)
2 Joiw) d—0 1 (u)
but also that
Gd — 90 in Lz(an) s (314)

thanks to the compact embedding of H'(€;) in Ly(99;) and (3.12). In particular, 6, € H}(€), so that
Go(6yp) is finite. Furthermore, due to (3.13), it suffices to show that

Go(0o) < liminf Ga(ba) .

for the claim (3.10) to be true, where
/ / Lz —u] V(0 + hyra)|?dzde, 0 € HLH(OQY),
gd(e) =

00, 0 € Ly(Q) \ Hy (),
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and
1
—/ o010l (1 + [Vu?) dz, 6 HL(Q),
D

QO(Q) =
oo, HGLQ(QQ)\HE(Ql)
Since o, € C(D x [0, 1]), there holds

lim sup |o.(z,z—u(x)) — o.(z,0)] =0
d—0 (z,2)eNd

and we infer from (3.11) that

111;1 inf G4(04) = hm mf —/ / 0] [V (g + hura)|? dzda

= liminf — / Ha(x
d—0

where
rq(z)
Ha(x) ::/ (0.[0]V (8 + hus) 2) © Az, 8)|det (DA(z, 8)) ds,  x € D.
0

Next, for x € D and d € (0,dy), the definition of A and r, together with (2.3) and the Cauchy-Schwarz
inequality ensure that

|V = (Ba + hura) (@, u(2))]* = |(0a + hura) (A2, 7a(@)) = (B2 + hura) (A, 0))]

2

ra(z)
/0 (V(0q+ hyra)) o Az, 8))0sA(x, s)ds

ra(@) |0,A(z,5)|?
= ( /0 [0 0 Az, 9)|det (DA (. )] ds) Ha(a)
_ Ha(z)
wy(x)’
with X
rq() 1
wal®) = (/0 .[0] 0 A, s)|det(DA(x, 5))] ds)  weD.

Therefore,

. o d
hIdn_>10nf Ga(0y) = ll&ﬂ_}glf §/D'Hd(:p) dz

> lim inf g/ wa(x) |V = (0g + hysa)(z, u(z))* dz, (3.15)
D

d—0
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and we are left with identifying the last term of the right-hand side of (3.15). To this end, we observe that
(3.7) and (3.9) entail that

ro(z) 1 1 1

Y Toal®) B Td @) oald) oo O+ [Va@) P

uniformly with respect to € D. Combining this convergence with (3.12) and (3.14) allows us to pass to
the limit in the right-hand side of (3.15) and conclude that

li&n_)iglf Ga(04) > Go(bo) ,

after recalling that h, (z,u(x)) =V for z € D by (2.3), whence (3.10).

Step 2: Recovery sequence. Let § € Hj(Q;). We may extend 6 in the z-direction so that 6 belongs to
H'(€Qy) as well. Defining

wa(z, z) := max {0, 1— %} ,
we get O = a0 € H}(Q4) and 0, — 0 in Lo QO) Then
lim sup G4(6,) = limsup — / / 12— ul|0aVO + Vhyiqg + 0Vpq|* dzda
d—0 d—0

= limsup — / / Jz =] |01 [Vl dzda
d—0

= limsup — / / Jz =] 0P (1+|Vul?) dede,
d—o  2d

whence
lim sup Gq(6a) = Go(6)
d—0
by [1, Lemma III.1]. Since 6, = 6 in {24, this readily implies that
lim sup G4(64) = Go(0)

d—0

from which the assertion follows. ]

Remark 3.4. Proposition 3.3 is likely to be true if condition (3.1) is replaced by the weaker one u = 0
on OD. In this case, however, the parametrization of the domain Q3(u) along the normal to Y(u) is more
involved, and this is the difficulty to be overcome.

3.2.2. Reduced Model when o5 = O(d). Using Proposition 3.3 and arguing as in Section 3.1, the electro-
static energy F.(u) for a given deflection u reads in the limitd — 0
g1

E,(u) = —— (Vb |2 d(z, 2) — 1/ .[0] (¢ulu] = V) (1 + [Vul?) dz (3.16)
2 Q1 (u) 2 D
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where ¥, — h,, € Hp(Q;(u)) is a maximizer of

%mm:%/

2 ! o u)? ul?) dz
Ql(u)|V(9+hu)| d(:E,Z)+2/ «[0] O[u] (1+|V |)d

D
in
Hp(Q(w) ={0€ H' (2 (uw); § =0 on 9 (u) \ S(u)} .
Thus ), solves
Ay, =0, (x,2) € Q(u), (3.17a)
supplemented with the Dirichlet boundary conditions
Yy = ha (x,2) € 0 (u) \ X(u), (3.17b)
and with mixed boundary conditions on > (u)
o1 (0.0, u) — Vu- V', [u]) + 0. [0] (1 + |Vul?) (Yuu] = V) =0, z€D. (3.17¢)

We now compute the electrostatic force acting on the elastic plate which corresponds to the Fréchet deriva-
tive of the electrostatic energy F.(u) with respect to u. As in Section 2.2 we consider v € C§°(D) and set
us := u+sv for s € (—oy, o), where oy is chosen small enough such that u, > — H and the transformation

H+z

O(s)(z, z) == (:c,z + smv(x)) ) (x,2) € Q(u),

is a C''-diffeomorphism from §2; (u) onto 2, (u) for all s € (—0¢, 7). We next define for s € (—0yg, o)
the solution v(s) to (3.17) with u, instead of u, that is, ¥(s) solves

AY(s) =0,  (2,2) € D(us),
supplemented with Dirichlet boundary conditions on 9 (us) \ X(us)
() =y, (2,2) € [Dx{=H}JU[ID x (=H,0)],
and with mixed boundary conditions on >(u)
01 (0:0(8)[us] — Vg - V' (s)[us]) + 0. [0](1+ [Vus|*) (1 (s)[us] = V) =0
for z € D. Then, for s € (—0y, o),

Buw) == [ IV 5 [ 0] (6] = V) (0 + V) dr
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and, using again the Reynolds transport theorem, Gauss’ theorem, and (3.17a)

d IV ]?
gEe(us)\szo = -0 /Ql(u) [leu - Vos1(0) + div <| g} | 6sq)(0))] d(z, 2)

—/DJ*[O](lpu[u]—V)QVu-Vvdx

- /D o J0)(1+ [Vul?) ($lu] — V) (90(0)[u] + O:thululv) do

Vb |?
2

= —0'1/ [@W@V% “Npq, (u) + 9,®(0) - naal(u)} ds
001 (u)

—/DJ*[O](lpu[u]—V)QVu-Vvdx

= [ o1+ 1) (] = V) (0:00) ] + 0.t fule)

Since
H+ =z
0sP(0)(x, z) = <0, mv(w)) : (x,2) € Q(u),
and 0510(0) =0on D x {—H} and 0D x (—H,0) by (2.3) and (3.1), we further obtain

d

SEw)eo = —o1 [ @uanlul = Vu- V[ 0.00) o] do

— % /D |Vp[u][Pv da +/Ddiv (a*[()] (o [u] — V)QVu> vdz

= [ o1+ 190) (] = V) (0.0 0) ] + Dutfule) o

Owing to (3.17c¢), the contributions involving d,1(0)[u] cancel and we end up with

%Ee(us”so =— % /D |V [u] [P do + /Ddiv (0*[0] (wu[u] — V)Qvu) vdr

— / 0. [0](1 + [Vul?) (¢u[u] — V)00 [u]vda
D
so that the electrostatic force exerted on the plate is
01
F.(u) :=— 5|V1/Ju[u]|2 — 0. [0](L+ |Vul*) (Yu[u] — V) 0.0, [u]
) (3.18a)
+ div (a* [0] (¢ [u] — V) Vu) :
Consequently, when o, = O(d), the evolution of u is given in the thin elastic plate limit d — 0 by
ao0?u + rou + BA*u — TAu + ( = —F,(u), reD, t>0, (3.18b)
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supplemented with clamped boundary conditions
u= Bo,u=0, xredD, t>0, (3.18¢)
with ((t) belonging to Il[_ ooy (u(t)) for t > 0 and 1, solving (3.17).

4. VANISHING ASPECT RATIO LIMIT ¢ — 0

The previously presented models are complex in that they couple an evolution equation for the deflection
u involving a nonlinear nonlocal source term depending on the electrostatic potential v, to an elliptic
boundary value problem for the latter on a domain moving according to the evolution of w. It is thus
worth looking for simpler and more tractable models in order to get a better insight into the dynamics. A
well-documented simplification is the so-called vanishing aspect ratio limit which allows one to express
the electrostatic potential v, explicitly in terms of the deflection u and gives rise to models featuring a
single equation for « with only a local source term [4,9,30-32]. In this limit the vertical extent of the
MEMS device is assumed to be much smaller than its horizontal dimension. A prior step is to properly
rescale the variables and the unknowns. For simplicity we assume throughout this section that the function
h introduced in (2.3) is explicitly given by

V(H + 2)
H+w

4.1. Rescaled Equations for the Transmission Model (2.28), (2.29). We introduce dimensionless vari-
ables in equations (2.29) for ¢, and (2.28) for u. More precisely, we scale variables according to

hz,z,w) = , (x,z,w) € DX (—H,0) x (—H,0).

- t . x . z . u ~ (o . o . Oy
: Ti=— Zi=m =, U= =, Y= : = —

= — : : = =, 0=
b b ) ) ) ) * )
rLA L H H Vv o1 o1

and define the relative thickness 4 := d /H of the elastic plate and the aspect ratio € := H/L of the device.
Accordingly, we introduce D := {7 € R?; Lt € D},

(@) = {(@.2) e Dx Ry —1 <2< (i)}

and

with interface . .

Y(u):={(z,2) e DxR; Z=u(2)}.
We then use these relations in (2.28) and (2.29) to derive dimensionless equations. Dropping the tilde
everywhere, we get for the dimensionless electrostatic potential

e2div' (aV'4y,) + 0.(00.1by) = 0 in Q(u), (4.1a)
[V.] = € [oV'¥] - Vu — [00.4,] = 0 on X(u), (4.1b)
,lvz)u = bu+5 ) on 89(“) ) (41C)

where
Qu) ={(x,2) e D xR; -1 < z<u(r)+d}
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and
1+ 2

:—1+u(3:)+5’ (x,2) € Qu) .

bu+5 ('Ta Z) :
Also, we obtain for the dimensionless deflection of the elastic plate the evolution equation
V2O ut-Opu + BA* U — TAU + ( = —Ags.(u), xreD, t>0, (4.2a)

with ((t) belonging to Ol[_1 «)(u(t)) for ¢t > 0 and subject to the boundary conditions

u=p0u=0, xe€dD, t>0, (4.2b)
where
Lo 21/ 2 2
gse(u) =3 D.0.[z — u] (2| V' Uusz]]” + |0:00u2[2]]?) dz
1 2 / 2 2
+ 50200) (2 V bzl + 8]° + (Dutuzlu + 8))°)
1 o, [0] —1 2 / 2 4 / € 2
+ 313 vl {5 Outualu]Vu + V'ibalul| -+ (Vi afu] - V4u) (4.2c)
1 (0.]0] — 1)o[0] 2 : 2
T £2|Vul2 <8zw“’2[u] VeV w“’z[uD ’
and
2 (&%) o o 2 . L 01V2L
’Y.—W, B—B, T.—TL, )\—)\(8)— 63 .
The rescaled total energy for a given deflection w is
E(u) := Ep(u) + AE.(u)
with rescaled mechanical energy
E(u) = g/ |Aul? dz + %/ |Vu|? do +/ I1-1,00)(u) dz 4.3)
D D D
and electrostatic energy AFE,(u), where
1 /
Ee(u) = _5/( 7 (2 V'Pu|? + (0:900)%) d(, 2) . (4.4)
Qu

Note that we single out the dependence of the total energy £ on the parameter A\ as the dynamics of the
model is very sensitive to the tuning of this parameter.
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4.2. Vanishing Aspect Ratio Limit for the Transmission Model (2.28), (2.29). We next derive a simpli-
fied model from (2.28), (2.29) by letting the aspect ratio ¢ = H/L tend to zero while keeping 6 = d/H > 0
fixed. Setting € = 0 in (4.1), it readily follows from (4.1a) and (4.1b) that there is a function A independent
of z such that

O thyr(x,2) = Alx), (x,2) € Q(u),
and
o (x, 2 —u(2)) 0oz, 2) = Alx),  (2,2) € Qa(u).
We then integrate the above equations in z and use the boundary conditions (4.1c) to obtain

Yur(z,2) =Alx)(1+2), (z,2) € N(u),

and
u(z)+0 d
st 1= lo) [ T

Since 1,1 and v, » coincide along ¥(u) by (4.1b), we can compute A as

A(z) = (1 +u(@) + No(z) ™", €D,

(x,2) € Qa(u) .

where

s
Ng({L‘)Z:/ dg , veD.
0 (A(I,Q)

We then deduce that
O huo(w,2) = [ou(x, 2 — u(x)) (1 + u(x) + N(g(:v))]*1 . (x,2) € Qo(u) .

Setting ¢ = 0 and using the above formula in (4.2c), the force exerted on the elastic plate is given by
1 _
%Mmug:§a+uum4w@»2, z€D. 4.5)

Let us point out that the electrostatic energy E,.(u) is then
1 dz
E.(u)=—= 4.6
(u) 2¢;+m@+m@ (+0)

and thus coincides with the one from [3, Section 4.4]. Recalling (4.2) we end up with a single equation for
the deflection © which reads

A
2(1+u+ Ny)*’

subject to the boundary condition (4.2b). In (4.7), the function ((t) € Ol|_; «)(u(t)) accounts for the
constraint u > —1. Equation (4.7) as well as the electrostatic energy E.(u) depend weakly on dielectric
properties of the top plate since Ns — 0 as § — 0. Hence no such effects are retained in this limit. This is
consistent with our findings in Section 3.1.

V2OPu + O + BA*u — TAu+ ( = —

zeD, t>0, 4.7)
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In fact, in the limit 6 = 0 of zero thickness, equation (4.7) reduces to the commonly used vanishing
aspect ratio equation

N

2(14u)?’
Remark 4.1. If the dielectric o5 of the plate is independent of the vertical coordinate, then the electrostatic
potential computed above coincides with the one from [30, Equations (2.15), (2.17)]. However, the final
form —\/2(1 + u)? of the electrostatic force in equation (4.8) does not include any dielectric effects and
therefore differs markedly from [30, Equation (2.19)] which features prominently such effects. The reason

for this discrepancy is that the electrostatic force considered in [9, 30] does not correspond to the one from
(2.28a) derived from the electrostatic energy functional (see also Remark 2.2).

V2P u + Opu + BA*u — TAu = — r€D, t>0. (4.8)

The small gap equation (4.8) for a thin plate has been thoroughly investigated in the last two decades,
see e.g. [4,9,11,13,17,19,24,26] and the references therein. This equation features a singularity when
u approaches the value —1 which has the following consequences: on the one hand, there is no stationary
solution when \ exceeds a certain threshold value. On the other hand, if A is sufficiently large, then the
solution to the evolution problem does not exist for all times and ceases to exist when u reaches the value —1
at a certain time.

A striking difference between equation (4.8) for zero thickness 6 = 0 and equation (4.7) for positive
thickness 6 > 0 is that no such singularity occurs in the latter due to the constraint v > —1 (provided
N;s > 0, of course, which is the case when the plate is a dielectric material everywhere). Nevertheless,
the touchdown phenomenon may still take place, but corresponds to a so-called zipped state [16] in which
the constraint is saturated, meaning that the set of points in D at which wu takes the value —1 is not empty.
Equivalently, ¢ # 0 in (4.7). Nonetheless, the dynamics of u is then still governed by an evolution equation
and there is no model breakdown. Equation (4.7) was also derived in [16, Equation (17)] in a different
set-up, where a layer of insulating material with constant dielectric and thickness d is on top of the ground
plate. Zipped states were investigated numerically therein. We also refer to [3] for other related models.

4.3. Vanishing Aspect Ratio Limit for the Highly-Conducting Model (3.17), (3.18). To study the limit-
ing behavior in (3.17), (3.18) when the aspect ratio ¢ = H/L of the device vanishes we scale variables and
unknowns as
. t T
CorLt L’
Introducing D := {# € R?; L& € D} and
Qu(a) = {(#,2) e DxR; -1 <z < (i)},
it follows from (3.17) and (3.18) that, after dropping the tilde, ¢/, solves the rescaled Laplace equation

= Z =

sy . Ho,
wu.—v, Oy 1= o

z '_'U/
H’ u.—H’

EANYy+ Ry =0, (z.2) €N(u), (4.92)
supplemented with Dirichlet boundary conditions on 9 (u) \ ¥(u)
1+z

Yy(,2) = , (x,2) € [D x {-1}JU[0D x (—1,0)], (4.9b)

1+ u(x)
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and with mixed boundary conditions on ()

Dby [u] — 2V - V' [u] + 0,[0](1 + e Vul*) (Yu[u] — 1) =0, reD, (4.9¢)
while the evolution of u is given by
V2OPu 4 Opu + BA*u — TAu+ ( = —Ag.(u) , reD, t>0, (4.10a)
with ((t) € Ol_1,00)(u(t)), supplemented with clamped boundary conditions
wu=BRou=0, x€dD t>0, (4.10b)

and the electrostatic force —g.(u) reads

e o 2 1 2
() = =S IVl = 510- ]
— 0. [0)(1 + %[ Vul*) (ufu] = 1)0.10[u] (4.10c)
+ e2div (0, (0] (¢y[u] — 1)*Vu) .
The parameters v, /3, 7, and A in (4.10a) are given by

2 . (7)) L L 9 L O'1V2L
’}/.—m, /B—B, T.—TL, )\— 53 .

Let us now identify the vanishing aspect ratio limit £ — 0 of (4.9)-(4.10). We first infer from (4.9a) and
(4.9¢) that

aZ’QZ)u(ZL',Z) = O'*(l‘,O)(l - wu(xau(x)) ) (l‘, Z) S Ql(u) )
hence, taking into account that v, (x, —1) = 0 for x € D by (4.9b),
Yu(@,2) = 0u(2,0)(1 = Yu(a, u(@))(z + 1), (2,2) € Qu(u).
In particular, taking z = u(x), x € D, in the previous identity gives

B a*(l’, 0)(1 + u(x))
Uu(@, u(z)) = 1+ 0.(z,0)(1 +u(z))’

reD,

and thus
0'*(37, O)(l + Z)

ul\T, Z) = )
Yulr2) 1+ 0.(z,0)(1 + u(x))
We next set ¢ = 0 in (4.10c) and find that

(x,2) € Qy(u) .

1

golu) = _%@wu[u]\? = 0 [0](Wulu] = 1):Apulu] = 3 (1 ¥ 0—0[05?]1 + u))

for x € D and t > 0. Hence we obtain the governing equation for « in the form

A 1 2
202u+ 0 A%y — 1A = 4.11
v O0ru + 0w+ BAT U — TAu + ¢ 2<1+u+0*[0]_1> (4.11)

forz € Dandt > 0, with ((t) € Ol[_1 )(u(t)), supplemented with clamped boundary conditions (4.10b).
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Let us point out that equation (4.11) is similar to equation (4.7) with Nj replaced by 1/0,[0], so that the
vanishing aspect ratio limits as € — 0 of the transmission model (2.28), (2.29) and of the highly-conducting
model (3.17), (3.18) give rise to similar equations.

5. DISCUSSION

In the present paper we derived models for a MEMS device which take into account the thickness of
the elastic plate and its dielectric properties. Our approach relies on the computation of the electrostatic
force exerted on the elastic plate as the first variation of the electrostatic energy and thus contrasts with the
derivation of related models in the existing literature. The resulting force differs from those of previous
works in that it involves additional terms accounting for the jump of the permittivity across the device.
Our models also incorporate a constraint accounting for the fact that the elastic plate cannot penetrate the
ground plate. An interesting feature of this constraint is that it prevents the breakdown of the models when
pull-in occurs. Alternative models in this direction are proposed in [16,25,27,28]. We next focused on
the derivation of models with reduced complexity. We first considered the case when the thickness d of the
elastic plate vanishes. If the dielectric permittivity is of order one with respect to d, then the reduced model
obtained in the limit d — 0 does not retain any effects of the dielectric. However, such effects still play a
role in the reduced model obtained in the limit d — 0 if the dielectric permittivity is of order d. We finally
performed the classical vanishing aspect ratio limit when the vertical dimension is much smaller compared
to the horizontal ones. We obtained an explicit formula for the electrostatic force in terms of the deflection.
The final model then only involves a single equation for the deflection and shows different features than
corresponding models in the existing literature: the source term is well-defined as long as the permittivity
does not vanish and is only singular on the zero set of the permittivity. From a mathematical viewpoint,
several questions arise from the previous analysis: besides the well-posedness of the transmission problem
(4.1), (4.2) and the highly-conducting model (4.9), (4.10), it is also worth investigating the dynamics of the
vanishing ratio models (4.7) and (4.11), including the existence of zipped stationary states and their possible
multiplicity. We plan to investigate further these issues in future works.
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