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Abstract: In this paper, starting from a well-known nonlinear hyperbolic integro-differential model
of the fourth order describing the dynamic behavior of an electrostatic MEMS with a parallel plate,
the authors propose an upgrade of it by formulating an additive term due to the effects produced
by the fringing field and satisfying the Pelesko—-Driscoll theory, which, as is well known, has strong
experimental confirmation. Exploiting the theory of hyperbolic equations in Hilbert spaces, and
also utilizing Campanato’s Near Operator Theory (and subsequent applications), results of existence
and regularity of the solution are proved and discussed particularly usefully in anticipation of the
development of numerical approaches for recovering the profile of the deformable plate for a wide
range of applications.
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1. Introduction

In recent years, physical-mathematical scientific research has produced complete
analytical models capable of simulating the behavior of parallel plate MEMS (micro-electro-
mechanical systems) characterized by strong confirmation with experimental evidence [1-4].
Particularly, a wide range of models of electrostatic actuators, obtained through refined
design techniques, have been developed for several applications [5,6], including MEMS-
based metamaterial [7,8]. This has made it possible to highlight a strong synergy between
undoubted theoretical skills and industrial realities by carrying out technological transfers
that were previously prohibitive [9-11], also with manufacturing imperfections (which, no-
toriously, affect the operation of MEMS devices), if taken into account during the modeling
and design phases [12,13] (i.e., by means of asymptotic homogenization techniques [14]).
These devices, nowadays, considered “intelligent”, are able to combine electrical, electronic,
mechanical, and optical effects by managing highly complex industrial processes [15-20], es-
pecially when nonlinear dynamic characteristics of MEMS devices are involved, so that the
relative simulation accuracy is low and cannot meet the needs of design applications [21,22].
Modern industrial technologies allow the production of micro-products, even with com-
plex geometries, in which the deformable elements take on particular connotations and
characteristics. Among them, the electrostatic MEMS (in which the deformable element is a
metal plate) stand out since they do not have particular precautions for their construction
and exhibit high-level performance [1,23-25]. Moreover, for many of them, it was possible
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to study their behavior even with deformable elements initially curved and loaded by non-
linear electrostatic actions to study, using completely innovative techniques, any instability
and/or bistability [26-28]. Today, scientific research works hard in proposing advanced
physical-mathematical models with the primary objective of producing synergies with
industrial research through possible correspondences with experimental models [29-32].
Obviously, regardless of the intended use of the device, it is imperative that the deformable
element inside it does not come into contact with the fixed elements (to avoid the generation
of highly harmful electrostatic discharges) [33-35], avoiding any very dangerous instability
in several applications (in such cases, one needs to exploit special techniques able to also
recover the stability regions [36,37]). Therefore, it is imperative to limit the physical causes
behind the excessive deformation of the deformable element [10,38]. Among them, the
capacitive fringing field is one of the most frequent causes of instability of electrostatic
MEMS devices [39,40]. As is known, it depends on the geometry of the device (in particular
on its length/width ratio, L/d) producing in the device harmful effects on the bending of
the lines of force of E [41,42], and it is important to highlight that this influence is stronger
near the edges, while it is considered to be negligible in the center [43-46].

In the recent past, the authors have produced scientific works of modeling of electro-
static MEMS devices for industrial and biomedical applications, as well as of recovering the
profile of the deformable element by means of numerical techniques, where the deformable
element was a membrane. Particularly, a second order semi-linear elliptical model was
developed and studied (in the absence or presence of a fringing field, with amplitude
of the electric field locally proportional to the curvature of the membrane [47]), which,
by applying “ad-hoc” numerical procedures, produced recovery of the membrane profile
fully consistent with the experimental evidence [10,48,49]. In parallel, the authors became
interested in modeling MEMS devices with parallel plates. In particular, starting from a
well-known fourth order integro-differential model [50] of general validity for electrostatic
MEMS devices with parallel plates, they reformulated the problem in the presence of
fringing fields obtaining results of existence and uniqueness of the solution [3], from which
to recover the profile of the deformable element using numerical techniques [51]. How-
ever, these models proposed and studied by the authors do not also present, up to now,
dynamic components.

Concerning electrostatic MEMS devices with parallel plates, an important dynamic
dimensionless integro-differential dynamic model (of the fourth order) has been studied in
detail in [52], where important existence and regularity results for the solution (profile of
the deformable plate) have been demonstrated in the absence of the fringing field, offering
interesting food for thought regarding potential future developments. Particularly, in [52],
it was considered

A u(x, t) +c(x, t)u' (x,t) +u" (x,t) =

G(B,v,u)+ H(A(t), x,6(x, 1), p(x),u(x,t)), in Qx][0,T),
0<u(xt)<1l in Ox[0,T7] xeQCRN, 1<N<4 1)
u(x,t) =0, on Q) x[0,T],

Vu(x,t) —d% =0, on dQ)x[0,T],

where

1. xis the spatial variable, while t is the time variable;

2. QCRN, <N < 3represents a bounded domain with a sufficiently smooth boundary
(i.e., the device electrostatic MEMS with a deformable plate under study);

u(x,t) is the profile of the deformable plate;

' represents the derivative with respect to time;

v is the outward pointing normal to d();

c(x, t) is a bounded real function that is related to anisotropic damping phenomena;

AN
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7.

G(B 1) = —(B [ 1Vu(x,t)Pdx+7)Au(x, 1), )
in which v is a positive dimensionless parameters linked to the stretching effect in
the deformable plate while 8 (also positive and dimensionless) takes into account the
stiffness of the deformable plate:

8.

Ap() By
(1—u(x,t))? (1 +x Ja (1*3%)

in which x is a positive dimensionless parameter which takes into account the non-
local dependence of the applied voltage, V, on the solution due to a possible non-
uniform electric charge distribution; moreover, p(x) is a bounded real function which
takes into account the dielectric properties of the material constituting the deformable
plate (as it is evident, it is independent on time) and, finally, A(t) is a positive di-
mensionless parameter depending on V, which represents the ratio of a reference
electrostatic force to a reference elastic force (therefore, it depends on time).

HA®), x,p(x),u(x, 1)) := ®)

To make (1) more adherent to industrial realities, in this work, we introduce an additive
term, which, according to Pelesko and Driscoll [53-55] theory, takes the form:

MBS (x, )| Vu(x, 1) )

where 6(x, t) is a non-negative real function that weighs the effects due to the fringing field,
so that, in our work, we replace (3) by

H(A(t), x,0(x,t), p(x), u(x, 1)) ==

AH)p(x) 5+ A8 (x, 1) Vulx, )%, ©)
(1= u(x )2 (14 X Jo =257)

and our model (1) becomes

Au+c(x, ) (x,t) +u’ (x,t) = G(B, v, u(x,t)) + HA(), x,6(x, 1), p(x), u(x, t)) =
G(B, 7, u) + At)p(x) >+ ADS(x, )| Vu(x, )2, in Qx[0,T)
(1-u(xt))? (1+x Ja %)

6
0<u(x,t)<1, in Qx[0,T] x€cQCRN, 1<N<4 ©)
u(x,t) =0, x€9Q,

Vu(x,t) =0 x € Q.
We observe that in [52], system (1) was studied with Steklov boundary conditions,
u(et) =0, Vu(r,t)—d2 5 _ 0 on 90 x [0,7], @)

v

in which non-negative parameter d, in the case d = 0, gives Navier’s conditions [52,56,57],
in the case d = oo gives the Dirichlet’s conditions u = u, = 0; in this last case, we
study our problem. To our knowledge, there are no scientific papers in the literature
concerning the existence and regularity of the solution for the problem (6). Thus, in this
paper, we prove these important results, which also open up interesting scenarios for
possible numerical reconstructions of the deformable plate profile in the absence of ghost
solutions (i.e., numerical solutions not satisfying the aforementioned conditions of existence
and uniqueness).

The paper is structured as follows: After having described the studied device, specify-
ing as the analytical model is achieved taking into account both the effect due to the fringing
field and usual load conditions (Section 2), Section 3 details some peculiar properties of
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the proposed model. Section 4 illustrates the main results of existence, uniqueness and
regularity of the solution for (1), also providing some links with industrial specifications.
In Section 5, our results concerning existence and uniqueness for (1) are proved also ex-
ploiting a penalization approach according to Campanto’s Theory [58] to then proving the
results of regularity in Section 6. Finally, the brief Section 7 illustrates the possible intended
use of the device studied, and some conclusions and perspectives end the work.

2. Some Specifications on the Electrostatic MEMS Device and Its Analytical Model
with Fringing Field

The MEMS device studied in this paper can be schematized as an elastic system
consisting of two parallel plates of the same thickness and made of the same material.
The upper plate, subjected to a positive electric potential, is not deformable, while the
lower plate, deformable but anchored to its edges, is subjected to a reference electric
potential [3]. Under the action of external V, the deformable plate lifts towards the fixed
plate without touching it in order to avoid unwanted electrostatic discharges. Figure 1
displays a simplified representation of the device in which all its constituent elements
are indicated.

upper plate

distance

between
the

plates

length
deformable plate
Figure 1. The electrostatic MEMS: a schematic representation.

It follows that the electrostatic potential, ¢, satisfies, within the device, the Laplace
equation, A¢p = 0. According to the theory of deformable plates, the lower plate of the
device satisfies the following equation [1,55]:

Ki(x, £)A%u(x, t) = Ky (x, t)Au(x, t) + E(x, t), 8)

where Ki(x,t) and Ky(x,t) represent particular weight functions below specified and
F(x,t), defined as [1,55]

~ _ Apx)
F(x, t) = W, (9)
with 22
AlE) = §;3T(t)’ (10)

(where T (t) is the dynamic mechanical tension of the deformable plate, € is the permittivity
of the free space, L is the length of the device and d is the distance between the plates)
establishing how the deformable plate is stressed if V is applied. Obviously, V inside the
device determines E, which, locally, determines an electrostatic force, which, per surface
unit, materializes in electrostatic pressure acting on the deformable plate. Then, F(x, t)
must necessarily be correlated both to V (so that the deformation of the plate is controllable
by V) and to the geometric, mechanical and dielectric properties of the deformable element.
Therefore, combining (8) with (9), it is easy to write

Ry (x, )A2u(x, £) = Ra(x, £)Au(x, ) + P (1)
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which unfortunately is unable to electrically control the device. This is due to the fact that
V must undergo a specific control action to avoid sudden lifting of the deformable plate.
Then, for this purpose, it is sufficient for a basic capacitive control device consisting of an
electrical circuit whose elements, connected in series with each other, are the source voltage,
Vs, the capacity, C f, of a suitable capacitor and the MEMS device to be controlled (for detail,
see [1,3]). Then, as classical circuit theory suggests, the following equation holds:

Ve
1+ &7
+&

V= (12)

in which C that represents the capacitance of the MEMS device; it can be easily evaluated as:

o eOL2 dx
/w idx ~ 3 [ Saxs A=) (13)
by which, setting
o €0L2
Equation (12) becomes
LCH— 15)

1+ X Jo a5y

so that the control action on the load becomes

V2 !
v . (16)
(Vs) (1+xfgm)2

Thus, exploiting (16), Equation (9) can be written as:

. A)p(x) (V2 At)p(x)
Fx) = 2P0 (2 = . (17)
(17u(x,t))2(VS) (1 u(x, 1) (1+ng - u(ﬂ)))z

Moreover, Equation (8), by (17), becomes:

Ry (x, t)A%u(x, t) = Ko (x, t)Au(x, t) + ME)p(x) 5. (18)
(1= ulxe )21+ x Jo =iy

Some clarifications are necessary. In particular,

*  Ashighlighted in Equation (14), x essentially depends on the capacity of the device
and is a positive real number less than 1 [1]. This is due to the fact that, if y — 17,
dangerous bifurcation phenomena capable of generating instability could occur;

e Au(x,t), according to the plate theory [1], takes into account the contributions due to
bending and torsional curvatures;

*  Since the edges of the deformable plate are anchored, once V is applied, the deformable
plate rises with an evident increase in its surface (generating a “stretching effect”).
Consequently, if the plate is under elastic deformation, the mechanical restoring force
will necessarily be proportional to the aforementioned surface increase. The first
addend of the right side of (18) contains the function K;(x, t) that can be expressed as

Rolx,t) = B /Q IVu(x, B)[2dx + 7, (19)

in which f according to Pelesko’s approach [1], takes into account the stiffness of the
deformable plate, and <y considers the effect due to the stretching phenomenon. Therefore,
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the right side of the equation in (1), considering that, usually, Ki(x,t) = LTDT ~ 1 (where
D is the flexural rigidity of the deformable plate) [1], and introducing c(x, f)u’(x, t) and
u" (x,t) to take into account the fact that the profile of the deformable plate evolves in

time, the model studied in the past was

Nu(x, t) +c(x, Hu' (x,t) +u” (x,t) =

(5 Ja [ Vu(x, f)\de-Fv)Au(x,t) + A(t)p(x) .
(1-u(xt))? (1+x Jo m) (20)

u(x) =0, Vu(x)=0, x¢€9Q,
0<u(x,t)<1, in Qx[0,T], xcQcRN, 1<N<4

We note that, in the recent past, many authors have extensively studied model (20),
obtaining interesting conditions on global existence where dangerous bifurcation phenom-
ena took place [1,59]. Particularly, in [60], it was proved that (20), besides admitting a
N-dimensional generalization, provided interesting conditions of existence particularly
useful for the numerical recovering of the deformable plate profile.

The Contribution Due to the Effects of the Fringing Field According to Pelesko and
Driscoll Approach

We observe that, in (20), there is no contribution due to the fringing field, electrostatic
phenomenon, according to which, once V is applied, the bending of E occurs at the edges
of the MEMS, while, at its center, E remains parallel. Furthermore, the electrostatic capacity
of the MEMS undergoes strong variations in its amplitude that are not easy to evaluate;
therefore, empirical formulation has to be exploited [1,59]. As experimentally highlighted,
electrostatic MEMS devices, depending on the L/d ratio, exhibit the phenomenon of the
fringing field. Recently, interesting results have been obtained regarding the physico-
mathematical models of parallel plate electrostatic MEMS where the effects due to the
fringing field are taken into account. However, these studies are limited, for the most part,
to models describing static behaviors [10,46], leaving out the evaluation of any dynamic
contributions to empirical experiences. According to the Pelesko and Driscoll approach,
the effects due to the fringing field are quantifiable by the following additive term [55]

A(t)F(u(x,t), Vu(x,t),é(x,t)), 1)

in which
F(u(x,t),Vu(x,t),&(x,t)) = 6(x, 1)|Vu(x, t)|? (22)

depends on é(x, t), which weighs the effects of this particular field; the function A(t), linked
to V by (10), must not exceed the value of A* (pull-in voltage) because it would not be an
essential condition for the uniqueness of the solution. This is experimentally confirmed by
the fact that high values of V produce instability of the deformed plate, necessitating the
enactment of control actions on V.

3. Some Properties of the Model with Fringing Field

Equation (20) takes into account many physical phenomena occurring in electrostatic
MEMS with parallel plates. In the following items, some issues are detailed:

*  Model (20) considers the effects due to the fringing field using a term,
A(1)S(x, 1) Vu(x, )[%, (23)

and it is easy to implement both hardware and software with obvious control by
V (A o« V). Furthermore, the control action due to V (see (10)) allows for avoiding
instabilities generating unwanted electrostatic discharges. Therefore, the intended use
of the device (i.e., biomedical applications) will guarantee values of V generating stable
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displacements of the deformable plate. It is worth noting that é(x, ) cannot actually
be controlled by V' (as proved in literature, the deformable element is a membrane).

*  The proposed model, through the § and v, takes into account the fatigue phenomena
that can arise on the deformable plate following prolonged use of the device;

*  The amplitude of the variation of the electrostatic capacitance of the device, during the
deformation of the plate, depends on the geometry of the device as well as on the
(additional) Cy capacitance, opposing significant variations of V. The term containing
X in the proposed model takes this phenomenon into account;

*  p(x) in the model, which takes into account the dielectric properties of the plates,
appears in the capacitive term where these properties have the greatest influence.
Moreover, p(x) € L?(Q) because p(x) must be a measurable function so that Vx € Q,
|f(x)| < S (S, suitable constant).

However, it is evident that the proposed model does not allow for recovering u(x, t)
explicitly. Thus, for any numerical recovering, it is imperative to have conditions that
ensure the existence, uniqueness and regularity of the analytical solution, which, if verified
by the numerical solutions, the recovering obtained does not represent a ghost solution.

4. The Dynamic Model with Contribution Due to Fringing Field: Main Results

In [52], important existence and regularity results were proved for the (20) model,
where the contribution due to the fringing field had not been considered. Particularly,
for the achievement of these results, is an important theorem proved by Tarsia in [61]
concerning the Near Operator Theory introduced by Campanato [58]. In the present work,
exploiting the same demonstration technique, we present our main results whose proofs
are detailed in Sections 5.1 and 6, respectively.

Theorem 1. Let us consider QO C RN, with 1 < N < 3, which represents a bounded domain with
a sufficiently small diameter. We consider the problem (6) in which B, A and x are non-negative
constants and both p(x) and c(x, t) are bounded functions while

A(t) € L®(0,T); p(x) € L2(Q), (24)

with
Ao < AT, (25)

and
5(x,t) € CH((0,T); L2(Q))). (26)

Moreover, let ug € H? N H} (Q) (satisfying suitable compatibility conditions) and uy € L2(Q)).
Therefore, Equation (6) has a unique solution

u(x,t) € C°([0, T); H3(Q)) N CY([0, T]; L*(Q)). 27)

Concerning the second-order boundary condition involved in both (1) and (6), see
Remark 4, page 7 of [52].

Theorem 2. Let us consider
u(x,t) € C°([0, T]; H3(€2)) NCH([0, T); L*(€0), (28)
to be the solution to (6) given by Theorem 1. Assuming that
ug, 1 € H*NH(Q), (29)

A(t) € Wi2(0,T), (30)

and
c(x,t) € W((0,T); L*(Q)), (31)
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the solution enjoys the following regularity property:
u(x,t) € C°([0, T]; H*(Q)) n C ([0, T]; H* N HA(Q)) N C3([0, T); L*(Q2)). (32)

Remark 1. In Theorem 1, condition (24), as well as being mathematically necessary to prove the
existence and uniqueness of the solution for (20), confirms the fact that A(t) must not undergo
sudden variations in its amplitude. Operationally, in order for this condition to be satisfied in the
experimentation, the MEMS device is associated with an electrical circuit capable of opposing the
abrupt variations of V and, therefore, by the (10), there is an abrupt variation of A(t) (for details,
see Section 2). Furthermore, to avoid bifurcation phenomena (that would contradict the uniqueness
of the solution), as experimentally proved and mathematically demonstrated [1], Equation (25) must
occur. This is experimentally confirmed by the fact that high values of V produce instability of the
deformed plate, imposing control actions on V. Moreover, condition (24) allows us to state that

A(t) € C%(0,T). (33)

Then, continuous waveforms for V are allowed, such as the trapezoidal ones, which, as is known,
also incorporate the piecewise continuous waveforms characterized by a linear transition with a high
slope between two constant levels. Finally, being

wh2(0,T) c %0, T), (34)
Equation (33) is still valid.

Remark 2. The second-order boundary condition involved in both (1) and (6) needs to be legiti-
mated, since, in H2 N H}, second order derivatives do not have trace on 9Q). Howeuver, exploiting
the elliptic regularity theory, the weak solution of the following problem

A’y = in Q)
u=f, in (35)
u=0, u,=g, on 0Q)

belongs to H*(QY), in order that f, g € L?(Q). This remark allows us to rewrite the equation of our
model as follows:
Au(x,t) = —c(x, t)u'(x,t) — u" (x, 1)+
G(B, v, u(x, 1)) + H(A(E), x, 8(x, 1), p(x), u(x, ).
Therefore, V't € [0, T|, and the trace of Au(x, t) is well-defined on 0Q), if the right side in (36)
belongs to L?(Q). This condition is ensured by the reqularity Theorem 5 in [52].

(36)

5. A Penalization Approach According to Campanato’s Theory: The Problem of
Existence and Uniqueness

To obtain the existence and uniqueness result of this paper, we use the result we
achieved in the stationary case [3], and we apply opportunely the following theorem
proved by Tarsia [52].

Theorem 3 ([61], Theorem 2.1). Let X be a topological space, Y a set (not necessary structured),
and Z a Banach space. Let us also consider the mappings

F:XxY—Z, (37)

and
B:Y = Z (38)
Let us consider the following assumptions:

(i) There exists (xo,yo) € X X Y such that F(xo, o) = 0;
(i)  The mapping x — F(x, o) is continuous on xo;
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(iii) There exists two constants, k1 > 0 and ky € (0,1), and a neighborhood of xo, indicated by
U(xg) C X, such that Yy1,y, € Y and Vx € U(xq), we achieve

IB(y1) = B(y2) —ki[F(x y1) = F(x 2)llz < k2l [B(y1) — B(w2)llz;  (39)
(iv) B is injective;
(v) B(Y) is a neighborhood of zy = B(yo).

Therefore, there exists a ball S(zo,r) C B(Y) and a neighborhood of xo, indicated by
V(xo) C U(xg), such that

{F(x,y(x)) =0, VxeV(xp), (40)
y(x0) = yo
has a unique solution

y:V(x) = B~ '(S(zo,7)). (41)

Furthermore, if (iii) holds Vx € X, then the solution y = y(x) turns out to be defined in the
whole X.

We apply Theorem 3 setting

X=R"xR" xR" x®x A xR, (42)
in which
S={feL™(Q) : x 1 f(x) > 0] £0}, 3)
and
A={1eL®0,T] : 0<A <A, A €R*}. (44)

It will be useful to prove that all assumptions of Theorem 3 are verified, and we will verify
the assumptions of the Theorem 3 in order to apply it to the following penalized problem:
et € > 0 and consider the following penalized problem

ue(x,t) +c(x, t)ul(x, )+

( t) =G(B, %Me) + He(A(t), x, p(x),8(x, 1), ue(x, ), in Qx[0,T]
0 < ue(x, t) < in Qx[0,T],

ue(x,t) =€, on 0Q x[0,T],

Aue(x,t) =0, on Q) x [0,T],

ue(x,0) =up+e¢, on Q,

ul(x,0) =0, on Q,

in which
He(A(£), x,0(x,t), p(x), u(x, 1)) :=

A X
(t)p(x) 5+ A3 (x, )| Vu(x, )2 (45)
(1 +e—u(0)2(14+x fo =Sy )

It is worth noting that, in (45), we use d(x,t) also for the penalized problem because,
for very small variations of the profile of the deformable plate, the variation of the effects
due to the fringing field is negligible. From problem (45), the following Lemma was yielded.
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Lemma 1. Let €y = sup, ve, where v is the solution to the stationary problem. Under the assump-
tion of Theorem 1, Ve € (O, 1_260 ) , problem (45) admits a unique solution ue € C°([0, T]; H*(Q)) N
C'([o, TJ; L2 ().

Let us define Y, as the set of functions y € C°([0, T];H%,S(Q)) N CY([o,T];L*(QY)),
in which H%,S(Q) indicates the set of function y such that, Vt € [0, T], y — e € H3(Q)), and

Ny (x,t) +e(x, By (x, 1) + " (x, 1) € L'((0,T); L*(Q2)), (46)
0<y(x,t)<1, in Ox[0,T], ¥(x,00=0 in Q, (47)
! dx <M (48)

/QW e
/O |Ay(x, t)|?dx < My, Vte[0,T], (49)
AJVquﬂ%M<<Ah,VteKLﬂ, (50)

where Mj, M and Mj are positive constants; we also set Z = L1((0, T); L>(Q)) x H%fe(Q)
setting
x=(B,7.xpANJ), (51)

to denote an element of the space X.

Definition 1. Let us define

Fe(xy) := (Fe(x,y),y(x,0),

¥ (x,0)
)y (x8) +y(

,(X,O ) =
x,t

(A%y(x,t) +c(x )— 52)
—G(B, 71 y(x, 1)) — HA(), x, p(x), y(x,1),8(x, 1), y(x, 1)),
(y(x,0) —e —ug)|A(t) — Aol),

B(y) :== (B(y),y(x,0)) = 53

(A% (x, £) +c(x, )y (x,1) +y" (x, )y (x,0)).

We remark that the existence of the solution v, of the stationary problem obtained by (45),
for a fixed ¢, follows from the existence of the solution vy corresponding to € = 0 achieved
in [3], by considering 0 < € < (1 — €p) /2 and setting v = vy + €.

5.1. Proofs of Theorem 1 and Lemma 1

Now, we prove Theorem 1 and Lemma 1 applying Theorem 3 and, for this purpose,

we will prove that the assumptions (i) — (v) are verified for the penalized problem (45).
Thus, we set

xo = (Bo, Y0, X0, Po, Ao, 60) and  yo.e = ve(x, to), (54)

to obtain
Fe(x0,Y0,e) = 0. (55)
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To verify (ii), we have to evaluate
|[Fe(x, Y0,e) — Fe(x0,Yo,e)l|z =

L 1ECB 2000, A, 88,81, 1)
Fe(Bo,7,x0, Po(x), Ao(1), 80, ve(x, b)) |*dxdt <

2/0T /Q ‘ [5/0 |Vve (x, to)[*dx + 7} Ave(x, to)—

2
[/50 /Q |vve(x,t0)|2dx+yo}Ave(x,to)‘ dxdt+  (56)

T At)p(x)
2/0 /o ‘ 1+ eve(x, t0)]2[1 + xh(ve) ]2

Ag(#)po(x)
dxdt
[1+€e—ve(x, to)]2[1 + xoh(ve ‘ xat+
z/ / 5(x, 1) [Voe(x, to) 2 /\Oé(x,to)|Vve(x,t0)|2‘ dxdt = I + I + L.

For this purpose, exploiting what has been demonstrated in this regard in [52], there
remains to study the term due to the fringing field that is to increase I3, that is, exploiting
the Sobolev embedding theorem (because N < 4)

2
13_2/ /’/\ 52, £)|Voe (x, t0)[% — AoboVoe (x, to) 2] dxdt <

1A = Aol (0,116 = Sollis (0,100 T Ve (2 t0) |24 ) < 57)

C(T, Q, M3)|[A = Aol|re (0,116 — dol |1 ((0,1);00)

where dy = (x, tp). As consequence of [3], we have proved that, for any (Bo, 70, X0, Po) €
RT xRT x RT x @ x R",and Vi € [0, T] and Ag € [0, A*), there exists a unique stationary
solution, ve(x,tg) € H3(Q) NH*(Q) of the problem achieved from (45) by freezing the
time at f = to, which satisfies 0 < ve(x, tg) < 1 together with

1
- _dx< M, 58
Jo TG < M 8
/ |Ave (x, to) Pdx < Ma, (59)
(@]
/Q Ve (x, to)[*dx < M3, (60)

provided the diameter of () is sufficiently small.

In order to prove estimate (iii) of Theorem 3 in the global form holds, we need to
prove that there exists k; > 0 and k, € (0,1) such that Vx € X, y1,y2 € Ye, the following
inequality is yielded:

[ 10—k Bn) B+
k1|G(B, 7, ya(x,t)) — He(A(t), x, p(x), ya1(x,£),6(x, ), y1(x, £))]—
[G(B, 7, y2(x, 1)) — He(A(t), x, p(x),y2(x, 1), 8(x, t), y2 (x, 1)) Pdxdt+
(1= ka2l = M oy llsn (,0) = 92 (x,0)] 25 ) <
T
o [ 1% e ) 4 el e ) 4+ 7 ()
(0225, £) + €(x, Dy (3, 1) + 94 (3, 1)) Pt + Kol lya (3,0) = y2(x,0) B -

(61)
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After observing that the initial data comply with (61), provided we chose (1 —k;) <
ko, the next step concerns the evaluation of the integral part and then we begin to estimate

T
| L1661 (50 1) = G872, 1) Pt 62
For this purpose, we exploit the calculation as in [52] achieving the following:
T 2
| L IGBA 31 (5, 0) = G(B 7, yal, 1)) Pt <
C(B,1, M de) 0= [ ( [ [BGn) — Bya) ) b2+ (63)
2
[1y1.(x,0) = y2(x,0)| 125 }-
Arguing as in [52], to complete the proof, we need to increase
T ~ ~
| L (A0, 2005, 1), p(x), 1) = Fley (M0, 26,05, p(), ey Pt (64

Therefore,

/ IR, 2P0 1,001,315 1)
A

(1), % p(x),y2(x, 1), 8(x, 1), ya (x, 1)) [Pdxdt =
A

/ / ’ 1 +e€ —yl(x(/ti?)r])([l)_._xh(yl)]z +)\(t>(5<x, t)|V]/1(x,t)|2_
A(t)p(x)

2 2
T e A QLRI CR |“dxdt <

(/\*) ||p|| / / 1+€_y2(x t)) (1+€—3/1(xrt))2‘2 (65)
L= (1+e—y2(x1))? (1+€*y1(x f))2
1+ xh(y2)? — [1+ xh(y1)]
dxdt
e P [
T
[ [ a8 m)|19y (0P = A0 0 Tyl ) [t =
2(A*)?1p|feo () (IH1 + [H2) + IHs.
Both IH; and [H; have been elaborated in [52] achieving the following inequalities:

TH; < 4CMETdl NeTllell={ | / /|B 1) y2)|2dx> } +
(66)

1 (x,0) = y2(x,0) i ) }.

192
IHy < C(x, My, |0 Tage?Tlell= { | / ([, 1) = B(w2) Pax) “at] + )

1y1(5,0) = y2(%,0) 125,
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It remains to elaborate 1 Hs, that is,
2
/ / ‘ (x, )| Vy1(x, t)? /\(t)(S(x,t)(|Vy2(x,t)|2‘ dxdt <
P19 B [, [ \Wyl %0) + Va0 )|y x5, 6) — Vo, 1) | vt <

1
P Bmiareiomy [ ([ 190000 + yal 1)

(68)

([, 10t =yl ) ar <

(A2 1611 (e o,y C(T) sup [V (y2(x,£) + y2(x, ) [

te[0,T]
T 2
| 1925 6) =1 (e ) By gyt
To increase the last integral in (68), we increase

192 (x, 1) = 92, ) B (©9)

using Sobolev’s embedding theorem, Poincaré and Miranda-Talenti inequalities and,
in particular,

/Q|Vy1(x,t)|2dx < Cd%)/Q|Ay1(x,t)|2dx. (70)

Then, by Gronwall’s Lemma, we have
[Hz < C(My, dgy, 8)eT Il

2 (71)
BuPar) ]+ 1 (5,0~ 1a(x,0)| R, .

/ /\By1

and then, with dn being sufficiently small (this is physically correct because, usually,
the amplitude of the deformation of the deformable plate has dimensions of the order of
10), we have proved that property (iii) is verified.

To verify condition (v) in Theorem 3, we need to prove that, for 7 > 0, such that,
Vg € L1((0,T); L2(Q)) satisfying

T
/O /Q g — Byo.e[2dxdt < 12, (72)

we can find ue € Ye such that Bu. = g. As already noted in [61], yo. € Ye N H*(Q) and
Yoe = Y0 = 0so that Byge = A%yge € L*(Q)). Moreover, it is known that the following
Cauchy-Dirichlet problem

Bue(x,t) = Nue(x,t) +c(x, t)ul(x,t) + ul(x,t) = f(x,t), ae. in Qx[0,T],
ue(x,0) =ype, in Q,

ul(x,0) =0, ae. in Q, (73)
ue(x,t) =€, in 9Q x [0, T),

Aus =0, in 9Q x[0,T],

by means of Theorem 3 in [52], which can also be easily applied in the presence of the term
due to the fringing field, has a unique solution ye € C°((0, T)Hj,) N C1((0,T); L2(Q)).
Now, we need to verify the remaining conditions for functions belonging to Y.. For this
purpose, applying to ue — yg the energy estimation (12) in [52] with

flx,t) = G(B,v,u(x, 1)) + H(AE), x,6(x, 1), p(x), u(x, 1)), (74)
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we have that, Vt € [0, T}:

/Q|Aue(x,t) — Ayoe(x)[2dx < e2tHC”°° / / |B(ue) — B(yo,e)l dx)%r}. (75)

Since

/Q Ayoe(x)Pdx < My, Vi€ [0,T], 76)

it is easy to see that
/Q |Aue(x, 1) 2dx < My Vit € [0,T). 77)

If 5 is small enough, this implies condition (49). We recall that 1 < N < 4, exploiting the
Sobolev embedding theorem, it is easy to write

2y
sup ue(x, 1) ~ el < C(dy 7 ) 18ue(,) ~yoe (D) izon<C(dy ) 9)

Since 0 < yoe < 1, Vx € Q, there exists 71 > 0 such that, for 0 < 5 < 7, also
0 < ue(x,t) < 1and then condition (47) is satisfied. Then, we conclude that (v) is satisfied
and, thus, all assumptions of Theorem 3 are verified. Finally, taking into account the same
calculations carried out in [52], Lemma 1 is verified. In fact, from the following inequality

IN

1
/ 11— ue(x, t))zdx

(1—-u (1-y @)
- e — Y0, e

dx + / 7dx,
/‘ 1—y0€ (1 —ue)? ‘ (1—1vyoe)?
and following the same procedure to verify condition (ii), it is very easy to achieve

(1—ue)®>— (1 —yoe) e
< _
/ ‘ 1_y0€ 1—u ‘dx Csup\u (80)

and, exploiting inequality (78), it follows that there exists 77, > 0, such that, for 0 < 5 < 775,
it follows that

1
——dx < My, Vte|0,T], 81
/o(l—yo,az . [0,T] (81)

so hence condition (5) concludes the proof of Lemma 1.

Now, we show that the solution of the penalized problem, u,, converges, as € — 0
to the solution of (6). For this purpose, we need to prove that the family of the penalized
solution has a Cauchy sequence in C°([0, T];H3 N C1([0, T]; L>(Q2)). Indeed, if ue and
e, are two penalized solutions corresponding to parameters € and €;, respectively, and
we consider

A (ue(x, 1) — e (x,1)) + c(x, £) (ug(x, t) — ul (x, 1)) +u (x, 1) +ug, (x, )+
G(B, v ue(x,t)) — G(B, 7, ey (x, 1)) =

He(A(), x,6(x, 1), p(x), ue(x, 1)) —

He, (A(t), x,0(x, 1), p(x), e, (x,£)), in Qx[0,T]

ue(x,t) — e, (x,t) =€ — €y,

Alue(x,t) — e (x,£)] =0, on 0Q x [0,T],

ue(x,0) =€e—¢€, on Q,

(ue —ug)(x,0) =0, on Q,

(82)




Mathematics 2022, 10, 4541

15 of 20

arguing as in [52], and proceeding as in (68) concerning the increasing of the term related
to the fringing field, we can write, Vt € [0, T],

[ 16,3 1e(x, 1)) = G (B3 e 1) Pt <

t (83)
C / / |A[ue(x, ) — e, (x,8)] Pddt,
0 JO
and again
o ~
L VA8, 2000, 1), ) e, )= )
He, (A(1), x,6(x, 1), p(x), e, (x, 1)) [Pdxdt <
t (85)
Cle—erPTIO+Ca [ [ [8lue(x,t) = e, (x, )] Pt
0
Therefore, applying inequality (12) in [52] to the model (82), Vt € [0, T|, we can write:
1Al ) e, ()] Pty <
Q
t (86)
Cle— e 2TIQ| + G / /Q |A[ite(x, £) — g, (x, 1)) Pdcdt,
0
and, applying the Gronwall’s Lemma, the following inequality yields
| 180, ) = e, (2, )P < Cle = 1 PTIY, (87)

which completes the proof of Theorem 1.

Remark 3. It is worth noting that there are MEMS devices which rely on the fact that A(t) > A,
Vt, in which the point of maximum deflection continues to advance suddenly until its movement is
interrupted by contact with a dielectric that prevents the short circuit [62,63]. However, we observe
that the proposed model starts from a fourth order dynamic model for a MEMS device in which the
deformable element is a metal plate. In the work we propose, a term has been added to this model in
order to take into account the effects due to the fringing field. Operationally, we started from the
statement of Theorem 1 which sanctioned the existence and uniqueness of the solution of the starting
theorem in which A(t) > A*. However, as proof of this, in the proof of Theorem 1, it was necessary
more than once to extract A(t) from the integrals in the time domain. This operation is feasible on
the assumption that there exists a A* (independent of t) which increases, V/'t, A(t).

6. A Result Concerning the Regularity (Proof of Theorem 2)
To prove the regularity of the solution for (6) (Theorem 2), we exploit the same
procedure as for the proof of Theorem 2 in [52] and also utilize its Lemma 3 (obviously,

adapting the procedure to our model). We premise the following result of regularity proved
by Gilardi [52]).

Theorem 4. Let V, H be Hilbert spaces such that V. — H < V' with continuous and dense
embeddings. Let A. R and C be linear operators as defined in [52]. Let us consider the following
Cauchy problem:

Au(t) + R(Hu(t) + C(H)u'(t) +u’(t) = f(t), t€][0,T],
, (88)
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where f € LY((0,T); H) and ug € V. Let f € WY((0,T); H), ug,uy € V and Aug € V.
Moreover, let R(t) and C(t) in WY1(0, T). Furthermore, for any v € V,

IR (t)olln < cllollv, (89)

and, forany v € H,
IC'(B)ol|n < cl[v]|a- (90)

Then, the solution u of (88), if c € H®((0, T); L?(Q)), belongs to
C?([0,T; D(A4)) N CH((0,T); V) N C*((0, T); H). (91)

We recall that Equation (6) can be writable as follows:

Au(x,t) + [—/3/0 \Vu(x,t)|2dx+'y}Au(x,t)+c(x,t)u’(x,t)+u”(x,t)

H(A(t), x,0(x,t), p(x),u(x, 1)) =

At (92)
(Hp(x) 5+ AD3(x, 1) | Vu(x, 1)
(1— u(x,t))2(1 +x Ja (1,3%)
so that, applying Theorem 1, the right-hand side of the previous equation
Me)p(x) C AR, 1) [ Vu(x, )2, (93)
(1= u(x )2 (14X o =257
belongs to C2([0, T]; L?(Q) provided
At)p(x) € CH([0, T]; LX), (94)
so that, by Lemma 3 of [52] (this is allowed because (27) is valid),
tes =B [ IVux ) Pdx 4+, (95)

belongs to H*(0, T). Therefore, exploiting Theorem (4), we can write
u(x,t) € C°([0, T]; HY(Q)) N C'([0, T]; H* N Hy(Q)) N C2[0, T; L*(Q)),  (96)

provided
c € H*((0,T); L*(Q))), (97)

which concludes the proof of Theorem 2.

7. Possible Uses of the Device Studied

As per experimental evidence known in the literature, electrostatic MEMS devices
with parallel plates (whose use is currently quite wide and in continuous growth) do
not require particular precautions for their realization (even on an industrial scale) so
the associated costs to a possible industrial production are quite contained. Furthermore,
as discussed above, the fields of application are all those for which the operating voltages
would be rather contained. These applications include biomedical ones, which, as is
known, subject the deformable element to periodic and prolonged loads with evident
risks of fatigue and breakage. While aware that circular membrane devices perform better
than devices in which the deformable element is a rectangular metal plate (or membrane)
(since fatigue and failure occur with very low probability), we believe that the studied
device, if realized, can also be used for biomedical applications (i.e., micropumps for the
intravenous administration of drugs and the high-precision surgical microsystems) as
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long as it is associated with a guarantee period provided by the manufacturer compatible
with the resistance of the material of the deformable plate to prolonged and continuous
stresses, beyond which the device, even if still functional, must be replaced. This use is also
supported by the fact that the study carried out has highlighted that continuous waveforms
for V are allowed, such as the trapezoidal ones as well as piecewise continuous waveforms
with a linear transition (V waveforms typical of micropumps).

8. Conclusions and Perspectives

In this paper, a new version of a dynamic hyperbolic fourth-order dimensionless
integro-differential model for electrostatic MEMS devices with parallel plates for indus-
trial and biomedical uses, taking into account, according to Pelesko & Driscoll approach,
the effects due to the fringing field, has been proposed and studied. The model, control-
ling the behavior in external electrical voltage, considers both stiffness and self-stretching
of the deformable plate, making the device suitable for any uses where limited external
electrical voltages are required (i.e., continuous waveforms, trapezoidal ones incorporating
piecewise continuous waveforms with high-slope linear transitions). This model does not
allow the explicit recovering of the deformable profile. Therefore, by well-known results on
the theory of neighboring operators, uniqueness and regularity of the solution have been
proven, making possible in the future any no-ghost numerical recovery (i.e., numerical
solutions that do not satisfy the conditions of existence, uniqueness and regularity). More-
over, the uniqueness of the solution ensures that each value of external tension applied
determines only one deformation of the deformable plate. Furthermore, since the results
are valid for N < 4, the model satisfies the requirement of developing 3D predictive models
in which stiffness and self-stretching and fringing field effects are considered. In addition,
being N < 4, the model is also valid for devices with thin dielectric layers (in which fringing
field occurs) in which at least one spatial dimension can be neglected (the term taking these
phenomena into account strongly depends on A(t) which strongly increases as the distance
between the two plates of the device decreases). However, in the model, the parameter
that weighs the effects due to the fringing field is not controllable in voltage. Therefore,
efforts will be focused on defining the link between this parameter and the external voltage,
to reduce the risk of triggering unwanted electrostatic discharges, even in cases where
defects and /or anomalies in the deformable plate could occur. The present work, obviously,
is to be considered as the first step of a broader research path where the numerical recovery
of the deformable plate profile will have to be performed in the near future with numerical
techniques for the resolution of integro-differential hyperbolic dynamic models (FEM, finite
differences, or other). Furthermore, the existence conditions” uniqueness and regularity
of the solution obtained in this work, if satisfied by any numerical solutions, will provide
recoveries of the deformable plate profile that will not represent ghost solutions (i.e., nu-
merical solutions that do not satisfy the existence, uniqueness and regularity conditions of
the solution of the analytical model).
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Abbreviations

The following abbreviations are used in this manuscript:

MEMS micro-electro-mechanical systems

Q smooth bounded domain

\%4 external electrostatic potential

x spatial variable

t time

u(x, t) unknown profile of the deflecting plate

the dimensionless parameter that weighs the capacitance of the MEMS
drop-in voltage

bounded real function taking into account the dielectric properties of the material
the real parameter that weighs the effect of the fringing field

dspace dimension

outward pointing normal to 02

X, t) bounded real function related to anisotropic damping phenomena
distance between the plates in the MEMS

the length of the MEMS

load function

the mechanical tension of the deformable plate at rest

the permittivity of free space

source voltage

the capacitance of the fixed series capacitor

the capacitance of the MEMS device

flexural rigidity

Kq(x), Ka(x) specific weight functions
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