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ABSTRACT: Recently, it has been substantiated that besides initially curved micro-structures,
pressurized flat micro-plates can also experience snap-through instability. Given the potential applications
of these micro-plates in designing high-sensitive sensors, the present work aims to investigate the bi-
stable behavior of such structures when they are integrated with a piezoelectric layer. To this end, the
modified couple stress theory together with the geometric nonlinear Kirchhoff plate model are employed.
Hiring Galerkin’s method, the reduced governing equilibrium, and stability equations are then achieved.

The limit points associated with the micro-plate equilibrium path are then determined through the  Keywords:

simultaneous solution of these equations. The present findings are compared and validated by available . = G o . ol system

results in the literature. The influence of the piezoelectric actuation on the bi-stable response of the . )
. . . . [ Difterential pressure
system is then investigated. The results reveal that the shape of the micro-plate equilibrium path and the

number and the position of its limit points can seriously be affected by applying the piezoelectric voltage. Snap-through instability

Despite the previous studies, the present paper shows that applying positive piezoelectric voltage does ~ Piezoelectric materials
not decrease the pull-in threshold of the system all the time and can sometimes increase it when the
micro-plate undergoes large differential pressures. Furthermore, the results reveal that applying positive

piezoelectric voltages expands the snapping zone while negative ones downsize this region. The present

results can be very useful for micro-electromechanical system engineers.

1- Introduction

Investigating the behavior of bi-stable micro-structure as
the building block of high-sensitive micro-sensors motivates
the attention of many researchers to date [1]. Despite the
usual belief that only initially curved micro-structures can
experience snap-through instability when they are subjected
to loading in the opposite direction of the incline, recently
it has been substantiated that pressurized flat systems can
also behave bi-stably [2]. Bearing in mind that flat micro-
structures are less stiff in comparison to equivalent arch-
shaped systems, this strange feature of pressurized flat micro-
plates is proposed to be utilized as the operation principle for
designing high-sensitive micro-sensors [1, 3].

In view of the fact that micro-plates equipped with
piezoelectric layers play a crucial role in designing tunable
micro-sensors [4], the main goal of the present work is to
investigate the bi-stable behavior of such structures when
they exhibit differential pressures. To this end, the governing
equilibrium equations are obtained based on the modified
couple stress theory. Employing the Galerkin projection
method, the governing equilibrium equations are then
reduced to some algebraic equations. Vanishing the Jacobean
of the reduced governing equations of equilibrium together
with these equations themselves, the micro-plate stability
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is then examined [3]. Hiring the present stability analysis
approach, the combined effects of the piezoelectric voltage as
well as the differential pressure on the limit points map of the
system are studied in detail. The results revealed that despite
the negative voltages, applying positive ones expands the bi-
stable zone in the limit points map.

2- Mathematical Model of the Problem

Fig. 1 depicts a schematic of a pressurized micro-electro-
mechanical plate. As it is seen, the length, width, and thickness
of the plate are b, a, and h, respectively. The micro-plate is
made of two layers: a substrate layer and a piezoelectric
one with a thickness of hp. The initial gap between the two
electrodes is d. It is assumed that the micro-plate is subjected
to both the piezoelectric and electrostatic excitations. That
is the piezoelectric voltage is v, and the capacitive voltage,
which is applied between the two electrodes, is denoted by
V.. The opposing differential pressure between the two
electrodes is also p. Considering the size-dependent thin plate
model based on the modified couple stress theory (MCST)
[3], the equilibrium equations are obtained as
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Fig. 1. Three-dimensional schematic of a rectangular
micro-plate with a piezoelectric layer.
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Fig. 2. Influence of the differential pressure on the be-

havior of the present silicon micro-plate. Solid lines are

corresponding to the present findings and dashed lines
depict the results reported in Ref. [3].
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where, ¢ 1is the dielectric constant of the media
between the two electrodes. Also, N,,M, (i =X, y,xy) and
Y, ( J=X,9,xy,xz2, yz) denote the stress and couple stress
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Fig. 3. Influence of the piezoelectric voltage on the oc-
currence of snap-through instability

resultants.

Applying the Galerkin projection method on the in-plane
governing equilibrium equations, the in-plane displacements,
which are discretized using # basis functions in each direction,
can be expressed in terms of the transverse deflection that is
approximated with only one basis function. Having the in-plane
displacements in terms of the out-of-plane one, the present
reduced order model is obtained through the application of
the Galerkin method on the transverse equilibrium equation
[3]. Differentiating the reduced equilibrium equation with
respect to the transverse generalized coordinate, the reduced
stability equation can also be obtained [3]. The micro-plate
limit points in its equilibrium path can then be obtained
through the simultaneous solution of these two equations.

3- Results and Discussions

Performing a convergence study, one can simply observe
that by setting the number of the included in-plane basis
functions in each direction to n = 4, the present solutions
are completely converged. To validate the accuracy of the
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present model, a square silicon micro-plate with @ =1000 um
d=10um, v=03, E=169GPa

E =169Gpa is considered. The equilibrium paths of this
system under some different pressures are compared by
those reported in reference [3]. As Fig. 2 depicts, the present
solutions agree excellently with those published in the
literature [3].

To investigate the influence of piezoelectric actuation,
a square silicon micro-plate equipped with a 0.01
pm piezoelectric layer with properties C,,=132GPa,
C,=71GPa, C,=73GPa, C,=115GPa, e,=-4.lcm”
and e;,;=14.1c.m” is considered. It is also assumed that the
initial gap between the two electrodes is three times greater
than the micro-plate thickness. Fig. 3 illustrates the limit
points map of the present system for three different values of
the piezoelectric voltage. As it is seen, applying piezoelectric
voltage can seriously affect the bi-stable region in the limit
points map graph. Therefore, piezoelectric-based pressurized
micro-plates can be considered as the building block for
designing tunable high sensitive micro-sensors.

, h=3um and

4- Conclusions

The main purpose of the present study was to investigate
the snap-through instability in pressurized flat micro-plates
equipped with a piezoelectric layer. To this end, the modified
couple stress thin plate model was considered to obtain the
governing equilibrium equations. The Galerkin projection
method was then hired to reduce the equilibrium equations to
an algebraic equation. Differentiating this algebraic equation

with respect to the transverse generalized coordinate, the
reduced stability equation was then obtained. Both the stable
and unstable behaviors of the system as well as the bi-stable
zone in the limit points map were investigated through the
simultaneous solution of these two equations. The present
findings were compared and successfully validated by the
available results in the literature. Despite the previous belief
that applying positive piezoelectric voltage decreases the
pull-in threshold of the system all the time, it was found
that if the system is subjected to some large values of the
differential pressure, its pull-in threshold may increase. It was
also observed that despite the negative voltages, applying
positive ones expands the bi-stable region in the limit points
map of the system.
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Fig. 1. Three-dimensional schematic of a rectangular micro-plate with a piezoelectric layer

O sadgl galols (yizman )03 )8 (59 5,80 (YL ph Clis &
O3 ok J 4 Sl o b Sllg ySUl el
[V 235 o oo (V) alasly g s oS oo 34 2S]

F= e
2(d —w)

a8 Canl 395U g5 pole SO Slied (23,35 Cups € ol o oS
e=A/ASEX1 - (CNTIMT) & )90 4 6 Ll (el o] i
Syre W 9039 s &y Jlosl sy OS] 35V 1] 28l oo
Al 5
olgdy (et S obmly e (Olio SewMS (6595 (lue

Cogi (A) galaly Gyaw 4 0355 Glaise oK jd dxinsg Seo

u,(x,y,z)=u(x,y)—zw,x(x,y) [3)))
uy (.52 ) =v (x,y)—zw , (x,») A
us(x,y,z)=w(x,y) )

; :—(u, ; +uj’i) (v)
m; = 2/11 ZZ,'j (\G)
Aij :%(6’” +9j,i) (®)

Job elide gl Iy (i j2 oy e ol by ued Lals) 5
A oY Culgh flg A puisad g o 0duel (g3l

oy slndilhe 5 8 i o s slaailge calaly casl S5 4 p5Y
Ao pj S5 au obols

1
g, =Eeijkuk,j )

oLy oSl SWnlee g (5 U8 L by o lomle (e Y
98 52y b Job 4y (latns (amiog See Sl (Siled ) S5
S Sy gY S JSS ol Billae md o plis |y b S Cooles



(V) sdlasly Cygo 5 0390 (i)S (65,50 ol puss OU O] S

oU = J.[O'if&fj +m; 0%, ] dzdd

14

(O%)

&S 039 (215 (slag s Lawgi 0ad plol (ilxe JWOW - (pwiccens

Cal iyl B fi5 93 Jold

V 2
S=[—resarda ()
QZ(d —w)
(O'7)
WL =[-pW dQ )
Q

2,1 0 )Ll dbiog Sun (ol paw 4 Q) Lol > o
555 Cants & 1Y) oty > () 5 () By 53,5 o0 L
ol 5 (glarao i s )0 2, Skues dlge (gl 5,5 55 by,

gzl p Oyeo 4 Jols Yol [YY] Olypuss Glus aolwl o

L9 g0

N N, (Y, 4T, ) =0 =

xr Ty +5( ey T Ly ) - s
N (X # Y,y )=0

W + Ny,y _E( XZ,XX + yza«\y) - (U)

(OF)
(wa x +nyw 54 )x +(NX,\’W X +N."W Y ) y +
o’

M, +2M +————=—p+ @

X XX XY Xy Z(d —w )2 p €

Xy xx _va ay +M o +YJ’ Xy _YX o = 0

(V0) kulyy @yge0 2 (VF) Lol 1ol s (550 baslps (priczan

35 (o ol

Ay

dais S olouls e slbadlge (oximd s (1, w ) o oS

(x,0,2) clame shital 13 (o5 & doxiog Sn oo o 2 ey
O Ygono (Sulbog 55U Slrhog Son o i ol &0 427 b
Se S SS9 hwgle laced « S5 bbbl b JSS s
58098 095 el g bl ()8 sdlall; VA Wgd e 42ge

il ol cal s 350 035 s (VY]

2
X b X XX
— 2 [
g =1 v, +t05w; ZY Wy (‘1)
Ve u,+v, +w w, 2w o

)fub LS ceMe )‘I U 04 Albg [E59W dlm),,&o ‘_'ﬂ 5 s
yge & (0) k) ol 58 Losl jouil jho i slaadse

Y] del wialgd oty (Vo) (ool

Wy
b2 W
7 T —
X (= ) (V)
1
Kz —Z(U o TV )
Zyz 1

I ol b bsye iy aulys g oSl €8> OVl gl el cas
ol il b [YV] 0900 485 0 JS Uiy (55 il o
:fb'-{)b

sr=5(U-W_)=0 (")



YVE B YOV doxio VF ) Jlo o oyl OF 093 «pusS pual CSilSlo ries &yt

[rov.r,.r.r. |-

Xy

h
2

J.thlimx S m MM :|dz +
2

@ (V)

h
7"
J.,L’ [mx NN NN

2

m, :Idz

xz 2

O ygmil loadlie iy 4y g O'l-p(i =x,y,xy) ol pas
Bl e (hlatine (saxiogSan 53 ol cp i Y 5 6 Sllgsn Y

@ 2ol he (badlie cus p o) Ojge 4 (V) bilgy cplpls

gd e (il (V) bl ©)90

N, A4, A4, 0 u, +0.5w

N, =|4, 4, 0 v, +0.5w’2v }

N, 0 0 Ag|lu,+v, +w w,

- ’ (@)

B, B, 0 [|w, 0 0 a,||0
{Blz B, O ] w, =0 0 ay { 0 }

0 0 Bg||2w,, 00 O0|E,

M, B, B, 0 u, +0.5wi

M,v =B, B, 0 ] v‘y+0'swj }

M, 0 0 Bg|lu,+v, +w w, o (\V)
D, D, 07[w,] oo 570 ‘
D, D, 0 |3w, =0 0 by 1 0 }

0 0 Dgll2w,, 00 0|E,

T, 10 0 0 0 W,

T, 0 -1 0 0 0 w,

Y, ¢=N0O 0 05 0 0 W =W, @
Y. 00 0 -025 O Uy, =V,

Y, 00 0 0 -025[|u,-v,

i=\%)D,

i ‘Bif ‘A!—/. g.,u‘)..ag Ez :—Vp /hp Oi)ad
ool odd o3>V Cawgo (K =\,Y) b, ga, N{(j=\LY,% 4

e silwodlo 51 e (VF) ol ¥olee jd (V) Laslgy 9,5 cpols b

g oo glyiwl (VA) Laslgy ygo 4y Jole oS ¥oles

¥y

(Nx +%sz_yjnx +

| ! (N
(N)_y +ZYX” +§Y},”,)ny =0o0r 6u=0
1
—Y_.n,=0ordu, =0 (o)
4 : .
1 1
-Y _n+=Y _n =0 ordu, =0
4 2 2 (@
1 1
(ny _EYXZ,X _ZY)r'z,y )nx +
(N.—lr, jn,:00r5v=0 ©)
¥y 4 yz.x y
Ly 0 =0 or oy, =0
1 M.=0orov, = (o)
(10)
1 1
=Y n+=Y _n=0o0rdv, =0
4 772 ' ' (9
‘Nw, +N w +M__+
1 1 n.+
\MX” _EY”’ +Y,, . +EY”“
‘N w, +Nw +M, + G)
1 1 n, =Q0or ow =0
M)ryx _7Yxx _YXV) +7Y')r
N ” B . 2 Vs
(MX +ny )nx +
@
(MU, —%YX +%Y},)ny =0o0r ow, =0 c
(M”_ —lYX +1YanX +

(My —ny)ny =0ordw , =0

et it o p @38 (545 o (sladile n g ol 5 &S

Yj (j =x,y,xy,xz,yz) s N, ,M, (i :x,y,xy)

oy p) Oypod &S odg S GES g G lediie iy 4
19 0

[N,.N,.N, |=

Ji [t or.00 Y+ 3 o000, Y

2

(M. .M,.M,, |=
(@)

h h

n L.

2 P P P 2 TR )

J“t;,p ol .ol .00 :Izdz +J‘,L’ [o; ,0,,0,, :.ZdZ
2

2



S sorr o8l jskaie 4 g Slalxe glalas I (6pSols 61y

4, I:u,xx W oW L +(A12 +A66)><

L)""b "\49‘“’@ "\”Lf’ ““;P 5 p_{l) u\j.)l:.o ‘)szo dl_m)wbb ;f“s)’ I:vw +W.yw'xy:|+A66|:M.yy +w,xwv}iv:|_ (J.H)
B\w .. _[BIZ +2B ]W oy T
- : N o2
213,85 o 55 (V1) (gelas], 00 & s duy s (sl ol ly okt oV b —u,)=0

Ay |v,, +w w ]+(A12 + A )%

I:u o TWLW ] + A I:v o TWOW :I -

Bw,, — [BIZ +2Bg ]W o T

A~ X ~
x:;,yzﬁ’ %Vz(uxy—v”)=0
y » by ) w oy (u, 05w 2 )+ 4, (v, +05w2 ) -
w :;’ uzd_Z’v :d—2 Bllw,xx _BIZW,yy —ayk }+
w4, (v,y +0.5w i )+ © (W)
Ay, +0.5w2)-B,w -
Bw , —anE }+
W, {24 (u,y VAW W )_4866W ot
Dol s WSl alolee MA) Laslg)y 53 (558 dmy o polie (5,liS L N o,
K{V (v,xy —u,, )w Lt
Solo yelaie dy e ol Malgd Cunds (YY) Lalyy &g 4 s o v (u - )w,y}—N?V“w
2
J{l.ﬁ ...\J.ID..\») 4\;..\;39: ‘/\ D u9.}.{ (YY) Lg:da{‘) ).) J.x.fLs.f dlﬁ)ﬂ.‘o‘)l) )".“&‘... +B11 u‘xxx +(W XX )2 +w ,XW XXX + "
v vy +(W ’.V.V) Tw v}W Yy
dlﬁ’):“")l?.. sk o4l Cuwdy J".‘ﬁ) LfQLo'; o L}i‘ e el 9 B, (V,m +2(w’xy )2 TW W, U W W )+
3, '\“”195 Sxs gl 28, U, Vo, +(w o ) W @
W W, W W
D, (W oo TW )_(ZDIZ +4D )W ooy T
gV’ p=
2(d -w ) -
1
ﬂ( AII (u,xx +w ,xw XX )+ )
: ol a8
af (A12 +A66)(v,xy twow )+ o)
) B ' o 0
o A (u.yy Wy )_T(ZW oo T (Al \v :[F-}_W ,
ol o o o (V4)
E(B]2 +2B66)W,xyy + V4:V2V2: _4+2T+_4
3 ox ox“oy- oy
N
W(af‘} qy TV oy "Wy _alzuwyy,v ) ): 0
2
L Gl (00) Lailgy o 0ud o3l (g5p0 Lulyd cunl S5 4 p5Y
ﬂ( alAll(V,yy WY )+ . L e, Iy € s oo
. Sgdo o3l (V1) sebaly) ©yg0 4 )35 Bl Sl sladominog Sie
a12 (AIZ +A66)(u,xy +w ,xW Xy )+ [\0\]
o'B vy
oA, (v‘xx twow )—}‘sz”w oy~ o (*v)
a_lz(B 2B )w . u=v=w=w_=w_ =0a x =0,a (W)
ha 12 66 XXy
’ u=v=w=w_=w_ =0a y =0,b o (v+)
N ) x R y 5 ()
W(alu,x){vy +u,xxxy -V XXXX _alzv,xxyy) ): 0

¥y



YVE B YOV dsio Vo) Jlo oY 0)led OF 093 «ynS ool CSilSlo i 4y 23

09 2l (IS5 s (gamiio Sl (ool 5 (S 90 S5 4,
9 el sladge JS3 0 po Jols g 4390 S L s e
laalals [YV] 29800 035 oyl )10,5 Byl 93 15 93 Jol (Jas
Sl Gl 85 Cadd L Soge g ol slie 09

Higd o (& lodiamnS 0AS o )i @l

n_n B (gﬂj‘)
u=>u,0"(x.y)

i=1 j=l

Y¥

=350 () "

i=l j=1 (u)
w=w,qp, (x.») @

Coody b &S S Jopome syiallb Uy v w o ol oS

3oy 1y o gy sladge S dlusi 1 piored Wigd 03,9
A o lid yeX Gles
Oypo 4 &5 WSl Wy vV a sl plrals b bl godiijon &

ssbely cwyuw o, 90" 9

Ligd o aides (YO) Lly)

0.7 (%3 ) =W (v )sin(2 7x )

(i
2 (xo3) = (x )sin(2/ 7y ) ) (¥a)
@ (.0 )=y (x)w (») @

P le)-;ﬁl.? 9 u‘“"’ 3,8 dl.h.)}n wa Lgo.\.:.mbol.dsj Wi "j 5 oS
2l e (V8) sdlaly ygo 4y &S [YF] 03 510,05 B4l 9o

Vi (g) = COSh(72i+1 ()‘COS(%M g)_

(%)
Hia [Sinh(72i+1 ()‘Sin(yzm g):|

S

e

A, (u, +0.5w2 )+

1 2 2 2\_ %
o (Wl asAlz(v‘y +0.5w 7 )—IBHW‘U — |+
s
2
a0 2 2
2 B, —ojaya,E,
A, (v +0.5w2 )+ (¥Y)
aa
2 I
W, ajalA (u +0. 5w ) Biw,, —|+
a3al 4 2
P Biw . —oyoyay,E,
2 2
201 054 (u’y v, twow )—
Yol daa -
7 122
7 Bew ,,
D, 20{l
72 (W xx +0‘14"‘/ oy ) 0 (DIZ +2D66) oy T
@
2 2
Naf W,x (alv,xyyy +v.xxxy —u XXy - u)vvy )+ N
272 5
Bk \w (0 +U iy =V e = 1y )
o, 2
7311 (u,xxx +(W xx ) W W )+
4
% 2
2 Bll(v,wy +(W,,w) TWW )+
) Vo +2(w - )2 W W,
By, +
Uy TW W Ly
2
2028, Uy +Y o, +(W ’xy) wow o+ )+
W W, W W
—
(1-w)
N 2 4
= PRTE (W e 2050 +alw,yyyy)
s
O‘ ).} 4\§
o, = a a, = b o _d
b Tt ) (¥¥)
A= ga'v’? pa’
2F, hid? Esh3d

oul 0010 4w yo uals Juo -F
ol ooy Jolai p pSls SYoleo degocme o e LS L8, > o
5V sl 00 &) ol el Sl o ol 5815 (YY) Laslg) 5o
walgd Jo 0B Jlaje ool ooy gy b ¥olee cnleg) ]
Lly (Sloyite & doxbiog)See slaalrl gy il Bl A
bzl 53 29800 Ol e (b @lgs I Slasgerme ©)go 4 it
Slialy mSIl S 25 Co5 (59 9,50 (2l Cudge Calud 4 a2y L



N #(% s F2000, oy + P, 0 )+

Dll
En’

2 2
023 (Dlz +2D66)(/7w oy T

(q)w JXXXX + al q’w vy )+

K

Ak, (a3,(g o taanp, o )

a.B, L
153 x ;(u AT

(Z a
K34 P P
2 Z" Wc +Z”p¢u Xy
Eh (&

40}022 oo {Zu,,rﬂu " +va</z j @, dx dy

p=1

1

l(_ By, a]B]
0Jdo (Dw XX hz (Dw XX hz ¢M Wy

4 2
[aan B, j_4a1366 2
wxx

; yv+ WX
En P TE R En 7

p 2
IRUTASE L
11

/72
2 4 1 _p 2
E‘h PG [zvp(pww o, Y to, 5P »y}th
p=l

1 _p 2
VB P20 Py Py

2
B, z "
2 1
ED™ | 53D 000 s + P o Py

=

+

2By Zu,, - +va¢> o TP
Eh |
PPy + oy Puy +0u By

(% xx { Ilzup(pu x +a12AIZZV/E¢)vp.y ]"'
E h Pl
o [a;‘A”zv s vaid, S, ]

p=l

2051 66(2“p¢u\ +Z"p¢» x j(ﬂw Xy

Pl
2 2 p 2 5
N @ vawv‘x,vy.\' +zvp¢'/mw -
Pl
——(q +
8a22h2( brs &

2P
Z”p%,xm - Zu %;m
=
2 & 2 = 2
% Zupgofvw')’ +ZMP¢£MW -
=

N . ) )@, dx dy

i
2 p

vagovvn w T vago Xy

Pl

A a8 , )
< _ Smh(72i+| )+Sm(721+1 )
2i+ T (YV)
COSh(72i+1 )_005(72i+1 )
¢L§~,...3.J.3| &; L L5».»9..\3] 90 dﬂ.\ialj ).u.o b Q\/}egm Qb)f ]..\.u d]).g
:M)‘.)
(& (\"\") n’
u=)u @ (x,y
Z W (x.7) )
(YA)
V=va(pv”(x,y) ()
p=l
L‘j ).) 4\5
p=n(i—1)+j (Yo‘)
g Ao TY) 5 (YY) Ly 55 (FA) sy 8 csSels
Joreme ol opS Y8 g, sllas «oVolao opd b W (ojlo o3l
Al o Gty (V) by ©yp0 4V, g U,
% Y 2y
p ’ 11p 21 (Y‘ )
ko k2| S /.
(o) (Y‘Y) l:k3 k’:{’:l { ‘112 w§+ q22 W,
rq fq fq

(l.,j:\,\’)fqy 5(m w‘yui)bdf
5 (X“) doleo oL > ,\;J)é coldl jd ilodds &Iyl Y Cuwgn yd
@0 I8 gy sl 9, 53 ol b 038 (2YY) S sl

235 a5 (1) sy 550

=\Y,V,¥) ko

2 3
kwo—kw, —kw,

ﬁ.[;j;(l_ZWOYdXdy-l- (V)

7l sy =0

o



YVE B YOV dsio Vo) Jlo oY 0)led OF 093 «ynS ool CSilSlo i 4y 23

vy Gusb 5has” ol JPEESWC P SVES ol S ‘(Y'f) 4ol
s plie sl b g oo Jo (o35 Gjgo 4 [YO] (ygudly(yigs

by ©yp0 4 plgie 1) () Blse e ity ) S selaid

3,5 gl (YD)
o by =2k g " =3k (w, ")
- 1pt 1) 2 (Yla)
2 .[o.[o - 3 dy
(1-gw,”)

Sy g i -0
b loriog,Sia il inghy slaadl oo aob jslated,
Dgd o 48,5 (a3 3 ) Joda 1 ol ooy wdie 5 (SlSe cilasuie
@hSen ¥ Joio oS ySllgsn gaY cwobes ol )8 jho pln b
Sty S g Sleo abail 55 Slon ol sl |y pob s

Ll o obals coig 4w o olie amd o &l L bl

ST
mid

3y o Vs 5 Woig  palio 5 (508 5 iy aiS il
oanlie Jgia cpl 5 4 pobilan aimd e b |y blis ol b blize
Lgomo an 2 5 oSjeu)® ol Sz 85 i 5 b oS
Gl g oad [iRen gt (glio (19,0 (2lbmle 2 lp @b 025l
35 oo oanltio [A] g2 yo )3 00 yititie (sloaidly g log e (25>

2ol (geomiog S 1y sl yind )Lt ilises polie U Y S
0id 1)) bt .aad o 58 wyp 3yse N Jada 3 i edly oles L
2ol slil 4 [A] g2 yo p3 008 ()55 slaaidly b (yrizren S5 (il )
ool Blord (6 )i a5 dulio luwsl > (sl ltd ) alio
wlie (il 4 ol imgh gl 03,5 o0 sanlie JS ol I el
Oz 3 Bl 0 4 [A] @ e @l b ey Hlid ilisee
Dlgs o (w00 HLid | pasuiio polie Jlosl loid a5 33,5 0 osalie
Db doxiuog S 53 )luligd yUB) 489 (Sl dbml g

208 (IS @l g ol ol o l) ()00 anlie ¥ S
Bl Jgds 53 0 03l Glasuie b (lasxtiog Soo (gl [Y4 ] 2 40
ol imgh gl 03,5 e sdnlin JS5 ol 5l assl sl p amd
Bl ge e o MelS el 013 W [V+] e 3 a2

Slewbxe plxl sl p3Y (o) wiznen 9 @l (2l Sen 0 Jgi>

@Y & odd jarme (axbogSue S S5y luLL £58y jye 4 by

n? 1
5 AH[Z”;(/’:,X +2¢v§,xj+
a3 1pl p=l
k=] (0 N
‘ i Soiet, vt
p=1

n> 1
Doy [Zv ;I’q)vp,y + 5 Qf > j+
Pl

Doy 2 | -
aleIZ (zu;%p,x +E¢j x ]
p=l

Bu | 20446 (Zu},w:i,, IV OB, ]J— @ (V)
p=1 p=l

122 }’lz
2 1 _p 1 _.p _
a va¢v Xyyy + zvp(pv,xxxy
N p=l p=l

— +
272 ( ww X 2 2
8a2h "zulg)p _aznzu] »
pPuxxyy 1 » Py
p=1 p=1
’12 ”lz
2 1 _p 1
a zup%.my +zup(pup,xxxv -

p=1 p=1

2 )@, dx dy

R4 n’ n’
1 _p 2 1
ZV pPoee ZV P q)\’p,xxyy
p=l p=l

axiiog,Sun 5y wSle ond oplS cables () galal,
IS Jawiliy (6531 > s b (65 I0LL (sabind (s (sl A8L
cableo Cunl B pobaia pas 33,5 yao o Jgl lpss pegMe 55
s Glojan ysb & W dBlyerass Slatie 4 Cond ol Ghie 5 (1)
w23 (V) sellae Sl (6 S 3o L polato cpy 30,8

k,=2kw,=3kw, -

1pe1 <0W2
Zﬂfofomdxdy =0

by olgise (YY)

3

klwocr _kz (woCr )2 _ks (Wou) -

%[kl —2k,w, =3k, (W, )z]x

-1
1pel ¢W2

[LLWXWJ g (¥¥)

e

0do (l_q’wwocr )2

[ ocar-o

b



[A]&]A)bw)ﬁa)’o 49;9.05)5*0 éy&as‘;ﬂ.\@: Olasuin ) Jg.\é

Table 1. Geometric and material properties of the micro-plate studied in reference [8]

P(kPa) a(pm) b (um) hum)  d(um) o, E,(GPa) [ (um)
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Table 2. Convergence and validation of critical deflections and their associated voltages
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Fig. 2. Influence of the differential pressure on the behavior of the present silicon micro-plate with geometric and
material properties given in Table 1. Solid lines are corresponding to the present findings and dashed lines depict

the results reported in reference [8]
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Table 3. Geometric and material properties of the miro-plate studied in reference [20]

P(kPa) a(um) b () h(pm) d (um) v, E/(GPa) I (um)
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Fig. 3. Comparison between the present finding and the results reported in reference [20]
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Table 4. Geometric and material properties of the piezoelectric layer [20]

a(um) b (um) A (um) C,(GPa)

C,(GPa)

C.(GP))  C,(GP)) e em”) e (em’)
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Table 5. Comparison between the monostable and bistable results of a micro-plate equipped with a piezo-
electric layer
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Fig. 4. Influence of the piezoelectric voltage on the equilibrium path of the present micro-plate
under some different values of the differential pressure
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