Amirkabir Journal of Mechanical Engineering

Amirkabir J. Mech. Eng., 52(8) (2020) 557-560
DOI: 10.22060/mej.2019.15562.6157

The Effect of Curvature of Microbeam and Electrode on the Snap-Through and Pull-
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ABSTRACT: Due to the pull-in instability, the sustainability of micro-electro-mechanical systems is
vulnerable. One of the proposed mechanism to improve the stability of these systems is the use of curved
microbeams. The curvature causes the snap-through phenomenon by which the microbeam moves to its
second stable position. Despite the advantages of snap-through, sometimes it leads to unstable conditions.
In order to use the merits of curved structure and avoid the snap-through effect, in the present study, the
performance of a structure composed of curved electrode is investigated. By assuming the Euler-Bernoulli
beam theory and based on the modified couple stress theory, the governing equation is obtained by using
Hamilton’s principle. This equation is converted to a nonlinear ordinary differential equation by using the
reduced-order model based on Galerkin procedure. The numerical solution is formulated and obtained by
using the MATLAB software. The performance of the systems composed of curved microbeam and curved
electrode are compared with each other, as well as with the systems made of straight elements. The results
show that in cases where snap-through may cause unstable conditions, the use of curved electrode can
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result in more sustainable behavior in a wider range of position and voltage levels.

1- Introduction

Curved microbeams are one of the most widely proposed
mechanisms for controlling the instability of Micro-Electro-
Mechanical Systems (MEMS). They may exhibit different
behaviors, depending on the interaction between mechanical
and electrical forces. One of these behaviors is the transmission
between two stable states with a large domain, which is
called snap-through [1]. Several results [2, 3] studying the
possibilities of snap-through or pull-in depending on the level
of electrostatic load and microbeam curvature confirm that
sometimes the snap-through may result in the instability of
the structure. So, if we can use the advantages of the curvature
of the structure, and avoid the snap-through phenomenon,
the structure behavior will improve. For this purpose, in
present study, the behavior of the system composed of curved
electrode has been compared with the systems composed of
straight and curved microbeams.

2- Methodology

As shown in Fig. 1, generally the schematic of an electro-
mechanic system may be composed of a curved microbeam
in the vicinity of a curved electrode.
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Fig. 1. Schematic model of the electromechanical system

In Fig. 1, w(x) is the initial curvature of the microbeam, and
is written as [4]:
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where d is the maximum initial curvature of microbeam and L
is its length. To have comparable shapes, the curvature of the
electrode is selected similar to the curvature of microbeam as,

h 27x ) ?)
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where h_ is the maximum curvature of the electrode.
Assuming shallow beam curvatures and Euler—Bernoulli
beam model, by using Hamilton’s principle and based on the
modified coupled stress theory, the dimensionless equation
of motion governing the normalized transverse deflection
W(C,7) of the curved microbeam in the vicinity of the curved
electrode is obtained as [4, 5]:

wo(x) :—%’(l—cos(
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where { and t are the dimensionless position and time and V(1)
is the applied voltage, and the non-dimensional parameters 1,
P, a, and B are defined as:
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= P,
4 EI EI (4)

here p is the Lame’s constant, A and I are the area and moment
of inertia of the cross section, | is the material length scale
parameter, E is the Young’s modulus, P is the axial force,d
is the maximum initial gap, h is the microbeam thickness and
¢ is the dielectric constant of the gap medium.

The boundary conditions are
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The initial conditions are assumed as follows:
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Due to the high level of non-linearity involved in Eq. (3),
a closed-form solution for this equation cannot be found.
Hence, an approximate solution based on the Galerkin
weighted residual method will be developed. Relying on
this method and assuming quasi-static conditions, the pull-in
voltage and pull-in location of the system can be obtained.
In this case, the deflection of microbeam based on one-mode
solution is expressed as,

W () =ay() @)
Here, y(€) is normalized such that the parameter a describes
the mid-point deflection of the microbeam. y({) is the first
linear and un-damped mode-shape of the un-deformed
microbeam which is determined as [6]

(&) =0.6297{cosh (4.735) —cos(4.73¢ )
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By setting the time derivative equal to zero in Eq. (3) and
substituting Eq. (7) into the resulting equation, one obtains,
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Using MATLAB software, the numerical solution of Eq.
(9) would specify the stability behavior of the system.
Accordingly, once the gradient of voltage relative to deflection
diminishes, the instability would happen.
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3- Results and Discussion

By solving Eq. (9), the behavior of the systems made of each
one of the straight or curved microbeams and the curved
electrode is obtained. Fig. 2 shows an example of the results
for the large ratio of curvature to gap.
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Fig. 2. Comparison of the non-dimensional deflection of
different systems for the large ratio of curvature to the gap
In Fig. 2, the dotted point represents the unstable solution.
Therefore, the curved microbeam just causes a slight increase in
pull-in voltage and loses its stability in a much smaller position
than the straight microbeam. In order to realize the effect
of curvature size, instability characteristics of each system
are calculated in different sizes of maximum gap, assuming

h =3.5um. These results are plotted in Figures 3 and 4.

Fig. 3 shows that the position of snap-through deserves
the smallest size. Therefore, if the snap-through causes
instability, the instability will start in a smaller position in
comparison with other systems. In other words, to have the
same instability characteristics, the curved electrode system
must have smaller dimensions.

When the snap-through voltage is greater than the pull-in
voltage, snap-through determines the instability conditions.
Hence, the variation of instability voltages has to be calculated.
Fig. 4 shows the variation of snap-through and pull-in voltage
for different sizes of the maximum gap in the systems.
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Fig. 3. Variation of instability positions for different sizes of the
maximum gap, assuming 2 =3.5 pm
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Fig. 4. Variation of instability voltages for different sizes of the
maximum gap, assuming he=3.5 pm

Fig. 4 shows that the threshold endurance voltage of a system
composed of a curved electrode is always larger than two other
structures appointed in the figure. Therefore, by using a small
structure composed of the curved electrode, one can achieve
the same results as the greater systems composed of straight
electrode, i.e. straight micro-beam or curved microbeam.

4- Conclusions

The aforementioned results on the instability of curved
microbeams show that sometimes, snap-through is the main
cause of structural instability. Thatis, the curvature of microbeam
has negative effect on its stability behavior and causes pull-in

in the smaller position comparing the straight microbeams.
The results confirm that if snap-through is the main cause of
instability in the curved microbeam, using a system composed
of a curved electrode with the same dimensions would lead to
the higher stable position and voltage levels.
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of curved microbeam and curved electrode
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Fig. 2. Maximum deflection of curved microbeam versus
the voltage in present work and reference [24]

ORIB L e See L8, b jshiie cal 4 ald dalys anlie
Ols o 5l eoliul b b 00,8 aseiie (55lulL 4 (o, b 5L
008 (et sloioeS o3l 5 (g lLL ols 7 (KieSz o)by0
Ay 50 erSle 53 Dl oo a5 el 5108 Sl Ll ]
abal) (il oo 05l )L b g )lul Lyl caisS aseiin 5lids
oile 90 sy ol il DS 5 ond obml j iSTas
Sl 2y Blhe Goie 5 SBlo g See b oad wsle
ol 03] Cawd 4 Y ooz solul slaejlasl gV Jga
amse &y Sl (S (53 wele | oy 5L
Om akols g il Bl a4y anly (S Sl (595 o5l a8
iy S yo a5 9l vy (g I bl e 99 2SN 5 s S
S 595 oplal ally 5 alold (plojlail az o ais
o3lail aS epl (ol ol by oldl salss lasl 55y (,laubl g 5o
Glo y5s,Se 95 G duslie il 4235 (63l s s alols ]
99 5 ;0 o5le S slal a5 cel oals plowl alyl jo Jowise g
Sbely G abold gt 515 2 0 il s Sl
o 48,8 L35 10 ool 4y (@) 59Ul 5 iy o (slrolS S
795w | St pias 93 8 10 39290 5 S Ta> 45 o
2 Lol o Ll p8 5o jshaie (nl 4 sl QLSS (soie 5 Sl
Gille gae 93 (e &5 ol 5 adsl Ll iSTas (SeeS S

2l Lalsy 5 cnlple 2Bl jho 53 2STae 4 S Sy ot
5 e ) ol slan o b e | i ) Lt
oo 5310 )18 500 (Golus 90 oy 4 S (VY) abail (58,10
5l ol dolae sl @ly 50 0,51 Casd @ i o po 4 s 5Ly
5 Smdye oS Jo plojen job |y (VA) Wsles 5 (605 (3o

Bl s 4 6l 5lel 5L,

i lis] Y
oy S lp saal Cans a4 ol ol goue >
S ply o o 2SI Dlss loged o) (e oS
$lo 5 Lasg) s (LG Shaiia s 5 Sl
Ui opl 5o el sas pll Ll 38le 5 4o fZeTO 4 ezplot
Slojl oly g Som sl (g3l ae Como gy sliie &
doles goae Jo> cdo 5l oliel] O ad 9 s J> 0,59,
b fges dllae S 6l 00l G Gk pol> agh o
g Gllae Ll ol jo cenl ool aslin 3 sla iogsy gl
s Sl Sy Rl 50 5 Sl ol [YF] ol
ooz Gl gole Clasin b gomie g See 5l JS22a
J=Yf um H=Y. pm L= V- pmolsl glls ¢ )
VUK ol odel caws 4 d. =Y/ 0pm 4 d= -\ um
ol 9,500, b osel Caws 4 gl 51 eolaiwl b oo pay (sl g3

a3 oo ol 1) gy g0
S T USE 5 end s slaloges Job b sl
@ oS dolae gl )3l 5 559,500 sbiodl (il o5 w0
Oy B 5 a8, )15 @ o () 9 Slesloes 5 oud plonil (095

el s plowil 35 2B b alls el o

o bl =Y
airte 5SS Glp eoleiiny lopyile (n 3008 0 5l (S
58 g laojle o Sllag 2Sls e st )k
@ nl (e glaojle Gl S8 005 gy jslate 4 s
13 o o5 soliiwl 8,90 (L3 slopivms coleo 5 Llye 51 o>
SNl e9,See addsl (sliomil 5T a5 o9 3l pLis sl
P R S e

YYo.



YYE+ B YYEY Clrio TR Jlo A o)lad @Y 0,93 S yual SlSo owodigen & il

s iz 5 6k angy bahs b jloged 51 G o 0 000
Gl logad duglie s oo lid |y piecews ol JlLL o las
St yig 50w sl eolaiul b aS g0 ;0 aS aes e lid ¥ JSS
8 5y 5510 iS5 i 3,550 5 5, el 25
30 Ll o5 saless (6 s lass ol bl 1 LS ojle e
g 4l ol ool Hlade 4 (g )lubl g9yl Cundae > ()
339790 5 5l SR eyl (G 259,80 SIS s
.o; J.:b|9.‘>~ oolaiul o)’L....»
i ¥ S 53 ionie iy S 325 2510 Sl o
s Sae ol 4 Jlael 5y Sialdl LIl jo 4 amo e ol
4@ Son bl oL EeSee 5 w3 ) gl sy
Sl o5 T 5l enlply o9 se JEie 355 poo sy Cundse
98w g Jleel (oSl g (Sl (5950 o3l 4 s
Cad j29,Se SanBye Lawgi 525 og o ol o3lail g ol (S
s (o L (sl ek 28l s 35,250
t) LS'l'?Ul} o)L\JI )f‘ X 09 M‘? W él.u‘ aQ wb )..u
adgl Lzl o3Il b s LU )l aS ¢ i-cawl oagay (b jo 0ols
FUSRWVRRCTOY TNV YK WUNEN I I R Wl PR P PR K
ol plized ojlo il Jhe (Seille (g9, ojlail abais T o
SS90 2 (S (5925 45 2 2l 4 ST Jg ile( oo
Salo> (s 398Ul 4 g 009 il o e ,See S ale
5 Slo loyis,Sen JL8) ggose (nl ol Ol sl e
g solFaSs bl o adgl alold a5 lal i o i
oy ool 8 a5l 5 (0 S e d o3l 0g xSl
15 g San szl 5 o8 o3l (sl oa Sl slel el o
LSt &5 Sl ol cule) jolaie 4y L3 alin 1 <>
¥ Jsoz Gills gy 9550 plms 99 30 958Ul g 5d,Se (s

Sl 00l Sl

3 9,500 i Slas ((VA) dolee J> U o &l (] po
Qg y el ool Cawd s 90 2 (5l sy O Wl
59,50 93 al Sl Jemiliy BB ol 3 55 2Slas Ol s
ol ool osls L ¥ USS sle loges Jawes

> pl jo aeo oo lias ¥ S o eald ol Dl s 0geu
St 0958l g 89,800 o alols 4 Ll Sl cos &

Yyo)

4 Lol Cond jo (S g Bl 139 S (61510 (g ptiwaw Y Jous
Ses oS
Table 3. The systems composed of straight and curved
microbeams at small ratio of curvature to gap
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Fig. 3. Maximum deflections of curved and straight
microbeams versus the voltage at small ratio of curvature

to gap
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Table 4. The systems composed of straight and curved
microbeams at large ratio of curvature to gap
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Fig. 4. Maximum deflections of curved and straight
microbeams versus the voltage at large ratio of curvature

to gap
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Fig. 5. Maximum transverse displacement versus voltage

for the curved microbeam-straight electrode composion
in different ratios of curvature to gap
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Fig. 6. Maximum transverse displacement versus voltage

for the straight microbeam-straight electrode composion
in different ratios of curvature to gap
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Table 5. Instability characteristics of the structures composed of straight microbeam and curved microbeam
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microbeams as well as curved electrode versus the voltage
at large ratio of curvature to gap
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in different ratios of curvature to gap
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Table 6. The percentage change in instability position
and voltage of the curved microbeam or curved electrode
compositions comparing the straight structure

Blo yuig ySmo 4y S i3 o

. w

(0 59 x| (ST g § ySrp o
Comdgo | 3y | Cosdye |3

UYL | 0T | AL | s | el

OV | NEIL | eS| YRS | eIve

e 93l 5o )bl la el (oo ldl woyo 7 Jgun
A oo lud |y
22 GG ST 0atiS e sl el (o GRal38l o0
e 398Ul iin 19 S IS p oS wad oo LS T Jgor
S5t S o ol i s Sl 53 8,5 s
el 0a o5l (6)lbL Wy 5 Coxdse Glojer Gl el
09 2SI IS s anlin 3, Sos I Globsl oS Cz Ll
2 ojbe (nl ) (Foia g Blo g S Sl g0 aldn (i
lizee glaoslail) og oSl slisdl 4 LS iSlas alizes slacans
Ol il eals pwy 3 (09, Sl ol sliil g S STas
slzsl Sl (pwyp 3 90 Sladises plos )3 J3 alie jslaie

Yol



YYE+ B YYEY Clrio TR Jlo A o)lad @Y 0,93 S yual SlSo owodigen & il

400 T T T T
==== Curved microbeam, Pull-in
350 = Curved electrod, Pull-in ]
Straight, Pull-in e
Curved microbeam, Snap-through 7
300 F g
Rd
’/
Rd
~.. 250 F _/"
E L
= R
5 e
‘; -~ 5.
g)f 200 ) - - ““‘“
< - &
s 150 B ,—’/ ‘u‘"
= -
-~ o
100 | o
50 pee=""
0 L
7 8 9 10 11 12 13 14
dmax(um)

(S g s Bl g Sne glao il (gl HLET 5Ly 1Y IS
S ojlil gl 4 (S 09 Sl g

Fig. 11. The pull-in voltage of different curved or straight

microbeam/electrode compositions versus the size of the

gap

Cewd 3 g - ol cu 0y a7 glodgaste jo a5 S le e
GILL CumBye g 5l 00 F oo (S T See 55lML 8,
ladasiin polis | 5SS o)lyen (Fois yig,Se hilo o5l
oS als jo blabl ge gome 99,55 glls pinn 5,l0uLL
35,5 el g -l ST 5y 51 St i 5l s
e 0980 03l Sl ity (Sl ojlail b (Femge po (St
39550 ojle syl ST 5y plizes 5 90500 bl
o 99,8 ol 5l eslanl b cplply cal p i S
009 S35 g FSsS olal b et L5 (e 50 Glgi o0
Sptanw wlie (LS 4 o)lgen dut] )3 39 58Ul & 59,50

ol b (v gy o s pivnen (82) Bl 09 5SUl 6l yls
NU: PV T

G5 A 9 oy -F
A (Sl iS5 Se (sloojles (gl 4 4z Ly
0590 Hho Wpiccws ol 5l oolainl jo 4 ago dasiine (5 l0L
55 5 Cambge S 5l a5 03g9ore canl 48 518 4z
Uil aS S e sloo sl 5l eolaiwl ol b b o
a5 L] 5l Lol g amlys aihe jlaws s o SaS s3gaze (ol

E58y oo Lid ( gome g ,Sw slils sleoile LB s p

YoV

1.5 T T T
====Curved electrod, Pull-in
Curved microbeam, Snap-through
== Curved microbeam, Pull-in
Straight, Pull-in
~
ER O
= Ttrrnea.,, S
I L L LT T TR
= bl LTS
S | T e
z | T
2
.g
£0.5
=
0

7 8 9 o 11 12 13 14
d_ (um)

e Lo pigSae sojlu (6ylull LT cudgoe eSS
&5 o3l (sljl 4 (G 09 5N g (S
Fig. 10. Maximum transverse displacement versus voltage
for the straight microbeam-straight electrode as well
as curved microbeam composions in different ratios of
curvature to gap

)18 )18 (g y Ay Loz jlo900) Blo 559 Se 4y bogy o log3
o 95 Sl 6l o5l (6 Ll CounBae Ol o adads s jlogas
SRLL Cuxdse & bgiye o5 p)lex Hlages 5l aS wad e Glis |,
0dls 0old lid 0y puz aladi b g Ml’@cﬁ*’“ﬂﬁ)&“ ol
Wb g 9,50 L Jes jo Lol o jls (g 50S ojlail el
S 9 S 2 (6 IMLL g g gl Jdged 9 G alio b
bl 35 5l gl Sl ss a8 (oo 15 00,8 (st
PETTRRYVIR TP P KV N CEC JUUPS - VI Ve PR Vel g SO
Slatsra 0,0 o1 5l eolatwl b g 0ass 5 dwle 55 5Ly &l s b
s o305 calylis 5,5 15 el el 5,5 basslo s sl
&S iSlae calizes sloojlail (gl 525 wimms o (5 lLU 5T 5L
MLGQ AR J&wd.'UaAc\ScMTw.bcb
S oIl b ()2 990 Aiges Sln V) SO 4 4z b
(9, e Ba3) 95—l 55 sl logad ¢ jag Sen VIO (gL
135 S 5100 3 (8 o ) et 33 om0 5
FSgsS polie )3 cnlple ls (B S0Se b ey S N
Wy S5 polie 3o 5 Cosl 555 g -l SR 5Ls o8
9 Sy oS s g fmcinil (G o sele S lLL
4>l 5o g Sl Jol 4l )0 (v 59,500 5lbL Cundoe

[SURRYVIRCT e VL SENUPS SR Ty KV F| P ESUOY [ PR PSP



VY5« B YVFY Glrio YA o A ojlas BY 055 ¢5usS prol SilSo suoigee 4yt

WM ¢ ,55,500 sl

pm

pefine 0L 2>
MM 59 S adgl gl iSTas
um (3 ojlasl zSlas
GPa XL Jgoe
b o 50 59 See 52 S Ta>
R g S Cualind
pm g 2SI bl iSlas
sl Oles
Hm Jsb oelide yelly
MM by See Jobo
obes bl
2 @b Sloy (oo
Sy, 3l
RS >
255 adgl Ll
simie 3525 (slinl
29N S >
ST g S dr g gl (Ll
e 39 5SU) amy o slil
Ug
wie bl
6 el
CN'm ™ oo SO Sl (g0 ol
o3Il (wlede wm o yalil
ao¥ b
OFley o ro
Sns Job aaise
kg/m" . J&>
S Ol
595 ol S8 &b
59,5 Ml dm g SO &6

N TN = o~ s PR

S

>
Q

1)
=

<

S

X S § =°F

£

v

€ 6 A4 D AN = §¥TE S m ™™ [

Shar e ooy (nl (BB 5 wilse gmqil (Bge g laLL
0aiiS pand Al oyl g olal 00,5 0 (5 luly (odls (28 s
Sy aanlgs  gioxia g S 5l ooliil e b g Cuta 3l 0gou
o3t sbil slie 51 )T 5 g o8 el 4l (slojls 5T el ol
9 48b Sgag0 03l JB8) (w5590 95 iml oty 5l (Jg 0o
FRl gy 8l amlez (il T (gl Coadge g 5Llg 0ogas
odudy a5 wil glaigT 4l Lyl )l a5 S hgo (0w oo LS
o3lw 3 ool 0,3 o5l (6,lubl 8, Caws 3l el g -]
S osgazme (il lil) )3 (s 70 JBely (ovie 39Sl sl
4 @mls 4 arg b og alss )l 5By 5 Cosdee J5 5] et
355SI Glls o5l Loz L5 5Ls ob 5 Caradse md codel o
7950 9 Blo 09 2SI Blo 1255, Sl 4 S (St
G5 oogazme (135 Fsten (al dlion e Slo 09 2SIk S
P> 05 9 SSZ a4 (Ghlewd Sl p3 amo oo i
] SilS0g ;iSNg ,Ss (Gloptinns 1 oolasl J¥o 5l G aS
Lyl )0 (g 0,8 anles SLLE ST sioeie 09 2SIl gl o5l
@ Olgion (orie 998Ul g 9 ,See (S slalald b oSy
Jb e )0 ;500 Ojle 4.8l s K08 i 90 Ao gl
ol FSud5 39Sl 4y S S g 4l oS e Slaf oS
b o0 03l (g ll ol sguge walls e ol
00gd5te A4S Sgd oo Slgiding 35§ yhen Oliasd g I dslol gl
39 x5S shls o5l (sl i bl 4 Sbcwws 4 e 4 golal
o5b 4 93,5 oo (oie 9, 5l ISt 0jle 4y S (ke
5 o o)l Sblie Iy oolitul (sl 09 (e F380
3955 o2 g y9,Se m 5l Siiie i )13 358 o0 Sloiiny
sloojle plad alio 09 oo (raior (iR 995 (o) (ke
0975 S 550 (sl Sealtss 58 10 oSS 25
s anlys- Jglite 5 cllo gl 4 (28l Cawd 4y ymie 5 ol

ke Cow ol
eSSl e
S Sl 3 (A 990 s G
m' ghiczhe 4
olie b AC

YYoA



YYE+ B YYEY Clrio TR Jlo A o)lad @Y 0,93 S yual SlSo owodigen & il

their applications, John Wiley & Sons, 2003.

[10] L.-D. Liao, P.C. Chao, C.-W. Huang, C.-W. Chiu, DC
dynamic and static pull-in predictions and analysis for
electrostatically actuated clamped circular micro-plates
based on a continuous model, Journal of Micromechanics
and Microengineering, 20(2) (2009) 025013.

[11] G.I. Taylor, The coalescence of closely spaced
drops when they are at different electric potentials,
Proceedings of the Royal Society of London. Series
A. Mathematical and Physical Sciences, 306(1487)
(1968) 423-434.

[12] H.C. Nathanson, W.E. Newell, R.A. Wickstrom, J.R.
Davis, The resonant gate transistor, IEEE Transactions
on Electron Devices, 14(3) (1967) 117-133.

[13]L. Medina, R. Gilat, S. Krylov, Symmetry breaking in
an initially curved micro beam loaded by a distributed
electrostatic force, International Journal of Solids and
Structures, 49(13) (2012) 1864-1876.

[14] J. Qiu, J.H. Lang, A.H. Slocum, A centrally-
clamped parallel-beam bistable MEMS mechanism,
in:  Technical Digest. MEMS 2001. 14th IEEE
International Conference on Micro Electro Mechanical
Systems (Cat. No. 01CH37090), IEEE, 2001, pp. 353-
356.

[15] Y. Zhang, Y. Wang, Z. Li, Y. Huang, D. Li, Snap-
through and pull-in instabilities of an arch-shaped
beam under an electrostatic loading, Journal of
Microelectromechanical Systems, 16(3) (2007) 684-
693.

[16] Y. Zhang, Y. Wang, Z. Li, Analytical method of
predicating the instabilities of a micro arch-shaped
beam under electrostatic loading,
Technologies, 16(6) (2010) 909-918.

[17]S. Park, D. Hah, Pre-shaped buckled-beam actuators:
theory and experiments, Sensors and Actuators A:
Physical, 148(1) (2008) 186-192.

[18]K.Das,R. Batra, Pull-inand snap-through instabilities

Microsystem

in transient deformations of microelectromechanical

systems, Journal of  Micromechanics and

Microengineering, 19(3) (2009) 035008.
[19] M.M. Zand, The dynamic pull-in instability and

YYod

O™ )
gl Jaie
JiSlas  max
RCPS R HE Pull-in
chw r
55—l Snap
&=l

[1] M.IL. Younis, MEMS linear and nonlinear statics and
dynamics, Springer Science & Business Media, 2011.

[2]Y. Fu, J. Zhang, Electromechanical dynamic buckling
phenomenon in symmetric electric fields actuated
microbeams considering material damping, Acta
mechanica, 215(1-4) (2010) 29-42.

[3] J. Zhang, Y. Fu, Pull-in analysis of electrically
actuated viscoelastic microbeams based on a modified
couple stress theory, Meccanica, 47(7) (2012) 1649-
1658.

[4] Y. Fu, J. Zhang, R. Bi, Analysis of the nonlinear
dynamic stability for an electrically actuated
viscoelastic microbeam, Microsystem technologies,
15(5) (2009) 763-769.

[5] Y. Fu, J. Zhang, Nonlinear static and dynamic
responses of an electrically actuated viscoelastic
microbeam, Acta Mechanica Sinica, 25(2) (2009)
211-218.

[6] G. Rezazadeh, A. Tahmasebi, M. Zubstov, Application
of piezoelectric layers in electrostatic MEM
actuators: controlling of pull-in voltage, Microsystem
technologies, 12(12) (2006) 1163-1170

[7] H. Moecenfard, M.T. Ahmadian, Analytical

closed form model for static pull-in analysis in

electrostatically actuated torsional micromirrors,
Journal of Mechanical Science and Technology, 27(5)
(2013) 1443-1449.

[8] G. Hu, W. Liu, Nano/micro-electro mechanical
systems: a patent view, Journal of Nanoparticle
Research, 17(12) (2015) 465.

[9] V.K. Varadan, K.J. Vinoy, K.A. Jose, RF MEMS and



VY5« B YVFY Glrio YA o A ojlas BY 055 ¢5usS prol SilSo suoigee 4yt

mechanical shock based on the modified couple
stress theory, Applied Mathematical Modelling, 39(2)
(2015) 934-946.

[24] M.I. Younis, HM. Ouakad, FM. Alsaleem, R.
Miles, W. Cui, Nonlinear dynamics of MEMS arches
under harmonic electrostatic actuation, Journal of
Microelectromechanical Systems, 19(3) (2010) 647-656.

[25] Y. Qian, D. Ren, S. Lai, S. Chen, Analytical
approximations to nonlinear vibration of an
electrostatically actuated microbeam, Communications
in Nonlinear Science and Numerical Simulation, 17(4)
(2012) 1947-1955.

[26] Y. Fu, J. Zhang, L. Wan, Application of the energy
balance method to a nonlinear oscillator arising in the
microelectromechanical system (MEMS), Current
applied physics, 11(3) (2011) 482-485.

[27] R. Batra, M. Potrfiri, D. Spinello, Vibrations of narrow
microbeams predeformed by an electric field, Journal

of Sound and Vibration, 309(3-5) (2008) 600-612.

Y

snap-through behavior of initially curved microbeams,
Mechanics of Advanced Materials and Structures,
19(6) (2012) 485-491.

[20] H. Daneshpajooh, M.M. Zand, Semi-analytic
solutions to oscillatory behavior of initially curved
micro/nano systems, Journal of Mechanical Science
and Technology, 29(9) (2015) 3855-3863.

[21] M.R. Salehi Kolahi, H. Moeinkhah, Non-linear
vibration of curved microbeam under electrostatic
actuation by using reduced order model and finite
element simulation, Modares Mechanical Engineering,
17(12) (2018) 514-522. (In Persian)

[22] A.H. Ramini, Q.M. Hennawi, M.l. Younis,
Theoretical and experimental investigation of the
nonlinear behavior of an electrostatically actuated in-
plane MEMS arch, Journal of Microelectromechanical
Systems, 25(3) (2016) 570-578.

[23] A.R. Askari, M. Tahani, Size-dependent dynamic
pull-in MEMS under

analysis of beam-type



