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Non-linear vibration of curved microbeam under electrostatic actuation by
using reduced order model and finite element simulation
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ARTICLE INFORMATION ABSTRACT

In this research, the dynamic behavior and nonlinear vibration of a clamped-clamped initially curved
microbeam under electrostatic step actuation is investigated. The initially curved microbeams under
transverse loading may exhibit two different stable states and this is the basis of the emergence of bi-
stable micro electro mechanical systems (MEMS). The equation of motion is derived based on energy
method and Hamiltonian principle, and re-written in non-dimensional form by using appropriate non-
Micro Electro Mechanical Systems (MEMS) dimensional parameters. The resultant equation of motion in non-dimensional form is discretized and
Curved Microbeam converts to a system of nonlinear ordinary differential equations by using a reduced order model based
Bi-stable on the Galerkin procedure. Runge-kutta method of order four is employed to solve the resulting system
Eg’&?gfﬁzgt!\sﬁdﬂcs of nonlinear ordinary differential equations. COMSOL Multiphysics software is used for finite element

Y simulation. Then, the effect of various parameters including voltage parameter, damping, initial
midpoint elevation and gap length is investigated. It is concluded that the critical voltage of pull-in is
decreased by increasing of the initial midpoint elevation. Also The results depict that by increasing of
the damping parameter, the possibility of transition between two stable stats is eliminated.
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Fig. 1 Schematic model of curved microbeam under electrostatic
actuation

'“\*Sgs‘ Mﬁ’ l) )“5)1“’ %15‘ JSW @ ‘*J“‘.|)
Wo (%) = W(X, 0) = hozy(X) @
S 20 5 0 olel bl 4 s g S Sloo alais 4yl 503 ho o5
Max[Zo ()] = 1 45 spsce Sl SlaisS 4 5 005 g &b
W= plp 9 See jlabil 1o (pope glrals o5 Cl 55 @ p5Y ail
oS5 i 39 S255 5 5d KL gho KL (5 b b e Wo
sl 25 98 cemly 0 Ol S Culks g Jsb plp o
Chrog 1) 39,5 518, " Bee 05 GlapleS oy b ol S5 5 Jsin
[2423] 5 5

> oYl -3
L) mgSae &S o alobas ol oo a8l puass (ygibeon Jol 5l oolinal b
ol oa ool i (2) abaly o Jeol ol [25] 8 8 2 el

&

5f(u—r—we)df=o @

2 9 IS We 5 235 Jeuiliy 53,50 U iz 53,1 T o

e 5591-1-3
Ol il oo g, (Sanlins [, pwyp Bas A pl 4 azgi b
98 &S Job o ead dole slagpl Abex I ciuz (655
2lon 9,8 (R (5551 oaams (i B) alaly atloe

Lo _ 2
r=1 Af(aw) dx @)
=27 Gg) X
0
g e e LR Y
L] 00 ).]a.ud}..o OO )_..'>l; J.:J.)

55 Jemily (55551 -2-3
g Slos amho (St 5 e B 85 Jeily 55
123] col ailoe LB (4) alayl, & 90 4 g 055
- L P
El tw  9%*w,
-2 [ (5 -5) @

2 0x?  0x?
0

! Shallow arch approximation
2 Mid-plane stretching

516


file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2517/E-%20172517A%20%20S.docx%23_ENREF_23
file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2517/E-%20172517A%20%20S.docx%23_ENREF_24
file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2517/E-%20172517A%20%20S.docx%23_ENREF_25
https://dorl.net/dor/20.1001.1.10275940.1396.17.12.63.5
https://mme.modares.ac.ir/article-15-11755-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.12.63.5 ]

olgd yumo cyuus 9 LoMS =xllo Ld) Soxo

3930 (51331 (63w 9 &l po JRBL Jdw 1 03liiawl b Silianly yS| Ky 335 R o 2439 35a0 oD pat aliblai | ) 2

sk G coyo 5 il o1 —cosd;coshd; =0 aoles fuls 4; a5
a3l max [pi(0)] = 1 a5 59800 85 5 5

aaly ile a5l eslainl b g 159,80 380 slaoge JSo
Gzl ):;L a5 ol oads 00ld liS uizen g il se Casoas (16)
51 oolitl b g (16) ala, ,o (A7) alal, 6,135 L .[27] w)ls mbs s
US54 b d g Jyeme Jdlins ¥oles olfius oy a8 JE s,
Wl oo sy (19) b,

M{ + cMq + B(q — qo) + a(q7Sq — q5Sq0)Sq + BF = 0
19)

sas s ()T g oloy il peens olatse Jopq={gq;} «
S=sM=[my] 5B =[b] glogmyile wilge myple odlils
Adbge (SadS g e cohed She & bane cp 4 [sy]
W8l e S9y Jlon Sadlie olyer & G le aw (nl (slaadlys
oo eols (ylis (21) 4 (20) slaadad, o F = {fi¥}

1
= f(p{’(p]" (1 -20)
0
1
= J- Pipjdx («-20)
0
sij = 6ij | @ipjdx (+-20)
0

R i
' Of(1+27=1q1' ®j)?

O3 LE sae il b A3) aka, 5wl SSs)S st §yj oS
oolaiwl (Ssbiwly xS 3, Ldw sl ol oo Sy Cliiin slop s
2,5
(19) o, 51 a5 wib o gol3T azy0 S Joo 00,8 oo oy Foole
55 % p3¥ ybin Jolo (A7) el o5 ol 5385 5 5 L s
Iy 055 IS oy ool a5 8)s0 cpl jo g (21) alal, JIE0l a5 col
Sype @ 01 Gl Rl sk a4 Ll wojla Ll e s ol
IS5l Syge ol o a8 (28] o5 i @ = [1 — cos(2mx)]/2
RO PE WES Y EA R W
_J 1 1
€ = =
g 1+ 091)* 20+ q)}
dolee o g,Ses ady) JS8 lye 4 hopy (285 S s L
@ @3) dhly ©yge 4 G1 = q e p b3 d g seme Jedliho

@2)

my§ + cmy1q + b1 (g — hyo)

B _
2/(1+q)3

5 g o35:511 = 4878 ymyy = 0.396 by; = 198462 «5
pY ailie 4(0) = 0 5q(0) = hy S50 @ Wobee sy adsl by
il —1 S q < hy o5 el S5 4

565 s g0 o by alazl SIUT aile (6,50 (slagss, )
s 4 g, ol 5l oalitol Ll oo,S aslital (16) aba, > sl olsf oo
OYolee oliws adlges 4,0 @ (gyke Jo dwgny oe SYsb
J> dwgy g 00 ool L a5y iolS Joe 5 ese] Cans 4 el ans
b lobgy plo 5l peole ilye 4y )l

+as?(q* —hd)g + 23)

517

IS a4 39,500 &S, dolre (8) adaly o (11) alal, (5,35 L
Dl e s 4y (12) abayl

AOZW _ow L, o*w  9*w,
PAGE *5F %" oxt
a ’w
B .

e oo Las 1) adgl g 6550 Ll (14) 5 (13) slaakal,

ow ow
#0,0=wlLD=0 —=0D=—=—=wDd=0 3
0x 0x

ow
w(x,0) = w, ﬁ(f, 0)=0 a4
g03,5 oy pda SoyS plase slasl> ol gl IS Sele sl p
Sgdion 00y B (S3lge slagysls Jge b b of © Salinly iUl oo yS L
[26]
_ €obV?
) = ———
FED = e+ wE DY
Vg oljl olad 20,08 co,o€ =8.854x 1072 F/m o
Al ge 59,8 5 Zoll 09 mSN y oad Jleel 515
08,5 (53l dn g g0 1) (12) alayl) g Sz 4 Solys o
(16 alayl)) 09 o ool J 3haalsl jo g
’w  ow [d*w d*w,
Jat? Jat dx*  Ox*

—a ” aw") ]dx Yw, B

+ —_—
2 (1+w)?
Ao (16) abaly smy o (slo el oy oo Lad 1 Jgor

as

=0 16

W Bl S -4

) Gl adye all Jae Sy 5l a8 e dolee (giluainnS sl
o 9 adsl Sl 5o g See JSO pelaie (o gl e ool (SIS
Dpdge w5 Sl 50 (17) Ly, sl yw 50 4 61351

an
WO = ) GO w0 = aupi)
i=1 i=1

IS &b el (%) 5 loj adly pend Slaise g (E) o1 j0 o5

2Bl oo oS jgs S5 SS90
cos A; —cosh 4;
sinA; — sinh 4;
—sinh 4;x)) 18)

@;(x) = C;(cos A;x — cosh A;x — (sin A;x

da 98 slaceeS 1 Jouz
Table 1 Non-dimensional guantities

S gy S e
x=x/L Jsb aaises
=f /Ezyy/(pAu) obes
wo = Wo/go adgl S0
w=Ww/go SISl ey U5
ho = hy/go o abai 53>
d=4d/g, Cwls

a = (giA)/(2l,,) = 6/d?
¢ =¢ |L*/(pAEL,) il bl
= (€0bV?L") /(2 g3ELyy) 56 bl

S aiS kally

12 oplouis 17 ©)93 1396 suawl ()3 SHlse Sw e


file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2517/E-%20172517A%20%20S.docx%23_ENREF_26
https://dorl.net/dor/20.1001.1.10275940.1396.17.12.63.5
https://mme.modares.ac.ir/article-15-11755-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.12.63.5 ]

olgd yumo cyuus 9 LoMS =xllo Ld) Soxo

3930 (51331 (63w 9 &l po JRBL Jdw 1 03liiawl b Silianly yS| Ky 335 R o 2439 35a0 oD pat aliblai | ) 2

e 35S (SilSe 5 guie Slatie 2 Jgua
Table 2 Geometrical and mechanical properties of the curved
microbeam

Jlade el
1000 pm @) Jsb
30 pm () Ly,
2.4 ym (tf ) Cwolbes
3.5 um (ho) Sleo abais ayl 55
10.1 pm Go) &5
2332 kgm3 ) J&=
166 GPa E) jgo Sk Jgoo

300 T T T T

Pull-in Snap-through
point

point

Voltage parameter
@
o

501 ——Reduced Order Model
o Finite Element Simulation
O 1 1 1 1 2,
-0.6 -0.4 -0.2 0 0.2 0.4

Non-dimensional midpoint elevation
Fig. 2 Non-dimensional midpoint elevation of the curved microbeam
versus different voltage parameter

3y yabl caliie polie s 39 S (Sloo alall dm o 03 2 S

el o o0ls i g Sae Jsb 0 LD ke cpyiie 3 US4 4o
S Jail ol sl ey lSia 55 ol s o pslolas
5l vgzg i YL lade JJo 4 olFaSs 4l )

A Sy g S (Serelindg S LS, sy (sl pol e o
oaiss Lis (23) alaily .0 5 o g0 slaly Gy Lawgs 5 SLSU g0
loe Sl nl sl 5l stk
B(t) = BLH(t) 24)

b Sy el (S5 B g wilease slaly U H(E) &5

(SSgaylo «s14,2) (ST (Sealus sla 5L plgier 425
GIEL e o ol gl el Lol cd)S I o0 G o gz )
E9 opl Al el o saummie sguswl loy o S gl SWSL
Wb o See ploj laguguw 10 Jle lp )ls 55 (500,15 Coonl K
a B S5 s sy el e ol s K5 & (IS 5 il Jilio
oS §=0.05 e Cond b S 3500 19 See ln oS b
b, bwg ole yiehl el oad ool olis (23) by, Sy
5 e sl b 5B A1 G o o5 s e dipog € = 204
Al o Y0 g0 ST

OLE j29,Se (Seelins )18, 5Ly Sglite e aw (sl 4 U5 50
Saie S gl g o online 4 S 10 a5 jeblas sl sas ools
@ Soop lwl Cedee S Jsm 598 (B = 154) ol 5l
Sde S5l St solade b sty lp S (oo pleg adsl Cosdoe
wslid 55—l (Seals 5y plsie b oS By > Bs) (aiine Sl

12 o )lais 17 095 1396 sl (w30 SilSo e

S (Sl (S lwand -5
oolitinl S jd (oo JouelS I3l 5 5l sgue szl (iluad ol
O Sliagh Sln Gog 0jskie Wiz s 4 JounlS 133l 5 el 00l
S92 90 b (6550 (Susd vz la)lBle s andlasboe conlie (slaxs,
il Joe S Cenl ol o JgeslS SIbley g alas Lol sl oo
wils Sglie olS Llaojsm 3l by @Sl E¥oles 45 ol
Soye oS Cusl ol sl cnl JJs 958 oo el S 5 Fosls sl
ol a8 S I 50 bt Jolod 5 5iluand ln lodsile (2800
ol

Js g sileancd lp &5 (pogate Jyile JouslS lBle 5 5o
laasls ;5 5l (S wead 485l o (Silseg 1SUlg See slapians
bl e TSl S e b il SilSe Sy 303

e Ol 138l 5 cnl )3 85 el Gl JgunelS 1Rl 5 K08 e
9See JS& (nlpli @l s92y (o2l Ly, Lwg owsia JUI
iln Ry Slas G Jf33lp 5 bwgs 00

2% plu g 03 (Sam 99 Sjg0 @ )l 5 o 0ud ploxl (55lu Joe
GBS g g Se o9 (Gl SV 5 3, S0leen 5 (Ken wiile
Jlesl (gilutrnds 6l 55 JlBlp 5 50 09290 slaan T Goyb 5l glamio
by e e 3l 2595 peiie S5 @ 4 Lol oud
el 0 o0lis] gt L oS

o g mbs-6
=l ol 4 (19) Y¥oles oKiws Jo 5 Jol> mli asu ol 5o
98w So (Sesbusg 2SIl LS, Jlod sl gamme sl slwancs
g3l b osSebew (i iz 51 W = hopr) JS8 SlasSS; (e
Glo,l5505 sy joliie a4y el ool &) 2 Jouz j0 oad ool Slasie
abl, Jol gy aw 38,5 Jlai o L (19) O¥olee ofiws ((Sloj azsu |l
~Kily by el 0ol o laz 4 e BgS- Sl g, 5l eslinal b 5 (A7)
Syone Joiliins SYoleo glgil Jo sl 005 5 698 (o9, e BsS
oolitul JBlie 51 (slad mas) (sl 5 sobil a4z 0 o Je 51l
RO AW

Oels 5 95—l g conal s & b (s 5l Gliabl (s
izt 3 sl QBT Ghmgsy 50 08 e 4l Con 0550 (Silil b o
Vs =88V il 55—l (Sl 55 555 8,90 555,500 (512 [29]
G o el 0 ) Vo = 106V il el Seiliol 515
s Vs =907V nly 55—l (Sbial 5Ly 2 IS8 @ 4z b 51>
5y el ) wdlioo Vor = 1116V, gy (St 5L
9 3% il 955 el 55 (sl a3 o> (Bpr = 280 5 Bs = 185
97y (9> Bl 45 098 o odmlin il 5% ln e SWs
295 b il 095 g0 onmline 2 IS5 j0 a5 jsblens (rizran o)l
Rlie 398 o0 03 dgaze (g1l (Siludnnd g ad e B Joo (o 5
@ Jonls 8l 5 bawgi oud arulre (pdgs 5 95 -l (Sl 5y
e 8 U gl ) il e Vpy = 107V 5 Vs = 888V i, iy
olal ogr SeS Judo 4 Cal S8 a4 oY Ll oas Jol> 12407

Syl bt s 1% 3 5eS 6 il e olasd (39 ,Sue

! Structural Mechanics
2 Electromechanics

518


file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2517/E-%20172517A%20%20S.docx%23_ENREF_29
https://dorl.net/dor/20.1001.1.10275940.1396.17.12.63.5
https://mme.modares.ac.ir/article-15-11755-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.12.63.5 ]

olgd yumo cyuus 9 LoMS =xllo Ld) Soxo

3930 (51331 (63w 9 &l po JRBL Jdw 1 03liiawl b Silianly yS| Ky 335 R o 2439 35a0 oD pat aliblai | ) 2

0.4 T T T
=
.S !“M/\/\/V\/VV\/\M’W—
s 0213 1
> H
2 S
(5] FEEY
2 oL
3 i
S 02 |
g P
= TV IV DN DN I P8 00 0 e imontsaonarerasman
S .04 (VNS
.8
& |
g 0.6 —ﬂ1 =154
= I — 3, =169
I .08
s 00 B, =237
Z
P . . .
0 1 2 3 4
(a) Non-dimensional time
10 T T
0 L
A0t
S
S -20
=
-30
—p, =154
wli - 5, =169
....... B, =237
-50

-1 -0.8 -06 -04 -0.2 0 0.2 0.4

(b)
Fig. 4 Time history response of the microbeam to step actuation (a) and
corresponding phase plane (b)

bt 16 (5L 5 (B) aly S5 4 iy by loj 4zl logei 4 S
(b)

Non-dimensional midpoint elevation

0.1

0 1 2 3 4
Non-dimensional time

Fig. 5 Comparison between dynamic response of the microbeam to step

actuation using first mode shape and three first mode shapes for 8; =

154 & { = 0.05

IS8 85 Sl o b aly Sy 4 39S (Senlis b e alie 5 S0
Br =154 57=0.05 sl Jsl 550 IS5 ams 5 Jsl 250

o b g wbeed JUnl ol cll egs 4 19,500 by < 0.28
S P oL TS| SHY

o ools (Las 53 S (Solips )18, 5 oS Jsb 19 S o

519

L ocoled o gdion odalive pg3 jlal Sl 4y S JUK 09 oo
Ol bl s 539,50 (B = Bpp) S5 ke S a5y il
Sl 5l olad 4-b S s S s T Geled Sol 05,5801 b g ons
4 5B Jlogel a5 08 e cdalie Gl A o gl el oud ooyl
Al s 150 59,800 (les SonBye

595500 (Saalns gnly 2 (17) alal; slop 5 olass 365 S8 5o
4z 50 S Joe ded o0 oaalin 5SS 0 4 jebjlan el odls cw)
ol ol Jdo auled o g 1) s U3, il o (ogllae <o b (sol3]
S0 U5 L s 45 Al o 5] 45T &) 6 NF,L o 45 el )]
S gm0y 1, g

JGsl sl wilg o logs asls g Sae (ralS es olpe a3l
WS 55l 5 oy 5 5 L sl Sl caegs & 55 S
@l sy o Seoliys 5Ly a5 By = 169 (sl 6 IS5 45 il ol
B-a JSo o a5 sboles ceul ond osls oLt il e T = 0.05
ks 5 adl g5 — ol odady p il oo Rl el et
ol a5 el Jb ol cwl oads lugs ails g Sae ioli8l el
el 03,5 (6 xS gl Il Sl (negd 4 g S JU I ol e

Rl ol plie Sl 55 Gl 65lbl 59, » 2lme Dl
909 od ol 098Ul Ceons & Sy g Sen B 09 o0 il e
S SSslr el S INLL Sl s patia 9> b o] Gl
§=0.05 &l s Seolis Wy a5 By =237 ol T S
sanlin a5 jsbolen ol oad ools lid sl (sliEl il e
el oad (6559l Gdg (6)lbl ) ogd oo

ol le s el b o los abai sl s i 518 S 4o
oanlice a5 jgb ylen .l 0uls ools Hlis pdes g9 948 —Ml sleossyy
wboe Gl Gdg (Sl s« Slee alaki 23 (Al L 0 e

S (i ST 52590 9985 o0 ol 8 ISLS 0 4 jsblen
polae sl ol Gl aegs 0e2g S0 Bk lcwlls 1) gy 5lidg
gl 55 ke Conslign 5 iy Sl Gl 4 g 55 S8
L oS col opl oy90 ol Jdo all iy pasin s> 5l gl akads
3 9980 PSP CSS Sl @y g e (e JSO hp ol 5SS
1y 8 US4 azgi b cudls pedlys 55 g e wiile 6,18, liliy

%107

-
o

©

—Pull-in
........... Snap-through

Maximum von Mises stress (Pa)

0 0.2 0.4 0.6 0.8 1
Arc length (m) %107

Fig. 3 Maximum von Mises stress for snap-through and pull-in
configuration

g 9 955 —oeil sl (sl aanle (g Jlxe 40 (B8 e S 3 S

12 oplouis 17 ©)93 1396 suawl ()3 SHlse Sw e


https://dorl.net/dor/20.1001.1.10275940.1396.17.12.63.5
https://mme.modares.ac.ir/article-15-11755-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.12.63.5 ]

olgd yumo cyuus 9 LoMS =xllo Ld) Soxo

3930 (51331 (63w 9 &l po JRBL Jdw 1 03liiawl b Silianly yS| Ky 335 R o 2439 35a0 oD pat aliblai | ) 2

st e 15U el opl o 0,08 o 095 4y (tal Bl Gy, 9 oo
S5 ez b adle g Soe J18) 5 Gl amio (SuiS 5 s
Al o atly 53 oS Job a5 —ql oy 9
oy 50 i jeb 4y aes 18 Lo jLas jo wilgh o | ol IS go0e
Bles 2y IS8 a5y b g S Soige e
V(t) = VDC + VAC COS(ZT[ft) (25)
ogdle Hluly Sl fegs & Jl sl ye39,Sen Sy g5l
ol plnl Slalllae wdloo ainly 55 Sopo (8 @ 5l Hlade
b Gl R a4 Sop S slalS B e &S wes e LA
Slapts (Hhb s lply aes oo £, 95 ol oy S See
oslitul S5 g5 ol 5 a5 o ,lS sl Lo (SuilSes 2SIl oo
©6obj Cual b lapuilS B cpils (Fagais o ks asle) 99l oo
by o S 3590 535,S0e gl b 2 g 3 o o o)l
anglio [27] x> e bawg oad 5155 polie b wloads awloes l33lay

el 0aus 00)51 Jooz 50 00l a0 polie g ye b auglis &l iloads

300
250 1
Q. 200f ——Dpyn.Pull-in 2
- - - Dyn.Snap-through ,,'

L /I

150 ,
’
R

100 ' : -

0 0.1 0.2 0.3 0.4

hO

Fig. 8 Critical dynamic snap-through & dynamic pull-in values of the
voltage parameter versus different initial midpoint elevation

liges polie conz g (s 9 95—l (Senlins 3y (Sl polie 8 JSB

600
5001 —Dyn.Pull-in
- - -Dyn.Snap-through
400
Q
300
200
100 ! : :
4 6 8 10 12

Gap (m) %10
Fig. 9 Critical dynamic snap-through & dynamic pull-in values of the
voltage parameter versus different gap values

aliee polie oz e 555 — il (Sels 3Ly Sl polie 9 S

12 o )lais 17 095 1396 sl (w30 SilSo e

3 025 V\’

0.2 . . . .

N
[$)]

(b) 0 1 2 3

Non-dimonsional time

04
1
0 L
S
3, -1
S
2F
sl . . .
) 0.2 0.25 03 0.35

q
Fig. 6 Time history response of the microbeam to step actuation (a),(b)
and corresponding phase plane (c),(d) for two different damping ratio,
(@) & (c) for T = 0.005, (b) & (d) for { = 0.5, B; = 169

5 slad 5 (0),(@) 4k S 4 s Son Gly (Sloj iU o503 6 JSB
(),(b) 5= 0.005 1,2 (€),(@) «wslie e s 39 (51 (d),(€) Shlie
Br =169 lps Coni 90,8 slp L= 0.5 sl

1 T T :
3
£ Of
3
-1 . " "
(a) 0 0.5 1 1.5 2
Non-dimensional time
10 T T T T T
RS
X 0
<
-10 ' : : :
-0.8 -0.6 -0.4 -0.2 0 0.2 04
(b) p

Fig. 7 Time history response of the microbeam to step actuation (a) and
corresponding phase plane (b), for { = 0.5 & g, = 237

At 516 sLab 5 (a) by S0 4 39, Sem Gy Sloj Azl lage T SIS
By =237 ;0= 05 I, (b)

Sl 35 8 s Sl L I g e ssalie o sboglen on

520


https://dorl.net/dor/20.1001.1.10275940.1396.17.12.63.5
https://mme.modares.ac.ir/article-15-11755-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.12.63.5 ]

olgd yumo cyuus 9 LoMS =xllo Ld) Soxo

3930 (51331 (63w 9 &l po JRBL Jdw 1 03liiawl b Silianly yS| Ky 335 R o 2439 35a0 oD pat aliblai | ) 2

D gy S (Saalind i) calise (sl el Sl Gl (sl
ol Sl go sl (Sen (o858 5L St (iie (5T S
95 ol el ddle g e Jl ) jeb 4 aies (LA 053
Ll slagys &5 widle @il LK e )Mkl s o
Srow 4 539,80 g 0ad )5 Sy iUl Lad b Jolss Sl g S
oS ol ol gl IS e Wy oles o] b g odd oudS i 025
e s Sen (Sealind )8 p stz BB b 58y oles al3Hl
Loy olul Sl e 4 59 ,See JU Il oo o4 (p9b 4 )l
St >hb plls @ nlple WS G xTolr Gdn GolbL s>
sloslinal bases (5390 JLad 5 b JLad 05 0 il Lbgs (Seilfeg 2515 e
il &y s Soe (Seelian (L8, ;500 ()b 5l sd 4z g bt ()
O 9 98 mol Wy (Sl polie e )3 aBlse iy 5
a4l ju3 b oS b a5 0 eanlie oo alais adgl ju3 oy
Sesse Oom 3ol S fegd 4 JUH S ol ke ) (Sl
B 98n (Sealins 18, p 5 o8 Job o5 0b saalie (izen
5Bl Gyl 4 Sl s egs 4 408 8 5 7 la IS Billae ol
FoS L& Gae (na ablios pdy Bl S ok g adgl 2 jlade
GRS e GGl patie ke 51 S Jsb g adsl 3 lade (ud
Seelad JU8) p 55 SeS £ e 900 Ol 95 ol sy

0.8 . . .
0 1 2 3 4

(a) Non-dimensional time

20 . . . . . .
-08 -06 -04 -02 0 0.2 0.4 0.6

(b) q
Fig. 11 Time history response of the microbeam to two step actuation
(a) and corresponding phase plane (b), for g; = 270, B, = 140, t;, =
0.1 &{=0.05

Ao 58 glad 5 (8) (slaly 9 Sy 05 4y g See Sloj Gy Hlogei 11 S
{=10.05 5t; = 0.1.8, = 140 B, = 270 (cl,5 (D)

521

Oyl Slets i 5 5lly Sl (b e See (b sl S
oslive Cuwl oo ools Las 10 IS o 5y sy orme S8
Olye b S ol abos pelS (oal (IS 3 5y Al L &S 09d 0
[27] s o aisliss 08 Sus o

Sl yis e oz I (o ol o)lil desiie jo a5 jsbles
SR g S pad SSd el (B (6l g S 4 S (S
S,z 5008 Gl 65lbl s a5 cnl (aw 009 ol 09 28Ul 4
S,z cnl eyl 5l (S w)S eslitul (lgiee I cnl cear il
b oe slaly 50 S 25

Aibge slaly 50 S5, (sl 5Ly sl sains (Lis (26) ala,
B@) =pHE) — (B — B)H(t — t1) 26)

tr Sloj o3l SuB3S I ey 5 009 e Al Sy el (S5 B a5
29N Seelus gl 5l adl S 1L IS 0 0gd e By i3l
S8, sals adls ol o el oad sl las SOyl A G 0550
ou ool oLad 1L JSs 55 a5 (5 5boas w5 oS5 Sen 5l (5 ooy
Olwg ol 3l g oads Jaie pgo b cdle 4y ol 154 S el
20,5 o 5k adgl Al 4y Syop guaBge 4

S 5 a1
Pl g S o st wlals )]y (Seslus jl3, regh ool 5o
IS Jie S5 5 gt Sl S S o i |
Sy ol s g 5,5 S5, Aol ile S Cqz 4y
il Y olas ol8iws ol oolaswl Jgans Jowilyans ¥oles oKiws
a0l o augy 5 oag osle s asye (2815 Jo 5l sl cons &
Sl Jpels JI8le 5 5l e aSbios oty b I Sesle ol
5 Sloj 4zl Gl logai oy b ol eolitul sgae glizl (g5luands

9,5 gk Slo s 33 Jguar

Table 3 Natural frequencies of the microbeam

fi reb 53 &3lwterds [27] 3ae (s, s o)s
fi 441 42.46 3.86
f 63.2 61.64 2.53
fa 131.3 128.76 1.97
fa 204.7 201.37 1.69
f 306.8 300 2
4
5 x10
g 4% © 2 0 0 o 4 ° o,
3 3 °
= o
& °
=
=
ERE) °
<
=
< o
£ 1r
°
0 . . . .
0 20 40 60 80 100
Vbe

Fig. 10 First natural frequency versus voltage
55 s ol (sl ol 53 Dl i 10 S5

12 oplouis 17 ©)93 1396 suawl ()3 SHlse Sw e


https://dorl.net/dor/20.1001.1.10275940.1396.17.12.63.5
https://mme.modares.ac.ir/article-15-11755-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.12.63.5 ]

olgd yumo cyuus 9 LoMS =xllo Ld) Soxo

3930 (51331 (63w 9 &l po JRBL Jdw 1 03liiawl b Silianly yS| Ky 335 R o 2439 35a0 oD pat aliblai | ) 2

mechanical buckling, Applied Physics Letters, Vol. 98, No. 24, pp. 241104,
2011.

[7] C. Goll, W. Bacher, B. Bustgens, D. Maas, W. Menz, W. Schomburg,
Microvalves with bistable buckled polymer diaphragms, Journal of
Micromechanics and Microengineering, Vol. 6, No. 1, pp. 77, 1996.

[8] D. Roodenburg, J. Spronck, H. Van der Zant, W. Venstra, Buckling beam
micromechanical memory with on-chip readout, Applied Physics Letters,
Vol. 94, No. 18, pp. 183501, 2009.

[9] 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, Vol. 49, No. 13, pp. 1864-1876, 2012.

[10] S. Krylov, B. R. llic, S. Lulinsky, Bistability of curved microbeams actuated
by fringing electrostatic fields, Nonlinear Dynamics, Vol. 66, No. 3, pp. 403,
2011.

[11] S. Krylov, B. R. llic, D. Schreiber, S. Seretensky, H. Craighead, The pull-in
behavior of electrostatically actuated bistable microstructures, Journal of
Micromechanics and Microengineering, Vol. 18, No. 5, pp. 055026, 2008.

[12] W. M. Zhang, H. Yan, Z. K. Peng, G. Meng, Electrostatic pull-in instability
in MEMS/NEMS: A review, Sensors and Actuators A: Physical, Vol. 214,
pp. 187-218, 2014.

[13] X. Chen, S. Meguid, Snap-through buckling of initially curved microbeam
subject to an electrostatic force, Proceedings of The Royal Society A:
Mathematical, Physical and Engineering Sciences, Vol. 471, No. 2177, pp.
20150072, 2015.

[14] S. Park, D. Hah, Pre-shaped buckled-beam actuators: theory and
experiments, Sensors and Actuators A: Physical, Vol. 148, No. 1, pp. 186-
192, 2008.

[15] K. Das, R. Batra, Pull-in and snap-through instabilities in transient
deformations ~ of  microelectromechanical ~ systems,  Journal  of
Micromechanics and Microengineering, Vol. 19, No. 3, pp. 035008, 2009.

[16] S. Krylov, N. Dick, Dynamic stability of electrostatically actuated initially
curved shallow micro beams, Continuum Mechanics and Thermodynamics,
Vol. 22, No. 6, pp. 445-468, 2010.

[17] Y. Hu, J. Yang, S. Kitipornchai, Pull-in analysis of electrostatically actuated
curved micro-beams with large deformation, Smart Materials and Structures,
Vol. 19, No. 6, pp. 065030, 2010.

[18] M. M. Zand, The dynamic pull-in instability and snap-through behavior of
initially curved microbeams, Mechanics of Advanced Materials and
Structures, Vol. 19, No. 6, pp. 485-491, 2012.

[19] G. Sar1, M. Pakdemirli, Vibrations of a slightly curved microbeam resting on
an elastic foundation with nonideal boundary conditions, Mathematical
Problems in Engineering, Vol. 2013, 2013.

[20] L. Ruzziconi, M. I. Younis, S. Lenci, An efficient reduced-order model to
investigate the behavior of an imperfect microbeam under axial load and
electric excitation, Journal of Computational and Nonlinear Dynamics, Vol.
8, No. 1, pp. 011014, 2013.

[21] L. Medina, R. Gilat, S. Krylov, Symmetry breaking in an initially curved pre-
stressed micro beam loaded by a distributed electrostatic force, International
Journal of Solids and Structures, Vol. 51, No. 11, pp. 2047-2061, 2014.

[22] F. Tajaddodianfar, M. R. H. Yazdi, H. N. Pishkenari, Nonlinear dynamics of
MEMS/NEMS resonators: analytical solution by the homotopy analysis
method, Microsystem Technologies, Vol. 23, No. 6, pp. 1913-1926, 2017.

[23] P. Villaggio, Mathematical Models for Elastic Structures, pp. 267-302, New
York, Cambridge University Press, 2005.

[24] G. J. Simitses, D. H. Hodges, Fundamentals of Structural Stability, pp. 200-
206, Amsterdam, Elsevier, 2006.

[25] S. S. Rao, Vibration of Continuous Systems, pp. 107-119, New Jersey, John
Wiley & Sons, 2007.

[26] D. J. Griffiths, Introduction to Electrodynamics, pp. 58-103, New Jersey,
Prentice Hall, 1981.

[27] H. M. Ouakad, M. I. Younis, The dynamic behavior of MEMS arch
resonators actuated electrically, International Journal of Non-Linear
Mechanics, Vol. 45, No. 7, pp. 704-713, 2010.

[28] S. Pamidighantam, R. Puers, K. Baert, H. A. Tilmans, Pull-in voltage
analysis of electrostatically actuated beam structures with fixed—fixed and
fixed-free end conditions, Journal of Micromechanics and
Microengineering, VVol. 12, No. 4, pp. 458, 2002.

[29] H. M. Ouakad, M. I. Younis, On using the dynamic snap-through motion of
MEMS initially curved microbeams for filtering applications, Journal of
Sound and Vibration, Vol. 333, No. 2, pp. 555-568, 2014.

12 o )lais 17 095 1396 sl (w30 SilSo e

Gl 55 Sobuly S S a5 b eselie el Jige s See
23 (Las d93 5l 6 Soduzmn S8, g S 45 S50 Caely Wlgi e

gk 5l g adpe elS Jae mli b gileand bl awlie
JsacelS 33105 5 Slgiese Yo jles 2280 b a5 ols olis ons plol (sla

0,5 oolatwl blgs (SeilSog xSy oo (s pins (>l g Ldow sl

PO C,w)gs -8
UM) 559 ,Se by b
o s s ko B

{M) 5235 Koo Cealins d

(GPa) S, Jsoe E

AL et (59,5 510 F

um) 8 Jo

M) Gl abais adgl 55 ho
95 Jsb L

Pz ol M

Sloj 4Bl pons Slaites Hlop q
SIS (s e S

NOE SO )

SIS 5l o eSS w

s e

SIS il a

Wy el B

kgm?) Jis> p

IS g S5 5 990 JSB b el @i
Oslsy S v

e Lo ¢

&ly-9

[1] X. L. Jia, J. Yang, S. Kitipornchai, Pull-in instability of geometrically
nonlinear micro-switches under electrostatic and Casimir forces, Acta
Mechanica, Vol. 218, No. 1-2, pp. 161-174, 2011.

[2] T.R. Hsu, MEMS and Microsystems: Design, Manufacture, and Nanoscale
Engineering, pp. 1-27, New Jersey, John Wiley & Sons, 2008.

[3] R. Batra, M. Porfiri, D. Spinello, Review of modeling electrostatically
actuated microelectromechanical systems, Smart Materials and Structures,
Vol. 16, No. 6, pp. R23, 2007.

[4] A. Raheli, S. Azizi, S. Faroughi, Dynamic analysis of a micro beam based on
sub-harmonic parametric excitation, Modares Mechanical Engineering, Vol.
17, No. 5, pp. 374-384, 2017.(in persian ...,\s)

[5] Y. Hu, J. Yang, S. Kitipornchai, Snap-through and pull-in analysis of an
electro-dynamically actuated curved micro-beam using a nonlinear beam
model, Journal of Sound and Vibration, Vol. 332, No. 15, pp. 3821-3832,
2013.

6] V. Intaraprasonk, S. Fan, Nonvolatile bistable all-optical switch from

=

522


https://dorl.net/dor/20.1001.1.10275940.1396.17.12.63.5
https://mme.modares.ac.ir/article-15-11755-en.html
http://www.tcpdf.org

