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Abstract: in this work, we study nonlinear oscillations of Micro beams based
on the nonlocal theory (NGT) incorporated the thickness effect and the Euler—
Bernoulli beam theory (EBT) with the Von Karman’s assumption. Consider a
clamped-clamped micro beam placed between two stationary electrodes. We
will apply the variational approach to find the approximate solution of the
nonlinear compare with results in studies to evaluate the accuracy of the
method. Effects of material, of a voltage and operational parameters on the
frequency ratio (the ratio of nonlinear frequency to linear frequency), on the
nonlinear frequency, and on the stable configuration of the micro beam are
studied and discussed.
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Phan tich dao déng phi tuyén caa dam kich

thwée micro dwéi tac dung cua dién trwong
DPéng Thi Thanh Hwdng
Trwong Dai hoc Cong nghé Giao thdng van tai, Ha Noi, Viét Nam

Tém tat: Trong nghién ctru nay, Nhém téac gia nghién ctru dao déng phi tuyén
ctia ddm c6 kich thwéc Micro dwéi tac dung cla dién trwong dwa trén ly thuyét
dod déc bién dang phi dia phwong (NSGT) va ly thuyét dam Euler-Bernouli
(EBL) véi gia thiét Von-Karman. Dam micro bi ngam hai dau va dat gira hai
ban tich dién ap c6 dinh. Nhém tac gid st dung phwong phap gan dang bién
phan so sanh v&i cac két qua trong cac nghién clru dé danh gia chinh xac cta
phwong phap. Banh gia anh huéng cua kich thwéc va cac tham sé déng hoc,
dién ap dén tan sé dao déng clia ddm micro dwéi tac dung cda dién trwong
dwoc xem xét va thao luan.

T khéa: Dam micro, ly thuyét dan héi phi cuc bd, dao dong phi tuyén, phwong

Ngay dang bai: 10/3/2023 phéap bién phan.

1. Gi&i thiéu

Thiét bi truyén déng vi md / nano 1a bd phan
chinh cta hé théng co dién t& vi md / nano (MEMS
/ NEMS). B6 truyén dong vi mé thuwéng dwoc mo
hinh héa nhw mot ddm micro hodc tAm micro dwoc
diéu khién bdi lwc tinh dién gay ra béi dién ap dat
gitra ddm micro (ho&c tAm micro) va chét nén cb
dinh. Céc thiét bi MEMS / NEMS bao gébm céng tac
micro / nano, thiét bj truyén ddéng micro / nano, cdm
bién,... c6 rat nhiéu &ng dung trong cac linh vuc
cobng nghé cao nhw dién t&r ky thuat, ky thuat hang
khong vi try, ky thuat y sinh, ky thuat quang hoc
(Batra va cong sw [1]; Chuang va cong sw [2]). Cac
bai toan dao déng va méat 6n dinh cta MEMS /
NEMS da dwoc nhiéu tac gid nghién ciru. Zhang
va Meng [3] da nghién ctru dap (rng phi tuyén déng
hoc cia MEMS chiju tac dung cuta lwc tinh dién va
lwc gidm chan. Nemirovsky va Degani [4] da
nghién ctru hién twong mat 6n dinh cta bd diéu
khién tinh dién. Biéu thirc phan tich cho lwc dién
ap gay ra gitra hai ban tu trong thiét bj diéu khién
¢6 kich thwéc micro dwa ra bdi Lee [5]. Krylov va

Dick [6] da bao cao cac nghién ciru ly thuyét va sbé
hoc vé sy mét 6n dinh ddng cho mode dau tién do
lwc tinh dién va lwc phan bd déu. Fu va Zhang [7]
da nghién ctu cac hién twong méat én dinh cua
dam nano dwéi tac dung cla dién trwdng khi xem
xét anh hwéng clha ndng lwong bé mat. Phuong
phap nhiéu loan déng loan da dwoc Askari va cong
sw [8] st dung dé khao sat dac tinh 6n dinh tinh
ctia ddm micro / nano véi cac loai diéu kién bién
khac nhau dwéi Iyc tinh dién, lwc twong tac Van
der Waals va Casimir.

Céc nghién clru da chi ra rang ly thuyét co
gidn cd dién (CET) khoéng phu hop dé mé ta hanh
vi co hoc clu trac micro/ nano. Bbi véi cau tric
micro / nano, hiéu rng phu thuéc vao kich thuéc
doéng mét vai tro quan trong trong hanh vi co hoc
cla céu trac (Fleck va coéng sw [9]; Stolken va
Evans [10]; Chong va cong sw [11]). Mot sb ly
thuyét dan héi bac cao c6 thé mé ta cac tac dong
phu thudc vao kich thwéc da dwoc phat trién nhw
ly thuyét dan héi phi dia phwong (NET) dwoc dé
xuat b&i Eringen [12], Eringen va Edelen [13], ly
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thuyét gradient bién dang (SGT) da phat trién béi
Mindlin [14] va sau d6 duwoc stra dbi bdi Aifantis
[15]. V&i viec xem xét (rng suét tai mot diém clha
vat thé lién tuc khéng chi phu thudc vao bién dang
tai diém d6 ma con vao bién dang & tat ca cac diém
khac, NET cho thay tac déng lam mém théng qua
cac tham sé phi dia phwong. Trai nguwoc véi NET,
SGT phan anh hiéu rng cirng ca cac cau tric phu
thudc vao kich thwéc théng qua cac tham sé ty lé
chiéu dai vat liéu. Mot sb phién ban stra ddi cua
SGT da dwoc dé xuat nhw ly thuyét (rng suét cap
do6i (CST) (Lam et al. [16]) véi hai tham sb thang
do chiéu dai vat liéu dwoc xem xét va ly thuyét trng
suét cap diéu hoa (MCST) (Yang va cong sw [17])
v&i chi mét tham sé thang do chiéu dai vat liéu sé
dworc tich hop. Dao dong phi tuyén va bai toan 6n
dinh cGia dam nano chiu tac déng cta lwc tinh dién
da dwoc nghién ctru bdi Kivi va cong sw [18], st
dung MSGT va EBT. Dwa trén MCST, Shen va
coéng sw [19] da nghién ctru dwéng cong mét 6n
dinh cta dam Euler — Bernoulli kich thwéc micro
dwoc ghép nhiéu 16p chiu tac déng cua tinh dién
va ap dién. Nikpourian va cdng sw [20] da nghién
ctru dap (rng phi tuyén hinh hoc cia dam micro
dwéi tAc dung cla lwc tinh dién va ap dién bang
cach st dung SGT. Két hop NET va SGT thanh
moét ly thuyét dan hdi tbng quét, Lim va cac cong
sy [21] da dé xuit NSGT, c6 thé dwoc coi 1a ly
thuyét dan hoi bac cao va tbng quéat nhat cho dén
nay. C6 thé quan sat anh hwéng cta cac tham sb
thang do chiéu dai vat liéu va phi dia phwong lén
&rng Xt co’ hoc clia cac cAu tric phu thudc vao kich
thwéc bang cach st dung ly thuyét nay. Dwa trén
NSGT, mét sb cong trinh lién quan dén tinh va
dong cta dadm micro / nano da dwoc xuat ban.
Simsek [22] d& nghién ctru dao déng phi tuyén cla
dam nano FG Euler — Bernoulli bang céch st dung
phwong phéap tiép can Hamilton. Bai toan buckling
va dao déng phi tuyén ctia ddm nano ndm trén mét
|&p dan héi da dwoc nghién ciu béi Hieu [23] bang
cach str dung phwong phap tuyén tinh héa twong
dwong. Dao déng phi tuyén phu thudc vao kich
thwéc ctia dam micro FG dwoc gia ¢ bang éng

Péng

nano cacbon véi cac I&p ap dién trong méi trudng
nhiét dwoc nghién ctru béi Phiva cac cong sw [24].
Hieu va Phi [25] nghién ctu dao dong phi tuyén
ctia dam nano khao sat &nh huéng cta kich thuwéc
hinh hoc.

Theo hiéu biét ctia nhém tac gia, khdo sat
dao ddng phi tuyén ctia ddm micro dwéi tAc dung
cla trwong dién tlr theo ly thuyét NSGT la mot
hwéng nghién ciru tét. Do d6, trong nghién clru nay
tac gid tién hanh nghién clru dao déng phi tuyén
ctia ddm micro dwoc kep gilra hai ban tu dat dién
ap moét chiéu, sir dung phwong phap Galerskin va
phwong phap bién phan He'Laplace so sanh két
qua tinh toan v&i cac cong trinh nghién ctru khac
cho thay d6 chinh xac cta két qua thu dwoc. Banh
gi4 anh hwéng cla cac tham sb dd manh, tham sb
phi cuc bd, dién ap dén dao ddng ctia dam micro.

2. M6 hinh va cbng tharc

Ly thuyét dan héi phi cuc bd (Eringen, 1972)
lién quan dén twong tac tdm xa gitra cac hat vat
liéu dan héi dang hwdng ddng nhat, thi &ng suét
tai diém khéng chi phu thudc vao bién dang tai vi
tri & ma con phu thudc vao tat ca bién dang tai
cac diém khéac trong mién thé tich V. Vi gia thiét
nay thi thé nang bién dang dan héi viét duéi dang:

U(s;.6,a) = %gijCijkljao (|X — X'|,§0K)g,'<,dV(X N (1)

\

¢ do g,

&l tenxo bién dang tai diém x va x',
C,q la tenxo dan héi theo ly thuyét cé dién, &, la

hang sb khong dia phwong cla vat liéu, « dac
trng chiéu dai ndi bd va a, ham bién thién Kernel
thé hién tinh khéng dia phwong theo khodng cach
gitra diém tinh x va diém lan can x’ trong mién thé
tich V. M6 hinh phi dia phwong trong phwong trinh
(1) giai thich anh hwéng cua tinh khéng dia
phwong dén trwdng bién dang cd dién. Néu ching
ta m& réong mo hinh cda Eringen bao gdm ca tinh
phi dia phwong cia dd6 déc bién dang (strain
gradients) &, Dwa ra mét ham Kernel méi thi ta

c6 thé nang bién dang dan héi c6 dang:
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U(g;, € ao,gijvm, i

m,a,)

ij? u’

= 1 &j ukljao |X X| Sok )5k|dv(x)

2 (2)

2

I
= 2 gum Ijk|\'!. (|X X | /;1 )gkl de(X )

Khi gia thiét: & =& =& phuwong trinh NSGT
c6 thé viét lai nhw sau (Lim va coéng sw 2015):
[1 eZVZ] ukI (1 2V2)‘gkl (3)

Trong cong thirc (3) khi e=0 ta thu dwoc ly
thuyét gradient bién dang (Aifantis strain gradient
mode ; khi I=0 thu dwoc ly thuyét dan héi khong
dia phwong (Erigen nonlocal stress mode).

go

o -

Hinh 1. M6 hinh d&m micro dét gitra hai ban tich
dién

go

M6t dam micro véi hai dau ngam dwoc dat
gitva hai ban tich dién nhv Hinh 1. DAm micro c6
chiéu dai L, kich thwéc mét cat ngang bxh, mat do
khdi lwong p, md dum dan hdi Young E va
moémen quan tinh cGa mat cat ngang |. khoang
cach gitra hai ban tich dién dén dam micro la g,,
mot dong dién véi dién thé V, tac dung Ién ban
tich dién

Phwong trinh chuyén déng cta dam micro
dwoc xay dwng dwa trén nguyén ly Hamiton. Theo
ly thuyét dam Euler — Bernoulli va gia thiét Von-
Kar man, thanh phan khac khéng cda tensor bién
dang dwoc cho béi:

_au(xt) +1(8W(x,t)j_

, AW (X, 1)
"X OX 20 ox

x>

(4)

Theo ly thuyét do déc bién dang phi dia
phwong, nang lwong bién dang do ctia ddm micro

dwoc cho bai:
U, = [(09e,, +oDse, )dv
\
A - (5)
= [t, 06,0V + { | O'ii)(?gxdi}
\ 0

0

Thay (4) vao (5) ta dwoc:

L 2
8U, = [N©s (a“+@jd —jM oW
° oX  OX OX

L
ax ax ax X

trong do: N MP N® M@ |a tbng hop lwc
doc, mémen udn, lwc doc phi tuyén cd dién,
moémen phi tuyén cb dién, ching dwoc dinh nghia
nhuv sau:

(6)

NG = [t, A MY =[zt,dA,
A A (7)
NG = [@dA; M? = [z0PdA
A A

Coéng &o clia ddng nang dam micro dwoc cho
b&i:

5K, = pA ! {%“5(%“) + %5[%}}@ (8)

trong d6 A=bh la dién tich cia mé&t cat ngang
ctia dam micro.

Coéng ao cua lyc ngoai dwgc cho béi:
L
SW, = ~[(f5w)dx 9)
0

trong dé f(x,t) la lwc tinh dién gay ra bai
hai ban tu tich dién tac dung lén dam theo
(Aifantis.E,1992; Yiming Fu va céng sy [26],
2011):

PRRNA. 5 I R
R e B

VOi ¢, =8.85pF /m la hdng sb dién moi clia

moi trwdng chan khong.

Theo ly thuyét Hamilton, nang lwong bién
dang U_, ddng nang K, va cbng ngoai lvc W,

28
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thoa méan phwong trinh sau:

t

[ (6K, +6W, +6U,)dt =0 (11)
Thay cac phuwong trinh (6), (8) va (9) vao

phwong trinh (11); sau mét sé bién dbi toan hoc, ta

thu dwoc phwong trinh chuyén déng cta dam

micro

@ 2
NG _

ou: = pA—- 12
~ A (12)
28 1 (D)
ow: M MZXX 2 N&’@ azvzv
OoX OX oX
Va céc diéu kién bién twong (ng tai x=0 va
x=L
su: NP=0 or u=0 (14)
s[M): N@=0 or Mo (15)
OX OX
oamM® ow
ow: —X4+NP—=0 or —=0 (16)
OX OX
5(@} MO_NOMW _g o W_g g7
OX X
o*w o*w
) : M@ =0 or =0

Ta thay rang (12) va (13) la hé hai phwong
trinh chuyén déng cia ddm micro theo dich chuyén
doc truc va dich chuyén ngang. Tuy nhién, néu
guan tinh doc truc dwoc bé qua, hai phwong trinh
nay co thé giam thanh mét phwong trinh duy nhét
véi dich chuyén ngang.

S dung cac phwong trinh (3), (4) va (7) ta

duwoc:
2N1(D 2 2
NG —(ea) TN _[1 2 O |ga| M LW
0 ox? OX 2 OX

XX X2
(19)
2 0°MY 02 azw
My —(ea) —z==—|1-F27z EI=% (20

Thay cac phwong trinh (19) va (20) vao
phwong trinh (13), ta dwoc phwong trinh chuyén

Péng

doéng cta dam micro theo dich chuyén ngang
2
El [1— |2 0 jaAW

ox? | ox*
EAS(owY | |[o%w 2 o'W
P—— (|22 dx || == -
{0 2L£(8xj XMM (a) ax“} 1)
oW 0w 0%
+pA{ e —(ea)z—} =f —(ea)za_

oxot? X2

Phwong trinh (21) la phwong trinh md ta
chuyén déng ngang ctia ddm micro dwéi tac dung
cda lwc tinh dién theo ly thuyét dan hoi gradient
bién dang khong dia phwong. Dé thuan tién cho
viéc tinh toan, ta dwa vao cac bién khéng the
nguyén sau:

2
f:i;wzﬂ;t_:t E;K:E; :PL ﬂ—e_
L L pEI L
AL? 24¢ bV
y= —;n=&;V —
I L Egoh
(22)

St dung (22), phwong trinh chuyén déng
ctia dam micro (21) dwoc dwa vé dang khong thi
nguyén sau day

o'w  , 0w ow  _,0'w
_ I p _

(87(4 " 8t6j+ [aiz -

1, (WY az‘ 20w )

27"I(axj R

w1, 1 1
xott 4 | (1-w) (1+w) | (@3)

1, ~—~2
el ]

oW

_ﬂZ

X

11 |ow
_(1—vT/)3 (1+w)” | X

S¢¢ dung phuwong phap Galerkin dwa
phwong trinh dao ham riéng (23) vé phuwong trinh
vi phan thwong. Nghiém cda phwong trinh (23) cé
thé viét dwdi dang tach bién va thod man diéu kién
bién ngam c6 dang:

W(X,t) = %q(t_) [1-cos(27X)] (24)
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Thay phwong trinh (24) vao phwong trinh
(23) va str dung phwong phap Bubnov-Galerkin ta
duwoc:

G(c,+c,0° +c,q" +¢,9°)+

(25)
CeQ + C7q3 + C8q5 + ng7 + Cloq9 + Cllqll =

trong do6 cac hé sé ¢, voi k=12..11 duwgc

xac dinh bai:
c_ﬁj¢a¢dx j¢2dx (26)
c, = 4j¢4dx 45 j¢3 i ¢dx (27)
c, = 64? £ #° %d)‘( - ej #°dx (28)
C, = —4ﬂ2i¢7 2X¢ dx + 4 j #°dx (29)
c5==ﬂ2i¢99;§dx j¢mdx (30)
c, =K2I¢gdx 1-Pg i¢844 d

) ) (31)

1 1
%p . _ _
—P£¢£dx +V2£¢2dx —12V2 [ X

0

c, = -4k j¢ —dx+4(1 =¥ )j¢3a¢d‘
2 )/ 2 52 2j¢ax{j(gf) dx}dx

+4PI¢ _¢dx+ 72 2j¢ ﬁ(aﬂ dx}dx
—2v? j #*dX + —12v2ﬂ2j¢4d>?

c, = 6k j¢58¢dx 6(1-Pp )j¢5M

+2y2 % 2j¢3a ¢M(a¢j dx]dx

6Pj¢ —¢dx 2y° 2j¢3a "ﬁ[aﬂ dx}dx

+V2 j #°dx
0

(33)

(32) um=T

C, = —4K j¢ dx+4(1 PA )j¢7a¢d‘

3y ﬂz 2J‘¢5 0 ¢|:J'(ij dx:ldX
+4Pj¢ ¢dx+3y/2 2j¢55 ¢|:f(a£j2di]di

:K2j¢9%d>‘<—(1— Pﬁz)_l';/}g%d)?

0

(34)

+2y ,6'2772.[¢7 @4¢ |:J‘(2)f) dx [dX (35)
PI¢ _¢dx 2 2772]¢7 ¢ !(%} di}di
Jl' 0'¢ D'( j dx}dx
i (36)

1 Yo 0 0’| 1[92 4o |4
rfo g [J(ail o o

3. Nghiém dao déng phi tuyén

Ap dung phwong phap gan dung bién phan
He-Laplace dwoc dé xuét bdi He, 2002 dé tim
nghiém xap xi cta phwong trinh vi phan phi tuyén
(25). Theo phwong phap nay, dang bién phan cia
phwong trinh (25) dworc thiét lap:

1.
—qu (c,+c,9 +c9* +c,q° +05q8)T

1 2 1 4 1 6 1 8 T
+-CQ°+—C,0 +—=C,q +—=C dt (37
1172 od TG0 T5Cd +3GM (37)

1

+_ —_—
| 10 12
trong do, T la chu ky cua dao déng.

10 12
Cqu + Cllq

Nghiém x4p xi cGa phuong trinh (25) dwoc
tim dwdi dang:

q(t)=0Q,cos(at) (38)
Thay (38) vao (37) ta dwoc biéu thirc bién

phan dang J(a®) t» diéu kién ding

0J (Q,» Y O T

M =0 ta tim dwgc tan sd xap xi cua dao
0Q,

dong: (39)

trong d6 7 =wt Thwc hién phép tinh tich
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phan trong phwong trinh (39), tan sé xap xi cua
dao dong str dung phwong phap bién phan dwoc

cho bé&i (40)
Va nghiém x4p xi ctia dao dong: (41)

712
\/ [ (cocos®r+¢,QF cos® 7 +C,Q; €os® 7 +C,Q5 €os® 7 +¢,,Q; cos™ 7 +¢,,Qi° cos™ r)de

=2 — (39)
J | [(c1 +2¢,Q5 cos® 7 +3¢,Qy cos” 7 + 4¢,Qg cos® 7 +5¢,Q5 cos’ 7 )sin’ r]
0
3 5 35 63 231 10
Ce+—-CQy +=CQy +—CQy +—— ——C
%A _ 4 7QO 8 BQO 64 QQO 128 1OQO 512 110 (40)
1 3
G+ E Cng + g CsQo 4Qo 128 5Q0
3 5 231
— Ce + Z C7Q§ + gchg 9Qo 10Qo E 11 éo —
Oya(t) = cos t (41)
1 3 5 35
C,+ 2czQO + 8C3Q° +EC4Q0 +@ c.Q?

4. Két qua tinh toan vathao luan

Dé kiém chirng d6 chinh xac ctia nghiém giai
tich gan dung thu dworc, cac két qua trong dé tai st
dung phwong phap bién phan (VA) so sanh véi
nghiém st dung bang phwong phap Runge-Kutta
va xét cac trwong hop dac biét: «=1/L=0;
f=eallL=0 dédwa vé ly thuyét dan hdi cb dién
trong mot sd nghién ctru cha Fu va cdng sw [7] va

Qian va cong sw [27]. Céc tan sb xap xi thu dwoc
b&i cac phwong phép giéi tich khac nhau va tan sb
chinh xac dwoc liét ké trong Bang 1 v&i mét vai gia
tri khac nhau cuta bién do ban dau o lwc nén doc
truc P va dién thé tac dung V. Ta c6 thé quan sat
thay nghiém xap xi thu dwoc béi nghién ctru bang
phwong phap bién phana,, so véi nghiém xap xi

bang phwong phap can bang nang luong g,

Bang 1. So sanh céc tan sb xap xi v&i tAn sb chinh xac ctia MEMS

a N \ o,, (Yiming Fu va cong gy, (Y.H.Qian va céng oW
sw, 2011) sw, 2012)
0.3 10 0 26.8372 26.3867 26.3644
0.3 10 20 16.6484 16.3829 16.3556
0.6 10 10 28.5382 26.5324 26.1671
0.6 10 20 18.5902 17.5017 17.0940
0.3 10 0 26.8372 26.3867 26.3644
(a) () -

Dimensinnkess dedechong

0.4

Demeansioniass timea.t

— Present

30 ® Rof. [55]

° @

Nonlinear fraquency, wy

w

0 0.2 0.4 0.6 0.8 1
Dimenisonless initial amplitude, Q,

Hinh 2. B6 vbng va quy dao pha cia MEMS thu dwoc béi cac phwong phap khac nhau voi
V =10,=0.1P =10,7=0.3,y =20,k =0.1
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Nghiém x4p xi thu dwoc béi nghién ctu
bédng phwong phap bién phan He-Laplace so
sanh véi nghiém sbé sir dung phuwong phap
Runge-Kutta bac 4, két qué dwgc thé hién trong
cac Hinh 2.

Trong cac phan tiép theo, anh hwéng cla
cac tham sb khac nhau cta hé dén tan sé phi
tuyén w,, va cac ti sb tan sb o, /o sé& dwoc
kh&o sat, trong d6 o, tan sbé tuyén tinh cila MEMS
dwa trén ly thuyét dan hoi cé dién. Trong cac két
qua dwdi day, dé tai st dung tan sbé phi tuyén o,
thu dwoc bdi phwong phap nhiéu loan déng vi
(HPLTM).

Bang 2. Cac tan sb xap xi cia MEMS

a N Y, B K n e Oy
10 5 0.2 02 05 10 25.4797
01 10 10 02 02 05 20 255796
10 15 0.2 02 05 30 25.7453
5 5 0.2 02 05 10 27.5600
02 5 10 02 02 05 20 291717
5 15 0.2 02 05 30 31.6761
0 5 0.2 02 05 10 28.5916
04 O 10 0.2 02 05 20 34.1727
0 15 02 02 05 30 41.8521

(b)

|

nonlinear frenquencyllinear frenquency
¥

v ' ‘

* gun
\
* = oqpa
\ A
Y b owh
" " N

&
o —

Hinh 3. Sy thay ddi cta tan sé phi tuyén (a) va ti
sb (b) theo tham sé phi cuc bd

Anh hwéng cha tham sbé ti 1& chiéu dai vat
liéu(x=1/L) dén tan sb phi tuyén va ti s6 tan s6
ctia MEMS dwoc thé hién trong Hinh 4 vé&i céac
tham sb hé théng:
£=0.2P=5n=0.2V =10,y =60 ta c6 thé quan
sat thay rang su tang tham sé ti 1& chiéu dai vat
liéu d&n dén sy tang tan sé phi tuyén va sy giam
ti sd cGa dam Micro. Tham sé ti 1& chiéu dai vat
liéu c6 anh hwdng lam tang d6 clrng cha dam
Micro, chinh vi vay, tan sé phi tuyén cta dam
Micro sé tang khi tdng gia tri cta tham sé ti 1&
chiéu dai vat liéu, diéu nay phu hop véi ly thuyét
do déc bién dang.

Tiép theo ta di khdo sat anh hwéng cia hé
s6 phi cuc bo (B =ea/L) dén tan sé phi tuyén va
ti s6 tan sb cta MEMS dworc thé hién bdi Hinh 3-
4 voicacgiatri k =0.3,P =57=0.2V =10,y =40
T Hinh 3, ta thay khi téng gia tri ctia tham sé phi
cuc bo £ tan sé phi tuyén giam, trong khi ti sb tan
sb lai tang. Piéu nay hoan toan phu hop véi ly
thuyét dan héi phi cuc bé rang tham sé phi cuc bod
lam giam do clrng cGia ddm micro, chinh vi vay tan
sb phi tuyén gidm khi tdng gia tri cta tham sb phi
cuc bd.

(@) ®

——apha=0.1
—#—a=apha=02
apha=03

spna=0.d

&7

nonlinear frenquency
1) ©
w o

o 0.1 02 03 04 05 06 07 035 09 1
Nonlocal parameter

(a)

=T

(b)

Hinh 4. Sy thay dbi ctia tan sé phi tuyén (a) va ti
s6 tan sb (b) theo tham sb ti 1& chiéu dai cta vat
liéu
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5. Két luan

Trong nghién ciru, nhdm tac gia da tim hiéu
nghién ctru dao dong phi tuyén cta dam micro
dwdi tac dung cla lwc dién trwdng tinh. Thanh lap
dwoc nghiém giai tich cho bai toan dao déng phi
tuyén ctia ddm micro qua dé danh gia anh huéng
cua kich thwéc hinh hoc ciing nhw khoang céach
ban dau gitra ban tu dién. Xay dwng phwong trinh
dao ddng phi tuyén cho ddm micro dwéi tac dung
cta dién trwdng theo ly thuyét dan hdi phi cuc bd
va gradient bién dang. Danh gia anh hwéng clta
cac yéu t6 phi cuc bo cling nhw gradient bién dang
dén dao dong phi tuyén ctia dam.
L&i cam on

Nghién ctru dworc tai tro tred'ng dai hoc Céng
nghé GTVT, ma sé dé tai “DTTD2021-01".
Tai liéu tham khao
[1]. Batra RC, Porfiri M, Spinello D (2007) Review

of modeling electrostatically  actuated

microelectromechanical systems. Smart Mater
Struct 16:23-31.

[2]. Chuang WC, Lee HL, Chang PZ, Hu YC (2010)
Review on the modeling of electrostatic
MEMS. Sensors 10:6149-6171.

[3]. Zhang WM, Meng G (2007) Nonlinear dynamic
analysis of electrostatically actuated resonant
MEMS sensors under parametric excitation.
IEEE Sens J 7:370-380.

[4]. Nemirovsky Y, Bochobza-Degani O (2001) A
methodology and model for the pull in
parameters of electrostatic actuators. J
Microelectromech Syst 10:601-615.

[5]. Lee KB (2007) Closed-form expressions for
pull-in parameters of two-degree of-freedom
torsional  microactuators. J  Micromech
Microeng 17:1853-1862.

[6]. Krylov S, Dick N (2010) Dynamic stability of
electrostatically actuated initially curved
shallow micro beams. Continuum Mech
Thermodyn 22:445-468.

[7]. Fu Y, Zhang J (2011) Size-dependent pull-in
phenomena in electrically actuated

Péng

nanobeams incorporating surface energies.
Appl Math Model 35:941-951.

[8]. Askari AR, Tahani M (2016) Stability analysis
of electrostatically actuated nano/micro-beams
under the effect of van der Waalsforce, a semi-
analytical approach. Commun Nonlinear Sci
Numer Simul 34:130-141.

[9]. Fleck NA, Muller GM, Ashby MF, Hutchinson
JW (1994) Strain gradient plasticity: theory and
experiment. Acta Metall Mater 42(2):475-487.

[10]. Stolken JS, Evans AG (1998) A microbend
test method for measuring the plasticity length
scale. Acta Mater 46(14):5109-5115.

[11]. Chong ACM, Yang F, Lam DCC, Tong P
(2001) Torsion and bending of micron-scaled
structures. J Mater Res 16(04):1052—-1058.

[12]. Eringen AC (1972) Nonlocal polar elastic
continua. Int J Eng Sci 10:1-16.

[13]. Eringen AC, Edelen DGB (1972) On
nonlocal elasticity. Int J Eng Sci 10:233-248.

[14]. Mindlin RD (1965) Second gradient of strain
and surface-tension in linear elasticity. Int J
Solids Struct 1:417-438.

[15]. Aifantis EC (1992) On the role of gradients
in the localization of deformation and fracture.
Int J Eng Sci 30(10):1279-1299.

[16]. Lam DCC, Yang F, Chong ACM, Wang J,
Tong P (2003) Experiments and theory in

strain gradient elasticity. J Mech Phys Solids
51:477-508.

[17]. Yang F, Chong ACM, Lam DCC, Tong P
(2002) Couple stress based strain gradient

theory for elasticity. Int J Solids Struct
39(10):2731-2743.
[18]. Kivi AR, Azizi S, Norouzi P (2017)

Bifurcation analysis of an electrostatically
actuated nano-beam based on modified
couple stress theory. Sens Imaging 18:32.
[19]. Shen J, Wang H, Zheng S (2018) Size-
dependent pull-in analysis of a composite
laminated micro-beam actuated by
electrostatic and  piezoelectric ~ forces:

33



JSTT 2023, 3 (1), 25-34

generalized differential quadrature method. Int
J Mech Sci 135:353-361.

[20]. Nikpourian A, Ghazavi MR, Azizi S (2019)
Size-dependent nonlinear behavior of a
piezoelectrically actuated capacitive bistable
microstructure. Int J Non-Linear Mech 114:49—
61.

[21]. Lim C, Zhang G, Reddy J (2015) A higher-
order nonlocal elasticity and strain gradient
theory and its applications in wave
propagation. J Mech Phys Solids 78:298-313.

[22]. Simsek M (2016) Nonlinear free vibration of
a functionally graded nanobeam using
nonlocal strain gradient theory and a novel
Hamiltonian approach. Int J Eng Sci 105:12—
27.

[23]. VH Dang (2020) Buckling and nonlinear
vibration of size-dependent nanobeam based
on the non-local strain gradient theory. J Appl
Nonlinear Dyn 9(3):427-446.

[24]. GP Bui , VH Dang, Hamid M. Sedighi ,
Abdullah H. Sofiyev (2022) Size-dependent

Péng

nonlinear vibration of functionally graded
composite micro-beams reinforced by carbon
nanotubes with piezoelectric layers in thermal
environments. ActaMechanica volume 233,
pages2249-2270.

[25] DV Hieu, TH Duong, GP Bui (2020) Nonlinear
vibration of a functionally graded nanobeam
based on the nonlocal strain gradient theory
considering thickness effect. Adv Civ
Eng220:17 (Article ID 9407673.

[26]. Yiming Fu, Jin Zhang, Liangjiao Wan.
Application of the energy balance method to a

nonlinear oscillator  arising in the
microelectromechanical syms (MEMS).
Current Applied Phynics,vol.11,pp.482,2011.
[27]. Y.H.Qian, D.X.Ren, S.K.Lai, S.M.Chen.
Analytical approximations to  nonlinear
vibration  of  electrostatically  actuated
microbeam, = Communications  Nonlinear

Science and Numerical Simulation, vol. 17, pp.
1947-1955, 2012.

34



