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Abstract: This paper presents an analytical investigation on the electro-piezo-
mechanical behavior of functionally graded carbon nanotube-reinforced
composite (FG-CNTRC) microbeams incorporating size dependency. The
microbeam is modeled based on the Euler—Bernoulli beam theory (EBT) in
conjunction with the Modified Couple Stress Theory (MCST) to capture the
small-scale effect. The effective material properties of the FG-CNTRC core are
evaluated according to various carbon nanotube distribution patterns through
the microbeam thickness. Surface-bonded piezoelectric layers are employed
as actuators to generate electromechanical coupling effects, while the
electrostatic force is modeled using the nonlinear parallel-plate actuator
formulation. By applying Hamilton’s principle, the governing equations of the
system are derived. The resulting model is then solved using an appropriate
reduced-order numerical scheme to investigate the influences of CNT
distributions, material gradation, piezoelectric actuation, size effect parameter,
and geometric configuration on the static pull-in instability behavior of the
system.
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Phan tich 6n dinh pull-in cia dam micro gia
cwéng 6ng nano-cacbon co tinh bién déi cé
I&p ap dién

Dang Van Hiéul2, Nguyén Tién Thé3, Bli Gia Phi®*

Trwéng Dai hoc Ky thuat Cong nghiép — Pai hoc Thai Nguyén, sb 666 duong
3/2, phudng Tich Lwong, Thai Nguyén, Viét Nam

2Pai hoc Phenikaa, dwdng Nguyén Trac, phuwong Dwong Néi, Ha Noi, Viét
Nam

3Trwérng Pai hoc Céng nghé Giao théng van tai, sé 54 Triéu Khuc, phuwong
Thanh Liét, Ha Noi, Viét Nam

Tém tat: Bai bao nay trinh bay nghién clru giai tich vé &ng x& dién—co—ap
dién clia dam micro composite gia cwéng bang 6ng nano carbon co' tinh bién
ddi (FG-CNTRC), c6 xét dén hiéu ing phu thudc kich thwéc. DAm micro dwoc
mé hinh héa dwa trén |y thuyét ddm Euler—Bernoulli (EBT) két hop véi ly thuyét
(ng suat cdp stra d6i (MCST) nhdm md ta hiéu rng kich thuwéc & thang vi mé.
Céc tinh chat hiéu dung cua 16i FG-CNTRC dwoc xac dinh twong trng v&i cac
kiéu phan bd CNT khac nhau theo chiéu day ctia ddm micro. C4c I16p ap dién
dan trén bé méat dwoc st dung nhuw cac bd chap hanh nham tao ra twong tac
dién—co, trong khi Iyc tinh dién dwgc md hinh héa béng md hinh tu dién song
song phi tuyén. Bang cach &p dung nguyén ly Hamilton, cac phwong trinh chi
phdi ctia hé dwoc thiét 1ap. Md hinh thu dwoc sau dé dwoc gidi bang mot so
dd sb bac gidm thich hop nham khao sat &nh hwéng cda kiéu phan b CNT,
sw bién thién vat liéu, kich thich ap dién, tham sb hiéu ng kich thwéc va ciu
hinh hinh hoc dén hién twong méat 6n dinh pull-in tinh cta hé.

Twr khéa: Dam micro, gia cwdng dng nano-céc bon co tinh bién ddi, Iy thuyét
(ng suat cap stra dbi, I6p ap dién, én dinh pull-in.

1. Gi&i thiéu

Cac két chu ddm & quy mé micro va nano
doéng vai trd 1a nhivng thanh phan cét 16i trong cac
hé vi co dién tlr va nano co dién t&r (micro-electro-
mechanical/nano-electro-mechanical systems, viét
tét 1a MEMS/NEMS), noi chung dwoc (¢ng dung
rong rai nhw cdm bién, co ciu chédp hanh va bd
cong hwdng [1, 2]. Nh& céu hinh don gian, kha
nang dap ng nhanh va muec tiéu thu nang lvong
thép, kich thich tinh dién da tr& thanh mot trong
nhitng co ché kich hoat phé bién nhét trong cac

thiét bi MEMS/NEMS. Tuy nhién, ban chat phi
tuyén vdn co cla lyc tinh dién c6 thé anh hwéng
dang ké dén ng x& tinh va déng cGia dam micro,
dan dén cac hién twong nhw lam mém dd cing,
dich chuyén tan s dao ddng va mét én dinh pull-
in [3, 4].

Do do, viéc xady dwng cac mdé hinh co hoc
chinh xac cho dam micro chiju kich thich tinh dién
c6 y nghia dac biét quan trong déi véi qua trinh
thiét ké va téi wu hoa cac thiét bf MEMS/NEMS cé
do tin cay cao. Trong nhirng ndm gan day, vat liéu
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composite gia cwdng dng nano carbon co’ tinh bién
ddi  (functionally graded carbon nanotube-
reinforced composite, viét tat 1a FG-CNTRC) da thu
hat sw quan tdm manh mé trong cac trng dung két
céu micro nhé cac déc tinh co hoc vuot troi, ty sé
dd cing/trong lwong Ién va kha ndng diéu chinh
d&c tinh vat liéu théng qua cac quy luat phan bd
carbon-nanotube (viét tat 1a CNT) khac nhau [5, 6].
O kich thwéc micro va nano, nhiéu két qua thuwc
nghiém da chi ra réng (rng xt co hoc cla két ciu
phu thudc manh vao kich thwéc hinh hoc, khién
cac ly thuyét lién tuc cd dién khong con du kha
ndng mod ta chinh xac dac tinh cta hé [7-9]. Dé
khac phuc han ché nay, nhiéu ly thuyét lién tuc bac
cao da dwoc phat trién, trong do ly thuyét (rng suét
cap stra dbi (Modified couple stress theory —
MCST) do Yang va codng sw dé xuat [10] dwoc xem
la mét trong nhirng mé hinh hiéu qua nhat nhe kha
ndng dwa tham sb chiéu dai vat liéu ndi tai vao
quan hé ciu thanh nham phan anh anh hwéng kich
thwéc & cAp vi mb. Lién quan dén hwdng nghién
ctru nay, Kong [11] da thwc hién mét nghién ctru
tdng quan toan dién v& cac mé hinh dam va tdm
micro dwa trén ly thuyét MCST, qua d6 nhan manh
vai trd quan trong cla céc ly thuyét phu thudc kich
thwoéc trong viéc dy doan chinh xac rng x&r co hoc
& cap d6 vi md ma ly thuyét dan hoi cb dién khong
thé mo ta day du. Nhiéu cdng trinh nghién ctru sau
doé da tap trung vao phan tich trng xt ctia cac két
cdu FG-CNTRC va hé théng minh &p dién & cap vi
mod. Gia Phi va céng s [12] da thye hién phén tich
dao déng phi tuyén phu thudc kich thuwéc ctia dam
micro FG-CNTRC tich hgp I&6p ap dién trong moi
trwdng nhiét, 1am ndi bat sy twong tac nhiét—dién—
co cla hé théng minh. Ahmadi va cong sw [13]
nghién cru dao dong tw do cla ddm micro FG-
CNTRC c6 I&p ap dién bang phwong phap phan tir
hiru han da ti 18 nhdm mé ta chinh xac twong tac
dién—co. Dehkordi va Beni [14] khao sat dao dong
udn—xoan lién hop cla dam micro Timoshenko
FG-CNTRC cé xét anh hwdng kich thwéce, qua dé
chi ra vai trd dang ké cuia hiéu &ng vi mo dbi voi
dap ng déng lwc hoc. Dehkordi va cong sw [15]
tiép tuc nghién ctru dao ddng phi tuyén ctia dam

Dang & nnk

micro nhét xdp dién—ti—ap dién gia cwdng CNT
két tu, ddng thoi xét dén anh hwéng clia tham sb
phi cuc bd, hiéu rng bé& méat va twong tac da
trwd'ng. Yang va cdng sw [16] da phan tich dac tinh
dong phi tuyén ctia ddm micro FG-CNTRC tich
hop I&p ap dién dwa trén khudn kho gradient wng
suat-bién dang thdng nhat nhdm mé ta dong thoi
hiéu rng kich thwéc va twong tac dién—co. Lé va
cong su [17] d& nghién ctru hién twong mét én dinh
pull-in ctia ddm micro lam ti vat liéu bién ddi chirc
nang (Functionally graded - FG) cé xét anh hudng
kich thwéc dwa trén ly thuyét MCST két hop véi
mé hinh phan t& hiru han. Ngoai ra, Liu va Wang
[18] phét trién mé hinh da trwdng dé nghién ctru
dao doéng lién hop nhiét—dién—co clia nanoshell ap
dién 1am tl vat liéu FG c6 16 réng, qua dé 1am rd
anh hudng cua sy bién thién vat liéu, phan bd 16
rdng va nhiét dd dén dap (rng déng lwc hoc cta két
céu.

Mac du da dat dwoc nhiéu két qua quan
trong, phan I&n cac nghién clru hién nay chd yéu
xem xét riéng ré hoac co hoc phu thudc kich thwéc
cta két cAu gia cwdng CNT, hodc tng x(&r dién—co
clia cac hé ap dién thong minh. Vi vay, mét mé hinh
théng nhét c6 kha nang dong thdi xét dén vat liéu
FG-CNTRC, hiéu wng kich thude ndi tai, twong tac
ap dién va kich thich tinh dién phi tuyén van con
chwa dwoc nghién ciru day da. D&c biét, anh
hwéng twong hé gitra kich thich ap dién va phi
tuyén tinh dién 1&n hién twong mét én dinh pull-in
cla ddm micro FG-CNTRC van chwa dwoc lam
sang té mét cach toan dién.

Xuét phat tir nhirng van dé trén, nghién ctru
nay phat trién mot moé hinh dién—ap dién—co hoc
tbng quat cho dam micro FG-CNTRC c¢6 xét t&i anh
hwéng kich thwdc. M6 hinh dwoc xay dwng bang
cach két hop ly thuyét EBT véi Iy thuyét MCST,
dong thai tich hop day di twong tac ap dién va luc
tinh dién phi tuyén trong hé phwong trinh chi phéi.
Céc phwong trinh chi phdi dworc thiét 1ap dwa trén
nguyén ly Hamilton va dwoc gidi badng phwong
phap Galerkin. Nhirng déng gop chinh cua nghién
clru cé thé dwoc tom tat nhw sau:

* Xay dwng mé hinh dién—ap dién—co hoc
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thdng nhat cho ddm micro FG-CNTRC bang cach
ddng thoi két hop EBT, MCST, twong tac ap dién
va kich thich tinh dién phi tuyén.

« Thu dwoc nghiém giai tich cho dién thé pull-
in bdng phwong phap Galerkin, cung cap co s&
tham chiéu tin cay cho cac nghién cru sb va thuc
nghiém trong twong lai.

« Khao sat cé hé théng anh hwéng canh tranh
va twong tac gitra kich thich ap dién va phi tuyén
tinh dién I&n d&c tinh &n dinh pull-in cia ddm micro
FG-CNTRC.

Dang & nnk

2. M6 hinh va phwong trinh toan hoc

CAu hinh dién—ap dién—co hoc ba 16p cla
dam micro FG-CNTRC phu thudc kich thuwéc dwoc
xem xét nhw minh hoa trong Hinh 1. DAm micro c6
chiéu dai L, chiéu rong b va téng chiéu day h+2h,
bao gébm 16i FG-CNTRC c6 chiéu day h duwoc kep
ddi xtrng béi hai I&p ap dién co cung chiéu day hy
gén trén bé mat. Hé toa dd Dé cac Oxyz dwoc thiét
lap v&i truc x nam doc theo mat gitra ctia dam
micro va truc z theo phwong chiéu day, trong dé z
= 0 twong ng v&i mat gilra cla 16i composite.

Lop épﬁi\én L y
v, ¢ > b/2 | b/2
L / \ lh" .
I_1 I - . 3 CNT
o x . h/2 b b
Dam micro FG-CNTRC v X ‘;-. 2 € X
\ T he2 ce sy
l L -8 0 g
ok ~ .
h - <
Vo Khe hé ban dAu, g P Mat ¢t ngang
z7 Dién cuc

IS LLLLLLLLLLLLLLLLLSLL AL SLLLLLS LS LSS LSS SLLLLLL LS LS LS LS LLLLLLL LSS LS LS LSS LS LSS LSS SSSSSSS,

Hinh 1. M& hinh ddm micro FG-CNTRC cé |&p ap dién

Ty phan thé tich CNT dwoc gia thiét bién
thién lién tuc theo phwong z dwa trén quy luat phan
b cho trwdc. Mot dién trwong tinh dién bén ngoai
dwoc tao ra thdng qua dién cwc cirng dat song
song v&i bé mat dwdi clia dam micro tai khoang hé
khong khi déu go, trong khi bé mat duéi dwoc nbi
dat. Mot dién ap DC khong déi V dwoc dat gitra
dién cwc va dam micro, sinh ra ap suét tinh dién
phi tuyén phu thudc vao dd véng tic thoi va
khodng cach khe hé. Bong thoi, cac Iop ap dién
gan trén bé mat duoc kich hoat dién dé tao ra
twong tac dién—co bd sung, cho phép thwc hién
ddng thei chire nang cdm bién va chap hanh. Do
do, hé két ciu thé hién sw twong tac lién hop day
da gitra trwrng co hoc, ap dién va tinh dién, ddng
thoi chiu anh hwéng cta hiéu trng phu thudc kich
thwéc dwoc mod ta béi ly thuyét MCST.

Hai 16p ap dién PZT duwoc gén déi xirng 1én
mat trén va mat dwdi ciia ddm FG-CNTRC. Cac
lép dwoc phan cuc theo phwong chiéu day va
duwoc diéu khién béi dién ap ngoai. Hiéu (rng ap
dién tao ra lyc doc truc twong dwong N2, co thé

dong vai trd nhw tai kéo hodc tai nén ban dau tuy
thudc vao dau cda dién ap diéu khién. Lwc nay
twong tac véi lwc tinh dién va anh hwéng trye tiép
dén dac tinh &n dinh pull-in ctia ddm micro.

Can lwu y rang lyc tinh dién trong nghién ctru
nay dwoc xac dinh dwa trén mé hinh tu dién ban
cwc song song ly twédng, do d6 anh hwédng cla dién
trwong ria (fringing field effect) khéng dwoc xét
dén. Gia thiét nay thwong dwoc chap nhan dbi véi
cac cau hinh MEMS cé chiéu dai va chiéu réng
dién cuc Ién hon dang ké so véi khe hé ban dau.
Trong trwdng hop xét dén dién trudng ria, lwc tinh
dién hivu hiéu cé thé tang nhe do s gia tang dién
dung twong dwong, dan dén gia tri dién ap pull-in
nhé hon so vé&i dw doan ctia mé hinh hién tai. Tuy
nhién, anh hwéng nay chd yéu mang tinh dinh
lwong va khéng lam thay déi cac xu hwdng vat ly
chinh lién quan dén hiéu trng kich thuwéc, sw phan
bd CNT va tac dong diéu khién ap dién dwoc trinh
bay trong nghién ctru.

Bbn dang phan bd dién hinh cta éng nano
carbon (CNT) theo chiéu day ctia ddm micro dwoc
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xét cho 16i FG-CNTRC, bao gém phan b6 déu
(UD), phan b dang O (FG-0), phan bé dang X
(FG-X) va phan bé dang V (FG-V), nhu minh hoa
trong Hinh 2.

Trong tat ca cac trwong hop, CNT dwoc gia

uD FG-O

Dang & nnk

thiét phan tan lién tuc trong 16i composite, trong khi
ty phan thé tich CNT bién thién theo toa do chiéu
day z, dan dén sy thay dbi cac dac tinh co hoc va
dién—co hoc theo phwong chidu day cta dam
micro.

FG-X FG-V

Hinh 2. Cac kiéu phan b6 CNT

DPéi voi chu hinh UD, ty phan thé tich CNT
khéng ddi trén toan bd chiéu day, do d6 cac dac
tinh vat liéu cta 16i FG-CNTRC la ddng nhét theo
phwong z. C4u hinh nay thwdng dwoc st dung lam
trwdng hop tham chiéu dé so sanh véi cac dang
phan bé bién thién khac.

Trong ciu hinh FG-O, ham lwong CNT lén
nhé4t tai ving gitra va gidm dan vé hai bé mat trén
va dwéi ciia dam micro, tao thanh quy luat phan bd
dang “O”. Kiéu phan bd nay lam ting do cirng tai
vung trung tdm cua 16i composite.

DPéi v&i cdu hinh FG-X, CNT tap trung chu
yéu gan hai bé mat trén va dwdi cia ddm micro va
gidm dan vé mat trung hoa, hinh thanh dang phan
bd “X”. Nh& d6, d6 cirng udn cuia két ciu duoc cai
thién dang ké do CNT tap trung tai cac vung chiu
(ng suét |&n nhat.

Trong khi d6, & cAu hinh FG-V, ty phan thé
tich CNT I&n nhét tai bé& mat trén va giam dan vé
phia b& mé&t dwéi, tao nén quy luat phan bd dang
“\/” theo chiéu day. Dang phan bé nay tao ra sw bat
dbi xirng vé d&c tinh vat liéu va cé thé anh hwéng
dang ké& dén dap tng ubn va dao déng cta dam
micro.

Cac dang phan b CNT theo chiéu day nay
cho phép diéu chinh linh hoat sw phan bb d6 ctrng
ciing nhw dap (rng dién—ap dién—co hoc clia dam
micro FG-CNTRC c6 xét hiéu wng kich thuéce.

Cac dac trwng vat liéu hiéu dung cuia 16i FG-
CNTRC, bao gdbm mé dun dan hdi Young (E$qva

E5»), md dun trugt Gi,), hé sb Poisson (v§, va v5,
) va khéi lwong riéng (P$,), dwoc xac dinh thong
qua quy luat hén hop mé rong (extended rule of
mixtures), trong d6 cac hé sé hiéu qua CNT (N4, Ny
va n;) dwoc dwa vao nham phan anh anh huéng
kich thwéc nano, twong tac lién pha va co ché
truyén tai (rng suat gitra nén vat liéu va éng nano
carbon. Cach tiép can vi co hoc nay cho phép md
td dang tin cady ng x&* composite cua 16i FG-
CNTRC, déc biét khi kich thuwdc két ciu ndm trong
mién vi md. Theo do, cac mé dun Young hiéu dung
(ESqva E35,) cung md dun trwot (GY,) clha 16i FG-
CNTRC duoc xac dinh dwa trén quy luat hdn hop
mé& réng nhu sau [5, 6]:

$1(2)=n,Vent@)ET +Vn(@)E™ (1)

Ny _Vent(@) , Vm(2)
= +
@ e e @)
N3 _Vent(@) , Vm(@)
= +
Gia2) &P 6" )
Trong d6, ESN' va E5y'' 1an Iwot 1a cac mo

dun dan hdi Young ctia CNT, con G52 1a mé dun
trwot ca CNT; trong khi E™va G™ biéu dién cac
d&c trwng dan héi twong ng cta nén polymer
déng hwéng. Trong md hinh vat liéu FG-CNTRC,
cac tham s6 hiéu qua (n,, n, va n,) duoc duwa vao
nhw cac hé sb hiéu chinh nhdm diéu hoa sw khac
biét gitra dw doan vi co hoc ly twdng va (rng xt¢ co
hoc thuc té cta vat liéu nanocomposite. Cac tham
s6 nay phan anh nhiéu yéu té phirc tap & cip nano,
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bao gébm sw udn cong cia CNT, m&c dd dinh
hwéng khdng hoan hao, hién twong tach 16p tai bé
mat tiép xuc, sw két tu CNT va sw phan tan khong
ddng déu trong nén vat liéu. Do quy luat hdn hop
cbd dién thwong danh gia qua cao do cing cla
composite khi gia thiét lién két hoan hdo va sy
truyén tai ’ng suat dong nhét gitba CNT va nén vat
liéu, cac hé sb hiéu qua dwoc st dung dé hiéu
chinh hop ly déng gép ctia CNT theo cac phwong
doc, ngang va truot. Gia tri clia cac tham sé nay
thwong dwoc xac dinh thong qua mé phéng dong
lwc hoc phan ti, thwc nghiém hoac cac phuwong
phap nhan dang nguoc, va déng vai trd quan trong
trong viéc dy doan chinh xac cac dac tinh hiéu
dung cua vat liéu FG-CNTRC. Ty phan thé tich cla
CNT (Vent) Va nén polymer dang huéng (Vp,) thda
man quan hé sau [5, 6]:

VC‘NT(Z)+Vm(Z)=1 ‘ (4)

Dieu nay ddm bao rang vat liéu composite tai
moi vi tri theo chiéu day luén dwoc cu thanh hoan
toan tlr hai pha vat liéu thanh phan.

Déi v&i dang phan bd UD, CNT dwoc phan
bd ddng déu theo chiéu day dam micro, do d6 ty
phan thé tich CNT cuc bd (Vent) theo phwong z
trang véi ty phan thé tich CNT tdng thé (Vent) cla
composite, dwoc biéu dién nhw sau [5, 6]:

Vent(2)=Venr (5)

DPbi voi cac dang phan bd FG-O, FG-X va
FG-V, sw bién thién cta ty phan thé tich CNT
(VenT) theo chiéu day (phuong z) dwoc md ta nhuw
sau [5, 6]:

Vont(2)=f(2) Venr (6)

Trong do, f(z) 1a ham phéan bo dac trweng cho
quy luat bién thién ctia CNT theo toa dd chiéu day
z. Bbi v&i mbi dang phan bbé CNT co tinh bién ddi,
biéu thirc twong tng cla f(z) dwoc xac dinh nhw
sau [5, 6]:

(2= v6i FG-O
f(z)= % véi FG-X 7)
[1+2  wiFGV

Dua trén cac phwong trinh (5) - (7), ty phan

thé tich CNT (V.yr) twong (ng véi bén dang phan

Dang & nnk
bb dwoc biéu dién nhw sau:
VenT voi UD
(2-2F) Venr voi FG-O
V Z)= 8
cnT(2) (4|z|) Nonr VoI FGX (8)
h
L(1+ 2)-Vonr V6i FG-V

Ty phan thé tich tdng ctia CNT (Vo) dwoc
dinh nghta nhw sau [5, 6]:
WCNT (9)

weNT+H(PCNT/™)-(pCNT/pM)wenT

Trong biéu thirc nay, went 1a ty phan khoi
lwgng cua CNT, dai dién cho ham lwgng CNT trung
CNT ,,

Vent=

binh trong dam micro composite, trong khi p
Pp™ 1an lwot la khdi lwong riéng ctia CNT va nén
polymer déng hwéng. Cac hé sb Poisson (v§, va
v$,) cung khéi lwong riéng (o°) cta 16i FG-CNTRC
khéng dwoc hiéu chinh théng qua cac hé sé hiéu
qua CNT ma dwoc xac dinh truc tiép nhw sau [5,
6]:

Vi (2)=Vent(@VR T +Vm(ZV™ - (10)

V51(2)= 25 ES(2) (1)

P°@Venr@pNTH ()™ (12)

Trong do, v§NT va vMan lwot 13 hé sb
CNT

Poisson ctia CNT va nén polymer, con p®NTva p™
biéu thi khéi lwong riéng twong (rng cla ching.
Cac md dun dan hdi hiéu dung va md dun truwot
cula 16i FG-CNTRC dwoc xac dinh nhw sau:

E°(z )—L‘Z’ G°(2)=G%,(2) (13)

Lwu y rang trong nghién ciru nay, hé toa do
dwoc Iya chon véi z = 0 tai mat gitra hinh hoc cla
dam cho tat ca cac dang phan bd CNT nham don
gian héa qua trinh xay dwng mé hinh va tao thuan
lgi cho viéc so sanh gilra cac quy luat phan bb vat
liéu. Déi véi triedng hop phan bd béat dbi xirng nhw
FG-V, sy dich chuyén cla truc trung hoa khong
dwoc xét twdng minh va dwoc xem nhuw mét gia
thiét ca mé hinh hién tai.

Déi voi cac 16p ap dién, quan hé ciu thanh
dién—co tuyén tinh dwoc st dung dwa trén ly
thuyét lién tuc ap dién cb dién, vén dwoc ap dung
réng rai trong mé hinh héa cac két cau thong minh
va thiét bi MEMS/NEMS [13-16]. Quan hé lién hop
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gitra trng suét va dién trwdng dwoc biéu dién nhw
sau:
0% =Qf 1£xc-€54Ey, (14)

DY=ef, e *+K5;E, (15)

trong d6, QY 1a hé s6 dd cing dan hoi, ef,
la hang sb ap dién, k§, 1a hang sé dién méi cia vét
liéu ap dién, con g,, la thanh phan cla ten xo bién
dang. Dang quan hé nay da dwgc st dung rong rai
trong cac md hinh dam dién—ap dién—co hoc nham
mo t& sw twong tac hai chiéu gitra bién dang co
hoc va dién trvong.

Trong nghién ctru nay, g, dwoc dinh nghia la
khodng cach ban dau t dién cwc cb dinh dén mat
dwai ctia vi dam (I6p PZT dwéi) & trang thai chua
bién dang. Chuyén vi w(x) la d6 véng ngang cla
mat tham chiéu z = 0 dwoc chon tai mat gitra hinh
hoc clia dam micro. Do d6, khoang cach tirc thoi
gitra dién cwc va dam micro dwoc biéu dién bai
9g-W(X)-

Do cac lop ap dién dwoc st dung nhw cac
co cAu chép hanh, dién thé duoc gia thiét duwoc ap
dat tr bén ngoai theo chiéu day cta mbi l16p ap
dién. V&i gia thiét dién trwdng phan bd déu theo
phwong chiéu day, gia thiét thworng dwoc ap dung
doi voi cac |6p ap dién méng lién két trén bé mat
— thanh phan dién trwdng theo phuong chiéu day
c6 thé dworc biéu dién nhw sau:

V
E,= 32 (16)

trong do, V, la dién ap kich thich dat vao lop
ap dién. D4u am cho thdy huéng cua dién trwdong
nguwoc Vo chiéu dwong cula truc toa dé theo
phuwong chiéu day.

Ap suét tinh dién tac dung lén bé méat dwéi
ctia ddm micro dwoc xac dinh nhw sau [13]:

£obV?
qelec(W)= 2(;o'W)2 (1 7)

Trong biéu thic nay, €=8.85x107°F/m la
hang sé dién méi cia chan khéng.

Trong nghién ctru nay, ly thuyét dam Euler—
Bernoulli (EBT) dwoc st dung d& mé hinh hoéa tng
x& co hoc cla ddm micro FG-CNTRC. Theo ly
thuyét nay, cac mat cat ban dau vudng goc véi mat
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trung hoa van duy tri tinh thdng va vuéng goc véi
truc trung hoa da bién dang sau khi két cau bj bién
dang, do d6 anh hwéng cla bién dang cét ngang
dwoc bé qua. Ngoai ra, hiéu rng phu thudc kich
thwéc clia ddm micro dwoc xét dén thong qua ly
thuyét MCST. Trong khuén khd ly thuyét nay, cac
thanh phan chuyén vi cia dam micro dwoc biéu
dién nhw sau:
ow(x,t)

ux(x,z,t)=u(x,t)-zT, (18)
uy(x,z,1)=0 (19)
u,(X,z,t)=w(x,t) (20)

Theo d6, cac thanh phan chuyén vi khac
khéng ctia ddm micro cé thé dwoc biéu dién nhw
sau:

_adu Pw
exx_&'zﬁ7 (21)

Cac thanh phan cta véc to quay c6 thé dwoc
xac dinh nhw sau:

6,=0,8,=-2" ,6,=0. (22)

Tw d6, ta xac dinh dwoc cac thanh phan khac
khéng cla ten xo dd cong dbi xirng, nhw sau:

2

Xy =Xop=" 5 50 (23)

Trong nghién ctru nay, cac phwong trinh chi
phdi dwoc thiét 1ap chat ché dwa trén nguyén ly
Hamilton, vén cung cap mét khudn khd bién phan
thdng nhét cho bai toan can bang déng lwc hoc.
Theo nguyén ly co hoc gii tich co ban nay, chuyén
déng thyc ctia hé co hoc gilra hai thoi diém tuy y
t1 va t, s& lam cho bién phan bac nhét cta phiém
ham tac dung toan phan dat trang thai dirng. Noi
cach khac, hiéu gitra ddng nang va thé nang cla
hé, dwoc tich phan theo khoang thoi gian khao sat,
phai thda man diéu kién dirng. V& mét toan hoc,
nguyén ly Hamilton dwoc biéu dién nhw sau:

JiZ(8Uetec-3U¢-3Up) dt=0 (24)

trong d6, Ugec, Us va U, 1an luot biéu thi
cbng cla ngoai lwc, nang lwong bién dang cla 16i
FG-CNTRC va nang lwgng dién—co cua cac 1&p ap
dién. Nang lwong bién dang cla 16i FG-CNTRC
trong khudn khé ly thuyét MCST dwoc viét nhw
sau:
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1
Ue=3 ), (oﬁxsxx+2m§yxxy) dv

u _a &
=1 Jo [ c ( u a“;) mxy< 67?)] dAdx  (25)
Déi v&i cac lép ap dién gan trén bé mét, nang
lwong dién—co co thé dwoc xac dinh nhw sau:

1 1
Up=1y, (50503 D2E; ) dV (26)

Do d6, bién phan ctia nang lwong bién dang
cla 16i FG-CNTRC c6 thé dwoc xac dinh nhw sau:

Nc odu c 3_W36_W
sU=JL| oo dx 27)

&+(ny'M§x)W
Trong 4o,

F) &
Nix= Jp O%xdA=AT; 2--BY1 537, (28)
a &
Mic= [, 20%dA =BT =D 57, (29)
= o mGA= C(z)lz—dA =AS |2";V2” (30)
voi
h/2

(A11’ 01):b f-h/2 EC(Z)[1sZ;22]dZ, (31)
AS3=b f:’,ie (z)dz, (32)

Bién phan &o cta ndng lwong bién dang cta
céac |&p ap dién gan trén bé mat dwoc xac dinh nhw
sau:

L 35 ow 95 8°5
8Up= [ (NB 2L +NE, 220G, 20 ok (33)
trong do:
NEx= fA (Q11£xx e31 z)dA
3 &2
=A% 5Bl 55 -NE (34)
M= fA (Q11£xx e31 z)ZdA
8 &2
=Bf; 5 -D1 55 -ME (35)
véi:
(A%4,B51,D%y)= In, QYy(1.22%)dA  (36)
(NP,ME)= J, E-€5:(1,2)dA (37)

Coéng ao cuia ngoai lyc do lyc tinh dién dwoc
xac dinh nhuv sau:
L
6Ue|ec=' fo qeleC(W)5W dx (38)
Bang céach thay thé cac phwong trinh (27),
(33) va (38) vao nguyén ly Hamilton (phwong trinh
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(24)), sau d6 thwc hién phép tich phan tirng phan,
cac phuwong trinh chuyén déng ctia ddm micro FG-
CNTRC dién-ap dién—co hoc dwa trén ly thuyét
MCST c6 thé thu dwoc bang cach tap hop cac hé
sb clia cac chuyén vi, nhw sau:

NG +6Nxx =0, (39)

ox ox
2
My Mix Y3y
ox2  ox2  ox?
+ o (NG G NG S Ggee =0 (40)

XX X XX X
Cac phuwong trinh chi phdi ctia dam micro
FG-CNTRC co6 |&p ap dién theo cac bién chuyén vi
c6 thé thu dwoc bang cach thay thé cac phwong
trinh (17), (28) — (30), (34) va (35) vao cac phwong
trinh (39) va (40), tir d6 nhan dwoc hé phuong
trinh chi phéi nhw sau:

(AS+AR,) S2-(85: +B"1)‘237”!= 0, (41)
3
2
(D51+D5+ ') v (85 B) 53
p &w_  gobV?
+NEa7-'2(;0—_W)z (42)

Phéan tich trong nghién ctru nay dwoc xay
dwng dwa trén mot sb gia thiét don gian héa, do d6
c6 thé 1am han ché kha ndng ap dung trong thuc
t&. DAm micro FG-CNTRC c0 1&p ap dién dwoc md
hinh héa nhu mai truwéng lién tuc ddng nhat véi cac
dac tinh vat liéu bién thién tron, trong khi hién
twong két tu CNT va cac khuyét tat vi ciu tric chua
dwoc xét dén. Ung x&r dan hdi tuyén tinh va gia
thiét bién dang nhé dwoc st dung, do dé cac phi
tuyén hinh hoc va phi tuyén vat liéu khéng dwoc
xem xét. Ly thuyét dam Euler-Bernoulli dwoc &p
dung dwa trén cac gia thiét dong hoc don gian héa,
diéu nay cé thé lam gidm dd chinh xac dbi vai cac
két cu co6 hinh hoc cuc doan hodc cac quy luat
bién thién vat liéu phirc tap. Sw twong tac dién—ap
dién—co hoc dwgec mo ta thdng qua cac quan hé
clu thanh ly twdng héa, trong khi lyc tinh dién
dwoc xay dwng dwa trén gia thiét ban cwc song
song ly twdng, nén co thé chwa phan anh day du
anh hwdng cla dién trwdng ria trong thuc té. Ngoai
ra, ly thuyét MCST chi st dung mét tham sé chiéu
dai vat liéu duy nhét d& ma ta hidu tng kich thuér,
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do d6 chwa xét dén cac hién twong vi mé khac nhw
hiéu ng bé mét va cac twong tac vi ciu truc chi
tiét.

3. Nghiém giai tich

Hién twong mat &n dinh pull-in cia dam
micro chiu kich thich tinh dién dwoc biét la cha yéu
bi chi phéi b&i dd véng ngang (w) do tinh phi tuyén
manh cula Iyc tinh dién. Vi vay, trong nghién clru
nay, mét mé hinh giam bac dwgc st dung, trong
doé dap ng chuyén vi ngang dwoc xem la thanh
phan chi phdi chinh. Theo cach tiép can nay,
chuyén vi doc truc (u) dwoc gia thiét chi c6 anh
hwéng thir cAp dén hién twong mét 6n dinh pull-in
va khong dwogc giai mét cach twong minh. Thay
vao dé, anh hwdng cltia nd dwoc xét gian tiép théng
qua céac hé sb d6 cirng ctia mé hinh. Ngoai ra, cac
quan hé déng hoc dwoc don gidn héa bang cach
biéu di&n bién theo chuyén vi ngang, qua d6 lam
giam sb lwong bién doc 1ap nhwng van bdo toan
dwoc cac déc trwng co ban cda bién dang cét.

Pé thuan tién cho qua trinh trinh bay va rat
gon cac phwong trinh chi phdi, cac hé sé do clirng
twong dwong sau day duoc dwa vao:

Aq1=A71+A%,,B11=B,+B},

D+1=Df+Df; +Afsl* (43)

Trong nghién clru nay, diéu kién bién hai dau
ban I& dwoc xem xét. Dé thu dwoc nghiém giai tich
gan dung, cac trwdng chuyén vi dwoc biéu dién
thdng qua cac ham xap xi théa man diéu kién bién
nhw sau:

N
u(x)= Z U,cos(a,X)
n=1

W(x)= et Wa sin (anX) (44)

Trong do, a,=nTr/L la sd ntra séng, con U, va
W, la cac hé sb chwa biét. Trong nghién clru hién
tai, chi mode dao dong co ban (N = 1) dwoc st
dung trong qua trinh tinh toan. Do muc tiéu la khao
sat hién twong méat én dinh pull-in tinh, dap tng
ctia dam micro chi yéu bi chi phdi b&i mode co
ban, trong khi anh hwéng ctia cac mode cao hon
dwoc xem 1a khéng dang ké.

Bang céach thay thé cac nghiém xap xi (44)
vao cac phwong trinh chi phdi (41) va (42), sau d6
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ap dung phwong phap Galerkin, thu dwgc mot hé
gdm hai phwong trinh dai sb phi tuyén theo cac hé
sb bién d6 Um va Wn. Tiép theo, an U, dwoc khiv
khdi hé, dan dén phwong trinh dai s6 phi tuyén duy
nhat theo W, dwéi dang:
KmWm+Fy=0 (45)

trong d6 hé sé do clrng suy rong twong rng
véi mode thir m (K,,) va thanh phan lyc tinh dién
(Eg¥) dwoc xac dinh nhw sau:

L B
Km=5 <D11'A—11> a?n'NEarzn]
es_ L gbV? .
m = Jo Sg,w? sin (o, Xx)dx (46)

Can lwu y rang thanh phan lyc tinh dién Fiy
phu thudc vao toan bé cac toa dé suy rébng Wn.. Do
do, cac phuwong trinh mode lién két phi tuyén voi
nhau théng qua tac dung cla lwc tinh dién. T
phwong trinh (45), hé phwong trinh chi phdi gidm
bac cla hé dién—ap dién—co hoc da mode c6 thé
duwoc viét dwsi dang vecto nhu sau:

R(W,V)=0, (47)

Trong d6 W=[W;, Wy, .., W\]"la vecto
cac toa doé suy rong, va phwong trinh dw (rng voi
mode th& m dwoc biéu dién bdi:

Rm:Kme"'F?nS(WaV) (48)

Hé phwong trinh dai s phi tuyén nay duoc
gidi l&p bang phwong phap Newton-Raphson. Ma
tran Jacobi twong wng duwoc xac dinh nhw sau:

L gobV?

0 g w? sin (ayXx)sin (a,x)dx (49)
0

Jrmn=KmOmn+
trong do omn la ky hiéu delta-Kronecker.

Hién twong mat 6n dinh pull-in xay ra khi quy
dao can bang ctia hé méat tinh 6n dinh. V& mat toan
hoc, diéu kién nay dat dwoc khi ma tran Jacobi tré
nén suy bién, tirc la:

det (J)=0 (50)

Can nh&n manh rang mé hinh xép xi don
mode truyén théng cé thé dwoc xem la trwdng hop
dac biét ctia cong thirc hién tai khi dat N = 1. Khi
do, chuyén vi ngang ctia ddm micro dwgc rut gon
thanh:

w(x)=W sin () (51)
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Hé phwong trinh chi phéi suy bién thanh mé
hinh pull-in cé dién mét bac tw do.
4. Két qua soé va thao luan

Trong phan nay, cac khao sat sb dwoc thuc
hién nham phan tich d&c tinh méat 6n dinh pull-in do
lwc tinh dién cla ddm micro FG-CNTRC tich hop
hai I&p ap dién. Anh hwéng ctia cac dang phan bd
CNT, kich thich tinh dién, dién ap ap dién va cac
tham sb hinh hoc 1én (rng x& dién—co cha dam
micro FG-CNTRC dwoc khdo sat va thao luan mot
cach c6 hé théng. Trong nghién clru nay,
polymethyl-methacrylate (PMMA) dwoc st dung
lam vat liéu nén polymer. Cac dac trwng vat liéu
ctia PMMA nhuv sau [5, 6]: E™=2.5GPa, v"=0.3.
Ong nano carbon don vach (SWCNTs) armchair
(10,10) dwoc str dung lam vat liéu gia cwong nho
cac dac tinh co hoc vuwot tréi ciia ching. Cac dac
trieng vat liéu hiéu dung cia SWCNTs nhw sau [5,
6]: ESNT=5646.6 GPa, ESNT=7080 GPa,
G T=1944.5 GPa, v§)T=0.175. D& xac dinh chinh
xac cac dac tinh co hoc twong dwong cta dam
micro FG-CNTRC, cac tham sb hiéu quad CNT
(n4,ny,N3) dwoc dwa vao trong khudn khd quy luat
hén hop mé rong. Cac tham sb hiéu qua nay dwoc
hiéu chinh bang cach dbi sanh cac dy doan giai
tich v&i két qua mé phéng dong lwc hoc phan tir [5,
6]. Cac gia tri tham sé hiéu qua CNT dwoc st dung
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twong &ng v&i cac ty phan thé tich CNT khac nhau
dwoc tom tat nhw sau:

+) n,=0.137, n,=1.022, n,=0.715

v6i Venr=0.12,

+) n,=0.142, n,=1.626, n,=1.138

v6i Venr=0.17,

+) n,=0.141, n,=1.585, n,;=1.109

VOi Venr=0.28.

Trong nghién ctru nay, cac lop ap dién phia
trén va phia dwéi dwoc gia thiét ché tao tir vat liéu
zirconate titanate chi (PZT), mot trong nhirng loai
g6m ap dién dwoc st dung phd bién nhét trong cac
hé vi co dién t&¢ nho kha nang lién hop dién—co
vuot trgi. Cac dac trwng vat liéu clta lop PZT dwoc
str dung trong nghién ctru nay dwgc tham khao tw
céc tai liéu cong bd trwdc day va dwoc cho nhw
sau (xem Tai liéu [18]): C44=132GPa, v,=0.3,
es1=-4.1C/mZ.

DPé kiém chirng dd chinh xac va dd tin cay
clia mo hinh dién—co hién tai, viéc kiém chirng da
dwoc thye hién théng qua viéc so sanh véi két qua
da cong b trong tai liéu tham khao. Qua trinh kiém
chirng bao gébm phan tich d&c tinh mat én dinh pull-
in dwéi cac tredng hep gi¢i han khac nhau. Cac
két qua pull-in ctia dam micro FG dwoc so sanh véi
nghién ctu cla Lé va cong sv [17], nhw trinh bay
trong Bang 1.

Bang 1. So sanh dién thé pull-in Vs(V) ctia dam micro FG

Tham s6 vat liéu (k) Ngudn /h=0.25 /h=0.5 /h=0.75 I/h=1
05 Tai liéu [17] 32.5 42.8 55.9 70.2

Bai bao 31.9 42.2 55.3 69.7

1.0 Tai ligu [17] 36.4 48.4 63.7 80.0

Bai bao 36.1 48.1 63.1 79.7

5.0 Tai liéu [17] 44.2 58.6 76.9 97.0

Bai bao 44.0 58.1 76.3 96.5

Trong cong trinh nay, cac tac gia da phat trién
mé hinh phan t& hiru han (FEM) dwa trén ly thuyét
MCST nham khao sat hién twong mét én dinh pull-
in phu thudc kich thuwéc ctia ddm micro FG chiu
kich thich tinh dién.

Két qua so sanh cho thay mé hinh hién tai dw
doan dién thé pull-in Ve cé do phu hop réat tét voi

cac két qua FEM dwoc bao cdo trong tai liéu tham
khdo, chi xuét hién sai khac rat nhd. Diéu nay
khéng dinh do chinh xac cta mo6 hinh Galerkin
dwoc dé xuat, ddng thoi xac minh tinh dang dan
cula viéc mo hinh hoéa lwc tinh dién phi tuyén cling
nhw hiéu wng phu thuéc kich thuwéc dwgc dwa vao
théng qua ly thuyét MCST.
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Cac két qua sb duwoc trinh bay trong phan
dwéi day nhdm khao sat dac tinh mét én dinh pull-
in do Iwc tinh dién ctia ddm micro FG-CNTRC dwa
trén ly thuyét MCST. Dac biét, nghién clru tap trung
phan tich anh hwéng ciu hinh hinh hoc, quy luat
phan bd CNT, ty phan thé tich CNT va cac tham sb
phu thudc kich thwéc 1én ddc tinh méat 6n dinh pull-
in cGia hé. Trir khi ¢ phat biéu khac, cac dac trung
vat liéu va kich thwéc hinh hoc dworc gitk khong ddi
trong toan bo qua trinh mé phéng sb nhdm dam
bao tinh nhat quan khi so sanh gira cac trwong
hop tham sé khac nhau. Cu thé, chiéu day va chiéu
rong cla dam micro FG-CNTRC dwoc gia thiét
khéng ddi trong toan bd cac khao sat sé, véi h = 1
um, b=h. Cac kich thuwéc nay duwoc lwa chon nham
dai dién cho cac cAu truc microbeam dién hinh
thwong dwge sir dung trong cac rng dung MEMS.
Trong khi d6, chiéu dai ddm va cac tham sb hinh
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hoc khac dwoc thay dbi d& khao sat anh hwéng
cta cAu hinh hinh hoc I&én d&c tinh mét &n dinh pull-
in cla hé.

DPién thé pull-in Ve cla ddm micro FG-
CNTRC dwoc trinh bay trong Bang 2 (rng v&i cac
gia tri khac nhau cla ty s dd manh L/h, ty phan
thé tich CNT V;y, va dién &p ap dién dat vao V,.
Céc két qua cho thay rd rang nhirng tham sé nay
c6 anh hwéng dang ké dén dac tinh méat 6n dinh
pull-in ctia hé ddm micro dwoc dé xuét.

C6 thé quan sat tir Bang 2 réng dién thé pull-
in tang dang ké khi ty phan thé tich V;, tdng. Hién
twong nay chd yéu xuat phat tv sy gia tang do
cng hiéu dung ctia dam micro FG-CNTRC do
hiéu quéa gia cuwong ctia dng nano-carbon tré nén
manh hon. Khi d6 cirng két cu tang lén, can mot
dién ap kich thich tinh dién Ién hon dé gay ra hién
twong mét 6n dinh pull-in.

Bang 2. Dién thé pull-in Ve(V) ctia ddm micro FG-CNTRC (go=2h, hy,=0.1h, I=0.1h)

. L/h=40 L/h=50
Ven Ve uD FG-X FG-O FG-V uD FG-X FG-O FG-V
0 3941 4391 3431 3691 2522 2810 2196  236.2
1 377.3 4241 3237 3512 2352 2659 199.9  218.0
012 2 350.7 4086  303.1 3322 2169 2498 1780  198.1
3 3413 3924 2810 3122 1969 2327 1529  176.0
4 321.8 3756 2569 290.7 1746 2141 1229  150.6
5 301.0 3579 2304 2675 1490 1938 826  120.0
0 436.6 4957 3681 4005 2794 3173 2356  256.3
1 4215 4825 3501 3840 2642 3039 217.3 2396
2 4059 4689 3311  366.8 248.0 2900 1973 2217
017 3 389.6 4549 3109 3487 2307 2753 1754  202.1
4 372.6 4404 2894 3296 2120 2599 1496 1805
5 3549 4255  266.1 3094 1915 2434 1187 1559
0 510.6  592.3 4129 4556 3268 3791 2643 2916
1 4977 5813  397.0 4412 3138 3680 2481  277.0
2 4845 5701  380.3 4263 300.3 356.6 230.8 2617
028 3 4710 5586 3629 4108 2862 3448 2122 2453
4 4571 5469 3446 3947 2714 3325 1916  227.8
5 4427 5349 3253 3780 2557  319.8 1687  208.9
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DPéi v&i mbi gia tri cta ty phan thé tich CNT
Venr, dién thé pull-in tuan theo thie ty:

FG-O <FG-V <UD < FG-X

Xu hwéng nay coé thé dwoc gidi thich thong
qua su khac biét trong quy luat phan bd CNT theo
chiéu day ctia ddm micro. CAu hinh FG-X cho gia
tri dién thé pull-in 1&n nhat do phan Ién CNT tap
trung gan hai bé& mét trén va dwéi cia dam micro,
la nhirng vung xuét hién (rng suét udn I&n nhét. Vi
vay, do cirng chdng udn clia ddm micro duoc tang
cwong dang ké, lam tang kha nang chéng lai hién
twong mét &n dinh do lwc tinh dién. Nguwoc lai, cu
hinh FG-O cho gia tri dién thé pull-in nhé nhét do
CNT chu yéu tap trung quanh mat trung hoa, noi
&ng suat ubn twong dbi nhé. Do dé, hiéu qua gia
cuwdng cla CNT dbi vai do clrng chéng uén khéng
phat huy téi da, khién ddm micro dé xay ra hién
twong mét 6n dinh pull-in hon. Trong khi d6, cac
céu hinh UD va FG-V cho dap (rng trung gian gitra
hai trvdng hop cwce tri nay.

Bang 2 ciing cho thay dién thé pull-in Ve

500
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giam dang ké khi ty s& d6 manh L/h tang. V& mét
vat ly, khi chiéu dai ddm micro tang 1én, dd cirng
chdng ubn téng thé clia két ciu gidm xubng, lam
cho dam micro tr& nén mém hon va do d6 dé bj
sup db tinh dién & cac murc dién ap thap hon.

Ngoai ra, c6 thé nhan thay rang dién thé pull-
in Ve giam khi dién ap ap dién V, tang. Nguyén
nhan la do lwc doc truc sinh ra béi hiéu trng ap dién
tao ra tac dung lam mém bd sung dbi v&i dam
micro, lam giam dd cirng hiéu dung ctia két ciu va
thac day hién twong mét én dinh pull-in xay ra sém
hon. Két qua 1a hién twong sup db tinh dién xuét
hién tai gia tri dién ap kich thich thap hon.

Sw bién thién cua dién thé pull-in Ve theo
dién ap ap dién dat vao V, ciing c6 thé dwoc quan
sat rd trong Hinh 3. C6 thé thay réng dién thé pull-
in Ve gidm dan khi dién ap ap dién V, tang lén.
Hién twong nay xuét phat tr lwe doc truc sinh ra
b&i hiéu rng ap dién, lam suy giam d6 clirng hiéu
dung ctia ddm micro FG-CNTRC va do dé thuc day
hién twong mét én dinh tinh dién xay ra sém hon.

Pién thé Pull-in, Vi (V)

——— UD, Lih=50
—a— F(3-0, Lih=50
— — —UD, Lik=40

—
=
o

—+—FC-X, Lth=50
—— FG-V, Lth=50
- & =FC-3, L/h=40

— & —FG-0, Lih=40
0 . , ,

- o —FG-V, Lih=40

0 1 2

3 4 5
V(W)

Hinh 3. Dién thé pull-in Ve, (g,=2h, 1=0.1h, h,=0.1h, Vinr=0.12)

Anh hwéng cla quy luat phan béd CNT thé
hién rd rét dbi véi moi gia tri V, dwoc khdo sat.
Trong sb cac dang phan bb dwoc xét, ddm micro
v&i phan bd FG-X luén cho gi4 tri dién thé pull-in
I&n nhat nher d6 clrng chéng ubn vuwot trdi, trong
khi cAu hinh FG-O cho gia tri dién thé pull-in nhd
nhat do hiéu qua gia cwdng twong déi yéu tai cac

vung &ng suét Ién gan bé mat cta dam micro.
Hinh 4 minh hoa anh hwéng cla ty sb khe hé
ban dau go/h lén dién thé pull-in V| clia ddm micro
FG-CNTRC (rng v&i cac dang phan bé CNT khac
nhau. Cé thé quan sat thay rang Ve tdng dang ké
khi go/h ting dbi voi tht ca cac trwong hop khao
sat. Hién twong nay 1a hoan toan phu hop vé mét
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vat ly, b&i khi khe hd ban dau I&n hon, lwc hat tinh
dién gitra cac dién cuc sé suy gidm, do dé can mot
dién ap kich thich 1&én hon dé gay ra hién twong
méat &n dinh pull-in.

Ngoai ra, mdi quan hé gitta Vi va go/h thé
hién tinh phi tuyén r rét, trong d6 téc do gia tang
ctia dién thé pull-in tré nén dang ké hon tai cac gia
tri khe hé Ion. Trong sb cac dang phan bd CNT
dwoc xét, cAu hinh FG-X ludn cho gia tri dién thé
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pull-in 1&n nhét, tiép theo 1a cac cdu hinh UD va
FG-V, trong khi cu hinh FG-O cho gié tri Ve nhd
nhat. Xu hwéng nay cho thdy dang phan bdé FG-X
mang lai hiéu qua tang cuwong d6 cirng két cau I6n
nhat, tr d6 nang cao kha ndng chéng lai hién
twong sup dd tinh dién. Ngworc lai, ciu hinh FG-O
dan dén d6 cirng chéng ubn twong dbdi thap hon,
khién dadm micro dé xay ra hién twong mét 6n dinh
pull-in hon dwéi tac dung cua tai trong tinh dién.

Bién thé Pull-in, Vg(V)

1 2

3 4 5
g/h

Hinh 4. Dién thé pull-in Ve, (1=0.1h, L=50h, h,=0.1h, V,=3V, Vnr=0.12)

Hinh 5 trinh bay sw bién thién cha dién thé
pull-in Ve theo ty sb chiéu dai vat liéu khong thir
nguyén I/h dbi véi cac dang phan bé CNT khac
nhau dwa trén ca ly thuyét cb dién va ly thuyét
MCST. C6 thé nhan th4y rang Ve tdng dan khi I/h

270

tang trong md hinh MCST, trong khi mé hinh ¢cb
dién dy doan céac gia tri gan nhw khéng dbi. Sw
khac biét nay cho thay vai trd quan trong cutia hiéu
&ng phu thudc kich thwéc dwoc mod ta bdi ly thuyét
MCST, dac biét tai cac gia tri I/h I&n.

ik

—e— 11D, MCST —TID, Classical

—i—F 33, MCET = = =FG-3, Classical

——F G-, MCET — —FG-0, Classical

—t— F53-Y, MCST =+ = FG-V, Classical WA

S . g e
2
w220
s
= P o> e bl
&
a X R e
101
=
o A e ]
120 v T T T T T
0 02 0.4 0.6 0.8

Hinh 5. Dién thé pull-in Ve, (g,=2h, L=50h, h,=0.1h, V,=3V, Von7=0.12)

S gia tang cla Ve c6 thé dwoc gidi thich b
dod clrng bd sung sinh ra tir tham sé chiéu dai vat

liéu trong khuén khd ly thuyét MCST, lam ting kha
nang chdng lai hién twong mét 6n dinh tinh dién
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ctia dam micro. D6 chénh léch gitra két qua MCST
va ly thuyét cb dién trd nén rd rét hon khi I/h tang,
cho thay ly thuyét lién tuc cd dién cé xu hwéng
danh gia thap dién thé pull-in & cap vi mé.

Hinh 6 minh hoa anh hwéng cla ty sb chiéu
day I&p ap dién hy/h 1én dién thé pull-in Ve ctia dam
micro FG-CNTRC di v&i cac dang phan bé CNT
khac nhau tai V,= 0. C6 thé& quan sat rd rang Ve
tang gan nhw tuyén tinh khi hy/h tng trong tat ca
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cac truvdng hop khao sat. Hién twong nay cha yéu
xuét phat tor sy gia tdng dé cirng dién—co do cac
I&p ap dién day hon mang lai, qua d6 nang cao kha
nang chéng lai lwc hut tinh dién cla két cdu va lam
tri hodn sw xuét hién ctia hién twong mét 6n dinh
pull-in. Ngoai ra, xu hwéng gan nhu song song cla
cac dwong cong cho thay sy gia tang chiéu day
|6p ap dién anh huwéng dén tat ca cac dang phan
bd CNT theo cach twong dbi twong dong.

\___'* (1NT=|J. _l_ 7

900 1

700 4

500

bién thé Pull-in, Vo(V)

—UD

——FG-X

——FG-O —4—FG-V

0.2

0 0.1

04 0.5

=
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hp..-"h

Hinh 6. Dién thé pull-in Ve, (g,=2h, L=40h, I=0.2h, V,=2V, Vn7=0.17)

5. K&t luan

Trong nghién clru nay, hién twong méat 6n
dinh pull-in ctia ddm micro FG-CNTRC tich hop
céac |&p ap dién da dwoc khao sat dwa trén ly thuyét
MCST két hop véi ly thuyét EBT. Cac phwong trinh
chi phdi dwoc thiét lap théng qua nguyén ly
Hamilton va dwoc gidi bang phwong phéap
Galerkin. Céac két qua sé thu duwoc cho thay rang:

- Dién thé pull-in Ve tiing dang k& khi ty phan
thé tich CNT V'enr, ty 86 chidu dai vat liéu I/h, ty s6
khe hé ban dau go/h va ty sb chiéu day I6p ap dién
he/h tdng. Nguorc lai, dién thé pull-in gidm khi dién
ap ap dién V, tang do hiéu trng ldm mém dién—co
gay ra b&i kich thich ap dién.

* Quy luat phan bd CNT c6 &nh huéng quan
trong dén dac tinh 6n dinh pull-in ctia ddm micro.
Trong t4t c& cac dang phan bd dwoc khao sat, cu
hinh FG-X luén cho gié tri dién thé pull-in I&n nhét,

trong khi cdu hinh FG-O cho gia tri nhé nhat. Két
qua nay khang dinh réng viéc tap trung CNT gan
hai bé mat trén va duéi ciia ddm micro mang lai
hiéu qua gia cwdng doé cing tbi wu.

Nhin chung, nghién ctu hién tai cho thay
viéc két hop vat lieu FG-CNTRC, kich thich ap dién
va cac ly thuyét lién tuc & cap vi mé la mot huéng
tiép can hiéu qua nham diéu chinh va cai thién dac
tinh pull-in ctia cac thiét bji MEMS/NEMS dwa trén
mo hinh ddm micro.

L&i cam on

Nghién clru nay dwoc tai tro bédi Quy Phat
trién khoa hoc va cong nghé Québc gia
(NAFOSTED) trong dé tai ma sb 107.02-2023.03
Tuyén b6 vé viéc st dung Al tao sinh

Trong qua trinh chuan bj bai bao nay, cac tac
gid khéng st dung cac céng cu Al dé hé trg. Cac
tac gia chiu hoan toan trach nhiém vé néi dung cua
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bai béo dwoc cong bd.
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