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Fig.1 The model of nanobeam nonlinear vibration
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Table 1 Physical parameters of nanobeam

S8 5 e
YK G E/ um l 30

YK GEGEE/nm s 500
YK/ nm h 300
BRI (70 4 P 5/ nm d 500
YKRPEE/ (kg - m ™) p 2330

% B/ GPa E 169

FE il B/ V v 1.5
HEzESA R/ (C2 - N - m?) £ 8.854 x 10 12

P2 43 T S ALl PR (AN [ P 174 e A3
PR . A R R (A T 2.5 VA 2.0 V
I, HEARAI AR 0 A DX, R KRR I i b A b IR
e S 2 LUV A N = WA S B NS (RN
E 1.4V iF RS TRE , IR Sz 2 1) 47 i 52
o = 0 Mg, WA LUE H, BE A3 fL
i (ELHE 0, BRI MR 32 T8 K, W 7 2 7 A4 2
WLy o = 0 4l IR L MR S R

2
--VA25V
7 e
Lsl—V, 20V
—V14V 5

002 0.04 006 008 0.1

O L L 1 L L
-0.1 -0.08 -0.06 —0.04 -0.02 0

P2 SRl Fh P A [ S P A 50 7 £
Fig.2  Amplitude-frequency curves for different

amplitude of AC excitation voltage

TG 15 AR BHLJ A [ B 1 g A5 0 oz b £k G ) 3 p
TNo AIAS, 2BTR A0 B LRI i BELJE XHIR 1 5
M /1N o 38 RELJE P e KR WU /N o Bt TG 1 40
BELJE B3 A, Bk sl B 3 ik TR , 22 IX ()34 )7
/N ZETH R B R IR M A 5 R A0 R e 1 I 8 1 18
TR A NI S B 17 XY T O T B o = | D A
R E0.041 8 A, e ROPR I 55 3L HR A0 % 5 A9 D
Bt ALl 2, 33K 14 BH 5 1 BELJE 8 vT LA BH i b i)
5550 BN BR IR S AL

4R T SB35V, =2.0V.V,=2.0VH,
S A 25 2 BN [R) Bsf ) W A o, il 26 . R4S, S B
1 25 SHON B RKIR MR 52 M #8022 451 3807 25 L4k X
A, BB 35 S BT IR R g /N 7R R
RS ECB W N L RE R, 9K R 3h % 7 A X
R AR AE R . MBS S E T
55 W, e KPR S RE o = 0 A5 3, 40K 2 4k
SR VER B B R 4 K Am e vy AR ] LA

0 . . L L . . . L L
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 004 0.06 0.08 0.1
o

3 TG ARELIE AN [7] I A i 50 17 i £
Fig. 3 Amplitude-frequency curves for different

dimensionless damping coefficient

Bl 4 S5t 4 2 MO [R] I 4 WR A3 107 Hh £

Fig. 4 Amplitude-frequency curves for different

parameters of feedback gains

B, A 45 2 50 1o 2 A e I LS B A
KA NEAR B AP o PRI i e BB 4 F) S B
W45 S BT LLSE AR AR SRS

2N R G 5 AR A [ P9 A0 T B 0 A [ o ) i B e
M 1O i DL IET S o 25N OR B 550 A 8] 1) 900 4 B8 5
450 nm 1470 nm I}, 75 o = 0 72X ], FFEZH
X[a], RGHRENATEE , i FARLAEIAI AT, a4
FEPENA L K I ZE RS o = 0 4l BT B
N R G5 AR T4 B B 88 ) 1 K, 2R G Sl i ] %
W TRE , SO RIRIE )N, & ) 2R S o = 0 %l

0.2 T T
- -d=450 nm
- --d=470 nm
0.151 o —d=490 nm

[

FS  hoR L SR ] 4 i SR g A [ I 18 8 350 e 7 141
Fig. 5 Amplitude-frequency curves for different
initial distance between nanobeam and a

grounded substrate



146 (R S N NS T N 17 %

6 FHE 7 ik 1 24 BHLJE FISE U il v s 1 L
AR e KR W B R e AR A i 2 iR T 6
T 7 #5331, A BHJE RS S0l B R i (L — 2 I, 4
IR ME BEH AR B BE BRI R . KRR
J3E— S I, Wi/ NS IAL il P (L R O L fE
HR 2 E R IR MR DBk /] , 3K 5 M A1) 57 o G 20 A 45
e —2.

3
= =c=4x10° N-s'm’! /
230 =6x10° Nesm'! e
ol —c=8x10° N'sm! .
z L5k
£
S
1F
0.5
0
0

/10 m

FL6  BHJE A IR e AR e it 20 o S I SR A A i 2k
Fig. 6 Curves of the peak amplitude varying with

nanobeam length for different damping coefficient

2
- V=14V
15 ==V=20V
Eg 1
05

1/10°m

7 St il ri s i (AN [ I 5 R AR i B 0 K
AR BEAA 2
Fig. 7 Curves of the peak amplitude varying with
nanobeam length for different amplitude of

AC excitation voltage

2S5 4 i 2 O TR I i 542 1 PR T Bl 44 oK
RABEAR AR AN 8 Fr7R o i 47 i Fi RS2 PR IR
AR BRSO N R MEIR B A L e dr 18] 8 7533,
I 45 SR I i 42 1) F s B2 R SR 1Y
SRR/ o YK GEA JEE — 5 I i 542 ) Fi T
Wt S 548 1 2 B ST /) o

19 AT 10 i3 T 5 P e A0AH A1 090 46 A% 1F
DRy I AT T - i e ) 7 T 2 ANAR A B . 23X (16)
A CL7) H i AR i AR 7 A 1 ) R 8 O &,
MATLAB ode45 #3375 4% il 11 FF (95} 18] -9 5
LR AIARAL P . e 9 AL 10 1321, RETA RSN

35

Ry ‘
N - -K=53
N\
\S — =
3 ‘t‘\ K=54
N —K=55
XY
NS
\’t
2.5 R
s° \§~\
ND
\~\\
Y
2 RS
Sag
R ~
1.5
2 22 24 2.6 2.8 3
1/107°m

K8 St 2 2 RO [l s 542 ) v s Rl K
B AR £k
Fig. 8 Curves of critical control varying with nanobeam

length for different parameters of feedback gains

0.6

0.4

X:1611

- 02 Y:0.144 2

0 500 1 000 1500

L9 IR 2 Sy 2 A I ) - 1 i o 1t 2
Fig. 9 Curves of time-amplitude response with

zero initial conditions

N

K10 iR A1 A AAL
Fig. 10  Curves of phase-amplitude response with

zero initial conditions

Wl 7 i 8 T A8E, RE MR @, = 0.144,y, =
3.069,

4 % i

W T 2% 18 J2 LR I s Sl A0 R e e i
SR o G AR G A UL AR AR A P 2



18 1

DUDRAR 45« FICIRGORBEAR LR B i 7 147

AMARBAR S5 5 , SR G AR R4 il {5 5 42 i A
KBE AR R S o 385 B o B AU DU 25
FHITTE, L — B oK IR 9 ], 2B 17 RH
JE B L T S 4 SRR I R R AR AR Lk
PRI, A3 AR 458

(1) 3 J A i A1 2 fhy 2 75 1), 94 0K B2 4R )
ARG RE 1 M i R A i 32 282 phy BELJE il v s S 4%
W R SRR B SR AR B W AR B DRE I o S
Bt S BN B RAIRIE B/ o B RAR R R 200K
QAR L RRE ORI K, Bl BEL T (B A 24 K 32 55 4 Al
(1) B 94 DR T kD, 388Dl L W 9 sl
TN o

(2) AR BEIR B AR Ak £ 2R BN Z{H b
BREFBAG o e WA 107 o B 45 3010 JBUIE 224 114 S £
55 21U S BH e A RERS HI 55 B 2= TH BRI K R 3)
AARLE . S f 2 B0E i i O AR &AM (E
LI AR R M PR B

(3) A KA o A A5t i S5 4 ] P s Bt 49
ORI R R R T /)N, B S 0% 4 2 R 38 K i
BN o PRI 25 10 ) H s T LS B R AL I AR AS
Pzl

2 % x #

1 RPFE. RTHMILE RGP EYU LR, 2003; 14(2):
75—79,6
Wen Shizhu.
China Mechanical Engineering, 2003; 14(2) :75—79,6

2 FBEE, ok #F, BN MEMS SORTER BEATES A 3L Y 1
FABFFEBLAR MRS Wi s J5#di, 20125 27(6) @ 1210—1217

Zhang Kai, Wu

challenges of MEMS technology in the environment of intelligent ero-

engines. Journal of Aerospace Power, 2012; 27(6) :1210—1217

Researches on the Micro-electromechanical system.

Yan Xiaojun, Xiaoming.  Opportunities and

3 Eom K, Park HS, Yoon D S, et al. Nanomechanical resonators and
their applications in biological/chemical detection: nanomechanics
principles. Physics Reports, 20113 503(4) . 115—163

4 A, WIENE, XISCHE, S LH RGERY R R RN . 4
KA R TR, 20045 2(2) : 117—123
Lin Zhonghua, Hu Guoqing, Liu Wenyan, et al. Development and
application of micro-electro-mechanical system. Nanotechnology and
Precision Engineering, 2004; 2(2): 117—123

5 Choudhary N, Kaur D. Shape memory alloy thin films and

heterostructures for MEMS applications; a review. Sensors and
Actuators a; Physical, 2016; 242, 162—181

6 Evoy S, Carr D W, Sekaric L,
electrostatic operation of single-crystal silicon paddle oscillators.

Journal of Applied Physics, 1999; 86(11) : 6072—6077

et al. Nanofabrication and

7

10

12

13

14

16

17

18

RS, T 0L GORRAELMEIRSI S 170, AT
K, 2006; 43(3) . 145—149
Song Zhenyu, Yu Hong. Dynamic analysis for nonlinear vibration of
nanobeam. Micronanoelectronic  Technology, 2006; 43 (3 ).
145—149
Fan L S, Tai Y C, Mulller R S. Pin joints, gears, springs, cranks,
and other novel micromechanical structures. 4th International
Conference on Solid-State Sensors and Actuators ( Transducers *87).
Tokyo:[s.n. ], 1987 849—852
Fan LS, Tai Y C, Mulller R S. Integrated movable micromechanical
structures for sensors and actuators. IEEE Transactions on Electron
Devices, 1988; 35(6) : 724—730
SKICH, O, ZEt. MEMS s B & AE Lk s
R, SREITAEFA, 20045 17(8) : 664—667
Zhang Wenming, Meng Guang, Li Hongguang. Nonlinearities of
micro-cantilever under combined parametric and forcing excitations
in MEMS. Journal of Vibration Engineering, 2004; 17 (8):
664—0667
Maccari A. Vibration control for the primary resonance of a
cantilever beam by a time delay state feedback. Journal of Sound
and Vibration, 2003 ; 259(2) ; 241—251
SKBLE, LR, £ M. EBERLE AR AT ORGSR A 3
0. YRBh S bl , 20155 34(17) ; 124—130
Zhang Qichang, Zhou Fansen, Wang Wei. Dynamic characteristics
of a micro-mechanical-resonator with squeeze film damping. Journal
of Vibration and Shock,2015; 34(17) : 124—130
Wang Y Z, Li F M. Nonlinear primary resonance of nano beam with
axial initial load by nonlocal continuum theory. International Journal
of Non-linear Mechanics, 2014 ; 61; 74—79
XUANE, 2. B RAR LA IR S TR L 2 B B AR . Pl
W5, 20115 33(6) ; 809—S814
Liu Canchang, Li Hongyan. Piezoelectric grade optimal control for
the non-linear vibration of cantilever beam. Journal of Mechanical
Strength, 2011; 33(6) : 809—814
ZEEIA SRS R IR R D UG AR P R R S LA
R K224, 20055 31(3) : 331—335
Li Haijuan, Zhou Haomin. Closed-loop system of silicon resonant
pressure micro-sensor. Journal of Beijing University of Aeronautics
and Astronautics, 2005; 31(3): 331—335
Young D J, Du J, Zorman C A, et al. High-temperature single-
crystal 3C-SiC capacitive pressure sensor. IEEE Sensors Journal,

20045 4(4) : 464—470

Nayfeh A H, Younis M I. Dynamics of MEMS resonators under
superharmonic ~ and  subharmonic  excitations.  Journal ~ of
Micromechanics and  Microengineering, 2005; 15 ( 10 ):
1840—1847

Caruntu D I, Knecht M. On nonlinear response near-half natural
frequency of electrostatically actuated microresonators. International
Journal of Structural Stability and Dynamics, 2011; 11 (4):

641—672



148 B ¥ K 5 T & 17 %

Capacitive Control of Nanobeam Nonlinear Vibration for Primary Resonance

GONG Qing-mei, XU Ying-zi * , LIU Can-chang, MA Chi-cheng, ZHOU Ji-lei, JIANG Rui-rui
(School of Transportation and Vehicle Engineering, Shandong University of Technology, Zibo 255049, P. R. China)

[ Abstract] A control method of the nanobeam capacitive sensor is presented for the problem of nonlinear
vibration control of the nanobeam using the model of Euler-Bernoulli beam. The capacitance value of nanobeam
capacitor changes with the nanobeam vibration. The nanobeam capacitive sensor is applied to extract the vibration
singles according to the change of capacitance and to transform the enlarged singles into the controller to control the
nonlinear vibration of nanobeam. The system approximate solution is obtained by the method of multiple scales and
the amplitude-frequency response equation is derived. The nonlinear vibration dynamic behavior of the nanobeam is
analyzed by the numerical simulation including the amplitude-frequency curves for different control parameters. The
investigation shows the nonlinear vibration of nanobeam can be efficiently controlled using this method and the
nonlinear vibration characteristics of nanobeam can be weakened even eliminated through selecting the appropriate
control parameters.

[ Key words | nonlinear vibration control nanobeam capacitive sensor primary resonance multi scales

method



