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ARTICLE INFORMATION ABSTRACT

Original Research Paper In this paper, the modified couple stress theory is used to study static and dynamic pull-in instability of
Received 26 July 2016 a general model of a nano-cantilever under a sudden applied DC voltage in the presence of the surface
Accepted 24 September 2016 effects. A partial part of the nano-cantilever is subject to the electrostatic and capillary forces. Euler-

Available Online 26 October 2016 Bernoulli theory is used to model the beam and the equation of motion is derived by using Hamilton’s

Keywords: principle. The governing equations are transformed into a non-dimensional form and then solved using

Nano-beam finite element method (FEM). The results, obtained using FEM are compared with the data available in

Pull-in the literature and found in good agreement. Basic parameters for engineering design at the nanoscale,

Couple stress theory such as deflection and pull-in voltage have been calculated for both of the dynamic and static modes.

partially affected nano beam The results of dynamic analysis of the beam show that as the voltage increases, the beam goes into an
oscillating mode with large amplitudes just before pull-in phenomenon occurs and the beam collapses
into the substrate (fixed electrode). Moreover, it is found that a decrease in the length of the fixed
electrode (increase of the partially affecting parameter), the increase of the fringing field effect, the size
effect and the surface effect increases the pull-in voltage of the nano-cantilever beam.
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® Capillary Force

" Surface Effects

® Static Pull-in Instability
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Fig 6 Effect of fringing field effect on dimensionless pull-in voltage
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voltage parameter for different values of d, and

(&« =0,6=057n=0,d, =0)

solie gl 5 amg yell 4 i gl Lol GuilS 2 olpeis 100 S
(e =08=05n=0,d, =0) 5d; oglaze

89

SSmge 3 Sliwly 2SI lag i Sk 5l a5 ladlr 9,0 Koo leay
e ey onl SlaiBly alEl wiS e e 5 B ogd o)l piel 4 b
695 5l pidw 1y igills e iMool Zgoje S (5,95 4 Cul
5 =Lk o oslal F el (285 s o 1S e o)) SedS
o3 ames ol rizman 5 ol Coatl Sl Loy Lo S gl g e oo
50 0adzMal Zedie i (5,55 wile SIS e slas em5 5l eolatal

e o L ) Jledes sloadS el slo el )l 558 ()

g0 9 Seiliwly wsUl (g9 0 13-4
NS s gl (Sealins (5)lbl i 4 B 5 82 sl S o
5 SSlwly xS glagys 5 oB6 SupS vgzy Djge j0 Sliedess
ol 00 oy (SiSge

gy ;o DAl g eddigmyn gy ol Ol IS 2 0
sl oley b o 5 @l Sl 53 Gl cul oul lais 0
ol 1) (Simge 5 Seiliuls xSl (glag e Sglite 5 mye sloyally
el ke 5l 5 99 (e g oS (Sle3 8 Sl JSh a4y azgi L aans e
Oley b o by cnl & 5 ol Coogad aig) el jlin (Seelud
Gl b olales,] anels a5 wimo e olid b oged ol S ey
Sl e tally 5l plaSse ud b (g4t )0 09 se b oy
9 3o Cows Sl 093 glly 5 oS Aol dag) (Seslas (s
(Seeliad ol e 51w 09 o0 HlLL (Seelias S5l piess
a5 Zawl SF3 BB 090 o0 g)luLL Gl el bag i Jlake )0 Sy (6 e
g9yl gglite (28> L8 5 el cnde polie 4 s 1 i
boiw 4l 59, » Sy 0958 Gy Slade 5l ol i Syge 40
S S 35l 5 e S 2 Djgo )0 B Sla SO 4 ax g LS o0
5 Seiliwly iUl slog, omg boyally sly dsy polie Flisdes
il s 545845 3 344886 | 1l o 5 4 Sisisn 53505

b 1 -4-4

Sl Sy e sl (e (25 s bl s 19 S0

——=—— Static

e
wn
T

=mumumim Dynamic

.B PI
58]
n L

ba

|
2
Ui
Fig 9 Variation of pull-in Voltage against surface effect parameter for
static and dynamic modes (yg. = 0,6 =0,d, =0.2,d, =0.2)
Sl g0 sl b 55 51 20 4 S g 5y ey i 9 UK
r=06=0,d;, =02,d; =0.2) Sliso 5 S5l

11 o jlois 16 )93 1395 O (ORI Swlle w iy


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.11.4
https://mme.modares.ac.ir/article-15-2501-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-03-28 |

[ DOR: 20.1001.1.10275940.1395.16.11.11.4 ]

[EINTVR LNV ) &3 To yis Ld )yl

0 bz Mol F93 50 i3 5955 3l 03liianl Ly piliodass S paisili (ylgs Suslinel 5 SKaolis (Sl Julxs

b b g Sl ke et 5 ol 53

e w)gﬁ—ﬁ

((MM)?) 55 phatie s
((um)?) ;5 sl

(ms_l))}; b"':J"“'J

Sl 2

Szl any o 5ol

(M) 9l 5 ¥ 5595 2SI (loal (e alols
3elS 5 a5 05 2SI Sl G s alols
(GPa) il atmdl Jgoe
((MM)?) @b 5 0958 G 2yl alold
Slassn glaly 26

Sless slaly dw g &

((um)?) 5 cwlses

(M*) gl (gl Gloe

((um)?) ;5 Jsbo

Job (uliie el

5 oles

T U gl 0udd onie 5>
gy o908 0y oy adlge
(NM™Y) 15 503l 59,0

obej wme b

ol o

=55 65

05,8 g arly e Jlos! 5L0s

by, 15

Sl 31 5l

((uM)?) ;5 Gl

z9or lee

o ot

(kgm~®) J&z

Y Jsl el

LR

G5 gl

Sr97e G855

Yoo Jo> 5 4l
Lol ) guils

S5 sts &b

ol il

(ANTTM™2) sy ys
OFley oo

lga-alo o yiis

11 olesis A6 0,95 1395 (yaus (puide Swlfe wire

A

b

c

Ca

é

Dy, D,
dqi,d;

Y(x,t)
Xij
ij

€o

Yia

D903 AN 5 O 50k Hlgi e |y pol>

D9 Br1 Gl s peals el ad (o ST il
2 Aol cenlios ad plae 1S5 polie sl 1
Ol el ojluil ot ;83U 098 axd S Sl o Ly,
7556 Gl Veapr 5 Bp1 syl s £5 &)
el Jol5 Jsbo L0 2SI L S5l 5l i Slisanss
Oy polie 45 LudSsills Sen o Seoliys <> 4o
S (558 slally ;o ad plae 1y (Sinse 59,
Fably Gl L g ) o0 65L& (Sbial Sl
55 & Bpr (Sbisl gy Wy e« Singe (5950
b oo I3l Bpip (Seslus g

oSe Sl g e 53 a4V 09 Sl Jobo it obsS L
el Jhade wyls JLE 55 ol s a8 e 51l yS
AIF (Simge Sy Gl Wy e slayalil
b oo

@l polie wopladl STl L ls 1S S 35l sln
s l g Whos Gl (Somge 5 Wy loyalil
Lol Bolo 5 flednss slo sl sl

ol ST yell a4 (Singe 9 Ssliwly 58Ul (g9 5 jlade
lagys ol ojluil S eyl (2al33 b g ol axly
Orzmen i aboe IRl Gl (Samse 9 Sty Sl
o3l 1 el e i il st sla gl 5o
Y ) 998 L b ysgl 5l iies (oddg Wy Sl
bl e Jols

Sl Fed 1) gl Se ondpdlal gooie (25 (5595
GRIBL Sype o IS e bl ST (5595
sk Sl Cuzr i o 4 il ST bl
W3 o GliEl ) 0SS s g ol

Oelsy Camdg A Sy ey Sl Gl (Sl <l o
ORIBIL e olalssjlasals o)l (pglie (25 > 518, S
Fier ooddsy ody Gl G B og Sl 90 (e slag s
31098l 58 G Slag s b St Sjge )0 Sediee
3 093 ol y5 &S > dolae ( (Seolos gy e
Bebse bl (Salns A a5 an3 oo Za
5y ol il 4y e s A5 ke 5 il
S 55 o 55 (Silily 1SU1 (59505 dm yelb) el
Sgdion (Sealipd g (Sl

@ Cand (Seoled Sl 3 (a5l polie o
5 Ol & ey S S S e Selil Sl
Oy S b i IR L nly edle ol
lise Rl (Seelus Gl 4 (St

9k 559l (ol (uilS )8 009 28Tl g3 lee 55 (I3 L
GRIB! odsr 35 4 oy b 22lS 5 5 il el
Alodas g dy el e Gl L eies b o0
oy am el 5l oleSs polie gly sl

sl oad bl bl Gl ol il

90


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.11.4
https://mme.modares.ac.ir/article-15-2501-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-03-28 |

[ DOR: 20.1001.1.10275940.1395.16.11.11.4 ]

[EINTVR LNV ) &3 To yis Ld )yl

0 bz Mol F93 50 i3 5955 3l 03liianl Ly piliodass S paisili (ylgs Suslinel 5 SKaolis (Sl Julxs

Vol. 35, No. 2, pp. 941-951, 2011.

[18] S. Chaterjee, G. A. Pohit, large deflection model for the pull-in analysis of
electrostatically actuated microcantilever beams, Journal of Sound
Viberations, Vol. 322, No. 4-5, pp. 969-986, 2009.

[19] M. Moghimi Zand, M. T. Ahmadian, B. Rashidian, Dynamic pull-in
instability of electrostatically actuated beams incorporating casimir and van
der waals force, Journal of Mechanical Engineering Science: Proceedings of
the Institution of Mechanical Engineers, Vol. 224, No. 9, pp. 2037-2047,
2010.

[20] M. Rahaeifard, M. T. Ahmadian, K. Firoozbakhsh, Size-dependent dynamic
behavior of microcantilevers under suddenly applied DC voltage, Journal of
Mechanical Engineering Science, Vol. 228, No. 5, pp. 1-11, 2013.

[21] M. Moghimi Zand, Analytic study of nonlinear dynamics in electrostatically-
actuated microbeams considering Timoshenko theory, ISME: Annual
International Mechanical Engineering Conference, Tehran, Iran, May 12-14,
2015. (in Persian ..,l8)

[22] K .F. Wang, B. L. Wang, A general model for nano-cantilever switches with
consideration of surface effect and nonlinear curvature, Pysica E, Vol. 66,
No. 29, pp. 197-208, 2015.

[23] Y. Hayamizu, t. Yamada, K. Mizuno, R. C. Davis, D. N. Futaba, M. Yumura,
K. Hata, Integrated three-dimensional microelectromechanical devices from
processable carbon nanotube wafers, nature nanotechnology, Vol. 3, No. 5,
pp. 289-299, 2008.

[24] F. Yang, A.C.M. Chong, D.C.C. Lam, P. Tong, Couple stress based strain
gradient theory for elasticity, International Journal of Solids and Structures,
Vol. 39, No. 10, pp. 2731-2743, 2009.

[25] W.D. Nix, H. Gao, Indentation size effects in crystalline materials: a low for
strain gradient plasticity, Journal of the Mechanics and Physics of Solids,
Vol. 46, No. 3, pp. 411-425, 1998.

[26] R. D. Mindlin, H. F. Tiersten, Effects of couple-stresses in linear elasticity,
Archive for Rational Mechanics and Analysis, Vol. 11, No. 1, pp. 415-448,
1962.

[27] M. Asghari, M. Rahaeifard, M.H. Kahrobaiyan, M. T. Ahmadian, The
modified couple stress functionally graded Timoshenko beam formulation,
Materials & Design, Vol. 32, No. 3, pp. 1435-1443, 2011.

[28] S. K. Park, X. L. Gao, Bernoulli-Euler beam model based on a modified
couple stress theory, Journal of Micromechanics and Microengineering, Vol.
16, No. 11, pp. 2355-2359, 2006.

[29] S. P. Timoshenko, J. N. Goodier, Theory of Elasticity, Third edition, pp.
409-413, McGraw-Hill, New York, 1970.

[30] J. He, C. M. Lilley, Surface effects on the persistence length of nanowires
and nanotubes, Nano Letters, Vol. 8, No. 5, pp. 1798-1803, 2008.

[31]M. E. Gurtin, A. I. Murdoch, A continuum theory of elastic material surfaces,
Archive for Rational Mechanics and Analysis, Vol. 57, No. 4, pp. 291-323,
1975.

[32] M. E. Gurtin, A. Murdoch, Surface stress in solids, International Journal of
Solids and Structures, Vol. 14, No. 6, pp. 431-440, 1987.

[33] J. D. Jackson, Classical Electrodynamics, Third edition, pp. 25-42, Wiley,
New York, 1998.

[34] A. S. Rollier, B. Legrand, D. Collard, L. Buchaillot, The stability and pull-in
voltage of electrostatic parallel-plate actuators in liquid solutions, Journal of
Micromechanics and Microengineering, Vol. 16, No. 4, pp. 794-801, 2006.

[35] R. Legtenberg, H. A. C. Tilmans, J. Elders, M. Elwenspoek, Stiction of
surface micromachined structures after rinsing and drying : model and
investigation of adhesion mechanisms, Sensors Actuators Physics, Vol. 43,
No. 1-3, pp. 230-238, 1994.

[36] E. Yazdanpanahi, A. R. Noghrehabadi, M. Ghalambaz, Balance dielectric
layer for micro electrostatic switches in the presence of capillary effect,
International Journal of Mechanical Sciences, Vol. 74, No. 7, pp. 83-90,
2013.

[37] M. Keivani, M. Mardaneh, A. Koochi, M. Rezaei, M. Abadyan, On the
dynamic instability of nano wire-fabricated electromechanical Actuators in
the Casimir regime : Coupled effects of surface energy and size dependency,
Physica E, Vol. 76, No. 8, pp. 60-69, 2016.

[38] S.K. Park, X.L. Gao, Bernoulli-Euler beam model based on a modified
couple stress theory, Journal of Micromechanics and Microengineering, Vol.
16, No. 11, pp. 2355-2359, 2006.

[39] A. Farrokhabadi, A. Mohebshahedin, R. Rach, J. S. Duan, An improved
model for the cantilever NEMS actuator including the surface energy,
fringing field and Casimir effects, Physica E: Low-dimensional Systems and
Nanostructures, Vol. 75, No. 30, pp. 202-209, 2016.

[40] M. Rahaeifard, M. T. Ahmadian, K. Firoozbakhsh, Vibration analysis of
electrostatically actuated nonlinear microbridges based on the modified
couple stress theory, Applied Mathematical Modelling, Vol. 39, No. 21, pp.
6694-6704.

[41] J. N. Reddy, An Introduction to the Finite Element Method, Third edition, pp.
233-248, McGraw-Hill, New York, 1993.

91

Sl mhaw 5 mle (e oled aygl; 6c
ad Gl g el )b Ve

S 5o S9y Sm oyl Yea
b 50 ane el n

kol 58w sl 0
5L el (558 w
Lowsin)

(s Bending

9o capillary

Sesliwly xS Elec
aS Stretching

5 Total
&1

[1] H. Xie, J. Vitard, S. Haliyo, S. Régnier, High-sensitivity mass and position
detection of micro-objects adhered to microcantilevers, Journal of Micro-
Nano Mechatronics, Vol. 4, No. 1-2, pp. 17-25, 2008.

[2] G. M. Rebeiz, J. B. Muldavin, RF MEMS switches and switch circuits, IEEE
Microwave Magazine, Vol. 2, No. 4, pp. 59-71, 2001.

[3] S. Akita, Y. Nakayama, S. Mizooka, Y. Takano, T. Okawa, Y. Miyatake, S.
Yamanaka, M. Tsuji, T. Nosaka, Nanotweezers consisting of carbon
nanotubes operating in an atomic force microscope, Applied Physics Letters,
Vol. 79, No. 11, pp. 1691-1693, 2001.

[4] W. P. Taylor, M. G. Allen, C. R. Dauwalter, Fully integrated magnetically
actuated micromachined relays, Journal of Microelectromechanical Systems,
Vol. 7, No. 2, pp. 181-191, 1998.

[5] R., Batra, M. Porfiri, D. Spinello, Vibrations of narrow microbeams
predeformed by an electric field, Journal of Sound and Vibration, Vol. 309,
No. 98, pp. 600-612, 2008.

[6] A. Ramezani, A. Alasty, J. Akbari, Analytical investigation and numerical
verification of Casimir effect on electrostatic nano-cantilevers, Microsystem
Technologies, Vol. 14, No. 2, pp. 145-157, 2008.

[7]1 M.T. Ahmadian, M. Mojahedi, A. Barari, R. Firoozbakhsh, Characterization
of static behavior of a nonlinear doubly clamped microbeam under
electrostatic actuation and detection, ASME International Design
Engineering Technical Conferences and Computers and Information in
Engineering, San Diego, CA, USA, November 15-21, 2013.

[8] U.B.C. O. Ejike The plane circular crack problem in the linearized couple-
stress theory, International Journal of Engineering Science, Vol. 7, No. 9, pp.
947-961, 1969.

[9] F.Yang, A. C. M. Chong, D.C.C. Lam, P. Tong, Couple stress based strain
gradient theory for elasticity, International Journal of Solids and Structures,
Vol. 39, No. 10, pp. 2731-2743, 2002.

[10] M. Rahaeifard, M. H. Kahrobaiyan, M. Asghari, Static pull-in analysis of
microcantilevers based on the modified couple stress theory, Sensors and
Actuators A, Vol. 171, No. 2, pp. 370-374, 2011.

[11] Y. Tadi Beni, I. Karimipour, Static pull-in instability analysis of beam type
NEMS under molecular force using strain gradient theory, Modares
Mechanical Engineering, Vol. 12, No. 3, pp. 37-49, 2012. (in Persian _..,ls)

[12] H. M. Ouakad, M. I. Younis, Modeling and simulations of collapse
instabilities of microbeams due to capillary forces, Mathematical Problems
in Engineering, Vol. 2009, No. 1, pp. 1-16, 2009.

[13] C. H. Mastrangelo, C. H. Hsu, Mechanical stability and adhesion of
microstructures under capillary forces: 1. Basic theory, Journal of
Microelectromechanical Systems, Vol. 2, No. 1, pp. 33-44. 1993.

[14]M. E. Gurtin, A. I. Murdoch, A continuum theory of elastic material surfaces,
Archive for Rational Mechanics and Analysis, Vol. 57, No. 4, pp. 291-323,
1975.

[15] J. He, C. M. Lilley, Surface effect on the elastic behavior of static bending
nanowires, Nano Letters, Vol. 8, No. 7, pp. 1798-1802, 2008.

[16] K.F. Wang, B.L. Wang, Influence of surface energy on the non-linear pull-in
instability of nano-switches, International Journal of Non-Linear Mechanics,
Vol. 59, No. 9, pp. 69-75, 2014.

[17]1 Y. Fu, J. Zhang, Size-dependent pull-in phenomena in electrically actuated
nano beams incorporating surface energies, Applied Mathematical Modelling,

11 o)less 16 0995 1395 (yare (ywide SilSe wiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.11.4
https://mme.modares.ac.ir/article-15-2501-fa.html
http://www.tcpdf.org

