1806

Latin American Journal of
Solids and Structures

www.lajss.org

Abstract

It is well recognized that size dependency of materials characteris-
tics, i.e. size-effect, often plays a significant role in the perfor-
mance of nano-structures. Herein, strain gradient continuum theo-
ry is employed to investigate the size dependent pull-in instability
of beam-type nano-electromechanical systems (NEMS). Two most
common types of NEMS i.e. nano-bridge and nano-cantilever are
considered. Effects of electrostatic field and dispersion forces i.e.
Casimir and van der Waals (vdW) attractions have been consid-
ered in the nonlinear governing equations of the systems. Two
different solution methods including numerical and Rayleigh-Ritz
have been employed to solve the constitutive differential equations
of the system. Effect of dispersion forces, the size dependency and
the importance of coupling between them on the instability per-

formance are discussed.
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Strain gradient theory, Pull-in instability, Nano-cantilever, Nano-
bridge, Dispersion forces, Size effect.

1 INTRODUCTION

Modeling the size dependent pull-in instability of
beam-type NEMS using strain gradient theory

Ali Koochi®
Hamid M. Sedighi®
Mohamadreza Abadyan®*

* Shahrekord Branch, Islamic Azad
University, Shahrekord, Iran

b Department of Mechanical Engineer-
ing, Faculty of Engineering, Shahid
Chamran University of Ahvaz, Iran

*Corresponding Author Email:
Abadyan@yahoo.com

Micro/nano-electromechanical systems (MEMS/NEMS) are increasingly used in various engineering

and science branches i.e. mechanics, chemistry, optics, biology, electronics, etc.. Nowadays, these

ultra-small systems are utilized in order to develop nano-devices like sensors, actuators, accelerome-

ter, tweezers, switches, etc (Zhang et al., 2004). A beam-type NEMS is constructed from two con-

ductive electrodes, which one of these electrodes is movable and the other one is fixed (grounded).

Applying voltage difference between these components causes deflection of the movable one toward

the fixed electrode. When the applied voltage exceeds its critical value, which is known as pull-in

voltage, the pull-in instability occurs and the movable electrode suddenly adheres to the ground.

The electromechanical pull-in instability of microsystems has been investigated by previous re-

searchers during previous decades (Batra et al., 2006; 2008) neglecting nano-scale effects. However,
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with decreasing the dimensions to sub-micron, the nano-scale phenomena should be considered in
theoretical models. In this paper the effects of two important nano-scale phenomena on the pull-in
instability of beam type nano-structures are investigated.

The first phenomenon which appears in nano scale distances is the presence of dispersion forces
i.e. Casimir and van der Waals (vdW) force. In distance less than few micrometers, Casimir force
significantly affects the nano-beams stability. Casimir force between two plates can be explained
via electromagnetic quantum vacuum fluctuations and motion of virtual photons between two con-
ductive surfaces (Lifshitz, 1956) .In recent years, various approaches such as experimental meas-
urements (Buks et al., 2001a; 2001b), using finite element methods (Moghimi Zand et al., 2010;Tadi
Beni et al., 2013), experimental observations (Wilson and Beck, 1996; Sundararajan and Bhushan,
2002), applying classic continuum theory (Ramezani et al., 2008; 2007;Farrokhabadi et al., 2013;
Tadi Beni et al., 2011), semi-analytical approaches (Noghrehabadi et al., 2011;Koochi and Abadyan
2011; Duan et al., 2013) are utilized to investigate the effect of Casimir force on performance of
nano-systems. Another dispersion force that is dominant in nano-scales is the vdW force that affects
the stability of nano-structures. If the separation between the interacting bodies is typically less
than few nanometers, the retardation effect is negligible and the nano-scale interaction can be mod-
eled as vdW attraction. The pull-in instability of NEMS in the presence of vdW attraction was
studied by previous researchers (Kolpekwar et al., 1998; Rotkin, 2002; Lin and Zhao, 2003; Abdi et
al., 2011; Soroush et al., 2012; Dequesnes et al., 2002) using various approaches

The second phenomenon in nano-scale is size dependency of the mechanical performance of
nano-structures. Experimental observations indicate that elastic characteristics of materials highly
are affected by the dimensions and are size dependent (Fleck et al., 1994; Stolken and Evans, 1998).
It has been shown that torsional hardening of copper wire increases by a factor of 3 as the wire
diameter decreases from 170 to 12 pm (Fleck et al. 1994). Stolken and Evans (1998) showed that
decrease in thickness of thin nickel beams from 50 to 12.5 um can lead to great increase in the plas-
tic work hardening of the constitutive material. Other measurements evaluate the material length
scale parameter of single crystal and polycrystalline copper to be 12 and 5.84 um, respective-
ly(McElhaney et al., 1998; Nix and Gao, 1998). Also, the size-dependent behavior has been detected
in some kinds of polymers (Chong and Lam, 1999). For hardness measurement of bulk gold, it is
found that the plastic length scale parameter (for indentation test and hardness behavior) of Au
increases from 470 nm to 1.05 um with increasing the Au film thickness from 500 nm to 2 ym (Cao
et al., 2007). Based on test results gathered via microhardness test, the plastic length scale parame-
ter for metals such as Cu, Ag Brass were determined in the range about 0.2-20 pm based on the
crystallity (Al-Rub and Voyiadjis, 2004). Using microbend testing method, the plastic intrinsic ma-
terial length scale of 4um for copper and 5um for nickel were determined (Wang et al., 2003). All
these experiments imply that when the characteristic size (thickness, diameter, etc.) of a mi-
cro/nano element is in the order of its intrinsic thematerial length scales (typically sub-micron), the
material elastic constants highly depend on the element dimensions. The size-dependent behavior of
materials and structures at sub-micron distances cannot be modeled using classical continuum me-
chanics. However, by applying non-classic continuum theories, the size dependent behavior of nano-
structures is attributed to material length scale parameters. A length scale parameter might be
considered as a mathematical parameter that scales the strain gradients in the constitutive model so
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as to balance the dimensions of strains (¢) and strain gradients (de/dx) (Wang et al., 2003). As the
characteristic length of the deformation field becomes significantly larger than the material length
scale parameter, strain gradient effects become negligible because the strain terms are much larger
than their scaled gradient terms (Wang et al., 2003).

In this regards, the non-classical theories such as non-local elasticity(Eringen and Edelen 1972),
couple stress theory (Kong, 2013; Ejike, 1969), strain gradient theory (Lam et al., 2003), modified
couple stress theory (Yang et al., 2002) etc. have been developed to consider the size effect in theo-
retical continuum models. One of the pioneering works in modeling the size-dependent behavior of
micro-structures was conducted by Cosserat, in the beginning of 20th century (Cosserat and Cosse-
rat, 1909). Afterwards more general continuum theories have been developed by Toupin (1962),
Koiter (1964) and Mindlin (1964) for linear elastic materials in which gradients of normal strains
were included and additional material length scale parameters were therefore added as well as Lame
constants. The first strain gradient theory was introduced by Mindlin and Eshel (1968) in which the
potential energy-density assumed to be depended on the gradient of stain as well as strain. The
most comprehensive work was done by Mindlin[14] which contained five additional material param-
eters and encompassed other non-local theories as special cases Non-local elasticity has been used to
study buckling, bending vibration dislocation mechanics, fracture mechanics, surface tension fluids,
etc. (Reddy, 2007; Mohammadi et al, 2012; 2013; Moosavi et al, 2011; Danesh et al, 2012; Faraj-
pour et al, 2012)

Lam et al. (2003), introduced a modified strain gradient theory with three material length scale
parameters relevant to dilatation gradient, deviatoric gradient, and symmetric rotation gradient
tensors. While some simple size dependent models based on modified couple stress theory have been
applied to analyze the pull-in instability of MEMS/NEMS (Tadi Beni et al., 2011; HRokni, et al.,
2013; Noghrehabadi et al., 2013; Zhang and Fu, 2012; Mindlin and Tiersten, 1962; Dequesnes et al.,
2002; Yin et al., 2011), only rare works have utilized strain gradient theory for analyzing. One of
the first works in this field has been conducted by Wang et al. (2011a) who modeled the size-
dependent instability of clamped structure using strain gradient elasticity theory. However they
have not considered the effect of nano-scale attractions such as Casimir and vdW force in their
models. In other works (Wang et al., 2011b; 2012) the pull-in instability of rectangular and circular
plate MEMS has been investigated. Dynamic pull-in instability and free vibration characteristics of
circular microplates subjected to the combined hydrostatic and electrostatic forces are investigated
in refs. (Ansari et al., 2013; Mohammadi et al., 2013). However, it should be noted that none of the
above mentioned works has taken the important effect of nano-scale forces into account.

In this work, the size-dependent pull-in instability of nano-bridges and nano-cantilevers is investi-
gated considering the effect of vdW and Casimir forces. The strain gradient theory in conjunction
with Euler—Bernoulli beam model is used to derive the non-linear equilibrium equation of the sys-
tems. The Rayleigh—Ritz method is applied to solve the nonlinear governing equation as well as

numerical solution.
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2. THEORETICAL MODEL
2.1. Fundamentals of strain gradient theory

In strain gradient theory in spite of whatever was stated in classic mechanic, equations contain a
parameter which introduced as length scale parameter that has statistical nature and indicates that
material behavior is depending on material dimensions in micrometer scale. Should be noted that in
absence of length scale parameters, the obtained equation of strain gradient theory are turned to
the same equations presented in classic mechanic.

Regarding the strain gradient theory modified and suggested by Lam et al. (2003), U stored strain
energy density in the linear elastic and isotropic material with small deformation is written as fol-

lows:
71 M, (1)
U=§( lj+plyl+rljknl]k +mz]XU) (1)
in which
1
&j = 5(”@1 ;) (2)
Vi =Emm,i (3)
1 1 1
Uz]k 3 ( ]k i€ J + gl/ k) 15 5ij (gmm,k + ngk,m ) - E[(Sjk (Emm,i + 25mi,m ) +6ki (gmm,j + 2Smj,m )] (4)
Xij = Eejklul,ki (5)
In above equations, u,, g, hl(Jlk , ¢S, dij and €k indicate components of displacement vector, dilata-
Cij

tion gradient vector, deviatoric stretch gradient tensor, symmetric rotation gradient tensor,

Kronocker delta and permutation symbol, respectively. Also s . i Pio tl(},g, mf}., are components of

Cauchy’s stress and high order stress tensors, respectively that are identified as the follows (Lam, et
al., 2003):

v
Olj = 2#(1;‘1] +mb‘mméu) (6)
= 2;413;/[ (7)
T = 2uliny 8)
my, =2ul 9)

In the above equations, v and u are Poisson’s ratio and shear modulus, respectively. Also 1y, liand 1y
are additional material length scale parameters those which are depending on dilatation gradient
vector, deviatoric stretch gradient tensor and symmetric rotation gradient tensor.
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2.2. Nonlinear constitutive equation

Figures (la) and (1b) show schematic representation of beam-type nano-cantilever and double
clamped nano-beam (nano-bridge) that is applied in electromechanical structures such as actuators,
respectively. Herein, the nano-structures with a beam length of L, wide of b and thickness of h are
considered.

(a) Nano — cantillever

(b) Nano-bridge

1: Beam 2: Dielecteric spacer 3: Fixed ground plane

Figure 1: Schematic representations of (a) nano-cantilever and (b) nano-bridge.

2.2.1. Strain energy

The total strain energy, U, for a deformed Euler-Bernoulli beam is given by:

U= Ubending + Ustretching (10)

where, Usiretching @0d Upending are energy stored in the beam due to axial forces and bending strain,
respectively.

In this work, the displacement field of Euler-Bernoulli beam theory is applied for modeling the
elastic behavior of the nano-structures. Based on this theory, the displacement field can be written
as the following:

W
m=-Z-r =0 u3 =W (X) (11)

The variable, W, indicates beam displacement in direction of Z axis. Substituting the linear dis-
placement field of equation (11) in equations (1)-(9), after some elaborations the bending strain

Al
W} (2 /5 +< M/l )

In above equation, I is the second cross section moment around Y axis.

energy is obtained as the following

dW

o) 12

_ 1k 8
Ubending = vadV =Ef (EI+2MA/02 +EMA/12 +MA/22)
0

Now, the stretching energy stored in the beam due to axial forces can be written as

f RS ) (13
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In the above equation, F, is the axial resultant force associated with the mid-plane stretching (in
the absence of external axial force, thermal stress, etc.). Note that there is no axial stretching
(F,=0) for nano-cantilever due to the movability of the free end and therefore the amount of energy
Ustretching €quals zero. In the case of nano-bridge, axial force associated with the mid-plane stretch-
ing (F,) should be contributed in the total energy. When nano-beam is in tension, the actual beam
length L’ will become longer than the original length L. However, the beam is immovable in the Z-
and X-directions at both ends of the nano-bridge. Thus, an additional axial force will occur and can
be expressed as:

EA EA L(aw )
F=—"(L-L)=="||—]| dX
('-L) 2L{(ax) (19)

2.2.2. Work of external forces

Considering the distribution of external forces per unit length of the beam (foxternal), the work by
these external forces can be obtained as:

L
Vexternal = f ./[external w (X )dX ( 1 5)
0

Now, by Considering the first order fringing field correctness effect the electrostatic force per unit
length of the beam is written as the following (Ramezani et al., 2008):

a5l (X)

.felec = 2(g _ W(X))2

(16)

In the above equation gp= 8.854x 10" ¢ N'm™?is the permittivity of vacuum. V is external voltage

applied to nano-actuator and g is initial distance between ground and movable electrodes.

The dispersion forces per unit length of the beam (fgis,) are defined considering the van der Waals
and Casimir forces. Based on what is mentioned in section 1, two interaction regimes can be de-
fined: first, the large separation regime in which the Casimir force is dominant (typically above
several tens of nanometers (Israelachvili and Tabor, 1972; Klimchitskaya et al., 2000; Bostrom and
Sernelius, 2000)). Considering the ideal case, the Casimir interaction is proportional to the inverse
fourth power of the separation (Gusso and Delben, 2008):

7*hch
240(g-w (x))’
where 7=1055x10"*Js is Planck’s constant divided by 2n and ¢=2.998x10°8 m/s is the light
speed.

fCaS = (17)

The second regime is the small separation regime (typically below several tens of nanometers (Israe-
lachvili and Tabor, 1972; Klimchitskaya et al., 2000; Bostrom and Sernelius, 2000)), in which the
van der Waals force is the dominant attraction. In this case, the attraction between two ideal sur-
faces is proportional to the inverse cube of the separation:
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f _ A
M 6m(g-w(x)) (e

where A is the Hamaker constant.
Finally total energy of system can be summarized as:

2
15 d*w ( , 4 2) d*w
=_ EI +2uA/? + Ve + UA/, +A|2uly +—u/ || —= | dX
2{( uasy + M 1 2)(a’X Uty 5#1 e

L
%f ( ) dX - f ./externalW(X )dX
0

Now, by using the substitutions x=X/I. and w=W /g the nondimentional total energy can be ex-
plained as:

]! I LY 2w\ 0V (Y (P
m=_ |1+ MS300 #8| 1| 415 (| S5 | L[ s| 2| w2 L] |55
241 15|\ L o | " s0(a) | \k L) | ar

(20)
By 2 Li B
+— "“ ]( ) de- || —2—+ (1+0.65y(1 - w)) [w(x)dx
Z{H[é dx '{ (1-w)" (1-w)? ’
where the dimensionless parameters are identified as:
T4
# vdW interaction (n = 3)
6mg El
4=y " (21a)
7 he 3 Casimir interaction (n = 4)
240¢ El
g,bL!
- 21b
P 2¢°El (21b)
y= % (21c)
12u
Hs = 2 21d
E(/) 2y
P L (21e)
h
g 2
6| = nano-bridge 21f
o -
0 nano-cantilever
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In above relations, B, ys and o, interpret the dimensionless values of applied voltage, size-effect and
dispersion forces.

3. SOLUTION METHODS
3.1. Rayleigh—Ritz method

To solve the governing equation of the systems, the displacement is expressed as a linear combina-
tion of a complete set of linearly independent basis functions ¢i(x) in the form of:

wix)= 3 ¢;9;(x) (22)

where the index i refers to the number of modes included in the simulation. We use the linear mode
shapes of the nano-beam (based on classic continuum theory) as basic functions in the Rayleigh—
Ritz procedure. The classic mode shapes of cantilever nano-beam can be expressed as:

cosh()Li)—cos()Li)
sinh(4;)-sin(4;)

¢,(&) = cosh(A4,E) - cos(A,E)- (sinh()Lig-') - sin()Lié-')) (23)
where }; is the i™ root of characteristic equation of clamped-free (for nano-cantilever) or clamped-
clamped (for nano-bridge) beams. Considering the equilibrium of the system, one can write:

oIl

—=01i=0,1,...,.N 24

dq; 29
This led to a system of algebraic equation which can be solved numerically to obtain the final solu-
tion. Using Taylor expansion for electrostatic and dispersion force, substituting (20) and (22) into
(24), assuming the orthogonality of ¢j(x) and then following some straightforward mathematical
elaborations a system of algebraic equation can be fined as:

2 2 2 2 6
L+—2130( = | +8|=| +15]|A7q,-—— 5 S| +2[| [fo¥ 2 9;— dx
51 \h ) 30(4)2| |l 5 i1
2 2 (25)
nfodii|f| 3 4=t dx| 3 a;—5brdv=fod; 3 AT g dr+BC.=0
0\j=1 j=1" @& k=0 j=1
i=1,2,..N

where N is the number of considered terms of Rayleigh—-Ritz and Ay is the Taylor expansion coeffi-
cient of electrostatic and dispersion force. In above equation, the boundary condition terms, B.C., is
defined as:
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d*g,

ax?
x=1

N d3
> q;
Pt J 53 9

2 2
+ q . .
j=1 JdX3 J dX2

—
RS ==

x=0 (26)
2 2 5

Ny
> q
i=1

~

. |9
J 5 l
dX

J x=1

~

N
NN |ON
+
[\
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(0]
S
—_~
>
N—
[\e]
(9]
~
S|
+
[\)
~
RS s
.
||M2

(27)

for nano-bridge.
The Maple commercial software is employed to numerically solve the system of algebraic equations.
3.2. Numerical method

In addition with the Rayleigh—Ritz method, the deflection of the nano-structures is numerically
simulated and the results are compared with those of Rayleigh-Ritz method. Utilizing Hamilton

principle i.e.é(ﬁ ) =( , in which 8 indicates variations symbol, the governing equation of lateral

deflection of the system can be derived as the following

4 2 2\ 6
148530 A +8 A POR] " - Y K ) L
15 l, L ox 30(1) L L) Jox

lo4 /32
n 1+0.65y(1-
ot 065y -w)

Latin American Journal of Solids and Structures 11 (2014) 1806-1829



A. Koochi et al. / Size dependent pull-in instability of beam-type NEMS 1815

following boundary conditions of nano- cantilever is:

3
dw d~w
(0)=2"(0)-L5(0)=0
X dx
2 2 2 2
I ! 3 l ! 5
1+ 25 130| 0| 48lL| 415|4 ”3"(1)- Hs 5|5 O 42| L d—gv(l)=0
15 I, I dx 30(4) I Ly | |dx
2 2 2 2 (29)
I ! 2 I ! 4
1+55]30[ 0| 48| L] 415[|¢ ;(1)- Hs 5|5 O] 4| L d—f(1)=0
151 kL ) dx 30(2)7| \L2 ly) |adx
3
d~w
dx
Similarly for nano-bridge by using Eq. 21 the governing equation is obtained as:
2 2 2 2
ul (1 l 4 u l AP Liaw\2 |42
1+-5(30] 0| +8|-L| +15 a—:;}——sz 5|0 42 L a—g—n f(a—w) P
150\ L ™ 30(4)7| \b ) Jox 0\ 0x dx
(30)
a /32
—n 4 5 (1+0.65y(1-w))
1-w)y" (1-w)
And the following boundary conditions
3
(0)-5(0)= “5(0) =0
dX dx
p 3 (31)
W w
()= - L% 1)=0
dX

The nonlinear governing differential equation is solved with the boundary value problem solver of
MAPLE commercial software (For nano-bridge, an iterative procedure is required to solve the in-
tegro-differential equation). The step size of the parameter variation is chosen based on the sensitiv-
ity of the parameter to the maximum deflection (tip deflection for nano-cantilever and mid-length
deflection for nano-bridge. The pull-in parameters are determined via the slope of the w-f8 graphs.

It should be noted that the governing equation of the structures based on the classical theory is
achieved by setting the 1y, I; and 1o equal to zero. In addition, the size-dependent behavior of nano-
beam based on the modified couple stress theory can be obtained by considering lp=1;=0 and lp=1
(Rajabi and Ramezani, 2013).
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3.3. Validation

To validate the Rayleigh-Ritz method and check the convergence rate of series, effect of increasing
the number of modes on the pull-in deflection and voltage of a typical cantilever nano-actuator with
o, =0.5, y=0.4, h/1,=3, A=20 and lp=1;=1; are presented in Table 1. This table reveals the conver-
gence of the series with increasing the number of modes. By selecting three modes, an acceptable

error is achieved.

Rayleigh—Ritz Method

Numerical
1 Term 2 Terms 3 Terms
Bpr 1.97 2.03 2.04 2.05
Error(%) -3.90 -0.98 -0.48 -
wpy(x=1) 0.4565 0.4384 0.4336 0.4305
Error(%) 6.039 1.835 0.720 -

Table 1: The convergence check of Rayleigh-Ritz

4. RESULT AND DISCUSSION

A typical nano-actuator with the geometrical characteristics of n=24, g/h=2, =25 and y=g/b=0.1
are considered. The Young’s modulus E, and shear modulus y are 169 GPa and 65.8 GPa, respec-
tively.

4.1. NEMS deflection and pull-in instability

Figures 2 and 3 show the variation of deflection of a typical nano-cantilever and nano-bridge, re-
spectively, when the applied voltage increases from zero to pull-in value. In these figures, the verti-
cal axes reveal the deflection of the nano-beams while the horizontal axes reveal the dimensionless
length of the beams.

Latin American Journal of Solids and Structures 11 (2014) 1806-1829
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Figure 2: Deflection of typical nano-cantilever for different values of applied voltage from zeroto pull in voltage

considering the Casimirforce (a, = 0.25).

—®— Numerical ,ﬂ=0
0.6 —®— Numerical ,ﬁ=15
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pull-in
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0.8} ---e--- Rayleigh-Ritz ,/J)pu”_m:” ]
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1 : . : :
X

Figure 3: Deflection of typical nano-bridge for different values of applied voltage from zero to pull-in voltage

considering vdW force (a3 = 5).

The dimensionless material length scale parameters lp/la, 1;/lo and h/ly values for both nano-
structures are selected as 1, 1 and 2, respectively. As seen, increasing the applied voltage increase
the deflection of the nano-beams. When the applied voltage exceeds its critical value, Bp1, then no
solution exists and the pull-in instability occurs. From the mathematical point of view, the instabil-
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ity occurs when dw(x = 1]/db2 A& 0 for nano-cantilever and dw(x = 0.5)/ db* £ 0 for nano-
bridge. The instability parameters of the system can be determined via the slope of the w-f graphs
by plotting w vs.[3.

Note that the operation distance of the nano-systems is limited by the pull-in instability. It is
shown that the results of Rayleigh-Ritz method are in good agreement with those of numerical
method. The relative error of presented methods with respect to the numerical solution is within

the acceptable range for most engineering applications.

4.2. Influence of size effect

Figures 4 and 5 show the variation of normalized maximum tip deflection of the structures when
the applied voltage increases from zero to pull-in value. Figure 4 corresponds to typical nano-
cantilever operated in Casimir regime (o4=0.25) and Figure 5 corresponds to a nano-bridge operated
in vdW regime (a3=>5).The results are calculated using three different theories i.e. size-independent
classical theory (lp=11=1o=0), the modified couple stress theory (lp=1;=0 and 1y=1) and strain gradi-
ent theory. The thickness of the nano-beams is selected twice of length scale parameter (h/1=2).
These figures reveal that for a given applied voltage, the deflection value determined by classic the-
ory is greater than those predicted by strain gradient theory and modified couple stress theory. In
other word, size effect results in a hardening behavior of the structures. These figures demonstrate
that in the strain gradient theory, the hardening effect of 1y is more pronounced than 1;.

Figures 4and 5 also reveal that the nano-beam has an initial deflection due to the presence of at-

tractive dispersion forces even, when no voltage is applied (3=0).

0.5
A X
? il
[ P
]
IS
H _A'
_.-'l
o i K
: A
Ey 4

A* —&— Classical Theory=0
=-0-= Couple Stress Theory
A SGT =15, 1,=0

--0-=SGT. 1,=0,1,=1,

- SGT I,=1,=1,
2 3 4
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Figure 4: The variation of nano-cantilever tip displacement versus applied voltage parameter
(Casimirregime: a, = 0.25) determined via different continuum theories(a) Numerical (b) Rayleigh-Ritz
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(vdW regime: g, = 5) determined via different continuum theories: (a) Numerical (b) Rayleigh-Ritz

3

4.3. Coupling between size effect and dispersion forces

In nano-scale, both dispersion forces and size effect are significant. Variation of the pull-in voltage
(BPI) of the nano-beams is demonstrated in Figures 6 and 7 as a function of the nano-scale parame-
ter (h/lz). Figure 6 presents the results for nano-cantilever that operates in Casimir regime and
Figure 7 corresponds to the nano-bridge operates in vdW regime. The horizontal lines correspond to
the pull-in voltage (Bp1) when no size effect has been considered (i.e. classical theory). These figures
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show that dispersion forces decrease the pull-in voltage of system. Moreover, without considering
dispersion force (0,=0), decreasing h/ly results in decreasing the Bpr of nano-systems. It should be
noted that decrease in h/ly value corresponds to increase in size effect. This means size effect pro-
vides a hardening behavior that enhances the elastic resistance and consequent pull-in voltage of the
nano-devices. On the other hand, with increase in the beam thickness, results of strain gradient
theory approaches to those of classic continuum theory i.e. enhancing the beam thickness decreases
the size-effect. This trend is also observed in the presence of dispersion forces where the pull-in
voltage increases with increasing the size-effect.
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Figure 6: Influence of Size effect on pull-in voltage ofnano-Cantilever considering

Casimir regime (a, = 0.8)(a) Numerical (b) Rayleigh-Ritz
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Figure 7: Influence of Size effect on pull-in voltage ofnano-bridge considering
vdW regime (a, = 10). (a) Numerical (b) Rayleigh-Ritz.

Figures 8 and 9 represent the influence of size effect (h/lz) on the instability deflection (wpr) of the
nano-cantilever and nano-bridge, respectively. Figure 8 shows that in the absence of dispersion force
(04=0), the pull-in deflection of nano-cantilever is independent of length scale parameter (h/lg).
However, as seen from figure 9 in the absence of dispersion force (a3=0), the pull-in deflection of a
nano-bridge decreases by increasing the size effect. This difference is the result of stretching that

induces non-linearity in governing differential equation of nano-bridge. Moreover, as seen in figures
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8, the pull-in deflection of nano-cantilever in the presence of dispersion force increases with increase
in size effect Note that this trend is different from what observed for nano-bridge in the presence of

dispersion force (a3=10), where wpr decreases with increasing in size effect.
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Figure 8: Influence of Size effect on the pull-in deflection ofnano-cantilever operated in Casimir regime
(a, = 0.8). (a) Numerical (b) Rayleigh-Ritz
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Figure 9: Influence of Size effect on the pull-in deflection ofnano-bridge

operated in vdW regime (a, = 10). (a) Numerical (b) Rayleigh-Ritz
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4.4, Comparison with literature

To evaluate the model and compare with the literature, the deflection-voltage graphs for typical
nano-structures have been simulated in this subsection. The geometrical characteristics of the nano-
actuator i.e. width, thickness and initial gap are 8000, 340 and 1019 nm, respectively (Sadeghian et
al., 2009). Furthermore, the Young’s modulus E and Poison’s ratio v are 169 GPa and 0.064, re-
spectively ((Sadeghian et al., 2009). Figures 10 compares the pull-in voltages evaluated by the mod-
ified strain gradient theory with the results of the classical theory and also the experimental obser-
vations reported by Sadeghian et al. (2009) for nano-cantilever. With 1 = 38 nm, the best fit for the
modified strain gradient theory and the experimental results is achieved for the considered beams.
As seen, the strain gradient is reliable to predict pull-in voltage of electromechanical systems. Re-
sults of present study show that the coupling of size effect and dispersion force is a crucial issue to
precise determining the pull-in parameters of the nano-structures and should be included in theoret-

ical models.

[ | Experimental
i SGT
\ ——— Classical Theory

20

20 30 40 50 60 70
L (wm)

Figure 10: Comparison between experimental (Sadeghian et al., 2009) measurements

with predictions of classical continuum and strain gradient theory for cantilever MEMS.

5. CONCLUSION

In this article, strain gradient theory has been employed to investigate the influence of size-effect on
pull-in performance of nano-beams, incorporating the effect of dispersion force. The nonlinear gov-
erning equation was solved using two different approaches, i.e. Rayleigh-Ritz method and numerical
solution. Comparison between solving methods reveals that Rayleigh-Ritz method is in good agree-
ment with numerical solution. It is found that:
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* The presence of dispersion force reduces the pull-in voltage of the system. This nano-scale
force induces an initial deflection in freestanding nano-structures and reduces the pull-in de-
flection of the nano-bridges and nano-cantilevers.

* Size-effect provides a stiffness behavior on electromechanical response of the nano- devices.
The size effect increases the pull-in voltage of nano-actuator due to the stiffness effect.

* In small sizes of beam thickness, as this size can be compared with material length size, there
are a substantial difference between the results of classic continuum theory and those of
strain gradient and modified couple stress theories.

* In absence of vdW force in nano-bridge, the pull-in voltage increases but deflection decreases
with increase in size effect. While for nano-cantilever in absence of Casimir force, pull-in
voltage increases but deflection does not change with increase in size effect parameter.

* In the presence of dispersion forces, pull-in voltage of the nano-bridge increases with increas-
ing the size effect. Interestingly, increasing the size effect decreases the pull-in deflection of
the nano-bridge. However, for nano-cantilever (in the presence of dispersion force), both
pull-in voltage and deflection increase with increase in size effect parameter.
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