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In this study, the static pull-in instability of nanocantilever beams immersed in a liquid electrolyte is
theoretically investigated. In modeling the nanocantilever beam, the effects of van der Waals forces,
elastic boundary condition and size dependency are considered. The modified couple stress theory,
containing material length scale parameter, is used to interpret the size effect which appears in micro/
nanoscale structures. The modified Adomian decomposition (MAD) method is used to gain an
approximate analytical expression for the critical pull-in parameters which are essential for the design
of micro/nanoactuators. The results show that the beam can deflect upward or downward, based on the
values of the non-dimensional parameters. It is found that the size effect greatly influences the beam
deflection and is more noticeable for small thicknesses. Neglecting size effect overestimates the
deflection of the nanobeam. The findings reveal that the increase of ion concentration increases the
pull-in voltage but decreases the pull-in deflection. Furthermore, an increase in ion concentration

Adomian decomposition

increases the influence of size-dependent effect on pull-in voltage.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

A new field of scientific and technological research is intro-
duced due to the development of new materials with the size of a
few micro/nanometers such as micro/nano devices. The objective
of these devices is to develop faster and better communication
systems in addition to smarter and smaller micro/nano devices.
Generally, the micro and nanofabrication processes are planar
technologies. A typical beam-type micro/nano electromechanical
system (MEMS/NEMS) is made of two conductor nanoelectrodes
that the upper one is movable and the lower one is fixed.
A physical schematic of cantilever nanobeam actuator is depicted
in Fig. 1. Applying voltage difference between these two nanoe-
lectrodes causes the movable one deflects downward as a result
of electrostatic force. At a critical voltage, pull-in voltage, instabil-
ity occurs and the movable electrode is pulled-in onto the fixed
one. Beam-type MEMS/NEMS is increasingly used in many appli-
cations such as accelerometers [1,2], pressure sensors [3], high-
quality filters [4], relays [5], nanotweezer [6,7], switches [8] and
comb-drive actuators [9].
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The first issue that appears at nanoscale is the effect of
dispersion forces such as van der Waals attraction. Consider a
typical cantilever beam suspended above a surface with a small
gap in between. As the gap decreases from micro to nanoscale,
several intermolecular forces become important. The intermole-
cular forces significantly influence the deflection and internal
stresses of nanobeam, at nanoscale separations [10,11]. The van
der Waals force results from the interaction between instanta-
neous dipole moments of atoms. This force is significant when
separation is less than the retardation length (typically below
20 nm) which corresponds to the transition between the ground
and the excited states of the atom [12]. The van der Waals force
attraction is proportional to the inverse cube of the separation
and is affected by material properties [13]. Capillary force also can
be appeared as the result of a volume of liquid trapped under-
neath the beam during rinsing and drying processes in fabrica-
tion. When the beam is placed in a liquid electrolyte, the osmotic
(chemical) force appears because of ion concentration difference.

Because of the importance of micro and nanobeams in the
recent technologies, many researchers have analyzed and mod-
eled the micro and nanobeams. Generally, there are two main
approaches to model the micro and nanoscale beams, namely, the
one degree of freedom (1DOF) model and distributed parameter
model. The one degree of freedom model considers the beam as a
mass and spring which the nonlinear forces act on the mass.
In this model, the entire beam has one average displacement.
However, most of the significant forces in the range of nanometer
are a function of displacement. Furthermore, the method of 1DOF
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Nomenclature

Symbol physical meaning

A cross-sectional area of the beam

Ap Hamaker constant

B width of beam

Cp bulk ion concentration

E young’s modulus

e electronic charge

fe chemical (osmatic) per unit beam length
fe electrical force per unit beam length

fec electrochemical force per unit beam length
foaw van der Waals force per unit beam length
g initial gap between the electrode

I second moment of cross-sectional area
kg Boltzmann constant

Ky spring stiffness

L length of beam

l length scale parameter

m;; deviatoric part of couple stress tensor
q(x) external forces

T absolute temperature

t thickness of beam

u strain energy

u displacement in the x direction

Ug normalized tip deflection

u; components of displacement vector
v displacement in y direction

w displacement in z direction

Zc absolute value of the valence

Greek symbols

non-dimensional van der Waals force
non-dimensional electrochemical force
size effect parameter

relative permittivity of the dielectric
between the two electrodes

&0 permittivity of vacuum

&ij strain tensor
0;

Y

™ ™R

medium

components of rotation vector
: lame’s first constant
AbL Debye length

shear modulus
Y Poisson’s ratio
&o non-dimensional ionic concentration
O stress tensor
¢2/¢$1  non-dimensional voltage ratio

symmetric curvature tensor
Y(x) rotation angle
applied electric potential to two electrodes

fails to obtain the shape of the beam after deflection and the
induced resultant stress. It is worth mentioning that the 1DOF
methods are simple and, in most cases, an analytical expression for
pull-in instability and displacement of the beam can be easily
obtained. By contrast, the distributed model considers the beam as
a distributed mass each element of which is directly acted by the
forces. This model is capable of simulating the shape of the beam
after deflection and the induced resultant stress. Osterberg [14]
was the first who introduced the one degree of freedom (1DOF)
model and obtained an analytical expression for the pull-in
parameters about MEMS switches. Considering lumped parameter
model (1DOF), some researchers analyzed the electrical force
[15-18] and some of them analyzed the simultaneous influence
of intermolecular and electrical forces [19-21]. Ou et al. [22]
presented a semi-analytical formulation to inspect the behavior
of microbeams, subjected to both residual stress gradients and
electrostatic loads. Some of the researchers applied distributed
parameter model to examine the effect of intermolecular and
electrical forces on pull-in parameters of nanobeams [10,23-26].
Because of the nonlinearity of forces in the nanoscale dimensions,
the distributed parameter models lead to highly nonlinear differ-
ential equations which in most cases is hard to obtain a close form
solution. Thus, the power series or numerical methods are needed.
As the convergence of numerical methods at the onset of pull-in
instability decreases, finding an accurate solution for the pull-in
instability of nanobeams using numerical methods becomes more
difficult. Hence, in recent researches, the approximate solutions
and analytical methods have been utilized to solve the governing
differential equations arising from distributed models. Abadyan
et al. [27], using MAD theory, considered the influence of van der
Waals force and elastic boundary condition (B.C) on the pull-in
behavior of NEMS. Noghrehabadi et al. applied power series
solution [28] and a monotone method [29] to investigate the
deflection and instability of a multi-walled carbon nanotube
(MWCNT) under van der Waals attraction. Guo and Zhao [30]
investigated the influence of van der Waals and Casimir forces on

the instability of electrostatic torsional actuators. Gusso and
Delben [31] inspected the effect of Casimir force on the electro-
static torsional actuators made of silicon. It is noticeable that all the
above mentioned studies have examined the beams in vacuum.

The second important phenomenon at micro/nanoscale struc-
tures is the size dependency of material characteristics. The
MEMS/NEMS is very small in size; hence the small scale effects
on their behavior are considerable and have significant influence
on the accuracy of modeling and designing these elements. Size
dependency in micro and nanoscales is experimentally validated.
In the micro bending test of thin nickel beams, Stolken and Evans
[32] have observed that the plastic work hardening shows a great
increase as the beam thickness decreases from 50 to 12.5 pm.
Experimental outcomes indicate that the size-dependent behavior
is an inherent property of materials when the characteristic size
such as thickness or diameter is close to the internal material
length scale parameter [32-34].

Recent researches show that the classical continuum mechanics
theories are unable to predict and interpret the size-dependent
behaviors in micron and sub-micron scale structures [35,36];
hence, new models are needed. Couple stress theory is one of the
higher-order continuum theories. This theory contains material
length scale parameters, and can explain microstructure related

Fig. 1. Scheme of the simply supported nanobeam.
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size effects [37]. Yang et al. [38] applied the equilibrium equation
of moments of couples and introduced a modified couple stress
theory by the classical equilibrium equation of forces and moments
of forces in which only one internal length parameter is involved.
This new model is successfully employed to estimate the size-
dependent effect. Compared to the classical couple stress theory,
the modified couple stress theory has two advantages: first, the
couple stress tensor is symmetric and second, only one internal
length scale parameter is involved.

Based on the total minimum potential energy principle and
modified couple stress theory, a new model for an Bernoulli-Euler
beam bending is developed by Park and Gao [35]. Kong et al. [39]
obtained the governing equation, boundary and initial conditions for
a dynamic model of Bernoulli-Euler beams, considering the mod-
ified couple stress theory and Hamilton’s principle. Rahaeifard et al.
[36] used the modified couple stress theory to explain size-
dependant behavior of electrostatically actuated microbridge. Zhao
et al. [40] modeled a micro clamp-clamp beam by considering
fringing field, residual stress and using Analog Equation Method
(AEM). They [40] analyzed the influence of size dependency on the
static deflection, fundamental frequency and the pull-in parameters.
Beni et al. [41] utilized modified couple stress theory to examine the
simultaneous influence of van der Waals force and size dependency
on NEMS. One of the most considerable materials fulfilling the
functions in sensors and switches is silicon. Sadeghian et al. [42]
investigated the size-dependent elastic behavior of silicon nano
cantilevers and nanowires by experimental measurements.

Characterization of real boundary conditions (B.C.) is the third
important effect that must be considered in the simulation of
micro/nanoscale structures. The mechanical characteristics of
MEMS/NEMS cantilevers totally depend on the choice of material
and the boundary support of the elastic structure [43]. Therefore,
the boundary support condition requires being theoretically
quantified [44] and experimentally validated [45]. Yungiang
et al. [46] studied the effect of boundary conditions on the static
and dynamic responses of microplates. The real boundary condi-
tions of structures can be modeled by using artificial springs at
the supported end. Rinaldi et al. [47] recommended a method to
test MEMS cantilevers under different electro-thermal influences
and also presented an experimental approach to quantify the
supported boundary condition of atomic force microscopy (AFM)
cantilevers.

In many nanotechnology applications such as packaging the
nanocomponents before use or in service, the nanocomponents
are needed to be placed in liquid electrolytes. In biomedical, a
logical application for NEMS devices such as switches, tweezers,
and linkages is in body fluids which are typically 0.2 M ionic
solutions, mainly NaCL or KCL. There are also ionic liquid
applications of NEMS actuators which may include fuel cells,
batteries, supercapacitors, filters, electro-osmotic pumps, storage
of hydrogen and electroactive polymer actuators. In spite of
extensive applications of NEMS actuators in liquid electrolytes
only few studies have been carried out to analyze them. Sounart
et al. [48] examined MEMS comb-driver electrostatic actuators in
sort of liquids which included HeOH, ethylene glycol, isopropyl
alcohol. Boyd and Kim [49] applied one degree of freedom (1DOF)
model to simulate the electrostatic actuators in liquid electro-
lytes. Using the solution of linearized Poisson-Boltzman equation,
they studied the inherent instability due to van der Waals force
and electrochemical forces. Using distributed parameter model,
Boyd and Lee [50] investigated a nanocantilever beam in a liquid
electrolyte by considering van der Waals, osmotic and electric
forces. They examined the effects of bulk ion concentration and
surface potential on the tip deflection of the beam.

To the best of authors’ knowledge, there is not any investiga-
tion to address the influence of size effect and elastic boundary

condition on the static deflection and pull-in instability of
nanobeams in liquid electrolytes. In the present study, a distrib-
uted parameter model based on modified couple stress theory is
utilized to simulate the deflection and pull-in instability of nano
cantilever beams immersed in liquid electrolytes in the presence
of the van der Waals and electrochemical forces. In addition, a
rotational artificial spring is used to model the elastic effect of the
nanobeam support. The modified Adomian decomposition (MAD)
method is employed to solve the constitutive nonlinear differ-
ential equation of the nanobeam actuator.

2. Mathematical model
2.1. The modified couple stress theory

In micro and nanoscale structures, the classical continuum
mechanics theories are unable to predict and interpret the size-
dependent behaviors; hence, new models are needed. The mod-
ified couple stress theory has been introduced by Yang et al. [38].
On the basis of this theory, the strain energy (U) in a deformed
isotropic linear elastic material occupying region V is a function of
both strain and gradient of the rotation vector [39]. Therefore, the
strain energy of the nanobeam, shown in Fig.1, can be represented
as follow

1 .
U= iﬂ(aijewmmj)dv (j=123) 1)
where gy, &, my;, y;; are stress tensor, strain tensor, deviatoric part

of couple stress tensor and symmetric curvature tensor, respec-
tively, defined by the following relations

o = Altr(ey) I+ 2 ue; 2)
=3[ Vui+(Vuy'| 3)
my =2 )
15 =4[ V0i+(V0)'] 5)

where 2 and p are the first and the second Lame’s constants. The
Lame’s constants are material properties that are related to the
elastic modulus and Poisson ratio. tr(.) and I are trace function
and identity matrix, respectively. | is the material length scale
parameter which is small in comparison with the body dimen-
sions. Therefore, its influence might become important as the
dimensions of a body diminish to the order of the length scale
parameter [51]. Mathematically, the parameter [ is the square
root of the ratio of the curvature (bending) modulus to shear
modulus, and physically is a property measuring the effect of
couple stress [35,52]. The material length scale parameter can be
determined by experimental methods such as micro/nano inden-
tation test [33,34] and micro bend test [32]. u; are the compo-
nents of displacement vector, and 0; are the components of
rotation vector given by

0; = Jcurl(u;) (6)
Considering one-dimensional and according to the fundamen-

tal hypotheses of Bernoulli-Euler beams, the displacement field
can be represented as

u=2zjx),

where u, v and w are the x, y and z components of the displace-
ment vector, and y(x) is the rotation angle which is related to the

v=0, w=wX) (7)
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deflection by

_dw)
Yx)~— dx ®)

Considering a small deformation, the non-zero strain compo-
nents from Egs. (3), (7) and (8) can be obtained as

2
Exx = —zddv;/gx), all other ¢; =0 9)
and from Egs. (6) and (8)

dw(x
o= g,—0,-0 (10)

By substituting Eq. (10) into Eq. (5), the following equations
can be derived

. 1d?w(x)
Axy = Xyx = — j dx2

, allother y; =0 an

For a slender beam with a large aspect ratio, the Poisson effect
can be neglected. Hence, substituting Eq. (9) into Eq. (2) yields

dzw(x)

dx?
where E is the Young’s modulus of the beam. Similarly, substitut-
ing Eq. (11) into Eq. (4) gives

ox=—Ez all other ¢;; =0 12)

all other m; =0 13)

where u is the shear modulus.

2.2. Modeling of the nanobeam

Fig. 1 depicts the physical schematic of a nanoactuator
suspended above a ground plane. The actuator is modeled by a
simply supported (SS) nanobeam with uniform rectangular cross-
section. Here, L is the length, B is the width and t is the thickness
of the nanobeam. The initial gap between ground-plane and
nanobeam is g. The nanobeam is immersed in a liquid electrolyte.

It is assumed that the beam is homogeneous and linear elastic.
In order to model the real boundary condition for the SS beam, an
artificial angular spring with a spring stiffness of K, is used.
Considering the static deflection, substituting Eqs. (9) and
(11)-(13) into Eq. (1) and adding the elastic energy of the spring,
the energy of the system can be obtained as

=5 / / Ez2< )dAdx+2 / / IZ< >dAdx 71<(,(d"[‘1’§(0))

(14)

Simplifying Eq. (14) yields

2 dw(0)
2/ EI+,uAl)< )dx —1<9< o ) (15)

where A is cross-sectional area of the beam. I is the second
moment of cross-sectional area as

_ /Azsz (16)

The work done by the external forces, q(x), can be written as

L
V= / qx)w(x)dx a7
0
According to the minimum total potential energy principle, the
governing equilibrium equation is given by
o0Il=06(U-V)=0 (18)

where ¢ denotes the variation symbol.

Substituting Eqs. (15) and (17) into Eq. (1

5{/OL (2 (EI+‘uA[2> (d W> W) dx+ %Ke (dvc\l,)((o)f}
= /O <<EI + uAlz) <d2 >5w” q5w> dx+K, (dw(0)> Sw/ =0

8) leads to

19)
Integration by parts yields
/ ((EI+ ,uAlz) dw q(x)) Swax+ Ky @ sw/(0)
0
(EH—,uAlz) S ow o (E1+pal) @ S owlo=0 (20)

Thus, the governing equilibrium equation of micro/nanobeam
is derived as

<E1+,uA12) =qx) (21)

It is obvious that by substituting [=0 in Eq. (21), the modified
couple stress theory is reduced to the classical theory. The
boundary conditions of a simply supported beam are

_dwi)  dwd)
W)= =502 =0 22)
<E1+ ,uAIZ) d’ W(O) —K, d"(‘j’io) 23)

In most cases of micro/nanobeams L > 10 g, and as a result the
effect of finite kinematics (large deformations) has been neglected
[53-56], therefore, this effect is not considered in the present
work. Moreover, the damping effect is not taken into account in
the case of mechanical equilibrium [57]. In liquid electrolytes, the
net force per unit length of the beam due to double layer
interaction is sum of the chemical (osmotic) force per unit beam
length (f.) and electrical force per unit beam length (f.). As the
nanobeam is completely immersed in the liquid electrolyte, the
capillary force can be neglected. Hence, the external forces along
the beam are sum of the van der Waals force per unit length (f,q)
and electrochemical force per unit length (f.c)

Q(X) =f1/dw +fec (24)

Using the Lifshitz theory, the van der Waals force per unit
length of the beam can be calculated as [13]

ApB
fvdw:_ o

_ 2
6m(g +w)® @

where A, is Hamaker constant (normally A,=0.4-4 x 10-2°]).
The difference between the osmotic pressure of the interstitial
solution and the bulk solution gives the osmotic pressure (repul-
sive pressure) [58]

I =kgT» (¢t —cP™) (26)
i

where ky=1.38054 x 1023 J K~ is the Boltzmann constant, T is
the absolute temperature, c®** is bulk concentration and c * is the
concentration of positive and negative ions for a dilute electro-
lytic solution which is represented by the Boltzmann law as
follow [58]

c* =cyexp( F zcey /kgT) 27)

In the above relation, ¢, is the bulk ion concentration and
assumed to be equal for both ions, z. is the absolute value of the
valence, e=1.602 x 107!° C is the electronic charge and v is the
electrical potential. By using Eqs. (26) and (27) and supposing the
bulk electric potential is zero, the chemical (osmotic) force per
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unit length is determined as

fe=MNB= ZBkBchcosh<l TIJ/> —2BkgTcy,

— 2ksTc,B (cosh <Z“e‘”> 1) 28)

kgT

For small values of electric potential, the chemical force can be
approximated by Taylor’s series

2
_ zcey
fo= ZkBchB< T ) (29)
For parallel plates the capacitance is denoted by
eeoA
C=— 30
2 (30

where ¢ is relative permittivity of the dielectric medium between
two electrodes and £y=8.854 x 10~ 2 C2N~' m~2 is the permit-
tivity of vacuum. Using Eq. (30) the electrostatic force per unit
length for parallel plates can be calculated as

1aC 5 1 (N
fe__§@ _—jaeoB(§> (31
where
Z
Y _FE=_V 32
g W (32)
E denotes electric filed. Inserting Eqs. (30) and (32) into

Eq. (31) the electrostatic force per unit length can be expressed as

fe= 5 eeoB(VYY (33)

It is necessary to specify the electric potential (1) in determin-
ing the chemical and electrostatic forces. The relation between
the electric potential and the charge density (p) is given by the
Poisson equation
vy —_FP 34

V= (34)

is related to concentration of
) ions

where the charge density
positive(ct) and negative(c™
p=ez(ct—c) (35)

Using Eqgs. (34), (35) and (27), the Poisson-Boltzmann equa-

tion for a symmetric z.: z. electrolyte which determines the
electric potential is obtained as

2, ez(ct—c7)  zcecy zcey zcey
v l// - eteh) - ethy) |:6Xp (_ kgT ) —EXp( kgT

= 22ce¢, sinh (zcelp> (36)

&€ kBT

Precise results are attained from Poisson-Boltzmann equation
when concentrations are less than 1 M and surface potentials do
not transgress 200 mV [13]. Applying the Taylor series expansion
with the first term, the Poisson-Boltzmann equation, Eq. (36), can
be linearized for small values of electric potential. In this case, the
linear Poisson-Boltzmann equation for a dilute electrolytic solu-
tion becomes

d’y  222e%,
dz2 — eeokgT

=12y 37)

which is the Debye-Hiickel approximation and proceeding from
the assumptions that the deflections are small, the central ion is a
point charge and each ion is surrounded by ions of opposite
charge. In the above equation, x?=2z2e%cp/eeoksT, and 1/x is the
Debye length. Eq. (37) has a solution in the form of

Y = Dycoshkz+D,sinhkz (38)

where constants D; and D, can be determined by solving the
resulting algebraic equations for the general case of two parallel
plates with the boundary conditions  (z=0)=y; and ¥
(z=g+w)=1. Therefore, Eq. (38) is written as

Yo~ cosh(r(g+w))
sinh(k(g+w))

Y = cosh(kz)+ sinh(kz) 39)

From Egs. (29), (33) and (39), the electrochemical force can be

calculated as
[P
1*(%)}}

(40)

where /; and y, are the applied electric potential between
ground plane and cantilever beam. Neglecting the effect of the
electrolyte on the van der Waals force and substituting Eqs. (24),
(25) and (40) into (21), the governing nonlinear differential
equation of the nanobeam is obtained as

2 d w AhB
(FbE) G =tz

l//l l//2
=fe+f.=Bece [T S h +2)—=
fec fe fc & &0 ; 2( w S {lﬁ cosh(k(w+g))

+Beggkc?

l//if ) cosh(K(w+g))——
sink> (kw+g)) | V1

()

2.3. Non-dimensional formulation:

For convenience, Eq. (41) can be transformed to its non-
dimensional form by introducing the following non-dimensional
variables,

_w+g _X _zey
U= g’ X= L ¢= kT
where ¢ corresponds to the value of the applied voltage.
By substituting Eq. (42) into Eq. (41) the non-dimensional
governing equation of the nanobeam, which is depicted in Fig. 1,
is given by

d*u o B [ 2
qu___* h(Eot)—= |1
dx* a +b)u3 (1+0)sinh?(&ou) {4’ cosh(Cott) * (d’])

(42)

43)
The five non-dimensional parameters appearing in Eq. (43) are
o A LY 2c,kpTp? L* 3 &y HAP
“Bengimr P=B g @ o=K& g 0=

(44)

where o and f, respectively, denote non-dimensional values of
van der Waals force and electrochemical force. ¢,/¢ is the non-
dimensional voltage ratio, £o=kg represents the non-dimensional
ionic concentration and ¢ is non-dimensional size effect (6=0
noted the classical theory). Replacing the non-dimensional vari-
ables introduced in Eq. (42) into Egs. (22) and (23), the non-
dimensional boundary conditions of a simply supported beam are
obtained as

u0)=1, u’(0)=Ku'0), u’(l)=
where K = KyL/ (EI+ LAP).

Using non-dimensional variables, the van der Waals and
electrochemical forces can be represented as

o
fvdw:_ﬁ

u”"(1)=0 (45)

(46)

@ @

L ) h -
fee= sinh? (éou){¢ cosh(Cot)
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It is noticeable that the model of simply supported beam is
reduced to the cantilever beam when the value of spring stiffness
tends to infinity. Therefore, it is possible to use the following
boundary conditions (B.C.) in the case of cantilever beam

U(O) =1, u’(O) = u”(l) = u/”(l) =0 (48)

Eq. (43) subject to the boundary conditions, i.e., Eq. (45) or Eq.
(48), is the governing differential equation of the nanobeam in the
presence of van der Waals and electro mechanical forces. The
obtained governing differential equation, Eq. (43), is fourth order
and highly nonlinear. Hence, deriving a close form exact solution
is not easy. In order to solve this equation subject to each of the
boundary conditions, i.e., Eq. (45) or Eq. (48), the modified
Adomian decomposition method is utilized.

3. Analytical solution

Modified Adomian decomposition method is employed to
solve the nonlinear constitutive governing equation of the nano-
beam, Eq. (43). The Adomian polynomials are very powerful to
solve non-linear differential equations [59-61]. Different modifi-
cations of Adomian decomposition method have been proposed
by recent researchers [62-66]. Here, the modified Adomian
decomposition method proposed by Wazwaz [59] is utilized to
analysis the pull-in behavior of cantilever NEMS.

Applying MAD method, the deflection of the nanobeam in Eq.
(43) can be written as follows

uX)= > un(X) (49)
n=0

S ) = Cot CiX 5, CoX 4 5, C5X°
n=0 ) )

1

R S - P2 ¥
arot zn;Dnoo ﬁ¢1;En<X>+ﬁ

1 ¢2>2 0

=11 —= Fo(X

2 ( +(5) )] 2 Fe0
(50)

In above equation the functions Dy, E, and F, are defined as

1 _ cosh(&u) _ 1

w' N (sinh(Gou)?” " (sinh(&ou))?

Thus, by using MAD method, the deflection of the nanobeam in
Eq. (43) is obtained (see the Appendix)

1.0 1 .05 1 1 4 ¢, cosh(&o) (4;2 )2 1
X)=Co+C1 X+ =5 02X = 03X — —X —f 1 = —_—
U0 =Cot Ot 5 X+ 5 OX = gim70 ™ \* P oy sinneo? TPV T\, ) ) Zsinnzo?

1 ¢ & 2cosh(&o)* (d’z )2 &o cosh(&o)
— [ 3¢ —“— [ 1- 1 = ==
ta+o ( w B Sinh(E) ( sinnco? ) PTG ) ) i

Cigs Cags Cayr 1 1 g §, cosh(&) (4)2)2 1
24+ Z2X6 4+ 22X X (o Bl1+(2) |5z
X(51 et Tt Taiag) ( B iz P\" 0 ) ) 2sinneor))

(52)

Dn= )Y

The constants Co, C;, C; and C3 are determined by solving the
resultant algebraic equation from boundary conditions, i.e., Eq. (45). In
order to verify the accuracy of the obtained results, the governing
differential equation of nanobeam, i.e., Eq. (43), is numerically solved

Table 1
Comparison between MAD and numerical solution in typical NEMS deflection.

using MAPLE commercial software. Table 1 shows the difference
between the numerical solution and the MAD method for normalized
tip deflection (up) of simply supported (SS) and cantilever (C) beams
types. The normalized tip deflection is defined as

X
Uoz%‘x:l (53)

As seen, evaluating more terms of the series solution results in
a higher accuracy. The eight terms of modified Adomian solution
show sufficient accuracy for the engineering applications. There-
fore, in the following section, the calculations are performed using
eight terms of Adomian series for convenience.

Before solving Eq. (43), at first the MAD method is tested
against the published solutions by Boyd and Lee [50] for the
bending of a cantilever beam in liquid electrolytes which is based
on the classical theory. Neglecting the size effect, i.e., =0, and
assuming a cantilever beam, i.e., K— oo, the present work reduces
to the work of Boyd and Lee [50]. Fig. 2 shows the influences of
the applied voltage, 8, on the normalized tip deflection, u,, of the
cantilever beam for o=0, ¢2/¢$1=0.1 and &y=1. It can be
observed that the normalized tip deflection would increase with
an increase in the input voltage. The critical value of Bp=5.24
occurs at up;= —0.386 which is in very good agreement with the
finite element solution reported by Boyd and Lee [50]. It is worth
noticing that up; corresponds to tip deflection of the beam (the
maximum deflection of the beam) at the onset of instability.

In next section a simply supported beam, a cantilever beam and a
case study of a microactuator will be considered, respectively, to
investigate the pull-in behavior of beam-type MEMS/NEMS.

0
.“.‘.‘“
.‘\“
.K“.

= 01 e
S "~
51 \"I\
% *
=i 1S
o 02 %
o Y
S %
= 3
£ .03} N
S 1Y
< \
= 1

04} '

. Finite element [50] u,, =-0.376at B ,=5.22
e - MAD u,,=-0.386at B ,~5.24
} 1 ] 1 1 ]
0‘50 1 2 3 4 5 6

B (Non-dimensional electrochemical force)

Fig. 2. f§ versus up when a=0, ¢»/¢1=0.1 and &o=1.

Case MAD Numerical
Five terms (X'6) Six terms (X2°) Seven terms (X24) Eight terms (X2%)

SS beam (a=f=(=1, ¢»/¢p;=0.1, K=30, 6=0.5) —0.16763 —0.16983 —0.16996 —0.17003 —0.17004

Error % 1.417 0.123 0.047 0.006 -

C beam (a=B=L=1, do/d1=0.1, 5=0.5) —0.13916 —0.14008 —0.14012 ~0.14013 ~0.14014

Error % 0.699 0.043 0.014 0.007 -
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4. Results and discussion
4.1. Simply supported beam (SS beam)

In order to investigate the effect of elastic B.C. on the pull-in
instability of simply supported (SS) nanobeams, the governing
equation i.e. Eq. (43) subject to boundary conditions of Eq. (45) is
solved. Fig. 3 illustrates the influence of spring stiffness (K) on the
deflection of SS beam. By increasing stiffness the flexibility of the
supported end is decreased, and consequently, there is less deflection
toward the substrate. As the spring stiffness increases, the pull-in
instability voltage increases. This figure clearly depicts that as the
stiffness of supported end is increased, more voltage is needed to
achieve a special deflection. Fig. 4 shows the relationship between
electrochemical force () and normalized tip deflection for various
values of K. It is seen from this figure that an increase in spring
stiffness would increase the pull-in voltage. Increasing spring stiffness
leads to a decrease in flexibility of the supported end, and hence, it
causes the decreasing of the normalized tip deflection and increasing
of pull-in voltage. Figs. 3 and 4 depict that the instability of NEMS
intensely depends on the sort of applied boundary condition.

4.2. Cantilever beam

In this section the governing differential equation of the nano-
beam, i.e., Eq. (43), subject to the boundary conditions of Eq. (48) is
solved in order to investigate the pull-in behavior of nanocantilever
beam-type. Fig. 5 depicts the variation of normalized tip deflection as
a function of ¢,/¢; for selected values of the size effect parameter.
This figure reveals that increasing size effect increases the critical
ratio ¢,/¢, and normalized tip deflection at the onset of pull-in
instability. Therefore, it is possible to use a beam with high size effect
parameter in applications in which a large magnitude of tip deflection
is required before appearing of the pull-in instability. As can be seen
in Fig. 5, for ¢2/¢p1=0.52 and ¢,/¢p1=7.006 the value of cantilever tip
deflection reaches zero. In these two points the van der Waals and
electrochemical forces are equal, but they are in opposite direction.
For 0.52 < ¢2/¢p1 < 7.006, the total force at the tip is repulsive which
causes the beam gets far from the substrate. As shown, the curve of
0=0 intersects the curves of 6 >0 at least at two points. The
maximum normalized tip deflections for different values of size effect

0 ==
-_ ‘.h.'.ﬁ'-':::-.__
= “"'*‘-'2:-.-::..-,
~ . S
~ ~U~.
=5 - :'-
01 F =~ e
~
= e
f=1 ~
B ~
L
=
3
= 02}
(5]
N
=
£
o
< K=5
= -03F = s pawes a0
———- K=50
-04 1 | 1 1
0 0.2 0.4 0.6 0.8 1

X (Non-dimensional beam position)

Fig. 3. Deflections of the SS beam for different values of K when «=0.5, =5,
0=0.3, p2/p1=0.1, &=1.5.

are the places in which the van der Waals force has its minimum
value and the electrochemical force is in maximum repulsive value.
The places of maximum tip deflection can be of interest to design
micro/nanoactuators.

Fig. 6 demonstrates the influence of size effect parameter on
electrochemical force (ff) and normalized tip deflection at the
pull-in point. This figure interestingly reveals that increasing the
value of size effect parameter would increase pull-in voltage, but
it does not have significant effect on the normalized tip deflection
at the onset of instability (pull-in deflection). Therefore, a nano-
beam with higher size effect parameter can be used to have a
specific movement in a higher voltage.

Fig. 7 shows the effect of van der Waals force on the normalized
tip deflection of the cantilever beam. Because of intermolecular force
the beam deflects, even without implying voltage. As seen, augmen-
tation of the van der Waals force decreases the pull in voltage and

0
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0 5 10 15

3 (Non-dimensional electrochemical force)

Fig. 4. Effects of spring stiffness on cantilever tip deflection and f for a=0.5,
0=0.3, ¢o/$p1=0.1, £n=1.5.
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Fig. 5. Effects of size dependency on normalized tip deflection and critical ratio
P/ 1 for Eg=p=2, 2=0.2.
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pull-in deflection (normalized tip deflection at the onset of instabil-
ity). As the van der Waals force is a function of the inverse cube of
separation, it is concluded that in order to have a nanobeam which
operates in high voltages, the distance between two electrodes should
be increased (in this state the van der Waals force is reduced).

Fig. 8 shows the influence of the size effect parameter on the
van der Waals attraction and cantilever tip deflection in the
absence of electrochemical force. This figure indicates that the
critical value of non-dimensional van der Waals force (o) is
dependent on the size effect parameter and increases as the size
effect parameter increases. The critical values of « for various
values of the size effect parameter are shown in Table 2.

The detachment length is the maximum length (L,.x) of the
electrode actuators that does not adhere to the substrate due to
the van der Waals force. When the gap between the electrode and
substrate is adequately small, the electrode might adhere to the
substrate due to the van der Waals force. In this case, if the length
of the actuators is known, the minimum gap (gni,) between the
two electrodes can be calculated. The detachment length and
minimum gap are fundamental design parameters for MEMS and
NEMS actuators and are obtained by substituting the value of o,
into Eq. (44) [55]. Based on the results of Table 2 and for =0, the
Lmax and 8min are

+/0.602nEL J A .

Lnax=8 A Zmin=L 70-602nEt3(Numer1cal method) (54)
4/0.60457Et3 A

Lmax =8|/~ 4 &min= 1|5 soqmr7s (MAD method) (55)

Fig. 8 and Egs. (54) and (55) reveal that the modified couple
stress theory (0 #0) predicts larger Lyqx and smaller g, than
classical theory (6=0).

4.3. Case study with microactuators

In order to study the pull-in instability of microactuators,
Eq. (43) subject to boundary conditions of Eq. (48) is solved for a
silicon micro cantilever beam actuator. This cantilever is consid-
ered as a case study that the geometric data and constitutive
material of the beam are identified in Table 3. The applied
potential to the electrodes has the same magnitude but opposite

sign, Y= —q.

8=0
8=0.3

i
i
i
i

u, (Normalized tip deflection)

=478
i

=6.23 =
BM B."! 754

-0.5 1 L !
0 2 4 6 8

B (Non-dimensional electrochemical force)

Fig. 6. Effects of size dependency on pull-in parameters for «=0, ¢o/¢1=0.5, £,=0.5.

u, (Normalized tip deflection)

-0.4 1 L L
0 2 4 6 8

B (Non-dimensional electrochemical force)

Fig. 7. Effects of van de Waals force on cantilever tip deflection and f for 6=0.3,
P2/p1=0.5, £,=0.5.
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Table 2
Critical values of «, versus size effect parameters.

O

Method

6=0 0=03 0=0.6
Numerical 1.204 1.566 1.927
MAD 1.209 1.571 1.934

Fig. 9 depicts the effect of beam thickness on displacement and
also makes a comparison between modified couple stress (with
size effect) and classical (without size effect) theories. This figure
obviously reveals that the size effect greatly influences the beam
deflection and is more noticeable for small thicknesses. It is
shown that the decrease of beam thickness leads to high
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Table 3
Material and geometrical parameters of silicon microactuator. Rahaeifard [56].

Parameter Value

L Length of beam 75-250 (um)

t Thickness of beam Input value

g Distance from the base Input value

E Young’s modulus 169.2 (GPa)

u Shear modulus 65.8 (GPa)

Ap Hamaker constant 04 x 1072 ())

1 Length scale parameter 0.592 (pm)

T Temperature 298 (K)

/A Applied electric potential Input value

Cp Bulk ion concentration Input value
04
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Fig. 9. Effects of beam thickness on deflection for ;=4 mV, ¢,=0.05, L=200 um
and g=1.05 pm.
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Fig. 10. Effect of initial gap and size dependency on pull-in voltage for c,=10"3,
L=200 um and t=2.94 pm.

differences between non-classical and classical theory. Therefore,
when the thickness of the cantilever is as the order of its length
scale parameter, the size effect is significant and the classical

160

———— - Without size effect
With size effect

140 M
120
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60

Pull-in Voltage(mV)

40

20

75 110 145 180 215 250
Length(ptm)

Fig. 11. Effects of length and size dependency on pull-in voltage for c,=10"3,
g=50nm and t=2.94 pm.

beam theory cannot be utilized. Fig. 9 shows that the beam
deflection is always smaller by considering size effect than when
it is neglected.

Figs. 10 and 11 indicate the effect of classical and modified
couple stress theories on pull-in voltage, Ay, as a function of the
initial gap and microactuator length, respectively. Fig. 10 depicts
the influence of initial gap and size dependency on the pull-in
voltage. As seen, increasing the initial gap increases the pull-in
voltage and causes instability in higher voltages. By increasing the
initial gap, the influence of size dependency on the pull-in voltage
is increased. When the gap decreases, the van der Waals force is
increased, and this causes the decreasing of the pull-in voltage. It
is concluded that in specifying pull-in voltage of cantilever
actuators, the van der Waals force plays a significant role in
small gaps.

The effect of microactuator length and size dependency on the
pull-in voltage is plotted in Fig. 11. As shown, the pull-in voltage
decreases as the length of microactuator increases. This figure
reveals that augmentation of the beam length reduces the
influence of size effect (modified couple stress theory) on the
pull-in voltage.

Figs. 10 and 11 demonstrate that the pull-in voltage is always
larger when the size effect is considered. It is concluded that in
designing micro/nanobeams actuators, the classical theory pre-
dicts the pull-in voltage less than the modified couple stress
theory. Thus, the designed micro/nanobeam may fail to switch in
practical applications.

Fig. 12 illustrates the effect of ion concentration and size
dependency on cantilever tip deflection and pull-in voltage.
Augmentation of ion concentration increases the pull-in voltage,
but it decreases the magnitude of pull-in deflection. It is seen that
increasing ion concentration increases the influence of size
dependency on the pull-in voltage. For low ion concentrations,
increasing voltage has high influence on the cantilever tip
deflection while its influence is reduced as the ion
concentration is increased. For a constant ion concentration, size
effect causes the increasing of the pull-in voltage, but decreasing
the pull-in deflection.

Table 3 shows the dimension and mechanical properties of a
practical small scale beam. Fig. 9 depicts the effect of beam
thickness on displacement of the beam which identified in



82 A. Noghrehabadi et al. / International Journal of Non-Linear Mechanics 52 (2013) 73-84

Tip deflection (nm)
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Fig. 12. Effect of ion concentration and size dependency on pull-in parameters
and cantilever tip deflection for L=200 pm, g=40 nm.

Table 3. In order to perform an experimental test, a silicon
microbeam switch with the dimension and mechanical properties
identified in Table 3 can be constructed. The experimental
shape of beam (with different thicknesses) can be compared with
the plotted shapes in Fig. 9. The pull-in voltages of the
proposed beam also can be compared with the results of Fig. 10
for each different size of gap or Fig. 11 for each different length of
beam. Fig. 12 shows tip deflection of beam for different values of
bulk ion concentration and applied voltage to cover a range of
possible parameters. These figures provide extensive possible
case studies which the further practical results can be compared
with them.

5. Conclusions

In this research, the influences of size dependency and elastic
boundary condition on the static pull-in instability of beam-type
micro/nanoactuators immersed in an electrolyte are scrutinized.
While the nanobeam is subjected to the van der Waals and
electrochemical forces, a non-classical Bernoulli-Euler theory is
utilized to consider the size dependency. The obtained nonlinear
equation is analytically solved using MAD method. There is good
agreement between the analytical and numerical results, even as
the micro/nanobeams approach their stability limits. The results
show the crucial effects of bulk ion concentration, size depen-
dency and elastic boundary condition on the pull-in parameters of
nanobeam. The results can be summarized as follows:

o The electric and van der Waals forces between beam and
substrate are always attractive, but the osmotic force is always
repulsive. The electrochemical force which is the sum of
electric and osmotic forces can be attractive or repulsive
depending on the values of the non-dimensional parameters.
When the total force (sum of the van der Waals and electro-
chemical forces) is attractive, the beam bends toward the
substrate and pull-in instability may occur. However, when
the total force is repulsive, the beam bends upward and there
is no pull-in instability.

e Increasing the stiffness parameter decreases the flexibility of
the supported end; consequently, less deflection toward the
substrate was observed, and more voltage is required to
achieve a special deflection.

e Increase of ion concentration increases the pull-in voltage but
reduces the pull-in deflection. It is also observed that increas-
ing the ion concentration increases the influence of size-
dependent effect on the pull-in voltage.

e Regarding classical theory, the normalized mechanical beha-
viors of the micro/nanobeam are independent of its dimen-
sions, but by considering the modified couple stress theory,
normalized static deflection and pull-in voltage are dependent
on the size of micro/nanobeam. Based on modified couple
stress theory, the micro/nanobeams are stiffer than those
assessed by classical continuum theory.

e Increase of the initial gap increases the magnitude of pull-in
voltage as well as the influence of size effect on the pull-in
voltage. By contrast, the increase of beam length decreases the
magnitude of pull-in voltage as well as the influence of size-
dependent effects on pull-in voltage.
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Appendix. Modified Adomian decomposition

Consider a forth-order boundary value problem in the form

LYYl =fxy), 0<x<b A1)
with boundary conditions
¥(0)=Co, y(0)=C1,y"(b)=C2, y"(b)=C3 (A.2)

where the differential operator L and corresponding inverse
operator L~ are given by

w_ 4% A3
= &x@ A3
X X X X
L% = / / / / ()dx dx dx dx (A4)
0 0 0 0

The Adomian decomposition method defines the solution y(x)
by the decomposition series

YO =Y y® (A5)
n=0

and the nonlinear function f(x,y) by an infinite series of poly-
nomials

fxy)=">_ An (A6)
n=0

Refer to [64, 65], series A,, can be presented as the following
equation

n
An= Y Cv,mhy(yo) (A7)
v=1
where
;oM v
C(v,n):ZH;:1ﬁ, (Z kipj=nn>0,0<i<n,1 sp,-sn—v+1>
pi - o\i=1
(A.8)
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and k; is the number of repetition in the yp. Values of p; are
selected from the above range by combination without repetition.
hy(yo) is calculated by differentiating the nonlinear terms f{yo),
v times with respect to y, and can be obtained as

d’
hy (yo) = o Foo)] (A.9)
Using Eqgs.(8-10), the Adomian polynomials can be obtain as
Ao=ho(¥o)

Ay =C(1,Dh1 (Yo) =y1h1 (¥o)

Az = CLDI (1) + C2.2)ha (Vo) = Yaht (Vo) + 5132 o)

A3 =C(1,3)hy (yo) +C(2,3)h, (yo) +C(3,3)hs (yo)
=31 (Vo) +¥1¥2h2 (vo) + %ﬁ’h (vo)

Ay =C(1,4)hy (yo) +C(2,4)h2 (yo) + C(3,4)h3 (¥o) + C(4,4)h4(¥o)
=Yah1 (o) +h2 (¥o) [%y% +y1y3} + %y%yzhz (Yo)+ %y‘l‘m (vo)

(A10)

Using Adomian decomposition method, the dependent vari-

able in Eq. (1) can be written as

y(x)=Co+Cix+ lC2x2+lc3,x3+r“ (A11)

2! 3!

>
n=0

The boundary conditions at x=>b are adequate to evaluate the
unknown constants C, and Cz by solving resulted algebraic
equation. The recursive relations of Eq. (5) can be provided as
Yo=0Co

¥y, =Cix+ %szz + %C3x3 +L @[Aq]

Yar1=L"PAx)] (A12)
Using Eq. (A.10), in Eq. (34) the functions D, , E, and F, are
determined through MAD’s polynomials as
Dg = U63
D, = —3U1U64
D, = —3upug? +6udugy’®
D3 = —3uzug? +12uupug> — 10w uy®
(A13)

Eo = cosh(&gug)sinh(&oug)
Ey = s (Eosinh(Eotio) ™! ~2&ocosh(Eoto)sinh(Eotio) )

E> =z (Eosinh(Eotio) ™' ~2&gcosh(Eoto)sinh(Eotio) )

+ %u% (—5é%cosh(q’ouo)sinh(éouo)’2 +Gégcosh(éouofsinh(g’oug)"‘)

Es = 3 (Eosinh(&otio) ! ~2&gcosh(Eouo)sinh(Eotio) )
+ujuy (—55§cosh(fou0)sinh(fou0)’2 + 6§§cosh(§ouo)3sinh(§0u0)’4)

1 . . _ . _

+ 3 ui’ (28g0cosh(§0uo)2smh(fouo) 3—5<fgsmh(§0uo) !
—24égcosh(éouo)4sinh(éouo)’s)

o (A.14)
and

Fo = sinh(&ouo)

F1 = —2uy &gcosh(&uig)sinh(&oup) >

Fy = —2up &gcosh(Eoug)sinh(&oug)

+ %u% (65(2)cosh(g’0uo)2 sinh(éouo)"‘—25§sinh(§0u0)’2)

F3 = —2us&cosh(&oug)sinh(&ui)

+u1uz (6£5cosh(Eouo)’sinh(Eoo)~*—2&5sinh(Eouo) )

+ L3 (~248cosh(Eouo)sinh(Eouo)

+1 653cosh(éouo)sinh(fouo)‘3)
- (A.15)

By substituting relations (A.13)-(A.15) in Eq. (33) the compo-
nents u,(x) can be determined as follow

Up=1
coxe Yoy Looe 1 1 yaf, g2 cosho) (@)2 1
=G+ 5 X+ 5 GX g5 X <°’ By sinne? TP\ 6, ) ) 2sinnczer
1 by o 2cosh(&) (¢2)2 &y cosh(&y)
= (301p%2_ 1 2Coshteo)” 14 (22 ) coc080)
U2 <1+5)(°‘+5 ,smh«:o)< snneo? ) P\, ) ) sinnceor

CGys, Coye G711 (5 ¢, cosh(&o) (¢2 )Z 1
Ciys Caye Cayr 11yl o p%2 gl (22} )L
X (51 BRI TR TIC ) ( x+f @1 sinh(&g)? P+ #1) ) 2sinh(&)?

(A.16)
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