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 ABSTRACT 

 In this paper, the pull-in instability of piezoelectric polymeric 

nanocomposite plates reinforced by functionally graded single-walled 

carbon nanotubes (FG-SWCNTs) based on modified strain gradient 

theory (MSGT) is investigated. Various types of SWCNTs are 

distributed in piezoelectric polymeric plate and surface stress effect is 

considered in this research. The piezoelectric polymeric nanocomposite 

plate is subjected to electro-magneto-mechanical loadings. The 

nonlinear governing equations are derived from Hamilton's principle. 

Then, pull-in voltage and natural frequency of the piezoelectric 

polymeric nanocomposite plates are calculated by Newton-Raphson 

method. There is a good agreement between the obtained and other 

researcher results. The results show that the pull-in voltage and natural 

frequency increase with increasing of applied voltage, magnetic field, 

FG-SWCNTs orientation angle and small scale parameters and 

decrease with increasing of van der Waals and Casimir forces, residual 

surface stress constant. Furthermore, highest and lowest pull-in 

voltages are belonging to FG-X and FG-O distribution types of 

SWCNTs.                     © 2019 IAU, Arak Branch. All rights reserved. 

 Keywords: Pull-in instability; Piezoelectric polymeric nanocomposite 

plates; Surface stress effect; Modified strain gradient theory (MSGT).  

1    INTRODUCTION 

 NVESTIGATION of pull-in phenomena is very important in micro and nano electro-mechanical systems 

(MEMS and NEMS). As the applied voltage is greater than pull-in voltage, there isn’t any equilibrium of system 

and flexible electrode can be moved and bonded to fixed electrode then short circuiting occurs. This phenomenon is 

observed in various applications as: micro- accelerometer [1], actuator [2, 3], nanoswitch [4], capacitor [5], nano 

resonators [6], NEM smart sensors and transistor, micro and nano controllers, micro and nano resistors [7, 8], 
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measurement devices and so on. In addition, the piezoelectric polymeric nanocomposite plate can be used these 

devices and improved the pull-in stability of them. Many researchers have interested to study the pull-in stability of 

MEMS. A size-dependent pull-in phenomenon in electrically actuated nanobeams including surface energies is 

modeled by Fu and Zhang [9]. Their results revealed that nanobeam becomes softer in higher applied voltage and 

lower thickness. Furthermore, the size effect on the pull-in stability for ‘Si’ beam and ‘Al’ beam is considerable in 

beam thickness smaller than 10 nm and 100 nm, respectively. Mohammadimehr et al. [10] presented the vibration 

analysis of a double-bonded nanocomposite piezoelectric plate reinforced by a boron nitride nanotube based on 

modified couple stress theory (MCST) under electro-thermo-mechanical loadings. They concluded that the natural 

frequency increases with an increase in the material length scale parameter. Wang et al [11] studied the static and 

vibrational behaviors of a multi-layer electromechanical-coupled microbeam based on the geometrically nonlinear 

theory of Euler– Bernoulli beams under axial extension. They concluded that pull-in voltage increases with 

increasing of pre-stress and dielectric thickness and decreases with an increase in the beam length. Stephan et al. 

[12] computed the pull-in curves for electrostatically actuated microsystems. They extended staggered and 

monolithic approaches for static pull-in stability. Analytical closed-form solutions for size-dependent static pull-in 

behavior in electrostatic micro-actuators via Fredholm integral equation is presented by Rudolf et al. [13]. They 

observed that pull-in behavior is more influenced by the small-scale parameter especially in clamped-clamped 

micro-beams. Their solution of the model of beam-type micro and nanoscale electrostatic actuators is explained by 

Duan et al. [14]. They proposed a new modified Adomian decomposition method for nonlinear boundary value 

problems. Mousavi et al. [15] explored the effect of small scale on the pull-in instability of nano-switches using 

DQM subjected to electrostatic and intermolecular forces using Eringen’s nonlocal elasticity theory and Euler–

Bernoulli beam model. They illustrated that for cantilever nano-beam, the nonlocal parameter has reduction effect 

on pull-in voltage whereas the critical deflection decreases with increasing of the nonlocal parameter and vice versa 

for clamped–clamped nano-beam. Furthermore, the deflection is more affected by the Casimir force than van der 

Waals (vdW) force at the same nonlocal parameter value. Dynamic pull-in instability of vibrating nano-actuators in 

the presence of actuation voltage including fringing field effect is presented by Sedighi et al. [16]. They showed that 

as the initial vibration amplitude increases, the pull-in voltage and fundamental frequency of nanobeam decrease. 

Influence of surface energy on the non-linear pull-in instability of nano-switches using geometrically non-linear 

Euler–Bernoulli beam theory is found by Wang and its co-worker [17]. They concluded that the Casimir force effect 

on the pull-in voltage is negligible in higher initial gap. Furthermore, the pull-in voltage decreases with increasing of 

length beam and the surface energy effect on the pull-in voltage increases with increasing of length of the beam and 

decreasing of height of beam. Non-linear behaviors of carbon nanotubes under electrostatic actuation based on strain 

gradient theory examined by Fakhrabadi et al. [18]. Their results showed that vdW force effect on the pull-in voltage 

of CNTs cannot be ignored. Also the pull-in voltage of CNTs increases with an increase in small scale parameters. 

The effect of a liquid layer, water, underneath an electrostatic nano actuator on the pull-in instability of actuator is 

presented by Yazdanpanahi et al. [19]. They used the modified Adomian decomposition method (MADM) to find an 

analytical solution for bucking and pull-in instability of the actuator. In addition, they introduced balance liquid 

layer (BLL) value in which maximum deflection at the onset of pull-in instability does not change with variation of 

the Casimir force. Size-dependent stability of a fully clamped micro-electro-mechanical beam under shock 

acceleration pulse based on the MCST and Euler–Bernoulli beam model is extended by Askari and Tahani [20]. 

They determined that the small-scale effect on dynamic pull-in voltage can be neglected as thickness to the material 

length scale parameter ratio is greater than 15. The effects of van der Waals and Casimir forces on the static 

deflection and pull-in instability of a micro/nano cantilever gyroscope with a mass at its end is investigated by 

Mojahedi et al. [21]. They depicted that the static deflection decreases with increasing of van der Waals and Casimir 

forces in the vicinity of the pull-in instability. The thermal effect on the pull-in instability of functionally graded 

Euler–Bernoulli micro-beams under the combined electrostatic force, temperature change and Casimir force is 

studied by Jia et al. [22]. They found that the pull-in voltage increases with an increase in volume fraction of micro-

beams and rising of temperature. Juillard [23] obtained resonant pull-in of micro- electromechanical oscillators. He 

established it for parallel-plate resonator and then extended to clamped–clamped and cantilever beams. Huang et al. 

[24] presented an exact model to obtain the pull-in voltage of micro cantilever beams under tilted and curled effects. 

They suggested a modified deformation function to compute the pull-in voltage of the suspended cantilever beam 

with residual deformations. Wang et al. [25] investigated the effects of surface energy on the pull-in instability and 

free vibration of electrostatically actuated micro/nanoscale using MCST. They solved governing equations with a 

reduced-order model and the displacement iteration pull-in extraction (DIPIE) algorithm. Their results demonstrated 

that the pull-in voltage and fundamental frequency of the plate are considerably improved by the material length 

scale, surface energy and geometrically nonlinear deformation. Rahaeifard and Ahmadian [26] carried out the static 

deflection and pull-in instability of electrostatically actuated micro cantilever beam based on MSGT and classical 
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plate theory. They showed that the classical plate theory underestimates the stiffness. The pull-in instability of nano-

actuated Euler–Bernoulli beams made of nanocrystalline silicon (Nc–Si) under distributed electrostatic force based 

on MCST using a finite difference-based solution is studied by Shaat and Abdelkefi [27]. They illustrated that 

surface energy has important effects on the pull-in voltage of the actuators. Pull-in voltage analysis of the fixed-

fixed microbeam with piezoelectric layers is performed by Xiao et al. [28]. They concluded that the size effect 

becomes significant if the dimension of micro beam is comparable to the material length scale parameter. The 

dynamic pull-in instability and snap-through analysis of initially curved microbeams is performed by Moghimi Zand 

[29]. He found that the pull-in instability increases by increasing initial relative elevation h. Ghorbanpour Arani et 

al. [30, 31] investigated nonlinear pull-in instability of nano-switches considering electrostatic and Casimir forces 

using nonlocal theory. Their results indicated that the pull-in voltage increases with increasing of the gap value and 

the nonlocal parameter. Coupled mechanism and pull-in instability of several probe-membrane assemblies subjected 

to electrostatic force is done by Lin and Lee [32]. They indicated that the larger the membrane tension and beam 

bending rigidity are lead to the higher the pull-in voltage. The electromechanical coupling behaviors of carbon 

nanotubes (CNTs) reinforced cantilever nano-actuator is performed by Yang et al. [33]. They concluded that the 

pull-in deflection of carbon nanotubes reinforced cantilever nanobeam decreases with an increase in applied voltage. 

Furthermore, the pull-in voltage and pull-in deflection of carbon nanotubes (CNTs) reinforced cantilever nano-

actuator more decrease with increasing of Casimir force than that of van der Waals force. Additionally, pull-in 

voltage increases with increasing of the nonlocal parameter and vice versa for the pull-in deflection. Tajalli et al. 

[34] examined dynamic pull-in behavior of microplates actuated by a suddenly applied electrostatic force based on 

first-order shear deformation plate (FSDT) and classical plate theories (CPT) using finite element method. As the 

thickness of microplate decreases, the dynamic responses of CPT are deferent from FSDT. On the pull-in instability 

of double-walled carbon nanotube-based nano electromechanical systems with cross-linked walls is investigated by 

Fakhrabadi et al. [35]. Keivani et al. [36] developed a size-dependent model for instability analysis of paddle-type 

and double-sided NEMS measurement sensors in the presence of centrifugal force. They concluded that the vdW 

attraction decreases the pull-in voltage of sensor while the size effect increases it. Talebian et al. [37] presented 

effect of temperature on pull-in voltage and natural frequency of an electrostatically actuated microplate. They 

illustrated that the pull-in voltage and first natural frequency decrease with increasing of the compressive residual 

stresses and positive changes of operating temperature. The nonlinear pullout response of fiber-reinforced-polymer 

(FRP) ground anchors using an analytical transfer matrix method is anticipated by Zheng and Dai [38]. 

Mohammadimehr and Salemi [39] developed strain gradient theory (SGT) for bending and buckling analysis of FG 

mindlin nanoplate. They concluded that considering SGT leads to increase stiffness of nanoplate. Surface stress 

effect on the pull-in instability of hydrostatically and electrostatically actuated circular nanoplates using the 

generalized differential quadrature is investigated by Ansari et al. [40]. They concluded that by considering surface 

effect, the pull-in instability occurs at higher applied voltages for lower thicknesses of nanoplates. Also the pull-in 

voltage of simply-supported is smaller than that of for clamped nanoplates and pull-in voltage decreases with an 

increase in the thickness of plate. The size-dependent pull-in instability of geometrically non-linear rectangular 

nanoplates including surface stress effects under hydrostatic and electrostatic actuations using the generalized 

differential quadrature and a non-classical continuum plate model is carried out by Ansari et al. [41]. They 

concluded that in the smaller thicknesses of the nanoplates, the result of pull-in voltages in classical model is lower 

than those of in a non-classical model. Mohammadimehr et al. [42] investigated vibration of viscoelastic 

piezoelectric polymeric nanocomposite plate reinforced by FG-SWCNTs using meshless method based on MSGT 

and MSCT. Mao et al. [43] used the ‘equal area method’ to investigate the load carrying capacity of circular 

sandwich plates (two metallic face-sheets adhered to a metallic foam-core) subjected to transverse quasi-static point 

central loading, and the plates are simply supported or fully clamped at the edges. Ghorbanpour Arani et al. [44] 

investigated surface stress and agglomeration effects on nonlocal biaxial buckling polymeric nanocomposite plate 

reinforced by CNT based on nonlocal theory. In another work, they used a new trigonometric higher order shear 

deformation plate theory for smart vibration control of magnetostrictive nano-plate based on nonlocal theory [45]. 

Surface stress effect on the nonlocal biaxial buckling and bending analysis of polymeric piezoelectric nanoplate 

reinforced by CNT using Eshelby-Mori-Tanaka approach is performed by Mohammadimehr et al. [46]. Size 

dependent pull-in instability of functionally graded sandwich nanobridges using higher order shear deformation 

theory subjected to electrostatic actuation effect and intermolecular Casimir forces is carried out by Shojaeian1 and 

Zeighampour [47]. They used the modified couple stress theory to consider size dependent effect. They revealed that 

the modified couple stress theory leads to precise pull-in results with respect to experimental results. Also 

considering the Casimir force in low gap distances and high lengths have an important role in the pull-in instability. 

Yang et al. [48] performed analytical analysis of pull-in instability of carbon nanotube-reinforced nano-switches 

considering scale, surface and thermal effects. They concluded that Casimir force in macro effects has larger 
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influences on the pull-in voltage than that of van der Waals force. Dynamic stability of modified strain gradient 

theory sinusoidal viscoelastic piezoelectric polymeric functionally graded single-walled carbon nanotubes reinforced 

nanocomposite plate considering surface stress and agglomeration effects under hydro-thermo-electro-magneto-

mechanical loadings is extended by Mohammadimehr et al. [49]. Free vibration behavior of functionally graded 

carbon nanotube-reinforced composite (FG-CNTRC) cylindrical panel embedded in piezoelectric layers is 

investigated by Alibeigloo [50]. They considered various distribution types of SWCNTS.  Dynamic instability 

analysis of doubly clamped cylindrical nanowires in the presence of Casimir attraction and surface effects using 

modified couple stress theory is performed by Sedighi and Bozorgmehri [51]. Exact solution for axial and transverse 

dynamic response of functionally graded nanobeam under moving constant load based on nonlocal elasticity theory 

is carried out by Hosseini and  Rahmani [52]. They used the Laplace transform for the transverse and axial dynamic 

response. Zare [53] presented pull-in behavior analysis of vibrating functionally graded micro-cantilevers under 

suddenly DC voltage. Modified couple stress for the buckling of a nanoplate subjected to non-uniform compression 

based on the four-variable plate theory is developed by Malikan [53]. Ghorbanpour Arani et al. [54] examined 

sinusoidal surface couple stress theory for dynamic instability of visco-SWCNTs conveying pulsating fluid. They 

showed that the modified couple stress theory results is higher than the classical one. Magneto-electro-elastic 

dynamic analysis of microbeam using the Galerkin reduced order model is established by Amiri et al. [55]. Surface 

stress effect on the mechanical behavior of plate are seen in many researcher’s work [56-60] but surface stress effect 

on the pull-in stability has not been observed in their works.  

In this article, pull-in stability and vibration of piezoelectric polymeric nanocomposite reinforced by FG-

SWCNTs is investigated. Various types of SWCNTs are distributed in piezoelectric polymeric plate and the surface 

stress effect is considered in this research. Modified strain gradient theory is used to considering small-scale effect. 

The piezoelectric polymeric nanocomposite plate is subjected to electro-magneto-mechanical loadings. Material 

properties are determined by the extended rule of mixture. 

2    GEOMETRY AND MATERIAL PROPERTY DEFINITIONS  

Fig. 1 shows the piezoelectric polymeric nanocompsite plate with length a, width b and height h. X, Y and Z 

coordinates are placed in right corner of the piezoelectric polymeric nanocomposite plate. The nanocomposite 

connected to fixed electrode via dielectric space. 0g  is the air initial gap. Aligned FG-SWCNTs are longitudinally 

distributed in the piezoelectric polymeric nanocomposite plate. According to this figure, different distribution types 

of SWCNTs are assumed as uniform distribution (UD), FG-O, FG-X and FG-V. Volume fraction for four 

distribution types can be expressed as follows [42]:  

 

 

 
 

*

*

*

*

( )

1 2 /

2 1 2 /

2 2 /

SWCNT

SWCNT

SWCNT
SWCNT

SWCNT

VF Uiform Distribution UD

VF Z h FG V
VF

VF Z h FG O

VF Z h FG X




 
 

 

 

 

 

 

 (1) 

 

where, *

SWCNTVF  is volume fraction of carbon nanotubes. The extended mixture of rule [44] is used to estimate the 

material properties of the piezoelectric polymeric nanocomposite plate as: 
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where
11

SWCNTE , 
22

SWCNTE , 
11

ME , 
22

ME , 
12

SWCNTG  and 
12

MG  denote longitudinal, transversely elastic and shear moduli of 

SWCNT and polymeric matrix, respectively. VM  is volume fraction of matrix. 1 , 2 and 3  are constants which 

are define by dynamic molecule simulation.  

http://www.sciencedirect.com/science/article/pii/S0997753813001150#!
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Fig.1 

Schematic of functionally graded carbon nanotube 

reinforced piezoelectric polymeric nanocomposit plate 

switch. 

3    FORMULATION OF THE PIEZOELECTRIC POLYMERIC NANOCOMPOSITE SWITCH  

  

 

Based on CPT, as the middle plane displacements are assumed zero, strain-displacement relations can be expressed 

as follows: 
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Using piezoelectric constitutive equations [44], strain–stress relations can be written as follows: 
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where ijC , ije , ii  and   are stiffness matrix, piezoelectric, dielectric coefficients and electrical potential, 

respectively which defined by the following equation [44]: 

 

0( , , , ) cos( / ) ( , , ) 2 /i tX Y Z t Z h X Y t ZV e h       (6) 
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where  0V  ,  , and  t  are the applied voltage and natural frequency, and time, respectively.  

If FG-SWCNTs in the nanocomposite plate have angle , stiffness matrix, piezoelectric and dielectric 

coefficients change as follows [44]:  

 
' 1 ' 1 ' 1, e ,C TCT e T T T T        (7) 

 

where R is the rotation matrix that is considered as the following form [44]: 
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Variation form of Hamilton’s principle can be stated as follows: 

In presence of Casimir force: 

 

 
2

1

0
l

t

f f Casimir elect p
t

K V V V V V U dt              
 

(9a) 

 

In presence of vdW force: 

 

 
2

1

0
l

t

f f VdW elect p
t

K V V V V V U dt              
 

(9b) 

 

where K  and U  are the variations of kinetic energy, and strain energy, respectively. Also, 
lfV , fV , 

CasimirV , VdWV , electV , and pV  are work done by Lorentz forces, elastic foundation forces, Casimir forces, 

van der Waals force, electrostatic force, and compression or tension loading, respectively ,variation of kinetic energy 

considering surface stress effect is determined as follows [44]: 
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where  is the density of piezoelectric polymeric nanocomposite plate. 

According to Ghorbanpour Arani et al. [44], variation of Lorentz forces due to the magnetic field in the direction 

of thickness can be obtained as follows: 
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where ZH  and   denote magnetic field and the magnetic permittivity, respectively.  
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The nanocomposite plate is subjected to electrostatic forces with fringing effect and compression loadings. The 

works done by these external loads per unit area are defined as follows [56-58]:  
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Work done by the other forces can be stated as follows: 
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where A, h and c are constants of Humaker, Plank and the light speed in vacuum, respectively. The above 

expression, with small displacement assumption and using the expansion of 
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are simplified. 

It can be mentioned that Casimir force appears in larger gap ( 10 m ) and van der Waals force emerges in 

smaller gap ( 10 m ) [56-58]. Variation of strain energy considering surface stress effect can be stated as 

follows: 
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where ip , ijm  and ijk  denote higher-order stresses which are determined as the following equations: 
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where 0l , 1l  and 2l are the three small-scale parameters. i , ij  and 1
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Substituting Eqs. (3) and (4) into Eq. (18) yields the following equation: 
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Substituting Eqs. (10)-(16), (19) and (20) in Eq. (9) and using Ref. [40] for surface stress effect, the motion 

equations can be defined as follows:  
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where s , sE and s  are surface density, surface Lame and residual surface stress constants, respectively and thus 

we have: 
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In smaller gap, the Casimir force must be applied in Eq. (21), ( 0, 1s r  ) and for smallest gap, the Van der 

Waals force is considered ( 1, 0s r  ).  
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4    SOLVING METHODOLOGY  

For solving of Eqs. (21) and (22), it is assumed    , , , i tW X Y t r w X Y e  and      , , sin / sin / i tX Y t m X a n Y b e    .  

 ,w X Y is equal to    sin / sin /m X a n Y b   for simply supported boundary conditions.   is the natural 

frequency. It must be 
 0, ,

0
F X Y V







 for stability of the piezoelectric polymeric nanocomposite plate and for the 

critical pull- in stability 
 0, ,F X Y V






 must be zero. 
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The Newton–Raphson method is a method for finding successively better approximations to the roots of 

function. It is one example of a root-finding algorithm for f(x)=0. The method begins with a function f defined over 
the numbers x, the function's derivative f′, and an initial guess x0 for a root of the function f. If the function satisfies 

the assumptions made in the derivation of the formula and the initial guess is close, then a better approximation x1 is 
x0- f(x0)/ f′ (x0). The procedure is repeated as until a sufficiently accurate value is achieved. The transverse 

https://en.wikipedia.org/wiki/Root_of_a_function
https://en.wikipedia.org/wiki/Function_(mathematics)
https://en.wikipedia.org/wiki/Root-finding_algorithm
https://en.wikipedia.org/wiki/Real_number
https://en.wikipedia.org/wiki/Derivative
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displacement and pull-in voltage of the piezoelectric polymeric nanocomposite plate is calculated by solving of Eqs. 

(24) and (25) by Newton-Raphson method. The natural frequency of the piezoelectric polymeric nanocomposite 

plate is defined by replacing    , , , i tW X Y t A w X Y e  into Eqs. (21) and (22).  

5    RESULTS AND DISCUSSIONS  

The material properties and foundation parameters for the piezoelectric polymeric nanocomposite plate are listed in 

Table 1. At first time, the present results are validated by numerical results of Ref. [4] and then effects of pivotal 

parameters on the pull-in stability of the piezoelectric polymeric nanocomposite plate are investigated.  The present 

and literature [4] results for pull-in voltage parameter ( 2 4 3

1 /a V a Dg ) of simply supported plate with various non-

dimensional uniaxial loading (
2 /xa N a D ) are illustrated in Table 2. A good agreement is observed between these 

results and as non-dimensional uniaxial loading increases, the pull-in voltage parameter increases.  

Table 3., shows the pull-in voltage parameter ( 2 4 3

1 /a V a Dg ) of simply supported piezoelectric polymeric 

nanocomposite plate reinforced by functionally graded SWCNTs for uniaxial compression 

( 2 2 2

11 11/ 10, / 0X YN a D N a D  ) and biaxial compression ( 2 2 2

11 11/ 10, / 10X YN a D N a D  ). The results obtain 

for various distribution types of SWCNTs as: UD, FG-V, FG-O and FG-X based on classical theory (CT), 

2 1 0 0l l l l     and modified strain gradient theory (MSGT), 2 1 0 0l l l l    . It is obvious that the biaxial 

compression loading in contrast to uniaxial compression loading, enriches the stiffness of the piezoelectric 

polymeric nanocomposite plate, consequently, the pull-in voltage parameter increases by increasing of these loads. 

Also, considering size effects leads to increase of the pull- in voltage parameter. Furthermore, among various 

distribution types of SWCNTs, FG-O and FG-X have the highest and lowest values for pull-in voltage parameter 

that means, the nanocomposite plate is more strengthened by FG-O SWCNTs than other distribution types of 

SWCNTs.  

 
Table 1 

The material properties and dimensions for the piezoelectric polymeric nanocomposite plate.[40] 

Material properties Dimension parameters 

SWCNTVF  0.17 0l  5nm 

11EM  8.3 GPa 1l  5nm 

M  0.18 2l  5nm 

11SWCNTE  5.6466 TPa   4 7 /e H m   

22SWCNTE  7.08 TPa A   190.4,4 10 J  

12SWCNTG  1.9445 TPa c 82.998 10 /secm  

SWCNT  0.175 0g  1 m  

1  0.142 h   341.055/ 2 10 .secJ   

2  1.626 0  12 2 28.854 10 / .C N m  

3  1.138 - - 

SWCNT  4000 kg/m3 - - 

SWCNT  1750 kg/m3 - - 

 

Table 2 

Pull-in voltage ( 2 4 3

1 /a V a Dg ) of simply supported plate. 

Non-dimensional axial loading ( 2 /xa N a D ) Zhang and Zhao [4] Present work 

5 52.18 55.14447 

10 59.46 61.3434 

15 66.74 67.5425 

20 74.02 74.6940 

25 81.29 82.446946 

30 88.57 88.84032 
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Table 3  

Pull-in voltage parameter ( 2 4 3

1 /a V a Dg ) of simply supported piezoelectric polymeric nanocomposite plate reinforced by 

functionally graded carbon nanotubes. 

/a h  /l h  
2 2 2

11 11/ 10, / 0X YN a D N a D   
2 2 2

11 11/ 10, / 0X YN a D N a D   

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

6 

0 9.54 9.55 13.32 10.69 13.25 13.26 20.17 10.69 

0.1 9.59 9.59 13.40 8.17 13.29 13.30 20.25 10.72 

0.5 10.59 10.60 15.24 8.87 14.30 14.31 22.09 11.42 

12 

0 32.57 32.58 53.37 24.86 55.95 55.96 96.55 40.89 

0.1 32.63 32.64 53.48 24.90 56.01 56.02 96.65 40.93 

0.5 34.00 34.02 56.02 25.85 57.38 57.40 99.19 41.88 

 

Fig. 2 depicts the pull-in voltage parameter of the FG-X SWCNTs reinforced piezoelectric polymeric 

nanocomposite plate against gap distance (
0g ) for CT, MCST and MSGT. It is assumed that 

3 4 50, 0, 0a a a   and
6 0a  . As it shown, with an increase in the gap, distance decreases the pull-in voltage 

parameter also due to neglecting of rotational effects in classic plate theory, the CT and MCST results are very 

closer together. Furthermore considering the length scale parameter (l in MSGT) leads the nanocomposite plate 

becomes more inflexible. 
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Fig.2 

The pull-in voltage parameter of the FG-X SWCNTs 

reinforced piezoelectric polymeric nanocomposite plate 

against gap distance. 

 

The pull-in voltage parameter of the FG-X SWCNTs reinforced piezoelectric polymeric nanocomposite plate 

versus magnetic field is demonstrated in Fig. 3. It can be seen that the pull-in voltage parameter increases with an 

increase in magnetic field because, when the magnetic field applied on the piezoelectric polymeric nanocomposite 

plate, the in-plane compression loads are emerged which enhances its stiffness therefore the pull-in voltage 

parameter increases. In addition, magnetic field effect on the pull-in voltage parameter in MSGT is higher than that 

of in CT and MCST.  
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Fig.3 

Magnetic field effect on the pull-in voltage parameter of 

the FG-O SWCNTs reinforced piezoelectric polymeric 

nanocomposite plate. 
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Effect of applied voltage on the pull-in voltage parameter of the FG-O SWCNTs reinforced piezoelectric 

polymeric nanocomposite plate is illustrated in Fig. 4. It is observed that the pull-in voltage parameter increases with 

increasing of the applied voltage. As the external voltage applied to the piezoelectric polymeric nanocomposite 

plate, it leads to increase stiffness of system.  
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Fig.4 

Applied voltage effect on the pull-in voltage parameter of 

the FG-O SWCNTs reinforced piezoelectric polymeric 

nanocomposite plate. 

 

Fig. 5 displays effects of non-dimensional intermolecular forces, Casimir ( 2 5

4 0/ 240a r hcb g ( and van der 

Waals force ( 4

3 0/ 6a sAb g ( parameters on the pull-in voltage parameter of the FG-O SWCNTs reinforced 

piezoelectric polymeric nanocomposite plate for three small scale theories. It is clear in Fig. 5 that as these non-

dimensional forces increases, the pull-in voltage parameter decreases particularly in MCST and MSGT. It is due to 

that interaction between atoms and molecules increases with increasing of these non-dimensional parameters. On the 

other hands, the stability of the piezoelectric polymeric nanocomposite plate decreases, therefore its pull-in voltage 

parameter decreases. Moreover, reduction effect of these parameters on the pull-in voltage parameter in MSGT is 

greater than other theories. 
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Fig.5 

The pull-in voltage parameter of the FG-O SWCNTs reinforced piezoelectric polymeric nanocomposite plate with respect to 

(a) non-dimensional Casimir force and (b) non-dimensional van der Waals force. 

 

Surface stress effects (residual surface stress ( s ) and Lame surface ( sE ) constants) on the pull-in voltage 

parameter of the FG-O SWCNTs reinforced piezoelectric polymeric nanocomposite plate is illustrated in Figs. 6 and 

7, respectively. As it can be observed from these figures that the pull-in voltage parameter decreases with an 

increase in residual surface stress. This means that surface stress creates a traction on surfaces of the piezoelectric 

polymeric nanocomposite plate which lead to its instability of nanocomposite plate occurs in lower pull-in voltage. 

But effect of Lame surface constant on the pull-in voltage parameter is negligible. 
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Fig.6 

The pull-in voltage parameter of the FG-O SWCNTs 

reinforced piezoelectric polymeric nanocomposite plate 

with respect to residual surface stress constant. 
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Fig.7 

The pull-in voltage parameter of the FG-O SWCNTs 

reinforced piezoelectric polymeric nanocomposite plate 

with respect to Lame surface constant. 

 

Fig. 8 shows the pull-in voltage parameter of FG-X SWCNTs reinforced piezoelectric polymeric nanocomposite 

plate against SWCNTs orientation angle ( ) based on MSGT. As it can be seen, the minimum of the pull in voltage 

parameter occurs in / 2  .  

 

0 20 40 60 80 100 120 140 160 180
1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

 (
0
)

  
 P

u
ll
- 

in
 v

o
lt

a
g

e
, 
a

1
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8 

The pull-in voltage parameter of the SWCNTs reinforced 

piezoelectric polymeric nanocomposite plate with respect 

to SWCNTs orientation angle. 

 

The natural frequency of the UD-SWCNTs reinforced piezoelectric polymeric nanocomposite plate against the 

pull-in voltage parameter for different non-dimensional van der Waals parameter ( 3a ) based on MSGT is depicted 

in Fig. 9. As it is displayed, the natural frequency decreases with increasing of the pull-in voltage parameter. Also in 

presence of van der Waals parameter, the natural frequency reduces.  
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Fig.9 

The natural frequency of the SWCNTs reinforced piezoelectric 

polymeric nanocomposite plate versus the pull-in voltage 

parameter. 

 

The natural frequency of the SWCNTs reinforced piezoelectric polymeric nanocomposite plate with respect to 

the pull-in voltage parameter for various distributions of SWCNTs based on MSGT is shown in Fig. 10. As it is 

expected, the natural frequency in FG-X and FG-O distribution types are highest and lowest, respectively. The 

natural frequency of UD and FG-V distribution types are very closer together.  

 

 

 

 

 

 

 

 

 

Fig.10 

The natural frequency of  the piezoelectric polymeric 

nanocomposite plate with respect to the pull-in voltage 

parameter for various distribution types of SWCNTs. 

 

Residual, Lame surface stress and surface density effects on the natural frequency of the FG-X SWCNTs 

reinforced piezoelectric polymeric nanocomposite plate based on MSGT are displayed in Figs. 11, 12 and 13. As it 

is mentioned in the pull-in voltage parameter, increasing of residual surface constant decreases the natural 

frequency. But Lame surface constant hasn't any significant effect on the natural frequency. In addition, the natural 

frequency increases with increasing of surface density constant. 
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Fig.11 

Effect of residual surface constant on the natural frequency of 

the FG-X SWCNTs reinforced piezoelectric polymeric 

nanocomposite plate. 
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Fig.12 

Effect of Lame surface constant on the natural frequency of the 

FG-X SWCNTs reinforced piezoelectric polymeric 

nanocomposite plate. 
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Fig.13 

Effect of surface density on the natural frequency of the FG-X 

SWCNTs reinforced piezoelectric polymeric nanocomposite 

plate. 

6    CONCLUSIONS 

The pull-in instability of the FG- SWCNTs reinforced piezoelectric polymeric nanocomposite plate based on CT, 

MCST and MSGT was developed. Various types of SWCNTs were distributed in piezoelectric polymeric plate and 

surface stress effect was considered. The piezoelectric polymeric nanocomposite plate was subjected to electro-

magneto-mechanical loadings. Governing equations were derived using Hamilton’s principle. The nonlinear term 

was converted to linear term using Taylor expansion for the pull-in instability of nanocomposite plate. The pull-in 

voltage was obtained by Newton-Raphson method then the natural frequency was calculated. The following 

remarkable results are obtained as follows: 

1. The MSGT pull-in voltage and natural frequency are greater than CT and MCST pull-in voltage and natural 

frequency. 

2. Highest and lowest pull-in voltages are belonging to FG-O and FG-X distribution types of SWCNTs, 

respectively.  

3. Casimir and Van der Waals forces have reduction effects on the pull-in voltage and the natural frequency. 

4. The pull-in voltage and the natural frequency decrease with increasing of residual surface stress constant.  

5. The pull-in voltage and the natural frequency increase with an increase in small-scale parameters. 

6. The pull-in voltage increases with increasing of applied voltage and magnetic field. 

7. The pull-in voltage for biaxial compression loading rather is more than that of for uniaxial compression 

loading. 
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