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Abstract 

In this paper, the size-dependent shear deformable conical shell formulation is derived based on the modified couple 
stress theory and first order shear deformation model to investigate the free vibration of functionally graded conical shell 
embedded in an elastic Pasternak medium and subjected to thermal environment. The material properties are considered 
temperature-dependent and graded in thickness direction according to power law distribution. The governing equations 
and boundary conditions are derived using Hamilton’s principle. The size effect is taken into account using the modified 
couple stress theory, and, the free vibration of simply supported FG truncated conical nanoshell is investigated as a 
special case. The effects of different parameters such as dimensionless length scale parameter, temperature change and 
distribution of the nanoshell components on the natural frequency are investigated based on the modified couple stress 
theory and classical continuum theory.  

Keywords: Thermo-mechanical vibration; First order shear deformation theory; FG conical shell; Modified couple stress 
theory. 

1. Introduction 

Today, nanoscale carbon-based structures such as carbon nanotubes (CNTs), fullerenes and carbon 
nanocones (CNCs) have attracted the attention of many researchers thanks to their diverse potential 
applications. Early studies on CNCs have been concurrent with studies on CNTs [1-2]; however, 
relatively scant attention has been paid to CNCs and their properties. CNCs were initially observed 
by Ge and Sattler in 1994 [3] and afterwards, Krishnan demonstrated the presence of five apex 
angles of CNCs [4]. In 1999, Iijima et al. built a single-walled CNC [5]. And, various experiments 
and studies have to date been conducted to investigate CNC structure [6-7]. So far, carbon nanocones 
have attracted the attention of many researchers because of their unique characteristics such as 
localization of electrical field in their sharp point which gives them important applications in the 
future as high resolution probes in scanning, tunneling, atomic force microscopy and field emission 
devices and optical antennas [8-10], and because of their use in drug delivery applications like micro 
needles, albeit under open tips, mechanical rigidity and high aspect ratios [11-12]. Since it is difficult 
to conduct experimental tests in the nanoscale, the majority of research has so far been done using 
molecular dynamics (MD) simulation [13-14]. For example, using MD simulation, Wei et al. 
computed the Young’s modulus of a CNC and compared it with that of a corresponding CNT [13]. 
Today, because MD simulation is a time-consuming procedure especially for macro scale structures, 
it has been supplanted by the use of continuum mechanics in the modeling of structures in the 
nanoscale. As classical continuum models are unable to make a correct prediction of size-dependent 
behaviors happening in micro/nanoscale structures, researchers have attempted to use non-classical 
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continuum theories such as non-local elasticity theory, couple stress theory and strain gradient 
theory, which take size effect into account in the investigation of micro/nanostructures [15-17]. The 
couple stress theory, which contains two higher order material length scale parameters as well as two 
Lame constants, was introduced by Mindlin, Toupin, Mindlin and Tiersten, and Koiter in 1960’s [18-
21]. Some researchers, including Anthoine have investigated the pure bending of the circular 
cylinder using the couple stress theory [22]. Introducing a new equilibrium equation, equilibrium of 
moments of couple, in addition to the classical equilibrium equations of forces and moment of forces, 
Yang et al. introduced the modified couple stress theory which incorporates only one higher order 
material parameter [23]. Applying this theory, many studies have been conducted using beam, plate 
and cylindrical and conical shell models [24-26]. Considering the increasing progress in nano-
science which demands studying and making correct prediction of the behavior of various nano-
structures, it is crucial to use theories such as the first order shear deformation theory which 
incorporates the effect of shear strains to make a correct prediction of the behavior of CNCs, 
particularly for short and rather thick CNCs. Given the stress variation in the thickness of conical 
shell where using FSDT the shear strains and consequently shear stresses are assumed to be constant 
in the thickness of the cone, in order to more accurately predict the behavior of CNCs, a correction 
coefficient, usually considered to be 5/6, is used [27]. Applying FSDT, many studies have to date 
been conducted on nanostructures using various models. For instance, using the modified couple 
stress theory and shear cylindrical and conical shell model, Zeighampour et al. studied the effect of 
parameters such as length and size effect on the natural frequency of CNTs and CNCs and 
demonstrated the increase in natural frequency with the increase in the small scale parameter [28-29]. 
Today, great attention is paid to the investigation of micro/nanostructure elements made of FG 
materials used in microelectronic and micromechanical structures such as shape memory alloys as 
thin films and, micro-and nano-electromechanical systems (MEMS and NEMS) and atomic force 
microscopes (AFMS) [30-33]. Functionally graded materials with their unique properties which 
prevent the concentration of stress, which is the primary cause of breaking in composites due to 
sudden inconsistency in material properties have attracted researchers’ attention. To date, many 
studies have been conducted on FGMs [34-35]. On the other hand, since the conical shell structures 
have wide spread applications in nano-science, due to their unique dynamic behavior, strength and 
stability, the study of vibration, bending and buckling behavior is of practical interest for 
understanding their mechanical behavior appropriately. Moreover, the study of thermal effect on 
mechanical behavior is of great importance which only a limited portion of literature considered this 
[36-38]. Considering the above discussion, in this paper, the thermo-mechanical vibration of conical 
shell resting on Pasternak elastic medium are investigated by considering the first order shear 
deformation shell theory and the modified couple stress theory. Using Hamilton’s principle, 
equations of motion as well as classical and non-classical boundary conditions are obtained. Besides, 
as a special case, the free vibration of the simply supported FG conical nanoshell is investigated 
using the Galerkin method. Based on the power law distribution, material properties variation of FG 
CNC are considered according to constituent’s volume fraction along the thickness direction and 
temperature-dependent. Finally, the effect of some parameters on natural frequency is examined 

2. Preliminaries 

2.1. Modified couple stress theory 

The modified couple stress theory as one of the higher order continuum theories, having one higher 
order material length scale parameter as well as two Lame constants, was initially developed by 
Yang et al. [23]. According to this theory, strain energy is expressed as: 

 1
2 ij ij ij ijU m dV  


  (1) 

where 
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 , , 3, 3,
1
2ij i j j i i ju u u u     (2)  

 1
4ij ipq jpq jpq ipqe e     (3)  

          ˆ ˆ ˆ ˆ ˆ, ( ) 2 , 3 , 2 , ,εij ij ij iz T tr z T z T z T z T T             (4) 
ˆ2 ( , )ij ijm l z T   (5) 

In the above equations, εij, σij, χij, and mij represent the components of strain tensor, Cauchy stress 
tensor, symmetric rotation gradient tensor and higher order stress tensor, respectively; and ui, eipq, 
and η jpq stand for the components of displacement vector, permutation symbol, and deviatoric stretch 
gradient tensor. And, in Eq. (5), l, material length scale parameter, is independent and extra. 

2.2. Functionally graded material 

A FG truncated conical shell at length L and thickness h resting on Pasternak elastic medium is 
considered according to Fig. 1. According to a simple power law distribution, volume fraction 
variation of metal and ceramics along the thickness of conical shell is expressed as: 

 
Figure 1: Schematic view of FG truncated conical shell embedded in elastic medium. 

 
ˆ

m
zV
h


   
 

  (6)  
1c mV V   

Therefore, the material properties of this conical shell can be expressed as: 

        ˆˆ, m c c
zE z T E T E T E T
h


    
 

  

(7)          ˆˆ, m c c
zz T T T T
h



       
 

  

        ˆˆ, m c c
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h



       
 
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        ˆˆ, m c c
zz T T T T
h



       
 

 

The material properties are considered temperature-dependent through Touloukian formula [39] as 
below: 

   1 2 3
0 1 1 2 31P T P P T PT P T PT

     (8) 
where T = T0 + ΔT, T0 = 300K (room temperature) and ΔT  is the temperature change which is 
assumed to be uniform [40] and the coefficients Pi (i = 0, -1, 1, 2, 3) are unique to the component 
materials. 

2.3. Displacement field in the conical shell 

Based on the first order shear deformation theory, the three components of displacement field, u, v, 
and w are assumed along three x-, θ - and z-axes as follows: 

     , , , , , , ,xu x z t U x t z x t      
(9)       , , , , , , ,v x z t V x t z x t      

   , , , , ,w x z t W x t   
In the above equations, U(x,θ,t), V(x,θ,t) and W(x,θ,t) are the displacement of the neutral surface in 
the three x, θ and z directions, and ψx(x,θ,t)  and ψθ(x,θ,t) are the rotation of a transverse normal about 
the axial and circumferential directions. Besides, the position of the neutral surface is determined as 
in Ref. [34]. 

3. Governing equations and boundary conditions 

In order to derive the equations of motion and classical and non-classical boundary conditions of the 
first order shear deformable truncated conical shell using the modified couple stress theory, first, the 
components of classical and non-classical strains are determined by using the displacement field (Eq. 
(9)) and utilizing Ref. [29] as below: 

21
2

x
xx

U W z
x x x




         
  

(10)  

 
21 1 sin cos

sin 2 sin x
V W U z W z

x x





   
    

                
  

 1 sin sin
2 sin

x
x x

U W W Vx z V z z
x x x x


  

 
    

   
                       

  

1
2zx xz x

W
x

        
  

1 cos sin
2 sinz z

W V x
x      

 
      

  

and 

 
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2 sinxx
V W WV z x

x x x x x x





   
  
                  

  

(11)  

21 1 1cos sin cos
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xV U W W z
x x x x x x


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 
    

     
      

              
  

2 2 2
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2 2 2

2

2

2

1 cos2 1 cossin sin cos
4 sin sin sin

sin sin

x x
xz zx

V V V U U W zx z
x x x x x x x x x

z zx
x x



 

   
     

       

 
 

       
                  

 
  

  

  

Afterwards, classical and non-classical stresses are determined by substituting Eqs. (10) and (11) into 
the constitutive equations, and strain energy is determined by substituting classical and non-classical 
strains and stresses into Eq. (1) as follows: 

 0

0

2 22

2 2 2 2 2 2 2 20
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 
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
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                                 

     
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where the classical and non-classical forces and moments are defined as: 
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Kinetic energy of the conical shell is expressed based on Eq. (9) as: 

 
2 2 21 ˆ, sin

2
xU V WT z T z z x dxd dz

t t t t t
 

  


                               
  (14)  

The work done by Pasternak foundation on the conical shell is computed as: 
0

0
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1 1 sin
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e w gx

W WW k W k x d dx
x x


 

 
                       

   (15)  

where kw is the Winkler constant and kg is the shear modulus of subgrade. 
Now, in order to derive the governing equations and boundary conditions, Hamilton’s principle is 
used as follows: 
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 
2

1

0
t

s e
t

T U W dt     (16)  

By substituting strain energy, kinetic energy and the work done by external loads according to Eqs. 
(12), (14) and (15) into Eq. (16) and integrating by parts, the equations of motion as well as classical 
and non-classical boundary conditions are finally derived using the modified couple stress theory as 
follows: 
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where in Eq. (19), on the basis of thermal elasticity theory, the thermal force can be written as: 
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Coefficients A1-A30, B1-B32, C1-C27, D1-D32, and E1-E32 are included in Appendix A. 
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4. Shear deformable simply supported FG conical shell 

4.1. Governing equations of simply-supported FG conical shell 

In order to investigate the free vibration of the simply supported FG conical shell, first one must 
determine equations of motion and boundary conditions. Due to the θ variation between zero and 2π, 
the equations are only relating to x = constant must exist. 
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Coefficients a1-a16, b1-b11, c1-c7, d1-d18, and e1-e11 are included in Appendix A. 
4.2. Solution method 

In order to investigate the free vibration of the simply supported FG truncated conical shell, 
considering the governing equations and boundary conditions, the displacement field is considered as 
[41].  
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where  , m and n  represent the natural frequency of the nanotube, and circumferential and axial 
wave numbers, respectively. Considering the above displacements, most boundary conditions in Eqs. 
(23)-(30) are satisfied and only some of them are not fully satisfied. For a complicated formulation in 
the references like the above formulation, not all boundary conditions are usually satisfied. 
Therefore, by substituting Eq. (31) into Eqs. (17)-(21) and multiplying the resulting equations by x4 



Fahimeh Mehralian, Yaghoub Tadi Beni 

75 
 

in order to do simpler integration and use the Galerkin method, the following equations will finally 
be obtained: 
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where parameters 1, 2, 3, 4, and 5 are considered as follows: 
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In the above equation, Aij are values obtained by substituting Eq. (31) into Eqs. (17)-(21). Therefore, 
the matrix form of Eq. (32) is expressed as follows: 
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  (34) 

According to the eigenvalue problem, in order to obtain a non–trivial solution for Eq. (34), the 
determinant of coefficients must be set to zero, and, by solving the obtained equation, one can 
compute nanoshell frequency. 

4. Results and discussion 

In this section, using the obtained shear deformable FG conical shell formulation, the free vibration 
of simply supported FG conical nanoshell embedded in Pasternak foundation is investigated based on 
the modified couple stress theory and under thermal environment. The material properties of FG 
conical shell with dependent temperature in Eq. (8) are listed in Table 1. and are assumed a blend of 
Si3N4 (Ceramic), and SUS304 (metal) [42]. Moreover, the coefficients of thermal expansion are 
negative at low temperature and are positive in high temperature [37-38] and the temperature change 
at high temperature are assumed to be ΔT = 50 (K) [36]. The dimensionless natural frequency is 
computed based on the   equation. 
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Table 1: Tempreature-dependent coefficients for Si3N4 and SUS304 

Material Property P-1 P0 P1 P2 P3 

SUS304 

αm (1/K) 0 12.33e-6 8.086e-4 0 0 
Em (Pa) 0 201.04e9 3.079e-4 -6.534e-7 0 

νm 0 0.3262 -2.002e-4 3.797e-7 0 
ρm (kg/m3) 0 8166 0 0 0 

Si3N4 

αc (1/K) 0 5.8723e-6 9.095e-4 0 0 
Ec (Pa) 0 348.43e9 -3.07e-4 2.16e-7 -8.946e-11 

νc 0 0.24 0 0 0 
ρc (kg/m3) 0 2370 0 0 0 

5.1. Influence of dimensionless length scale parameter 

The effects of dimensionless length scale parameter on dimensionless natural frequency based on 
both modified couple stress theory and classical continuum theory for three apex angles at high 
temperature are shown in Fig. (2). As illustrated, according to both modified couple stress theory and 
classical continuum theory with the increase in apex angle, the dimensionless natural frequency 
decreases.  Besides, according to the modified couple stress theory, decrease in dimensionless length 
scale parameter h/l, which is in fact equivalent to increase in length scale parameter, leads to greater 
stiffness in the nanoshell, and, finally, results in increased natural frequency in the entire gradient 
index (β). Increase in gradient index and decrease in apex angle intensify the effect of this parameter 
on natural frequency; in contrast, based on the classical continuum theory, length scale parameter’s 
variation has no effect on natural frequency. In addition, as ceramic has a higher modulus than metal, 
an increase in gradient index, where β = 0 is the metal shell and β = ∞ is the ceramic shell, leads to 
an increase in natural frequency in all apex angles. 

5.2. Influence of dimensionless CNC length parameter 

Fig. (3) demonstrates the effects of dimensionless length parameters on the dimensionless natural 
frequency for three apex angles in different gradient index in high temperature. In this figure, l = 5h 
is considered, and, as illustrated, with the increase in dimensionless length parameter which means 
increased length parameter, due to increased nanoshell instability and hence increased deformation, 
the natural frequency is decreased, and this decrease is intensified by decrease in apex angle and 
increase in gradient index, such that in  β = 1, with the change of the length parameter from L/R = 2 
to L/R = 6, the dimensionless natural frequency decreases from 2.9 to 0.6 in 2α= 60, and from 2.3 to 
0.5 in 2  α =123.6. Besides, in 2  α =86.6, with the change of the size parameter from L/R = 2 to L/R = 
6, the dimensionless natural frequency is reduced from 2.5 to 0.53 in β = 1 and from 3.1 to 0.65 in β 
= 3. 
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Figure 2: Effect of dimensionless length scale parameter h/l on dimensionless natural frequency in 
three apex angles 2α = 60, 2α = 86.6 and 2α = 123.6 in the case of high temperature, a) Classical 

continuum theory, b) Modified couple stress theory 
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Figure 3: Effect of dimensionless length parameter L/R on dimensionless natural frequency in three 

apex angles 2α = 60, 2α = 86.6 and 2α = 123.6 in the case of high temperature. 

5.3. Influence of circumferential and axial wave numbers  

Figs. (4-5) shows the effects of conical nanoshell thickness as well as circumferential and axial 
wavenumbers on dimensionless natural frequency based on the modified couple stress theory and 
classical continuum theory in h/l = 2, L/R = 2 and β = 1 in three apex angles for m = 1 and m = 2 for 
the case of high temperature. As it is indicated, an increase in circumferential and axial wavenumbers 
leads to an increase in natural frequency, which is intensified by increased thickness and decreased 
apex angle. The effects of variation of circumferential and axial wavenumbers on natural frequency 
is greater based on the modified couples stress theory than that based on the classical continuum 
theory. As is clear from the illustration, the natural frequencies predicted by the modified couple 
stress theory in all values of circumferential and axial wavenumbers are greater than those predicted 
by the classical continuum theory. Hence, the modified couple stress theory is known to predict 
greater stiffness than the classical continuum theory. In addition, as illustrated, according to the 
previous illustration, the effects of increase in apex angle on the decrease in dimensionless natural 
frequency, with the increase in circumferential and axial wave numbers become more considerable. 
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Figure 4: Effect of circumferential wave numbers n on dimensionless natural frequency in the case of 

high temperature. (m = 1) 

 
Figure 5: Effect of circumferential wave numbers n on dimensionless natural frequency in the case of 

high temperature. (m = 2) 
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5.4. Influence of temperature change 

The influence of temperature change on dimensionless natural frequency is shown in Fig. (6), at two 
cases of low temperature and high temperature environment on the basis of modified couple stress 
theory and classical continuum theory. As is illustrated, the increase in temperature, in high 
temperature case, leads to decrease in dimensionless natural frequency while as ΔT is increased for 
the case of low temperature, the dimensionless natural frequency increases based on both theories, 
modified couple stress theory and classical continuum theory. Besides, it is clear that the small scale 
plays an important role in thermo-mechanical vibration analysis. It is illustrated that the natural 
frequency considering the modified couple stress theory are always higher than that of classical 
continuum theory for two cases of high and low temperature. Consequently, the present study clearly 
indicates the importance of utilizing modified couple stress theory in thermo-mechanical analysis 
since the modified couple stress theory predicts the natural frequency higher than that of classical 
continuum theory at all temperatures and in both low and high temperature environments. 

Figure 6: Effect of temperature change on dimensionless natural frequency for two cases of high 
temperature and low temperature environments. 

5.5. Influence of foundation stiffness 

Figs. (7-8) indicates the effect of elastic medium kw, kg on vibration behavior of FG conical shell. As 
is clear, the increase in Winkler and Pasternak elastic foundation results in increasing dimensionless 
natural frequency since elastic foundation constants increase the stiffness of nanoshell.  Moreover, 
the influence of coefficient kg is illustrated more significant than Winkler foundation with coefficient 
kw. 

 
Figure 7: Effect of Winkler parameter on the dimensionless natural frequency in the case of high 

temperature. 
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Figure 8: Effect of Pasternak shear parameter on the dimensionless natural frequency in the case of high 

temperature. 

6. Conclusion 

In this paper, using the first order shear deformation theory as well as the modified couple stress 
theory, the formulation was derived to examine the thermo-mechanical vibration of shear deformable 
FG truncated conical shell embedded in an elastic medium. According to power law distribution and 
based on the volume fractions of constituents, FG truncated conical shell properties were considered 
variable along the thickness direction of nanoshell and temperature-dependent, and governing 
equations as well as classical and non-classical boundary conditions were derived using the 
Hamilton’s principle. Finally, using these equations, the free vibration of the simply supported FG 
conical shell resting on elastic medium subjected to thermal environment is investigated as a special 
case. Afterwards, the effects of parameters such as length scale parameter, length parameter, apex 
angle, temperature change, gradient index, Winkler and Pasternak constants of elastic medium and 
circumferential and axial wave numbers on the natural frequency of FG conical shell based on the 
modified couple stress theory and the classical continuum theory was investigated. 
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The coefficients of the boundary conditions equations, Eqs. (23)-(30), are expressed as:  



Fahimeh Mehralian, Yaghoub Tadi Beni 

84 
 

(A3) 

2 2 2 2
5,0 3,0 5,0 5,0 5,0

1 1,0 2 3 4 5 3,0 63 2 2 2 2 2 2

2 2 2
5,0 3,0 5,0 3,1 5,1

7 8 9 10 1,1 11 123 3 3

cos 21, , , , , ,
4 sin 4 sin sin 4 sin 4 sin

cos
, , , , ,

4 sin tan 4 sin 4 sin

D l D D l D l D l
a D a a a a D a

x x x x x x

D l D D l D D l
a a a a D a a

x x x x x


    


  

 
         

 

      
2

5,1
132 2 2

2 2 2 2 2 2
5,0 5,1 5,1 5,0 5,0 5,0

14 3,1 15 16 1 2 32 2

2 2 2
5,0 5,0 5,0

4 5 6 72 2 2 2

, ,
4 sin

1 , , , , , ,
sin 4 tan 4 sin 4 sin 4 sin 4 sin 4

cos2 cos
, , ,

4 4 sin 4 sin

D l
a

x
D l D l D l D l D l D l

a D a a b b b
x x x x x x

D l D l D l
b b b b

x x x

 

     

 
 

 

 
         

 

    
2 2 2 2

5,1 5,1 5,0 5,1
8 9 102 , , , ,

4 sin 4 sin 4 tan 4
D l D l D l D l

b b b
x x x x  

    

 

2 2 2 2 2 2 2 2
5,1 5,0 5,0 5,0 5,0 5,0 5,0 5,0

11 1 2 3 4 5 6 72 2 2 2

cos
, , , , , , ,

4 4 sin 4 4 4 sin 4 4 4 sin
D l D l D l D l D l D l D l D l

b c c c c c c c
x x x x x


  

             

2 2 2 2 2
3,1 5,1 5,1 5,0 5,1 5,1

1 1,1 2 3 4 5 3,1 63 2 2 2 2 2 2

2 2 2 2
5,1 5,0 5,0 3,1

7 8 9 10 11 5,02 2

cos21, , , , , ,
4 sin 4 sin sin 4 tan 4 sin 4 sin

, , , ,
4 sin 4 4 tan 4 sin

D D l D l D l D l D l
d D d d d d D d

x x x x x x x

D l D l D l D Dld d d d d D
x x x x


     

  

 
          

 

      
2

5,1 5,0
12 1,2

2 2 2 2 2
5,0 5,2 5,2 5,0 5,1

13 3,2 14 15 16 3,22 2 3 2

, ,
tan 4

1 1, , , ,
4 4 sin 4 sin sin 4 4 tan

D l
d D

x

D l D l D l D l D l
d D d d d D

x x x x x



   

  
        

   
             

   

  

2 2 2 2 2 2 2
5,2 5,2 5,1 5,1 5,1 5,1 5,1

17 18 1 2 3 4 52 2 2 2

2 2 2 2 2
5,1 5,2 5,2 5,2 5,2

6 7 8 9 10 112 2 2

cos2
, , , , , , ,

4 sin 4 sin 4 sin 4 sin 4 4 4 sin
cos

, , , , ,
4 sin 4 sin 4 sin 4 4

D l D l D l D l D l D l D l
d d e e e e e

x x x x x x
D l D l D l D l D l

e e e e e e
x x x x


    


  

       

       
2

5,1

4 tan
D l
x 



 

 

References 
 

 [1] Iijima, S., Helical microtubules of graphitic carbon, Nature, 354, 56-58, 1991. 
 [2] Iijima, S., Ichihashi, T. and Ando, Y., Pentagon, heptagon and negative curvature in 

graphite microtubule growth, Nature, 356, 776-778, 1992. 
 [3] Ge, M., Sattler, K., Observation of fullerene cones, Chem. Phys. Lett., 220, 192-196, 

1994. 
 [4] Krishnan, A., Dujardin, E., Treacy, M. M. J., Hugdahl, J., Lynum, S. and Ebbesen, T. 

W., Graphtic cones and the nucleation of curved carbon surfaces, Nature, 388, 451-
454, 1997. 

 [5] Iijima, S., Yudasaka, M., Yamada, R., Bandow, S., Suenaga, K., Kokai, F. and 
Takahashi, K., Nano-aggregates of single-walled graphitic carbon nano-horns, Chem. 
Phys. Lett., 309, 165-170, 1999. 

 [6] Muradov, N., Schwitter, A., Formation of conical carbon structures on vapor-grown 
carbon filaments, Nano Lett., 2(6), 673–676, 2002. 

 [7] Eksioglu, B., Nadarajah, A., Structural analysis of conical carbon nanofibers, Carbon, 
44, 360, 2006. 

 [8] Mohammadi, A., Kaminski, F., Sandoghdar, V. and Agio, M., Fluorescence 
enhancement with the optical (bi-) conical antenna, J. Phys. Chem., 114, 7372–7377, 
2010. 

 [9] Shenderova, O., Lawson, B., Areshkin, D. and Brenner, D., Predicted structure and 
electronic properties of individual carbon nanocones and nanostructures assembled 
from nanocones, Nanotechnol., 12, 191–197, 2001. 

 [10] Yeh, C., Chen, M., Hwang, J., Gan, J. -Y. and Kou, C., Field emission from a 
composite structure consisting of vertically aligned single-walled carbon nanotubes 
and carbon nanocones, Nanotechnol., 17, 5930–5934, 2006. 



Fahimeh Mehralian, Yaghoub Tadi Beni 

85 
 

 [11] Henry, S., McAllister, D. V., Allen, M. G. and Prausnitz, M. R., Microfabricated 
microneedles: a novel approach to transdermal drug delivery, J. Pharmaceutical Sci., 
87(8), 922–925, 1998. 

 [12] Park, J. H., Yoon, Y. K., Choi, S. O., Prausnitz, M.R. and Allen, M.G., Tapered 
conical polymer microneedles fabricated using an integrated lens technique for 
transdermal drug delivery, IEEE Trans. Biomed. Eng., 54(5), 903–913, 2007. 

 [13] Wei, C., Srivastava, D., Nanomechanics of carbon nanofibers: Structural and elastic 
properties, Appl. Phys. Lett., 85(12), 2208-2010, 2004. 

 [14] Liew, K. M., Wei, J. X. and He, X. Q., Carbon nanocones under compression: 
Buckling and postbuckling behaviors, Phys. Rev. B, 75, 195435, 2007. 

 [15] Firouz-Abadi, R. D., Fotouhi, M. M. and Haddadpour, H., Free vibration analysis of 
nanocones using a nonlocal continuum model, Phys. Lett. A, 375(41), 3593-3598, 
2011. 

 [16] Fu, Y., Zhang, J., Modeling and analysis of microtubules based on a modified couple 
stress theory, Phys. E, 42 (5), 1741–1745, 2010. 

 [17] Tadi Beni, Y.,  Abadyan, M., Use of strain gradient theory for modeling the size-
dependent pull-in of rotational nano-mirror in the presence of molecular force, Int. J. 
Mod. Phys. B, 27(18), 1350083, 2013. 

 [18] Toupin, R. A., Elastic materials with couple-stresses, Arch. Ration. Mech. Anal., 11, 
385–414, 1962.  

 [19] Mindlin, R. D., Tiersten, H.F., Effects of couple-stresses in linear elasticity, Arch. 
Ration. Mech. Anal., 11, 415–48, 1962.  

 [20] Mindlin, R. D., Micro-structure in linear elasticity, Arch Ration. Mech. Anal., 16, 51–
78, 1964.  

 [21] Koiter, W. T., Couple stresses in the theory of elasticity: I and II, In: Proceedings of 
the Koninklijke Nederlandse Akademie van Wetenschappen, Series B, 17–44, 1964. 

 [22] Anthoine, A., Effect of couple-stresses on the elastic bending of beams, Int. J. Solids 
Struct., 37(7), 1003-1018, 2000. 

 [23] Yang, F., Chong, A. C. M., Lam, D. C. C. and Tong, P., Couple stress based strain 
gradient theory for elasticity, Int. J. Solids Struct., 39, 2731–2743, 2002. 

 [24] Tadi Beni, Y., Koochi, A. and Abadyan, M., Using Modified Couple Stress Theory for 
Modeling the Size-Dependent Pull-In Instability of Torsional Nano-Mirror under 
Casimir Force, Int. J. Optomechatronics, 8(1), 47-71, 2014.  

 [25] Zeighampour, H., Tadi Beni, Y., Analysis of conical shells in the framework of 
coupled stresses theory, Int. J. Eng. Sci., 81, 107-22, 2014. 

 [26] Askari, A. R., Tahani, M., Size-dependent dynamic pull-in analysis of beam-type 
MEMS under mechanical shock based on the modified couple stress theory, Appl. 
Math. Modell., 39(2), 934-946, 2015. 

 [27] Reddy, J. N., Mechanics of laminated composite plates and shells: theory and analysis, 
CRC press, 2003. 

 [28] Zeighampour, H., Tadi Beni, Y., A shear deformable cylindrical shell model based on 
couple stress theory, Arch. Appl. Mech., 85(4), 1-15, 2014. 

 [29] Zeighampour, H., Tadi Beni, Y. and Mehralian, F., A shear deformable conical shell 
formulation in the framework of couple stress theory, Acta Mechanica, 226(8), 1-23, 
2015. 

 [30] Craciunescu, C. M., Wuttig, M., New ferromagnetic and functionally grade shape 
memory alloys, J. Optoelectronics Adv. Mater., 5(1), 139–146, 2003. 

 [31] Fu, Y. Q., Du, H. J. and Zhang, S., Functionally graded TiN/TiNi shape memory alloy 
films, Mater. Lett, 57(20), 2995–2999, 2003. 



Fahimeh Mehralian, Yaghoub Tadi Beni 

86 
 

 [32] Fu, Y.Q., Du, H. J., Huang, W. M., Zhang, S. and Hu, M., “TiNi-based thin films in 
MEMS applications: a review,” Sens. Actuators A, 112(2–3), 395–408, 2004. 

 [33] Witvrouw, A., Mehta, A., The use of functionally graded poly-SiGe layers for MEMS 
applications, Functionally Graded Material VIII, 492–493, 255–260, 2005. 

 [34] Tadi Beni, Y., Mehralian, F. and Razavi, H., Free vibration analysis of size-dependent 
shear deformable functionally graded cylindrical shell on the basis of modified couple 
stress theory, Compos. Struct., 120, 65-78, 2015. 

 [35] Şimşek, M., Reddy, J. N., A unified higher order beam theory for buckling of a 
functionally graded microbeam embedded in elastic medium using modified couple 
stress theory, Compos. Struct., 101, 47-58, 2013. 

 [36] Zhang, Y. Q., Liu, X., and Liu, G. R. Thermal effect on transverse vibrations of 
double-walled carbon nanotubes, Nanotechnol., 18(44), 445701, 2007. 

 [37] Murmu, T., Pradhan, S. C., Thermo-mechanical vibration of a single-walled carbon 
nanotube embedded in an elastic medium based on nonlocal elasticity theory, Comput. 
Mater. Sci., 46(4), 854-859, 2009. 

 [38] Wang, L., Ni, Q., Li, M., and Qian, Q. The thermal effect on vibration and instability 
of carbon nanotubes conveying fluid, Phys. E, 40(10), 3179-3182, 2008. 

 [39] Touloukian, Y. S., Thermophysical properties of high temperature solid materials, 
MacMillan, New York, 1967. 

 [40] Li, Q., Iu, V. P., and Kou, K. P. Three-dimensional vibration analysis of functionally 
graded material plates in thermal environment, J Sound Vib., 324(3), 733-750, 2009. 

 [41] Dung, D. V., Hoa, L. K. and Nga, N. T., On the stability of functionally graded 
truncated conical shells reinforced by functionally graded stiffeners and surrounded by 
an elastic medium, Compos. Struct., 108, 77–90, 2014. 

 [42] Huang, X. L., Shen, H. S., Nonlinear vibration and dynamic response of functionally 
graded plates in thermal environment, Int. J. Solids Struct., 41, 2403–2427, 2004.  

 


