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1. Introduction 
 

Despite recent advances in small-scale structures, many 

research groups have focused on theoretical issues due to 

the time and price required for the experimental examination 

(Long et al. 2021, Chen et al. 2022, Gao et al. 2022, Gong 

et al. 2022, Zhan et al. 2022). The phrase “size-dependent 

theory” refers to theories dependent on the size of the 

system (Rasid et al. 2019, Li et al. 2020a, Wang et al. 2021, 

Zheng et al. 2021). The strain gradient theory, the Eringen 

theory (Ghadiri and Shafiei 2016b, Ghadiri et al. 2016a, b, 

s, d, Shafiei et al. 2016b), the modified couple stress theory 

(Liu et al. 2020a, Wang et al. 2020, Zhou et al. 2020, Dai et 

al. 2021a, Guo et al. 2021a, Shao et al. 2021, Wu and 

Habibi 2021), and the nonlocal strain gradient theory (Liu et 

al. 2020b, 2021b, Habibi et al. 2021, He et al. 2021, Huang 

et al. 2021a, Zhang et al. 2021) are the size-dependent 

theories. Because of the small-scale consequences, the 

essential assumptions of the different size-dependent 

theories differ (Azimi et al. 2016, Ghadiri and Shafiei 

2016a, c, Shafiei et al. 2016a, e, g). These extra deductions 

result in a wide variety of behavior (Adamian et al. 2020, 

Al-Furjan et al. 2020a, b, Li et al. 2020c, Zare et al. 2020, 

Dai et al. 2021b). Some theories, such as the modified 

connected stress theory (Al-Furjan et al. 2020c, d, f, Bai et 

al. 2020, Li et al. 2020b, Zhang et al. 2020, Guo et al. 

2021b, Liu et al. 2021a), strain gradient theory (Ebrahimi 

and Shafiei 2016, Shafiei et al. 2016c, d, f, Ebrahimi et al. 

2017, Shivanian et al. 2017), and others, anticipate the  
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hardening phenomena because of the action on a small scale 

(Hashemi et al. 2019, Al-Furjan et al. 2020e, Cheshmeh et 

al. 2020, Lori et al. 2020, Najaafi et al. 2020, Shariati et al. 

2020c). These theories employ length-scale factors to 

modify the stiffness section of the governing equation 

(Ghadiri et al. 2017a, b, Mirjavadi et al. 2017b, c, Shafiei et 

al. 2017a, b), but others, such as the nonlocal theory, use 

mass matrices to predict softening (Hashemi et al. 2019, 

Moayedi et al. 2019, 2020a, b, Oyarhossein et al. 2020, 

Shariati et al. 2020b). In recent years, the nonlocal theory 

has been combined with strain gradient theory, resulting in 

nonlocal strain gradient theory, which incorporates both 

softening and hardening processes (Ehyaei et al. 2017, 

Ghadiri et al. 2017c, d, Mirjavadi et al. 2017d, Shafiei and 

Kazemi 2017b, Shafiei et al. 2017c). According to this 

theory, the small-scale component acts on both the mass and 

stiffness sides of the governing equations (Ebrahimi et al. 

2019a, b, Mohammadgholiha et al. 2019, Mohammadi et al. 

2019, Ebrahimi et al. 2020, Habibi et al. 2020, Shariati et 

al. 2020a, Shokrgozar et al. 2020). Among them, the 

nonlocal theory allows researchers to manage better the 

stability of small-scale structures, which has led to an 

inflow of academics from a wide range of professional 

backgrounds flocking to this field (Habibi et al. 2017, 2019, 

Safarpour et al. 2018, 2020, Ghazanfari et al. 2020). 

Soleimani-Javid et al. (2021) studied the non-homogeneous 

honeycomb small-scale plate to analyze the dynamic 

analysis mentioned structures for different boundary 

conditions via an analytical approach. Kumar et al. (2021) 

investigated the free vibration characteristics of the 

nonlocal small-scale FG high-order plate, including the 

porosity, in order to analyze the impact of the shear 

deformation factor. Zerrouki et al. (2021) examined the 

impact of material distribution according to the nonlinear 
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function on the bending behavior of high-order carbon 

nanotube. Heidari et al. (2021) suggested reality assumed to 

investigate the stability behavior of carbon nanotubes 

regarding the buckling analysis based on the nonlocal 

elastic theory. Rouabhia et al. (2020) applied the first-order 

shear deformation theory of the plate to investigate the 

stability concerning the buckling characteristics of graphene 

sheets resting on a viscoelastic foundation. Matouk et al. 

(2020) studied the hygro-thermal impact on the thermo-

mechanical vibrational behavior of FG nanobeam according 

to first-order shear deformation beam theory and the 

nonlocal Eringen theory. Bellal et al. (2020) supposed a 

nonclassical graphene sheet on the visco-elastic foundation 

in order to investigate the buckling treatment of nonlocal 

plate structure. Asghar et al. (2020) presented a chiral 

nanoscale pipe according to the shell theory coupled with 

nonlocal elastic theory regarding the vibrational analysis of 

multi-walled nanotubes employing the numerical method. 

Balubaid (2019) analytically presented the dynamic 

response about the pinned functionally graded nanoscale 

plate via high-order nonlocal theory. Hussain et al. (2019) 

worked on the tube structures versus the various boundary 

conditions based on the Eringen nonlocal theory to the 

dynamic properties concerning the stability of the carbon 

nanotubes and their wave behavior. Boutaleb et al. (2019) 

analyzed the vibration behavior of the FG nonlocal plate on 

the basis of high-order shear deformation plate theory 

utilizing the nonlocal Eringen theory. Berghouti et al. 

(2019) used the different high-order theories of the beam to 

examine the vibration behavior of porosity-dependent 

functionally graded nanoscale beam based on the nonlocal 

Eringen theory. Bakoura et al. (2021) scrutinized the shear 

deformation impact on the statical buckling behavior of the 

high-order plate stress function approach. Bekkaye et al. 

(2020) operated the shear deformation plate theory for the 

analytical buckling and bending behavior of imperfect FG 

plates. 

Functionally graded materials (FGM) are one of the best 

non-homogeneous structures because their unique qualities 

allow them to suit the requirements of goods (Ebrahimi and 

Shafiei 2017, Ghadiri et al. 2017e, Mirjavadi et al. 2017a, 

Shafiei and Kazemi 2017a, Shafiei et al. 2017d, Azimi et al. 

2018). These preferred structures are combined with two or 

more phases of different materials to create a structure that 

incorporates the best features of each phase (Zhao et al. 

2022, Huang et al. 2021b, Jiao et al. 2021, Moradi et al. 

2021, Xu et al. 2021). Ceramics, for example, can withstand 

high temperatures while metals may be formed, yet, the 

heat resistance of metals and the formability of ceramics are 

low (Ma et al. 2022, Hou et al. 2021, Huang et al. 2021c, 

Liu et al. 2021c, Yu et al. 2022). As a result, the 

functionally graded ceramic-metal composite material has a 

good heat resistance and formability. Academics and 

designers alike are becoming more interested in applying 

this critical knowledge to their work. Pompe et al. (2003) 

researched on the biomedical application of functionally 

graded materials in the biomedical application of artificial 

implants. Natarajan and Manickam (2012) used the high-

order theory of plates to numerically examine the thermo-

mechanical vibration and static bending of a functionally 

graded plate. Shaker et al. (2008) employed the novel 

numerical approach to study the frequency response of the 

high-order functionally graded plate. Li et al. (2009b) 

investigated the vibration and buckling properties of a 

functionally graded piezoelectric fully clamped beam under 

heat settings using a combination of classical beam theory 

and nonlinear theory. Daikh et al. (2020) used nonlocal 

theory to investigate the vibration behavior of FG simply 

supported nanobeams in a thermal environment with 

temperature-dependent material compositions. Pandey and 

Pradyumna (2017) operated a numerical technique to 

simulate the FG shell structure based on high-order theory 

for the theme-mechanical vibration analysis of these 

structures. Ke et al. (2010) utilized a numerical iteration 

approach to analyze the nonlinear vibration behavior of a 

functionally graded classical beam. Mollarazi et al. (2011) 

employed the meshless method to investigate the 

vibrational response on the cylindrical pipe in which the 

composition of materials varied the radial direction. Wang 

et al. (2019) studied the dynamic behavior of the 

functionally graded and imperfect microscale beam in the 

hygro-thermal environment based on the modified couple 

stress theory and the analytical solution. Bich and Xuan 

Nguyen (2012) numerically investigated the nonlinear 

dynamic behavior of functionally graded shells according to 

the Donnell theory of shell. Moita et al. (2020) operated the 

Kirchhoff-Love theory of functionally graded shell and 

plate to investigate the vibration response regarding the 

different conditions. Li et al. (2009a) studied the different 

types of temperature change functions to examine the 

thermal vibration of the functionally graded plate for both 

pinned and clamped boundary conditions. The investigation 

of nonlinear impacts in the thermal environment for the 

stability regarding the vibrational response of functionally 

graded paper was done by Sundararajan et al. (2005). 

It is easily understood that the free linear and nonlinear 

frequencies of the small-scale nonuniform beams resting in 

an elastic foundation still need to be investigated, however, 

many scholars have conducted numerous evaluations of the 

dynamic features of small-scale beam constructions under 

diverse settings. Therefore, the linear and nonlinear 

vibration analysis of a nonuniform and axially functionally 

graded tapered nanobeam supported by an elastic 

foundation based on nonlocal elasticity theory, classical 

theory, and Von-Kármán theory is examined in this study. 

The axially functionally graded (AFG) material 

characteristics of SUS304 and Si3N4 are modified 

throughout the beam length, and the beam thickness is 

adjusted along the beam length. For the beam substrate, 

both the Winkler and Pasternak foundations are intended. 

Finally, the numerical approach is used to solve the partial 

differential equations that have been created. 

 

 
2. Mathematical simulation of nanobeam behavior 

 

As seen in Fig. 1, a non-uniform beam structure 

immersed in an elastic foundation is constructed of 

functionally graded material with a variable distribution of 

mechanical material qualities over the beam length. 
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Table 1 The coefficient values of SUS304 and Si3N4 

regarding the Poison ratio, density, and Young’s modulus 

 Poison ratio Density (𝐾𝑔 𝑚3⁄ ) 
Young’s modulus 

(MPa) 

SUS304 0.3177 8166 322.269e3 

Si3N4 0.24 2370 207.79e3 

 

 

As demonstrated in Fig. 1, the tapered beam is 

composed of ceramic and metal. The following equation 

takes into account how the mechanical characteristics of the 

material, such as Young’s modulus, density, and Poison 

ratio, fluctuate with the beam length. 

𝐸(𝑥) = (𝐸𝑆𝑁 − 𝐸𝑆𝑡) (1 −
𝑥

𝐿
)

𝜂

+ 𝐸𝑆𝑡 (1a) 

𝜌(𝑥) = (𝜌𝑆𝑁 − 𝜌𝑆𝑡) (1 −
𝑥

𝐿
)

𝜂

+ 𝜌𝑆𝑡 (1b) 

𝜈(𝑥) = (𝑣𝑆𝑁 − 𝜈𝑆𝑡) (1 −
𝑥

𝐿
)

𝜂

+ 𝜈𝑆𝑡 (1c) 

The subscript of ‘()SN’ denotes Si3N4 regarding the 

ceramic phase, and ‘()St’ directs to SUS304 concerning the 

metal phase, furthermore, ‘η’ is the volume fraction 

parameter regarding the FG index, moreover, Table 1 

provides the mechanical parameter values for SUS304 and 

Si3N4. 

In the non-uniform section, the thickness is altered along 

the beam length concerning the following mathematical 

equation. 

ℎ(𝑥) = ℎ0 (1 − 𝛼
𝐿 − 𝑥

𝐿
) (2) 

where ‘α’ is the rate of section change. The definition of 

geometric and material dispersion was done, then the 

motion equation relation will be defined. In order to 

represent and simulate the nanobeam mathematically, the 

classical beam theory is combined with Eringen’s nonlocal 

theory and Von-Kármán’s nonlinear theory. The 

displacement components along the x/-, y/-, and z-axis in 

the classical beam theory are as follows. 

𝑢𝑥 = 𝑢(𝑡, 𝑥) − 𝑧
𝜕𝑤(𝑡, 𝑥)

𝜕𝑥
 (3a) 

𝑢𝑦 = 0 (3b) 

𝑢𝑧 = 𝑤(𝑡, 𝑥) (3c) 

  
 

Thus, the following nonlinear strains are assumed to be 

Euler-Bernoulli beam-based linked with Von-Kármán’s 

nonlinear theory. 

𝜀𝑥𝑥 =
𝜕𝑢

𝜕𝑥
− 𝑧

𝜕2𝑤

𝜕𝑥

2

+
1

2
(
𝜕𝑤

𝜕𝑥
)

2

 (4a) 

𝜀𝑥𝑦 = 𝜀𝑦𝑥 = 𝜀𝑦𝑦 = 𝜀𝑦𝑧 = 𝜀𝑧𝑦 = 𝜀𝑥𝑧 = 𝜀𝑧𝑥 = 𝜀𝑧𝑧 = 0 (4b) 

The virtual potential energy (δP) will be estimated in the 

following manner using the derived strains equation. 

𝛿𝑃 = ∭𝛿(𝐸𝜀: 𝜀)𝑑𝑣 

= 𝐶
𝜕2𝑤

𝜕𝑥2
𝛿 (

𝜕2𝑤

𝜕𝑥2
)𝑑𝑥 + ∫ 𝐴

𝜕𝑢

𝜕𝑥
𝛿 (

𝜕𝑢

𝜕𝑥
)

𝐿

0

 

+∫ 𝐴

(

 
 

1

2
(
𝜕𝑤

𝜕𝑥
)

3

𝛿 (
𝜕𝑤

𝜕𝑥
) +

𝜕𝑢

𝜕𝑥

𝜕𝑤

𝜕𝑥
𝛿 (

𝜕𝑤

𝜕𝑥
)

+
1

2
(
𝜕𝑤

𝜕𝑥
)

2

𝛿 (
𝜕𝑢

𝜕𝑥
)

)

 
 

𝑑𝑥
𝐿

0

 

(5a) 

where 

(𝐴, 𝐶) = ∬𝐸(𝑥)(1, 𝑧2)𝑑𝐴
𝐴

 (5b) 

The virtual Kinetic energy (δK) associated with the 

nonlinear classical beam displacement is determined in the 

following manner. 

𝛿𝐾 =
1

2
∫𝜌(𝑥)
𝑉

𝛿(𝑢̇𝑥
2 + 𝑢̇𝑧

2)𝑑𝑉 

= ∫ 𝑚0[𝑢̇𝛿(𝑢̇) + 𝑤̇𝛿(𝑤̇)] + 𝑚2

𝜕𝑤̇

𝜕𝑥
𝛿 (

𝜕𝑤̇

𝜕𝑥
)

𝐿

0

𝑑𝑥 

(6a) 

where 

(𝑚0, 𝑚2) = ∫𝜌(𝑥)
𝐴

(1, 𝑧2)𝑑𝐴 (6b) 

The non-uniform beam is embedded in an elastic 

foundation, and the impact of the external foundation is 

considered as the external work, so the virtual energy due to 

the external work (W) is assumed as follows. 

𝛿𝑊 = ∫ (𝐾𝑤𝑤 − 𝐾𝑃

𝜕2𝑤

𝜕𝑥2
)𝑤𝛿(𝑤)

𝐿

0

𝑑𝑥 (7) 

The Winkler and Pasternak elastic foundation constants 

are denoted by ‘KW’ and ‘KP’.  The Hamilton principle 

extracts the governing nonlinear and partial differential 

 

Fig. 1. Illustration of a tapered AFG beam placed in an elastic foundation 
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equations in the following manner. 

∫(𝛿𝐾 − 𝛿𝑃 + 𝛿𝑊)𝑑𝑡 = 0 (8) 

Then, we get the following Euler-Lagrange equation by 

plugging Eqs. (5), (6) and (7) into Eq.(8). 

𝛿𝑢:−
𝜕

𝜕𝑥
(𝐴𝑢′ +

1

2
𝐴(𝑤′)2) = 𝑚0𝑢̈ (9a) 

𝛿𝑤:
𝜕2

𝜕𝑥2
(𝐶𝑤′′) − 𝐾𝑤𝑤 + 𝐾𝑃

𝜕2𝑤

𝜕𝑥2
 

+
𝜕

𝜕𝑥
[(𝐴𝑢′ +

1

2
𝐴(𝑤′)2)𝑤′] = 𝑚0𝑤̈ − 𝑚2𝑤̈′′ 

(9b) 

Boundary conditions: 

𝑢 = 0 Or 𝐴𝑢′ +
1

2
𝐴(𝑤′)2 = 0 (9c) 

𝜓 = 0 Or 𝐶𝑤′′ = 0 (9d) 

𝑤 = 0 Or 
𝜕

𝜕𝑥
(𝐶𝑤′′) = 0 (9e) 

where indicates the ‘𝑢̈ = 𝜕2𝑢 𝜕𝑡2⁄ ’, ‘𝑤̈ = 𝜕2𝑤 𝜕𝑡2⁄ ’ and 

‘ ()′ = 𝜕() 𝜕x⁄ ’. The nonlocal theory of Eringen will 

convert the nonlinear partial differential governing 

equations and related boundary conditions to the following 

format. 

𝛿𝑢:−
𝜕

𝜕𝑥
(𝐴𝑢′ +

1

2
𝐴(𝑤′)2) 

= 𝑚0𝑢̈ − (𝑒𝑎)2
𝜕2

𝜕𝑥2
(𝑚0𝑢̈) 

(10a) 

𝛿𝑤:
𝜕2

𝜕𝑥2
(𝐶𝑤′′) − 𝐾𝑤𝑤 + 𝐾𝑃

𝜕2𝑤

𝜕𝑥2
 

+
1

2

𝜕

𝜕𝑥
[(𝐴𝑢′ + 𝐴(𝑤′)2)𝑤′] + (𝑒𝑎)2𝐾𝑤𝑤′′ + 𝑚2𝑤̈

′′ 

−(𝑒𝑎)2𝐾𝑃𝑤′′′′ −
1

2
(𝑒𝑎)2

𝜕2

𝜕𝑥2
(

𝜕

𝜕𝑥
(𝐴(𝑤′)2𝑤′)) 

= 𝑚0𝑤̈ − (𝑒𝑎)2
𝜕2

𝜕𝑥2
(𝑚0𝑤̈ − 𝑚2𝑤̈′′) 

(10b) 

Nonlocal boundary conditions: 

𝑢 = 0 Or 𝐴𝑢′ +
1

2
𝐴(𝑤′)2 − (𝑒𝑎)2𝑚0𝑢̈ = 0 (10c) 

𝜓 = 0 Or 
𝐶𝑤′′ − (𝑒𝑎)2(𝐾𝑊𝑤 − 𝐾𝑃𝑤′′ + 𝑚0𝑤̈

− 𝑚2𝑤̈′′) = 0 (10d) 

𝑤 = 0 Or 

𝜕

𝜕𝑥
(𝐶𝑤′′ − (𝑒𝑎)2(𝑚0𝑤̈ − 𝑚2𝑤̈

′′)) 

−(𝑒𝑎)2(𝐾𝑊𝑤′ − 𝐾𝑃𝑤′′′) = 0 

(10e) 

  

 

3. The strategy and solving procedure 
 

The numerical technique for solving nonlinear partial 

differential equations is presented in this section. The 

extended differential quadrature method is used to solve the 

extracted equations in combination with the iteration 

strategy. The following specification will translate the 

derivative terms to matrix format based on the GDQM. 

𝜕𝑞𝑔(𝑥)

𝜕𝑥𝑞
|
𝑥=𝑥𝑃

= ∑𝐵𝑖𝑗
(𝑞)

𝑔(𝑥𝑖)

𝑛

𝑗=1

 (11a) 

where ‘q’ is the order of the derivative function of ‘g’, and 

𝐵𝑖𝑗𝑖
(𝑞)

= 𝑞 [𝐵𝑗𝑖
(𝑞−1)

𝐵𝑗𝑖
(1)

−
𝐵𝑗𝑖

(𝑞−1)

(𝑥𝑗 − 𝑥𝑖)
] , 𝑗 ≠ 𝑖 (11b) 

𝐵𝑗𝑗
(𝑞)

= − ∑ 𝐵𝑗𝑖
(𝑞)

𝑛

𝑖=1,𝑗≠𝑖

, 𝑖 = 𝑗 (11c) 

Also 

𝐵𝑖𝑗
(1)

=
𝑇(𝑥𝑖)

(𝑥𝑖 − 𝑥𝑗)𝑇(𝑥𝑗)
, 𝑖 ≠ 𝑗 (11d) 

𝐵𝑗𝑖
(1)

= − ∑ 𝐵𝑗𝑖
(1)

𝑛

𝑖=1,𝑗≠𝑖

, 𝑖 = 𝑗 (11e) 

where ‘x’ is the mesh grid point, and 

𝑇(𝑥𝑖) = ∏ (𝑥𝑗 − 𝑥𝑖)

𝑛

𝑖=1,𝑖≠𝑗

 (11f) 

The following format will be used to determine the 

results for the nonlinear eigenvalue issue. 

𝜔2 =
[𝐾]𝑁𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟 + [𝐾]𝐿𝑖𝑛𝑒𝑎𝑟

[𝑀]
{𝛾} (12) 

where ‘γ’ denotes the eigenvector and ‘[K]’ and ‘[M]’ 

denote the following: 

The frequencies will be derived using the boundary 

conditions and applying the GDQM (Eq. (11)) to the 

eigenvalue issue (Eq. (13)). The nonlinear components will 

be ignored in the first stage, and the natural frequency will 

be determined, the nonlinear frequency will then be 

calculated using the linear eigenvalue and eigenvector. The 

new nonlinear frequency and mode shapes will be 

automatically assigned to the new eigenvalue, and the new 

frequency will be determined, this iteration procedure will 

continue until the findings concur (Shafiei and She 2018, 

Shafiei et al. 2019, 2020). 

 

 

4. Presentation of calculated findings 

 

This section provided the nonlinear numerical results of 

the free vibration of the nonuniform small-scale beam based 

on the Euler-Bernoulli beam theory in conjunction with the 

nonlocal elasticity theory. The validation of numerical 

solution procedure as well as nonlinear generated partial 

differential governing equations are also required before the 

presentation of the new results. To confirm the numerical 

findings, Tables 2 and compare linear and nonlinear 

frequency distributions, respectively. The numerical linear  
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findings are compared to published results of Zhao and Yu 

(2021) for different nonlocal parameters in Table 2 that 

demonstrates a great agreement between the provided data. 

Additionally, the nonlinear frequencies of the clamped 

beam are shown against the nonlinear amplitude, which 

provides strong support for the results of Zhao and Yu 

(2021) in Table 3. 

To better characterize the display of the findings, the 

following non-dimensional parameter is defined. 

Dimensionless frequency (Φ): 

𝜔2 = 𝛷2
𝜋𝐸𝑆𝑁𝐼𝑥=𝐿

𝜌𝑆𝑁𝐿4𝐴𝑥=𝐿
 (14a) 

Dimensionless nonlocal parameter (γ): 

(𝑒𝑎)2 = 𝛾𝐿 (14b) 

Dimensionless nonlinear amplitude: 

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 ×
𝜋

2
√

𝐼𝑥=𝐿

𝐴𝑥=𝐿
 (14c) 

Dimensionless Winkler component (Kw): 

𝑘𝑤 = 𝐾𝑤
𝐸𝑆𝑁𝐼𝑥=𝐿

𝐿4
 (14d) 

 

 

 

 

Dimensionless Pasternak component (Kp): 

𝑘𝑝 = 𝐾𝑝
𝐸𝑆𝑁𝐼𝑥=𝐿

𝐿2
 (14e) 

Table 4 lists both linear and nonlinear fundamental 

frequencies (Φ) of the uniform (α=0) and nonuniform (α≠0) 

clamped beam for various nonlinear amplitude values 

versus the section change rate (α). It is demonstrated that 

the free frequencies are improved via nonlinear amplitude 

because the additional strains improve the beam strength, 

and the beam stability develops. Furthermore, the section 

change rate impacts are also investigated in Table 4, in 

which both linear and nonlinear frequencies develop via 

section change rate (α), increment of ‘α’ improves the 

effective beam thickness, which means the development of 

the beam stiffness. So, both nonlinearity and section change 

impacts to enhance the beam frequency and beam stability. 

The nonlocal impact (γ) on the linear and nonlinear 

frequencies (Φ) of nonuniform fully clamped nanobeam 

versus the nonlinear amplitude is presented in Table 5. The 

reported findings reveal that the nonlocal parameter (γ) 

reduces fundamental linear and nonlinear frequencies by 

affecting the mass matrices and reducing the beam stiffness, 

hence, the softening phenomena is anticipated in terms of  

[𝐾]𝑁𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟  

=

[
 
 
 
 0 −(

1

2
)
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)

𝜕

𝜕𝑥
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𝜕𝑤

𝜕𝑥
)

𝜕

𝜕𝑥
) − (𝑒𝑎)2 (

1

4
)

𝜕2

𝜕𝑥2
(

𝜕

𝜕𝑥
(𝐴 (

𝜕𝑤

𝜕𝑥
)

𝜕

𝜕𝑥
)) (

1

2
)

𝜕

𝜕𝑥
[𝐴 (

𝜕𝑤

𝜕𝑥
) (

𝜕𝑤

𝜕𝑥
)

𝜕

𝜕𝑥
]
]
 
 
 
 

 
(13a) 

[𝐾]𝐿𝑖𝑛𝑒𝑎𝑟  

=

[
 
 
 
 −

𝜕

𝜕𝑥
(𝐴

𝜕

𝜕𝑥
) 0

0
𝜕2

𝜕𝑥2 (𝐶
𝜕2

𝜕𝑥2) − 𝐾𝑊 + 𝐾𝑃

𝜕2

𝜕𝑥2 + (𝑒𝑎)2𝐾𝑤
𝜕2

𝜕𝑥2

− (𝑒𝑎)2𝐾𝑃

𝜕4

𝜕𝑥4
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[𝑀] 

=

[
 
 
 
 𝑚0 − (𝑒𝑎)2𝑚0′′ − (𝑒𝑎)2𝑚0

𝜕2

𝜕𝑥2 0

0 𝑚0 − 𝑚2

𝜕2

𝜕𝑥2 + (𝑒𝑎)2
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𝜕𝑥2 (𝑚2
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𝜕𝑥2) − (𝑒𝑎)2 (𝑚0′′ + 𝑚0

𝜕2

𝜕𝑥2)]
 
 
 
 

 
(13c) 

Table 2 The fundamental frequency (√𝜔2𝐿4 𝜌𝐴 𝐸𝐼⁄ ) simply supported ceramic beam (η=0) compared with the 

results of Zhao and Yu (2021) versus the nonlocal parameter (ea) 

 Local (ea)2=0.5 (ea)2=1 (ea)2=2 (ea)2=3 (ea)2=4 

Present study 9.859719693 9.625123602 9.406573269 9.010550158 8.660681288 8.348564996 

Zhao and Yu (2021) 9.86959 9.63476 9.41599 9.01957 8.66935 8.35692 

Table 3 The normalized nonlinear frequency (Nonlinear frequency/Linear frequency) the clamped beam is 

compared to findings of Zhao and Yu (2021) various nonlinear amplitudes (𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒√𝐼 𝐴⁄ ) 

 Amplitude=1 Amplitude=2 Amplitude=3 

Present study 1.022098687 1.08560263 1.183068764 

Zhao and Yu (2021) 1.0222 1.08571 1.18319 
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the nonlocal influence. Additionally, the nonlinear amplitude 

is applied to the beam structures, and as previously stated, 

nonlinearity increases beam stability, which is evident in all 

nonlocal parameters employed. Additionally, in all cases 

 

 

 

 

of nonlinearity, the nonlocal parameter sets the frequency 

limit. 

Table 6 shows the influence of the volume proportion of 

FG parameters (η) on the free linear and nonlinear  

Table 4 The linear and nonlinear free frequencies (Φ) of the fully clamped nonuniform beam versus the nonlinear 

amplitude and the section change rate (α) 

 Linear Amplitude=1 Amplitude=2 Amplitude=3 Amplitude=4 Amplitude=5 

α=-0.5 10.44078059 11.27810867 13.45217617 16.41633817 19.81683289 23.46700901 

α=-0.4 10.76066012 11.58017574 13.72039418 16.65564263 20.03660879 23.6752478 

α=-0.3 11.12529432 11.90934259 13.97415294 16.83074745 20.14128156 23.71832719 

α=-0.2 11.54518482 12.29212369 14.27651136 17.04777634 20.28127447 23.79084722 

α=-0.1 12.03454011 12.74613468 14.65312875 17.34211986 20.50217919 23.94873761 

α=0 (Uniform) 12.61308052 13.29152821 15.12536663 17.73679995 20.82895582 24.21912751 

α=0.1 13.3090236 13.95698391 15.7232648 18.26383756 21.29603119 24.63919891 

α=0.2 14.16428829 14.78487771 16.49063309 18.96928566 21.95232868 25.26127611 

α=0.3 15.24418993 15.8341398 17.47027528 19.8750976 22.79746821 26.06265892 

α=0.4 16.65709893 17.19544518 18.70585335 20.96047754 23.73822034 26.87501264 

α=0.5 18.5990898 19.0895418 20.48110856 22.59144351 25.23035553 28.24650444 

Table 5 The linear and nonlinear free frequencies (Φ) of the clamped tapered beam versus the nonlinear amplitude 

as well as the nonlocal parameter (𝛾), α=0.25 

 Linear Amplitude=0.5 Amplitude=1 Amplitude=1.5 Amplitude=2  

Local 14.67073649 14.82549337 15.27893029 16.00230626 16.95747832 Local 

γ=0.5 14.23942713 14.42070854 14.94939732 15.786191 16.880916 γ=0.5 

γ=1.0 13.13892026 13.39121517 14.11723646 15.24183716 16.67851288 γ=1.0 

γ=1.5 11.75616156 12.10638159 13.09362206 14.57697615 16.41558149 γ=1.5 

γ=2.0 10.38899524 10.84927684 12.113339 13.9482217 16.15455558 γ=2.0 

γ=2.5 9.173443866 9.747263872 11.27679511 13.42063503 15.92877313 γ=2.5 

γ=3.0 8.140691405 8.827175546 10.59923306 13.00135213 15.74633737 γ=3.0 

γ=3.5 7.277112839 8.073291449 10.06153313 12.67495919 15.60316793 γ=3.5 

γ=4.0 6.556258285 7.458156281 9.636682288 12.42174452 15.49173172 γ=4.0 

γ=4.5 5.951622195 6.954797291 9.29977471 12.22428033 15.40476552 γ=4.5 

γ=5.0 5.440562667 6.540389404 9.030603509 12.0688626 15.33635348 γ=5.0 

Table 6 The linear and nonlinear free frequencies (Φ) of the fully clamped nonuniform nonlocal beam versus the 

nonlinear amplitude along with the volume fraction parameter (𝜂), α=0.25, γ=1 

 Linear Amplitude=1 Amplitude=2 Amplitude=3 Amplitude=4 Amplitude=5 

Pure Si3N4 13.13892026 14.11723646 16.67851288 20.20019821 24.26384812 28.64221928 

𝜂=1 7.949963614 8.513404345 9.99635595 12.04668053 14.421761 16.98729325 

𝜂=2 6.876878725 7.362338273 8.640581395 10.40865635 12.4574226 14.67092956 

𝜂=3 6.447748567 6.904455545 8.106562683 9.768700549 11.69419728 13.77415778 

𝜂=4 6.23332067 6.675979707 7.840793275 9.450903207 11.3157483 13.32992226 

𝜂=5 6.11260331 6.547222847 7.69073265 9.271178417 11.10148868 13.07823666 

𝜂=6 6.039294498 6.468835703 7.598946748 9.160819738 10.96957631 12.92301455 

𝜂=7 5.992112711 6.418225988 7.539338353 9.088803929 10.88321586 12.82117903 

𝜂=8 5.959995395 6.383684616 7.498458273 9.039220026 10.82359879 12.75075918 

𝜂=9 5.936795109 6.358712633 7.468858853 9.003274484 10.78034444 12.69964002 

𝜂=10 5.919005331 6.339597742 7.446274276 8.97591884 10.74748346 12.66084743 
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frequencies (Φ) of the tapered nano-scale AFG clamped 

beam for various nonlinear amplitude values. The axially 

functionally graded nanobeam is comprised of Si3N4 and 

SUS304, and increasing the FG parameter increases the 

volume of SUS304 in the complex structure. The Si3N4 is 

clearly stiffer than the SUS304, the softer beam may be 

created by raising the volume fraction (η), in other words, 

the beam stiffness reduces through the AFG parameter, and 

the linear and nonlinear frequencies drop. The provided 

result holds true for all nonlinear amplitudes. 

Table 7 examines the effect of the Winkler substrate on 

the free linear and nonlinear frequencies (Φ) of an AFG 

nonuniform nanobeam resting on an elastic foundation. The 

findings show that increasing the Winkler parameter (Kw) 

enhances the beam frequencies . According to the 

mathematical modelling of the AFG nanobeam (Eq. (10)), 

the Winkler parameter improves the weighting section of 

the beam modelling in the eigenvalue problem, therefore 

the beam stiffness is predicted to rise, allowing for better 

beam frequencies and beam stability. The different 

 

 

 

nonlinear amplitude values are also included in this study, 

the impact of the Winkler parameter (Kw) is the same in all 

nonlinear amplitudes, indicating that this sort of elastic 

foundation raises the linear and nonlinear beam frequencies. 

Table 8 investigates a different sort of elastic foundation 

examined in this research. The linear and nonlinear free 

frequency response on the AFG nonlocal and nonuniform 

beam resting in a Winkler foundation is investigated in 

Table 8 for various values of the Pasternak foundation 

parameter (Kp). According to the findings, the Pasternak 

parameter reduces the linear and nonlinear frequencies for 

all nonlinear amplitude values. This sort of elastic 

foundation has the opposite effect of the Winkler foundation 

in that it lowers beam stability by lowering beam strength. 

 

 

5. Conclusions 

 

The nonlinear dynamic behavior of a nanobeam placed 

in an elastic foundation was the primary goal of this 

Table 7 The linear and nonlinear free frequencies (Φ) of the axially functionally graded non-uniform nonlocal 

clamped beam versus the nonlinear amplitude along with the elastic Winkler foundation parameter (Kw), α=0.25, 

γ=1, 𝜂=2 

 Linear Amplitude=1 Amplitude=2 Amplitude=3 Amplitude=4 Amplitude=5 

Kw=0 6.876878725 7.362338273 8.640581395 10.40865635 12.4574226 14.67092956 

Kw=100 7.462512172 7.910451365 9.109179741 10.79677726 12.77763958 14.93632228 

Kw=200 8.003696312 8.421839967 9.554943341 11.1733107 13.09404703 15.2033398 

Kw=300 8.508937985 8.902861035 9.981005644 11.53943179 13.40685723 15.47173551 

Kw=400 8.984323566 9.358216198 10.38983024 11.89611669 13.71625451 15.74128851 

Kw=500 9.434387134 9.791500444 10.78339822 12.24418866 14.02240151 16.01180146 

Kw=600 9.862614971 10.20553676 11.16333263 12.58435115 14.3254439 16.28309863 

Kw=700 10.27175689 10.6025908 11.53098429 12.91721218 14.62551393 16.55502407 

Kw=800 10.6640278 10.98451431 11.88749259 13.24330257 14.92273303 16.82743983 

Kw=900 11.04124337 11.3528443 12.23382982 13.56308987 15.21721387 17.10022438 

Kw=1000 11.40491443 11.70887354 12.57083418 13.87698918 15.50906192 17.3732711 

Table 8 The linear and nonlinear free frequencies (Φ) of the axially functionally graded non-uniform nonlocal 

clamped beam based on the elastic Winkler substrate versus the nonlinear amplitude along with the elastic 

Pasternak foundation parameter (Kp), α=0.25, γ=1, 𝜂=2, Kw=150 

 Linear Amplitude=1 Amplitude=2 Amplitude=3 Amplitude=4 Amplitude=5 

Kp=0 7.738058131 8.170291586 9.334701564 10.98641365 12.93630549 15.06964398 

Kp=2 7.540038085 7.98387393 9.17380526 10.85248686 12.8259543 14.97887053 

Kp=4 7.336078058 7.792594559 9.010063324 10.71745714 12.71580899 14.88930482 

Kp=6 7.125593814 7.596049801 8.843367638 10.58144283 12.6061534 14.80136393 

Kp=8 6.907898965 7.393778609 8.673617662 10.44461581 12.49735918 14.715582 

Kp=10 6.682178396 7.185251054 8.500728308 10.30722228 12.38991638 14.63264968 

Kp=12 6.44745223 6.969853897 8.32464235 10.16961278 12.28447711 14.55347013 

Kp=14 6.202525864 6.746872412 8.145350105 10.03228629 12.18191876 14.47923969 

Kp=16 5.945919027 6.51546741 7.96292101 9.895956524 12.0834377 14.41156685 

Kp=18 5.675762065 6.274646258 7.777555142 9.761653731 11.99069139 14.35265207 

Kp=20 5.389639176 6.023226726 7.589669104 9.630885559 11.90602021 14.30556716 
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investigation. In combination with the nonlinear Von-

Kármán theory, many nonlocal elastic and classical beam 

theories have been used to represent the small-scale beam. 

An axially functionally graded material constituted of Si3N4 

coated on SUS304 was used in the nanobeam’s 

construction. The tapered AFG beam was encased in an 

elastic Winkler-Pasternak base. The key findings are 

summarized here. 

• In all applicable settings, the nonlinear amplitudes 

enhance the beam frequencies and beam stability. 

• The stability and frequency of the beam are greatly 

affected by the nonuniformity of the section, and the cross-

section change rate (α) increases linear and nonlinear 

frequencies alike. 

• Nonlocal (γ) characteristics reduce the stiffness of the 

nonuniform beam, and the softening phenomena are 

anticipated in terms of nonlocal consequences. 

• In all nonlinear amplitudes, the volume fraction (η) 

increases the metal part of the AFG structures and affects 

beam stability and frequency. 

• The elastic foundations have a considerable and 

diversified effect on the stability and frequency response of 

the nonuniform AFG nanobeam, with the Winkler substrate 

increasing the linear and nonlinear beam frequencies and 

the Pasternak substrate diminishing them. 

 

 

References  
 
Adamian, A., Safari, K.H., Sheikholeslami, M., Habibi, M., Al-

Furjan, M. and Chen, G. (2020), “Critical temperature and 

frequency characteristics of GPLs-reinforced composite doubly 

curved panel”, Appl. Sci., 10(9), 3251.  

https://doi.org/10.3390/app10093251. 

Al-Furjan, M., Dehini, R., Khorami, M., Habibi, M. and won Jung, 

D. (2020a), “On the dynamics of the ultra-fast rotating 

cantilever orthotropic piezoelectric nanodisk based on nonlocal 

strain gradient theory”, Compos. Struct., 112990.  

https://doi.org/10.1016/j.compstruct.2020.112990. 

Al-Furjan, M., Fereidouni, M., Habibi, M., Abd Ali, R., Ni, J. and 

Safarpour, M. (2020b), “Influence of in-plane loading on the 

vibrations of the fully symmetric mechanical systems via 

dynamic simulation and generalized differential quadrature 

framework”, Eng. Comput., 1-23.  

https://doi.org/10.1007/s00366-020-01177-7. 

Al-Furjan, M., Fereidouni, M., Sedghiyan, D., Habibi, M. and won 

Jung, D. (2020c), “Three-dimensional frequency response of the 

CNT-Carbon-Fiber reinforced laminated circular/annular plates 

under initially stresses”, Compos. Struct., 113146.  

https://doi.org/10.1016/j.compstruct.2020.113146. 

Al-Furjan, M., Habibi, M., won Jung, D. and Safarpour, H. 

(2020d), “Vibrational characteristics of a higher-order laminated 

composite viscoelastic annular microplate via modified couple 

stress theory”, Compos. Struct., 113152.  

https://doi.org/10.1016/j.compstruct.2020.113152. 

Al-Furjan, M., Moghadam, S.A., Dehini, R., Shan, L., Habibi, M. 

and Safarpour, H. (2020e), “Vibration control of a smart shell 

reinforced by graphene nanoplatelets under external load: Semi-

numerical and finite element modeling”, Thin Wall. Struct., 

107242. https://doi.org/10.1016/j.tws.2020.107242. 

Al-Furjan, M., Oyarhossein, M.A., Habibi, M., Safarpour, H. and 

Jung, D.W. (2020f), “Frequency and critical angular velocity 

characteristics of rotary laminated cantilever microdisk via two-

dimensional analysis”, Thin Wall. Struct., 157, 107111.  

https://doi.org/10.1016/j.tws.2020.107111. 

Asghar, S., Naeem, M.N., Hussain, M., Taj, M. and Tounsi, A. 

(2020), “Prediction and assessment of nonlocal natural 

frequencies of DWCNTs: Vibration analysis”, Comput. Concr., 

25(2), 133-144. https://doi.org/10.12989/cac.2020.25.2.133. 

Azimi, M., Mirjavadi, S.S., Shafiei, N. and Hamouda, A.M.S. 

(2016), “Thermo-mechanical vibration of rotating axially 

functionally graded nonlocal Timoshenko beam”, Appl. Phys. A, 

123(1), 104. https://doi.org/10.1007/s00339-016-0712-5. 

Azimi, M., Mirjavadi, S.S., Shafiei, N., Hamouda, A.M.S. and 

Davari, E. (2018), “Vibration of rotating functionally graded 

Timoshenko nano-beams with nonlinear thermal distribution”, 

Mech. Adv. Mater. Struct., 25(6), 467-480.  

https://doi.org/10.1080/15376494.2017.1285455. 

Bai, Y., Alzahrani, B., Baharom, S. and Habibi, M. (2020), “Semi-

numerical simulation for vibrational responses of the 

viscoelastic imperfect annular system with honeycomb core 

under residual pressure”, Eng. Comput., 1-26.  

https://doi.org/10.1007/s00366-020-01191-9. 

Bakoura, A., Bourada, F., Bousahla, A.A., Tounsi, A., Benrahou, 

K.H., Tounsi, A., Al-Zahrani, M.M. and Mahmoud, S.R. (2021), 

“Buckling analysis of functionally graded plates using HSDT in 

conjunction with the stress function method”, Comput. Concr., 

27(1), 73-83. https://doi.org/10.12989/cac.2021.27.1.073. 

Balubaid, M. (2019), “Free vibration investigation of FG 

nanoscale plate using nonlocal two variables integral refined 

plate theory”, Comput. Concr., 24(6), 579-586.  

https://doi.org/10.12989/cac.2019.24.6.579. 

Bekkaye, T.H.L., Fahsi, B., Bousahla, A.A., Bourada, F., Tounsi, 

A., Benrahou, K.H., Tounsi, A. and Al-Zahrani, M.M. (2020), 

“Porosity-dependent mechanical behaviors of FG plate using 

refined trigonometric shear deformation theory”, Comput. 

Concr., 26(5), 439-450.  

https://doi.org/10.12989/cac.2020.26.5.439. 

Bellal, M., Hebali, H., Heireche, H., Bousahla, A.A., Tounsi, A., 

Bourada, F., Mahmoud, S.R., Bedia, E.A.A. and Tounsi, A. 

(2020), “Buckling behavior of a single-layered graphene sheet 

resting on viscoelastic medium via nonlocal four-unknown 

integral model”, Steel Compos. Struct., 34(5), 643-655.  

https://doi.org/10.12989/scs.2020.34.5.643. 

Berghouti, H., Adda Bedia, E.A., Benkhedda, A. and Tounsi, A. 

(2019), “Vibration analysis of nonlocal porous nanobeams made 

of functionally graded material”, Adv. Nano Res., 7(5), 351-364.  

https://doi.org/10.12989/anr.2019.7.5.351. 

Bich, D.H. and Xuan Nguyen, N. (2012), “Nonlinear vibration of 

functionally graded circular cylindrical shells based on 

improved Donnell equations”, J. Sound Vib., 331(25), 5488-

5501. https://doi.org/10.1016/j.jsv.2012.07.024. 

Boutaleb, S., Benrahou, K.H., Bakora, A., Algarni, A., Bousahla, 

A.A., Tounsi, A., Tounsi, A. and Mahmoud, S.R. (2019), 

“Dynamic analysis of nanosize FG rectangular plates based on 

simple nonlocal quasi 3D HSDT”, Adv. Nano Res., 7(3), 191-

208. https://doi.org/10.12989/anr.2019.7.3.191. 

Chen, Z., Tang, J., Zhang, X.Y., So, D.K.C., Jin, S. and Wong, 

K.K. (2022), “Hybrid evolutionary-based sparse channel 

estimation for IRS-Assisted mmWave MIMO systems”, IEEE T. 

Wirel. Commun. 21(3), 1586-1601.  

http://doi.org/10.1109/TWC.2021.3105405. 

Cheshmeh, E., Karbon, M., Eyvazian, A., Jung, D.w., Habibi, M. 

and Safarpour, M. (2020), “Buckling and vibration analysis of 

FG-CNTRC plate subjected to thermo-mechanical load based 

on higher order shear deformation theory”, Mech. Based Des. 

Struct., 1-24. https://doi.org/10.1080/15397734.2020.1744005. 

Dai, Z., Jiang, Z., Zhang, L. and Habibi, M. (2021a), “Frequency 

characteristics and sensitivity analysis of a size-dependent 

laminated nanoshell”, Adv. Nano Res., 10(2), 175-189.  

https://doi.org/10.12989/anr.2021.10.2.175. 

70



 

Intelligent computer modelling and simulation for the large amplitude of nano systems 

Dai, Z., Zhang, L., Bolandi, S.Y. and Habibi, M. (2021b), “On the 

vibrations of the non-polynomial viscoelastic composite open-

type shell under residual stresses”, Compos. Struct., 113599.  

https://doi.org/10.1016/j.compstruct.2021.113599. 

Daikh, A.A., Drai, A., Bensaid, I., Houari, M.S.A. and Tounsi, A. 

(2020), “On vibration of functionally graded sandwich 

nanoplates in the thermal environment”, J. Sandw. Struct. 

Mater., 23(6), 2217-2244.  

https://doi.org/10.1177/1099636220909790. 

Ebrahimi, F., Hajilak, Z.E., Habibi, M. and Safarpour, H. (2019a), 

“Buckling and vibration characteristics of a carbon nanotube-

reinforced spinning cantilever cylindrical 3D shell conveying 

viscous fluid flow and carrying spring-mass systems under 

various temperature distributions”, Proceedings of the 

Institution of Mechanical Engineers, Part C: Journal of 

Mechanical Engineering Science. 233(13), 4590-4605.  

https://doi.org/10.1177/0954406219832323. 

Ebrahimi, F., Mohammadi, K., Barouti, M.M. and Habibi, M. 

(2019b), “Wave propagation analysis of a spinning porous 

graphene nanoplatelet-reinforced nanoshell”, Wave Random 

Complex Med., 1-27.  

https://doi.org/10.1080/17455030.2019.1694729. 

Ebrahimi, F. and Shafiei, N. (2016), “Application of Eringen’s 

nonlocal elasticity theory for vibration analysis of rotating 

functionally graded nanobeams”, Smart Struct. Syst., 17(5), 

837-857. https://doi.org/10.12989/sss.2016.17.5.837. 

Ebrahimi, F. and Shafiei, N. (2017), “Influence of initial shear 

stress on the vibration behavior of single-layered graphene 

sheets embedded in an elastic medium based on Reddy’s higher-

order shear deformation plate theory”, Mech. Adv. Mater. 

Struct., 24(9), 761-772.  

https://doi.org/10.1080/15376494.2016.1196781. 

Ebrahimi, F., Shafiei, N., Kazemi, M. and Mousavi Abdollahi, 

S.M. (2017), “Thermo-mechanical vibration analysis of rotating 

nonlocal nanoplates applying generalized differential quadrature 

method”, Mech. Adv. Mater. Struct., 24(15), 1257-1273.  

https://doi.org/10.1080/15376494.2016.1227499. 

Ebrahimi, F., Supeni, E.E.B., Habibi, M. and Safarpour, H. (2020), 

“Frequency characteristics of a GPL-reinforced composite 

microdisk coupled with a piezoelectric layer”, Eur. Phys. J. 

Plus. 135(2), 144.  

https://doi.org/10.1140/epjp/s13360-020-00217-x. 

Ehyaei, J., Akbarshahi, A. and Shafiei, N. (2017), “Influence of 

porosity and axial preload on vibration behavior of rotating FG 

nanobeam”, Adv. Nano Res., 5(2), 141-169.  

https://doi.org/10.12989/anr.2017.5.2.141. 

Gao, N., Zhang, Z., Deng, J., Guo, X., Cheng, B. and Hou, H. 

(2022), “Acoustic metamaterials for noise reduction: A review”, 

Adv. Mater. Technol., 2100698.  

https://doi.org/10.1002/admt.202100698. 

Ghadiri, M. and Shafiei, N. (2016a), “Nonlinear bending vibration 

of a rotating nanobeam based on nonlocal Eringen’s theory 

using differential quadrature method”, Microsyst. Technol., 

22(12), 2853-2867. https://doi.org/10.1007/s00542-015-2662-9. 

Ghadiri, M. and Shafiei, N. (2016b), “Vibration analysis of a 

nano-turbine blade based on Eringen nonlocal elasticity 

applying the differential quadrature method”, J. Vib. Control, 

23(19), 3247-3265. https://doi.org/10.1177/1077546315627723. 

Ghadiri, M. and Shafiei, N. (2016c), “Vibration analysis of 

rotating functionally graded Timoshenko microbeam based on 

modified couple stress theory under different temperature 

distributions”, Acta Astronaut., 121, 221-240.  

https://doi.org/10.1016/j.actaastro.2016.01.003. 

Ghadiri, M., Hosseini, S.H.S. and Shafiei, N. (2016a), “A power 

series for vibration of a rotating nanobeam with considering 

thermal effect”, Mech. Adv. Mater. Struct., 23(12), 1414-1420.  

https://doi.org/10.1080/15376494.2015.1091527. 

Ghadiri, M., Shafiei, N. and Akbarshahi, A. (2016b), “Influence of 

thermal and surface effects on vibration behavior of nonlocal 

rotating Timoshenko nanobeam”, Appl. Phys. A, 122(7), 673.  

https://doi.org/10.1007/s00339-016-0196-3. 

Ghadiri, M., Shafiei, N. and Alireza Mousavi, S. (2016c), 

“Vibration analysis of a rotating functionally graded tapered 

microbeam based on the modified couple stress theory by 

DQEM”, Appl. Phys. A, 122(9), 837.  

https://doi.org/10.1007/s00339-016-0364-5. 

Ghadiri, M., Shafiei, N., Salekdeh, S.H., Mottaghi, P. and Mirzaie, 

T. (2016d), “Investigation of the dental implant geometry effect 

on stress distribution at dental implant–bone interface”, J. 

Brazil. Soc. Mech. Sci. Eng., 38(2), 335-343.  

https://doi.org/10.1007/s40430-015-0472-8. 

Ghadiri, M., Mahinzare, M., Shafiei, N. and Ghorbani, K. (2017a), 

“On size-dependent thermal buckling and free vibration of 

circular FG Microplates in thermal environments”, Microsyst. 

Technol., 23(10), 4989-5001.  

https://doi.org/10.1007/s00542-017-3308-x. 

Ghadiri, M., Shafiei, N. and Alavi, H. (2017b), “Thermo-

mechanical vibration of orthotropic cantilever and propped 

cantilever nanoplate using generalized differential quadrature 

method”, Mech. Adv. Mater. Struct., 24(8), 636-646.  

https://doi.org/10.1080/15376494.2016.1196770. 

Ghadiri, M., Shafiei, N. and Alavi, H. (2017c), “Vibration analysis 

of a rotating nanoplate using nonlocal elasticity theory”, J. Solid 

Mech., 9(2), 319-337. 

Ghadiri, M., Shafiei, N. and Babaei, R. (2017d), “Vibration of a 

rotary FG plate with consideration of thermal and Coriolis 

effects”, Steel Compos. Struct., 25(2), 197-207.  

https://doi.org/10.12989/SCS.2017.25.2.197. 

Ghadiri, M., Shafiei, N. and Safarpour, H. (2017e), “Influence of 

surface effects on vibration behavior of a rotary functionally 

graded nanobeam based on Eringen’s nonlocal elasticity”, 

Microsyst. Technol., 23(4), 1045-1065.  

https://doi.org/10.1007/s00542-016-2822-6. 

Ghazanfari, A., Soleimani, S.S., Keshavarzzadeh, M., Habibi, M., 

Assempuor, A. and Hashemi, R. (2020), “Prediction of FLD for 

sheet metal by considering through-thickness shear stresses”, 

Mech. Based Des. Struct., 48(6), 755-772.  

https://doi.org/10.1080/15397734.2019.1662310. 

Gong, X., Wang, L., Mou, Y., Wang, H., Wei, X., Zheng, W. and 

Yin, L. (2022), “Improved four-channel PBTDPA control 

strategy using force feedback bilateral teleoperation system”, 

Int. J. Control Autom., 20(3), 1002-1017.  

http://doi.org/10.1007/s12555-021-0096-y. 

Guo, J., Baharvand, A., Tazeddinova, D., Habibi, M., Safarpour, 

H., Roco-Videla, A. and Selmi, A. (2021a), “An intelligent 

computer method for vibration responses of the spinning multi-

layer symmetric nanosystem using multi-physics modeling”, 

Eng. Comput., 1-22.  

https://doi.org/10.1007/s00366-021-01433-4. 

Guo, Y., Mi, H. and Habibi, M. (2021b), “Electromechanical 

energy absorption, resonance frequency, and low-velocity 

impact analysis of the piezoelectric doubly curved system”, 

Mech. Syst. Signal Pr., 157, 107723.  

https://doi.org/10.1016/j.ymssp.2021.107723. 

Habibi, M., Darabi, R., Sa, J.C.D. and Reis, A. (2021), “An 

innovation in finite element simulation via crystal plasticity 

assessment of grain morphology effect on sheet metal 

formability”, Proceedings of the Institution of Mechanical 

Engineers, Part L: Journal of Materials: Design and 

Applications, 235(8), 1937-1951.  

https://doi.org/10.1177/14644207211024686. 

Habibi, M., Ghazanfari, A., Assempour, A., Naghdabadi, R. and 

Hashemi, R. (2017), “Determination of forming limit diagram 

using two modified finite element models”, Mech. Eng., 48(4), 

71



 

Wenjuan Yi 

141-144. https://doi.org/10.22060/MEJ.2016.664. 

Habibi, M., Mohammadi, A., Safarpour, H. and Ghadiri, M. 

(2019), “Effect of porosity on buckling and vibrational 

characteristics of the imperfect GPLRC composite nanoshell”, 

Mech. Based Des. Struct., 1-30.  

https://doi.org/10.1080/15397734.2019.1701490. 

Habibi, M., Safarpour, M. and Safarpour, H. (2020), “Vibrational 

characteristics of a FG-GPLRC viscoelastic thick annular plate 

using fourth-order Runge-Kutta and GDQ methods”, Mech. 

Based Des. Struct., 1-22.  

https://doi.org/10.1080/15397734.2020.1779086. 

Hashemi, H.R., Alizadeh, A.A., Oyarhossein, M.A., Shavalipour, 

A., Makkiabadi, M. and Habibi, M. (2019), “Influence of 

imperfection on amplitude and resonance frequency of a 

reinforcement compositionally graded nanostructure”, Wave 

Random Complex Med., 1-27.  

https://doi.org/10.1080/17455030.2019.1662968. 

He, X., Ding, J., Habibi, M., Safarpour, H. and Safarpour, M. 

(2021), “Non-polynomial framework for bending responses of 

the multi-scale hybrid laminated nanocomposite reinforced 

circular/annular plate”, Thin Wall. Struct., 166, 108019.  

https://doi.org/10.1016/j.tws.2021.108019. 

Heidari, F., Taheri, K., Sheybani, M., Janghorban, M. and Tounsi, 

A. (2021), “On the mechanics of nanocomposites reinforced by 

wavy/defected/aggregated nanotubes”, Steel Compos. Struct., 

38(5), 533-545. https://doi.org/10.12989/scs.2021.38.5.533. 

Hou, F., Wu, S., Moradi, Z. and Shafiei, N. (2021), “The 

computational modeling for the static analysis of axially 

functionally graded micro-cylindrical imperfect beam applying 

the computer simulation”, Eng. Comput., 1-19.  

https://doi.org/10.1007/s00366-021-01456-x. 

Huang, X., Hao, H., Oslub, K., Habibi, M. and Tounsi, A. (2021a), 

“Dynamic stability/instability simulation of the rotary size-

dependent functionally graded microsystem”, Eng. Comput., 1-

17. https://doi.org/10.1007/s00366-021-01399-3. 

Huang, X., Zhang, Y., Moradi, Z. and Shafiei, N. (2021b), 

“Computer simulation via a couple of homotopy perturbation 

methods and the generalized differential quadrature method for 

nonlinear vibration of functionally graded non-uniform micro-

tube”, Eng. Comput., 1-18.  

https://doi.org/10.1007/s00366-021-01395-7. 

Huang, X., Zhu, Y., Vafaei, P., Moradi, Z. and Davoudi, M. 

(2021c), “An iterative simulation algorithm for large oscillation 

of the applicable 2D-electrical system on a complex nonlinear 

substrate”, Eng. Comput., 1-13. 

https://doi.org/10.1007/s00366-021-01320-y. 

Hussain, M., Naeem, M.N., Tounsi, A. and Taj, M. (2019), 

“Nonlocal effect on the vibration of armchair and zigzag 

SWCNTs with bending rigidity”, Adv. Nano Res., 7(6), 431-

442. https://doi.org/10.12989/anr.2019.7.6.431. 

Jiao, J., Ghoreishi, S.-m., Moradi, Z. and Oslub, K. (2021), 

“Coupled particle swarm optimization method with genetic 

algorithm for the static–dynamic performance of the magneto-

electro-elastic nanosystem”, Eng. Comput., 1-15. 

https://doi.org/10.1007/s00366-021-01391-x. 

Ke, L.L., Yang, J. and Kitipornchai, S. (2010), “An analytical 

study on the nonlinear vibration of functionally graded beams”, 

Meccanica. 45(6), 743-752.  

https://doi.org/10.1007/s11012-009-9276-1. 

Kumar, Y., Gupta, A. and Tounsi, A. (2021), “Size-dependent 

vibration response of porous graded nanostructure with FEM 

and nonlocal continuum model”, Adv. Nano Res., 11(1), 1-17.  

https://doi.org/10.12989/anr.2021.11.1.001. 

Li, Q., Iu, V.P. and Kou, K.P. (2009a), “Three-dimensional 

vibration analysis of functionally graded material plates in 

thermal environment”, J. Sound Vib., 324(3), 733-750.  

https://doi.org/10.1016/j.jsv.2009.02.036. 

Li, S.R., Su, H.D. and Cheng, C.J. (2009b), “Free vibration of 

functionally graded material beams with surface-bonded 

piezoelectric layers in thermal environment”, Appl. Math. 

Mech., 30(8), 969-982.  

https://doi.org/10.1007/s10483-009-0803-7. 

Li, A., Spano, D., Krivochiza, J., Domouchtsidis, S., Tsinos, C.G., 

Masouros, C., Chatzinotas, S., Li, Y., Vucetic, B. and Ottersten, 

B. (2020a), “A tutorial on interference exploitation via symbol-

level precoding: Overview, state-of-the-art and future 

directions”, IEEE Commun. Surveys Tutorials, 22(2), 796-839.  

http://doi.org/10.1109/COMST.2020.2980570. 

Li, J., Tang, F. and Habibi, M. (2020b), “Bi-directional thermal 

buckling and resonance frequency characteristics of a GNP-

reinforced composite nanostructure”, Eng. Comput., 1-22.  

https://doi.org/10.1007/s00366-020-01110-y. 

Li, Y., Li, S., Guo, K., Fang, X. and Habibi, M. (2020c), “On the 

modeling of bending responses of graphene-reinforced higher 

order annular plate via two-dimensional continuum mechanics 

approach”, Eng. Comput., 1-22.  

https://doi.org/10.1007/s00366-020-01166-w. 

Liu, H., Shen, S., Oslub, K., Habibi, M. and Safarpour, H. (2021a), 

“Amplitude motion and frequency simulation of a composite 

viscoelastic microsystem within modified couple stress 

elasticity”, Eng. Comput., 1-15.  

https://doi.org/10.1007/s00366-021-01316-8. 

Liu, H., Zhao, Y., Pishbin, M., Habibi, M., Bashir, M. and 

Issakhov, A. (2021b), “A comprehensive mathematical 

simulation of the composite size-dependent rotary 3D 

microsystem via two-dimensional generalized differential 

quadrature method”, Eng. Comput., 1-16.  

https://doi.org/10.1007/s00366-021-01419-2. 

Liu, Y., Wang, W., He, T., Moradi, Z. and Larco Benítez, M.A. 

(2021c), “On the modelling of the vibration behaviors via 

discrete singular convolution method for a high-order sector 

annular system”, Eng. Comput., 1-23.  

https://doi.org/10.1007/s00366-021-01454-z. 

Liu, Z., Su, S., Xi, D. and Habibi, M. (2020a), “Vibrational 

responses of a MHC viscoelastic thick annular plate in thermal 

environment using GDQ method”, Mech. Based Des. Struct., 1-

26. https://doi.org/10.1080/15397734.2020.1784201. 

Liu, Z., Wu, X., Yu, M. and Habibi, M. (2020b), “Large-amplitude 

dynamical behavior of multilayer graphene platelets reinforced 

nanocomposite annular plate under thermo-mechanical 

loadings”, Mech. Based Des. Struct., 1-25.  

https://doi.org/10.1080/15397734.2020.1815544. 

Long, X., Jia, Q., Shen, Z., Liu, M. and Guan, C. (2021), “Strain 

rate shift for constitutive behaviour of sintered silver 

nanoparticles under nanoindentation”, Mech. Mater., 158, 

103881. https://doi.org/10.1016/j.mechmat.2021.103881. 

Lori, E.S., Ebrahimi, F., Supeni, E.E.B., Habibi, M. and Safarpour, 

H. (2020), “The critical voltage of a GPL-reinforced composite 

microdisk covered with piezoelectric layer”, Eng. Comput., 1-

20. https://doi.org/10.1007/s00366-020-01004-z. 

Ma, L., Liu, X. and Moradi, Z. (2022), “On the chaotic behavior of 

graphene-reinforced annular systems under harmonic excitation”, 

Eng. Comput., 38(3), 2583-2607. 

https://doi.org/10.1007/s00366-020-01210-9. 

Matouk, H., Bousahla, A.A., Heireche, H., Bourada, F., Bedia, 

E.A., Tounsi, A., Mahmoud, S.R., Tounsi, A. and Benrahou, 

K.H. (2020), “Investigation on hygro-thermal vibration of P-FG 

and symmetric S-FG nanobeam using integral Timoshenko 

beam theory”, Adv. Nano Res., 8(4), 293-305.  

https://doi.org/10.12989/anr.2020.8.4.293. 

Mirjavadi, S.S., Afshari, B.M., Shafiei, N., Hamouda, A., Kazemi, 

M. and Structures, C. (2017a), “Thermal vibration of two-

dimensional functionally graded (2D-FG) porous Timoshenko 

nanobeams”, Steel Compos. Struct., 25(4), 415-426.  

72



 

Intelligent computer modelling and simulation for the large amplitude of nano systems 

https://doi.org/10.12989/scs.2017.25.4.415. 

Mirjavadi, S.S., Matin, A., Shafiei, N., Rabby, S. and Mohasel 

Afshari, B. (2017b), “Thermal buckling behavior of two-

dimensional imperfect functionally graded microscale-tapered 

porous beam”, J. Therm. Stress., 40(10), 1201-1214.  

https://doi.org/10.1080/01495739.2017.1332962. 

Mirjavadi, S.S., Mohasel Afshari, B., Shafiei, N., Rabby, S. and 

Kazemi, M. (2017c), “Effect of temperature and porosity on the 

vibration behavior of two-dimensional functionally graded 

micro-scale Timoshenko beam”, J. Vib. Control, 24(18), 4211-

4225. https://doi.org/10.1177/1077546317721871. 

Mirjavadi, S.S., Rabby, S., Shafiei, N., Afshari, B.M. and Kazemi, 

M. (2017d), “On size-dependent free vibration and thermal 

buckling of axially functionally graded nanobeams in thermal 

environment”, Appl. Phys. A, 123(5), 315.  

https://doi.org/10.1007/s00339-017-0918-1. 

Moayedi, H., Habibi, M., Safarpour, H., Safarpour, M. and Foong, 

L. (2019), “Buckling and frequency responses of a graphene 

nanoplatelet reinforced composite microdisk”, Int. J. Appl. 

Mech., 11(10), 1950102.  

https://doi.org/10.1142/S1758825119501023. 

Moayedi, H., Aliakbarlou, H., Jebeli, M., Noormohammadiarani, 

O., Habibi, M., Safarpour, H. and Foong, L. (2020a), “Thermal 

buckling responses of a graphene reinforced composite 

micropanel structure”, Int. J. Appl. Mech., 12(1), 2050010.  

https://doi.org/10.1142/S1758825120500106. 

Moayedi, H., Ebrahimi, F., Habibi, M., Safarpour, H. and Foong, 

L.K. (2020b), “Application of nonlocal strain–stress gradient 

theory and GDQEM for thermo-vibration responses of a 

laminated composite nanoshell”, Eng. Comput., 1-16.  

https://doi.org/10.1007/s00366-020-01002-1. 

Mohammadgholiha, M., Shokrgozar, A., Habibi, M. and 

Safarpour, H. (2019), “Buckling and frequency analysis of the 

nonlocal strain–stress gradient shell reinforced with graphene 

nanoplatelets”, J. Vib. Control, 25(19-20), 2627-2640.  

https://doi.org/10.1177/1077546319863251. 

Mohammadi, A., Lashini, H., Habibi, M. and Safarpour, H. (2019), 

“Influence of viscoelastic foundation on dynamic behaviour of 

the double walled cylindrical inhomogeneous micro shell using 

MCST and with the aid of GDQM”, J. Solid Mech., 11(2), 440-

453. https://doi.org/10.22034/JSM.2019.665264. 

Moita, J.S., Araújo, A.L., Franco Correia, V. and Soares, C.M.M. 

(2020), “Vibrations of functionally graded material axisymmetric 

shells”, Compos. Struct., 248 112489.  

https://doi.org/10.1016/j.compstruct.2020.112489. 

Mollarazi, H.R., Foroutan, M. and Moradi-Dastjerdi, R. (2011), 

“Analysis of free vibration of functionally graded material 

(FGM) cylinders by a meshless method”, J. Compos. Mater., 

46(5), 507-515. https://doi.org/10.1177/0021998311413685. 

Moradi, Z., Davoudi, M., Ebrahimi, F. and Ehyaei, A.F. (2021), 

“Intelligent wave dispersion control of an inhomogeneous 

micro-shell using a proportional-derivative smart controller”, 

Wave Random Complex Med., 1-24.  

https://doi.org/10.1080/17455030.2021.1926572. 

Najaafi, N., Jamali, M., Habibi, M., Sadeghi, S., Jung, D.w. and 

Nabipour, N. (2020), “Dynamic instability responses of the 

substructure living biological cells in the cytoplasm 

environment using stress-strain size-dependent theory”, J. 

Biomol. Struct. Dyn., 1-12.  

https://doi.org/10.1080/07391102.2020.1751297. 

Natarajan, S. and Manickam, G. (2012), “Bending and vibration of 

functionally graded material sandwich plates using an accurate 

theory”, Finite Elem. Anal. Des., 57, 32-42.  

https://doi.org/10.1016/j.finel.2012.03.006. 

Oyarhossein, M.A., Alizadeh, A.a., Habibi, M., Makkiabadi, M., 

Daman, M., Safarpour, H. and Jung, D.W. (2020), “Dynamic 

response of the nonlocal strain-stress gradient in laminated 

polymer composites microtubes”, Sci. Rep., 10(1), 1-19. 

https://doi.org/10.1038/s41598-020-61855-w. 

Pandey, S. and Pradyumna, S. (2017), “A finite element 

formulation for thermally induced vibrations of functionally 

graded material sandwich plates and shell panels”, Compos. 

Struct., 160, 877-886.  

https://doi.org/10.1016/j.compstruct.2016.10.040. 

Pompe, W., Worch, H., Epple, M., Friess, W., Gelinsky, M., Greil, 

P., Hempel, U., Scharnweber, D. and Schulte, K. (2003), 

“Functionally graded materials for biomedical applications”, 

Mater. Sci. Eng. A, 362(1), 40-60.  

https://doi.org/10.1016/S0921-5093(03)00580-X. 

Rasid, S.M.R., Hossain, M.B., Hoque, M.E., Arif, M.A.A. and 

Sarder, M.S.A. (2019), “Modeling and control of a magnetic 

levitation system using an analog controller”, Acta Electron. 

Malaysia, 3(2), 41-44.  

http://doi.org/10.26480/aem.02.2019.41.44. 

Rouabhia, A., Heireche, H., Khelifi, S., Sahouane, N., Dabou, R., 

Ziane, A. and Tounsi, A. (2020), “Physical stability response of 

a SLGS resting on viscoelastic medium using nonlocal integral 

first-order theory”, ICREATA’21, 180. 

Safarpour, H., Ghanizadeh, S.A. and Habibi, M. (2018), “Wave 

propagation characteristics of a cylindrical laminated composite 

nanoshell in thermal environment based on the nonlocal strain 

gradient theory”, Eur. Phys. J. Plus, 133(12), 532.  

https://doi.org/10.1140/epjp/i2018-12385-2. 

Safarpour, M., Ebrahimi, F., Habibi, M. and Safarpour, H. (2020), 

“On the nonlinear dynamics of a multi-scale hybrid 

nanocomposite disk”, Eng. Comput., 1-20.  

https://doi.org/10.1007/s00366-020-00949-5. 

Shafiei, N., Kazemi, M. and Ghadiri, M. (2016a), “Comparison of 

modeling of the rotating tapered axially functionally graded 

Timoshenko and Euler–Bernoulli microbeams”, Physica E, 83, 

74-87. https://doi.org/10.1016/j.physe.2016.04.011. 

Shafiei, N., Kazemi, M. and Ghadiri, M. (2016b), “Nonlinear 

vibration behavior of a rotating nanobeam under thermal stress 

using Eringen’s nonlocal elasticity and DQM”, Appl. Phys. A, 

122(8), 728. https://doi.org/10.1007/s00339-016-0245-y. 

Shafiei, N., Kazemi, M. and Ghadiri, M. (2016c), “Nonlinear 

vibration of axially functionally graded tapered microbeams”, 

Int. J. Eng. Sci., 102, 12-26. 

https://doi.org/10.1016/j.ijengsci.2016.02.007. 

Shafiei, N., Kazemi, M. and Ghadiri, M. (2016d), “On size-

dependent vibration of rotary axially functionally graded 

microbeam”, Int. J. Eng. Sci., 101, 29-44.  

https://doi.org/10.1016/j.ijengsci.2015.12.008. 

Shafiei, N., Kazemi, M., Safi, M. and Ghadiri, M. (2016e), 

“Nonlinear vibration of axially functionally graded non-uniform 

nanobeams”, Int. J. Eng. Sci., 106, 77-94. 

https://doi.org/10.1016/j.ijengsci.2016.05.009. 

Shafiei, N., Mousavi, A. and Ghadiri, M. (2016f), “On size-

dependent nonlinear vibration of porous and imperfect 

functionally graded tapered microbeams”, Int. J. Eng. Sci., 106, 

42-56. https://doi.org/10.1016/j.ijengsci.2016.05.007. 

Shafiei, N., Mousavi, A. and Ghadiri, M. (2016g), “Vibration 

behavior of a rotating non-uniform FG microbeam based on the 

modified couple stress theory and GDQEM”, Compos. Struct., 

149, 157-169. https://doi.org/10.1016/j.compstruct.2016.04.024. 

Shafiei, N. and Kazemi, M. (2017a), “Buckling analysis on the bi-

dimensional functionally graded porous tapered nano-/micro-

scale beams”, Aerosp. Sci. Technol., 66, 1-11.  

https://doi.org/10.1016/j.ast.2017.02.019. 

Shafiei, N. and Kazemi, M. (2017b), “Nonlinear buckling of 

functionally graded nano-/micro-scaled porous beams”, Compos. 

Struct., 178, 483-492.  

https://doi.org/10.1016/j.compstruct.2017.07.045. 

Shafiei, N., Ghadiri, M., Makvandi, H. and Hosseini, S.A. 

73



 

Wenjuan Yi 

(2017a), “Vibration analysis of Nano-Rotor’s Blade applying 

Eringen nonlocal elasticity and generalized differential 

quadrature method”, Appl. Math. Model., 43, 191-206. 

https://doi.org/10.1016/j.apm.2016.10.061. 

Shafiei, N., Kazemi, M. and Fatahi, L. (2017b), “Transverse 

vibration of rotary tapered microbeam based on modified couple 

stress theory and generalized differential quadrature element 

method”, Mech. Adv. Mater. Struct., 24(3), 240-252.  

https://doi.org/10.1080/15376494.2015.1128025. 

Shafiei, N., Mirjavadi, S.S., Afshari, B.M., Rabby, S. and 

Hamouda, A.M.S. (2017c), “Nonlinear thermal buckling of 

axially functionally graded micro and nanobeams”, Compos. 

Struct., 168, 428-439.  

https://doi.org/10.1016/j.compstruct.2017.02.048. 

Shafiei, N., Mirjavadi, S.S., MohaselAfshari, B., Rabby, S. and 

Kazemi, M. (2017d), “Vibration of two-dimensional imperfect 

functionally graded (2D-FG) porous nano-/micro-beams”, 

Comput. Meth. Appl. Mech. Eng., 322, 615-632. 

https://doi.org/10.1016/j.cma.2017.05.007. 

Shafiei, N. and She, G.L. (2018), “On vibration of functionally 

graded nano-tubes in the thermal environment”, Int. J. Eng. Sci., 

133, 84-98. https://doi.org/10.1016/j.ijengsci.2018.08.004. 

Shafiei, N., Ghadiri, M. and Mahinzare, M. (2019), “Flapwise 

bending vibration analysis of rotary tapered functionally graded 

nanobeam in thermal environment”, Mech. Adv. Mater. Struct., 

26(2), 139-155.  

https://doi.org/10.1080/15376494.2017.1365982. 

Shafiei, N., Hamisi, M. and Ghadiri, M. (2020), “Vibration 

analysis of rotary tapered axially functionally graded 

Timoshenko nanobeam in thermal environment”, J. Solid 

Mech., 12(1), 16-32. 

Shaker, A., Abdelrahman, W., Tawfik, M. and Sadek, E. (2008), 

“Stochastic Finite element analysis of the free vibration of 

functionally graded material plates”, Comput. Mech., 41(5), 

707-714. https://doi.org/10.1007/s00466-007-0226-2. 

Shao, Y., Zhao, Y., Gao, J. and Habibi, M. (2021), “Energy 

absorption of the strengthened viscoelastic multi-curved 

composite panel under friction force”, Arch. Civil Mech. Eng., 

21(4), 1-29. https://doi.org/10.1007/s43452-021-00279-3. 

Shariati, A., Habibi, M., Tounsi, A., Safarpour, H. and Safa, M. 

(2020a), “Application of exact continuum size-dependent theory 

for stability and frequency analysis of a curved cantilevered 

microtubule by considering viscoelastic properties”, Eng. 

Comput., 1-20. https://doi.org/10.1007/s00366-020-01024-9. 

Shariati, A., Mohammad-Sedighi, H., Żur, K.K., Habibi, M. and 

Safa, M. (2020b), “On the vibrations and stability of moving 

viscoelastic axially functionally graded nanobeams”, Materials, 

13(7), 1707. https://doi.org/10.3390/ma13071707. 

Shariati, A., Mohammad-Sedighi, H., Żur, K.K., Habibi, M. and 

Safa, M. (2020c), “Stability and dynamics of viscoelastic 

moving rayleigh beams with an asymmetrical distribution of 

material parameters”, Symmetry, 12(4), 586.  

https://doi.org/10.3390/sym12040586. 

Shivanian, E., Ghadiri, M. and Shafiei, N. (2017), “Influence of 

size effect on flapwise vibration behavior of rotary microbeam 

and its analysis through spectral meshless radial point 

interpolation”, Appl. Phys. A, 123(5), 329.  

https://doi.org/10.1007/s00339-017-0955-9. 

Shokrgozar, A., Safarpour, H. and Habibi, M. (2020), “Influence 

of system parameters on buckling and frequency analysis of a 

spinning cantilever cylindrical 3D shell coupled with 

piezoelectric actuator”, Proceedings of the Institution of 

Mechanical Engineers, Part C: Journal of Mechanical 

Engineering Science. 234(2), 512-529.  

https://doi.org/10.1177/0954406219883312. 

Soleimani-Javid, Z., Arshid, E., Khorasani, M., Amir, S. and 

Tounsi, A. (2021), “Size-dependent flexoelectricity-based 

vibration characteristics of honeycomb sandwich plates with 

various boundary conditions”, Adv. Nano Res., 10(5), 449-460.  

https://doi.org/10.12989/anr.2021.10.5.449. 

Sundararajan, N., Prakash, T. and Ganapathi, M. (2005), 

“Nonlinear free flexural vibrations of functionally graded 

rectangular and skew plates under thermal environments”, 

Finite Elem. Anal. Des., 42(2), 152-168. 

https://doi.org/10.1016/j.finel.2005.06.001. 

Wang, Y., Wang, H., Zhou, B. and Fu, H. (2021), “Multi-

dimensional prediction method based on Bi-LSTMC for ship 

roll”, Ocean Eng., 242, 110106. 

https://doi.org/10.1016/j.oceaneng.2021.110106. 

Wang, Y.Q., Zhao, H.L., Yang, T.H. and Zu, J.W. (2019), “Thermo-

hygro-mechanical bending and vibration of functionally graded 

material microbeams with microporosity defect”, J. Therm. 

Stress., 42(7), 815-834.  

https://doi.org/10.1080/01495739.2019.1587325. 

Wang, Z., Yu, S., Xiao, Z. and Habibi, M. (2020), “Frequency and 

buckling responses of a high-speed rotating fiber metal 

laminated cantilevered microdisk”, Mech. Adv. Mater. Struct., 

1-14. https://doi.org/10.1080/15376494.2020.1824284. 

Wu, J. and Habibi, M. (2021), “Dynamic simulation of the ultra-

fast-rotating sandwich cantilever disk via finite element and 

semi-numerical methods”, Eng. Comput., 1-17.  

https://doi.org/10.1007/s00366-021-01396-6. 

Xu, W., Pan, G., Moradi, Z. and Shafiei, N. (2021), “Nonlinear 

forced vibration analysis of functionally graded non-uniform 

cylindrical microbeams applying the semi-analytical solution”, 

Compos. Struct., 114395.  

https://doi.org/10.1016/j.compstruct.2021.114395. 

Yu, X., Maalla, A. and Moradi, Z. (2022), “Electroelastic high-

order computational continuum strategy for critical voltage and 

frequency of piezoelectric NEMS via modified multi-physical 

couple stress theory”, Mech. Syst. Signal Pr., 165, 108373.  

https://doi.org/10.1016/j.ymssp.2021.108373. 

Zare, R., Najaafi, N., Habibi, M., Ebrahimi, F. and Safarpour, H. 

(2020), “Influence of imperfection on the smart control 

frequency characteristics of a cylindrical sensor-actuator 

GPLRC cylindrical shell using a proportional-derivative smart 

controller”, Smart Struct. Syst., 26(4), 469-480.  

https://doi.org/10.12989/sss.2020.26.4.469. 

Zerrouki, R., Karas, A., Zidour, M., Bousahla, A.A., Tounsi, A., 

Bourada, F., Tounsi, A., Benrahou, K.H. and Mahmoud, S.R. 

(2021), “Effect of nonlinear FG-CNT distribution on 

mechanical properties of functionally graded nano-composite 

beam”, Struct. Eng. Mech., 78(2), 117-124.  

https://doi.org/10.12989/sem.2021.78.2.117. 

Zhan, C., Dai, Z., Soltanian, M.R. and Zhang, X. (2022), “Stage-

wise stochastic deep learning inversion framework for 

subsurface sedimentary structure identification”, Geophys. Res. 

Lett., 49(1), e2021GL095823.  

https://doi.org/10.1029/2021GL095823. 

Zhang, X., Shamsodin, M., Wang, H., NoormohammadiArani, O., 

Khan, A.M., Habibi, M. and Al-Furjan, M. (2020), “Dynamic 

information of the time-dependent tobullian biomolecular 

structure using a high-accuracy size-dependent theory”, J. 

Biomol. Struct. Dyn., 1-16. 

https://doi.org/10.1080/07391102.2020.1760939. 

Zhang, Y., Wang, Z., Tazeddinova, D., Ebrahimi, F., Habibi, M. 

and Safarpour, H. (2021), “Enhancing active vibration control 

performances in a smart rotary sandwich thick nanostructure 

conveying viscous fluid flow by a PD controller”, Wave 

Random Complex Med., 1-24.  

https://doi.org/10.1080/17455030.2021.1948627. 

Zhao, J. and Yu, Z. (2021), “On the modeling and simulation of 

the nonlinear dynamic response of NEMS via a couple of 

nonlocal strain gradient theory and classical beam theory”, Adv. 

74



 

Intelligent computer modelling and simulation for the large amplitude of nano systems 

Nano Res., 11(5), 547-563.  

https://doi.org/10.12989/anr.2021.11.5.547. 

Zhao, Y., Moradi, Z., Davoudi, M. and Zhuang, J. (2022), 

“Bending and stress responses of the hybrid axisymmetric 

system via state-space method and 3D-elasticity theory”, Eng. 

Comput., 1-23. https://doi.org/10.1007/s00366-020-01242-1. 

Zheng, W., Liu, X. and Yin, L. (2021), “Research on image 

classification method based on improved multi-scale relational 

network”, Peer J. Comput. Sci., 7, e613. 

http://doi.org/10.7717/peerj-cs.613. 

Zhou, C., Zhao, Y., Zhang, J., Fang, Y. and Habibi, M. (2020), 

“Vibrational characteristics of multi-phase nanocomposite 

reinforced circular/annular system”, Adv. Nano Res., 9(4), 295-

307. https://doi.org/10.12989/anr.2020.9.4.295. 

 

 

JL 

75




