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1. Introduction 
 

Foldable materials and structures are introduced as a 

novel option for application in engineering structures and 

tuneable materials. Suggestion of novel material with 

tuneable material properties and providing a controllable 

range for changing the material properties is a new 

challenge for material and engineering scientist (Wang et 

al. 2020, 2023, 2024a, b, Feng et al. 2024). Manufacturing 

the composite and hybrid materials and structures offers a 

new option for controllable material and structures (Liu et 

al. 2023a, b, 2024, Lei et al. 2024, Bai et al. 2020). A novel 

foldable nanocomposite structure composed of copper 

matrix is introduced in this paper for application in 

vibrational purpose using a mathematical modeling and 

some experimental relations for material properties (Xie et 

al. 2024a, b, c, Jing et al. 2024, Rui et al. 2024).  

A novel periodic material in the class of metamaterials 

made of three-phase composition was suggested by Zhu and 

iong (2023). Application and high range of controllable 

material properties in origami based material and structure 

was suggested by Ho et al. (2020) for providing an 

extended range of thermal expansion property. A positive/ 
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negative range for mentioned material property was found 

in this work. The interesting material properties of folding 

process and hydrogenation were described for manufacturing 

of 3D nanostructures by Lv et al. (2014) which leads to a 

wide range for change of photonic/thermal/mechanical/ 

electrical properties (Yang et al. 2024, Zhen et al. 2024, 

Dong et al. 2023, 2024). Application of foldable nano-

structures was developed in solar-based generators with 

energy absorption properties by Hong et al. (2018). There 

are some important works on the foldable structures and 

materials in the literature (Liu et al. 2023a, Zhao et al. 

2022, 2023, 2024a, b). Zhu and Li (2014) explained the 

hydrogenation process in nano manufacturing and nano 

building of the new controllable shapes named as graphene 

origami in which the folding degree can use as a novel 

parameter in controlling the effective material properties. 

They illustrated significant importance of various nano-

structures patterns and arriving the novel tunable material 

properties using the molecular dynamic simulations (Zhang 

et al. 2023a, b, 2024a, b, c). Shenoy and Gracias (2012) 

reported an extended review on the self-folding thin films 

from nano polyhedral to graphene (Zhan et al. 2024, Zhu et 

al. 2024, Fan et al. 2024 a, b). Researchers tried to provide 

some new formulations for analysis of plates and shell with 

more efficient mathematical operations. Kuang et al. (2018) 

applied thermodynamic extremal principle to diffusion-

controlled phase transformations in Fe-C-X alloys. Du et al. 

(2022) developed application of nano graphite film in 
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dynamic of photo excited hot carrier. There are some 

important references for the basic relations in the literature.  

Ho et al. (2020) summarized a report on the flexibility 

and auxeticity of graphene origami metamaterials. They 

confirmed the analysis using the simulation based on 

molecular dynamic. It was concluded that using application 

of large strain, one can receive auxeticity in compressive 

and tensile regimes. Mu et al. (2015) introduced 

applications of graphene origami to overcome the 

limitations of polymer materials such as slow reflections. In 

this work authors suggested a graphene oxide as a building 

block in nano scale. The self-folding property may suggest 

a wide range for application in robotics, artificial muscles 

and also sensing operations. Zhang et al. (2023a) introduced 

a new two dimensional material named as origami for 

application in various technical areas such as sensor, 

intelligent and electronic devices. Using some novel 

experiments, the kinetics and dynamics of graphene was 

explored at the atomic levels. An et al. (2023) studied 

buckling and bending responses of irregular plates 

reinforced with graphene origami based on higher order 

shear deformation theory. The plate was included some 

holes and the effective material properties were estimated 

through micromechanical models. The governing equations 

derived using principle of virtual work was solved using 

generalized finite difference method, meshless and Taylor 

series expansion. Energy saving application of photonic 

materials was developed by Araki and Zhang (2021, 2021). 

Costa et al. (2013) developed application of graphene 

origami like structures in spintronic applications. Wei et al. 

(2020) explained a new method to tailor graphene 

sheets into specified pieces and also extension of folding 

process of graphene into various geometric configurations. 

Samaniego et al. (2020) developed importance of powerful 

methods such as mesh free and isogeometric analysis for 

solution of the partial differential equations. Authors 

explored deep neural network as a new option for function 

approximation machines. Zhuang et al. (2021) developed an 

energy method based on deep autoencoder for studying the 

buckling, bending and vibration analysis of plate using the 

Kirchhoff hypothesis. The objective function is to minimize 

the total potential energy. For the vibration and buckling 

analysis, the loss function is constructed based on 

Rayleigh’s principle and the fundamental frequency and 

the critical buckling load is extracted. Guo et al. (2019) 

studied application of deep collocation method for analysis 

of a thin plate. A combination of optimizers is adopted in 

the backpropagation process to minimize the loss function 

so as to obtain the optimal hyperparameters. Some works on 

the new materials are available in Yu et al. 2021, 2024a, b, 

2025, Bao et al. 2025. There are some material composition 

and characteristics in the recent paper (Chen et al. 2023, 

2024, Wu et al. 2023, 2024 a, b). The detection systems can 

be used from the novel materials (Ren et al. 2024, Huang et 

al. 2022, 2024a, b, Tian et al. 2024).  

A review on the foldable capability of nanostructures 

and nanocomposites was explained with focus on the 

mechanical, thermal and electrical properties of graphene 

origami as a tuneable and controllable material and 

structure (Bai et al. 2022, 2023, 2024a, b, c). One can arrive 

this conclusion that these materials can be used in various 

situations such as thermal and mechanical environment for 

static and dynamic behaviors (Li et al. 2023, 2024a, b, Guo 

et al. 2023, 2024). The behavioral relations are extended in 

the curved system of coordinate using the experimental/ 

statistical relations from the valid sources. The vibrational 

characteristics of the shell made of graphene origami is 

studied in this paper using a shear deformable model. The 

sensitivity of vibrational characteristics to the thermal loads, 

foldability and origami content is examined and the impact 

of each parameter is studied on the responses. 

 
 
2. Formulation 

 

The mathematical modelling is presented in this section. 

The model is composed of a porous core with thickness ℎ𝑐 
and two graphene origami reinforced face-sheets with 

thickness ℎ𝑓. The panel has length 𝐿, mean radius 𝑅 and 

span angle 𝜙. 

The material and location dependent density, and 

modulus of elasticity are presented in Eq. 1 for various 

distributions (A: Monotonous type, B: Symmetric type, C: 

Nonsymmetric type) as follows:  

𝑇𝑦𝑝𝑒 𝐴: 𝐸𝑐(𝑍) = 𝐸0 (1 − 𝑒0), 𝜌𝑐(𝑍) = 𝜌0 (1 − 𝑒0)   

𝑇𝑦𝑝𝑒 𝐵: 𝐸𝑐(𝑍) = 𝐸0  [1 − 𝑒0 cos (
𝜋𝑧

ℎ𝑐
)],   

𝜌𝑐(𝑍) = 𝜌0  [1 − 𝑒0 cos (
𝜋𝑧

ℎ𝑐
)]  

𝑇𝑦𝑝𝑒 𝐶: 𝐸𝑐(𝑍) = 𝐸0  [1 − 𝑒0 cos (
𝜋𝑧

ℎ𝑐
+

𝜋

4
)],    

𝜌𝑐(𝑍) = 𝜌0  [1 − 𝑒0 cos (
𝜋𝑧

ℎ𝑐
+

𝜋

4
)]  

(1) 

The effective material properties of graphene origami 

reinforced face-sheets are defined as follows (Fu et al. 

2023, Jia et al. 2024, Jiang et al. 2024, Liang et al. 2024, Lu 

et al. 2025): 

𝐸𝑓 =
1+𝜉𝜂𝑉𝐺𝑟

1−𝜂𝑉𝐺𝑟
𝐸𝐶𝑢 × 𝑓𝐸(𝐻𝐺𝑟 , 𝑉𝐺𝑟 , 𝑇),  

𝜌𝑓 = (𝜌𝐺𝑟𝑉𝐺𝑟 + 𝜌𝑐𝑢𝑉𝑐𝑢) × 𝑓𝜌(𝑉𝐺𝑟 , 𝑇),  

𝜈𝑓 = (𝜈𝐺𝑟𝑉𝐺𝑟 + 𝜈𝑐𝑢𝑉𝑐𝑢) × 𝑓𝑣(𝐻𝐺𝑟 , 𝑉𝐺𝑟 , 𝑇) 

(2) 

In which, 𝑉𝐺𝑟 =
𝜌𝐶𝑢𝑊𝐺𝑟

𝜌𝐶𝑢𝑊𝐺𝑟+𝜌𝐺𝑟(1−𝑊𝐺𝑟)
, 𝑉𝐶𝑢 = 1 − 𝑉𝐺𝑟 ,

𝜉 = 2
𝑙𝐺𝑟

𝑡𝐺𝑟
, 𝜂 =

𝐸𝐺𝑟
𝐸𝑐𝑢

−1

𝐸𝐺𝑟
𝐸𝑐𝑢

+𝜉
 are defined in terms of graphene 

origami characteristics such as 𝑙𝐺𝑟 , 𝑡𝐺𝑟 . The graphene 

origami may be dispersed along the thickness direction with 

various distributions including:  

Uniform distribution (𝑈_𝑊𝐺𝑟) 

𝑉𝐺𝑟(𝑍) = 𝑉𝐺𝑟  (3) 

𝑉𝐺𝑟(𝑍) =
2𝑉𝐺𝑟|2𝐾 − 𝑁𝐿 − 1|

𝑁𝐿
, 

𝑁𝐿 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑦𝑒𝑟𝑠  

(4) 

Various folding distribution are classified as follows: 

Uniform distribution (𝑈_𝐻𝐺𝑟): 

𝐻𝐺𝑟(𝑍) = 𝐻𝐺𝑟  (5) 
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Fig. 1 The schematic figure of a cylindrical composite panel 

 

 

Non-uniform distribution (𝑋_𝐻𝐺𝑟) 

𝐻𝐺𝑟(𝑍) = 𝐻𝐺𝑟𝑐𝑜𝑠(
𝑍

ℎ
𝜋) (6) 

The modifier coefficients 𝑓𝐸 ,  𝑓𝜌 ,  𝑓𝜈  are assumed as 

follows: 

𝑓𝐸(𝐻𝐺𝑟 , 𝑉𝐺𝑟 , 𝑇) = 1.11 − 1.22𝑉𝐺𝑟 − 0.134 (
𝑇

𝑇0
) 

+0.559𝑉𝐺𝑟 (
𝑇

𝑇0
) − 5.5𝐻𝐺𝑟𝑉𝐺𝑟 + 38𝐻𝐺𝑟𝑉𝐺𝑟

2

− 20.6𝐻𝐺𝑟
2 𝑉𝐺𝑟

2  

(7) 

𝑓𝑣(𝐻𝐺𝑟 , 𝑉𝐺𝑟 , 𝑇) = 1.01 − 1.43𝑉𝐺𝑟 − 0.165 (
𝑇

𝑇0
) 

+1.1𝐻𝐺𝑟𝑉𝐺𝑟 (
𝑇

𝑇0
) − 16.8𝐻𝐺𝑟𝑉𝐺𝑟 + 16𝐻𝐺𝑟

2 𝑉𝐺𝑟
2  

(8) 

𝑓𝜌(𝑉𝐺𝑟 , 𝑇) = 1.01 − 2.01𝑉𝐺𝑟
2 − 0.0131 (

𝑇

𝑇0
) (9) 

In which T is the environment temperature and T0 is 

reference temperature. It is assumed that the reinforcements 

are dispersed along the thickness direction and no changes 

at a defined transverse direction is observed. No 

concentration and agglomeration of the nanocomposite 

reinforcements is considered in our assumptions.  

The displacement components are extended as (Ling et 

al. 2024, Hu et al. 2024, Hui et al. 2023, Cheng et al. 2024, 

Tian et al. 2024): 

{𝑢, 𝑣, 𝑤} = {𝑢0, 𝑣0, 𝑤0} + 𝑧{𝜃1, 𝜃2, 𝜉1𝜃3} +

𝑧2{𝑢1, 𝑣1, 𝜉2𝑢1} + 𝑧
3{𝜙1, 𝜙2, 𝜙3}

 (10) 

Based on Eq. (10), it is assumed that the displacements 

are changed along the thickness direction using the third-

order function that leads to more accurate formulation and 

analysis. Using the higher-order modelling, the strain 

components are derived as follows (Sun et al. 2024):  

𝜀𝑥 = 𝑢0,𝑥 + 𝑧𝜃1,𝑥 + 𝑧
2𝑢1,x + 𝑧

3𝜑1,𝑥  

𝜀𝜑 =
1

𝑅
{

𝑣0,𝜑 + 𝑤0 + 𝑧(𝜃2,𝜑 + 𝜃3)

+𝑧2(𝑣0,𝜑 + 𝑤0 ) + 𝑧
3(𝜙2,𝜑 + 𝜙3)

}  

𝜀𝑧 = 𝜃3 + 2𝑧𝑤0 + 𝑧
23𝜙3  

𝛾𝑥𝑧 = 𝑤0,𝑥 + 𝜃1 +  𝑧(𝜃3,𝑥 + 2𝑢1)  

(11) 

+𝑧2(𝑤0,𝑥 + 3𝜙1) + 𝑧
3𝜙3,𝑥  

𝛾𝜑𝑧 =
1

𝑅
{

𝑤0,𝜑 + 𝑅𝜃2 − 𝑣0 + 𝑧(𝜃3,𝜑 + 2𝑅𝑣1)

+𝑧2(𝑤0,𝜑 + 3𝑅𝜙2 + 𝑣1) + 𝑧
3(𝜙3,𝜑 + 2𝜙2)

} 

𝛾𝑥𝜙 = 𝑣0,𝑥 + 𝑧𝜃2,𝑥 + 𝑧
2𝑣1,𝑥 + 𝑧

3𝜙2,𝑥 

The thermal strain included relations are developed as 

(Zhou et al. 2020, Kadiri et al. 2024, Sekkak et al. 2024, 

Dai et al. 2021) 

[
 
 
 
 
 
𝜎𝑥
𝜎𝜑
𝜎𝑧
𝜏𝑥𝜑
𝜏𝑥𝑧
𝜏𝜑𝑧]

 
 
 
 
 

=  

[
 
 
 
 
 
 
 1

1

0
0
0

0
0
0

1
0
0
0

    

0 0 0
0 0 0
0

1 − 2𝜈𝑐
2
0
0

0
0

1 − 2𝜈𝑐
2
0

0
0
0

1 − 2𝜈𝑐
2

]
 
 
 
 
 
 
 

[
 
 
 
 
 
𝜀𝑥
𝜀𝜑
𝜀𝑧
𝛾𝑥𝜑
𝛾𝑥𝑧
𝛾𝜑𝑧]

 
 
 
 
 

 

−
𝛼𝐸

1 − 2𝜈

[
 
 
 
 
ΔT
ΔT
ΔT
0
0
0 ]
 
 
 
 

 

(12) 

The strain energy is extended as (Tlidji et al. 2022, 

Kumar et al. 2021, Din et al. 2023):  

𝑈 =
1

2
{

𝜎𝑥𝜀𝑥 + 𝜎𝜙𝜀𝜙 + 𝜎𝑧𝜀𝑧
+𝜏𝑥𝜙𝛾𝑥𝜙 + 𝜏𝑥𝑧𝛾𝑥𝑧 + 𝜏𝑧𝜙𝛾𝑧𝜙

} (13) 

One can arrive strain energy variation as: 

 

(14) 

The external work is extended as: 

𝑊𝑒 = ∫ ∫ (𝑓. 𝑤)𝑑𝑠 = ∫ ∫ (𝑝𝑖𝑟𝑖 − 𝑝𝑜𝑟𝑜)𝑢𝑧𝑑𝑥𝑑𝜙
𝐿

0

𝜙

0

 (15) 

Substitution of resultant components into governing 

equations yields as follows: 

1
0

xx
NN

x R






+ =

 
 (16) 

( )

(1 )(1 2 )

C

c c

E z

 + −

c c

c c

c c

0 1

1 1

0 2

1 1
(

1 1
2 3

1 1 1

1 1

x xx x

x

x xx x

x x

x x

x

N

u

u
MN M

Q
x R x R

N MN M
S Q

x R x R

N

R

u

v
x x

N M M
Q Q

R R

N N
Q

R Rx

 

 

   

 

 



  
 

 
 

 
 



  



 



     
+ + + −   

      

     
+ + − + + −   

         

      
+ + + + +   

      

 
+ + −



+



= 

1 2

0 3

* *

0 3

1 2
2 3

1 1 1 1

1 1 1
)

1
2 3

x

x x

x x

v
x

w

w dA

M M
S Q S

R R

Q SQ S
N M A

x R R x R R

Q SQ S
N B M D

R R R Rx x

 

  

 

 

 

 

 


 
 

 
 

 

 

  

 

    
− + + − −   

       

     
+ + − +



+

− −   
      

     
+ − + + − − + + −  

    

+

+
    
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0

xx

x
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
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+ − =
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0 : 02x
f

x

x

NN
w FS

x R
q



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+


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1
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1

: 03
xx

x

MM
Q

x R







+ −


=
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2 0
1

:
1 xN N

Q
R Rx

 



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
=


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2
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
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1
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x

x

N N Q
S
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u
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
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
=


 

1 1

1

1

1: 0
2

3
xM M S

Qv
xR R

  




 
+ −

 
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2

1

( )
: 0

4

x fhQ q FNQ

x R R
w

 





+ −

−

 
+ =  

2 : 0x
S MS

A
x R R

 





+ − −


=


 

11

2

1

2: 0x
N QQ

R x
B

R

 





− + + −


=


 

11

3

1 3( )
: 3 0

8

x fM h q FSS
D

R Rx

 




−
− + +

 
+ =−  

 
 
3. Solution  

 

Solution of the governing equations of the static bending 

analysis using the mathematical method of Eigenvalue 

Eigenvector is presented here. This solution method is 

applicable for more general boundary conditions and leads 

to a novel analytical method than the classic solution based 

on Navier’s technique for simply-supported boundary 

conditions. Before presentation of the solution procedure, 

the mathematical formulation is presented in the vector 

form as follows (Dai et al. 2023, Addou et al. 2023, Arefi et 

al. 2016, 2019, 2021, Arefi and Rahimi 2011, 2012 a, b, c, 

Arefi 2018, 2020, Arefi and Zenkour 2017, 2018, 2019): 

[𝐴]
𝑑2

𝑑𝑥2
{𝑦} + [𝐵]

𝑑

𝑑𝑥
{𝑦} + [𝐶]{𝑦} = {𝐹} (17) 

In which the components of matrices [A],  [B], [C] are 

presented in Appendix A. These matrices are 8×8 ones 

according to number of unknown functions. The unknown 

vector for this problem is assumed as (Lori et al. 2021, 

Arefi and Bidgoli 2019, Adab and Arefi 2020, Adab et al. 

2022, Zhang et al. 2023, Rahimi et al. 2012, Mohammadi et 

al. 2019): 

{𝑈}
= {𝑢0   𝑣0   𝑤0   𝜃1   𝜃2   𝜃3   𝑢1 𝑣1  𝑤1   𝜙1   𝜙2   𝜙3}

𝑇 (18) 

The vector matrix {F} is calculated as: 

{𝐹} = 𝐿𝜙

{
  
 

  
 
0
0
0
0
𝑘
𝑘𝑧
𝑘𝑧2

𝑘𝑧3}
  
 

  
 

 

𝑘 = (𝑝𝑖𝑟𝑖 − 𝑝𝑜𝑟𝑜) 

(19) 

The solution is assumed as follows: 

{𝑦} = {𝑦}ℎ + {𝑦}𝑝 (20) 

Using the solution as {𝑦} = 𝑒𝑚𝑥{𝑣} and substitution 

yields: 

𝑒𝑚𝑥[𝑚2[𝐴] + 𝑚[𝐵] + [𝐶]]{𝑣} = {0} (21) 

In which: 

|𝑚2𝐴 +𝑚𝐵 + 𝐶| = 0 (22) 

defines eigenvalues. Final the homogeneous solution is 

obtained as follows: 

{𝑦}ℎ =∑ 𝑐𝑖𝑣𝑖
𝑗
𝑒𝜆𝑖𝑥 

16

𝑖=1

 

𝑗 = (1,2, … ,8), 𝑖 = (1,2, … ,16) 

(23) 

In which 𝑐𝑖  are obtained using boundary conditions. 

The particular solution is obtained as follows:  

[𝐶]{𝑦}𝑔 = {𝐹} ⇒ {𝑦}𝑔 = [𝐶]−1{𝐹} (24) 

Finally, one can arrive at integration constants using the 

required boundary condition where in this case, we will 

obtain for clamped boundary condition. 

 

 

4. Numerical results and discussion 
 

The numerical results and corresponding discussion are 

presented in this section. All input material properties 

defined in the mathematical formulation are listed as 

follows: 
{𝐸𝐺𝑟 , 𝐸𝐶𝑢 , 𝐸0} = {929.57,65.79,60}GPa, 
{𝜈𝐺𝑟 , 𝜈𝐶𝑢 , 𝜈0} = {0.22,0.387,0.25}, 

{𝜌𝐺𝑟 , 𝜌𝐶𝑢 , 𝜌0} = {1.8,8.8,2.707} × 10
3
𝑘𝑔

𝑚3
, 

{𝛼𝐺𝑟 , 𝛼𝐶𝑢} = {−3.98,16.51} × 10
−6
1

𝑘
, 

{𝑙𝐺𝑟 , 𝑡𝐺𝑟} = {83.76,3.4}10
−10𝑚 
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In this section, the effect of various parameters such as 

𝑊𝐺𝑟 and 𝐻𝐺𝑟  of graphene, various distributions of porosity 

and graphene, temperature, circumferential and longitudinal 

coordinates on the deformation of the composite sandwich 

 

 

cylindrical panel is studied. 

In order to present a static bending response, the 

cylindrical panel is subjected to internal pressure 80 MPa, 

and external pressure 0.1 MPa. Furthermore, it is assumed  

Table 1 Longitudinal variation of radial displacement 𝑼𝒛 at 

various surfaces (z=-h/2,0, h/2) 

x/L z=-h/2 z=0 z=h/2 

0 0.0000000 0.0000000 0.0000000 

0.025 0.5033125 0.4542597 0.4202659 

0.050 1.0066250 0.9085193 0.8405319 

0.075 1.5099375 1.3627790 1.2607978 

0.100 2.0132500 1.8170387 1.6810638 

0.125 2.3837500 2.1514297 1.9904313 

0.150 2.7542500 2.4858208 2.2997988 

0.175 3.1247500 2.8202119 2.6091663 

0.200 3.4952500 3.1546029 2.9185338 

0.225 3.5855825 3.2361316 2.9939614 

0.250 3.6759150 3.3176603 3.0693890 

0.275 3.7662475 3.3991890 3.1448167 

0.300 3.8565800 3.4807177 3.2202443 

0.325 3.8567475 3.4808689 3.2203842 

0.350 3.8569150 3.4810201 3.2205240 

0.375 3.8570825 3.4811712 3.2206639 

0.400 3.8572500 3.4813224 3.2208038 

0.425 3.8835728 3.5050797 3.2427832 

0.450 3.9098955 3.5288371 3.2647627 

0.475 3.9362183 3.5525944 3.2867422 

0.500 3.9625410 3.5763518 3.3087217 

0.525 3.9362183 3.5525944 3.2867422 

0.550 3.9098955 3.5288371 3.2647627 

0.575 3.8835728 3.5050797 3.2427832 

0.600 3.8572500 3.4813224 3.2208038 

0.625 3.8570825 3.4811712 3.2206639 

0.650 3.8569150 3.4810201 3.2205240 

0.675 3.8567475 3.4808689 3.2203842 

0.700 3.8565800 3.4807177 3.2202443 

0.725 3.7662475 3.3991890 3.1448167 

0.750 3.6759150 3.3176603 3.0693890 

0.775 3.5855825 3.2361316 2.9939614 

0.800 3.4952500 3.1546029 2.9185338 

0.825 3.1247500 2.8202119 2.6091663 

0.850 2.7542500 2.4858208 2.2997988 

0.875 2.3837500 2.1514297 1.9904313 

0.900 2.0132500 1.8170387 1.6810638 

0.925 1.5099375 1.3627790 1.2607978 

0.950 1.0066250 0.9085193 0.8405319 

0.975 0.5033125 0.4542597 0.4202659 

1.000 0.0000000 0.0000000 0.0000000 

Table 2 Longitudinal variation of axial displacement 𝑼𝒛 at 

various surfaces (z=-h/2,0, h/2) 

x/L z=-h/2 z=0 z=h/2 

0 0.0000000 0.0000000 0.0000000 

0.025 0.1313058 0.0095197 -0.1148925 

0.050 0.2626115 0.0190393 -0.2297851 

0.075 0.3939173 0.0285590 -0.3446776 

0.100 0.5252230 0.0380787 -0.4595701 

0.125 0.4470485 0.0324110 -0.3911674 

0.150 0.3688740 0.0267434 -0.3227648 

0.175 0.2906995 0.0210757 -0.2543621 

0.200 0.2125250 0.0154081 -0.1859594 

0.225 0.1707000 0.0123758 -0.1493625 

0.250 0.1288750 0.0093434 -0.1127656 

0.275 0.0870500 0.0063111 -0.0761688 

0.300 0.0452542 0.0032809 -0.0395974 

0.325 0.0352543 0.0025559 -0.0308475 

0.350 0.0252544 0.0018309 -0.0220976 

0.375 0.0152544 0.0011059 -0.0133476 

0.400 0.0052545 0.0003810 -0.0045977 

0.425 0.0039409 0.0002857 -0.0034483 

0.450 0.0026273 0.0001905 -0.0022988 

0.475 0.0013136 0.0000952 -0.0011494 

0.500 0.0000000 0.0000000 0.0000000 

0.525 -0.0013136 -0.0000952 0.0011494 

0.550 -0.0026273 -0.0001905 0.0022988 

0.575 -0.0039409 -0.0002857 0.0034483 

0.600 -0.0052545 -0.0003810 0.0045977 

0.625 -0.0152544 -0.0011059 0.0133476 

0.650 -0.0252544 -0.0018309 0.0220976 

0.675 -0.0352543 -0.0025559 0.0308475 

0.700 -0.0452542 -0.0032809 0.0395974 

0.725 -0.0870500 -0.0063111 0.0761688 

0.750 -0.1288750 -0.0093434 0.1127656 

0.775 -0.1707000 -0.0123758 0.1493625 

0.800 -0.2125250 -0.0154081 0.1859594 

0.825 -0.2906995 -0.0210757 0.2543621 

0.850 -0.3688740 -0.0267434 0.3227648 

0.875 -0.4470485 -0.0324110 0.3911674 

0.900 -0.5252230 -0.0380787 0.4595701 

0.925 -0.3939173 -0.0285590 0.3446776 

0.950 -0.2626115 -0.0190393 0.2297851 

0.975 -0.1313058 -0.0095197 0.1148925 

1.000 0.0000000 0.0000000 0.0000000 
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span angle 𝜙 = 60𝑜, length L = 2 m, mean radius R = 0.6 

m, and thickness h = 0.12 m. 

In this section, the longitudinal variation of deformation 

components is presented at various radial surfaces.  

 

 

Table 1 presents longitudinal variation of radial 

displacement 𝑈𝑧 at various surfaces (z=-h/2,0, h/2). It is 

deduced that the results are very sharp at both ends because 

of the existence of clamped boundaries and reflects a  

Table 3 Longitudinal variation of radial displacement 𝑼𝒛  
for uniform and X distributions 

x/L FG-U FG-X 

0 0.0000000 0.0000000 

0.025 0.5033125 0.2025833 

0.050 1.0066250 0.4051666 

0.075 1.5099375 0.6077498 

0.100 2.0132500 0.8103331 

0.125 2.3837500 0.9594594 

0.150 2.7542500 1.1085856 

0.175 3.1247500 1.2577119 

0.200 3.4952500 1.4068381 

0.225 3.5855825 1.4431970 

0.250 3.6759150 1.4795558 

0.275 3.7662475 1.5159146 

0.300 3.8565800 1.5522735 

0.325 3.8567475 1.5523409 

0.350 3.8569150 1.5524083 

0.375 3.8570825 1.5524757 

0.400 3.8572500 1.5525431 

0.425 3.8835728 1.5631380 

0.450 3.9098955 1.5737329 

0.475 3.9362183 1.5843278 

0.500 3.9625410 1.5949228 

0.525 3.9362183 1.5843278 

0.550 3.9098955 1.5737329 

0.575 3.8835728 1.5631380 

0.600 3.8572500 1.5525431 

0.625 3.8570825 1.5524757 

0.650 3.8569150 1.5524083 

0.675 3.8567475 1.5523409 

0.700 3.8565800 1.5522735 

0.725 3.7662475 1.5159146 

0.750 3.6759150 1.4795558 

0.775 3.5855825 1.4431970 

0.800 3.4952500 1.4068381 

0.825 3.1247500 1.2577119 

0.850 2.7542500 1.1085856 

0.875 2.3837500 0.9594594 

0.900 2.0132500 0.8103331 

0.925 1.5099375 0.6077498 

0.950 1.0066250 0.4051666 

0.975 0.5033125 0.2025833 

1.000 0.0000000 0.0000000 

Table 4 Longitudinal variation of axial displacement 𝑼𝒙 for 

uniform and X distributions 

x/L FG-U FG-X 

0 0.0000000 0.0000000 

0.025 0.1313058 0.0558312 

0.050 0.2626115 0.1116624 

0.075 0.3939173 0.1674936 

0.100 0.5252230 0.2233248 

0.125 0.4470485 0.1900850 

0.150 0.3688740 0.1568452 

0.175 0.2906995 0.1236054 

0.200 0.2125250 0.0903656 

0.225 0.1707000 0.0725816 

0.250 0.1288750 0.0547977 

0.275 0.0870500 0.0370137 

0.300 0.0452542 0.0192421 

0.325 0.0352543 0.0149901 

0.350 0.0252544 0.0107381 

0.375 0.0152544 0.0064862 

0.400 0.0052545 0.0022342 

0.425 0.0039409 0.0016757 

0.450 0.0026273 0.0011171 

0.475 0.0013136 0.0005586 

0.500 0.0000000 0.0000000 

0.525 -0.0013136 -0.0005586 

0.550 -0.0026273 -0.0011171 

0.575 -0.0039409 -0.0016757 

0.600 -0.0052545 -0.0022342 

0.625 -0.0152544 -0.0064862 

0.650 -0.0252544 -0.0107381 

0.675 -0.0352543 -0.0149901 

0.700 -0.0452542 -0.0192421 

0.725 -0.0870500 -0.0370137 

0.750 -0.1288750 -0.0547977 

0.775 -0.1707000 -0.0725816 

0.800 -0.2125250 -0.0903656 

0.825 -0.2906995 -0.1236054 

0.850 -0.3688740 -0.1568452 

0.875 -0.4470485 -0.1900850 

0.900 -0.5252230 -0.2233248 

0.925 -0.3939173 -0.1674936 

0.950 -0.2626115 -0.1116624 

0.975 -0.1313058 -0.0558312 

1.000 0.0000000 0.0000000 
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uniform distribution at middle surface of the cylindrical 

panel. Furthermore, one can see that the maximum 𝑈𝑧 is 

occurred at external layer (z= h/2). Table 2 presents 

longitudinal variation of axial displacement 𝑈𝑥 at various  

 

 

surfaces (z=-h/2,0, h/2). It is concluded that the results are 

tend to zero at middle surface. The maximum 𝑈𝑥  is 

occurred at near the both ends of the cylindrical panel. 

Furthermore, one can see that the maximum 𝑈𝑧 is occurred  
 

Table 5 Longitudinal variation of radial displacement 𝑼𝒛  
for various 𝑵𝑳 = 𝟐, 𝟑, 𝟒, 𝟓 

x/L 𝑁𝐿=2 𝑁𝐿=3 𝑁𝐿=4 𝑁𝐿=5 

0 0.0000000 0.0000000 0.0000000 0.0000000 

0.025 0.0028136 0.0011626 0.0005585 0.0004572 

0.050 0.0056271 0.0023251 0.0011170 0.0009144 

0.075 0.0084407 0.0034877 0.0016755 0.0013716 

0.100 0.0112542 0.0046502 0.0022340 0.0018288 

0.125 0.0124053 0.0051259 0.0024624 0.0020159 

0.150 0.0135564 0.0056015 0.0026909 0.0022029 

0.175 0.0147074 0.0060771 0.0029194 0.0023900 

0.200 0.0158585 0.0065527 0.0031479 0.0025770 

0.225 0.0163834 0.0067696 0.0032521 0.0026623 

0.250 0.0169083 0.0069865 0.0033563 0.0027476 

0.275 0.0174331 0.0072034 0.0034605 0.0028329 

0.300 0.0179580 0.0074202 0.0035647 0.0029182 

0.325 0.0180326 0.0074511 0.0035795 0.0029303 

0.350 0.0181072 0.0074819 0.0035943 0.0029424 

0.375 0.0181817 0.0075127 0.0036091 0.0029545 

0.400 0.0182563 0.0075435 0.0036239 0.0029666 

0.425 0.0183554 0.0075844 0.0036435 0.0029827 

0.450 0.0184544 0.0076254 0.0036632 0.0029988 

0.475 0.0185535 0.0076663 0.0036829 0.0030149 

0.500 0.0186525 0.0077072 0.0037025 0.0030310 

0.525 0.0185535 0.0076663 0.0036829 0.0030149 

0.550 0.0184544 0.0076254 0.0036632 0.0029988 

0.575 0.0183554 0.0075844 0.0036435 0.0029827 

0.600 0.0182563 0.0075435 0.0036239 0.0029666 

0.625 0.0181817 0.0075127 0.0036091 0.0029545 

0.650 0.0181072 0.0074819 0.0035943 0.0029424 

0.675 0.0180326 0.0074511 0.0035795 0.0029303 

0.700 0.0179580 0.0074202 0.0035647 0.0029182 

0.725 0.0174331 0.0072034 0.0034605 0.0028329 

0.750 0.0169083 0.0069865 0.0033563 0.0027476 

0.775 0.0163834 0.0067696 0.0032521 0.0026623 

0.800 0.0158585 0.0065527 0.0031479 0.0025770 

0.825 0.0147074 0.0060771 0.0029194 0.0023900 

0.850 0.0135564 0.0056015 0.0026909 0.0022029 

0.875 0.0124053 0.0051259 0.0024624 0.0020159 

0.900 0.0112542 0.0046502 0.0022340 0.0018288 

0.925 0.0084407 0.0034877 0.0016755 0.0013716 

0.950 0.0056271 0.0023251 0.0011170 0.0009144 

0.975 0.0028136 0.0011626 0.0005585 0.0004572 

1.000 0.0000000 0.0000000 0.0000000 0.0000000 

Table 6 Longitudinal variation of axial displacement 𝑼𝒙 for 

various 𝑵𝑳 = 𝟐, 𝟑, 𝟒, 𝟓 

x/L 𝑁𝐿=2 𝑁𝐿=3 𝑁𝐿=4 𝑁𝐿=5 

0 0.0000000 0.0000000 0.0000000 0.0000000 

0.025 0.0005813 0.0002779 0.0001769 0.0001011 

0.050 0.0011626 0.0005557 0.0003538 0.0002022 

0.075 0.0017439 0.0008336 0.0005307 0.0003033 

0.100 0.0023252 0.0011114 0.0007076 0.0004044 

0.125 0.0020573 0.0009834 0.0006260 0.0003578 

0.150 0.0017894 0.0008553 0.0005445 0.0003112 

0.175 0.0015214 0.0007272 0.0004630 0.0002646 

0.200 0.0012535 0.0005992 0.0003814 0.0002180 

0.225 0.0009465 0.0004524 0.0002880 0.0001646 

0.250 0.0006394 0.0003056 0.0001946 0.0001112 

0.275 0.0003324 0.0001589 0.0001011 0.0000578 

0.300 0.0000253 0.0000121 0.0000077 0.0000044 

0.325 0.0000221 0.0000105 0.0000067 0.0000038 

0.350 0.0000189 0.0000090 0.0000057 0.0000033 

0.375 0.0000157 0.0000075 0.0000048 0.0000027 

0.400 0.0000125 0.0000060 0.0000038 0.0000022 

0.425 0.0000094 0.0000045 0.0000029 0.0000016 

0.450 0.0000063 0.0000030 0.0000019 0.0000011 

0.475 0.0000031 0.0000015 0.0000010 0.0000005 

0.500 0.0000000 0.0000000 0.0000000 0.0000000 

0.525 -0.0000031 -0.0000015 -0.0000010 -0.0000005 

0.550 -0.0000063 -0.0000030 -0.0000019 -0.0000011 

0.575 -0.0000094 -0.0000045 -0.0000029 -0.0000016 

0.600 -0.0000253 -0.0000121 -0.0000077 -0.0000044 

0.625 -0.0000157 -0.0000075 -0.0000048 -0.0000027 

0.650 -0.0000189 -0.0000090 -0.0000057 -0.0000033 

0.675 -0.0000221 -0.0000105 -0.0000067 -0.0000038 

0.700 -0.0000253 -0.0000121 -0.0000077 -0.0000044 

0.725 -0.0003324 -0.0001589 -0.0001011 -0.0000578 

0.750 -0.0006394 -0.0003056 -0.0001946 -0.0001112 

0.775 -0.0009465 -0.0004524 -0.0002880 -0.0001646 

0.800 -0.0012535 -0.0005992 -0.0003814 -0.0002180 

0.825 -0.0015214 -0.0007272 -0.0004630 -0.0002646 

0.850 -0.0017894 -0.0008553 -0.0005445 -0.0003112 

0.875 -0.0020573 -0.0009834 -0.0006260 -0.0003578 

0.900 -0.0023252 -0.0011114 -0.0007076 -0.0004044 

0.925 -0.0017439 -0.0008336 -0.0005307 -0.0003033 

0.950 -0.0011626 -0.0005557 -0.0003538 -0.0002022 

0.975 -0.0005813 -0.0002779 -0.0001769 -0.0001011 

1.000 0.0000000 0.0000000 0.0000000 0.0000000 
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at external layer (z= h/2). Generally, an anti-symmetric 

behavior is observed for axial displacement. 

In continuation, the effect of various distributions of 

graphene is studied on the results of composite sandwich  

 

 

panel. Tables 3 and 4 highlight variation in radial displacement 

𝑈𝑧 and axial displacement 𝑈𝑥  along the x direction for 

two distributions (𝑈 −𝑊𝐺𝑟 , 𝑋 −𝑊𝐺𝑟), respectively. The 

maximum radial and axial displacements is occurred for  

Table 7 Longitudinal variation of radial displacement 𝑼𝒛  
for various T 

x/L T=50 T=100 T=150 

0 0.0000000 0.0000000 0.0000000 

0.025 0.5033125 0.5096140 0.5151529 

0.050 1.0066250 1.0192279 1.0303059 

0.075 1.5099375 1.5288419 1.5454588 

0.100 2.0132500 2.0384559 2.0606117 

0.125 2.3837500 2.4135946 2.4398277 

0.150 2.7542500 2.7887332 2.8190437 

0.175 3.1247500 3.1638719 3.1982597 

0.200 3.4952500 3.5390105 3.5774758 

0.225 3.5855825 3.6304740 3.6699333 

0.250 3.6759150 3.7219375 3.7623909 

0.275 3.7662475 3.8134009 3.8548485 

0.300 3.8565800 3.9048644 3.9473060 

0.325 3.8567475 3.9050340 3.9474775 

0.350 3.8569150 3.9052036 3.9476489 

0.375 3.8570825 3.9053732 3.9478204 

0.400 3.8572500 3.9055428 3.9479918 

0.425 3.8835728 3.9321951 3.9749338 

0.450 3.9098955 3.9588474 4.0018758 

0.475 3.9362183 3.9854997 4.0288178 

0.500 3.9625410 4.0121520 4.0557598 

0.525 3.9362183 3.9854997 4.0288178 

0.550 3.9098955 3.9588474 4.0018758 

0.575 3.8835728 3.9321951 3.9749338 

0.600 3.8572500 3.9055428 3.9479918 

0.625 3.8570825 3.9053732 3.9478204 

0.650 3.8569150 3.9052036 3.9476489 

0.675 3.8567475 3.9050340 3.9474775 

0.700 3.8565800 3.9048644 3.9473060 

0.725 3.7662475 3.8134009 3.8548485 

0.750 3.6759150 3.7219375 3.7623909 

0.775 3.5855825 3.6304740 3.6699333 

0.800 3.4952500 3.5390105 3.5774758 

0.825 3.1247500 3.1638719 3.1982597 

0.850 2.7542500 2.7887332 2.8190437 

0.875 2.3837500 2.4135946 2.4398277 

0.900 2.0132500 2.0384559 2.0606117 

0.925 1.5099375 1.5288419 1.5454588 

0.950 1.0066250 1.0192279 1.0303059 

0.975 0.5033125 0.5096140 0.5151529 

1.000 0.0000000 0.0000000 0.0000000 

Table 8 Longitudinal variation of radial displacement 𝑼𝒛  
for various T 

x/L T=50 T=100 T=150 

0 0.0000000 0.0000000 0.0000000 

0.025 0.1313058 0.1329497 0.1343947 

0.050 0.2626115 0.2658994 0.2687894 

0.075 0.3939173 0.3988491 0.4031842 

0.100 0.5252230 0.5317988 0.5375789 

0.125 0.4470485 0.4526455 0.4575653 

0.150 0.3688740 0.3734923 0.3775518 

0.175 0.2906995 0.2943391 0.2975382 

0.200 0.2125250 0.2151858 0.2175247 

0.225 0.1707000 0.1728372 0.1747157 

0.250 0.1288750 0.1304885 0.1319068 

0.275 0.0870500 0.0881399 0.0890979 

0.300 0.0452542 0.0458208 0.0463188 

0.325 0.0352543 0.0356957 0.0360836 

0.350 0.0252544 0.0255705 0.0258485 

0.375 0.0152544 0.0154454 0.0156133 

0.400 0.0052545 0.0053203 0.0053781 

0.425 0.0039409 0.0039902 0.0040336 

0.450 0.0026273 0.0026601 0.0026891 

0.475 0.0013136 0.0013301 0.0013445 

0.500 0.0000000 0.0000000 0.0000000 

0.525 -0.0013136 -0.0013301 -0.0013445 

0.550 -0.0026273 -0.0026601 -0.0026891 

0.575 -0.0039409 -0.0039902 -0.0040336 

0.600 -0.0052545 -0.0053203 -0.0053781 

0.625 -0.0152544 -0.0154454 -0.0156133 

0.650 -0.0252544 -0.0255705 -0.0258485 

0.675 -0.0352543 -0.0356957 -0.0360836 

0.700 -0.0452542 -0.0458208 -0.0463188 

0.725 -0.0870500 -0.0881399 -0.0890979 

0.750 -0.1288750 -0.1304885 -0.1319068 

0.775 -0.1707000 -0.1728372 -0.1747157 

0.800 -0.2125250 -0.2151858 -0.2175247 

0.825 -0.2906995 -0.2943391 -0.2975382 

0.850 -0.3688740 -0.3734923 -0.3775518 

0.875 -0.4470485 -0.4526455 -0.4575653 

0.900 -0.5252230 -0.5317988 -0.5375789 

0.925 -0.3939173 -0.3988491 -0.4031842 

0.950 -0.2626115 -0.2658994 -0.2687894 

0.975 -0.1313058 -0.1329497 -0.1343947 

1.000 0.0000000 0.0000000 0.0000000 
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distribution 𝑈 −𝑊𝐺𝑟  where the minimum structural 

stiffness is occurred. 

The effect of 𝑁𝐿  of graphene is investigated on the 

results of the composite panel. Tables 5 and 6 show 

variation in radial 𝑈𝑧 and axial 𝑈𝑥 displacements along x 

direction for various 𝑁𝐿 = 2,3,4,5 , respectively. It is 

concluded an enhancement in 𝑁𝐿 leads to a diminish in 

radial and axial displacements. 

Tables 7 and 8 investigates impact of various thermal 

loading Δ𝑇 = 50,100,150 on the variation in radial 𝑈𝑧 

and axial 𝑈𝑥  displacements along the x direction, 

respectively. An enhancement in both radial and axial 

displacements is observed with an increase in temperature 

rising because of a decrease in stiffness and increase in 

thermal strain. 

As an important conclusion, the effect of 𝑊𝐺𝑟  and  

 

 
porosity coefficient of porous core e0 is studied on the 

deformation analysis of sandwich composite cylindrical 

panel. Tables 9 and 10 investigate variation in radial 𝑈𝑧 

and axial 𝑈𝑥 displacements in terms of 𝑊𝐺𝑟 for various 

e0 = 0.2, 0.4, 0.6, respectively. A significant decrease in 

absolute value of 𝑈𝑧 and 𝑈𝑥 is observed with an increase 

in the fraction of graphene 𝑊𝐺𝑟 because of an increase in 

stiffness. Furthermore, an enhancement in both deflections 

is observed with an increase in porosity coefficients e0 

because of a decrease in stiffness. 

Tables 11 and 12 show variation in radial displacement 

𝑈𝑧  and axial displacement 𝑈𝑥  along x for various 

distribution of porosity (Monotonous, Symmetric and 

Nonsymmetric), respectively. The results incicates that the 

maximum and minimum displacements are obtained for 

Monotonous and Symmetric distributions, respectively. 

Table 9 Longitudinal variation of radial displacement 𝑼𝒛  
for porosity coefficients 

%𝐖𝒈𝒓 e0=0.1 e0=0.3 e0=0.5 

0.0 4.6122520 5.0135179 5.4562941 

0.1 4.5722521 4.9700380 5.4089742 

0.2 4.5322522 4.9265581 5.3616543 

0.3 4.4922522 4.8830782 5.3143344 

0.4 4.4522523 4.8395983 5.2670145 

0.5 4.4122524 4.7961184 5.2196946 

0.6 4.4002527 4.7830747 5.2054990 

0.7 4.3882530 4.7700311 5.1913033 

0.8 4.3762534 4.7569874 5.1771077 

0.9 4.3642537 4.7439438 5.1629121 

1.0 4.3522541 4.7309002 5.1487166 

1.1 4.3163158 4.6918353 5.1062016 

1.2 4.2803775 4.6527703 5.0636866 

1.3 4.2444392 4.6137054 5.0211716 

1.4 4.2085009 4.5746405 4.9786566 

1.5 4.1725625 4.5355754 4.9361414 

1.6 4.1405571 4.5007855 4.8982790 

1.7 4.1085517 4.4659957 4.8604166 

1.8 4.0765462 4.4312058 4.8225542 

1.9 4.0445408 4.3964159 4.7846918 

2.0 4.0125354 4.3616260 4.7468294 

2.1 4.0025373 4.3507581 4.7350016 

2.2 3.9925392 4.3398902 4.7231739 

2.3 3.9825412 4.3290222 4.7113462 

2.4 3.9725431 4.3181543 4.6995185 

2.5 3.9625450 4.3072864 4.6876907 

2.6 3.9525469 4.2964185 4.6758630 

2.7 3.9425488 4.2855506 4.6640353 

2.8 3.9325508 4.2746827 4.6522075 

2.9 3.9225527 4.2638148 4.6403798 

3.0 3.9125546 4.2529469 4.6285521 

Table 10 Longitudinal variation of radial displacement 𝑼𝒛  
for porosity coefficients 

%𝐖𝒈𝒓 e0=0.1 e0=0.3 e0=0.5 

0.0 3.5022540 3.8069501 4.1431665 

0.1 3.4203112 3.7178783 4.0462281 

0.2 3.3383684 3.6288065 3.9492898 

0.3 3.2564256 3.5397346 3.8523515 

0.4 3.1744828 3.4506628 3.7554132 

0.5 3.0925240 3.3615736 3.6584559 

0.6 2.9511811 3.2079338 3.4912472 

0.7 2.8098382 3.0542941 3.3240385 

0.8 2.6684952 2.9006543 3.1568299 

0.9 2.5271523 2.7470146 2.9896212 

1.0 2.3858254 2.5933922 2.8224314 

1.1 2.2444825 2.4397525 2.6552228 

1.2 2.1031396 2.2861127 2.4880141 

1.3 1.9617966 2.1324729 2.3208054 

1.4 1.8204537 1.9788332 2.1535968 

1.5 1.7685824 1.9224491 2.0922330 

1.6 1.7140315 1.8631522 2.0276992 

1.7 1.6594806 1.8038554 1.9631655 

1.8 1.6049296 1.7445585 1.8986318 

1.9 1.5503787 1.6852617 1.8340980 

2.0 1.4958254 1.6259622 1.7695614 

2.1 1.4412745 1.5666654 1.7050277 

2.2 1.3867236 1.5073685 1.6404940 

2.3 1.3321726 1.4480717 1.5759602 

2.4 1.2776217 1.3887748 1.5114265 

2.5 1.2012542 1.3057633 1.4210837 

2.6 1.1467033 1.2464665 1.3565500 

2.7 1.0921524 1.1871696 1.2920162 

2.8 1.0376014 1.1278728 1.2274825 

2.9 0.9830505 1.0685759 1.1629488 

3.0 0.9284996 1.0092791 1.0984150 
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5. Conclusions 
 

The higher-order mathematical modeling was developed 

in this paper in order present deformation analysis of a 

sandwich cylindrical panel manufactured from porous core 

 

 

with different functionalities sandwiched by two copper 

matrix reinforced with graphene origami. The constitutive 
relations were extended in the cylindrical coordinate using 
the effective material properties reported from the 
experimental results. The governing equations were derived 

Table 11 Longitudinal variation of radial displacement 𝑼𝒛  
for various distributions of porosity 

x/L Monotonous Nonsymmetric Symmetric 

0 0.0000000 0.0000000 0.0000000 

0.025 0.5033125 0.4303322 0.4250474 

0.050 1.0066250 0.8606644 0.8500948 

0.075 1.5099375 1.2909966 1.2751422 

0.100 2.0132500 1.7213288 1.7001896 

0.125 2.3837500 2.0381063 2.0130769 

0.150 2.7542500 2.3548838 2.3259641 

0.175 3.1247500 2.6716613 2.6388514 

0.200 3.4952500 2.9884388 2.9517386 

0.225 3.5855825 3.0656730 3.0280244 

0.250 3.6759150 3.1429073 3.1043102 

0.275 3.7662475 3.2201416 3.1805960 

0.300 3.8565800 3.2973759 3.2568818 

0.325 3.8567475 3.2975191 3.2570233 

0.350 3.8569150 3.2976623 3.2571647 

0.375 3.8570825 3.2978055 3.2573062 

0.400 3.8572500 3.2979488 3.2574476 

0.425 3.8835728 3.3204547 3.2796772 

0.450 3.9098955 3.3429607 3.3019067 

0.475 3.9362183 3.3654666 3.3241363 

0.500 3.9625410 3.3879726 3.3463659 

0.525 3.9362183 3.3654666 3.3241363 

0.550 3.9098955 3.3429607 3.3019067 

0.575 3.8835728 3.3204547 3.2796772 

0.600 3.8572500 3.2979488 3.2574476 

0.625 3.8570825 3.2978055 3.2573062 

0.650 3.8569150 3.2976623 3.2571647 

0.675 3.8567475 3.2975191 3.2570233 

0.700 3.8565800 3.2973759 3.2568818 

0.725 3.7662475 3.2201416 3.1805960 

0.750 3.6759150 3.1429073 3.1043102 

0.775 3.5855825 3.0656730 3.0280244 

0.800 3.4952500 2.9884388 2.9517386 

0.825 3.1247500 2.6716613 2.6388514 

0.850 2.7542500 2.3548838 2.3259641 

0.875 2.3837500 2.0381063 2.0130769 

0.900 2.0132500 1.7213288 1.7001896 

0.925 1.5099375 1.2909966 1.2751422 

0.950 1.0066250 0.8606644 0.8500948 

0.975 0.5033125 0.4303322 0.4250474 

1.000 0.0000000 0.0000000 0.0000000 

Table 12 Longitudinal variation of radial displacement 𝑼𝒛  
for various distributions of porosity 

x/L Monotonous Nonsymmetric Symmetric 

0 0.0000000 0.0000000 0.0000000 

0.025 0.1313058 0.1276948 0.1227971 

0.050 0.2626115 0.2553897 0.2455943 

0.075 0.3939173 0.3830845 0.3683914 

0.100 0.5252230 0.5107794 0.4911885 

0.125 0.4470485 0.4347547 0.4180798 

0.150 0.3688740 0.3587300 0.3449710 

0.175 0.2906995 0.2827053 0.2718622 

0.200 0.2125250 0.2066806 0.1987534 

0.225 0.1707000 0.1660058 0.1596386 

0.250 0.1288750 0.1253309 0.1205239 

0.275 0.0870500 0.0846561 0.0814092 

0.300 0.0452542 0.0440097 0.0423217 

0.325 0.0352543 0.0342848 0.0329698 

0.350 0.0252544 0.0245599 0.0236179 

0.375 0.0152544 0.0148349 0.0142659 

0.400 0.0052545 0.0051100 0.0049140 

0.425 0.0039409 0.0038325 0.0036855 

0.450 0.0026273 0.0025550 0.0024570 

0.475 0.0013136 0.0012775 0.0012285 

0.500 0.0000000 0.0000000 0.0000000 

0.525 -0.0013136 -0.0012775 -0.0012285 

0.550 -0.0026273 -0.0025550 -0.0024570 

0.575 -0.0039409 -0.0038325 -0.0036855 

0.600 -0.0052545 -0.0051100 -0.0049140 

0.625 -0.0152544 -0.0148349 -0.0142659 

0.650 -0.0252544 -0.0245599 -0.0236179 

0.675 -0.0352543 -0.0342848 -0.0329698 

0.700 -0.0452542 -0.0440097 -0.0423217 

0.725 -0.0870500 -0.0846561 -0.0814092 

0.750 -0.1288750 -0.1253309 -0.1205239 

0.775 -0.1707000 -0.1660058 -0.1596386 

0.800 -0.2125250 -0.2066806 -0.1987534 

0.825 -0.2906995 -0.2827053 -0.2718622 

0.850 -0.3688740 -0.3587300 -0.3449710 

0.875 -0.4470485 -0.4347547 -0.4180798 

0.900 -0.5252230 -0.5107794 -0.4911885 

0.925 -0.3939173 -0.3830845 -0.3683914 

0.950 -0.2626115 -0.2553897 -0.2455943 

0.975 -0.1313058 -0.1276948 -0.1227971 

1.000 0.0000000 0.0000000 0.0000000 
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using the virtual work principle and the resulting equations 
were solved using the Eigenvalue-Eigenvector method for 
clamped boundary conditions. The main conclusions of this 
paper are expressed as follows: 

Investigating the impact of porosity coefficient of 

porous core indicates that the structural stiffness is 

decreased that leads to an increase in displacement 

components. 

The foldability parameter has significant in change of 

modulus of elasticity, where a significant decrease in 

structural stiffness is observed that leads to an increase in 

deformation of the structures. 

The graphene origami amount has an increasing effect 

on the stiffness of the reinforced structure that leads to a 

decrease in deformation of the structures.  

Investigating effect of volume fraction of graphene 

indicates that one can arrive at a decrease in axial and radial 

displacements with an enhancement in this parameter. 

An increase in radial displacement and a decrease in 

axial displacement is deduced with an increase in porosity 

coefficient because of a decrease in stiffness. 

To investigated impact of the thickness of each core and 

attachment layers, for the total thickness, it is concluded 

that the radial displacement is magnified with an increase in 

core to layers’ thickness ratio.  

Investigating the effect of span angle on the deformation 

analysis leads to a decrease in stiffness of the panel and 

consequently an increase in deformation components. 
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