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1. Introduction 
 

Innovative lightweight structures are widely used for 

various purposes such as engineering structures and 

biomedical devices (Sobhani et al. 2022b). From the 

mechanical point of view, the key factor in the design of 

such structures is the strength-to-weight ratio where the 

ordinary use of lighter materials results in massive 

reductions in structural stiffness (Behdinan and Moradi-

Dastjerdi 2021, Sobhani and Masoodi 2021, Sobhani et al. 

2021). To compensate for this strength diminution, 

involving multifunctional materials or improving the 

structural design can be beneficial solutions (Foroutan and 

Moradi-Dastjerdi 2011, Pan et al. 2021, Safaei 2021, 

Ghahramani et al. 2022, Sobhani et al. 2022a). Composites/ 

nanocomposites and foams are some examples  of 

multifunctional lightweight materials that their combined 

uses in sandwich structures can meet the needs for an 

advanced structure with a high strength-to-weight ratio 

(Alian et al. 2015, Wang et al. 2018, Zargar et al. 2019, 

Zhao et al. 2020, Moradi-Dastjerdi and Behdinan 2021c). In 

these sandwich structures, a thick layer made of a softer and 

lighter material is integrated between two far thinner layers 

made of a stiffer material where the proper selection of each 

layer can significantly change the failure mode of the whole 

sandwich structures (Tao and Dai 2022). Moreover, as 

demands for smart structures are growing, novel sandwich 
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structures activated with involving piezoelectric materials 

are extensively proposed to make them capable of 

generating electrical signals from mechanical deflections or 

vice versa (Moradi-Dastjerdi and Behdinan 2021b). These 

exceptional capabilities create so many applications for 

such active sandwich structures such as noise/vibration 

suppression (Kundalwal and Ray, 2016), harvesting clean 

energies (Keshmiri et al. 2018, Malekzadeh et al. 2018, 

Setoodeh et al. 2018, 2019, Moradi-Dastjerdi and Behdinan 

2021a, Zhang et al. 2022), fuel or drug delivery micropumps 

(Angelou et al. 2021), and structural deformation monitoring 

(Tuloup et al. 2019). The design and characterization of 

such piezoelectrically active structures are still needed to be 

precisely investigated given the fact that they deal with 

advanced materials and small-scale deflections/electrical 

charges.  

Due to the significance of thermal buckling analysis in 

innovative structures, especially thinner ones, this type of 

analysis has been considered for new lightweight structures 

made of foams, composites, nanocomposites, etc., in recent 

works (Yang et al. 2022). Singh et al. (2013) extended a 

collocation mesh-free solution to characterize buckling 

temperature and forces laminated composite plates. Cetkovic 

(2016) considered the same plates and presented buckling 

temperature using a layerwise theory and isoparametric 

FEM. Laminated composite beams also were subjected to 

study their buckling temperature, moisture, and forces using 

a hyperbolic refined theory (Bouazza and Zenkour 2020). 

By developing an isogeometric FEM method, buckling 

temperatures of FG ceramic/metal blades and nanoplates 

with arbitrary shapes were presented in (Malekzadeh et al. 

2011, Ansari and Setoodeh 2019). Likewise, porous and/or 

nanocomposite materials as lightweight structures have 
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been subjected to study their buckling performances. 

Mirzaei and Kiani (2017) developed an isogeometric FEM 

to investigate buckling temperatures of plates made of 

graphene-enhanced laminated composites. They also 

assumed that the material properties of the utilized composite 

are temperature dependent. Buckling temperatures of 

curved CNT-reinforced shells with FG patterns of CNT 

distributions were calculated using a FEM formulation and 

considering a multiscale approach (Mehar et al. 2019). 

Buckling temperatures of ultra-thin nanoplates with 

considering viscoelasticity of the plates were presented 

using nonlocal theory (Sobhy and Zenkou 2018). Jabbari et 

al. (2014) theoretically analyzed buckling temperatures of 

circular foam plates with various FG profiles of void 

distributions. These porous plates with rectangular shapes 

were also considered to evaluate their buckling 

temperatures using a quasi 3D theory (Mekerbi et al. 2019). 

Buckling temperatures of microscale beams with embedded 

porosities along 2D-FG patterns were numerically studied 

using Euler–Bernoulli theory by Mirjavadi et al. (2017). 

Using an isogeometric analysis based on an advanced 

theory, Fan et al. (2021) conducted a nonlinear analysis to 

present postbuckling temperatures of FG porous nanoplates 

with a square cutout. For double-walled CNTs, thermal 

buckling temperatures were investigated using a nonlocal 

theory and Timoshenko beam model (Tounsi et al. 2013). 

Arshid et al. (2021b) considered circular nanoplates with 

embedded graphene particles and voids and studied the 

thermal buckling of this lightweight nanostructure using a 

numerical approach. Furthermore, for sandwich plates with 

FG ceramic/metal and homogeneous layers, a nonlinear 

theoretical study was performed to present buckling 

temperatures and forces (Trinh and Kim 2019). The effect 

of accommodating porosities into the same sandwich 

structures on the nonlinear buckling responses was also 

investigated using a higher-order theory (Cong et al. 2018). 

Kamarian et al. (2020, 2021) considered a soft-core plate 

sandwiched between nanocomposite / composite layers, and 

studied buckling behaviors of the resulting sandwich plates. 

Moreover, a sandwich cylinder with FG porous core located 

inside an elastic medium was also investigated to obtain its 

buckling temperature in a framework of a nonlinear study 

(Ahmadi and Foroutan 2020).  
Turning to active structures which involve piezoelectric 

layers or patches, the study of their buckling temperature 
was also subjected in only a few numbers of recent research 
works. For example, laminated composite plates sandwiched 
between piezoelectric layers were subjected to study the 
piezoelectric effect on the buckling temperature using an 
extended 3D-FEM (Akhras and Li 2010). In an analytical 

work, buckling temperatures of FG ceramic/metal plates 
integrated between piezoelectric faces were studied while 
the material properties of the substrate layer were 
temperature-dependent (Yaghoobi et al. 2015). For FG 
ceramic/metal thin-walled cylinders with an outer 
piezoelectric layer, buckling temperatures were analytically 

calculated (Dinh Khoa et al. 2019). Moreover, buckling 
temperatures of piezoelectric nanoplates lightened with 
involving porosities were investigated using Navier’s 
method (Zenkour and Aljadani 2019). These nanoplates 
were made of FG distributions of two different 

piezoceramics. By developing a nonlocal theory, the 
buckling behavior of nanoscale piezoelectric beams 
subjected to a multi-physics environment was studied 
(Ebrahimi et al. 2016, 2018). This non-classic theory is also 

utilized for the investigation of buckling resistance of 
nanoscale CNT-reinforced plates actuated by piezoelectric 
materials (Heidari et al. 2020). As another form of active 
lightweight structure, Sobhy (2021) considered passive 
substrates made of FG foams and auxetic structures 
sandwiched between two FG piezoceramic layers. He 

presented buckling temperature for such active lightweight 
structures. Advanced lightweight sandwiches of FG porous 
and FG nanocomposite were also activated by piezoceramic 
layers and their buckling temperatures and forces were 
obtained numerically in (Moradi-Dastjerdi and Behdinan, 
2020a). However, the active layers (piezoceramics) of the 

aforementioned structures include lead which is a hazardous 
material. To address this issue, the use of some forms of 
lead-free piezoelectric materials in mechanical structures 
has been suggested (Mishra et al. 2017, Meschino et al. 
2021). Mosallaie Barzoki et al. (2012) passive polyethylene 
foam cylinders activated by an outer piezoelectric PVDF 

layer with embedded piezoelectric boron nitride nanotubes. 
They presented buckling torsional load for their proposed 
active cylinders. Moreover, Arshid et al. (2021a) considered 
FG porous nanoplates bounded between two lead-free 
active layers made of piezoelectric PVDF with embedded 
passive carbon nanotubes and presented buckling forces 

using non-classical mechanics.  

As it was reviewed in the literature, the thermal 

buckling behavior of active structures made of lead-free 

piezoelectric materials has not been investigated yet. 

Therefore, in this paper, first, an advanced lightweight 

active structure is suggested such that the structure consists 

of an FG porous polymeric plate activated by piezoelectric 

polymeric nanocomposite layers with FG dispersions of 

ZnO NWs. Then, the critical buckling temperature of the 

suggested lightweight ASP is characterized where the 

governing eigenvalue system of equations is obtained and 

treated by extending a mesh-free solution based on a 

higher-order theory. 

  

 

2. Modeling of the ASP 
 

Lightweight active sandwich plates consisting of one 

passive porous layer and two nanocomposite piezoelectric 

layers have been considered in this work. The active layers 

of these ASPs are made of piezoelectric nanowires of ZnO 

embedded in a passive polymeric matrix while the passive 

core is a porous polymeric layer. By considering a uniform 

environment temperature, the critical buckling temperatures 

for such ASPs have been investigated. As depicted in Fig. 

1, the inner faces of the piezoelectric layers are grounded 

while the outer ones are left electrically free (open circuit). 

The geometrical dimensions of the APS are also described 

in Fig. 1. 

 
2.1 Material properties  
 

For further lightening of the proposed ASP, the use of a  
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Fig. 1 Dimensions and electrical boundary condition of 

the lightweight active sandwich plates 

 

 

porous polymeric layer has been selected for the core of 

these sandwich plates. Moreover, to investigate the effect of 

void distribution, symmetric and uniform patterns of 

distributions along the thickness of the core layer have been 

considered while the amount of void is similar in both 

patterns. The density 𝜌𝑐 and young’s modulus of 𝐸𝑐 the 

porous material can be evaluated as follows (Nguyen et al. 

2019, Moradi-Dastjerdi et al. 2020): 

Uniform: 𝜌𝑐 = (
2

𝜋
√1 − 𝑝0 −

2

𝜋
+ 1) 𝜌 , 

𝐸𝑐 = (
2

𝜋
√1 − 𝑝0 −

2

𝜋
+ 1)

2

𝐸  
(1) 

Symmetric: 𝜌𝑐 = (1 − 𝑝𝑚 𝑐𝑜𝑠 (
𝜋𝑧

𝑡𝑐
)) 𝜌 , 

𝐸𝑐 = (1 − 𝑝0 𝑐𝑜𝑠 (
𝜋𝑧

𝑡𝑐
))𝐸  

(2) 

where 𝑝0  which represents the void amount is porosity 

parameter, 𝜌  is the density of a nonporous core, 𝐸  is 

young’s modulus of a nonporous core, and 𝑝𝑚 = 1 −

√1 − 𝑝0. According to Eqs. (1)-(2), there is no porosity in 

the core when 𝑝0 = 0. Poisson’s ratio of the porous core 

𝜐𝑐 is also evaluated as below: 

𝜐𝑐 = 0.221𝛽 + 𝜐(0.342𝛽2 − 1.21𝛽 + 1) , 𝛽 = 1 −
𝜌𝑐

𝜌
 (3) 

where 𝛽 < 0.7 (Polit et al. 2019). Moreover, the thermal 

expansion coefficient of this porous layer 𝛼𝑐  has been 

evaluated using the same equation employed for 𝐸𝑐.  

As mentioned earlier, the nanocomposite layers contain 

specific amounts of ZnO NWs mixed in a polymeric matrix. 

The physical (mechanical and piezoelectric) properties of 

these layers have been evaluated using an electro-

mechanical model described in (Tan and Tong 2001). To 

investigate the impact of the dispersion of these active 

nanowires on the thermal buckling behavior of the proposed 

ASP, different FG patterns were also considered for the 

distribution of ZnO NWs along with the thickness of face 

sheet layers. These FG patterns are described by the volume 

fraction of ZnO NWs 𝑓𝑟 as follows (Moradi-Dastjerdi and 

Behdinan, 2020b): 

Top face sheet: 𝑓𝑟(𝑧) = [1 + (2𝑧 − 𝑡)/2𝑡𝑝]
𝜆
𝑓0 (4) 

Bottom face sheet: 𝑓𝑟(𝑧) = [1 − (2𝑧 + 𝑡)/2𝑡𝑝]
𝜆
𝑓0 (5) 

where the exponent 𝜆 and the specific nanowire volume 

fraction 𝑓0 control the distribution profile of ZnO NWs. 

 

2.2 Governing equations  
 

In this work, the displacement field is determined using 

a higher-order theory that has only five unknowns (degrees 

of freedom). Reddy established this advanced theory such 

that displacement modules (u, v and w) were defined as 

(Reddy, 2004): 

𝑢 = 𝑢0(𝑥, 𝑦) + 𝑧𝜃𝑥(𝑥, 𝑦) + 𝑧3𝑐1(𝜃𝑥 + 𝑤0,𝑥) 

𝑣 = 𝑣0(𝑥, 𝑦) + 𝑧𝜃𝑦(𝑥, 𝑦) + 𝑧3𝑐1(𝜃𝑦 +𝑤0,𝑦) 

𝑤 = 𝑤0(𝑥, 𝑦) 

(6) 

where u0, v0, and w0 are mid-plane displacements, and 𝜃𝑥 

and 𝜃𝑦 are mid-plane rotations. The coefficient 𝑐1 is also 

𝑐1 =
−4

3𝑡2
.  

According to Eq. (6), in-plane 𝜺𝑏 and out of plane 𝜸 

strain vectors are obtained as (Reddy 2004, Moradi-

Dastjerdi and Behdinan 2021d): 

𝜺𝑏 = 𝜺𝟎 + 𝑧𝜺1 + 𝑐1𝑧
3𝜺3, 𝜸 = (1 + 3𝑐1𝑧

2)𝜸0 (7) 

where 

𝜺𝟎 = {

𝑢0,𝑥
𝑣0,𝑦

𝑢0,𝑦 + 𝑣0,𝑥
} , 𝜺1 = {

𝜃𝑥,𝑥
𝜃𝑦,𝑦

𝜃𝑥,𝑦 + 𝜃𝑦,𝑥

} , 

𝜺3 = {

𝜃𝑥,𝑥 + 𝑤0,𝑥𝑥

𝜃𝑦,𝑦 + 𝑤0,𝑦𝑦

𝜃𝑥,𝑦 + 𝜃𝑦,𝑥 + 2𝑤0,𝑥𝑦

} , 𝜸0 = {
𝜃𝑥 +𝑤0,𝑥

𝜃𝑦 +𝑤0,𝑦
} 

(8) 

To capture the piezoelectric effect, the constitutive 

equations for these active materials are defined as coupled 

electromechanical equations such that the vectors of 

mechanical stress 𝝈  and electrical displacement 𝑫  are 

described using vectors of strains 𝜺 and electric field 𝑬 
and matrices of elastic stiffness 𝑸, dielectric constants 𝒌, 

and piezoelectric constants 𝒆  as follows (Mosallaie 

Barzoki et al. 2012): 

{𝝈 = 𝑸𝜺 − 𝒆𝑻𝑬
𝑫 = 𝒆𝜺 + 𝒌𝑬

 (9) 

where (Moradi-Dastjerdi and Behdinan 2021d): 

𝝈 = {𝝈𝑏 𝝈𝑠}𝑇 , 𝝈𝑏 = {𝜎𝑥𝑥 𝜎𝑦𝑦 𝜏𝑥𝑦}𝑇 , 𝝈𝑠
= {𝜏𝑦𝑧 𝜏𝑥𝑧}𝑇 (10) 

𝜺 = {𝜺𝑏 𝜸}𝑇  (11) 

𝑸 = [
𝑸𝑏 0
0 𝑸𝑠

] (12) 

𝑬 = −{0 0 𝑉,𝑧}𝑇 (13) 
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𝒆 = [[𝒆𝑝]3×3
[𝒆𝑠]3×2] (14) 

in which 𝑉  is electric potential while the electrical 

terminals are set as depicted in Fig. 1. 

For the proposed ASP, the total energy 𝛱 is obtained 

from the in-plane work done by the temperature change and 

the strain energy. Therefore, 𝛱  is described as follows 

(Moradi-Dastjerdi and Behdinan, 2020a): 

𝛱 =
1

2
∫[𝜺𝑇 𝝈 − 𝑬𝑇𝑫]𝑑𝑉
𝑉

+
1

2
∫ {(𝑤,𝑥)

2
+ (𝑤,𝑦)

2
} 𝐹𝑑𝛺

𝛺

 
(15) 

where 𝛺 and V are the side area and the volume of the 

ASP, respectively. F also is the in-plane load caused by a 

uniform change in the environment temperature (𝛥𝑇𝑟 =
𝑇𝑟 − 300 where 𝑇𝑟  is critical buckling temperature) and 

determined as follows (Moradi-Dastjerdi and Behdinan, 

2020a): 

𝐹 = ∫ 𝑸𝑏𝛼𝛥𝑇𝑟𝑑𝑧
𝑡/2

−𝑡/2

 (16) 

  

 

3. Mesh-free solution 
 

The details of obtaining the mesh-free form of 

governing buckling equation and its solution are presented 

in this section. At the first step, the unknowns of the 

displacement field d available in Eq. (6) are approximated 

at the scattered nodes in their effective domains. In this 

work, the generalized values of these unknowns are 

approximated using MLS shape functions 𝜒  as follows 

(Lancaster and Salkauskas 1981, Moradi-Dastjerdi and 

Behdinan 2020a): 

𝒅̂ = [𝑢̂0𝑖, 𝑣̂0𝑖, 𝑤̂0𝑖, 𝜃̂𝑥𝑖 , 𝜃̂𝑦𝑖]
𝑇
= ∑𝜒𝑖𝑑𝑖

𝑛

𝑖=1

 (17) 

where n is node numbers. The concept of this 

approximation can also be applied in the estimation of 

electric potential at each node.  

Then, the substitution of nodal values of displacement 

unknowns and electric potential into Eqs. (7) and (13) 

results in the mesh-free definitions of strain and electric 

field vectors as stated below: 

𝜺𝑏 = {𝝃0 + 𝑧𝝃1 + 𝑐1𝑧
3𝝃3}𝒅̂, 𝜸 = (1 + 3𝑐1𝑧

2)𝝃𝑠𝒅̂ (18) 

𝑬 = −𝝃𝑒𝑽̂ (19) 

where 𝝃𝑖  (i = 0, 1, 3, s and e) are expressed in the 

Appendix. 

Now, by substituting the mesh-free forms of 

displacement vector (Eq. 17), strain vectors (Eq. 18), 

potential electric vector (Eq. 19) and constitutive equation 

(Eq. 9) into the total energy function (Eq. 15), the new 

mesh-free form energy function will be obtained. Then, by 

taking derivation with respect to displacement and electric 

potential, the governing eigenvalue equations for the 

thermal behavior of the ASP will be obtained as follows: 

[
𝑲𝑢𝑢 𝑲𝑢𝑒

𝑲𝑒𝑢 −𝑲𝑒𝑒
] {𝒅̂
𝑽̂
} + 𝛥𝑇𝑟 [

𝑲𝑔𝑔 0

0 0
] {𝒅̂
𝑽̂
} = {

0
0
} (20) 

where 𝑲  shows the stiffness matrices in which the 

subscripts of uu, ue (or eu), ee and gg are used for 

mechanical, electromechanical, piezoelectric permittivity, 

and geometrical, respectively. These stiffness matrices are 

defined as below: 

𝑲𝑢𝑢 = ∫[𝝃0
𝑇 𝝃1

𝑇 𝝃3
𝑇]𝑸𝒃[𝝃0 𝝃1 𝝃3]

𝑇𝑑𝛺
𝛺

 

+∫[𝝃𝑠
𝑇 𝑩𝑠

𝑇]𝑸𝒔[𝝃𝑠 𝝃𝑠]
𝑇𝑑𝛺

𝛺

 

(21) 

𝑲𝑢𝑒 = 𝑲𝑢𝑒
𝑇 = ∫[𝝃0

𝑇 𝝃1
𝑇 𝝃3

𝑇]𝑬𝑏𝑒𝝃𝑣𝑑𝛺
𝛺

 

+∫[𝝃𝑠
𝑇 𝝃𝑠

𝑇]𝑬𝑠𝑒𝝃𝑣𝑑𝛺
𝛺

 

(22) 

𝑲𝑒𝑒 = ∫[𝝃𝑒
𝑇𝒌̄𝝃𝑒]

𝛺

𝑑𝛺 (23) 

𝑲𝑔 = ∫ 𝝃𝑔
𝑇 [
𝐹 0
0 𝐹

] 𝝃𝑔𝑑𝛺
𝛺

 (24) 

where 

𝑸𝒃 = ∫ [

1 𝑧 𝑐1𝑧
3

𝑧2 𝑐1𝑧
4

𝑆𝑦𝑚. 𝑐1
2𝑧6

]𝑸𝑏𝑑𝑧
ℎ/2

−ℎ/2
 , 

𝑸𝒔 = ∫ [
1 3𝑐1𝑧

2

3𝑐1𝑧
2 9𝑐1

2𝑧4
]𝑸𝑠𝑑𝑧

ℎ/2

−ℎ/2

 

(25) 

𝑬𝑏𝑒 = ∫ {1 𝑧 𝑐1𝑧
3}𝑇𝒆𝑏𝑑𝑧

ℎ/2

−ℎ/2
  ,  

𝑬𝑠𝑒 = ∫ {1 3𝑐1𝑧
2}𝑇𝒆𝑠𝑑𝑧

ℎ/2

−ℎ/2

 
(26) 

𝒌̄ = ∫ 𝒌𝑑𝑧
ℎ/2

−ℎ/2

 (27) 

After implementing the boundary conditions (edges’ 

support) in Eq. (20), the solution of the resulting system of 

equations leads to the values of critical buckling 

temperature rise for the proposed APSs. 

 

 

4. Results and discussions 

 

The utilized materials of the proposed ASP, the analysis 

type, and the solution approach have been elaborated in 

previous sections. In this section, after examining the 

trustworthiness of the extended solution, new results for the 

critical buckling temperature rise of the proposed ASPs are 

presented. Regarding the materials used in the proposed 

ASP, the core layer is made of PMMA while the active face 

sheets are a mixture of ZnO NWs embedded in an Epoxy 

matrix. The following material properties have been 

attributed to the utilized materials: 
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Table 1 Convergence and accuracy study of the present 

critical buckling temperature rises 𝛥𝑇𝑟 of Al/Al2O3 plates 

with different FG patterns of material distributions 

Node/Reference λ0 =0 λ0 =0.5 λ0 =1 λ0 =2 λ0 =5 

5 × 5 164.27 94.13 77.14 67.66 68.41 

10 × 10 169.02 96.53 79.06 69.47 70.55 

15 × 15 172.82 98.27 80.51 71.06 72.77 

20 × 20 175.37 99.59 81.62 72.16 74.07 

25 × 25 176.78 100.35 82.26 72.78 74.75 

FSDT  

(Zhao et al. 2009) 
175.82 99.16 82.35 71.01 74.59 

HSDT  

(Bateni et al. 2013) 
180.30 102.23 83.84 74.30 76.50 

FSDT  

(Yu et al. 2016) 
180.13 102.12 83.75 74.23 76.45 

 

Table 2 Comparison study on critical buckling temperature 

rises 𝛥𝑇𝑟 of square and rectangular FG ceramic (ZrO2) / 

Metal (Ti 6Al 4V) sandwich plates 

 λ1 =0.5, b/a=1 λ1 =2, b/a=1 λ1 =0, b/a=3 

Solution a/t = 10 a/t = 50 a/t = 10 a/t = 50 a/t = 10 a/t = 50 

Present (25 × 25) 807.29 33.67 666.39 27.48 531.97 21.92 

HSDT (Zenkour 

and Sobhy 2010) 
809.25 33.76 666.87 27.54 533.93 22.00 

FSDT (Zenkour 

and Sobhy 2010) 
807.45 33.75 664.36 27.54 533.92 22.00 

CPT (Zenkour and 

Sobhy 2010) 
845.38 33.81 689.5 27.58 550.65 22.03 

 

 

PMMA (Shen, 2011): 𝜌 = 1150𝐾𝑔/𝑚3, α=45 (10-

6/K), E=2.5 GPa, υ=0.34 

Epoxy (Berger et al. 2005, Yasmin et al. 2006): α=73 

(10-6/K), E=3.8 GPa, υ=0.34, k11= k22= k33=0.07965×10-9 

F/m 

ZnO NW (Ö zgür et al. 2005, Mishra et al. 2017): 

α11=2.49 (10-6/K), α22=4.31 (10-6/K), e31=e32=-0.573 C/m2, 

e33=1.32 C/m2, e24=e15=-0.48 C/m2, k11= k22=0.0757×10-9 

F/m, k33=0.0903×10-9 F/m, Q11= Q22=209.7 GPa, Q12=121.1 

GPa, Q13= Q23=105.1 GPa, Q44= Q55=42.47 GP 

It is worth mentioning that we assumed that the material 

properties are not temperature dependent, and general 

buckling modes have been considered failure mode. 

Furthermore, uniform temperature changes have been 

considered. Therefore, the ASPs are stress-free at room 

temperature and it has no pseudo-static deformation 

(Setoodeh et al. 2012, Ansari et al. 2020).  

 

4.1 Validation study 
 

Examining the trustworthiness of the thermal buckling 

behavior of the newly proposed ASP has been performed in 

this section. Given the originality of the current work, we 

modeled plates made of an FG mixture of Al and Al2O3 

which has been dealt with in Refs. (Zhao et al. 2009,  

 
(a) 

 
(b) 

 
(c) 

Fig. 2 critical buckling temperature rises of square (a) 

clamped (b) simply supported (c) FCFC APSs versus 

specific NW volume fraction for different patterns of NW 

distribution 
 

 

Bateni et al. 2013, Yu et al. 2016) using the first- and 

higher-order shear deformation theories of plates (i.e., 

FSDT and HSDT). Table 1 shows the critical buckling 

temperature rise 𝛥𝑇𝑟  of such FG plates when they are 

square, fully clamped and the ratio of length to thickness is 

a/t=50. The results show that the present buckling 

temperature changes are properly converged such that the 

present 𝛥𝑇𝑟  have good agreements with the reported 

results especially those reported by Zhao (2009). It should 

be mentioned that λ0 indicates a specific FG distribution of 

materials as those patterns are specified in the related 

references (Zhao et al. 2009, Bateni et al. 2013, Yu et al. 

2016).  

As another comparison study, simply supported 

sandwich plates with a ceramic (ZrO2) core and two FG 

ceramic (ZrO2) / metal (Ti 6Al 4V) face sheets have been  
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considered as specifically described in (Zenkour and Sobhy 

2010). Table 2 shows the critical buckling temperature rises 

of such square (b/a=1) and rectangular (b/a=3) sandwich 

plates for different patterns of material distributions shown 

by λ1. The comparison between the obtained 𝛥𝑇𝑟 from the 

extended method in this work with those obtained from the 

classical plate theory (CPT), FSDT, and HSDT by (Zenkour 

and Sobhy 2010) shows a good agreement between results 

except those results obtained from CPL for thicker plates 

(a/t=10) which is due to the weakness of CPL for the 

solution of thick plates. 

 
4.2 Thermal buckling resistance of the ASPs 
 

This section characterizes the thermal buckling behavior 

of our proposed active sandwich plates. In the following 

examples, square simply supported APSs with a=0.3 m, 

tc=0.01 m, tp=0.001, 𝑓0 = 0.3, 𝜆 = 1, 𝑝0=0.6 (symmetric), 

 

 

 

and with open-circuit electrical terminals (as shown in Fig. 

1) have been considered, unless it is mentioned. 
To study the effect of ZnO NWs volume fraction and 

distribution patterns, APSs with various 𝜆  and 𝑓0  have 
been considered. Fig. 2 shows 𝛥𝑇𝑟 for such APSs while 
they are fully clamped (CCCC), simply supported (SSSS) 
or two edges free and two edges clamped (FCFC). As 
shown, regardless of mechanical supports, increasing the 
amount of ZnO NW inside the matrix and/or distributing 
them on patterns with lower 𝜆  considerably improve 
buckling temperatures. This is because adding ZnO NWs 
into the Epoxy not only improves the elastic stiffness but 
also substantially reduces thermal expansion coefficients as 
the key factor in thermal buckling behaviors. Moreover, 
comparing the buckling temperatures of APSs with different 
boundary conditions discloses that clamped APSs have the 
highest while FCFC ones have the lowest 𝛥𝑇𝑟 . Fig. 3 
illustrates the first to fourth buckling mode shapes of 
clamped and simply supported APSs.  

    
(a) CCCC 

    
(b) SSSS 

Fig. 3 first to fourth buckling mode shape of the square (a) clamped (b) simply supported APS 

  
(a) (b) 

Fig. 4 critical buckling temperature rises of square (a) simply supported (b) FCFC APSs versus porosity parameter for 

uniform and symmetric patterns of porosity distribution 
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After the NW effect, porosity effects on the buckling 

temperature of the proposed APSs are studied. For FCFC 

and simply supported APSs with uniform and symmetric 

porosity distributions, Fig. 4 shows the 𝛥𝑇𝑟  versus 

porosity parameter. Interestingly, Fig. 4 discloses that 

adding more voids into the passive core layer significantly 

arises the buckling temperature of APSs due to lessening 

the thermal expansion of this layer and consequently the 

overall α of the APSs. It also observed that symmetric  

 

 

 

 

distribution of voids leads to higher 𝛥𝑇𝑟  in FCFC and 

simply supported APSs with up to 𝑝0=0.6 and 𝑝0=0.45, 

respectively. At those curve intersections i.e., 𝑝0=0.6 for 

FCFC plates and 𝑝0 =0.45 for SSSS plates, it can be 

concluded that the APSs with different void distributions 

have the same thermal buckling resistances. 

The effect of core and face sheet thicknesses on the 

buckling temperature of the APSs are also investigated in 

Figs. 5 and 6, respectively. As shown in Fig. 5, the use of 

  
(a) (b) 

Fig. 5 critical buckling temperature rises of (a) square (b) rectangular (b/a=2) simply supported APSs versus core 

thickness for different porosity amounts 

  
(a) (b) 

Fig. 6 critical buckling temperature rises of (a) square (b) rectangular (b/a=2) simply supported APSs versus face sheet 

thickness for different NW amounts 

  
(a) (b) 

Fig. 7 critical buckling temperature rises of (a) simply supported (b) clamped APSs versus core plates’ aspect ratio for 

NW amounts 
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thicker core sharply increases 𝛥𝑇𝑟  for both square and 

rectangular (b/a=2) APSs although square APSs have far 

higher critical buckling temperatures. Moreover, Fig. 5 

reveals that porous APSs have higher buckling temperatures 

than APSs with a perfect core (𝑝0=0). Figure 6 also shows 

that increasing the thickness of active layers also 

dramatically increases critical buckling temperatures of the 

APSs where this increase is more considerable in APSs with 

higher amounts of ZnO NWs.  

Finally, the effect of aspect ratio (b/a) of the APSs on 

𝛥𝑇𝑟 is presented in Fig. 7 for plates with (𝑓0 = 0.2) and 

without (𝑓0 = 0) ZnO NWs in face sheets. Figures 7a and 

7b plot 𝛥𝑇𝑟 versus the aspect ratio of simply supported and 

clamped APSs, respectively. They show that square APSs 

have the highest critical buckling temperature rise while 

simply supported APSs with b/a > 5 and clamped APSs 

with b/a > 3 have their lowest critical buckling temperatures. 

It is also observed that in APSs with ZnO NWs, 𝛥𝑇𝑟 and 

their lowest values (in rectangular APSs) are much higher 

than those of similar APSs without NWs (𝑓0 = 0).  
 
 

5. Conclusions 
 

An active lightweight sandwich plate made of lead-free 

piezoelectric face sheets integrating an FG porous 

polymeric core was proposed. By FG distributing 

piezoelectric NWs of ZnO in the face sheets, the whole 

structure was made electrically active which can be used as 

sensors/actuators or piezoelectric energy harvesters. Critical 

buckling temperature rises of the proposed structure were 

characterized by employing a higher-order plate theory to 

obtain the buckling eigenvalue system of equations. 

Moreover, using a mesh-free solution, the effects of 

controlling parameters of the ASP including porosity and 

ZnO volume and distribution, plate’s supports, and plate’s 

dimension on the critical buckling temperature rise were 

investigated. The results disclosed that adding ZnO NWs 

with 𝑓0 =40% into the face sheets improves buckling 

temperature even more than double where the distribution 

of the nanowires also plays an important role. Moreover, it 

was observed that although the void distribution pattern 

does not have a considerable impact on the buckling 

temperature, incorporating 70% voids can improve the 

critical buckling temperatures by 70% for some specific 

APSs. Therefore, these results demonstrate the successful 

uses of ZnO NWs or voids in the sandwich structure where 

a lightweight and piezoelectrically active sandwich plate 

was proposed with a wide potential application. The main 

applications of the proposed active sandwich plates are 

using them as energy harvesters or sensors where the 

increase of ZnO NW provides a better coupling between 

electromechanical behavior of the structure and 

consequently, it improves the performance of those energy 

harvesters or sensors with ZnO NW/PDMS layer(s). 
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Appendix 

 

𝝃𝑒 = [0 0 1/𝑡𝑝] (A1) 

𝝃𝑔 = [
0 0 𝜒𝑖,𝑥 0 0

0 0 𝜒𝑖,𝑦 0 0
] (A2) 

𝝃0 = [

𝜒𝑖,𝑥 0 0 0 0

0 𝜒𝑖,𝑦 0 0 0

𝜒𝑖,𝑦 𝜒𝑖,𝑥 0 0 0
] , 

𝝃1 = [

0 0 0 𝜒𝑖,𝑥 0

0 0 0 0 𝜒𝑖,𝑦
0 0 0 𝜒𝑖,𝑦 𝜒𝑖,𝑥

] , 

𝝃3 = [

0 0 𝜒𝑖,𝑥𝑥 𝜒𝑖,𝑥 0

0 0 𝜒𝑖,𝑦𝑦 0 𝜒𝑖,𝑦
0 0 2𝜒𝑖,𝑥𝑦 𝜒𝑖,𝑦 𝜒𝑖,𝑥

] , 

𝝃𝑠 = [
0 0 𝜒𝑖,𝑥 𝜒𝑖 0

0 0 𝜒𝑖,𝑦 0 𝜒𝑖
] 

(A3) 
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