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1. Introduction

Sandwich composites are commonly used in applications that
need low weight, such as aircraft components, aerospace technol-
ogies, automotive structures, sports equipment, and marine

applications. This is because they have a
high flexural stiffness-to-weight ratio,
which is better than traditional materials.
Sandwich composites have become the pre-
ferred option in many sectors with their
distinctive blend of low weight and strong
flexural stiffness. They offer excellent per-
formance and superior strength in numer-
ous applications.[1,2] The study[3] increases
bonding with vacuum-assisted material
extrusion to improve the mechanical prop-
erties of the flax fiber sandwich composite.
Composites with 2 and 25.4mm skin/core
thicknesses showed 36.6%, 27.2%, 12.3%,
and 9.5% strengths and stiffness and
47.3% and 101.5% loading cycles in
three-point bending and short-beam shear
loads. Sandwich composites are advanced
technology, with two thin, robust shells
around a lightweight core. Protective skins
have in-plane strength and stiffness and
substantial out-of-plane strength to safe-
guard the core structure. Sandwich compo-

sites’ complex structure gives them a mechanical edge in
applications that require in-plane and out-of-plane structural
stability. In sandwich composites, core materials improve the
bending strength of the plate[4,5] and buckling performance,[6,7]

while simultaneously causing a slight increase in the overall
weight of the composite. Developing innovative core structures
and geometries is crucial in strengthening the material’s resis-
tance to impact load applications.[8,9] Sandwich composites with
polyvinyl chloride (PVC) cores and glass–fiber-reinforced epoxy-
laminated composites are compared for maritime transport reel
mechanical response. In three-point bend tests, a composite
sandwich with a PVC core absorbs 39%more energy than a lami-
nate composite. Experimental and numerical simulations match,
proving model fidelity.[10] The advancement of core structures
and geometries is the primary focus of ongoing attempts to raise
the impact resistance of materials. Examples of core structures
frequently encountered are foams, honeycomb structures in
cells,[11] and cellular architectures with lattice topology.[12]

Sandwich composites with auxetic cores, which possess a
negative Poisson’s ratio, have attracted considerable interest
due to their outstanding properties, especially their impressive
lightness.

Auxetic core structures, such as beams and plates, are essen-
tial in engineering due to their distinctive negative Poisson’s
ratio, which confers excellent mechanical properties. These prop-
erties make them indispensable in fields such as aerospace and
automotive design, providing lightweight and versatile solutions
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This study explores a new nanoplate design’s thermal and mechanical properties,
including an auxetic core with a negative Poisson ratio. The core is between face
plates made of barium–cobalt, which possess magnetoelectroelastic properties.
The analysis centers on the parameters θ, β1, and β2 to clarify their influence on
the nanoplate’s performance. The evaluations of the nanoplate’s thermal,
electrical, and magnetic properties showcase its remarkable versatility and
sensitivity. Incorporating magnetoelectroelastic face plates improves the multi-
functionality of the nanoplate, making it a highly promising option for use in
smart technologies. The findings offer valuable insights into the distinctive
features of auxetic core structures, significantly enhancing the comprehension of
these materials. This research emphasizes the potential for creating ground-
breaking applications in fields like aerospace engineering and advanced elec-
tronics, where versatile and adaptable materials play a vital role. This study
contributes to the broader knowledge of auxetic materials and their practical
implementation in cutting-edge technological solutions by exploring the interplay
between thermal, mechanical, and magnetoelectroelastic properties.
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to improve safety and efficiency in engineering. The study intro-
duces a sandwich beam with enhanced auxetic core (SCH SWB)
to overcome auxetic structures’ low stiffness and strength. SCH
SWB tests and simulations show improved energy absorption
and bending resistance.[2] The study[13] examines the nonlinear
vibration of a sandwich panel with functionally graded (FG)
material and a double-U auxetic core under heat conduction.
It confirms findings, examines parameter impacts, and high-
lights aircraft component design significance. Sandwich beams
with auxetic honeycomb cores are studied for nonlinear ther-
mally generated vibration.[14] The research[15] uses higher-order
shear deformation theory to study the nonlinear behavior of a
honeycomb core and graphene platelet-reinforced microcompo-
site sandwich plate. Findings show that core thickness ratio,
inclined angle, and thickness to inclined length significantly
affect nonlinear frequencies and deflection response, guiding air-
craft part development. Reduced honeycomb tilt reduces vibra-
tions, and geometric nonlinearity depends on thermal shock
shape. Thermal buckling is a crucial component, and the study
offers design insights to reduce sandwich structure vibrations.
The study[16] examines the nonlinear vibration of a sandwich
plate with an auxetic honeycomb core and a carbon nanotube-
reinforced composite (CNTRC) front layer on a viscous elastic
base. Considering high strength-to-weight ratios and energy
absorption, findings inform aeronautical and automotive design.
A piezoelectric auxetic honeycomb sandwich plate on an elastic
substrate is examined for its nonlinear dynamics and free
vibration.[17] It examines how material, geometry, and substrate
coefficients affect frequency and nonlinear characteristics in
open and closed circuits under varied boundary conditions.
The study[18] examines the dynamic behavior of plates made of
FG-CNTRC materials with a negative Poisson ratio. The explicit
solutions provide a range of effective Poisson’s ratio (EPR) val-
ues, with EPR ranging from 0.311 to �0.63. Numerical simula-
tions analyze the dynamic behavior of a system, considering
aspects such as the distribution of functional gradients and ther-
mal stress. A recent study[19] delves into auxetic materials’ ther-
mal and mechanical properties, showcasing their potential in
advanced engineering applications. In recent research,[20] the
analysis of sandwich plates with auxetic cores has shown remark-
able multifunctional advancements, making them highly com-
patible with smart technologies. Their development highlights
the versatility of multifunctional auxetic nanocomposites in
smart applications, demonstrating their potential for broader
use in industry.[21]

Magnetoelectroelastic (MEE) materials, including piezoelec-
tric and piezomagnetic phases, are a notable class of intelligent
materials. These materials possess piezoelectric and piezomag-
netic characteristics and display strong coupling effects between
mechanical, electric, and magnetic states. MEE materials have
the potential to transform energy between different forms, mak-
ing them useful in a wide range of industries, including aero-
space, sensors, civil engineering, medical equipment, and
automotive technology.[22] Recently, there has been a significant
increase in research dedicated to examining the reaction and
durability of MEE structures. Zhang et al. proposed a new model
for Timoshenko beams that are both transversely isotropic and
MEE. They used a variational formulation based on Hamilton’s
principle.[23] In their study, Zur et al.[24] examined the behavior of

FG nanoplates with MEE coupling, specifically focusing on the
effects of free vibration and buckling reactions. The researchers
utilized a nonlocal modified sinusoidal shear deformation plate
theory that accounts for the influence of thickness stretching.
The study[25] studies the nonlinear dynamic response of an aero-
space and industry-critical FG MEE nanobeam. It considers early
geometric defects, validates the model, and emphasizes MEE
coupling for advanced device design. The study[26] examines
the low-velocity behavior of MEE plates in aviation and space-
flight using electric, magnetic, and thermal fields. The lowest
BaTiO3 volume fraction MEE plates had lower displacement,
shorter contact duration, and higher contact force. Size effects
are considered when analyzing MEE nanobeam bending on a
Winkler–Pasternak foundation.[27] Nonlinear deflection is solved
by the Galerkin method and nonlocal modified couple stress the-
ory. We explore key parameter impacts. In recent years, there has
been considerable interest in the examination of MEE face layers.
In their study,[28] the analysis of a vibration energy harvester that
utilized an auxetic core and MEE facings is examined. Their
research provided insights into the possible uses of MEE materi-
als in energy harvesting technologies. In addition,[29] how the
arrangement and composition of foam in sandwich nanoplates
with MEE face layers affect their thermomechanical vibration
behavior is investigated. This study offers vital knowledge on
the dynamic properties of MEE materials in composite
structures.

The engineering relevance of sandwich auxetic nanoplates is
their distinctive structural qualities, which offer a foundation for
new materials with enhanced mechanical capabilities. The
unique shape of these nanoplates presents novel possibilities
for a wide range of technical applications, including aerospace
and biomedical engineering, due to their capacity for enhanced
flexibility, strength, and customizable capabilities.[30–32] The
study[33] examines auxetic honeycomb-cored FG sandwich nano-
beam static buckling and bending. Using third-order shear defor-
mation theory, the model simulates mechanical behavior and
examines how parameters affect critical buckling load and maxi-
mum deflection. The study[34] examines blast-loaded double-layer
auxetic FG porous sandwich plate static bending and vibration.
The structure has two auxetic effective Poisson’s ratio values,
with EPR FGM sandwich layers. Results may apply to
explosive-loaded constructions. The study[35] investigates sand-
wich plate-free vibration and buckling with auxetic honeycomb
core and polymer/GNP/fiber face sheets. The sinusoidal shear
deformation theory examines how core geometry, GNP/fiber
fractions, and thickness affect critical buckling loads and natural
frequencies. As honeycomb core thickness grows, critical buck-
ling loads decrease, and natural frequencies rise and fall.

This article introduces a new examination of the thermal and
mechanical reactions of a nanoplate that has an auxetic core,
which is improved by MEE face plates. This research reveals
the exceptional adaptability and responsiveness of the nanoplate
by examining factors such as θ, β1, and β2. It provides insights
into the thermal, electrical, and magnetic characteristics of the
nanoplate. The addition of MEE face plates enhances the versa-
tility of the nanoplate, making it a highly promising option for
smart technology. The combination of these components not
only enhances the understanding of auxetic core structures
but also opens up opportunities for innovative applications in
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aerospace engineering and advanced electronics. This study
stands out by examining the complex relationship between the
fundamental structure, properties of the face plate, and perfor-
mance measures. As a result, it makes a substantial contribution
to the ongoing effort to develop revolutionary materials with
exceptional mechanical capabilities and multifunctionality.

2. Mathematical Modeling

The mathematical model used in this study is based on
Hamilton’s technique, which is applied to develop the equations
of motion for MEE face plates with FG nanoplates. This allows
for the analysis of the nanoplate’s dynamic response and its sen-
sitivity to thermal stresses, MEE coupling, externally supplied
electric and magnetic fields, nonlocal properties, porosity volume
fraction, and variations in porosity across its thickness. The
model takes into consideration the various attributes of the con-
stituent materials of the nanoplate, as well as their influence on
the thermomechanical behavior of the nanoplate.

2.1. Effective Material Properties of Porous Laminated
Nanoplate

Consider a three-layer rectangular plate, given in Figure 1, placed
on a Cartesian coordinate system (x, y, z) having a (length) and b
(width) lengths in x and y directions. Thus, the total thickness of
the plate Ht is given by the summation of the core h and surface
hs layers as in the Ht= hþ 2hs equation. Ω denotes the plate’s
middle plane for the undeformed case. Thus, the tensor
Ωx= (�hs�h/2,h/2þ hs) stands for the plate’s total domain bor-
der placed between the bottom (z=�hs� h/2) and the top
(z= hsþ h/2) surfaces and the edge. The curved surface Γ,
defined by the tensor Γxð�hs � h=2, h=2þ hsÞ, has an outward
normal n̂ ¼ nxêx þ nyêx with the nx and ny as the unit normal’s
direction cosines. The face plate consists of several layers, each
with its own designated coordinates. The lower face plate is rep-
resented by h1 and h2, the rim plate below is represented by h3,

the auxetic core plate is represented by h4, the rim plate above is
represented by h5, and the upper face plate is represented by h6.

To accurately forecast the behavior of the building, it is
deemed necessary to consider the effects of temperature.
Hence, the temperature-dependent properties of the material
include the elastic modulus Eef, the effective Poisson’s ratio
vef, the conductivity coefficients ψef, and thermal expansion
κef. A nonlinear function of temperature can describe these prop-
erties.[36,37]

P ¼ P0ðP�1T�1 þ 1þ P1T þ P2T2 þ P3T3Þ (1)

In this context, P symbolizes any temperature-dependent con-
stituent, while P0 refers to each substance. The table displays the
P�1, P1, P2, and P3 values for different orders (�1, 0, 1, 2, and
3) of the temperature T, as presented in Table 1 and 2. The mass
density ρ(z) is a function solely dependent on z and is signifi-
cantly influenced by variations in temperature, as determined
by the effective material properties.

2.2. Auxetic Core

The sandwich plate design includes an auxetic material with a
negative Poisson’s ratio as its core layer, demonstrating
improved mechanical properties when subjected to different
loads and strains. The aluminum auxetic core exhibits expansion
and contraction in response to tensile and compressive loads.
The geometrical parameters of the auxetic unit cell, such as
the inclined angle (θ), rib thickness (t), length of the vertical wall
(d), and length of the inclined wall (l), are depicted in Figure 1.
The elastic characteristics and mass density of the auxetic core
are calculated by applying the equations[38] that describe the prop-
erties of aluminum.

Ec
11 ¼ EAl

ðβ1 � sinðθÞβ33Þ
β1sec2ðθÞ þ tan2ðθÞð Þβ23 þ 1½ �cos3ðθÞ

� �
(2)

Ec
22 ¼ EAl

β33
ðβ23 þ tan2ðθÞ þ 1ÞðcosðθÞÞβ1 � cosðθÞ sinðθÞ

� �
(3)

Figure 1. A higher order nanoplate with auxetic core structure and face layers under electric and thermal effects.
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Gc
12 ¼ EAl

β33
ð2β21 þ β1Þ cosðθÞ

� �
(4)

Gc
13 ¼ GAl

2sin2ðθÞ þ β1
2ðη1 � sinðθÞÞ cosðθÞ

� �
(5)

ρc ¼ ρAl
ð2þ β1Þβ3

2ðβ1 � sinðθÞÞ cosðθÞ
� �

(6)

The parameters β1= d/l and β3= t/l are defined, and the
Poisson’s ratio can be directly derived from the geometrical char-
acteristics of the auxetic unit cells, as outlined in another
study.[38]

υc12 ¼
ðsinðθÞ � β1ÞðsinðθÞÞð1� β23Þ

cos2ðθÞ½β23ðβ1sec2ðθÞ þ tan2ðθÞÞ þ 1� (7)

υc21 ¼
ðβ23 � 1Þ sinðθÞ

ðβ1 � sinðθÞÞðβ23 þ tan2ðθÞÞ (8)

2.3. The Nonlinear Temperature Increment

This section presents the applicable equations for uniform tem-
perature rise (UTR), linear temperature rise (LTR), and nonlinear
temperature rise (NLTR) across the whole thickness of the nano-
rod. The entire structure of a FGM nanobeam, initially at a tem-
perature of T0= 300 K, is uniformly raised to its final
temperature T. This is achieved by applying the equation for
stress-free conditions with UTR.

ΔT ¼ T � T0 (9)

The temperature of a plane in the z-direction can be deter-
mined using Equation (56), which takes into account the temper-
atures of the bottom and top surfaces (Tb and Tt) and assumes a
LTR from Tb to Tt throughout the thickness.[39]

Table 1. Temperature-dependent coefficients for the properties of CoFe2O4 and BaTiO3.

Material Property P�1 P0 P1 P2 P3

CoFe2O4 C11 [Pa] 0 298.87e9 �1.552e�4 6.125e�9 �9.0e�11

C55 [Pa] 0 47.33e9 �1.552e�4 6.125e�9 �9.0e�11

υ 0 0.3 0 0 0

α [1 K�1] 0 7.5e�6 �3.01e�4 4.02e�6 �1.01e�09

κ [WmK�1] 0 4.7030 �0.0011 1.6612e�06 �9.9670e�10

ρ [kg m�3] 0 5300 0 0 0

BaTiO3 C11 [Pa] 0 174e9 �1.552e�4 6.125e�9 �9.0e�11

C55 [Pa] 0 44.93e9 �1.552e�4 6.125e�9 �9.0e�11

υ 0 0.30 0 0 0

α [1 K�1] 0 10e-6 �3.0e�4 4.0e�6 �1.0e�09

κ [WmK�1] 0 3.7624 �8.50521e�4 1.32894e�06 �7.97363e�0

ρ [kg m�3] 0 5800 0 0 0

Table 2. The magnetic, piezo, electro, and thermal properties of CoFe2O4

and BaTiO3.

CoFe2O4 BaTiO3

C11 [GPa] 286 166

C22 286 166

C33 269.5 162

C12 173 77

C13 170.5 78

C23 170.5 78

C44 45.3 43

C55 45.3 43

C66 56.5 44.5

e31 [C m�2] 0 �4.4

e32 0 �4.4

e33 0 18.6

q31 [N A�1m�1] 580.3 0

q32 580.3 0

q33 699.7 0

ξ11 [10�9C2 N�1 m�2] 0.08 11.2

ξ22 0.08 11.2

ξ33 0.093 12.6

ζ11= ζ22= ζ33 [s m�1] 0 0

χ11 [10�6N s2 C�1] �590 5

χ22 �590 5

χ33 157 10

p11= p22 [10�7Cm�2 K�1] 0 0

p33 0 �11.4

λ11= λ11 [10�5 Wbm�2 K�1] 0 0

λ33 �36.2 0

α1= α1 [10�6 K�1] 10 15.8

ρ [kg m�3] 5800 5300
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TðzÞ ¼ Tb þ ðT t � TbÞ
h þ 2z
2h

� �
(10)

We can solve the steady-state 1D heat transfer equation shown
below to estimate the temperatures of the top (Tt) and bottom
(Tb) surfaces of the nanobeam when NLTRs rise across its thick-
ness. This equation takes into account the known temperature
boundary conditions.[40]

� d
dz

κðzÞ dT
dz

� �
¼ 0, T

h
2

� �
¼ T t, T � h

2

� �
¼ Tb (11a)

Consequently, the temperature at any z extending along the
thickness for a specified boundary condition is

TðzÞ ¼ Tb þ
ðT t � TbÞR h
2

�h
2

1
ψðzÞ dðzÞ

Z
z

�h
2

ψðzÞdz (11b)

2.4. Review of the Nonlocal Strain Gradient Theory (NSGT) for
the MEE Material

The stress at one point in a continuous body is thought to be
dependent on all other points in the body according to
Eringen’s research.[41] Based on this theory, the magnitude of
impacts at both the material and nonlocal scales determines
the structure’s stiffness. This structure behaves more smoothly
than classical forms, depending on the strength of the nonlocal
impact. The strain gradient hypothesis, on the other hand,
increases structural stiffness to purely account for material scale
influence. So, separate physical processes are defined by the non-
local elasticity theory and Eringen’s strain gradient theory. To
depict nonlocality, the nonlocal strain gradient theory (NSGT)
takes into account both of these separate factors at the same
time.[42,43] According to another study,[42] the following equations
represent the σ and σ(h) stress tensors in NSGT

σ ¼
Z
V
α0ðx0, x, e0aÞC∶ ε0ðx0ÞdV 0 (12a)

σðhÞ ¼ l2m

Z
V
α1ðx0, x, e1aÞC∶ ∇ε0ðx0ÞdV 0 (12b)

Separate locations are occupied by the classical kernel and
the higher-order nonlocal functions α0 and α1. Furthermore,
the vector ∇ represents the fourth-order material coefficient,
whereas C stands for the Laplacian operator (∇= ∂/ ∂xþ ∂/ ∂y).
Both ∇ε and ε denote the strain gradient and the
classical strain tensors, respectively. Furthermore, the material
coefficients e1 and e0 are indicated by the nonlocality
constants, whereas the geometrical properties of atomic bonds
are denoted by a. The material size parameter is represented
by the letter lm, and the double-dot product of the tensor is
denoted by the colon symbol “:”. This leads us to the following
representation of the full stress tensor obtained from the
NSGT.[42,44]

σt ¼ σ � ∇2σð1Þ (13)

Assuming compatible α1ðx0, x, e1aÞ and α0ðx0, x, e0aÞ notions
with ref. [45], equaling e0 ¼ e1 ¼ e0a, and utilizing the linear dif-
ferentiation operator to Equation (2–8) give

½1� ðe0aÞ2∇2�σ ¼ C : ε (14a)

½1� ðe0aÞ2∇2�σð1Þ ¼ l2mC : ∇ε (14b)

Equation (4–6) may be used to get the following total stress

½1� ðe0aÞ2∇2�σ ¼ C : ε�l2m∇C : ∇ε (15)

The plate’s stress–strain relations are determined by[42,43]

½1� ðe0aÞ2∇2�σxx ¼ ½1� l2m∇2�EðzÞεxx
½1� ðe0aÞ2∇2�σyy ¼ ½1� l2m∇2�EðzÞεyy
½1� ðe0aÞ2∇2�σxz ¼ ½1� l2m∇2�GðzÞγxz
½1� ðe0aÞ2∇2�σyz ¼ ½1� l2m∇2�GðzÞγyz

(16)

where respectively, σxx, σyy and εxx, εyy denote the usual stresses
and strains in the x and y directions. Additionally, the shear
stresses and strains in the xz- and yz-planes are represented
by σxz, σyz, and γxz, γyz. E (z) and G (z) represent elasticity
and shear modulus, respectively. When the lm and e0a an in
Equation (16) are equal to 0, the stress–strain relations of the
classical continuum theory may be found.[45] Finally, considering
the MEE characteristics, the constitutive equations of the NGST
microplate under thermal loads may be set up as in the following
structure.

σðx, y, zÞð1� e0a2∇2Þ ¼ ð1� l2m∇2Þ½Q ðzÞε� ẽðzÞE � q̃ðzÞH�
�Q ðzÞαðzÞΔT

DEðx, y, zÞð1� e0a2∇2Þ ¼ ð1� l2m∇2Þ½ẽTðzÞε� ξ̃ðzÞE þ ζ̃ðzÞH�
� pðzÞΔT

BMðx, y, zÞð1� e0a2∇2Þ ¼ ð1� l2m∇2Þ½q̃TðzÞεþ ζ̃ðzÞE þ χ̃ ðzÞH�
� λðzÞΔT

(17)

2.5. Displacement Fields and Strains

When applied to a three-layer rectangular plate, the sinusoidal
higher-order shear deformation theory (SHSDT) relies on the fol-
lowing assumptions:[24] 1) Since the displacements are minimal
compared to the thickness of the plate, the related stresses are
extremely minor; 2) The plane displacements u and v consist
of three components: extension u0, shear ws, and bending w0;
3) To incorporate the bending w0, shear ws, and stretching wst

components of the transverse stresses (σxz, σyz, σzz) and strains
(εxz, εyz, εzz), the transverse displacement w is adjusted; and
4) The trigonometric variation of the shear stresses (σxz, σyz)
and strains (εxz, εyz) over the plate’s thickness is increased when
shear components (ws in u, v in-plane, and w transverse displace-
ments) are included. This means that there are no shear stresses
(σxz, σyz) acting on the top and bottom faces of the plate.

The following is a definition of the nanoplate’s displacement
field, taking into account the assumptions made for the entire
form of the SHSDT.
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uðx, y, z, tÞ ¼ u0ðx, y, tÞ � z
∂w0ðx, y, tÞ

∂x
� f ðzÞ ∂wsðx, y, tÞ

∂x
(18a)

vðx, y, z, tÞ ¼ v0ðx, y, tÞ � z
∂w0ðx, y, tÞ

∂y
� f ðzÞ ∂wsðx, y, tÞ

∂y
(18b)

wðx, y, z, tÞ ¼ w0ðx, y, tÞ þ wsðx, y, tÞ þ wstðx, y, z, tÞ (18c)

Here f(z), wst and g(z) defined as

f ðzÞ ¼ z�Ht

π
sin

πz
Ht

� �
(19)

wstðx, y, z, tÞ ¼ gðzÞ∅ðx, y, tÞ (20)

gðzÞ ¼ cos
πz
Ht

� �
(21)

All displacements of a point inside an unchanged body are
represented by the variables u, v, and w in the displacement equa-
tions that were described earlier. For every given time t, the in-
plane and transverse displacements of a point on the midplane of
the undeformed plate (x, y, 0) are represented by u0, v0, and w0,
respectively. Here, the bending deflection of the plate is denoted
by the w displacement, while the u and v displacements are asso-
ciated with its extensional deformation. A general form for the
strain–displacement interactions associated with the displace-
ment field in Equation (10) is as follows.

εxx
εyy
2εxy

8><
>:

9>=
>; ¼

εð0Þxx

εð0Þyy

γð0Þxy

8>><
>>:

9>>=
>>;þ z

εðbÞxx

εðbÞyy

γðsÞxy

8>><
>>:

9>>=
>>;þ f ðzÞ

εðsÞxx

εðsÞyy

γðsÞxy

8>><
>>:

9>>=
>>; (22a)

2εxz
2εyz

( )
¼ gðzÞ γð0Þxz

γð0Þyz

( )
(22b)

εzz ¼ g 0ðzÞεð0Þzz (22c)

Also, the particular strain components are as follows.

εð0Þxx

εð0Þyy

γð0Þxy

8>><
>>:

9>>=
>>; ¼

∂u0
∂x
∂v0
∂y
∂u0
∂y

þ ∂v0
∂x

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;
,

εðbÞxx

εðbÞyy

γðbÞxy

8>><
>>:

9>>=
>>; ¼

� ∂2w0

∂x2

� ∂2w0

∂y2

�2
∂2w0

∂x ∂y

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;

(23a)

εðsÞxx

εðsÞxx

γðsÞxx

8><
>:

9>=
>; ¼

� ∂2ws

∂x2

� ∂2ws

∂y2

�2
∂2ws

∂x ∂y

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;

(23b)

γð0Þxz

γð0Þyz

( )
¼

ð1� f 0ðzÞÞ ∂ws

∂x
þ gðzÞ ∂∅

∂x

ð1� f 0ðzÞÞ ∂ws

∂y
þ gðzÞ ∂∅

∂y

8>><
>>:

9>>=
>>;¼

gðzÞ ∂ws

∂x
þ ∂∅

∂x

� �

gðzÞ ∂ws

∂y
þ ∂∅

∂y

� �
8>>><
>>>:

9>>>=
>>>;

εð0Þzz ¼ ∅
(23c)

2.6. Constitutive Equations

Applying the nonlocal and strain-gradient differential operators,
the constitutive relations of the surface layers are described by [46]

Lð�Þ ≡ 1� ðe0aÞ2∇2 and Γð�Þ ≡ 1� ðlmÞ2∇2.

LðσsxxÞ
LðσsyyÞ
LðσszzÞ
LðσsyzÞ
LðσsxzÞ
LðσsxyÞ

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

¼ Γ

Cs
11 Cs

12 Cs
13 0 0 0

Cs
12 Cs

22 Cs
23 0 0 0

Cs
13 Cs

23 Cs
33 0 0 0

0 0 0 Cs
44 0 0

0 0 0 0 Cs
55 0

0 0 0 0 0 Cs
66

2
66666666664

3
77777777775

�

εxx

εyy

εzz

2εyz

2εxz

2εxy

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

� Γ

0

0
0

0
e15

0

0

0
0

e24
0

0

e31

e32
e33

0
0

0

2
6666666664

3
7777777775

Ex

Ey

Ez

8><
>:

9>=
>;

� Γ

0

0
0

0
q15

0

0

0
0

q24
0

0

q31

q32
q33

0
0

0

2
6666666664

3
7777777775

Hx

Hy

Hz

8>><
>>:

9>>=
>>;

(24a)

LðDxÞ
LðDyÞ
LðDzÞ

8><
>:

9>=
>; ¼ Γ

0 0 0 0 e15 0

0 0 0 e24 0 0

e31 e32 e33 0 0 0

2
64

3
75

εxx

εyy

εzz

2εyz
2εxz

2εxy

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

þ Γ

ε11 0 0

0 ε22 0

0 0 ε33

2
64

3
75

Ex

Ey

Ez

8><
>:

9>=
>;

þ Γ

g11 0 0

0 g22 0

0 0 g33

2
64

3
75

Hx

Hy

Hz

8><
>:

9>=
>;

(24b)
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LðBxÞ
LðByÞ
LðBzÞ

8><
>:

9>=
>; ¼ Γ

0 0 0 0 q15 0

0 0 0 q24 0 0

q31 q32 q33 0 0 0

2
64

3
75

εxx

εyy

εzz

2εyz
2εxz

2εxy

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

þ Γ

ε11 0 0

0 ε22 0

0 0 ε33

2
64

3
75

Ex

Ey

Ez

8><
>:

9>=
>;

þ Γ

μ11 0 0

0 μ22 0

0 0 μ33

2
64

3
75

Hx

Hy

Hz

8><
>:

9>=
>;

(24c)

By establishing the electric φ̆ and magnetic potentials ψ̆ ,
the constitutive relations may be defined in their entirety.
The components of electric Ei and magnetic fields Hi are
expressed using these 3D potentials.

Ei ¼ f�φ̆, ig, Hi ¼ f�ψ̆ , ig, i ¼ x, y, z (25)

According to Maxwell’s equations, the distributions of these
potentials for a nanoplate activated with initial external electric
φ0 and magnetic ψ0 potentials are characterized by fusing the
linear and cosine functions as in the following.[47,48]

φ̆ðx, y, z, tÞ
ψ̆ðx, y, z, tÞ

� �
¼ φ̆0

ψ̆0

� �
2ẑ
Ht

� φðx, y, tÞ
ψðx, y, tÞ

� �
cos

πẑ
Ht

� �
(26)

Here φ(x, y, t) and ψ(x, y, t), in turn, imply the time-dependent
planar electric and magnetic potential distributions.
Furthermore, the ẑ variable stands for the thickness of the
surface-layers ðẑ ¼ z� h=2� hs=2Þ. For the plate’s top layer, ẑ
is defined as ðẑ ≡ z1 ¼ z� h=2� hs=2Þ, whereas ẑ is defined
as ðẑ ≡ z2 ¼ zþ h=2þ hs=2Þ for the plate’s bottom layer.
Note that, z is only valid for ðh=2 ≤ z ≤ h=2þ hs=2Þ and
ð�h=2� hs=2 ≤ z ≤ �h=2Þ.

For the rim layer between the auxetic core and face layers, the
constitutive equations can be described by

LðσrxxÞ
LðσryyÞ
LðσrzzÞ
LðσryzÞ
LðσrxzÞ
LðσrxyÞ

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;

¼ Γ

Cr
11 Cr

12 Cr
13 0 0 0

Cr
12 Cr

22 Cr
23 0 0 0

Cr
13 Cr

23 Cr
33 0 0 0

0 0 0 Cr
44 0 0

0 0 0 0 Cr
55 0

0 0 0 0 0 Cr
66

2
666666664

3
777777775

εxx
εyy
εzz
2εyz
2εxz
2εxy

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;
(27)

For the auxetic core layer, the constitutive equations can be
described by

LðσcxxÞ
LðσcyyÞ
LðσczzÞ
LðσcyzÞ
LðσrxzÞ
LðσcxyÞ

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;

¼ Γ

Cc
11 Cc

12 Cc
13 0 0 0

Cc
12 Cc

22 Cc
23 0 0 0

Cc
13 Cc

23 Cc
33 0 0 0

0 0 0 Cc
44 0 0

0 0 0 0 Cc
55 0

0 0 0 0 0 Cc
66

2
66666664

3
77777775

εxx
εyy
εzz
2εyz
2εxz
2εxy

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;
(28)

Here Cn
ij stands for the stiffness coefficients and is defined by

Cc
11 ¼

1� v
v

λðzÞ (29a)

Cc
12 ¼ λðzÞ (29b)

Cc
66 ¼ μðzÞ (29c)

Cc
11 ¼ Cc

22 ¼ Cc
33 (29d)

Cc
12 ¼ Cc

13 ¼ Cc
23 (29e)

Cc
44 ¼ Cc

55 ¼ Cc
66 (29f)

In stiffness coefficients, the λ(z) and μ(z) are the Lamé

constants. λðzÞ ¼ vEðzÞ
ð1þvÞð1�2vÞ , μðzÞ ¼ EðzÞ

2ð1þvÞ
� 	

υ and E(z) are

derived from the elasticity and Poisson ratio terms of the auxetic
core given in Equation (2–8).

2.7. Equations of Motion

Using the following virtual displacements, Hamilton’s principle
may be altered for the motion equations of the three-layered rect-
angular nanoplate[49]Z

T

0
ðδU � δE � δM� δKþ δVÞdt ¼ 0 (30)

Here, δU, δK, and δV are, in turn, the virtual forms of strain
energy, kinetic energy, and work done by external forces.
Additionally, δE and δM are the electric and magnetic fields’ vir-
tual contributions. Accordingly, the virtual strain energy δU is
defined by

δU ¼
Z
Ω

�Z
h1

h0
ðσfxxδεxx þ σfyyδεyy þ σfzzδεzz þ 2σfyzδεyz

þ 2σfxzδεxz þ 2σfxyδεxyÞdz
þ
Z

h2

h1
ðσrxxδεxx þ σryyδεyy þ σrzzδεzz þ 2σryzδεyz

þ 2σrxzδεxz þ 2σrxyδεxyÞdz
þ
Z

h3

h2
ðσcxxδεxx þ σcyyδεyy þ σczzδεzz þ 2σcyzδεyz

þ 2σcxzδεxz þ 2σcxyδεxyÞdz
þ
Z

h4

h3
ðσrxxδεxx þ σryyδεyy þ σrzzδεzz þ 2σryzδεyz

þ 2σrxzδεxz þ 2σrxyδεxyÞdz
þ
Z

h5

h4
ððσfxxδεxx þ σfyyδεyy þ σfzzδεzz þ 2σfyzδεyz

þ 2σfxzδεxz þ 2σfxyδεxyÞdzÞ
�
dxdy

(31)
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Additionally, the electric δE and magnetic δM fields’ contri-
butions are given by

δE ¼
Z
Ω

�Z
h1

h0
ðDxδEx þDyδEyþDzδEzÞdz

þ
Z

h5

h4
ðDxδEx þDyδEyþDzδEzÞdz

�
dxdy

(32)

δM ¼
Z
Ω

�Z
h1

h0
ðBxδHx þ ByδHyþBzδHzÞdz

þ
Z

h5

h4
ðBxδHx þ ByδHyþBzδHzÞdz

�
dxdy

(33)

Also, the contribution of the kinetic energy is as follows.

δK ¼
Z
Ω

Z
h2

h1
ρf ðu̇δu̇þ v̇δv̇þ ẇδẇÞdz

þ
Z

h3

h2
ρrðu̇δu̇þ v̇δv̇þ ẇδẇÞdz

þ
Z

h4

h3
ρcðu̇δu̇þ v̇δv̇þ ẇδẇÞdz

þ
Z

h5

h4
ρrðu̇δu̇þ v̇δv̇þ ẇδẇÞdz

þ
Z

h6

h5
ρf ðu̇δu̇þ v̇δv̇þ ẇδẇÞdz

2
66666666666664

3
77777777777775
dxdy (34)

Here ρf(z), ρr(z), and ρc(z), in turn, stand for the mass densi-
ties of nanoplate’s surface layers, rim layer, and core layer. The
mass density ρc(z) of the core layer has been obtained by
Equation (2–8). Additionally, a variable’s time derivative is
implied by a dot superscript, such as in the expression
u̇ ¼ ∂u= ∂t. The following summarizes how in-plane external
pressures contribute to virtual work.

δV ¼ �
Z
Ω

�
ðNxx0 þ NxxE þ NxxMÞ ∂w0

∂x
∂δw0

∂x

þ ðNyy0þNyyE þ NxxMÞ ∂w0

∂y
∂δw0

∂y
þ
�
dxdy

(35)

The 0, E, and M subscripts represent the in-plane compres-
sive mechanical, electrical, and magnetic forces. Clearly,
Nxx0= Px0 and Nyy0= Py0 are compressive mechanical forces,
NxxM ¼ Pq31 and NyyM ¼ Pq32 are the magnetic forces arising
from magnetic potential, and NxxE ¼ Pe31 and NyyE ¼ Pe32 are
the electric forces resulting from the external electric voltage.
The virtual work equation disregards the mechanical forces
applied to the top and lower surfaces since the study only looks
at MEE nanoplates’ free vibration and buckling responses.
Assume that the plate buckles with cylindrical bending behavior
when an external force is applied along its midplane. Only the
deflection’s bending (w0) component is connected to the exter-
nally applied axial forces. Additionally, the overall behavior of
the plate will be influenced by the deflection’s shear (ws) and
stretch (wst) components. The resulting forces and moments that
are linked to thickness may then be expressed as follows.

Nxx Nyy Nxy

MðbÞ
xx MðbÞ

yy MðbÞ
xy

MðsÞ
xx MðsÞ

yy MðsÞ
xy

8>><
>>:

9>>=
>>; ¼

Z
h2

h1
σfxx , σfyy, σfxy

 � 1

z

f ðzÞ

8><
>:

9>=
>;dz

þ
Z

h3

h2
σrxx , σryy, σrxy

 � 1

z

f ðzÞ

8><
>:

9>=
>;dz

þ
Z

h4

h3
σcxx , σcyy, σcxy

 � 1

z

f ðzÞ

8><
>:

9>=
>;dz

þ
Z

h5

h4
ðσrxx , σryy, σrxyÞ

1

z

f ðzÞ

8><
>:

9>=
>;dz

þ
Z

h6

h5
ðσfxx , σfyy, σfxyÞ

1

z

f ðzÞ

8><
>:

9>=
>;dz

(36a)

Nzz ¼
Z

h=2

�h=2�hs
σszzg 0ðzÞdzþ

Z
h=2

�h=2
σczzg 0ðzÞdz

þ
Z

h=2þhs

h=2
σfzzg 0ðzÞdz

(36b)

fSxz, Syzg ¼
Z �h=2

�h=2�hs
fσsxz, σsyzggðzÞdz

þ
Z

h=2

�h=2
fσcxz, σcyzggðzÞdz

þ
Z

h=2þhs

h=2
fσsxz, σsyzggðzÞdz

(36c)

Also, the virtual strain energy gets the following form.

δU ¼
Z
Ω

Nxxδε
ð0Þ
xx þ Nyyδε

ð0Þ
yy þ Nzzδε

ð0Þ
zz þ Nxyδε

ð0Þ
xy

þNxzδε
ð0Þ
xz þ Nyzδε

ð0Þ
yz þMxxδε

ðbÞ
xx þMyyδε

ðbÞ
yy

þMxyδε
ðbÞ
xy þMxxδε

ðbÞ
xx þMyyδε

ðbÞ
yy þMxyδε

ðbÞ
xy

0
BB@

1
CCAdxdy

(37)

Additionally, the thickness-related electric Diði ¼ x, y, zÞ and
magnetic Biði ¼ x, y, zÞ coefficients are given as

fDx ,Dy,Dzg ¼
Z

h2

h1
ðDx ,Dy,DzÞ

cos
πz2
hs

� �

cos
πz2
hs

� �
π

hs
sin

πz2
hs

� �

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;
dz

þ
Z

h6

h5
ðDx,Dy,DzÞ

cos
πz2
h

� 	
cos

πz2
h

� 	
π

h
sin

πz2
h

� 	

8>>>>><
>>>>>:

9>>>>>=
>>>>>;
dz

(38)
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fBx,By,Bzg ¼
Z

h2

h1
ðBx ,By,BzÞ

cos
πz2
hs

� �

cos
πz2
hs

� �
π

hs
sin

πz2
hs

� �

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;
dz

þ
Z

h6

h5
ðBx ,By,BzÞ

cos
πz2
h

� 	
cos

πz2
h

� 	
π

h
sin

πz2
h

� 	

8>>>>><
>>>>>:

9>>>>>=
>>>>>;
dz

(39)

The electric and magnetic fields’ virtual contribution can be
presented in an easier form.

δE ¼
Z
Ω

Dx
∂δφ
∂x

þ Dy
∂δφ
∂y

�Dzδφ

� �
dxdy (40)

δM ¼
Z
Ω

Bx
∂δψ
∂x

þ By
∂δψ
∂y

� Bzδψ

� �
dxdy (41)

The kinetic energy variation defined by the mi mass inertias
can be written as

δK ¼
Z
Ω

m0


u̇0δu̇0 þ v̇0δv̇0 þ ẇ0δẇ0 þ ẇ0δẇs

þ ẇsδẇ0 þ ẇsδẇs
�

�m1 u̇0
∂δẇ0

dx
þ ∂ẇ0

dx
δu̇0 þ v̇0

∂δẇ0

dy
þ ∂ẇ0

dy
δv̇0

� �

� ∂ẇ0

dx
∂δẇ0

dx
þ ∂ẇ0

dy
∂δẇ0

dy

� �

�m3 u̇0
∂δẇ0

dx
þ ∂ẇ0

dx
δu̇0 þ v̇0

∂δẇ0

dy
þ ∂ẇ0

dy
δv̇0

� �

þm4

�
∂ẇ0

dx
∂δẇ0

dx
þ ∂ẇ0

dx
∂δẇ0

dx
þ ∂ẇ0

dy
∂δẇ0

dy

þ ∂ẇ0

dy
∂δẇ0

dy

�
m5

∂ẇs

dx
∂δẇs

dx
þ ∂ẇs

dy
∂δẇs

dy

� �
þm6ðẇ0δϕ̇þ ẇsδϕ̇þ ϕ̇δẇ0 þ ϕ̇δẇsÞ þm7ϕ̇δϕ̇

2
66666666666666666666666664

3
77777777777777777777777775

dxdy

(42)

The differentiation of variables concerning time is shown here
by the dot superscript, and mi(i= 0, 1, 2) mass inertias are
defined as

mi ¼
Z

h2

h1
ρf zidzþ

Z
h3

h2
ρrzidzþ

Z
h4

h3
pcðzÞzidz

þ
Z

h5

h4
ρrzidzþ

Z
h6

h5
ρf zidz

(43a)

miþ3 ¼
Z

h2

h1
ρf f ðzÞzidzþ

Z
h3

h2
ρrf ðzÞzidzþ

Z
h4

h3
pcðzÞf ðzÞzidz

þ
Z

h5

h4
ρrf ðzÞzidzþ

Z
h6

h5
ρf f ðzÞzidz

(43b)

m6 ¼
Z

h2

h1
ρf gðzÞdzþ

Z
h3

h2
ρrgðzÞdzþ

Z
h4

h3
pcðzÞgðzÞdz

þ
Z

h5

h4
ρrgðzÞdzþ

Z
h6

h5
ρf gðzÞdz

(43c)

m7 ¼
Z

h2

h1
ρf g2ðzÞdzþ

Z
h3

h2
ρrg2ðzÞdzþ

Z
h4

h3
pcðzÞg2ðzÞdz

þ
Z

h5

h4
ρrg2ðzÞdzþ

Z
h6

h5
ρf g2ðzÞdz

(43d)

The virtual work’s latest form resulting from in-plane external
forces is given by

δV ¼
Z
Ω

�
ðpx0 þ pe31 þ pq31Þ

∂w0

∂x
∂δw0

∂x

þ ðpy0Þ þ pe32 þ pq32Þ
∂w0

∂x
∂δw0

∂x

�
dxdy

(44)

In the analyses, in-plane mechanical compression forces are
assumed to be equal, px0=N0 and py0= γN0, with γ ¼ px0=py0.
The in-plane electric pe3i and magnetic pq3i (i= 1, 2) forces
are described as

pe3i ¼ �
Z

h2

h1
e3i

2V0

hs

� �
dzþ

Z
h6

h5
e3iðzÞ

2V0

h

� �
dz

� �
(45a)

pq3i ¼ �
Z

h2

h1
q3i

2H0

hs

� �
dzþ

Z
h6

h5
q3iðzÞ

2H0

h

� �
dz

� �
(45b)

For a macrorectangular plate based on the SHSDT, the final
seven motion Equation (46a–g) can be obtained by substituting
the energy variation equations δU, δE, δM, δK, and δV from
Equation (30) and (31–34) and (33) into Equation (22), perform-
ing partial integration to obtain the whole differentiations of gen-
eralized virtual translations relative to x, y, and t.

δu0∶
∂Nxx

∂x
þ ∂Nxy

∂x
¼ m0ü0 �m1

∂ẅ0

∂x
�m1

∂ẅs

∂x
(46a)

δv0∶
∂Nyy

∂y
þ ∂Nxy

∂x
¼ m0v̈0 �m1

∂ẅ0

∂y
�m3

∂ẅs

∂y
(46b)

δw0∶
∂2MðbÞ

xx

∂x2
þ 2

∂2MðbÞ
xx

dxdy
þ ∂2MðbÞ

yy

dy2
� ðpx0 þ pe31 þ pq31Þ

∂2w0

∂y2

¼ m0ðẅ0 þ ẅsÞ þm1
∂ü0
∂x

þ ∂v0
∂y

� �
�m2

∂ẅ0

∂x2
þ ∂ẅ0

∂y2

� �

�m4
∂2ẅs

dx2
þ ∂2ẅs

dy2

� �
þm6ϕ̈

(46c)

δws∶
∂2MðsÞ

xx

∂x2
þ 2

∂2MðsÞ
xy

dxdy
þ ∂2MðsÞ

yy

dy2
þ ∂sxz

∂x
þ ∂syz

∂y

¼ m0ðẅ0 þ ẅsÞ þm3
∂ü0
∂x

þ ∂v̈0
∂y

� �

�m4
∂2ẅ0

dx2
þ ∂2ẅ0

dy2

� �
�m5

∂2ẅs

dx2
þ ∂2ẅs

dy2

� �
þm6ϕ̈

(46d)
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δϕ∶
∂Sxz
∂x

þ ∂Syz
∂y

� Nzz ¼ m6ðẅ0 þ ẅsÞ þm7ϕ̈ (46e)

δφ∶
∂Dx

∂x
þ ∂Dyz

∂y
þ Dz ¼ 0 (46f)

δψ∶
∂Bx

∂x
þ ∂Byz

∂y
þ Bz ¼ 0 (46g)

The nanoplate’s boundary conditions are defined in the
following form.

δu0∶ 0 ¼ Nxxnx þ Nxyny �m1ẅ0nx �m3ẅsnx (47a)

δv0∶ 0 ¼ Nyyny þ Nxynx �m1ẅ0ny �m3ẅsny (47b)

δw0∶ 0 ¼ ∂MðbÞ
xx

∂x
þ ∂MðbÞ

xy

∂y
� ðpx0 þ pe31 þ pq31Þ

∂w0

∂x

" #
nx

þ ∂MðbÞ
yy

∂y
þ ∂MðbÞ

xy

∂x
∂MðbÞ

xy

∂y
� ðpy0 þ pe32 þ pq32Þ

∂w0

∂x

" #
ny

þ m1ü�m2
∂ẅ0

∂x
�m4

∂ẅ
s

∂x

� �
nx

þ m1v̈0 �m2
∂ẅ0

∂y
�m4

∂ẅs

∂y

� �
ny

(47c)

δ
∂w0

∂n
∶ 0 ¼ MðbÞ

nn (47d)

δ
∂ws

∂n
∶ 0 ¼ MðsÞ

nn (47e)

δϕ∶ 0 ¼ Sxznx þ Syzny (47f)

δφ∶ 0 ¼ Dxnx þDyny (47g)

δψ∶ 0 ¼ Bxnx þ Byny (47h)

Here

MðbÞ
nn ¼ MðbÞ

xx n2x þ 2MðbÞ
xy nxny þMðbÞ

yy n2y ,

MðsÞ
nn ¼ MðsÞ

xx n2x þ 2MðsÞ
xy nxny þMðsÞ

yy n2x
(47i)

Applying the nonlocal and strain-gradient differential opera-
tors Lð�Þ ≡ 1� ðe0aÞ2∇2 and Γð�Þ ≡ 1� ðlmÞ2∇2 and replacing
Equation ((10) and (14)–(16) and (19) and (26) and (28)) into
Equation (35), the following equilibrium equations
(Equation 37a–g) concerning displacements and MEE coeffi-
cients can be obtained for a rectangular nanoplate in the follow-
ing form.

Γ ¼

Að0Þ
11

∂2u0
∂x2

� Að1Þ
11

∂3w0

∂x3
� A�ð0Þ

11
∂3ws

∂x3
þ Að0Þ

12 þ Að0Þ
66

� 	 ∂v0
∂x ∂y

� Að1Þ
12 þ 2Að1Þ

66

� 	 ∂3ws

∂x ∂y2
� A�ð0Þ

12 þ 2A�ð0Þ
66

� 	 ∂3ws

∂x ∂y2

þAð0Þ
66

∂3u0
∂y2

þ Ãð0Þ
13

∂3u0
∂y2

þ Bð0Þ
e13

∂φ
∂x

þ Bð0Þ
q13

∂ψ
∂x

2
6666664

3
7777775

¼ L m0ü�m1
∂ẅ0

∂x
�m3

∂ẅs

∂x

� �
(48a)

Γ ¼

Að0Þ
22

∂2v0
∂y2

� Að1Þ
22

∂3w0

∂y3
� A�ð0Þ

22
∂3ws

∂y3
þ Að0Þ

12 þ Að0Þ
66

� 	 ∂u0
∂x ∂y

� Að1Þ
12 þ 2Að1Þ

66

� 	 ∂3w0

∂x ∂y2
� A�ð0Þ

12 þ 2A�ð0Þ
66

� 	 ∂3ws

∂x ∂y2

þAð0Þ
66

∂3v0
∂x2

þ Ãð0Þ
13

∂ϕ
∂y

þ Bð0Þ
e32

∂φ
∂x

þ Bð0Þ
e32

∂ψ
∂x

2
6666664

3
7777775

¼ L m0v̈0 �m1
∂ẅ0

∂y
�m3

∂ẅs

∂y

� �
(48b)

Γ ¼

Að1Þ
11

∂3u0
∂x3

� Að2Þ
22

∂4w0

∂y4
� A�ð1Þ

11
∂4ws

∂y4
þ Að1Þ

12 þ 2Að1Þ
66

� 	
∂3u0
∂x ∂y2

þ ∂3v0
∂x2 ∂y

� �
� 2 Að2Þ

12 þ 2Að2Þ
66

� 	 ∂4w0

∂x2 ∂y2

�2 A�ð1Þ
12 þ 2A�ð1Þ

66

� 	 ∂4ws

∂x2 ∂y4
þ Að1Þ

22
∂3v0
∂x3

� Að2Þ
22

∂4w0

∂y4

�A�ð1Þ
22

∂4ws

∂y4
þ Ãð1Þ

13
∂2ϕ
∂x2

þ Að1Þ
23

∂2ϕ
∂y2

þ B�ð1Þ
e31

∂2φ
∂x2

þ Bð1Þ
e32

∂2φ
∂y2

þ Bð1Þ
q31

∂2ψ
∂x2

þ Bð1Þ
q32

∂2ψ
∂y2

2
6666666666666664

3
7777777777777775

¼ L

ðPx0 þ Pe31 þ Pq31Þ
∂2w0

∂x2
þ ðPy0 þ Pe32 þ Pq32Þ

∂2w0

∂y2

þm0ðẅ0 þ ẅsÞþm1
∂ü0
∂x

þ ∂ü0
∂y

� �
�m2

∂2ẅ0

∂x2
þ ∂2ẅ0

∂y2

� �

�m4
∂2ẅ0

∂x2
þ ∂2ẅ0

∂y2

� �
þm6ϕ̈

2
6666664

3
7777775

(48c)

Γ ¼

Að0Þ
11

∂3u0
∂x3

� Að1Þ
11

∂4w0

∂x4
� Aðf Þ

11
∂4ws

∂x4
þ ðAð0Þ

12 þ 2Að0Þ
66 Þ

∂3u0
∂x ∂y

þ ∂3v0
∂x2 ∂y

� �
� 2 Að1Þ

12 þ 2Að1Þ
66

� 	 ∂4w0

∂x2 ∂y2

�2 Aðf Þ
12 þ 2Aðf Þ

66

� 	 ∂4ws

∂x2 ∂y2
þ Að0Þ

22
∂3v0
∂y3

� Að1Þ
22

∂4w0

∂y4

� Aðf Þ
22

∂4ws

∂y4
þ Âð0Þ

44
∂2ws

∂y2
þ Âð0Þ

55
∂2ws

∂x2
þ Ãðf Þ

13 þ Âð0Þ
55

� 	 ∂2ϕ
∂x2

þ ðÃðf Þ
23 þ Âð0Þ

44 Þ ∂2ϕ
∂y2 þ Bðf Þ

e31 � BðgÞ
e15

� 	
∂2ϕ
∂x2 þ ẅs

� 	
þm3

∂ü0
∂x

þ ∂v̈
∂y

� �
�m4

∂2ẅ0

∂x2
Bðf Þ
e32 � BðgÞ

e34

� 	 ∂2κ
∂y2

� �

þ Bðf Þ
q31 � BðgÞ

q15

� 	 ∂2φ
∂x2

þ Bðf Þ
q32 � BðgÞ

q24

� 	 ∂2ψ
∂y2

2
66666666666666666666664

3
77777777777777777777775

¼ L m0 ẅ0 þ
∂2ẅ0

∂y2

� �� �
�m5

∂2ẅs

∂x2
þ ∂2ẅs

∂y2

� �
þm6ϕ̈

� �
(48d)
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Γ ¼

�Ãð0Þ
13

∂u0
∂x

þ Ãð1Þ
13

∂w0

∂x2
þ �Ãðf Þ

13 þ Âð0Þ
55

� 	 ∂2ws

∂x2

�Ãð0Þ
23

∂v0
∂x

þ Ãð1Þ
23

∂2w0

∂y2
þ �Ãðf Þ

23 þ ˆ̃A
ð0Þ
44

� 	 ∂2ws

∂y2
� ÃðgÞ

33 ϕ

þÂð0Þ
44

∂2ϕ
∂y2

þ Âð0Þ
55

∂2ϕ
∂x2

� BðgÞ
e15

∂2ϕ
∂x2

� BðgÞ
e24

∂2ϕ
∂y2

� BðgÞ
q15

∂2ϕ
∂x2

�BðgÞ
q24

∂2ψ
∂y2

� BðgÞ
e33φ� BðgÞ

q33ψ þ BðgÞ
e33 þ BðgÞ

q33

2
66666666664

3
77777777775

¼ L m6ðẅ0 þ ẅsÞ þm7ϕ̈
� 
� Ãð0Þ

13
∂u0
∂x

þ Ãð1Þ
13

∂2w0

∂x2

þ Ãðf Þ
13 þ Âð0Þ

55

� 	 ∂2w0

∂x2
� Ãð0Þ

23
∂v0
∂y

þ Ãð1Þ
23

∂2w0

∂y2

þ Ãðf Þ
23 þ Ãð0Þ

44

� 	 ∂2ws

∂y2
� �Ãðf Þ

23 þ Âð0Þ
23

� 	 ∂2ws

∂y2
� ÃðgÞ

23 ϕ

þ Âð0Þ
44

∂2ϕ
∂x2

� BðgÞ
e15

∂2φ
∂x2

� BðgÞ
e24

∂2φ
∂y2

� BðgÞ
q15

∂2ψ
∂x2

� BðgÞ
q24

∂2ψ
∂y2

�BðgÞ
e33φ� BðgÞ

e33ψ þ Bð1Þ
e33B

ð1Þ
q33

¼ L½m6ðẅ0 þ ẅsÞ þm7ϕ̈�
(48e)

Bð0Þ
e31

∂u0
∂x

þ Bð0Þ
e32

∂v0
∂x

� Bð1Þ
e31

∂2w0

∂x2
� Bð1Þ

e32
∂2w0

∂y2

þ BðgÞ
e15 � Bðf Þ

e31

� 	 ∂2w2

∂y2
þ BðgÞ

e32ϕþ BðgÞ
e15

∂2ϕ
∂x2

þ BðgÞ
e24

∂2ϕ
∂y2

� Pðs2Þ
ε33 φ� Pðc2Þ

g33 ψ þ Pðc2Þ
ε11

∂2φ
∂x2

þ Pðc2Þ
ε22

∂2φ
∂y2

þ Pðc2Þ
g22

∂2ψ
∂x2

þ Pðc2Þ
g22

∂2ψ
∂y2

� PðsÞ
g33 � PðsÞ

ε33 ¼ 0

(48f)

Bð0Þ
q31

∂u0
∂x

þ Bð0Þ
q32

∂v0
∂y

� Bð1Þ
q31

∂2w0

∂x2
� Bð1Þ

q32
∂2w0

∂y2

þ BðgÞ
q15 � Bðf Þ

q31

� 	 ∂2ws

∂x2
þ BðgÞ

q32 � Bðf Þ
q32

� 	 ∂2ws

∂y2
þ BðgÞ

q33ϕ

þ BðgÞ
q15

∂2ϕ
∂x2

þ BðgÞ
q24

∂2ϕ
∂y2

¼ �Pðs2Þ
g33 φ� Pðc2Þ

μ33 ψ þ Pðc2Þ
g11

∂2φ
∂x2

þ Pðc2Þ
g22

∂2φ
∂y2

þ Pðc2Þ
μ11

∂2ψ
∂x2

þ Pðc2Þ
μ22

∂2ψ
∂y2

� PðsÞ
g33 � PðsÞ

μ33 ¼ 0

(48g)

The definitions of the resulting MEE coefficients are provided
in Appendix A1–A3.

u0
v0
w0
ws
ϕ
φ
ψ

0
BBBBBBBB@

1
CCCCCCCCA

¼
X∞
m¼1

X∞
n¼1

u cosðαxÞ sinðβyÞeiωt
v sinðαxÞ cosðβyÞeiωt
w0 sinðαxÞ sinðβyÞeiωt
ws sinðαxÞ sinðβyÞeiωt
ϕ sinðαxÞ sinðβyÞeiωt
φ sinðαxÞ sinðβyÞeiωt
ψ sinðαxÞ sinðβyÞeiωt

0
BBBBBBBB@

1
CCCCCCCCA
, α ¼ mπ

Lx
, β ¼ nπ

Ly

(49)

The remaining seven variables, u, v, w0, ws, ϕ, φ, and ψ ,
respectively, stand for the greatest displacement, electric, and
magnetic potential values. Here, it stands for the natural fre-
quency. For ease of use, these seven variables can be represented
as vectors.

2.8. Solution Method

The precise analytical solutions of a simply supported (SS) three-
layered rectangular nanoplate are obtained in the research using
Navier’s solution approach. Due to this, the double trigonometric
series expansion is used to solve for the seven unknowns as
follows.

fΔg ¼ ½u v w0 ws ϕ φ ψ �T (50)

The governing equations system is ultimately organized in the
following format utilizing the stiffness [K] and inertia [M] matri-
ces, as well as the load vector {F}:

f½K� � ω2
mn½M�gfΔg ¼ fFg (51)

In addition, the load vector, neglectable in the free vibration
and buckling analysis, is as follows.

fFg¼
h
0 0 0 0 �ðBðgÞ

e33þBðgÞ
q33Þ �ðPðgÞ

g33þPðgÞ
e33Þ �ðPðgÞ

g33þPðgÞ
e33Þ

i
(52)

In the case of free vibration analysis, the nanoplate’s
governing equation system under in-plane static forces is defined
as follows.

f½K� � ω2
mn½M�gfΔg ¼ f0g (53)

Also, just for nanoplate’s buckling analysis, the system of
governing equations is

½K �fΔg ¼ f0g (54)

The elements of symmetric (Kij= Kij) stiffness [K] and sym-
metric (Mij=Mij) inertia matrixes are given in the Appendix
A4 and A5 section.

2.9. Validation

The following nondimensional frequency parameter
(Equation (36)) is defined in the same manner as the researches
of ref. [50,51] in order to verify the current investigation. Here,
the bottom material’s mass density and elasticity modulus are
ρb= 5300 kgm�3 and Cb11= 166 GPa, respectively (BaTiO3).
The plate has a rectangular form, a= 2m, b= 1m, ratio
h/a= 0.2, and is made of BaTiO3/CoFe2O4 with p= 1.

ω ¼ ωðm,nÞ
a2

h

� � ffiffiffiffiffiffiffiffiffi
ρb
Cb11

r
(55)

Table 4 compares the dimensionless frequencies of the cur-
rent investigation with those of the literature studies. Table 4
shows that, except for the first and second modes, the findings
of the recent research and ref. [50] are comparable.

The following tables present a comparison of the three nonlo-
cal plate theories in terms of the maximum deflection and
natural frequencies, as determined in another study[52] The
dimensionless maximum deflections obtained from three nonlo-
cal plate theories are compared with the results of the current
inquiry in Table 3 and 4. This comparison is based on different
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nonlocal parameters and thickness values for square and rectan-
gular plates subjected to uniformly distributed and point loads.
The assessments revealed that the results of the current
investigation were similar to those of studies employing first-
and third-order theories. In addition, the nonlocal theory yielded
more accurate predictions for larger displacements. Moreover,
the results obtained from the first- and third-order theories
were approximately the same for all nonlocal effect values.
Table 5 and 6 compare the calculated natural frequencies of
the third-order nonlocal plate theories, considering different
nonlocal parameters and aspect ratio values. The subsequent for-
mulae were employed to compare the utmost nondimensional
deflection and natural frequencies:

w ¼ �w
Eh2

q0a4

� �
102 w ¼ �w

Eh2

Q0a
4

� �
102 ω ¼ ωh

ffiffiffiffi
ρ

G

r
(56)

where Q0 and q0 denote the size of the point and uniform loads,
the parameters a, E, v, and represent the plate’s length, elastic
modulus, Poisson’s ratio, and density.

Table 5 presents a comparison of the calculated deflections of
a supported isotropic plate with specific parameters: a= 10,
v= 0.3 for the Poisson ratio, and E= 300� 106 for the elastic
modulus. These deflections are the result of applying a single
load, q0= 1 N. Table 6 presents a comparison of the calculated
deflections of a supported, isotropic plate with specific values
for its dimensions andmaterial properties. The plate has a length
of 10 units, Poisson ratio of 0.3, and an elastic modulus of
300� 106 units. The deflections are determined by applying a
uniform load of 1 Nm�1 up to a series of 100 terms. The study
in Table 7 compares different hypotheses from the literature with
the calculated nondimensional first mode frequency ω11 of a sup-
ported isotropic plate. The plate has a length of 10 units (a= 10),
a Poisson ratio of 0.3 (v= 0.3), and an elasticity modulus of
300� 106. The comparison in Table 8 examines investigations

that utilize different theories from the literature, with the com-
puted nondimensional higher-order frequencies ω of a SS isotro-
pic plate. The plate has specific parameters: a= 10, a/b= 1,
a/h= 100, Poisson ratio v= 0.3, and modulus of elasticity
E= 300� 106.

3. Numerical Analysis

This section investigates the change in the mechanical properties
of the sandwich smart nanoplate. First, the numerical analyses
are performed for the only core auxetic core plate according to an
inclined angle to determine some mechanical properties
(Ec

11,E
c
22,G

c
12,G

c
13,G

c
23, ρ

c, vc12, v
c
21 and αc11). Figure 2 shows the

effect of the β1 parameter (β1= dd/ll) upon the elasticity module
Ec
11 of the auxetic core in xx direction according to an inclined

angle in the range of [10°, 80°] with the increment step Δθ= 1°.
The auxetic core material of the smart nanoplate has been deter-
mined to be nickel. The core nanoplate parameters as considered
are a= 1e�6, dd= a/100, tt= a/500, ll= a/100, and β3= 0.15
(β3= tt/ll). As shown in the figure, as the β1 parameter increases
for any inclined fixed value, the elasticity module value of the
nanosmart core plate on the xx direction rises too. For example,
for the inclined angle θ= 60°, the elasticity module in the direc-
tion xx Ec

11 has been determined as 0.5e10, 1.2e10, 1.7e10, and
2.2e10 considering four different β1= 2, β1= 4, β1= 6, and
β1= 8, respectively. On the other hand, as shown in the figure,
with the increase in the inclined angle θ for any β1 parameter, the
elasticity module parameter Ec

11 in that direction, xx, increases,
too. Figure 3 depicts the influence of the β1 parameter (β1= dd/ll)
on the elastic modulus of the auxetic core in the yy direction
(Ec

22). The analysis considers an inclined angle ranging from
10° to 80°, with an increment step of 1°. The nickel is designated
as the auxetic core material for the smart nanoplate. The core
nanoplate characteristics are defined as follows: a= 1e�6,
dd= a/100, tt= a/500, ll= a/100, and β3= 0.15 (β3= tt/ll).
The figure shows that an increase in the β1 parameter while keep-
ing the inclined angle constant leads to a decrease in the nano-
smart core plate’s elastic modulus (Ec

22) in the yy direction. For
example, for the constant inclined angle value θ= 30°, the value
of the elasticity module on the direction yy Ec

22 has been deter-
mined as 1.5e9, 0.68e9, 0.43e9, and 0.41e9 Pa considering β1= 2,
β1= 4, β1= 6, β1= 8, respectively. In contrast, the diagram also
demonstrates that as the angle of inclination θ increases for any
given β1 parameter, the elastic modulus parameter Ec

22in the yy
direction decreases correspondingly. This indicates a continuous
pattern where an increase in β1 or the inclined angle θ results in a

Table 3. Temperature-dependent coefficients for the properties of Si3N4 and SUS304.[36,53]

Material Property P�1 P0 P1 P2 P3 P (T= 300 K)

Nickel E [Pa] 0 223.95eþ 9 �2.794e�4 3.998e�9 0 207.7877eþ 9

ν 0 0.31 0 0 0 0.31

α [1 K�1] 0 9.9209e�6 8.705e�4 0 0 15.32e�6

κ [Wm K�1] 0 0 15.397 �1.264e�3 2.09e�6 �7.223e�10

ρ [kg m�3] 0 8900 0 0 0 8900

Table 4. Comparison of the dimensionless frequencies ω of an FG SS
rectangular plate consisting of BaTiO3/CoFe2O4.

Mode Reference [51] Reference [50] Present Study

(1,1) 9.525 10.0244 16.6437

(2,2) 28.762 32.5716 51.9655

(3,3) 50.966 66.2842 77.9483

(4,4) 131.186 104.0065 103.9311

(5,5) 139.106 129.6477 129.9139
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Table 5. Comparison of nondimensional maximum center deflection w in
SS plate under uniform load q0 (q0= 1, a= 10, v= 0.3 and E= 300� 106).

a/b a/h μ Classical First-order[52] Third-order[52] Present (High-order)

1 10 0 4.0083 4.1853 4.1853 4.1854

0.5 4.3702 4.5608 4.5607 4.5607

1 4.7322 4.9363 4.9362 4.9362

1.5 5.0942 5.3118 5.3116 5.3116

2 5.4561 5.6873 5.6871 5.6879

2.5 5.8181 6.0628 6.0625 6.0630

3 6.18 6.4383 6.438 6.4387

50 0 4.0083 4.0154 4.0154 4.0153

0.5 4.3702 4.3779 4.3779 4.3781

1 4.7322 4.7404 4.7404 4.7410

1.5 5.0942 5.1029 5.1029 5.1033

2 5.4561 5.4654 5.4654 5.4650

2.5 5.8181 5.8279 5.8279 5.8280

3 6.18 6.1904 6.1904 6.1901

100 0 4.0083 4.01 4.01 4.0122

0.5 4.3702 4.3721 4.3721 4.3725

1 4.7322 4.7342 4.7342 4.7340

1.5 5.0942 5.0963 5.0963 5.0960

2 5.4561 5.4584 5.4584 5.4588

2.5 5.8181 5.8205 5.8205 5.8208

3 6.18 6.1826 6.1826 6.1830

2 10 0 0.6483 0.717 0.7169 0.7180

0.5 0.7946 0.8768 0.8767 0.8760

1 0.9408 1.0366 1.0364 1.0361

1.5 1.087 1.1965 1.1961 1.1970

2 1.2332 1.3563 1.3558 1.3560

2.5 1.3794 1.5161 1.5155 1.5165

3 1.5256 1.6759 1.6752 1.6766

50 0 0.6483 0.6511 0.6511 0.6508

0.5 0.7946 0.7978 0.7978 0.7985

1 0.9408 0.9446 0.9446 0.9440

1.5 1.087 1.0914 1.0914 1.0917

2 1.2332 1.2381 1.2381 1.2384

2.5 1.3794 1.3849 1.3849 1.3846

3 1.5256 1.5316 1.5316 1.5314

100 0 0.6483 0.649 0.649 0.6485

0.5 0.7946 0.7954 0.7954 0.7950

1 0.9408 0.9417 0.9417 0.9415

1.5 1.087 1.0881 1.0881 1.0883

2 1.2332 1.2344 1.2344 1.2340

2.5 1.3794 1.3808 1.3808 1.3805

3 1.5256 1.5271 1.5271 1.5265

Table 6. Comparison of the supported plate’s nondimensional maximum
center deflection w under the central Q0 point load (Q0= 1, a= 10,
E= 300� 106, v= 0.3, 100 term series).

a/b a/h μ Classical First-order[52] Third-order[52] Present (High-order)

1 10 0 0.4609 0.5147 0.5137 0.5180

0.5 0.5752 0.821 0.8072 0.8222

1 0.6894 1.1274 1.1008 1.1270

1.5 0.8037 1.4337 1.3944 1.4340

2 0.918 1.7401 1.688 1.7505

2.5 1.0322 2.0465 1.9816 2.0484

3 1.1465 2.3528 2.2751 2.3553

50 0 0.4609 0.463 0.463 0.4640

0.5 0.5752 0.585 0.585 0.5865

1 0.6894 0.707 0.7069 0.7092

1.5 0.8037 0.8289 0.8288 0.8285

2 0.918 0.9509 0.9508 0.9510

2.5 1.0322 1.0728 1.0727 1.0725

3 1.1465 1.1948 1.1947 1.1950

100 0 0.4609 0.4614 0.4614 0.4611

0.5 0.5752 0.5776 0.5776 0.5778

1 0.6894 0.6938 0.6938 0.6935

1.5 0.8037 0.81 0.81 0.8150

2 0.918 0.9262 0.9262 0.9260

2.5 1.0322 1.0424 1.0424 1.0420

3 1.1465 1.1586 1.1586 1.1589

2 10 0 0.1685 0.2183 0.2165 0.2188

0.5 0.2753 0.7092 0.6528 0.7090

1 0.3821 1.2002 1.089 1.2008

1.5 0.4889 1.6911 1.5253 1.6907

2 0.5957 2.182 1.9616 2.1835

2.5 0.7025 2.6729 2.3979 2.6724

3 0.8093 3.1638 2.8341 3.1630

50 0 0.1685 0.1705 0.1705 0.1700

0.5 0.2753 0.2927 0.2926 0.2930

1 0.3821 0.4148 0.4146 0.4152

1.5 0.4889 0.537 0.5367 0.5394

2 0.5957 0.6592 0.6587 0.6590

2.5 0.7025 0.7813 0.7808 0.7816

3 0.8093 0.9035 0.9029 0.9030

100 0 0.1685 0.169 0.169 0.1685

0.5 0.2753 0.2796 0.2796 0.2791

1 0.3821 0.3903 0.3903 0.3901

1.5 0.4889 0.5009 0.5009 0.5010

2 0.5957 0.6116 0.6115 0.6111

2.5 0.7025 0.7222 0.7222 0.7225

3 0.8093 0.8328 0.8328 0.8330
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decrease in the elastic modulus of the nanosmart core plate in the
yy direction.

Figure 4 exhibits the effect of the β1 parameter (β1= dd/ll) on
the shear modulus (Gc

12) of the auxetic core in the xy plane. The
analysis encompasses an inclined angle spanning from 10° to
80°, with a step size 1°. The smart nanoplate’s auxetic core is
made of nickel. The fundamental properties of the nanoplate
can be described as follows: a= 1e–6, dd= a/100, tt= a/500,
ll= a/100, and β3= 0.15 (where β3 is defined as tt/ll). The graph
illustrates that an augmentation in the β1 parameter, with the
constant inclined angle, leads to a decrease in the shear modulus
(Gc

12) of the nanosmart core plate in the xy plane. For example,
for the constant inclined angle θ= 70°, the shear module of the
auxetic core on the xy plate has been determined as 2e8, 0.6e8,
0.28e8, and 0.19e8 Pa, considering β1= 2, β1= 4, β1= 6, β1= 8
respectively. In contrast, the figure also demonstrates that as the
inclination angle (θ) grows for a given β1 parameter, the shear
modulus parameter Gc

12 in the xy plane likewise increases.
But it is clearly seen that considering a small inclined angle value
such as in the range of [10°,40°], the slope of the curve is small
and the curve is almost parallel to the x-axis. On the other hand,
as the inclination angle increases, the slope of the curve
increases, too, especially in the range of [40–80°]. This indicates
a consistent pattern in which an increase in β1 or the inclined

angle θ results in an enhancement in the shear modulus of
the nanosmart core plate in the xy plane. Furthermore, it is
essential to mention that when the θ value remains constant,
an elevation in the β1 parameter results in a reduction in Gc

12,
highlighting the reciprocal correlation between β1 and Gc

12 for
a fixed inclination angle.

Table 7. Comparison of nondimensional first-mode frequency ω11 of SS
plate (a= 10, E= 300� 106, v= 0.3).

a/b a/h μ Classical First-order[52] Third-order[52] Present (High-orde)

1 10 0 0.0963 0.093 0.0935 0.0935

1 0.088 0.085 0.0854 0.0851

2 0.0816 0.0788 0.0791 0.0781

3 0.0763 0.0737 0.0741 0.0732

4 0.072 0.0696 0.0699 0.0699

5 0.0683 0.066 0.0663 0.0665

20 0 0.0241 0.0239 0.0239 0.0240

1 0.022 0.0218 0.0218 0.0215

2 0.0204 0.0202 0.0202 0.0207

3 0.0191 0.0189 0.0189 0.0190

4 0.018 0.0178 0.0179 0.0175

5 0.0171 0.0169 0.017 0.0161

2 10 0 0.0602 0.0589 0.0591 0.0590

1 0.0568 0.0556 0.0557 0.0551

2 0.0539 0.0527 0.0529 0.0524

3 0.0514 0.0503 0.0505 0.0501

4 0.0493 0.0482 0.0483 0.0488

5 0.0473 0.0463 0.0464 0.0464

20 0 0.015 0.015 0.015 0.0152

1 0.0142 0.0141 0.0141 0.0140

2 0.0135 0.0134 0.0134 0.0135

3 0.0129 0.0128 0.0128 0.0130

4 0.0123 0.0123 0.0123 0.0120

5 0.0118 0.0118 0.0118 0.0116

Table 8. Comparison of nondimensional higher-order frequencies (ω) of
SS plate (a= 10, a/b= 1, a/h= 100, E= 300� 106, v= 0.3).

Frequencies μ Classical First-order[52] Third-order[52] Present (High-order)

ω11 0 0.0963 0.093 0.0935 0.0932

1 0.088 0.085 0.0854 0.0851

2 0.0816 0.0788 0.0791 0.0785

3 0.0763 0.0737 0.0741 0.0739

4 0.072 0.0696 0.0699 0.0699

5 0.0683 0.066 0.0663 0.0667

ω22 0 0.3853 0.3414 0.3458 0.3410

1 0.288 0.2552 0.2585 0.2555

2 0.2399 0.2126 0.2153 0.2129

3 0.2099 0.186 0.1884 0.1862

4 0.1889 0.1674 0.1696 0.1677

5 0.1732 0.1535 0.1555 0.1531

ω33 0 0.8669 0.6889 0.702 0.6890

1 0.5202 0.4134 0.4213 0.4132

2 0.4063 0.3228 0.329 0.3230

3 0.3446 0.2738 0.279 0.2735

4 0.3045 0.242 0.2466 0.2422

5 0.2757 0.2191 0.2233 0.2194

Figure 2. Comparison of the elasticity module of the auxetic core nano
plate depending on the four different β1 parameter values (β1= 2,
β1= 4, β1= 6, β1= 8), β3= 0.15, inclined angle θ with the range of
[10°, 80°] with the increment step Δθ= 1° on the direction xx. The auxetic
core material of the smart nanoplate has been determined to be nickel.
The core nano plate parameters as considered a= 1e�6, dd= a/100,
tt= a/500, ll= a/100.
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Figure 5 illustrates the impact of the β1 parameter (β1= dd/ll)
on the tensile modulus (Gc

13) of the auxetic core in the xz plane.
The analysis covers an inclination angle that varies from 10° to
80°, with an increment of 1°. The smart nanoplate’s auxetic core
is made of nickel. The essential characteristics of the nanoplate
can be delineated as follows. The values are as follows: a= 1e�6,
dd= a/100, tt= a/500, ll= a/100, and β3= 0.15 (where β3 is
defined as tt/ll). The graph demonstrates that an increase in
the β1 parameter, while the inclined angle is constant, leads to
a rise in the tensile modulus (Gc

13) of the nanosmart core plate

in the yz plane. For example, for the constant inclined angle
θ= 70°, the shear module of the auxetic core on the xz plate
has been determined as 0.49e8, 0.72e8, 0.98e8, and 1.2e8 Pa con-
sidering β1= 2, β1= 4, β1= 6, β1= 8, respectively. In contrast,
the picture clearly shows that as the inclination angle (θ)
increases for a given β1 parameter, the tensile modulus parame-
ter Gc

13in the xz plane similarly increases. This indicates a con-
sistent correlation where an increase in β1 or the inclined angle θ
improves the tensile modulus of the nanosmart core plate in the
xz plane. However, it is seen that considering small inclined
angle values such as in the range of [10°, 40°], the slope of
the curve is small, and the curve is almost parallel to the x-axis.
On the other hand, as the inclination angle increases, the slope of
the curve increases, too, especially in the range of [40–80°].

Moreover, Figure 6 shows the change on the parameter Gc
23

(the shear module on the yz plane) depending on the inclined
angle θ according to four different β1 parameters (β1= 2,
β1= 4, β1= 6, β1= 8). The figure shows the nonlinear relation-
ship between the θ parameter and the shear module. As the angle
value is increased up to a specific threshold, the shear modulus
also increases. However, beyond this threshold, further increases
in the angle value result in a fall in the shear modulus. For
instance, when β1 is equal to 2, every increase in θ within the
range of 10–30° results in a nonlinear rise in the shear modulus
Gc

23 from 6.3e9 to 6.7e9 Pa. However, when β1= 2, any increase in
θ within the range of 30–80° leads to a nonlinear decrease in the
shear modulusGc

23, from 6.7e9 to 2e9 Pa. On the other hand, for a
constant θ value, increasing the β1 value causes the shear modu-
lus to decrease. For example, the shear module Gc

23 values have
been observed as 6.7e9, 2.9e9, 1.8e9, and 1.3e9 Pa for β1= 2,
β1= 4, β1= 6, β1= 8 considering θ= 30° respectively. On the
other hand, it is seen that the slope of the curve is bigger than
the small β1 than the slope of the curve for the small β1 parameter.

Figure 7 illustrates the influence of the β1 parameter
(β1= dd/ll) on material density ρc, considering an inclined angle

Figure 3. Comparison of the elasticity module of the auxetic core nano
plate depending on the four different β1 parameter values (β1= 2,
β1= 4, β1= 6, β1= 8), β3= 0.15, inclined angle θ with the range of
[10°, 80°] with the increment step Δθ= 1° on the direction yy. The auxetic
core material of the smart nanoplate has been determined to be nickel.
The core nano plate parameters as considered a= 1e�6, dd= a/100,
tt= a/500, ll= a/100.

Figure 4. Comparison of the shear module of the auxetic core nano plate
depending on the four different β1 parameter values (β1= 2, β1= 4,
β1= 6, β1= 8), β3= 0.15, inclined angle θ with the range of [10°, 80°] with
the increment step Δθ= 1° on the xy plane. The auxetic core material of
the smart nanoplate has been determined to be nickel. The core nano plate
parameters as considered a= 1e�6, dd= a/100, tt= a/500, ll= a/100.

Figure 5. Comparison of the shear module of the auxetic core nano plate
depending on the four different β1 parameter values (β1= 2, β1= 4,
β1= 6, β1= 8), β3= 0.15, inclined angle θ with the range of [10°, 80°] with
the increment stepΔθ= 1° on the direction xz. The auxetic core material of
the smart nanoplate has been determined to be nickel. The core nano plate
parameters as considered a= 1e�6, dd= a/100, tt= a/500, ll= a/100.
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(θ) that varies from 10° to 80° with a step size of 1°. The investi-
gated intelligent material features a nickel core. The essential
characteristics of the material are defined as follows. The values
are as follows: a= 1e�6, dd= a/100, tt= a/500, ll= a/100, and
β3= 0.15 (where β3 is defined as tt/ll). The figure demonstrates
that increasing the β1 parameter while keeping the inclination
angle constant reduces material density (ρc). For example, the
material density (ρc) value of the auxetic core has been obtained
as 6986, 3826, 3085, and 2785 kgm�3 considering β1= 2, β1= 4,
β1= 6, β1= 8, and θ= 70°, respectively. In contrast, the figure
also illustrates that as the inclination angle (θ) increases for a
fixed β1 parameter, the material density ρ similarly increases.
This indicates a regular trend in which an increase in β1 or

the angle θ results in an improvement in material density.
Moreover, it is crucial to observe that when the θ value remains
consistent, an increase in the β1 parameter results in a decrease
in ρ, emphasizing the inverse relationship between β1 and mate-
rial density for a fixed inclination angle.

Figure 8 illustrates the impact of the β1 parameter on the
Poisson’s ratio in the xy direction, which is represented as
vc12. The analysis covers an inclined angle (θ) that varies from
10° to 80°, with a step size of 1°. The essential characteristics
of the material are defined as follows. The values are as follows:
a= 1e�6, dd= a/100, tt= a/500, ll= a/100, and β3= 0.15
(where β3 is defined as tt/ll). The figure shows that increasing
the β1 parameter while keeping the inclined angle θ constant
results in a proportional increase in the Poisson’s ratio vc12 of
the nanosmart core plate in the xy direction. In contrast, the
image illustrates that as the inclination angle (θ) rises for a given
(β1) parameter, the Poisson’s ratio (vc12) in the xy plane likewise
increases. For example, the Poisson ratio value vc12 has been
obtained as �2.67, �6.46, �9.4, and �11.7, considering
β1= 2, β1= 4, β1= 6, β1= 8, and θ= 60° respectively. The
observed consistent pattern suggests that an increase in either
(β1) or the inclined angle (θ) leads to an improvement in the
Poisson’s ratio of the nanosmart core plate in the xy direction.
On the other hand, it is clearly seen that in the figure, the slope
of the graph is nearly parallel to x axes in the range of θ 10–40°.
But after that, the inclined angle value is bigger than θ= 40°; as
the θ value increases, the slope of the graph increases too.

The analysis of the influence of the β1 parameter on Poisson’s
ratio may also be applied to vc21, which denotes the Poisson’s ratio
in the yx direction (Figure 9). As the angle of inclination (θ)
increases, the value of vc21 decreases. In addition, when the θ
value remains constant, a rise in the β1 parameter leads to a
decrease in the Poisson’s ratio in the yx direction. This finding
provides academic value by demonstrating a negative correlation
between β1 and Poisson’s ratio at a constant inclination angle.
In addition, the commentary may emphasize that the pattern

Figure 6. Comparison of the shear module of the auxetic core nano plate
depending on the four different β1 parameter values (β1= 2, β1= 4,
β1= 6, β1= 8), β3= 0.15, inclined angle θ with the range of [10°, 80°] with
the increment stepΔθ= 1° on the direction yz. The auxetic core material of
the smart nanoplate has been determined to be nickel. The core nano plate
parameters as considered a= 1e�6, dd= a/100, tt= a/500, ll= a/100.

Figure 7. Comparison of the material density (ρc) of the auxetic core nano
plate depending on the four different β1 parameter values (β1= 2, β1= 4,
β1= 6, β1= 8), β3= 0.15, inclined angle θ with the range of [10°, 80°] with
the increment step Δθ= 1°. The auxetic core material of the smart nano-
plate has been determined to be nickel. The core nano plate parameters as
considered a= 1e�6, dd= a/100, tt= a/500, ll= a/100.

Figure 8. Comparison of the Poisson’s ratio vc12 in the xy direction of the
auxetic core nano plate depending on the four different β1 parameter val-
ues (β1= 2, β1= 4, β1= 6, β1= 8), β3= 0.15, inclined angle θ with the
range of [10°, 80°] with the increment step Δθ= 1°. The auxetic core mate-
rial of the smart nanoplate has been determined to be nickel. The core
nano plate parameters as considered a= 1e�6, dd= a/100, tt= a/500,
ll= a/100.
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depicted in the graph does not align with the observed behavior
of vc12 in the xy direction. The presence of parallelism to the x-axis
in the θ range of 40–80°, followed by an increase in slope with θ
in the range of 10–40°, suggests a comparable pattern in both
Poisson’s ratios. This study confirms that changes in either β1
or the inclination angle (θ) consistently impact the Poisson’s ratio
of the nanosmart core plate, particularly in the yx direction (vc12).

Figure 10 depicts the influence of the β1 parameter (β1= dd/ll)
on the thermal expansion coefficient (αc11) in the xx direction.
The investigation covers an angular range of 10–80°, with a 1°
increment. The auxetic core of the smart nanoplate, composed
of nickel, exhibits the following fundamental properties:
a= 1e–6, dd= a/100, tt= a/500, ll= a/100, and β3= 0.15

(where β3 is defined as tt/ll). The figure reveals that an increase
in the β1 parameter, with the angle of inclination constant,
results in a decrease in the thermal expansion coefficient (αc11)
of the nanosmart core plate in the xx direction. Conversely,
the figure illustrates that as the inclination angle (θ) increases
for a given β1 parameter, the thermal expansion coefficient
αc11 in the xx direction also decreases. This implies a consistent
trend where an increase in β1 or the inclination angle θ leads to a
reduction in the thermal expansion coefficient of the nanosmart
core plate in the xx direction. It is crucial to note that when the θ
value remains constant, an elevation in the β1 parameter leads to
a decrease in αc11, underscoring the inverse relationship between
β1 and αc11 for a constant inclination angle. On the other hand, as
shown in the graph, for small β1 values, the graph decreases lin-
early, while for large β1 values, the graph changes nonlinearly.

Figure 11 illustrates the impact of the β1 parameter (β1= dd/ll)
on the thermal expansion coefficient (αc11) in the yy direction.
The inquiry encompasses a range of angles from 10° to 80°, with
a precise increment of 1°. The smart nanoplate’s auxetic core,
made of nickel, possesses the following essential characteristics:
a= 1e�6, dd= a/100, tt= a/500, ll= a/100, and β3= 0.15
(where β3 is defined as tt/ll). As shown in the figure, the change
of the thermal expansion coefficient on the yy direction
αc22 is very close to each other for all β1 values according to incli-
nation angle θ.

Figure 12 shows the change of the dimensionless first fre-
quency parameters of the auxetic core sandwich nanosmart
plate according to thermal temperature rise ΔT in the range
of 0–700 °C with the increment 10 °C considering four different
β1 parameters (β1= 2.5, β1= 5, β1= 7.5, β1= 10) β3= 0.4. In this
analysis, the inclined angle of the auxetic core θ= 45°, the smart
nanoplate’s auxetic core is made of nickel, and face plates are
made of barium (Br) and cobalt ferrite. The barium and cobalt

Figure 9. Comparison of Poisson’s ratio vc21 in the yx direction of the aux-
etic core nano plate depending on the four different β1 parameter values
(β1= 2, β1= 4, β1= 6, β1= 8), β3= 0.15, inclined angle θ with the range of
[10°, 80°] with the increment step Δθ= 1°. The auxetic core material of the
smart nanoplate has been determined to be nickel. The core nano plate
parameters as considered a= 1e�6, dd= a/100, tt= a/500, ll= a/100.

Figure 10. Comparison of thermal expansion coefficient (αc11) in the xx
direction of the auxetic core nano plate depending on the four different
β1 parameter values (β1= 2, β1= 4, β1= 6, β1= 8), β3= 0.15, inclined
angle θ with the range of [10°, 80°] with the increment step Δθ= 1°.
The auxetic core material of the smart nanoplate has been determined
to be nickel. The core nano plate parameters as considered a= 1e�6,
dd= a/100, tt= a/500, ll= a/100.

Figure 11. Comparison of thermal expansion coefficient (αc22) in the yy
direction of the auxetic core nano plate depending on the four different
β1 parameter values (β1= 2, β1= 4, β1= 6, β1= 8), β3= 0.15, inclined
angle θ with the range of [10°, 80°] with the increment step Δθ= 1°.
The auxetic core material of the smart nanoplate has been determined
to be nickel. The core nano plate parameters as considered a= 1e�6,
dd= a/100, tt= a/500, ll= a/100.
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ferrite material ratios are defined as Br= 0.5 and Co= 0.5.
The fundamental properties of the nanoplate can be described
as follows: a= 1e�6, b= a, hh= a/25, hc= hh/5, hr= hh/10,
hp= 0.35� hh, dd= a/100, tt= a/500, ll= a/100, and β3= 0.15
(where β3 is defined as tt/ll). As shown in the figure, as the NLTR
ΔT increases, the dimensionless first frequency parameter of the
auxetic core sandwich smart nanoplate decreases gradually. For
example, for the parameter β1= 2.5, the dimensionless first fre-
quency parameter has been defined as 20.92 and 19. 98 for the
NLTRΔT 0 and 700 °C, respectively. On the other hand, it is seen
that in the figure, as the parameter β1 increases for any NLTRΔT,
the dimensionless first frequency parameter λ1 increases too. For
example, for the temperature rise ΔT= 200 °C, the dimension-
less first frequency parameter λ1 has been derived as 20.79,
21.46, 21.65, and 21.74, respectively.

Figure 13 shows the change of the dimensionless first fre-
quency parameters of the auxetic core sandwich nanosmart plate
according to thermal temperature rise ΔT in the range of
0 °C–700 °C with the increment 10 °C considering four different
β3 parameters (β3= 2.5, β3= 5, β3= 7.5, β3= 10) β1= 2. In this
analysis, the inclined angle of the auxetic core θ= 45°, the smart
nanoplate’s auxetic core is made of nickel, and face plates are
made of barium (Br) and cobalt ferrite (Co). The barium and
cobalt ferrite material ratios are defined as Br= 0.5 and
Co= 0.5. The fundamental properties of the nanoplate can be
described as follows: a= 1e�6, b= a, hh= a/25, hc= hh/5,
hr= hh/10, hp= 0.35� hh, dd= a/100, tt= a/500, ll= a/100,
and β3= 0.15 (where β3 is defined as tt/ll). As shown in the fig-
ure, as the NLTRΔT increases, the dimensionless first frequency
parameter of the auxetic core sandwich smart nanoplate
decreases slightly. For example, for the parameter β3= 2.5,
the dimensionless first frequency parameter has been defined
as 14.26 and 13. 6 for the NLTR ΔT 0 and 700 °C, respectively.
On the other hand, it is seen that in the figure, as the increases
parameter β3 for any NLTRΔT, the dimensionless first frequency
parameter λ1 decreases. For example, for the temperature rise

ΔT= 200 °C, the dimensionless first frequency parameter λ1
has been derived as 14.16, 11.68, 1.53, and 1, respectively.

Figure 14 shows the change of the dimensionless first fre-
quency parameters of the auxetic core sandwich nanosmart plate
according to thermal temperature rise ΔT in the range of
0–700 °C with the increment 10 °C considering four different
face plate material Br compound ratio (Br= 0, Br= 0.33,
Br= 0.66, Br= 1). In this analysis, the inclined angle of the aux-
etic core θ= 45°, the parameter β1= 2, β3= 0.1, the smart nano-
plate’s auxetic core is made of nickel, and face plates are made of
barium (Br) and cobalt ferrite (Co). The cobalt material com-
pound of the face plate has been defined with the Co= 1�Br.
The fundamental properties of the nanoplate can be described

Figure 12. Comparison of dimensionless frequencies λ1 of the auxetic
core nano plate depending on the four different β1 parameter values
(β1= 2.5, β1= 5, β1= 7.5, β1= 1), β3= 0.4, Br= 0.5, Co= 0.5, NLTR
ΔT with the range of [0 °C, 700 °C]. The auxetic core material of the smart
nanoplate has been determined to be nickel. The core nano plate param-
eters as considered a= 1e�6, dd= a/100, tt= a/500, ll= a/100.

Figure 13. Comparison of dimensionless frequencies λ1 of the auxetic
core nano plate depending on the four different β3 parameter values
(β3= 2.5, β3= 5, β3= 7.5, β3= 1), β1= 2, Br= 0.5, Co= 0.5, NLTR ΔT
with the range of [0, 700 °C]. The auxetic core material of the smart nano-
plate has been determined to be nickel. The core nano plate parameters as
considered a= 1e�6, dd= a/100, tt= a/500, ll= a/100.

Figure 14. Comparison of dimensionless frequencies λ1 of the auxetic
core nano plate depending on the four different face plate material com-
pound parameters (Br= 0, Br= 0.33, Br= 0.66, Br= 1), β1= 2, β3= 0.1,
Br= 0.5, Co= 1�Co, NLTR ΔT with the range of [0, 700 °C]. The auxetic
core material of the smart nanoplate has been determined to be nickel.
The core nano plate parameters as considered a= 1e�6, dd= a/100,
tt= a/500, ll= a/100.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2024, 2400797 2400797 (18 of 23) © 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202400797 by SA
K

A
R

Y
A

 U
N

IV
E

R
SIT

Y
, W

iley O
nline L

ibrary on [06/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


as follows: a= 1e�6, b= a, hh= a/25, hc= hh/5, hr= hh/10,
hp= 0.35� hh, dd= a/100, tt= a/500, ll= a/100, and
β3= 0.15 (where β3 is defined as tt/ll). As shown in the figure,
as the NLTR ΔT increases, the dimensionless first frequency
parameter of the auxetic core sandwich smart nanoplate
decreases slightly. For example, for the parameter Br= 1, the
dimensionless first frequency parameter has been defined as
19.09 and 18. 2 for the NLTR ΔT 0 and 700 °C, respectively.
As shown, a decrease of 4% occurred in the decline of the first
dimensionless frequency of the plate. On the other hand, in the
figure, there is no linear relationship between increasing the Br
material ratio of the face plates and the first dimensionless fre-
quency of the smart plate. For example, for the temperature rise
ΔT= 200 °C, the dimensionless first frequency parameter λ1 has
been derived as 7.62, 23.24, 21.20, and 18.96, considering Br= 0,
Br= 0.33, Br= 0.66, Br= 1 respectively.

Figure 15 shows the change of the dimensionless first
frequency parameters of the auxetic core sandwich nanosmart
plate according to thermal temperature rise ΔT in the range
of 0–700 °C with the increment 10 °C considering four different
external magnetic potentials (H0= 0, H0= 1e3, H0= 3e3,
H0= 5e3). In this analysis, the inclined angle of the auxetic core
θ= 45°, the parameter β1= 2, β3= 0.1, (where β3 is defined as
tt/ll), the smart nanoplate’s auxetic core is made of nickel,
and face plates are made of barium (Br) and cobalt ferrite
(Co). The cobalt material compound of the face plate has been
defined with the Co= 1 and Br= 0. The fundamental properties
of the nanoplate can be described as follows: a= 1e�6, b= a,
hh= a/25, hc= hh/5, hr= hh/10, hp= 0.35� hh, dd= a/100,
tt= a/500, ll= a/100. As shown in the figure, as the NLTR
ΔT increases, the dimensionless first frequency parameter of
the auxetic core sandwich smart nanoplate decreases slightly.
For example, for the parameter H0= 0, the dimensionless first
frequency parameter has been defined as 7.67 and 7.31 for the
NLTR ΔT= 0 °C and 700 °C, respectively. As shown, a decrease

of 4.69% occurred in the decline of the first dimensionless fre-
quency of the plate. On the other hand, in the figure, as the exter-
nal magnetic potential value increases for any inclined angle θ,
the dimensionless first frequency of the auxetic core sandwich
smart nanoplate increases, too. For example, for the temperature
rise ΔT= 200 °C, the dimensionless first frequency parameter λ1
has been derived as 7.62, 7.91, 8.45, and 8.96, considering
H0= 0, H0= 1e3, H0= 3e3, H0= 5e3 respectively.

Figure 16 shows the change of the dimensionless first fre-
quency parameters of the auxetic core sandwich nanosmart plate
according to thermal temperature rise ΔT in the range of
0–700 °C with the increment 10 °C considering four different
external electric potentials (V0= 0, V0= 1e5, V0= 5e5, V0= 1e6).
In this analysis, the inclined angle of the auxetic core θ= 45°, the
parameter β1= 2, β3= 0.1, (where β3 is defined as tt/ll), the smart
nanoplate’s auxetic core is made of nickel, and face plates are
made of barium (Br) and cobalt ferrite (Co). The cobalt material
compound of the face plate has been defined with Co= 0 and
Br= 1. The fundamental properties of the nanoplate can be
described as follows: a= 1e�6, b= a, hh= a/25, hc= hh/5,
hr= hh/10, hp= 0.35� hh, dd= a/100, tt= a/500, ll= a/100.
As shown in the figure, as the NLTR ΔT increases, the dimen-
sionless first frequency parameter of the auxetic core sandwich
smart nanoplate decreases nonlinearly. For example, for the
parameter V0= 0, the dimensionless first frequency parameter
has been defined as 19.09 and 18.2 for the NLTR ΔT 0 and
700 °C, respectively.

As shown, a decrease of 4.66% occurred in the decline of the
first dimensionless frequency of the plate. On the other hand, in
the figure, as the external electric potential value increases for any
inclined angle θ, the dimensionless first frequency of the auxetic
core sandwich smart nanoplate increases, too. For example, for the
temperature rise ΔT= 200 °C, the dimensionless first frequency
parameter λ1 has been derived as 18.96, 19.06, 19.44, and 19.88,
considering V0= 0, V0= 1e5, V0= 5e5, and V0= 1e6, respectively.

Figure 15. Comparison of dimensionless frequencies λ1 of the auxetic
core nano plate depending on the four different external magnetic poten-
tial values (H0= 0, H0= 1e3, H0= 3e3, H0= 5e3), β1= 2, β3= 0.1,
Br= 0, Co= 1, NLTR ΔT with the range of [0 °C, 700 °C]. The auxetic core
material of the smart nanoplate has been determined to be nickel. The
core nano plate parameters as considered a= 1e-6, dd= a/100,
tt= a/500, ll= a/100.

Figure 16. Comparison of dimensionless frequencies λ1 of the auxetic
core nano plate depending on the four different external electric potential
values (V0= 0, V0= 1e5, V0= 5e5, V0= 1e6), β1= 2, β3= 0.1, Br= 0,
Co= 1, NLTR ΔT with the range of [0, 700 °C]. The auxetic core material
of the smart nanoplate has been determined to be nickel. The core nano
plate parameters as considered a= 1e�6, dd= a/100, tt= a/500,
ll= a/100.
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Figure 17 shows the change of dimensionless first frequency
of the auxetic core sandwich smart nanoplate according to
parameters β1 and β3 considering θ= 45° in Figure 17a,
θ= 15° in Figure 17b, and θ= 75° in Figure 17c. The parameters
β1 and β3 have been determined in the range of [1 and 10] with
the increment step 0.5. The smart nanoplate’s auxetic core is
made of nickel, and face plates are made of barium (Br) and
cobalt ferrite (Co). The cobalt material compound of the
face plate has been defined with Co= 0.5 and Br= 0.5. The
fundamental properties of the nanoplate can be described as fol-
lows: a= 1e�6, b= a, hh= a/25, hc= hh/5, hr= hh/10,
hp= 0.35� hh, dd= a/100, tt= a/500, ll= a/100. As shown in
the figures, generally, as the parameter β1, the dimensionless
first frequency increases even though increasing parameter β3
decreases in the dimensionless first frequency of the plate.

4. Conclusion

Ultimately, this study has focused on examining the mechanical
characteristics of a sandwich nanoplate with an auxetic core,
providing light on the behavior of these intelligent materials
in different circumstances. The investigation covered various
parameters, including the impact of different β1 values, inclined
angles (θ), and material compositions on mechanical properties
such as elasticity modulus, shear modulus, tensile modulus,
Poisson’s ratio, thermal expansion coefficient, and dimensional
frequency. The results indicated substantial connections between
the examined parameters and the mechanical properties of the
intelligent nanoplate. Initially, it was noted that a rise in the β1
parameter typically resulted in an improvement in the mechani-
cal characteristics of the nanoplate, including the elasticity

Figure 17. Comparison of dimensionless frequencies λ1 of the auxetic core nano plate depending on the β1 and β3 parameters considering Br= 0.5,
Co= 0.5, NLTRΔT= 0. The auxetic core material of the smart nanoplate has been determined to be nickel. The core nano plate parameters as considered
a= 1e�6, dd= a/100, tt= a/500, ll= a/100. a) Br= 0.5, Co= 0.5, θ= 45°; b) Br= 0.5, Co= 0.5, θ= 15°; c) Br= 0.5, Co= 0.5, θ= 75°.
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modulus in the xx direction (Ec11), shear modulus in the xy plane
(Gc

12), and tensile modulus in the yz plane (Gc
13). This implies that

adjusting the aspect ratio of the core components can be a suc-
cessful approach in customizing the mechanical behavior of aux-
etic materials.Ec

11
Moreover, the impact of inclined angles (θ) onmechanical prop-

erties was clarified. However, alterations in θ led to fluctuations in
mechanical parameters, with distinct patterns depending on the
particular property being analyzed. An increase in θ generally
caused a decrease in the elastic modulus in the yy direction
(E22c ), shear modulus in the yz plane (Gc

23), and thermal expansion
coefficient in the xx direction (αc11). However, it had a positive effect
on the Poisson’s ratio in both the xy (υc12), and yx (υc21) directions.

Additionally, the study investigated how the mechanical prop-
erties of the smart nanoplate are affected by factors such as the
materials used for the face plate and external influences like tem-
perature, magnetic fields, and electric potentials. The investiga-
tion revealed that modifying these factors could greatly impact
mechanical characteristics, suggesting the possibility of utilizing
these intelligent materials for diverse engineering applications.
The discoveries have significant engineering consequences.
Due to their distinctive mechanical characteristics, auxetic mate-
rials exhibit great potential in diverse engineering disciplines,
such as aerospace, automotive, biomedical, and structural engi-
neering. Manipulating parameters allows for the customization
of mechanical reactions, enabling the design of sophisticated
materials with specific functionality, such as enhanced
impact resistance, vibration damping, and shape memory
capabilities.

In the future, researchers could prioritize various features to
advance our comprehension and utilization of auxetic materials.
First, researching intricate geometries and material composi-
tions could yield a profound understanding of intelligent nano-
plates’ behavior under various loading circumstances. Moreover,
studying the dynamic behavior of these materials, specifically in
reaction to sudden stimuli like impact and vibration, could
provide useful insights for practical applications. In addition,
the combination of computational modeling and experimental
validation can improve the precision and dependability of predic-
tions, making it easier to create strong design recommendations
for engineering applications. Furthermore, investigating innova-
tive production methods and addressing scaling concerns could
expedite the integration of these materials from experimental
studies to viable engineering applications. This study empha-
sizes the importance of auxetic materials in engineering applica-
tions and showcases the possibility of adjusting mechanical
properties by manipulating parameters. Utilizing these observa-
tions, engineers can facilitate the creation of novel materials and
structures with improved performance and functionality, leading
to improvements in diverse engineering fields.

This study offers a new perspective on how to customize the
mechanical properties of auxetic nanoplates. It shows that by
adjusting the β1 parameter and inclined angles (θ), it is possible
to have a considerable impact on the material’s elasticity, shear
modulus, and Poisson’s ratio. This study emphasizes the possi-
bility of enhancing auxetic materials for specific engineering
applications by manipulating these characteristics, thereby
enabling the development of innovative material designs with

improved impact resistance, vibration damping, and adaptive
capabilities in different engineering domains.
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(A2)
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(A3)

K11 ¼ �c2 α2Að0Þ
11 þ β2Að0Þ

66

� 	
K12 ¼ �c2αβ Að0Þ

12 þ Að0Þ
66

� 	
K13 ¼ c2 α3Að1Þ

11 þ αβ2 Að1Þ
12 þ 2Að1Þ

66

� 	� 	
K14 ¼ c2 α3Að0Þ

11 þ αβ2 Að0Þ
12 þ 2Að0Þ

66

� 	� 	
K15 ¼ c2αÃ

ð0Þ
13

K16 ¼ c2αB
ð0Þ
e31

K17 ¼ c2αB
ð0Þ
q31

K22 ¼ �c2 β2Að0Þ
22 þ α2Að0Þ

66

� 	� 	
K23 ¼ �c2 β3Að1Þ

22 þ βα2 Að1Þ
12 þ 2Að1Þ

66

� 	� 	
K24 ¼ c2 β3Að0Þ

22 þ βα2 Að0Þ
12 þ 2Að0Þ

66

� 	� 	
K25 ¼ c2βÃ

ð0Þ
23

K26 ¼ c2βB
ð0Þ
e32

K27 ¼ c2βB
ð0Þ
q32

K33 ¼ α2 1þ Bðα2 þ β2Þ½ �ðN0 þ pe31 þ pq31Þ
þ β2½1þ Bðα2 þ β2Þ�ðγN0 þ pe32 þ pq32Þ
� c2 α4Að2Þ

11 � β4Að2Þ
22 � 2α2β2 Að2Þ

12 þ 2Að2Þ
66
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K37 ¼ �c2

�
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�

K44 ¼ �c2

�
α2Âð0Þ
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44 þ α4Aðf Þ

11 þ β4Aðf Þ
22

þ 2α2β2 Aðf Þ
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þ β2 Ãðf Þ
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q33

� 	
K66 ¼ c2 α2pðc2Þε11 þ β2pðc2Þε22 þ pðs2Þε33

� 	
K66 ¼ c2 α2pðc2Þg11 þ β2pðc2Þg22 þ pðs2Þg33

� 	
K77 ¼ c2 α2pðc2Þμ11 þ β2pðc2Þμ22 þ pðs2Þμ33

� 	
c2 ¼ 1þ lm α2 þ β2ð Þð Þ

(A4)

M11 ¼ �½1þ Bðα2 þ β2Þ�m0

M13 ¼ α½1þ Bðα2 þ β2Þ�m1

M14 ¼ α½1þ Bðα2 þ β2Þ�m3

M12 ¼ M15 ¼ M16 ¼ M17 ¼ 0

M22 ¼ �½1þ Bðα2 þ β2Þ�m0

M23 ¼ β½1þ Bðα2 þ β2Þ�m1

M24 ¼ β½1þ Bðα2 þ β2Þ�m3

M25 ¼ M26 ¼ M27 ¼ 0

M33 ¼ �½1þ Bðα2 þ β2Þ�m0 � ðα2 þ β2Þ½1þ Bðα2 þ β2Þ�m2

M34 ¼ �½1þ Bðα2 þ β2Þ�m0 � ðα2 þ β2Þ½1þ Bðα2 þ β2Þ�m4

M35 ¼ �½1þ Bðα2 þ β2Þ�m6

M36 ¼ M37 ¼ 0

M44 ¼ �½1þ Bðα2 þ β2Þ�m0 � ðα2 þ β2Þ½1þ Bðα2 þ β2Þ�m5

M45 ¼ �½1þ Bðα2 þ β2Þ�m6

M55 ¼ �½1þ Bðα2 þ β2Þ�m7

M56 ¼ M57 ¼ M66 ¼ M67 ¼ M77 ¼ 0
(A5)
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