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Abstract. Flexoelectricity is an interesting materials’ property that is more touchable in small scales. This property
beside the sandwich structures placed in the center of scientists’ attention due to their extraordinary effects on the
mechanical properties. Furthermore, in the passage of decades, more elaborated sandwich structures took into
consideration results from using honeycomb core. This kind of structure, inspiring from honeycomb core, provides more
stiffness to weight ratio, which plays a crucial role in different industries. In this paper, based on the Love-Kirchhoff’s
hypothesis, Hamilton’s principle, modified couple stress theory and Fourier series analytical method, equations of motion
for a sandwich plate containing a honeycomb core integrated by two face-sheets have derived and solved analytically.
The equations of both face sheets have derived by flexoelectricity consideration. Moreover, it should be noticed that the
whole structure rests on the visco-Pasternak foundation. Conducting current research provided an acceptable and
throughout study based on flexoelectricity to address the effect of materials’ characteristics, length-scale parameter,
aspect, and thickness ratios and boundary conditions on the natural frequency of honeycomb sandwich plates. Also, based
on the presented figures and tables, there is a close agreement between previous studies and recent work. Due to the high
ratio of strength to weight, current model analyzing is capable of taking into account for different vehicles’ manufacturing
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in a high range of industries.
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1. Introduction

Since many years ago, scientists examined various
behaviors of a wide range of different mechanical structures
in order to provide clearer mindset background for who are
involved with such structures (Mehar et al. 2018, 2020a, b
Singh et al. 2019, Bisen et al. 2020, Katariya and Panda
2019a). In this way, they considered different parameters to
gain more accurate results (Katariya and Panda 2019b,
Katariya et al. 2018, Hirwani and Panda 2018, 2019a, b). To
have a complete understanding of what is analyzed in recent
paper, it seems to be better to initiate this part with basic
definitions. Piezoelectricity serves the linear response of
polarization to mechanical strain and vice versa. On the
other hand, flexoelectricity is a coupling between
polarization and strain gradient, rather than between
polarization and homogeneous strain. As another
expression, piezoelectricity represents the linear coupling
between electrical and mechanical variables, while
flexoelectricity denotes the linear coupling between strain
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gradient and polarization (Yudin and Tagantsev 2013) and
strain and polarization gradient (Mindlin 1968). It is also
worthwhile mentioning that analogous to definitions of the
direct and the converse piezoelectric effects, induction of
the electric polarization due to the strain gradient has called
direct flexoelectric effect and increasing mechanical stress
or strain due to the electric field gradient has termed
converse flexoelectric effect. Based on statistics, it has
revealed that the flexoelectric effect is more significant in
micro and nano-scale. Furthermore, honeycomb sandwich
plates include a hexagonal honeycomb core and two
homogenous face sheets.

One of the first works in honeycomb field backs to
1994, where Maheri and Adams had a study on steady-state
flexural vibration damping of honeycomb sandwich beams
(Maheri and Adams 1994). Then and in 2004, shock-
absorbing characteristics and vibration transmissibility of
honeycomb paperboard conducted by Guo and Jinghui. In
this work, from the vibration tests with a slow sine sweep,
the peak frequencies and vibration transmissibility are
measured and used to estimate the damping ratios (Guo and
Jinghui 2004). After that, in 2008, the free flexural vibration
of symmetric rectangular honeycomb panels having SCSC
edge supports has investigated using the classical plate
theory and Reddy’s third-order plate theory by Li and Jin
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(2008). In 2010, a semi-analytical method proposed for
mechanical behavior analysis of sandwich panels with
square honeycomb cores (Liu et al. 2010). Later and in
2016, an analytical framework was proposed by
Mukhopadhyay and Adhikari to analyze the effect of
random structural irregularity in honeycomb core for
natural frequencies of sandwich panels. Their results
suggest that spatially random irregularities in the
honeycomb core have a considerable effect on the natural
frequencies of sandwich panels (Mukhopadhyay and
Adhikari 2016). Besides this, Kumar and Renji had a
profound study on composite honeycomb sandwich panels
subjected to diffuse acoustic field in a reverberation
chamber in 2019, and they succeed in measuring strains
(Kumar and Renji 2019). Earlier in 2020, Sobhy used
differential quadrature method for magneto-hygrothermal
bending investigation of functionally graded graphene/Al
sandwich-curved beams with honeycomb core via a new
higher-order theory (Sobhy 2020). Theoretical work on
flexoelectricity dates back to 1957, where Mashkevich
(1957) proposed the effect of flexoelectricity for the first
time (Mashkevich 1957). After that, Kogan formulated this
phenomenon. Kogan estimated the flexoelectric coefficients
for crystal dielectrics with the order of e/a = 10° C/m,
where e is the electron charge, and a is the lattice parameter
(Sharma et al. 2007). Tagantsev (1986) theoretically
confirmed that the flexoelectric effect in the crystalline
solids is different from the piezoelectric effect, and he
derived a simple model for computing the flexoelectric
coefficients (Tagantsev 1986). Experimental researches of
the converse flexoelectric effect due to the inhomogeneous
electric field in barium strontium was conducted by Fu et
al. (2006). Moreover, Maranganti et al. (2006) developed a
variation principle for dielectrics including both the strain
gradient and polarization gradient effects. Then a lot of
experiments have done by Ma and Cross (2001, 2002,
2006) to examine flexoelectricity quantitatively by
measuring the flexoelectric coefficients of ferroelectric
ceramics. In recent years, efforts have made by researchers
to provide a perfect understanding of this fragile effect by
investigation of experimental and theoretical results. For
example, possible applications of flexoelectricity in solids
has conducted by Zubko et al. (2013). After that, a thorough
and comprehensive review of the physical fundamentals has
done by Nguyen et al. (2013). Also, Yudin and Tagantsev
(2013) presented a critical analysis of the knowledge on the
flexoelectricity in common solids, excluding organic
materials and liquid crystals. The influence of flexo-
electricity on the electromechanical coupling behaviour of a
piezoelectric nanoplate surveyed by Yang et al. (2015).
They hired Kirchhoff plate theory and Hamilton’s principle
to derive their results. Also, the size dependency of the
flexoelectric effect has revealed using simulation results on
the electro-elastic fields. After that, Barati (2017a)
examined Coupled effects of electrical polarization-strain
gradient on the vibration behavior of double-layered
flexoelectric nanoplates, and he succeeds in proving that
flexoelectricity yields a considerable difference between his
model and previous investigations on conventional
piezoelectric nanoplates. More recently, Zeng et al. (2019)

studied nonlinear vibration of piezoelectric sandwich
nanoplates with functionally graded (FG) porous core under
electrical load. Moreover, size-dependent nonlinear bending
analysis of a flexoelectric functionally graded nano-plate
under thermo-electro-mechanical loads has conducted by
Ghobadi et al. (2019). Also, surface effects on the scale-
dependent vibration behavior of flexoelectric sandwich
nanobeams have evaluated by Ebrahimi et al. (2019b). In
another attempt, Shariati et al. (2020) examined the
vibration characteristics of flexoelectric nanobeams resting
on the viscoelastic foundation and subjected to magneto-
electro-viscoelastic-hygro-thermal (MEVHT) loading. As of
the last example, flexoelectric and surface effects on the
electromechanical behavior of graphene-based nanobeams
has studied by Shingare and Kundalwal (2020). In addition,
nowadays, widely utilization of sandwich plates in different
industries and factories resulted in attracting scholars’
attentions in this field of study (Al-Maliki et al. 2020,
Abdulrazzaq et al. 2020). Such structures stiffness beside
their low density in their porous type assumed as their
unique privileges over single layer structures.

Studying aforementioned papers in addition to some
other works (Sahoo et al. 2019, Patle et al. 2018, Dewangan
et al. 2020, Singh et al. 2016a, b, Singh and Panda 2015)
motivated us to derive the governing equations of motion
for a size-dependent sandwich plate, including a honey-
comb core and two flexoelectric face sheets based on Love-
Kirchhoff’s hypothesis and modified couple stress theory
(MCST). The governing equations of motion are derived
and solved by using Fourier series analytical method and
Hamilton’s principle. The results of this study investigate
the effect of different boundary conditions on the
vibrational behavior of sandwich flexoelectric plates. It is
worthwhile mentioning that flexoelectric consideration for
deriving governing equations is the most important novelty
of this paper and the results of this work can be the
benchmark for the future works. Moreover, such a current
sandwich model with different boundary conditions has not
taken into vibrational examination yet.

2. Sandwich plate modeling

As has plotted in Fig. 1, a nano sandwich plate
constituted from honeycomb core patched to two same
flexoelectric face sheets has considered a model to
investigate the natural frequency of such structures. he, hy
and hp are the thickness of honeycomb core, top, and
bottom flexoelectric face sheets, respectively, which h =
hi+he+hy. Furthermore, 6o is internal calls’ angle, and ho, lo,
and to are geometrical parameters of hexagonal cells. A
Cartesian coordinate system (X, y, z) is used to describe the
plate with the z-axis being along the thickness direction and
the x-y plane sitting on the mid-plane of the plate.

The displacements of an arbitrary point in the nano
sandwich plate have simulated by Love-Kirchhoftf’s
hypothesis, for each layer, as have mentioned by Ebrahimi
et al. (2019a) and Arshid et al. (2019a)

0
ii(x,y,z,t) = ulx,y,t) — Zaw(x, y,t), (1)
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Fig. 1 Schematic figure of under evaluation honeycomb
sandwich plate

d
v(x,y,z,t) =v(x,y,t) —z—w(x,y,t),
xy,28 =vxy - z55wxy.0) (1)
w(x,y,z,t) =w(x,y,t),
where u, v, and w are the displacement components along
the x, y, and z directions, respectively.

2.1 Honeycomb core

The honeycomb core is made of Aluminum. The strains
can be obtained as (Jafari Mehrabadi 2012)

ou 2w ov 2w
ov 2’w_  ou 2)
Yoy =55~ zz(axay dy
The stress-Strain relationship for honeycomb core can
be defined as follows (Dehshahri et al. 2020)
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where, Q and superscript ¢ represent elastic constant and

honeycomb core, respectively. Elastic constants can be

mentioned as Hebali et al. (2014)
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where E, G, and v indicate elastic moduli, shear moduli and
Poisson’s ratio, respectively and can be defined as
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where, pn, En, Gn and v, indicate density, elastic modulus,
shear modulus, and Poisson’s ratio of the material which
honeycomb structure has made of. Also, ¢ and yo are
internal aspect ratio and dimensionless cell thickness,
respectively and can be presented as ¢y = ho/lo, y0 = to/lo.

Finally, Kinetic and strain energies of nano honeycomb
core can be presented as Barati (2017b)
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2.2 Flexoelectric face sheets

Based on the linear form of piezoelectricity theory, the
internal energy density for flexoelectric face sheets can be
defined as Zhang and Jiang (2014), Amir et al. (2020a)

1
U= 3PP+ 5 Cijiaijéa + diji€ijPy
1 8
+§bijkzpi,jpk,l + fijii P + eijra€ijPrs

where P;, &ij, au, Ciju, and dij are respectively, polarization,
strain, dielectric, elastic, and piezoelectric constant tensors.
The polarization gradient and polarization gradient coupling
tensor represent by biw. fija is the strain gradient and
polarization coupling tensor. e denotes the strain (Sharma
et al. 2010). Consequently, the constitutive equations for
flexoelectric face sheets can be derived as Shen and Hu
(2010), Khorasani et al. (2020)

au
Oij = 35 = Culfri + dijiPr + eijia P 9)
Eij
au
Oijm = Tum = fijmkPro (10)
au
Ei = — = a;;P; + dji&je + firuthjns (11)
daP;
au
Eij = 25— = bijiaPrey + €xiij€xt (12)
aPl"j
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where aij, Ei, aijm, and Ej represent stress, electrical field,
higher-order stress, and higher-order electrical field tensors,
respectively. Moreover, the strain equations can be
represented as follows (Ansari and Sahmani 2011)

ot av 1,00 0t
Eox = 50 =5y Sxy—§<a+@) 13)
_ O&yy _Ogy, _ 0(2&4y)
Yxxz = W' yyyz - W' nyz - dz

Some assumptions are needed to mention the equations
ina simple form as: €11 = Ci111, Ces = Ciz12, d31 = 311, A3z =
asass and bsz = bsass, fi133 = fao33 = fi9= o (Shu et al. 2011).
According to Fig. 1, the electric field E; only exists in the z-
direction (Zhao et al. 2007) and using Egs. (11)-(13), the
higher-order electric field Ej for flexoelectric face sheets
can be derived as

de de
E, = as3P, + dsy (64 + £y) + a( =4 i) (14)

0z 0z
Ezx = b31335,,, (15)
Ezx = b31335,,, (16)
E,; = b33P,, — a(sxx + syy), @an

when the flexoelectric face sheet is under an electric
potential ¢ across z-direction (across its thickness), the
equilibrium equation should be satisfied as Shen and Hu
(2010)
d¢p

E, + E - sz,x - Ezy,y - Ezz,z =0, (18)
where ¢ is the electric potential along with z-axis. When
there is not any free electric charge on the flexoelectric face
sheet, the Gauss’s law can be written as Hu et al. (2010)

—k¢,, +P,, =0, (19)

where k = kok, ko= 8.85x101? C/V. m is the permittivity of
the air, and kp = 6.62 is the background permittivity of
BaTiOs; when its electric field is across the polarization
direction (Tagantsev and Gerra 2006). Using Egs. (14)-(19)
and the electric boundary conditions E;jnj= 0, g2 = Vo and
o2y = 0 for flexoelectric face sheets, and the electric
potential can be derived in terms of transverse
displacement, rotations of middle surface and applied
voltage Vo as Amir et al. (2020b)
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where 12= /1 + kas3/kbs3. Using Egs. (23) and (24) the

polarization is
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Substitution of Eqg. (21) into Egs. (14) and (17),
respectively, the electrical field in the z-direction (E;) and

higher-order electric field (Ez) for top and bottom
flexoelectric face sheets can be obtained as
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After the derivation of electric field terms, the stresses

of flexoelectric face sheets can be determined from the
constitutive as follows

Oxx C;y €z 0 0 0 07
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+

in Eq. (24), ks is a shear correction factor which is equal to
5/6.
At the end, using Egs. (1), (13) and (20)-(24) the Kinetic
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and strain energy of flexoelectric face sheets can be defined
as Liu et al. (2012), Amir et al. (2020c)

9 “ (a ’
[(Eﬁ(x,y,z, t)> + (aﬁ(x,y,z, t)) ]

Kfzfvépf| a , |dV, (25)
[ + (a w(x,y,2z, t)) J

Oxx Exx T Oyy &y + 204, &y,
t Tyyz Vyyz T Tayz Vayz + E,p,

2
a a
Ff = EL +Ezz£pz —k (E(P(X, Y,z t)) dV’(ZG)

d
+ ngqo(x.y. z,t)

3. Governing equations of motion

Hamilton’s principle has used to extract the governing
equations as follows (Arshid and Khorshidvand 2018, Salari
et al. 2019)

=6 (refm—gef —x)dt =0, 27)
ty

in which I, K, and Y represent strain energy, kinetic energy,
and external work, respectively. Superscripts c, f, and m are,
respectively, representative of the words, core, face sheets,
and MCST.

MCST has utilized to consider the size effect of the
aforementioned sandwich plate.

The equation of strain energy is presented as follows
(Akbas 2018, Arshid et al. 2020a)

m _ 1My Xex + MyyXyy + Myy Xy

r _fV 5 +mxz)(xz + mszyz dV’ (28)
where my and yi are stress and symmetric curvature tensor.
As another expression, my is a part of couple stress tensor,
which is ignorable in macro-scale whereas, plays a crucial
role in nano-scale. Furthermore, the superscript m denotes
MCST. my and yi can be presented as (Arshid et al. 2019b)

_ 0w 2w
K ~ dyox’ Xyy dydx’

1 2’w  0%w 1 0%v  0%u 29
By = oy Taxz ) K7 T4\ox? T ayax)’ (29)
1 0%v  0%u
Hyz =% dydx 0dy?
my = ZLmZGszr (30)

where L is the material length scale parameter, and G
assumes to be equal to Qes.

Substituting Egs. (29) and (30) to Eq. (28) the strain
energy due to MCST can be obtained.

Visco-Pasternak foundation is capable of considering
normal and transverse shear loads. The force applied on the
sandwich plate due to the visco-Pasternak foundation can be
determined as Arshid et al. (2021), Zenkour (2016)

FVisco—Pasternakfoundation — wa(x' Y, t)
?w(x,y,t) ?w(x,y,t) aw(x,y,t)  (31)
9 9x2 9 gy? a e

where Ky is the Winkler spring coefficient, and Kq is shear
layer parameters in x and y directions, respectively. Also, Cq
is damping constant. Therefore, the work of the elastic
medium is as follows (Arshid et al. 2020b, Amir et al.
2020d)

Y = %fFVisco—PasternakfoundatioanA , (32)
A

Substitution of Egs. (6)-(7), (25)-(26), (28) and (32) into
Eq. (27), the equations of mation can be obtained by setting

the coefficients ou, dv, &, and ow equal to zero (Amir et al.
2019).

4. Analytical solution procedure
In the case of considering different boundary conditions
and in order to separate variables related to space and time

for the sandwich plate, the displacement components can be
defined as Bendaho et al. (2019), Khorasani et al. (2021)

M N
dX,,(x) .
u(x,y,t) = Z Z Umn;n—xyn(y)elwmnt

m];l n;l - ( )
V@Y= D D Vg ()
m;l n7vl (33)
WY = D) WX (Ve lomnt
m=1n=1
M N
PEY = DD BupXn (O ()eimnt

m=1n=1

in which X(x) and Y(y) are hired to switch among different
boundary conditions and define as follow

X (x) = sin(wpyx) + {p, cos( @, x)
N Sinh( @, x) + &, cosh( @y, x)
Yo (x) = sin(@,y) + ¢, cos(@,y)
+n, sinh(@,y) + &, cosh(®@,y)

(34)

All constants related to these equations for different
boundary conditions are listed in Table 1 as below.

Umn, Vinn, Win, and @y, are unknown coefficients of each
mode, and wmn represents the natural frequency. The mode
numbers along x and y directions are, respectively, m and n.
Eventually, the equations of motion can be defined as a
matric form as Arshid et al. (2020c)

[A]4->(4 [Umn an Wmn ®mn] Transverse

= [zero]4xq

(35)

The arrays of matric [A] are obtained by substituting Eq.
(33) into the governing equation of motion which have
obtained in the previous section.

5. Numerical results and discussions

The effect of different variables’ change on the non-
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Table 1 Different boundary condition constants

B.C. SSSS  SSCS CSCS FCFC FCCS CCcC
- mn mn (Am+ Dm Cm-1m 2m-Dmn 2m+Dm
" a a 4a 4a 4a 2a
- o (4n+ Dm (dn+1)n Zn-Dr (4n+ Drm n+Drm
"D 4b 4b 4b 4b 2b
Z 0 0 0 —(sin(wpa) + sink(wyua)) —(sin(wpa) + sini(wya))  —(sin(wya) + sink( wy,a))
" cos(wy,a) + cosi(wya) cos(wpa) + cosi(wya) cos(wya) + cosi(wy,a)
e 0 0 0 —(sin(w,b) + sini( w,b)) 0 —(sin(w,b) — sini(w,b))
" cos(wy,b) + cosi(w,b) cos(wy,b) — cos/i(w,b)
—sinw, a
MmO 0 - -1 -1 -1
sinfwy, a
—sinw, b —sinw,b —sinw, b
Mn 0 . . -1 . -1
sintw, b  siniw,b sintw, b
‘fm 0 0 0 _Zm _(m _z‘m
‘fn 0 0 0 _Zn 0 _zn

Table 2 Mechanical properties of Aluminum honeycomb
core (Nakamoto et al. 2009)

Table 4 Comparison among the results of FGM micro
rectangular plate in the present study and previous ones

ph (kg/m3) En (GPa) Gn (GPa) Vh alh hiLm Ref. n=0 n=1
2700 70 26 0.33 Thai and Choi (2013) 5.7797 5.3239

5 Heetal. (2015) 5.8439 5.3749

Table 3 Mechanical properties of BaTiO3z flexoelectric face Present 5.7571 54132
sheets (Zhang and Jiang 2014, Zhang et al. 2014) Thai and Choi (2013) 6.7996 6.4600
6020 167.55 78.15 44.7 Present 6.6026 6.5810
ass (V.m/C) bss (J.m¥C?)  da1=ds2 (V/m) a (V) Thai and Choi (2013) 111311  11.0451

3 -9 3
0.79x10 1x10 3.5x10 10 1 Heetal. (2015) 124874 123118
Present 11.1313 11.1078
dimensional natural frequency of the abovementioned Thai and Choi (2013) 63559 57518
structure has plotted in different figures in this section. 5 Heetal. (2015) 6.3770 5.7676
Natural frequencies have transformed into non-dimensional Present 6.3247 5.7982
typeas w = wo_hf\/pf/ Cua- N Thai and Choi (2013)  7.4807 6.9920
The material propert_les of AlummlL_Jm as nhano 10 25 Heetal. (2015) 75590 70532
honeycomb core and BaTiOs as flexoelectric face sheets

have presented in Tables 2 and 3, respectively (Nakamoto et Present 7.4003 7.1379
al. 2009, Zhang and Jiang 2014, Zhang et al. 2014). Thai and Choi (2013) 12.6360 12.4128
The geometrical and mechanical properties of the 1 Heetal. (2015) 13.1220 12.8483
sandwich plate are considered as follow Present 12,6221 124510

h, = 2(nm), hy = 0.1(nm), a=>b=10h,
_ 1o (N _ 100 (N
K, =10 <?) K, =10 (E)
g T
=1 28(—)’ = -, —1,
Ca=10(=), 8= %0
¥o = 0.1, L, = 15e — 6, a =283

In order to guaranty the reliability of the results of this
research, using MCST, the effects of length to thickness
ratio (a/h), different material gradient index (n) and h/Ln, on
the non-dimensional natural frequency of a single-layer
FGM rectangular plate in micro dimension compared with
Thai and Choi (2013) and He et al. (2015) in Table 4.

Finally, using Table 4, it is clear that a good agreement
exists among the results of the present study and Thai and

Choi (2013), He et al. (2015).

The dimensionless natural frequency of nano sandwich
structure with honeycomb core versus aspect ratio (a/h) for
different boundary conditions has shown in Fig. 2. As it
is evident, the square basis provides less frequency in
comparison with a rectangular basis in each boundary
condition, which means a more stable nano sandwich
structure. Also, among different boundary conditions, SSSS
and CCCC have the lowest and highest natural frequency,
respectively.

Fig. 3 displays different curvatures related to natural
frequency against width to thickness ratio of under
examination structure in different mode numbers and
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gamma allocations. By (b/a) enhancement, dimensionless
natural frequency reduces continuously in each mode
number. Using this figure, it can be concluded that the
stiffness of such structures increases when higher values of
gamma become used in equations.

Fig. 4 has presented to evaluate the effect of length scale
parameter variation on the non-dimensional natural
frequency of the current model versus a considered length
to height ration (a/h). As a physical interpretation, it should
be mentioned that the value of the length scale parameter
has a direct relationship with sandwich structure stability.
Therefore, higher values of (Ln) result in higher natural
frequency gaining.

The effect of internal aspect ratio ¢ and dimensionless
cell thickness yo on the natural frequency of the current
sandwich plate has investigated in Fig. 5. As it is clear,
larger magnitudes of y, lead to an increase in system
stability. On the other hand, by increasing the magnitude of
¢, natural frequency reduces dramatically, which means
lower stiffness and stronger flexibility. In order to gain this
figure, the internal cells’ angle assumed to be 45°.
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length to thickness ratio (a/h) for different length scale
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Fig. 5 Variations of non-dimensional natural frequency
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Fig. 6 implies that thicker honeycomb core causes more
natural frequency. Furthermore, larger magnitudes of
damper constants increase the flexibility of the system. As
another expression, by elevating the value of damper
constant, stiffness of the whole nano sandwich structure
reduces so, the natural frequency falls down. Moreover, in
the case of same Cy using, the broader basis of under
evaluating model provides less natural frequency in each
honeycomb core thickness.

According to the results plotted in Fig. 7, the influence
of internal cells’ angle variations of honeycomb core on the
natural frequency of sandwich structure have examined. As
the figure illustrates, the enhancement of 6, leads to natural
frequency enlargement. Moreover, Fig. 7 illustrates
increasing flexoelectric coefficient, causes dimensionless
natural frequency reduction, which leads to stiffness
enhancement in each selected boundary condition.

Considering Fig. 8 as a witness, the whole under the
examination system goes toward less stable behavior as the
thickness of face sheets increases in each mode. As another
important mentioning consequence, it should be noted that,
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in higher mode numbers, the variations of natural frequency
are more face sheets’ thickness dependent. It shows, with a
low magnitude of change in (hr), natural frequency changes
more obviously.

Fig. 9 proves the role of honeycomb core thickness and
different boundary conditions on the dimensionless natural
frequency of the current nano sandwich model with
flexoelectric face sheets and honeycomb core. As it is
visible, the same as flexoelectric face sheets thickness,
honeycomb core thickness enhancement results in natural
frequency increasing. This effect is more touchable in
higher values of core thickness. Moreover, the highest and
lowest stability of the aforementioned structure become
provided by CCCC and FCFC as system’s boundary
condition, respectively.

Finally, the role of the vicso-Pasternak foundation in
non-dimensional natural frequency of the abovementioned
sandwich structure has taken into examination in Fig. 10.
By increasing the Winkler and Pasternak parameters, the
stiffness and consequently natural frequency increases,
which means nailing to the less flexible sandwich structure.
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6. Conclusions

Using Love-Kirchhoff’s hypothesis and MCST, the
size-dependent vibrational behavior of a sandwich plate,
including honeycomb core and flexoelectric face sheets,
examined in the current study. For governing equations
elicitation, Hamilton’s principle and Fourier series
analytical method have hired. Current research illustrates a
high sandwich structure’s vibration dependency on the
flexoelectric parameter on the nano-scale. Moreover, in this
paper, a tremendous effort has done to examine the effect of
different parameter changes on the dimensionless natural
frequency of such honeycomb sandwich structures. Some
worthwhile marking results have listed below as:

*Thicker layers of flexoelectric face sheets and
honeycomb core lead to the stiffer sandwich plate, and
consequently, the natural frequency increases by different
layers’ thickness increasing.

*The sensitivity of dimensionless natural frequency to
length scale and flexoelectric parameters has proved in this
paper. Natural frequency increases with length scale

parameter enhancement and flexoelectric parameter
reduction.
eIt has revealed that among various boundary

conditions, CCCC always provides less flexibility and,
consequently, the highest frequency for such sandwich
structures.

*Among different geometrical parameters of honeycomb
core, yo and 6 have direct and ¢ has an indirect
relationship with the dimensionless natural frequency of the
system.

These results can help to design and manufacturing of
smart systems more precisely. The aim of this work is too
broad the borders of science related to structures with
flexoelectric effects consideration.
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