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This study presents a free-vibration analysis of thick sandwich panels fea-
turing a magnetorheological (MR) fluid core and elastic face sheets. The
MR core exhibits field-dependent stiffness and damping characteristics,
which are modeled to capture the rheological changes induced by external
magnetic fields. A sinusoidal shear deformation theory is employed to for-
mulate the structural response, eliminating the need for shear correction
factors while accurately accounting for transverse shear deformation and
rotary inertia. By applying Hamilton’s principle, a set of fully coupled gov-
erning equations and associated boundary conditions are derived. The re-
sulting complex eigenvalue problem is solved to determine the natural
frequencies and modal loss factors of the adaptive structure. The influence
of key geometric and material parameters—including magnetic field in-
tensity, core thickness ratio, and panel aspect ratio—on the dynamic char-
acteristics is investigated. The results demonstrate that increasing the
magnetic field strength and aspect ratio leads to higher natural frequen-
cies, whereas an increase in the core-to-panel thickness ratio reduces
them. This analysis provides a comprehensive framework for predicting
the vibrational behavior of MR-core sandwich panels under varying oper-
ational conditions.

© 2025 The Author(s). Mechanics of Advanced Composite Structures published by Semnan University Press.
This is an open access article under the CC-BY 4.0 license. (https://creativecommons.org/licenses/by/4.0/)

1. Introduction

Frostig model[2], utilized polynomial descrip-
tions of core displacement fields based on these

The development of high-order sandwich
panel theories has significantly advanced the un-
derstanding of free vibration in panels with flexi-
ble cores.[1] Previous studies have explored var-
ious computational models to capture core be-
havior. For instance, early models considered
vertical shear stresses in the core alongside face
sheet displacements, while others, such as the
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stresses. Further improvements to higher-order
theories were introduced by Malekzadeh et al.[3],
who applied first-order shear deformation the-
ory to panels with viscoelastic cores. Recently,
novel theoretical frameworks have been pro-
posed to reduce the complexity of governing
equations. For example, Guerine et al. formulated
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anew integral shear deformation shell theory for
carbon nanotube-reinforced structures, which
significantly reduces the number of independent
variables compared to existing theories, ensuring
traction-free boundary conditions without shear
correction factors by using non-polynomial hy-
perbolic warping functions[4].

The integration of smart materials into sand-
wich structures has opened new avenues for
adaptive vibration control. Nayak et al.[5]
demonstrated a 30% vibration attenuation in
cantilever sandwich beams using smart elasto-
mers. More recently, Magnetorheological (MR)
fluids and elastomers have attracted considera-
ble attention due to their ability to change stiff-
ness and damping properties under magnetic
fields [6]. These adaptive structures offer en-
hanced vibration suppression across wide fre-
quency ranges by exploiting rheological changes
induced by external stimuli [7]. MR fluids consist
of micron-sized iron particles suspended in a car-
rier fluid; under a high magnetic field, these par-
ticles form chain-like structures, resulting in a
yield stress that is largely independent of particle
size, although coarser particles can generate
higher dynamic stress[8] . Slimani et al. also in-
vestigated the free vibration of functionally
graded sandwich shells using a simple shear de-
formation theory, highlighting the sensitivity of
fundamental frequencies to material distribution
and geometric configurations[9].

Recent research has further expanded the ap-
plication of advanced numerical methods in
structural engineering. Rajamohan et al. [10] in-
vestigated the shear effects of MR binding layers
on core behavior, while Lara-Prieto et al.
[11]experimentally studied the controllability of
vibrational properties in MR cantilever beams
under varied magnetic intensities. Comparative
studies between electrorheological (ER) and
magnetorheological (MR) cores have also been
conducted using higher-order shear deformation
theories [12]. In the realm of finite element anal-
ysis, significant advancements have been made to
address shear-locking issues. Belabed et al. intro-
duced an enriched quadrilateral plate element
with a discrete shear projection technique, which
accelerates modal convergence and avoids shear-
locking in graphene-reinforced plates [13]. Simi-
larly, Widyatmoko et al. proposed a new four-
node shell element (BKWH24) valid for thin to
thick shells, incorporating membrane, bending,
and transverse shear effects explicitly [14]. These
numerical frameworks provide robust tools for
predicting the dynamic behavior of complex com-
posite structures.

Manoharan et al. [15]analyzed laminated
composite MR plates, focusing on the influence of
MR layer thickness and ply orientation. Other re-
searchers, such as Jia-Yi Yeh [16]and Payganeh et

al. [17] have explored MR elastomer damping and
exponential shear deformation theories, respec-
tively. Static analyses using sinusoidal shear de-
formation theory have also been proposed for
functionally graded plates [18].
Despite these advancements, a significant re-
search gap remains. Most existing studies rely on
classical or first-order shear deformation theo-
ries, which may not accurately, capture the com-
plex shear deformation in thick sandwich panels
with MR cores. Furthermore, while sinusoidal
shear deformation theory has been successfully
applied to static bending analyses of functionally
graded plates[18], its application to the free-vi-
bration analysis of MR-core sandwich panels—
particularly considering the field-dependent stiff-
ness and damping—has not been thoroughly in-
vestigated. This limitation highlights the need for
a more robust theoretical framework that can ac-
curately model the dynamic interaction between
the magnetic field and the structural response,
bridging the gap between advanced shell theories
like those proposed by Guerine et al.[4] and the
specific adaptive characteristics of MR materials.

The structural analysis-of functionally graded
(FG) and composite structures has undergone
significant evolution, moving towards more com-
plex geometries and material compositions. Early
studies, such as the work by Rezaiee-Pajand et al.
[19]established fundamental frameworks for the
stability and vibration of tapered FG-sandwich
columns with flexible connections. These con-
cepts were subsequently extended to two-dimen-
sional elements, where Rezaiee-Pajand et al. [20]
developed robust formulations for the nonlinear
analysis of FG-sandwich plates and shells. More
recently, the scope of research has broadened to
include advanced hybrid nanocomposites. For in-
stance, Ghandehari et al. [21]investigated the
multiscale dynamic behavior of nested conical
shells reinforced with graphene nanoplatelets
(GNPs) and carbon nanotubes (CNTs), highlight-
ing the critical influence of nanofiller distribution
and elastic interlayers on the system's natural
frequencies. Building upon these progressive de-
velopments, the present study introduces a
mixed interpolated formulation specifically de-
signed to enhance the nonlinear analysis of FG-
sandwich plates and shells while addressing nu-
merical challenges like shear and membrane
locking.

Beyond classical and analytical modeling, re-
cent research has highlighted the significant ad-
vantages of data-driven methodologies in charac-
terizing complex engineering systems. Intelligent
optimization and machine learning, particularly
Fully Connected Neural Networks (FCNNs) and
Long Short-Term Memory (LSTM) networks,
have been successfully applied to eliminate the
need for cumbersome mathematical



formulations in performance-based

lower computational costs for real-time pa-
rameter estimation and system identification.
While the present study focuses on the rigorous
mathematical verification of the equations of mo-
tion, integrating these intelligent predictive mod-
els represents a promising frontier for optimizing
material properties and vibration responses in
MR-related structures.”

The primary motivation of this study is to fill
this gap by employing a sinusoidal shear defor-
mation theory to model the dynamic behavior of
thick sandwich panels with MR cores. Unlike pre-
vious works that often decouple magnetic field ef-
fects from structural dynamics or rely on lower-
order theories, this research explicitly accounts
for the interaction between magnetic field inten-
sity, geometric aspect ratio, and MR core thick-
ness within a higher-order framework. The nov-
elty of this work lies in the accurate prediction of
natural frequencies and modal loss factors using
the Navier solution method, providing a compre-
hensive tool for the design of adaptive vibration-
damping systems. The rest of the paper is orga-
nized as follows: Section 2 presents the theoreti-
cal formulation, Section 3 presents the equations
of motion, and Section 4 presents the results and
Discussion.

The novel sinusoidal shear deformation the-
ory of sandwich panels has been used to derive
the governing equations of the problem. For both
the face sheets and the core, the displacement
field is based on the second Frostig model, to
which the sinusoidal shear deformation theory
has been applied. The displacements of the face
sheets and core are assumed to be fully dynamic,
and the unknowns are constant polynomial coef-
ficients. Consider a thick composite sandwich
panel composed of two composite laminated face
sheets and an MR core layer. The thickness of the
top face sheet, bottom face sheet, and core is
h¢, hy, h., respectively. The sandwich panel 'is
supposed to have length a, width' b, and total
thickness h, as shown in Figure 1. It is also shown
in Figure 1 where t and b refer tothe top and bot-
tom face sheets of the panel, respectively.
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Fig.1. Sandwich plate with laminated composite sheets on
the surfaces

Using new sinusoidal shear deformation, the
small linear displacements of u, v, and w of the
face sheets along the x, y (longitudinal), and z
(thickness) axes are expressed by the following

formulae.
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tities

The num-
ber of unknowns of the proposed theory is
smaller than other HSDTs with five to eight un-
knowns, so the computation cost can be reduced.
[23]. In this study, a novel sinusoidal shear defor-
mation theory is obtained by setting the follow-

ing:
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The innovative sinusoidal shear deformation
theory satisfies two requirements of the shear
strains and stresses of the plates. The shear stress
distribution must be parabolic over the plate
thickness as the first condition. The second re-
quirement is that the shear stresses and strains
must be zero at all points on the two free surfaces
of the plates. Consequently, the suggested theory
does not need any shear correction parameters,
unlike FSDTs

2.2.  The theory used in the core

In this study, the core layer of the sandwich
structure is modeled using Frostig’s second
model (Extended High-order Sandwich Panel
Theory - EHSAPT) to accurately capture the
transverse flexibility of the core. This model is
characterized by the following fundamental as-
sumptions:

The displacement field of the middle core is
considered to be a polynomial with unknown co-
efficients in accordance with the relations stated
for the nucleus displacements in Frostig and
Thomson's second model:
u(x,y,2z,t) =ui(x,y,t) + z.ui(x,y,t) +

z2u§(x, y, t) + z2u§(x, y,t)

v.(x,y,2,t) = v§(x,y,t)+ 2.5 (x, y, t) +
z2v5(x,y,t) + 22vs(x, y,t)

(3)
w.(x,y,2,t) =wi(x,y,t) + z.wi(x,y,t) +
zEws (x,y,t)

where: u., v., w, :Displacement components of
the core.

The polynomial coefficients u., v.,w, in the
core displacement field are determined by invok-
ing the displacement continuity conditions at the
interfaces between the core and the face sheets

R .
(zer = ?C VZep = — %). By enforcing that the core
displacements match the face-sheet displace-
ments at these boundaries, the coefficients are
explicitly expressed in terms of the primary kine-

matic variables of the top and bottom face sheets.

2.3.  Definition of strain and displace-
ment relationships for face sheets and
cores

2.3.1. Define strain and displacement relationships
for face sheets.

The strain and displacement field for the face
sheets can be written as follows:[24]
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2.3.2. Define strain and displacement relationships
for core

ou, v, ow,
¢ _— 9% .c _ ek § c
Eax = ax’ Eyy = oy 1822 = dz
av, ou, ow, u
[ o Ve c c _ c _9Wc c
Vay = ngy_a"' ay Yoz = ngz_ ax + 3z (6)
ow, av,
(W c _9Wc | 9Vc
Vyz = 2“:yz— ay + 3z

To use viscoelastic materials such as electro-
rheological and magnetorheological in the core,
we assume that we are in the condition before

yielding and the material is modeled as linear vis-
coelastic. By inserting the expressions related to
the displacement field of the nucleus, the rela-
tions (1) in the relations (6) of the strains in
terms of displacement of the middle surface can
be obtained as follows:[3
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2.3.3. Compatibility conditions

The strain functions are considered to be con-
tinuous at the connecting surfaces of the layers.
The layers, and the middle core are all assumed
to be entirely bound together. As a result, the fol-
lowing compatibility requirements will apply at
the location where the core is attached to the face
sheets.

The interface coordinates are defined at the

. . h
junctions of the core and face sheets. Let z.;, = f

. n
denote the top interface and ,z., = —70 denote

the bottom interface. The parameter k is an indi-
cator used to maintain the correct sign for the rel-
ative distances from the mid-plane of each face
sheet to the respective interface.[3]

Ny .
u(z = z,) =uy + E("‘l)khi(palc

o1 .
v(z=25) = vg + E(_l)khi(p;/

we(z =zy) = W(L;

. lC
Fori=t—> (k = 1EZC5 = —)
hc (;)

FOTi=b—)(k=O§ZCb =_7>

The number of unknowns and equations is re-
duced by placing the relations of displacement
fields of face sheets (1) and core (3) in relations
(9), and obtaining relations between dependent
coefficients.

2.3.4. Stress resultants for the core layer

Stress resultants per unit length for the core
layer are defined as demonstrated below:
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2.3.5. Stress resultants for the face sheets

Stress resultants per unit length for the face
sheets can be defined as follows:[3]
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To provide a systematic derivation of the gov-
erning equations, the following procedure is
adopted: First, the displacement fields for the
face sheets and the core are defined based on the
kinematic assumptions (Egs.1-8). By applying the
compatibility conditions (Eq. 9), the core coeffi-
cients are linked to the primary variables. Then,
the strain-displacement relations (Egs.7-8) are
derived, which are subsequently used in the con-
stitutive equations to obtain the stress compo-
nents. Finally, by employing Hamilton’s Principle,
the energy terms are integrated to formulate the
governing vibration equations in terms of stress
resultants.

3. Equations of motion

Hamilton's principle is used to derive the
motion equations of the sandwich panel and to
perform dynamic analysis. The analytical form of

Hamilton's irinciile can be exiressed as follows:

where 8K represents changes in kinetic energy,
6U represents changes in potential energy, and
6W,,; represents changes in energy caused by ex-
ternal forces. Here, because the aim is to check
free vibrations, this value is equal to zero
(6Wext=0).

3.1. Kinetic energy

By applying Hamilton’s principle and per-
forming integration by parts with respect to time,
and considering that the variations of displace-
ments are zero at t; and t,, the virtual kinetic en-
ergy of the system §K can be expressed in terms
of acceleration components as follows:

8K = —Yizthe [ﬂAi f_h];{/zz pi(1i;8u; + ¥;8v; + W;w;)dz; dAi]
dA; = dx.dy.,, dA; =dx;dy;, (i=tb)

3.2. Strain energy

The total strain energy stored in the tops and
core of the sandwich panel is expressed by the
following relationship:

dV. = dA.dz, = dx.dy.dz. ,dV; = dA;dz; =
dXidyidZi 5 (l =t b)

Finally, by replacing the relations of stresses,
resulting stresses (10-11), as well as replacing
the relations related to displacement fields (1-2)

and strain-displacement relations (5-6) in the re-
lations of changes in kinetic energy and potential
System (13-14) and using Hamilton's principle
(12) and the basic principle of calculus of varia-
tions, the of motion for a sand-
wich plate with a flexible core are obtained as a
series of partial differential equations with 13
equations and 13 unknowns. For example:

NS, 4 OMS 4 OM5 NG, 8
XZ __ - 2XZ = > Yz + yz + MC —
ax hg O0x h¢ 0y ady
1615 812 215 8I 11 4
=== + 1§ )ws + (= ——F+-+ w§ +
( hé 070 T X\h2  hE TRy n3)O

215 812 1§ 41§\ .. p
————+t=5)w 15
(hz h¢  he o n3) 0 (15)

3.3. Moments of inertia for the face sheets
and core layer

Moments of inertia of the face sheets are de-
fined as demonstrated below:

he
I5 = f_zh_tpt f1@)f2(z)dz,
ﬂz
2
= [ plhGords
_he
2
hp
2
Ig = py dzy
_hp
2
hp
I = [ 5,00 iz)dz, (16)
h_bz
2
L= fpbfz(zi)dzb
_hy
2
hp
2
B = | pAGRGI,
_hp
2
hp

1} = [ 3,00 [f2(z)]2dz,

Moments of inertia for the core layer as indi-
cated below:
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The linear constitutive relations for the kth ortho-
tropic lamina in the principal material coordi-
nates of a lamina are :[24]

Oxx Q11 Q12 Q161% e
[ayyl=[Q12 sz Qzel [gyy]

Q16 Q26 Q66
o= (e o] ] (19

(k)
Where EErfﬁ' are the plane stress-reduced stiff-
ness. The coefficients are known in terms of the
engineering constants of the kth layer:

Eq v12E;

Q11E= 1-v12v21 Q12 = 1-v12v21 Q22 =
oo Wes = Gi2,Qas = G23, Q55 = G5 (19)
12721

The constitutive equations of each layer must be
transformed to the laminate coordinates because
the laminate is composed of a number of ortho-
tropic layers with material axes that can be ori-
ented arbitrarily with respect to the laminate co-
ordinates. The stress-strain relationships along
the geometrical axes of the sandwich panel are as
follows:[24]

Oxx ?11 QIZ g16 @ Exx
[Jyyl= Q12" Q22 Q2 [gyyl

616 626 666
O-yz — 644 645 Syz 20
ze] 645 st] [sz 20)

Where Qij denotes the transmitted stiffness
in the geometric axis of the sandwich panel. The
relationship between axial stiffness and the
transferred stiffness is given by the relation:

Qll = Q1160549 + 2(Q12 + 2Q66)Sin26 COSZH +
Q,,sin*6

Q12 = (Q11 + Qz — 4Q46)sin?6 cos?6 +
Q12 (sin*8 + cos*6)

Q22 = Q115in*6 + 2(Qy3 + 2Q¢¢)sin?6 cos?6 +
Q,,co0s%0

Q16 = (Q11 — Q12 — 2Qqg)sind cos6 +
(Qi2 — Q2 + Zst)Sin39 cosf (21)

Q26 = (Q11 — Q12 — 2Q46)sin30 cos6 + (Qq; —
Q55 + 2Q4)sind cos36

666 = (Qu1 + Q22 —2Q12 — 2Q66)Sin2960529 +
Qe (sin*0 + cos*0)

64—4— = Q44COS49 + stsin49
Q45 = (Qs5 — Qu4) cosOsin b
OQss = Qs5c05%0 + Qu,5in*0

It has been widely reported that the storage (G)
and loss moduli (G") of the MR fluids, prior to sat-
uration, can be described by quadratic functions
in the magnetic flux density field.[10, 25-27]. In
the pre-yield regime, the MR material demon-
strates viscoelastic behavior, which has been de-
scribed in terms of the complex modulus:

G=G +iG

where G is storage modulus of the MR fluid,
which is related to the average energy stored per
unit volume of the material during a deformation
cycle, and G" is the loss modulus, a measure of the
energy dissipated per unit volume of the material
over a cycle. The storage and loss moduli of the
MR fluid were estimated corresponding to differ-
ent magnetic field intensities (0, 100, 200,
300,450,500 and 600 -). Both the storage and
shear moduli were expressed using the following
second-order polynomial functions with respect
to the field intensity:[10]

G'(B) = —3.369182 + 4.9975 x 1038 + 0.873 x 10°

G'(B) = —0.98% + 0.8124 x 103 + 0.1855 x 10°

G(B) =G'(B)+iG'(B)

Where f is the intensity of the magnetic field in
Gauss. The quadratic relationship between the
MR core properties and the magnetic field inten-
sity is a widely accepted simplification in sand-
wich structure analysis. This model accurately
captures the behavior of the MR fluid in the pre-
saturation regime, which is the focus of the cur-
rent vibration study.

Since the present study investigates small-strain
free vibrations, the shear strain levels in the MR
core remain significantly below the yield strain.
Therefore, the linear viscoelastic (pre-yield) as-
sumption is physically justified, and post-yield
flow behavior does not occur during these oscil-
lations.



In this work, the complex shear modulus is
treated as frequency-independent within the in-
vestigated range to isolate the effects of the mag-
netic field. However, the proposed complex ei-
genvalue formulation is robust enough to incor-
porate frequency-dependent properties in future
studies.

No normal stress exists in the MR layer, and there
exist only transverse shear stresses as follows:

a d
= GBIEYE = (B [ 22 + 2% +

72 —=2 Dwz + G(B)S,[uf + 2zu$ + 322u§] (22)

ows ows ow
=G(B)S.vyz = ayz[ N B STz 2 a;] +

G(B)yz[v1 + 2zv5 + 372 v3] (23)

On all four edges of the sandwich plate in this
analysis, simply supported boundary conditions
are taken as given. It may be demonstrated that
the relationship's assumed responses meet the
simply supported boundary criteria.
ul(x,y,t) U} €08 (@mx)sin(Bny)
LJ (¥, t)}

VomnSin (amx)cos(B,y)

wg (x,3,t) |Womnsin (@n)sinBan)|
61(x,y,0) | = Zh=1 Zi=1 | 0, sin (cm)sin(By) |©
|u1$(xn Y, t) | Ukmncos (amx)smv(ﬁny)
lvﬁ o,y t)J VémnSin (amx)cos(Bny)
wg (x,y,t) Wl{"nsm (amx)sin(Bny)

(k=10,123),1=012)

where a;, = ? and 8, = "7”
In Equation (24)
VVlinn' chmn' Ulgmnl 6] W] U} V]

Oomn’ "*Omn’ ¥ 0mn’ "0mn are the

Fourier coefficients while m and n represent half-
wave numbers along the x and y directions, re-
spectively. By replacing equations (24) in the
governing equations of motion, they are trans-
formed to ordinary coupled differential equa-
tions:

— A Ml{c} =

i‘ = {0} (25)

where, Amn = him-and {c} is the displacement
vector for all the values of m and n. The stiffness
and mass matrices are [K] and [M], respectively.

= JRe@), 1, =2E) )

4.1. Computational Implementation




The linear vibrations of a rather thick sandwich
panel with a smart magnetorheological core were
examined in this article. The second Frostig
model, which is based on the flexibility of the
core, and the new sinusoidal theory for face
sheets were used to get the equations of motion
in terms of in-plane displacements. The equa-
tions of motion were verified using a mathemati-
cal program. It might be good to highlight the
overall validity and accuracy of the work before
giving the important numerical figures. Accord-
ingly, we first computed the lowest natural fre-
quency for each mode number for a three-layer
rectangular sandwich plate with viscoelastic core
using the Riley-Ritz method with its physical and
geometrical parameters as given in of [28]. The
numerical results, as shown in Table 1, show very
good agreement with those displayed in Table 1.
As a final check, the first four frequencies of the
sandwich plates were compared with the results
of [15] and [16]. In the investigated problem, the
lay-up sequence was [0, core, 0], and all mechan-
ical specifications were taken from reference
[15]. In reference [15], there was an adhesive
layer with a thickness of 1 mm between the lay-
ers. According to Table 2, there is a good agree-
ment between the results of the present research
and the results of references [15] and [16].

Table. 1. Comparison of natural frequencies obtained by Lall et al [28] and RK Ojha [29] with those obtained in the present methods.

Lall'etal [28] RK Ojha [29] Present
Natural Natural Natural
Mode frequency fl;;((:)tscfr frequency f;gtsosr frequency fggts;r
(Hz) (Hz) (Hz)
1 155.20 0.04431 156.30 - 155.131 0.0438
2 374.14 0.01918 372.83 - 373.67 0.01910
3 374.14 0.01918 377.63 - 373.67 0.01910
4 593.22 0.01224 593.97 - 591.71 0.01221

Table. 2. Comparison of natural frequency obtained by Manoharan etal [15] and Yeh[16] with those obtained in the present methods
(G is the intensity of the magnetic field in gauss).

Manoharan et al [15] Yeh[16] Present
G=400 Gauss G=400 Gauss G=400 Gauss
Mode Natural Natural Natural




frequency (Hz) Frequency (Hz) frequency (Hz)

1 116.75 115.01 116.334
2 184.11 195.21 199.247
3 300.31 296.21 296.476
4 325.15 327.15

Table 3. Mechanical and geometrical properties of the composite sandwich panel with multi-layer face sheets and MR core.

Geometry Laminate face sheets MR Core
a=0.3m p =1627 Kg/m3 p =3500 Kg/m3
b=0.3m E,=131 GPa Giz = G13=Gp3=G = G +iG"

E,=E5=10.34 GPa

’

h, = Imm Gy, = G,3=6.895 GPa G =-3.3691 (3 2+4.9975x103 3 +0.873x106

G5 = 6.205 GPa

G'=-0.9 B 2+0.8124x103 B +0.1855x106
Vip = V13 = 022, v23=0.49

Table .4. The first natural frequency and the corresponding modal loss factor for the first few mode numbers
for selected MR core layer thickness parameters (h. / h; = 1, 4,8), geometric aspect ratios (a/b =1, 2, 4,8),
and magnetic field strengths (.= 0, 100, 200, 300,400,450,500, Gauss).

[0/90/0/core/0/90/0] =0 Gauss =100 Gauss = 200Gauss =300Gauss
Mode h./h, a/b w(Hz) Ny w(Hz) Ny w(Hz) Ny w(Hz) Ny

) 61.1592 0.1149 68.8699 0.1070 74.048 0.0985 77.6522 0.0904

\ Y YeY/e v Y EY VYF/V Y YYFY VYV Y YARRY \AR A2 YVYY

¥ YYq,7¥VY e AFY YZF/N O V0474 YAY/YYY VARKR YAVAa Yy /0947

A VAY/T‘VT’ ~/~\‘\°7 V/\'f/f\? ~/~\°’f~ /\\~/7R ~/~\01? /\T’\/VQY ~/~0Y\°

\ \EVARA! VARAK FVY/YFYY VAR AY/AAY YYYY a¥,4¥ VYV

Y 77/aF 7 WYACY ISVARER! VARARE ISAREA wYFYO 498/474yv VARR N4

(1.1) ¥ ¥ YY¥/YAS VARAYN \REVARR! VARAAE YYA/4Y 0 v/YOFY YAY/AAY VARLA!

A YYYV/VOV VARRAS Y7o,v7a VARRAT Ya4q,74) vYYOA \AT-TARSY VARARS

) YO/ATT VAR VAN YAkl Yo,Vo3A v YYOA FA/NY Y VARAAS

Y I ZVAAAR VAP & YY/YYoa VARARN Av/AANT VAREA AF/AYY SYYVYA

A ¥ VIV/YYS AR AE VFY/Q0A YVAL \RAVAR VAR YV¥/d0Y /YOYA

A Yo/ YAY VARZ\ Yad/0¥% VAR ZX) \ABVARA YARAK ARVARP VAT R

g 102.097 0.1261 116.701 0.1243 127.14 0.1190 134.751 0.1123

i YYA/777 /e 740 YAY/YA VA ZY Y. F/PYYF v/eAYD YAY/VAA v/ oAV

\ ¥ ARYVAR! AR ¥Y4/VYY¥ VAAZ YYAFYY v/ eAY A VARAS /e AYA

A Ya¥,v¥y e YYY AY 770N e FYY 'YAVAR Vi AVY /N oY v/ ¥ayY

) 77/4¥7) YALY Ae/YY 4 YTNY ISVAREA VARAZ) 406/474v VAN N4

¥ Y AY/AVEY /Y0¥ ARRVARNY /Y FAY YYY/ o AY YRy VY aVYY VAR A

(1.2) ¥ YOY/YY VAR-Y-\4 \Va, v ey YOV Y44/Y0Y YFYY YYF/NY YR

A YY¥,/NVE VARRRE Yvas.9qy VARSA YV, ¥ VARA R \ARVARY: VAREY

) 7v/FVYa4 w/YAFAQ YY/VYYoa JYFYA INVAY XS wYFOY AF/AYY JYYYA

A Y YaNeYY VAR 34 A7/ VFA VaAR4 Al YaV/FNY vYOYY \RR-72:2%4 YFLY

¥ YYA/AQ? VARAK YOF/OYY AR X4 \WE/NY VARARS Y4./V¥? wYOYY

A YOY/AYY oYY EY AR VAR A VARL X4 Y¥.0F VAREE YeAX Y VAR

2,1 \ ) 152.042 v/ OAY \RAVZ 1Al V244! \Yae/7Y0 eV \N2422%4 VAR
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Y YYa,7¥v VOATY A\RA AR VIR A YAY/¥YY VAR yav/Aavy V947

¥ \AVARAN VAARAS YAY/¥\ T VAR AY /74 VA4 AYY/VAY v/eOYY

A YVYvYy/4 VAR YA« A/AD VARRE4 YAYA/NY VIARA YATY/7F vy

y Yo/aYYY vYYYA AAN/YYYA VAR AA7AR AR VARAR! VY70 VAR KT

¢ Y YYF/ YA vYFAA \REVAR S vYPYY YYA/4Y 0 /Y OYY YAY/AAY WARE-R!
¥ YYY/VOV VARRAS AR VAR AN VARR A Y44,v4) vYYOA \AR-YARA") VARRR

A avYy, YA w0 ¥ ARAR VAR VIRAR YeAY/40 VR YYY /78 v/ VY

) 7Y/9474 ARAYA YosfYvyY VARAK) A¥/ 0T VARA A4 SEVARE) VARRAS

A Y YVIV/YYO VARSAS YFY/40A YYAL A\RAVARA VARZ'A YV¥80Y VARARA
¥ Y¥o/VAY +/YYAY Yao,0¥% VAREK) \RRVAR A VARAK) A RVARPY VAR A A

A AAN/OYA VARRRA FY¥/e 04 VARRK) \ARVARAY ARRRA YAd,/. Yo YYAY

) YVA/ 777 v/ 740 Y4Y/YA VAT Y F/7YF v/eAYD YAY/YAA VAY R

\ Y ARY-VAR VAR Yya,vYY¥ v/eYAY YYA/FNY v/eAY . AAVAR AT v/eAYA
¥ Ya¥/Y¥) VARAL AY 774 e FYY AOY/Y) VdA! AVY/N Y v/ ¥ayY

A YAY o/ Y v/ 044 YAY¥/4av VARRRS YAVY/FN v/ VoA YAAA/ 7O VIR RAL

) AY/AVEY VAR & AREVAR Y vYEAY YYY/eAY vYFY VY /VYY YYYY

Y YOY/YY VAR-Y\4 IAAVANAN VARAB% Y44,YaY VARAA YYF/VY VARKR!

(2‘2) ¥ YYY/NVT 2o YO Yya/+4y VARRR ¥V, ¥ VARAR! fyas .o vYY A
A Q/\\G/A/\ ~/~\qu \iﬁﬁ/?" ~/~?\b \~"‘V/Y' ~/~?V‘\ \\Y‘Y/U" ~/~V~?

\ Ya/vNTYY VAR\Y-X4 A7/ V7A VARZ A YeV/FYY vYOYY ARV 'S4 JYFY

Y YYA/ANQ T VARAR) YOF/0VY AR X4 \WE/YY VARARS Y4./V¥? VAR ARY

4 ¥ YOY/AYY AYEY \AVARA VARZ\X4 Y¥.0f YT OA \RZAAY WARARA)
A A4Y/AVA VAR FVa/0YY VARERS Y¥¥/AQY VARRA Ya¥,/avy SIYYAY

Table 5. Displays the computed first natural frequency and the corresponding modal loss factor for the first
few mode numbers (m,n =1,2), for selected MR core layer thickness parameters( h. / h; = 1,4,8), geometric
aspect ratios (a/b =1, 2, 4,8), and magnetic field strengths (8 = 0, 100, 200, 300,400,450,500, Gauss).

[0/90/0/core/0/90/0] 3=400 Gauss 3= 450Gauss =500 Gauss = 600Gauss
Mode  hc/h; a/b  w(Hz) Ny w(Hz) Ny w(Hz) Ny w(Hz) Ny

\ 80.1662  0.0828 AV TA /Y&« 818597  0.0725  AY/AAAA eRYY

3 Y Y YEA Y Fa VFYTFY YA VFF/ 00 /458 VFPFF Y VI AYY

¥ YeA/ARY VAR LAS \RAVARA VAR AR A% ved0d YYV/POF v/ OAYY

A /\Y/\/\&\ -/-A“ﬁ /\A\G/?&V -/-A*\G /\‘?~/-VA ~/~é\‘~ /\‘?V/VV? ~/~\°\"\

\ &V/\-Vﬂ -/-iiﬁ &V/ﬂ-\’v ~/~4‘°i 5/\/00\“" ~/~i~~ QQ/\GVW’“ ~/~/\~\~

Y VYeu/7eA VARR &Y YL Y/ A WARE A Y Y/AAE VARRRY Y« 0/AA] ARRRS

(1’1) ¥ ¥ ARAVAR-14 VARRAY YoV VY VARRRY AREVARA! VARRAS ARR A VARR R

A Y¥Y0V? WARF N 4 YOY/a 7% VARK-X) YOA/Y ¥ VARRR YoV 7Y VARRR4

\ RRVERZRY oYY LEVARRAN e ATY AY/YY ¥ e AVY 8Y/4YY0 YA AR4

Y Qe/90A0 VARER! aY,/F0v4 VARRAS ar/veNa VARYAN! 8/F VY0 v/e4ve

A ¥ YAY/YAVY SYFYY YAA/ 00 AR ARRVARI VARBR ARVVARPN VAR

A AAAVARA JARAA! YAY/VA? DALMY yayrys.4 VARAN-) Y. Y/0AY VARBA

) 140248  0.1004 142342  0.1001  144.05  0.0966  V¥#/f.Y AN

¥ 219.566 0.0784 222.038 0.0764 224.073 0.0739 226.915 A PYY

\ ¥ Y’?Y’/ﬁ“/\ -/-/\Y\ T?I\/Y\G\c ~/-/\-\° T’V\//\-/\ ~/~V/\\ YV?/AV ~/~V\q
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\ Yeu/7eA YYYY YL Y/FFA VARRA Y Y/ARP VARRRY Y O/AAR VARKRRI
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(1.2) ¥ YYo/e Q) SITYA YYA/¥YA VARRA YYY/ANY AYYY YYV/P7A VAR
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\ Ae/940A0 VARER! aY,f0V4 VARRAS AAVARRR VARYAN! A8/ VYY0 v/ AV
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240 2 Y T Y
220 4
This increase is quite noticeable to the 400 - 200
value. On the other hand, increasing the magnetic 180 b
field strength appears to have different effects on ] s i

the modal loss factors, depending on the mode
number. For the lower modes considered (m,n
=1,2), the loss factor seems to decrease, and for
the higher mode numbers, the loss factor seems 100
to initially increase at low magnetic field 80 4
strength, reach a peak at intermediate magnetic
field magnitude, and subsequently decrease as

140

120 4

Natural frequency(Mz)

the magnetic field strength is further enhanced.
The generality of the problem showed an in-
crease in the natural frequencies of the sandwich
panel with the MR core with an increase in the in-
tensity of the magnetic field. Of course, this in-
crease in frequency only continues up to a certain
level of magnetic field intensity and does not in-
crease indefinitely. This limiting value is referred
to as the saturation magnetic field intensity (3 s),
which in this research is approximately equal to
400 Gauss. Therefore, by creating a magnetic field
whose intensity can be controlled, the natural fre-
quencies and thus the vibrations of the structure
can be controlled. The effect of changes in the
magnetic field intensity, under simply supported
(SS) boundary conditions, on the natural frequen-
cies of an MR fluid sandwich panel is summarized
in Figure 2. Results for the first four modes are
shown for the following field intensities: 0, ...,600
. The findings consistently demonstrate that
as the magnetic field increases, so do the natural
frequencies corresponding to each mode.
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£.3. Influences of the MR layer thickness

A comparison of the natural frequencies of the
sandwich panel with different thicknesses of the
MR layer at different magnetic fields for the
simply supported end conditions for the first
mode has been performed, and the results are
shown in table5.

120 4

100 4

80 +

Nalural frequency(Hz)

T

r r
00 02 04 05 os 10

the ratio of core thickness {o total sheet thickness (heh)

15

The results generally show a decrease in the nat-
ural frequencies with an increase in the thickness
of the MR layer. A significant variation can be ob-
served in higher modes compared to that of lower
modes. This can be attributed to the fact that the
relative variation in the mass of the structure is
higher than that of the stiffness when the thick-
ness of the MR fluid layer increases.

3 ad A Cp
00 02 04 o8 o8 10
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Table 5. The first natural frequency and the corresponding modal loss factor for the first mode numbers for
selected MR core layer thickness parameters (h. /h = 0.1,..,0.9), geometric aspect ratios (a/b = 1,2,4,8),
and magnetic field strengths (G = 0, 100,200,300, 450 Gauss).

[0/90/0/core/0/90/0] =0 Gauss =100 Gauss = 200Gauss B=300Gauss B=450Gauss
Mode h./h a/b w(Hz) Ny w(Hz) Ny w(Hz) Ny w(Hz) My w(Hz) Ny
\ 97.7257 0.0833 106.208 0.0720 111.393 0.0631 114.773 0.0559 117.838 0.0472
VAl Y Y7AQVYF VARR A YAN/Y 7Y VARKA Yoyom 2/ AYY AREVAZ A /e Ao ARRY2AR e YEY
¥ AR VARNA v/ YAY FEV/YYY AV fvoa14 /AR fav,7y v/eAYA PARVARRY /AT
A Y¥FN YA VYOO eFY \YaF/NE Y VEY /e f e FA X322 /YA
) VY/OAF$ IR A&/ FAY o/ AAA 9.,V SN 9,091 eYE A/ YF ePEY
Y \AEYZN 44 VARRR! YEV/FY VAR YOA/PVYF VARR &4 V77,444 AT AR VARS /e ANY
Al f YIVAY VYD YYONFO /e AYA VY /e AYY FAYANY e AVY [ VARA COAYY
A ARRRVARS v/eYVA \ERA VA4 AR ARRAVAR DK ARRR 4% A AR4 VYFY /a7 VAR
) F¥/7104 Y AA YY/FAYY YeYo VY8 Y /e AFF AY/Y Y44 CIOARY AF/FYVY c/evoy
Y VoA FA VARRAS ARAVARR! VARKR YYYov VARK-A \RAVARRS VARY 5! Yfa/ Yo VZRAA
Vil f YO#/0A S YAY/8AD /e AY¥ LRVAR AR TyaNaY Y YV XFFO /eqed
A AV F/AYD AR AFV/oVY ¥ AVYY/¥ao e FPY A ¥/ VoY VOASE VYAV F S
) 58/1440 Y4 FY/NAT VYOA FY/AY) N FY VI/FAD c/eavy VE/ALFY </ AFA
X 4 /AVYY ATYY VeFANY ITY Y\ 77X OA XY YYY/PFA YYAR V¥V Y YR
¥
¥ Ya/A¥0 v/ AAA YYF/¥.Y IVARR A Yoy ARKR VY VARY.Y4 YAY/VVY ARRE-
A FYNFVE e FYA VY /FOF /e OY¥ FAA/)OY YS: YY4/¥AS eV VEY/FAY Pt
1,1 \ YA/ AYA VAR AR- 00/78+9 VARRA Fo/7Y0 VARN-TA FE/N Y ARY-IA 7Y/FY 0 vede
X Ya/9AF Y daY ¥/AVFA JVFR VO Y/FAD AYEA VY YAA AIYYY YYV/AVY AT
s
1 £ YVYA8Y AYYY YaA/AY A VYA YAV Y AYYY YYV /80 VYR Y#¥/YOA KR
A FAF/FVY o004 OY v /YYY 2k Yy s /Ay OAYV/FYY RZE FeO/FYY C/eVVY
\ \AVAYA A VAR 244 PEVAREAY VARRZ" PAPAY N4 ARAK] OA/YAYY IVARRA 7Y/FYVY /e q0.
X VI/FIVA VY A¥/AAVF YoFY 9F,¥0 ¢ VFYS Y ONY AYYA Y avAaY VYA
7
' 2 YEVFY YOVY YYY/AY AN YAV Y N FYY YO/ VAN YYAN YY /Y AYY
A YA 77 v/eAN] FYV/o VY VARRY: Foysave Y FA FYV/eAY VARAA! LERVARRY w0447
\ Y4/ FFY ARAZA Yo/AAVY VAR 4 CEVAREAYA VARAR AVARARS v/) 44 AF7/YAAY VIRAK
Y FO/047Y YATY YA/ AYY YEYY AV/YANA SYFAY 9¥/7  AY AYOA 94,4780 IRER
VA4
' ¥ Y YA/A4Y +/YYAY Yo¥/a.? VaRA%4 \NAVZA B! V/YOAY YAV« 0 YFa ARRVIER VARRA
A Yavsave VARBA \RAVARS YV yyv.Aa VARRAS AR PARNY SITYY ¥yysoov VARARE
\ YO/Ne T T VARARS AAVARRY VAR A A VAR VN VARK-YA FA/XY VARRRE A /VYVY eARY
Y 7e/¥Vvad YARA NAVAARR VARAYA XVAY.X4 AR AF/ANYN VARREA AAVAAR VARRA S
/A
' ¥ VAV/YYO Ay VFY/A0A VYA YFVNA Y VY80V YOTA YAA/ B ATV
A YYo/YAY +/YYAY Yao,0¥7 ARERE) \RARVAR A VARAK) AIRVARPA YOYe YAV/YA? VAARK
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Y BO/A0A SAYEY F7/YYAYN ARAN VY7o 7N YYAD YV/7¥4 ARR R AY/AVE /vy
¥ \ERVARRS ARKA AARZARY ARAA YO+ /AAA ARAR ARAVARYA VARAAE YYO/FAN SIYVY
A YY./ VOV ARRA ARAVARRY YAOA Yov/FYD ARAR ARRZARK! ARANY \RAVAZY SYFFY

Figure 7 demonstrates the variation of natural
frequencies against the plate aspect ratio a/b. As
the aspect ratio increases, a significant upward
trend in the natural frequencies is observed.
Physically, for a constant width b, an increase in
a/b (meaning a longer plate in the a-direction)
significantly alters the structural stiffness-to-
mass ratio. In the context of the analyzed bound-
ary conditions, higher aspect ratios lead toamore
constrained geometric configuration relative to
the vibration mode shapes, effectively increasing
the geometric stiffness of the sandwich plate. Fur-
thermore, the stiffening effect of the MR core
(controlled by the magnetic field B) becomes
more pronounced at higher aspect ratios, as the
structural response becomes more sensitive to
the shear modulus of the core layer.
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According to Figure 8, the modal loss factor of
the sandwich plate first increases and then de-
creases as the aspect ratio increases up'to 2. The
reason for this is that the natural frequency asso-
ciated with the first mode decreases significantly
with increasing aspect ratio, and this sharp re-
duction in natural frequency leads to a corre-
sponding reduction in the total strain energy of
the structure in the first mode, which in turn pro-
duces a marked increase in the modal loss factor.
With a further increase in the aspect ratio beyond
approximately 2, the natural frequency and con-
sequently the total strain energy of the structure
continue to decrease in the first mode, and due to
the reduction in the energy dissipated within the
structure, the modal loss factor associated with
this mode also decreases.
¢ ¢, Effect of plate thickness on the natural
frequency and modal loss factor

Simply supported square sandwich plates
with MR core and cross-ply layers for the facings
(0/90/0/ core/0/90/0) have been used to inves-
tigate the effect of the length-to-thickness ratio
on the frequency.
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The material parameters used in this
simulation are selected to match the
properties of standard MR fluids used in
previous experimental studies [Ref]. Fur-
thermore, the validity of the present
modeling approach is ensured by the
close agreement with the experimental
results of Lall etal. [26] and RK Ojha [27],
as presented in Table 1.

20

tween structural weight, stiffness, and damping
capacity in smart sandwich structures.
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HIGHLIGHTS

To control the sandwich panel’s natural linear
vibration based on a New Sinusoidal shear de-
formation theory, the following facts were ap-
plied:

It shows that a magnetic field will change the
stiffness of the sandwich rectangular plate.
Thus, the natural frequencies and the modal
loss factors are controllable when applying
different intensities of magnetic fields.

The natural frequencies increase with in-
creasing magnetic field for all the modes con-
sidered.

It was also noticed that there was an increase
in the loss factors with increasing magnetic
field for all the modes considered, except for a
few modes.

It was shown that the natural frequency de-
creases with increasing thickness of the MR
fluid layer for all the modes considered.

A significant variation in the natural frequen-
cies was also observed for higher modes com-
pared to those for lower modes.

It can be concluded that the amplitude of vi-
bration could be considerably reduced using
controllable MR fluids, and an MR fluid could
be effectively used in controlling the vibra-
tions of structures.

An increasing thickness of the MR core layer
will also change the stiffness of the sandwich
plate system. So, the natural frequency and
modal loss factor can be controlled through a
change in the thickness of the MR core layer.
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