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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. 
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1. Introduction 

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 

Frostig model[2], utilized polynomial descrip-
tions of core displacement fields based on these 
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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a new 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 
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formulations in performance-based frameworks 
[22]. Such approaches offer superior scalability 
and 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. 

2. Theoretical formulation and kine-
matic assumptions 

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 
ℎ𝑡 , ℎ𝑏 , ℎ𝑐 , 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 to the top and bot-
tom face sheets of the panel, respectively. 

 
Fig.1. Sandwich plate with laminated composite sheets on 

the surfaces 

2.1. Theoretical Formulation 

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. 

𝑢𝑖(𝑥, 𝑧, 𝑦, 𝑡) = 𝑢0
𝑖 (𝑥, 𝑦, 𝑡) + 𝑓1(𝑧𝑖)

𝜕𝑤0(𝑥,𝑦,𝑡)

𝜕𝑥
+

𝑓2(𝑧𝑖)𝜙𝑥
𝑖 (𝑥, 𝑦, 𝑡)  

 

𝑣𝑖(𝑥, 𝑧, 𝑦, 𝑡) = 𝑣0
𝑖 (𝑥, 𝑦, 𝑡) + 𝑓1(𝑧𝑖)

𝜕𝑤0(𝑥,𝑦,𝑡)

𝜕𝑦
+

𝑓2(𝑧𝑖)𝜙𝑦
𝑖 (𝑥, 𝑦, 𝑡)  ؛  (𝑖 = 𝑡, 𝑏)                                   (1)  

𝑤𝑖(𝑥, 𝑧, 𝑦, 𝑡) = 𝑤0
𝑖(𝑥, 𝑦, 𝑡) 

Where: 

𝑢0
𝑖 , 𝑣0

𝑖 , 𝑤0
𝑖  : Displacement components of the face 

sheets 
 

𝜙𝑥
𝑖 (𝑥, 𝑦, 𝑡) = (

𝜕𝜃𝑖(𝑥, 𝑦, 𝑡)

𝜕𝑥
+
𝜕𝑤0

𝑖(𝑥, 𝑦, 𝑡)

𝜕𝑥
) 

𝜙𝑦
𝑖 (𝑥, 𝑦, 𝑡) = (

𝜕𝜃𝑖(𝑥, 𝑦, 𝑡)

𝜕𝑦
+
𝜕𝑤0

𝑖(𝑥, 𝑦, 𝑡)

𝜕𝑦
) 

 
𝜙𝑥
𝑖 , 𝜙𝑦

𝑖 ∶ Rotation of the normal section of the mid 

surface of the top face sheet and bottom face 
sheet along x and y, respectively(i=t,b) 
 

By introducing two unknown derivative quan-

tities 
𝜕𝜃(𝑥,𝑦,𝑡)

𝜕𝑥
 and 

𝜕𝜃(𝑥,𝑦,𝑡)

𝜕𝑦
 the proposed sinusoidal 

shear deformation theory for each face sheet con-
sists of only four unknown displacement func-
tions — fewer than the five to eight unknowns re-
quired by other HSDTs, resulting in reduced com-
putational cost. When combined with the five in-
dependent unknowns of the MR core 
(𝑢0𝑐, 𝑢1𝑐 , 𝑣0𝑐 , 𝑣1𝑐 , 𝑤0𝑐), obtained after applying 
the displacement compatibility conditions at the 
core–face sheet interfaces, the complete sand-
wich panel system yields a total of 13 coupled 
governing equations in 13 unknowns. 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: 

𝑓1(𝑧𝑖) = 𝑧𝑖   , 𝑓2(𝑧𝑖) =
ℎ √15

3𝜋
𝑠𝑖𝑛 (

𝜋𝑧

ℎ
)                    (2)    

Thickness of the top face sheet, bottom face 
sheet, and core is ℎ𝑡 , ℎ𝑏 and ℎ𝑐 , respectively. The 
sandwich panel is supposed to have length a, 
width b, and total thickness h. The sinusoidal 
shear strain extraction function 𝑓2(𝑧𝑖) is adopted 
to account for the non-linear distribution of 
transverse shear stresses through the thickness 
of the face-sheets. Unlike the classical plate the-
ory, this function eliminates the need for a shear 
correction factor and ensures zero shear stress 
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conditions at the top and bottom surfaces of the 
face-sheets.                                                         

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 where zi is the vertical coordinate of 
each face sheet (i = t, b), measured upward from 
the mid-plane of each face sheet.  

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: 
 
 1. The face sheets are modeled based on the 
First-order Shear Deformation Theory (FSDT), 
while the core is treated as a 3D elastic medium 
with nonlinear displacement fields. 

 
2. The transverse normal stress of the core is as-
sumed to vary through its thickness, allowing for 
the compressibility of the core (non-rigid core in 
the vertical direction). 

 
3. Perfect bonding is assumed at the interfaces 
between the face sheets and the core.[2] 

  

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: 
𝑢𝑐(𝑥, 𝑦, 𝑧, 𝑡) = 𝑢0

𝑐(𝑥, 𝑦, 𝑡) + 𝑧𝑐𝑢1
𝑐(𝑥, 𝑦, 𝑡) +

𝑧𝑐
2𝑢2

𝑐(𝑥, 𝑦, 𝑡) + 𝑧𝑐
3𝑢3

𝑐(𝑥, 𝑦, 𝑡)  
 
𝑣𝑐(𝑥, 𝑦, 𝑧, 𝑡) = 𝑣0

𝑐(𝑥, 𝑦, 𝑡) + 𝑧𝑐𝑣1
𝑐(𝑥, 𝑦, 𝑡) +

𝑧𝑐
2𝑣2

𝑐(𝑥, 𝑦, 𝑡) + 𝑧𝑐
3𝑣3

𝑐(𝑥, 𝑦, 𝑡)         
                                                                                   (3) 
𝑤𝑐(𝑥, 𝑦, 𝑧, 𝑡) = 𝑤0

𝑐(𝑥, 𝑦, 𝑡) + 𝑧𝑐𝑤1
𝑐(𝑥, 𝑦, 𝑡) +

𝑧𝑐
2𝑤2

𝑐(𝑥, 𝑦, 𝑡)  
 
where: 𝑢𝑐, 𝑣𝑐 , 𝑤𝑐 ∶Displacement components of 
the core. 

The polynomial coefficients 𝑢𝑐 , 𝑣𝑐 , 𝑤𝑐  in the 
core displacement field are determined by invok-
ing the displacement continuity conditions at the 
interfaces between the core and the face sheets 

(𝑧𝑐𝑡 =
ℎ𝑐

2
 , 𝑧𝑐𝑏 = −

ℎ𝑐

2
). 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] 
𝜀𝑥𝑥
𝑖 = 𝜀0𝑥𝑥

𝑖 + 𝑓1(𝑧𝑖)𝐿𝑥𝑥
𝑖 + 𝑓2(𝑧𝑖)𝑘𝑥𝑥

𝑖    
 
 𝜀𝑦𝑦
𝑖 = 𝜀0𝑦𝑦

𝑖 + 𝑓1(𝑧𝑖)𝐿𝑦𝑦
𝑖 + 𝑓2(𝑧𝑖)𝑘𝑦𝑦 

𝑖  

 
 𝜀𝑧𝑧
𝑖 = 0 

 
𝛾𝑥𝑦
𝑖 = 2𝜀𝑥𝑦

𝑖 =𝛾0𝑥𝑦
𝑖 + 𝑓1(𝑧𝑖)𝐿𝑥𝑦

𝑖 + 𝑓2(𝑧𝑖)𝑘𝑥𝑦
𝑖  

 

𝛾𝑥𝑧
𝑖 = 2𝜀𝑥𝑧

𝑖 = 𝛾0𝑥𝑧
𝑖 +

𝜕𝑓1(𝑧𝑖)

𝜕𝑧𝑖
𝐺𝑥𝑧
𝑖 +

𝜕𝑓2(𝑧𝑖)

𝜕𝑧𝑖
𝑇𝑥𝑧
𝑖 , (4)  

 

𝛾𝑦𝑧
𝑖 = 2𝜀𝑦𝑧

𝑖 = 𝛾0𝑦𝑧
𝑖 +

𝜕𝑓1(𝑧𝑖)

𝜕𝑧𝑖
𝐺𝑦𝑧
𝑖 +

𝜕𝑓2(𝑧𝑖)

𝜕𝑧𝑖
𝑇𝑦𝑧
𝑖  

 

𝜀0𝑥𝑥
𝑖 =

𝜕𝑢0
𝑖

𝜕𝑥
,    𝜀0𝑦𝑦

𝑖 =
𝜕𝑣0

𝑖

𝜕𝑦
 , 𝛾0𝑥𝑦

𝑖 =
𝜕𝑣0

𝑖

𝜕𝑥
+

𝜕𝑢0
𝑖

𝜕𝑦
           

  𝛾0𝑥𝑧
𝑖 =

𝜕𝑤0
𝑖

𝜕𝑥
  ,  𝛾0𝑦𝑧

𝑖 =
𝜕𝑤0

𝑖

𝜕𝑦
,   𝐿𝑥𝑥

𝑖 =
𝜕2𝑤0

𝑖

𝜕𝑥2
,   

 𝑘𝑥𝑥
𝑖 =

𝜕𝜙𝑥
𝑖

𝜕𝑥
,   𝐿𝑦𝑦

𝑖 =
𝜕2𝑤0

𝑖

𝜕𝑦2
,      𝑘𝑦𝑦

𝑖 =
𝜕𝜙𝑦

𝑖

𝜕𝑦
,        (5)       

  𝐿𝑥𝑦
𝑖 = 2

𝜕2𝑤0
𝑖

𝜕𝑥𝜕𝑦
,       𝑘𝑥𝑦

𝑖 =
𝜕𝜙𝑥

𝑖

𝜕𝑦
+

𝜕𝜙𝑦
𝑖

𝜕𝑥
  ,  

 𝐺𝑥𝑧
𝑖 =

𝜕𝑤0
𝑖

𝜕𝑥
  , 𝑇𝑥𝑧

𝑖 = 𝜙𝑥
𝑖  , 𝐺𝑦𝑧

𝑖 =
𝜕𝑤0

𝑖

𝜕𝑦
  , 𝑇𝑦𝑧

𝑖 = 𝜙𝑦
𝑖  

2.3.2. Define strain and displacement relationships 
for core 

𝜀𝑥𝑥
𝑐 =

𝜕𝑢𝑐

𝜕𝑥
, 𝜀𝑦𝑦
𝑐 =

𝜕𝑣𝑐

𝜕𝑦
 , 𝜀𝑧𝑧

𝑐 =
𝜕𝑤𝑐

𝜕𝑧
 

𝛾𝑥𝑦
𝑐 = 2𝜀𝑥𝑦

𝑐 = 
𝜕𝑣𝑐

𝜕𝑥
+

𝜕𝑢𝑐

𝜕𝑦
 , 𝛾𝑥𝑧

𝑐 = 2𝜀𝑥𝑧
𝑐 =

𝜕𝑤𝑐

𝜕𝑥
+

𝜕𝑢𝑐

𝜕𝑧
  (6) 

 𝛾𝑦𝑧
𝑐 = 2𝜀𝑦𝑧

𝑐 = 
𝜕𝑤𝑐

𝜕𝑦
+

𝜕𝑣𝑐

𝜕𝑧
    

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] 
εxx
c = (ε0xx + zcχ0xx + zc

2ε0xx
∗ + zc

3χ0xx
∗ ) , 

 εyy
c = (ε0yy + zcχ0yy + zc

2ε0yy
∗ + zc

3χ0yy
∗ ) 

εzz
c = ε0zz + zcχ0zz 
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γxy
c = ε0xy + zcχ0xy + zc

2ε0xy
∗ + zc

3χ0xy
∗ + ε0yx +

zcχ0yx + zc
2ε0yx
∗ + zc

3χ0yx
∗                                      (7) 

 
γxz
c = ε0xz + zcχ0xz + zc

2ε0xz
∗ + zc

3χ0xz
∗ + ε1xz +

zcχ1xz + zc
2ε1xz
∗    

 
γyz
c = ε0yz + zcχ0yz + zc

2ε0yz
∗ + zc

3χ0yz
∗ + ε1yz +

zcχ1yz + zc
2ε1yz
∗   

 

ε0xx =
∂u0

c

∂x
,   χ0xx =

∂u1
c

∂x
     , ε0xx

∗ =
∂u2

c

∂x
  

 χ0xx
∗ =

∂u3
c

∂x
 , ε0yy =

∂v0
c

∂y
,  

 

 χ0yy =
∂v1
c

∂y
 , ε0yy

∗ =
∂v2

c

∂y
,     χ0yy

∗ =
∂v3
c

∂y
  , ε0zz = w1

c,

χ0zz = 2w2
c    

         

 ε0xy =
∂v0

c

∂x
  , χ0xy =

∂v1
c

∂x
 ,    ε0xy

∗ =
∂v2

c

∂x
  , 

 

 χ0xy
∗ =

∂v3
c

∂x
 , ε0yx =

∂u0
c

∂y
  , χ0yx =

∂u1
c

∂y
                (8) 

 ε0yx
∗ =

∂u2
c

∂y
  , χ0yx

∗ =
∂u3

c

∂y
 ,      

ε0xz =
∂w0

c

∂x
  , χ0xz =

∂w1
c

∂x
 ,    ε0xz

∗ =
∂w2

c

∂x
 , χ0xz

∗ = 0   

 
   ε1xz = u1

c  ,       χ1xz = 2u2
c  ,     εxz

∗ = 3u3
c     

 ε0yz =
∂w0

c

∂y
  ,     χ0yz =

∂w1
c

∂y
 ,    ε0yz

∗ =
∂w2

c

∂y
  

 
  χ0xy
∗ = 0 ,      ε1yz = v1

c , χ1yz = 2v2
c , εyz

∗ = 3v3
c  

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 

junctions of the core and face sheets. Let 𝑧𝑐𝑡 =
ℎ𝑐

2
  

denote the top interface and , 𝑧𝑐𝑏 = −
ℎ𝑐

2
 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] 

{
 
 

 
 𝑢𝑐(𝑧 = 𝑧𝑐𝑖) = 𝑢0

𝑖 +
1

2
(−1)𝑘ℎ𝑖𝜙𝑥

𝑖

𝑣𝑐(𝑧 = 𝑧𝑐𝑖) = 𝑣0
𝑖 +

1

2
(−1)𝑘ℎ𝑖𝜙𝑦

𝑖

𝑤𝑐(𝑧 = 𝑧𝑐𝑖) = 𝑤0
𝑖

    

 {
𝐹𝑜𝑟 𝑖 = 𝑡 → (𝑘 = 𝑧𝑐𝑡؛1 =

ℎ𝑐
2
)

𝐹𝑜𝑟 𝑖 = 𝑏 → (𝑘 = 𝑧𝑐𝑏؛0 = −
ℎ𝑐
2
)

                     (9) 

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. Therefore, the 11 unknown parame-
ters of the core are reduced to 5 independent un-
knowns, namely 𝑢0

𝑐 , 𝑢1
𝑐 , 𝑣0

𝑐 , 𝑣1
𝑐 , 𝑤0

𝑐  
2.3.4. Stress resultants for the core layer 

Stress resultants per unit length for the core 
layer are defined as demonstrated below: 

  {

𝑁𝑥𝑥
𝑐

𝑁𝑦𝑦
𝑐

𝑁𝑥𝑦
𝑐
} = ∫ {

𝜎𝑥𝑥
𝑐

𝜎𝑦𝑦
𝑐

𝜎𝑥𝑦
𝑐
}

ℎ𝑐 2⁄

−ℎ𝑐 2⁄
𝑑𝑧𝑐  , {

𝑀𝑛𝑥𝑥
𝑐

𝑀𝑛𝑦𝑦
𝑐

𝑀𝑛𝑥𝑦
𝑐
} =

∫ 𝑧𝑐
𝑛 {

𝜎𝑥𝑥
𝑐

𝜎𝑦𝑦
𝑐

𝜎𝑥𝑦
𝑐
}

ℎ𝑐 2⁄

−ℎ𝑐 2⁄
𝑑𝑧𝑐 ,

{
 

 
𝑁𝑥𝑧
𝑐

𝑁𝑦𝑧
𝑐

𝑀𝑛𝑥𝑧
𝑐

𝑀𝑛𝑦𝑧
𝑐 }
 

 

=

∫ 𝑧𝑐
𝑛

{
 

 
𝜎𝑥𝑧
𝑐

𝜎𝑦𝑧
𝑐

𝑧𝑐
𝑛𝜎𝑥𝑧

𝑐

𝑧𝑐
𝑛𝜎𝑦𝑧

𝑐 }
 

 
ℎ𝑐 2⁄

−ℎ𝑐 2⁄
𝑑𝑧𝑐                                              (10) 

  {𝑅𝑧
𝑐 , 𝑀𝑧

𝑐} = ∫ (1, 𝑧𝑐)𝜎𝑧𝑧
𝑐 𝑑𝑧𝑐

ℎ𝑐 2⁄

−ℎ𝑐 2⁄
 , 𝑛 = 1,2,3   

 
2.3.5. Stress resultants for the face sheets 

Stress resultants per unit length for the face 
sheets can be defined as follows:[3] 

{

𝑁𝑥𝑥
𝑖

𝑁𝑦𝑦
𝑖

𝑁𝑥𝑦
𝑖

} = ∫ {

𝜎𝑥𝑥
𝑖

𝜎𝑦𝑦
𝑖

𝜎𝑥𝑦
𝑖

}

ℎ𝑖 2⁄

−ℎ𝑖 2⁄

𝑑𝑧𝑖  ,  

{

𝑀𝑥𝑥
𝑖

𝑀𝑦𝑦
𝑖

𝑀𝑥𝑦
𝑖

} = ∫ 𝑓1(𝑧𝑖) {

𝜎𝑥𝑥
𝑖

𝜎𝑦𝑦
𝑖

𝜎𝑥𝑦
𝑖

}

ℎ𝑖 2⁄

−ℎ𝑖 2⁄

𝑑𝑧𝑖  ,  

{

𝑃𝑥𝑥
𝑖

𝑃𝑦𝑦
𝑖

𝑃𝑥𝑦
𝑖

} = ∫ 𝑓2(𝑧𝑖) {

𝜎𝑥𝑥
𝑖

𝜎𝑦𝑦
𝑖

𝜎𝑥𝑦
𝑖

}
ℎ𝑖 2⁄

−ℎ𝑖 2⁄
𝑑𝑧𝑖       

𝑁𝑥𝑧
𝑖  = ∫ 𝜎𝑥𝑧

𝑖 𝑑𝑧𝑖

ℎ𝑖 2⁄

−ℎ𝑖 2⁄

 ,  

𝑅𝑥𝑧
𝑖  = ∫ (

𝜕𝑓1(𝑧𝑖)

𝜕𝑧
)𝜎𝑥𝑧

𝑖 𝑑𝑧𝑖 ,

ℎ𝑖 2⁄

−ℎ𝑖 2⁄

 

𝑆𝑥𝑧
𝑖  = ∫ (

𝜕𝑓2(𝑧𝑖)

𝜕𝑧
) 𝜎𝑥𝑧

𝑖 𝑑𝑧𝑖,
ℎ𝑖 2⁄

−ℎ𝑖 2⁄
 (𝑖 = 𝑡, 𝑏)         (11)   

 

𝑁𝑦𝑧
𝑖  = ∫ 𝜎𝑦𝑧

𝑖 𝑑𝑧𝑖

ℎ𝑖 2⁄

−ℎ𝑖 2⁄

, 

𝑅𝑦𝑧
𝑖  = ∫ (

𝜕𝑓1(𝑧𝑖)

𝜕𝑧
) 𝜎𝑦𝑧

𝑖 𝑑𝑧𝑖 ,

ℎ𝑖 2⁄

−ℎ𝑖 2⁄

 

 

𝑆𝑦𝑧
𝑖  = ∫ (

𝜕𝑓2(𝑧𝑖)

𝜕𝑧
)𝜎𝑦𝑧

𝑖 𝑑𝑧𝑖,
ℎ𝑖 2⁄

−ℎ𝑖 2⁄
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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 (Eqs.1-8). By applying the 
compatibility conditions (Eq. 9), the core coeffi-
cients are linked to the primary variables. Then, 
the strain-displacement relations (Eqs.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 principle can be expressed as follows: 

(12)      ∫ 𝛿𝐿𝑑𝑡 = ∫ (𝛿𝐾 − 𝛿𝑈 + 𝛿𝑊𝑒𝑥𝑡)𝑑𝑡 = 0
𝑡2
𝑡1

𝑡2
𝑡1

 

where 𝛿𝐾 represents changes in kinetic energy, 
𝛿𝑈 represents changes in potential energy, and 
𝛿𝑊𝑒𝑥𝑡  represents changes in energy caused by ex-
ternal forces. Here, because the aim is to check 
free vibrations, this value is equal to zero 
(𝛿𝑊𝑒𝑥𝑡=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 𝑡1 and 𝑡2, the virtual kinetic en-
ergy of the system 𝛿𝐾 can be expressed in terms 
of acceleration components as follows: 
 
 
δK = −∑ [∬ ∫ ρi(üiδui + v̈iδvi + ẅiδwi)dzi dAi

hi 2⁄

−hi 2⁄Ai
]i=t,b,c        (13)

  
dAc = dxcdyc,    dAi = dxidyi,    (i = t, b) 
 

3.2. Strain energy 

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

δU = ∑ (∫ (σxx
i δεxx

i + σyy
i δεyy

i + τxy
i δγxy

i +
Vi

i=t,b

τxz
i δγxz

i + τyz
i δγyz

i )dVi ) + ∫ (τxy
c δγxy

c +
Vc

τxz
c δγxz

c + τyz
c δγyz

c )dVc                                          (14)  

 
dVc = dAcdzc = dxcdycdzc  , dVi = dAidzi =
dxidyidzi  ;   (i = 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 linear equations 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: 
𝛿𝑤0

𝐶 : 

𝜕𝑁𝑥𝑧
𝑐

𝜕𝑥
−

4

ℎ𝑐
2

𝜕𝑀2𝑥𝑧
𝑐

𝜕𝑥
−

4

ℎ𝑐
2

𝜕𝑀2𝑦𝑧
𝑐

𝜕𝑦
+

𝜕𝑁𝑦𝑧
𝐶

𝜕𝑦
+

8

ℎ𝑐
2𝑀𝑧

𝑐 = 

(
16𝐼4

𝑐

ℎ𝑐
4 −

8𝐼2
𝑐

ℎ𝑐
2 + 𝐼0

𝑐) 𝑤̈0
𝑐 + (

2𝐼2
𝑐

ℎ𝑐
2 −

8𝐼4
𝑐

ℎ𝑐
4 +

𝐼1
𝑐

ℎ𝑐
−

4𝐼3
𝑐

ℎ𝑐
3 ) 𝑤̈0

𝑡 +

(
2𝐼2
𝑐

ℎ𝑐
2 −

8𝐼4
𝑐

ℎ𝑐
4 −

𝐼1
𝑐

ℎ𝑐
+

4𝐼3
𝑐

ℎ𝑐
3 ) 𝑤̈0

𝑏                                       (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: 

𝐼0
𝑡 = ∫ 𝜌𝑡

ℎ𝑡
2

−
ℎ𝑡
2

𝑑𝑧𝑡      

 𝐼1
𝑡 = ∫ 𝜌𝑡

ℎ𝑡
2

−
ℎ𝑡
2

𝑓1(𝑧𝑖)𝑑𝑧𝑡       

 𝐼2
𝑡 = ∫ 𝜌𝑡

ℎ𝑡
2

−
ℎ𝑡
2

𝑓2(𝑧𝑖)𝑑𝑧𝑡     

 

  𝐼3
𝑡 = ∫ 𝜌𝑡

ℎ𝑡
2

−
ℎ𝑡
2

𝑓1(𝑧𝑖)𝑓2(𝑧𝑖)𝑑𝑧𝑡  

𝐼4
𝑡 = ∫ 𝜌𝑡

ℎ𝑡
2

−
ℎ𝑡
2

[𝑓2(𝑧𝑖)]
2𝑑𝑧𝑡    

   𝐼0
𝑏 = ∫ 𝜌𝑏

ℎ𝑏
2

−
ℎ𝑏
2

𝑑𝑧𝑏   

  𝐼1
𝑏 = ∫ 𝜌𝑏

ℎ𝑏
2

−
ℎ𝑏
2

𝑓1(𝑧𝑖)𝑑𝑧𝑏           (16)         

 𝐼2
𝑏 = ∫ 𝜌𝑏

ℎ𝑏
2

−
ℎ𝑏
2

𝑓2(𝑧𝑖)𝑑𝑧𝑏  

 𝐼3
𝑏 = ∫ 𝜌𝑏

ℎ𝑏
2

−
ℎ𝑏
2

𝑓1(𝑧𝑖)𝑓2(𝑧𝑖)𝑑𝑧𝑏  

  𝐼4
𝑏 = ∫ 𝜌𝑏

ℎ𝑏
2

−
ℎ𝑏
2

[𝑓2(𝑧𝑖)]
2𝑑𝑧𝑏          

 
  Moments of inertia for the core layer as indi-
cated below: 
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𝐼𝑛
𝑐 = ∫ 𝜌𝑐𝑧𝑐

𝑛

ℎ𝑐
2

−
ℎ𝑐
2

𝑑𝑧𝑐             𝑛 = 0,1, … ,6          (17) 

3.4 Lamina constitutive Relations 

The linear constitutive relations for the kth ortho-
tropic lamina in the principal material coordi-
nates of a lamina are :[24] 

 [

𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑥𝑦

] = [

𝑄11    𝑄12    𝑄16 
𝑄12    𝑄22    𝑄26 
𝑄16    𝑄26    𝑄66

]

(𝑘)

[

𝜀𝑥𝑥
𝜀𝑦𝑦
𝜀𝑥𝑦

] 

[
𝜎𝑦𝑧
𝜎𝑥𝑧

] = [
𝑄44    𝑄45 
𝑄45    𝑄55 

]
(𝑘)

[
𝜀𝑦𝑧
𝜀𝑥𝑧
]                          (18)  

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

𝑄11 =
𝐸1

1−𝑣12𝑣21
, 𝑄12 =

𝑣12𝐸1

1−𝑣12𝑣21
, 𝑄22 =

𝐸2

1−𝑣12𝑣21
 , 𝑄66 = 𝐺12, 𝑄44 = 𝐺23, 𝑄55 = 𝐺13        (19)  

 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] 

[

𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑥𝑦

] = [

𝑄̅11    𝑄̅12    𝑄̅16 
𝑄̅12    𝑄̅22    𝑄̅26 
𝑄̅16    𝑄̅26    𝑄̅66

]

(𝑘)

[

𝜀𝑥𝑥
𝜀𝑦𝑦
𝜀𝑥𝑦

] 

 [
𝜎𝑦𝑧
𝜎𝑥𝑧

] = [
𝑄̅44 𝑄̅45
𝑄̅45 𝑄̅55

] [
𝜀𝑦𝑧
𝜀𝑥𝑧
]                          (20)   

Where 𝑄̅𝑖𝑗  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:  

𝑄̅11 = 𝑄11𝑐𝑜𝑠
4𝜃 + 2(𝑄12 + 2𝑄66)𝑠𝑖𝑛

2𝜃 𝑐𝑜𝑠2𝜃 +
Q22𝑠𝑖𝑛

4𝜃  
 

 𝑄̅12 = (𝑄11 + 𝑄22 − 4𝑄66)𝑠𝑖𝑛
2𝜃 𝑐𝑜𝑠2𝜃 +

𝑄12(𝑠𝑖𝑛
4𝜃 + 𝑐𝑜𝑠4𝜃)  

 

𝑄̅22 = 𝑄11𝑠𝑖𝑛
4𝜃 + 2(𝑄12 + 2𝑄66)𝑠𝑖𝑛

2𝜃 𝑐𝑜𝑠2𝜃 +
Q22𝑐𝑜𝑠

4𝜃  
            
  𝑄̅16 = (𝑄11 − 𝑄12 − 2𝑄66)𝑠𝑖𝑛𝜃 𝑐𝑜𝑠

3𝜃 +
(𝑄12 − 𝑄22 + 2𝑄66)𝑠𝑖𝑛

3𝜃 𝑐𝑜𝑠𝜃                           (21)                                  
 

 𝑄̅26 = (𝑄11 − 𝑄12 − 2𝑄66)𝑠𝑖𝑛
3𝜃 𝑐𝑜𝑠𝜃 + (𝑄12 −

𝑄22 + 2𝑄66)𝑠𝑖𝑛𝜃 𝑐𝑜𝑠
3𝜃  

 

𝑄̅66 = (𝑄11 + 𝑄22 − 2𝑄12 − 2𝑄66)𝑠𝑖𝑛
2𝜃𝑐𝑜𝑠2𝜃 +

𝑄66(𝑠𝑖𝑛
4𝜃 + 𝑐𝑜𝑠4𝜃)  

 

  𝑄̅44 = 𝑄44𝑐𝑜𝑠
4𝜃 + 𝑄55𝑠𝑖𝑛

4𝜃 
 
  𝑄̅45 = (𝑄55 − 𝑄44) 𝑐𝑜𝑠𝜃𝑠𝑖𝑛 𝜃 
 
  𝑄̅55 = 𝑄55𝑐𝑜𝑠

4𝜃 + 𝑄44𝑠𝑖𝑛
4𝜃 

 

3.5. Model of MR material 

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 Gauss). Both the storage and 
shear moduli were expressed using the following 
second-order polynomial functions with respect 
to the field intensity:[10] 

𝐺′(𝛽) = −3.3691𝛽2 + 4.9975 × 103𝛽 + 0.873 × 106  
 
𝐺"(𝛽) = −0.9𝛽2 + 0.8124 × 103𝛽 + 0.1855 × 106  

 

𝐺(𝛽) = 𝐺 ′(𝛽) + 𝑖𝐺"(𝛽) 
 

Where β 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. 
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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:   

𝜎𝑥𝑧
𝑐 = 𝐺(𝐵)𝑥𝑧

𝑐 𝛾𝑥𝑧
𝑐 = 𝐺(𝐵)𝑥𝑧

𝑐 [
𝜕𝑤0

𝐶

𝜕𝑥
+ 𝑧

𝜕𝑤1
𝐶

𝜕𝑥
+

𝑧2
𝜕𝑤2

𝐶

𝜕𝑥
] + 𝐺(𝐵)𝑥𝑧

𝑐 [𝑢1
𝑐 + 2𝑧𝑢2

𝑐 + 3𝑧2𝑢3
𝑐]          (22)    

 
  

𝜎𝑦𝑧
𝑐 = 𝐺(𝐵)𝑦𝑧

𝑐 𝛾𝑦𝑧
𝑐 = 𝜎𝑦𝑧

𝑐 [
𝜕𝑤0

𝐶

𝜕𝑦
+ 𝑧

𝜕𝑤1
𝐶

𝜕𝑦
+ 𝑧2

𝜕𝑤2
𝐶

𝜕𝑦
] +

𝐺(𝐵)𝑦𝑧
𝑐 [𝑣1

𝑐 + 2𝑧𝑣2
𝑐 + 3𝑧2𝑣3

𝑐]                            (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. 

    

[
 
 
 
 
 
 
 
 𝑢0

𝑗(𝑥, 𝑦, 𝑡)

𝑣0
𝑗(𝑥, 𝑦, 𝑡)

𝑤0
𝑗(𝑥, 𝑦, 𝑡)

𝜃𝑗(𝑥, 𝑦, 𝑡)

𝑢𝑘
𝑐(𝑥, 𝑦, 𝑡)

𝑣𝑘
𝑐(𝑥, 𝑦, 𝑡)

𝑤0
𝑐(𝑥, 𝑦, 𝑡)]

 
 
 
 
 
 
 
 

= ∑ ∑

[
 
 
 
 
 
 
 
 𝑈0𝑚𝑛

𝑗
𝑐𝑜𝑠 (𝛼𝑚𝑥)𝑠𝑖𝑛(𝛽𝑛𝑦)

𝑉0𝑚𝑛
𝑗
𝑠𝑖𝑛 (𝛼𝑚𝑥)𝑐𝑜𝑠(𝛽𝑛𝑦)

𝑊0𝑚𝑛
𝑗
𝑠𝑖𝑛 (𝛼𝑚𝑥)𝑠𝑖𝑛(𝛽𝑛𝑦)

𝛳0𝑚𝑛
𝑗

𝑠𝑖𝑛 (𝛼𝑚𝑥)𝑠𝑖𝑛(𝛽𝑛𝑦)

𝑈𝑘𝑚𝑛
𝑐 𝑐𝑜𝑠 (𝛼𝑚𝑥)𝑠𝑖𝑛(𝛽𝑛𝑦)

𝑉𝑘𝑚𝑛
𝑐 𝑠𝑖𝑛 (𝛼𝑚𝑥)𝑐𝑜𝑠(𝛽𝑛𝑦)

𝑊𝑙𝑚𝑛
𝑗
𝑠𝑖𝑛 (𝛼𝑚𝑥)𝑠𝑖𝑛(𝛽𝑛𝑦)]

 
 
 
 
 
 
 
 

∞
𝑚=1

∞
𝑛=1 𝑒𝑖𝜔𝑡,  

   (𝑘 = 0,1,2,3), (𝑙 = 0,1,2)                                                               (24)    
  

where  𝛼𝑚 =
𝑚𝜋

𝑎
  and  𝛽𝑛 =

𝑛𝜋

𝑏
 

In Equation (24) 

𝑊𝑙𝑚𝑛
𝑗
, 𝑉𝑘𝑚𝑛

𝑐 , 𝑈𝑘𝑚𝑛
𝑐 , 𝛳0𝑚𝑛

𝑗
,𝑊0𝑚𝑛

𝑗
, 𝑈0𝑚𝑛

𝑗
, 𝑉0𝑚𝑛

𝑗
  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: 

[𝐾 − 𝜆𝑚𝑛𝑀]{𝑐} = {0}                                       (25) 
 {𝑐} =
{𝑈0𝑚𝑛

𝑡 , 𝑈0𝑚𝑛
𝑏 ,𝑉0𝑚𝑛

𝑡 ,𝑉0𝑚𝑛
𝑏 ,𝑊0𝑚𝑛

𝑡 , 𝑊0𝑚𝑛
𝑏 , 𝜃0𝑚𝑛

𝑡 ,
 𝜃0𝑚𝑛
𝑏 , 𝑈0𝑚𝑛

𝑐 ,𝑉0𝑚𝑛
𝑐 , 𝑈1𝑚𝑛

𝑐 , 𝑉1𝑚𝑛
𝑐 , 𝑊0𝑚𝑛

𝑐 }𝑡   

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

The eigenvalue parameter, 𝜆𝑚𝑛 is a complex 
quantity due to the frequency-dependent com-
plex shear modulus of the MR core. It is related to 
the complex natural frequency 𝜔 of the sandwich 

structure as . The real and imaginary 
parts of this complex eigenvalue are 

subsequently used to determine the natural fre-
quencies and modal loss factors, as defined in 
Eq.(26). To determine the dynamic characteris-
tics of the MR sandwich plate, the complex eigen-
value, denoted as (𝜔̃2), is analyzed. This complex 
parameter encapsulates both the elastic storage 
and viscous dissipation properties of the system. 
The real part of the complex eigenvalue,    

√𝑅𝑒(𝜔̃2), represents the square of the system's 
damped natural frequency, while the ratio of the 
imaginary part to the real part defines the modal 
loss factor 𝜂𝑣 . The modal loss factor is a non-di-
mensional measure of the energy dissipated per 
radian to the peak strain energy stored in the sys-
tem during a cycle of vibration. Accordingly, 
these parameters are extracted as follows:                                                        

    𝜔 = √𝑅𝑒(𝜔̃2),      𝜂𝑣 =
𝐼𝑚(𝜔̃2)

𝑅𝑒(𝜔̃2)
                         (26)   

Due to the complex-valued shear modulus of the 
MR core, the resulting global stiffness matrix [K] 
is complex and frequency-dependent. Conse-
quently, the governing equations lead to a com-
plex eigenvalue problem of the form 

 [𝐾 − 𝜆𝑚𝑛𝑀]{𝑐} = {0}. To solve this, an iterative 
procedure is employed, or a direct solver for com-
plex matrices is used. The extraction of physical 
parameters is performed by decomposing the 
complex eigenvalue 𝜆 into its real and imaginary 
parts, as detailed in Eq. (26), to obtain the natural 
frequencies and modal loss factors, respectively.  

   

4. Results and Discussion 

 

4.1. Computational Implementation 

The governing equations of motion and the re-
sulting numerical formulations were verified and 
implemented using Wolfram Mathematica (ver-
sion 12). The powerful symbolic computation en-
gine of Mathematica was utilized to perform the 
rigorous derivation of the governing equations 
and to verify the mathematical consistency of the 
differential operators. For the numerical solution 
of the nonlinear problems and the extraction of 
critical values, the built-in high-precision numer-
ical solvers of the software were employed. Addi-
tionally, for data post-processing, the generation 
of professional-grade figures, and the construc-
tion of detailed tables, Origin Pro software was 
used. All computational tools were utilized under 
academic licenses to ensure the accuracy and re-
producibility of the presented results. 
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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].  

4.2. Free vibration of a simply-supported pane 

In this section, the free vibrations of a sandwich 
panel with composite face sheets and MR core us-
ing a novel sinusoidal shear deformation theory 

have been investigated, and the effects of chang-
ing the thickness of the MR layer, aspect ratio, and 
magnetic field intensity on the natural frequen-
cies and the modal loss factor of the panels have 
been investigated. The mechanical and geometric 
characteristics of the desired structure in this 
section are presented in Table 3. The sandwich 
panel is symmetric about the mid-plane, and the 
lay-up sequences for the face sheets are [0, 90, 0, 
core, 0, 90, 0]. The most important observations 
are as follows. The natural frequencies increase 
with increasing magnetic field strength. In partic-
ular, the effect of increasing magnetic field 
strength is more evident on the natural frequen-
cies associated with the higher mode numbers in 
comparison with those of the lower modes. 
 
 
To determine the vibration characteristics, a 
complex eigenvalue analysis is performed. The 
frequency-dependent properties of the MR core 
result in a complex stiffness matrix. The real part 
of the resulting eigenvalues provides the natural 
frequencies, while the modal loss factors are ex-
tracted from the ratio of the imaginary part to the 
real part of the eigenvalues, representing the sys-
tem's damping capacity for each mode. 
 
 
 
 
 
 

 

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

Lall et al [28]                RK Ojha [29] Present 
error analysis 

Lall et al & 
Present  

error analysis RK Ojha 
& Present 

Mode 
Natural   

frequency 
(Hz) 

Loss 
factor 

Natural 
frequency 

(Hz) 

Loss 
factor 

Natural 
frequency 

(Hz) 

Loss 
factor 

Natural   
frequency 

(Hz) 

Natural   
frequency (Hz) 

1 155.20 0.04431 156.30 - 155.131 0.0438 0.04% 0.63% 

2 374.14 0.01918 372.83 - 373. 67 0.01910 0.12% 0.22% 

3 374.14 0.01918 377.63 - 373.67 0.01910 0.12% 1.04% 

4 593.22 0.01224 593.97 - 591.71 0.01221 0.25% 0.38% 

 

 

 

 

 
Table. 2. Comparison of natural frequency obtained by Manoharan et al  [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 
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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 
4 325.15 327.15 327.3 

 

 
 
 
 
 
 
 
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 ρ =1627 Kg/m3 𝜌 =3500 Kg/m3 

 
b=0.3m 

 
𝐸1=131 GPa   

𝐸2=𝐸3=10.34 GPa 
𝐺12 = 𝐺13 =𝐺23= 𝐺 = 𝐺 ′ + i𝐺" 

ℎ𝑐 = 1mm 

 
 

𝐺12 = 𝐺23=6.895 GPa  
 𝐺13 = 6.205 GPa 

 

 
 

    𝐺 ′= -3.3691 β 2+4.9975×103 β +0.873×106 
 
 
  

ℎ𝑖=1 mm (i=t, b) 𝑣12 = 𝑣13 = 0.22, 𝑣23=0.49 
    𝐺"=-0.9 β 2+0.8124×103 β +0.1855×106 

 
 
 
 

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 (ℎ𝑐  / ℎ𝑡  = 1, 4,8), geometric aspect ratios (a/b = 1, 2, 4,8), 
and magnetic field strengths (β = 0, 100, 200, 300,400,450,500,600 Gauss). 

[0/90/0/core/0/90/0] β=0 Gauss β=100 Gauss β= 200Gauss β= 300Gauss 

 Mode ℎ𝑐 / ℎ𝑡 a/b 𝜔(𝐻𝑧) 𝜂𝑣 ω(𝐻𝑧) 𝜂𝑣 ω(𝐻𝑧) 𝜂𝑣 ω(𝐻𝑧) 𝜂𝑣 

(1,1) 

 
1 
 
 

1 61.1592 0.1149 68.8699 0.1070 74.048 0.0985 77.6522 0.0904 
2 102.097 0.1261 116.701 0.1243 127.14 0.1190 134.751 0.1123 
4 239.647 0.0867 264.305 0.0969 283.313 0.1002 297.923 0.0996 
8 752.373 0.0346 784.416 0.0440 810.69 0.0496 831.792 0.0524 

 
4 

1 40.2391 0.1630 47.2434 0.1394 51.8097 0.1233 54.94 0.1107 
2 66.9461 0.1803 80.2209 0.1613 89.3961 0.1475 95.9697 0.1357 
4 134.285 0.1698 160.129 0.1623 178.915 0.1543 192.883 0.1459 
8 321.757 0.1163 365.769 0.1244 399.391 0.1258 425.165 0.1234 

 
8 

1 35.8066 0.1632 41.917 0.1341 45.7598 0.1158 48.3301 0.1023 
2 60.4799 0.1869 72.7259 0.1618 80.986 0.1451 86.8031 0.1318 
4 117.335 0.1963 142.958 0.1780 161.18 0.1651 174.557 0.1538 
8 245.782 0.1784 295.546 0.1700 331.961 0.1620 359.218 0.1535 

(1,2) 

 
 

1 

1 102.097 0.1261 116.701 0.1243 127.14 0.1190 134.751 0.1123 
2 178.666 0.0695 193.38 0.0785 204.624 0.0815 213.188 0.0811 
4 295.91 0.0670 319.724 0.0781 338.411 0.0830 352.942 0.0839 
8 794.241 0.0324 826.01 0.0414 852.11 0.0469 873.102 0.0497 

 
4 

1 66.9461 0.1803 80.2209 0.1613 89.3961 0.1475 95.9697 0.1357 
2 93.8763 0.1549 110.297 0.1484 122.082 0.1407 130.737 0.1324 
4 152.27 0.1557 179.363 0.1527 199.252 0.1471 214.12 0.1401 
8 334.776 0.1123 379.092 0.1211 413.04 0.1229 439.105 0.1208 

8 

1 60.4799 0.1869 72.7259 0.1618 80.986 0.1451 86.8031 0.1318 
2 79.7632 0.1856 96.0768 0.1661 107.413 0.1522 115.576 0.1403 
4 128.896 0.1920 156.522 0.1756 176.24 0.1636 190.746 0.1527 
8 252.841 0.1762 303.461 0.1686 340.54 0.1608 368.307 0.1525 

(2,1) 1 1 152.042 0.0583 162.562 0.0669 170.625 0.0701 176.776 0.07033 
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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( ℎ𝑐  / ℎ𝑡  = 1,4,8), geometric 
aspect ratios (a/b = 1, 2, 4,8), and magnetic field strengths (β = 0, 100, 200, 300,400,450,500,600 Gauss). 

 

2 239.647 0.0867 264.305 0.0969 283.313 0.1002 297.923 0.0996 
4 752.373 0.0346 784.416 0.0440 810.69 0.0496 831.792 0.0524 
8 2773.9 0.0100 2808.85 0.0136 2838.37 0.0161 2862.64 0.0177 

4 

1 75.9222 0.1438 88.2748 0.1394 97.1411 0.1329 103.65 0.1255 
2 134.285 0.1698 160.129 0.1623 178.915 0.1543 192.883 0.1459 
4 321.757 0.1163 365.769 0.1244 399.391 0.1258 425.165 0.1234 
8 973.281 0.0504 1033.31 0.0621 1081.95 0.0685 1120.69 0.0712 

8 

1 62.9969 0.1795 75.4377 0.1610 84.0535 0.1476 90.245 0.1362 
2 117.335 0.1963 142.958 0.1780 161.18 0.1651 174.557 0.1538 
4 245.782 0.1784 295.546 0.1700 331.961 0.1620 359.218 0.1535 
8 588.538 0.1238 674.009 0.1310 739.142 0.1316 789.035 0.1287 

(2,2) 

1 

1 178.666 0.0695 193.38 0.0785 204.624 0.0815 213.188 0.0811 
2 295.91 0.0670 319.724 0.0781 338.411 0.0830 352.942 0.0839 
4 794.241 0.0324 826.01 0.0414 852.11 0.0469 873.102 0.0497 
8 2810.03 0.0099 2844.93 0.0134 2874.41 0.0159 2898.65 0.0174 

4 

1 93.8763 0.1549 110.297 0.1484 122.082 0.1407 130.737 0.1324 
2 152.27 0.1557 179.363 0.1527 199.252 0.1471 214.12 0.1401 

4 334.776 0.1123 379.092 0.1211 413.04 0.1229 439.105 0.1208 

8 984.58 0.0499 1044.62 0.0615 1093.3 0.0679 1132.09 0.0706 

8 

1 79.7632 0.1856 96.0768 0.1661 107.413 0.1522 115.576 0.1403 

2 128.896 0.1920 156.522 0.1756 176.24 0.1636 190.746 0.1527 

4 252.841 0.1762 303.461 0.1686 340.54 0.1608 368.307 0.1525 

8 593.808 0.1230 679.532 0.1303 744.892 0.1311 794.972 0.1283 

[0/90/0/core/0/90/0] β=400 Gauss β= 450Gauss β=500 Gauss β= 600Gauss 
Mode ℎ𝑐 / ℎ𝑡 a/b 𝜔(𝐻𝑧) 𝜂𝑣 ω(𝐻𝑧) 𝜂𝑣 ω(𝐻𝑧) 𝜂𝑣 ω(𝐻𝑧) 𝜂𝑣 

(1,1) 

 
1 
 
 

1 80.1662 0.0828 81.1038 0.0790 81.8597 0.0725 82.8888 0.0674 
2 140.248 0.1049 142.342 0.1008 144.05 0.0966 146.407 0.0873 
4 308.892 0.0964 313.169 0.0939 316.7 0.0909 321.653 0.0833 
8 848.151 0.0529 854.652 0.0524 860.075 0.0513 867.776 0.0479 

 
4 

1 57.1039 0.0999 57.9072 0.0949 58.5533 0.0900 59.4303 0.0803 
2 100.668 0.1247 102.448 0.1192 103.896 0.1137 105.889 0.1022 
4 203.156 0.1367 207.117 0.1317 210.369 0.1263 214.9 0.1145 
8 444.516 0.1184 452.066 0.1150 458.304 0.1111 467.063 0.1016 

 
8 

1 50.0759 0.0914 50.7173 0.0864 51.2304 0.0817 51.9225 0.0726 
2 90.9085 0.1201 92.4519 0.1144 93.7019 0.1089 95.4135 0.0975 
4 184.312 0.1427 188.055 0.1370 191.12 0.1311 195.378 0.1184 
8 379.381 0.1441 387.186 0.1390 393.609 0.1335 402.584 0.1211 

(1,2) 

 
 

1 

1 140.248 0.1004 142.342 0.1001 144.05 0.0966 146.407 0.0873 
2 219.566 0.0784 222.038 0.0764 224.073 0.0739 226.915 0.0677 
4 363.938 0.0821 368.244 0.0804 371.808 0.0781 376.82 0.0719 
8 889.393 0.0502 895.872 0.0498 901.277 0.0488 908.958 0.0456 

 
4 

1 100.668 0.1247 102.448 0.1192 103.896 0.1137 105.889 0.1022 
2 137.035 0.1235 139.447 0.1188 141.419 0.1138 144.153 0.1029 
4 225.091 0.1318 229.328 0.1272 232.811 0.1222 237.668 0.1109 
8 458.693 0.1161 466.34 0.1129 472.66 0.1092 481.535 0.0999 

8 

1 90.9085 0.1201 92.4519 0.1144 93.7019 0.1089 95.4135 0.0975 
2 121.436 0.1292 123.662 0.1236 125.475 0.1180 127.975 0.1061 
4 201.338 0.1419 205.406 0.1363 208.738 0.1305 213.369 0.1179 
8 388.852 0.1433 396.806 0.1382 403.352 0.1327 412.498 0.1204 
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The variation of the modal loss factor  

𝜂𝑣 can be understood within the framework of 

the Modal Strain Energy (MSE) method. The 

modal loss factor for the 𝑛-th mode is expressed 

as: 𝜂𝑣 =
𝑊𝑛

core

𝑊𝑛
total ⋅ 𝜂core

. 

where 𝑊𝑛
coreis the modal strain energy stored in 

the MR core, 𝑊𝑛
totalis the total modal strain energy 

of the sandwich panel, and 𝜂coreis the material 

loss factor of the MR core. 

The MR fluid core is characterized by a complex 

shear modulus of the form: 𝐺 = 𝐺′ + 𝑖𝐺′′. 

where 𝐺′is the storage modulus (representing 

the elastic stiffness component) and 𝐺′′ = 𝜂core ⋅ 

𝐺′is the loss modulus (representing the viscous 

dissipation capacity). Both 𝐺′and 𝐺′′are strongly 

dependent on the applied magnetic field intensity 

β, and this field-dependence is the primary mech-

anism through which the modal loss factor of the 

sandwich panel is tunable. 

Under increasing magnetic field, 𝐺′increases sig-

nificantly, stiffening the MR core and thereby in-

creasing the shear strain energy concentrated 

within it. However, the ratio 𝐺′′/𝐺′ does not in-

crease monotonically and may plateau or de-

crease at higher field intensities depending on the 

MR fluid composition. Consequently, the modal 

loss factor 𝜂𝑣  reflects a competition between two 

effects: 

1. Increased strain energy fraction in the core — 

as the core stiffens, a larger proportion of the to-

tal modal strain energy is stored in the MR layer, 

which tends to increase 𝜂𝑣. 

2. Reduction in the intrinsic loss factor 𝜂core at 

high field intensities, the dissipation efficiency of 

the MR fluid may decrease, which tends to de-

crease 𝜂𝑣. 

The non-monotonic or mode-dependent varia-

tion of 𝜂𝑣  observed in the results is therefore a di-

rect consequence of this interplay. Higher-order 

modes, which exhibit greater shear deformation 

in the core relative to bending of the face sheets, 

generally yield a higher 𝑊𝑛
core/𝑊𝑛

totalratio, and are 

thus more sensitive to changes in the complex 

shear modulus of the MR core. 

 

The modal loss factor of the sandwich panel is 
governed not by the magnetic field intensity di-
rectly, but by the relative rate of change of the 

(2,1) 

1 

1 181.363 0.0683 183.143 0.0666 184.608 0.0646 186.656 0.0593 
2 308.892 0.0964 313.169 0.0939 316.7 0.0909 321.653 0.0833 
4 848.151 0.0529 854.652 0.0524 860.075 0.0513 867.776 0.0479 
8 2881.81 0.0183 2889.51 0.0184 2895.98 0.0182 2905.23 0.0172 

4 

1 108.385 0.1174 110.197 0.113 111.679 0.1083 113.734 0.0980 
2 203.156 0.1367 207.117 0.1317 210.369 0.1263 214.9 0.1145 
4 444.516 0.1184 452.066 0.1150 458.304 0.1111 467.063 0.1016 
8 1150.55 0.0711 1162.38 0.0701 1172.23 0.0685 1186.19 0.0636 

8 

1 94.6843 0.1254 96.3698 0.1201 97.7424 0.1147 99.6349 0.1032 
2 184.312 0.1427 188.055 0.1370 191.12 0.1311 195.378 0.1184 
4 379.381 0.1441 387.186 0.1390 393.609 0.1335 402.584 0.1211 
8 826.492 0.1233 841.11 0.1198 853.19 0.1156 870.153 0.1057 

(2,2) 

1 

1 219.566 0.0784 222.038 0.0764 224.073 0.0739 226.915 0.0677 
2 363.938 0.0821 368.244 0.0804 371.808 0.0781 376.82 0.0719 
4 889.393 0.0502 895.872 0.0498 901.277 0.0488 908.958 0.0456 
8 2917.79 0.0181 2925.84 0.0181 2931.94 0.0179 2941.19 0.0169 

4 

1 137.035 0.1235 139.447 0.1188 141.419 0.1138 144.153 0.1029 
2 225.091 0.1318 229.328 0.1272 232.811 0.1222 237.668 0.1109 

4 458.693 0.1161 466.34 0.1129 472.66 0.1092 481.535 0.0999 

8 1161.99 0.0705 1173.84 0.0695 1183.7 0.0679 1197.69 0.0631 

8 

1 121.436 0.1292 123.662 0.1236 125.475 0.1180 125.975 0.1061 

2 201.338 0.1419 205.406 0.1363 208.738 0.1305 213.369 0.1179 

4 388.852 0.1433 396.806 0.1382 403.352 0.1327 412.498 0.1204 

8 832.577 0.1229 847.254 0.1194 859.383 0.1153 876.417 0.1054 
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storage modulus 𝐺′and the loss modulus 𝐺′′of the 
MR core. These two quantities respond differ-
ently to an applied magnetic field, and it is their 
ratio that ultimately determines the dissipative 
behaviour of the system. 

The material loss factor of the MR core is defined 

as: 𝜂core =
𝐺′′

𝐺′
= tan 𝛿 

As the magnetic field intensity 𝐻increases, both 
𝐺′and 𝐺′′increase; however, they do not increase 
at the same rate. Three distinct regimes can be 
identified: 

Regime 1 — Low field intensity: At low field 
levels, 𝐺′′increases at a proportionally higher 
rate than 𝐺′, increasing in tan 𝛿and consequently 
an increase in 𝜂core. In this regime, the modal loss 
factor 𝜂𝑣of the panel tends to increase with the 
applied field. 

Regime 2 — Intermediate field intensity: As 
the field increases further, the rates of increase of 
𝐺′and 𝐺′′ become comparable. The storage mod-
ulus begins to dominate, as the magnetorheolog-
ical effect progressively stiffens the core. The ra-
tio 𝐺′′/𝐺′approaches a plateau, and the modal 
loss factor stabilises or exhibits only marginal 
variation. 

Regime 3 — High field intensity (saturation): 
Near magnetic saturation, 𝐺′continues to in-
crease or saturates, while 𝐺′′may plateau or even 
decrease. This causes tan 𝛿 to decline, reducing 
𝜂coreand therefore the panel-level modal loss fac-
tor 𝜂𝑣. 

This behavior is further modulated by the modal 
strain energy distribution. Even if 𝜂coredecreases 
at high field intensities, the simultaneous stiffen-
ing of the core increases the proportion of strain 
energy stored within it, 𝑊𝑛

core/𝑊𝑛
total increases. 

The net effect on 𝜂𝑛is therefore determined by 
the competition between the decrease in 𝜂coreand 
the increase in the core strain energy fraction. De-
pending on which effect dominates, 𝜂𝑛may in-
crease, decrease, or exhibit a non-monotonic 
trend with respect to the applied magnetic field 
— consistent with the results reported in the pre-
sent study. 

This clarification has been incorporated into the 
revised manuscript to ensure a more physically 
complete and accurate interpretation of the ob-
served loss factor behavior. 

 

 

 

The increased sensitivity of higher vibration 
modes to the applied magnetic field intensity can 

be physically attributed to the mode-dependent 
distribution of shear deformation within the MR 
core and the corresponding variation in the 
modal strain energy (MSE) fraction concentrated 
in the core layer. 
 
The physical reasoning proceeds as follows: 
 
Shear deformation and mode shape curva-
ture: Higher vibration modes are characterized 
by shorter half-wavelengths and greater spatial 
curvature in their mode shapes. For a sandwich 
panel with soft-core construction, the transverse 
shear deformation is predominantly accommo-
dated by the compliant MR core rather than the 
stiff composite face sheets. As the mode number 
increases, the number of inflection points in the 
mode shape increases, and the magnitude of the 
transverse shear strain within the core grows 
correspondingly. This results in a disproportion-
ately larger fraction of the total strain energy be-
ing stored in the MR core for higher modes. 
 
Modal strain energy participation: As ob-
served from the present results across the field 
levels 𝐵= 400, 450, 500, and 600 Gauss, the shift 
in natural frequency and the variation in modal 
loss factor 𝜂𝑣 become more pronounced with in-
creasing mode number. This is consistent with 
the fact that, for higher modes, a greater propor-
tion of 𝑊𝑛

totalresides in the MR core — the very 
layer whose mechanical properties (𝐺′  and 𝐺′′) 
are being actively altered by the magnetic field. 
Consequently, any field-induced change in the 
complex shear modulus 𝐺 = 𝐺′ + 𝑖𝐺′′ has a more 
significant impact on the overall dynamic re-
sponse for higher modes than for lower ones. 
 
Lower modes: For the fundamental and lower 
modes, the panel deformation is dominated by 
global bending, with relatively smooth mode 
shapes and lower shear strain gradients in the 
core. The face sheets — which are magnetically 
insensitive — carry a larger share of the strain 
energy. As a result, changes in the MR core prop-
erties produce only a modest effect on the natural 
frequency and loss factor of these modes. 
 
Higher modes: In contrast, for higher-order 
modes — as clearly evidenced by the tabulated 
results across the (1, 1) , (1, 2) , (2, 1) , and 
(2, 2) mode families — the core strain energy 
fraction 𝑊𝑛

core/𝑊𝑛
total is substantially larger. The 

stiffening of the MR core with increasing field in-
tensity therefore produces a more pronounced 
upward shift in natural frequency and a more sig-
nificant variation in modal loss factor. This en-
hanced tunability of higher modes is a desirable 
property for semi-active vibration control 



Authors / Mechanics of Advanced Composite Structures Vol (year) first page-last page 

14 

applications, where selective modal targeting is 
often required. 
 
This mode-dependent behavior is fully consistent 
with classical sandwich beam and plate theory, 
wherein the contribution of core shear flexibility 
to the overall dynamic response increases with 
mode number, and confirms that the MR core is 
most effective as a controllable damping element 
for higher vibration modes. 
 
 
The observed enhancement in the natural fre-
quencies with the increase of magnetic field in-
tensity is physically attributed to the stiffening 

effect of the Magnetorheological (MR) core. When 
an external magnetic field is applied, the MR par-
ticles within the core form chain-like structures 
along the field lines, which significantly increases 
the storage shear modulus of the material. Conse-
quently, the transverse shear stiffness of the en-
tire sandwich panel is enhanced, leading to a 
higher restoration force during vibration and, 
therefore, an upward shift in the natural frequen-
cies. 
 
 
 
 
 

 
 
This increase is quite noticeable to the 400 Gauss 
value. On the other hand, increasing the magnetic 
field strength appears to have different effects on 
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 
to initially increase at low magnetic field 
strength, reach a peak at intermediate magnetic 
field magnitude, and subsequently decrease as 
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 (β 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 
Gauss. The findings consistently demonstrate that 
as the magnetic field increases, so do the natural 
frequencies corresponding to each mode. 
 

 
 Figure 2. Effect of magnetic field intensity (𝑩) on the first 
four natural frequencies 𝝎𝒏of the MR-cored sandwich plate 
for 𝒉𝒄/𝒉𝒕 = 𝟏and a square plate aspect ratio of 𝒂/𝒃 = 𝟏.  
 

Results are presented for mode numbers. 
(𝑚 , 𝑛)= (1, 1), (1, 2), (2, 1), and (2, 2), illustrating 
the progressive upward shift in natural frequency 
with increasing applied field, attributable to the 
field-induced stiffening of the complex shear 
modulus Gof the MR core. 
 
 
 

As observed in Fig. 2, the natural frequencies in-
crease with the magnetic field intensity. This is 
physically attributed to the stiffening effect of the 
MR fluid core. Under an external magnetic field, 
the iron particles within the MR layer align into 
chain-like structures, which significantly en-
hances the complex shear modulus of the core. 
Consequently, the overall structural stiffness of 
the sandwich plate increases, leading to higher 
natural frequencies for all vibration modes. 
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Figure 3. Influence of magnetic field on the modal loss factor 

𝜂𝑣. for the first four vibration modes (𝑚, 𝑛)= (1, 1), (1, 2), 
(2, 1), and (2, 2)of the MR-cored sandwich plate (ℎ𝑐/ℎ𝑡 = 1, 
𝑎/𝑏 = 1). 
 

 
The modal loss factor in Fig. 3 exhibits a non-
monotonic behavior for higher modes. This phe-
nomenon can be interpreted through the compe-
tition between two mechanisms: the increase in 
the core's storage modulus and the variation in 
the modal strain energy (MSE) distribution. 
While a stronger magnetic field enhances the ma-
terial's intrinsic damping capacity to a certain 
point, the resulting increase in stiffness may shift 
the strain energy away from the MR core towards 
the elastic face sheets. When the reduction in the 
energy fraction stored in the MR layer outweighs 
the increase in its loss modulus, a decline in the 
overall modal loss factor is observed. 
 
 

 

4 .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. 

 

Figure 4. Influence of the MR core-to-total thickness ratio 
hc/h  on the natural frequencies 𝝎𝒏of the MR-cored sandwich 
plate under simply supported boundary conditions, evaluated 
across magnetic field intensities, for a square plate geometry 
(𝑎/𝑏 = 1).  

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. 

The observed decrease in natural frequencies 
with an increase in the MR-core thickness can be 
physically attributed to the trade-off between the 
structural stiffness and the total mass of the sand-
wich panel. Although increasing the core thick-
ness typically increases the moment of inertia, 
the MR core is significantly more compliant 
(softer) than the high-stiffness composite face 
sheets. Consequently, the increment in the over-
all stiffness is marginal compared to the linear in-
crease in the total mass of the panel. This leads to 
a reduction in the overall stiffness-to-mass ratio, 
which results in a downward shift of the natural 
frequencies, as governed by the fundamental re-

lationship 𝒇𝒏 ∝ √𝒌/𝒎. 

 

Figure 5. Influence of the MR core-to-total thickness 
ratio ℎ𝑐/ℎon the modal loss factor 𝜂𝑣  of the MR-cored 
sandwich plate under simply supported boundary con-
ditions, evaluated across magnetic field intensities of 
𝐵= 0, 100, 200, 300, and 450 Gauss, for a square plate 
geometry (𝑎/𝑏 = 1). 

 

 

Figure 5 illustrates the influence of the core-to-
total thickness ratio ℎ𝑐/ℎ  on the modal loss fac-
tor. It is observed that the loss factor initially in-
creases with ℎ𝑐/ℎ  , reaches a peak at approxi-
mately ℎ𝑐/ℎ  ≈0.7 and then begins to decline. The 
physical interpretation of this trend lies in the 
trade-off between the volume of the dissipative 
MR material and the structural stiffness. Initially, 
increasing the core thickness provides more MR 
material to dissipate energy. However, beyond a 
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certain ratio, the reduction in the facesheets' 
thickness (which provides the necessary con-
straint for shear deformation in the core) leads to 
a decrease in the shear strain levels within the 
MR layer. Since the damping in sandwich struc-
tures primarily depends on the interfacial shear 
strain, an excessively thick core with very thin 
face sheets fails to undergo significant shearing, 
thereby reducing the overall modal loss factor. 
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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 (hc / 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] β=0 Gauss β=100 Gauss β= 200Gauss β= 300Gauss β= 450Gauss 

Mode hc / h a/b 𝜔(𝐻𝑧) 𝜂𝑣 ω(𝐻𝑧) 𝜂𝑣 ω(𝐻𝑧) 𝜂𝑣 ω(𝐻𝑧) 𝜂𝑣 ω(𝐻𝑧) 𝜂𝑣 

(1,1) 

 

0.1 

 

 

1 97.7257 0.0833 106.208 0.0720 111.393 0.0631 114.773 0.0559 117.838 0.0472 

2 168.574 0.1061 188.267 0.1001 201.531 0.0927 210.769 0.0854 219.611 0.0747 

4 409.335 0.0787 447.241 0.0870 475.919 0.0891 497.62 0.0879 519.927 0.0821 

8 1304.15 0.0318 1355.14 0.0404 1396.76 0.0455 1430.06 0.0480 1466 0.0479 

 

0.2 

1 77.5846 0.0960 85.6697 0.0888 90.97 0.0811 94.5915 0.0740 98.0034 0.0642 

2 130.846 0.1101 147.143 0.1092 158.674 0.1046 166.999 0.0986 175.22 0.0882 

4 317.915 0.0735 345.765 0.0838 367.321 0.0877 383.913 0.0877 401.232 0.0832 

8 1029.23 0.0279 1064.7 0.0360 1093.92 0.0410 1117.47 0.0436 1143.06 0.0439 

 

0.3 

1 64.6159 0.1098 72.3924 0.1025 77.602 0.0944 81.2199 0.0867 84.6772 0.0757 

2 108.068 0.1212 122.939 0.1201 133.57 0.1152 141.316 0.1089 149.035 0.0979 

4 256.58 0.0819 281.585 0.0924 300.915 0.0960 315.797 0.0958 331.345 0.0905 

8 814.925 0.0320 847.073 0.0409 873.495 0.0464 894.753 0.0491 917.816 0.0492 

0.4 

1 55.1995 0.1259 62.8086 0.1158 67.921 0.1062 71.485 0.0973 74.9047 0.0849 

2 91.8771 0.1372 106.114 0.1330 116.258 0.1264 123.649 0.1189 131.02 0.1065 

4 209.845 0.0988 234.303 0.1079 253 0.1101 267.3 0.1086 282.172 0.1015 

8 638.676 0.0418 671.456 0.0524 698.152 0.0584 719.485 0.0611 742.497 0.0606 

0.5 

1 48.1839 0.1425 55.6509 0.1279 60.635 0.1158 64.1002 0.1055 67.4205 0.0915 

2 79.984 0.1552 93.8768 0.1460 103.685 0.1368 110.798 0.1277 117.874 0.1135 

4 173.952 0.1227 198.819 0.1281 217.502 0.1274 231.651 0.1236 264.258 0.1141 

8 494.473 0.0595 530.222 0.0716 558.856 0.0777 581.473 0.0799 605.633 0.0777 

0.6 

1 42.9642 0.1566 50.2094 0.1365 54.986 0.1220 58.2837 0.1102 61.4272 0.0950 

2 71.3178 0.1717 84.8874 0.1567 94.3516 0.1446 101.17 0.1338 107.92 0.1181 

4 147.37 0.1512 172.901 0.1495 191.702 0.1447 205.781 0.1381 220.2 0.1257 

8 380.606 0.0889 421.022 0.1005 452.575 0.1048 477.083 0.1049 502.917 0.0996 

0.7 

1 39.0443 0.1648 45.8874 0.1396 50.3185 0.1229 53.3424 0.1099 56.1983 0.0940 

2 65.0967 0.1834 78.1823 0.1627 87.1819 0.1481 93.6087 0.1358 99.9255 0.1191 

4 128.993 0.1782 154.906 0.1676 173.629 0.1583 187.505 0.1490 201.609 0.1339 

8 297.575 0.1319 343.34 0.1370 377.9 0.1362 404.217 0.1323 431.553 0.1223 

0.8 

1 35.8066 0.1632 41.917 0.1341 45.7598 0.1158 48.3301 0.1023 50.7173 0.0864 

2 60.4799 0.1869 72.7259 0.1618 80.986 0.1451 86.8031 0.1318 92.4519 0.1144 

4 117.335 0.1963 142.958 0.1780 161.18 0.1651 174.557 0.1538 188.055 0.1370 

8 245.782 0.1784 295.546 0.1700 331.961 0.1620 359.218 0.1535 387.186 0.1390 

0.9 1 31.8564 0.1429 36.4484 0.1114 39.1557 0.0930 40.8884 0.0802 42.4408 0.0662 
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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 to a more 
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. 
 

 

Figure 7. Influence of the plate aspect ratio 𝑎/𝑏 on the 
natural frequencies 𝜔𝑛of the MR-cored sandwich plate 
under simply supported boundary conditions, evalu-
ated across magnetic field intensities of 𝐵 for ℎ𝑐/ℎ𝑡= 1. 

 

 

Figure 8. Influence of the plate aspect ratio 𝑎/𝑏  on the 
modal loss factor 𝜂𝑣of the MR-cored sandwich plate 
under simply supported boundary conditions, evalu-
ated across magnetic field intensities of 𝐵 for ℎ𝑐/ℎ𝑡= 1. 

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. 
4 .4.   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. 

 

Figure 9. Influence of the length-to-thickness ratio 

𝑎/ℎ  on the natural frequencies 𝜔𝑛of the MR-cored sand-

wich plate under simply supported boundary conditions, 

evaluated across magnetic field intensities of 𝐵= 0, 100, 

200, 300, and 450 Gauss, for ℎ𝑐/ℎ𝑡= 1 and a square plate 

geometry (𝑎/𝑏 = 1).  

 

Fig. 9 depicts the variation of natural frequencies 

as a function of the length-to-thickness ratio a/h. 

A sharp decline in the natural frequency is ob-

served as the plate becomes thinner (increasing 

a/h. As the a/h ratio increases, the plate transi-

tions from a 'thick plate' to a 'thin plate' regime, 

where the significant reduction in the flexural 

2 55.8958 0.1763 66.3291 0.1470 73.0618 0.1285 77.649 0.1145 81.976 0.0976 

4 109.902 0.2002 134.105 0.1771 150.988 0.1619 163.208 0.1493 175.381 0.1317 

8 220.757 0.2049 271.217 0.1858 307.421 0.1729 334.219 0.1617 361.485 0.1447 
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rigidity leads to a drastic decrease in the natural 

frequencies. Furthermore, at very high a/h ratios 

(thin plates), the effect of the magnetic field be-

comes less perceptible in the absolute frequency 

values, as the overall stiffness is dominated by the 

geometric slenderness of the structure. 

 

Figure 10. Influence of the length-to-thickness ratio 
𝑎/ℎ  on the modal loss factor 𝜂𝑣of the MR-cored sand-
wich plate under simply supported boundary condi-
tions, evaluated across magnetic field intensities of 𝐵= 
0, 100, 200, 300, and 450 Gauss, for ℎ𝑐/ℎ𝑡= 1 and a 
square plate geometry (𝑎/𝑏 = 1). 

 
 
Fig. 10 illustrates the effect of the length-to-thick-
ness ratio a/h on the modal loss factor. A compel-
ling crossover behavior is observed: for thicker 
plates (lower a/h), higher magnetic fields en-
hance the loss factor, whereas for thinner plates 
(higher a/h), the trend reverses. Mechanically, 
this can be explained by the shift in the energy 
dissipation mechanism. In thin plates, the struc-
tural behavior is dominated by bending. As the 
magnetic field increases, the core becomes signif-
icantly stiffer, which can 'lock' the shear defor-
mation or shift the strain energy toward the elas-
tic face sheets. This reduction in the relative 
shear strain within the MR layer for very thin con-
figurations leads to a decrease in the overall 
modal loss factor, despite the higher intrinsic 
damping capacity of the MR material at higher 
fields. 

 

In this section, a dedicated discussion has been 
added to provide a rigorous physical justification 
of the observed trends in modal loss factor, 
grounded in the Modal Strain Energy (MSE) 
framework. It has been clarified that the overall 
modal loss factor 𝜼𝒗is not solely a function of the 
intrinsic material loss factor of the MR core, but is 
primarily governed by the fraction of the total 
strain energy stored in the dissipative core layer, 
expressed as: 

𝜂𝑣 = 𝜂core ×
𝑈shear

MR

𝑈total
=
𝐺′′

𝐺′
×
𝑈shear

MR

𝑈total
 

 

where 𝑈shear
MR is the shear strain energy stored 

in the MR core, 𝑈totalis the total strain energy of 
the sandwich plate system, and 𝜂core = 𝐺

′′/𝐺′is 
the intrinsic loss factor of the MR fluid, defined as 
the ratio of the loss modulus 𝐺′′to the storage 
modulus 𝐺′of the complex shear modulus 𝐺 =
𝐺′ + 𝑖𝐺′′. 

The non-monotonic behavior of 𝜂𝑣observed in 
Figures 3, 5, and 10 is governed by the competi-
tion between two opposing mechanisms that re-
spond differently to changes in the applied mag-
netic field intensity, core thickness ratio ℎ𝑐/ℎ𝑡 , 
and length-to-thickness ratio 𝑎/ℎ: 

Mechanism 1 — Field-induced increase in in-
trinsic loss factor: At lower magnetic field inten-
sities, 𝐺′′increases at a proportionally higher rate 
than 𝐺′, causing 𝜂core = 𝐺

′′/𝐺′to rise. Simultane-
ously, the stiffening of the MR core increases the 

shear strain energy fraction 𝑈shear
MR /𝑈total, as a 

greater proportion of the total modal strain en-
ergy becomes concentrated in the core. Both ef-
fects act cooperatively in this regime, producing 
a progressive increase in 𝜂𝑣 . 

Mechanism 2 . Stiffening-induced reduction in 
energy fraction: As the magnetic field intensity 
increases further, the storage modulus 𝐺′begins 
to dominate over 𝐺′′, reflecting the progressive 
development of the field-induced microstructure 
within the MR fluid. Although the core stiffens — 

which tends to increase 𝑈shear
MR /𝑈total the intrinsic 

loss factor 𝜂core = 𝐺′′/𝐺′ simultaneously de-
creases as 𝐺′grows faster than 𝐺′′. Beyond a crit-
ical field level, the reduction in 𝜂coreoutweighs the 
gain in the energy fraction, and 𝜂𝑣begins to de-
cline. This stiffening-dominated regime is re-
sponsible for the descending branch of the non-
monotonic curves observed in the figures. 

Equilibrium point Peak loss factor: The peaks 
observed in Figures 3, 5, and 10 represent the 
precise parametric conditions at which these two 
competing mechanisms reach equilibrium — that 

is, where the marginal gain in 𝑈shear
MR /𝑈totaldue to 

core stiffening is exactly offset by the marginal re-
duction in 𝜂core. Beyond these peak points, the 
stiffening effect dominates and the modal loss 
factor declines, irrespective of the continued in-
crease in the applied magnetic field, core thick-
ness, or geometric slenderness ratio. These peak 
points therefore represent near-optimal operat-
ing conditions for the MR-cored sandwich plate in 
semi-active vibration control applications, and 
their identification across the parametric space of 
𝐵, ℎ𝑐/ℎ𝑡 , and 𝑎/ℎ constitutes a key design insight 
of the present study. 
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 5. Conclusions 
  

In this study, a high-order vibration 
model for MR-cored composite sand-
wich plates was developed and vali-
dated. Beyond the numerical observa-
tions, the following fundamental conclu-
sions regarding the structural physics of 
these systems can be drawn: 

  
 Dynamic Tunability: The research con-
firms that the MR core provides a robust 
mechanism for active vibration control. 
The natural frequencies can be shifted by 
changing the magnetic field, which is pri-
marily due to the formation of particle 
chains within the MR elastomer, increas-
ing the storage modulus 

  
 Optimal Damping Configuration: A criti-
cal finding is that the modal loss factor 
does not scale linearly with core thick-
ness. The existence of an optimal core-
to-panel thickness ratio ℎ𝑐/ℎ ≈ 0.7 sug-
gests that maximum energy dissipation 
occurs when there is a specific balance 
between the core's shear volume and the 
face sheets' bending constraint. 

  
 Stiffness-Damping Trade-off: The study 
identifies a "crossover" effect in damping 
performance related to plate slender-
ness. In thin plates, excessively high 
magnetic fields can "lock" the core's 
shear deformation, leading to a counter-
intuitive reduction in the modal loss fac-
tor despite higher material damping. 

  
 Geometric Sensitivity: The sensitivity of 

the system to the aspect ratio a/b in-
creases significantly at higher magnetic 
field intensities, indicating that the MR 
effect is more pronounced in geometri-
cally constrained configurations. 

  
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 et al. [26] and RK Ojha [27], 
as presented in Table 1. 
  

 

 

  

The current study relies on established empirical 

and analytical models to describe the behavior of 

MR-based structures. However, the integration of 

data-driven intelligence offers a significant op-

portunity to extend this framework. Specifically, 

the empirical MR models—which often involve 

nonlinearities that are difficult to capture analyt-

ically—could be replaced or enhanced by learned 

models based on neural networks (e.g., FCNNs or 

LSTMs), similar to the approaches demonstrated 

in recent literature [Dejanović et al., 2025]. Such 

an intelligent optimization framework could be 

utilized to automate the tuning of design param-

eters, such as magnetic field intensity and damp-

ing factors, leading to a more robust and adaptive 

vibration control system. This transition from 

traditional empirical modeling to machine learn-

ing-based estimation would not only reduce com-

putational overhead but also increase the predic-

tive accuracy in real-time engineering applica-

tions. 

 

The primary novelty of this research lies in the 

development and rigorous implementation of a 

refined higher-order sinusoidal shear defor-

mation theory for a thick sandwich panel with a 

Magnetorheological Core. Unlike previous stud-

ies that often rely on simplified first-order theo-

ries or conventional numerical approximations, 

this work provides a comprehensive symbolic-

numerical framework developed in Wolfram 

Mathematica (version 12). This approach allows 

for: 

1. The derivation of exact governing equations 

without the need for shear correction factors. 

2. A more precise capture of the linear interaction 

between the MR core and the face layers. 

3. The introduction of an optimized computa-

tional algorithm which enhances the accuracy of 

frequency response analysis compared to classi-

cal models. 

 

 

These findings provide a practical design guide-
line for engineers to optimize the trade-off be-
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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