
symmetryS S

Article

Identification of Magnetorheological Layer Properties by Using
Refined Plate Theory

Ivan Kernytskyy 1, Eugeniusz Koda 1 , Bohdan Diveyev 2, Orest Horbay 2, Lyubomyr Sopilnyk 3,
Ruslan Humenuyk 4, Yaroslav Sholudko 4 and Piotr Osinski 1,*

����������
�������

Citation: Kernytskyy, I.; Koda, E.;

Diveyev, B.; Horbay, O.; Sopilnyk, L.;

Humenuyk, R.; Sholudko, Y.; Osinski,

P. Identification of

Magnetorheological Layer Properties

by Using Refined Plate Theory.

Symmetry 2021, 13, 1601. https://

doi.org/10.3390/sym13091601

Academic Editor: Raffaele Barretta

Received: 1 July 2021

Accepted: 20 August 2021

Published: 31 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Civil Engineering, Warsaw University of Life Sciences, 02-787 Warszawa, Poland;
ivankernytskyy@ukr.net (I.K.); eugeniusz_koda@sggw.edu.pl (E.K.)

2 Department of Transport Technologies, Lviv Polytechnic National University, 79000 Lviv, Ukraine;
bohdan.m.diveiev@lpnu.ua (B.D.); ogorbay@polynet.lviv.ua (O.H.)

3 Department of Administrative Law and Process, Lviv University of Business and Law, 79021 Lviv, Ukraine;
sopilnykli.lnau@ukr.net

4 Faculty of Mechanical and Power Engineering, Lviv National Agrarian University, 30831 Lviv, Ukraine;
Hrv.lnau@ukr.net (R.H.); Shyv.lnau@ukr.net (Y.S.)

* Correspondence: piotr_osinski@sggw.edu.pl

Abstract: In this paper, the dynamic characteristics of sandwich plates with external rigid layers
and an upper layer with magnetorheological properties (MR) are investigated. An analysis of the
effect of the magnetic field on frequency and loss factor is presented. Vibration can be controlled by
a magnetic-rheological viscoelastomer (MRVE), when used in sandwich plates. During vibration,
MRVE exhibits an inhomogeneous complex module, which is controlled by an applied magnetic
field and depends on the oscillation frequency. Using the dynamic equilibrium conditions, physical
and kinematic relationships, and the partial differential equations for the conjugate transverse and
longitudinal oscillations of a sandwich plate, are derived. This paper presents a new method for stress
analysis that provides accurate stress distributions for multilayer plates subject to cylindrical bending.
It uses an adaptive method that does not make strict assumptions about the plate model. Based on the
depicted theoretical model, the deformations of each layer of the plate are accounted for, including
both transverse shear deformations and transverse normal deformations where the thickness is
concerned, and nonlinear displacement changes. The magnetorheological (MR) identification of an
inner layer is carried out using refined plate theory and sandwich bending tests. Using combined
methods, the possibility of determining the MRVE parameters robustly, is examined.

Keywords: magneto-rheological viscoelastomers; sandwich plates; vibration; numerical modeling;
dynamic characteristics

1. Introduction

Magneto-rheological visco-elastomers (MRVE) are used in laminated plates to control
vibration. It is necessary to explain the dynamic characteristics of such elements, in
particular the amount of energy dissipation (damping), which is affected by the applied
magnetic field. The magnetic elastomer is a smart, composite material composed of
magnetically polarizable particles and nonmagnetic polymers, such as rubber, silicone oil,
and iron particles. Interestingly, an elastomer’s time-invariant feature is the propensity
of magnetic particles to settle to naught in magnetorheological fluids. With external
magnetic fields applied in milliseconds, its dynamic characteristics, including rigidity and
damping [1–3], can be changed reversibly.

MRVE usually consists of silicone rubber and carbonate iron particles. This composite
continuum medium contains proportionally distributed iron particles. In the MRVE, such
dynamics are available as controlled stiffness and the frequency-dependent damping of a
magneto-rheological fluid combined with a viscoelastic polymer. Magnetic field changes
can alter these characteristics in milliseconds.
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Magnetorheological (MR) materials with dramatically changing rheological properties
were first described in [1]. When a magnetic field is applied, both stiffness and damping
properties are referred to [2]. The mechanical properties of composites consisting of
ferroparticles in a polymer matrix are considered in [3]. The use of such materials and the
study of their magneto-rheological properties is also analyzed in [4,5].

Usually, for calculations of layered structures with MR layers, classical models are
used. In [6–8], three-layer constructions (sandwiches) with an internal magnetic layer are
considered. In [9], a comparative description of the application of analytical methods is
given. For the effective control of some dynamic objects, for example, dynamic oscillation
dampers, MRVE are used in elastic elements [10–12].

There are a variety of numerical schemes for determining the characteristics of layered
compositions, which correspond closely to known numerical models of layered plates. An
evaluation of the theories of layered elements under various loads is presented in [13,14]. To
study the dynamics of thin-walled elements, theories of ever-higher order are applied. An
important task is to determine the damping properties of structural elements, in particular
thin-walled laminated materials. This is due to the more common use of such elements in
aerospace engineering, mechanical engineering, and construction. A generalized kinematic
approximation method and the conventional Galerkin method are employed in this study
to provide an adaptive algorithm to solve the system of equations on the linear theory of
elasticity [15–18].

2. Materials and Methods

In the present study, the authors developed a numerical method using a semi-analytical
approach in which an analytical field was applied in the longitudinal direction and a layer-
wise power series displacement field was used in the transverse direction. In this approach,
the authors aimed to explore the ability to decide the level of refinement needed in higher-
order theory to conduct an efficient and accurate analysis. This method provided precise
stress-distribution analyses for multilayer plates in reference to cylindrical bending. The
approach employed an adaptive method, avoiding the use of strict assumptions applied to
the plate model. Based on the depicted theoretical model, the deformations of each layer of
the plate were accounted for, including both transverse shear deformations and transverse
normal deformations where the thickness was concerned, and nonlinear displacement
changes. Let us consider now such kinematic assumptions (U = Ue + Ud) for a symmetrical
three-layered plate of thickness 2Hp (only cylindrical bending is considered):

Ue −


u = ∑

i,k
uik

ez2i−1 ϕk(x),

w = ∑
i,k

wik
ez2i−2γk(x), 0 < z < H,

0 < x < L,

Ud −


u = ∑

i,k
uik

d(z − H)i ϕk(x),

w = ∑
i,k

wik
d(z − H)iγk(x) H < z < Hp,

0 < x < L.

(1)

where Ue, Ud, U were displacement vectors, respectively, of the core face sheet and the
sandwich; H was thickness; z- was the set of optimization parameters; ϕk (x), γk (x) were
a priori known coordinate functions (for all beam clamp conditions); and uik

e, wik
e, uik

d,
wik

d were the unknown set of parameters representing the displacement and amplitude
elements in x and z coordinates.

The following was achieved by substituting Equation (1) into the Hamilton variation
equation presented in [18]:

t2∫
t1

∫
V

(
σxxδεxx + σzzδεzz + τxzδεxz − ρ

∂u
∂t

δ
∂u
∂t

− ρ
∂w
∂t

δ
∂w
∂t

)
dVdt =

t2∫
t1

∫
S

PδU, (2)

where, σ is normal stress; ε is normal deformation; τ is shear stress; and P is the external
force vector, and also assuming that from the single frequency vibration (ue

ik = ue
ikeiωt,
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we
ik = we

ikeiωt , ud
ik = ud

ikeiωt, wd
ik = wd

ikeiωt) we obtained the set of linear algebraic equations
for the amplitudes:

[A]U =

[
A1 Ad
AT

d A2

][
Ue

Ud

]
= f (3)

where [A] was the system matrix and sub-matrices, and f was the eigenfrequencies. Using
viscous damping, the following frequency equation could be written for the material:

− ω2[M]U + iω[C]U + [K]U = [A]U = f (4)

where [M] was the mass matrix, [C] was the damping matrix, and [K] was the stiffness
matrix. A frequency-domain method was typically used to investigate linear elastic systems.
Due to the consideration of the first term in (1), we obtained the kinematic assumption for
a TB. A more detailed approach to an explanation of this method may be found in [15–18].

3. Results
3.1. Modeling of Mechanical Properties of the MR Layer

The method of calculation of layered plates and model verification are given in [19].
Let us consider some numerical examples of the calculation of the vibrations of three-layer
beams (sandwiches) with an inner MR layer (core). We first assume that its elastic moduli
change corresponds to the change in the transverse magnetic field acting on it with the
induction and vibration frequency. Then, the influence of the magnetic field on the MR
layer can be considered through the complex core shear modulus of the sandwich:

Gc(B, ω) = GI(B, ω) + iGI I(B, ω) (5)

where G is considered the real and assumed shear module.
Another form of recording is then possible:

Gc(B, ω) = G0(B, ω)(1 + iη0(B, ω)) (6)

where the real part of the module and the coefficient of the loss of viscoelastic damping
is considered.

In future, for the calculations, we will use four types of material MR layers with the
following dependencies of complex shear moduli:

(1). The value of the modules are given in [19]:

GI = −0.0143B2 + 250.71B + 987714, GI I = −0.005B2 + 90.39B + 338970 (7)

(2). The value of the modules are given in [9]:

GI = −3.7434B2 + 4543.2B + 950000, GI I = −B2 + 900B + 209500 (8)

(3). The value of the modules are given in [20]:

GI = −3.37B2 + 4997B + 873000, GI I = −0.9B2 + 812.4B + 185500 (9)

Somewhat more complex dependencies of the modules, which rely not only on
the magnetic field strength but also on the frequency of the fourth type of materials,
(MRF122EG, MRF132DG) are given in [21] where the value of the coefficients for the ma-
terial MRF132DG are: a0 = 192160.6, = a130663.56, a2 = 243.6247, a3 = 0.004080 and GI for
a0 = 45524.40, a2 = 6757.977, = 6.4412, a3 = 0.007416 for GII. Figure 1 shows the real GI and
imaginary part GII of the module G and the loss coefficient η0 for different types of material
depending on the oscillation frequency and magnetic field strength.
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Figure 1. Complex shear modulus (a,b) and loss coefficient (c) for different types of material: 1, 2, 3 and 4. Dashed lines
correspond to the frequencies of 1 Hz, 100 Hz, 300 Hz.

3.2. Laminated Symmetric Beams with Inner MR Layer

Let us now consider the oscillations of a cantilever sandwich of length L = 0.3 m
and equal thicknesses, Hc = Hf = 0.001 m, of layers with an inner MR layer for the first
three types of material. The outer layers of the beam (cover) are made of aluminum
with the following mechanical properties: EA = 70 GPA, GA = 30 GPA, VA = 0.3, and
ρA = 2700 kg/m3.

Figures 2 and 3 show the amplitude–frequency characteristic (AFC) and damping of
the cantilever sandwich beam, depending on the magnetic field strength for different types
of material of the MR layer.

Figure 2. Sandwich frequency response for different values of magnetic field strength (a–c) and for different types of
material: 1, 2 and 3. B = 0 (a), B = 250G (b), B = 800 G (c) and for different types of material: 1, 2 and 3.

Figure 3. Damping in sandwich frequency for different values of magnetic field strength: B = 0 (a), B = 250 G (b), B = 800 G
(c) and for different types of material: 1, 2 and 3.
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3.3. Five-Layered Beam

Let us now consider the oscillations of asymmetric five-layer freely supported centrally
loaded beam with the following values of 0.3 m layer thicknesses: h1 = 0.001 m for a central
rigid layer, h2 = 0.001 m for two inner symmetrically located MR layers, and h3 = 0.005 m
for two outer layers of covers. A composite with the following mechanical properties is
considered as a material of rigid layers: Cxx = 5400 MPa, Czz = 750 MPa, G = 200 MPa,
Cxx = 375 MPa, ρA = 2400 kg/m3 and as a material of MR layers—MRF 132DG. Figure 4
shows the dynamic properties (damping) of a five-layer beam in comparison with a similar
three-layer beam, the thickness of the inner MR layer of which was equal to 0.002 m, and
the thickness of its composite covers were equal to −0.001 m. Here in Figure 4, solid lines
correspond to a three-layer beam, and dotted lines correspond to a five-layer beam.

Figure 4. Damping in three-layer and five-layer beams for different values of magnetic field strength
B = 0 (1), B = 75 (2), B = 150 G (3).

3.4. Identification of MR Layer Modules

The identification of the shear modulus for the material of the second type (see
relations (10)) according to the results of dynamic tests is implemented by minimizing
the error function in the form of the total square deviation between the calculated and
experimentally measured [22–26] Eigen frequency values:

∆ =

N f

∑
i

(
f exp
i − fi

f exp
i

)2

(10)

Figures 5 and 6 show the deviations of the shear modulus of the above freely sup-
ported and cantilevered sandwich beams for three values of the magnetic field strength:
1’ – (7), 2’ – (8), 3’ – (9) (corresponding to materials given in [19–21]). The corresponding
experimental values are marked with vertical dashed lines and with an index containg a
dash. Figure 5 shows examples of the application of various kinematic approximations (1)
for the average value of the magnetic field strength. If the approximations in thickness with
the number of terms provide almost identical results, then the first-order approximation
is unacceptable.
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Figure 5. Deviations of the shear modulus of a freely supported beam for three (1, 2, 3) values of the
magnetic field strength and 1’, 2’, 3’ values derived from (7), (8) and (9) respectively.

Figure 6. Deviations of the cantilever beam shear modulus for three (1,2 3) values (1,2 3) of the
magnetic field strength and 1’, 2’, 3’ values derived from (7), (8) and (9) respectively.

Figure 7 shows the deviation maps of the function (10) for the frequency-dependent
shear modulus (9), where the point of intersection of the straight lines corresponds to their
fixed values in (9).



Symmetry 2021, 13, 1601 7 of 8

Figure 7. Deviation maps depending on intensity: (a) B = 300 G; (b) = 500 G (the occluded ordinate
in the figure is 2.7).

4. Conclusions

To determine the damping in layered structures, “unified” computational schemes
have been proposed, in which the order of the equations is not limited (an arbitrary number
of approximations in the thickness of each layer of the plate is considered). The validation
of the presented model with FEM was performed by comparing the Eigen frequencies of
a clamped-free uniform isotropic beam for the following geometrical parameters: length
was chosen to be 0.3 m, thickness was chosen to be H = 0.0130 m. The reliable outcomes
that have already been published in [18] allowed us to consider the model as empirically
correct. Based on the refined computational schemes, the effect of the magnetic field
in a laminated beam on its frequency spectrum and damping was determined. Several
beams with various materials MP and rigid layers: aluminum, copper, composite and four
types of material with MR layers were considered. The first three were materials with
frequency-independent shear moduli of the MR layer, the fourth with modules dependent
on frequency and magnetic field strength. As well as the console, the freely supported
beams were considered in the research too. The material of the first type is the least rigid
and has greater damping, especially at high frequencies. The materials of the second
and third types were similar in mechanical properties and dynamic characteristics for
all types of beams with different rigid layers. For the material of the fourth type (MRF
132DG), a comparison of the dynamic characteristics for three and five-layer beams were
given. A five-layer beam had slightly more damping than a three-layer beam with a similar
distribution of materials; the total thickness of the MR layers and the hard layers were the
same) for magnetic fields of low intensity.
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