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Magnetorheological elastomers (MRE) based semi-active isolators utilize MREs whose mechanical properties,
such as stiffness and damping, change in response to an external magnetic field. MREs implementation in semi-
active isolation remains challenging due to their slow response time caused by the suspension of the magnetic
particles inside the elastomeric matrix and limited damping capabilities. Hybrid MREs, a combination of MREs
and MRFs, have been developed to improve semi-active isolation’s material properties and performance.
However, modelling the nonlinear and hysteretic behavior of hybrid MRE-based isolators remains a challenge
and needs to be adequately addressed. To bridge the gap, this study presents a parametric model for a hybrid
semi-active isolator’s nonlinear and hysteretic behavior that utilizes a hybrid MRE (H-MRE). The behavior of
conventional and hybrid MRE-based isolators are experimentally tested under varying loading conditions of
excitation frequency and input current. Simulation models are created using combinations of three different
phenomenological models, Bouc-Wen, Modified-Dahl and LuGre friction. The experimental data are used to
optimize and fit the simulated response of each model, and hence optimal values of the MRE and MRF hysteresis
parameters are determined. The parameter estimation results indicate that a combination of LuGre friction for
the MRE and Bouc-Wen for the MRF improves the accuracy of predicting the dynamic behaviour of the hybrid
isolator. The relationship between the model parameters and loading conditions is also investigated and
described through polynomial equations of the third order. These findings could provide valuable insights for the
system identification and control of hybrid semi-active isolators and pave the way for developing smart base
isolation systems utilizing hybrid MREs in future research.

1. Introduction

Magnetorheological elastomers (MREs) are a type of smart material
made of magnetizable particles suspended in elastomeric matrix. MREs
exhibit a change in their mechanical properties, such as stiffness and
damping, in response to an applied magnetic field (Carlson and Jolly,
2000), (Choi et al., 2014). When an external magnetic field is applied to
the material, the magnetic particles within the MRE align along the field
lines. Upon removal of the magnetic field, the MRE quickly returns to its
original microstructure. This property, known as the magneto-
rheological (MR) effect, is a result of the alignment of the magnetic
particles in response to the field (Hafeez et al., 2020); (Diez et al., 2021)—
(Ubaidillah et al., 2015). The alignment of these particles can be used to
control the material’s mechanical properties, making it a highly versa-
tile material with a wide range of potential applications, including
damping, actuation (Khurana et al., 2022a), (Khurana et al., 2021), and
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sensing (Jang et al., 2018), (Koo et al., 2012). Many studies have focused
on the testing and potential applications of MREs. Particularly, the
semi-active isolation devices using MREs received much attention in
recent decades. This is because semi-active isolation devices are a hybrid
of passive and active devices. While active isolation devices are effective
at achieving high isolation levels, they can be expensive, require a lot of
power, and be complex to implement. Passive isolation devices are
simple and easy to implement but lack adaptability. Semi-active isola-
tion bridges the gap between both devices by being able to adjust in
real-time without needing a lot of power. Such devices rely on the sys-
tem’s inherent properties and can be implemented using smart materials
such as MREs (Gao et al., 2019)- (Sun et al., 2014); (Salem et al., 2021).

Despite the inherent property-change characteristics of MREs, their
implementation in semi-active isolation remains challenging due to
their slow response time and suspension of the magnetic particles inside
the elastomeric matrix, which limit the range of their stiffness change

Received 29 January 2023; Received in revised form 4 May 2023; Accepted 4 May 2023

Available online 12 May 2023
0997-7538/© 2023 The Authors.
(http://creativecommons.org/licenses/by/4.0/).

Published by Elsevier Masson SAS. This is an open access article under the CC BY license


mailto:drasan@qu.edu.qa
www.sciencedirect.com/science/journal/09977538
https://www.elsevier.com/locate/ejmsol
https://doi.org/10.1016/j.euromechsol.2023.105024
https://doi.org/10.1016/j.euromechsol.2023.105024
https://doi.org/10.1016/j.euromechsol.2023.105024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.euromechsol.2023.105024&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Ali and A.G.A. Muthalif

/ Fabrication / Testing

[
i
Fabricate the conventional ! Develop the experimental
I
I
|

[

|

|

i MRE (C-MRE) vibration setup

|

i Fabricate the hybrid MRE ! > l Test the behavior of the C- ! > :
: (H-MRE) Lo MRE based isolator : :
| | | | |
i Design and assemble the i i Test the behavior of the H- i i
\ semi-active isolator I '\\ MRE based isolator )

N\ 4 N 4

European Journal of Mechanics / A Solids 100 (2023) 105024

! Parameter Analysis

Develop Simulink models

[

|

i Estimate the parameters

: under different loadings
Estimate the models' |

parameters ] Curve fit the values with

respect to the loadings

Evaluate the RMSE
Describe the relations

with equations

Select the accurate model

Fig. 1. Overview of the methodology.

(Bastola and Hossain, 2020), (Kang et al., 2020). For this reason, hybrid
MREs have been developed by integrating MREs with their fluid coun-
terparts, MRFs. The hybrid materials have been fabricated by encapsu-
lating the viscus MR fluid inside the elastomer matrix by direct molding
or 3D printing (Bastola et al., 2018)- (Ali et al., 2022); (Qi et al., 2020).
By combining the properties of both materials, the hybrid MREs can
exhibit a wider range of mechanical properties and respond faster to the
magnetic field. Thus, hybrid MREs potentially have improved the per-
formance in semi-active vibration isolation.

Although the hybrid MRE-based semi-active isolators have a high
potential in vibration control, the main challenge remains in modelling
the nonlinear and hysteretic behavior of these semi-active devices. It is
important to develop a reliable model of their behavior to design
effective control methods for hybrid MRE-based isolators. However,
relatively few models have been proposed for the hybrid MRE-based
isolators working with both elastomer and fluid, and more research is
particularly needed in this area. Dynamic studies and modeling are
essential for understanding the behavior of MREs that can change their
stiffness and damping properties in response to an applied magnetic
field. Through dynamic studies, researchers can investigate the time-
dependent mechanical response of MREs under various loading condi-
tions and magnetic fields. Modeling, on the other hand, allows the
prediction of the behavior of MREs before conducting physical experi-
ments. By combining both approaches, researchers can gain a deeper
understanding of MREs’ properties, enabling them to optimize the ma-
terial’s design and performance for various applications. Dynamic
studies and modeling can help improve the development of MRE-based
vibration dampers and seismic isolation systems (Khurana et al., 2022b).

Two main classes of models have been proposed for the conventional
MRE-based isolators: nonparametric and parametric models. Nonpara-
metric modeling, which uses artificial intelligence methods and can
provide accurate and adaptable predictions of device responses, has
been developed using neural networks and support vector regression.
Such an approach does not rely on predetermined functions or equa-
tions. Instead, nonparametric models learn the underlying relationships
between the input variables (e.g., the applied magnetic field) and the
output variables (e.g., the stiffness of the MRE) directly from the training
data, which necessary to use training data to adjust the parameters of the
model and accurately predict the behavior. Nonparametric models can
be more flexible and able to capture complex relationships; nevertheless,
they may require more tuning data to achieve good predictions.

Additionally, these models lack physical meaning in their model
parameters. It is desirable to have a model that can clearly link its pa-
rameters’ physical explanation to the material’s hysteretic responses. On
the other hand, parametric modelling involves using a set of pre-
determined functions or equations to describe the behavior of the MREs.
These functions are typically chosen based on physical principles or
empirical observations, and the parameters of the functions are esti-
mated from experimental data. Hence, parametric models can address
the issue of having physically interpretable parameters for modeling
MRE-based isolators.

Among the parametric models, the Bouc-Wen model is widely used

and well-known for describing the behavior of systems with hysteresis,
such as MREs (Li and Li, 2019). The Bouc-Wen model is typically
expressed as a set of differential equations describing the relationship
between the input (e.g., the applied force) and the system’s output (e.g.,
the displacement). One of its key advantages is that it can capture both
the nonlinear stiffness and hysteretic behavior of MREs. It is based on
the concept of an equivalent linear spring-dashpot system, with the
spring representing the stiffness of the material and the dashpot repre-
senting the energy dissipation due to hysteresis. In addition to the
Bouc-Wen model, two other parametric models have been proposed for
modelling MRE behavior. One of these is the Dahl model, developed to
describe MRE behaviour. It uses the Dahl hysteretic component instead
of the Bouc-Wen component to simulate the shear force, which helps to
reduce the number of parameters that need to be identified (Zhou et al.,
2006), (Li et al., 2014). The Dahl model has been shown to accurately
reproduce the force-displacement responses of MREs in the peak
displacement regions. Another parametric model has been proposed for
modeling the behavior of MREs, known as the LuGre hysteretic model.
This model uses the LuGre component to capture the shear dynamics of
MREs and has a relatively simple configuration compared to the
Bouc-Wen model (Jiménez and Alvarez-Icaza, 2005), (Yu et al., 2015).
Despite its simplicity, the LuGre model can be linearized through
appropriate operation, making it suitable for real-time parameter
identification.

The above models can accurately simulate semi-active isolators’
dynamic and hysteretic behaviors. However, as mentioned earlier, there
are currently limited models for hybrid MRE-based isolators that
incorporate elastomer and fluid with hysteretic behavior. Additionally,
the current models that works solely for MRE or MRFs can have large
errors and be computationally expensive when trying to optimize model
parameters using methods such as genetic algorithms, particle swarm
optimization, and fruit fly optimization during parameter identification
phase (Muthalif et al., 2021). Moreover, these models are also specific to
certain types of loading excitation and need to be recalculated if the
excitation is changed. Therefore, a generalized model is needed to
address these issues that can accommodate various excitation condi-
tions, such as a sinusoidal excitation with a fixed frequency, amplitude,
and current level.

In this study, a parametric model is developed to effectively predict
the dynamic and hysteretic behavior of a semi-active isolator working
with MRE and MRF components. To achieve this model, a hybrid MRE is
first fabricated by encapsulating MR fluid inside the elastomeric matrix
through direct molding. Then, experiments are conducted to evaluate
the performance of the hybrid MRE-based semi-active isolator under
different excitation conditions, including varying frequencies, ampli-
tudes, and currents. Secondly, generalized models are constructed,
incorporating two hysteretic components in parallel with the conven-
tional stiffness and damping elements. The two hysteretic components
are the MRE and MRF components. They are either a Bouc-Wen,
Modified Dahl, or LuGre Friction components, adding up to 9 general-
ized models. Then, the parameters of each model are estimated using the
Trust-region-reflective algorithm. The most precise model is selected by
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Table 1
Material Properties of the silicone rubber and CIPs (“Elite Double 32 Fast, 2023),
(“Carbonyl iron powder, 2023).

Materials Properties

Silicone rubber Type Elite Double 32 Fast
Density [g/cm®] 1.06
Detail reproduction [pm] 2
Mixing ration 1:1
Setting time [min:s] 10:00
Hardness 22
Tear resistance [N/mmz] 5
Elastic recovery [%] 99.95%

CIPs Type SQ-I

Density [g/cm®] 7.89
Particle size [um] 4.5
Coating SiO,
Permeability [N/mm?] 10

comparing the minimum root mean square error between the model-
predicted results and the testing data. The significance and physical
meaning of each parameter is then studied. Finally, the relationship
between the model parameters, excitation frequency, and current level
are studied and expressed as third-order polynomials to contribute to a
field-dependent model. An overview of the methodology of this work is
presented in Fig. 1.

The paper is organized as follows. Section 2 presents the modelling
and testing of the hybrid MRE-based isolator. Section 3 presents the
hysteresis models and the parameter identification process. Section 4
presents the frequency and field-dependent modelling of the parame-
ters. The summary and concluding remarks are highlighted in Section 5.

2. Methodology
2.1. Materials

The materials used in this process are silicone rubber, magnetic
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Styrofoam

MRE Filling

Casting Mold

1:1 mixing ratio

s — + —
i CIPs

Catalyst

European Journal of Mechanics / A Solids 100 (2023) 105024

particles, and MR fluid. Zhermack’s Elite Double 32 Fast silicone rubber
is used as the elastomer matrix due to its many advantages. Its short
working time (10-15 min) helps minimize the effect of magnetic particle
sedimentation during the curing process, and its high fluidity allows
easy mixing without vacuum conditions. This type also offers high
dimensional stability over time and high elastic recovery. The magnetic
particles used in this study are carbonyl iron particles (CIPs), which are
formed through the thermal decomposition of iron pentacarbonyl. These
particles are suitable for use in the fabrication of MREs due to their easy
magnetization, high saturation and demagnetization characteristics.
The type of CIPs used in the study is SQ-I, developed by BASF and has
high magnetic saturation and permeability. It is also coated with silicone
dioxide to enhance compatibility with the elastomer matrix and prevent
sedimentation (Dang et al., 2010). The magnetic particles are poly-
disperse with a varying size distribution, which helps enhance the ma-
terial’s MR effect (Jaafar et al., 2021), (Stepanov et al., 2007). A 10%
volume fraction of CIPs is used in the MRE mixture. This amount is
chosen because it allows for sufficient magnetization while maintaining
passive stiffness. The material properties of the silicone rubber and CIPs
are summarized in Table 1. The incorporation of magnetic fillers
significantly impacts the stiffness and hardness of MRE samples. Soft
MRE samples exhibit superior elastic behavior and are capable of
isolating more vibrations. However, if the rubber material is excessively
soft, it may not be able to fully recover from deformations fully, thereby
reducing the effectiveness of vibration isolation. To strike a balance
between magnetization and passive stiffness, CIPs are added with a 10%
volume fraction. The magnetic particles used in the study are poly-
disperse, indicating a variation in their particle size distribution. This is
crucial in achieving a better MR effect due to the packing of particles in
chain-like aggregates and the increased magnetic dipole interaction
with adjacent particles.

A customized casting mold is used to create the hybrid MRE samples.
The mold is fabricated using 3D printing and consists of three plates. The
lower and upper plates have central tips that hold Styrofoam pieces,
while the middle plate determines the overall length of the sample. The

Stirring

MRE Mixture

MR Fluid
Silicone oil + CIPs)

Fig. 2. Fabrication of the conventional and hybrid MREs. (C-MRE & H-MRE): (a) MRE mixture preparation, (b) Molding and curing.
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Table 2
Types and names of the fabricated samples.

SN. Type Name Matrix 1 Matrix 2 Magnetic particles
1 Conventional C-MRE MRE None CIPs
2 Hybrid H-MRE MRE MR fluid CIPs

mold can be easily modified to create MRE samples of different lengths
by changing the height of the middle plate. The lower and upper plates
of the mold have jaws that will hold the hybrid MRE samples in place
within the flexible jaw coupling.

2.2. Fabrication process

The fabrication process of hybrid MRE material is performed via
direct molding and involves four main steps. The first step involves
preparing the MRE mixture. The second step involves creating a casting

_______________ |
: C-MRE or H-MRE }
I
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mold using 3D printing and assembling it. The third step involves
molding and curing the MRE mixture. The final step involves injecting a
viscous MR fluid into the MRE cavity. The silicone base is mixed with
CIPs and stirred properly; the silicone catalyst is added with a 1:1 mixing
ratio to create the MRE mixture, as shown in Fig. 2(a). After adequate
stirring, the mixture is poured into the mold containing the piece of
Styrofoam. The mold is then covered, and any excess liquid can flow
through the top risers. After the sample has cured, chloroform is used to
dissolve the Styrofoam and leave a cavity inside the elastomer, as shown
in Fig. 2(b), which is then filled with MR fluid creating the hybrid
sample, referred to as H-MRE. An additional MRE sample, referred to as
the C-MRE, is made using the same process as the other samples but
without adding any fluid. The details of the fabricated samples are
presented in Table 2.

Fig. 4. Schematic representation of the experimental setup: (1) vibration shaker, (2) power supply, (3) accelerometer, (4)) impedance sensor, (5) data acquisition

system, (6) computer with signal analyzing software.
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Table 3
Testing parameters and details.
Variable Value
Excitation Sinusoidal wave
Current (A) 0,1,2,and 3
Frequency (Hz) 3,5,7,and 9
Amplitude (mm) 2
Table 4
Details of the proposed model.
Model Hysterestic Component Total No. of
No. Parameters
MRE MRF
Type No. of Type No. of
parameters parameters
1 Bouc-Wen 6 Bouc-Wen 6 12
2 Bouc-Wen 6 Modified- 5 11
Dahl
3 Bouc-Wen 6 LuGre 5 11
friction
4 Modified- 5 Bouc-Wen 6 11
Dahl
5 Modified- 5 Modified- 5 10
Dahl Dahl
6 Modified- 5 LuGre 5 10
Dahl friction
7 LuGre 5 Bouc-Wen 6 11
friction
8 LuGre 5 Modified- 5 10
friction Dahl
9 LuGre 5 LuGre 5 10
friction friction

2.3. Semi-active isolator design and assembly

The hybrid MRE-based semi-active isolator is a flexible jaw coupling
comprising four main parts: the top and bottom coupling hubs, the coils,
and the H-MRE layer, as shown in Fig. 3. The proposed coupling can be
used for vibration base isolation. The coupling is designed to allow coils
to wind around the grooved section of the coupling hubs. Hence, the
coupling can act as an electromagnet when current is supplied to the
coils, creating a magnetic field in the MRE layer. Moreover, the coupling
is designed so that the magnetic polarity of the electromagnetic coupling
causes the magnetic flux to pass through the MRE layer. The intensity of
the magnetic field created by the electromagnetic coils is measured
using a Tesla meter at various current levels. The measurement is taken
on the surface of the jaw connection between the MRE layer and the
coupling hub, which is where the maximum magnetic flux is concen-
trated. It is observed that the magnetic flux within the electromagnetic
coils increases with the current. These measurements demonstrate that
the MRE layer is exposed to sufficient magnetic flux to achieve the
desired MR effect.

2.4. Experimental setup and testing

The developed C-MRE and H-MRE based semi-active isolators are
tested through a series of longitudinal vibration tests with harmonic
base excitations. The tests are conducted to evaluate and characterize
the proposed semi-active isolators. The test data are then used to
perform the parameter identification of the proposed parametric
models. The tests are conducted by employing the experimental setup
shown in Fig. 4. A permanent magnet vibration shaker (DS-PM-100)
from Dewesoft® is used as the excitation source for the tests. This shaker
has an integrated power amplifier and is controlled by a data acquisition
system. The semi-active isolator is placed between an impedance sensor
and an accelerometer. The impedance sensor is attached to the shaker’s
excitation port to measure the input force and acceleration, while the
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accelerometer measures the output acceleration from the isolator. The
tests are controlled, and the data are recorded by a Dewesoft Sirius data
acquisition system (DAQ). The vibration shaker is connected to an
output channel of the DAQ. Harmonic base excitations are performed
using sinusoidal wave inputs with fixed frequencies. The sensors are
connected to the input channels of the DAQ, and the output displace-
ment responses are recorded and analyzed in real-time using an
embedded dynamic signal analyzer. The tests are performed with
different excitation frequencies (3, 5, 7, and 9 Hz) and current levels
(0-3 A). The testing parameters and details are summarized in Table 3.

3. Parametric modelling
3.1. Approach

Modeling the behavior of an H-MRE semi-active isolator, which uses
MRE and MRF, can be difficult because it requires accurately repre-
senting the nonlinear and hysteretic relationship between force and
displacement for both the MRE and MRF components. This is necessary
to capture the isolator’s behavior accurately. Generally, the hybrid
material could be prepared in two different methods. Method 1: Mixing
MRE (silicone base + CIP + catalyst) and MRF (silicone oil + CIP)
together during curing process. In this preparation method, MRF will be
trapped and distributed throughout MRE as tiny particles. The dynamic
performance and behavior of such samples are not dominated by the
individual behavior of MRE or MRF. As such, this sample may be
described or approximated using only a single hysteresis model, and
optimization can be done for that single model. Method 2: Encapsulating
a larger amount of MRF inside MRE. Unlike method 1 above, in this
method, a larger amount of MRF is placed/encapsulated inside a hollow
MRE. The dynamic behavior of this sample is largely dominated by the
individual behavior of MRE and MRF, and the sample’s dynamic per-
formance cannot be diluted by using only a single hysteresis model.
Hence, it is required to use suitable model for each MRE and MRF
separately for samples prepared via method 2.

The proposed model consists of two hysteretic components, in par-
allel with a Kelvin-Voigt model, which describes the solid-material
properties such as stiffness and damping. The Voigt elements consist
of a parallel spring element and a damping element. Each of the MRE
and MRF compartments is represented by one of the hysteretic compo-
nents parallel to the other. These components are used to reproduce the
hysteresis loops of such materials, allowing the model to capture the
isolator’s unique behaviour accurately.

To create a general model that accurately represents the behavior
MRE and MRF compartments, multiple models are developed that
incorporate various combinations of Bouc-Wen, Modified Dahl, and
LuGre Friction hysteretic components. This results in a total of nine
models. The model with the lowest root means square error between the
testing data and predicted results is selected. This approach is used to
determine the optimal combination of hysteretic components for accu-
rately modeling the response of isolators that utilize two different
magnetorheological materials. A summary and description of the models
are presented in Table 4. An overview of the phenomenological model
employed in this study is given in the subsequent subsection. The
schematics and the expressions of the hysteresis forces and nonlinear
variables of the models are summarized in Table 5.

3.2. Overview of the hysteresis models

3.2.1. Bouc-Wen model

The Bouc-Wen model consists of two components in parallel: one
representing the solid material behavior using a Voigt model and the
other representing hysteresis using a Bouc-Wen model (Yang et al.,
2013). The hysteresis force of this nonlinear system is formulated as in
Eq. (1). In this model, x and x represent the displacement and velocity,
respectively, of the magnetorheological elastomer device, while y and y
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Table 5
Schematics and the expressions of the models’ hysteresis forces and nonlinear variables.
Model Schematic - Expressions Parameters
Bouc-Wen ko,co,a,A, B,y
x(t
® 1— Mass
k,,gg Co LJI-J Bouc-Wen
t) =Ysi t
¥(®) = Ysin(wt) —
F=ako(x—y) + (1 —a)kos + ¢o(x —y) (1)
F=AX-y) = plx=yle — y(x =yl (2)
Modified Dahl ko, o, a.p.fo
t
) T— Mass
kg <o LJ|-_1 Modified-Dahl
t) = Ysin(wt
¥(®) = Ysin(wt) —
F=ko(x—y) +co(x—y) +ar—f, (3)
£=p-y) — phe ] < (4)
LuGre friction ko,co,a,p, €

x(t)

Mass

ko

Co Llr[ LuGre friction

y(t) = Ysin(wt)

F=ko(x=y) +co(x—y) +

Base

s

LRIV
a a

£ = i) - ali | < (6)

» |u| —

|-
Ej

|u| fe

Fig. 5. Simulink representation of the Bouc-Wen model hysteresis: : = A(x — y) — f|x — y|« — y(x — ¥)|<].

represent the displacement and velocity, respectively, of the base exci-
tation. The stiffness and viscous coefficients of the system are repre-
sented by k, and c,, respectively. The parameter a, which ranges from
0 to 1, scales the model. The mathematical expression of + is given in Eq.
(2), where » is an intermediate variable that represents the device’s
displacement history, and » is the derivative of » with respect to time.
The parameters A, 8, y control the size and shape of the hysteretic loop.
The Bouc-Wen model of hysteresis is depicted in a graphical represen-
tation using Simulink in Fig. 5.

3.2.2. Modified-Dahl model

The Dahl model was developed initially to simulate control systems
with friction. It can be used to model nonlinear force-displacement loops
through a differential equation. Zhou et al. (2006) proposed a modified
Dahl model for MR dampers that is simple and effective. In the modified
Dahl model, the Dahl hysteresis operator is used instead of the
Bouc-Wen hysteresis operator to simulate the Coulomb force because it
requires fewer parameters to be determined and effectively captures the
force-velocity relationship at low velocities. The hysteresis force and
evolutionary variable of this model are represented by Eq. (3) and Eq.



A. Ali and A.G.A. Muthalif
x '1 } >
Au
y l: l | a 1"

+

European Journal of Mechanics / A Solids 100 (2023) 105024

A

|

A

Y

Fig. 6. Simulink representation of the Modified Dahl model hysteresis: + = p(x — y) — p|x — y| ».
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Fig. 7. Simulink representation of the LuGre friction model hysteresis: » = a(x — y) — a|x — y] =

(4), respectively, where ¢, and k, represent the viscous and stiffness
coefficients, respectively. The parameter a scales the shape of the hys-
teresis loops, while » is an intermediate variable. The parameter p is
related to the stiffness of the system. The modified Dahl hysteresis model
is depicted in a graphical representation using Simulink in Fig. 6.

3.2.3. LuGre friction model

The LuGre friction model, which is an extension of the Dahl model,
was designed to describe the friction dynamics of MREs. It has been used
to model the dynamic behavior of an MRE isolator (Yu et al., 2015). The
model consists of a viscous dashpot, a linear spring element, and a LuGre
friction component. This model’s hysteresis force and evolutionary
variable are represented by Eq. (5) and Eq. (6), respectively. In the
LuGre model, ¢, and k, represent the viscous and stiffness coefficients,
respectively. The parameters a,f, and ¢ control the size and shape of the

hysteresis loops, while - is an evolutionary variable. The hysteresis of
LuGre friction model is depicted in a graphical representation using
Simulink in Fig. 7.

3.3. Optimization algorithm

To evaluate the proposed models’ effectiveness in predicting the
semi-active isolator’s response with an H-MRE sample, an optimization
algorithm that combines least-squares and Trust-region-reflective
methods were used to find the optimal values for the set of parameters
of the respective models. This optimization algorithm was implemented
in MATLAB. The trust region reflective algorithm is an optimization
method that involves minimizing an objective function, denoted as g(x),
by constructing and minimizing a simpler approximation function, p(x),
within a specified region around the current point, called the trust
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Fig. 8. Overview of the parameter identification process.

Table 6
RMSE between the actual and model-predicted responses for all models.

Model Combinations MRF component

Bouc- Modified- LuGre
Wen Dahl friction
MRE Bouc-Wen 1.37 1.12 0.996
component Modified- 1.54 1.08 1.02
Dahl
LuGre friction  0.963 0.993 0.995
Table 7

Optimal values of the parameters identified using a combination of LuGre fric-
tion and Bouc-Wen models. (5Hz — 1A).

MRE parameters using LuGre friction

ko, Co, ac Pe £

137.5221 (N/ 5.4623 (N.s/mm) 0.5734 0.0841 0.0736
mm)

MRF parameters using Bouc-Wen

ko, Coy a5 Af Py ¥

8.8835 (N/ 16.8654 (N.s/mm) 0.3907 0.3933 0.5386 —0.3623
mm)

region. The optimization variables in the trust region reflective algo-
rithm are the model parameters, and the goal is to find the values of
these parameters that minimize the objective function. The objective
herein is to minimize the root mean square, as indicated by:

(PR; — AR)’
\ N

where N is the number of input-output pairs in each loop; PR indicates
the model-predicted response; and AR is the experimentally obtained
response.

The proposed models have many parameters because they include

)

-3

N
i=1

two hysteretic components, one for the MRE compartment and one for
the MRF compartment. Therefore, the parameter identification process
is conducted over two stages. In the first stage of the parameters iden-
tification, three different Simulink models of a C-MRE semi-active
isolator are used, each representing a different type of the hysteretic
component (Bouc-Wen, Modified-Dahl, or LuGre friction) for the MRE
compartment. The models are simulated, and the responses of these
models are optimized to fit C-MRE experimental data of a 5 Hz fre-
quency, 1 A of current, and 2 mm of amplitude. As a result, the opti-
mized parameters for the MRE component in each of the three models
are obtained.

In the second parameter identification stage, the MRF component
parameters are identified using nine different Simulink models of a H-
MRE semi-active isolator. Each model includes two hysteretic compo-
nents that are combinations of Bouc-Wen, Modified-Dahl, or LuGre
friction models, where the parameters for the MRE hysteretic compo-
nent are obtained from the first stage of the simulation. The models are
then simulated, and the parameters for the MRF component are obtained
by optimizing the models to fit the experimental data for the H-MRE
semi-active isolator. An overview of the parameter identification process
performed in this study is presented in Fig. 8.

For the Simulink simulations, a variable step solver with an auto-
matic solver is selected to improve the accuracy and efficiency of the
simulation. A variable step solver allows the solver to adjust the time
step size at each time point based on the system’s simulated character-
istics. This can result in a more accurate simulation because the solver
can take smaller time steps in regions of the model where the behavior
changes rapidly and larger time steps where the behavior is relatively
constant. Using an automatic solver selection option allows Simulink to
choose the best solver for the system based on the model’s characteris-
tics and the simulation’s requirements. This can further improve the
accuracy and efficiency of the simulation because the solver can select a
solver that is well-suited to the characteristics of the model.

4. Parameters estimation results

The predicted responses of the proposed models are validated against
the actual response. It is observed that the nine hysteresis models can
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Fig. 9. Schematic of the semi-active base isolator using the H-MRE material with LuGre friction hysteresis components for MRE and Bouc-Wen for MRF hysteresis in
parallel. The structure includes the mass (m), the output displacement (x), and the harmonic excitation input at the base (y).
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Fig. 10. Simulink block diagram of the proposed model.
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Fig. 11. Actual and model-predicted output displacement response of (a) the C-MRE semi-active base isolator and (b) H-MRE semi-active base isolator. Results are

obtained at 5 Hz frequency, 1 A current and 2 mm amplitude.

predict the response of the H-MRE semi-active isolator. It is also
observed that the LuGre friction and Modified-Dahl models have similar
behaviors because the LuGre model was developed as a variation of the
Dahl model, to describe the behavior of friction in MREs in more detail.
The LuGre model incorporates additional terms that consider the effects

of slip velocity and amplitude on the frictional force. As a result, the
responses of the LuGre model and the Dahl model can be very similar in
some cases. However, the LuGre model can be more accurate in
capturing the friction dynamics of MREs, especially at high slip veloc-
ities and/or amplitudes. Additionally, it is observed that the Bouc-wen
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Fig. 12. Parameters value of the LuGre friction model of the MRE component as a function of current and frequency.

model can provide more accurate predictions of the dynamic response of
MRFs when compared to other models, especially in capturing the
hysteretic behavior of MR fluids under cyclic loading conditions. The
best combination of hysteresis models to represent the hybrid isolator’s
performance is determined by computing the root mean square error
(RMSE) between the actual and predicted responses of the models. The
findings of the RMSE calculations are presented in Table 6.

Generally, the proposed model combinations exhibit an excellent
capability in predicting the isolator response. However, upon analyzing
the errors, it appears that using a combination of the LuGre friction
model for the MRE component and the Bouc-Wen model for the MRF
component seems to be the most effective in replicating the performance
of the H-MRE isolator. The optimal values for the parameters that have

10

been determined using this model are summarized in Table 7. The
subscripts " e" and " f" refer to the parameters of the MRE and MRF
components, respectively.

The proposed model for the H-MRE isolator is modeled as a single-
degree-of-freedom structure with a hysteretic property, as shown in
Fig. 9. The following equation of motion can describe the model

behavior.
i+ Fope + Frp =0 (8

The hysteresis forces F,,. and F,, are described using Eq. (1) and (5)
as follows:
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Fig. 13. Parameters value of the Bouc-Wen model of the MRF component as a function of current and frequency.

Fore = kogxr + Coexr + &Ze + 24;'2 (9)
Qa, Qa,
Foug = ko, X, + €0, + (1= ap ) ko iy (10)

The variables . and s are defined as in Eq. (2) and (6), respectively.
Hence, Eq. (1) can be rewritten as:

X=a1x, + axX, + ¢ an
In Eq. (11), a; and ay are system parameters, X, = x — ¥ is the relative
displacement, x, = x —y is the relative velocity, and ¢ represents the
hysteresis components of the structure. These parameters are defined as:

11

koo + ark, e T Co
a, = — mf fﬂz:—c mc-/’and7¢:
1(p &
—— [P+ —ie+ (1 —ap ) ko=
m aeﬁy af ( f) 4

The Simulink block diagram of the model is presented in Fig. 10. The
model consists of two hysteresis subsystems for the MRE and MRF
components, which are then used along the input sine wave for the
harmonic base excitation in Eq (11). The MRE portion of the system is
first characterized by utilizing the LuGre friction subsystem to simulate
the dynamic behavior of the C-MRE isolator. The remaining parameters
of the MRF component are then determined by incorporating the Bouc-
Wen subsystem into the model, which simulates the proposed H-MRE
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Table 8
Proposed polynomial equations of the model parameters.
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MRE parameters using LuGre friction

koe koo =121.5+ 12.03 i+ 2.317 f — 6.434 i2 + 0.01855 if — 0.1055f2 + 1.197 i® — 0.0006567 i3 — 0.000368f2 + 0.002755 f° 12)
Coe Coe = 4.684+ 5.456i— 1.142f — 1.715i% — 0.03021 if + 0.1358 f2 + 0.1688 i + 0.02928 i2f — 0.00356 if> — 0.006221 f° 13)
a, ae = 0.5769+ 0.7673 i— 0.2025 f — 0.365 i — 0.003164 if + 0.03015f2 + 0.06369 i° + 0.002188 i2f — 0.0008584 if2 — 0.001522 f° 14
b, f. =0.07124+ 0.01201 i+ 0.003623 f — 0.003043 i2 + 0.0002951 if — 0.0008185f2 + 0.0004114i° (15)
€ e = 0.08315+ 0.03059 i — 0.02031 f — 0.01829i + 0.0003426 if + 0.004058 f2 + 0.004079 i* — 0.0002244 f> (16)
MRF parameters using Bouc-Wen

kos kos = 9.413+ 2.947 i— 1.832 f — 1.59i% + 0.09954 if + 0.359f2 + 0.2885 i + 0.01071 i%f — 0.009506 if> — 0.01933 f* 17)
Cof Cop =15.58+ 2.302i+ 0.164 f — 0.7492 i* — 0.03222 if — 0.06131 f2 + 0.06726 i* + 0.02455 i*f + 0.0001088 if? + 0.003126 f* (18)
a ap = 0.2296 + 0.08296 i+ 0.0334 f — 0.04091 i2 + 0.000274 if — 0.002571 f2 + 0.007471 i® + 0.0002635 i*f — 0.0001205 if? 19
Af Ay =0.5696 + 0.2462 i — 0.351 f — 0.0222 i2 — 0.01937 if + 0.07976 2 + 0.001319 i + 0.0008107 i2f + 0.0008792 if2 — 0.004614 f* (20)
by B = 0.4976 — 0.003662 i+ 0.02049 f — 0.001185 i* — 0.0005895 if — 0.003077 f2 4 0.0003183 i* + 0.000169f> (21
14 7; = — 0.3957 — 0.007368 i+ 0.01935 f + 0.008168 i* — 0.0007284 if — 0.003322 f2 — 0.002027 i* + 0.0001311 i3f + 0.0001828 f* (22)

isolator. The performance of the C-MRE isolator is compared to the
predicted results and shown in Fig. 11(a), while the response of the H-
MRE isolator is illustrated in Fig. 11(b).

5. Parameters identification at various loading conditions

To further validate the selected model’s ability to represent the
behavior of the H-MRE isolator, additional sets of comparisons are made
between the predicted and measured data for various loading condi-
tions. Additional simulations are performed, and the new estimations
are optimized to fit the experimental data, of 3, 7 and 9 Hz frequencies
and current levels ranging from 0 to 3 A with a 2 mm amplitude. The
optimal values of both the LuGre friction and Bouc-Wen models are
obtained at various frequencies and current levels. The variation of the
estimated parameters of both models with respect to the frequency and
current are presented in Figs. 12 and 13.

The results indicate that the effectiveness of an H-MRE semi-active
isolator is influenced by the frequency at which it is excited and the
strength of the magnetic field applied to it. Previous studies have
pointed out that the performance is also related to the amplitude of the
loading the isolator experiences (Yu et al., 2016). Therefore, the device’s
magnetic field dependence can be visualized by examining the rela-
tionship between the model parameters and the loading conditions
provided in this paper.

It can be observed that the parameters of the LuGre friction model
that simulate the hysteresis of the MRE component are affected by both
the excitation frequency and the applied current. However, the degree to
which these parameters are sensitive to the changes in loading condi-
tions varies among them. The parameter, k,., is current dependent at
different frequencies. As the current increases, k,,, increases as well due
to the alignment and interaction of the magnetic particles. Similarly, as
the frequency of excitation increases, k,,, increases due to the defor-
mation of the matrix, leading to increased entanglement of the particles
G ; Ali et al.,, 2022). The parameter, c,,, is also current dependent,
however, is less sensitive to the frequency variations. As the current
increases, c,, increases due to the growing friction between the magnetic
particles, leading to higher energy dissipations. It is further observed
that the hysteresis-related parameters, such as a, and ¢, are more sen-
sitive to the current variations than the frequency variations. The
parameter, j,, demonstrated the least level of responsiveness to changes
in both current and frequency. These findings can help design
semi-active isolators that use the LuGre friction model to identify MRE
hysteresis.

Among all the parameters of the Bouc-Wen model that simulate the
hysteretic response of the MRF components, kgf +Cop» Of and Ay, exhibited
a strong field-dependance at different excitation frequencies. However,
the parameter, c,, is less sensitive to the change in frequency. The
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stiffness parameter, ko, of the MRF component increase with the applied
current due to the increased inter-particle connections between the
magnetic particles that form a chain-like structure when subjected to a
magnetic field. Similarly, the viscous parameter, c,,, increases with the
current, as the interactions and friction of the magnetic particles lead to
more energy dissipation. It is observed that the parameter, ay, is sensi-
tive to the loading conditions, as it is affected by the excitation fre-
quency and the input current. However, it increases at a higher rate
when the input current increases and becomes less dependent on the
field as the frequency increases. The parameters f;, and ;, do not vary
significantly with changes in frequency and current, with the latter not
showing a specific pattern of variation. f; and y; have an effect the size
and shape of the hysteresis loop, however, these parameters lack phys-
ical interpretation and affect the system response in ambiguous manner,
hence are not field-dependent (Yang et al., 2013), (Yu, Li, Li, Li, Li,
Wang). The values of these nonlinear parameters are typically deter-
mined through a combination of experimental data and theoretical an-
alyses, and they are assumed to be constant for a given application. This
is because they represent the intrinsic properties of the model and are
not affected by the specific properties of the structural system being
modeled.

The relationship between each parameter and the frequency and
current are described as polynomial equations. This is done through
curve fitting the predicted response on the experimental measurements.
The curve fitting is performed using the MATLAB curve fitting toolbox.
The toolbox uses optimization techniques like least squares to fit the
models. The polynomial order that provides the best fit, in terms of the
highest accuracy and lowest error, is determined to be the third order. It
is observed that using third-order polynomials allows for an efficient and
accurate fitting of the model in a short computational time. The pro-
posed polynomial equations of the LuGre friction and Bouc-Wen models
are presented in Table 8, where i is the input current, and f is the fre-
quency. The subscript ‘e’ denotes parameters of the MRE component,
while the subscript /f” denotes those of the MRF component. The curve-
fitted relations can portray the behavior of the model parameters at
different loading conditions, which provide useful details during the
system identification and control of semi-active devices, and ultimately,
a generalized model of the H-MRE semi-active isolator can be
developed.

6. Conclusion

In this study, a parametric model is proposed for the nonlinear and
hysteretic behavior of a hybrid semi-active isolator that incorporates a
hybrid MRE. The hybrid MRE is developed by encapsulating an MRF
within the elastomer. Both conventional and hybrid MREs are fabricated
and tested in experiments involving varying loading conditions of



A. Ali and A.G.A. Muthalif

excitation frequency and input current.

A single hysteresis model implementation for the hybrid MRE ma-
terial would increase computational time and reduce prediction accu-
racy due to the significant number of parameters involved. Therefore, a
parallel hysteresis model is used to improve the efficiency and accuracy
of predicting the dynamic behavior of the hybrid MRE isolator. In the
parameter identification process, a two-stage approach is employed. In
the first stage, a single hysteresis model representing the C-MRE semi-
active isolator is used. The models are simulated, and their responses
are optimized to fit experimental data, resulting in optimized parame-
ters for the MRE component in each of the three models. In the second
stage, the MRF component parameters are identified using nine different
Simulink models of the H-MRE semi-active isolator. Each of these
models included two hysteretic components, which are combinations of
Bouc-Wen, Modified-Dahl, or LuGre friction models. The parameters for
the MRE hysteretic component are obtained from the first stage of the
simulation. The models are then simulated, and the parameters for the
MRF component are obtained by optimizing them to fit experimental
data for the H-MRE semi-active isolator. This process identifies the best
combination of the three proposed models.

The estimation results indicate that a combination of the LuGre
friction model for MRE and Bouc-Wen for MRF is the most accurate in
predicting the hysteretic response of the hybrid isolator. Furthermore,
the study investigates the relationship between the selected model pa-
rameters and loading conditions to contribute to a field-dependent
model by estimating the model response using experimental data with
different excitation frequencies and input currents. Polynomial equa-
tions of the third order are used to describe these relationships,
providing valuable insights for the system identification and control of
hybrid semi-active isolators. The proposed model has the potential to be
utilized in the design and control of smart base isolation systems with
hybrid MREs, and future research can focus on exploring these
possibilities.
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