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Abstract: Magnetorheological elastomers (MRESs) are intel-
ligent materials that exhibit changes in their properties
when exposed to a magnetic field. By applying a magnetic
field during the curing process, MRE can be made aniso-
tropic. This study focuses on optimizing the fabrication
process parameters using the design of an experimental
approach, namely the Taguchi method. The parameters
to be optimized for MRE fabrication include the number
of coil turns, coil diameter, curing current, and curing
time. Twenty-five sets of anisotropic MRE were fabricated
and subjected to drop impact testing to evaluate their
impact absorption capability. The results were further
examined for a more comprehensive analysis using the
signal-to-noise ratio, analysis of means, and analysis of
variance. This rigorous examination aimed to pinpoint
the optimal parameters and the key factors influencing
the fabrication of the MRE. From the analysis result, it
can be seen that the number of coil turns contributed to
63.36% of the entire MRE fabrication process. Furthermore,
a well-defined composition for the MRE was identified,
consisting of 200 coil turns, a coil diameter of 1.0 mm, an
applied current of 1.2 A, and a curing time of 20 min.
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1 Introduction

Magnetorheological elastomers (MREs) are a class of smart
materials that consist of an elastomer matrix containing
ferrous particles. When subjected to a magnetic field, the
ferrous particles within the MRE align themselves with the
field’s direction, resulting in an anisotropic MRE. This char-
acteristic has the potential to enhance the properties and
performance of MREs. Alam et al. [1] noted that the aniso-
tropy of MRE depends on various factors, including the
type of iron particle, the rubber matrix, the polymer—filler
interface, the interactions between the polymer and filler,
and the duration and strength of the applied magnetic field
during the curing process (Figure 1). The application back-
ground of MRE encompasses various practical uses and
contexts. These include applications in vibration and noise
control, where MRE is utilized in dampers and isolators to
mitigate vibrations and reduce noise levels in machinery
[2-5]. In automotive applications, MRE is found to be used
in suspension systems, engine mounts, and impact-absorbing
components in vehicles [6-11]. The ability of MRE to rapidly
adjust stiffness in response to changing conditions is parti-
cularly valuable, contributing to enhanced ride comfort and
improved vehicle safety. Moreover, MRE extends its applica-
tion to biomechanical devices, playing a role in prosthetics,
orthopedic devices, and wearable technologies. In this con-
text, MRE provides adjustable support and damping, leading
to improved comfort and enhanced performance in various
biomechanical applications. Additionally, MRE can serve as
energy-harvesting devices, where mechanical vibrations or
motions are converted into electrical energy through the
variable properties of the material [12,13].

Different matrix materials have been employed in
MRE production [14], including polyurethane, silicone rubber,
natural rubber, and thermoplastic elastomers. Among them,
silicone rubber is the most widely used matrix material [15].
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Figure 1: Schematic diagram of the general composition of MRE.

Micro-sized carbonyl iron particles, also known as CIPs, are
the most commonly used fillers in MRE manufacturing due to
their high magnetization at saturation [16]. The dispersion of
iron particles throughout the material significantly affects the
properties of MREs. During the cross-linking process, the
application of an external magnetic field facilitates the for-
mation of properly aligned chain-like structures [2]. Aniso-
tropic MREs are characterized by particles arranged in a
chain-like structure, while isotropic MREs have randomly
distributed particles throughout the material. To initiate the
polarization of the MRE and induce a magnetic field, specific
parameters need to be initialized. This process requires essen-
tial equipment such as a coil and a power supply to ensure
the successful completion of the curing process. Typically,
MREs are exposed to a magnetic field generator during
experimentation to reflect their sensitivity to magnetic forces
[17]. Incorporating an external magnetic field generator in the
experimental setup is crucial to accurately assess the MRE’s
response to magnetic forces during the curing process and
subsequent testing of its elastic physical properties. The
curing process aims to demonstrate the MRE’s ability to
exhibit different responses based on the strength of the mag-
netic force. To achieve this, two main components form the
apparatus: an electromagnet and a high-precision DC excita-
tion source. During the experiment, the magnetic field gen-
erator allows the researcher to adjust the external current
and the size of the air gap, resulting in a magnetic field
strength ranging from 600 to 700 mT. Additionally, Alam
et al. [1] employed magnetic equipment to create anisotropic
unvulcanized composites.

The design of experiment (DOE) is employed to aid in
parameter selection and to determine the optimal para-
meters. DOE, which falls under the field of applied statistics,

encompasses the planning, execution, analysis, and inter-
pretation of controlled tests to evaluate factors that influ-
ence the value of a parameter or a group of parameters. It
serves as a powerful tool for data collection and analysis in
various experimental scenarios. By manipulating multiple
input factors simultaneously, DOE allows for the assessment
of their impact on the desired output or response. This
approach enables the identification of significant interac-
tions that may be overlooked when studying one factor at
a time. Researchers can explore all possible combinations or
choose a subset of combinations to investigate. Therefore,
DOE optimizes the experimental conditions or processes
themselves. There are several approaches to DOE, including
factorial design, the Taguchi method, and response surface
design. Factorial designs can be categorized into full fac-
torial and 2* factorial designs. Full factorial designs involve
varying one factor at a time, conducting a large number of
experiments, and capturing all interactions [18]. On the
other hand, 2 factorial designs are often used for preli-
minary experimentation only. The outcomes of a factorial
experiment aid in determining the relative importance of
each factor and provide insights into interaction effects.
Another approach, the Taguchi method, was developed by
Dr. Taguchi of Nippon Telephones and Telegraph Company
[19]. This method relies on orthogonal array (OA) experi-
ments, which provide a well-balanced set of minimum
experiments serving as an objective function for optimi-
zation. Response surface methodology (RSM) is another
approach within DOE that utilizes statistical, graphical,
and mathematical techniques to develop, enhance, or
optimize a process. It is particularly useful for variables
influenced by multiple independent variables [20]. In this
study, the Taguchi method was chosen to optimize the
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parameters for anisotropic MRE polarization. The Taguchi
method is effective in reducing output variance while
allowing controlled input variations, thereby ensuring
robustness in the process or product. It enables the con-
trolled variation of parameters, such as a one-at-a-time
approach.

Recently, several studies have emphasized the impact
absorption capability (IAC) of MREs, e.g., Ledezma-Ramirez
et al. [21] discuss the design and modeling of a variable
stiffness impact damper using MREs, which are elastomers
with embedded ferromagnetic particles. The proposed
damper allows for controlled stiffness variations by the
application of a magnetic field, aiming to enhance energy
absorption and dissipation during impacts. Experimental
quantification of prototypes reveals the damper’s capacity
to change stiffness, as well as its energy absorption and
vibration suppression capabilities. Meanwhile, Poojary
et al. [22] investigate the influence of the matrix material
on the rheological properties of MREs by varying carbonyl
iron particle content. Different rubber matrices (natural
rubber, silicone rubber, and nitrile butadiene rubber)
with varying particle concentrations are analyzed through
forced transmissibility tests. Results show that the dynamic
stiffness of MREs is highest for nitrile butadiene rubber
and lowest for silicone rubber. The addition of carbonyl
iron particles significantly improves stiffness, with the
effect depending on the properties of the unfilled matrix.
The findings underscore the importance of matrix type and
filler concentration in determining the field-dependent
response of MREs, which is crucial for optimizing their
IACs. However, this study specifically tested the application
of anisotropic MREs for impact mitigation. Consequently,
precise values for the optimal parameters of anisotropic
polarization were obtained, along with the determination
of parameter dominancy percentages. The Taguchi method
was employed in the experimental design to identify the
optimum parameters and assess the dominancy percen-
tage of each parameter. Furthermore, factorial design
was utilized to improve the process of determining the
optimal parameters for anisotropic polarization. Thus, the
Taguchi method proves valuable in determining the optimal
parameters for anisotropic MRE polarization.

The structure of this article is organized as follows: an
introduction and previous works of MRE are presented in
Section 1. In Section 2, the fabrication approach for MREs
utilizing the Taguchi method is described along with the
experimental methodology involving drop impact testing
to assess IAC. A detailed analysis of the best polarization
parameters and the dominant parameters is presented in
Section 3. Finally, the findings obtained in this study are
shown in Section 4.

Anisotropic polarization in magnetorheological elastomers = 3

2 Fabrication and experimental
test of anisotropic MRE using the
Taguchi method

The aim of this study is to optimize the IAC of an aniso-
tropic MRE by identifying its parameters. As this is the
initial study, no other quality characteristics, including
potential side effects, will be considered. First, the chosen
levels for the factors ensure that there will be no failures
during the experiment that would require termination.
The goal of the study is to maximize the IAC, using the
Taguchi method by considering “the larger-the-better”
approach as the objective function. The selection of the
OA will be based on the chosen factors and levels.

2.1 Arrangement of MRE parameters using
the Taguchi method

In this study, an OA with four factors and five levels is
employed, resulting in the formation of the L* (5% set of
experiments [23]. These factors represent the parameters
used in the curing process, namely the number of coil
turns, the diameter of the coil, the current, and the curing
time. Each factor has five levels, which are determined
based on previous research findings. For instance, the
number of coil turns ranges from 150 to 350 turns [24-26],
the coil diameter varies from 0.4 to 1.6 mm, the current
ranges from 0 to 2 A [27], and the curing time spans from
5 to 25 min [28,29]. Table 1 presents the L% (5% OA with four
factors and five levels, while Table 2 outlines the selected
factors and their respective levels.

The number of coil turns is selected within the range
of 150-350, taking into account the diameter of the coil.
These two parameters are interdependent and play a cru-
cial role in determining their respective value ranges.
Additionally, the current supplied by the power source is
a key factor in generating the magnetic field required for
the curing process. The maximum current applied for the
lower coil diameter is 2.0 A. Consequently, this study uti-
lizes a current range of 0.4-2.0 A. The curing time is limited
to 25 min to prevent overheating of the coil. Therefore, a
curing time range of 5-25 min is selected.

2.2 Fabrication of MRE based on L, (5%)

To fabricate the anisotropic MREs, a total of 25 sets are
produced using the generated OA from the L% (5% table
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Table 3: OA with the actual value of the parameters based on Lys (5%

Number of Number Diameter Current Time (min) Number of Number Diameter Current Time (min)
experiments  of turns of the coil experiments  of turns of the coil

1 1 1 1 1 1 150 0.4 0.4 5
2 1 2 2 2 2 150 0.7 0.8 10
3 1 3 3 3 3 150 1.0 1.2 15
4 1 4 4 4 4 150 13 1.6 20
5 1 5 5 5 5 150 1.6 2.0 25
6 2 1 2 3 6 200 0.4 0.8 15
7 2 2 3 4 7 200 0.7 1.2 20
8 2 3 4 5 8 200 1.0 1.6 25
9 2 4 5 1 9 200 1.3 2.0 5
10 2 5 1 2 10 200 1.6 0.4 10
1 3 1 3 5 1 250 0.4 1.2 25
12 3 2 4 1 12 250 0.7 1.6 5
13 3 3 5 2 13 250 1.0 2.0 10
14 3 4 1 3 14 250 1.3 0.4 15
15 3 5 2 4 15 250 1.6 0.8 20
16 4 1 4 2 16 300 0.4 1.6 10
17 4 2 5 3 17 300 0.7 2.0 15
18 4 3 1 4 18 300 1.0 0.4 20
19 4 4 2 5 19 300 1.3 0.8 25
20 4 5 3 1 20 300 1.6 1.2 5
21 5 1 5 4 21 350 0.4 2.0 20
22 5 2 1 5 22 350 0.7 0.4 25
23 5 3 2 1 23 350 1.0 0.8 5
24 5 4 3 2 24 350 1.3 1.2 10
25 5 5 4 3 25 350 1.6 1.6 15

Table 2: Factors and levels for anisotropic MRE curing setup parameters

Parameters Level 1 Level 2 Level3 Level4 Level5
Number of turns 150 200 250 300 350
Diameter of the 0.4 0.7 1.0 1.3 1.6

coil (mm)

Current (A) 0.4 0.8 12 1.6 2.0
Time (min) 5 10 15 20 25

as a starting point. The specific values and levels for each
parameter are listed in Table 3. Utilizing the information
provided in Table 3, the anisotropic MREs are polarized to
create the desired configuration. These fabricated MRE
samples will be subjected to testing in order to identify
the parameter combination that yields the highest IAC.
Table 3 presents the combinations of anisotropic MRE
polarization parameters for each experiment. The manufac-
turing process of the anisotropic MRE involves subjecting
it to a magnetic field during the curing process. The ratio
of room-temperature-vulcanizing (RTV) silicone rubber to
carbonyl iron powder (CIP) is 40:60, as reported by Bur-
hannuddin et al. [30]. The hardener is added to the RTV

silicone rubber, with a weight proportion of 3% relative to
the RTV silicone rubber. The fabrication process of the
anisotropic MRE is shown in Figure 2, and Table 4 shows
the detailed breakdown of the weight of materials used in
the fabrication of the anisotropic MRE.

As shown in Figure 2, a weighing scale is used to mea-
sure the quantities of RTV silicone rubber, CIP, and hard-
ener. The proportions of these materials utilized in the
MRE fabrication are outlined in Table 4. The fabrication
process of the MRE involves several stages, namely mixing,
pouring, and curing. Initially, the RTV silicone rubber and
CIP are manually mixed in a measuring cup, and then the
hardener is added to the mixture. Subsequently, the pre-
pared mixture is poured into a mold that has been treated
with a mold release agent. Following the pouring stage, the
MRE undergoes curing in the presence of a magnetic field.
The setup for the curing process is illustrated in Figure 3.

As illustrated in Figure 3, the selection of factors is
crucial for the setup of the curing process, which involves
the use of coils to generate a magnetic field. Therefore, the
diameter and number of turns of the coil are important
factors to consider. Additionally, the power supply that
generates the current for the magnetic field plays a
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Figure 2: Fabrication process of the anisotropic MRE.

Table 4: Weight of the materials for anisotropic MRE fabrication

Material Percentage Weight (g)
RTV silicone rubber 40% 12
Carbonyl iron powder 60% 18
Hardener 3% of the RTV SR 0.36
) . MRE in mold
Coil housmg\
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Figure 3: Curing process setup of anisotropic MRE.

significant role. Consequently, variations in the current are
essential for generating the required magnetic field during
the curing process. Finally, it is essential to expose the MRE
to the magnetic field for at least the same duration as the
curing time, or longer, to ensure proper curing. This is the
stage in the curing process where the parameters from the
OA come into play. For example, the first set consists of all
the factors at the first level, indicating that the coil has 150
turns with a diameter of 0.4 mm. The current configuration

e
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Weighing and mixing process

| Mold release
agent is

sprayed into
the mold

will be 0.4 A, and the curing time will be 5 min. The drop
impact test will be conducted on each of the 25 MRE sets,
which comprise different combinations of successfully fab-
ricated parameters and levels.

2.3 Drop impact testing

In this study, the IAC of the MREs was evaluated through a
drop impact test conducted in accordance with ASTM
D2444 and ISO 3127 standards. The purpose of this test is
to assess the material’s ability to withstand sudden external
forces. The drop impact test is commonly used to determine
the impact resistance of various materials, including ther-
moplastic pipes. For this experiment, an Instron Drop
Impact Machine and CEAST Software were utilized to
control the test parameters, including impact energy,
impact velocity, falling height, tup holder mass, tup nom-
inal mass, specimen support, and applied current. The
specifications for these parameters are provided in Table 5.
Figures 4 and 5 show the experimental setup and the
setup for the drop impact test, respectively. As shown in
Figure 4, the MRE is positioned between two metal plates to
prevent its breakage and compression. During the experi-
ment, the impact is applied to the impactor. To induce
shear movement during impact, a sleeve angle of 30° was
deliberately chosen. The coil bobbin, composed of the
Teflon material, accommodates a copper enamel wire
with a diameter of 0.7 mm, which is wound around it.
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Table 5: Parameters of the impact test

Parameter Value

Impact energy 1)

Impact velocity 2.00m/s

Falling height 204 mm

Tup holder mass 43kg

Tup nominal mass 1.2kg

Specimen support 3mm

Current 0.0, 0.5, 1.0, 1.5, 2.0 A

Strut Sleeve
Impactor (angle 30)

(a)

Figure 4: The MRE test device.

Figure 5: The setup for the drop impact test.
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As shown in Figure 4(a), the MRE specimen is con-
tained within a specialized MRE device designed for testing
its properties. Meanwhile, in Figure 4(b), the MRE strut is
inserted alongside the impactor and the sleeve, which are
inclined at a 30° angle. This entire device is then placed
inside the specimen space of the drop impact test machine,
as shown in Figure 5.

Figure 5 shows a hydraulic system that pulls the impact
weight to the release position before initiating the release.
The impact weight is equipped with an accelerometer and
load cell to capture real-time acceleration and impact force
data. This test is crucial for evaluating the material’s beha-
vior under impact loading conditions. The initial step of
the experiment involves confirming the parameters for
the drop impact loading. The desired falling height for the
impactor is set, and it is dropped onto the specimen within a
time frame of 3 s. Throughout the impact, sensors record
data, which are subsequently transmitted to the data acqui-
sition (DAQ) system. The obtained raw data include time,
displacement, and force measurements.

2.4 Calculation of the IAC

The IAC of the MRE is calculated using the force—displace-
ment characteristics obtained from the experiment. Figure 6
presents a typical force-displacement (F-d) characteristic
curve for the MRE. In this graph, the blue line represents

p weight

I L
x| () ‘
I

Compressor
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Displacement (mm)

Figure 6: F-d characteristic graph of MRE with functions.

the compression state of the MRE, where the force increases
progressively with displacement during the impact. On the
other hand, the red line indicates the extension state of the
MRE, where the force decreases as the displacement returns
to its original state. The IAC is estimated by calculating the
area under the F-d curve. To determine the area under the
curve or the IAC, polynomial functions are generated based
on the blue and red lines. However, it is important to note
that polynomial models based on only a few data points may
not be ideal for making accurate predictions, as there are
numerous polynomial functions that can fit a given set of
data points. Figure 6 provides an illustration of a typical F-d
graph with associated polynomial functions.

Based on Figure 6, polynomial functions of the sixth
order are generated from the F-d graph to represent the
ascending line (y;) and descending line (y,). These func-
tions can be expressed by Egs. (1) and (2):

Yy = @-pX® + @ + @gx* + @+ @ + aioax

M

+ @,

Yy = GeXS + @y sXS + @y Xt + @y X3 + @y XP + a4y ®

+ a.
In these equations, a;-; is a real number, and x;_; repre-
sents the displacement. The values of the constants depend
on the shape of the curve. To determine the area under the
F-d graph, the generated functions are then integrated.
The formula for calculating the IAC is expressed by Eqg. (3):
Xmax

ac= |

Xmin

(Y1 Y, )d-xa 3

where Xxpax represents the maximum displacement in the
F-d graph, and x,;, represents the initial displacement. In
theory, as the absorption force increases, the displacement
decreases, resulting in a wider shape of the F-d graph. The
calculation of IAC is crucial for identifying the optimal

composition of MRE for applications involving impact
mitigation. Higher absorption capability during impact
loading indicates better characteristics of MRE for such
applications.

2.5 Experimental results of MRE drop impact
test based on L,s (5%)

The test results of the drop impact test in terms of force
and displacement serve as important characteristics. The
IAC can be determined by extracting the values of y; and y,
from the F—d graph, as explained in the previous section,
and then calculated using Eq. (3). The obtained IAC values
from the experiment are presented in Table 6. Table 6
shows the IAC values for different experiments, with experi-
ment 7 exhibiting the highest IAC among those listed.

As shown in Table 6, experiment 7 demonstrates the
highest IAC value of 10.23N m with the greatest force of
15146.20 N and the highest displacement of 1.23 mm. Mean-
while, experiments 4 and 16 exhibit the lowest IAC values
of 1.17N m, with the maximum forces of 13994.61 and
1794412 N, and maximum displacements of 1.13 and 0.31 mm,
respectively. Once the 25 IAC values have been obtained,
the subsequent process involves determining the signifi-
cance and contribution of individual factors. This process
will be sequentially executed through the following steps,
involving the calculation of the signal-to-noise ratio (SNR),
the analysis of means (ANOM), and the analysis of variance
(ANOVA).

3 Optimization of anisotropic MRE

During the optimization process, the performance of the
system was evaluated by analyzing the IAC obtained from
the experimental tests. To ensure that the anisotropic MRE
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Table 6: Experimental results and IAC values of each set

Number of Max. Max. IAC
experiments force (N) disp. (mm) (N m)
1 10437.88 1.54 2.22
2 14509.40 1.45 332
3 15316.69 1.17 1.58
4 13994.61 113 1.17
5 16003.63 1.24 2.45
6 15452.07 1.04 1.53
7 15146.20 1.23 10.23
8 15169.60 1.10 8.44
9 17979.22 1.06 7.15
10 16767.46 0.54 1.80
1 16623.72 0.32 1.4
12 17731.86 0.31 1.68
13 13677.05 0.14 1.19
14 17730.18 0.37 1.93
15 17817.10 0.34 1.85
16 17944.12 0.31 117
17 17146.87 0.34 1.44
18 18077.83 2.06 6.15
19 16349.61 0.27 1.24
20 16570.23 1.97 2.49
21 18522.43 2.12 6.78
22 17593.13 1.75 2.27
23 16058.79 2.16 4,67
24 15104.42 2.04 5.47
25 18527.44 1.91 4.23

meets the design specifications and minimizes errors, a
performance indicator called the SNR is utilized. In order
to meet the design requirements, SNR with a larger-the-
better characteristic is preferred. The formula for SNR is as
follows, where a larger value is considered more favorable:

n 2

SNR = -10 1og[1 . @

From Eq. (4), the variable n represents the number of
repetitions. In this particular study, the number of repeti-
tions is set to 1. The SNR value is calculated for each set of
experiments, and the calculated values for all sets are pre-
sented in Table 7. To identify the combination of para-
meters that yields the most favorable results, it is crucial
to calculate the total SNR value for each factor and its
corresponding level. This can be achieved by employing
the Lys(5%) OA, as illustrated in Table 1. This approach facil-
itates the evaluation of the optimal parameter combination
with the highest potential for desirable outcomes.

The SNR values provided in Table 7 serve as the basis
for calculating the total SNR values for each level, utilizing
the information from Table 1. For example, to determine
the total number of experiments for the curing time at
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level 2, experiments 2, 10, 13, 16, and 24 are considered.
The corresponding SNR values obtained from Table 7 for
these experiments are 10.42, 5.09, 151, 1.39, and 14.76,
respectively. Consequently, the sum of the SNR values for
the curing time at level 2 is recorded as 33.17. By following
the same procedure for all available combinations, the
total SNR values for each level can be calculated. The
results of these calculations are presented in Table 8.
Furthermore, Figure 7 shows the SNR ratio values for the
various curing process parameters.

Based on the procedure outlined by the Taguchi method,
the values obtained are plotted against the five levels in
Figure 7. Through this analysis, it has been determined
that the maximum SNR values for optimal characteristics
occur at level 2 for the number of coil turns (68.02), level 3
for the diameter of the coil (54.98), level 3 for the current
(51.41), and level 4 for the curing time (60.87). These findings
indicate that the optimum parameters for polarization of the
anisotropic MRE are summarized in Table 9.

After identifying the optimal parameters in Table 9,
the next step of this study is to determine the overall
most influential parameters. This is achieved by calcu-
lating ANOM using the previously determined SNR values.
The ANOM for SNR can be calculated as follows:

n
ANOM = iZSNR,-. (5)
0=1
Based on Eq. (5), the number of levels is represented by
Xo, While the number of factors is denoted by i. For this
particular analysis, x, =5 and i = 1. The results of the ANOM
for each parameter and level are given in Table 10.
Following the ANOM, the obtained ANOM values for
each factor and level are utilized in ANOVA to explore the
impact of different parameters on the overall performance
of the curing setup. ANOVA is a widely used statistical
method for assessing the relative importance of various
variables and parameters in relation to the overall system
performance. In this study, ANOVA is determined by cal-
culating the sum of squares (SS) for each parameter. The SS
can be computed using the following formula:

n
SS = x D (M; = Mayg)?, (6)
i=1
where m; is the ANOM value and the m,y is the average
value of the SNR. By evaluating the SS, the contribution of
each parameter can be determined. The parameter with
the highest contribution signifies its dominant influence or
importance on the polarization of the anisotropic MRE. The
percentage value of the contribution for each parameter is
presented in Table 11.
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Table 7: Calculation of SNR for every set of anisotropic MRE

Anisotropic polarization in magnetorheological elastomers = 9

Number of experiments Number of turns Diameter of the coil Current Time (min) IAC SNR
1 150 0.4 0.4 5 2.22 6.92
2 150 0.7 0.8 10 3.32 10.42
3 150 1 12 15 1.58 3.95
4 150 13 1.6 20 1.17 1.38
5 150 1.6 2 25 2.45 7.77
6 200 0.4 0.8 15 1.53 3.70
7 200 0.7 12 20 10.23 20.19
8 200 1 1.6 25 8.44 18.52
9 200 13 2 5 7.15 17.08
10 200 1.6 0.4 10 1.80 5.09
1 250 0.4 12 25 1.41 2.99
12 250 0.7 1.6 5 1.68 4,52
13 250 1 2 10 1.19 1.51
14 250 13 0.4 15 1.93 5.70
15 250 1.6 0.8 20 1.85 5.32
16 300 0.4 1.6 10 1.17 1.39
17 300 0.7 2 15 1.44 3.17
18 300 1 0.4 20 6.15 15.77
19 300 13 0.8 25 1.24 1.84
20 300 1.6 12 5 2.49 7.93
21 350 0.4 2 20 6.78 16.62
22 350 0.7 0.4 25 2.27 7.1
23 350 1 0.8 5 4.67 13.38
24 350 13 12 10 5.47 14.76
25 350 1.6 1.6 15 4.23 12.53
Table 8: Summation of SNR values

Parameters Level 1 Level 2 Level 3 Level 4 Level 5 Total
Coil turns 30.43 64.59 20.06 30.10 64.41 209.60
Diameter 31.64 45.41 53.13 40.77 38.64 209.60
Current 40.60 34.67 49.84 38.35 46.15 209.60
Time 49.84 33.17 29.05 59.29 38.24 209.60

Table 11 provides an overview of the contributions made
by the parameters to the enhancement of the performance of
MRE. It is evident that the number of coil turns significantly
influences the properties of MRE, accounting for 63.36% of
the overall control parameters, followed by the curing time
(22.2%), the diameter of the coil (9.15%), and the applied
current (5.29%). By observing the impact of changing each
parameter in the curing setup, it is evident that the number
of coil turns has a greater influence on controlling the overall
setup compared to the other parameters.

Based on the findings of the optimization process, the
highest contribution of anisotropic MRE is the number of
coil turns. The number of coils in the anisotropic MRE
process is a critical factor that significantly influences the
IAC in terms of its performance and functionality. Coils

play a crucial role in generating the magnetic field within
the MRE, which affects its rheological properties and directly
influences the strength of the magnetic field generated
within the MRE. A higher number of coils generally results
in a stronger magnetic field, enhancing the material’s
responsiveness to changes in the applied magnetic field.
This responsiveness is essential for rapidly adjusting the
MRE’s mechanical properties during impact tests. Additionally,
the optimized number of coils ensures a uniform distribu-
tion of the magnetic field across the MRE. This uniformity
is important for achieving consistent IAC throughout the
material, preventing localized stress concentrations, and
enhancing overall performance. The second most signifi-
cant contribution is attributed to the curing time in the
MRE manufacturing process. The curing time directly
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Figure 7: SNR for parameters of the curing setup.

Table 9: Optimum parameters for anisotropic MRE polarization

Parameters Optimum value Level
Number of coil turns 200 turns 2
Diameter of the coil 1.0 mm 3
Current 1.2A 3
Curing time 20 min 4
Table 10: ANOM results for each parameter and levels

Parameters Level 1 Level 2 Level 3 Level 4 Level 5 Total
Coil turns 6.09 12.92 4.01 6.02 12.88 41.92
Diameter 6.33 9.08 10.63 8.15 7.73 41.92
Current 8.12 6.93 9.97 7.67 9.23 41.92
Time 9.97 6.63 5.81 11.86 7.65 41.92

Table 11: Contributions of the parameters in the curing setup

Parameters SS Contribution of the parameter (%)
Coil turns 353.94 63.36

Diameter 51.09 9.15

Current 29.54 5.29

Curing time 124.02 22.20

Total 558.59 100

affects the development of the MRE’s internal structure and
cross-linking between polymer chains. Adequate curing

time is essential for achieving optimal material integrity
and strength. A well-cured MRE is better equipped to
withstand and absorb impact forces, reducing the risk
of material failure during high-stress tests.

4 Conclusions

In this study, anisotropic MRE was fabricated by carefully
selecting the curing process parameters. The goal was to
optimize the anisotropic MRE by improving its IAC. To
achieve this, the Taguchi method was employed to deter-
mine the optimal parameters for anisotropic polarization.
The investigation commenced by identifying the OA, con-
sidering the selected factors and parameter levels. The Lys
(5%) OA combination was utilized to fabricate the aniso-
tropic MRE. Subsequently, the drop impact test was per-
formed on all 25 sets of anisotropic MREs. The results
obtained were subjected to analysis using several techni-
ques, including IAC, Taguchi analysis, SNR, ANOM, and
ANOVA. The analysis revealed the significant contributions
of the parameters: the number of coil turns accounted for
63.36% of the IAC improvement, followed by the curing
time (22.2%), the diameter of the coil (9.15%), and the cur-
rent (5.29%). Based on the analysis, the optimal parameters
for anisotropic MREs were identified as follows: 200 coil
turns (Level 2), 1.0 mm coil diameter (Level 3), 1.2 A (Level
3) current, along with a curing time of 20 min (Level 4).
This combination was substantiated through experimental
testing, where it was demonstrated that the MRE yielded
the highest IAC value in experiment 7.
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5 Recommendations for
future work

After successfully identifying the optimum parameters for
the anisotropic MRE and demonstrating its ability to pro-
duce the highest IAC, this MRE can be applied as an active
bumper system to mitigate frontal collisions in vehicles.
The ongoing research project focuses on implementing
this active bumper system to enhance vehicle safety. Frontal
collisions are frequently deemed hazardous accidents because
of their direct impact on the vehicle body and occupants. By
integrating the MRE actuator between the passive bumper
system and the front vehicle body, namely the crumple
zone, the impact energy can be effectively minimized. This
could help to protect the vehicle structure from damage and
minimize the risk of injury to occupants.
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