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This study proposes the design and fabrication of a natural rubber-based
magnetorheological elastomer (NR-MRE) engine mount as a new device in absorbing
the vibration originated from the automotive engine. The conceptual design was performed
through a simulation process by Finite Element Method Magnetics to analyze the magnetic
field distribution. The simulation result had indicated that the device was capable of
generating an equivalent magnetic field density of 0.31 T at the effective area. The MRE
was prepared by utilizing 60 wt% of carbonyl iron particles (CIPs), and the cavity was filled
by compression molding. The MRE compound was tested based on its basic mechanical
properties, while the MRE engine mounts were tested under a static compression load at
off- and on-state conditions. It was observed that the compound possessed a good tensile
strength for a load bearer matrix with an average of 12.65MPa. Subsequently, the results
of the static compression load had showed that the MRE engine mounts recorded an
increase of 12% in the force generated as compared to conventional engine mounts at an
off-state condition. Meanwhile, at an on-state condition of 2.4 A, the MRE engine mounts
recorded an increase in the force generated with 106%. The study has demonstrated that
the proposed device can be one of the potential candidates for vibration control
applications due to its stiffness controllability.
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1 INTRODUCTION

The engine mount is a mechanical device used in holding an engine with the frame or chassis. It
consists of an elastomer rubber placed in between the metal casing and center core. The functions are
to support the engine mass and to absorb and isolate the vibration occurring in the engine, thus
reducing it from transferring to the rest of the vehicle’s structure (Yu et al., 2001; Ooi and Ripin,
2011). To date, rubber has been widely used as a material in the engine mounting system (Wang and
Kari, 2019) due to the low damping properties and elastic stiffness in absorbing the vibration. In
order to fit the desired applications, few types of engine mounts have been designed and developed
until today, such as the elastomeric mount, hydraulic mount, semi-active mount, and active mount
(Yang et al., 2019). The elastomeric engine mount or conventional engine mount utilized the
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conventional rubber compound, having uniform and rigid
mechanical properties in which the vibration control and
attenuation are generally effective at narrow frequency ranges
(Jung et al., 2010; Xu et al., 2010; Ubaidillah et al., 2015) and are
unable to operate satisfactorily in a wide range of conditions.
While the hydraulic engine mount, consisting of the usage of
liquid medium (Shangguan, 2009), greatly increased damping at
low frequency, the degraded isolation performance is at high
frequency (Yu et al., 2001) and is limited in durability (Jeong
et al., 2013). Nowadays, moving out of the boundary of passive
type device utilization, active versions of engine mounting
systems have drawn the awareness of vibration absorption
designers and researchers. An active engine mount, which
consists of an active force generator and controller, possesses
superior performance not only in the vibration reduction ability
but also for its fast response (Swanson, 1993; Yu et al., 2001;
Lerner and Cunefare, 2008). However, it is also reported that such
devices have several limitations such as higher system cost and
heavier weight (Sun et al., 2018; Soliman and Kaldas, 2019),
having system complexity and decreasing its stability (Th et al.,
1985; Kela and Vähäoja, 2009). It is for these reasons that the
semi-active engine mount such as MRE engine mounts have
attracted the attention of current researchers due to its simplicity
in design yet being effective (Liao et al., 2011; Hoang et al., 2013;
Sun et al., 2015, 2018).

The MRE engine mount is a device in which the elastomeric
rubber part was replaced with an MRE sample that consists of
micron-size magnetizable particles suspended in its matrix
material. In the presence of a magnetic field, this type of
material exhibits tunable stiffness, which has an effect on its
storage and loss modulus (Nam et al., 2020). The end purpose of
the device’s performance development is to fabricate an MRE
engine mount with a good MR effect, low damping ratio, and a
good tensile and fatigue strength (Burgaz and Goksuzoglu, 2020).
The good MR effect is denoted by the proportionate change in
storage modulus (G′) toward the applied strength of the magnetic
field, while a good tensile strength is denoted by a high tensile
strength of the matrix material used such as the natural rubber
(NR). Recently, numbers of semi-activeMRE engine mounts have
been proposed and tested for their performance using various
types of device design and configuration (Albanese and Cunefare,
2003; Hoang et al., 2011; Kavlicoglu et al., 2011; Xin et al., 2017).
Different configurations of the proposed device vary in fulfilling
the requirement of the device fundamental aspect and are
generally divided into three criteria, which are the matrix
material selection, shape, and size of the compound used
together with the employed coil configuration. Detailed
research studies have been carried out as well, using a series of
numerical models due to the viscoelastic characteristic of the
material which exhibits nonlinear properties with the
displacement amplitudes and frequencies under magnetic field
stimuli (Nguyen et al., 2018; Yu et al., 2019). Understanding and
modeling the mechanical behaviors of MREs under different
magnetic field strengths are necessary to design an appropriate
MRE-based semi-active control device (Nguyen et al., 2019).

In terms of device configuration involving the matrix material,
silicone rubber has been widely utilized as a medium in MRE

fabrication due to its easy sample preparation since it can be easily
processed during compounding and retains various enhancement
capabilities such as high field-induced relative stiffness (Shenoy
et al., 2020). Deng et al. (2006) has reported an increase of 147%
in terms of relative frequency for the devices utilizing silicone
rubber, while Liao et al. (2011) revealed a device capability in the
resonant frequency increment from 11 to 18 Hz. Meanwhile, Sun
et al. (2014) also reported on a natural frequency shift from 37 to
67 Hz, and Dargahi et al. (2019) revealed an astonishing 1672%
increase of storage modulus for vibration control devices. In
general, all of these reported performance materials are capable to
be applied for the potentially relevant engineering applications.
However, there were evidences that proved this type of soft
matrix was not suitable to be used in the load-bearing device
due to its low strength and fatigue life (Fuchs et al., 2007; Qiao
et al., 2012; Zhu et al., 2012). Natural rubber, on the other hand,
offers high elasticity, tensile and tear strength, excellent
wearability, abrasive resistance, easy availability, and low cost
(Schaefer, 2002; Jung et al., 2015; Belluci et al., 2016; Fan et al.,
2018) and is also capable to sustain a wide range of deformation
and flexibility in industrial applications (Alam et al., 2020).

Meanwhile, the second criterion of the device structure is
characterized by the geometrical shape and size of the prepared
matrix compound. Many research studies generally focus on
small and thin samples, which geometrically include square,
rectangular, and circular or round pieces. Moreover, most of
the study basically focused on the use of thickMRE samples in the
range of 3–10 mm due to their easy laboratory sample
preparation for performing the test. As such, Ginder et al.
(2001) explored a tuneable device performance using an MRE
material having the size of 60 mm in diameter with 2 mm
thickness. In another study, Jeong et al. (2013) proposed a
differential mount using a rectangular MRE sample with an
initial size of 30 × 12 mm2 with 5 mm thickness. Xin et al.
(2017) proposed a powertrain mount utilizing a circular
cylindrical MRE with 68 and 56 mm of the outer and inner
diameter, respectively, and 10 mm thickness. Zhang and Ren
(2019) designed an automobile vibration-reducing device using
MRE samples having thickness of 3 and 6 mm. However, limited
study was observed in the study based on the actual size of the
rubber composite or MRE used in the engine mount device.
Therefore, it is interesting to observe the behavior and the
performance of the industrial scale MRE-based engine mount
with an industrial scale size of the MRE sample fabricated using
the industry’s compression molding machine.

The last criterion of the device structure is characterized by
the device design including coil configuration for an optimum
magnetic field distribution throughout the device, especially at
the MRE effective area. Furthermore, coil configuration is
identified by its location, placed either internally or
externally, and also by the number of the coil used, either
single or multicoil. Albanese and Cunefare (2003) discussed a
semi-active absorber device which consisted of MR silicone of
0.5 cm in length in between the steel loops of 3.6 cm in length,
wound with a magnet wire as the coil. They found that the size
of the device was seven times bigger than the MR composite
and was capable of shifting the initial natural frequency of 45
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up to 183 Hz. Due to its small size, the device was suitable to be
used in constraint space. Kavlicoglu et al. (2011) reported an
MRE mount consisting of four MRE layers, each with 12.7 mm
thickness and two electromagnetic coils sandwiched in
between the mounting plates and secured by epoxy glue.
The generated magnetic field from the coils directly
penetrated the MRE layers toward the outer mounting
plates and thus gained the maximum stiffness change under
magnetic fields up to 0.4 T, resulting in 90% change of the
compression stiffness. Meanwhile, Hoang et al. (2011)
designed a vibration absorption device consisting of an
MRE material placed in between an inner and outer
cylinder, excited by the three external magnetic coils, with
each coil capable of generating a magnetic field up to 0.3 T. Xin
et al. (2017) proposed a powertrain mount device, composed of
a semi-active vibration absorption unit, which utilized an
O-ring type MRE with an outer diameter of 68 mm, inner
diameter of 56 mm, and thickness of 10 mm. The device
utilized a single internal magnetic coil covered with high

magnetic permeability structures made from pure iron to
ensure a closed property of the magnetic circuit and
increase the magnetic flux intensity through the MRE. Such
a design prevented unnecessary field leakage, thus capable of
generating a high magnetic field intensity up to 0.68 T with a
supplied current of 2 A. In general, the main and critical
criteria in the reliable device design and coil configuration
lie in the sufficient distribution of the magnetic field in which
the circulation of the magnetic flux reaches throughout the
MRE area (Li et al., 2020). Moreover, the design with a closed
loop property of the magnetic circulation also plays an
important role in avoiding unnecessary field leakage.

From these studies, the results demonstrated the possibility
and potential of the proposed semi-active MRE engine mounts in
absorbing and isolating the vibration. However, most of the
studies focused on the device utilizing the lab-scale soft matrix
compound for high performance results and ease of fabrication
processes. Therefore, this study contributes to the MRE property
characterization of the material carried out by the static test,
representing the elastomer as “high elastic” rather than the
viscoelastic nature which is carried out by dynamic tests
(Shenoy et al., 2020), in evaluating an industrial scale device
of an engine mount utilizing an appropriate load bearer matrix
carrier, which is also fabricated industrially to be tested under
magnetic field stimuli. The selection of materials together with
the carbonyl iron particle (CIP) content is considered in order to
obtain an optimum device design with high magnetic field
strength throughout the effective area. The device’s conceptual
design and the magnetic distribution analysis are being validated
by Finite Element Method Magnetics (FEMM), and such an
approach of validating the magnetic distributions using a

FIGURE 1 |Conceptual design (A) 3D cross-sectional drawing of the entire structure of theMRE enginemount; (B) Schematic representation of the entire structure
of the MRE engine mount.

TABLE 1 | Structural parameter of the MRE engine mount structure.

Item Parameter Value (mm)

d1 Diameter of the entire structure 150
d2 Diameter of the engine mounting 68
d3 Inner diameter of the MRE 25
d4 Diameter of the center core 12
l1 Width of the electromagnetic coil 35
h1 Height of the cylindrical housing 60
h2 Length of the electromagnetic coil 40

TABLE 2 | Composition of the MRE.

Element Wt% (phr) Function

Natural rubber (NR) 100 Rubber matrix
Carbonyl iron particles (CIPs) 60 Filler
Zinc oxide 5 Compound-strengthening agent
Stearic acid 2.5 Softener and a filler-dispersing agent
Sulfur 2.5 Crosslinking agent
Treated distillate aromatic extract (TDAE) oil 1.5 Rubber-softening additive
Trimethyl dihydroquinoline (TMQ) 1.5 Antioxidant
Tetramethyl thiuram disulfide (TMTD) 1 Rubber vulcanization accelerator
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simulation method is being carried out by most of the eminent
researchers in this field (Xin et al., 2017; Samal et al., 2020; Shenoy
et al., 2020; Huang et al., 2021). Future works will focus in the
dynamic method together with the control system evaluation.

2 CONCEPTUAL DESIGN

The industrial fabricated engine mount possesses a cylindrical
shape with an external casing diameter of 68 mm and a center
core diameter of 12 mm with the height of 40 mm. The external
casing and the center core are separated by the MRE compound.
The center core is attached to the vehicle’s engine by means of a
bolted shaft, while the external casing is attached to the vehicle’s
frame via the structure casing, thus holding the engine at its
position and supporting the engine’s weight. As the engine is in
operation and subjected to vibration, the MRE compound will
isolate and attenuate the vibration from transferring to the rest of
the vehicle’s structure. Subjected under the industrial product
specification is the engine mount having the maximum amplitude
of 7 mm and maximum load capacity of 2 kN. Figure 1A
represents the cross-sectional area of the entire proposed
structure of the MRE engine mount. The conceptual design
structure consists of an outermost cylindrical housing, covered
with two cover plates, in which each plate is located at the top and
bottom of the structure, a bobbin core, an electromagnetic coil
winding around the bobbin, and finally the cylindrical MRE
engine mount was press-fitted at the very center of the design
to ensure its rigidity. Figure 1B shows a schematic representation
of the entire structure.

Because of the current being supplied to the
electromagnetic coil, the magnetic fluxes were generated
and circulated throughout the structure, and the flows were
then directed toward the MRE area, as shown by the red arrows
in Figure 1B, representing the magnetic passage. As the ranges
of the magnetic field excitation are being imposed on the
engine mount, the stiffness of the MRE could be tuned by
adapting the supplied current, and simultaneously, the
vibration of the engine mounting system could be
attenuated correspondingly. Further analysis of the
magnetic distribution in the results and discussion section
represented by Figure 9A indicates that the magnetic flux

distribution formed a closed loop path, and thus, the magnetic
leakage was optimally prevented. The structural parameters of
the design are listed in Table 1.

The diameter of the entire structure d1 represents the
overall diameter measurements for the cylindrical housing,
while h1 represents the height or the width of the structure
consisting of the top and bottom cover plates together with the
height of the electromagnetic coil. As such, the entire structure
is having a general size of 150 mm × 60 mm. The design
concept has been modified by using an external magnetic
coil instead of an internal magnetic coil, in which the
original work of the vibration absorber utilizing the internal
coil for the powertrain mount system was carried out by Xin
et al. (2017). By using an external magnetic coil, the simulation
result of the magnetic flux distribution in Figure 9A had
shown that the full coverage of the magnetic flux could be
provided throughout the area, which was from the top side of
the MRE effective area toward the bottom side. The
dimensions of the coil are represented by l1 and h2, which
are the width and the length of the coil area, respectively. In
this study, a 24 SWG-coated copper wire with the diameter of
0.6 mm has been selected to generate the magnetic field in the
MRE engine mount. A total number of 3,500 turns were wound
around the coil, together with 56 layers, with each layer having
63 turns of the copper wire.

3 MATERIAL PREPARATION AND
EXPERIMENTAL SETUP

The fabrication of the entire structure consisted of three major
stages, which were the MRE compound preparation,
electromagnetic coil designing and fabrication, and finally the
fabrication of the MRE engine mount. In addition, the
experimental setup and procedures were then explained in the
following section, which include several tests comprising the
MRE compound test and the engine mount test in terms of
the static compression in evaluating the device performance.

3.1 MRE Compound Preparation
The natural rubber-basedMRE has been introduced as the matrix
material for the engine mount device. In this study, the raw

FIGURE 2 | Fabrication of the electromagnetic coil (A) Coil bobbin machining process, (B) Machined part of the coil bobbin, and (C) End product of the
electromagnetic coil by winding the copper wire around the bobbin.
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material of natural rubber was supplied by Titron Rubber
Industries (M) Sdn Bhd, Banting, Malaysia. Other
compositions such as zinc oxide (ZnO), plasticizers, and
additives were provided by the same company. In addition,
carbonyl iron particles (CIPs) of OM type were purchased
from BASF, Germany, having an average diameter of 6 µm
with a density of 7.8 g/cm3, and were used as magnetic
particles. The detailed composition, together with their
function, of the MRE samples is tabulated in Table 2.

The fabrication of the MRE compound consisted of
composition mixing and the preforming configuration
process. In this work, an industrial double-roll mill
machine was used to mix the compound under a
controlled temperature of 75°C. The two rollers spun in

different directions with adjustable roll gaps as the
machine ran, subjecting the NR in between the rolls to a
high extrusion pressure and shear force. The molecular
chains of the NR were broken down by continually
revolving the rolls, and the NR gradually lost its elasticity
and acquired a viscous state, signified by a sticky reaction on
the roller surface. Then, the cross linkers and processing aids,
the CIPs, and plasticizers were added into the new form of
viscous natural rubber. The mixing process was further
continued for about 15 min in order to achieve a good
incorporation and dispersion of the added components by
observing the solid compound without adhesion on the roller
surface and homogenous color compound. The resulting
MRE compound was finally produced into a sheet molding
compound to be used in the molding process.

3.2 MRE Engine Mount Fabrication Process
In general, the engine mount consisted of a center core and
engine mount casing, bonded by an elastomeric rubber, which
in this case is the fabricated MRE compound. The machine
used in this process was the LIN CHENG IRH-S3 molding
machine. The molding process started with a mold cavity being
preheated. Next, the center core and engine mount casing were

FIGURE 3 | Experimental setup of the static compression test from (A) front view and (B) side view.

TABLE 3 | Static compression test procedure.

Condition Off-state On-state

Displacement amplitude 3 mm
Speed rate (mm/min) 25 mm/min
Input current (A) 0 0.4, 0.8, 1.2, 1.6, 2.0, and 2.4

FIGURE 4 | (A) 2D axisymmetric planar diagram of the engine mount with an external coil; (B) Distribution of the magnetic field throughout the device.
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placed at the mold cavity, and the MRE sheet was being cut
into smaller pieces to be inserted inside the empty space
between the center core and the engine mount casing. The
mold was then being securely closed and brought into the
compression molding machine where heat and pressure were
being applied gradually. The curing temperature was set at
160°C, and after 30 min of curing time, the mold was then
being cooled, and the part was removed and stored under room
temperature for 24 h before the testing process. The fabrication
process of the engine mount was being assisted and monitored

by HML Auto Industries Sdn Bhd in Jeram, Selangor,
Malaysia.

3.3 Electromagnetic Coil Fabrication
Process
The fabrication process of the electromagnetic coil commenced
with the fabrication of coil bobbin. The process was carried out
using a conventional lathe machine model OPTIturn D330
Maschinen, as shown in Figure 2A. The dry cutting process

TABLE 4 | Part summary of the device structure.

# Part name Material Type Material type Permeability

1 Coil bobbin Aluminum 6061 Paramagnetic 1
2 Engine mount casing Aluminum 6061 Paramagnetic 1
3 Top and bottom plate Low carbon steel 1020 Ferromagnetic 2000
4 Cylindrical housing Low carbon steel 1020 Ferromagnetic 2000
5 Coil wire Copper 24 SWG Paramagnetic 1

FIGURE 5 | Magnetic flux distribution, (A) Non-magnetic material bobbin, (B) Magnetic material bobbin, (C) Magnetic density analysis on the bobbin material’s
type.

FIGURE 6 | (A) Schematic representation of the coil bobbin thickness; (B) Magnetic density analysis on the coil bobbin thickness.
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was carried out using a carbide cutter with a cutting speed of
120 m/min. The type of material selected for the fabrication of the
magnetic coil bobbin was aluminum with an initial solid cylinder
dimension of 152 mm (diameter) by 80 mm (length). The end
product of the coil bobbin shown in Figure 2B consists of a
through hole in the middle to fix in the engine mount and a
groove to place the magnetic coil copper wire. Finally, a copper
wire type 24 SWGwith 0.6 mm diameter size was used in winding
the electromagnetic coil inside the fabricated groove of the
cylindrical coil bobbin, as shown in Figure 2C. The total
number of coil’s turns on the cylindrical bobbin was 3,500
turns, and the total electric resistance was 81Ω. The total
number of coil turns was determined based on the total area
of the cylindrical coil bobbin, the diameter of the copper wire, and
the optimum magnetic field strength distributed in the MRE
effective area.

3.4 Experimental Setup
3.4.1 Tensile Test Sample Preparation
MRE dumbbell tensile test samples were cut with a die and tested
using a TENSILON mechanical test machine at room
temperature. The gauge length was 20 mm, while the width

and thickness of the samples at this section were 5.3 and
2.3 mm, respectively. Both ends of the sample were clamped
during testing. The tensile speed applied for the test was 500 mm/
min. The quoted results were averaged over at least three
specimens.

3.4.2 Static Compression Test
A universal testing machine is a common piece of equipment
used for the static testing of the viscoelastic material. In this work,
an electromechanical tester (MTS model E44.304) was employed
to evaluate the stiffness performance under static compression of
the MRE engine mounts, as designed and fabricated previously.
The tests were carried out for both off- and on-state conditions,
which referred to the absence and presence of the magnetic field,
respectively. An automatic voltage regulator model TDGC2-
1KVA was used to supply a range of current to the
electromagnetic coil. The design structure is vertically set up
during testing, and the testing mode is subjected to the
compression mode, as shown in Figure 3. Between the load
cell and the test jig, the full construction of the MRE engine
mount was installed. As the vertical load was being applied, the
engine mount was held fixed at the testing jig by using a solid

FIGURE 7 | Magnetic flux distribution, (A) Non-magnetic material mount casing, (B) Magnetic material mount casing, and (C) Magnetic density analysis on the
mount casing material’s type.

FIGURE 8 |Magnetic flux distribution on device structure, (A) with full cover, (B) without full cover, and (C)Magnetic density analysis on the device structure, with
and without the application of the full cover.
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shaft through a hole of the engine mount, causing the
displacement of the elastomer of the mount. The load cell
used to measure the force applied and the displacement and
the data were then recorded by the computer. The testing
procedure is shown in the following Table 3.

4 RESULTS AND DISCUSSION

4.1 Magnetic Distribution Analysis
Simulation processes were carried out by FEMM to ensure the
effectiveness of the magnetic circuit distribution throughout
the entire structures. The selection of the suitable material
type and thickness of the cover plates and cylindrical housing
was also simulated to ensure high magnetic flux density
throughout the MRE engine mount. FEMM had been
utilized to analyze the distribution of the magnetic flux
throughout the structure of the MRE engine mount. The

design of the entire structures of the MRE engine mount
was divided into three parts. The first part corresponded to
the cylindrical coil bobbin. The second part referred to the
assembly of the MRE engine mount itself consisting of the
cylindrical MRE, engine mount casing, and center core, while
the third part comprised a cylindrical housing together with
the top and bottom cover plates. Figure 4A shows a diagram
of the 2D planar and axisymmetric structure of the engine
mount with the external coil labeled with associate sections,
while Figure 4B demonstrates a graphical postprocessing
magnetic field encompassing the two-dimensional planar
and axisymmetric geometries or the sections in FEMM.
The color tone dictates the density plots for a quick
reference in determining the flux density in various
sections or parts of the model. Details of the material
selection are tabulated in Table 4. The obtained B-H curve
for the MRE material is significant with that observed in the
study by Wahab et al. (2016), in which the magnetic flux

FIGURE 9 | (A) Overall magnetic field circulation throughout the entire device structure and (B) Strength of the magnetic flux at the MRE effective area.

TABLE 5 | Mechanical performance of the MRE compound.

Sample Tensile strength (MPa) Elongation (mm) Hardness (shore A)

MRE 12.65 138 (590%) 48
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density of the MRE material has a linear relationship with the
magnetic flux density, from the application of 60 wt% of
carbonyl iron particles.

4.1.1 Coil Bobbin Material and Thickness Selection
The distribution of magnetic flux on the bobbin material and
thickness are shown in Figures 5, 6, respectively. Selection of the
non-magnetic material resulted in high magnetic flux
concentration at the MRE area with 0.169 T, compared to the
selection of the magnetic material which is much lower.
Meanwhile, various bobbin thicknesses resulted in various
magnetic flux concentrations. The highest magnetic flux
density was recorded for the bobbin thickness of 2 mm.
However, it was not suitable to be applied in the fabrication of
the bobbin because it would not be able to withstand the pressure

during compression testing. Selection of the thick bobbin would
cause the magnetic flux density drop much lower. Therefore, in
this study, the material of non-magnetic type has been selected for
the coil bobbin with the thickness of 4 mm which could generate
high magnetic flux density at the effective area of the MRE.

4.1.2 Engine Mount Casing Material
Figure 7 shows the distribution of the magnetic flux by using two
different types of material for the engine mount casing. It can be
detected from Figure 7A that with the application of the non-
magnetic material as the engine mount casing, the distribution of
the magnetic flux mainly focuses and generates at the MRE
effective area compared to Figure 7B, whereas the magnetic
flux distribution certainly concentrates on the magnetic region
of the engine mount casing itself. The magnetic flux density
values between the two different types of materials for the engine
mount casing are shown in Figure 7C. The application of the
non-magnetic material for the casing resulted in a high magnetic
flux density at the effective area with an average value of 0.169 T
and an astound increase of 600% flux density compared to the
application of the magnetic-type material with an average value of
0.024 T. Based on this, material selection for the engine mount
casing would be of non-magnetic type material, which could
generate the higher magnetic flux density at the effective area.

4.1.3 Cylindrical Housing Together With Top and
Bottom Plate Covers (Full Cover)
Figure 8 illustrates the distribution of the magnetic flux on the
entire device structure with and without the application of the full
cover. It can be observed that the application of the full cover has
resulted in the most magnetic flux distribution in the inside area,
as shown in Figure 8A, compared to Figure 8B in which the
magnetic flux distribution scatters at the outside area. Moreover,
the application of the full cover ensured the closed property of the
magnetic field circuit and increased the magnetic flux
concentration through the MRE area. Figure 8C demonstrates
the magnetic flux density values toward the application of the full
cover. It showed that by properly covering the device with a
cylindrical housing, the plates have showed high magnetic flux
density at the effective area with a recorded average value of
0.31 T and an increase of 83% flux density compared to the one

FIGURE 10 | Plotted graph of force vs. displacement in the static compression tests, (A) off-state condition and (B) on-state condition.

TABLE 6 | Maximum force (kN) of the engine mounts.

Engine mount sample Force (kN) Increment (%)

Conventional mount 0.876 -
MRE mount 0.982 12

FIGURE 11 | On-state static stiffness of the MRE engine mount.
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without the full cover, with a recorded average value of 0.169 T.
Based on these results, the device would be fully covered to
generate a higher magnetic flux density at the effective area.

Figure 9A reveals the circulation of the magnetic fields
throughout the entire structure after the magnetic distribution
analysis of all the parts. It could be observed that most of the
magnetic field circulation was concentrated inside the structure,
thus avoiding much of the field leakage, and the distribution of
the magnetic flux at the effective area was uniform. Figure 9B
represents the plotted strength of the magnetic flux at the MRE
effective area in which the measurements are taken at the middle
section of the area. The magnetic flux density distribution at the
effective area was uniform, with an average value of 0.31 T. Based
on the simulation results, it showed that the designed structure of
the MRE engine mount was capable in providing a closed
property of the magnetic circuit with minimum magnetic
leakage and high magnetic flux density through the effective
area. As a consequence of the thorough consideration of the
design of various segments, beginning with the bobbin coil
material selection and progressing through the full cover of
the device structure using FEMM, the results yield an overall
structure of the MRE engine mount with a high magnetic flux
density distribution. The details of each part are shown in the
following Table 4.

4.2 Compound Mechanical Properties
In this work, the fabricated MRE compound was being tested for
its mechanical properties such as tensile strength, elongation, and
hardness. The tests were carried out using the Japanese standard
of JIS K6301:1995—Physical Testing Methods for Vulcanized
Rubber. Table 5 shows the results by averaging from three
specimens of the tests. Based on the mechanical properties of
the test results, it was observed that the fabricated compound
based on the natural rubber matrix possesses a high tensile
strength of 12.65 MPa and high elongation at break at 590%.
Moreover, the compound has a high hardness of 48 mm because
the presence of the micro-sized CIPs led to having a higher
surface area, contributing to a greater reinforcing effect.

4.3 Static Compression Tests
4.3.1 Off-State Condition
Figure 10A represents the graph of force and displacement for the
off-state static compression tests of the engine mounts, in which the
compression displacement was ranging up to 3mmwith amaximum
load of 200N. The test was carried out to observe the performance of
the engine mounts upon the applied load during the off-state
condition or, in other words, during the absence of the magnetic
field. From the tabulated results as in Table 6, it is observed that the
MRE enginemount recorded the highestmaximum force of 0.982 kN,
with an increment of 12% in the compression force compared to the
conventional engine mount fabricated using a conventional rubber
with a maximum force of 0.876 kN. The test indicated that the engine
mount utilizing the MRE compound provided a superior ability in
withstanding the applied load compared to the normal rubber
compound. This was due to the fact that the vulcanization process
of CIPs served as reinforcing fillers, forming a sort of arrangement on

the polymer’s main chain, allowing for more interaction between the
chains.

4.3.2 On-State Condition
Figure 10B represents the force and displacement of the MRE
engine mount with different supplied currents. The test was
performed in the presence of magnetic field in terms of
supplied currents varying from 0.4 to 2.4 A. It was obvious
from the graph that the force increased by increasing the
supplied current. Moreover, the increment of the forces was
significant as the displacement exceeded 2 mm. The divergent
forces were large at 3 mm of extension, where the force generated
from the MRE engine mount with 2.4 A was the highest by 106%
as compared to the generated force without the supplied current
(0 A). The obtained divergent forces were the field-dependent
behavior that influenced the strength of the applied magnetic
field, which represented the supplied current and displacement
length. This is due to the dependence of the magnetic force on the
distance between the magnetic particles. As the displacement
exceeded 2 mm in length, the distance between the particles in a
chain was minimized, and the magnetic interaction was the
strongest. The result was agreed well with that observed in the
study by Vatandoost et al. (2017), in which the behavior of the
MRE becomes stiff with the applied magnetic field and
displacement amplitude. The static stiffness of the MRE
engine mount subjected under ranges of the supplied current
is shown in Figure 11. The static stiffness with spring constant k
describes the relation between the force and displacement of the
elastomer when the speed of the component’s deformation is
negligible, and it is commonly characterized by the slope of the
linear region represented by the following equation:

k � ΔF
Δx

Based on the figure, it shows that the stiffness of the device exhibits
a linear relationship with the supplied currents. The stiffness of the
engine mount increased with the increasing supplied current and has
proved that the MRE was a multi-functional material in which the
rheological property could dynamically be changed with respect to an
externalmagnetic field. The increment forces showed that the stiffness
of the MRE engine mount was able to tune by adapting the applied
current, and simultaneously, the vibration could be attenuated
correspondingly.

5 CONCLUSION

In this work, an industrial scale engine mount equipped with an
appropriate load bearer matrix carrier was fabricated industrially and
tested for the compression load performance under the influence of
magnetic field stimuli. The entire structure was designed accordingly
and analyzed using FEMM for an optimum magnetic flux density
throughout the effective area of the MRE, where an average value of
0.31 T of the magnetic flux density was obtained. Based on the
structured analysis of each part, the fabrication process was carried
out. Starting with compound preparation and the test of mechanical
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properties, the results showed that the MRE compound held a
good tensile strength and hardness of 12.65 MPa and 48,
respectively. The static compression tests at off- and on-state
conditions were then carried out to test the effect of the engine
mount at various ranges of the supplied current. At the off-state
test, the MRE engine mount recorded the highest force with 12%
increment at 3 mm of extension compared to the normal engine
mount utilizing a conventional rubber. While at the on-state test,
the MRE engine mount showed an increase in the compression
force as the current was being increased gradually up to 2.4 A. At
3 mm of extension, the force with 2.4 A was increased by 106%
with the supplied current. A linear relationship of stiffness with
the increasing supplied currents has demonstrated that the MRE
engine mount was influenced by the presence of the magnetic
field. Thus, the proposed design of the MRE engine mount can be
effectively utilized in generating controllably required stiffness by
tuning the applied current (magnetic density) accordingly. The
necessity of the dynamic test subjected under different amplitudes
and frequencies together with the control system of the proposed
device is very well taken into consideration that will be
undertaken as the second phase of this work.
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