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performed by applying the input current to the MRE material during the curing
KEYWORDS process. Firstly, the simulation is conducted by using the finite element magnetic
MRE method (FEMM) to investigate the magnetic field intensity. The magnetic field
Isotropic intensity is evaluated by varying the MRE parameters such as the number of coils
Anisotropic turns, coil bobbin, the diameter of coil and input current applied to the coil. Then,
Force absorption the parameters are used for the MRE material fabrication process in preparing the

optimum performance of anisotropic MRE. In this study, the three MRE designs are
developed. The two designs of MRE are developed for anisotropic types and
another one for isotropic type. The isotropic types are developed for comparing
their capability performance to absorb the impact energy. To test the performance
between anisotropic and isotropic, an impact test rig is used. The performance of
anisotropic MRE is evaluated by comparing each input current applied to the MRE
coil in the form of force-time characteristics.

1.0 INTRODUCTION

Magnetorheological elastomer (MRE) is categorized as smart materials whose rheological properties can
be altered reversibly and rapidly by the presence of external magnetic force. MRE is a rubber-like
material and applying a magnetic field can alter its properties. Asadi [1] stated that MREs usually contain
magnetic particles which are micron-sized and distributed in a non-magnetic matrix. Damping coefficient
is always related to MRE and needs to be taken under consideration when designing them. The MRE are
widely used as dampers and absorbers in mechanical engineering, architecture, and military industrial
domains because they have mechanical properties critical to engineering use. MREs are frequently
employed as dampers and absorbers in mechanical engineering, architecture, and defence technology
fields because they have mechanical properties essential to engineering application [2-6]. MREs are
mostly employed in the defence field for gun recoil force and suspension systems in military ground
vehicles.

MREs consist of pure iron, carbonyl iron or cobalt powder as the magnetic particles. The carrier fluid
is usually either silicon or mineral oil. There are several different systems for MR materials, such as MR
fluid, MR elastomer, MR foams and MR gels. Generally, MRFs are soft-magnetic particles that have high
magnetic permeability and small hysteresis. These characteristics cause MRFs to have better shear
viscosity and yield stress which is dependent on strength of the magnetic field and adhesion of micron-
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sized magnetic particles. The advantages of using them are less noisy operation, their responsiveness on
insensitivity to small amounts of impurity or dust, and easy to be handled and controlled [7-8].

Solid-state MREs overcome the disadvantages of MRFs. Viscoelastic properties of MRE can be altered
under an applied magnetic field. This characteristic is alike to the MRF, but MRE is more of a solid form
[9-10]. In addition, MREs generally consist of rubber matrix, additives, and magnetic carbonyl iron (CI)
particles when the magnetic field is applied. This enhances the hardness, elastic modulus, and shear
modulus. In past decades, MREs are utilized in three main categories which are vibration reduction, noise
reduction and sensor devices. Hence, MREs have been a great positive impact on various engineering
applications [11]. MREs can be divided into two which are isotropic and anisotropic MRE depending on
magnetically polarized particle arrangement in them. For isotropic MRE, polarized particles are
distributed uniformly so that the physical characteristics of the MRE is homogenous in every direction.
Anisotropic MRE has their polarized particles arranged along the magnetic field direction when being
manufactured [12-14].

Many studies on MREs have been done throughout the past years. Most of the researchers have
focused on the general study, composition, and fabrication of MREs [15]. Input current effects during the
curing process of anisotropic MRE have been studied on a very small scale and that too is not as a main
objective of study. Input currents in anisotropic MRE should be tested if it is equally important as other
aspects that have already been investigated [16]. This testing might prove to be imminent in affecting the
properties of an anisotropic MRE. Therefore, this study will test the implications of varied current on
rheological properties of anisotropic MRE with the presence of isotropic MRE as a standard.

2.0 METHODOLOGY

The relationship between varied current and MRE properties are considered in this study. Firstly, the
simulation on MRE in simulating the magnetic field intensity is performed using finite element method
magnetics (FEMM) [7]. Several inputs that need to be set such as materials selection and design
parameters. Selecting materials and identifying their composition is imminent because it is going to be
kept constant for the whole experimental process in this study. After obtaining the optimum design, the
next process is preparing the MRE and testing using a drop impact test. The overall methodology of this
study is shown in Figure 1.

The study begins by determining the research requirements, as shown in Figure 1. The study's
underlying research includes the composition of MRE, the link between MRE and changing currents, and
the effects of EMF on MRE. The next step is to define the goals of the study and conduct a literature
review on the impacts of using current during the curing process in the manufacture of MRE. Following
that, anisotropic and isotropic MRE were fabricated, and a drop impact test with variable current was
conducted. The data will be discussed based on the experimental outcomes. Finally, the entire conclusion
of the study is achieved.
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Figure 1. Methodology of the study
2.0 SIMULATION IN FEMM

The finite element method magnetics (FEMM) software was used to simulate the previously drafted
magnetorheological elastomers. It is imminent in analysing the magnetic flux distribution of the MREs
drafted besides being able to choose the most suitable one according to requirements. An MRE model is
simulated with three amounts of varied current supply to ease the range selection process. In the FEMM
software, the grids spacing is set to 10 along with the SI unit in millimetres. A 2-dimensional cross-section
of the MRE is sketched. After sketching, material selections are determined and exported from the
available material library under the properties tab. 1020 steel which is low carbon steel under soft
magnetic materials is chosen for the design due to its low cost and vast availability [17]. The 0.8 mm
copper magnet metric wire with 3000 turns is used as the coil selection where the varied current in series
is injected into it. An air boundary is created around the MRE design with standard properties and a
linear B-H relationship. Figure 2 shows the 2-D sketch of the MRE design through FEMM software.

The simulated MRE model has then meshed with 7671 nodes as illustrated in Figure 3. The figure
also shows the after effect of meshing done on the MRE design. The analysis of the meshed design will be
further investigated in the results section. The result from the analysis will allow a range of amount of
current exhibiting the maximum flux density of MRE to be chosen and used in this study. Preparation of
materials and apparatus will be done as a pre-fabrication step.
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Figure 3. Mesh of MRE model with 7671 nodes
1.0
The relationship between electricity and magnetism is known as electromagnetism. A changing magnetic
field creates an electrostatic force. A magnetostatic field is created when an electric field changes. The
magnetic field is created by the motion of electric charges, such as current, which produces a magnetic
force in magnets. The magnetic flux density use in this study is obtained from the simulation, and the
magnetic flux density S at the centre of the coil (maximum value) can be calculated as:

p=—i ©
“Var+ e

where [ is the magnetic flux density or magnetic inductance (tesla, T or Weber/m2, Wb/m2), u is the
permeability of the material in the field (N/m2 ), N is the number of turns on the excitation coil (turn, t or
can be considered as unitless), I is the current enclosed in the coil in each turn (A), r is the radius of the
wire (m), and [ is the length of the solenoid (m).

2.1 Fabrication Process of MRE

After simulation works have been completed, the next process is the fabrication of MRE as shown in
Figure 8. The composition of all the MRE is set to be 70% ferrous particle and 30% silicon rubber. Two
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types of particle sizes are chosen namely 20-um and 40 pm. Firstly, all the required equipment and
materials are prepared for fabrication. Then, the electronic balance is on and set to tare. The container for
materials mixing is placed on the electronic balance and the weight is set to tare again. Next, 21 grams of
the ferrous particle of either 20-pm or 40-um are filled in the container. After that, the electronic balance
is set to tare before adding 9 grams of room temperature vulcanization (RTV) silicone rubber into the
container. After adding, both the ferrous particle and RTV silicone rubber are mixed thoroughly for an
even mixture without any leftovers of ferrous particle. After stirring, the electronic balance is set to tare
and 0.27 grams of adhesive is added to the mixture.

The MRE mould is sprayed with sufficient silicone spray mould because it acts as a releasing agent
later when the MRE is taken out from its mould. After that, the mixture is poured into the MRE mould.
Then, magnets are placed and sealed in the moulds, and the MRE is given magnetic fields by placing two
magnet moulds on the top and bottom of the MRE. These magnets give a magnetic field to the MRE and
make it anisotropic. Finally, the MRE together with the magnets are isolated and left to dry for at least 24
hours with a big dry battery being placed on it. For the isotropic MRE, no magnets are placed on them.
The dry battery is placed on the MRE to minimize forming of air bubbles in the MRE. After the MRE is
dried, it is taken out from the mould and kept aside in preparation for experimental testing. This same
step of fabrication is carried out for all 20-um and 40-um ferrous particle MREs fabricated.

i
Joithii

Figure 4. MRE specimen
2.2 MRE Experimental Testing

After the fabrication process, the experiment is conducted at the Universiti Pertahanan Nasional
Malaysia (UPNM) Automotive Lab. The machine used to conduct this experiment is the Instron Drop
Impact Machine along with the CEAST software as illustrated in Figure 9. The designed MRE device is to
house all the fabricated MREs. The MRE specimen is then placed in a coil bobbin and connected to the
power source and current supply. The experimental work is started with the impact weight in the
machine being raised up until it reaches its release height. The impact weight is considered to be the
force energy exerted onto the MRE specimen. The impact weight had a load cell attached to it to keep
track of the time for the drop impact force test. The parameters of the impact test are tabulated in Table

The impact velocity for the tests is 2.0 m/s, according to Table 1. The minimum crashworthiness
velocity was used to determine the impact velocity. When the value of impact velocity was entered into
the CEAST software application, the impact energy and falling height were automatically calculated. The
drop impact test on the MREs following the ASTM D2444 and ISO 3127.
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Figure 5. Experimental test setup

3 Table 1. Parameters for drop impact test

Parameters Value
Impact Energy 11.00]
Impact Velocity 2.00m/s
Falling Height 204 mm
Tup Holder Mass 4.3 kg
Tup Nominal Mass 1.2kg
Specimen Support 3 mm

3.0 RESULTS AND DISCUSSION
3.1 Simulation Results in FEMM

The MRE model after being meshed and analysed, the result can be viewed from the view results tab
under the analysis section. From this analysis, the magnetic flux distribution under varied currents of the
MRE can be viewed in detail. Besides the figure, a legend table is presented. The legend table consists of
colours representing the intensity of magnetic flux around the MRE where it is arranged in descending
order which is from the pink area to the light blue area. Figure 6 shows the magnetic flux distribution for
the design of MRE.

Based on the result obtained, most of the magnetic flux intensity is absorbed by the 1020 steel
surrounding both the coils in the model. This is because both the coils are surrounded by Aluminium
6061-T6 which is a soft non-magnetic material. Since it is non-magnetic, it will prevent uneven
distribution of the magnetic field all around the coils. Hence, the maximum flux density will fall on the
steel 1020 material beside the coils. Figure 7, Figure 8, and Figure 9 show the graphs of length versus
magnetic flux density when the amount of current injected to the coils for 14, 1.5A and 2A.
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Figure 6. Analysis of MRE model in FEMM software
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Figure 7. Graph of magnetic flux density versus length (mm) for 1 A current
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Figure 9. Graph of magnetic flux density versus length (mm) for 2 A current

Figure 7, Figure 8, and Figure 9 show the plot of magnetic flux density against length in inches when
the current injected to the coils of MRE model were varied from 1A to 2A. The value of current that shows
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the maximum magnetic flux density will be set as the limit for experimental testing. Figure 7 shows the
magnetic flux density when the coils are injected with 1A current. The maximum value obtained is
approximately 0.3 Tesla. This is far from the theoretical maximum flux density which 53 is 1 Tesla. When
the coils are injected with 2A current as shown in Figure 9, the maximum flux density obtained is close to
0.45 Tesla. This value also cannot be considered as it still does not approximate close to the 1 Tesla value
needed.

3.2 Drop Impact Test Results

Figure 10 shows the experimental result for 40-pm isotropic MRE. Figures 11 and 12 are the graphs
obtained from the experimental testing on 20-um and 40-pm anisotropic MRE respectively. Once the
experiment is completed, the data obtained for each input current value is collected in the Microsoft Excel
software. After that, the data are imported into the Matlab R2021a software to plot the force vs time
graphs. Matlab R2021a is used for plotting in order to get higher accuracy plots and readings required.
The data used to plot the graph from the table is set from 0 milliseconds to 0.5 milliseconds, for each
input current value of 40-pm isotropic MRE along with both 20- and 40-pum anisotropic MRE.

Force-Time 40 Micron Isotropic MRE
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Figure 10. Graph of force vs time for 40-um Isotropic MRE
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Figure 11. Graph of force vs time for 20-um Isotropic MRE
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Figure 12. Graph of Force vs Time for 40 um Anisotropic MRE

Tables 2, 3 and 4 show the maximum damping force obtained for each value of input current for 20-
pum isotropic MRE, 20-pm anisotropic MRE and 40-pm anisotropic MRE, respectively. The damping force
of each input current value was obtained by evaluating the highest amplitude obtained from the
corresponding line in the graphs [18]. Generally, the trend of the damping force in all three tables are the
same, they increase along with the increase of input current injected to the coils of MRE. Besides that,
comparing the damping force for 20 pm anisotropic and 40-pm anisotropic MRE, the 40-um anisotropic
MRE presents a higher value of damping force from 0 to 1.5 amperes of input currents. Instead of that, the
damping force acquired for input current value of 2A for these 2 MRE'’s are the same with 6021.73 N.
Finally, the 40-um isotropic MRE produced the highest value of damping force which is 6205.22 N.

Table 2. Input current and corresponding damping force for 40-um isotropic MRE
40 um Isotropic MRE

Input Current, A Damping Force, N
0 5254.42
0.5 5354.51
1 5854.93
1.5 6038.42
2 6205.22

Table 3. Input current and corresponding damping force for 20-um anisotropic MRE
20 pm Isotropic MRE

Input Current, A Damping Force, N
0 3653.07
0.5 5254.42
1 5354.51
1.5 5604.72
2 6021.73

Table 4. Input current and corresponding damping force for 40-um anisotropic MRE
40 pm Anisotropic MRE

Input Current, A Damping Force, N
0 5154.34
0.5 5487.95
1 5537.99
1.5 5821.57
2 6021.73
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Based on all the analyses that have been done on the MRE model, it is clear that the closest maximum
magnetic flux density is given by the 2A current injected into coils and therefore it is the optimum current
value. This maximum magnetic flux density exhibited by the optimum current of 2A will aid in the
optimum working properties and characteristics of the MRE [19]. These findings are very important as
they will prevent the coil from burning if injected with a very high amount of current during the
experiment. Simulation of MRE in FEMM software has resulted in 2A current being determined to be the
maximum input current value in this experiment. Therefore, the parameters used during simulation such
as the 0.8mm diameter of the coil, 3000 number of coils turns, and the varied current range are
considerable for the progress of this experiment towards success.

Isotropic MRE of 40-um ferrous particles and anisotropic MRE of 20- um and 40-um ferrous particles
were fabricated for experimental testing. The amount of input current injected into the coils of MRE
during the experiment is varied in order of 0A, 0.5A, 1A, 1.5A and 2A. These values of currents were
determined based on the findings from the FEMM simulation. 40-pm anisotropic MRE inhibited higher
damping force values 5154.34 N, 5487.95 N, 5537.99 N and 5821.57 N for input currents of 04, 0.54, 1A
and 1.5A respectively when compared to 20-um anisotropic MRE which gave 3653.07 N, 5254.42 N,
5354.51 N and 5604.72 N of damping force values in the same order of input current values respectively.
However, both 20 pm and 40-pum anisotropic MRE’s resulted in 6021.73 N of damping force for input
current of 2A. On the other hand, the 40-um isotropic MRE inhibited higher damping force values of
525442 N, 5854.93 N, 6038.42 N and 6205.22 N for input current values of 0A, 1A, 1.5A and 2A
respectively when compared with 40-um anisotropic MRE but resulted in a lower damping force of
5354.51 N for input current of 0.5A.

Theoretically, anisotropic MREs impose a higher damping force than isotropic MREs [20-21]. This is
because magnetic particles in anisotropic MRE are arranged in a chain-like structure as the magnetic field
is induced with current whereas the magnetic particles in an isotropic MRE are uniformly dispersed [22-
23]. MRE have a stronger impact absorption capability when they have a higher damping force response,
which is also affected by different input current values [24-25]. In addition, significant impact absorption
capability is necessary for MRE application in a military vehicle's cannon to reduce recoil force. As a
result, finding the optimal ferrous particle size to improve the MRE's impact absorption performance is
critical.

4.0 CONCLUSION

In this study, an MRE model was developed and simulated in the software. The MRE model was given
three (3) amounts of varied current to obtain their maximum magnetic flux density. The optimum current
that gives the nearest value to 1 Tesla was 2 Amperes. Simulation proved that when the amount of
current injected increases, the magnetic flux density in the MRE increases. Next, 40-um isotropic MRE, 20-
pm and 40-um anisotropic MRE were fabricated for the experimental testing. During the drop impact
experiment, all the MREs were injected with varied current inputs of 04, 0.5A, 1A, 1.5A and 2A. The
maximum damping force of each input current value of all three MREs was presented in the experimental
results. Tabulated data proved that the damping force of MREs increased with the increase of varied
current injected into the coils of MRE during the experiment. Lastly, the anisotropic MRE has the highest
damping force compared to isotropic MRE.
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