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ABSTRACT

Universal vibration isolator uses thin layer magnetorheological elastomers
(MREs). This article presents a development of cone-shaped MREs based
vibration isolator featuring thick MREs. This work begins with a prototype
design, magnetic circuit evaluation, prototype fabrication, and cyclic load
preliminary tests. In this article, finite element magnetic method (FEMM)
was used to design the electromagnetic circuit. An innovative magnetic
circuit design is proposed for MREs isolator with cone shape MREs
materials. MREs and shaft are adopted as magnetic core together with steel
housing. MREs are placed at the end of each shaft and attached to the
housing to form an enclosed magnetic path in the isolator. FEMM results
showed that this novel design can provide sufficient magnetic field to all
MREs region. Finally, the influence of input current to the MRES isolator on
magnetic field strength is investigated. It is found that the magnetic field in
MREs isolator increase with the increase of the input current.
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Introduction

Magnetorheological elastomers (MRES) are classified as a new comparable
smart material whose mechanical property can be changed quickly and
reversibly with the presentation of the magnetic field [1,2]. These materials
are composed of magnetizable particle that embedded in a low-permeability
matrix with additives [3,4,5]. The polymer matrix that commonly used for
MREs is synthetic or natural rubber [5,6]. Meanwhile, the magnetization
particle is widely carbonyl iron [6,7]. MREs are the solid-state analogs of
MR fluids (MRFs) [1,4,7] because the matrix of MREs is solid form as
compared to MRFs using a carrier oil. Therefore, MREs can avert
shortcoming of MRFs in term of particle sedimentation and seal issues while
providing stability for passive application [3,4,5].

The most important feature of MREs material is its controllable
modulus. In general, the stiffness and damping properties of MREs will
continuously vary under magnetic field. According to previous research
conducted by Li et al. [10], the magnetic circuit enables MREs shear
modulus change to 0.2 MPa about 100% under 0.7 T which compared to zero
state 0.1 MPa. Once the magnetic field is removed, MREs will instantly
change to its original properties [9,11,12]. Such controllable MREs offer
great potential for various applications as vibration absorber, automotive
bushing, propeller shaft absorber, variable spring rate, tire pressure control,
impact element, medical rehabilitation and remotely controllable attachment
[13].

MREs material offers a vast potential as vibration mitigation devices
with field dependent modulus properties. Conventional rubber vibration
isolators become the most choices to employ MREs material for adaptive
performance [14,15,16,17,18,12]. Lerner and Cunefare [14] designed MREs-
based vibration absorber with three different configurations that excited in
shear, squeeze and compression modes. Behrooz et al. [15] prototyped a
variable stiffness and damping isolator (VSDI) for structural vibration
mitigation purpose. A comprehensive review of current MREs-based devices
can be found in Li et al. [12]. Deng et al. [16] designed an adaptively tuned
vibration absorber (ATVA) that capable to shift natural frequency from 27.5
Hz t0 40 Hz. Despite the innovative designs presented, MREs above isolators
have a similar design concept with conventional isolator. Also, most of the
devices only flexible in unidirectional action due to the layered design. This
fact is mainly due to the difficulty to provide an ample magnetic field for
MREs. To date, designing MREs devices with innovative shape remain
challenging.

MREs material has been proposed to be used in isolation system to
overcome the weaknesses of the conventional isolation system. Since the
primary function of the isolator is its horizontal stiffness, isolator should
sufficiently maintain the stiffness in low condition. Low lateral stiffness is
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required to decouple seismic motion efficiently. This condition will enable
the isolator to attenuate the fundamental period of structure beyond
resonance states under typical vibration range [19]. Also, it is essential to
maintain the necessary of isolator by having high vertical stiffness regardless
the modification in horizontal stiffness. It is mainly based on the
requirements for the isolator to be installed underneath the structure.

This article features a critical aspect in designing MREs vibration
isolator, that is, magnetic circuit design. An innovative MREs vibration
isolator structure is proposed to fulfill the intention of flexible isolator
engagement in civil engineering application. Finite Element Method
Magnetics (FEMM) are used to illustrate the magnetic circuit design analysis
of the isolator. Finally, the variation in the magnetic field due to varies the
current input is discussed. To conclude, a series of preliminary experimental
testing is conducted to evaluate the vibration isolator.

Design of MREs vibration isolator

There are two acknowledged MR mount concepts with high-frequency
regions that be adapted to provide a novel MREs isolator. The first concept
was proposed by Choi and co-workers [20] that using mixed-mode operation
between flow and shear mode. The second concept was introduced by
Nguyen et al. [21] that could generate a high damping force featuring MR
valve structure. The mixed-mode MR mount concept is observed to exhibit
favorable vibration elimination performance in the local resonance
frequency. In this concept, the mixed mode operation MR mount comprises
two main elements which are rubber and MR dash-pot. MR dash-pot is the
part that consists of MR fluid, piston, an electromagnetic coil, flux guide and
housing. The electromagnetic coil was wound inside the cylindrical housing.
The primary role of rubber element is to support the static load and isolate
the vibration transmission at the non-resonant state. There are two parts of
the mount which divided into top and bottom sections. The top section that
made of rubber element and upper base that fastened to the body and support
rubber element while the bottom part mainly consists the mount body.
Learning from these examples, the principles of isolation improvement
in the MREs isolator mainly can be done by maximizing the storage modulus
or stiffness of MREs in a large effective area. The effective area of MREs is
the area where the activation of the magnetic field can effectively regulate
the rheological properties of MREs. The stiffness of MREs can be augmented
by increasing the magnetic flux density. However, the magnetic flux density
is highly related to the current supplied to the coil and permeability of
magnetic material as a looping medium. If the utilization of high
permeability material is exempted, the typical consequences of increasing
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magnetic flux density are higher dimensions of the coil, which lead to a
larger size of MREs isolator, and higher power consumption.

Figure 1 illustrates the design concept of MREs isolator by referring to
the design mentioned above. The design has been modified by introducing a
single mode rather than a mixed mode with the most straightforward
configuration by putting coils at the center part to generate magnetic circuits
at the top and bottom of the MREs isolator. From the first design concept, a
modified version was made by replacing the rubber element with MREs and
eliminating MR fluid in the dash-pot element. The MREs replaces the role of
the rubber element to support the static load and isolated the vibration at high
frequency. In this design, the MREs isolator consists of MREs mount, shaft,
an electromagnetic coil, coil bobbin, and housing. The aim of eliminating
MRF in this design is to avoid sedimentation. In the meantime, the design
structure of the proposed MREs isolator is slightly the same as the second
design concept. From these designs, the upper part of the isolator is mirrored
to the bottom part of the isolator by minimizing the complexity of the design.

Upper shaft

MRE
Steel housing

~§%§ <D
L Non magnetic bobbin

Coil

o 0
=
NN

MRE

Lower shaft

Figure 1. Proposed MREs vibration isolator with cone shape MREs.

The conceptual design of MREs isolator consists of seven parts
including an upper shaft, MREs mounts, housing, coil bobbin, coil and lower
shaft as labeled in the figure above. The advantage of using the same
configuration for top and bottom part of the oscillator is that the stiffness for
both sides is evenly, and, consequently, the isolator can be placed in various
directions based on requirement. The stiffness variation of the MREs based
isolator depends on the region of the effective area. A more significant
effective area is needed to increase and maximize the stiffness of isolator. To
significantly tune the stiffness, the region of flux guide should have high
magnetic intensity. Therefore, such configuration of the isolator was
designed, which could be used to dissipate the unwanted vibration.
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Magnetic circuit analysis

The capability of the designed electromagnetic device was confirmed initially
using magnetic circuit analysis. According to the magnetostatic principle, the
flux lines enter and leave a particular region should assure that they flow
across the test area in such a way evenly distributed and strong enough.
Figure 2 displays the simplification of electromagnetic design into a flexible
circuit. Coil expressed by electromotive forces generate the magnetomotive
force, F. The magnetic resistance of each section is shown by reluctance (R).
The symbols R1, Rz, Rmrest,Rmres2, and R, represent the reluctance of upper
shaft, reluctance upper part of MREs sample, reluctance housing, the
reluctance of lower shaft and reluctance of lower part MREs, respectively.

n
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Figure 2. Magnetic circuit diagram
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The reluctance of each section can be determined by Eqn. 1 as follows,

where, L is effective length passed by the magnetic flux in each section, p is
the magnetic permeability, and A is the effective area of the magnetic flux
line passing. Based on the circuit, all reluctances of the electromagnetic
device are analogous to series of resistant. Therefore, the total can be the
summation of all reluctances stated in Egn. 2

YR=R +Ryre + R, + Ryrez T Rs oo, )

Meanwhile, the total electromotive force as expressed in Eqn. 3,
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SF=@ZR=NI s (3)

where, ¢, N, and I are magnetic flux, some wire turns in each coil, and the
current passing through the coils, respectively.

Material selection

The most critical issues in designing the magnetic circuit of the MREs
isolator is to form an enclosed magnetic path with high permeability material.
Therefore, the consideration of the materials for each component as well as
the consideration of coil properties, isolator size, and elastomer types is
needed to facilitate the design process.

Table 1. Material selection of isolator component.

Isolator part

Housing Coil bobhin Shaft Remarks

No

Flux encircles through
1 Magnetic Magnetic Magnetic the housing, coil bobbin

and shaft

Flux encircles through
2 Magnetic Magnetic Non- magnetic ~ the housing and coil
bobbin
Flux encircles through
housing and shaft with
high magnetic intensity
in MREs
Flux encircle through
the  housing, coil
4 Magnetic Non- magnetic Non- magnetic  bobbin, and MREs with
high flux leaking in the
circuit
Flux encircles through
the coil bobbin and
shaft with low flux
intensity in MREs
Flux encircles through
the coil bobbin
Flux encircles through
the shaft and MREs
with low magnetic
intensity
Flux encircle through
the  housing, coil
Non- magnetic Non- magnetic  bobbin, shaft and MREs

with uneven magnetic
intensity

3 Magnetic Non- magnetic Magnetic

Non- Magnetic Magnetic
magnetic

Non- Magnetic Non- magnetic
magnetic

Non-

. Non- magnetic Magnetic
magnetic

Non-
magnetic

To select the materials for the component, the clear understanding of flux
routing is necessitated. The combination of the materials with high
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permeability and low permeability will influence to route the flux path
penetrates the MREs mount. To investigate the importance of material for
each component, comparative studies on eight possible material arrangement
are explored and presented in Table 1. The primary goal of these
combinations is to find the better material selection that capable to guide the
flux passing through the elastomer mount with sufficient magnetic field
strength. From these eight possible combinations, only one combination
show the possibility of flux to pass through the elastomer mount with high
saturation.

The combination of magnetic housing and shaft with non-magnetic
coil bobbin is capable of providing high magnetic field strength in the
elastomer mounts. From the remarks in Table 1, it can be resolved that to
guide the flux to pass through the elastomer mounts, the permeability of the
shaft should be higher than the permeability of the coil bobbin. However, to
get a higher magnetic field strength in the elastomer mounts, the permeability
of the housing should be at least similar to the permeability of the shaft

In this study, the selection of the housing and shaft is the mild steel
that complies with AISI 1020. The design of the housing consists of two
identical parts, which each part has two threaded holes as the holder for the
locking bolts. Since the coil bobbin has to be made from low permeability
material, aluminum is chosen as the material with an O-ring pattern designed.
Meanwhile, the shaft is made up of male and female part which also made
from mild steel AISI 1020. The detailed material list each of part is shown in
Table 2.

Table 2. List of parts and materials for the isolator.

Part Part Type of Material Type
No. Name Material
1 Upper Magnetic Low carbon steel 1020
Shaft
2 Lower Magnetic Low carbon steel 1020
Shaft
3 Coil Non-magnetic Copper wire 22
SWG
4 Coil Non-magnetic Aluminium 1100
Bobbin
5 Mounting MR Material Elastomer MREs
6 Housing Magnetic Low carbon steel 1020

The outer diameter of the isolator is determined of 60 mm with an
overall length of 76 mm. The inner diameter of the coil bobbin that becomes
the shaft size is determined of 15 mm. The shaft parts are then formed
moveable component alternately in such a way its influence by the elastomer
stiffness. As one of the subjects of the research, the current applied varies

198



Ubaidillah, Syamsul Hadi et al.

from 0 to 1.0 Amps. Since the isolator is designed to generate higher stiffness
and load, the shaft and housing should be strong enough to withstand such
load, and for that purpose, the thickness of the house is designed about 7.0
mm. As a consequence, the space available for the coil winding that employs
22 SWG copper wire is sufficient for around 491 turns with a total resistance
of about 4.96 Ohm. In this research, the current input is limited 1.05 Amps.
Therefore, the maximum power consumptions of the isolator are also limited
to approximately 2.0 Watts. The dimension of the coils used in this study was
chosen based on the higher values of magnetic field intensity, H, which could
be achieved by changing the applied current. It seems that that 22 SWG
copper wire has the highest value of magnetic field intensity with the average
amount of 20771 H.

Magnetic field analysis

The purpose of the electromagnetic circuit design simulation in the MREs
isolator was to produce saturated magnetic flux density across the MREs
especially at the effective areas. The simulation was conducted using FEMM
software. MREs material used in these devices composed of carbonyl iron
particles and ground tire rubber with a mass ratio of 27.5 g: 27.5 g. The
thickness of the MREs cone is 17 mm, and there are two cones in the device.
The magnetic property of the MREs material was obtained from vibrating
sample magnetometer (VSM). The B-H curve is depicted in Figure 3. The
relationship between magnetic flux density and magnetic field intensity was
found to fit a linear relationship that can be defined as R2 >0.99. This
relationship also found in Lerner and Cunefare [15] study. The magnetic
property in other parts of the device, including housing, shafts, coil bobbin
and coil wire can be found with the software.
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Figure 3. B-H curve used in the FEMM simulation.
Figure 4 shows two-dimensional axisymmetric meshed models in

FEMM using triangular elements with a total number of 19628 and a total
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node number of 10015. Figure 5 shows the simulated magnetic intensity
distribution for the whole magnetic circuit. Notes should be taken that the
flux can influence modulus of MREs is only the flux that passed through
MREs mountings. The MREs mountings that crossed by the magnetic flux is
known as the effective area. According to Figure 5, it can be observed that
the flux lines have passed across the upper shaft, lower shaft, and housing.
Therefore, the rheological influenced by changing of the current input only
occurred in MREs when the flux passed through these three elements.
Meanwhile, the coil bobbin is not intensively exposed to a magnetic field,
and therefore the influence of magnetic field to the modulus of MREs areas
can be neglected. Nevertheless, more focus should be taken at the flux lines
in the upper shaft and lower shaft since the structural configuration of these
elements formed a parallel channel for the flux lines. Thus, if flux loss is
neglected, the total number of magnetic flux that passed through the upper
shaft and lower shaft is equal to the amount of magnetic flux that passed
through the housing and MREs. It is why the center part of the shaft has
higher magnetic flux density than the housing and MREs.

1020 Stpél S

oMRE

.

JAluminur,

.2
{coi:4S]

Figure 4. Two dimensional axisymmetric model in FEMM.

According to Table 1, the magnetic flux density is measured across the
MREs concerning material selection in number 3. The average values of
magnetic flux density were taken in vertical, horizontal and inclined at the
effective area of mounting which was indicated by a red dashed line as
shown in Figure 6. The software package was related to the type of material
of each component of the MREs isolator, type of coil, the number of coil
turns winding around the shaft and the amount of the electric current supplied
in the coils. These parameters were essential to producing the best value of
magnetic field intensity H, which was correlated with the magnetic flux
density, B.
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Figure 7. Magnetic flux density measurement.

From Figure 7, the average magnetic flux density at area A, B, and C
was 199, 133, and 171 mT, respectively. It was apparent that the highest
magnetic flux density occurred at line A, which was parallel to the movement
of the shaft. Hence, line A, which was represented the value of magnetic field
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density in the vertical direction, was the primary concern as its rheological
properties could be effectively regulated by a magnetic field [4]. To prove
that the magnetic flux increases as increasing the applied current, the
magnetic field strength was measured again in line A, B, and C by varying
the amount of used current for design number 3.

Magnetic field analysis is conducted by varying the input current to
the isolator. Figure 8 illustrates the values of the magnetic flux density for
different amounts of applied currents penetrate through MREs at three
different effective areas. From Figure 8, it observes that the magnetic flux
density generated at all-area increase with the increasing of applied current
from 0.25 to 1.0 Amps. It was clearly remarked that the magnetic field
increases as the applied current increase.

In Figure 8 (a), the curves of flux density tended to decrease slowly till
reach the lowest point of magnetic field strength and then increase till the end
of measurement points. While in Figure 8 (b), the curves are slowly growing
till reach the highest position of magnetic field strength and then decrease till
the end of measurement points. The result in Figure 8 (c) shows that the
curves are slowly decreased from the highest position of magnetic field
strength to the lowest point of the magnetic field and then gradually increase
until the end of measurement points. It happens due to the magnetic
concentration and permeability is higher in the measurement area which
nearest to the magnetic material.

Therefore, in other words, the proposed MREs base isolator was
designed to maximize the ample magnetic flux density through MRES to gain
the maximum stiffness that varies under applied current. Since MREs
stiffness is dependent on the magnetic field, the applied current plays a
primary role to change the stiffness. As the magnetic field strength increases,
the stiffness of MRES can be significantly increasing [5].
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Figure 8. Simulated magnetic flux density versus length for different applied
current at (a) area A, (b) area B and (c) area C.

MREs Fabrication
The fabrication of the MREs samples involved two major steps; mixing and
curing. Since the MREs used in this study is the isotropic type, the sample is
prepared under a natural condition in the absence of magnetic field. Two
samples of dia. 60 x 17 mm with same ingredients were fabricated. The
ingredients used in the fabrication consists of carbonyl iron particles (CIP)
and ground tire rubber (GTR) with a mass fraction of 50% and 50%
respectively. A mixer was utilized for mixing CIP and GTR powder at 250
rpm. In the first step of the fabricating process, the CIP (C3518; Sigma-
Aldrich Pty. LTD; > 97% Fe basis) with 3-5um size distribution are mixed
into the GTR in a mixer about 10-15 minutes at 250 rpm.

The molding was then mounted in the high-temperature high pressure
(HPHT) device as shown in Figure 9 and resulted in MREs samples as shown
in Figure 10. The mixture of MREs sample was performed by applying a
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hydraulic pressure of 15 bar to the molding followed by heating in 200°C.
This heating step was kept off an hour. The hot mold was then allowed to
cool until reaching ambient temperature.

Pressure

Figure 9. HPHT fabrication device.

Figure 10. MREs samples.

Preliminary Experiment

The experimental setup consisted of six main components as presented in
Figure 11. The isolator was attached to the testing machine (Shimadzu
Hydraulically actuated Fatigue Dynamic Test Machine) that equipped with a
20 kN force sensor and a displacement sensor. The device was connected to a
data logger to record the results. In the experiment, the MREs isolator was
connected to a power supply to generate a varying magnetic field. The testing
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machine was operated in a vertical direction to obtain forces and
displacement response under compression mode. The test was performed
with off-state and on-state at 2.0 Amps current at 0.5 mm amplitude.

Figure 11. Schematic diagram for the experimental setup. 1. Controllable
power supply, 2. Shimadzu Fatigue Dynamic Test Machine, 3. Computer, 4.
Exciter, 5. Prototype, 6. Load Cell.

Figure 12. Experimental setup for testing the MREs isolator.
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Figure 13. Force-displacement loops of MREs isolator at amplitude 0.5 mm
and frequency 0.5 Hz.
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Figure 14. Force-displacement loops of MREs isolator at amplitude 0.25 mm
and frequency 0.5 Hz.

Figure 13 shows the force-displacement loops of the MREs isolator
when the amplitude of the sinusoidal motion of the exciter is 0.50 mm, and
the frequency is 0.5 Hz. Figure 14 shows the force-displacement loops of the
MREs isolator when the amplitude of the sinusoidal motion of the exciter is
0.25 mm, and the frequency is 0.5 Hz. There is an apparent increment in the
force when the applied current rise from 0 to 1A under off-state and on-state
condition respectively. The maximum force increase happens when the
amplitude of the sinusoidal motion of exciter in 0.5 mm and the frequency is
0.5 Hz. From both figures, it can be noted that the force-displacement loops
follow clockwise paths and it is clearly observed the effects of changing
magnetic field. The loops of force-displacement of MREs isolator also shows
that it behaves as a stiffness varying element.
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The maximum force generated from the MREs isolator increase from
64.2 N (off-state, I=0A) to 69.4 N (on-state, 1=1A), equivalent to 8%
increase. While at amplitude 0.25 mm, the force is increased about 1-2%
from off-state to on-state. The peak force value force both amplitude motion
is listed in Table 3. As can be seen, there is a significant increase in the force
generated by the MREs isolator at the on-state as compared to the off-state
condition. It shows that the maximum force of the isolator exhibit a linear
relationship with the current input.

Table 3. Force [N] of the MREs isolator under 0.5 Hz frequency at different
amplitude condition.

Amplitude OFF-state (I1=0A) ON-state (I=1A)
0.5 64.2 69.4
0.25 38.6 39.1

Figures 15 and 16 deliver the comparison of the force-displacement
loops for a fixed applied current with varying amplitude of excitation. A
correlation between the force-displacement loops of MREs isolator at
different amplitude 0.5 and 0.25 mm for a given frequency of 0.5 Hz at 0 A is
presented in Figure 15. While the comparison between the force-
displacement loops of MREs isolator at different amplitude 0.5 and 0.25 mm
for a given frequency of 0.5 Hz at 1 A current is presented in Figure 16. As
the isolator is acting as an elastic spring, the force output tends to increase as
the loading amplitude is increasing. Conversely, the gradient of the loops for
both force-displacement loops is remain equivalent when magnifying the
amplitude of the excitation input from 0.25 to 0.5 mm. Even though that all
the tests were conducted in a small displacement range, it still can be
concluded that the isolator can works in its elastic range greater than 0.5 mm.
In conclusion, it can be realized that the stiffness of MREs isolator is
changing as the application of magnetic field by referring the force-
displacement loop.
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Figure 15. Force-displacement loops of the MREs isolator at frequency
0.5Hz and amplitudes of 0.25 and 0.5 mm at 0 A.

Capable of rapidly changing its stiffness by activating the magnetic
field, this MREs isolator is capable of making known as substantial
adaptability into the isolator in order to overcome the limitations associated
with conventional isolators.

Conclusion

A step by step development of cone-shaped MREs based isolator has been
delivered in a logical order of design. A magnetic circuit was developed to
predict the magnetic flux inside. The prediction was then confirmed using
FEMM simulation. The cone shape MREs and steel shaft serve as the
magnetic cores together with the steel housing. The impact of each part of the
magnetic circuit was investigated carefully. In particular, variation in the
magnetic field due to the applied current is discovered. It is found that the
changes of current may cause a change in the magnetic field of the isolator.
The steps should be considered during the designing stage of MREs isolator.
The prototype was fabricated and tested to prove the stiffness changing.
Based on the experimental test, the stiffness changing can be determined
from the force-displacement curves. Although, it was a slight change, the
first prototype has proved the concept and it should be deeply reinvestgated
in the near future.
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