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Abstract
A new magnetorheological elastomer isolator in shear–compression mixed mode is designed in this article. Two pieces
of magnetorheological elastomer fabricated with different dimensions are utilized in the isolator. One magnetorheologi-
cal elastomer operates on shear mode, and the other operates on compression mode. Next, a finite element method
magnetic package is used to analyze the designed magnetic circuit system, and a test system is established to obtain the
frequency response of magnetorheological elastomer isolator with mixed mode. It is found that the natural frequency of
magnetorheological elastomer isolator changes greatly with variable current applied, and the amplitude of vibration is
attenuated widely. Compared with the natural frequency of 0 A, the increment of natural frequency is up to 103% with
applied current reaches to 1.5 A. Finally, the dynamic model of isolator system is established, and the stiffness and damp-
ing coefficients of magnetorheological elastomer isolator are identified by the experimental method. Meanwhile, the vari-
able range for stiffness and damping of magnetorheological elastomer isolator with mixed mode is greater than that of
single mode, which has been proved in theory and experiments.
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Introduction

Magnetorheological elastomer (MRE) is a kind of
smart material, which is mainly composed of a certain
matrix and micron-sized ferromagnetic particles (Jolly
et al., 1996; Ju et al., 2012; Li et al., 2009). As the solid
version of MR fluid, magnetic particles of MRE can be
fixed in matrix and form chain-like or columnar-like
structures along the magnetic field lines (Hu et al.,
2011; Koo et al., 2012; Li and Zhang, 2010; Yang et al.,
2012). It is interesting that the rheological properties of
MRE can be controlled by external applied magnetic
field (Carlson and Jolly, 2000). However, due to the
advantages of non-deposition of particles, no require-
ment of storage, and sealing existing in MR fluid, MRE
has been paid more and more attention (Danas et al.,
2012; Tian et al., 2011; Zhang et al., 2011).

The stiffness of MRE is tunable by changing the
external applied magnetic field, which makes MRE to be
potential applications in vibration absorption and isola-
tion (Ginder et al., 2001; Hitchcock et al., 2004).
Vibration absorption means that the vibration can be
attenuated by the method of absorbing vibration of
additional mass, whose resonance frequency is con-
trolled by adjusting stiffness of MRE to be the same as

excitation frequency. In the research on vibration
absorption, Deng et al. (2006) designed a shear mode
adaptive tuned vibration MRE absorber, and the reso-
nance frequency increased from 55Hz at 0A to 81.25Hz
at 1.5A. Lerner and Cunefare (2008) fabricated a kind
of MRE, which was placed into three vibration absorber
configurations, shear, longitudinal, and squeeze modes.
Xu et al. (2010) designed an adaptive tuned MRE vibra-
tion absorber, and the frequency-shift range can change
from 25.85Hz at 0A to 44.56Hz at 0.8A. Liao et al.
(2011) developed a real-time tunable stiffness and
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damping vibration isolator using MRE. Sinko et al.
(2013) designed adaptive MRE vibration absorber and
tested the absorber by hybrid electromagnet.

Vibration isolation means that the vibration can be
attenuated by shifting resonance frequency of isolated
mass, whose resonance frequency is controlled by
adjusting stiffness of MRE to be apart from the excita-
tion frequency. On the field of vibration isolation, Opie
and Yim (2009) designed a real-time variable stiffness
vibration isolator, which reduce resonances and pay-
load velocities by 16%–30%. Usman et al. (2009) pro-
posed a smart base isolation system by employing
MRE and evaluated its dynamic performance. Collette
et al. (2010) discussed the vibration isolation of MRE,
the damping, and stress reduction in mass-varying
structures. The results indicate that the two devices
based on MRE are suitable to avoid high stress in
mass-varying structures and delay some damage
mechanisms like the emergence of cracks and fatigue.
Du et al. (2011) developed an MRE isolator using the
variable stiffness performance of MRE and applied to
the vehicle seat suspension system. Behrooz et al.
(2011) proposed a new MRE vibration isolation system
with tunable natural frequency by adjusting the ampli-
tude of acceleration input at different applied currents.
Kavlicoglu et al. (2011) designed a novel MRE mount
with two-layer MREs to provide a wide controllable
compression static stiffness. Due to the little adjust-
ment range of variable stiffness, there are only few
application reports about MRE.

In vibration isolation application of MRE, shear
and compression mode are main operating modes. For
shear operating mode, regulating range of stiffness is
larger in a fixed frequency range. However, due to the
gravity, there exists prestrain to lead to limited applica-
tion of structure. In compression mode, regulating
range of stiffness is smaller in a fixed frequency range.
How do employ the advantages of the two modes and
improve the regulating range of stiffness by combining
the shear and compression mode? This motivates our
research. So the shear–compression hybrid mode of
MRE is proposed in this article. Two MREs are embed-
ding into the mixed MRE isolator, one operates on shear
mode and the other operates on compression mode,
which can effectively reduce the static stress of isolation
system caused by the mass on MRE isolator (Ginder et
al., 2000; Ju et al., 2012; Koo et al., 2010).

In this article, a new MRE is fabricated, and the
MRE isolator in shear–compression mixed mode is
designed and tested. The dynamic model of mixed isola-
tor system is built and the stiffness and damping coeffi-
cients of MRE isolator are identified by the experiment.
Both experimental results and theoretical derivation
demonstrate that the proposed MRE mixed isolator
can significantly shift the natural frequency of isolator
system by adjusting the applied current and is good for
the attenuation of resonance amplitude.

Experimental details

MRE preparation

Two piece of MRE with different dimensions are pre-
pared under magnet field, as shown in Figure 1. One size
is 62.8 3 4 3 4mm and the other size is F20 3 4mm.
Both of them have the same ingredients. The mass frac-
tion of carbonyl iron (CI) particles, silicone rubber, and
silicone oil are 70%, 15%, and 15%, respectively.

In the first step of the fabricating process, the iron
particles (JCF2-2; Jilin Jien Nickel Industry Co. Ltd.,
China) with the size distribution d50=5–8mm are
mixed into the rubber in a beaker and stirred for about
10min at room temperature, and then the mixture is
placed in a vacuum oven to remove the air bubbles and
then packed into an aluminum mold. Finally, the mix-
ture is cured at room temperature for 24 h under the
magnetic field strength of 600mT.

MR effect of MRE in shear and compression mode

MR effect and modulus are main parameters to evalu-
ate the performance of MRE, which are controlled by
applied magnetic field. In order to obtain the MR effect
and modulus, the shear and compression test system
are built in Figures 2 and 3, respectively. In Figure 2,
the magnetic field varying from 0 to 500mT is regulated
by changing the distance between permanent magnet
and MRE. In the compression testing system (shown in
Figure 3), the smaller MRE sample (1) locates in the
above of the larger permanent magnet (4) with a small
vertical distance. In this way, magnetic fields across the
sample could be considered uniform.

The frequency is 30Hz and the strain in shear mode
is 1.43%. In Figure 3, the magnetic field varying from
0 to 500mT is controlled by regulating placement of
the permanent magnet along guide rails. The stress–
strain curves of MRE with varying magnetic fields in
two modes are shown in Figures 4 and 5, respectively.

For G� = t(t)=g(t) = G0 + G00 = (t0=g0) cos d +
i(t0=g0) sin d, where t0 and g0 are the maximum stress
and strain, respectively; d is the phase lag angle; G� is

Compression 
MRE

Shear MRE

Figure 1. Prepared MRE sample.
MRE: magnetorheological elastomer.
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complex modulus; G0 is storage modulus; and G00 is loss
modulus, so the storage modulus in two modes is calcu-
lated and shown in Figures 6 and 7, respectively.

The following conclusions can be obtained from
Figures 6 and 7:

1. In Figure 6, the modulus with zero magnetic
field is 0.4MPa, which is linear increment with
the range of 100-400mT, and it is 1.25MPa with

500mT, which is three times that of zero mag-
netic field.

Figure 2. (a) Schematic diagram of MRE shear test and (b) experimental setup.
MRE: magnetorheological elastomer.

Figure 3. Schematic diagram of MRE compression test.
MRE: magnetorheological elastomer.
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Figure 4. Stress–strain curve in shear mode.

Figure 5. Stress–strain curve in compression mode.
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2. In Figure 7, the modulus with zero magnetic
field is 1.5MPa, which increases with magnetic
field increment, and it is 3.05MPa with
500mT, which is two times than that of zero
field.

3. It can be seen in Figures 6 and 7 that the MR
effect under 500mT in shear mode and com-
pression mode are more than 300% and 200%,
respectively; the modulus of MRE in compres-
sion mode is higher than that of in shear mode,
so the MRE isolator working in compression
mode can reduce the static strain caused by the
mass of isolator.

MRE isolator structure

The scheme of MRE mixed isolator designed is shown
in Figure 8, which consists of seven parts. The mount-
ing base and the limit device are made of copper, while
the mounting shell, movable plate and iron core are
made of pure iron. The limit device, which connects
with iron core, is used to provide a groove for coil and
cut off the magnetic circuit. The dynamical mass of the
isolator consists of the sprung mass, movable plate, and
part of the mass of MRE. The MRE under the movable
plate operates on shear and compression mode simulta-
neously. The parts of MRE isolator are manufactured
and shown in Figure 9.

Magnetic circuit analyses

It is very important for MRE isolator’s design to
analyse magnetic circuit. The equivalent circuit mode
of MRE isolator can be found in Figure 10.
Rm1, Rm2, Rm3, Rm4, andRm5 represent the magnetic
resistance of iron core, MRE for compression mode,

Figure 6. Modulus in shear mode.

Figure 7. Modulus in compression mode.

Figure 8. Scheme of designed MRE isolator.
MRE: magnetorheological elastomer.

Figure 9. MRE isolator.
MRE: magnetorheological elastomer.
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movable plate, MRE for shear mode, and mounting
shell, respectively.

The magnetic resistance is calculated by the follow-
ing formula

R=
L

mS
ð1Þ

where L is the length of magnetic circuit, m is the relative
permeability of each part, and S is the area of magnetic
field lines passing through. According to the magnetic
circuit series theorem, the total magnetic resistance of
the magnetic circuit can be obtained as follows

X5

i¼1

Rmi ¼ Rm1 þ Rm2 þ Rm3 þ Rm4 þ Rm5 ð2Þ

It can be seen from formula (1) that the magnetic
resistance of magnetic circuit is mainly caused by
MRE, the reason is that the permeability of the MRE
is much lower than pure iron (Jiles, 1998; Zhu et al.,
2007). So equation (2) can be simplified to

X5

i¼1

Rmi’Rm2 þ Rm4 ð3Þ

The magnetic flux of each part is the same in series
magnetic circuit, so the magnetic potential of the mag-
netic circuit can be expressed as

F ¼ F
X

Rm ¼ NI ð4Þ

where F is the magnetic potential, F is the magnetic
flux, N is the number of turns in the coil, and I is the
current in the coil.

Next, theory analysis is used to determine the turn of
coil. It is well known that maximal magnetic flux den-
sity can be 600mT for MRE of silicone rubber. In order
to have a wider adjustable range of magnetic field, mag-
netic flux density of 600mT is determined in MRE. The
permeability of MRE is regarded between 2 and 3.5.
For the MRE in the section ‘‘MRE preparation’’, the
total magnetic resistance is 6.6762 e6A/Wb, so the

magnetic flux is 1.884e24Wb. Using formula (4), the
number of turns in coil can be 424 with maximal current
of 3A and the diameter of 20mm in the electromagnetic
coil. With the consideration of the leakage of magnetic
circuit, the number of turns in coil is set as 450.

In order to validate theory results, finite element
method magnetic (FEMM) package is used to analyze
the magnetic flux density distributed in the MRE isola-
tor. An axial-symmetrical model is selected in the soft-
ware package ANSYS/MAG. With same initial
condition, the simulated results are shown in Figure 11.
In Figure 11(a), the magnetic flux lines pass through
the MRE perpendicularly; the iron core, MREs, mova-
ble plate, and mounting shell form a closed magnetic
circuit. The direction of magnetic field caused by
applied current is parallel to the compression direction
and perpendicular to the shear direction. Figure 11(b)
and (c) shows the magnetic flux density distribution in
compressive MRE and shear MRE, respectively. It can
be obtained that the mean values of magnetic flux den-
sity in compressive and shear MRE are 342.8 and
229.1mT, respectively, so the total magnetic flux den-
sity in MRE isolator is 581.9mT, which approximate
600mT in theory. It is demonstrated that the MRE
could effectively operate for the designed MRE
isolator.

Test system of mixed mode MRE isolator

The system is a base-excited system in this article, so a
test system is designed to evaluate and characterize the
performance of the MRE mixed isolator in Figures 12
and 13.

The excitation signal is generated by an electromag-
netic vibration system (model MPA406/M232A; ETS
Solutions (Beijing) Ltd, China), which includes a power
amplifier, controller, and electromagnetic vibration
table. Two acceleration sensors (model 24108; China
Aerospace Science and Technology Corporation,
China) are used to measure the excitation signal and
the response signal of MRE isolator. The signals of
the two sensors are transferred to a data acquisition
instrument and then sent to a computer for process-
ing and analyzing. The coil current of MRE isolator
is changed from 0 to 1.5A by adjusting the Agilent
power. A sinusoidal steady-state sweep frequency is
selected to test the property of MRE isolator. A loga-
rithmic sweep frequency mode is set from 10 to
100Hz in a cycle.

Results and discussion

Experiment results and discussion

During the experiment, the proposed integrated system
with the isolator has been considered as a single-degree-
of-freedom (SDOF) vibration system, which consists of

Figure 10. Equivalent circuit mode of MRE isolator.
MRE: magnetorheological elastomer.
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a constant mass, as shown in Figure 13. Although dif-
ferent trends in transmissibility results demonstrate the
fact that vibration system response is dependent of the
input acceleration, the transmissibility function shows
that the increment of the stiffness results in shift in nat-
ural frequency to the right with no fundamental dis-
tinction. Consequently, this article takes the typical
transmissibility curve under 0.2g sinusoidal excitation
input in view of the general pattern. The excitation
and response signal of MRE isolator under different
currents of 0–1.5A are shown in Figure 14.

It can be seen from Figure 14(a) to (d) that the reso-
nance peaks of MRE isolator shift with the increase in
applied current. The distance between the two reso-
nance peaks decreases with the increased applied

current. It indicates that the natural frequency of MRE
isolator shifts to a higher frequency with increasing
current.

Remark 1. The test setup is a SDOF system, which con-
sists of one nature frequency. The two resonance peaks
of output signals in Figure 14 are caused by sinusoidal
sweeping frequency in a cycle. Actually, the rapid fre-
quency sweep excitation generated by the electromag-
netic vibration test system continuously varies from
10 to 100Hz and then from 100 to 10Hz without
interruption. The experimental results are computed
by the whole cycle, which would reduce the calcula-
tion error.

Figure 11. Simulated results: (a) magnetic flux lines through the MRE isolator, (b) magnetic flux density (T) distribution in
compression mode of MRE, and (c) magnetic flux density (T) distribution in shear mode of MRE.
MRE: magnetorheological elastomer.

Figure 12. Sketch of test system.
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Figure 15 shows the transmissibility with 0.2g sinu-
soidal constant amplitude acceleration input for
input electric currents ranging from 0 to 1.5A. And
the transmissibility is calculated by ratio between out-
put amplitude obtained by Figure 14 and excitation
amplitude with 0.2g, and the output amplitude
in Figure 14 is the resonance peak. The change

in natural frequency and the resonance peak
amplitude under different currents are shown in
Figure 16.

1. It can be obviously seen that transmissibility is
attenuated with increasing current as shown in
Figure 15.

2. The natural frequency of isolation system
increases with increasing applied current due to
the changes in MRE stiffness under the applied
current as shown in Figure 16.

3. Compared with the natural frequency of 48Hz
with 0A, the natural frequency is 68.4 and
95.0Hz with 1 and 1.5A, and the increment is
46% and 103%, respectively.

4. The resonance peak of isolation system
decreases obviously with increasing applied cur-
rent, which is caused by increasing damping.
Compared with the natural frequency with 0A,
the decrement of the natural frequency with
1.5A is 25.68%.

5. The reason of high frequency noise in Figure 15
is that fixed sampling frequency is used to col-
lect variable frequency signal.

Figure 13. A picture of the main apparatus in test system.

Figure 14. Input–output signal of MRE isolator under different currents: (a) 0 A input–output signal, (b) 0.5 A input–output signal,
(c) 1 A input–output signal, and (d) 1.5 A input–output signal.
MRE: magnetorheological elastomer.
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Theoretical modeling

Based on the connected construction of shear and com-
pression mode, the isolator system is considered
equivalently as the parallel type. Figure 17 shows the

equivalent model of integrated isolation system, which
correspond to the test system in Figure 13.

The dynamic equation of mixed isolator system as
follows

m€X1 + K1 +K2ð Þ X1 � X0ð Þ+C _X 1 � _X 0

� �
= 0 ð5Þ

where m is the total weight of the mass component in
the integrated isolation system, which consists of the
sprung mass, movable plate, and part of the mass of
MRE. K1 is static stiffness of isolator without applied
currents; K2 and C are variable stiffness and damping,
respectively, which can be controlled by applied cur-
rents; X0 and X1 are excitation and response signal of
MRE isolator system, respectively.

In the following, we will explain in theory that the
performance of mixed mode MRE isolator is optimal
than that of the single-mode isolator.

Theorem 1. For the shear–compression mixed MRE iso-
lator system as shown in Figure 11, the regulating range
of stiffness K2 and damping C are all larger than that of
shear or compression, that is, DK2.DKs, DK2.DKc

and Dc.Dcs, Dc.Dcc.

Proof. The mixed MRE isolation system is the parallel
type of shear and compression mode,

K2 =Ks +Kc ð6Þ

where Ks andKc represent the variable stiffness in shear
and compression mode, respectively.

For

Ks1\Ks\Ks2, Kc1\Kc\Kc2 ð7Þ

where Ks1 and Ks2 represent the upper and lower
bounds of variable stiffness in shear mode, respec-
tively. Kc1 and Kc2 represent the upper and lower
bounds of variable stiffness in compression mode,
respectively.

Using formulas (6) and (7), we can get

Ks1 +Kc1\K2\Ks2 +Kc2 ð8Þ

Therefore

DK2.DKs, DK2.DKc ð9Þ

where

DK2 =DKs +DKc, DKs =Ks2 � Ks1, DKc =Kc2 � Kc1

In the same way, it follows that

C2 =Cs +Cc

where Cs andCc are variable damping with shear and
compression mode, respectively.

Figure 16. Resonance peak amplitude and natural frequency of
MRE isolator under different currents.
MRE: magnetorheological elastomer.

Figure 17. Equivalent model of MRE isolator system.
MRE: magnetorheological elastomer.

Figure 15. Transmissibility of 0.2g sinusoidal constant
amplitude acceleration input for currents ranging from 0 to
1.5 A.
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cs1 + cc1\c\cs2 + cc2 ð10Þ

Therefore

Dc.Dcs,Dc.Dcc ð11Þ

where

Dc=Dcs +Dcc, Dcc = cs2 � cs1, Dcc = cc2 � cc1

Therefore, the regulating ranges of stiffness and
damping are larger than that of single mode.

Parameters identification of vibration isolation system

By kinetic equation (5), we can get the transfer function
of test system

Tr=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1+ 2hjð Þ2

1� h2ð Þ2 + 2hjð Þ2

s
ð12Þ

where h is the ratio of the excitation frequency and the
natural frequency of MRE isolator; the natural fre-
quency is expressed as follows

fn =
1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K 1� 2j2
� �

m

s
ð13Þ

Therefore, the stiffness coefficient can be obtained as
follows

K =
m(2pfn)

2

1� 2j2
ð14Þ

j = c=2
ffiffiffiffiffiffiffi
mK
p

is the damping ratio of system, so the
damping coefficient is

c= 2j
ffiffiffiffiffiffiffi
mK
p

ð15Þ

The mass m is 1.3 kg, Tr is chosen to transmission from
Figure 15, so h= 1, and fn is resonance frequency,
which can be obtained from Figure 15. From formulas
(12) to (15), the stiffness and damping coefficients of
MRE isolator can be obtained.

Shear-mode isolator is the most typical structure in
previous studies (Fu et al., 2013), so the stiffness and
damping coefficients of the designed isolator in mixed
modes are brought to compare with the shear-mode
isolator in Tables 1 and 2, respectively. The isolator in
compression mode is under design and production, and
the effectiveness of devices with three cases will be in
the subsequent reports.

1. Compared with the stiffness under 0A, the
increment of the stiffness (Fu et al., 2013) with
0.5, 1, and 1.5A is 6.7%, 10.8%, and 17.57%,
respectively. The increment in this article is
23.47%, 122.15%, and 329.63%, respectively.

2. Compared with the damping under 0A, the
increment of the damping (Fu et al., 2013) with
0.5, 1, and 1.5A is 4.55%, 13.64%, and 22.74%,
respectively. The increment in this article is
29.18%, 99.07%, and 180.31%, respectively.

3. It is also predicted that the designed MRE isola-
tor may induce more changes of system stiffness
and damping with application of more change
in electric current.

Therefore, the stiffness of MRE isolator with mixed
mode between 0 and 1.5A changes greatly, which is
greater than that of shear mode MRE isolator (Fu
et al., 2013).

Conclusion

In this article, the vibration property of a new MRE
isolator designed in shear–compression mixed mode is
studied. The test results, which are obtained by estab-
lishing testing system, show that the natural fre-
quency of MRE mixed isolator can be effectively
controlled by the applied current. When applied cur-
rent increases to 1 and 1.5A, the increment of natural
frequency can be up to 46% and 103%, the increment
of stiffness is 122.15% and 329.63%, and the
increment of damping is 99.07% and 180.31%. The
value of resonance peak decreases with increasing
applied current. The experiment and theory proof
show that the MRE isolator with mixed mode is more
optimal than that of shear or compression mode, and
performance of vibration isolation is improved in a
large frequency range with applied current. The

Table 1. Stiffness coefficient of MRE isolator for mixed and
shear mode under different currents.

Method Stiffness (kN/m)

0 A 0.5 A 1 A 1.5 A

Shear mode (Fu et al.,
2013)

74 79 82 87

Mixed mode 125.29 154.70 278.33 538.28

MRE: magnetorheological elastomer.

Table 2. Damping coefficient of MRE isolator for mixed and
shear mode under different currents.

Method Damping (N s/m)

0 A 0.5 A 1 A 1.5 A

Shear mode (Fu et al.,
2013)

110 115 125 135

Mixed mode 114.55 147.97 228.04 321.90

MRE: magnetorheological elastomer.
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experimental test and performance comparison of
three modes with advantages of each case will be dis-
cussed systematically in the future.
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