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Development of a real-time tunable
stiffness and damping vibration isolator
based on magnetorheological
elastomer
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Abstract
A tunable stiffness and damping vibration isolator based on magnetorheological elastomers (MREs) is developed. In this
isolator, four MRE elements are used as the tunable springs, whose stiffness can be controlled by varying the magnetic
field. A voice coil motor, which is controlled by the relative velocity feedback of the payload, is used as the tunable dam-
per of the isolator. Under the combined ON–OFF control, the proposed vibration isolator shows satisfying isolation
effect. The experimental results indicate that the responses of the payload are suppressed significantly in comparison to
the passive system. The transmissibility of the payload around the resonant frequency is decreased by 61.5%. The root
mean square (RMS) value and the maximum value of the displacement responses of the payload are decreased by 36.0%
and 50.0%, respectively. In addition, the RMS values and maximum values of the velocity responses are decreased by
45.4% and 52.5%, respectively.
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Introduction

Recently, vibration isolation systems have been inten-
sively studied and widely used in applications. The
vibration isolation control systems can be divided into
passive, active, and semiactive (SA). The SA vibration
isolation systems are the compromise of passive sys-
tems and active systems, and they only expend quite a
small amount of energy to vary their parameters to
improve the performance, such as damping and/or
stiffness. One common SA vibration isolation system is
the tunable damping system, which has been proven to
be an effective vibration control technique (Dyke et al.,
1998; Yu et al., 2009; Zhou et al., 2008). These tunable
damping systems consisting of passive springs and tun-
able dampers show high performance, and some of
them can even approach an ideal fully active system.
Besides, tuning the stiffness of the vibration isolation
system is another method in a SA system. A few
researchers have proposed some vibration isolation sys-
tems with tunable stiffness to prove their effectiveness
(Liu et al., 2008; Nagarajaiah and Sonmez, 2007;
Yang et al., 1996).Yang et al. (1996) proposed a con-
trollable stiffness system to suppress buildings’
response to earthquakes. Nagarajaiah and Sonmez

(2007) developed a class of single or multiple SA vari-
able stiffness-tuned mass dampers, which can be used
for response control of multistory structures. Recently,
Liu et al. (2008) proposed a SA vibration isolation sys-
tem with variable stiffness and damping using magne-
torheological fluid (MRF) dampers. However, the
tunable stiffness vibration isolation system has not
been thoroughly investigated due to the complexity and
high cost. Therefore, a new tunable stiffness vibration
isolation system with simple structure and low cost
needs to be developed.

Magnetorheological elastomers (MREs) are a kind
of function materials whose shear modulus can be con-
trolled rapidly, continuously, and reversibly by apply-
ing an external magnetic field (Ginder et al., 1999; Li
and Zhang, 2010; Xu et al., 2010). They comprise
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microsized magnetic particles dispersed in elastomers
or rubberlike materials. The magnetic particles form
chainlike or columnar structures, which are fixed in the
polymer matrix after curing. Due to their special struc-
ture, MREs overcome the problems of deposition, envi-
ronmental contamination, and sealing existing in
MRFs (Carlson and Jolly, 2000; Chen et al., 2008;
Farshad and Le Roux, 2005; Popp et al., 2010) and
attract considerable attention in recent years (Deng et
al., 2006; Ginder et al., 1999, 2001; Gong et al., 2005;
Lerner and Cunefare, 2008; Ni et al., 2009). Many
studies reported the applications of MREs to adaptive
tuned vibration absorbers. Ginder et al. (2001) did the
pioneer study on the development of an adaptive tun-
able vibration absorber using MREs. Deng et al. (2006)
used MREs to design a tunable vibration absorber with
a frequency range of 55–82 Hz. Lerner and Cunefare
(2008) developed three vibration absorber configura-
tions with MREs in shear, longitudinal, and squeeze
modes, respectively. Ni et al. (2009) proposed a
dynamic stiffness-tuning absorber with squeeze-strain–
enhanced MREs.

Besides vibration absorbers, MREs can also be used
in vibration isolator due to their excellent stiffness tun-
able nature. Ginder et al. (2000) used MREs to con-
struct a proof-of-concept mounting and isolation in
automotive. Hitchcock et al. (2006) proposed a device
based on MREs to control the response of a structure
to shock events. Opie and Yim (2009) investigated a
tunable stiffness MRE vibration isolator, and the
experimental results showed that MRE isolator with
SA controller system reduced resonances and payload
velocities by 16%–30% when compared to passive sys-
tems. Due to their high efficiency and facility, the
development of MRE-based isolator has become a
pressing need. In addition, real-time tunable vibration
isolators are more advantageous than the passive isola-
tor, such as metal rubber isolator, because the reso-
nance can be significantly decreased, while the good
high-frequency isolation effect is still maintained.

In this study, a novel MRE-based vibration isolator
with tunable stiffness and damping is proposed. MREs
are used as the tunable spring elements, and a custo-
mized voice coil motor controlled by the relative velo-
city feedback is used as a variable damper. Compared
to the conventional device with variable stiffness, the
proposed vibration isolator is very simple and easy to
be applied in practical system. The article is divided
into six sections. Following the introduction, the
method of MRE fabrication and its mechanical charac-
teristics are introduced. The control strategies of the
isolator are analyzed in ‘Control Strategies’ section.
‘Structure of the MRE-Based Vibration Isolator’ sec-
tion describes the structure of the MRE-based vibra-
tion isolator. ‘Experiments and Simulations’ section
shows the experimental and simulation results, and the
conclusions are summarized in ‘Conclusion’ section.

MRE Fabrication and Its Characteristics

MRE Fabrication

The materials of fabricated MRE samples consist of
carbonyl iron particles (Type CN, with the average dia-
meter of 6 mm; BASF Company, Germany), high-
temperature vulcanization (HTV) silicone rubber (Type
MVQ 110-2; Dong Jue Fine Chemicals Nanjing Co.,
Ltd. Nanjing, China)., methyl silicone oil (Shanghai
Resin Factory Co., Ltd. Shanghai, China), and vulca-
nizing agent (double methyl double benzoyl hexane;
Shenzhen Gujia Company, Shenzhen, China). The
methyl silicone oil, viscosity of 50 cP, was used as plas-
ticizer to improve the processing of rubber mixing.

First, the HTV silicone rubber was subjected to heat
treatment at 150�C for 4 h to reduce the air in the rub-
ber. Then, the rubber was placed in a double-roll mill
(Model XK-160; Taihu rubber Machinery Inc., China)
to be thoroughly mixed with iron particles, silicone oil,
and vulcanizing agent for about 1 h. Later, the rubber
mixture was used to fabricate MRE samples. During
the fabrication, a prestructure method was used, which
can significantly enhance the magnetorheological effect
of MRE. The rubber mixture was placed into a mold.
Then, the mold was fixed to a customized magnet-heat-
coupled device, as shown in Figure 1. This device can
keep the rubber mixture at a fixed temperature and can
supply a vertical magnetic field. The temperature in the
prestructure process was 120�C, and the magnetic field
was about 1.5 T. The prestructure process lasted for
15 min. Then, the mold with the rubber mixture was
placed on a flat vulcanizer (Model BL-6170-B; Bolon
Precision Testing Machines Co., China) for vulcanizing.
The vulcanizing process was carried out at a tempera-
ture of 160�C for 5 min. After that, the MRE samples
were obtained.

Mechanical Characteristics

The dynamic shear modulus of the as-prepared MRE
under various magnetic flux densities was tested using a
modified dynamic mechanical analyzer (Model Tritec
2000; Triton technology Co., Ltd., UK). Figure 2 shows

Figure 1. Sketch of a customized magnet-heat-coupled device.
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the relationship between the shear modulus of MRE
and the magnetic flux density under different testing
frequencies. From the figure, it can be seen that the ini-
tial shear modulus of MRE is around 0.3 MPa, and
saturation shear modulus is around 2.5 MPa. The rela-
tive shear modulus change is as high as about 700%.
Such unique high MR effect makes the fabricated
MREs to be a good candidate for the stiffness element
of vibration isolator.

Control Strategies

Sinusoid Excitation

The mathematical model of a vibration isolation sys-
tem can be represented by a single-degree-of-freedom
system (Figure 3). As shown in Figure 3, m is the mass
of the payload; c and k are the damping coefficient and
the stiffness of the isolator, respectively; x and xg are
the displacements of the payload and the ground base,

respectively. The equation of motion for the system is
as follows:

m€x + c _x + kx = c _xg + kxg ð1Þ

where (..) and (.) mean d2/dt2 and d/dt. The transmissi-
bility of the system is

T =
X

Xg

=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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and v is the excitation frequency; v0 is the nature fre-
quency of the isolation system; X and Xg are the ampli-
tudes of x and xg, respectively. Figure 4 shows the
relationship between the transmissibility and the dimen-
sionless frequency l.

From Figure 4, it can be seen that when l\
ffiffiffi
2
p

, the
vibration of the payload is severer than the excitation
base; when l.

ffiffiffi
2
p

, the vibration of the payload is
weaker than the base. In other words, when the excita-
tion frequency v is smaller than

ffiffiffi
2
p

v0, there is no isola-
tion effect for the vibration isolation system. If l\

ffiffiffi
2
p

,
the vibration of the payload decreases with increasing
of the damping (Figure 4). Meanwhile, the vibration of
the payload increases with increasing of the damping
when l.

ffiffiffi
2
p

. According to the features of the transmis-
sibility of a single-degree-of-freedom system, the con-
trol law can be summarized as follows. When the
excitation frequency v is larger than

ffiffiffi
2
p

v0, smaller
stiffness and damping are of benefit to decreasing the
vibration of the payload. When the excitation fre-
quency v is around the nature frequency of the system,
the increasing of the stiffness will shift the nature fre-
quency away from the excitation frequency, and the
increasing of the damping will lead to the decreasing of
the vibration. Thus, the vibration of the payload is

Figure 2. Dynamic shear modulus of MRE under various mag-
netic flux densities.

Figure 3. A single-degree-of-freedom system.

Figure 4. Transmissibility of a single-degree-of-freedom system.
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attenuated. Therefore, the control laws of MRE-based
vibration isolator under sinusoid excitation can be
expressed as

k = kmax and c = cmax ifv<
ffiffiffi
2
p

v0

k = kmin and c = cmin ifv.
ffiffiffi
2
p

v0

�
ð3Þ

where kmax and kmin are the maximum and minimum
stiffness of MRE-based vibration isolator, respectively.
The cmax and cmin are the maximum and minimum
damping of MRE-based vibration isolator, respectively.

Random Excitation

Beside the sinusoid excitation, another kind of excita-
tion is random excitation, which is quite common in
road excitation, seismic excitation, and so on.
Therefore, it is necessary to investigate the control laws
for MRE-based vibration isolator under random exci-
tation. For damping force control, the ON–OFF con-
trol laws can be expressed as (Jansen and Dyke, 2000;
Liu et al., 2005)

c =
cmax if xr _xr � 0

cmin if xr _xr\0

�
ð4Þ

where xr and _xr are the payload’s displacement and
velocity with respect to the base, respectively. xr _xr � 0

means the payload is moving away from the balance
position.

For stiffness control, the ON–OFF control has
attracted considerable attention in recent years
(Nagarajaiah and Sonmez, 2007; Yang et al., 1996,
2000). The basic principle is shown in Figure 5, where
F is the elastic force generated by the spring and x is
the deformation of the spring. It can be seen from
Figure 5 that the elastic force dose not dissipate energy
without ON–OFF control. However, under proper
ON–OFF control laws, the elastic force dissipates
energy so as to weaken the vibration of the payload.
Similar to the damping force ON–OFF control laws,
the stiffness ON–OFF control laws can be expressed as
(Yang et al., 1996, 2000):

k =
kmax if xr _xr � 0

kmin if xr _xr\0

�
ð5Þ

where xr and _xr have the same meaning with the damp-
ing force ON–OFF control laws. Combining stiffness
control and damping control, the control laws for
MRE-based vibration isolator can be expressed as

k = kmax and c = cmax if xr _xr � 0

k = kmin and c = cmin if xr _xr\0

�
ð6Þ

Structure of the MRE-Based Vibration
Isolator

The scheme of the proposed MRE-based vibration iso-
lator is shown in Figure 6. It can be seen that MRE-
based vibration isolator consists of eight parts: base,
magnetic excitation coil, magnetic conductor, shear
plate, iron core, MRE, voice coil motor, and mounting
plate. Four MRE samples, working in shear mode, are
used as the stiffness elements. In this system, they are
designed to bear the payload. The base, iron core, mag-
netic conductor, and part of shear plate form two
closed C-shaped magnetic circulates. The magnetic field
is created by three coils, and it can be controlled by the
coil current. The MRE samples were connected to the
mounting plate by two shear plates. A voice coil motor
is fixed between the magnetic conductor and the
mounting plate. The stator of the voice coil motor is
fixed on the magnetic conductor, and the mover is con-
nected to the mounting plate.

The voice coil motor is controlled by the relative
velocity feedback of the payload with respect to the
base. The force generated by the voice coil motor can
be expressed as

fact = � g _xr ð7Þ

where g is the feedback gain and _xr is the relative velo-
city of the payload with respect to the base. In compari-
son to the damping force, the force generated by the
voice coil motor is similar to the damping force for both
kinds of force are proportional to the relative velocity.
Therefore, under the relative velocity feedback control,

Figure 6. Sketch of the MRE-based vibration isolator: 1, base;
2, magnetic excitation coil; 3, magnetic conductor; 4 shear plate;
5, iron core; 6, MRE; 7, voice coil motor; 8, mounting plate.

Figure 5. Stiffness ON–OFF control.
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the voice coil motor can be used as a damper, whose
damping coefficient is equal to the feedback gain g.

The two most important parts of the MRE-based
vibration isolator are MRE and the voice coil motor.
Though the relationship between the applied current I
and the stiffness k is nonlinear and cannot be accurately
expressed, maximal I leads to maximal k and minimal I
leads to minimal K. By applying a maximum current
Imax or a minimum current Imin, the stiffness of the iso-
lator can be varied between kmax and kmin. By turning
on or turning off the voice coil motor, the damping of
the isolator can be varied between cmax and cmin.

Finally, the control laws of MRE-based vibration
isolator can be summarized as

Sinusoid excitation :
I = Imax and g = gmax ifv<

ffiffiffi
2
p

v0

I = Imin and g = gmin ifv.
ffiffiffi
2
p

v0

�

ð8Þ

Randomexcitation :
I = Imax and g = gmax if xr _xr � 0

I = Imin and g = gmin if xr _xr\0

�

ð9Þ

where I is the current applied to the magnetic excitation
coil and g is the relative velocity feedback gain.

Experiments and Simulations

Experimental Setup

Figure 7 shows the experimental setup for investigating
the performance of MRE-based vibration isolator. The
prototype was mounted on the vibration table (Model
DY-300-2; Suzhou Sushi Testing Instrument Co., Ltd.
Suzhou, China.). A mass block, used as payload, was
fixed on the mounting plate of the isolator. Two acceler-
ometers (Model CA-YD-107; Sinocera Piezotronics
Inc., China) were used to measure the acceleration

responses of the base and the payload. The acceleration
signals were sent to a customized digital signal processor
(DSP) controller as the input signals of the prototype.
For sinusoid excitation, the excitation frequency was
obtained using a fast Fourier transform (FFT) analysis.
For random excitation, the relative velocity and displa-
cement of the payload with respect to the base were
obtained by integrating the acceleration signals.
According to the control laws shown in Equations (8)
and (9), the DSP controller calculated the control signals
of the magnetic excitation coil and the voice coil motor.
Then, the two control signals were sent to a power
amplifier and a DC power source to drive the voice coil
motor and the magnetic excitation coil. In this experi-
ment, the computer was used to collect and store the
concerned signals transported by the DSP controller.

Frequency Response to Sinusoid Base Excitations

The steady-state response to a sinusoid base excitation
is shown in Figure 8, where the frequency is changed
from 2.5 to 18.75 Hz. Generally, for a vibration isola-
tion system, the isolation efficiency increases with

Figure 7. Experimental setup for the MRE-based vibration isolator.

Figure 8. Frequency response to sinusoid base excitations.
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increasing of the excitation frequency. Due to this rea-
son, the frequency range in the experiment was chosen
from 2.5 to 18.75 Hz. From Figure 8, it can be seen
that the nature frequency of the vibration isolation sys-
tem is 7.5 Hz. Compared to the vibration without ON–
OFF control, the vibration of the payload with ON–
OFF control in the whole experimental frequency range is
significantly suppressed. Surprisingly, the transmissibility
decreases to about 1 from about 2.6, and the relative
change is around 61.5% at the resonant frequency, which
clearly indicates that the present vibration isolation system
shows a well efficiency. In this experiment, Imax = 1 A,
Imin = 0 A, gmax = 1000 Ns/m, and gmin = 0 Ns/m.

Response to Random Base Excitations

Figure 9(a) shows the time history of a random base
excitation. Figure 9(b) shows its frequency spectrum.
The random signals are the uniform distribution signals
filtered by a band-pass filter. Since the vibration of the
payload around nature frequency is the severest and

the isolation efficiency increases with increasing of the
frequency, the frequency range of the random excita-
tion was chosen around the resonant frequency.

Figures 10 and 11 show the response of the payload
under different control laws. Figures 10(a) and 11(a)
show the response data that were obtained with and
without the stiffness ON–OFF control. Here, stiffness
ON–OFF control means only the stiffness is controlled,
and the relative velocity feedback gain is fixed at zero
during the experiment. Figures 10(b) and 11(b) com-
pare the response without control to the response with
stiffness and damping ON–OFF control. From the fig-
ures, it can be seen that the vibration of the payload
was significantly suppressed under the control algo-
rithm. In comparison to a single stiffness ON–OFF
control, stiffness and damping double ON–OFF con-
trol performs better.

The RMS values and the maximum values of the
response of the payload are tabulated in Table 1, where
S ON–OFF control means stiffness ON–OFF control
and S + D ON–OFF control means stiffness and

Figure 9. Random excitation: (a) time history and (b) frequency spectrum.

Figure 10. Displacement response of the payload: (a) stiffness ON–OFF control and (b) stiffness and damping ON–OFF control.
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damping ON–OFF control. As shown in the table, the
RMS values and maximum values of the payload’s
responses are significantly decreased by the control
algorithm. Comparing the two control algorithms, S +
D ON–OFF control performs better than S ON–OFF
control. Under the S + D ON–OFF control, the RMS
value and maximum value of the displacement
responses of the payload are decreased by 36.0% and
50.0%, respectively. Meanwhile, the RMS value and
maximum value of the velocity responses are decreased
by 45.4% and 52.5%, respectively.

Figure 11. Velocity response of the payload: (a) stiffness ON–OFF control and (b) stiffness and damping ON–OFF control.

Table 1. RMS values and maximum values of the response to
random excitations.

RMS values Maximum values

x (mm) _x (m/s) x (mm) _x (m/s)

Without control 0.78 0.033 2.4 0.101
S ON–OFF control 0.60 0.026 1.8 0.068
S + D ON–OFF
control

0.45 0.018 1.2 0.048

RMS: root mean square; S ON–OFF: stiffness ON–OFF control; S + D

ON–OFF: stiffness + damping force ON–OFF control.

Figure 12. Displacement response to pulse excitation: (a) triangular pulse and (b) half-sinusoid pulse.

Figure 13. Acceleration response to pulse excitation: (a) triangular pulse and (b) half-sinusoid pulse.
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Response to Pulse Base Excitations

To further evaluate the as-designed vibration isolation
system, the responses of the payload to pulse base exci-
tations were simulated with the same parameters used
in the previous experiments. In the simulation (Figures
12 and 13), two pulse base excitations were used to
excite the vibration system. Figure 12(a) is the response
to a triangular pulse excitation, and Figure 12(b) is the
response to a half-sinusoid pulse excitation. Both the
pulse base excitations lasted for 0.1 s. From the figure,
it can be seen that under the ON–OFF control, the
maximum values of the responses decrease, and the
time for eliminating the disturbance caused by the pulse
excitation is shortened. Table 2 tabulates the maximum
values of the displacement response of the payload to
pulse excitations. Figure 13 shows the acceleration
response of the payload to the pulse excitation. It can
be seen that under ON–OFF control, the acceleration
response decreases except for some leaps, which may be
due to the sudden change of the stiffness and damping.
Overall, the proposed MRE-based vibration isolator
shows a good performance under ON–OFF control.

Conclusion

A novel MRE-based tunable stiffness and damping
vibration isolator was proposed. The stiffness is con-
trolled by the current applied to the magnetic excitation
coil, and the damping is controlled by the feedback
gain of the voice coil motor. Therefore, this system is
very simple and easy to be used in practical system.
Both the experimental results and simulation results
indicate that the proposed MRE-based vibration isola-
tor has a good performance using stiffness and damp-
ing ON–OFF control. The vibration of the payload to
sinusoid excitation, random excitation, and pulse exci-
tation can be suppressed significantly.
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