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Magnetorheological elastomer (MRE) vibration isolation devices can improve a system’s vibration response via adjustable sti	ness
and damping under di	erent magnetic 
elds. Combined with negative sti	ness design, these MRE devices can reduce a system’s
sti	ness and improve the vibration control e	ect signi
cantly.�is paper develops a variable negative sti	nessMRE isolation device
by combining an improved separable iron core with laminated MREs. �e relationship between the negative sti	ness and the
performance of the device is obtained by mathematical transformation. Its vibration response under simple harmonic excitation
at small amplitude and the impact of the volume fraction of so� magnetic particles on the isolation system are also analyzed. �e
results show that the negative sti	ness produced by themagnetic force is amajor factor a	ecting the capacity of the isolation system.
Compared to devices of the same size, the isolation system equipped with low-particle volume fraction MREs demonstrates better
performance.

1. Introduction

�e isolation system has been widely used in high-precision
measurement, automotive suspension, shipping shaft sys-
tems, and disaster prevention and reduction systems to
reduce environmental disturbances [1–4]. Environmental
disturbances mainly come from the ground vibrations trans-
ferred by the support system, such as post and purlin, in
which increased structural �exibility by a small-sti	ness
isolation system is a main method for protecting engineering
structures or equipment. However, environmental distur-
bances are also caused by a variable weight or position of the
structure or equipment, under which a large-sti	ness isola-
tion system is required to improve the structural stability and
thusminimize the disturbance of the engineering structure or
equipment [5]. Inevitability, this indicates that di	erent engi-
neering structures may place di	erent sti	ness requirements
on the isolation system. �e adjustable range of the isolation
system thereby serves as a critical performance index, and an
isolation system with a large isolation range can be applied

in a wide application area. Passive isolators are used most
commonly in isolation because they are easily manufactured
and cheaply equipped, but their limited frequency range and

xed sti	ness have restricted their scope of application in the

eld. Fortunately, the sti	ness of a systemof two springs com-
bined in series can be expressed as the ratio of their product
to their sum. When a negative sti	ness spring is connected
in series with a positive one, the combined sti	ness is in
nite
in theory. �erefore, the adjustment of the sti	ness of each
spring will directly a	ect the spring system’s combined sti	-
ness and the isolation system’s bandwidth. Sarlis introduced
a preloaded linear elastic spring into the passive isolation
system and provided the damping system with negative sti	-
ness by mounting an anchor frame and a movable frame [6].
Because the preloaded linear spring combination can provide
negative sti	ness by a certain connection method, Mochida
et al. hinged three linear springs to form a combination
that can be applied to foundation isolation, which provides
negative sti	ness [7].Mizuno et al. used a voice coilmotor as a
linear actuator to generate a suspension system with negative
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sti	ness and a pair of plate springs with normal sti	ness and
damping; the control strategy based on the Laplace transform
was also introduced [8]. In the above literature, the system’s
adjustable sti	ness range is restricted by the 
xed sti	ness
values of springs. �is paper, using adjustable sti	ness MREs
as viscoelastic springs, devises a variable negative sti	ness
isolation unit and presents research conducted on the isola-
tion performance.

Magnetorheological elastomers (MREs) are an intelligent
composite material with actively controllable mechanical
properties. �e main ingredients of MREs are micron-sized
so� magnetic particles and viscoelasticity polymer matrix.
Micron-sized so�magnetic particles are dispersed direction-
ally or distributed randomly in the polymer matrix curing
without magnetic 
eld or with that for higher material prop-
erties. �e mechanical properties of MREs, such as damping
feature, Young’s modulus, and shear modulus, may be tran-
siently reversed under an external magnetic 
eld. Being free
of sedimentation and easily encapsulated, MREs are widely
used in dampers, brakes, and de�ection sensors [9–11].
Because conventional passive rubber isolators cannot change
their mechanical properties, which results in problems per-
taining to their lack of adaptability, many new options have
been tested. A novel MRE seismic isolator with a laminated
structure of steel andMRE layers was developed for real-time
controllability of sti	ness and damping [12], but the �exibility
of this device is limited because the MR e	ect of MREs was
increased only by the magnetic 
eld. Yang et al. [13] assem-
bled two permanent magnets into the MRE seismic isolator
up and down. �e main contribution mentioned above is
the magnetic control. However, magnetic force is another
method for the large range of excitation frequencies because
wideband natural frequencies make the seismic isolator
adaptable.

Based on the magnetic force between an electromagnet
and a permanent magnet, Mizuno et al. probed into the neg-
ative sti	ness e	ects on the active isolation system [5]. Kim
et al. [14] investigated the isolation of a support system with
a single degree of freedom by using an electromagnet con-
nected in series with a linear spring. �e result showed that
an adjustable passive isolation system with negative sti	ness
has a large range for adjusting sti	ness on the whole; thus,
the limitation of conventional passive vibration isolation
systems—that is, being inapplicable to broadband excita-
tion—can be resolved. Because the electromagnetic force
supplying an active force can provide the vibration isolation
system with negative sti	ness, Li et al. [15] developed a
vibration control system with adjustable negative sti	ness
using the sti	ness and damping of a common rubber. A com-
bination of passive isolation and semiactive isolation is also
a novel method wherein the MREs with controllable sti	ness
and damping serve as a semiactive control component [16].
MRE isolation units, by use of an electromagnet or perma-
nent magnets, provided variable sti	ness to give the isolation
system a wideband variation range of sti	ness, optimizing
the isolation performance of the system. Incontestably, the
focus of the isolation system is on the variation of sti	ness
and damping. Adding constant-sti	ness rubber or springs is a
conventional isolator strategy capable ofmitigating the e	ects

of one type of earthquake [12]. Further, the feasibility and
practicality of laminated MRE isolators, similar to laminated
rubber bearing structures, have been developed by specialists
and scholars.�e electromagnet was utilized for generating a
magnetic 
eld and controlling MRE sti	ness in the literature
[12, 13]. �e concept of “negative changing sti	ness” was 
rst
mentioned in the context of MRE isolator systems. In the
literature, the sti	ness of the MRE structure can be increased
and decreased by adjusting a hybrid magnetic system such
that the natural frequency of the system dodges the natural
frequency [13]. In this study, however, an equivalent negative
spring whose sti	ness equals the ratio of an added magnetic
force and displacement is joined to an equivalent normal
spring whose sti	ness is controlled by a hybrid magnetic
system (two electromagnets) in series. �e hybrid magnetic
system not only changes the sti	ness of MREs decreasingly
and increasingly but also accommodates the added magnetic
force for negative sti	ness. �us, the performance and the
in�uence factor of this variable negative sti	ness MRE vibra-
tion isolation system should be researched and con
rmed in
theory before the manufacturing process.

�e mechanical properties of MREs are sensibly in�u-
enced by the particle volume fraction, such as storage Young’s
modulus, storage shear modulus, loss factors [17], linear
strain and the tensions induced in the MRE [18], and strain
energy [19]. Because the added force is supplied by magnetic
force and MREs, sti	ness is directly related to the magnetic
�ux density insideMREmaterial.�us, the e	ect of magnetic
�ux density and the volume fraction of MREs is researched
and analyzed as the major in�uence factor. It is worth men-
tioning that setting a compact structure consisting of steel lay-
ers and laminated MREs inside the electromagnetic coil may
increase the magnetic �ux density; however, the air gap can-
not be avoided because of the vertical displacement loaded by
themass or disturbance acting on the isolation that results in a
decreased magnetic 
eld inside the MRE material [12, 13].
�is is also the reason why the iron core is separable.

In this study, the performance of variable negative sti	-
ness MRE vibration isolation systems is analyzed in theory;
furtherworkwill be given in next part. A�er the introduction,
the structure and work�ow are detailed and expatiated. Sec-
ond, the Fourier transformation is used to deduce the impact
of the magnetic force that produced the negative sti	ness on
the MRE isolation system’s performance. In Section 3, the
impacts of particle volume fractions ofMREs on the isolation
system’s vibration characteristics are analyzed. Finally, the
vibration characteristics of the isolation system under simple
harmonic motion at a small amplitude are investigated.

2. System Sketch

�e schematic diagram of the tunable negative sti	ness MRE
isolation device is depicted in Figure 1. �e MRE isolation
device mainly consists of isolated plates made of steel, lami-
natedMREs, separable iron cores with telescopic strut/sleeve,
and two electromagnets. �e intermediate plate is connected
with two cylindrical hollow laminated MRE blocks (upper
and lower). Each laminated MRE block is composed of a cir-
cular iron plate and laminated MREs. �e electromagnet, via
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Figure 1: Schematic diagram of MRE isolation system.

a separable iron core, attracts the neighboring plate to
produce a magnetic force that provides the system with
negative sti	ness as an actuator.

�e alterable magnetic �ux density can drive the two
MRE layer blocks with variable sti	ness �MREs; also, there is
a linear relation between the magnetic force generated by the
magnetic 
elds and the displacement of the steel plate. When
the displacement of the steel plate is small enough, the sti	-
ness �add can be de
ned by the addedmagnetic force.�e spe-
cial frameworks of the MRE isolation system can be simpli-

ed into two springs in series, and the total sti	ness �� of this
MRE isolation system becomes a reciprocal value [8]:

�� = �MREs�add�MREs + �add . (1)

�e theoretical sti	ness �add would be negative when the
direction of relative displacement with respect to that of the
added magnetic force is below zero. �e initial equilibrium
state is shown as in Figure 2(a); the distance between the iso-
lated plate� and the base plate is �, equal to that of a shaking
plate. A generalized force �, which may be an increment of
a force or a mass, is hypothetically applied to the isolated
plate as shown in Figure 2(b), and the distance increases or
decreases by Δ�. At the same time, the electromagnets gen-
erate an added magnetic force in a direction opposite to the
hypothetically generalized force, and the absolute value is �;
the sti	ness is then −(�/Δ�) for negative sti	ness. �e total
sti	ness of the system becomes extremely large if the absolute
value of the sti	ness �MREs is close to that of the negative
sti	ness �add = −(�/Δ�); thus, the isolation plate is safe
from vibration.When the system is subjected to a generalized
force, a displacement (�/�MREs) in the positive direction
appears as shown in Figure 2(b); in the meantime, the added
magnetic force makes the isolated plate move backward(�/�add) in the reverse or negative direction. �e same state
is then turned up on the isolation system as shown in Fig-
ure 2(c) if the absolute value of the sti	ness �MREs is close to
that of the negative sti	ness �add because the above negative
displacement and the forward displacement cancel each other
out.

3. Magnetic Force

An equivalent physical model of variable negative sti	ness
MRE isolation systems is illustrated in Figure 3. �e equiv-
alent model consists of two masses modeled by the isolated

plate, two parallel springs and parallel dashpots modeled by
laminated MREs, and two parallel magnetic forces generated
by the electromagnets applied to the plates. Considering
kinetic equilibrium, the equation of the equivalent model can
be written as follows:

�1���1 + �1 (��1 − ��2) + �1 (�1 − �2) = 
mag, (2)

�2���2 + �2��2 + �2�2 + �1 (��2 − ��1) + �1 (�2 − �1)= 
ext − 2
mag, (3)

where �1 and �2 represent the masses of the upper and
lower isolated plates, respectively, �1 and �2 are the mass
displacements relative to the equilibrium position, �1 and �2
are the damping coe�cients of the laminated MRE block, �1
and �2 are the sti	ness values of the laminated MRE block,
mag is the magnetic force applied to the plate, and 
ext is the
inputted excitation load (Figure 3).

From (2) and (3), we obtain a Fourier transform represen-
tation:

�1 (−�1�2 + ���1 + �1) + �2 (−���1 − �1) = �mag,
�1 (−���1 − �1) + �2 (−�2�2 + ���2 + �2 + ���1 + �1)= �ext − 2�mag.

(4)

It can be obtained as follows:

�2
= (−�1�2 + ���1 + �1) �ext + (2�1�2 − ���1 − �1) �mag(−�1�2 + ���1 + �1) (−�2�2 + ���2 + �2) − �1�2 (���1 + �1) .

(5)

If the displacement of the intermediate plate �2 of the
damping target object decreases to null, then the control
strategy is as follows:

�ext�mag

= − 2�1�2 − ���1 − �1−�1�2 + ���1 + �1 ,

ext
mag

= � (2�1�2 − �1) − ���1� (�1�2 − �1) − ���1 .
(6)

From the equation mentioned above, the magnetic 
eld
force mainly falls into two parts: the 
rst part is the displace-

ment feedback part (�1�2 − �1)� related to the equivalent
resonant frequency and elastic force; the other is the velocity
feedback part �1�� related to the damping force. �e sti	ness
of the MREs is adjusted by changing the external magnetic


eld strength and setting �1�2 = �1. �is is meant to make
the isolator’s nondamping natural frequency equal to the
external exciting frequency [20]. At this time, the system’s
isolation e�ciency can be expressed as a ratio of external
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Figure 2: Operation chart of negative sti	ness process.
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Figure 3: �e phenomenological model.

exciting power to the power of the magnetic force applied to
the plates. Consider

� = 
ext�
mag� = �ext��mag� = �1�2 − ���1���1
= (�/��)4 + 4�2 (�/��)24�2 (�/��)2 , (7)

where � = √�2/(4��) is the damping ratio and �� =√�equ/�2 is the natural frequency.
�e system’s isolation e�ciency can be used to illustrate

the capacity of the system’s energy dissipation. �e system’s
energy dissipation varies with damping ratio as shown in
Figure 4. It can be seen from the diagram that the negative
sti	ness produced by the magnetic force contributes to the
system’s energy dissipation as the frequency ratio increases,
which satis
es the control strategy for minimal displacement
of the intermediate plate in the damping target object men-
tioned above. �e isolation system shows a lower overall
sti	ness under the negative sti	ness e	ect resulting from the
magnetic force; also, the negative sti	ness generated by the
magnetic force and positive sti	ness resulting from the MRE
deformation should be in harmony with each other in the
spring system. �us, the in�uences of magnetic force on the
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Figure 4: �e vibration isolation capacity of the system.

vibration isolation capacity should be analyzed further. Many
factors can a	ect the magnitude of the magnetic force in this
system, such as current intensity, number of windings, gap
size, andmaterial permeability. In this part, themagnetic 
eld
strength is selected as the independent variable on vibration
isolation capacity because the magnetic 
eld strength can be
changed by the above elements.

Now suppose that an external excitation acts upon the
above plate �1, and the magnetic force applied to the
intermediate plate of the damping target object is 
mag. �e
following power balance equation for the intermediate plate
is then obtained from (3):

�2���2 + �2��2 + �2�2 + �1 (��2 − ��1) + �1 (�2 − �1)= 
mag. (8)

Under an external magnetic 
eld � with average mag-
netic �ux density�, themagnetic energy between the positive
and negative displacements of the intermediate plate during
vibration is �, and the magnetic force can be expressed as
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the magnetic energy’s di	erential in the direction of the plate
displacement �. Consider


mag0 = ���� = � (�� (2��))�� = �2�2�0�2� = �0� (��)24Δ2�2� , (9)

where �0, �, �, �, ��, and Δ are vacuum magnetic con-
ductibility, MRE cross section area, number of turns in the
coil, current in the coil, leakage coe�cient of the coil, and
original distance between the surrounding plates, respec-
tively. �e magnetic forces can then be expressed as follows:


mag1 = �0� (��)24 (�max − �)2�2�
≈ �0� (��)24Δ2�2� (1 + 2��max

+ 3�2�2max

+ ⋅ ⋅ ⋅) ,

mag2 = �0� (��)24 (�max + �)2�2�

≈ �0� (��)24Δ2�2� (1 − 2��max

+ 3�2�2max

+ ⋅ ⋅ ⋅) .

(10)

If the displacements are small, the magnetic forces can be
seen as linear functions of the relative displacement, and the
resulting negative sti	ness can be expressed as

�� = 
mag� = −
mag2 − 
mag1� = −�0� (��)24Δ2�2� ⋅ 4�max

. (11)

Assuming that the sti	ness values of the intermediate
plate’s upper and lower support systems are equal, �1 = �2 =�. �e isolation system’s equivalent magnetic force can then
be expressed as


equ = � ⋅ � + 
mag = �equ ⋅ �
= (� − �0� (��)24Δ2�2� ⋅ 4�max

) ⋅ �, (12)

where �1 and �2 are sti	ness values of the upper and lower
support systems, respectively—namely, the sti	ness values of
MREs, each of which is a function of the external magnetic

elds �1(��) and �2(��). �equ is the equivalent sti	ness.

Equation (8) can be simpli
ed as

�2���2 + �equ��2 + �equ�2 + �equ (��2 − ��1)+ �equ (�2 − �1) = 0, (13)

where �equ = �1 = �2 points to the equivalent viscous damping
coe�cient. If the displacement of the upper plate is the sine
exciting displacement (�1 = & sin(�' − *)), then

�2���2 + 2�equ��2 + 2�equ�2
= √�2equ&2 + �2equ�2&2 sin (�' − * + -) , (14)

where the phase angle is tan - = �equ/�equ�; thus, the trans-
missibility of the isolation system is

5 = √ �2equ + �2equ�2(2�equ − �2�2)2 + (2��)2
= √ 1 + 4�2 (�/��)2(2 − (�/��)2)2 + (4��/��)2 .

(15)

Chen et al. [21] proposed a kind of MRE-based natural
rubber. �e test results indicated that the mechanical prop-
erties of prestructured natural rubber-based MREs, such as
absolute modulus and relative modulus, are relatively good.
In this paper, the impact of the external magnetic 
eld with
respect to the system isolation transmissibility is studied
assuming that the MREs are equipped within. �e relation
between the system’s transmissibility and dimensionless fre-
quency ratio is shown in Figure 5. It is shown that the damp-
ing characteristics correlated to peak transfer rate are a	ected
by magnetic �ux density, and the natural frequency is neg-
atively correlated with the external magnetic 
eld. As the
external magnetic 
eld increases, the value of the transmis-
sibility decreases, which can be explained by the fact that the
system sti	ness is reduced by the negative sti	ness produced
by the magnetic force. �e transmissibility of the isolation
system with negative sti	ness unconsidered is shown in
Figure 6 for comparison. Contrary to the case given in
Figure 5, the smaller relative change in peak frequency is
observed with the increased magnetic �ux density in this
nonnegative sti	ness case, and the damping related to the
peak transmissibility is dependent on the magnetic �ux
density as seen in the literature [16]. �e most likely reason
for the similar tendency of transmissibility is that the system
considered here can be reduced as MRE isolators when the
negative e	ects mentioned above are ignored. When the pre-
structuredmagnetic 
eld strength is 600mT and the external
magnetic 
eld strength is 0.4mT, the so� magnetic particles
of the MREs would reach magnetic saturation [21]. �is is
also one of the reasons why the variation of the phase angle is
minimized by further increasing the magnetic �ux density in
Figure 7. As seen from (12), the negative sti	ness of the system
is a function of magnetic 
eld, which dominates the mechan-
ical properties of MREs introduced into the isolation system
for a viscoelasticity component. �us, it is necessary to
discuss the impact of so� magnetic particles in MREs on the
isolation performance.

4. The Particle Volume Fraction of MREs

MREs prepared with a magnetic 
eld character have a higher
equivalent damping coe�cient and energy dissipation than
those prepared without a magnetic 
eld [22], so the MREs
prepared with a magnetic 
eld in the isolation system should
be chosen as viscoelastic components in the isolation system.
When the magnetic particle chains in MREs are perpen-
dicular to the plane of plates, Young’s modulus of MREs is
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Figure 5: Transmissibility of the isolation system.
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correlated with the so� magnetic particles in MREs [23].
Consider

�abs = 3���0�27830 , (16)

where �� is the number of magnetic particles per unit of
MREs, 80 denotes the center distance of adjacent particles in
a particle chain, and� is the magnetic dipole moment [24]:

� = �0�19:�( 11 − (4/3) 9; (8/80)3) , (17)

where �1 is the magnetic conductivity of MREs, 9 is the sus-
ceptibility of so� magnetic particles, 8 and : are the average
radius and volume of the so�magnetic particles, respectively,� is the external magnetic intensity, and ; is the mathemat-
ical constant.

�e magnetic dipole moment can be expressed as�0�1:� in the 
rst-order expression. Because the volume
fraction of MREs can directly a	ect the susceptibility of so�
magnetic particles, themechanical properties ofMREs under
the external magnetic 
eld, such as damping controllability
and shear modulus, vary greatly with di	erent volume frac-
tions [11, 25, 26]. Assuming that the MRE particle chain is
a straight chain [27], the volume fraction can be expressed
as the ratio of the particle volume to the sum of the particle
volume and the surrounding matrix as well as the ratio of the
total volume of the particles to that of MREs:

< = 4783/347830/3 , (18)

< = ��:(Δ�) . (19)

MRE sti	ness can be expressed as a ratio of the product
of its modulus and cross section area to unit thickness.
According to the equations mentioned above, the sti	ness of
MREs can be obtained as follows:

� = 8�30�21 (��)2 �2<2Δ2 . (20)

Here, the magnetic �ux leakage is neglected; from (12)
and (20), the natural frequency of the isolation system is a
function of the MRE volume fraction. Consider

�� (<) = 1√�2√8�30�21 (��)2 �2<2Δ2 − �0 (��)2 �Δ2��
= ��Δ √�0��2 √8�20�21<2� − 1�� .

(21)

�e impact ofMRE particle volume fraction on the trans-
missibility is obtained from (12) and (18). Figure 8 indicates
that transmissibility varies with frequency. �e dimensions
of the system are as follows: the damping ratio is 0.05,

theMRE cross section area is 31,400mm2, and the maximum
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Figure 8:�e impact of di	erent volume fractions on the transmis-
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displacement is 4mm. It can be seen from the 
gure that
an increased particle volume fraction results in an increased
peak frequency; for isolation systems with identical size, the
volume fractions had a remarkable in�uence on their natural
frequencies. �is can be explained because the particle
volume fraction can a	ect the sti	ness andmodulus ofMREs,
and the system’s negative sti	ness can lead to so�ened overall
sti	ness.

According to (21), the system’s natural frequencywas neg-
atively correlated to theMRE volume fraction.�is is because
the MREs show a more signi
cant magnetorheological e	ect
and magnetic anisotropy with a larger volume fraction. Such
a phenomenon is more obvious if the external magnetic 
eld
is parallel to MRE particle chains [28, 29]. When the external
magnetic 
eld is comparatively larger and the induced 
eld
of so� magnetic particles reaches saturation, the maximum
magnetic dipole moment of the so� magnetic particles
could be approximately taken as 2.1 V [30]. At this time, the
equivalent sti	ness of the isolation system can be expressed

as 26.46�0�2<2 − �0(��)2�/�3�. If the magnetic �ux leakage
is neglected, the isolation system’s natural frequency is a
function of MRE volume function. Consider

�� (<) = 1√�2√26.46�0�2<2 − �0 (��)2 ��3�
= √�0��2 √26.46�<2 − (��)2�3� .

(22)

5. Conclusion

�is paper proposed an isolation system for MREs with neg-
ative sti	ness whose separable iron core is replaced by a con-
ventional cylindrical core, which provides negative sti	ness
for the conventional laminated MRE isolation core. To verify
the e	ectiveness of the negative sti	ness and the laminated
MRE, the transmissibility with and without negative sti	ness

and that with di	erent particle volume fractions were dis-
cussed; the following conclusions can be obtained:

(i) �e frequency and the system transmissibility
decrease as the magnetic strength increases and there
is lower transmissibility without negative sti	ness.

(ii) �e vibration isolation performance of the one
equipped with MREs with a low volume fraction is
better than the one with high particle fraction.

(iii) �e negative sti	ness e	ect produced by themagnetic
force is conducive to the energy dissipation for the
isolation system.
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