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several significant advantages over magneto-rheological liquid. The adjustability of structural dynamics
to random environmental excitations is required in vibration control. MRVE can supply considerably
adjustable damping and stiffness for structures, and the adjustment of dynamic properties is achieved
only by applied magnetic fields with changeless structure design. Increasing researches on MRVE dy-
namic properties, modeling, and vibration control application are presented. Recent advances in MRVE
dynamic properties and structural vibration control application including composite structural vibration
mitigation under uniform magnetic fields, vibration response characteristics improvement through
harmonic parameter distribution, and optimal bounded parametric control design based on the dynamical
programming principle are reviewed. Relevant main methods and results introduced are beneficial to
understanding and researches on MRVE application and development.
© 2017 The Author(s). Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The vibration control of both engineering structures sub-
jected to strong excitations and vibration-sensitive apparatuses
subjected to micro disturbances is a significant research subject.
The purpose of structural vibration control is to improve vibration
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response characteristics which can be performed by dynamic opti-
mization and dynamical programming. Supplementing structural
damping and stiffness is adopted generally for reducing vibration
response. The adjustability of structural dynamics is required due
to the randomness of environmental excitations. Smart materials
such as magneto-rheological liquid can supply adjustable damping
and stiffness for structures, and the adjustment of dynamic prop-
erties is achieved only by applied magnetic fields with changeless
structure design. Extensive researches on structural vibration sup-
pression using magneto-rheological liquid dampers and magneto-
rheological liquid composite structures have been presented
[1-8]. In recent years, magneto-rheological visco-elastomer
(MRVE) has been developed, because it has several significant
advantages over magneto-rheological liquid, for example, the im-
provement of magnetic particle settlement in magneto-rheological
liquid and suitability for composite structure cores. Researches
on MRVE dynamic properties, modeling and vibration control
application have been presented [9-45].

MRVE is a smart composite material, which consists of mag-
netically polarizable particles and non-magnetic polymers, for ex-
ample, iron particles, silicone oil, and rubber [10,24]. It combines
the advantageous dynamic properties of magneto-rheological
fluid and visco-elastic substrate materials, including stiffness and
damping changed reversibly under external magnetic fields ap-
plied in milliseconds. Many researches have been presented on
MRVE fabrication, improvement, and test for magnetic-mechanical
properties and dynamic behaviors [11-20]. A static modeling for
MRVE shear modulus has been given based on magnetic dipole
interaction and polymeric nonlinear elasticity [14,21,22]. A com-
plex modulus based on polymer dynamics in frequency domain
has been used frequently for describing MRVE dynamic proper-
ties [19,23]. However, the complex modulus describes only MRVE
linear dynamic properties in small deformation. A nonlinear hys-
teretic model for MRVE dynamics has been proposed further for
certain large deformation [24]. MRVE based tunable vibration
isolators, absorbers and dampers, and magneto-rheological fluid-
elastomer composite dampers have been designed and tested for
vibration control application [25-29].

In particular, MRVE composite structures with controllable dy-
namic properties have been studied, including periodic vibration,
frequency response characteristics, dynamic stability, stochastic
micro-vibration response, and dynamics under localized uniform
magnetic fields [30-42]. The MRVE composite structures with area
energy dissipation effectively suppress deterministic and stochas-
tic vibration. However, the structural vibration control effective-
ness is improvable and two new progresses have been made
recently in the vibration control of MRVE composite structures. The
non-uniform spatial distribution of structural dynamic responses
has been considered, and MRVE sandwich structures with continu-
ous harmonic distribution parameters under stochastic excitations
have been studied [43]. The harmonic parameter distribution can
improve greatly structural vibration response characteristics and
reduce stochastic responses. On the other hand, MRVE properties
such as stiffness and damping are adjustable by applied mag-
netic fields. The optimal adjustment of MRVE composite struc-
tures based on the dynamical programming principle can exert
complete MRVE properties and achieve further vibration control
effectiveness. Note that MRVE stiffness and damping are repre-
sented as composite structure parameters and bounded due to
magnetic-mechanical saturation. The optimal bounded parametric
control for MRVE composite structures under stochastic and shock
excitations has been proposed and further remarkable vibration
suppression effectiveness has been obtained [45]. This review
paper focuses on the MRVE dynamic properties and modeling,
composite structural vibration mitigation under uniform magnetic
fields, vibration response characteristics improvement through

Fig. 1. MRVE section micrograph (500 optical magnification).
Source: Reproduced from Ref. [24].

harmonic parameter distribution, and optimal bounded paramet-
ric control design based on the dynamical programming principle.
Main methods and results relevant to MRVE dynamic modeling
and vibration control application are introduced respectively in the
following four sections.

2. Dynamic models of MRVE

MRVE specimens are fabricated generally by using silicone rub-
ber, silicone oil, and carbonyl iron particles. Iron particles are used
as magnetic fillers, silicone oil is used for performance regulator
and silicone rubber is used as matrix material. According to certain
ingredient percentage, iron particles are dispersed thoroughly in
silicone oil, and the blended liquid is mixed with silicone rubber.
The homogeneous mixture is poured into a mold and cured under
certain temperature conditions. The micrograph of inner planar
section of an MRVE specimen is shown in Fig. 1 [24]. In curing,
magnetic fields can be applied to produce aligned MRVE speci-
mens which are transversely isotropic and have better magnetic-
mechanical properties. Tension, compression, and shear tests of
MRVE specimens under applied magnetic fields were performed
firstly for static magnetic-mechanical properties. The magnetic
softening rigidity in tension, hardening rigidity in compression,
and nonlinear stress—strain relationship for larger deformation
of MRVE were observed [24]. A static modeling for MRVE shear
modulus has been proposed based on magnetic dipole interaction
and polymeric nonlinear elasticity [14,21,22]. However, dynamic
characteristics have not been incorporated in the model. Dynamic
behaviors of MRVE specimens under applied magnetic fields are
tested by tension-compression and shear circulations with dif-
ferent frequencies. The MRVE dynamic stiffness increasing with
magnetic field intensity was observed. A complex modulus based
on polymer dynamics in frequency domain has been proposed
for describing MRVE dynamic properties [19,23]. MRVE dynamic
force generally consisting of elastic force and damping force can
be separated equivalently. The complex modulus can be separated
correspondingly into real part and imaginary part. For example, the
complex shear modulus is expressed as

G(w, Bm) = Gr(®, Bm)[1 + jA(®, Bm)], (1)

where real part Gy is called storage modulus representing vis-
coelastic stiffness, imaginary part Gg A is loss modulus, A is called
loss factor representing viscoelastic damping, w is vibration fre-
quency, By, is magnetic field intensity, and j = +/—1. The real
modulus and loss factor dependent on vibration frequency can be
expressed approximately as

Nm Ny
Gr(@, Bm) = ) _ i(Bm)e',  A(w, Bm) =Y _ Bi(Bm)o), (2)
i=0 i=0
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