
Polymer Testing 104 (2021) 107411

Available online 6 November 2021
0142-9418/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

The influence of particle chain-magnetic field spatial location, frequency, 
dynamic strain amplitude and the prestrain on the mechanical performance 
of anisotropic magneto-rheological elastomer 

Bochao Wang a,1, Yan Li a,1, Yingduan Gao a, Jingyi Zhang a, Zhenbang Xu b, Jun Li c, Ji Li c, 
Leif Kari d,**, Yu Wang a,***, Xinglong Gong a,* 

a CAS Key Laboratory of Mechanical Behavior and Design of Materials, Department of Modern Mechanics, University of Science and Technology of China, 230027, 
Hefei, China 
b CAS Key Laboratory of On-orbit Manufacturing and Integration for Space, Optics System, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy 
of Sciences, 130033, Changchun, China 
c Anhui Weiwei Rubber Parts Group Co. Ltd., 231460, Tongcheng, China 
d KTH Royal Institute of Technology, Department of Engineering Mechanics, The Marcus Wallenberg Laboratory for Sound and Vibration Research (MWL), 10044, 
Stockholm, Sweden   

A R T I C L E  I N F O   

Keywords: 
Anisotropic magnetorheological elastomer 
Particle-chain-magnetic field spatial location 
Magnetorheological effect 
Strain dependent viscoelasticity 
Prestrain 

A B S T R A C T   

Although there are literatures to characterize the properties of anisotropic magneto-rheological elastomer (MRE), 
more attention is paid when the particle chain is parallel to the applied magnetic field. However, in prospective 
of modeling and application design, mechanical characterization of anisotropic MRE under other particle chain- 
magnetic field spatial locations is needed. Herein, mechanical properties of anisotropic MRE with four kinds of 
particle chain-magnetic field spatial locations under varies frequencies, strain amplitudes and prestrains are 
tested. It shows that even the particle chain is perpendicular to the magnetic field, there exists an obvious MR 
effect. Besides the attraction of adjacent magnetized particles, the Maxwell stress tensor also contribute to the 
MR effect. Furthermore, an obvious strain amplitude dependent viscoelastic behavior is exhibited for anisotropic 
MRE. Moreover, the MR effect and the loss factor decrease as the increase of prestrain. The investigation con
tributes to the designing, modeling and applications of anisotropic MRE.   

1. Introduction 

Smart materials which can perceive and respond to external stimuli, 
such as temperature, PH level, electric and magnetic field have received 
extensive attention during the past few decades [1]. As an important 
branch of magneto-sensitive smart material, magnetorheological elas
tomer (MRE) shows a great potential for many engineering applications 
[2]. For most applications, MREs are prepared by imbedding ferro
magnetic particles of micro/nano-scale into a polymer matrix. 
Depending on the absence or presence of the magnetic field during the 
vulcanization process and the subsequent orientation of the particles, 
MREs can be divided into either isotropic or anisotropic. 

In the early stage of fabrication, mainly soft magnetic materials such 

as iron particles or carbonyl iron powder are imbedded in the polymer 
matrix of MREs. Due to the internal interaction between soft magnetic 
particles and polymer matrix, the stiffness and damping properties of 
MREs can be varied when an external magnetic field is applied [3]. 
Owing to the magnetorheological (MR) effect of MRE, that is, the in
crease in modulus with increasing magnetic field, many investigations 
for the possible application of MRE in the area of vibration and noise 
attenuation have been conducted. MRE-based absorbers with a shifting 
frequency property were designed and the vibration reduction effect was 
studied [4–7]. Adaptive isolators based on MREs by changing stiffness 
were designed and explored as well [8–17]. Recently, it has been found 
that besides the MR effect, MRE also displays magneto-induced defor
mation ability by adding hard magnetic fillers like Fe3O4 [18] and 
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NdFeB [19] into the polymer matrix. Therefore, in addition to the 
traditional applications of MRE in vibration control, there were in
vestigations regarding the applications of MRE in morphing tools [20], 
soft robotics [21] smart pump [22] and surface roughness active control 
[23,24]. Besides, by mixing electrical conductive materials, like AgNW 
[25,26] and liquid metal [27] to increase the conductivity of MRE, an 
electrical resistance change under different strain ampliutde is exhibited 
for MRE, therefore, it is promising to fabricate a soft sensor that in
tegrates strain and magnetic sensing functions by MRE. 

In order to customize MRE-based devices/structures for engineering 
applications, it is necessary to characterize the magneto-mechanical 
performance of MRE experimentally and theoretically. Regarding the 
theoretical modelling, micromechanically based theory, rheology the
ory and continuum mechanics have been utilized to predict the 
magneto-mechanical behavior of MRE. By utilizing the micromechani
cally based theory, a one-dimensional quasi-static model of MRE which 
accounts for magnetic nonlinearities and saturation by extending a 
simple magnetic dipole interaction model was developed [28]. Chen 
et al. [29] and Zhu et al. [30] further extended the dipole based model 
by introducing the viscoelastic behavior of MREs and the multi-chain 
interactions. Garcia-Gonzalez et al. [31] extended the dipole-dipole 
interaction model to take into account the effect of attraction force for 
hard magnetic particle based-MRE on the initial stretch of polymer 
matrix network. Han et al. [32] proposed a wavy particle chain dipolar 
interaction model for MRE to predict the field-stiffening effect of MRE in 
tension and compression. By combining continuum mechanics and 
microscopic approach, Ivaneyko et al. [33] developed a theoretical 
model which can analysis the magneto-mechanical performance of MRE 
with different shapes and particle distributions and Garcia-Gonzalez 
et al. [34] proposed a theoretical model for MRE which can taking 
viscous dependences and magneto-mechanical coupling into account. 
By means of finite-strain homogenization [35–37], the macroscopically 
nonlinear magneto elasticity of MREs can be depicted by solving the 
average response of the microscopic representative volume element of 
MREs. 

In addition to the micromechanically based method, rheology theory 
have been utilized to predict the dynamic behavior of MRE under 
different magnetic fields, frequencies, strains and temperatures [38–42]. 
However, due to the technical difficulties associated with geometrical 
nonlinearity, the rheology theory based models were limited to the small 
strain regime. By combing electromagnetic theory and continuum me
chanics, an extend Helmholtz free energy function with deformation 
gradient and magnetic flux density as independent variables was pro
posed and the magneto-elastic behavior of isotropic MRE was modeled 
[43,44]. Saxena et al. [45], Danas et al. [46], Bustamante [47], Shariff 
et al. [48] and Wang et al. [49,50] further extended the model to predict 
the viscoelasticity, anisotropy, strain amplitude and temperature 
dependent nonlinear behavior of MREs. Haldar et al. [51] embedded a 
constitutive model of MRE with a rate dependence and 
magneto-mechanical coupling into finite element simulations. By stip
ulating that the magnetic flux density is linearly dependent on the 
applied magnetic field strength, Zhao et al. [52] developed a model 
which depicts the relation between the magnetic field and the magnetic 
field induced deformation of hard-magnetic-filler based MREs. Danas 
et al. [53,54] utilized an energy-based continuum mechanical method to 
analyze the bifurcation of MRE based film which is bonded to a 
non-magnetic substrate. However, it should be noted that currently only 
magneto-hyper-elastic behavior is modeled for anisotropic MRE. How
ever, as a special kind of filler rubber, besides hyper-elastic behavior, 
there is a pronounced strain amplitude dependent viscoelastic behavior 
with a strong directionality of anisotropic MRE. To stimulate the 
constitutive modeling of the dynamic behavior of anisotropic MRE, 
more characterization and measurement data of the dynamic behavior 
of anisotropic MRE is needed. 

The dynamic shear modulus of isotropic MRE under different mag
netic fields, frequencies and strain amplitudes was experimentally 

determined [55–59]. Bodelot et al. [60,61] investigated the 
particle-polymer interfacial adhesion and the coupled 
magneto-mechanical performance of MRE. Although the dynamic per
formance of anisotropic MRE under different strain rates, magnetic 
fields, strain amplitudes, prestrains [62–64] has been determined, it is 
only applicable to the case where the particle chains are parallel to the 
external magnetic field [65–69]. In order to reveal the in plane angle 
between the particle chain orientation and the applied magnetic field on 
the magneto-mechanical behavior of MRE, the dynamic shear modulus 
and magneto-deformation of anisotropic MRE under different in-plane 
particle chain-magnetic field angles and frequencies were measured 
[70,71]. Abramchuk et al. [72,73] determined the static 
magneto-mechanical behavior of isotropic and anisotropic MRE under 
compression and proposed a phenomenological model to reflect the 
effect of applied magnetic field on the elastic modulus of MRE. Tian et al. 
[74] fabricated silicone based anisotropic MRE where the iron particle 
chain is 45◦ to the flat MRE direction and characterized its asymmetry 
mechanical performance along different pure shear direction 
experimentally. 

In practical applications, it is not common that the particle chain 
structure of anisotropic MRE is not parallel or even not coplanar with the 
magnetic field. However, compared with isotropic MRE, the coupling 
among the particle chain-like structure, the deformation field and the 
magnetic field of anisotropic MRE are more significant and complex. 
Therefore, for the completeness of the mechanical characterization of 
anisotropic MRE, it is necessary to test the mechanical behavior of 
anisotropic MRE under the above mentioned unusual particle chain- 
magnetic field spatial locations. Refer to the theory by Bustamante 
[47] and after derivation (please check the appendix for more details), it 
can be found that under simple shear test, mechanical characterization 
of anisotropic MRE under the following four kinds of particle 
chain-magnetic-deformation spatial location test settings as in Fig. 1 are 
needed for the completeness of the characterization of the 
magneto-elastic performance and the identification of the material pa
rameters. Although Varge et al. [75] measured the mechanical perfor
mance of anisotropic MRE under the above mentioned test settings, only 
elastic behavior was considered. The strain amplitude dependent 
viscoelastic behavior and the effect of the prestrain on the mechanical 
performance of anisotropic MRE are not taken into account. However, 
an accurate characterization for the effect of the strain amplitude 
dependent viscoelasticity and the prestrain on the mechanical behavior 
of anisotropic MRE is the prerequisite to achieve a desired vibration 
control effect for the application of MRE in vibration control area. 

To fully clarify the factors which influence the magneto-mechanical 
behavior of anisotropic MRE and to guide the application and consti
tutive modeling, the characterization of the magneto-mechanical prop
erties of anisotropic MRE under varies particle chain-magnetic field 
spatial locations with different magnetic field strengths, frequencies, 
strain amplitude and prestrains are conducted in this manuscript. The 
structure of this manuscript is as follows. In Section 2, the fabrication 
procedure of anisotropic MRE, the test machine setup and the charac
terization method are introduced. The quasi-static and dynamic me
chanical test results of anisotropic MRE under different particle chain- 
magnetic field spatial distributions, magnetic field strengths, fre
quencies and strain amplitudes are conducted and their effects on the 
mechanical behavior of MRE are analyzed in Section 3. Considering that 
MREs may encounter prestrain in practical engineering applications due 
to static loading, the effect of prestrain on the dynamic behavior of MREs 
is investigated in Section 4. Finally, a brief conclusion and an outlook are 
given in Section 5. The work in this manuscript helps deepening the 
understanding on how the microscopic distribution of particles, the 
magnetic field and the deformation field affect the magneto-mechanical 
behavior of MREs. Furthermore, the results obtained from the charac
terization in this work can be used to enhance the constitutive modeling 
and enlarge the potential application area of MREs. 
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2. Material preparation and test method 

2.1. Material fabrication and measurement setup 

The raw materials used to fabricate anisotropic MRE include 
carbonyl iron particles (CIPs, type CN, BASF, Germany diameter 7 μm on 
average), polydimethylsiloxane (PDMS) and curing agent. The PDMS 
and curing agent belong to Sylgard™ 184 silicon elastomer kit, pur
chased from Dow Corning, United States. For the anisotropic MRE in this 
manuscript, the mass ratio for carbonyl iron particle, PDMS and curing 
agent are 45: 30:1 and the actual measured of these three component are 
105.68 g, 70.46 g and 2.35 g, respectively. Two kinds of anisotropic 
MRE samples were prepared for the subsequent characterization. After 
mixture the PDMS, carbonyl iron particle and curing agent for about 5 
min, the mixture was placed in a vacuum chamber with a pressure of 
0.06 MPa for 10 min to remove the air bubbles. For type A MRE, the 
particle chain direction is along the y-axis of the mold, and for type B 
MRE, the particle chain direction is along the z-axis of the mold, as 

shown in Fig. 2. To fabricate anisotropic MRE samples, after sealing, the 
mold (6061 typed aluminum alloy with a minimum surface roughness of 
Ra 1.6) was placed on a heater, also shown in Fig. 2, under a magnetic of 
0.7 T and a temperature of 100 ◦C for half an hour. To guarantee that the 
magnetic flux within type A and type B has the same value, a Tesla meter 
is inserted into the area close to the mold and the current applied two the 
two electromagnets is adjusted to make sure that the magnetic field 
strength measured by the Tesla meter for Type A and B MRE are totally 
the same. 

A dynamic mechanical analyzer (DMA) typed Electro-Force 3200 
from TA Instruments Inc. was utilized to characterize the static and 
dynamic mechanical performance of MRE samples. The photograph and 
the schematic configuration of the DMA are shown in Fig. 3. In order to 
reflect the effect of the magnetic field strength on the mechanical per
formance of MREs, two electromagnets placed in parallel were used to 
generate the magnetic field. Four magnetic field strengths, 0, 0.17, 0.34 
and 0.51 T, were applied to the test samples during the measurement. 
Although there exists a stronger MR effect after 0.51 T, the upper limit of 

Fig. 1. Four kinds of test settings for anisotropic MRE under simple shear. ANI represents anisotropic. The first letter after the dash symbol represents the spatial 
distribution between the particle chain direction and the magnetic field. The second letter represents the spatial distribution between the particle chain direction and 
the deformation plane. Letter “P” stands for parallel and letter “V” for vertical. 

Fig. 2. Schematic configuration of the fabrication process of anisotropic MREs.  
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the magnetic field strength is nevertheless set to be 0.51 T since the 
generation of a stronger magnetic field strength is also accomplished by 
a sharp rise of temperature of the electromagnet which may affect the 
test result. During the test, although the magnetic permeability of the 
MRE is different from that of air, the magnetic flux density measured in 
the air is the same as that within the MRE according to the continuous 
condition of the normal component of the magnetic flux density. 

Two MRE samples, where the width (x-axis), height (y-axis) and 
length (z-axis) are 2 mm, 12.9 mm and 15.6 mm, are glued to the shear 
fixture of the DMA machine using the Ergo 5400 general purpose instant 
adhesive made in Switzerland. The simple shear deformation of the test 
samples as shown in Fig. 1 is 

F =

⎡

⎣
1 0 0
γ 1 0
0 0 1

⎤

⎦, (1)  

where F is the deformation gradient which connects the reference 
configuration (undeformed state) and the current configuration 
(deformed state) of the sample and γ is the deformation along the y-axis 
of the test sample. 

To characterize the effect of the particle chain-magnetic field spatial 
location on the mechanical performance of MRE, four kinds of mea
surement setups, as shown in Fig. 1, are considered. In order to avoid the 
influence of the Mullins effect [76] on the test results, a repeated simple 
shear deformation with an amplitude of 0.4 mm, corresponding to 20% 

strain, at a frequency of 1 Hz was applied to the test samples prior to the 
main measurements. The repeated shear deformation was terminated 
when there is no further stress softening caused by the Mullins effect, 
that is, the strain-stress curves of two consecutive cycles overlap. 

The scanning electron microscope images of the MRE samples are 
shown in Fig. 4. For images in Fig. 4, the magnification factor is 200. The 
left image in Fig. 4 is the cross section parallel to the direction of the 
applied magnetic field during curing of the anisotropic MRE. As shown 
in the image, the applied magnetic field during the curing process 
cannot guarantee that all the carbonyl iron particles are completely 
arranged in the same direction. The right image in Fig. 4 is the cross- 
section perpendicular to the direction of the applied magnetic field 
during curing of the anisotropic MRE. Due to the superposition and 
contribution of multiple chains, the distribution of carbonyl iron parti
cles seems to be denser and more random compared with the left image 
in Fig. 4. 

In order to analyze the effect of particle chain-magnetic field spatial 
location (parallel and perpendicular) on the magnetic performance of 
anisotropic MRE, the magnetization behavior of anisotropic MRE where 
the particle chain structure are either parallel (parallel alignment) or 
perpendicular (perpendicular alignment) to the applied magnetic field 
are measured by Hysteresis Measurement of Soft and Hard Magnetic 
Materials (HyMDC Metis, Leuven, Belgium) and the results are shown in 
Fig. 5. 

Since PDMS and carbonyl iron particles are all soft magnetic 

Fig. 3. Photograph of the shear fixture (a), photograph (b) and schematic configuration (c) of the dynamic mechanical analyzer with magnetic field excita
tion function. 

Fig. 4. Scanning electron microscope images of anisotropic MRE samples. The red arrow represents the direction of magnetic field during curing process. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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material, the areas enclosed by the two magnetic hysteresis loops are 
both very small. After conducting averaging and numerical computa
tion, the magnetic susceptibility in the linear region of the magnetic 
hysteresis loops (from − 100 kA/m to 100 kA/m) for the parallel align
ment and the perpendicular alignment are 2.412 and 1.858, respec
tively. Furthermore, it can be found that the anisotropic MRE sample 
where the particle chain structure is parallel to the applied magnetic 
field is easier to be magnetized compared with the perpendicular one. 
Therefore, a larger MR effect is expected for the ANI-PV MRE sample. 
Since the saturation magnetization is a material constant, the saturation 
magnetization strength is the same (0.3873 T) for the two test cases. 

2.2. Characterization method 

Due to the effect of the geometrical nonlinearity, the traditional 
definitions of shear modulus and loss factor cannot be directly used to 
assess the effects of the magnetic field strength, frequency and the strain 
amplitude on the static and dynamic properties of MRE. However, in 
order to evaluate the effects of the magnetic field strength, frequency 
and the strain amplitude on the mechanical properties of MRE quanti
tatively, a Fourier transform-based method [77,78] is applied to extract 
the frequency response function G*(ω) (complex shear modulus) of 
MRE, by the obtained stress τ and strain γ, reading 

G*(ω) = G’(ω) + jG’’(ω) = τ̃
γ̃
, (2)  

where G′

(ω) is the real part of G*(ω) representing the equivalent storage 
modulus in frequency domain, j is the imaginary unit and G′′(ω) is the 
equivalent loss modulus in frequency domain. The wavy superscript 
represents the Fourier transformation of the time domain signal to fre
quency domain. 

After obtaining G*(ω) and G′′(ω), the equivalent shear modulus 
magnitude |G*(ω)| and the equivalent loss factor η(ω) can be obtained by 

|G*(ω)| =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

G′

(ω)2
+ G′′(ω)2

√

, (3)  

and 

η(ω) = G′′(ω)
G′

(ω)
. (4) 

Similar to Ref. [79], the absolute MR effect (AMR) and the relative MR 
effect (RMR) are defined as 

AMR =
⃒
⃒G*

B=0.51 T

⃒
⃒ −

⃒
⃒G*

B=0 T

⃒
⃒, (5)  

and 

RMR =

⃒
⃒G*

B=0.51 T

⃒
⃒ −

⃒
⃒G*

B=0 T

⃒
⃒

⃒
⃒G*

B=0 T

⃒
⃒

, (6)  

where 
⃒
⃒G*

B=0.51 T
⃒
⃒ and 

⃒
⃒G*

B=0 T
⃒
⃒ represents the magnitude of shear 

modulus at 0.51 T and 0 T, respectively. In this manuscript, the analysis 
of the measurement data and the figures is carried out using MATLAB 
(Release 2020b, The MathWorks, Inc., Natick, Massachusetts, United 
States). 

3. Measurement of static and dynamic mechanical properties 

For the static mechanical test, triangle wave shear deformation with 
an amplitude of 0.3 mm (corresponding to 15% simple shear strain) was 
applied to the MRE samples. According to Refs. [80–82], initially, three 
kinds of strain rate which are 0.008 ​ s− 1, 0.002 ​ s− 1 and 0.0005 ​ s− 1, 
respectively, are applied to the ANI-VP MRE sample without magnetic 
field. The change of shear force with respect to time is shown in Fig. 6. It 
can be found that the decrease of the maximum shear force from 
0.002 ​ s− 1 to 0.0005 ​ s− 1 is much smaller compared with that from 
0.008 ​ s− 1 to 0.002 ​ s− 1 strain rate. Considering that there is a shape 
increase in temperature caused by the long term working of the two 

Fig. 5. Magnetization hysteresis loops for different particle chain-magnetic field spatial locations. Perpendicular alignment represents the particle chain structure is 
perpendicular to the applied magnetic field and parallel alignment represents that the particle chain structure is parallel to the applied magnetic field. 

Fig. 6. Time-force curve (for ease of viewing, a logarithmic coordinate is used 
for the x-axis) for the ANI-PV MRE sample under different strain loading rates 
without magnetic field. 
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electromagnets at 0.0005 ​ s− 1 strain loading rate, the final strain rate for 
the static test is set to be 0.002 ​ s− 1 and the corresponding sampling 
frequency is set to be 4 Hz. 

During static measurement, the applied magnetic field varied from 
0 to 0.51 T with an interval of 0.17 T. The stress-strain curves for 
anisotropic MRE with different particle chain-magnetic field spatial lo
cations are shown in Fig. 7. By comparing major axis slopes of the 
different anisotropic MRE samples, it can be found that the order of 
increasing shear modulus magnitude for MRE is ANI-PV, ANI-VV, ANI- 
VP and ANI-PP. Physically, a large MR effect is exhibited for the ANI- 
PV MRE sample since the particles within the sample are mainly 
distributed along the direction of the magnetic field and easier to be 
magnetized compared with other anisotropic MRE samples. Further
more, the presence of the MR effect for the ANI-VP and the ANI-VV MRE 
sample demonstrate that by applying a magnetic field during the curing 
stage cannot guarantee that all iron particles are totally distributed 
along the same direction. Interestingly, the shear stresses for the ANI-VV 
and the ANI-PP MRE samples keep constant when the applied magnetic 
field is larger than 0.34 T compared with the continuous increase of the 
shear stress for the ANI-PV and the ANI-VP MRE samples. As proved in 
the appendix, the Maxwell stress tensors, 2Ω5γH2 + 2Ω10γH and 
2Ω5γH2, respectively, contribute to the total shear stress for the ANI-PV 
and the ANI-VP MRE samples. On the contrary, only mechanical stresses, 
2Ω1γ + 2Ω7γ and 2Ω1γ contribute to the total shear stress for the ANI-VV 
and the ANI-PP MRE sample. Since the saturation magnetization 
strength for the anisotropic MRE samples is 0.3873 T, the stress strain 
curves for the ANI-VV and the ANI-PP MRE samples at 0.34 T and 0.51 T 
overlap. Despite the magnetic saturation, the magnetic saturation of the 
MRE does not hinder the growth of the internal magnetic field strength 
(H). Therefore, the shear stress continues to increase after 0.34 T for the 
ANI-PV and the ANI-VP MRE samples. So far, the authors have not found 
any similar report to the above mentioned experimental phenomenon 
from other literatures. Moreover, the enclosed non-zero areas of the 
stress-strain hysteresis loop by the different anisotropic MRE samples 
indicate that even under quasi-static condition, the MRE sample 
nevertheless present an inelastic behavior. 

To characterize the dynamic mechanical behavior of the above 
mentioned MRE samples, the strain amplitude (3%, 6%, 9% and 12%), 
magnetic field strength (0, 0.17, 0.34 and 0.51 T) and the frequency (1, 
3, 6, 9, 12, 18 and 21 Hz) were varied during the measurements. All 
combinations of the strain amplitude, magnetic field strength and 

frequency were measured, recorded over 20 periods, and the sampling 
frequency was set to be 1000 Hz. Only the data corresponding to 9%, 6% 
and 3% dynamic strain amplitude are used for the subsequent analysis. 
The 12% dynamic strain is used to fully remove the Mullins effect from 
the test result. After applying the Fourier transformation of the stress 
and strain as shown in Eq. (2), the equivalent shear modulus magnitude 
and loss factor in frequency domain under different magnetic fields and 
strain amplitudes can be obtained. The comparisons of the equivalent 
shear modulus magnitude and loss factor of the different MRE samples 
under different strain amplitudes are shown in Figs. 8–10. Clearly, there 
is an obvious MR effect for all the four test samples. Taking the shear 
modulus of the different MRE samples under 1 Hz and 3% dynamic 
strain amplitude as an example, the absolute MR effects are 0.2417 MPa, 
0.0568 MPa, 0.0594 MPa and 0.0730 MPa for the ANI-PV, ANI-VV, ANI- 
VP and the ANI-PP MRE samples, whereas the corresponding relative 
MR effects are 107.87%, 24.79%, 36.83% and 56.92%, respectively. 

In addition to the influence of the shear modulus, it can be found that 
the magnetic field also influences the loss factor of the MRE samples. 
Specifically, the loss factor increases slightly with increasing magnetic 
field for the ANI-VP and the ANI-PP MRE samples, while it increases 
significantly with increasing magnetic field for the ANI-PV and the ANI- 
VV MRE samples. Physically, the sharp increase of the loss factor for the 
ANI-PV and the ANI-VV MRE samples could be related to the increases 
interface interaction between particles and matrix after applying the 
magnetic field. 

Moreover, as shown in Figs. 8–10, there is a frequency dependence of 
the dynamic shear modulus of the MRE samples. In specific, the 
magnitude and loss factor of the shear modulus of the tested anisotropic 
MRE samples increase with increasing frequency. The shear modulus 
magnitude of the different MRE samples under 1 Hz and 21 Hz are 
shown in Table 1. It can be found that there is an evident Payne effect 
[83] of the dynamic shear modulus of the MRE samples additional to the 
frequency dependency of the dynamic shear modulus. In specific, the 
shear modulus magnitude decreases with increasing strain amplitude 
during cyclic oscillation. Furthermore, as shown in Figs. 7–9, it can be 
found that the loss factor of the ANI-PV and the ANI-VV MRE samples is 
slightly larger than that of the ANI-VP and the ANI-PP MRE samples, 
which demonstrate that the loss factor of anisotropic MRE with different 
particle chain-deformation field spatial location is totally different. 
Physically, there is no stretch for particle chains in the ANI-VP and the 
ANI-PP MRE samples, while a stretch is exhibited for the ANI-PV and the 

Fig. 7. Static hysteresis loops for anisotropic MRE sample with different particle chain-magnetic field spatial location.  
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ANI-VV MRE samples under simple shear deformation. Therefore, a 
stronger interaction between aligned particles and matrix is encoun
tered for the ANI-PV and the ANI-VV MRE samples, leading to a larger 
loss factor. 

Through the measurement results in Figs. 7–10, it can be seen that 
the mechanical performance of anisotropic MREs is strongly dependent 
on the coupling among the spatial location of particle chains, the di
rection of the magnetic field applied and the direction of the deforma
tion applied. In order to obtain a higher MR effect, it is recommended 
that the iron particles are distributed in chains and in parallel with the 
external magnetic field. However, the presence of the MR effect for 
anisotropic MRE where the column like structures of iron particles are in 
perpendicular to the magnetic field indicates that the application of a 

magnetic field cannot insure that all iron particles are completely 
distributed along the applied magnetic field direction. Therefore, in 
perspective of constitutive modeling of the mechanical performance of 
anisotropic MRE, besides the contribution of the anisotropic part (par
ticle chain induced anisotropy), the fundamental contribution of the 
isotropic part should be taken into account primarily. Furthermore, the 
difference of the stress-strain hysteresis loops for anisotropic MRE 
samples with different particle chain-magnetic field spatial locations 
under 0.34 and 0.51 T indicates that Maxwell stress tensor, which rep
resents the interaction between electromagnetic forces and mechanical 
momentum also contributes to the MR effect of MRE. 

Fig. 8. The magnitude and loss factor of the shear modulus versus frequency of the different MRE samples (ANI-PV, ANI-VV, ANI-VP and the ANI-PP) at 3% strain 
amplitude under different magnetic field strengths. 

Fig. 9. The magnitude and loss factor of the shear modulus versus frequency of the different MRE samples (ANI-PV, ANI-VV, ANI-VP and the ANI-PP) at 6% strain 
amplitude under different magnetic field strengths. 
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Fig. 10. The magnitude and loss factor of the shear modulus versus frequency of the different MRE samples (ANI-PV, ANI-VV, ANI-VP and the ANI-PP) at 9% strain 
amplitude under different magnetic field strengths. 

Table 1 
The equivalent dynamic shear modulus magnitude for different MRE samples at 1 and 21 Hz under 0 and 0.51 T.  

|G*(ω)| [MPa]  ANI-PV ANI-VV ANI-VP ANI-PP 

Frequency Amplitude 0 T 0.51 T 0 T 0.51 T 0 T 0.51 T 0 T 0.51 T 

1 Hz 9% 0.1919 0.3237 0.1923 0.2230 0.1514 0.1937 0.1192 0.1659 
3% 0.2241 0.4658 0.2393 0.2862 0.1611 0.2205 0.1282 0.2011 

21 Hz 9% 0.2568 0.3913 0.2550 0.2865 0.1975 0.2421 0.1610 0.2071 
3% 0.3036 0.5554 0.3159 0.3676 0.2085 0.2782 0.1740 0.2549  

Fig. 11. Prescribed loading as a function of time and the stress response.  
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4. Measurement of dynamic mechanical properties under 
prestrain 

In practical applications, especially applications in the field of vi
bration control, static prestrain caused by the target structure is often 
encountered [84,85]. The prestrain will change the mechanical behavior 
of MREs, thereby affecting the vibration control effect. In order to 
analyze the effect of prestrain on the mechanical properties of aniso
tropic MRE, characterization of the dynamic performance of anisotropic 
MRE samples as shown in Fig. 1 under 30% and 60% prestrain at 0 and 
0.51 T magnetic field was conducted after having tested the dynamic 
performance of the MRE samples without prestrain. To compensate the 
effect of stress relaxation, the loading condition shown in Fig. 11 was 
applied. Firstly, a prestrain with a strain rate of 0.01 ​ s− 1 was applied. 
After finishing the prestrain, the prestrained sample is dwelled for 300 s 
to fully complete the stress relaxation process. Subsequently, dynamic 
strain with amplitudes of 12%, 9%, 6% and 3% at 0 and 0.51 T was 
applied sequentially. As mentioned previously, only data corresponding 
to 9%, 6% and 3% dynamic strain amplitude are used. The dynamic 
strain with an amplitude of 12% is used to fully offset the Mullins effect 
on the test result. 

To analyze the influence of prestrain on the dynamic mechanical 
performance of MRE, the stress-strain hysteresis loops for the above 
mentioned four kinds of test settings under 1 Hz at different magnetic 
fields (0 and 0.51 T) and different prestrains (0%, 30% and 60%) with a 
3% dynamic strain amplitude were studied, as shown in Figs. 12 and 13. 
In order to facilitate the comparison of the stress-strain results under 
different prestrains, the static force part caused by the prestrain is erased 
and only the dynamic force part is shown in Figs. 12 and 13. By 
comparing the peak-to-valley stress value at 0 and 0.51 T under different 
prestrains, it can be found that there is an MR effect for the different 
anisotropic MRE samples even with prestrain. Furthermore, the curves 
under 60% prestrain are constantly stiffer than the corresponding curves 
without prestrain at 0 T, while the curves under 30% prestrain at 0 T 
seem to be close to the corresponding curves without any prestrain. 

After applying the Fourier transform-based method in Eq. (2), the 
equivalent shear modulus magnitudes of the ANI-PV, ANI-VV, ANI-VP 
and the ANI-PP MRE samples at 1Hz and 3% dynamic strain ampli
tude with different prestrains at 0 and 0.51 T are obtained in Table 2. 
Clearly, the relative MR effects of the MRE samples gradually decrease 
as the prestrain increases. Compared with the ANI-VV, ANI-VP and the 

ANI-PP MRE samples, the MR effect of the ANI-PV MRE sample is more 
affected by the prestrain, with a sharp decrease of the MR effect (from 
107.83% to 39.83%) with the prestrain increase (from 0% to 60%). 
Therefore, from an engineering applications perspective, a deep study of 
the influence of prestrain on the MR effect is needed in order to guar
antee safety and reliability while utilizing the anisotropic MRE with 
prestrain. 

In order to analyze the effect of prestrain on the dynamic mechanical 
behavior of MRE thoroughly, the results for the magnitude and the loss 
factor of the equivalent shear modulus of the different MRE samples 
with different prestrains and frequencies are shown in Figs. 14–16. It can 
be found that the prestrain also affects the loss factor of the MRE samples 
besides the influence on the modulus magnitude. Specifically, the loss 
factor decreases with increasing prestrain. Although the effect of pre
strain and magnetic field on the magnitude of the equivalent shear 
modulus of MRE is similar, with increasing magnitude for increasing 
prestrain and increasing magnetic field. The effect of prestrain and 
magnetic field on the loss factor is the opposite; namely, a larger pre
strain leads to a smaller value of the loss factor, while a higher magnetic 
field leads to a larger value of the loss factor. 

Furthermore, it can be found that the prestrain also influences the 
frequency dependency of the MRE samples. Without prestrain, the shear 
modulus magnitude monotonically increases from 1 to 21 Hz. However, 
under prestrain, the increasing trend of the shear modulus magnitude 
with respect to frequency reaches a plateau. A possible explanation for 
the decline of the frequency dependency with applied prestrain is the 
crystallinity of the rubber matrix along the direction of prestrain. Ac
cording to Ref. [84], rubber materials display a preferred chain align
ment in the prestrained direction and eventually crystallinity will be 
induced. Compared with the glassy state, a high elasticity will be present 
after strain induced crystallization leading to a less pronounced fre
quency dependency and a smaller value of loss factor. Moreover, as can 
be noted in Figs. 14–16, the shear modulus magnitude decreases slightly 
at 18 and 21 Hz for the ANI-PV, ANI-VV and the ANI-VP samples under 
60% prestrain. During the measurement, there was an obvious vibration 
accompanied by a rhythmic sound of the extension rod which connects 
the electromagnetic motor 1 and the shear fixture for the DMA machine 
at 18 and 21 Hz. Therefore, a possible explanation for this abnormal 
phenomena is the resonance of the whole test system. 

Fig. 12. Stress-strain hysteresis curves of the ANI-PV and the ANI-VV MRE samples under different prestrains (0%, 30% and 60%) and magnetic fields (0 and 0.51 T).  
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Fig. 13. Stress-strain hysteresis curves of the ANI-VP and the ANI-PP MRE samples under different prestrains (0%, 30% and 60%) and magnetic fields (0 and 0.51 T).  

Table 2 
The equivalent shear modulus magnitude and the relative MR effect of the different MRE samples at different prestrains and magnetic fields.  

Prestrain and magnetic field ANI-PV ANI-VV ANI-VP ANI-PP 

|G*| [MPa]  RMR  |G*| [MPa]  RMR  |G* | [MPa]  RMR  |G*| [MPa]  RMR  

0% 0 T 0.2241 107.83% 0.2393 19.60% 0.1611 36.83% 0.1282 56.86% 
0.51 T 0.4658 0.2862 0.2205 0.2011 

30% 0 T 0.2171 73.92% 0.2455 20.04% 0.1863 24.75% 0.1316 44.68% 
0.51 T 0.3777 0.2947 0.2324 0.1904 

60% 0 T 0.2908 39.83% 0.2380 21.01% 0.2105 16.29% 0.1457 28.21% 
0.51 T 0.4067 0.2880 0.2448 0.1868  

Fig. 14. The magnitude and loss factor of shear modulus of the different MRE samples (ANI-PV, ANI-VV, ANI-VP and ANI-PV) at 3% dynamic strain amplitude with 
different prestrains and magnetic fields. 
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5. Conclusion and outlook 

This investigation covers a broad magneto-mechanical character
ization of MRE. Based on the test, the following conclusions are 
obtained:  

● All the four types of MREs (ANI-PV, ANI-VV, ANI-VP and the ANI-PP 
MRE) exhibit an obvious MR effect. Since most particle chains within 
the ANI-PV MRE are parallel to the direction of the applied magnetic 
field, the MR effect is the largest for ANI-PV MRE among the four 
tested samples. Furthermore, besides the interaction of the adjacent 
particles after magnetization, Maxwell stress tensor contributes to 
the MR effect of MRE as well.  

● Regarding the dynamic mechanical performance, the dynamic shear 
modulus magnitude increases with increased frequency and de
creases with increased strain amplitude for the four kinds of MRE 
samples. In addition to the influence on the dynamic shear modulus 
magnitude, the magnetic field affects the loss factor of MRE as well. 
In specific, the loss factor increases slightly with increased magnetic 
field for the ANI-VP and the ANI-PP MRE samples, while the loss 
factor of the ANI-PV and the ANI-VV MRE samples increases signif
icantly with the increase of the magnetic field.  

● Compared with the magnetic field, the effect of the prestrain on the 
dynamic behavior of MRE is more complicated. Even though the 
shear modulus magnitudes of the tested MRE samples is larger under 
60% prestrain compared to those without prestrain at 0T, the MR 

Fig. 15. The magnitude and loss factor of shear modulus of the different MRE samples (ANI-PV, ANI-VV, ANI-VP and ANI-PV) at 6% dynamic strain amplitude with 
different prestrains and magnetic fields. 

Fig. 16. The magnitude and loss factor of shear modulus of the different MRE samples (ANI-PV, ANI-VV, ANI-VP and ANI-PV) at 9% dynamic strain amplitude with 
different prestrains and magnetic fields. 
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effect gradually decrease as the prestrain increases. Besides, the loss 
factor and the frequency dependency of the MRE samples gradually 
decrease as the increase of the prestrain. 

The characterization of the magneto-mechanical performance of the 
MREs presented in this study promotes the application and constitutive 
modeling of MRE. In the near future, a constitutive model which reflects 
the influence of frequency, strain amplitude and magnetic field on the 
magneto-mechanical behavior of anisotropic MRE is expected to be 
developed. 
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APPENDIX 

Appendix. Derivation of the shear stress for anisotropic MREs with different particle chain-magnetic-deformation spatial locations 

For classical transversely isotropic material, normally, two kind of loading conditions such as simple shear where the direction of the deformation 
is axial and transverse to the isotropy plane are sufficient to extract the representative material parameters. Even though the MRE investigated in this 
manuscript has only one preferred direction and should be classified as transversely isotropic material, due to the strong coupling among the magnetic 
field, the deformation field and the particle chain like structure, there is a significant different between the MRE in this study and the classical 
transversely isotropic material. Following the path of Ref. [47], the direction of the column like structure of the carbonyl iron particles in the reference 
configuration is denoted by a unit vectora0. The direction of the column like structure of the carbonyl iron particles in Fig. 1 are 

a0ANI− PV = a0ANI− VV =

⎡

⎣
1
0
0

⎤

⎦ (A.1)  

and 

a0ANI− VP = a0ANI− PP =

⎡

⎣
0
0
1

⎤

⎦. (A.2) 

By applying the continuous condition of the normal component of the magnetic field vector, it can be obtained that the magnetic field vector inside 
MRE are 

H0ANI− PV = H0ANI− VP =

⎡

⎣
H1
0
0

⎤

⎦ (A.3)  

and 

H0ANI− VV = H0ANI− PP =

⎡

⎣
0
0
H3

⎤

⎦, (A.4)  

where H1 and H3 are variables need to be determined by the constitutive model. Combing with Eq. (1), the left Caucy-Green deformation tensor is 

b = FFT =

⎡

⎣
1 γ 0
γ 1 + γ2 0
0 0 1

⎤

⎦ (A.5) 

By applying Eq. (84) in Ref. [47] and only consider the deviatoric stress, it can be obtained that 

τ = 2bΩ1 + 2bH ⊗ bHΩ5 + 2(Fa0) ⊗ (Fa0)Ω7 + [(Fa0) ⊗ bH + bH ⊗ (Fa0) ]Ω10, (A.6)  

where Ωi is the derivative of Ω with respect to the ith tensor invariant and Ωi can be viewed as the parameters needed to identified. Inserting Eqs. (1, 
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A.1-5) into Eq. (A.6), it can be obtained that the shear stress for the four kinds of test settings in Fig. 1 are 

τANI− PV = 2Ω1γ + 2Ω5γH2
1 + 2Ω7γ + 2Ω10γH1, (A.7)  

τANI− VP = 2Ω1γ + 2Ω5γH2
1 , (A.8)  

τANI− VV = 2Ω1γ + 2Ω7γ (A.9)  

and 

τANI− PP = 2Ω1γ, (A.10)  

where Ωi represents the partial derivative of the modified free energy Ω with respect to the tensor invariants Ii. Specifically, Ω1 and Ω7 stand for the 
contribution of the magneto-mechanical stress, while Ω5 and Ω10 are the contribution of the Maxwell stress to the total Cauchy stress. For more details, 
please check Refer [47]. Even though the mechanical performance of MRE is not pure hyperelastic, the hyperelastic stress solution in Eqs. (A.7) to 
(A.10) play a fundamental role to guide the characterization of the mechanical behavior of anisotropic MRE. Since there are four unknowns 
(Ω1, Ω5, Ω7 and Ω10) in Eqs. (A.7) to (A.10), four kinds of test settings as shown in Fig. 1 are needed for the completeness of the characterization of the 
magneto-elastic performance and the identification of the material parameters for the constitutive model developed of anisotropic MRE. 
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