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A B S T R A C T   

Off-axis anisotropic magnetorheological (MR) elastomers with different particle chain orientations were inves
tigated. Under the quasi-static and oscillatory shear excitation, the internal structure has significant effects on the 
mechanical response (initial modulus, magneto-induced modulus and magneto-deformation). The MR effect of 
the anisotropic MR elastomers could be increased by 127% through simply changing the particle chain orien
tation by 15� during the fabrication process. The experimental results were verified by using a modified magnetic 
dipole theoretical model. The magneto-induced torque and normal force of the anisotropic MR elastomers could 
be significantly affected by the orientation of particle chain, which had great guiding significance for practical 
applications. Moreover, the MR elastomer composites could achieve complex three-dimensional origami de
formations under the external magnetic field. The capability to control the shape morphing of this off-axis 
anisotropic MR elastomer might open new opportunities for programming complex soft structures.   

1. Introduction 

Magnetorheological (MR) elastomers are composite materials with 
magnetic particles embedded into a compliant elastomer matrix. In 
general, MR elastomers can be categorized into two types regarding the 
distribution of magnetic particles with the elastomer matrix. Based on 
whether the magnetic particles are either in chain by aligning to a 
specific direction or randomly distributed inside the polymeric matrices, 
they are termed as anisotropic and isotropic MR elastomers, respectively 
[1]. Owing to their controllable and reversible mechanical performance 
under external magnetic field, MR elastomers have found widespread 
industrial applications, such as aerospace [2], automotive [3,4], civil 
and electrical engineering [5,6], motion and vibration control [7–9]. 

Besides the field-dependent modulus and damping [10,11], the 
deformation property of MR elastomers is also an important issue 
ensuring their applications [12,13]. Compared with the traditional giant 
magnetostrictive materials such as Terfenol-D (T-D) which is a magne
tostrictive alloy of terbium, dysprosium and iron, the benefits of using 
MR elastomers are not only in reducing the rising costs associated with 
dwindling supplies of rare earth metals, but also in increasing the ability 
to mould to the desired structural shapes [14,15] for the applications in 

soft robot [7,16], soft actuator [17–19] and artificial muscle [20], etc. 
Tsumori et al. [21] fabricated the magnetically actuated artificial cilia 
for use as a pump in the microelectro-mechanical systems by additive 
manufacturing methods. They developed a magnetic actuator by 
anisotropic MR elastomers contained with soft magnetic particle chain 
structures. The movement of the artificial cilium could be controlled by 
the orientation of the multiparticle chains. Guan et al. [12] studied on 
the elongation of MR elastomers with CIPs dispersed in silicon rubber. 
They found that the orientation of the particle chain significantly 
influenced the magnetostrictive performance of MR elastomers and the 
microstructure was the primary driver of the deformation behaviors of 
MR elastomers. 

More particularly, the MR elastomers can exhibit length and volume 
changes in homogeneous magnetic field. This effect is traditionally 
associated with magnetostriction, which is depended on the orientation 
of magnetic particles and their spatial relationship in the polymer matrix 
[22]. It has been proved that MR elastomers can be tailored for exhib
iting very high coupling between the magnetic and the mechanical be
haviors by the inclusion of oriented particles within the elastomers 
matrix [23–27]. Tian et al. [28] fabricated the MR elastomers with 45�

carbonyl iron particles (CIPs) aligned to the applied magnetic field. They 
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found that the storage modulus along the compression direction of the 
particle chain was higher than that along the tensile direction of the 
particle chain. Boczkowska et al. [29] examined the MR elastomers 
consisting of CIPs in a polyurethane matrix and noted that the highest 
increase in storage modulus was obtained for samples with 30� particle 
distribution. However, only little research work concerns on the rela
tionship between the arrangement of magnetic particle chain and the 
magneto-mechanical properties. 

In this study, several novel anisotropic MR elastomers were fabri
cated by embedding preliminary off-axis aligned magnetizable particles, 
which was obtained by applying an external magnetic field during the 
elaboration process of the materials. The relationships between the 
orientation of magnetic particle chains and the mechanical properties of 
MR elastomers were explored. A modified magnetic dipole theoretical 
model was proposed to explain the anisotropic magneto-mechanical 
behaviors. Finally, some special double-layer composite structures 
combined with special anisotropic MR elastomers film and PDMS film 
were used to demonstrate the magneto-deformation behaviors under the 
external magnetic field. 

2. Experiments 

2.1. Materials 

The materials used to manufacture the MR elastomers were poly
dimethylsiloxane (PDMS) precursor and curing agent (Sylgard 184), all 
purchased from Dow Corning. Based on previous studies [28,30,31], the 
MR elastomers fabricated from PDMS had relatively small stiffness, 
which was benefit for magneto-induced behaviors. The spherical CIPs, 
with an average size of 7 μm, were purchased from BASF in Germany. All 
the reagents were analytically pure and were used without additional 
purification. 

2.2. Preparation 

Firstly, a total of 16 g of CIPs and 1 g of PDMS curing agent were 
added into 15 g of PDMS precursor. The mixture was stirred for 10 min 
with a glass rod to make the CIPs well dispersed. Then, the mixture was 
transferred to a mould sized 50 mm � 50 mm � 1 mm, and degassed in a 
vacuum container for 10 min to remove the trapped bubbles. After that, 
the mixture was cured at 100 �C for 10 min under an external magnetic 
field of 1 T. During the vulcanization process, the CIPs were rearranged 
along the direction of the external magnetic field under the influence of 
magnetic interactions between the particles. By varying the spatial 
orientation of the mould in the magnetic field, samples with different 
internal particle chain orientations could be fabricated (Fig. 1). If the 
angle of the normal direction of the mould to the direction of the 
external magnetic field is θ, the MR elastomer sample is defined as A- 
MRE-θ. In this work, several samples with θ of 0� , 5� , 10� , and 15� were 
prepared. According to the experiment requirement, the sample was cut 
into sizes of 7 mm � 7 mm � 1 mm and 3 mm � 3 mm � 1 mm. 

2.3. Characterization and testing system 

The microstructures of the samples were observed by an environ
mental scanning electron microscope (Gemini SEM 500, Zeiss). The 
accelerating voltage was 20 kV. 

The mechanical behaviors of the different samples were measured by 
using a rheometer (Physica MCR 301, Anton Paar Co., Austria). As 
shown in Fig. 2a, the external adjustable magnetic field was applied 
along the normal direction of the sample. Magnetic flux density could 
vary from 0 T to 0.8 T. For A-MRE-θ (θ > 0� ), the angle between the 
internal particle chain and the shear direction of the sample at different 
positions was different during the rotary shearing process. The sample 
was thus sliced and placed symmetrically to ensure that the angle be
tween the particle chain and the shear direction was basically the same 
as shown in Fig. 2b and c. The relationship between rheometer data was 
discussed in support information (S1). 

3. Results and discussion 

After the fabrication, the microstructures for different MR elastomer 
samples were employed by SEM, which is shown in Fig. 3. The magni
fication of Fig. 3a–d and Fig. 3e–h is 150 and 1000 times, respectively. 
The white spots are the CIPs. And Fig. 3e–h are the enlargement views of 
the squares in Fig. 3a–d, respectively. The x axis is parallel to the sample 
edge, and the y axis is along the thickness of the sample. Since all the 
samples are anisotropic, the CIPs form chain structure in the matrix. 
Because of the magnetism, the CIPs move in the matrix to form chains 
along the direction of the external magnetic field during the curing 
process. Therefore, it can be seen that the chain directions in Fig. 3e–h 
are basically the same as the pre-design orientations. 

The steady shear was applied on the samples with different magnetic 
particle chain orientations. The shear strain was applied along the 
clockwise direction in the rheometer and defined as positive shear 
strain. The shear strain was 1% and the shear strain rate was 0.001 s� 1. A 
pre-pressure was exerted on the sample to avoid the sliding between the 
rotating disk and the sample. As can be seen from Fig. 4a, the initial 

Fig. 1. Illustration of the fabrication process for MR elastomer sample.  

Fig. 2. (a) Schematic illustration of the rheometer with magnetic coil device; 
relative position of the sample to the base of the rheometer: (b) front view, (c) 
left view. 
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shear modulus of different samples is plotted. It could be concluded that 
the larger the angle, the greater the initial shear modulus. The magneto- 
induced shear modulus was defined as the difference between the shear 
modulus under the external magnetic field and that under zero magnetic 
field. Fig. 4b shows that the magneto-induced shear modulus of all 
samples increases with the magnetic flux density increasing. And it also 

presents that, under the same magnetic flux density, the magneto- 
induced shear modulus is greater for the larger orientation angle of 
the magnetic particle chain. The MR effect was defined as the ratio of the 
magneto-induced shear modulus to the shear modulus under zero 
magnetic field. The magneto-induced shear modulus and the MR effect 
for different samples under magnetic flux density of 0.8 T are 

Fig. 3. SEM images of the samples: (a, e) A-MRE-0� ; (b, f) A-MRE-5� ; (c, g) A-MRE-10� ; (d, h) A-MRE-15� .  

Fig. 4. Quasi-static one-way shear of four sam
ples with different angles under shear strain 1%: 
(a) initial shear modulus, (b) magneto-induced 
shear modulus under different magnetic flux 
densities, (c) magneto-induced shear modulus at 
0.8 T and maximum MR effect; (d) the relation
ship between magneto-induced shear modulus 
and magnetic flux density under shear strain 
10%; (e) magnetic interaction of two particles 
modeled as dipole moments; (f) comparison of 
theoretical results with experimental results 
under shear strain 1%.   
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summarized in Fig. 4c. It could be obtained that the MR effect of the A- 
MRE-0� sample was 33%, while the MR effect of the A-MRE-15� sample 
could increase to 75%. If the shear strain increased to 10%, similar trend 
as in Fig. 4b was emerged with the magnetic flux densities varying and 
the magneto-induced shear modulus was reduced accordingly (Fig. 4d). 

A modified quasi-static dipole model was proposed here to analysis 
the variation of magneto-induced shear modulus. According to Rose
nsweig’s theory [32], two adjacent particles (dipoles) in a particle chain 
and the applied magnetic field H are illustrated in Fig. 4e. The interac
tion energy between the dipoles m1and m2can be expressed as: 

E12 ¼
1

4πμ1μ0

"
m1⋅m2 � 3ðm1⋅erÞðm2⋅erÞ

jrj3

#

(1)  

where μ0 is the vacuum permeability, μ1 is the relative permeability of 
the matrix and er is the unit vector of the point dipole center line formed 
by the two spherical particles, respectively. When the dipole moments 
are of identical direction and strength jmj, the equation (1) becomes: 

E12 ¼
jmj2ð1 � 3cos2αÞ

4πμ1μ0jrj
3 ¼

jmj2
�

1 � 3 r2
0

r2
0þx2

�

4πμ1μ0ðr2
0 þ x2Þ

3=2 (2)  

in which r0 and x are the distances of the two dipoles in parallel and 
perpendicular to the direction of the dipole moment, respectively. And 
here α is the angle between the er unit vector and the direction of the 
dipole moment, which satisfies the following form: 

tanα¼ tanðθþ γÞ¼
x
r0

(3)  

where θ is the initial angle between the er unit vector and the external 
magnetic field, and γ is the shear strain of the particle chains. Then, the 
equation (2) comes into: 

E12 ¼
jmj2ðtan2α � 2Þ

4πμ1μ0r3
0ðtan2αþ 1Þ5=2 (4) 

Here, the volume of the MR elastomer is Vc and the volume fraction 
of CIPs in elastomer is φ. The total number of CIPs is n. If the diameter of 
the single magnetic particle is d and the volume is Vi, the total number of 
CIPs can be expressed as: 

n¼φ
Vc

Vi
¼ φ

6Vc

πd3 (5) 

If it’s assumed that the magnetic interaction only occurs between 
adjacent particles within a chain, the total energy density can be given as 
follows: 

U¼
n
Vc

E12 ¼
3φjmj2ðtan2α � 2Þ

2π2μ1μ0d3r3
0ðtan2αþ 1Þ5=2 (6) 

Thus, the shear stress by the application can be computed by taking 
the derivative of the inter-particle energy density with respect to strain: 

τ¼ ∂
∂γ

U¼
∂α
∂γ

∂tanα
∂α

∂
∂tanα U¼

9φjmj2ð4 � tan2αÞtanα
2π2μ1μ0d3r3

0ðtan2αþ 1Þ
7
2cos2α

(7) 

The equation (7) shows that τ increases with α increasing when α is 
within certain range. Therefore, if the shear strain γ is the same, the 
larger the initial angle θ would induce larger τ and larger shear modulus. 

Furtherly, the induced particle polarization is the dipole moment 
magnitude per unit particle volume, which means jmj ¼ JpVi, where Jp 

is the induced particle polarization. As a result, the equation (7) 
becomes: 

τ¼
J2

pφð4 � tan2αÞtanα

8μ1μ0h3ðtan2αþ 1Þ
7
2cos2α

(8)  

where h ¼ r0=d is defined to describe the mean gap between particles in 
a chain. 

To obtain the induced particle polarization Jp, here the particle 
saturation model is adopted. Here c is the saturated ratio of the particle 
and is expressed as according to Jolly’s work [33]: 

c¼
ð3 � 2=φÞ �

�
ð3 � 2=φÞ2 þ 12kðð2 � 2kB=BsÞ=φþ 3ðk � 1ÞÞ

�1=2

6k
(9)  

where k is the possibility of interaction between the particle chains. B is 
the magnetic flux density of the applied magnetic field and the magnetic 
flux density in saturated particles region could be expressed as: 

Bs¼ JS þ
B � φð1 � c3ÞJS

1þ ð3φðc � c3ÞÞ=2
(10)  

where Js is the particle saturation polarization. Thus c can be derived 
from equations (9) and (10), in which 0 � c � 1. Then, the induced 
particle polarization Jp could be calculated: 

Jp¼
ð3Bðc � c3ÞÞ=2þ ð1 � c3ÞJS

1þ ð3φðc � c3ÞÞ=2
(11) 

Finally, the magneto-induced shear stresses under different magnetic 
flux densities and strains can be derived by putting the Jp into equation 
(8). 

The comparison of theoretical results with experimental results when 
the shear strain is 1% is shown in Fig. 4f. Parameters used in theoretical 
calculations are listed in Table 1. The modeling results showed that the 
magneto-induced shear modulus of all samples increased with magnetic 
flux density and there was a higher magneto-induced shear modulus for 
the sample with large orientation angle under the same magnetic flux 
density. The theoretical results and the experimental results were fitting 
well. 

And a further steady shear deformation along the anticlockwise was 
performed. Here, the clockwise deformation was recorded as N direction 
shear while the anticlockwise one was as P direction shear. As illumi
nated in Fig. 5a, whether the A-MRE-0� sample was sheared along the P 
direction or N direction, the inclination angle of the particle chains 
would be increased with the shear strain increasing. During the shear 
deformation, the average gap between the particles would be increased 
and the particle chains would be stretched. While for the A-MRE-θ 
(θ > 0� ) sample (Fig. 5b), the inclination angle of the particle chains 
would be increased during the P direction shear. Instead, the inclination 
angle of the particle chains would be reduced during the N direction 
shear. The average gap between the particles and the particle chains also 
showed the opposite trend. 

It could be found that the shear modulus in the N direction was 
higher than that in the P direction for all A-MRE-θ (θ > 0� ) samples. 
While for the A-MRE-0� sample, the shear modulus was almost same in 
both directions (Fig. 5c and d). According to the theory modeling, the 
shear stress would increase when the average gap between the particles 
reduced. Therefore, for all the A-MRE-θ (θ > 0� ) sample, shear along the 
N direction would lead the shear modulus increasing rather than along 
the P direction. 

In addition, the oscillating shear experiment was performed on all 

Table 1 
Theoretical calculation parameters.  

Saturation polarization of the CIPs Js  2.1 T  
Carbonyl iron powder volume fraction ϕ  0.11 
Result correction parameter k  7 
Particle spacing parameter on particle chain h  1.1 
Vacuum permeability μ0  4π� 10� 7 T⋅m=A  
Matrix permeability μ1  1  
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samples under the same varied external magnetic field. Here, the results 
for A-MRE-0� and A-MRE-5� are plotted in the Fig. 5e and f for com
parison. The storage modulus and loss modulus of the sample can be 
obtained from the slope and area of the stress–strain loop. They are the 
real and imaginary parts of the composite modulus. It indicated that the 
initial composite modulus of A-MRE-5� was greater than that of A-MRE- 
0� . For comparison, the curve of the A-MRE-5� sample under 0.8 T was 
shifted upwards as dotted line in Fig. 5f. It could be seen that the curves 
of the A-MRE-0� sample shearing in the N and P directions were sym
metric about the origin under the applied magnetic fields of 0 T and 0.8 
T. However, for the A-MRE-5� sample, the curve in the N direction was 
steeper than that in the P direction. The A-MRE-θ showed a typical 
asymmetrical mechanical properties. To investigate the durability of the 
orientation angle, the oscillation cycle shear tests were carried out with 
and without the external magnetic field (Fig. S2). The results showed 
that after 100 cycles, the relationship of shear stress and shear strain was 
unchanged. 

Due to the special anisotropy magneto-induced mechanical behav
iors, a steady magnetic field was applied on the sample in the rheometer 
without any shear deformation, as plotted in Fig. 6a. It could be found 
that, with the external magnetic field exerted, there would be a torque 
generated as for the sample A-MRE-5� , A-MRE-10� and A-MRE-15� . 
While for the sample A-MRE-0� , there was only a slight torque emerged. 
With the magnetic flux density increasing, the torque increased for all 
the samples. At the same time, it was also be detected that there was a 
variation of normal force for all the samples (Fig. 6b). The results 

showed that the variation was more inclined for the bigger orientation. 
The variation of the normal force with the external magnetic field 
changed was also studied (Fig. S3). It could be found that the coil 
response time was less than 0.1 ms, which could be ignored comparing 
with the response time of pure materials [34,35]. At the same time, the 
response time to 0.4 T magnetic field was around 73 ms, increasing with 
the precompression force. Moreover, Fig. S4 manifested that the change 
of normal force was stable after 1200 cycles of the on-off magnetic field. 
Fig. 6c shows an inclined chain-like structure in the MR elastomers. With 
the application of a magnetic excitation along the thickness, particle 
chains got magnetized and had a tendency to align themselves parallel 
to the magnetic field lines. Therefore, a counter-rotation would be 
created with the external magnetic field exerted and further made the 
whole sample create a counter-torque due to the interaction between 
particles and the polymer matrix. If the constraint was released, there 
would be a torsional deformation for the anisotropic MR elastomers 
under external magnetic field. In order to confirm that, a rectangular 
strip created by A-MRE-15� was put on the electromagnet platform. With 
the magnetic flux density increasing, it could be found that the strip 
inclined and reached the maximum inclined angle when the external 
magnetic flux density was about 45 mT. The relationship between the 
magnetic flux density and the inclined angle during the loading and 
unloading process is plotted in Fig. 6d. In loading process, the strip 
needed to overcome the adhesive force between the strip and the plat
form. Therefore, the strip started to incline until the external magnetic 
field was about 26 mT. Moreover, the strip under magnetic field could 
reach the maximum inclined angle 53.5�, which was the result of its own 

Fig. 5. The changes of the particle chain di
rections when sheared in P direction and N di
rection: (a) the A-MRE-0� sample, (b) the A-MRE- 
θ (θ > 0� ) sample; P direction and N direction 
quasi-static shear of the samples (3 mm � 3 mm 
� 1 mm � 2): (c) shear modulus at 0 T and 0.8 T, 
(d) magneto-induced shear modulus at 0.8 T and 
maximum MR effect; the relationships between 
shear stress and shear strain of the samples (3 
mm � 3 mm � 1 mm � 2) under oscillation 
shear: (e) the A-MRE-0� sample, (f) the A-MRE-5�

sample.   
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gravity and the emerging torque due to the magnetic field. 

4. The magneto-deformation behaviors based on the off-axis 
anisotropic MR elastomer composite 

As could be seen from above results, the MR elastomers with inclined 
particle chain had anisotropic mechanical properties and special out- 
plane deformation characteristic under the external magnetic field. 

Based on this discover, here a double-layer composite was designed to 
preliminary explore the magneto-deformation behaviors based on the 
off-axis anisotropic MR elastomers. Two methods were used to prepare 
the double-layer composite. The first one was to clean the sample sur
face with ethanol, and then stick the PDMS film on it by adhesion. The 
thickness of film was about 100 μm. The second method was to cut the 
sample into different shapes, and then put them into different shapes. 
After that, the PDMS solution was dripped onto the MR elastomer 

Fig. 6. The relationship of magneto-induced response and magnetic flux density under no shear: (a) magneto-induced torque, (b) magneto-induced normal force; (c) 
the deformation schematic of sample after applying the magnetic field; (d) the changes of off-plane displacement with the magnetic field. 

Fig. 7. Initial shape and deformation of different structures under a magnetic flux density of 77 mT: (a) two strips with symmetrical particle chain orientation, (b) 
three strips with alternate particle chain orientation, (c–d) four triangles distributed centrosymmetrically, (e–f) flower. 
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surface. The final composite was gotten by vulcanized process. 
After fabrication, various composite structures with A-MRE-15�

sample combinations were designed. Fig. 7a1 manifests the structure 
spliced by two strips with symmetric distribution of particle chains. 
After applying magnetic flux density of 77 mT, the deformation is shown 
in Fig. 7a2. The structure that three strips arrange in a line becomes 
wavy after application of a magnetic field as shown in Fig. 7b. Fig. 7c 
and d show the structure that four triangles are distributed centrosym
metrically. It could be observed that when the PDMS was above, under 
the magnetic field, the structure was wrapped downward, but the 
structure was wrapped upward when the structure was turned over. 
Fig. 7e and f show the structure that is spliced in twelve triangles. Under 
the action of a magnetic field, the structure could be flower-like. And 
more structures are illustrated in Fig. S5. 

A simple gripper was designed as shown in Fig. S6. The structure was 
consisted of four long strips, two of them were A-MRE-15� and the other 
two were A-MRE- � 15� . Fig. 8a–d demonstrate the gripping process and 
Fig. 8e–h show the set-down process. With the electromagnet energized, 
the inhomogeneous magnetic field affected the closer part of the gripper 
more. The strips for different samples would bend to different directions 
due to the different orientations of the internal particle chains, which 
resulted in the open state of the gripper (Fig. 8a and b). Then, when the 
electromagnet was powered off, the strips would bend back to their 
initial state, which caused the target item, the blue stick, be gripped 
(Fig. 8c). After that, the item could be taken away to the destination 
(Fig. 8d). The video of whole grip process was supplied in support in
formation (Movie S1). 

Supplementary data related to this article can be found at https://do 
i.org/10.1016/j.compscitech.2020.108079. 

5. Conclusion 

In this paper, the off-axial anisotropic MR elastomers with different 
particle chain orientations were prepared. The mechanical properties 

under quasi-static and dynamic shear deformation were experimentally 
explored. The results showed that the larger the orientation angle of the 
particle chain is, the larger the magneto-induced shear modulus and the 
MR effect are. A modified magnetic dipole theoretical model was pro
posed to verify the experimental results. The mechanical properties are 
affected by the loading direction due to the orientation of off-axial 
particle chain inside the MR elastomers. When the A-MRE-0� sample is 
sheared in the N direction or in the P direction, the shear modulus is 
same. While for the A-MRE-θ (θ 6¼ 0) sample, the shear modulus in the N 
direction is larger than that in the P direction. A mechanism was put 
forward to explain the results phenomenologically. The magneto- 
deformation of the off-axial anisotropic MR elastomers was also dis
cussed. The experimental results revealed that the magneto-induced 
torque and normal force of this special MR elastomer could be signifi
cantly affected by the orientation of the aligned particle chains. Finally, 
several soft structures were designed and demonstrated by using the 
special anisotropic MR elastomer A-MRE-15� . It exhibited excellent 
application potential in the research of controllable shape morphing 
smart device. 

Acknowledgment 

Financial supports from the National Natural Science Foundation of 
China (Grant No. 11572309,11972337, 11972343), the Strategic Pri
ority Research Program of Chinses Academy of Sciences (Grant No. 
XDB22040502), and the Fundamental Research Funds for the Central 
Universities (WK2090000015) are gratefully acknowledged. This study 
was also supported by the Collaborative Innovation Center of Suzhou 
Nano Science and Technology. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
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Fig. 8. Gripper: (a–d) the process of picking up an item, (e–h) the process of putting down the item.  
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