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Conductive magnetorheological elastomers (MREs) consisting of carbonyl iron particles (CIPs), poly-
dimethylsiloxane matrix and carbon nanotube (CNT) covered polyurethane sponge (PUS) were devel-
oped. The CIPs were linearly orientated within the porous PUS and the magnetic saturation modulus of
PUS-reinforced anisotropic MRE was 1.3 MPa when CIPs content was 70 wt%. This MRE presented typical
magnetorheological (MR) effects and the shear storage modulus increased from 0.49 MPa to 0.64 MPa

after reinforcing the anisotropic MRE with PUS. Owing to the presence of the CNTs on the PUS networks,
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the final MRE was conductive. The electrical resistance of the MRE increased with increasing tensile
strain, ranging from 27.5 kQ to 30.5 kQ at various tensile rates (50, 100, 150, 200, 250 and 300 mm/min
respectively). As a result, the smart MRE was effective in a flexible, sensitive and reversible strain sensor.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Because of their reversibly switching rheological properties
under an external magnetic field, magnetorheological elastomers
(MREs) have attracted great interest for a broad range of applica-
tions in architecture, vibration control, noise reduction, automotive
industry, suspension system, bushings, absorbers etc. [1—6]. MREs
are mainly fabricated by exposing mixtures of polymer matrix and
soft magnetic particles to a magnetic field. The soft magnetic par-
ticles become oriented along the magnetic field direction and form
linear structures. Over the past decade, various studies have been
done to improve the mechanical properties of MRE, however, there
are few studies on the development of novel applications using
MREs.

Flexible, highly sensitive and low-cost tensile sensors were
highly desirable in portable and foldable devices [7—9]. Very
recently, it was found that the flexible tensile sensor-integrated
MREs could generate signals to reflect the strength of tensile
strain imposed on the MRE-based devices. This characteristic is
very important in MRE application because these devices could
identify the mechanical state of the MRE component. To this end,
several flexible tensile and pressure magnetorheological (MR)
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sensors had been fabricated. Huang et al. enhanced the electrical
properties of magnetorheological fluid (MRF) by coating silver on
CIPs. The enhanced electrical properties open a new way to realize
the electrical control of MRF [10]. Tian et al. investigated the
sensing capabilities of graphite-based MRE experimentally and
theoretically. The graphite MREs showed a resistance change when
an external load is applied to the MRE sample. Using this feather of
MREs, the external stress signal can be converted to a resistance
signal, which can potentially be used in a force sensor [11]. Unfor-
tunately, the manufacture of these flexible sensors were compli-
cated and expensive, thus their practical application was limited.
Moreover, although these newly developed conductive MREs have
been used as flexible conductors and strain sensors, their resistance
sensitivity to the displacement was not stable.

Over the past decade, three-dimensional (3D) porous-geometry
materials have been introduced to many smart materials to
enhance the mechanical properties [12]. Plastomers, elastomers
and tissues incorporated with 3D geometry scaffolds have been
used in sandwich beam [13], tissue engineering [14], conductive
applications [15,16] and so on. Polyurethane sponges (PUSs) are a
typical commercially available 3D porous polymer with low den-
sity, high porosity, high absorption ability and good elasticity [17].
Integrating spontaneous and non-spontaneous orientation-or-
dered materials such as nematic liquid crystals, ferromagnetic,
ferroelectric materials in devices based on porous structure such as
PUS had been a subject of considerable research recent years
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[18—21]. These previous work indicated that the MR effects of the
MR plastomer could be enhanced by introducing the 3D PUS. These
use of 3D PUSs offers many other advantages, such as porous [22],
strong continuous absorption [23,24], significant internal surface
area [25], good biocompatibility [26,27].

Furthermore, the inter-connective network of the 3D porous
geometric material is effective in forming conductive routes in the
materials. Therefore, the materials with this conductive 3D porous
geometry such as zeolites [28], wool fibers [29] and sponges [30]
have been applied to the fabrication of sensors owing to their
combinational electronic conductivities and mechanical flexibil-
ities. Combing the conductive 3D porous geometry with traditional
MREs may result in a conductive MRE with good mechanical
properties and high electronic conductivities. To this end, the
development of conductive 3D porous network-strengthened MREs
would attract special interest not only because of their fundamental
significance but also because of their practical applications.

In this study, a conductive PUS was incorporated into a carbonyl
iron particle (CIP)-doped polydimethylsiloxane (PDMS) matrix to
develop a novel strain-sensitive MRE. The MRE exhibited good
dynamic properties because the 3D continuous porous sponge
strengthened the inner structure. The influences of magnetic field
and CIP content on the mechanical properties were investigated.
The MR effect of the MRE was analyzed and the formation mech-
anism is discussed and this simple fabrication method provides a
possible method for fabricating highly sensitive and low-cost strain
Sensors.

2. Materials and methods
2.1. Materials

The PDMS precursor and curing agent (Sylgard 184) purchased
from Dow Corning GmbH, USA was used as the MRE matrix.
Commercially available PUS with continuous porous structure and
smooth surface was used to confine the magnetic particles in MREs.
The soft magnetic particles were CIPs, which were provided by
BASF in Germany with an average diameter of 7 um. A mold with
dimensions of 50 mm x 50 mm x 1 mm was used to shape the
MRE.

2.2. Preparation

Conductive PUS: A porous PUS with high conductivity was
constructed by dip-coating carbon nanotubes (CNTs) onto the
backbone of the PUS. Specifically, the PUS was cut to 20 mm in
diameter and 1 mm in thickness. The bare PUS was immersed into
the 1.2 mg/ml CNT ink prepared according to our previous work
[31] and dried in an oven for 30 min.

Conductive MRE: 20 g silicon base, 1 g curing agent and 49 g CIPs
(70 wt%) were mixed together in a beaker. The mixture was stirred
for 10 min to ensure that the CIPs had been dispersed homoge-
neously in the silicon elastomers. The conductive PUS with its
porous structure was immersed into the MR precursor. After that,
the beaker containing the MR precursor and conductive PUS was
transferred into a vacuum oven and pumped for 30 min to ensure
that the conductive PUS was filled with the MR precursor under the
capillary action. Then, the conductive PUS filled with the MR pre-
cursor was transferred into a 50 mm x 50 mm x 1 mm mold and
heated for 20 min at 100 °C under 1 T magnetic field to ensure that
the silicon elastomer was totally cross-linked. After that, the MREs
were stored at room temperature for 72 h. The MRE containing
conductive PUS was easily recognized and then cut out with a knife.
The final diameter and the thickness of MREs were the same as the
conductive PUS which was also 20 mm in diameter and 1 mm in

thickness. Samples with CIP weight concentrations of 40 wt%, 60 wt
%, 70 wt% and 80 wt% were fabricated. To investigate the topological
confinement of CIPs in the continuous porous structures, MRE
samples with pure PUS and without PUS were also fabricated.

Strain sensor: A porous PUS with high conductivity was pre-
pared by dip-coating CNTs onto the backbone of the PUS. The size of
the conductive PUS was 2 mm x 20 mm x 60 mm. Copper wire was
connected to the conductive PUS with the conductive silver adhe-
sives. The conductive PUS was immersed into the MR precursor
with 70% CIPs content. After that, the beaker containing the MR
precursor and conductive PUS was transferred into a vacuum oven
and pumped for 30 min. Then conductive PUS filled with MR pre-
cursor was transferred to a 100 mm x 100 mm x 2 mm mold and
the rest of the space was filled with pure MR precursor. The mold
was heated for 20 min at 100 °C. Finally, a strain sensor with size of
2 mm x 20 mm x 60 mm was obtained.

2.3. Characterization

An environment scanning electron microscope (SEM, Philips of
Holland, model XT30 ESEM-MP) was used to observe the micro-
structure of the MREs and the PUS. The accelerating voltage was
20 kV. These samples were cut into sheets and coated with thin
layer of gold prior to SEM observation.

Synchrotron radiation X-ray computed tomography (SR-CT)
experiments performed on BL13W1 beam line in Shanghai syn-
chrotron radiation facility (SSRF) were used to observe the 3D
network in MREs [32]. The synchrotron radiation X-ray passed
through the samples and were recorded by a Charge-coupled De-
vice camera (14 bit dynamic, 2048 x 2048 pixel array) at a distance
of 14 cm from the samples. The sample was imaged in protection at
a regular increment from 0° to 180°, each with 720 radiographs
with an exposure time of 1 s and a beam energy of 15 keV. The
reconstructed 3D structures were obtained by analyzing the pro-
jection images with a filtered back-projection algorithm.

The rheological properties of topological confined MREs were
measured by a rheometer (Physica MCR 301, Anton Paar Co.,
Austria). The samples were placed between the paralleled rotating
disc and the base. An electromagnetic coil was used to generate a
magnetic field strength by applying current to it. Magnetic field
strengths ranged from 0 mT to 1000 mT was achieved by adjusting
the coil current from 0 A to 5 A. The test was undertaken in shear
oscillation mode. The frequency was 5 Hz and the strain amplitude
was 0.1%. The temperature was 25 °C.

The cycle tensile loading test on the sample and the tensile
strength were tested by Material Test System (MTS) (MTS criterion
43, MTS System Co. America). The sample size was
2 mm x 20 mm x 60 mm. Modulab® material system (Solartron
analytical, AMETEK advanced measurement technology, Inc.,
United Kingdom) and data storage and analyzing system (Softwere)
were used to test the resistance. A2 mm x 20 mm x 10 mm area of
the sample on each side was fixed onto the MTS with a clamp. Thus,
the testing area was 2 mm x 20 mm x 40 mm. The tensile rate was
1 mm/min and the tensile rates of cycle tensile loading test on the
strain sensor were 50, 100, 150, 200, 250 and 300 mm/min. At the
same time, a copper wire was connected the sample and the
electric conductivity was tested by the Modulab® material system,
which supplied direct voltage excitation and measured the
responsive current. Finally, the current data was collected in the
data storage and analysis system.

3. Results and discussion

In this work, four kinds of MREs with different weight fractions
of CIPs were fabricated. For MREs with certain weight fraction of
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CIPs, the CIPs dispersed in two different ways: 1) The CIPs in the
isotropic PUS-MRE were spread randomly and homogeneously in
the matrix (denoted as I-PUS-MRE). 2) The CIPs in anisotropic PUS-
MRE were assembled in the MRE matrix by forming linear structure
(denoted as A-PUS-MRE). The A-PUS-MRE was achieved by
applying a 1 T magnetic field (100 °C, 20 min) on the MRE precursor
incorporated PUS during the curing process. The CIPs were re-
assembled to form a linear structure owing to the magnetic forces.

SEM and SR-CT were used to investigate the porous structure of
PUS and the microstructure of PUS-MRE. Fig. 1(a) was the SEM
image of the PUS. The porous structure of the PUS helped confining
the CIPs, thus strengthening the local CIP ordering. The cross sec-
tion of the MRE matrix was shown in Fig. 1(b) and the raised surface
was the bone structure of PUS/CNT, which was filled with pure
PDMS elastomer. Fig. 1(c) shows the microstructure of I-PUS/CNT-
MRE. It can be seen that the CIPs were spread randomly and ho-
mogeneously in the matrix. The white triangular bulge was
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estimated to be the PUS because it exhibited the structural char-
acteristics. Fig. 1(d) shows the SEM image of the A-PUS/CNT -MRE.
Clearly, the CIPs assembled to form linear structure under a mag-
netic field within the PDMS matrix. The green arrow in Fig. 1(d)
represents the CIPs aligned in the direction of the magnetic field.
SR-CT was used to observe the inner 3D alignment structure in
A-PUS/CNT-MRE. As shown in Fig. 1(e) and (f), SR-CT provides 3D
information on the microstructure by the reconstructing multiple
2D images with 0.7 um pixel size under different angles of view.
Both the PUS and the PDMS elastomer were weak X-ray absorption
materials and had similar X-ray absorption coefficients. The CIPs
were strong X-ray absorption material, and therefore it would be
easy to obtain clear reconstruction images of CIPs alignment in A-
PUS/CNT-MRE. For simplicity, the images show only the CIP
morphological structure after removing the PDMS elastomer and
PUS matrix by image filtering. As shown in the resulting side-view
image, the CIPs were confined in the PUS, forming a linear structure
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Fig.1. SEM images of PUS and MREs (a) SEM image of porous PUS (b) SEM image of MRE matrix formed by PDMS and PUS/CNT (c) SEM image of I-MREs with PUS/CNT (I-PUS/CNT-
MRE) microstructure (d) SEM image of A-MREs PUS/CNT (A-PUS/CNT-MRE) microstructure (e) SR-CT 3D reconstruction image of CIPs chains in the A-PUS/CNT-MRE viewed from the
side (f) SR-CT 3D reconstruction image of CIPs chains in the A-PUS/CNT-MRE viewed from top down.
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in the direction of the magnetic field because the PUS limited the
interaction between the CIPs. The linear structure was more clearly
in the top view. The CIPs were aggregated together, and the blank
spaces between the linear structures were occupied by polymer.

The magnetic field played a very important role on the CIP
distribution in the MRE. The CIPs were confined in the porous
structures and anchored by PDMS molecular chains to the pore
surface of PUS/CNT. The CIPs spread randomly in the porous
structure in [-PUS/CNT-MREs. During the preparation, when an
external magnetic field was applied to the MRE precursor, the CIPs
were propelled by dipole magnetic force to form linear structure
paralleled to the magnetic field. Then, cross-linking anchored the
linear structure within the pores of PUS/CNT. Here, the anchoring
also strengthened the linear structure in the MREs.

3.1. Dynamic properties of the topological confined MREs

The influence of CIPs on MRE shear storage modulus (G’) under
different magnetic field flux densities B was shown in Fig. 2(a). The
weight fraction of CIPs in MREs was 70%. G increased with

highest magnetic induced modulus (AG') was A-PUS-MRE, with a
value of 0.64 MPa. Meanwhile, the sample with the lowest AG’' was
[-MRE, which had a value of 0.28 MPa. For the A-PUS-MRE, the
magnetic saturation modulus (Gax’') was 1.30 MPa (Table 1), which
was much higher than that of A-MRE (0.96 MPa). For I-PUS-MRE,
the Gmax' (0.73 MPa) was much higher than that of I-MRE
(0.52 MPa). As compared to the MRE without PUS, the initial stor-
age modulus (Gg') of the A-PUS-MRE was as high as 0.66 MPa,
whereas that of I-PUS-MRE was the lowest, 0.21 MPa.

The continuous porous structure also influenced the MR effect.
The MR effects of I-PUS-MRE and A-PUS-MRE were 248% and 97%,
respectively. However, the MR effects of I-MRE and A-MRE was
117% and 104%, respectively. I-PUS-MRE thus had much higher MR
effect than the A-PUS-MRE because the G¢' of the I-PUS-MR was
lower. A-PUS-MRE possessed the highest AG', indicating better
magnetic field-induced mechanical properties. The topological

Table 1
The mechanical properties of the A-MREs and I-MREs.

increasing of the magnetic flux density before the soft magnetic Go (MPa)  Gma (MPa)  4G'(MPa) MR effect (%)
CIPs were saturated by the excessively strong field. The PUS A-PUS-MRE 0.66 1.30 0.64 97%
therefore played a very important role on G’ value. The sample with A-MRE 047 0.96 049 104%
1-PUS-MRE 021 0.73 0.52 248%
I-MRE 024 052 028 117%
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Fig. 2. The influence of porous PUS and CNTs on A-MRE and I-MRE mechanical properties.
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confinement helped to form robust alignment of CIPs. The as-
prepared A-PUS-MRE possessed highest initial modulus and mag-
netic induced modulus, indicating that the mechanical properties
were improved.

The influence of topological confinement on the loss factor was
shown in Fig. 2(b). Generally speaking, the loss factor of all four
samples firstly increased slightly with increasing external magnetic
field and then decreased because the loss factor came mainly from
the sliding friction between the CIPs and matrix, as well as from the
interaction between the CIPs when moving under the magnetic
field. The initial loss factor of I-MRE was much larger than that of A-
MRE because the CIPs in A-PUS-MRE and I-PUS-MRE were
anchored to the sponge by PDMS molecular chains. When the
magnetic field was applied, CIPs aligned along the magnetic field
direction. As compared to the pure PDMS matrix, the sliding frac-
tion and the energy dissipation in the PDMS/PUS matrix should be
higher. The loss factor of A-PUS-MRE decreased from 1.18 to 0.12,
whereas that of A-MRE decreases from 1.16 to 0.13. Owing to the
topological confinement effect, the movement of CIPs in the PUS
microstructures was difficult than that in the pure PDMS matrix.
Thus the sliding friction between the CIPs and the matrix was much
smaller under an applied the magnetic field. That means that the
incorporation of topological structures can significantly expand the
range of the loss factor by controlling the external magnetic field.

Fig. 2 (c) and (d) show the storage modulus and loss factor of
PUS-MRE and PUS/CNT-MRE. In comparison to the PDMS based
pure MRE, both the PUS topological confinement and the CNT
conductive layer improved the mechanical properties. In Fig. 2(c),
The Gpgx' values of the A-PUS-MRE and A-PUS/CNT-MRE were
1.25 MPa and 1.30 MPa, respectively, values that were much larger
than that of A-MRE because the Gpqy’ vValue of the A-MRE was only
0.96 MPa. The Gy’ of the A-PUS-MRE and A-PUS/CNT-MRE were
0.65 MPa and 0.66 MPa, respectively, whereas that of A-MRE was
0.47 MPa. Because CIPs in MREs were confined into the micro-holes
of the PUS, they could not move as easily as in A-MREs. As a result,
A-PUS-MRE was strengthened by the sponge. The incorporated
sponges not only strengthened the MREs but also increased the
AG'. The AG of A-MRE was only 0.49 MPa, whereas that of A-PUS-
MRE was 0.65 MPa. However, the CNTs exhibited few effects on
increasing the 4G’ of the MREs. 4G’ only increased from 0.65 MPa
to 0.66 MPa, when the MRE incorporated CNT/PUS instead of PUS.

Fig. 2(d) showed the sponge and the CNT influenced on the loss
factor of the MREs. The loss factor of the A-MRE changes from 0.16
to 0.13, while the loss factor of A-PUS-MRE showed a smaller range
from 0.15 to 0.11. Because the CIPs were confined to the micro-holes
in A-PUS-MRE and thus had more difficulty moving than the free
CIPs in A-MRE, the sliding friction between the CIPs and the matrix
tend to be smaller. On the other hand, the CNT coated on the PUS
increased the sliding friction of the MREs, so the loss factor of the A-
PUS/CNT-MRE was larger, and it changed from 0.17 to 0.12.

The mechanical properties of the 3D topological structure
enhanced MREs was further systematically investigated by varying
CIP content at 40 wt%, 60 wt%, 70 wt% and 80 wt¥% (Fig. 3). The G¢' of
the A-PUS/CNT-MRE increased from 0.23 to 0.37, 0.66 and 1.30 MPa
while increase the CIP content, which indicated that the CIPs
enhanced the MRE mechanical properties. With increasing strength
of magnetic field, the G’ increased to 0.33, 0.62, 1.30 and 2.06 MPa
gradually. This was because the magnetization of the CIPs increased
with increasing of the magnetic field before reaching the magnetic
saturation. Meanwhile, the increase in CIPs content decreased the
magnetic induced particle-particle distance between two adjacent
soft magnetic particles, and thus the interaction between the CIPs
was increased. The increased interaction lead to a stronger CIPs
linear structure and therefore the increase of G was mainly caused
by the increasing interaction between the magnetic particles.

24
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1—— CIPs 60wt%
—a— CIPs 70wt%
—v— CIPs 80wt%

N
(=]
1

Shear storage modulus (MPa)

0.4-. i

T

0 200 400 600 800
Magnetic field strength (mT)

Fig. 3. Shear storage modulus of A-PUS/CNT-MRE with different CIP content under
different magnetic field strength.

Fig. 4 shows the tensile variation versus strain of I-PUS/CNT-
PDMS-MRE and I-PUS-PU-MRE (70 wt% CIPs). I-PUS/CNT-PDMS-
MRE presented obvious three stages during the test including:
elastic deformation, plastic deformation and destruction. The
samples were typical elastic composites. The elastic deformation of
the I-PUS/CNT- PDMS-MRE ranges from 0 to 0.47 and the plastic
deformation of the I-PUS/CNT- PDMS-MRE ranges from 0.47 to
0.80. Finally, the sample was broken when the strain was larger
than 0.80. From the tensile test, we found that the I-PUS/CNT-
PDMS-MRE had large elastic and plastic deformation, because the I-
PUS-PU-MRE was destroyed when the tensile strain was less than
0.4 in our previous work [33]. Thus, I-PUS/CNT- PDMS-MRE could
bear larger tensile strain than I-PUS-PU-MRE. To this end, the
elastic I-PUS/CNT- PDMS-MRE was found to be a good candidate for
tensile change devices.
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Fig. 4. Tensile variation with strains of the [-PUS/CNT-PDMS-MRE and I-PUS-PU-MRE.
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3.2. CNT doped MRE strain sensor

The fabrication process of the strain sensor was illustrated in
Fig. 5(a). A highly conductive CNT/PUS was fabricated through a
solution-immersion process by dip-coating CNT onto the back-
bone of the PUS. First, bare PUS was dipped into the 1.2 mg/ml
CNT ink and dried in an oven for 30 min. The white PUS turned
black when coated with the CNTs. The SEM images (Fig. 5(b), (c),
(d)) demonstrate that the conductive CNTs were attached to the
surface of the porous sponge. A copper wire was connected to the
conductive PUS with the conductive silver adhesives. The
conductive CNT/PUS was immersed into the MR precursor. After
that, the beaker containing the MR precursor and CNT/PUS was
transferred into a vacuum oven and pumped for 30 min to ensure
the CNT/PUS being fully filled with MR precursor under the
capillary action. Then CNT/PUS filled with MR precursor was
transferred into a 100 mm x 100 mm x 2 mm mold and heated
for 20 min at 100 °C. Finally, the strain sensor was fabricated.
When the strain sensor was stretched, the CNTs coated on the
sponge started to separate from each other. As a result, the
resistance of the CNT electrode inserted in to the MRE sample
changed.

The cycle ability was very important for the strain sensor.
Fig. 6(a) depicted the resistance variation of the strain sensor
during stretch/release cycles. It was found that the resistance of
the strain sensor could return to 27.5 kQ during five cyclic
loading cycles, so the strain sensor had superb elasticity and
resilience. Fig. 6(b) shows the cyclic loading strain on the
conductive MRE samples, where the cyclic loading increased the
strain gradually to 0.5 and then decreased at the rate of 100 mm/
min. The resistance of the MRE increased with increasing tensile
strain, and range from 27.5 kQ to 30.5 kQ. The response of MRE
resistance (Fig. 6(a)) was proportional to the applied strains, and
the resistance variation tendency coincided with each other at

Coated with CNT

Combine with MRE

Displacement sensor §

five cycles. The conductive MRE possessed both high stretch-
ability and sensitivity, which made it an ideal candidate for
strain sensor.

The resistance responses of I-PUS/CNT-MRE to repeat extension
loading and unloading cycles were recorded and plotted in Fig. 7.
The strain sensor resistance increased with increasing transverse
loading force, whereas the resistance changes of the different loops
were quite similar, which indicated that the electromechanical
changes were quite stable at different cycles. In addition, the
resistance changes with different extension rates were investi-
gated, and the tensile rate of cycle tensile loading test on the strain
sensor was 50 mm/min, 100 mm/min, 150 mm/min, 200 mm/min,
250 mm/min and 300 mm/min. The consistent resistance varied
with the stretching force on the sample, and it was maintained
under different extension rate, which proved the reliability of I-
PUS/CNT-MRE as a strain sensor.

4. Conclusion

In summary, a novel conductive MRE consisting PDMS, porous
PUS, CNTs and CIPs was fabricated. Owing to the enhancing effect
of the porous 3D continues structure, the MR effect and magnetic
induced modulus of the MRE were significantly improved. The
magnetic saturation modulus of A-MRE with sponge was
1.30 MPa when CIPs content was 70 wt%. The MR effect of A-MRE
and A-PUS-MRE decreased from 104% to 97.0% and the magnetic
induced modulus had increased from 0.49 MPa to 0.64 MPa. The
high sensitive and low cost MRE tensile sensor can maintain
consistent resistance with various stretching forces under
different extension rates. This work provided a new way to
design and improve the properties of the MREs. The final prod-
ucts have significant potential in terms of applying them to
sensors.

i Pure PU sponge

Coated with CNT

Displacement sensor

Fig. 5. Fabrication of the strain sensor (a) Optical images of the pure porous CNT/PUS electrode and the strain sensor. (b) SEM images of the pure PUS. (c) SEM images of the CNT
electrode. (d) Magnification of sponge surface with CNT covered. (e) Schematic illustration of the fabrication processes of the strain sensor.
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