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Abstract
This work reported a novel flax-fibre-weaves (FFWs) incorporated magnetorheological
elastomer (MRE), whose shear properties, compressive properties, tensile properties, and
electrical performance were critically increased by the FFWs. In comparison to the pure MRE,
the plastic deformation of the FFW–MRE was smaller and it absorbed more energy under the
quasi-static compression and tension. With increasing of the FFW from 1 to 2 and 3 layers, the
tensile strength of the MRE increased by 500%, 1300% and 3200% approximately. Because
the carbonyl iron particles can form chain-like aggregation structure along the fibre directions,
the conductivity of the FFW–MRE showed a typical anisotropic characteristic and it was
sensitive to the external stimulus. When the compressive direction was parallel to the fibre
weaves, the resistance of the FFW–MRE reduced to 2.7 kΩ, which was only 1/71 of the pure
MRE. A possible mechanism was proposed to investigate in detail mechanical and electrical
properties of the FFW–MRE. This method provides an economical, effective and
environmentally friendly way to improve shear properties, compressive properties, tensile
properties and conductivity of MREs.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetorheological elastomer (MRE) is a kind of smart
material which is usually prepared by dispersing magnetic
iron particles into the polymer matrix. When the external
magnetic field is applied onto the MREs, the magnetic par-
ticles interact with the matrix thus the mechanical properties
can be precisely controlled by the external stimulation. Due to
this unique magnetorheological behaviour, the MREs pos-
sessed wide application in vibration control, architecture,
noise reduction etc [1–7]. It was reported that the isolation/
adsorption frequency of the MRE based device were mainly
dependent on the mechanical properties of the MRE. There-
fore, most of the previous works were focused on improving

the mechanical and magnetorheological properties of MREs
so as to meet the requirements in practical application [8–12].

The polymer matrix is very important for the mechanical
performance of the MREs. Besides the traditional natural
rubber [12] and silicone rubber [13], the gel [14–17], sponge
[18, 19] and silly putty [20] have also been used as the matrix
to enhance the magnetorheological effect. It was found that
gel and silly putty could greatly enlarge the magnetic-induced
normal force, and the magnetic-induced modulus of sponge-
based MRE was increased significantly. Moreover, by vary-
ing the cross-link density of the polymer, the damping
properties of the MRE was controllable [21, 22]. Recently,
many efforts were conducted to enlarge the MR performance
by introducing the MRE with functional additives. For
example, due to the phase-change characteristic of the poly
(lactic acid) (PLA) doping, the PLA-MRE presented an
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unusual temperature-dependent mechanical behaviour [23]. Yu
et al [24] embedded copper coil into the MRE to improve the
field-dependent properties. Ubaidillah et al [25, 26] success-
fully took advantage of the waste tire rubber to fabricate MRE
through the process of formation–destruction–reformation of
the internal network. The elastomer which has the ability to
support and recover still plays an important role in applications.
In practical vibration control applications, the MRE located in
the adaptive sandwich structures [27–32] should exhibit high
anti-loading, MR effect, and recovery performance. To meet
the above requirements, various additives such as the silicon
carbide [33], carbon black [34], carbon nanotube [35], etc were
used to reinforce the MRE.

Flax fibre is often used for improving mechanical prop-
erties of the polymer matrix [36–40]. Although it is lighter
than the glass fibre, its stiffness is high (30–70 GPa). Inter-
estingly, different from the traditional fibre, the flax fibre
could be weaved and the flax-fibre-weaves (FFWs) were
effective for improving the strength and crack-resistant
properties of the biocomposite sheets [41]. Bos et al [42]
developed a novel flax/polypropylene compounds and found
that flax fibres improved the strength and stiffness by reaching
the compatibilisation of the fibre/matrix interphase. To this
end, the FFW will be a suitable candidate for strengthening
the MRE. Moreover, the conductive MRE has drawn more
and more attention because its resistance could respond to the
external strain or magnetic field [43–46]. In consideration of
the 2D structure of the FFWs, the conductive carbonyl iron
(CI) particles would form conductive path through attaching
onto the flax fibres. Therefore, the introducing of the FFWs
into MRE will both improve mechanical and electrical
performance.

In this study, we reported a novel FFW strengthened
MRE and investigated its rheological properties, compressive
properties, tensile properties, and electrical performances. The
influence of loading directions, density and layer numbers of

the FFWs on the mechanical and electrical properties of the
FFW–MRE were studied. Besides, the mechanisms of struc-
ture formation and enhancement performance were discussed.
Since the simplicity of the fabricating process and highly
improved performance, it is a potential method to broaden the
practical applications of MREs.

2. Experimental section

2.1. Preparation of MREs

In this study, polydimethylsiloxane (PDMS) (Dow Corning
GmbH, USA) was selected as the matrix [47], and the Sylgard
184 was selected as vulcanizer. PDMS was selected as the
matrix because it was liquid before curing. The liquid matrix
could be easily fulfilled into the gaps in the single strand of
fibre, and it exhibited good compatibility to FFWs. Besides,
due to the addition of FFWs, many bubbles appeared around
the FFWs during the preparation. It was difficult to remove
bubbles when nature rubber was used. If the high temperature
was applied to remove bubbles, MRE would be cured. In
addition, PDMS could provide high elasticity and stability.
Above all, PDMS was chosen as the matrix of MRE in this
study. The magnetic particles were (CI, type CN) with an
average diameter of 6 μm produced by BASF. In order to
enhance shear mechanical properties, different types of flax
fibre weaves (Jiujiang Yarnfan Textile Co. Ltd, China) were
added into the matrix, with 4, 5, 6, or 7 strands of fibre per
centimeter. The formation schematic of FFW–MRE was
shown in figure 1.

In order to directly study the effects of flax fibre on MRE’s
mechanical and electrical properties, no conductive additive
except CI particle was added in the MREs. PDMS, Sylgard
184 and CI power were mixed homogeneously in a beaker, and
then the mixture was transferred into a vacuum oven to

Figure 1. The schematic of MRE (a) with fibre weaves (b) and the photo of MREs (c).
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eliminate air bubbles for 15min. A certain quality of CI parti-
cles were scattered on the flax fibres to match the mass fraction
of CI in MRE, and promote the particles’ attachment and dis-
tribution. After that, the mixture was poured into the mould and
the flax fibre weaves parallel to the mould were located within
the PDMS/CI mixture. After pumping for another 15min, the
mixture was compressed tightly and cured under 100 °C for
30min. In this research, the dimensions of MRE samples for
dynamic mechanical tests, quasi-static compressive tests and
electrical tests were 5mm×5mm×5mm, and the MREs in
the quasi-static tensile tests were cut into dumbbell-shaped, with
20mm length, 10mm wide and 5mm thick in the centre stret-
ched area.

2.2. Test system and methods

The morphology of MRE samples were characterized by an
environment scanning electron microscopy (SEM, Philips of
Holland, model XL30 ESEM-TMP), operating at 20.0 kV.
Each sample was cut into flakes and coated with a thin layer
of gold for observation.

MRE’s dynamic mechanical performance was measured
by a modified dynamic mechanical analyser (DMA, Triton
Technology Ltd, UK, model Tritec 2000B) (figure 2(a)). A
self-made electromagnet, which could generate a variable
magnetic field from 0 to 800 mT, was attached to the DMA.
The testing frequency swept from 1 to 19 Hz, and the shear
strain amplitude was set at 0.1%.

The electromechanical universal testing machine (Model 43,
MTS System Corporation, China) was used to quasi-statically
load tension (figure 2(b)) and compression (figure 2(c)). It was
controlled by the computer and the relationship between force
and displacement was measured. The strain was loaded from 0%
to 20% in compression tests and from 0% to 10% in tensile tests.
The compressive or tensile frequency was 0.05Hz. After fixing
the magnetic field generators (which could generate a variable
magnetic field from 0 to 400mT) with the clamps, MRE could

be loaded under magnetic field and compression at the
same time.

The Modulab material test system (MTS, Solartron
Analytical, AMETEK Advanced Measurement Technology,
Inc., United Kingdom) (figure 2(c)) was used to test the
electrical property. It could supply direct voltage excitation
and measured the responsive current. The DC voltage exci-
tation was set at 6 V. The conductive adhesive tape (Suzhou
Crystal Electronic Technology Co. Ltd, China) was used to
link the MRE and the polished copper plates, and two signal
lines were used to connect copper polar plates and the
Modulab MTS. The gap between the coils and the intensity of
current were adjusted constantly, so we used a teslameter
(type HT20, Shanghai Hengtong magnetic technology Co.
Ltd, China) to measure the magnetic flux density.

3. Result and discussion

3.1. Microstructure of the FFW–MREs

Figure 3(a) shows the SEM image of pure MRE with CI par-
ticle content of 50wt%. The white CI particles were randomly
distributed in the black PDMS matrix. Interestingly, once the
FFW was added into the MRE, the inner structure was critically
changed. As shown in figure 3(b) was the cross-sectional
microstructures of FFW–MREs in the direction of vertical to
the flax fibre layers. The PDMS matrix was liquid before
vulcanization, thus the gap among the single strand of fibre
could be fulfilled with the PDMS-based MRE (figure 3(b)),
which demonstrated the well combination between the matrix
and the fibres. Large amount of CI particles was gathered in the
vicinity of the flax fibre (figure 3(c)), which was because the
roughness of the fibre surface was favoured for adsorbing
particles. Furthermore, the CI particles were tightly located
among the fibres after curing the matrix. Therefore, the flax
fibre layer changed the aggregation structure of particles in the
MREs. In this progress, although the magnetic field was not

Figure 2. The modified dynamic mechanical analyser (a), the clamps of electromechanical universal testing machine (b) and the electrical test
system (c).
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applied during vulcanization, the particles can still form a wire-
like aggregation structure along the fibre directions. This con-
venient and environmental friendly method is easy to prepare
thicker MREs with longer chain structures.

3.2. Shear performance of FFW–MREs

The figure 4 shows the magnetic flux density dependent shear
storage modulus of FFW–MREs with different CI content and
flax fibre layers. When the modulus increased, the stress
relaxation happened at the same time. Under high magnetic
flux density, the ferromagnetic particles reached the saturation
magnetization, so at this time the stress relaxation played the
major role in the change of modulus. On the other hand, the
coil which produced magnetic field was constantly heating,

which rose the MRE’s temperature and reduced the particles’
saturation magnetization. Therefore, the shear storage mod-
ulus decreased under high magnetic flux density. When the
shear direction was parallel to the fibre layers, the storage
modulus of the FFW–MRE with 50 wt% CI powder increased
from 0.09 to 0.16MPa with the increase of magnetic flux
density, exhibited a typical MR effect. In comparison to the
pure MRE, the storage modulus of the FFW–MRE was a little
larger (figure 4(a)), which must be responded for the
strengthening effect of the FFW. Here, with increasing of CI
content and the fibres, and the storage modulus of the FFW
increased. Interestingly, the shear direction had a critical
influence on the storage modulus. When the shearing direc-
tion was perpendicular to the fibre layers (figure 4(b)), the
enhancing effect of the FFWs was much larger than the case

Figure 3. The SEM images of pure MRE (a) and FFW–MRE’s cross section when perpendicular (b), (c) or parallel (d) to the FFW with CI
particle content of 50 wt%.

Figure 4. The shear storage modulus of FFW–MRE with different CI content when the shear direction was parallel (a) or perpendicular (b) to
the fibre layers.
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under the parallel direction. Typically, the storage modulus of
FFW–MRE with 50 wt% CI content was higher than the pure
MRE with 70 wt% CI content. The above mechanical beha-
viours of the FFW–MRE were similar to that of the MRE,
whose CI chain-like structures were formed by pre-structure
process under magnetic field without any fibres. So it also
reflected that the CI particles can attach to the flax fibre
surface or aggregate around to form chain-like structures, and
FFWs greatly enhanced the shear storage modulus.

The dynamic mechanical properties of the FFW–MRE
were tested by using a modified DMA. The shear frequency
was swept from 1 to 19 Hz with strain amplitude of 0.1%.
Here, the flax fibre layers with 5 strands per centimeter were
selected for the FFW–MRE. Both the influence of flax
fibre layers number and shear direction on the initial shear
storage modulus of FFW–MRE was investigated (figure 5). In
the absence of FFWs, the initial modulus increased slowly
with increasing shear frequency and CI content. If the shear
frequency was 1 Hz, the initial modulus increased from 0.09
to 1.5 MPa when the CI content increased from 50 to 80 wt%
(figure 5(a)). For FFW–MRE with 2 layers of flax fibre, the
initial storage modulus was improved obviously. When the
shear direction was parallel to the FFWs, since the fibres did
not structurally enhance the matrix in the shear direction, the
friction between the rough fibres and the matrix played a
major role on strengthening the interface. At 1 Hz, the initial
modulus increased from 0.1 MPa (50 wt%) to 2.5 MPa
(80 wt%) (figure 5(b)). When the shear direction was

perpendicular to the fibre layers, due to the structural
enhancement of the FFW, the storage modulus got a huge
improvement. The initial modulus increased from 0.7 MPa
(50 wt%) to 6.0 MPa (80 wt%) at 1 Hz (figure 5(c)) by
varying the weight content of the CI particles. Besides, the
effect of shear frequency was greatly enhanced at this time,
the initial storage modulus reached 7.4MPa at 19 Hz
(80 wt%). In addition, as shown in figure 5(d), MRE also had
obvious magnetorheological effect. In consideration of the
mass of flax fibres per unit volume is far less than that of the
iron particles, adding flax fibres is a convenient, economical
and environmentally friendly way to improve the initial sto-
rage modulus of MRE.

The effects of density and layer numbers of FFW played
important roles in determining the mechanical performance of
the FFW–MRE. In this work, the inner characteristic of the
FFW such as the spacing between adjacent fibres was also
used to study the mechanical behaviour. Four kinds of FFWs
with different density, which were woven by 4, 5, 6 and 7
strands of flax fibre per centimeter, were added into the MRE
respectively. Figure 6 showed the comparison of the FFW–

MRE prepared by different layers and kinds of flax fibre.
Typically, with the increase of the layer numbers, the storage
modulus of the FFW–MRE increased, indicated the
strengthening effect. If the shear direction was parallel to the
fibre layers (dash line), the increment of the storage modulus
with the FFW was smaller as the fibres became denser. When
the shear direction was perpendicular to the fibre layers (solid

Figure 5. The initial storage modulus of MRE under different conditions: (a) without flax fibres; (b)–(d) with 2 flax fibre layers, the shear
direction was parallel (b) or perpendicular (c), (d) to the fibre layers; (d) the mass fraction of CI was 80 wt%.
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line), for the single-layer structure, the initial storage modulus
of the FFW–MRE contained 4, 5, 6 and 7 flax fibres per
centimeter was 0.67MPa, 0.53MPa, 0.30MPa and 0.18MPa,
respectively. So the interspace between the fibre layers is
important for the mechanical performance of MREs. If the
fibres were sparser, the storage modulus was higher. How-
ever, for the 3 layers’ structure, the storage modulus was
greatly enhanced, but the fibre density had little effect.

The enhancement of MRE’s mechanical behaviour
depended on not only the interfacial friction between the
fibres and the matrix, but also the interaction between the
fibre-bound matrix and the relatively free matrix (figure 12).
The motion of the restrained rubber’s molecular chain was
bound, so the storage modulus of the restrained rubber was
larger than that of the free rubber. Within a certain range, the
sparser the flax fibres, the more restrained the matrix and
the higher the MRE’s modulus. In addition, after reached 3
layers, most of the matrix in the sample was subject to opti-
mum restrains, so the storage modulus increased sharply, and
the effects of fibre density appeared to be not obvious. While
the shear direction was parallel to the fibre layers, the inter-
layer free matrix was the main factor for the small influence
on the storage modulus.

The magneto-induced storage modulus is defined as
G G G .0D = - Here G0 is the initial storage modulus, and G

is the storage modulus under different magnetic field.
Through calculation and extraction, the magneto-induced
storage modulus of the MRE with different layers and interval

of flax fibre was obtained (figure 7). At this time, the content
of the CI powder was 50 wt%. On the one hand, because the
iron particles aggregated along the fibre direction to form
particle chain structures, the magneto-induced modulus was
greatly enhanced. On the other hand, the rough flax fibre
strengthened the matrix structure and increased the initial
modulus. As a consequence, the magnetorheological effect
was not very high despite the magneto-induced modulus
varied considerably.

For the sparsest FFWs of 4 strands per centimeter and the
densest ones of 7 strands per centimeter, there was little dif-
ference in the magneto-induced modulus for the final FFW–

MRE when the layer number of the FFWs was smaller than 2
(figures 7(a), (d)). When only one layer of FFWs was added
into the MRE, the FFWs with 7 strands per centimeter lead to
a magnetic-induced modulus of 0.10MPa, which was a little
less than the one prepared by 4 strands per centimeter FFWs
(0.14MPa). Therefore, a certain degree of fibre spacing was
favourable to increase the restrained matrix, and the volume
of the particle chains formed around the fibres. However, if
the 3 layers of FFWs were used, the magneto-induced mod-
ulus of FFW–MREs with 4, 5, 6 and 7 fibres per centimeter
was 0.26MPa, 0.27MPa, 0.34MPa and 0.42MPa, respec-
tively. The rate of increase was also growing. Compare with
the case of a single layer, the small spacing between adjacent
fibre layers in multi-layer fibre structures was beneficial for
particles in the interlayer of the fibres to be bound and
aggregated.

Figure 6. The storage modulus of MRE with different layers of FFW along the different shear directions with 50 wt% of CI: (a) 4 strands of
fibre per centimeter; (b) 5 strands of fibre per centimeter; (c) 6 strands of fibre per centimeter; (d) 7 strands of fibre per centimeter.
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3.3. Compressive and tensile performance of FFW–MREs

Because MREs often works under compression or vibration,
the plastic deformation of the matrix is always a serious
problem that affects the material’s properties and life.
Therefore, it is necessary to strengthen the matrix under the
premise of ensuring MRE’s performance. To investigate the
quasi-static compressing behaviour of the MRE, the electro-
nic universal testing machine was used. The compressive
frequency was set as 0.05 Hz, and the strain amplitude was set
as 20%. For pure MRE, when the CI content was 50 wt%,
60 wt%, 70 wt% and 80 wt%, the stress at 20% strain was
0.38MPa, 0.39MPa, 0.52MPa and 0.94MPa, respectively.
When two flax fibres layers were added, the stress had an
obvious increase. For instance, the stress already reached
0.93MPa when the CI content was only 60 wt% if the com-
pressive direction was perpendicular to the fibre layers in the
FFW–MRE (figure 8(b)). At this time, more matrixes
restrained by fibres, and resulted in the greater increase of the
modulus than simply relying on the interaction between
particles and matrix. If the compressive direction was parallel
to the fibre layers, the matrix was structurally reinforced.
Especially when the CI content was as high as 80 wt%, fibres
were filled with more iron particles, so the modulus rose
greater and reached 2.16MPa (figure 8(c)). If the CI content
was kept at 50 wt%, the fibre structure was more effective on
matrix reinforcement than the particles after comparing with
figure 8(a). This result indicated that this method not only
ensured high shear modulus in the shear direction to the fibre

layers, but also provided greater Young’s modulus in com-
pressive direction, which would be very useful and necessary
in the field of vibration control.

In consideration of the PDMS matrix was strengthened
by fibres, the magneto-induced effect of CI would be not
obvious under magnetic field with low particle content, so
MRE with 80 wt% CI content was selected (figure 9). The
compressive frequency was also set as 0.05 Hz. As the
magnetic flux density and the attraction of two magnetic poles
were constantly changing during compression, the magnetic-
field-induced stress has been deducted in calculating the
stress. It was found that when the fibre layers were absent, the
stress had a rising trend with the increase of magnetic flux
density. After the strain reached 20%, the stress was
0.94MPa, 0.99MPa, 1.06MPa, 1.10MPa and 1.13MPa
when the magnetic flux density was 0 mT, 100 mT, 200 mT,
300 mT and 400 mT, respectively. When doped with two
layers of fibre, the increase of stress with the magnetic flux
density was not obvious. In addition, the difference of stress
at maximum strain was small. This phenomenon further
reflected the constraints of the fibres on the matrix and the
particles. The area enclosed by the curve in figure 9(b) was
significantly larger than that in figure 9(a), reflecting more
energy was absorbed. This was also mainly due to the friction
between the fibres and the matrix.

Under tensile conditions, the flax fibre layers also sig-
nificantly improved the strength of the materials. The MRE
samples were cut into dumbbell-shaped, with 20 mm length,

Figure 7. The magneto-induced storage modulus of MRE with different layers of flax fibre in the vertical direction with 50 wt% of CI: (a) 4
strands of fibre per centimeter; (b) 5 strands of fibre per centimeter; (c) 6 strands of fibre per centimeter; (d) 7 strands of fibre per centimeter.
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10 mm wide and 5 mm thick in the centre area. The tensile
direction was parallel to the fibre layers. With 0 layer of flax
fibre and 50 wt% of CI, the stress only reached 0.09MPa at
10% strain. However, after 1, 2 and 3 layers of fibre were
added, the tensile strength increased by 500%, 1300% and
3200% approximately (figure 10(a)). The good combination
of the matrix and fibres could effectively improve the tensile
strength. With increasing of the CI content, the strength of the
MRE had a corresponding increase. And the higher the CI
content, the greater the strength enhanced (figure 10(b)).
However, when the CI content reached 70 wt% or even
80 wt%, the stress–strain curves fluctuated when the strain
was about 5%. This is due to the relative displacement,

caused by exceeding the upper limit of the surface stiction,
happened between the matrix and the fibre (figure 12). The
content of the particles was large at this time, and the particles
existing on the fibre surface promote the relative displacement
on the interface.

3.4. Conductivity of FFW–MREs

The electrical performance of MRE has now become a
research hotspot due to its potential application in sensors.
Here, due to the presence of flax fibres, the particle aggre-
gation structures became order along with the FFWs, thus the
conductivity of the MRE increased a the direction of the fibre

Figure 8. Stress–strain curves of MREs with different CI content under different compressive conditions: (a) without flax fibre layers; (b),
(c) with 2 flax fibre layers, the shear direction was perpendicular (b), (d) or parallel (c) to the fibre layers; (d) the mass fraction of CI
was 50 wt%.

Figure 9. Stress–strain curves of MREs with 80 wt% CI content under different magnetic flux density: (a) without flax fibre layers; (b) with 2
flax fibre layers, the compressive direction was parallel to the fibre layers.

8

Smart Mater. Struct. 26 (2017) 075013 X Gong et al



layers (figure 11). The 2 layer FFWs strengthened MRE with
80 wt% CI was prepared in this experiment. As shown in
figures 11(b) and (c), when the conductive direction was
parallel or perpendicular to the 2 layers of fibre, the resistance
achieved 8.9×105Ω or 2.3×108Ω without applied any
strain, which was 0.05 or 11.6 times of the pure MRE’s
(figure 11(a)), respectively. The particle-attached aggregation
structure in the direction of the fibre layers played a great role
in the circuit’s breakover, and the non-conductive flax fibre in
the perpendicular direction to the fibre layers played a great
role of insulation. Therefore, the electrical properties of
FFW–MRE were anisotropic (figure 12).

In addition, the conductivity of the FFW–MRE had a
significant response to the magnetic field and compressive
strain (figure 11(d)). For MREs, the nonlinearity under dif-
ferent magnetic flux density is mainly due to the nonlinearity
relationship between the interparticle conductivity and the
spacing between particles. When MRE was under 400 mT,
the spacing between particles is smaller than the one under
0 mT, so the first half of curves under 400 mT corresponded
to the second half of the curves under 0 mT. In the direction
of fibre layers, when the strain reached 20%, the resistance
was even as low as 2.7 kΩ, which was only 1/71 of the case
without fibres. And in the perpendicular direction to the fibre

Figure 10. Stress–strain curves of MREs under quasi-static tensile conditions: (a) with different flax fibre layers, the CI content was 50 wt%;
(b) with 0 or 2 layers of flax fibre, and different CI content. The tensile direction was parallel to the fibre layers.

Figure 11. The resistance of MRE under different external stimuli with 80 wt% of CI: (a) without flax fibre layers; (b), (c) with 2 flax fibre
layers, the compressive direction was perpendicular (b) or parallel (c) to the fibre layers; (d) under 0 and 400 mT of magnetic flux density.
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layers, the distance between the particles aggregated around
the fibre decreased rapidly under the magnetic field and
pressure, so the resistance transformed from smaller to larger
than that without the fibre layers. The above-mentioned ani-
sotropic electrical properties, can not only improve the sen-
sing ability in one direction, but also improve insulation in the
other direction perpendicular. The adjustable range of the
resistance was greatly improved by the stimulation of pres-
sure or magnetic field. The linearity does not preclude the
FFW–MRE from being a kind of potential sensor materials.
This problem can be solved by selecting a linear segment, or
by using a non-linear scale, or by designing a nonlinear
compensation for the circuit.

4. Conclusion

In this work, we developed an FFW doping method to
strengthen shear properties, compressive properties, tensile
properties and conductivity of the PDMS based MREs. The
gap among the strands of fibres could be well filled with
the PDMS-based MRE and the matrix combined well with the
fibres, thus both the layers’ number and inner structure
characteristic of the FFWs affected the final mechanical
behaviour. The CI particles can form aggregation structure
along the fibre direction through this method, which is more
convenient and environmental friendly in the industry. When
the shear direction was perpendicular to the fibre layers,
FFW–MRE had a structural enhancement in the shear direc-
tion. The more the CI content, the stronger the reinforcing
effect of the fibres on the matrix. The enhancement of MRE’s
mechanical behaviour not only depended on the interfacial
friction between the fibres and the matrix, but also on the
interaction between the fibre-bound matrix and the relatively
free matrix. The storage modulus of the restrained rubber was
larger than that of the free rubber. Because of the particles’
aggregation structures along the fibre direction, the magneto-
induced modulus was greatly enhanced. When the MREs

were under compression or tension, FFW significantly
improved the strength of the materials. The fibre structures
were more effective on matrix reinforcement than the parti-
cles. Due to the ordered particle aggregation structure, the
conductivity of the MRE increased when parallel to the
direction of the fibre layers. In the direction of fibre layers,
when the strain reached 20%, the resistance was even as low
as 2.7 kΩ, which was only 1/71 of the case without fibres. In
the vertical direction, insulation and adjustable range of
resistance were greatly improved.
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