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Abstract

®

CrossMark

This work reported a novel high performance flax fiber (FF) strengthened magnetorheological
elastomer (FF-MRE), whose mechanical property was improved by the unique three-dimension
(3D) topologic strengthening structure composed of flax fiber and perpendicular carbonyl iron
particles (CIPs) chains. Both the tensile and shear properties of this polydimethylsiloxane
(PDMS) based FF-MRE were obviously influenced by the content of CIPs and flax fiber layers.
In comparison to the anisotropic pure MRE, the tensile strength of FF-MRE with two layers of
flax fiber increased as high as 87%. Importantly, when the content of the CIPs was kept at

70 wt%, the magnetorheological (MR) effect reached 184%. It was found that the CIPs chains
were vertical to the flax fiber and the crosslink 3D topologic structure strengthened the PDMS
matrix. Under the external magnetic field, the relative MR effect increased with increasing of the
magnetic dipole-dipole interaction. Due to the enhanced stretch-ability, a flexible and magneto-
controllable gripper was developed based on the flax fiber strengthened MRE, which
demonstrated a delicate activity on actuation. This material is expected to have broad potential in
active control and intelligent actuator.

Supplementary material for this article is available online
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1. Introduction

Magnetorheological elastomers (MREs), whose mechanical
properties can be quickly and reversibly changed by applying
a magnetic field, have attracted increasing interests for their
broad applications in vibration absorber [1-6], dampers [7-9],
sensors [10, 11], actuators [12-16], and robots [17, 18].
Traditionally, the isotropic MREs consist of ferromagnetic
particles randomly distributed in the polymer matrix, while
the anisotropic MREs are prepared by dispersing magnetic
particles into polymer matrix and the magnetic particles
form chain-like or columnar structures to increase the
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magnetorheological (MR) effect [19, 20]. The MR effect
refers to the ratio of the magnetic induced modulus to the
initial storage modulus (AG/Gy). Under the external magn-
etic field, the magnetic particles interact with each other via
the magnetic dipole-dipole action and thus the polymer matrix
is strengthened. Therefore, the MR effect and mechanical
properties of the MRE can be controlled by varying the
assembling structures of magnetic particles and their further
interaction with polymer [21-23].

During the past decade, various efforts have been con-
ducted to improve the mechanical property of MRE by
modulating the polymer matrix, such as natural rubber
[24-26], silicon rubber [27, 28], the resin [29, 30], PU
(polyurethane) sponge [31], gels [32-34] and PDMS
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(polydimethylsiloxane) [35]. It was found that the poly-
urethane/silicone rubber hybrid MRE showed better MR
effect than that of MRE based on pure Si-rubber or PU matrix
[36]. Similarly, the curing process was also controlled to
enhance the MR effect and the tensile strength [37]. More-
over, when the crosslink ratio decreased, the zero-field
modulus (Gjp), magnetic-induced modulus (AG) and the
influence of Payne effect of the MRE had an increasing trend
[38]. As we know, the mechanical properties of the aniso-
tropic MRE in the direction vertical to the columnar structures
are stronger than those of the direction parallel to the
columnar structures. However, the tensile strength of the
MRE in the parallel direction is very important for their
practical applications. Unfortunately, most of the previous
researches were focused on vertical MR performance, but the
investigation on the parallel direction has not been well taken.

The three-dimensional (3D) scaffolds such as the sponge
and foam have been introduced into the smart materials to
improve the mechanical performance [39—42]. It is found that
the interconnected skeleton can not only maintain the elasti-
city but also strengthen tensile stress of PU sponge reinforced
MR material. The carbonyl iron particles (CIPs) were doped
into the PDMS matrix to form the porous sponge and final
MR-sponge exhibited high stretch-ability due to the flexible
3D bone structure [43]. Flax fiber is one of weaved natural
fibers which can be added as a strengthening additive to
composites because of the light weight and high stiffness. The
epoxy matrix composite reinforced with woven flax fiber
textiles showed a high fracture toughness and the PDMS-flax
fiber possessed wonderful shear, compressive and tensile
properties [44, 45]. As mentioned in the above analysis, the
CIPs can form chain-like structures in the MRE. Therefore,
the 3D scaffold consists of perpendicularly interacted flax
fiber and CIPs chains will be favorable in improving the
mechanical properties of MREs. In addition, the vertically
located flax fiber is also helpful for strengthening the parallel
directional mechanical behavior.

In this work, a novel high performance MRE with high
mechanical performance is designed by introducing the
unique 3D topologic structure composed of perpendicularly
interacted flax fiber and CIPs chains into the PDMS matrix.
The influence of factors (such as layers of flax fiber, content
of CIPs, pre-structure and vulcanization ratio) on the
mechanical properties are systematically studied. Both the
shear properties and tensile properties of the as-prepared have
been investigated. The proposed mechanism demonstrates
that the perpendicularly interacted flax fiber and the vertical
cross-link 3D topologic structure strengthen the PDMS
matrix. Due to the enhanced stretch-ability and magnetic field
dependent mechanical behavior, a flexible and magneto-
controllable gripper integrated with inner electromagnets is
developed. The advantages of real-time controllable, con-
venient operation and flexible movement endow the 3D
topologic MRE with wide application prospects in active
control and intelligent robots.

2. Experimental section

2.1. Materials

Polydimethylsiloxane (PDMS) produced by Dow Corning
Corporation (USA) was used as the matrix, and Sylgard 184
was used as the vulcanizing agent. The carbonyl iron particles
(CIPs, type CN) with average particle diameter of 3.85 um
produced by BASF (Germany) were used as ferromagnetic
particles and dispersed in the matrix. Flax fibers (Jiujiang
Yarnfan Textile Co. Ltd, China) contained 4 strands of fibers
per centimeter were used.

2.2. Experiments

First, 2 g vulcanization agent was added into 40 g PDMS
(20:1). Then, different CIPs with mass fractions (30 wt%,
40 wt%, 50 wt%, 60 wt%, 70 wt%) were introduced into the
above precursor. When investigated the effect of the vulca-
nization ratios, the CIPs mass fraction was controlled at
50 wt%, and the MR precursors with different vulcanization
ratios (10:1, 20:1, 30:1) were prepared using the similar
process. All the above materials were stirred with glass rod
for 10 min until they were blended homogeneously. After
that, the PDMS /CIPs mixture was dried in the vacuum oven
to eliminate bubbles for 15 min. Then, the mixture was
poured into the mold and spread homogeneously to the
position of 1 mm at the bottom of the mold. The flax fiber was
spread into the position of 2mm at the mold along the
longitudinal direction. Afterwards, the mixture was further
poured into the position of 3 mm at the mold to entirely cover
the flax fiber. Next, the other layer of flax fiber was laid on the
mixture matrix in the position of 4 mm, and then poured the
mixture precursor into the position of 5 mm at the mold. At
this time, the sample contained 2 layers of flax fiber was
prepared. The preparation method of flax fiber with different
layers contained in the matrix was similar to the above
method. After extracting the bubbles for 15 min in vacuum,
the specimen was ultimately located under the magnetic field
generator. It was pressed tightly and cured under 100 °C,
under applying a 1 T magnetic field with 15 min. Here, the
controllable samples with different CIPs mass fractions, flax
fiber layers, cured ratios were prepared using the similar
process.

In this work, the flax fiber strengthened MRE was
defined as FF-MRE under applying the magnetic field. The
FF-MRE without applying the magnetic field during the
preparation process was defined as FF-MRE-unpre. The FF-
MREs with different mass fractions of CIPs were defined as
FF-MRE-X, where X was the mass fraction. The FF-MREs
with different layers of flax fiber were defined as YFF-MRE,
where Y was the number of flax fiber layers.

2.3. Characterization

The microstructure of the MRE samples were observed by
environment scanning electron microscope (SEM, Philips of
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Figure 1. Preparation process of (a) FF-MRE; (b) The optical image of 2FF-MRE; (c), (d) SEM images of 2FF-MRE.

Holland, model XL30 ESEM-TMP) under 20kV. The hys-
teresis loop of the MRE was tested by Hysteresis Measure-
ment of Soft and Hard Magnetic Materials (HyMDC Metis,
Leuven, Belgium).

2.3.1. The test of rheological properties. The dynamic
mechanical properties of MRE samples were tested with a
modified dynamic mechanical analyzer (DMA, Triton
Technology Ltd, UK, mode Tritec 2000B). During the test,
a self-made electromagnet was applied with a variable
magnetic field from 0 to 800 mT. The magnetic field and
the shear stress were parallel and perpendicular with the
direction of the particle chains, respectively. The shear
amplitude was 0.1% and the frequency was from 10 to
40 Hz. In this experiment, the dimension of MRE samples for
dynamic mechanical tests was 10mm x 10 mm X 5 mm.
Each shear test was repeated at least 3 times and each result
was basically consistent, which could ensure the repeatability
and accuracy of the test results.

2.3.2. The test of tensile performance. An electronic
universal testing machine (MTS criterion 43, MTS System
Co., America) was applied for tensile fracture tests. The force
and displacement data were recorded to analyze the
mechanical properties of the MRE. The strain rate was
0.6 mm s_l, and the tensile length was set at 60 mm. In this
quasi-static tensile test, the dimension of MRE samples was

20mm X 4mm x 5mm for the central tensile area (ISO
37: 2005).

3. Results and discussions

3.1. Preparation and characterization of FF-MRE

Figure 1(a) illustrates the schematic diagram of FF-MRE
prepared by doping flax fiber into the PDMS based MRE:s.
During the preparation, the CIPs were uniformly mixed
within the PDMS precursor. After being spread on the flax
fiber, the PDMS was cured under applying an external
magnetic field. Therefore, the CIPs reassembled to form
chain-like structures along the direction of magnetic field and
they were vertical to the flax fiber plane. Figure 1(b) shows
the picture of the 2FF-MRE, which indicates the two layers of
flax fiber are well confined within the MREs. As shown in the
SEM images of the FF-MRE (figure 1(c)), the flax fiber bonds
well with the PDMS matrix and no obvious crackle is
observed in the interface. The high magnification SEM image
(figure 1(d)) indicates that the CIPs are assembled to form the
chain-like microstructures along the applied magnetic field.
More importantly, these CIPs chains are vertical to the flax
fiber, which agrees well with our hypothesis. Therefore, the
CIPs chains perpendicularly interact with the flax fiber to
form the 3D topologic structure within the PDMS matrix.
Originated from the soft magnetic CIPs, the FF-MRE is also
magnetizable. The FF-MRE with different CIPs mass frac-
tions can be saturated at a small magnetic field strength of
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Figure 2. (a) Magnetization of FF-MRE-unpre with different CIPs mass fractions; (b) Tensile properties of 2FF-MRE-50 wt% and MRE-50
wt%; Rheology properties of 2FF-MRE and 2FF-MRE-unpre: (c) shear storage modulus and (d) MR effect of 70 wt% pre and 70 wt% unpre.

400 mT. The saturation magnetizations (M) of FF-MRE-unpre
with different CIPs mass fractions are 62.7 emu g ' (FE-MRE-
unpre-30  wt%), 97.6emug ' (FE-MRE-unpre-40 wt%),
1123emug ' (FE-MRE-unpre-50 wt%), 127.2emug ' (FF-
MRE-unpre-60 wt%) and 148.5emug ' (FE-MRE-unpre-70
wt%), respectively (figure 2(a)).

Figure 2(b) shows the tensile stress-strain curves of 2FF-
MRE and pure MRE. The maximum tensile stress of 2FF-
MRE is 0.9 MPa which the corresponding fracture strain is
26%, while the maximum tensile stress value of isotropic pure
MRE is 0.4 MPa and anisotropic pure MRE is 0.5 MPa.
Obviously, the tensile strength of the 2FF-MRE is higher than
the pure MRE, which also indicates the mechanical perfor-
mance for the MRE is critically improved. Interestingly,
different from the stress drops to 0 MPa after tensile fracture
for pure MRE, the stress for the 2FF-MRE is reduced slowly.
The camera video indicates the PDMS based MRE matrix is
broken firstly during the tensile process (movie S1, S2 is
available online at stacks.iop.org/SMS/29/025010/mmedia).
Then, with further increasing the tensile strain, the stress slowly
decreased to 0 MPa with the flax fiber fractured. This analysis
demonstrates the adhesion between the flax fiber and matrix is
high, and flax fiber effectively improves the tensile strength of
FF-MRE. As a result, it can be concluded that the parallel
directional mechanical behavior of MRE has been successfully
strengthened by flax fiber.

Because of the the CIPs’ random dispersion in the FF-
MRE-unpre and the soft magnetic nature, the FF-MREs
presented typical rheological properties. Keeping the CIPs
mass fraction at 70 wt%, the shear storage moduli (G) of both
the 2FF-MRE-unpre and 2FF-MRE increase with the magn-
etic field (figure 2(c)). Meanwhile, the MR effect of the
2FF-MRE is also investigated. The relative MR effect of 2FF-
MRE is as high as 184% which is much higher than the 2FF-
MRE-unpre (36%, figure 2(d)). Since the chain-like CIPs
aggregations are in favor of increasing the magnetic dipole-
dipole interactions, the 2FF-MRE prepared by the pre-struc-
ture process exhibits a higher MR effect. Based on the above
analysis, it is found that FF-MREs show both high tensile
strength and wonderful magnetorheological performance due
to its unique 3D topological structure composed of perpen-
dicularly interacted flax fiber and CIPs chains.

3.2. Effect of CIPs mass fraction on the FF-MRE

Figure 3(a) is the SEM image of the 2FF-MRE-30 wt%,
which demonstrates the CIPs form chain-like structures and
they perpendicularly interact with flax fiber. When the CIPs
mass fractions further increase to 50wt% and 70 wt%
(figures 3(b), (c)), the CIPs chains distributed much more
densely in the matrix. Figure 3(d) illustrates the stress-strain
curves of 2FF-MREs with different CIPs mass fractions.
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Figure 3. SEM images of 2FF-MREs with different CIPs mass fractions: (a) 30 wt%, (b) 50 wt% and (c) 70 wt%; Tensile fracture images of
(d) 2FF-MRE, (e) 2FF-MRE-unpre and (f) comparison of tensile fracture process with 50 wt% and 70 wt% CIPs mass fraction.

When the CIPs mass fractions vary from 30 wt% to 70 wt%,
the maximum tensile fracture stress of 2FF-MREs gradually
increases from 0.6 MPa to 1.4 MPa. During the tensile pro-
cess, the crack propagation occurs firstly in the PDMS matrix
of 2FF-MREs. When the stress reaches a critical value, the
matrix is fractured completely during the stretching process.
At this time, the 2FF-MRE matrix is completely broken and
reaches the maximum tensile fracture stress but the flax fiber
is still not broken. Therefore, with further increasing of the
strain, the stress keeps a relatively stable stage. This stage
represents the stretching process of fibers in the PDMS

matrix. As soon as the fibers are stretched to the critical value,
they are fractured. In this case, the stress value suddenly drops
to 0 MPa.

Here, the tensile behaviors of FF-MRE-unpre, in which
the CIPs are randomly dispersed, are also investigated.
Similarly, a two fracture process is clearly observed in all the
samples (figure 3(e)). With increasing of the CIPs mass
fractions, the tensile fracture stress gradually increases, due to
the increasing of the CIPs chains. The slope of the stress-
strain curve before tensile fracture represents the Young’s
modulus. Typically, the Young’s modulus of FF-MRE-unpre
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increases with the CIPs mass fraction. Figure 3(f) illustrates
the comparison of tensile stress-strain curves of 2FF-MRE
and 2FF-MRE-unpre by keeping the CIPs mass fraction at
50wt% and 70 wt%, respectively. The maximum tensile
stress value of 2FF-MRE-50 wt% and 2FF-MRE-70 wt% is
0.9 MPa and 1.4 MPa, respectively, while the corresponding
value of 2FF-MRE-unpre are 0.6 MPa (50 wt%) and 1.1 MPa
(70 wt%). It is obvious that the CIPs exhibit the classic par-
ticle-strengthening effect, and the pre-structure process can
significantly improve the tensile properties of FF-MREs.
The maximum shear storage modulus of 2FF-MRE-
unpre increases from 0.2 MPa (30 wt%) to 1.4 MPa (70 wt%)
(figure 4(a)). As shown in figure 4(b), the maximum shear
storage modulus of 2FF-MRE significantly increases from
0.3MPa (30 wt%) to 3.9 MPa (70 wt%). Because of CIPs
chains, the mechanical properties of matrix can be improved
with increasing of the CIPs mass fractions. Moreover, the
magnetic particles form the chain-like structures during the
pre-structure process and the chains become denser with the
particles’ contents increase, thus the shear storage modulus
(G) of the MRE increases. The initial modulus (Gg) of 2FF-
MRE-unpre increases with the CIPs mass fraction
(figure 4(c)). As shown in figure 4(d), the initial modulus of
2FF-MRE significantly increases due to the formation of CIPs
chains in the pre-structure. Hence, the movability of the
polymer matrix is reduced and the matrix is hardened.
Figure 4(e) illustrates the magnetic induced modulus of
2FF-MRE-unpre with different CIPs mass fractions. The
magnetic induced modulus is defined as AG = G — G,,.
Since the shear storage modulus changing continuously under
applying the magnetic field, the AG also changes, demon-
strating the rheological properties of the material are
enhanced. By applying the magnetic field, the magnetic
energy of the material increases with the mass fraction of the
CIPs. In this case, the distance among the CIPs particles
decreases, so the magnetic induced modulus gradually
increases. As shown in figure 4(f), the magnetic induced
modulus of 2FF-MREs with different CIPs mass fractions is
0.1 MPa (30 wt%), 0.7 MPa (50 wt%), 2.6 MPa (70 wt%),
respectively. During the pre-structure process, the CIPs are
driven to assemble the chain-like structure. After the curing,
the external magnetic field is turned off, and the CIPs are
released to the balance under the interaction of elastic poly-
mer and CIPs dipolar-dipolar force. The CIPs reach the lowest
energy state without the magnetic field, thus the initial storage
modulus is relatively low. Once the magnetic field is applied
again, the CIPs chains become compact and the rheological
properties are significantly improved (figure S1, supplemen-
tary information). With increasing of the CIPs mass fractions,
the shear storage modulus of FF-MRE is obviously higher
than the FF-MRE-unpre due to the unique chain structures.

3.3. Effect of flax fiber layers on MRE properties

The influence of flax fiber layers on the mechanical properties
of FF-MRE properties is also explored. As shown in
figure 5(a), the maximum shear storage modulus of FF-MRE-
50 wt% increases from 1.1 MPa to 2.3MPa with the

incorporated flax fiber layer number rises from 0 to 4.
Keeping the CIPs mass fraction at 50 wt% (figure 5(b)), the
maximum shear storage modulus of isotropic pure MRE,
1FF-MRE-unpre, and 1FF-MRE is found to be 0.3 MPa,
0.6 MPa and 1.3 MPa, respectively. With the addition of flax
fiber, the flax fiber is firmly embedded in the matrix and
tightly bonded to the matrix. The shear storage modulus of the
isotropic MRE is increased and the strength of the matrix is
improved. In the pre-structure process, since the CIPs form
chain-like structures, the flax fiber penperdicularly interacts
with the CIPs chains to form the unique 3D topologic struc-
tures. The shear storage modulus of MRE is significantly
increased, and the mechanical properties of the material are
obviously improved. Figure 5(c) illustrates the corresponding
magnetic induced modulus of MREs, of which the isotropic
pure MRE-50 wt% is only 0.1 MPa and 2FF-MRE-50 wt% is
0.7 MPa. Compared to the isotropic MRE, after adding two
layers of flax fiber to the matrix, the shear storage modulus of
2FF-MRE mainly depends on the enhancement of the matrix
by the 3D topological structure and the binding interaction
between the flax fibers and polymer matrix. The movement of
the binding PDMS molecular chains is constrained, and the
shear storage modulus obviously increases. The experimental
results show that the magnetic induced modulus is increased
significantly and the rheological properties of MRE are
improved.

Figure 5(d) shows the magnetic hysteresis loop of
FF-MRE-50 wt% with different flax fiber layers. The M, of
MRE and 1FF-MRE, 2FF-MRE, 3FF-MRE, 4FF-MRE is
106.0emug ', 101.1emug ', 100.3emug ', 97.6 emug ',
97.2emu g ', respectively. Because the relative content of
CIPs decreases with increasing of the fiber layers under the
same volume, the magnetization density decreases slightly.
Interestingly, though the M, value reduces, the mechanical
properties of MREs are significantly enhanced by introducing
the flax fiber into the PDMS matrix. Through the above
structure analysis, it is found that the novel 3D topological
structures are formed in the FF-MRE by perpendicularly
interacted flax fiber and CIPs chains. With increasing of the
flax fiber layers, a more compact 3D topological structure is
achieved. In our work, too many flax fiber layers decrease the
MR effect due to increment the initial modulus of FF-MRE
(figures S2(a), (b)). Therefore, the 2 layers of flax fiber are
selected as the optimum experimental conditions.

3.4. Effect of vulcanization conditions on MRE properties

The vulcanization conditions, such as vulcanization agent
ratios and pre-structure time, also play important roles in
determining the mechanical properties of MRE. The polymer
matrix in the present MRE is PDMS, and the Sylgard 184 is
used as the vulcanizing agent. Figures 6(a)—(c) illustrate the
SEM images of 2FF-MRE-50 wt%, with different vulcani-
zation ratios ranging from 10:1, 20:1 to 30:1, respectively.
Before vulcanization, the PDMS macromolecule chains are
linear, and they form spatial network structures after the
vulcanization reaction. With increasing of the vulcanization
ratios, the density of PDMS macromolecules becomes more
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concentrated. When the vulcanization ratio is reduced, the
crosslinking nodes in the matrix are also reduced and the
movement of the PDMS molecular chains is enhanced.
Therefore, due to the weak binding force between the matrix
molecular chains, the particles are easy to move in the matrix
under the applied magnetic field. As a result, more compact
CIPs chain-like structures are obtained.

Figure 6(d) illustrates the influence of crosslink ratios on
the shear storage modulus of 2FF-MRE and 2FF-MRE-unpre
when the CIPs mass fraction is 50 wt%. When the crosslink
ratio is 30:1 and 20:1, the maximum shear storage modulus of
2FF-MRE-50 wt% reaches 1.0 MPa and 1.4 MPa, respec-
tively. When an external magnetic field is applied, the particle
motion in the matrix depends mainly on the amount of matrix
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wt% with different flax fiber layers.

binding force. When the crosslink ratio is high, the CIPs are
tightly confined within the PDMS matrix, and they are diffi-
cult to move the position in the matrix. As we all know, the
shear storage modulus is proportionally related to the cross-
link density. The higher crosslink ratio leads to more cross-
link nodes and larger binding forces are needed for CIPs to
overcome to move in the matrix. Therefore, the shear storage
modulus of MRE increases gradually by increasing the
crosslink ratio.

Flax fiber and CIPs form the 3D topological structure in
the FF-MRE and they surround parts of the PDMS matrix.
When the FF-MRE is subjected to the external excitation, the
external load needs to overcome the protection of the 3D
topological structure to reach the surrounded PDMS. The
PDMS which is located outside the 3D topological structure is
defined as free rubber, while the PDMS located inside the 3D
topological structure is defined as restrained rubber. The
initial modulus of MRE is depended on not only the 3D
topological structure, but also the effect of restrained rubber.
Therefore, with increasing of the crosslink ratio, the number
of restrained rubber gradually rises and the initial modulus
increases significantly (figure 6(e)). Figure 6(f) shows the

relative MR effect of 2FF-MRE-50 wt% and 2FF-MRE-
unpre-50 wt%. When the crosslink ratio of the 2FF-MRE-50
wt% is 20:1, the MR effect reaches 91%. However, the MR
effect is only 21% when the crosslink ratio is 10:1. This result
indicates that the improvement of the vulcanization ratio leads
to a gradual increase of the initial modulus, and decreases the
MR effect.

Keeping the magnetic field (1T) and temperature
(100 °C) as constants, the shear storage modulus of FF-MREs
prepared with 7 pre-structure time of 0, 3, 6, 9, 12, 15 and
30 min are investigated (figure 6(g)). Both the shear storage
modulus and initial modulus increase steadily with increasing
of the pre-structure time (figure 6(h)). For example, the initial
modulus is 1.0MPa (0Omin), 1.8 MPa (3 min), 2.2 MPa
(9 min), 2.3MPa (15 min), and 2.6 MPa (30 min), respec-
tively. When the crosslink ratio, CIPs mass fraction and flax
fiber layers are fixed, the pre-structure time becomes the only
factor affecting the CIPs motion and matrix structure. With
increasing of the pre-structure time, the number of restrained
rubber is increased and the chain-like structures become
denser. As shown in figure 6(i), the MR effect of 2FF-MRE-
70 wt% increases from 35% (0Omin) to 127% (15 min).
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However, the MR effect decreases to 109% when the pre-
structure time is 30 min. The cross-linking bonds are formed
when the cross-linkable free radicals react with the rubber
molecular chains. With increasing of the pre-structure time,
the initially formed cross-linking bonds undergo shortening,
rearrangement, cracking reactions, and the cross-link reac-
tions finally tend to be completed. When the pre-structure
time is 15 min, the matrix structure is stable and the cross-link
reactions are completed, forming the CIPs chain-like struc-
tures. Therefore, the high MR effect is achieved because the
3D topological structure becomes stable. When the pre-
structure time is longer than 15 min, there is a rearrangement
of the crosslink, but the main reaction is the thermal pyrolysis
reaction between the crosslinking bonds and the segments. As
a result, the mechanical properties of the matrix decrease and
this phenomenon is called over-curing. Therefore, when the
pre-structure time is too long, the over-curing phenomenon
results in the decreasing of mechanical properties.

The vulcanization conditions also affect the FF-MRE
performance. With increasing of the vulcanization ratios, the
mechanical properties of FF-MRE are enhanced significantly,
but the rheological properties decrease gradually. The CIPs
move freely in the matrix and completely form the chain-like
structures with the pre-structure time increases, which sig-
nificantly improve the mechanical properties of FF-MRE.
When the pre-structure time is longer than 15 min and enters
the over-curing stage, the rheological properties of FF-MRE
decrease, so the pre-structure time of 15 min is selected as the
experimental conditions.

In this study, the mechanical properties of FF-MRE are
essentially improved by the 3D topological structure com-
prising of the CIPs chain-like structures and the flax fiber.
Figures 7(a)-(d) show SEM images of the FF-MRE under
applying the magnetic field with different times. Clearly, the
particles are forced to assemble chain structures and the dis-
tribution of particle chains becomes much denser with
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chains-chains; (g) Comparison of tensile fracture of different materials.

increasing of the pre-structure time. In order to further
describe the formation of particle chains, figure 7(e) shows
the schematic of the time dependent chain-like structures
formed by CIPs. When the pre-structure time was O min,
particles were distributed randomly in the matrix. The CIPs
gradually aggregated and showed chain-like structures
(3min). The CIPs gradually formed chain-like structures
(9 min), which perpendicularly interacted with flax fiber to
form stable 3D topological structures within the matrix.
Meanwhile, the rubber entered in the flat stage of curing
(positive cured time). During this stage, the cross-linking
reaction tended to be completed, the reaction rate was alle-
viated, and the vulcanized rubber maintained the best per-
formance. When the pre-structure time was 15 min, the CIPs
were in the lowest energy state and the amount of restrained
rubber reached the maximum value, which illustrated the FF-
MRE was in the highest storage modulus state. With the pre-
structure time continued to increase, FF-MRE entered in the
over-curing stage. Figure 7(f) shows the CIPs motion under
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applying the magnetic field and the interaction of particles-
particles and chains-chains. The CIPs were gradually mag-
netized, and the particles attracted with each other. Then,
CIPs gradually formed chain-like structures with the pre-
structure time increased. After the formation of CIPs chains,
the interaction between the particle chains and the matrix kept
the relative balance of the CIPs chains under the external
magnetic field.

In order to investigate the effect of flax fiber on the
tensile properties of MRE in detail, the tensile tests of pure
flax fiber, pure MRE, PDMS package flax fiber and 1FF-MRE
were conducted. As shown in figure 7(g), the fracture forces
of a single flax fiber, 1 FF-MRE, PDMS packaged flax fiber,
and pure MRE are 37.7N, 33.3N, 22.7N, and 19.3N,
respectively. It is clear that the flax fiber plays the dominant
role in improving the parallel direction performance of MRE.
When the CIPs and flax fiber are simultaneously added into
MRE, the tensile fracture strain of 1FF-MRE is much smaller
than pure MRE, and the tensile fracture stress of 1FF-MRE is
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larger than pure MRE. As a result, the Young’s modulus of
1FF-MRE is much larger than pure MRE.

3.5. Designation of magnetic gripper based on the FF-MRE

Owing to the wonderful mechanical properties, the FF-MRE
has broad potential in smart devices such as a magnetic
gripper. Previously, the scholars fixed and energized the
electromagnet which could generate a variable magnetic field,
so that the gripper could be closed or opened by lifting the
gripper towards or away from the electromagnet. Differently,
this study installs small electromagnets at the root of the
gripper. As shown in figure 8, the gripper is made up of FF-
MRE with three pieces. The tip of each piece was bent to a
certain angle according to the actual situation to form hook-
like structures. The strength and bending angle of the gripper
can be adjusted by controlling the fiber layers and CIPs
content. The flaky samples are combined using a plastic rod to
make a flexible gripper. By controlling the applied current to
electromagnet, the real-time opening and closing function of
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the gripper is realized, and the goal of grasping and moving
object is achieved. The gripper is open in the natural state,
and the attraction of the magnetic field generated by ener-
gizing the electromagnet makes the gripper closed
(figures 8(a), (b)). Because the magnetic field is generated by
the root electromagnet of the flexible gripper, the gripper can
be moved to elsewhere according to the actual requirements.
Here, the illustrated gripper is only controlled by a on-off
switch and more control system approach involved in the
precise actuation is under studying. Figure 8(c) shows the
process of grabbing-moving-releasing a jujube by using the
FF-MRE gripper (movie S3). Firstly, the gripper is opened
from the natural state to grab the jujube and moved freely
until the power is turned off to loosen the object. The whole
process is completed without hindrance. The gripper is
composed of PDMS matrix, CIPs and flax fiber, which can
resist the high temperature and the acid and alkali corrosion
better. In addition, the gripper fabricated in this study is very
convenient in practical application, which can be applied to
some special conditions.
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4. Conclusion

In summary, a novel FF-MRE with excellent mechanical-
magnetic coupling characteristic is prepared by combining
CIPs, flax fiber and PDMS matrix. When the CIPs mass
fractions gradually increase, the initial modulus and magnetic
induced modulus of FF-MRE have been greatly improved. The
flax fiber and CIPs chains formed the 3D topologic structure
within the FF-MRE matrix, which largely improves the matrix
strength and mechanical properties of FF-MRE. Rheological
properties and tensile strength of FF-MRE are obviously
enhanced with increasing of the flax fiber layers. The vulca-
nization ratio affects the cross-link density of matrix, and fur-
ther improves the strength of matrix. With the 3D topological
structure, the number of restrained rubber gradually increases,
which enhances the matrix strength and mechanical properties
of FF-MREs. Under the condition of pre-structure, the vertical
interaction of flax fiber and particle chains is more obviously,
thus the matrix is strengthened. With increasing of the pre-
structure time, the chain-like structures in the matrix become
denser and the MR effect increases under the optimum con-
dition. Due to the high mechanical property, the FF-MRE can
be extended in active control and intelligent actuator, such as a
flexible and controllable gripper.
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