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Abstract: Magnetorheological elastomer (MRE), which is capable of exhibiting magnetostriction in
the presence of a magnetic field, has a great potential to be used for the development of sensor
devices. Unfortunately, to date, many works focused on studying low modulus of MRE (less than
100 kPa) which can hamper their potential application in sensors due to short lifespan and low du-
rability. Thus, in this work, MRE with storage modulus above 300 kPa is to be developed to enhance
magnetostriction magnitude and reaction force (normal force). To achieve this goal, MREs are pre-
pared with various compositions of carbonyl iron particles (CIPs), in particular, MRE with 60, 70
and 80 wt.% of CIP. It is shown that both the magnetostriction percentage and normal force incre-
ment are achieved as the concentration of CIPs increases. The highest magnetostriction magnitude
of 0.075% is obtained with 80 wt.% of CIP, and this increment is higher than that of moderate stiff-
ness MRE developed in the previous works. Therefore, the midrange range modulus MRE devel-
oped in this work can copiously produce the required magnetostriction value and potentially be
implemented for the design of forefront sensor technology.

Keywords: magnetostriction; magneto-deformation; magnetoactive elastomer; normal force;
hysteresis; magnetorheological elastomer

1. Introduction

In recent years, there is a constant demand for soft sensors which innately possess
desirable features such as high durability and flexibility yet being resilient and robust.
The design and development of these soft sensors will therefore warrant searching for
appropriate smart materials to overcome some of the limitations of the constituent mate-
rials of solid sensors. Among the types of smart materials available to date, magnetorhe-
ological elastomer (MRE) has the potential to be implemented in soft sensors due to its
ability to adapt to multiscale and dynamic deformations, mechanical compliance and the
exceptional magnetostriction phenomenon that is sensitive to the strength of a magnetic
field. Magnetostriction phenomenon, or commonly denoted in the literature as magneto-
striction [1,2] can be defined as a change in physical dimensions in the presence of a mag-
netic field. This alteration in dimensions includes a contraction or an elongation, a process
within the materials which involves converting the electromagnetic energy into mechan-
ical energy. Both MRE and crystalline ferromagnets display a magnetostriction effect
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when subjected to a magnetic field. However, the underlying process of such length-
changing behavior defers between both materials. In crystalline ferromagnets, the mag-
neto-strain coupling is caused by the quantum spin—orbit interaction [3]. On the other
hand, the basis of such effect in MRE is the restructuring or rearrangement of the particles
embedded within the matrix to align in the direction of the magnetic field. The degree of
elongations and deformations of MRE is largely depending upon the stiffness character-
istics of the elastomeric matrix and the magnetic properties of the embedded particles.

Taking into account the variation of probable matrix-particles combinations, previ-
ous works on MRE’s composition such as the compliance of the elastomer matrix, volume
fraction and distribution of the particles have been conducted in order to fine-tune its
magnetostriction response. Among all possible material compositions, a combination of
Terfenol-D (TD) particles and Epoxy matrix accounted for the majority of research work
on the magnetostriction effect in MRE [4-8]. Such material combination was reported to
produce a magnetostriction value up to 0.15% [8]. However, this value was lower than the
monolithic form of TD (0.3%) [9]. Other studies have combined polyurethane (PU) elasto-
mers with TD [10] due to better degradation stability than natural rubber and obtained a
maximum saturation magnetostriction value of 0.0813% at an applied magnetic field of
0.5 T [11]. Despite the MRE based on TD producing a massive magnetostriction value,
some works have combined Galfenol (Fe—Ga) with epoxy and PU matrix [12-14] due to
lower cost than TD and showed that the value of saturation magnetostriction could reach
above 0.03% [15]. Most recently, a combination of iron, cobalt and vanadium (FeCo-2V)
was used as the particles to fabricate MRE and obtained magnetostriction value of 0.3731%
[16]. In addition to the aforementioned MRE composition, some works have crosslinked
micron-sized iron particles with silicone rubbers and produced varying magnetostriction
strain. Iron particles are commonly used for MRE and known for their high permeability
[17], high saturation magnetization [18] and low remanent [19], while silicone rubber pos-
sesses excellent aging properties [20], good thermal and processability [21,22], as well as
their low modulus that manages to facilitate the magneto-mechanical interaction [23]. One
kind of silicone rubber, which has been every so often adopted as the matrix of MREs in
the recent works is polydimethylsiloxane (PDMS). This is due to the excellent adhesive
property with iron and low viscosity of its precursor and thus promoting homogeneous
particles distribution and ease of MRE fabrication, while also avoiding the possibility of
particle agglomeration [24-27].

Research works pertaining to magnetostriction of MRE based on iron particles and
silicone rubber (SRFE) can be found in the literature, and the trend over the year suggests
utilizing low-modulus elastomer in order to augment the magnetostriction magnitude,
while lowering the magnetic field imposed. As far as particle distribution is concerned,
orientation of chain-like structure (anisotropic) produces higher magnetostriction than
random isotropic. Bednarek [28] was the earliest pioneer to study MRE based on SRFE
more than 20 years ago and reported a relative magnetostriction of about 1% in magnetic
fields up to 8 T using silicone rubber with elastic modulus of 0.25 MPa. Afterward, a sim-
ilar author [29] incorporated pores in the MRE (foam-like) and obtained the maximum
magnetostriction of 4.81%. In another study, Guan et al. [1] studied the magnetostriction
on isotropic and anisotropic MRE based on SRFE with three different particle volume
fractions (15, 20 and 27 vol%) and observed a maximum magnetostriction of 0.0184% for
the anisotropic MRE and 0.0134% for the isotropic MRE. From this point onwards, many
studies on magnetostriction of MRE seem to employ low stiffness in their samples. This
was demonstrated by Abramchuk et al. [30], at which higher magnetostriction magnitude
(11.6%) was achieved than previous studies in a MRE based on SRFE with storage modu-
lus of 13.5 kPa. Later on, Diguet et al. [31] also used low storage modulus silicone rubber
(47 kPa) to fabricate an isotropic MRE, and were able to produce a magnetostriction mag-
nitude of 9.2%. The trend of using low stiffness MRE was continued by Saveliev et al. [2],
in which they obtained the largest measured magnetostriction in MRE based on SRFE
(approximately 20%). Such large magnetostriction value is made possible due to the low
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modulus of MRE. The MRE, which is made of PDMS matrix along with other additives
such as plasticizer, has a storage modulus of 30 kPa. They also investigated the effect of
the MRE storage modulus on the magnetostriction by fabricating three samples varying
in modulus (30, 40 and 50 kPa) and concluded that magnetostriction increased with de-
creasing modulus of MRE, where the particles’ orientation in a chain-like structure influ-
enced the magnetostriction considerably.

All of the aforementioned works on low-modulus MRE are known to use some form
of additives to reduce the stiffness of the matrix. In fact, the fabricated MRE samples have
disproportionately lower modulus than the bare silicon rubber. As an example, the low
storage modulus of MRE obtained in the work of Saveliev et al. [2] is actually significantly
lower than the bare PDMS. Lotters et al. [32] reported that the storage modulus of PDMS
fabricated with the standardized ratio of 10:1 with its curing agent was 250 kPa. Such
value of storage modulus is expected to increase when magnetic particles are added to the
PDMS to fabricate the MRE without using any form of additives such as plasticizer or
chain extender modifier. Indeed, it has become apparent that the nature of magneto-
striction behavior of MRE is significantly affected based on the constituent materials, par-
ticles” concentrations, distribution and sample shape as well as the elastic modulus of the
polymer matrix. Although the use of the low modulus of MRE can produce higher mag-
netostriction value [2], problems such as short lifespan and low durability should arise
when integrating the MRE in some high-performance sensor application [33]. As an ex-
ample, for a multi-fingered sensor hand of a robot which is required to dexterously grasp
and manipulate an object, the use of low modulus of elastomer may cause handling prob-
lems and be unable to bear a larger load due to unstable structure, and thus limiting the
application to relatively light and soft objects only [34,35]. Additionally, the majority of
works on magnetostriction of MRE based on SRFE focuses on the study of a low stiffness
elastomer. The popularity of utilizing soft silicon rubber has limited the investigation of
MRE with storage modulus higher than 300 kPa. In fact, reported storage modulus values
of MRE based on SRFE in the literature range from 13.5 kPa [30] to 200 kPa [1,36] while
Young’s modulus takes values from 0.25 [29] to 1100 MPa [7] in magnetostriction studies.

A higher storage modulus indicates that the material can store more energy. As an
example, at very low frequencies, the rate of shear is very low, and hence, the capacity to
retain the original strength of the media is very high. The rate of shear increases as the
frequency and amount of energy input to the polymer matrix chains are increased. Be-
cause the storage modulus determines a polymer matrix’s solid-like character, the higher
the storage modulus, the more difficult it is to break down the polymer matrix and pro-
long its durability performance. After removing the applied force, material flow recovery
will be greater than a smaller storage modulus value. Taking these points into considera-
tion, the magnetostriction of MRE based on SRFE with storage modulus above 300 kPa is
an important matter worthy of investigation. Therefore, this paper presents a set of exper-
iments to study the magnetostriction of MREs with storage modulus above 300 kPa. In
order to achieve this target, MRE samples are made utilizing polydimethylsiloxane
(PDMS) silicone rubber with different weight fraction of the CIPs, followed by the mor-
phology investigation to show the microstructure characterization. Then, the field-de-
pendent magnetostriction and normal force of MRE samples are evaluated and the results
are discussed in the sense sensor applications.

2. Materials and Methods
2.1. Material and Preparation of MRE

The matrix material used to fabricate the MRE samples was polydimethylsiloxane
(PDMS) silicone rubber from SYLGARD™184 (The Dow Chemical Company, Midland,
MI, USA). The base matrix consisted of two parts, a curing agent and a low viscosity of

liquid silicone rubber (base agent) which smoothen its fabrication process and handling.
The density of PMDS-based matrix is 1.1 g/cm?. The particles that used the MRE were
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carbonyl iron particles (CIPs) type OM from BASF (Germany). The CIPs had an average
diameter of 5 um with a spherical shape and were a type of soft magnetic particle. The
CIPs’ density was approximately 7.874 g/cm? and the purity of iron in the CIPs was high
(99.9%). This type of CIPs was reported to have high saturation magnetization, high per-
meability and low remanent magnetization [37-39]. The experimental procedure for fab-
ricating the PDMS-based MRE is as follows. Firstly, the base agent and hardener of PDMS
at a weight ratio 10:1 was firstly mixed evenly using a mechanical stirrer at room temper-
ature for about 10 min. Then, the CIP was added to the mixture and stirred sufficiently for
another 10 min. The final mixture was poured into a mold to ensure a 1 mm thickness of
samples. The mold then was placed into a vacuum chamber for 30 min to eliminate the
unwanted bubbles. The curing process was carried out in an oven at 100 °C for approxi-
mately 35 min without the presence of a magnetic field and the mold was left to cool down
before removing the MRE sheet from the mold. Afterward, the MRE sheet was cut using
a hole puncher into a circular shape with a diameter of 20 mm and thickness of 1 mm for
magnetostriction measurements. In this research, three different samples varying in CIPs
weight concentrations (60, 70 and 80 wt.%) were prepared. The CIPs concentrations was
measured in weight percentages relative to the total weight of the sample. In an effort to
meet the selection criteria (storage modulus of MRE above 300 kPa), initial tests were per-
formed on the prepared samples to determine the storage modulus. The range of storage
modulus varies from 350 up to 743 kPa depending on the CIP content in the MRE sample.
Table 1 summarizes CIP and PDMS compositions of the fabricated MREs and their respec-
tive storage modulus.

Table 1. Details on the proportions of components and storage modulus of MRE samples.

Samples Particle’s Weight (%) Sylgard 84 (10:1 wt%) Storag((;_dl:/; ())dulus
MRE 60 wt.% 60 40 350
MRE 70 wt.% 70 30 680
MRE 80 wt.% 80 20 743

2.2. Microstructure Observation and Magnetostriction Measurements

Field-emission scanning electron microscopy (FESEM) (JEOL JSM 7800F, Japan) was
used to observe the microstructure of PDMS-based MREs. For FESEM, the samples were
sliced into extremely small pieces (5 x 1 mm) and coated with a thin layer of gold prior to
perform the analysis in order to prevent charging of the surface and to provide a homo-
geneous surface for analysis and imaging. The cross-section of the samples was examined
at an acceleration voltage of 2 kV under magnifications up to 1200x. Magnetostriction
measurements were conducted using a commercial rheometer (Modal: Physica MCR302,
Anton Paar, Graz, Austria equipped with a MR device (MRD 170/1 T). The intensity of the
magnetic field was controlled by adjusting the current applied to the electromagnetic coil.
The MRE samples were placed between a parallel base plate and the pedestal. The mag-
netic field was generated perpendicular to the disk plane and going through the samples.
In order to ensure a homogeneous magnetic field is being applied on the MRE sample, the
two-part metal cover was used to close the magnetic generator (MRD 170 controller). Fig-
ures la,b show the schematic of the rheometer (MCR302) and the two-part metal cover
(MRD 170 controller). It is noted that the H vector arrows representing the flow of mag-
netic field shown in Figure 1 are an idealized concept of magnetic flow within the rheom-
eter and do not indicate field concentration areas. This kind of ideal working condition to
illustrate the magnetic flow within the rheometer is normally provided by the rheometer
manufacturing company (Anton Paar in this work). In addition, it is remarked that the
research on the simulation of actual field flow is beyond the scope of this work.

The magnetostriction measurement was carried out as follows. The current (I) was
set using the computer and supplied to the electromagnet coil to generate a uniform
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magnetic field, H on the MRE. The current between 0 to 3 A was varied to achieve mag-
netic field excitations in the range of 0 to 0.6 T during the tests. Table 2 describes the cur-
rent magnitude relative to the magnetic field. The change in length (Al) of the sample
(magnetostriction) was detected by the parallel base plate and determined from the dif-
ference between the initial (I) and the final length of the sample as given in Figure 1c. In
comparison with the most commonly used strain gauge method, magnetostriction meas-
urements via rheometer method are tailored toward samples having extremely thin thick-
ness (approximately 1 mm) and being small in diameter. In such cases, attachment of a
conventional strain gauge to a soft and small MRE can possibly alter its deformation and
magnetostriction measurement. Conversely, the existing strain gauge method may work
well for classical magnetostrictive materials which are usually relatively rigid (the elastic
modulus is in range of 10" Pa).

Normal force sensor

Electromagnetic coil

Pedestal

Figure 1. Experimental set-up of magnetostriction measurement (a) Schematic illustration of rhe-
ometer, (b) the two-part metal cover (MRD 170 controller) and (c) schematic illustration of the MRE
under a magnetic field: H is the magnetic field intensity, [ is the length of sample.

Table 2. The current magnitude relative to the magnetic field.

Current (A) Magnetic Field (T)
0 0
1 0.21
2 0.39
3 0.61

3. Results and Discussion
3.1. Morphology Characteristic

Figure 2 shows the cross-section surface imaging for all three microstructures of the
MRE samples. A random distribution of CIPs which forms an isotropic structure was ob-
served homogenously distributed and well embedded within the elastomer matrix. How-
ever, some voids seemed to appear as well. Figure 2a represents the MRE with 60 wt.%
with a little agglomeration of CIPs, though the level of agglomeration as well as voids
increase with higher CIP concentration. The same observation is noticeable in Figure 2b,c
for samples with 70 and 80 wt.% CIPs, respectively. Furthermore, the higher concentration
of CIPs in MRE, the denser the matrix was occupied with CIPs, indicative of lesser space
and closer distance between CIPs.
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Figure 2. Microstructure of PDMS MREs under magnifications of 1200x with CIPs of (a) 60, (b) 70,
and (c) 80 wt.%.

3.2. Effects of Particles’ Weight Percentage on Magnetostriction of MRE

In general, a particular feature of the material employed in sensors is the ability to
produce a reaction force in order to interact with the external stimulus and to generate
movement. In this study, when the MRE sample was under the presence of magnetic field,
the CIPs embedded within the matrix rubber become magnetized. Concurrently, the mag-
netic moments of the CIPs tended to rearrange themselves to be realigned in the direction
of the applied magnetic field. This resulted in interaction between the CIPs and the form-
ing of a chainlike structure, which consequently led to deformation or magnetostriction
of MRE. An induced/reaction force, which is also called a normal force, was generated at
the same time. Thus, to better understand the reaction force of the material, the normal
force was studied alongside the magnetostriction under various strengths of magnetic
field (from O to 0.6 T). The graphs of magnetostriction and normal force as functions of
magnetic fields are presented in Figure 3.

2.0- & 60% = 70% & 80%

Normal Force (N)

T T
0.2 0.4 0.6 0.0 0.2 0.4 0.6

Magnetic Field (T) Magnetic Field (T)

(a) (b)

Figure 3. The curves of (a) magnetostriction and (b) normal force versus the magnetic field with
various concentrations of CIPs.

The curves of magnetostriction as shown in Figure 3a show that all MRE samples are
experiencing an increase in magnetostriction under the influence of a magnetic field, in-
dicative of the fact that the samples were elongated. The general behavior of such an in-
crease in magnetostriction can be divided into three main stages. In the initial state, all
MRE samples have not exhibited magnetostriction when a magnetic field was first im-
posed until up to approximately 0.1 T. A similar occurrence has been reported in the past
work [2] and such benign effects may be attributed to the higher constraining force of the
elastomer matrix than the magnetized CIP in MRE, which prevents magnetostriction from
occurring at a low magnetic field. From 0.1 until 0.3 T, there was a slight increase in mag-
netostriction for all MRE samples, and at this range of magnetic field, the magnetostriction
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curves almost coincided, which was the indication of similar increasing rate. A magnetic
field of 0.3 T marked the onset of diverging curves of magnetostriction, where after that
point, MRE 80 wt.% displayed a steeper increase in magnetostriction than MRE 70 and 60
wt.%. The magnetostriction curves culminated at a magnetic field of 0.6 T with MRE 80
wt.% exhibiting the highest magnetostriction value (0.075%), followed by the MRE 70
wt.% (0.05%) and MRE 60 wt.% (0.04%). By comparison, the magnetostriction value ob-
tained in this study has shown an improvement of 4.5-fold compared to the previous
study [1] for similar CIPs structure (isotropic) and 3-fold for the aligned CIPs (anisotropic),
while applying 25% less maximum magnetic field.

On the other hand, Figure 3b shows the change of normal force as a function of a
magnetic field. Overall, all MRE samples with various CIPs weight concertation demon-
strated a gradual increase in the normal force as the magnetic field was increased. Such
an increasing trend was interestingly analogous to the increase in magnetostriction value
as increasing the magnetic field. The rate of increase, as well as the curves’ steepness of
the normal force, were qualitatively similar to the magnetostriction curves. The MRE with
80 wt.% of CIPs generated the highest maximum normal force, which was larger than 1.5
N at 0.6 T. Such force was approximately 40 and 70% higher than the MRE sample with
70 and 60 wt.%, respectively. In terms of sensitivity of the MRE material, the sample with
60 wt.% CIP demonstrated a high sensitivity towards the normal force, which was capable
of detecting as low as 0.01 N at 0.072 T and thereby making it suitable for sensor applica-
tions, since high sensitivity is required during usage. Table 3 summarizes the relative
magnetic field required of all samples to detect a normal force of 0.01 N.

Table 3. Summary of the sensitivity of the MRE material to detect 0.01 N.

Samples Magnetic Field (T)
MRE 60 wt.% 0.72
MRE 70 wt.% 0.74
MRE 80 wt.% 0.78

The different rates of increase in magnetostriction and normal force at different in-
tensities of magnetic field could be attributed to the critical value of the magnetic field
strength [40,41]. At the initial state, the elastic interactions of the matrix were more domi-
nant than the magnetic interactions (between the magnetized CIPs) due to the magnetic
field strength being lower than the critical value. This led to restrictive movement of CIPs.
This phenomenon has been observed in [40] and was explained by the fact that the mag-
netically-induced CIPs were insufficient to overcome the elastic energy barrier of the elas-
tomer matrix in order to elongate. At a certain critical value of the magnetic field strength,
the elastic interactions were comparable with magnetic interactions. As the magnetic field
exceeded a particular threshold of magnetic field (higher than the critical value), the mag-
netic interaction was prevailing over the elastic interactions, which accelerated the move-
ment of CIPs for realignment process. As a result, the rate of increase in magnetostriction
and normal force became faster. Figure 4 presents a comparison of the magnetostriction
magnitude with other previous studies regarding the storage and Young’s modulus of
MRE. To some extent, the difference in the constituent materials, particles’ concentrations,
distribution and the imposed magnetic field on the MRE made fair and direct comparison
between results difficult. However, a superficial analysis of the orders of magnitude of
the magnetostriction and the respective modulus of the MRE revealed appealing results.
As shown in Figure 3, the magnetostriction values in the present work are nearly 0.08%
with storage modulus of 743 kPa, which well eclipses the previous results. Thus, it indi-
cated that the aspect ratio of a sample could affect the magnetostriction of MRE to a certain
degree. Additionally, the range of storage modulus from 300 to 750 kPa was an ideal range
for potential applications in force sensors [42,43] and actuators [44-46], since moderate
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stiffness could ensure high durability of the sensor device, while maintaining sufficient
magnetostriction magnitude.

0 10|OO 20|OO 30|00 40|00

@ This work

0.08

0.06
(5]

0.04

[7]
0.024 oL 36]

Magnetostriction (%)

(4]

0 200 400 600 800

Storage modulus (kPa)

Figure 4. Comparison of magnetostriction obtained versus the storage/Young’s modulus [1,4-7,36].

It is remarked here that the distribution of the CIP would affect the magnetostriction.
A couple of the previous works have reported that pre-aligning the CIPs along the direc-
tion of magnetic field would increase the magnetostriction value, whereas pre-aligning
the CIPs in the transverse direction would decrease the magnetostriction value. However,
this phenomenon has not always been the case, since other works demonstrated lower
magnetostriction value compared to random distribution. This is attributed to the increase
in MRE stiffness, which inhibits elongation.

3.3. Normal Force under Cyclic Magnetic Loading at Different Strains

The following sets of experiments were designed from the viewpoint of practical sen-
sor applications. Such experiments could be used to evaluate the reusability and repro-
ducibility of the generated normal force of the MRE. In order to simulate the material used
under real settings, the MRE was subjected to continuous cyclic increase and decrease in
the magnetic field between the maximum field amplitude (H = 0.6 T) and zero magnitude.
The stepwise increase and decrease in the magnetic field were consecutively repeated sev-
eral times (10 cycles of stepwise increase and decrease) at shear strain of 0.01%, 0.1% and
1%. In addition, previous works have reported that hysteresis phenomena such as storage
and loss modulus and magnetostriction were evident in MRE [40,41,47,48]. Therefore, it
should be expected that there would be hysteresis in the normal force as well. In this sec-
tion, the MRE of 80 wt% was chosen for a further hysteresis analysis since it showed the
highest normal force value. Figure 5 shows the change in normal force of MRE with 80
wt.% CIP as function of stepwise magnetic fields between zero field and 0.6 T. The color
transition from light to dark blue of curves denoted the stages of the cyclic experiment,
where the light and the dark colors indicated the initial and final stage of the magnetic
cycle, respectively. In Figure 5a, the relative curve of increase and decrease in normal force
as a result of the imposing and removing of a magnetic field is evidently nonlinear. The
path corresponding to the ascending and descending of normal force as a function of mag-
netic field at strain amplitude of 0.01% differs, indicative of hysteresis behavior in the
MRE material. It is observed that the descending branch of normal force was larger than
the ascending branch. Qualitative comparison between the initial and each subsequent
cycle of magnetic field loading showed the curves shifted upward and tended to reach
saturation in the last few cycles. At strain amplitude of 0.1%, the change in normal force
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Normal Force (N)

as a function of magnetic load has similar characteristics to the strain of 0.01% as given in
Figure 5b. It is seen that the normal force at strain amplitude of 0.1% increases with the
increasing magnetic field intensity and decreases with decreasing magnetic field intensity.
Overall, all curves’ shapes of ascending and descending of normal force were reproduced
very well for the three-shear strain imposed. A quantitative comparison between every
cycle of magnetic field showed little variations in patterns of ascending and descending
of normal force. The maximum normal force, however, decreases with increment of shear
strain, and this was due to the shear stress on the MRE material. With increasing shear
strain, the inter-CIPs distance decreases and under the influence of a magnetic field, the
magnetic moment in every CIP was induced and rotated. As a result, CIPs tended to align
in the direction of the external magnetic field and induced an attraction force within each
CIP. The closer distance between CIPs led to a greater force of attraction between the CIPs.
However, at a larger shear strain, the structure formed between the magnetized CIPs
might break and consequently reduce the elastic energy boundary. Previous works [49,50]
have reported that the elastic modulus of MRE decreases with increasing shear strain, and
this caused the normal force to decrease as well.

0.6

End End
z
)]
2
)
L
©
£
o

Start z

0.6
Magnetic Field (T) Magnetic Field (T)
(a) (b)
0.6 End

Normal Force (N)

Start

Magnetic Field (T)

(c)

Figure 5. Comparison of normal force at shear strain of (a) 0.01%, (b) 0.1% and (c) 1% versus the
magnetic field.

Similar phenomenon such as the descending branch of normal force above the as-
cending branch could also be seen, as well as the upward shift of normal force curves as
the number of loading cycles increases, though the maximum normal force value de-
creases to nearly 0.4 N when imposing higher shear strain (0.1%) than previous shear
strain amplitude (0.01%). In addition, increasing the shear strain amplitude to 1% hardly
affected the curve of normal force as given in Figure 5c. Regardless of whether the com-
parative basis was the nonlinear shape of the ascending and descending of normal force
or the pronounced upward shift of normal force curves with the increase in loading cycles,
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the MRE material nonetheless exhibited hysteresis phenomenon at a strain amplitude of
1%. The increase in strain amplitude from 0.1% to 1% resulted in lower magnitude of
maximum normal force (slightly above 0.3 N at 1% strain), and while this figure was con-
sidered the lowest maximum normal force among all shear strain amplitudes, the highest
maximum normal force was evidently produced at strain amplitude of 0.01% (slightly
above 0.5 N). In order to quantify the hysteresis phenomenon in MRE, the employment of
the changes of the maximum normal force (A) during the course of increasing/decreasing
in the magnetic cycles was examined. In particular, the shift, A, is calculated by subtracting
the relative maximum normal force in the nth (F») from the maximum normal force (F1) in
the initial cycle. The total subtraction value (AF) is then divided by Fi. The constitutive
equation to determine A is given by:

A = (Fa—F1)/Fy, (1)

Figure 6 shows the curves of parameter A, which commendably reflects the changes
of the maximum normal force of MRE in the magnetic cycles for the three different strain
amplitudes imposed. For all three data sets, the parameter A tended to grow with the con-
tinuous increase in number of cycles until a saturation point was reached. At shear strain
of 0.01%, the increases of parameter A were measured on the order of 18% and saturated
at the 7th cycle. Meanwhile, under the shear strain of 0.1%, the curves of parameter A
demonstrated an almost similar growth trend to the strain of 0.01%, though the former
marginally instigated a larger shift of normal force magnitude (about 5% higher).

-~ 0.01% = 0.1% =+ 1%

304

20

A%

104

Cycle

Figure 6. Dependence of the parameter A on the number of cycles loading.

Significant changes could be seen within the first cycle and only moderate changes
(3%) for the following cycles. A linear increase in parameter A could also be observed with
the corresponding rates of its growth per cycle, which was approximately 3% from the
second cycle up to the saturation point (7th cycle). The hysteresis nature of the MRE was
more prevalent under shear strain of 1%, with parameter A measuring a larger value than
its counterpart (about 8% higher than 0.1% strain and 14% higher than 0.01% strain). Fur-
thermore, at 1% shear strain, the parameter A continued to grow after the 7th cycle and
saturated much later at the 9th cycle. The high magnitude of A indicated that the displace-
ment of interfacial slipping between the CIP and the matrix was large enough to warrant
shifting of maximum normal force, and that the relative shift of maximum normal force
accumulated with the increases of cyclic loading. A comparison between the first cycle
and second cycle has a significant increase in parameter A for all values of shear strain and
such behavior was more predominant with higher shear strain. A considerable change of
A in between the first cycle and second cycle were congruent with the initial
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(increasing/decreasing magnetic field) curve of normal force from the subsequent cycles
as depicted in Figure 6. Similar phenomena have been reported for magnetic hysteresis
behavior [51], dynamic modulus [40], normal force [40,48] and dielectric permittivity [52].
A large change of A between the first and second cycle implied that principal restructuring
of the CIPs occurred during the first cycle, which resulted in major shift of maximum
normal force, but minor in the subsequent cycle. The underlying reason for the hysteretic
behavior in MRE could be attributed to the dependence of CIPs restructuring/restructur-
ing on the history of magnetic loading-unloading.

An examination on the CIP’s state of motion might reveal what likely transpires on
the microscale level and possibly explain the working mechanism behind the MRE hyste-
resis phenomenon. Theoretically, the MRE hysteresis phenomenon was related to the
transition of phases of the continuous loading cycle. At zero magnetic field, the CIP and
matrix of the MRE were in equilibrium, and when exposed to a magnetic field, the CIP
tended to move along the direction of the magnetic field from its initial position, while
being pushed by the attraction from the nearest neighboring CIP. The distance between
the CIP and its origin position grew, while the distance between CIPs closes and the CIPs
interacted. As a result, the elastomer molecular chain stretched longer, producing a mag-
netostriction effect in the MRE sample. Correspondingly, as the magnetic field was grad-
ually decreased to zero from its maximum value with a constant shear, the CIP was in-
clined to return back to its initial position driven by the elastic force of the elastomer ma-
trix. The CIP, however, has not immediately returned to its initial position, but relocated to
a new position, which led to some remanent appearing. This caused the initial value of nor-
mal force to shift as compared to the previous cycle. Over the course of continuous cyclic
ascending and descending of the magnetic field, the remanent along with the stretching of
the elastomer molecular chain grew, thus shifting the maximum normal force to a higher
value until a state of saturation was achieved. Additionally, larger shear strain caused larger
bond rupture between the CIP and the polymer matrix, which was an interesting corollary
to the increase in distance between the CIP and its initial positions. Consequently, the dis-
placement of interfacial slipping between the CIP and the matrix was also increased with
larger shear strain, and hence, a larger shift of maximum normal force taken place.

Table 4 summarized the field-dependent magnetostriction of MRE currently available
in the literature along with the storage modulus value. A direct and shallow comparison
between the studies demonstrates a disproportionately higher magnetostriction magnitude
for the low modulus of MRE than the midrange modulus of MRE. In spite of this, an assess-
ment on other factors such as the costs of the manufacturing of such materials, the durability
performance and the types of sensor application may reveal an interesting outcome.

Table 4. Selected studies investigating the magnetostriction of MRE along with the storage modulus
value.

Modulus (kPa) Magnetostriction Reference
13.5 11.6% Abramchuk [30]
47 9.2% Diguet [31]
47 20% Saveliev [2]
47 0.0134% Guan [1]
350-743 0.04-0.075% This work

Figure 7 is a representation of the state-of-the-art robotic gripper utilizing MREs as a
force sensor. The robotic gripper, which has a simple structure, can grasp diverse arbitrary
objects, while the force sensor attached to the end effector of the gripper can measure the
reaction forces. When assigned to repetitive tasks and prolonged use of the robotic grip-
per, several issues which are often associated with the durability of MRE such as elastic
stretching, cross-link disengagement, inelastic deformation, structural shift by phase
transformation, microplasticity and microphase separation can arise [53,54]. In particular,
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the implementation of low-modulus MRE on the robotic gripper can theoretically accel-
erate these processes within a finite interval of time, and consequently, permanent defor-
mation or a non-reversible change in shape of the MRE may ensue. Such phenomena can
be further explained by the fundamental principle of storing energy performance in MRE.
A material with a higher storage modulus has the potency to store more energy. For ex-
ample, the rate of shear is low at very low frequencies, hence, the capability to retain the
original strength of the media is high. As the rate of shear increases with frequency, the
amount of energy stored to the polymer matrix chains also increases. The storage modu-
lus, which primarily determines the elastomer matrix’s solid-like character, also plays an
important role in the strength and rigidity of the material. A midrange modulus MRE
possesses better strength and is harder to break down its elastomer matrix than the low-
modulus MRE. Shape-retaining and recovering after removing the applied force will be
better with a midrange modulus MRE than that of a low-storage modulus. Therefore, the
implementation of a midrange modulus MRE as a sensor can improve its durability per-
formance and prolong its life cycle.

Gripper

11

Magnetic field

Figure 7. The cycle of use of soft robotic gripper with MREs.

4. Conclusions

The current work presented comprehensive investigation of magnetostriction in
MRE with moderate modulus by imposing the homogeneous magnetic field. Apart from
magnetostriction, the MRE has the capability to produce a reaction force called the normal
force. The MRE samples with different concentrations of CIPs ranging from 60 to 80 wt%.
were successfully prepared. The highest magnetostriction achieved by the MRE of 80 wt%
CIP was 0.075% and the normal force produced was 1.56 N at 0.6 T. The measured mag-
netostriction was considered as an improvement over the MRE with similar range of mod-
ulus found in the literature. Nevertheless, the magnetostriction improvement is regarded
as not outstanding (approximately 3-fold higher than the previous work [1] for the aligned
CIPs and 4.5-fold for similar CIPs structure). This would certainly depend upon the com-
parison of the relevant fabrication and experimental parameters such as the intensity of
magnetic field (25% less maximum magnetic field than [1]), stiffer MRE samples (nearly
three-fold higher storage modulus than [1]) and the structure of the embedded CIPs in
MRE. As such, the trivial enhancement of magnetostriction achieved can still be particu-
larly valuable in soft sensor design that requires a corresponding increase in the magni-
tude. Meanwhile, the results demonstrated that the MRE with 60, 70 and 80 wt% showed
a trend of increase in the magnetostriction percentage and normal force that was parallel
with the increased concentration of CIPs. With regard to the sensitivity of the MRE mate-
rial, as low as 0.01 N of normal force can be detected while employing a small amount of
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magnetic field (0.072 T). In general, high sensitivity with change in magnetic field is
sought after in soft sensor applications. In particular, a soft robotic gripper with an MRE
will be able to have an infinitesimal deformation upon being triggered by a magnetic field
and thus easier to predict the response of closing patterns accurately upon contact or touch
with the object. Additionally, such a trait is exceptionally useful for selecting grasping
patterns according to the object nature.

On the other hand, the hysteresis analysis showed that the maximum normal force
produced by the MRE with 80 wt% CIP increases with the number of cycle loads of mag-
netic field until a saturation point was reached. The change of maximum normal force was
dependent on the shear strain amplitude. In other words, higher amplitude of shear strain
resulted in greater change of maximum normal force. Based on the presented results, the
midrange modulus MRE herein could be considered as a viable candidate for specific sensor
applications, namely, force sensors [42,43], since moderate stiffness could ensure high dura-
bility of the sensor device, while maintaining sufficient magnetostriction magnitude. Char-
acterization of various temperature effects on the magnetostriction performance will be a
beneficial starting point for future work given that the utilization of MRE in sensor will not
be restricted to a particular scenario, yet able to function even in extreme conditions. It is
finally noted that manufacturing of a specific MRE-based sensor device and its experi-
mental performances such as accuracy and signal producing remain as future works.

Author Contributions: M.A.T.: Writing—original draft preparation, methodology, investigation,
validation; S.A.M., M.A.F.]. and S.-B.C.: supervision, conceptualization, writing —reviewing and ed-
iting, funding acquisition; N.A.N.: supervision, writing—reviewing and editing; S.A.A.A.: writ-
ing—reviewing and editing; I.B.: writing—reviewing and editing; S.Y.M.Y.: writing—reviewing
and editing; S.-B.C.: reviewing and editing. All authors participated in writing the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research work is supported and funded by Universiti Teknologi Malaysia (UTM)
under Fundamental Research (Vot. No. 22H14) and Professional Development Research University
(PDRU) (Vot. No.06E29).

Data Availability Statement: The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also form part of an ongoing study. In future, however, the raw
data required to reproduce these findings will be available from the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest. The authors also declare that they
have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

References

1. Guan, X,; Dong, X.; Ou, ]. Magnetostrictive Effect of Magnetorheological Elastomer. ]. Magn. Magn. Mater. 2008, 320, 158-163.

2. Saveliev, D.V,; Belyaeva, L A.; Chashin, D.V; Fetisov, L.Y.; Romeis, D.; Kettl, W.; Kramarenko, E.Y.; Saphiannikova, M.; Ste-
panov, G.V.; Shamonin, M. Giant Extensional Strain of Magnetoactive Elastomeric Cylinders in Uniform Magnetic Fields. Ma-
terials 2020, 13, 3297.

3.  Dapino, M.J. On Magnetostrictive Materials and Their Use in Adaptive Structures. Struct. Eng. Mech. 2004, 17, 303-329.

4. Nersessian, N.; Or, SW.; Carman, G.P.; Choe, W.; Radousky, H.B. Hollow and Solid Spherical Magnetostrictive Particulate
Composites. |. Appl. Phys. 2004, 96, 3362-3365.

5. Liu, J.J; Pan, Z.B,; Song, X.H.; Zhang, Z.R.; Ren, W_]J. Enhanced Magnetostrictive Effect in Epoxy-Bonded Tb x Dy 0.9—x Nd 0.1
(FeosCoo2) 1.93 Pseudo 1-3 Particulate Composites. J. Appl. Phys. 2015, 117. https://doi.org/10.1063/1.4916507.

6. Kaleta, J.; Lewandowski, D.; Mech, R. Magnetostriction of Field-Structural Composite with Terfenol-D Particles. Arch. Civ. Mech.
Eng. 2015, 15, 897-902.

7. Gongalves, R.; Larrea, A.; Sebastian, M.S.; Sebastian, V.; Martins, P.; Lanceros-Mendez, S. Synthesis and Size Dependent Mag-
netostrictive Response of Ferrite Nanoparticles and Their Application in Magnetoelectric Polymer-Based Multiferroic Sensors.
J. Mater. Chem. C 2016, 4, 10701-10706.

8.  Altin, G,; Ho, K.K,; Henry, C.P.; Carman, G.P. Static Properties of Crystallographically Aligned Terfenol-D/polymer Composites.
J. Appl. Phys. 2007, 101, 033537.

9.  Rhyne, ].J; Legvold, S. Magnetostriction of Tb Single Crystals. Phys. Rev. 1965, 138, A507-A514.

10. Dobrzanski, L.; Tomiczek, A.; Nabialek, A.; Zuberek, R. Structure and Magnetic Properties of Magnetostrictive

Tb0.3Dy0.7Fel.9/Polyurethane Composite Materials. . Achiev. Mater. Manuf. Eng. 2010, 43, 527-532.



Micromachines 2023, 14, 767 14 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Rodriguez, C.; Barrio, A.; Orue, L; Vilas, J.L.; Ledn, L.M.; Barandiaran, J.M.; Ruiz, M.F.-G. High Magnetostriction Polymer-
Bonded Terfenol-D Composites. Sens. Actuators A Phys. 2008, 142, 538-541.

Yoo, B.; Na, S.M,; Pines, D.]. Influence of Particle Size and Filling Factor of Galfenol Flakes on Sensing Performance of Magne-
tostrictive Composite Transducers. IEEE Trans. Magn. 2015, 51, 2503204

Hong, J.I; Solomon, V.C.; Smith, D.J.; Parker, F.T.; Summers, E.M.; Berkowitz, A.E. One-Step Production of Optimized Fe-Ga
Particles by Spark Erosion. Appl. Phys. Lett. 2006, 89, 142506.

Li, J.; Gao, X.; Zhu, J.; Jia, J.; Zhang, M. The Microstructure of Fe—-Ga Powders and Magnetostriction of Bonded Composites. Scr.
Mater. 2009, 61, 557-560.

Walters, K.; Busbridge, S.; Walters, S. Magnetic Properties of Epoxy-Bonded Iron-Gallium Particulate Composites. Smart Mater.
Struct. 2013, 22, 025009.

Silva, J.A.; Gouveia, C.; Dinis, G.; Pinto, A.M.; Pereira, A.M. Giant Magnetostriction in Low-Concentration Magnetorheological
Elastomers. Compos. Part B Eng. 2022, 243, 110125.

Carlson, J.D; Jolly, M.R. MR Fluid, Foam and Elastomer Devices. Mechatronics 2000, 10, 555-569.

Lokander, M.; Stenberg, B. Performance of Isotropic Magnetorheological Rubber Materials. Polym. Test. 2003, 22, 245-251.
Zhu, ].T; Xu, Z.D.; Guo, Y.Q. Experimental and Modeling Study on Magnetorheological Elastomers with Different Matrices. J.
Mater. Civ. Eng. 2013, 25, 1762-1771.

Oldfield, D.; Symes, T. Long Term Natural Ageing of Silicone Elastomers. Polym. Test. 1996, 15, 115-128.

Yu, Z.R; Li, SN.; Zang, ].; Zhang, M.; Gong, L.X,; Song, P.; Zhao, L.; Zhang, G.D.; Tang, L.C. Enhanced Mechanical Property
and Flame Resistance of Graphene Oxide Nanocomposite Paper Modified with Functionalized Silica Nanoparticles. Compos.
Part B Eng. 2019, 177, 107347.

Song, P.; Song, J.; Zhang, Y. Stretchable Conductor Based on Carbon Nanotube/Carbon Black Silicone Rubber Nanocomposites
with Highly Mechanical, Electrical Properties and Strain Sensitivity. Compos. Part B Eng. 2020, 191, 107979.

Kostrov, S.A.; Gorodov, V.V.; Sokolov, B.O.; Muzafarov, A.M.; Kramarenko, E.Y. Low-Modulus Elastomeric Matrices for Mag-
netoactive Composites with a High Magnetic Field Response. Polym. Sci.-Ser. A 2020, 62, 383-391.

Wei, B.; Gong, X.; Jiang, W. Influence of Polyurethane Properties on Mechanical Performances of Magnetorheological Elasto-
mers. ]. Appl. Polym. Sci. 2010, 116, 771-778.

Ioppolo, T.; Ottigen, M.V. Magnetorheological Polydimethylsiloxane Micro-Optical Resonator. Opt. Lett. 2010, 35, 2037-2039.
Zhang, X.; Peng, S.; Wen, W.; Li, W. Analysis and Fabrication of Patterned Magnetorheological Elastomers. Smart Mater. Struct.
2008, 17, 045001.

Xu, Z.; Wu, H,; Wang, Q.; Jiang, S.; Yi, L.; Wang, J. Study on Movement Mechanism of Magnetic Particles in Silicone Rubber-
Based Magnetorheological Elastomers with Viscosity Change. J. Magn. Magn. Mater. 2020, 494, 165793.

Bednarek, S. The Giant Volumetric Magnetostriction of Ferromagnetic Composites with Elastomer Matrix. Mod. Phys. Lett. B
1999, 13, 865-878.

Bednarek, S. The Giant Linear Magnetostriction in Elastic Ferromagnetic Composites within a Porous Matrix. J. Magn. Magn.
Mater. 2006, 301, 200-207.

Abramchuk, S.; Kramarenko, E.; Grishin, D.; Stepanov, G.; Nikitin, L.V.; Filipcsei, G.; Khokhlov, A.R.; Zrinyi, M. Novel Highly
Elastic Magnetic Materials for Dampers and Seals: Part, I.I. Material Behavior in a Magnetic Field. Polym. Adv. Technol. 2007, 18,
513-518.

Diguet, G.; Beaugnon, E.; Cavaillé, ].Y. Shape Effect in the Magnetostriction of Ferromagnetic Composite. . Magn. Magn. Mater.
2010, 322, 3337-3341.

Lotters, ].C.; Olthuis, W.; Veltink, P.H.; Bergveld, P. The Mechanical Properties of the Rubber Elastic Polymer Polydime-
thylsiloxane for Sensor Applications. |. Micromechanics Microeng. 1997, 7, 145-147.

Ahn, J.; Gu, J.; Choi, J.; Han, C; Jeong, Y.; Park, J.; Cho, S.; Oh, Y.S; Jeong, ].H.; Amjadi, M.; et al. A Review of Recent Advances
in Electrically Driven Polymer-Based Flexible Actuators: Smart Materials, Structures, and Their Applications. Adv. Mater. Tech-
nol. 2022, 7, 2200041.

Tsujio, S.; Chaen, T.; Yu, Y. High-Stiffness and High-Sensitivity 3-Axis Force Sensor Using Strain-Deformation Expansion Mech-
anism. In Proceedings of the 2006 IEEE/RS] International Conference on Intelligent Robots and Systems, Beijing, China, 9-13
October 2006; pp. 4417-4422.

Jeong, Y.; Gu, J; Byun, J.; Ahn, ].; Byun, J.; Kim, K,; Park, J.; Ko, J.; Jeong, J.; Amjadi, M.; et al. Ultra-Wide Range Pressure Sensor
Based on a Microstructured Conductive Nanocomposite for Wearable Workout Monitoring. Adv. Healthc. Mater. 2021, 10,
2001461.

Dong, X.; Ma, N.; Qi, M,; Li, J.; Chen, R.; Ou, ]J. The Pressure-Dependent MR Effect of Magnetorheological Elastomers. Smart
Mater. Struct. 2012, 21, 075014.

Tian, T.; Nakano, M. Fabrication and Characterisation of Anisotropic Magnetorheological Elastomer with 45° Iron Particle
Alignment at Various Silicone Oil Concentrations. J. Intell. Mater. Syst. Struct. 2018, 29, 151-159.

Cantera, M.A; Behrooz, M.; Gibson, R.F.; Gordaninejad, F. Modeling of Magneto-Mechanical Response of Magnetorheological
Elastomers (MRE) and MRE-Based Systems: A Review. Smart Mater. Struct. 2017, 26, 023001.

Lee, C.J.; Kwon, S.H.; Choi, H].; Chung, K.H.; Jung, ].H. Enhanced Magnetorheological Performance of Carbonyl Iron/Natural
Rubber Composite Elastomer with Gamma-Ferrite Additive. Colloid Polym. Sci. 2018, 296, 1609-1613.



Micromachines 2023, 14, 767 15 of 15

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Sorokin, V.V,; Stepanov, G.V.; Shamonin, M.; Monkman, G.J.; Khokhlov, A.R.; Kramarenko, E.Y. Hysteresis of the Viscoelastic
Properties and the Normal Force in Magnetically and Mechanically Soft Magnetoactive Elastomers: Effects of Filler Composi-
tion, Strain Amplitude and Magnetic Field. Polymer 2015, 76, 191-202.

Zhang, Y.; Fang, F.; Huang, W.; Chen, Y.; Qi, S; Yu, M. Dynamic Mechanical Hysteresis of Magnetorheological Elastomers
Subjected to the Cyclic Loading and Periodic Magnetic Field. Front. Mater. 2019, 6, 292.

Zhang, S.; Ge, C.; Liu, R. Mechanical Characterization of the Stress-Strain Behavior of the Polydimethylsiloxane (PDMS) Sub-
state of Wearable Strain Sensors under Uniaxial Loading Conditions. Sens. Actuators A Phys. 2022, 341, 113580.

Shintake, J.; Cacucciolo, V.; Floreano, D.; Shea, H. Soft Robotic Grippers. Adv. Mater. 2018, 30, 1707035.

Santaniello, T.; Migliorini, L.; Locatelli, E.; Monaco, I.; Yan, Y.; Lenardi, C.; Franchini, M.C.; Milani, P. Hybrid Nanocomposites
Based on Electroactive Hydrogels and Cellulose Nanocrystals for High-Sensitivity Electro-Mechanical Underwater Actuation.
Smart Mater. Struct. 2017, 26, 085030.

Piazzoni, M.; Piccoli, E.; Migliorini, L.; Milana, E.; Iberite, F.; Vannozzi, L.; Ricotti, L.; Gerges, I.; Milani, P.; Marano, C.; et al.
Monolithic Three-Dimensional Functionally Graded Hydrogels for Bioinspired Soft Robots Fabrication. Soft Robot. 2022, 9, 224~
232.

Jing, X; Chen, S.; Zhang, C.; Xie, F. Increasing Bending Performance of Soft Actuator by Silicon Rubbers of Multiple Hardness.
Machines 2022, 10, 272.

Yoon, ].H.; Lee, SSW.; Bae, S.H.; Kim, N.L; Yun, J.H.; Jung, ].H.; Kim, Y.-G. Effect of Cyclic Shear Fatigue under Magnetic Field
on Natural Rubber Composite as Anisotropic Magnetorheological Elastomers. Polymers 2022, 14, 1927.

Molchanov, V.S.; Stepanov, G.V; Vasiliev, V.G.; Kramarenko, E.Y.; Khokhlov, A.R.; Xu, Z.D.; Guo, Y.Q. Viscoelastic Properties
of Magnetorheological Elastomers for Damping Applications. Macromol. Mater. Eng. 2014, 299, 1116-1125.

Guo, F,; Du, C,; Yu, G. The Normal Force Characteristic of a Novel Magnetorheological Elastomer Based on Butadiene Rubber
Matrix Compounded with the Self-Fabricated Silly Putty. Adv. Mater. Sci. Eng. 2021, 2021, 5831721.

Liao, G.; Gong, X.; Xuan, S. Influence of Shear Deformation on the Normal Force of Magnetorheological Elastomer. Mater. Lett.
2013, 106, 270-272.

Linke, ].M.; Borin, D.Y.; Odenbach, S. First-Order Reversal Curve Analysis of Magnetoactive Elastomers. RSC Adv. 2016, 6,
100407-100416.

Belyaeva, I.A.; Kramarenko, E.Y.; Shamonin, M. Magnetodielectric Effect in Magnetoactive Elastomers: Transient Response and
Hysteresis. Polymer 2017, 127, 119-128.

Johari, M.A.F.; Mazlan, S.A.; Nasef, M.M.; Ubaidillah, U.; Nordin, N.A.; Aziz, S.A.A.; Johari, N.; Nazmi, N. Microstructural
Behavior of Magnetorheological Elastomer Undergoing Durability Evaluation by Stress Relaxation. Sci. Rep. 2021, 11, 10936.
Johari, M.A.F.; Mazlan, S.A.; Nordin, N.A.; Ubaidillah, U.; Aziz, S.A.A.; Nazmi, N.; Johari, N.; Choi, S.-B. The Effect of Micro-
particles on the Storage Modulus and Durability Behavior of Magnetorheological Elastomer. Micromachines 2021, 12, 948.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



