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Magnetoactive materials

Magnetic materials such as magnetorheological (MR) fluids, and magnetorheological elastomers exhibit a broad
change in their material properties, for example, viscosity and storage modulus in the presence of a magnetic
field. Studies related to such MR fluid and elastomer materials are extensively available. The MR brush,
meanwhile, is less frequently explored and understood. An MR brush is defined by the brush-like structures
formed from chains of magnetic particles embedded within a carrier matrix, typically fluids or elastomers. In this
study, we explore magnetorheological fluid (MRF) brush and magnetorheological elastomer (MRE) brush and
investigate their magneto-mechanical properties. The investigation measured the stiffness and the MR response,
defined as the change in properties in the presence of a magnetic field for MRF and MRE brushes. Further
dependence of the magnetic effect on material and preparation parameters, mainly concentration of magnetic
particles and curing flux density (for MRE brush) were investigated. The responsiveness of the brushes is
compared using the Magnetorheological response index, as a proposed metric in this study. The results indicate
that the MRE brush possess a greater absolute stiffness, but a lower MR response than that of the MRF brush. Both
MRF and MRE brushes show an increase in the MR response with an increased concentration of magnetic fillers.
MRE brush further demonstrate an enhanced MR response, which could be highly comparable to MRF brush
coinciding with an increase in the magnetic flux density during the curing process. The fundamental investi-
gation of both solid and fluid MR brushes in this study opens a new avenue in the area of magnetic materials. This
new class of magnetically controllable materials could potentially be employed in applications where soft and
tuneable bristle-like structures are desired.

1. Introduction

Magnetic composite materials are structurally composed of magnetic
micro/nano-sized particles dispersed in a carrier medium [1-9]. They
are broadly classified into fluids and solids (e.g., elastomers) based on
the physical state of the carrier medium in the absence of a magnetic
field [3,5,10-17].

In recent years, magnetic materials have attracted wide attention
amongst diverse fields resulting in tremendous progress in terms of
materials development, in particular amongst composites. Exploration
of various matrices and magnetic fillers [11,18-20], as well as fabrica-
tion routes including traditional moulding, digital processes and 3D
printing [11,21-24], to enhance the performance of the magnetoactive
composites can be witnessed. Their potential has wide-reaching appli-
cations amongst, but not limited to robotics, biomedical and civil en-
gineering [1,11,25-27] due to the advantages such as remote contactless

actuation, high actuation strain and strain rate, self-sensing, and
instantaneous response offered by these multifunctional materials.
Nevertheless, despite increased adoption, a comprehensive under-
standing of the magneto-mechanical response remains necessary for
taking full advantage of various functionalities offered by these
materials.

MR fluids (MRF) are materials with a fluid carrier medium such as
mineral oil and hydrocarbon oil [28]. MR elastomers (MRE) are particle-
reinforced composites consisting of a carrier medium using a solid
elastomer such as silicone elastomer, natural rubber and other polymers
[1,10,12]. MRF are versatile because they can reversibly change their
physical state from a liquid to a semi-solid under an external magnetic
field. This change is accomplished through the change in viscosity by
several orders of magnitude due to magneto-induced interaction and
alignment of the magnetic particles. Due to such significant and
reversible transitions, MRF have broad industrial applications in
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engineering and are found in shock absorbers, clutches, seismic pro-
tection devices, and braking systems for high-performance automobiles
[28-30].

A major issue of MRF, however, is the gradual sedimentation of the
magnetic particles suspended in the carrier medium. In MRF, the mag-
netic particles are free to move around in the carrier fluid in the absence
of a magnetic field. In this state, the greater influence of gravitational
force causes the particles to segregate. Other problems include corrosion
of the magnetic particles due to oxidation and thickening of the MRF
over time. These problems cause material instability and the respon-
siveness of the MRF deteriorates. Thus, MRFs are not highly durable and
require periodic replacement.

MR elastomers (MRE) have the ability to reversibly change their
properties such as elastic moduli and shape at micro-/milli- scales and
are the solid analogue to MRF. MRE are composed of elastomers with
magnetic particles embedded within the elastomer matrix. Thus, MRE
function as elastomers with magnetic field responsiveness
[2,11,14,31,32]. The properties of the MRE are further dependent on the
distribution and orientation of the magnetic particles that are either
random or ordered within the matrix [10,33,34]. Applications of MRE
include vibration absorbers, force sensors and actuators [2]. If a mag-
netic field is applied during the curing process, particles preferentially
align to the magnetic flux direction and the resulting material becomes
anisotropic. Curing in the absence of a magnetic field tends to produce
isotropic material properties [10,14]. MRE do not exhibit the problems
associated with MRF, such as sedimentation and corrosion, because the
magnetic particles are restrained by cross-links of the polymer matrix.

Upon application of a magnetic field onto an MRF, the magnetic
particles align and form chain-like structures in the direction of the
applied magnetic field. This structure resembles a brush with the par-
ticle chains functioning as the bristles [35-38]. This type of brush is
known as a magnetorheological (MR) brush. The key distinguishing
feature of the MR brush is its free-standing bristles which are not
confined within an enclosed volume typical of MRF nor a fully solid
structure like MRE. The fine structures of magnetorheological brushes
have been exploited in magneto-abrasive finishing, which are able to
achieve nanometre surface finishes with nominal surface damage
[35,36,39-42] and as well in soft robotics [43,44]. Despite their ad-
vantages, MRFs alone, are susceptible to instability and the inhabitation
of corrosion remains challenging. Therefore, it is worthy of investigation
to explore the development of MRE brushes as a promising alternative to
MRF brushes owing to their better stability and durability offered by
MRE [37,45]. However, very limited studies are reported on MR brushes
and this area remains greatly unexplored. Although MRE brushes could
offer better stability compared to MRF brushes, a comparison between
solid and fluid MR brushes has never been previously attempted.
Furthermore, the mechanism of bristle formation and the performance
of MR brushes such as thickness, shape, and height of the bristles with
respect to the filler loading and applied magnetic flux density have not
been reported yet. Such fundamental investigation is necessary to un-
leash the potential that the MR brush could offer. MR brushes are mostly
characterized by their effective stiffness and the MR response, which is a
measure of the change in effective stiffness due to the applied magnetic
field.

Soft robotics is an increasingly developing field with numerous po-
tential applications, including biomedical devices and human-robot in-
teractions. Magnetic field responsive materials are a particularly
promising class of materials for creating flexible humanoid robots due to
their two way actuation, quick responsiveness and flexibility of the
matrix material [46,47]. These magnetic field responsive materials are
programmable with the ability to respond to external magnetic fields,
enabling new functionalities such as tuneable stiffness or shape-
morphing capabilities. Moreover, Additive Manufacturing (AM), also
referred as 3D printing, is a layer-by-layer manufacturing process that
enables designers to incorporate geometrical complexity and multi-
materials into their parts to embed multifunctionality not achievable
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by conventional manufacturing means [48-51]. AM can be utilized to
fabricate the complex structures of MR brushes without requiring the
application of a magnetic field, as in conventional forming techniques. A
recently reported computationally guided direct ink writing AM tech-
nique has the potential to fabricate highly controlled MR structures by
slowly converting MR fluid to MR elastomer during the process in a
controlled fashion [52].

This study pursues to contribute to the research on MR brushes, a
class of magnetic materials largely unexplored in the literature. It fo-
cuses to understand their magneto-mechanical properties and their
dependence on material and preparation parameters. In the experi-
mental study, samples of MRF and MRE brushes were prepared, and
their MR performance was investigated and compared. The magneto-
rheological response of MR brushes using compression testing with
samples subjected to an external magnetic field has been explored. The
MR response was studied in relation to the concentration of magnetic
particle loading, compression rate and magnetic flux density.

2. Materials and methodology

Silicone oil (AP1000, Sigma-Aldrich, Singapore), elastomer (SS-6B,
Silicone Solutions, USA) and carbonyl iron particles (44890, Sigma-
Aldrich, Singapore) were used as received. The silicone oil has a vis-
cosity of 800-1200 mPas at 25 °C and the elastomer has a durometer of
30 Shore A, a tensile strength of 1.37 MPa, and an elongation at break of
250% after curing, according to the supplier.

The MRF brush samples were prepared with concentrations starting
from 50 wt.% in increments of 10 to 80 wt.% of carbonyl iron powders
(CIP) (5-9 um sized spherical particles as per supplier). Silicone oil and
CIP were thoroughly mixed mechanically and subsequently agitated by
sonication in a water bath for 30 min, with the aim to provide a ho-
mogenous suspension. See Fig. 1.

The MRE brush samples were prepared at the same concentrations as
the MRF brush with an additional step of the curing process. The com-
posite resin was cast into a mould, where a magnetic field can be applied
to form columnar chains of magnetic particles to produce the bristle-like
structure. The sample remained undisturbed at 25 °C for 24 h for the
elastomer to cure completely, as per the supplier’s specification. More-
over, this casting process was repeated at three different magnetic flux
densities across the four different concentrations of CIP used.

A simple experimental apparatus was conceived and manufactured,
as shown in Fig. 2. The apparatus provides a controlled and adjustable
range of magnetic flux densities during the curing phase casting MRE
samples, and the compression tests performed on both the MRF and MRE
samples. A solid cubic NdFeB permanent magnet (25 mm x 25 mm x 25
mm) was used to generate the magnetic field. For the apparatus, the
chosen magnetic flux density was maintained by the adjustment of the
gap between the permanent magnet and the spacer. The magnetic flux
values reported were measured at three different locations on the top
surface of the magnetic field generator exactly above the permanent
magnet (three equally spaced points: centre, midway and edge) and the
average value obtained are given in Table 1.

In the investigation, three magnetic flux density values were used
and referred as Low, Med, and High for convenience. The same
convention will be followed in graphs and tables. A Gaussmeter (MG-
801, Magna, Japan), with a reported resolution of 0.1 mT was used to
measure the magnetic flux of the magnetic generator. MRF or MRE
brushes were placed onto the magnetic field generator and transferred to
a universal testing machine (Instron 5569) for compression testing. The
Instron machine was equipped with a 500 N load cell and the upper
fixture of the universal testing machine was replaced by a non-magnetic
aluminium fixture to compress the samples.

For the MRF brush, confined testing was conducted, whereby MR
fluid was enclosed within an annular ring (Fig. 2). The inner radius of
the ring was 17 mm with a thickness of 1 mm, which yielded an enclosed
volume of approximately 1 ml. For the MRF brush, 1 ml of the fluid was
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Fig. 1. Scheme of the work: MRF columnar bristles form only in the presence of a magnetic field, while MRE columnar bristles persist in both the absence and

presence of a magnetic field.
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Fig. 2. Experimental apparatus.

Table 1

The measured average magnetic flux densities generated by the magnetic field
generator apparatus used during the curing of the MRE brushes and compression
testing of both MRF and MRE samples.

Magnetic test configuration (Notation) Average magnetic flux density (T)

Low Field 0.199
Med Field 0.313
High Field 0.511

measured using a syringe and dispensed onto a Petri dish. The non-
magnetic aluminium ring adhered to the Petri dish prevented the fluid
from spilling over. Also note the MRE brush samples were created with

the same volume (i.e., 1 ml mixture of CIP and elastomer resin) as that of
the MRF brush to provide a direct experimental comparison.

Samples were compressed until the upper compression plate reached
1.1 mm height from the bottom plate and applied for both MRF and MRE
brushes. The magnetorheological material is viscoelastic in nature [14],
therefore, the response of the MR brushes was expected to be strain rate
dependent. Thus, the testing was performed at four different compres-
sion rates (12, 30, 60, 90) mm/min on the MRF samples.

In total, four different concentrations of CIP (50, 60, 70, 80) wt.%
were prepared for both MRF and MRE brushes, with the MRE cured at
three different magnetic fields (Low, Med, and High). In total, three
samples for each MRF and MRE brush configuration were considered,
and the expressed results are the average of three samples.
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3. Results and discussion
3.1. Magnetorheological fluid brushes

The response of MRF brushes amongst selected configurations sub-
jected to varying magnetic fields and compression rates are shown in
Fig. 3. It is observed that the force-displacement response is predomi-
nantly influenced by the strength of the magnetic field and the con-
centration of CIP. The effect of strain rate on samples, as shown across
50 wt.% and 80 wt.% in Fig. 3a, indicates the MRF brushes are appar-
ently insensitive to the applied strain rate.

Compression testing reveals insight into the formation of bristle
structures across different magnetic flux densities. The bristle height is
indicated by the maximum displacement during compression, as shown
in Fig. 3, when the upper compression plate reached the lower point (i.
e.,, 1.1 mm above the bottom platform). Variation in the MR bristle
height was more pronounced for the higher concentration of CIP. The
longer but weaker bristles were formed at low magnetic flux, while
relatively shorter but stiffer bristles were formed at a higher magnetic
flux density (Fig. 3b-i & b-ii).

The magnetorheological (MR) response is defined as the change in
properties of MR materials in the presence of a magnetic field. A method
for evaluating the MR response of MRF brushes is determined by
comparing their stiffness. The tangent modulus is typically used to
characterize the viscoelastic materials or those with non-linear stress/
strain response such as MR materials [10,53]. The tangent modulus
represents the material’s instantaneous stiffness and is derived from

Force

~

Compressive

Bristle

Height |
f
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slope of the stress-strain curve at the given strain. The geometry of the
brush structures is not easily defined, so the analysis focuses on stiffness
rather than modulus. To determine stiffness, a method similar to
obtaining tangent modulus across the entire force-displacement
response is used, and the maximum stiffness value is selected for
analysis.

The graphs presented in Fig. 3 show the relationship between force
and displacement of MR brushes subjected to compression. Fig. 3ai and
3aii demonstrate the impact of compression rate on samples with 50 wt.
% and 80 wt.% CIP concentration, respectively, at High field. Fig. 3bi
and 3bii shows the effect of filler concentration on samples in the
presence of Low and High field. Observations about the peak force and
maximum displacement (i.e., bristle height) may be seen. It is apparent
that the strain rate does not have a noticeable effect on the response for a
fixed CIP concentration. However, as seen in Fig. 3bi, the trend of the
curve is distinct and influenced greatly by the CIP concentrations used.
Higher concentration of CIPs leads to higher peak load and the forma-
tion of longer bristles. The reported absolute stiffness across the MRF
brushes and magnetic fields are shown in Fig. 4. The stiffness was not
significantly dependent on the compression rates for all the samples.
Hence, the compression rate of 60 mm/min was chosen for the subse-
quent comparisons and discussions for the remainder of this investiga-
tion. Rather, the effect of magnetic field and concentration of CIP have a
more profound effect.

Therefore, the concentration of the magnetic particles is of high
significance for the MR response in MRF brushes. As shown in Fig. 3 (b-i
& b-ii) and Fig. 4, the CIP concentration has a considerable impact on

Compression
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30 30
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25 F 25 F
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Fig. 3. Force-displacement response of MRF brushes in the presence of a) different strain rates for two selected concentrations of CIP and b) the effect of magnetic

flux densities across all concentrations of CIP.
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Fig. 4. Plots of stiffness versus magnetic flux density for MRF brush with
different CIP concentrations (a) 50 wt.% (b) 60 wt.% (c) 70 wt.% (d) 80 wt.%
when subjected to a 60 mm/min compression rate. The symbols (black, red, and
blue dots) represent different samples and indicate the variability among them.

the stiffness of the brushes, which can be marked by the dependency of
the slope with respect to the concentration of CIP.

In the literature, the mechanical and rheological properties of MR
materials are reported to vary non-linearly with the magnetic field
strength [54,55]. One study reported the yield stress of MRF increased
with B%2, where B is the magnetic flux density [55]. Such non-linear
behaviour in MR materials may be well expressed as power-law re-
lationships, and graphically interpreted using a Log-Log scale. Thus, we
propose the use of the Log-Log scale for further analysis of the MR
brushes with the proposed definition,

Log,K = nLog,B+C (€)]

where log, K is the effective stiffness and log,B is the effective magnetic
flux density. Importantly, the constant n, we term as the “Magneto-
rheological response index”. The MR response index provides an effec-
tive means to compare the sensitivity of material properties in the
presence of a magnetic field. A higher value of the MR response index n
indicates a greater effect of the magnetic field. This method of obtaining
the MR response index using a Log-Log scheme is highly suitable to
compare the relative behaviour between MRF and MRE brushes, espe-
cially because the MR fluid brushes do not exhibit a quantifiable stiffness
in the absence of a magnetic field. The MR Index is obtained by plotting
the stiffness and magnetic flux density using a log scale and is calculated
from the gradient of the linear trend fit. Graphically, the slopes are
interpreted as the factor by which the stiffness varies with the change in
the magnetic flux density.

Fig. 5 shows the Log-Log plot of stiffness and the magnetic flux
density alongside the linear trend line. It was observed that the MR
Index increased with higher concentrations of CIP. A tabulation of the
MR response indices is provided in Table 2. The MRF brush with the
lowest CIP concentration (50 wt.%) showed the lowest MR response
index. Similar behaviours of the 60 wt.% and 70 wt.% were observed for
their stiffness values and the MR response index. The 80 wt.% MRF
samples have the highest stiffness values and MR response index at all
the flux densities tested. These findings suggest that the higher con-
centration of CIP offers greater enhancement of the MR response index
rather than increasing the strength of the applied magnetic field. In
practical applications, high magnetic flux densities are costly to main-
tain, especially using electromagnets, and pose greater risks of inter-
ference within an enclosed system.
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Fig. 5. Plots of effective stiffness versus magnetic flux density using a Log-Log
scale for (a) 50 wt.% (b) 60 wt.% (c) 70 wt.% and (d) 80 wt.% MRF brushes.

Table 2
Summary of the MR response indices of MRF brushes with varying con-
centrations of CIP.

Concentration of CIP MR response index (1)

50 wt.% 0.47
60 wt.% 0.86
70 wt.% 0.90
80 wt.% 1.21

3.2. Magnetorheological elastomer brushes

Four concentrations of MRE brushes were prepared to compare the
results with MRF. However, the higher concentrations of MRE brushes
with 70 wt.% and 80 wt.% were found to be unsuitable due to the
brittleness of the columnar chains. This resulted in fracture of these
specimens, as shown in Fig. 6. Consequently, a high CIP concentration of
MRE brushes would not be suitable although higher loading of magnetic
fillers for MRE brushes may be achieved by exchanging to a more
compliant elastomeric matrix with greater elongation to failure.
Conversely, with lower concentrations of 50 wt.% and 60 wt.% CIP, this
pattern was not observed, and the brush structure remained intact
throughout the test. Furthermore, the results and discussion will only
consider the 50 wt.% and 60 wt.% MRE brushes.

The effect of the flux density during the curing of the MRE brushes
was examined using an optical microscope and is shown in Fig. 7. The
bristle structures are visibly different within the three curing magnetic
flux densities. Samples cured under a higher flux density possess fine

Breakage of
Columnar
Chains

Fig. 6. Fracture and separation of the bristles for 80 wt.% CIP MRE brush cured
under Med Field.
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Fig. 7. Optical microscopy of MRE brushes with 50 wt.% CIP located at the centre of the MRE brush cured at (a) Low (b) Med (c) High, and at the edge of the MRE

brush cured at (d) Low, (e) Med (f) and High Fields.

columnar bristles (Fig. 7c). The individual bristles are more pronounced
with regular column shapes and uniform distribution. The microscopy
images captured at the sample edges (Fig. 7f) show similar formation of
fine bristles.

The magnetic flux density influences the formation of the bristles due
to the competition between gravitational, viscous and magnetic forces
along with surface tension. At high flux densities, it is anticipated that
the magnetic force dominates across all the interacting forces, thus
making the magnetic particles preferentially align, giving rise to uni-
form and regular-shaped bristles. However, such an interesting phe-
nomenon has to be understood via in-situ investigation and numerical
modelling which is not within the scope of this work.

The effect of CIP concentration on the formation of the MRE brushes
is shown in Fig. 8. The lower CIP concentration (50 wt.%) brushes

consist of finer and more clustered bristles compared to the higher CIP
concentration brush. These results align with observations in the liter-
ature for anisotropic MREs that use different concentrations of CIP when
cured with varying flux densities [56].

Similar to the MRF brush, the compression rate did not significantly
influence the force-displacement response of the MRE brushes and their
corresponding stiffness. Therefore, the results and analysis reported are
based on a 60 mm/min compression rate for 50 wt.% and 60 wt.% MRE
brushes. Unlike, the MRF brush, the bristles remain stiff in the absence of
a magnetic field and accordingly the results incorporate this state.

Similar to the MRF brushes, the stiffness values were obtained from
the force-displacement curves. The absolute stiffness is plotted against
the applied flux density and is shown in Fig. 9. MRE brushes with a
higher concentration of CIP possess a higher absolute stiffness in the

Fig. 8. Optical microscopy taken at the centre of the sample of MRE brushes when cured at High Field for (a) 50 wt.% and (b) 60 wt.% CIP.
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Fig. 9. The effective stiffness plotted against magnetic flux density of MRE brushes: (a) 50 wt.% and (b) 60 wt.% CIP.

presence of a magnetic field. Furthermore, the MRE brush cured at the
High Field demonstrates the highest absolute stiffness in the presence of
a magnetic field. This behaviour is associated with preferential anisot-
ropy entrained within the brush structure induced by the higher mag-
netic flux density in the curing process. In the absence of a magnetic
field, the 60 wt.% is marginally stiffer than 50 wt.% brushes. In this
situation, particles tend to form a more ordered configuration leading to
an increase in the field-induced stiffness. Such an effect is also observed
for anisotropic MRE [56].

Log-Log plots of stiffness versus magnetic flux density alongside the
effect of the curing flux density on the MR response are shown in Fig. 10,
in conjunction with the calculated MR response indices provided in
Table 3. The effect of the magnetic flux density is more prominent in the
50 wt.% MRE brush compared to the 60 wt.% MRE brush. For 50 wt.%
brush, the MR Index increases with greater curing flux densities. How-
ever, for 60 wt.% MRE brush, the opposite behaviour was observed,
where the MR response index decreased with an increased curing flux
density. This suggests that when the inherent material stiffness in
absence of a magnetic field is lower, a greater increase in MR response
index may be observed. This effect is known in the literature and has
been widely reported for MRE [10].

MRE brushes possess a unique trait where the MR response index can
be programmed into the manufacturing of the material by selective
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Fig. 10. Plots of the effective stiffness versus magnetic flux density considering
the 50 wt.% MRE brush cured at (a-i) Low (a-ii) Med (a-iii) High Field, and for
the 60 wt.% MRE brush cured at (b-i) Low (b-ii) Med (b-iii) High Field.

Table 3
Summary of the MR response index of MRE brushes with comparison to MRF
brushes.

CIP Concentration MR response index (n)

MRF Brush MRE Brush
50 wt.% 0.47 0.42 (Low Field Cure)
0.44 (Med Field Cure)
0.68 (High Field Cure)
60 wt.% 0.86 0.46 (Low Field Cure)

0.22 (Med Field Cure)
0.16 (High Field Cure)

control of the curing magnetic flux density. However, for MRF brushes, a
higher MR response index was achievable only by using a higher con-
centration of CIP. The MRE brush with a low concentration of CIP but
cured at a higher flux density could demonstrate a similar MR response
index as that of the MRF brush with a higher concentration of CIP, as
shown in Table 3.

It is plausible to compare the absolute stiffness of the solid and fluid
MR brushes because they were created with the same MR volume and
tested under the same conditions. When the absolute effective stiffness is
compared, the MRF brushes (exposed to a magnetic field) remain just as
stiff as their MRE counterparts without the presence of a magnetic field.
Furthermore, the MRF brushes also remain weaker than the MRE
brushes even when the magnetic field is applied. However, it should be
noted that the MR response is greater for MRF brushes.

As given in Table 2, the MRE brush with 50 wt.% CIP demonstrates a
higher MR response than that of MRF brush provided that the MRE
bristles are formed by curing at High Field. Whereas the MRE brush for
60 wt.% CIP, irrespective of curing magnetic field, remains less
responsive than the MRF counterpart. This behaviour is attributed to the
initial stiffness of the MRE brush. Specifically, materials with lower
stiffness (soft materials), offer the potential to exhibit a broader MR
response [57].

This study highlights a need for further exploration of the phenom-
ena arising between the choice of components used in the magnetic
elastomeric composite and the formation of bristles owing to the
mobility of magnetic particles. Understanding the formation and resul-
tant morphology of the bristle structure and their effect on both static
and dynamic stiffness would offer valuable insight. The effect of mate-
rial composition and magnetic field on the formation of the bristles and
their distribution requires further consideration to fully understand the
properties and potential applications of MR brushes. In particular, the
use of a low modulus matrix material for the MRE brush is expected to
amplify the MR response. The ability to program the MR response during
the fabrication of the MRE brushes by altering the magnetic field during
curing enables optimising the response of the structure with a tuneable
stiffness. Coupled with exploring manufacturing processes beyond drop-
casting, for example, additive manufacturing has the potential to offer
greater control over the formation of bristles, hence, the properties of
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MR brushes.

A direct comparison between fluid and elastomeric brushes remains
challenging, especially within unconfined volume or non-encapsulated
specimens. However, the MR response index provides an informative
metric to compare their responsiveness. Importantly, this metric
removes the dependency on the bristle geometry of the brush induced by
the magnetic field and equally could be applied to other properties of the
material.

4. Conclusions

Magnetorheological fluid and solid elastomer brushes were fabri-
cated to investigate the formation of their structures and the magneto-
rheological response under compressive loading when subjected to an
external magnetic field. Magnetorheological fluid and elastomer brushes
were produced with concentrations of CIP varying from 50 to 80 wt.%,
with the elastomeric equivalents cured under three magnetic flux den-
sities. MRE brushes manufactured with 70 and 80 wt.% CIP were
observed to be structurally weak and susceptible to damage, with the
bristles breaking during compression testing. Experiments, therefore,
focused on 50 and 60 wt.% brush configurations. For comparison of the
magnetorheological response between MRE and MRF brushes on their
stiffness, a metric termed the MR response index was proposed. From the
investigation, a summary of key findings are:

MRE brushes always exhibit a higher absolute stiffness compared to
MRF brushes in both absence and the presence of a magnetic field.

MR response index increases with the concentration of CIP for MRF
brushes.

Both the MR response index and stiffness of the MRE brushes in-
crease with a greater curing flux density.

MR response index of MRE brush could be higher than MRF brush
when cured at high magnetic flux density, however, it was only
observed for the 50 wt.% brush.

e The MR response index decreased with an increased curing flux
density for 60 wt.% MRE brush associated with the off-state (absence
of a magnetic field) stiffness of the MRE brush.

Based on this investigation, MRE brushes with a low concentration of
CIP provide an attractive alternative to MRF brushes. The ability to
control and tune the curing field strengths when fabricating MRE offer
the ability to optimise the MR response and importantly control the
formation of the brush structure, including the length, thickness, and
density of bristle clusters. Additionally, MRE exhibit a higher initial
modulus preferential for structural applications.

A direct comparison of fluid and solid brushes is a challenging task.
Therefore, future studies should consider low stiffness compliant ma-
terial for MRE brushes to contribute further knowledge. Nonetheless, the
approach whereby obtaining the MR response index as reported in this
study provides a valuable metric to compare the properties across fluid
and solid brushes.

The results of this study indicate that the highest concentration of
filler materials may not always be required to achieve an optimal
response in MR materials. Instead, careful attention to process param-
eters and the form of the materials themselves could lead to controlled
and enhanced functionality. Moreover, the integration of fluid and
elastomeric materials could create functionally graded material systems
targeting soft robotics applications. Such functionally graded structures
could be developed using AM processes which offer the ability to
manufacture with greater design freedoms. In addition, computational
modelling can be instrumental in developing further understanding of
the behaviour of MR bristles and aiding in the design and optimization
process of magnetic brushes during fabrication.

In future studies, we aim to integrate computational modelling in
conjunction with Additive Manufacturing to produce multifunctional
magnetic field responsive materials.
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