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Abstract: Magnetoactive polymer composites (MAPCs) are
promising smart materials owing to their shape-changing
behaviour in response to magnetic fields. MAPCs find pro-
mising niches in several applications, including soft robotics,
sensors, biomedical implants, smart prosthetics, and flexible
electronics. Although several works have reported the synth-
esis of magnetic-responsive polymer composites, this work
utilizes highly magnetic nanoparticles (i.e. cobalt iron oxide)
to produce extremely soft MAPCs. Novel MAPCs were devel-
oped using room-temperature vulcanizing (RTV) silicone
rubber as the base matrix, incorporating cobalt iron oxide
(CoFe,0,, referred to as CIO) nanoparticles as the magnetic
filler. Varying concentrations of CIO nanoparticles (0.25, 0.5, 1,
and 3%) were used to synthesize isotropic and anisotropic
MAPCs. Silicone/CI0O MAPCs were characterized for their
microstructural, thermal, mechanical, and magnetic proper-
ties. An increase in the CIO nanoparticle concentration within
the silicone matrix resulted in an improved mechanical per-
formance, where a compressive modulus of 0.199 MPa for
silicone/0.25% CIO improved to 0.340 MPa for silicone/3%
CIO. Likewise, an improved tensile strength was observed
due to particle alignment, resulting in an increase from
1.25 MPa (for isotropic samples) to 1.356 MPa (for anisotropic
samples) in silicone/1% CIO MAPCs. Silicone/CIO MAPCs also
revealed a higher failure strain than pure silicone samples.
Finally, an improvement in the magnetic properties of MAPCs
was observed with increasing CIO concentrations, where
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increased saturation magnetization from 0.087 to 1.057
EMU/g and remanence from 0.054 to 0.625 EMU/g were
recorded with an increase in CIO content from 0.25 to 3%
in the silicone matrix. The silicone/CIO composites exhibited
suitable magnetic responsiveness and mechanical character-
istics that make them promising materials for applications in
remote actuation and sensing.
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1 Introduction

Magnetoactive polymer composites (MAPCs) have emerged
as a class of smart materials capable of responding to
external magnetic fields, enabling dynamic control over
their mechanical properties [1-3]. These materials consist
of a polymer matrix integrated with magnetic particles,
offering a combination of polymer flexibility and proces-
sability with the responsive properties of magnetic compo-
nents [4-6]. MAPCs can be classified based on the types of
polymer matrices and the nature of the magnetic fillers
used [7,8]. MAPCs can be broadly categorized into two
main categories: magnetostrictive and magnetorheological
polymer composites. Magnetostrictive composites are
loaded with magnetic fillers that physically deform under
a magnetic field, causing the entire material to bend or twist
[9,10]. On the other hand, magnetorheological composites
contain magnetic particles dispersed within a polymer matrix
[11,12]. When a magnetic field is applied, particles align and
significantly alter the rheological and mechanical (e.g. stiff-
ness) properties of the composite [13]. It is essential to distin-
guish MAPCs from magnetorheological elastomers (MREs), a
specific type of MAPC utilizing elastomeric polymers. Magne-
toactive hydrogels represent a unique class of materials in
which the polymer matrix is substituted with a water-based
hydrogel [14-16]. Furthermore, MAPCs are also categorized
based on the distribution of the magnetic particles within the
polymer matrix, which can either be aligned in a desired
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direction or can be randomly oriented to produce anisotropic
or isotropic MAPCs [17].

Polymer matrices can range from elastomers, such as
silicones and polyurethanes, to thermoplastics and ther-
mosets, each offering different mechanical properties
[18]. The magnetic fillers are typically metallic particles,
such as iron, cobalt, or nickel, or their oxides, including
magnetite (Fe;04) and cobalt iron oxide (CoFe,0,4, referred
to as CIO) [19,20]. The choice of the polymer and magnetic
filler significantly influences MAPCs’ behaviour, including
their magneto-mechanical response, durability, and potential
applications [21,22]. Silicone, with its excellent elasticity, che-
mical stability, and biocompatibility, is a popular choice as a
matrix material [23]. Meanwhile, CIO is favoured as a filler for
its high magnetic coercivity and stability, making it particu-
larly suitable for applications requiring strong and reliable
magnetic responsiveness [24].

Numerous studies have explored the influence of various
materials and their compositions on the magnetic responsive-
ness of MAPCs. For instance, Horvath and Szalai [25] exam-
ined the influence of various magnetic particles (iron and
magnetite) and their arrangement within a silicone rubber-
based MRE. Therein, it was revealed that MREs with magne-
tite responded faster (1.2 to 12.1 ms) than iron-filled ones (4.0
to 60.5 ms) due to magnetite-induced crosslinking effects. Ani-
sotropic particle structures within the MRE also improved
response time, although residual magnetism could hinder
this benefit. Balogh et al. [26] investigated how different mag-
netic fillers (magnetite and iron) affect the deformation of
rubbery MRE discs under a magnetic field. All MREs
expanded in the field direction, while the amount of expan-
sion depends on the filler type and concentration.

In contrast to classical MREs using soft-magnetic particles
such as iron oxides, Moreno-Mateos et al. [27] explored a new
type of MRE using hard-magnetic particles. Stepanov et al
[28] also studied rubbery MREs filled with permanent mag-
nets (e.g. NdFeB) instead of the usual soft-magnetic particles.
Unlike traditional MREs requiring a constant magnetic field
for stiffness change, the developed “hard-magnetic MRES”
maintained stiffness even after turning off the magnetic field.
Made with a very soft rubber matrix, these MREs stiffened
significantly under a magnetic field and exhibited interesting
shape-changing properties due to the interaction between the
permanent magnets and the soft matrix, offering potential
advantages for applications where long-lasting stiffness con-
trol is desired. Lee et al. [29] improved the magnetic response
of MREs by adding rod-shaped magnetic nanoparticles
(gamma-ferrite) to a composite filled with iron particles and
natural rubber (CV-60). This combination increased the stif-
fening effect of the MRE under a magnetic field by about 25%
compared to MREs with only iron particles.
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Rahmatabadi et al. [30] developed Fe;04-reinforced poly-
ethylene terephthalate glycol (PETG) nanocomposites for
enhanced shape memory effect utilizing thermo-magnetic
responsiveness. They utilized the melt mixing technique for
nanocomposite synthesis, followed by mechanical and mor-
phological investigations on the 3D-printed samples. Incor-
poration of Fe;O, nanoparticles resulted in improved
dynamic mechanical, uniaxial, and shape memory of the
composites, with 15% Fe;0, concentration found optimal for
a balanced mechanical strength and flexibility. In another
study, Mirasadi et al. [31] used PETG and acrylonitrile buta-
diene styrene (ABS) blend as matrix and Fe;0, nanoparticles
to develop remotely driven shape memory composites. An
increase in Fe;04 nanoparticle concentrations improved the
mechanical strength of 3D-printed composites; however, elon-
gation was negatively affected, making the composites more
brittle. Composites with 20% Fe30, nanoparticle content
revealed an excellent shape memory effect under applied
heat and magnetic fields, despite poor print qualities. Like-
wise, Yousefi et al. [32] explored poly(lactic acid) (PLA)-poly
(butylene adipate-co-terephthalate) (PBAT) blends as a base
matrix with Fe;04 nanoparticles to develop MAPCs. A 10 wt%
Fe;0, nanoparticle was found to be optimal, and beyond this
concentration, material performance and nanoparticle
agglomeration were observed to be reduced. The unique
abhility of MAPCs to undergo shape change, stiffness modula-
tion, and force generation under magnetic influence has
made them an attractive choice for a wide range of advanced
applications, particularly in soft robotics, flexible sensors
[33-35], biomedical implants [15,36,37], vibrating damping
and noise reduction [38-40], smart prosthetics [41,42], and
flexible electronics [43-45], as illustrated in Figure 1.

The literature highlights a clear need for the develop-
ment of innovative MAPCs tailored for remote actuation
and sensing applications. As evident from the literature,
previous studies have mainly utilized conventional fillers
(mainly, iron oxide or ferrites); however, this study
employs CIO nanoparticles, which are known for their superior
magnetic properties. CIO nanoparticles also maintain the
softness of the silicone matrix while improving the magnetic
properties of the base material, Le. silicone. To the best of our
knowledge, no existing studies have investigated the synthesis
of MAPCs using room-temperature vulcanizing (RTV) silicone
rubber and CIO nanoparticles. The specific materials used in
this study - silicone as the polymer matrix and CIO as the
magnetic filler — bring their unique advantages to MAPC design.
Silicone is widely used in applications requiring flexibility, dur-
ability, and biocompatibility, including in medical devices,
wearable electronics, and soft robotic systems. Its ability, on
the one hand, to maintain elasticity over a wide range of tem-
peratures and environments makes it an ideal matrix for
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Figure 1: Potential applications of MAPCs in medical devices and drug
delivery (targeted drug delivery, artificial muscles, implants), soft
robotics (flexible actuators, tactile sensors), vibration and noise control
(damping systems, acoustics), biomedical (neural interfaces, prosthetics),
magnetorheological (dampers, fluids), and wearable electronics and
sensors (flexible electronics, strain, and pressure sensors).

MAPCs designed for harsh or variable conditions. Cobalt iron
oxide, on the other hand, provides the composite with robust
magnetic properties, essential for applications that demand pre-
cise and strong magnetic responses, such as in remote actuation
and high-sensitivity sensing. The combination of these materials
in an MAPC offers a versatile platform for developing advanced
systems with enhanced performance in demanding applica-
tions. MAPCs were synthesized using a mechanical mixing
approach with isotropic and anisotropic CIO nanoparticle dis-
tribution and were characterized for their microscopic, che-
mical, thermal, mechanical, and magnetic properties. The
magnetic behaviour of the silicone/CIO nanocomposites
indicated their potential suitability for remote actuation
and sensing applications.

2 Materials and methods

2.1 Materials

RTV silicone, containing silicone and activator (separate),
was purchased from Contenti (USA), with a specific gravity
of 1.1, a tensile strength of 4.6 MPa, and a hardness of 28
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Shore A, as per the manufacturer’s product details. Cobalt
iron oxide (CoFe,0,4, abbreviated as CIO) nanoparticles,
averaging 30 nm in size with 99% purity, and silicone oil
(SO) with a viscosity of 100 mPa s and a density of 0.967 g/mL,
were obtained from Sigma Aldrich (USA). The raw materials
were utilized as supplied, without any additional pre-proces-
sing or purification.

2.2 Silicone/CIO nanocomposite synthesis

Silicone/CIO MAPCs were prepared using the mechanical
mixing method (illustrated in Figure 2), a widely recog-
nized technique for producing stable and homogeneously
reinforced polymer composites [46,47]. Four compositions
were formulated by varying the nanoparticle weight per-
centages (0.25, 0.5, 1, and 3%). CIO nanoparticles were
incrementally introduced into 10 mL of SO in a glass
beaker under continuous mechanical stirring. The SO/CIO
solution was mixed for 15 min to achieve the homogenous
dispersion of the nanoparticles within the SO. Mechanical
mixing was employed as the preliminary dispersion step,
which allowed the coarse but uniform CIO nanoparticle
distribution within the SO, ensuring the appropriate wet-
ting of CIO nanoparticles by SO and resulting in a homo-
genous starting mixture. Followed by an ultrasonication
process for 5 min, which allowed the breaking of CIO nano-
particles agglomerates through high-frequency energy,
further improving the dispersion. SO allowed a stable sus-
pension of CIO nanoparticles for a homogenous dispersion
within the silicone matrix. The synergic effect of both tech-
niques, i.e. mechanical mixing and ultrasonication, signifi-
cantly contributed to the enhanced dispersion of CIO
nanoparticles, which affected the mechanical and mag-
netic properties of MAPCs, as discussed in the subsequent
sections. The pre-defined weight of silicone (as detailed in
Table 1) was added to another glass beaker. The prepared
SO/CIO solution was then mixed thoroughly with the sili-
cone base through rigorous mechanical mixing for 30 min
to obtain a silicone/SO/CIO mixture. Finally, a curing agent
(activator) was added to the mixture as prescribed by the
manufacturer (10:1 weight ratio with respect to silicone),
and mechanically mixed for another 15 min for a homoge-
nous mixing of the crosslinking agent. The curing agent
contains a tin-based catalyst that facilitates the cross-
linking reaction between hydroxyl-terminated polysi-
loxane chains and silane functional groups. The curing
process occurs at room temperature and releases alcohol
as a byproduct, characteristic of condensation-type curing.
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Figure 2: The synthesis process of silicone/CIO MAPCs involves the mixing of CIO nanoparticles in SO (mechanical mixing) followed by ultrasonication.
The resulting mixture was added to the silicone base (mechanical mixing) followed by the addition of a crosslinking agent. The final mixture was
poured into moulds for curing with (for anisotropic samples) and without (for isotropic samples) a magnetic field.

The final solution was then poured into a 3D-printed
mould for curing to produce specimens for testing. The
mould was designed using Solidworks to produce samples
for tensile testing and magnetic actuation response of sili-
cone/CI0 MAPCs, followed by 3D-printing of it using
Markforged Mark Two 3D printer using Onyx® material
(from Markforged, USA). The silicone/CI0 MAPCs were
then left at room temperature for 36 h to cure completely.
Compression testing specimens were prepared using Petri
dishes to produce the disc samples measuring 33.5 mm in
diameter and 9.5 mm in height. Silicone/CIO MAPC samples
were then removed from the mould for chemical, thermal,
mechanical, and magnetic characterization.

Table 1: Composition of synthesized silicone/CIO MAPCs

2.3 Magnetization of MAPCs

A custom setup was designed and 3D-printed for the magne-
tization of MAPCs (as reported in Figure 3). This setup was
also 3D-printed using a Markforged Mark Two 3D printer
using Onyx® material (from Markforged, USA). The setup
contains slots for placing two permanent magnets (N42 neo-
dymium disc magnets with a diameter of 2in, a thickness of
0.51in, and an approximate pull force of 87.5 1b) on each side
and a platform for sample placement during the curing pro-
cess to align the CIO nanoparticles along the magnetic field
direction. The slots were secured with removable plates to
avoid the magnet interaction with the surroundings.

Material Silicone (wt%) Silicone weight (g) SO (mL) CIO (wt%) CIO weight (g)
Silicone Activator Total

Silicone 100 22.73 2.27 25.00 10 mL — —

Silicone/0.25% CIO 99.75 22.67 2.27 24.94 0.25 0.06

Silicone/0.50% CIO 99.50 22.61 2.26 24.87 0.50 0.13

Silicone/1% CIO 99 22.50 2.25 24.75 1 0.25

Silicone/3% CIO 97 22.05 2.20 24.25 3 0.75
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Figure 3: Custom-designed 3D-printed setup for magnetization of
MAPCs contains two slots on either side for placement of permanent
magnets (N42 neodymium disc magnets), and a platform between the
magnets to place the mould during the curing process.

The setup allowed a homogenous magnetic field between
the magnets with a magnetic field strength of 711 G at the
centre and was used to produce anisotropic samples for ten-
sile and magnetic actuation experiments. For each silicone/
CIO MAPC composition, the moulds were placed in the mag-
netic fields during the curing process to produce anisotropic
MAPCs; however, no magnetic field was applied to isotropic
MAPCs. However, only isotropic samples were prepared for
compression testing.

2.4 Material characterization

The morphology of silicone/CIO MAPCs was analysed using
a field emission scanning electron microscope (FE-SEM, FEI
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Quanta650FEG) operated at an acceleration voltage of
20kV and a working distance of 0.9cm. SEM analysis
assessed the dispersion of CIO nanoparticles and the influ-
ence of the applied magnetic field on anisotropic MAPCs.
Fourier transform infrared (FTIR) spectroscopy was con-
ducted on a Nicolet iS50 FT-IR spectrometer (Thermo
Scientific, USA) equipped with an attenuated total reflec-
tance (ATR) accessory featuring a diamond crystal plate.
This technique was used to identify the molecular struc-
ture of MAPCs, utilizing 32 scans per sample in the
500-4,000 cm ™" spectral range with a resolution of 4 cm™.
Thermal properties were investigated through thermogra-
vimetric analysis (TGA) and differential scanning calori-
metry (DSC) using a Thermal Analyzer (SDT 650, TA
Instruments, USA). The silicone/CIO MAPCs were carefully
placed in a ceramic crucible and heated from 30 to 900°C at
a constant rate of 10°C/min under a nitrogen atmosphere.

2.5 Mechanical testing

Tensile testing specimens for silicone/CI0 MAPCs were
mould-cast according to ASTM D638 Type-IV standards
[48]. Fully cured tensile testing specimens are reported in
Figure 4(a). Tensile testing was performed using a Mark 10
material testing machine with a 250N load cell at a
500 mm/min displacement rate. At least three samples
were tested for each material composition and particle
orientation (i.e. isotropic and anisotropic) to evaluate the
impact of CIO nanoparticle concentration and their orien-
tation on the mechanical response of MAPCs. Load vs dis-
placement data were post-processed to evaluate stress vs
strain behaviour. Compression testing specimens were

Silicone/
3% CIO

Silicone/
0.50% CIO

Silicone/
1% CIO

Silicone/
0.25% CIO

®)

Figure 4: Fully cured silicone/CIO MAPC samples at different CIO nanoparticle concentrations. (a) Dog-bone-shaped samples for tensile testing and

(b) disc samples for compression testing.
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prepared using Petri dishes to produce the disc samples
measuring 33.5mm in diameter and 9.5 mm in height, as
shown in Figure 4(b). Compression testing was also per-
formed using a Mark 10 material testing machine with a
250 N load cell at a 2 mm/min displacement rate.

2.6 Magnetic properties and actuation
response of MAPCs

The magnetic properties of silicone/CI0 MAPCs were ana-
lysed using a vibrating sample magnetometer (VSM,
Quantum Design Dynacool PPMS) within a magnetic field
range of 0-10kOe at room temperature. Hysteresis loops
were recorded for all samples to determine the values of

Homogenously Dispersed CIO
Particles within Silicone Matrix

CIO Particles Aligned in the Applied
Magnetic Field Direction
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saturation magnetization (My), coercivity (H), and remanence
(M,). To evaluate the magnetic actuation response, silicone/
CIO MAPCs were tested in the form of mould-cast strips with
dimensions of 70 mm x 15mm x 2mm. MAPC strips were
clamped at one end and placed vertically, hanging (free at
the other end) to apply an external magnetic stimulus. N42
Neodymium disc magnet of 2 in. diameter and 1 in. thickness
with a flux density (Br) of 13,150 G was used to actuate the
MAPC strips. The magnet position was adjusted manually to
record the threshold (1 mm), 5mm, and 10 mm actuation in
response to the applied magnetic field for each MAPC com-
position and configuration (isotropic and anisotropic). The
distance (x) of the magnet from the strip was recorded for
each actuation displacement, and the magnetic field (B,) at a
distance x from the magnet was calculated using the fol-
lowing equation [49,50]:

HV | spot | HPW D et
500 kV | 4.0 | 414 pm | 500x | 10.6 mm | CB HBKU Corelabs

ClO Nanoparticles Aggregates
(Ranging 1-10pm)

s

ik det
D

WD d
104 mm | E

Figure 5: SEM analysis. (a) Silicone/1% CIO MAPCs (isotropic configuration) analysed at 250x magpnification. (b) Silicone/1% CIO MAPCs (isotropic
configuration) analysed at 500x magnification shows homogenously dispersed CIO particles within silicone matrix with some aggregates (ranging
from 1-10 pm). (c) Silicone/1% CIO MAPCs (anisotropic configuration) analysed at 250x magnification. (d) Silicone/1% CIO MAPCs (anisotropic
configuration) analysed at 500x magnification shows CIO nanoparticles aligned in the applied magnetic field direction.
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where T is the magnet thickness and R is the magnet
radius.

3 Results and discussion

3.1 Scanning electron microscopy (SEM)

SEM was conducted on silicone/1% CIO MAPCs in both iso-
tropic and anisotropic configurations to examine the dis-
persion of CIO nanoparticles within the silicone matrix and
assess the effects of magnetic field-assisted curing. Before
analysis, samples were coated with a 10 nm layer of gold to
enhance surface conductivity for both surface and cross-
sectional imaging. Due to the relatively low concentration
of CIO nanoparticles (1%) in the MAPCs, only a limited
number of nanoparticles were detected on the surface of
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the samples. However, the cross-sectional images provided
clearer insights into the distribution of CIO nanoparticles,
as illustrated in Figure 5. For the isotropic MAPCs, SEM
images (Figure 5(a) and (b)) revealed a uniform and homo-
genous dispersion of CIO particles throughout the silicone
matrix with some aggregates (ranging from 1 to 10 um). These
aggregates disrupt the uniform stress distribution within the
silicone matrix and act as stress concentrators, negatively
impacting the mechanical performance of MAPCs, especially
at higher concentrations, i.e. 3%. In contrast, the anisotropic
MAPCs (Figure 5(c) and (d)) exhibited alignment of the CIO
nanoparticles along the direction of the applied magnetic
field during curing, confirming the magnetic field’s influence
on the nanoparticle orientation within the matrix.

3.2 FTIR spectroscopy

FTIR spectroscopy was used to investigate the chemical
structure and functional groups of pure silicone and
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Figure 6: FTIR spectra of pure silicone and silicone/CIO MAPCs show characteristic peaks of pure silicone recorded at around 700-800 cm™" (Si-CH;
stretching vibrations), 1,000-1,100 cm™ (Si-0-Si stretching vibrations), 1,150-1,260 cm~' (CHj stretching of methyl group), and 2,900-2,950 cm™ (C-H
stretching of methyl group). No significant changes in characteristic peaks were observed with the addition of CIO nanoparticles.
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silicone-based MAPCs (for isotropic configuration — with
randomly aligned nanoparticles) reinforced with CIO
nanoparticles at varying concentrations (0.25, 0.50, 1, and
3%). The FTIR spectra were recorded within the wave-
number range of 500—4,000 cm™, and the results are pre-
sented in Figure 6.

The FTIR spectrum of pure silicone exhibited charac-
teristic absorption peaks corresponding to its siloxane
backbone and methyl groups. Notable peaks were
observed around 700-800cm™ (attributed to Si—CHj
stretching vibrations) and 1,000-1,100 cm™ (attributed to
Si—O-Si stretching vibrations), which are consistent with
the typical structure of polydimethylsiloxane (PDMS). In
addition, the characteristic peaks were observed at around
1,150-1,260 cm™ (attributed to CH; stretching of methyl
groups) and 2,900-2,950 cm™ (attributed to C-H stretching
of methyl groups). With the addition of CIO nanoparticles,
no significant changes in the intensity and position of the
characteristic silicone peaks were observed, likely due to
the formation of weak physical or chemical bonds between
the CIO nanoparticles and the silicone matrix. Moreover,
no new significant peaks were observed in MAPCs, indi-
cating that the CIO nanoparticles primarily interact with
the existing silicone bonds without introducing new func-
tional groups. FTIR analysis revealed that the absence of
new functional groups indicates that the CIO nanoparticles
are well-dispersed within the matrix and do not form new
chemical bonds, making MAPCs promising for maintaining
the chemical integrity of silicone while enhancing its
mechanical and magnetic properties.
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Figure 7: (a) TGA and (b) DSC of silicone and silicone/CIO MAPCs.
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3.3 TGA

TGA shows that both pure RTV silicone and silicone/CIO
MAPCs undergo a single-step thermal degradation process,
with the weight reduction beginning around 300°C (Figure
7(a)). As the temperature increases beyond this point, a sharp
and significant weight loss is observed, corresponding to the
thermal degradation of the RTV silicone matrix, likely invol-
ving the breakdown of the siloxane backbone and organic
groups. Despite the incorporation of CIO, there is no signifi-
cant shift in the onset of degradation, indicating that the
initial thermal stability of the silicone matrix is largely unaf-
fected. The degradation process continues rapidly up to around
550-600°C, after which the weight stabilizes, leaving a substan-
tial residual mass. This final residue is higher than typical for
pure silicone, indicating the presence of inorganic CIO nano-
particles that do not decompose at high temperatures.

In the DSC analysis of RTV silicone and silicone/CIO
MAPCs, the incorporation of CIO does not significantly shift
the degradation onset temperature but influences the heat
flow trends, as shown in Figure 7(b). As the temperature
increases, a broad endothermic peak appears, which is
typically associated with molecular relaxation or softening
within the silicone matrix, reflecting increased chain mobi-
lity. This is followed by a noticeable exothermic peak at
higher temperatures, suggesting additional crosslinking or
post-curing reactions. The presence of the nanoparticles
causes a slight shift of the thermal events towards higher
temperatures compared to pure silicone, indicating a small
improvement in thermal resistance. An increasing CIO
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content intensifies these exothermic reactions, suggesting
complex interactions between the CIO filler and the sili-
cone matrix, which influence the material’s thermal
behaviour.

3.4 Mechanical testing

Mechanical properties of silicone/CIO MAPCs loaded with
varying concentrations of CIO were evaluated under both
compressive and tensile loading conditions, and the results
are summarized in Table 2. Silicone/CIO MAPCs were tested
for their compression modulus in isotropic configuration,
while tensile strength, failure strain, and elastic modulus
were measured in both isotropic and anisotropic config-
urations. The compressive behaviour of silicone/CIO
MAPCs was evaluated until 25% of deformation relative
to the initial sample height. In this range, all silicone/CIO
MAPC compositions revealed a linear behaviour without
any failure, as shown in Figure 8(a). The compression
moduli of silicone/CI0 MAPCs were measured from the
slopes of these strain vs stress curves. The pure silicone
sample exhibited a compression modulus of 0.412 MPa.
With the addition of 0.25% CIO, the modulus decreased to
0.199 MPa, which might be due to weak interactions
between the silicone matrix and the CIO nanofillers at
low concentrations. As the CIO content increased from
0.50 to 3%, the compression modulus recovered, reaching
0.274, 0.322 and 0.340 MPa, for silicone/0.50% CIO, silicone/
1% CIO, and silicone/3% CIO MAPCs, respectively, which
indicates that higher CIO content improves the stiffness
of silicone/CIO MAPCs due to better particle dispersion
and increased silicone/CIO interaction. The stiffening effect
at higher filler concentrations results from the reinforcing
action of the magnetic nanoparticles, although the rate of
increase slows down at higher CIO concentrations (i.e. 3%),
potentially due to particle agglomeration.

Tensile testing was conducted on dog-bone-shaped
specimens until failure, and displacement vs load data
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were post-processed to obtain strain vs stress curves, as
shown in Figure 8(b) and (c). Figure 8(b) and (c) shows
the strain vs stress behaviour of both isotropic and aniso-
tropic silicone/CIO MAPCs. The tensile response of MAPCs
followed a similar trend, as observed in compression
testing, where an increase in the tensile strength was
observed with increasing CIO content; however, the tensile
strength decreased at 3% CIO concentration.

The tensile strength of pure silicone was observed to
be around 1.356 MPa, whereas the addition of CIO nanopar-
ticles reduced the tensile strength to 0.737 MPa for silicone/
0.25% CIO. This reduction may be attributed to poor dis-
persion or weak interactions between the CIO particles and
the silicone matrix at a low filler content. Further
increasing the CIO concentrations resulted in improved
tensile strength, i.e. 0.775 and 1.250 MPa for silicone/0.50%
CIO and silicone/1% CIO, respectively. This improvement in
the tensile strength can be attributed to the reinforcing
effect of the CIO nanoparticles, which enhance the mate-
rial’s ability to resist deformation under tensile load.
Finally, at a higher CIO concentration (i.e. 3%), the tensile
strength decreases potentially due to nanoparticle agglom-
eration as a result of high loading, which can create stress
concentration points and reduce the material’s ability to
resist tensile loads.

In the anisotropic samples, where the CIO particles were
aligned in a magnetic field, the tensile strength was consis-
tently higher compared to the isotropic counterparts, indi-
cating the beneficial effect of particle alignment. Silicone/
0.25% CIO MAPCs exhibited a tensile strength of 0.925 MPa,
increasing to 0.975MPa for the silicone/0.50% CIO and
1.356 MPa for the silicone/1% CIO, reflecting the improved
load-bearing capacity provided by the alignment of CIO nano-
particles, which enhances stress transfer between the silicone
matrix and CIO nanofillers. However, the tensile strength
dropped to 0.857 MPa for the silicone/3% CIO, likely due to
the same particle agglomeration effect observed in the iso-
tropic configuration. Figure 8(d) presents a visual comparison
of tensile strengths for isotropic and anisotropic silicone/CIO
MAPCs.

Table 2: Summary of mechanical properties evaluated for silicone/CIO MAPCs obtained from tensile and compression tests

Material Compression modulus (MPa)  Tensile strength (MPa) Failure strain (mm/mm) Elastic modulus (MPa)
Isotropic Anisotropic Isotropic Anisotropic  Isotropic Anisotropic
Silicone 0.412 + 0.002 1356 + 0.03 — 11.875+03 — 0.153 +0.003 —
Silicone/0.25% CIO  0.199 + 0.005 0.737+0.02 0.925+0.04 14.167+04 15125+0.5 0.065+ 0.002 0.078 + 0.003
Silicone/0.50% CIO  0.274 + 0.001 0.775+0.03 0.975+0.05 12.667+0.5 15250+0.6 0.081+0.003 0.091+ 0.005
Silicone/1% CIO 0.322 + 0.004 1.250 + 0.04 1.356 £ 0.05 12.042+0.7 13.500 + 0.8  0.141 + 0.005 0.128 + 0.007
Silicone/3% CIO 0.340 + 0.006 1.031+£0.07 0.857+£0,08 1245907 12.292+0.8 0.109 + 0.007 0.089 + 0.008
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Figure 8: Mechanical properties of silicone/CIO MAPCs. (a) Strain vs stress curves for compression testing. (b) Strain vs stress curves for tensile testing
of isotropic MAPCs. (c) Strain vs stress curves for tensile testing of anisotropic MAPCs. (d) Comparison of tensile strength for different materials and
CIO nanoparticle orientation. (e) Comparison of failure strain for different materials and CIO nanoparticle orientation. (f) Comparison of tensile

strength for different materials and CIO nanoparticle orientation. (g) Compression and tensile testing specimens. (h) Visual representation of CIO

nanoparticles within isotropic and anisotropic MAPCs.

The failure strain, or elongation at break, of pure silicone
was 11.88 mm/mm, as depicted in Figure 8(e). The failure
strain increased to 14.17 mm/mm for the silicone/0.25% CIO,
suggesting improved ductility at lower concentrations of
nanoparticles, which could be due to the nanoparticles acting
as spacers within the silicone matrix, allowing for more sig-
nificant elongations before failure. Failure strain decreased
with further increases in CIO concentrations, with 12.67, 12.04,
and 12.46 mm/mm of failure strains for silicone/0.50% CIO,
silicone/1% CIO, and silicone/3% CIO, respectively. In the ani-
sotropic configuration, the failure strain was generally higher
than in the isotropic configuration, indicating that the align-
ment of the CIO nanoparticles not only improves strength but
also enhances the MAPCs’ ability to deform under load. The
silicone/0.50% CIO exhibited the highest failure strain
(15.25 mm/mm), which decreased slightly as the CIO content
increased, reaching 13.50 mm/mm for the silicone/1% CIO and
12.29 mm/mm for the silicone/3% CIO. The CIO nanoparticle
alignment improves ductility; however, at higher CIO load-
ings, potential agglomerations can reduce the material’s
ability to deform before failure.

The elastic modulus, which reflects the stiffness of the
material, was measured through uniaxial tensile tests per-
formed on MAPCs, and for pure silicone, it was 0.153 MPa.
Upon the addition of 0.25% CIO, the elastic modulus
decreased to 0.065MPa, likely due to weak interactions
between the CIO nanoparticles and silicone matrix at low
concentrations. However, as the CIO content increased, the
modulus improved to 0.081 MPa for the silicone/0.50% CIO
and 0.141MPa for the silicone/1% CIO composite. The
increased stiffness with higher CIO nanoparticle content
is a result of the reinforcing effect, which restricts polymer
chain mobility and enhances the material’s resistance to
deformation. For silicone/3% CIO, the modulus slightly
decreased to 0.109 MPa, potentially due to particle agglom-
erations, which could create weak points in the MAPC
structure. In the anisotropic configuration, the elastic mod-
ulus was improved for MAPCs at lower filler concentra-
tions, as illustrated in Figure 8(f). Elastic modulus
increased steadily with CIO content, reflecting the
improved stiffness due to particle alignment. The sili-
cone/0.25% CIO had an elastic modulus of 0.078 MPa, which
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increased to 0.091MPa for the silicone/0.50% CIO. The
aligned particles likely restrict polymer chain mobility
more effectively, resulting in a stiffer material. However,
for silicone/1% CIO and silicone/3% CIO, the elastic mod-
ulus dropped slightly to 0.128 and 0.089 MPa, again likely
due to agglomeration effects that reduce the efficiency of
particle-matrix interactions.

As the CIO nanoparticle content increased, the tensile
strength and elastic modulus generally improved up to 1%
of CIO concentrations, reflecting the reinforcing role of CIO
nanoparticles in the silicone matrix. The particles provide
additional load-bearing capacity and restrict polymer
chain mobility, leading to increased stiffness and strength.
However, at higher concentrations (3% CIO), particle
agglomeration likely occurred, which reduces the reinfor-
cing effect and leads to a decrease in both tensile strength
and elastic modulus. The anisotropic samples, where CIO
nanoparticles were aligned using a magnetic field,
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consistently outperformed the isotropic samples in terms
of tensile strength and elastic modulus up to 1% of CIO
concentrations. The CIO nanoparticle alignment enhances
stress transfer and load-bearing capacity, as the aligned
nanoparticles can more effectively resist deformation
and distribute applied loads. The alignment also improved
failure strain, allowing for greater ductility before failure.

A key observation from the mechanical testing results
is the trade-off between the tensile strength and failure
strain. While the addition of CIO nanoparticles increases
stiffness and strength, it also reduces the material’s ability
to deform, particularly at higher filler concentrations,
which is a common phenomenon in reinforced polymers,
where the increased stiffness typically comes at the cost of
reduced ductility. At low CIO concentrations, poor particle
dispersion likely weakens the silicone/CI0 MAPCs, as
observed in the low elastic modulus of the silicone/0.25%
CIO. As the concentration increases, better dispersion
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Figure 9: Magnetic properties and magnetic actuation response of silicone/CIO MAPCs. (a) Magnetic field vs magnetization profiles of silicone/CIO
MAPCs represent an increased magnetic saturation and remanence with the increase in CIO nanoparticles concentration. (b) Magnetic field required
to achieve threshold (1mm), 5mm, and 10 mm displacements for isotropic (iso) and anisotropic (aniso) configurations of silicone/CIO MAPCs.

(c) Magnetic actuation of different configurations and compositions of silicone/CIO MAPCs.
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enhances the mechanical properties, but beyond a certain
threshold (e.g. 3% CIO), particle agglomeration occurs,
which introduces stress concentration points and weakens
the composites.

3.5 Magnetic properties of silicone/CIO
MAPCs

Magnetic properties of the synthesized silicone/CIO MAPCs
were evaluated using a VSM under the magnetic fields
from 0 to 10kOe at ambient temperature by recording
the hysteresis loop and measuring saturation magnetiza-
tion (M), coercivity (H.), and remanence (M,). The VSM
results are illustrated in Figure 9(a) and summarized in
Table 3. CIO nanoparticles, being ferromagnetic in nature,
exhibit remarkable magnetic properties, including satura-
tion magnetization (M) of 52.56 EMU/g, coercivity (H.) of
2438 Oe, and remanence (M,) of 30.8 EMU/g. For a detailed
analysis of the magnetic properties of CIO nanoparticles,
readers are referred to our previous study [51].

For silicone/CIO MAPCs, M; increases with higher CIO
content, demonstrating the proportional contribution of
magnetic nanoparticles to the MAPCs’ overall magnetiza-
tion. H, remains consistent, reflecting stable magnetic
anisotropy and particle size distribution, with minimal
influence from changes in CIO concentration. Finally, M,
increases with increasing CIO content due to stronger
dipolar interactions. The saturation magnetization (M) of
the MAPCs increased as the concentration of CIO nanopar-
ticles in the matrix increased. The M; values ranged from
0.087 EMU/g for the silicone/0.25% CIO to 1.057 EMU/g for
the silicone/3% CIO due to the increasing amount of CIO
nanoparticles embedded in the silicone matrix. As more
CIO nanoparticles are incorporated, the overall magnetic
moment of the MAPC increases due to the intrinsic mag-
netism of the CIO. The increase in M, with CIO concentra-
tion follows the expected behaviour, where a higher
content of magnetic nanoparticles results in a stronger
collective magnetization under an external magnetic field,

Table 3: Magnetic properties of the synthesized silicone/CIO MAPCs
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which indicates an effective dispersion of the nanoparti-
cles within the matrix, allowing the magnetization to
develop throughout the material without significant
agglomeration, which could have otherwise reduced the
magnetic response due to dipole-dipole interactions.

The coercivity (H.) of MAPCs remained relatively con-
stant across all materials tested, with values around
2350 Oe, indicating that the inclusion of different concen-
trations of CIO did not significantly alter the energy
required to demagnetize the material. The stability of coer-
civity could be due to the particle size of CIO in the nanos-
cale regime contributing to a consistent coercivity, as the
magnetization reversal mechanism does not drastically
change with concentration. Furthermore, the intrinsic
properties of CIO, such as its magneto-crystalline aniso-
tropy, dominate the coercive behaviour. Thus, the MAPCs
inherit this stability, with minimal influence from the
polymer matrix or particle loading.

The remanent magnetization (M) also revealed a
dependence on the CIO content, increasing from 0.054
EMU/g for the silicone/0.25% CIO to 0.625 EMU/g for the
silicone/3% CIO. Remanence reflects the ability of the mate-
rial to retain magnetization after the external magnetic
field is removed. The increase in M, suggests that with
higher concentrations of CIO, the MAPCs retain a more
significant magnetic moment due to the higher volume
fraction of CIO nanoparticles, which is closely linked to
the magnetic dipole—dipole interactions among nanoparti-
cles. At lower concentrations, the nanoparticles are more
isolated, and their interactions are weaker, leading to
lower remanence. As the concentration increases, the
nanoparticles are closer together, enabling stronger dipole—
dipole interactions and leading to enhanced remanence.
However, the lack of a sharp increase in M, at higher CIO
loading indicates that agglomeration effects might be limited,
preventing excessive magnetic particle clustering, which
could otherwise reduce the remanent magnetization by
creating closed-loop magnetic domains.

The changes in magnetic properties can be attributed
to dipolar interactions; as the CIO content increases, the
magnetic dipoles within the material experience stronger

Material Saturation (M, EMU/g) Coercivity (H., Oe) Remanence (M,, EMU/g)
CIO [51] 52.56 2,438 30.8

Silicone/0.25% CIO 0.087 2,350 0.054

Silicone/0.50% CIO 0.180 2,355 0.115

Silicone/1% CIO 0.336 2,351 0.202

Silicone/3% CIO 1.057 2,356 0.625
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interactions, leading to higher magnetization (M and M,).
The increase in M and M, is gradual and controlled, indi-
cating uniform dispersion of CIO particles in the silicone
matrix without significant agglomeration. In addition,
nanoparticles typically exhibit surface spin disorder due
to a large surface-to-volume ratio, which slightly reduces
the total magnetization compared to bulk materials, espe-
cially at lower CIO concentrations. However, this effect is
minimized at higher concentrations where collective mag-
netic behaviour dominates. Finally, the uniformity in coer-
civity (H.) suggests that the particle size distribution and
magnetic anisotropy of CIO nanoparticles are maintained
across all MAPCs, resulting in stable coercive behaviour.
This indicates that the synthesis and processing of the
MAPCs achieved a consistent particle size and orientation,
critical for reliable magnetic performance.

The synthesized silicone/CI0 MAPCs outperformed
similar materials reported in the literature in terms
of their magnetic properties. Polyurethane (PU) nanocom-
posites with 3% magnetite nanoparticle (MNP) concentra-
tion revealed an M of 1.99 EMU/g, M, of 0.033 EMU/g,
and H, of 15.37 Oe [49]. Another study reported an M; of
1.719 EMU/g, M, of 0.024 EMU/g, and H, of 11.855 Oe for 3%
magnetite nanoparticle-reinforced poly(butylene succi-
nate-co-butylene adipate) (PBSA) MAPCs [50]. However,
the M; of silicone/CI0O MAPCs reported in this study is
lower than the similar materials (with the same nanopar-
ticle concentrations, i.e. 3%) reported in the literature.
The M, and H, for silicone/CI0O MAPCs are significantly
higher than the reported materials, indicating stronger
magnetic retention and higher resistance to demagnetiza-
tion, making them an excellent candidate for smart
devices requiring precise control and sustained magnetic
performance.

3.6 Magnetic actuation of silicone/CIO
MAPCs

The magnetic actuation response of silicone/CI0 MAPCs
containing different concentrations of CIO nanoparticles (i.e.
0.25, 0.5, 1, and 3%) was investigated under isotropic and
anisotropic configurations, as shown in Figure 9(b) and (c).
Increasing the CIO concentration in both isotropic and aniso-
tropic samples reduced the magnetic field required to achieve
the same actuation distances (i.e. threshold (1 mm), 5 mm, and
10 mm), which indicates that a higher CIO content enhances
the magnetic responsiveness of MAPCs due to stronger
internal magnetic interactions. Silicone/0.25% CIO isotropic
samples required 2223 G to achieve a threshold (1 mm)
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displacement, increasing to 3258 G for 10 mm displacement.
However, anisotropic samples needed lower fields (1769 G for
1mm and 2,933G for 10 mm displacements). For silicone/
0.50% CIO isotropic samples, the required magnetic field
dropped further (1,873 G for 1mm and 2,779 G for 10 mm
displacements). As expected, anisotropic configurations
revealed improved actuation efficiency, with lower magnetic
fields (1,491 G for 1mm and 2,631 G for 10 mm). A similar
pattern was observed for silicone/1% CIO and silicone/3%
CIO MAPCs, with the lowest magnetic fields observed in ani-
sotropic samples (703G and 439 G for 1 mm for 1% CIO and
3% CIO, respectively). The reduction in required fields with
increasing CIO content is due to enhanced magnetic interac-
tions that facilitate actuation at lower applied magnetic fields.
Therefore, a higher CIO content coupled with particle align-
ment significantly improved magnetic actuation efficiency,
minimizing the magnetic field requirements for achieving
desired displacements.

Across all silicone/CI0 MAPCs, anisotropic samples
consistently required lower magnetic fields than isotropic
samples for the same actuation displacement owing to the
alignment of magnetic nanoparticles along the direction of
the magnetic field during sample preparation, facilitating
more efficient magnetic actuation. The lower magnetic
field requirements in anisotropic samples can be attrib-
uted to the alignment of particles, which provides a pre-
ferred pathway for the magnetic flux, reducing magnetic
reluctance and allowing the MAPCs to respond more easily
to the magnetic field. The difference in the magnetic field
requirements between isotropic and anisotropic configura-
tions decreased with increasing CIO content. At higher con-
centrations (1 and 3%), the magnetic interaction within the
isotropic samples was strong enough to partially compen-
sate for the lack of alignment, resulting in a less pro-
nounced difference compared to lower concentrations.
The magnetic actuation results highlight the importance
of optimizing both the concentration and distribution of
magnetic particles to enhance the performance of MAPCs
for remote actuation applications.

4 Conclusions and future scope

In this study, MAPCs were developed using RTV silicone as
the matrix material and cobalt iron oxide (CIO) nanopar-
ticles as the magnetic filler, with concentrations of 0.25,
0.50, 1, and 3%. Silicone/CIO MAPCs were prepared through
a mechanical mixing and ultrasonication process, and field
emission (FE-SEM) analysis confirmed the effective incor-
poration of CIO nanoparticles into the polymer matrix.



14 — Ans Al Rashid et al.

FTIR results revealed no significant changes in the inten-
sity and position of the characteristic silicone peaks, likely
due to the formation of weak physical or chemical bonds
between the CIO nanoparticles and the silicone matrix.
Moreover, no new significant peaks were observed in
MAPCs, indicating that the CIO nanoparticles primarily
interact with the existing silicone bonds without introdu-
cing new functional groups. An increase in CIO nanopar-
ticle concentration within the silicone matrix resulted in
improved mechanical performance, where a compressive
modulus of 0.199 MPa for silicone/0.25% CIO improved to
0.340 MPa for silicone/3% CIO. Likewise, an improved ten-
sile strength was observed due to particle alignment,
resulting in an increase from 1.25 MPa (for isotropic sam-
ples) to 1.356 MPa (for anisotropic samples) in silicone/1%
CI0O MAPCs. Silicone/CI0 MAPCs also revealed higher
failure strain than pure silicone samples. Finally, an
improvement in the magnetic properties of MAPCs was
observed with increasing CIO concentrations, where
increased saturation magnetization from 0.087 to 1.057
EMU/g and remanence from 0.054 to 0.625 EMU/g were
recorded with an increase in the CIO content from 0.25 to
3% in the silicone matrix. Silicone/1% CIO MAPCs were
found to be optimum in terms of mechanical performance,
while silicone/3% CIO MAPCs performed exceptionally well
in terms of magnetic actuation and magnetic properties.

The primary challenge while dealing with nanoparti-
cles and high-viscosity base polymers is homogenous dis-
persion, especially at higher concentrations, which could
potentially impact the mechanical performance of the com-
posites. More effective surfactants could be utilized to
overcome this issue to improve the interaction of nanopar-
ticles and the polymer matrix. In future research, the
synthesized MAPCs will be transformed into feedstock
materials, such as inks, for additive manufacturing techni-
ques like direct ink writing. These advanced processes will
enable the prototyping and testing of innovative design
concepts, leveraging the flexibility offered in design and
fabrication. This approach is expected to unlock new pos-
sibilities for these materials in remote actuation and sen-
sing, broadening their potential applications.
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