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A B S T R A C T

Magnetoactive polymer composites (MAPCs) are materials composed of a polymer matrix embedded with 
magnetic particles that mechanically respond to external magnetic fields. MAPCs can be programmed to be 
adjusted remotely without physical interventions using a magnetic field to generate the desired response; 
therefore, MAPCs are being actively explored for their applications in remote sensing, soft robotics, electronics, 
and biomedical areas. In this work, novel MAPCs were synthesised comprising polyvinyl alcohol (PVA) as the 
matrix and cobalt iron oxide (CoFe2O4) nanoparticles as the magnetic component with varying concentrations (i. 
e., 1.25%, 2.5%, and 5%). MAPCs were synthesised using the solution casting technique, and field emission 
scanning electron microscopy (FE-SEM) and x-ray diffraction (XRD) results revealed the successful integration of 
CoFe2O4 nanoparticles within the polymer matrix. The synthesised MAPC films were also characterised for their 
chemical, thermal, magnetic, and biological properties. The incorporation of CoFe2O4 nanoparticles resulted in 
an improved magnetic response, with improvements in these properties with increasing CoFe2O4 content. PVA/ 
5% CoFe2O4 revealed toxicity and requires further investigation of using these materials with higher CoFe2O4 
concentrations. The magnetic response and biological properties of the PVA/CoFe2O4 MAPCs revealed their 
potential uses for remote actuation and sensing in the biomedical sector.

1. Introduction

Magnetoactive polymer composites (MAPCs) are an emerging class 
of smart materials, pushing the boundaries of material science, 
comprising a polymer matrix incorporating magnetic-sensitive micron 
to nanoscale particles [1]. MAPCs combine the adaptability and flexi
bility of polymers with the responsiveness of magnetic particles, 
allowing them to transform their shape or properties in the presence of 
an external magnetic field [2,3]. MAPCs are classified into magneto- 
strictive and magneto-rheological polymer composites. Magneto- 
strictive composites deform under a magnetic field, bending or 
twisting the material [4,5], while magneto-rheological composites 
contain dispersed magnetic particles that align under a magnetic field, 
altering the composite’s stiffness or rheology [6–8]. Unlike magneto- 
rheological elastomers (MREs), which use elastomeric polymers, mag
netoactive hydrogels replace the polymer matrix with a water-based 
hydrogel [9–11]. MAPCs can also be categorized as anisotropic or 

isotropic based on the alignment of magnetic particles within the matrix 
[12]. MAPCs respond to an external magnetic field to generate 
controllable and tunable magneto-mechanical responses [13]; therefore, 
they are widely explored for applications in aerospace, civil, robotics, 
remote sensing and biomedical sectors, to mention a few [14–19]. The 
development and utilisation of MAPCs in functional applications require 
multi-faced optimisation regarding material composition, stimuli 
response and application-specific testing and characterisation.

Several studies investigated the impact of different materials and 
their compositions on the magnetic response of MAPCs. Zhang et al. [20]
synthesised poly-dimethyl siloxane (PDMS) based MREs using carbonyl 
iron powder (CIP) in which off-axis anisotropic MREs were produced by 
a varying orientation of magnetic field during the vulcanisation process. 
The MREs with larger orientation angles (i.e., 15◦) revealed a higher 
shear modulus with and without an external magnetic field. The 
increased shear modulus is directly related to the increased magnetic 
flux density. They also demonstrated the magneto-deformation 
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behaviour of off-axis anisotropic MRE composites. Similar to synthe
sising MAPCs using elastomeric matrices, Vazquez-Perez et al. [21]
created magnetic hydrogels by combining a hydrogel (base) filled with 
magnetic particle clusters. When exposed to a magnetic field, these 
magnetic hydrogels significantly stretched and returned to their original 
shape upon removal of the applied field. The amount of magnetic field- 
induced stretch depends on the hydrogel stiffness, magnetic particle 
concentration, and how the particles are distributed within the hydro
gel. Soft materials with field-dependent stiffness open new doors for 
applications such as magnetically controlled valves. Garcia-Gonzalez 
et al. [22] developed soft elastomeric-based self-healing MAPCs con
taining NdFeB magnetic nanoparticles and CIPs. The resulting MAPCs 
could sustain loads beyond 20% strain after several fracture cycles 
without compromising the structural integrity under tensile loading 
conditions. It was also observed that the self-healed materials did not 
experience mechanical degradation and withstood higher stresses than 
the original material. Takahashi et al. [23] studied the influence of 
coating iron (CI) particles in a rubbery MRE with a thin layer of plastic 
(PMMA), which affects its stiffness under an external magnetic field. The 
PMMA coating reduced the stiffening effect and increased the apparent 
particle size (from 6.7 μm to 8.4 μm) due to clumping observed in 
microscopic images, suggesting PMMA-coated particles may not be ideal 
for MREs designed to stiffen under magnetic fields.

Moreover, the literature also reports the application-specific explo
ration of MAPCs [24,25]. For instance, Breger et al. [26] fabricated 
microgrippers using photopatterned hydrogels poly(N-isopropyl- 
acrylamide-co-acrylic acid) (pNIPAM-AAc) to achieve self-folding due 
to swelling response. Gripping ability and remote actuation were ach
ieved by incorporating stiff, non-swellable polypropylene fumarate 
(PPF) polymer and iron oxide (Fe2O3) nanoparticles, respectively. These 
hydrogel-based grippers with tunable properties hold promise for soft 
robotic and surgical applications. Likewise, Vasilyeva et al. [27] studied 
elastomers filled with coarse magnetic particles (60 %) for use in a 
magnetic pump. Such elastomers exhibited increased strength (38 %) 
and elasticity (30 %) when exposed to a magnetic field, alone or com
bined with heat. Chen et al. [28] studied vibration response by adding 
nonmagnetic particles to MREs made from magnetic and nonmagnetic 
materials (e.g., iron oxide and rubber). They revealed that bimodal 
MREs (5 mm and 10 mm thick) significantly increased natural frequency 
(up to 224 Hz) under a magnetic field compared to regular MREs, which 
suggests potential tunable vibration control using MRE-based vibration 
dampers. Borin et al. [29] developed an MRE filled with a nickel–iron 
alloy (permalloy) instead of typical iron particles, which exhibited 

significant stiffening (200x increase in the shear modulus) under a 
moderate magnetic field (400 mT). They proposed that chains formed by 
the alloy particles within the elastomer are critical to such a stiffening 
effect, which can be used with controllable stiffness for applications like 
magnetic dampers. Kolesnikova et al. [30] investigated a soft, magnetic 
material filled with magnetic and electric microparticles for soft robotics 
applications. The study focused on exploring the effect of electric par
ticles on the magnetism of the material.

Bastola and Hossain [31] investigated core–shell MREs [32] using 
rubbery materials filled with magnetic particles. The addition of smaller 
magnetic nanoparticles within these core–shell structures was explored 
to improve the MRE’s response under a magnetic field. The results 
revealed that nanoparticles enhanced the overall rheological properties, 
including reducing the settling of the magnetic particles and signifi
cantly improving the stiffening effect when exposed to a magnetic field. 
Likewise, Kim et al. [33] created a new soft composite combining a 
magneto-rheological fluid (MRF) and an MRE that can stiffen when 
exposed to a magnet. This magnetically controlled stiffness (up to 300 % 
change) makes it a promising material for wearable and foldable devices 
where local flexibility control is desired. Bastola et al. [34] also created a 
new type of MRE using 3D printing, which incorporated magnetic fluid 
pockets within a rubber matrix, allowing for layer-by-layer control of 
the material’s structure. Like traditional MREs, the 3D-printed version 
stiffened and absorbed vibrations more under a magnetic field, with a 
more prominent damping effect.

Furthermore, there has been some interest in developing numerical 
modelling approaches to predict the response of MAPCs under external 
magnetic fields [35–38]. Romeis and Saphiannikova [39] proposed a 
new method to model the magnetic behaviour of composite materials. 
Instead of complex calculations for each tiny particle, this method treats 
the material as a whole while considering the properties and arrange
ment of its different parts. This approach allows for the efficient 
modelling of various composite materials, including those with linear 
and saturated magnetisation behaviours and isotropic or anisotropic 
particle arrangements. The method requires minimal computation 
compared to traditional approaches and can be directly applied to model 
the magnetic behaviour of composite materials with specific shapes.

It is evident from the literature review that there is an eminent need 
to develop novel MAPCs for remote actuation and sensing applications 
in biomedical engineering [40]. Polyvinyl alcohol (PVA) and cobalt iron 
oxide (CoFe2O4) are two increasingly essential materials in biomedicine 
due to their unique properties such as biocompatibility, biodegradability 
that offer excellent potentials for drug delivery, tissue engineering 

Fig. 1. Magnetoactive polymer composite (MAPC) film synthesis, where PVA and CoFe2O4 powders were mixed in the solvent (water) using mechanical mixing and 
ultrasonication techniques. The solution was cast on a flat surface and left at room temperature for 48 h to produce MAPC films.
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scaffolds, and biosensors. Their tailorable properties allow researchers 
to design materials and devices that can be used as adhesives, textiles, 
food packaging, construction and biomedical [41–45]. Ferrites, such as 
CoFe2O4, with their superparamagnetic properties, are being explored 
for use in magnetic resonance imaging (MRI) contrast agents and tar
geted drug delivery due to their ability to be manipulated by external 
magnetic fields [46–48]. Few studies in the literature attempted to 
produce PVA/CoFe2O4 composites to understand their physiochemical 
and mechanical properties [49,50]. However, to the best of the authors’ 
knowledge, no study in the literature explores using PVA and CoFe2O4 
nanoparticles to synthesise MAPCs for remote actuation and sensing 
with a specific focus on their potential biomedical applications. The 
synthesised MAPCs in this study were characterised for their micro
scopic, chemical, thermal, magnetic, and biological properties. Mag
netic response and biological properties of the PVA/CoFe2O4 
nanocomposites revealed that they could be potential candidates for 
remote actuation and sensing applications in the biomedical sector.

2. Materials and Methods

2.1. Materials

Polyvinyl alcohol (PVA) powder with molecular weight (Mw ~ 
89,000–98,000) was procured from Sigma Aldrich (United States), with 
a melting point of 250℃ and density 1.19–1.31 g/cm3, as per manu
facturer safety data sheet (SDS). Cobalt iron oxide (CoFe2O4) nano
particles with an average particle size of 30 nm and purity of 99% were 
also purchased from Sigma Aldrich. The raw materials were used as 
received without any pre-processing or purification.

2.2. PVA/CoFe2O4 nanocomposites synthesis

PVA/CoFe2O4 MAPCs films were synthesised using a solution casting 
technique (as demonstrated in Fig. 1), as it is widely reported as an 
effective approach to achieve stabilised and homogenous particle- 
reinforced polymer composites [51]. First, 10 g of PVA powder was 
mixed in 100 ml of deionised water using a mechanical stirrer for 10 
min, followed by an ultrasonication (using Qsonica Q700 Sonicator, 
United States) process for another 10 min, resulting in complete disso
lution of PVA within the water. Subsequently, CoFe2O4 nanoparticles 
were added to the clear PVA solution during mechanical stirring. The 
solution was then subjected to an ultrasonication process for 10 min to 
ensure the homogenous dispersion of CoFe2O4 nanoparticles within the 
PVA solution. Three different PVA/CoFe2O4 MAPCs compositions were 
prepared by varying the weight per cent of the nanoparticles within the 
PVA matrix, i.e., 1.25%, 2.5%, and 5% (as detailed in Table 1). The 
resulting PVA/CoFe2O4 solutions were cast on flat surfaces and left at 
room temperature for 48 h to produce MAPC films (1 mm thickness) and 
to remove the excess water content. A similar procedure was adopted in 
the literature for solvent removal from polymer composite films 
[52–54].

2.3. Characterisation

Scanning electron microscopy (SEM) provides insights into the sur
face morphology of composites, revealing nanoparticle dispersion and 
potential interactions with polymers, while energy dispersive X-ray 

spectrometer (EDS) identifies the elements present within the compos
ites, verifying nanoparticle composition and highlighting any impu
rities. The morphology of MAPCs films was observed under a field 
emission scanning electron microscopy (FE-SEM, FEI Quanta650FEG) at 
an acceleration voltage of 20 kV and a working distance of 0.9 cm, 
equipped with EDS. The prepared MAPCs were characterized by X-ray 
diffraction (XRD) using the Rigaku SmartLab system with Bragg- 
Brentano (2θ-θ) geometry. All composite sheets were cut into 1 cm ×
1 cm pieces and were placed horizontally on the sample holder. Before 
the XRD scans, the samples were aligned properly at the half of the X-ray 
beam and positioned at the same axis of the source and the detector 
when 2θ and θ were at zero. XRD scans of 2θ-θ were then acquired in the 
range of 3-90◦ with a step size of 0.02◦ for 1.5 h per sample.

Fourier transform infrared (FTIR) analyses the chemical bonds in the 
composite, revealing interactions between polymer and nanoparticles 
and the presence of functional groups for desired functionalities. FTIR 
analysis was performed using a Nicolet iS50 FT-IR spectrometer 
(Thermo Scientific, United States) with an attenuated total reflectance 
(ATR) sampling accessory featuring a diamond crystal plate to deter
mine the molecular structure of the synthesised MAPCs. The FTIR 
analysis was performed with 32 scans/sample in the spectral range be
tween 500 cm− 1 and 4000 cm− 1 at a high spectral resolution (4 cm− 1). 
Thermogravimetric analysis (TGA) measures the weight change of the 
composite under increasing temperature, providing insights into ther
mal stability and degradation behaviour. TGA analysis was performed 
using a Thermal Analyzer (SDT 650, TA Instruments, United States) 
under a nitrogen environment, where the MAPCs were placed within a 
ceramic crucible carefully and subjected to heating from 50℃ to 650℃ 
at a rate of 10℃/min.

2.4. Magnetic properties and actuation response

Magnetic properties of the base materials and MAPCs were examined 
using a vibrating sample magnetometer (Quantum Design Dynacool 
PPMS) under the magnetic fields from 0 kOe to 10kOe at ambient 
temperature. Hysteresis loops were recorded for all the materials to 
obtain saturation magnetisation (Ms), coercivity (Hc), and remanence 
(Mr). The actuation response of PVA/CoFe2O4 MAPCs was investigated 

Table 1 
Compositions of synthesised PVA/CoFe2O4 MAPCs.

Materials PVA (wt %) CoFe2O4 (wt %)

PVA 100 0
PVA/1.25 % CoFe2O4 98.75 1.25
PVA/2.5 % CoFe2O4 97.5 2.5
PVA/5% CoFe2O4 95 5

Fig. 2. Schematic diagram of the experimental setup for magnetic actuation 
response. The magnetoactive polymer composite (MAPC) strips were clamped 
at one end, a permanent magnet was placed at different distances from the 
sample (corresponding to variable magnetic field intensities), and MAPC strip 
deflection at the tip was recorded.
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using mould-casted specimens (measuring 50 mm × 12 mm × 0.2 mm). 
An external magnetic stimulus was applied to the MAPC strips clamped 
at one end, as reported in Fig. 2. A magnetic flux density was varied 
between 0 and 2900G by adjusting the distance between the free end of 
the MAPC strips and the permanent disc magnet (N42 Neodymium Disc 
Magnet, with flux density (Br) of 13,050 G, 2 in diameter and 1 in 
thickness). The magnetic field (Bx) at a distance (x) from the magnet was 

calculated using the following equation (1) [55]: 

Bx =
Br

2
.

⎡

⎢
⎣

T + x
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2 + (T + x)2
√ −

x
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 + x2

√

⎤

⎥
⎦ (1) 

where T is the magnet thickness, and R is the magnet radius. The 

Fig. 3. Scanning electron microscopy (SEM) analysis for different magnetoactive polymer composite (MAPC) films synthesised (a) PVA/1.25% CoFe2O4 (b) PVA/ 
2.5% CoFe2O4 (c) PVA/5% CoFe2O4. The images on the left are captured at 500x magnification and those on the right at higher magnification levels (5000x), 
presenting the homogenous dispersion of CoFe2O4 nanoparticle. However, some agglomeration was observed at higher concentrations (i.e., PVA/5% CoFe2O4).
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actuation response was recorded using a high-speed camera (Sony 
RX100 IV), and the actuation distance (Δ) was measured using FIJI- 
ImageJ software.

2.5. Cell Culture and cytotoxicity analysis

Mouse Embryonic Fibroblasts (MEFs) were used to assess cytotox
icity release by PVA/CoFe2O4 MAPCs films. The cells were cultured in 
DMEM GlutaMAX™ (Gibco), supplemented with 10 % fetal bovine 
serum (FBS), 1 % antibiotic–antimycotic solution, and 1x non-essential 
amino acids. 5000 cells were seeded into 48-well plates and incubated at 
37 ◦C with 5 % CO2 and 20 % O2 for 24 h. After the initial 24-hour in
cubation period, the media was replaced with media containing 25 × 25 
mm PVA/CoFe2O4 MAPCs films. The 25x25 mm PVA/CoFe2O4 MAPCs 
films were incubated in 5 ml of media for a period of ≥ 5 days before 
being added to MEFs. After 72 h of incubation of the MEFs in media 
containing PVA/CoFe2O4 MAPCs films, cell viability was assessed using 
0.2 % crystal violet assay, a commonly used method to access cytotox
icity [56]. The wells were washed with 1X PBS and treated with 0.2 % 
crystal violet for 30 min, followed by four five-minute 1X PBS washes. 
The plate was then left to air dry and imaged the following day using the 
iBright1500 imaging system (Invitrogen). Images were analysed with 
FIJI-ImageJ software. TIFF images were converted to threshold images. 
The regions of interest (ROI) manager was used to measure the intensity 
of the stain within the wells. Statistical analysis was performed on 
GraphPad Prism software, and the P-values were calculated using an 
unpaired t-test.

3. Results and Discussions

3.1. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was performed to investigate 
the morphology of the base materials (i.e., PVA and CoFe2O4) and MAPC 
(PVA/CoFe2O4) films. The SEM images of the MAPC films for different 
concentrations are reported in Fig. 3 under different magnification 
levels. The SEM images confirmed the increase in CoFe2O4 nanoparticles 
content in the respective MAPC films. CoFe2O4 nanoparticles were ho
mogeneously dispersed within the PVA matrix, especially at lower 
concentrations; however, some agglomerations were observed at higher 
concentrations (i.e., 5 %). In addition, the energy-dispersive X-ray 
spectroscopy (EDS) analysis identified the elemental composition of the 
PVA, CoFe2O4, and their composites containing 1.25 %, 2.5 %, and 5 % 
of CoFe2O4 by weight.

Table 2 summarises the results, showing the weight percentage 
(mass %) and atomic percentage (atom %) of each element (C, O, Fe, and 
Co) present in all the materials. As expected, the pure PVA sample 
contained only carbon (C) and oxygen (O), while CoFe2O4 nanoparticles 
showed a significant presence of iron (Fe), cobalt (Co), and oxygen (O). 
The EDS analysis successfully verified the presence of CoFe2O4 in the 
PVA-based MAPCs, as the PVA/CoFe2O4 MAPCs (PVA/1.25 % CoFe2O4, 
PVA/2.5 % CoFe2O4, and PVA/5% CoFe2O4) exhibited the presence of 
all the elements identified in the pure materials (C, O, Fe, and Co).

The weight and atomic percentages of C and O were comparable to 
pure PVA, indicating that PVA was the major constituent in all the 

composite formulations. It is worth noting that increasing amounts of Fe 
and Co were observed with the increasing CoFe2O4 content in the 
composites. The 1.25 % composite showed minimal Fe and Co presence, 
while the 5 % composite had the highest percentage of these elements. 
EDS is a semi-quantitative technique, so the exact weight percentages do 
not perfectly match the actual CoFe2O4 loading. However, the observed 
trend confirms the successful integration of CoFe2O4 into the PVA ma
trix. In addition, the increasing weight and atomic percentages of Fe and 
Co with higher CoFe2O4 content directly correlate with the increased 
CoFe2O4 content in different MAPCs.

3.2. X-ray diffraction (XRD)

Fig. 4 shows the XRD patterns for pure PVA and PVA/CoFe2O4 
MAPCs with different CoFe2O4 concentrations. All samples possess 
diffraction peaks of PVA with the major peak (101) at 2θ = 19.4◦ being 
broad indicating poor crystallinity of PVA. However, the existence of 
this major peak implies that PVA chains tend to arrange themselves in a 
trans-planar conformation [57]. As the concentration of CoFe2O4 in
creases, XRD peaks attributed to CoFe2O4 become more visible where 
the maximum intensity is correlated with the maximum CoFe2O4 con
centration. Multiple XRD peaks are observed for CoFe2O4 suggesting 
that its particles, with different crystallographic orientations, are ho
mogeneously distributed in the PVA/CoFe2O4 MAPCs. It is worth noting 
the structure of PVA was persevered as CoFe2O4 concentration increased 
until 2.5 %. At 5 % of CoFe2O4, the intensity of PVA major peak (101) 
decreases tremendously, which could be attributed to the fact that PVA 
chain alignment is disturbed by the introduction of CoFe2O4 
nanoparticles.

Table 2 
Energy dispersive X-ray spectrometer (EDS) Results.

Material C O Fe Co

Mass % Atom % Mass % Atom % Mass % Atom % Mass % Atom %

PVA 58.34 65.11 41.66 34.89 − − − −

CoFe2O4 − − 30.68 61.20 42.39 24.22 26.93 14.58
PVA/1.25 % CoFe2O4 59.05 65.95 40.48 33.94 0.32 0.08 0.16 0.04
PVA/2.5 % CoFe2O4 57.73 66.34 37.74 32.56 3.01 0.74 1.52 0.36
PVA/5% CoFe2O4 56.46 65.49 38.10 33.17 3.49 0.87 1.95 0.46

Fig. 4. X-Ray Diffraction (XRD)) results for synthesised magnetoactive polymer 
composite (MAPC) films at different CoFe2O4 nanoparticle concentrations 
within the PVA matrix.

A. Al Rashid et al.                                                                                                                                                                                                                              Materials Science & Engineering B 311 (2025) 117838 

5 



3.3. Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was also performed to identify the chemical functional 
groups within the synthesised MACPs, as shown in Fig. 5. In the spec
trum of neat PVA, characteristic peaks were observed at 3200–3600 
cm− 1, 2850–2950 cm− 1, 1400–1500 cm− 1, 1080–1140 cm− 1, and 
800–900 cm− 1, corresponding to the typical vibrational modes of the 
PVA polymer [58]. The broad peak at 3200–3600 cm− 1 is attributed to 
the O–H stretching vibrations of the hydroxyl groups, which indicate the 
presence of hydrogen bonding. Peaks at 2850–2950 cm− 1 are associated 
with the C–H stretching vibrations of the methylene (–CH2–) groups in 
the polymer backbone. The C–H bending vibrations of the methylene 
groups were observed at 1400–1500 cm− 1, while the C–O stretching 
vibrations of the hydroxyl groups appeared in the region of 1080–1140 
cm− 1. Finally, the rocking vibrations of the CH2 groups were evident in 
the region of 800–900 cm− 1. These peaks are consistent with the typical 
FTIR spectrum of PVA, confirming the structural integrity of the 
polymer.

The addition of CoFe2O4 nanoparticles had a minimal effect on most 
of these characteristic peaks. The O–H stretching (3200–3600 cm− 1), 
C–H stretching (2850–2950 cm− 1), C–H bending (1400–1500 cm− 1), 
C–O stretching (1080–1140 cm− 1), and CH2 rocking vibrations 
(800–900 cm− 1) remained relatively unchanged in terms of intensity 
and position, which indicates that the incorporation of CoFe2O4 nano
particles did not significantly disrupt the structure of PVA or its primary 
functional groups. However, a notable change was observed at 1260 

cm− 1, where a peak present in the neat PVA spectrum diminished 
significantly in the PVA/CoFe2O4 MAPCs. This peak is typically associ
ated with the C–O stretching or C–O–H bending vibrations of the hy
droxyl groups within the polymer matrix. The reduction in the intensity 
of this peak suggests an interaction between the hydroxyl groups of PVA 
and the surface of the CoFe2O4 nanoparticles. This interaction likely 
involves the formation of hydrogen bonds between the –OH groups in 
PVA and the metal oxide surface of the nanoparticles, or even a coor
dination interaction between the metal ions (Co or Fe) and the oxygen 
atoms in PVA. Such interactions may lead to a decrease in the free hy
droxyl groups’ vibrational freedom, which supports the diminished in
tensity of the peak at 1260 cm− 1.

Moreover, it is crucial to highlight the presence of specific vibra
tional modes associated with the Fe–O and Co–O bonds in the CoFe2O4 
nanoparticles. In the spinel structure of CoFe2O4, Fe and Co ions occupy 
tetrahedral and octahedral sites [59]. Peaks corresponding to the 
stretching vibrations of the Fe–O bonds in the octahedral sites typically 
appear in the range of 400–600 cm− 1, while Co–O bonds, depending on 
their coordination, exhibit distinct vibrational modes that may overlap 
with other peaks in the spectrum [60]. However, these peaks are not 
evident in the FTIR results, probably due to lower CoFe2O4 nanoparticle 
concentrations. The unaffected other characteristic peaks indicate that 
the CoFe2O4 nanoparticles primarily interact with the hydroxyl groups, 
rather than causing widespread changes in the polymer’s molecular 
structure. This localized interaction between PVA and CoFe2O4 nano
particles has implications for the mechanical and magnetic properties of 

Fig. 5. Fourier transform infrared (FTIR) results for synthesised magnetoactive polymer composite (MAPC) films at different CoFe2O4 nanoparticle concentrations 
within the PVA matrix.
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MAPCs, without significantly altering their chemical composition or 
backbone structure.

3.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed to observe the 
weight change with a temperature ramp of up to 650℃ in pure PVA and 
PVA/CoFe2O4 MAPCs, as reported in Fig. 6. All four materials exhibited 
a gradual weight loss as the temperature increased, indicating thermal 
decomposition. The initial weight loss at around 100℃ can be attributed 
to the evaporation of the residual solvent (water). A higher weight loss 
per cent in the PVA/CoFe2O4 MAPCs between 100 and 200℃ as 
compared to the pure PVA can be attributed to a higher residual solvent 
in composites. The onset of degradation occurred between around 250- 
270℃, resulting in significant weight loss for all materials. The pure 
PVA sample begins its significant weight loss around 260 ◦C, with a steep 
degradation slope occurring between 260 ◦C and 400 ◦C. However, an 
increased thermal stability for CoFe2O4 reinforced PVA composites was 
observed. The PVA/1.25 % CoFe2O4 MAPC exhibits the slowest rate of 
weight loss after the onset of degradation (around 270 ◦C). It retains 
more weight across the temperature range compared to pure PVA and 
higher-concentration MAPCs, indicating superior thermal stability. The 
enhanced thermal stability of the PVA/1.25 % CoFe2O4 MAPC may be 
attributed to the more uniform dispersion of CoFe2O4 nanoparticles at 
lower concentrations, which leads to stronger interfacial interactions 
between the polymer matrix and nanoparticles, which can hinder the 
mobility of polymer chains, thereby delaying thermal degradation. The 
PVA/2.5 % CoFe2O4 MAPC shows a slightly faster degradation 
compared to the PVA/1.25 % MAPC but still retains more weight over 
the degradation temperature than the pure PVA. The PVA/5% CoFe2O4 
MAPC, while still more thermally stable than pure PVA, shows the 
highest weight loss among the MAPCs after degradation starts, with a 
rapid decomposition beginning at around 265 ◦C. At higher CoFe2O4 
contents (2.5 % and 5 %), the onset of thermal degradation occurs at 
lower temperatures, likely due to particle agglomeration, which reduces 
the effective surface area for interaction with the matrix. The CoFe2O4 
nanoparticles agglomeration may create localized stress points that 
accelerate thermal decomposition, leading to the observed decrease in 
thermal stability. The lower weight loss in the MAPCs compared to pure 
PVA confirms that CoFe2O4 nanoparticles enhance thermal stability 
[61]. CoFe2O4 likely acts as a barrier, hindering heat from diffusing 

within the PVA matrix and improving thermal stability. Finally, the 
residual weight per cent in all the materials is attributed to the CoFe2O4 
nanoparticles having significantly higher decomposition temperatures 
and PVA decomposition residuals.

3.5. Magnetic properties (Vibrating sample Magnetometer)

Table 3 and Fig. 7 present the tabular and visual illustration of the 
magnetic properties of pure PVA, CoFe2O4, and the synthesised PVA/ 
CoFe2O4 MAPCs with varying CoFe2O4 content (1.25 %, 2.5 %, and 5 
%). Pure PVA, a nonmagnetic polymer, exhibited no measurable mag
netic properties (as evident from the Fig. 7 subplot). CoFe2O4, the 
ferromagnetic component, demonstrated a high saturation magnet
isation (52.56 EMU/g), which indicates that CoFe2O4 can be strongly 
magnetised when placed in an external magnetic field. A high saturation 
magnetisation also suggests a large number of moments within the 
material that can align with the applied magnetic field. Furthermore, 
CoFe2O4 exhibited a relatively high coercivity (2438 Oe), signifying 
resistance to any demagnetisation (i.e., once CoFe2O4 is magnetised, it 
can retain its magnetism even when the external magnetic field is 
removed). The remanence (30.8 EMU/g) of CoFe2O4 represents the re
sidual magnetism that remains after the external field is withdrawn. The 
PVA/CoFe2O4 MAPCs exhibited a significant enhancement in magnetic 
properties with increasing CoFe2O4 content, as evident by the saturation 
magnetization (Ms), coercivity (Hc), and remanence (Mr). The magnetic 

Fig. 6. Thermogravimetric analysis (TGA) results for synthesised magneto
active polymer composites (MAPCs). The initial weight loss in all the materials 
tested is attributed to the residual solvent evaporation. The first degradation at 
around 250-270℃ resulted in significant weight loss for all materials.

Table 3 
Magnetic Properties of Base Materials (PVA and CoFe2O4) and Synthesised 
MAPCs.

Material Saturation (Ms, 
EMU/g)

Coercivity (Hc, 
Oe)

Remanence (Mr, 
EMU/g)

PVA − − −

CoFe2O4 52.56 2438 30.8
PVA/1.25 % 

CoFe2O4

0.345 2536 0.208

PVA/2.5 % 
CoFe2O4

0.640 2480 0.374

PVA/5% 
CoFe2O4

2.69 2411 1.59

Fig. 7. Vibrating sample magnetometer (VSM) results for synthesised magne
toactive polymer composites (MAPCs). The subplot presents the magnetisation 
profile of PVA and CoFe2O4 nanopowder, while the main plot represents the 
magnetisation profiles for the MAPCs. The resulting magnetisation of the 
MAPCs increases significantly with the increase in CoFe2O4 concentrations.
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behaviour of CoFe2O4, a spinel ferrite, is highly dependent on the dis
tribution of cations (Co2+ and Fe3+) between tetrahedral (A) and octa
hedral (B) sites in the spinel structure [62]. Co2+ ions preferentially 
occupy the octahedral sites, while Fe3+ ions are distributed between 
tetrahedral and octahedral sites. This cation distribution governs the 
magnetic interactions within the material, particularly the super
exchange interactions between Fe3+ ions at A and B sites, and Co2+ ions 
at B sites, which influence the magnetic properties observed in the 
MAPCs [63].

For the PVA/1.25 % CoFe2O4 MAPC, the hysteresis loop exhibited a 
significantly lower Ms = 0.345 EMU/g, Hc = 2536 Oe, and Mr = 0.208 
EMU/g. The low Ms and Mr values indicate that the small amount of 
CoFe2O4 nanoparticles only weakly contribute to the overall magneti
zation of the MAPC. Despite the minimal magnetic response, the non- 
zero magnetic properties suggest a weak ferromagnetic behaviour due 
to the dispersed CoFe2O4 nanoparticles. At this concentration, the 
limited number of nanoparticles results in fewer available magnetic 
moments from the Co2+ and Fe3+ cations at octahedral and tetrahedral 
sites, respectively, which weakens the overall magnetic interaction. The 
slightly higher Hc value (2536 Oe) compared to pure CoFe2O4 may be 
attributed to the influence of the PVA matrix, which restricts the 
alignment of magnetic domains, resulting in higher resistance to 
magnetization reversal.

For the PVA/2.5 % CoFe2O4 MAPC, the magnetic properties revealed 
a notable improvement (Ms = 0.640 EMU/g, Hc = 2480 Oe, and Mr =
0.374 EMU/g). The increase in Ms and Mr values indicates that a higher 
concentration of CoFe2O4 nanoparticles leads to a more significant 
contribution to the overall magnetic behaviour, as more magnetic mo
ments are available to align in an external magnetic field. As the con
centration of CoFe2O4 increases, the higher number of Co2+ ions 
occupying octahedral sites and Fe3+ ions at both A and B sites enhances 
the magnetic interactions through superexchange, contributing to the 
increase in Ms and Mr. The slight decrease in Hc compared to the PVA/ 
1.25 % CoFe2O4 composite suggests that with higher CoFe2O4 content, 
the closer nanoparticles allow easier domain wall movement and reduce 
the coercivity. Finally, PVA/5% CoFe2O4 MAPC exhibited the most 
substantial magnetic properties (Ms = 2.69 EMU/g, Hc = 2411 Oe, and 
Mr = 1.59 EMU/g). The significant increase in Ms and Mr with higher 
CoFe2O4 content indicates that more magnetic moments from the 
embedded nanoparticles can be aligned, resulting in stronger magneti
zation. At this concentration, the higher density of Co2+ and Fe3+ ions 
enhances the superexchange interactions, particularly between Fe3+

ions at A and B sites, leading to stronger magnetic coupling and higher 
overall magnetization. The slightly reduced Hc (2411 Oe) further evi
dences that at higher concentrations, the nanoparticles are more closely 
packed, which decreases domain wall pinning and makes magnetization 
reversal easier. Improvement in magnetic properties is consistent with 
the increasing CoFe2O4 content, where higher nanoparticle concentra
tions contribute more magnetic moments to the overall MAPC, leading 
to stronger magnetic responses. The tunability of these properties by 
varying the CoFe2O4 content opens doors for potential applications in 
areas like remote magnetic actuation and/or targeted drug delivery.

3.6. Magnetic actuation response

The magnetic actuation response was achieved by placing a perma
nent disc magnet at different distances from a MAPC sample with a 
varying magnetic flux density from 0 to 2900G. Pure PVA samples did 
not respond to the magnetic field, as they have nonmagnetic intrinsic 
properties, which is also evident from the magnetic properties charac
terised by VSM. CoFe2O4 incorporated PVA MAPCs responded to the 
applied magnetic fields at higher magnetic flux densities, and composite 
samples rapidly bent to touch the permanent magnet. A maximum 
deflection of the samples was observed to be 27 mm, 32 mm, and 40 mm 
for PVA/1.25 % CoFe2O4, PVA/2.5 % CoFe2O4, and PVA/5% CoFe2O4 at 
the maximum magnetic field intensities, respectively. All samples 

recovered their initial shapes and forms after removing the magnetic 
field within a few seconds. Magnetic actuation of the MAPC samples is 
mainly due to the interaction between the applied magnetic field and the 
magnetic nanoparticles within the PVA polymer matrix [64]. A mag
netic dipole moment is induced within the magnetic nanoparticles due 
to the presence of a magnetic field, and magnetic nanoparticles tend to 
align in the direction of the applied magnetic field, resulting in the 
deflection of MAPC samples [65–67]. The net force exerted on the 
MAPCs due to the applied magnetic field can be calculated using the 
following classical beam theory: 

Fm =
2EIΔ
(Ls)

3 

where Δ is the deflection, E is Young’s modulus, and I is the second 
moment of inertia calculated from t3w/12, where t – sample thickness 
and w – sample width. Fig. 8 reports the magnetic actuation response 

Fig. 8. Magnetic actuation results for different magnetoactive polymer com
posites (MAPCs). (a) Magnetic flux vs deflection represents the displacement of 
MAPC films with increased magnetic flux. An increased deflection of MAPC 
films was observed for higher magnetic flux and increased CoFe2O4 concen
trations in PVA (b) Magnetic flux vs magnetic force density represents the 
magnetic force induced into the MAPC films per unit volume. An increased 
magnetic force density of MAPC films was observed for higher magnetic flux 
and increased CoFe2O4 concentrations in PVA.
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and applied force densities (Fm/V) on the PVA/CoFe2O4 MAPCs under 
different magnetic field intensities.

The magnetic actuation results show that the deflection and force 
densities increase with the increase in the magnetic flux density due to 
higher magnetic dipole moments, resulting in higher interactions [68]. 
A minimum magnetic flux density of 570G was required to activate the 
magnetic actuation for all the PVA/CoFe2O4 MAPC compositions. In 
addition, the sample deflections and induced force densities also in
crease with the increase in the CoFe2O4 nanoparticle concentrations for 
a specific magnetic flux density due to the stronger interaction of the 
magnetic field with the CoFe2O4 nanoparticles [69]. From magnetic 
actuation results, it is evident that such novel materials can potentially 
be used in applications requiring controlled response/displacement/ 
actuation under applied magnetic fields by fine-tuning the magnetic 
fields and magnetic particle concentrations within the polymer matrices 
[70,71].

3.7. Cytotoxicity release from PVA/CoFe2O4 films

CoFe2O4 has been reported to induce a cytotoxic effect on cells at 
high concentrations [72,73]. Investigating the film composition for any 
cytotoxic release for biomedical applications is crucial to ensure the 
material does not induce cell death. To evaluate potential cytotoxicity 
from different material combinations, 25x25 mm sheets of the PVA/ 
CoFe2O4 films at 1.25 %, 2.5 % and 5 % CoFe2O4 concentrations were 
incubated in 5 ml of media for a period of ≥ 5 days to release any 
components that could potentially induce a cytotoxic effect on cells. The 
media containing the released components was then used on Mouse 
Embryonic Fibroblasts (MEFs), and the cytotoxic effect was assessed 
after 72 h of incubation. Films with CoFe2O4 percentages of 1.25 % and 
2.5 % showed no cytotoxic effect on the cells (Fig. 9 (a) and (b)). 
However, at 5 %, a significant toxic effect was observed, with an average 
of 35 % of the cells being viable (Fig. 9 (a) and (b)). This aligns with 
previous studies, which report that higher concentrations of CoFe2O4 
induce cytotoxic effects [72,73].

4. Conclusions & future scope

In this work, novel MAPCs were synthesised comprising polyvinyl 
alcohol (PVA) as the polymer matrix and cobalt iron oxide (CoFe2O4) 
nanoparticles as the magnetic fillers with varying concentrations (i.e., 
1.25 %, 2.5 %, and 5 %). PVA/CoFe2O4 MAPCs were synthesised using 
solution casting technique, and SEM analysis of MAPC films confirmed 
homogeneous dispersion of CoFe2O4 nanoparticles at lower concentra
tions, with some agglomeration at 5 %. EDS results verified the presence 
of Co, Fe, C, and O elements, showing increasing Fe and Co content with 

higher CoFe2O4 loading, indicating successful integration into the PVA 
matrix. XRD analysis showed that pure PVA exhibits a broad peak at 2θ 
= 19.4◦ indicating poor crystallinity. With increasing CoFe2O4 content, 
CoFe2O4 peaks became more prominent, and the major PVA peak’s in
tensity decreased at 5 % CoFe2O4, suggesting disrupted PVA chain 
alignment due to CoFe2O4 nanoparticle incorporation. FTIR analysis 
showed characteristic PVA peaks remained mostly unchanged upon 
adding CoFe2O4 nanoparticles, indicating preserved polymer structure. 
However, a significant reduction at 1260 cm− 1 suggested interactions 
between PVA hydroxyl groups and CoFe2O4, possibly via hydrogen 
bonding or coordination with metal ions. Thermogravimetric analysis 
revealed that CoFe2O4-reinforced PVA MAPCs exhibit enhanced thermal 
stability compared to pure PVA, with the 1.25 % CoFe2O4 MAPC 
showing the highest stability due to uniform nanoparticle dispersion. 
Higher CoFe2O4 content led to reduced stability due to nanoparticle 
agglomeration. The magnetic properties of PVA/CoFe2O4 MAPCs in
crease with higher CoFe2O4 content, as shown by rising saturation 
magnetization (Ms), remanence (Mr), and a decrease in coercivity (Hc). 
The improvement in Ms and Mr is attributed to increased superexchange 
interactions between Fe3+ and Co2+ ions at tetrahedral and octahedral 
sites, whereas the slight reduction in Hc is due to easier domain wall 
movement with higher CoFe2O4 nanoparticle density. Magnetic actua
tion of PVA/CoFe2O4 MAPCs showed increasing deflection (up to 40 
mm) and force density with higher magnetic flux densities (0-2900G) 
and CoFe2O4 content. The actuation, starting at 570G, results from 
magnetic dipole moments induced in the nanoparticles, with stronger 
magnetic interactions at higher nanoparticle concentrations enhancing 
the response. Cytotoxicity testing of PVA/CoFe2O4 films showed no 
adverse effects on Mouse Embryonic Fibroblasts at 1.25 % and 2.5 % 
CoFe2O4, while a 5 % concentration significantly reduced cell viability 
to 35 %, confirming higher CoFe2O4 levels can induce cytotoxic effects.

In subsequent research, more comprehensive biological testing will 
be performed to explore different additives to PVA/CoFe2O4 MAPCs to 
improve their biological performances (regarding biocompatibility, cell 
adhesion and cytocompatibility). In future studies, synthesised MAPCs 
will also be converted into feedstock materials (i.e., filaments, inks) for 
additive manufacturing processes (i.e., fused filament fabrication and 
direct ink writing). Novel design ideas can be prototyped and tested 
owing to the flexibility in designing and fabrication using these additive 
manufacturing processes. Integrating advanced manufacturing pro
cesses for smart materials will further open new avenues for such novel 
materials in remote actuation and sensing for broader applications, 
specifically biomedical engineering [74].

Fig. 9. Cytotoxicity analysis of the PVA/CoFe2O4 films on Mouse Embryonic Fibroblasts (MEFs) (a) Crystal violet cytotoxicity analysis of MEFs incubated in media 
with 25x25mm sheets of PVA/ CoFe2O4 films at 1.25 %, 2.5 % and 5 %; the control is DMEM media with no sheets incubated. (b) Quantification of the cytotoxicity 
analysis, showing the percentage of MEFs viable after 72 h of incubation in PVA/ CoFe2O4 film at 1.25 %, 2.5 % and 5 %. The data shown are three biological 
replicates analysed by unpaired t-tests with a 95 % confidence level. (*) P-value = 0.0155.
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