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A B S T R A C T

Magnetorheological (MR) foam, a smart magnetic-responsive flexible polyurethane material, has garnered sig
nificant attention for its potential in soft robotics. However, limited studies on its dynamic mechanical and 
damping properties hinder its development for broader applications. This study investigates the influence of 
constraint volume foaming process (100 %, 75 %, and 50 % volume) on the properties of MR foam containing 75 
wt. % carbonyl iron particles (CIPs) under dynamic mechanical compression and rheological shear testing at 
frequencies ranging from 0.1 to 10 Hz. Results showed that the constrained foaming MR foam with 50 % volume 
exhibited the most significant enhancement in storage modulus (E′ and G′), attributed to a more compact CIP 
distribution, resulting in the lowest initial loss factor (tan ẟ). However, upon increasing frequencies, a notable 
increase of approximately 20 % in tan ẟ was observed for this MR foam, indicating improved energy dissipation 
at higher frequencies. In contrast, the free foaming MR foam demonstrated only a 5 % increase in tanδ, high
lighting its lower energy dissipation capability. Morphological analysis revealed that constraint volume foaming 
process produced smaller pores and denser CIP distributions. The compact structure enhanced particle-matrix 
interactions, increasing friction and contributing to improved damping at elevated frequencies. In summary, 
the incorporation of constraint volume foaming process significantly enhanced the dynamic mechanical, rheo
logical, and structural properties of MR foam. These advancements broaden its applicability for advanced ap
plications, particularly in soft robotics, where energy dissipation and tunable properties are critical.

1. Introduction

In this notable world of advanced technology, the demand for smart 
soft robotics applications has significantly increased the consumer 
preference for devices such as soft robotic grippers. Soft robotics in
troduces a new category of robots capable of addressing challenges that 
traditional rigid robots cannot overcome. A high adaptability to operate 
in a complex environment and handling of delicate objects without 

causing a damage are some of the advantages they offer [1]. Owing to 
their high flexibility, lightweight, and versatile characteristics, porous 
materials such as composite foam has emerged as an innovative and 
efficient solution. These porous materials combine the benefits of the 
foam and composites, meeting the material’s requirement as soft robotic 
grippers [2]. Generally, composite foams are comprised of reinforcing 
particles that are incorporated into a foam as a matrix material [3]. 
Foams have the ability to provide excellent structural integrity, 
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durability, high stiffness and flexibility while keeping the overall weight 
low [4–6]. Among various types of composite foams available to date, a 
magnetorheological (MR) foam stands out as a promising candidate for 
soft gripper devices since they render distinctive magneto-responsive 
behaviour [7–9]. The ability of the MR foam to reversibly change its 
viscoelastic behaviour actively and continuously in response to tuneable 
magnetic fields has piqued interest among researchers to implement 
semi-active soft gripper devices. Commonly, iron particles or carbonyl 
iron particles (CIPs) have been utilised as the reinforced particles in the 
foam matrix. The particles are embedded either directly (in-situ) or 
indirectly (ex-situ) to consummate the magnetically responsive material 
[10]. In fact, CIPs have possessed high magnetic saturation, high 
permeability, low remnant, and a temporary magnetism [11–14] so the 
properties can be easily controlled. In such a way, the mechanical and 
rheological properties of the MR foam can be immediately fined-tuned 
by varying the magnetic field strength. Meanwhile, polyurethane (PU) 
foam has been widely used as a matrix material for MR foam due to its 
numerous polymer-composite advantages in terms of storage modulus 
absorption, flexibility, and mechanical strength. For this reason, PU 
become as the ideal medium for dynamic applications such as vibration 
and damping absorption [15–17]. However, the exploration of MR foam 
on its damping ability are currently limited.

Mechanical vibrations including micro-scale deformations resulting 
from the dynamic oscillations in the environment, can significantly 
impact some of the components in soft robotic applications [18,19]. 
These include the soft robotic grippers and development of the material 
designed for the particular purpose. In a soft gripper, damping plays a 
pivotal role in controlling the performance and functionality of the 
components. Effective damping characteristics are essential to absorb 
and dissipate the heat energy that is primarily generated during the 
interaction between the gripper and objects, thereby suppressing the 
excessive oscillations, and ensuring a stable and precise hold. It is also a 
way to limit the vibrations which could jeopardize the working principle 
of the gripper. As the MR foam is a novel material for semi-active soft 
robotic gripper applications due to its lightweight and high flexibility, it 
is essential to understand how this material responds to the changes and 
deformations, particularly in absorbing micro-scale oscillations. Known 
as damping, this phenomenon is often characterized as energy dissipa
tion by the material [1,18,19]. It is typically expressed as a ratio of loss 
modulus to the storage modulus and is represented by the loss factor 
(tanδ) [20,21]. Furthermore, examining the damping behaviour of a MR 
foam via dynamic mechanical compression and rheological testing 
under shearing would provide greater information on the viscoelastic 
behaviour of the material. This includes the energy stored and dissipated 
under the influence of stress, frequency or magnetic fields induced 
[22–25]. In addition, these dynamic parameters would provide a valu
able insight on the interfacial bonding between various constituents in 
the MR foam as well as possible phase changes [26] which would affect 
the resulting damping behaviour of the material.

Several researchers have conducted comparative studies on solid- 
type MR materials such as MR elastomers (MREs), to examine their 
damping properties under various parameters including strain, fre
quency and magnetic fields [27–33]. Unlike MR foam, MRE has a strong 
and solid structures limiting its flexibility. Aziz et al. [27] have reported 
a study on the variations of loss factor (tanδ) in silicon-based MREs 
under the influence of strain and magnetic field sweep, considering 
different concentrations of CIPs. The study also focused on the unaged 
and thermally aged samples to investigate the material-temperature 
dependence of MRE samples. It was reported that the tanδ of the 
unaged MREs, either with 30 or 60 wt. % of CIPs showed insignificant 
changes with increasing strains, particularly for lower strains of 1 % 
indicating that the MREs exhibited predominantly elastic behaviour 
rather than the viscous one. Thus, with that range of strains (0–1 %), the 
MREs are capable to store more elastic energy rather than dissipating it. 
In fact, as the increasing magnetic fields applied to the MREs for lower 
strains (<1 %), the tanδ decreased. This was associated with a higher 

amount of chain links formation between the CIP–elastomeric matrix 
interfaces, thus led to stiffer MREs [27]. Other previous studies also 
stated that the presence of a magnetic field has caused a decrement in 
the tanδ of MREs attributed to the stronger magnetic forces between the 
CIPs. Accordingly, this resulting in stiffer MRE behaviour hence lesser 
energy could be dissipated [30–33]. However, as the strain exceeded 1 
%, a rapid increase in the tanδ of both MREs was observed, showing their 
tendency to dissipate more energy upon greater deformations [27]. 
Similarly, Chen et al. [28] commented on the damping properties of 
MRE, reporting that the tanδ could be depended on the distance and 
friction between the matrix and magnetic particles in the MRE. Although 
increasing the storage modulus (Gʹ) led to stiffer MRE, the damping 
capability (tanδ), however, should be enhanced when the MRE was 
subjected to elevated strains as more friction effects were generated 
within the MRE [28]. On the other hand, Yunus et al. reported that the 
tanδ of MRE was highly dependent on the exciting frequencies [29]. It 
was observed that the tanδ of their MRE increased with increasing fre
quency, indicating that more energy was dissipated at higher fre
quencies due to the increase in frictions from the interfacial slipping 
between the CIPs and elastomeric matrix.

Although many studies have investigated the damping behaviour of 
MR materials, research on the MR foam however remains limited. 
Notably, a study by Ge et al. [34] which was focused on a PU 
sponge-reinforced MR material reported decreasing tanδ of the MR foam 
under the influence of magnetic field. This was due to the higher 
interaction between the particles and matrix phases during the presence 
of magnetic field, allowing more elastic energy to be stored rather than 
dissipated as loss energy [34]. What is more, this PU sponge-reinforced 
MR material is considered as an ex-situ MR foam where the magnetic 
particles were not directly embedded into the structure of the PU foam, 
thus the characteristics of this type of MR foam differ slightly from those 
of the in-situ MR foam. Due to limitations in MR foam research, 
comparative findings on the damping behaviour of porous materials can 
be focused on the composite PU foams with incorporated reinforcing 
particles. Previous studies reported that the presence of reinforcing 
particles in a PU foam significantly affected its damping behaviour 
which was attributed to the alteration of the pore’s structure caused by 
the particles [2,35,36]. The structure of the pores of the foam signifi
cantly influences the dynamic mechanical properties with smaller pores 
storing more elastic energy. Higher degrees of interconnected struts are 
expected to work as a stiffer structure to maintain the elasticity during 
the usage of the material which resulted in reduced damping perfor
mance. Indeed, Tan et al. [37] found that the tanδ of soybean oil-based 
PU foam showed a decreasing trend when the size of pores was lowered. 
This phenomenon has been well agreed with some of the previous 
studies which reported that higher amounts of energy could be stored in 
the presence of the particles within the porous materials [2,36,38], 
signifying the improved elastic behaviour of the composite. Nonetheless, 
under specific conditions such as increasing the frequency, the tanδ of a 
PVC foam increased [39], probably due to the increase in friction within 
the material.

These reported studies, however, provide ambiguous information on 
whether the stiffer characteristics of a composite foam could result in 
improved damping behaviour or vice versa. This ambiguity may also 
apply to the MR foam. Therefore, this research aims to offer a scientific 
insight into the damping behaviour of MR foams under various input 
parameters. In order to compromise the enhanced capability to store 
elastic energy (storage modulus) while investigating its damping per
formance, this study introduces MR foams that are fabricated under 
different constraining volumes of foaming process. This research also 
intends to provide a comprehensive investigation of the dynamic me
chanical analysis and rheology of MR foams under the influence of 
varying frequencies. Simultaneously, it seeks to offer better insights into 
the potential of MR foam as a base material for soft robotic applications, 
where the storage modulus and the damping ability can be tuned to the 
strength of the magnetic fields.
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2. Experimental method

2.1. Sample preparation

In this study, the in-situ polymerization technique was used to 
fabricate the MR foam samples. Two essential components are needed to 
produce the flexible PU foam, specifically, a polyether polyol (PPG)- 
based triol, as a chemical agent with the density of 1.03 g/ml, and 4,4′- 
methylene bis(phenyl isocyanate) benzene with the density of 1.00 g/ml 
acting as a chemical reactant to facilitate the generation of gas bubbles 
during the foaming process of the MR foam. Both chemicals were pro
vided by Smooth On, Inc. (USA). Meanwhile, OM-grade of CIPs with the 
average diameter between 3 and 5 μm, purchased from BASF, Ludwig
shafen (Germany) was used as the magnetic filler to make the foam 
magnetically responsive material. The density of the CIPs is approxi
mately 7.87 g/ml. The concentration of the CIPs in the MR foams was 
kept constant at 75 wt. % as the optimum amount of CIPs in PU foam [7,
40,41].

An illustration of the fabrication process of the MR foams for 
constraint volume foaming process is depicted in Fig. 1. In brief, after 
weighing the composition of each constituent (a), the CIPs was added 

into the polyol (b) and the mixture underwent stirring process for 20 s, at 
a constant speed of 550 rpm (c). Then, the isocyanate was added (d) and 
the mixture was continuously stirred at the same speed for another 20 s 
(e). Subsequently, the mixture was poured into the prepared cylindrical 
moulds of 30 mm diameter with variety volumes of 100 %, 75 % and 50 
% (f). The moulds were then immediately covered with PVC lid (g) to 
induce the constraint foaming condition. The fabricated MR foam 
samples were left foaming and cured at room temperature of 25 ◦C, for 
24 h. Then, the samples were cut into desired shapes and sizes for further 
testing and characterizations.

A free-foaming MR foam was prepared as the benchmark for this 
study as the height of MR foam produced was set as the upper limit for 
the closed mould height in the constrained foaming process of the MR 
foams. For the accuracy of the measured height, the fabrication process 
of MR foam for the free foaming process was repeated a few times to 
reduce possible human error. The resultant height was then set as 100 % 
volume of the closed mould for the constraint volume foaming process. 
Correspondingly, the volume of the closed mould was reduced to 75 % 
and 50 % from the initial volume, to further investigate the effect of 
different volumes of constraint foaming process towards the character
istics changes of MR foams. Table 1 displays the information of five 
fabricated foam samples labelled as PU foam and A, B, C, and D 
respective to MR foam samples which includes the foaming condition, 
sample content remarks and their density, ρ. The sample density was 
calculated using Eq. (1) and the increasing trend of the ρ was observed 
when different constrained volume foaming processes were applied to 
the fabrication of the MR foams, as stated in Table 1. As the volume of 
the closed mould was reduced, the ρ of the MR foams as shown in the 
table. 

Density, ρ (g /ml) =
mass of sample

volume of sample
(1) 

2.2. Sample testing and characterizations

2.2.1. Dynamic mechanical test of the MR foams
Viscoelastic moduli and loss factor are crucial characteristics of 

Fig. 1. An illustration of the fabrication process of MR foams.

Table 1 
Foaming conditions with the proposed different volume of moulds for fabri
cating the MR foam samples.

Sample Foaming condition Remarks Density, ρ(g/ 
ml)

PU 
foam

free foaming PU foam (without CIPs) 0.20

A free foaming MR foam (contain 75 
wt. % of CIPs)

0.43

B 100 % volume of 
constrained foaming

MR foam (contain 75 
wt. % of CIPs)

0.45

C 75 % volume of 
constrained foaming

MR foam (contain 75 
wt. % of CIPs)

0.59

D 50 % volume constrained 
foaming

MR foam (contain 75 
wt. % of CIPs)

0.90
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viscoelastic materials like MR foams, respective to their potential use in 
soft robotics applications that are frequently subjected to vibrations or 
kinetic impacts during their operation. In fact, material is considered to 
have good characteristics when it is capable of both storing energy and 
efficiently dissipating energy. Therefore, it is crucial to assess the dy
namic behaviour and damping characteristics of the MR foams by con
ducting frequency sweep test to investigate the effect of oscillations 
towards the resulting modulus of elasticity (Eʹ) and loss factor 
(tanδcompression) of the materials. Observing how the MR foams respond to 
the frequency-induced kinetic impacts is important, as even a minor 
failure would jeopardize their sustainability and potential performance 
over time [42]. The viscoelastic behaviour of the MR foams in respect to 
the normal forces was studied by using a dynamic mechanical analyzer 
(DMA), model DMA1 provided by Mettler Toledo, Greifensee, 
Switzerland. The tests were conducted under a compression mode, with 
varying frequencies to observe the damping effect of the fabricated MR 
foam samples. The carried-out tests adhered to the standard guidelines 
of the ASTM D5024, specifically a compression test for composite 
polymers. The DMA was equipped with a circular shaped compression 
plate a 20 mm diameter. Hence, the fabricated MR foam samples were 
pre-cut into a cylindrical shaped with the dimension of 2 mm for the 
thickness and 6 mm for its diameter. A dynamic compression test was 
conducted with a frequency sweep ranging from 0.1 to 10 Hz while other 
parameters such as force and displacement amplitudes were set constant 
at 1 N and 10 μm, respectively. The Eʹ and tanδcompression were determined 
and the data collected during the first 4 min were discarded due to re
sults not being stable as the samples were adapting to a sinusoidal force 
[26,43,44]. This analysis was conducted to evaluate the impact of 
different volumes of the constrained foaming process of MR foams to
wards the mechanical compressive in terms of its damping behaviour. 
On a side note, all tests were carried out isothermally at room temper
ature of 25 ◦C.

2.2.2. Rheological test of the MR foams
Rheological analysis of the MR foams was conducted to analyze the 

viscoelastic behaviour of MR foams respective to the shear forces, under 
the oscillatory mode of testing. The tests were carried out by using a 
Modular Compact Rheometer, model MCR302 from Anton Paar, Austria. 
To evaluate the effect of dynamic stiffness and the damping behaviour of 
the fabricated MR foams, the rheological properties of the fabricated MR 
foams were assessed through frequency sweep tests. The frequency 
values were varied from 1 to 10 Hz while the other parameters including 
the strain and operating temperature were kept constant at 0.001 % and 
25 ◦C, respectively. Prior to each test, the samples were cut into a cy
lindrical shape with the thickness of 1 mm and the diameter of 20 mm. 
Then, the samples were placed between the parallel plates of the upper 
rotating disc and bottom stationary base (PP20/MRD/T1). The samples 
were exposed to two testing conditions which were in the absence of 

magnetic field (off-state / 0 T) and with the presence of magnetic field 
(on-state, 0.8 T) to analyze the magnetic response of the MR foam in 
terms of its storage modulus.

2.2.3. Morphological characterizations of MR foams
A 3D measuring laser microscopy (Olympus, LEXT OLS4100) was 

utilized to characterize the size of the pores and their distribution in the 
entire fabricated MR foam samples. This characterization allows a three- 
dimensional overview of the surface structure of the MR foams which 
provides information on the measurement of pores and struts structures. 
Prior to the analysis, the MR foams were cut into a cylindrical shape with 
thickness and diameter of 1 mm and 20 mm, respectively. Then, the 
micrograph of each sample was characterized by laser microscopy for a 
cross-sectional area of the samples. Particularly, images with the scan
ning area of 2500 μm × 2500 μm were acquired for further analysis. The 
characterization was carried out at room temperature of 25 ◦C.

Further, a variable pressure scanning electron microscope (VP-SEM), 
model JSM-IT300LV from JEOL Ltd, Tokyo (Japan), was utilized to 
observe a deeper microstructure of the fabricated MR foam samples. In 
addition to the previous characterization, the VP-SEM has the ability to 
identify a deeper insight of 2D images of the fine pores, strut structures, 
and the distribution of magnetic particles which were embedded into the 
struts of MR foams since it has a high resolution of 3.0 nm at 30 kV, and 
unsurpassed low kV performance SEM. Prior to the analysis, the MR 
foam samples with a thickness of 1 mm and 20 mm in diameter were 
primarily coated with a platinum sputter to prevent any charges effect 
during the observation. Then, the micrographs were characterized on 
the cross-sectional area to observe the pores and the strut of the MR 
foams. Notably, the images were taken under × 100 and × 250 mag
nifications and all tests were carried out at room temperature of 25 ◦C.

To complement the microstructural observations by 3D measuring 
laser microscopy and VP-SEM, a tapping mode of Atomic Force Micro
scopy (AFM) was used to further investigate the microphase structure 
(topography) of fabricated MR foams with the sample pre-cut of 6 mm 
diameter and thickness of 1 mm. The surface topographical evaluations 
were conducted using a Park FX40, an advance-automated AFM pro
vided by Park System, Suwon (South Korea). This observation was 
beneficial to evaluate the 3D surface features of the MR foams foamed in 
the different constraint volumes, within a predetermined scan region of 
10 nm × 10 nm, at the scanning rate of 0.14 Hz. The tapping mode 
analysis was conducted using an aluminium backside-coated cantilever, 
with a measurement of 10–15 nm tip length and <10 nm radius. 
Correspondingly, the Park Systems XEI was used to create the micro
phase images of a localized area, of 20 μm × 20 μm.

Fig. 2. The frequency dependencies of (a) E′ and (b) tanẟcompression towards the MR foam samples via DMA in compression mode.
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3. Results and discussions

3.1. Dynamic mechanical analysis of MR foams

The dynamic stiffness of the fabricated MR foam samples is measured 
based on the storage modulus of elasticity (Eʹ) which is relative to the 
frequency increment frequencies, respective to the normal force in 
compression mode during DMA test.The loss factor (tanδcompression) of the 
samples is also projected from the plotted graphs. The frequency 
dependence of the Eʹ and the corresponding tanδcompression at 25 ◦C are 
shown in Fig. 2(a) and (b). It can be observed that the MR foams 
experienced an increase in the Eʹwith increasing frequencies. In fact, the 
pure PU acted as a standard sample exhibited the lowest Eʹ (approxi
mately 158 kPa) compared to the MR foam samples. This observation is 
expected as fillers generally reinforce the foam structures. The obtained 
values are also comparable to the previous findings where in general, the 
Eʹ of the PU foam was in the range of 120 kPa to 210 kPa [45]. Never
theless, with the presence of CIPs that were embedded into the PU 
matrix and the foaming process took freely (sample A), the resultant Eʹ 

was increased by 25 %, i.e. from 158 kPa to 198 kPa. Identically, the Eʹ 

looked similar when the MR foam underwent 100 % constrained volume 
during foaming process (sample B), around 199 kPa, as shown in the 
magnified area of Fig. 2(a) for sample A and B. Then, the Eʹ values were 
further increased by 125 % (448 kPa) and 300 % (797 kPa) when the 
volumes of constrained foaming were eventually reduced to 75 % and 50 
% from its original volume. The enhancement of Eʹ is attributed to the 
improvement of CIPs distribution in the fabricated MR foam samples. It 
is known that when the MR foams undergo foaming process in con
strained volumes of a mould, the distribution of CIPs becomes more 
compact within the constrained volume leading to a formation of a 
hardened MR foam’s structure. The shorter distance between the CIPs 

caused an increment in the particles-matrix interactions resulting in 
higher elastic energies stored and distributed in the foam structure 
hence, higher value of Eʹ could be obtained. The enhancement in Eʹ also 
indicates the stiffer behaviour of MR foam samples. This finding is in line 
with the fact that the compression ability of a material increases with the 
enhanced particle–polymer interactions as well as improved structural 
characteristic [19].

Despite that, all MR foam samples experienced an increase in Eʹwith 
increasing frequencies. Indeed, sample D shows a distinct increase in Eʹ, 
about 20 % at 10 Hz. The slight increase in the Eʹ with increasing fre
quency for all samples is anticipated due to the material’s response 
phenomena. At low frequency, the MR foams experienced minor number 
of oscillations per second allowing the material to respond to the de
formations. This caused the sample to exhibit more viscous-like prop
erties, reflected in the lower values of the Eʹ. As the frequency increased, 
the MR foam experienced more oscillations per second and as a result 
the samples had less time to respond to the deformations. This did not 
allow the greater entanglements of the polymer matrix to relax within 
the samples, leading to an enhanced Eʹ and requiring more energy to be 
stored [46].

On the other hand, the loss factor (tanδcompression), which corresponds 
to the damping behaviour of the samples under a compression mode, 
shows a similar increment, particularly with increasing frequency as 
depicted in Fig. 2(b). Generally, the tanδcompression increases with 
increasing frequency [19] and indeed the current samples portray the 
same trend. As the frequency increased and the MR foams experienced 
more oscillations per second, the internal structure also underwent 
greater internal friction, particularly between the CIPs and polymer 
chains matrix. As a result, more energy is dissipated by the samples in 
terms of heat. Nevertheless, based on the observation in Fig. 2(b), the 
higher Eʹ of the MR foam sample led to a lower tanδcompression. This can be 

Fig. 3. Frequency dependence of storage modulus and loss factor of MR foams in the off-state (0 A) condition for the fabricated samples: (a) Free foaming process, (b) 
100 % of constrained volume foaming process, (c) 75 % of constrained volume foaming process, and (d) 50 % of constrained volume foaming process.
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related to the damping theory where tanδcompression will decrease with 
enhanced stiffness of the samples [47]. The presence of CIPs in the PU 
matrix allowed the MR foam to gain and store more elastic energy in 
terms of Eʹ. As the sample behaves more elastically, it compensates to 
less dissipation energy. Therefore, sample D possess the lowest 
tanδcompression, followed by the pure PU foam, samples C, B, and A for the 
value of 0.094, 0.134, 0.156 and 0.158, respectively. The tanδcompression 

showed a significant increment with frequency indicating that the MR 
foam has a potential to maintain its improved structural integrity, even 
after an extended use in applications at higher frequency [47]. Specif
ically, sample D showed the most pronounced percentage increase of 24 
% as compared to sample A which only displayed 5 % of increment 
within the increasing frequency. The value of tanδcompression at 10 Hz were 
0.166, 0.164, 0.148 and 0.116 for sample A, B, C and D, respectively.

3.2. Rheological analysis of MR foams

Fig. 3 depicts the storage shear modulus (Gʹ) and loss factor (tanδ) of 
the fabricated MR foams for (a) sample A, (b) sample B, (c) sample C, 
and (d) sample D, particularly in the off-state condition. In brief, the Gʹ 

for all fabricated MR foams increased almost linearly with the increasing 
frequency, indicating stiffer characteristics of MR foams. It is a typical 
phenomenon for the Gʹ of the MR foams due to entanglements of poly
mer chains not being able to relax in the PU matrix [32,33]. The 
entangled polymer chains do not have the sufficient time to disentangle 
causing the material to obtain a more elastic behaviour. In addition, the 
presence of CIPs in the MR foam structure reduced the free spaces among 
the polymer chains, restricting their motion and thereby enhancing the 
modulus by providing improved shear strength. In fact, at low frequency 
of 1 Hz, the initial storage modulus, Gʹ

0 of sample A (Fig. 3(a)) exhibits 

the lowest value, about 80 kPa. This is due to the response of the ma
terial portraying more viscous-like properties rather than elastic-like 
which indicated lower stiffness characteristics of the MR foam, there
fore lower storage modulus. However, at higher frequency of 10 Hz, the 
storage modulus of sample A increased to approximately 93 kPa. As 
stated previously, at higher frequencies, the polymer chains have lesser 
time to move and rearrange, resulting in a more elastic response of the 
material. Consequently, the material exhibited a higher capacity to store 
energy, as reflected in the increased storage modulus.

In addition, the Gʹ
0 further increased by approximately 13 % when 

the constrained volume of foaming process was applied to the MR foam 
fabrication, as shown by sample B in Fig. 3(b). Besides, as the con
strained volume foaming process was further reduced by another 25 % 
(75 % of initial volume) and 50 % (50 % of initial volume) propor
tionally to the original volume of the mould (100 %), the Gʹ

0 of the MR 
foams was enhanced to about 100 kPa and 128 kPa for sample C (Fig. 3
(c)) and sample D (Fig. 3(d)), respectively. The reduced volumes of the 
constrained foaming process caused a more compact distribution of the 
CIPs within the structure of MR foams. This resulted in a higher inter
ference of the friction between the particles and matrix, which in turn 
increased the modulus of the MR foams [48]. The smaller volumes of the 
mould during the foaming process also caused the number of particles in 
localized areas to increase, which then affected the formation and 
growth of the pores in the structure of the MR foams. The changes in 
structure also resulted in the increment of Gʹ of MR foams which will be 
further explained in next section. Similarly, at the highest frequency of 
10 Hz, the Gʹ of samples B, C, and D were further enhanced to 114 kPa, 
119 kPa, and 150 kPa, respectively, showing a greater elastic response of 
the materials.

On the other hand, the loss factor (tanδ) of the fabricated MR foams 

Fig. 4. Frequency dependence of the storage modulus and loss factor of the MR foams during the on-state (4 A) condition for the fabricated samples: (a) free foaming 
process, (b) 100 % of constrained volume foaming process, (c) 75 % of constrained volume foaming process, and (d) 50 % of constrained volume foaming process.
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samples was gradually increased with increasing frequency. The loss 
factor (tanδ) is generally defined as the ratio of the loss modulus to the 
storage modulus of a material and this indicates how effectively the 
material dissipated energy, where higher tanδ corresponds to a greater 
damping efficiency. As the frequency increased, the polymer chains of 
the PU and the embedded CIPs within the MR foam experienced greater 
rates of deformation. This led to a greater internal friction and energy 
dissipation through the viscoelastic mechanism, such as the molecular 
rearrangements and the movement of the polymer chains of the PU foam 
[32,33,49]. Therefore, the MR foams experienced an increment of their 
energy dissipation (loss factor) at higher frequencies, as presented in 
Fig. 3(a) – (d). Nevertheless, the tanδ of the MR foams were observed to 
decrease respective to the reduction of the constraint volumes foaming 
during the processing. In fact, at specific frequency of 1 Hz, the tanδ for 
sample A, B, C, and D are 0.132, 0.123, 0.119, and 0.105, respectively. 
This is due to the enhancement in the Gʹ of MR foam samples as dis
cussed in previous paragraphs. Reducing the constrained volumes in the 
foaming process affects the distribution of CIPs, causing the particles to 
become more compact and reduces the distance between the particles. 
As a result, the MR foams exhibited a more elastic than viscous behav
iour. Thus, slightly more storage energy was recorded instead of being 
dissipated, i.e. shifting of tanδ to the lower values was noted. The 
interfacial interactions between the CIPs and the PU foam (parti
cle-matrix interaction) also improved, resulting in a reduced friction 
between both phases and consequently less energy dissipation [27].

Likewise, when a magnetic field was applied to the MR foam sam
ples, they showed a greater value of Gʹ

0 as depicted in Fig. 4(a) – (d). In 
general, the results align with our previous findings, showing a similar 

increasing trend in Gʹ when a magnetic field is applied to the MR ma
terials [33,48,50]. This phenomenon is attributed to the magnetic forces 
and attraction between the magnetic particles (CIPs) in the MR foam. 
This interaction should further increase the stress distribution in the 
material, and correspondingly, the Gʹ increased indicating more energy 
could be stored elastically [51]. In brief, as the Gʹ of the MR foams 
increased with the frequency and constrain volumes foaming processes, 
the effect was more pronounced in the on-state condition due to the 
additional magnetic attraction between the particles. Furthermore, the 
increased stress distribution led to a brittle structure and stiffer char
acteristics of the MR foams, thus enhancing the Gʹ. In addition, in the 
constraint volumes foaming process of the MR foams, the concentration 
of the particles at localised area increased, thus reducing the distance 
between them. Consequently, stronger magnetic forces are present be
tween the particles when a magnetic field (4 A) is applied. Indeed, as 
shown in Fig. 4(d), the Gʹ of sample D exhibited the highest value, 
reaching up to 170 kPa at 1 Hz, compared to the other samples in the 
on-state condition. Meanwhile, reaching up to 10 Hz, the Gʹ of sample A 
was noted about 128 kPa, followed by 136 kPa, 142 kPa, and 204 kPa for 
sample B, C and D, respectively.

However, as the MR foams were in the on-state condition and sub
jected to the reduced constrained volume foaming process, which 
resulted in stiffer characteristics of the material, the tanδ exhibited a 
decreasing behaviour in comparison to the off-state, as shown in Fig. 4
(a) – (d). In fact, the tanδ at 1 Hz for sample A was 0.134, followed by 
sample B, C, and D were 0.120, 0.117, and 0.108, respectively. The 
lowered values of tanδ for MR foams are attributed to the enhancement 
of the storage modulus of MR foams that caused the resultant fraction of 

Fig. 5. Stress – strain graphs of the(a) dynamic mechanical-compression and (b) shearing of the MR foams.
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the loss modulus (Gʹ́ ) to the Gʹ reduced. As stated in the previous 
paragraph, the improvement in the structure of the MR foams with 
constrained volume foaming during their processing as well as stronger 
magnetic forces between the CIPs with presence of magnetic field 
strengthened the interfacial interaction between the CIPs and PU matrix. 
Thus, the further enhancement of the Gʹresulted in the MR foams to 
become more capable of storing more energy rather than dissipating it, 
as explained from the decline in tanδ [29,32,50,52]. On the other hand, 
as the applied frequency increased from 1 to 10 Hz, the tanδ of all 
samples increased indicating a greater rate of deformation occurred in 
the structure of the MR foam samples. This phenomenon is also similar 
as in Fig. 3(a) – (d). The dynamic response of the MR foam samples 
increased, enhancing their energy absorption and dissipation capabil
ities. This, in turn, contributes to the overall increment of the damping 
effect of the MR foams. Sample D showed the most ability to dissipate 
energy upon increasing frequency with the percentage increase of 20 % 
compared to sample A which only display 9 % of increment. Therefore, 
based on this analysis, the MR foam has the ability to store more elastic 

Fig. 6. The phase shift angle (ẟ) of the MR foams for rheology (shear) and DMA 
(compression) analyses.

Fig. 7. Surface scanning of the fabricated MR foam samples under the observation of a 3D laser microscope, for sample A (free foaming), B (100 % of constrained 
volume foaming), C (75 % of constrained volume foaming), and D (50 % of constrained volume foaming). The variation of colours from red (peak) to blue (valley) 
indicates the mixture of larger and smaller pores with varying depths of the fabricated MR foams.
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energy (Gʹ) as well as possess improve damping characteristics (tanδ), 
particularly for increasing frequencies which could be the ideal candi
date for soft robotic applications to reduce effect of the oscillation 
during the device operation.

3.3. Correlation between the DMA (Compression) and the rheological 
(Shear) properties of the MR foams

The DMA and rheology generally measure how materials respond to 
a deformation under a given stress. When a force is applied to the MR 
foam, the material deforms respectively to the distributed stress, 
exhibiting a viscoelastic behaviour with both elastic and viscous char
acteristics [7,17,41,53,54]. An MR foam would retain the deformation 
proportionally up to the linear viscoelastic (LVE) limit, beyond which 
the material deforms in a non-linear way. This means a longer time is 
required to return to its original state, and the material is also suscep
tible to fall into a viscous behaviour. For that reason, both the DMA and 
rheology of the MR foams have been investigated within their LVE re
gion. Although the DMA and rheological test involved different di
rections of applied force, the resultant properties can be correlated in 
terms of stress-strain profiles, corresponding to the modulus of elasticity 
(Eʹ and Gʹ) and the loss factor (tanδ), during a frequency sweep test. 
Fig. 5(a) and (b) depicts the stress – strain graphs for the DMA 
compression and shearing of the MR foams carried out at 1 Hz. It can be 
observed that all profiles of all samples showed an increasing trend in 
stress with increasing strains. In fact, the increasing trends were similar 
with the previous studies [26,31,55] indicating that stiffer MR foam 
samples compensate a with greater stress endurance. As stated in the 
previous sections as well, the stiffer MR foams are attributed to the 
compact porous structure with the localized CIPs, especially after 
different constrained volumes of foaming process were applied 
concurrently that resulted the MR foam’s structure to become more 
compact, firm, and brittle. This, in turn lead to an enhanced Eʹ and Gʹ of 
the samples. Respective to the Fig. 5(a) or (b) and correlated to the 
foaming process as stated in Table 1, sample D, which has the most 
compact porous structure, could withstand the highest elastic stress, 
followed by sample C, B, and A.

On the other hand, as afore mentioned, the damping behaviour in 
form of the loss factor (tanδ), can also be interpreted as phase shift angle 
(δ). The δ typically describes the material’s behaviour in terms of elas
ticity based on the horizontal shift between the sine and cosine graphs, 
where the sine graph represents the elastic energy stored (Eʹ and Gʹ), 
while cosine graph refers to the dissipated energy (E″ and G″). Smaller 
values of δ or lower difference between the sine and cosine graphs mean 
that the material would dissipate less energy or the material behaves 

more elastically. In the case of viscoelastic materials like the MR foam, 
the δ serves as a gauge, where a small value of δ (<45 ◦) indicates that 
the material behaves more elastically and solid-like, indirectly sug
gesting that the material is more capable of storing energy than dissi
pating it [42]. To complement with the stress-strain profiles as shown in 
Fig. 5(a) and (b), sample D showed a significantly steeper slope which 
correlates with the capability of the material to store higher elastic en
ergy with low dissipation. This is also associated with a smaller value of 
δ, as illustrated in the bar chart of Fig. 6. Similarly, sample D possessed 
the lowest δ for both the DMA and the rheological analysis. Conse
quently, the smallest difference between the storage modulus (Eʹ and Gʹ) 
and the loss modulus (Gʹ́ ) were reflected in the sample. As highlighted 
previously, the higher storage modulus portrayed the stiffer character
istics of the MR foam, therefore sample D had the most compact porous 
structure with the CIPs distributed within the constrained volume, as 
compared to the other samples. On the contrary, as shown by sample A, 
the δ exhibited the highest value indicating most notable difference 
between Eʹ/Gʹ and dissipated energy. This also corresponded to the 
behaviour of sample A to store less deformation energy, compared to 
sample B, C as well as D upon the applied stress.

3.4. Morphological analysis of the MR foams

Fig. 7(a) – (d) present the surface morphology of the fabricated MR 
foam samples under 3D laser microscopy and information about the 
average pore diameters are projected in Fig. 8. In brief, the different 
constrained volumes of foaming process during fabricating the MR 
foams have impacted their microstructure development. In Fig. 7(a), the 
porous structure of free foaming MR foam (sample A) displayed 
distinctly different pore sizes, with an average pore diameter of 
approximately 275 μm, compared to other MR foam samples. Indeed, 
the variation of colours from red (peak) to blue (valley) can be observed 
in sample A which indicates a mix of larger and smaller pores with 
varying depths, highlighting the imbalanced porous structure of the MR 
foam. Then, a considerable decline in the average pore diameters were 
noted for samples B, C, and D, accompanied with an improvement of the 
homogeneity in terms of a circular shape of the pores. This corresponds 
to the different constrained volumes of the foaming process. The average 
pore diameter for sample B was about 228 μm and the average pore 
value was lowered to 207 μm and 172 μm for sample C and D, as the 
constrained volumes were further reduced to 50 % and 25 %, respec
tively. Sample D displayed particularly the most uniform colour 
throughout the scanned sample, indicating that the pore sizes and their 
heights were nearly identical. Such effects are attributed to the 
compared and improved distribution of the CIPs during the constrained 
foaming which enhanced the heterogeneous nucleating process of the 
pores. This phenomenon has indirectly produced higher number of the 
pores with smaller size since the pores could not be expanded within the 
constrained volume [40,41,53,56,57]. As a result, sample D in Fig. 7(d) 
possesses the most enhanced surface structure, created by a higher 
number of smaller pores, which were homogenously distributed in the 
entire MR foam sample.

In addition, a microscopic analysis by using VP-SEM for all MR foam 
samples is presented in Fig. 9, firstly (a) showing a typical microstruc
ture for the free foaming sample and secondly the changes of the 
structure after constrained volumes foaming process, as presented in (b) 
– (d). Generally, a MR foam consists of the pores enclosed by the struts 
where the CIPs are located, as labelled in the magnified area of Fig. 9(a). 
According to the figures as well, all fabricated MR foam samples had 
open pore structures, which is consistent with the previous study [7]. 
Sample A in Fig. 9(a) exhibited larger open pore structure compared to 
the ones fabricated under the constrained volumes foaming process. As 
the volumes of the constrained foaming decreased from 100 % to 50 %, 
the size of the pores also decreased, and this observation is corre
sponding to the tabulated data presented in Fig. 8. In general, the 

Fig. 8. The bar charts of the maximum, minimum and average diameter of the 
pores for sample A (free foaming), B (100 % of constrained volume foaming), C 
(75 % of constrained volume foaming), and D (50 % of constrained vol
ume foaming).
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structure of the foam is mainly influenced by the formation of air 
pockets (pores) trapped in the foam during foaming process. For the free 
foaming process of MR foams, the CIPs that were added into the PU 
liquid acted as a nucleating agent for the formation of the pores. The 
CIPs concentration facilitated the pores’ formation, further manipu
lating their size and the MR foam growth process [7,56,57]. Respective 
to Fig. 9(d), which corresponds to sample D, the production of smaller 
pores was attributed to the higher concentration of the CIPs per unit 
volume. This led to an improved distribution of CIPs over the composite 
area which promoted higher formation of pores under the constrained 
volume condition (50 %). Within the compact area, the growth of pores 
might be restricted thus, an improved porous structure with smaller pore 
sizes was observed over the MR foam area. This structure improvement 
of sample D also led to the enhancement of the storage modulus of the 
MR foam with a tolerable energy dissipation, providing better dynamic 
response which aligns with the explanation in the previous sections. 

Similarly, with the 75 % (sample C) and 100 % (sample B) of constrained 
volumes foaming process, the localised CIPs became loosen within the 
area resulting in a reduced formation of pores and larger in sizes during 
the growth process as shown in Fig. 9(c) and (b), respectively.

To support this finding, an AFM analysis was carried out to further 
investigate the correlation between the effect of the constrained foaming 
process towards the distribution of the CIPs in the struts of the fabricated 
MR foams. The microphase segregation between the phases of the CIPs 
and the PU matrix was observed and the results were presented in 
Fig. 10(a) and (b) for sample A and D, respectively. In the phase images 
obtained by the tapping mode of the AFM, the orange colour (lighter), 
signifying the rigid domains, representing the CIPs while the greyish- 
black colour (darker) represents softer domains corresponds to the PU 
matrix. In brief, the lighter domains that are scattered around the 
scanning area indicate that the CIPs were well distributed in the struts of 
both samples. In fact, as discussed in the previous sections, due to a 

Fig. 9. VP-SEM images showing the pore and strut structures of MR foam samples fabricated via (a) free foaming process and constrained foaming of (b) 100 %, (c) 
75 %, and (d) 50 % constrained volumes, respectively.
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different foaming process of both samples, the localized CIPs in the 
struts of sample D are very densely packed as compared to sample A that 
contained less CIPs due to the free foaming process. Referring to Fig. 10
(a) and (b), the lighter domains (CIPs) of sample A appear to have 
notably larger distances between the particles compared to sample D 
which possesses closer distances among the particles and which are 
observed more frequent. Correspondingly, the concentration of CIPs per 
unit volume of sample D is higher than sample A which resulted in a 
higher storage modulus of the MR foam, corresponding to the previous 
report [53].

Further, the variations in the size of the lighter domains (CIPs) in 
sample D are attributed to the differences in the depth of the observed 
struts [58]. Fig. 11(a) and (b) present the schematic diagrams illus
trating the distribution of CIPs within the struts of MR foams for samples 
A and D, respectively, as viewed from different angles. From the top and 
the side views of sample A, the CIPs are expected to have further dis
tances between the particles, whereas sample D demonstrated compact 
CIPs is anticipated to show the opposite phenomenon. This is mainly due 
to the difference in the expansion ratio for both MR foams where the 

foaming process of sample D has been restricted by 50 % of constrained 
volume hence the expansion foaming has been limited thus, has more 
compact distribution of the particles. As more pores with smaller sizes 
formed, more struts became available to contain the distributed CIPs, 
which might lead to an increase in the surface area of the struts. As a 
result, the variations in the depth of the observed struts per unit volume 
in sample D become more pronounced as compared to sample A. In 
return, the observation of the lighter domains (CIPs) appeared in a wider 
range of sizes, as shown in Figs. 10(b) and 11(b).

In terms of the structure changes, the values of modulus (Eʹ and Gʹ) of 
the MR foams are highly dependent on the microstructure after under
going different constrained volumes of foaming process. As presented in 
the previous sections, as the Eʹ and the Gʹ were increased, the value of the 
tanδ was decreased, sequentially for samples A, B, C, and D. As the 
constrained volumes foaming process was reduced from the free foam
ing to 100 %, 75 %, and eventually 50 %, smaller pores were observed. 
As a result, the total surface area of the structures is expected to increase 
due to the formation of the smaller pores in the MR foams [53]. In fact, 
the distribution of the CIPs should be denser in the struts of the samples, 

Fig. 10. AFM phase separation images indicating the soft and hard domain of (a) sample A and (b) sample D.

Fig. 11. A schematic illustration of the strut cross-section structure of the MR foam fabricated by (a) free foaming process (sample A) and (b) 50 % of volume of 
constrained foaming process (sample D).

A.A. Marzuki et al.                                                                                                                                                                                                                             Results in Engineering 26 (2025) 104753 

11 



especially for sample D. Hence, more stress could be stored and 
distributed within the material as compared to the free foaming sample 
A. As illustrated in Fig. 12, which is related to the pore and the strut 
structures in each of the MR foam, the blue shades that outlined the 
surroundings of the matrix and CIPs indicate the distribution of the 
elastic energy when the stress was applied to the material. As analyzed 
above, based on the DMA compression and the shear modulus (Eʹ and Gʹ) 
of each sample, the free foaming sample A displayed the lowest storage 
modulus with the highest loss modulus (Eʹ́  and Gʹ́ ). This is due to the 
higher amount of gaps between the CIPs and lower surface area of the 
struts. Thus, the structure shows an improved flexibility as opposed to 
the constrained volumes foaming process of samples B, C, and D. These 
three samples, on the other hand, exhibited a gradual increase in the 
storage modulus, attributed to the more compact porous structure with 
more localized CIPs, which then enhanced the stiffness of the materials. 
The structure of sample D also became firmer thus had more capability 
to store elastic energy distributed throughout the rigid structure and was 
improved in resisting a deformation. In return, the capability of the 
dissipating energy was reduced, as shown in Fig. 12. Nevertheless, in the 
discussion of Figs. 2 and 3, with increasing frequency, the MR foams 
foamed under the constrained foaming process, particularly sample D, 
possessed an improved loss modulus or loss factor (tanδ) due to greater 
friction phenomenon within the compact structure of the MR foam. 
Consequently, this leads to a more pronounced increase in the tanδ upon 
increasing frequency, when compared to sample A.

4. Conclusion

In this study, MR foams with 75 wt. % content of CIPs were prepared 
via an in-situ polymerization method under two conditions: the free 
foaming and the different volumes of constrained foaming process. 
Following, the samples were labelled as A, B, C, and D for the MR foams 
fabricated through the free foaming and the constrained foaming of 100 

%, 75 %, and 50 % of volume, respectively. The analysis of the dynamic 
mechanical compression and the shear rheology under varying fre
quencies showed that the MR foams prepared under the constrained 
volumes foaming process, in particular at 50 %, exhibited significant 
enhancements in the elastic moduli (Eʹ and Gʹ) and the loss factor (tanδ) 
of the material. Under a dynamic mechanical compression analysis, the 
presence of constrained foaming during the fabrication process of the 
MR foams contributed to an approximately 25 % increment on the initial 
Eʹ as compared to the free foaming sample. In fact, with the further 
volume reduction of 25 % and 50 %, it further increased by about 125 % 
and 300 %. A similar trend could be observed for the rheological anal
ysis, where 13 % increment of Gʹ can be seen when the constrained 
foaming was introduced. Overall, it was observed that under the influ
ence of increasing frequency, the storage modulus for all MR foam 
samples showed a rising trend for both the dynamic mechanical 
compression and the shear rheology. The reduced volumes of con
strained foaming process caused that a higher interference friction be
tween the particles and matrix was produced. This resulted in increasing 
the modulus of the MR foams. It is interesting to note that the tanδ of MR 
foams also portrayed an increment upon a higher frequency due to the 
polymer chains of PU and the embedded CIPs inside the foam, the 
structure experienced a greater rate of deformation. In contrast, the 
tanδ decreased when the constrained foaming was introduced, addi
tionally the values further reduced with the decreasing volume. This 
reflected to the higher value of storage modulus shown by the MR foam 
hence, an enhanced ability to store elastic energy rather than dissipating 
it. Lastly, the application of a magnetic field during the rheological 
analysis amplified these effects by showing an increase in the storage 
modulus and reducing the tanδ, thereby enhancing the mechanical 
properties of the MR foams. These findings underscore the potential of 
the MR foams in advanced applications requiring high energy storage 
and damping capabilities, making them suitable for innovative solutions 
in various technological fields such as soft robotics applications.

Fig. 12. Illustration mechanism of the correlation between the storage modulus and loss modulus of all MR foams from DMA and rheological characteristics towards 
its morphological changes.
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Perše, Rheological behaviour of highly filled materials for injection moulding and 
additive manufacturing: effect of particle material and loading, Appl. Sci. 10 
(2020) 7993.
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