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A B S T R A C T

Magnetorheological elastomers (MREs), consisting of an elastomeric matrix filled with magnetic particles,
are one of the most promising multifunctional composites. The main advantage of these materials is their
response to external magnetic fields by mechanically deforming and/or changing their magnetorheological
properties. This multi-physical nature makes them ideal candidates for timely applications in soft robotics and
bioengineering. Although several works have addressed the magneto-mechanical coupling in these composites
from both experimental and modelling approaches, there is still a big gap of knowledge preventing the
full understanding of their underlying physics. In this regard, there is no experimental work addressing
a comprehensive magneto-mechanical characterisation combining different MRE configurations, mechanical
deformation modes and magnetic conditions. Furthermore, the interplays of rate dependences into such
magnetorheological behaviour still remain elusive. In this work, we provide an unprecedented experimental
characterisation of a soft MRE considering more than 100 different experimental conditions involving more
than 600 tests. The experiments include monotonous uniaxial compression at different deformation rates
and magnetic conditions, magneto-mechanical DMA tests, relaxation tests, oscillatory shear tests at different
deformation rates and magnetic conditions, magneto-mechanical shear frequency sweep tests, and novel
magneto-mechanical experiments. The results obtained in this work provide full characterisation of soft MREs
with a special focus on rate dependences, forming the basis to explain novel multifunctional mechanisms
identified behind their coupled response. In addition, it opens the door to new constitutive and modelling
approaches.
1. Introduction

Multifunctional materials are revolutionising the engineering fields
due to the ability to modify their properties by applying an exter-
nal stimulus. Among them, smart materials that respond to magnetic
fields are of particular interest as they offer possibilities for remote
and reversible stimulation. These are called magneto-active polymers
(MAPs) or magneto-rheological (MR) materials. These structures count
on dispersed magnetic fillers which are responsible of the magnetostric-
tive response (i.e., mechanical deformation to an applied magnetic
field) [1–3]. Depending on the nature of the carrier matrix, a MR
material can either be a fluid, a gel or an elastomer [4,5]. In 1948,
Rabinow [6] introduced MR fluids. These, under the application of an
external field, become non-newtonian fluids with a stiffness up to four
orders larger [7]. Sedimentation and formation of aggregates, however,
are issues of these composites [8,9]. MR gels have intermediate proper-
ties between MR fluids and elastomers, and have the magnetic particles
and solvent molecules (e.g., water) embedded within a cross-linked
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polymer network (i.e., hydrogel). This microstructural configuration
allows for particles’ movement to form chain-like structures, while
they retain the original configuration once the magnetic field dis-
appears [10–12]. Regarding magneto-rheological elastomers (MREs),
magnetic fillers remain at the positions they reach during the curing
process (although extremely soft elastomeric matrices lead to very large
changes in particles’ distribution when subjected to a magnetic field).
Their carrier matrix is a vulcanised polymeric network with higher
stiffness than that of MR fluids and gels. Despite their ability to change
their shape (i.e., tuning by deformation mode branching [13]), MREs
have been mostly studied for their capacity to change their mechanical
properties [14–16]. In addition, Xu et al. [17] introduced MR plas-
tomers as materials with plastic properties at room temperature [18].
According to the purpose of this work, in the following, MREs are
reviewed.

The carrier matrix of MREs can be made of different materials,
e.g., silicone rubbers, vinyl rubbers (VR), polyurethanes (PU) or natural
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rubbers [19–22]. Regarding the manufacturing of MREs, the base phase
and a cross-linking phase (sometimes with a catalyst) are put together
and undergo the so-called curing process, which results in the cross-
linked polymeric matrix. Depending on the amount of vulcaniser, the
cross-linking degree of the matrix can be tuned [23–25]. Magnetic par-
ticles, which can be either soft or hard magnetic, are added to the raw
mixture. Soft-magnetic particles (i.e., with low magnetic coercivity) are
preferred when reversible property-changing effects of the composite
are desired. However, hard-magnetic particles (i.e., with high magnetic
coercivity) are used when shape-changing abilities are required. Addi-
tionally, some authors present novel approaches of hybrid MREs with
mixed soft and hard magnetic fillers. In this way, Borin et al. [26]
decouple the magnetic effect in passive state properties, for the pre-
magnetised hard particles, and in active state properties controlled
by an externally applied magnetic field. The distance between the
particles, hence the intensity of the dipole–dipole interaction, can be
tuned by modifying the particles concentration (see Ivaneyko et al. [27]
work). Also, the stretch/contraction of the MRE in finite deformations
changes the spacing between the fillers. In this regard, Garcia-Gonzalez
et al. [28,29] predict the magnetic stress versus stretch for various
microstructural space arrangements of the magnetic particles. Further-
more, if an external magnetic field is applied on the mixture during the
curing process, the MRE acquires anisotropic properties with improved
stiffness in the preferred direction of the particle chains. All in all, MREs
with suitable properties for specific applications can be obtained by
conveniently defining the manufacturing conditions.

Some exploitable areas of MREs are engineering, materials and
biomedical sciences [30]. Common applications comprise soft robotics
[31,32], mechanical damping systems [33–37], sandwich structures
[38], tactile displays and sensors [39–42], microfluid transportation
systems [43] and peristaltic pumps [44]. Some of these applications lay
on the dynamic behaviour of MREs for certain excitation frequencies,
e.g., low frequencies (below 100 Hz) are used when it comes to sus-
pension applications for vehicles and biomedical applications [23,45],
whereas frequencies in the order of kHz are excited in noise and vibra-
tion cancellation applications. Bioengineering applications of MRE are
gaining popularity [46]. Drug delivery systems promise to locally treat
pathologies with higher effectiveness and fewer side effects [47,48]. In
this regard, Hu et al. [49] designed small-scale soft-bodied robots with
multi-modal locomotion made of silicone elastomer with hard magnetic
particles. These micro-robots, able to negotiate obstacles, would be
suitable for cell manipulation, drug delivery, non-invasive surgery, etc.
Moreover, MREs could be used as potential substrates for cell migration
stimulation [23,50].

In order to design new applications of MREs, an excellent knowl-
dge of their mechanical response and coupled governing magneto-
echanical phenomena is mandatory. To this end, experimental meth-
ds bring actual information about the macroscopic response of the
omposite subjected to external stimuli. The most common ones are
18]: compression/tensile tests, biaxial counterparts, simple shear test,
atigue test, dynamic mechanical analysis (DMA) and vibration anal-
sis. Owing to the viscous nature of MREs, special attention on de-
ormation and magnetic rates is required. For this reason, magneto-
echanical rheology is often used to characterise visco-elastic materials
n multiple modes, i.e., shear, axial, temperature or magnetic modes.
scillatory rheology has been widely used to determine the response of
REs when working in shear deformation [51–56]. Moreover, uniaxial
ompression experiments bring relevant information, as the material is
eformed in the same direction of the applied magnetic field [57,58].
n the literature, however, there is not much work that synthesises mul-
iple deformation modes and discusses the underlying mechanisms and
nterlinks between mechanical and magnetics phenomena. In addition,
o the authors’ knowledge there is no available work addressing the
ouplings between mechanical and magnetic rate dependences.
In this work, we provide a holistic framework for the rheolog-
2

cal characterisation of magneto-rheological elastomers, considering
more than 100 experimental conditions and combining different me-
chanical deformation modes and magnetic loading. The experimental
campaign includes monotonous uniaxial compression tests at different
deformation rates and magnetic conditions, magneto-mechanical DMA
tests, relaxation tests, oscillatory shear tests at different deformation
rates and magnetic conditions, magneto-mechanical shear frequency
sweep tests, and novel magneto-mechanical experiments (see Fig. 1c
for magneto-mechanical deformation modes). First, we present the
full characterisation framework of extremely soft MREs. Far from just
conveying the results, special focus has been put on producing detailed
discussions about the underlying multifunctional phenomena. To this
end, we have developed a discussion based on the quantitative results
and with supplementary experiments about the magneto-mechanical
coupling phenomena.

2. Materials and methods

2.1. Material and synthesis

For this study we have considered MREs composed of a soft elas-
tomeric matrix and soft magnetic particles. A common matrix used in
the literature is Sylgard 184 [23], but this elastomer presents high
stiffness limiting the magnetostrictive response of the composite. To
overcome this limitation, other authors have used softer elastomers,
i.e., Eco-Flex silicone rubber [52,59,60]. With the aim of developing
optimal MREs for bioengineering applications [24,61], the chosen elas-
tomeric phase is Dowsil CY52-276 (DowSil, Midland, MI, USA) (PDMS),
provided in two phases. Both phases get cross-linked by the so-called
curing process as they are combined in a ratio of 1:1, according to the
manufacturer indications. To avoid discrepancies in the raw material,
the same batch is used to manufacture all the samples. Regarding
the magnetic particles, these are soft SQ carbonyl iron powder (CIP)
(BASF, Germany), obtained from thermal decomposition of iron pen-
tacarbonyl and with a mean diameter of 3.9–5 μm. These particles
present soft-magnetisation characteristics that make them highly suit-
able for applications where the tuning of the mechanical properties of
the structure is desired. The size of the particles, contrary to smaller
nanometric magnetic fillers, enables for sufficient magnetisation and
enhances the magnetorheological response of the MRE.

For the selection of PDMS-magnetic particles’ ratios used in this
work, we have considered the following two limitations: (i) the mixture
can become too viscous to be processed, up to 40 vol.% according
to Lokander [62], and (ii) the existence of a percolation threshold,
which is related to the capacity of the particles to move along the
carrier matrix and occurs above 20 vol.% [58]. Therefore, four different
samples have been considered consisting of PDMS with phases mass
ratio 1:1 and particles’ volume fraction (𝜙) of 0, 0.1, 0.2 and 0.3. To
manufacture the samples, we have followed the process depicted in
Fig. 1a.

2.2. Experimental setup

The rising interest in MREs requires the use of experimental charac-
terisation techniques that combine traditional rheology with the appli-
cation of external magnetic fields to evaluate the magneto-mechanical
properties of the material [63]. The magneto-rheological mechanism is
based on the differences in magnetic permeability between the continu-
ous phase (carrier matrix) and the dispersed phase (magnetic particles).
The magnetic particles get magnetised when subjected to a magnetic
field. Consequently, each particle becomes a magnetic dipole leading
to interaction forces with the remaining particles and the external
magnetic field. Opposed to these forces, the polymeric matrix acts
as a deformation barrier transmitting the internal stresses within the
composite. The consequence is a macroscopic deformation or, in case of
being confined, an increase in material stiffness (the so-called magneto-

rheological effect) [18]. The magnitude of such deformation or change
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in the material properties will depend on the particles’ volume fraction,
size, and their magnetic properties (i.e., relative permeability, magnetic
saturation). In addition, the spatial arrangement of the particles will de-
termine the intensity and orientation of the interaction forces between
them (i.e., isotropic and anisotropic structures).

In this work, a TA HR-20 rheometer with Magneto-Rheology Ac-
cessory from Waters TA Q600 (TA instrument, New Castle, DE, USA) is
used, see Fig. 1. The magnetic field is applied by a magneto-rheological
accessory that sets a magnetic field in the axial direction to the sample.
Note that the device is equipped with a close loop system to control
the applied magnetic field measuring it in the vicinity of the sample.
To prevent temperature variations due to Joule effect from the coils
and keep a constant temperature, a cooling system is integrated with
the device to set a constant temperature within the sample of 25 𝑜C.
n important remark is that, to ensure homogeneous fields, an upper
oke is added. This limits the sample size to 1 mm height and 20 mm
iameter. Note that the parallel plates are made of low magnetic
ermeability stainless steel. In addition, the device has a magnetic axial
earing that allows to carry out oscillatory tests under both shear load
nd axial loading conditions in the longitudinal axis.

. Magneto-mechanical characterisation under uniaxial loading

An important consideration about these tests relates to barrelling
ffect, widely reported when deforming cylindrical samples [64,65]. In
his regard, the adhesion along the sample-machine interface gives rise
o frictional contact that may not correspond to free-slip boundary con-
itions. Therefore, radial shear stress components should be considered
n the sample-plate interfaces, leading to higher macroscopic stiffness
f the structure. For this reason, and to ensure free displacement of
oth upper and lower surfaces, we have applied a lubricant coating
n the sample (on both upper and lower surfaces) before performing
very test. In this way, it is guaranteed that the lubrication conditions
re repetitive for all the tests and radial shear stresses on the interfaces
an be neglected.

.1. Monotonous uniaxial compression tests

These experiments are conducted to a final strain of 45% and at
hree strain rates �̇� = {0.03, 0.3, 0.7} s−1, for each particles’ volume
raction 𝜙 = {0, 0.1, 0.2, 0.3}. We performed six repetitions for each
xperimental condition to ensure repeatability. These results are col-
ected in Fig. 2 by means of engineering stress versus engineering strain
howing average curves and experimental dispersion.
The average curves in each sub-figure correspond to different mag-

etic particle’s volume fractions for a same strain rate. In addition,
catter areas are drawn as an intuitive way to define the space that
omprises the raw experimental data, for the same test conditions.
hese results show clear trends in the mechanical response of the
REs. For every condition, the stress–strain curve presents a quasi-
inear region at small displacements that becomes non-linear for larger
trains. In addition, the stiffness of the samples always increases with
he amount of magnetic particles, regardless which deformation rate is
onsidered. Such an increase is explained by the much higher stiffness
f the particles and their contribution hindering the polymer chains
ovement within the carrier matrix. Special attention is given to the
tiffening from 𝜙 = 0.2 to 𝜙 = 0.3, for which the difference is notably
maller than the one that occurs as the magnetic particle’s volume
raction increases from 0 to 0.2. This observation is explained by the
ercolation threshold that, from 𝜙 = 0.2, promotes the formation
f clusters and other sorts of aggregates. This feature would justify
he decrease in the stiffening effect of the magnetic particles at high
olume fractions [58]. Furthermore, viscoelastic effects are observed
y means of strain rate dependency. In this regard, higher compression
ates result in higher MRE stiffness. This rate dependency is directly
elated to stress states owing to viscous dissipation phenomena, which
s deeper investigated in the following Sections 3.2 and 3.3 .
3

.2. Relaxation tests

Relaxation tests are conducted to examine viscous mechanisms by
pplying a fixed strain and monitoring the evolution of the stress state
long time. The initial deformation step is applied by setting a fast
train rate of 0.7 s−1 (maximum value allowed by the experimental
ystem), which is followed by a relaxation time at constant strain of
0 s. These results, for the different MREs tested, are presented in terms
f engineering stress versus engineering strain curves for strains of 40%
nd 25%, see Fig. 3. The analysis of these tests is performed by means
f characteristic relaxation times. These are defined as the time that
n exponentially decreasing variable takes to accomplish a 63.21% of
he stress relaxation for infinite time (i.e., exponential decay). Overall,
hese results show different tendencies. A clear increase in the char-
cteristic relaxation time is observed when increasing the particles’
ontent. Thus, relaxation times range from around 1 s, for the case of
DMS without magnetic particles, to 6.5 s, for the case of 𝜙 = 0.3 (see
urther details in Table 1). In this regard, the inclusions in the carrier
atrix hinder the mobility of the polymeric chains resulting in slower
iscous relaxation processes. Another finding from these tests is that the
elaxation times do not significantly depend on the prescribed strains
ested.

.3. Dynamic mechanical analysis (DMA) under uniaxial compression
oading and magnetic fields

Dynamic mechanical analysis is performed to investigate the vis-
oelastic behaviour of the MREs under uniaxial compression loading
nd different external magnetic fields. This analysis provides, for the
ifferent manufacturing and magnetic conditions tested, the evolution
f the storage (𝐸′), loss (𝐸′′) and complex (𝐸∗) moduli with the
xcitation frequency. Another interesting parameter is tan 𝛿 = 𝐸′

𝐸′′

(loss factor), which is a measure of the ratio between the stored
and dissipated energies. Frequency sweeps have been conducted from
0.01 Hz to 16 Hz for different magnetic particles’ volume fractions
𝜙 = {0, 0.1, 0.2, 0.3} and for axial magnetic flux densities of 𝐵 =
{0, 200, 500, 1000} mT. An amplitude of 25 μm (i.e., 2.5% strain) was
sed. These results are shown in Fig. 4, where the storage modulus,
loss modulus and loss factor are depicted for the applied magnetic
fields of 𝐵 = {0, 500} mT (see Fig. A.1 in the Appendix for tests at

= {200, 1000} mT).
Several findings can be highlighted from these DMA tests. For every

-field (magnetic flux density field) value and for every magnetic
articles’ concentration, both storage and loss moduli monotonously
ncrease with frequency due to the viscous nature of the MRE samples
i.e., strain rate dependency). The wavy behaviour of the factor suggests
hat different relaxation mechanisms become excited at different fre-
uencies. The presence of the magnetic particles hinders the mobility of
olymeric chains, hence the macroscopic stiffness results to be from two
o three times larger than its counterpart without magnetic particles
see further analysis in Table 1). When an external magnetic field
s applied (Figs. 4B and A.1), a remarkable stiffening of the MRE
amples takes place. This stiffening can be quantified by the magneto-
heological effect defined as 𝑀𝑅𝐸𝑓𝑓𝑒𝑐𝑡 =

𝐸′
𝐵=𝑖

𝐸′
𝐵=0

. Thus, the 𝑀𝑅𝐸𝑓𝑓𝑒𝑐𝑡

ranges from 7.4 to 235.9 for 200 mT and 1000 mT, respectively (see
further details in Table 1). In fact, by applying a 1000 mT magnetic
field (Fig. A.1), the complex modulus experiences a relevant increase
from the order of a few kPa to MPa. Moreover, under magnetic field
conditions, 𝑡𝑎𝑛 𝛿 values show an abrupt decrease, indicating that the
mechanical behaviour approaches to that of an ideal elastic solid.
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Fig. 1. (a) Scheme of the experimental manufacturing methodology using a mould made of polytetrafluoroethylene (PTFE). Note that ice is used to prevent the chemical reaction
during the first synthesis stages. (b) Experimental setup: (b.1) HR-20 rheometre equipped with the magneto-rheological device; (b.2) a detail of the sample placed between the
upper plate (geometry) and the lower plate of the magneto-rheological peltier. One half of the upper yoke is removed for better visualisation of the sample region. (c) Scheme of
the magneto-mechanical tests performed in this work.
3.4. Novel mechanically confined tests under different magnetic field rates

We have designed experiments where the MRE sample is mechani-
cally confined in the axial direction. While keeping such a mechanical
boundary condition, a magnetic field is applied in the axial direction
at a given rate. Once a specific targeted magnetic field is reached,
this magnetic field is kept constant during certain time (to reach
steady state). Note that these experiments have a motivation similar
to relaxations tests (here the magnetic field acts as strain). Therefore,
the main input in the experiment is the evolution of the magnetic
flux density field along time and a mechanical boundary condition
equivalent to a permanent unit axial stretch. Then, the upper plate of
the rheometre, equipped with an axial load cell, provides the evolution
of the axial force (suitably expressed in engineering stress terms) as
output. These tests are conducted for four different magnetic rates that
are applied until reaching a magnetic field of 1000 mT, which is then
4

kept constant, and for different MREs with magnetic particle’s volume
fractions of 𝜙 = {0.1, 0.2, 0.3}. These results are shown in Fig. 5 by
means of engineering stress versus time showing average curves and
experimental dispersion from a number of six tests per condition.

Each sub-figure in Fig. 5 corresponds to a magnetic field application
rate �̇� = {2, 20, 200, 1000} mT∕s and compares the response of different
particles’ volume fractions. A deep analysis of these results provides
several interesting and unexplored observations:

∙ The increase in engineering stress (and then in axial force) when
applying the magnetic field suggests that the MREs tend to expand
when subjected to axial magnetic fields (see Section 5 for more details).

∙ As the magnetic field ramp begins, the axial force evolves in an
initially parabolic fashion. However, this tendency is lost in favour
of a sigmoidal fashion when larger values of the magnetic field are
reached. These tendencies are related to an internal magnetic stress
which depends on the magnetic field by a second order function (see
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Fig. 2. Experimental results for the uniaxial compression tests upon 1 mm height cylindrical specimens and 20 mm diameter. Engineering stress is plotted against engineering
strain for three different strain rates: (a) 0.03, (b) 0.3 and (c) 0.7 s−1, and for magnetic particles’ volume fractions of 𝜙 = {0, 0.1, 0.2, 0.3}. A scatter area around each mean curve
is depicted to illustrate the variability of experimental data sets.
Fig. 3. Experimental results for the relaxation tests upon 1 mm height and 20 mm diameter cylindrical specimens. Engineering stress is plotted against time for (a) 40% and (b)
5% applied strains and magnetic particles’ volume fractions of 𝜙 = {0, 0.1, 0.2, 0.3}. A scatter area around each mean curve is depicted to illustrate the limits of experimental data
sets.
modelling approaches in the literature [28,66–69]). This relationship
changes at higher magnetic fields due to a nonlinear relationship
between particles’ magnetisation and magnetic field when approaching
to magnetic saturation (see modelling approaches in the literature [70,
5

71]). Note that although the linear relationship between particles’

magnetisation and external magnetic field is lost, the particles do not

saturate completely [26].
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Fig. 4. Experimental results for frequency sweeps from 0.01 to 16 Hz under uniaxial compressive DMA, 1 mm height and 20 mm diameter cylindrical specimens and with magnetic
particles’ volume fractions of 0, 0.1, 0.2 and 0.3. Storage modulus, loss modulus and loss factor are plotted against frequency. Magnetic fields of (a) 0 mT and (b) 500 mT are
externally applied on the samples. Scatter areas around each mean curve are depicted to illustrate the variability of experimental data sets.
∙ There is a proportional relationship between the maximum stress
reached and the magnetic particles’ content. This is explained by the
higher macroscopic magnetisation of the MRE and the increment of
internal dipole–dipole interactions between particles pushing the elas-
tomeric matrix to deform [28,72].

∙ The maximum stress is reached exactly at the time point when
the applied magnetic field reaches its maximum value at low magnetic
6

rates. However, there is a delay in this peak when the magnetic rate
is higher. Such a delay is related to a rate dependency on particles’
magnetisation, which presents a limit rate to polarise due to magnetic
viscosity [73–76]. This phenomenon is governed by the thermal activa-
tion of the magnetisation over local energy barriers arising from varied
sources, e.g., shape and anisotropy of the particles. The coefficient of
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Fig. 5. Experimental results for the application of a 1000 mT magnetic field in the form of temporal ramps with different application rates: (a) 2 mT/s, (b) 20 mT/s, (c) 200 mT/s
and (d) 1000 mT/s. After reaching the targeted magnetic field, indicated by a dotted vertical line, the magnetic field is kept constant for a given time. Confined axial deformation is
imposed during the whole experiment as mechanical boundary condition. The samples used are cylindrical MREs with height 1 mm and diameter 20 mm, which are manufactured
with different magnetic particles’ volume fractions of 𝜙 = {0.1, 0.2, 0.3}. Engineering stress is plotted against time covering the temporal application of the ramp plus an additional
period where the field is held constant at 1000 mT. Scatter areas around each mean curve are depicted to illustrate the variability of experimental data sets.
magnetic viscosity has been widely used to take into account these
mechanisms, being the temperature a major factor [77].

∙ At the lower magnetic rates, although mechanical strain rate
effects were expected at these time scales, the maximum stress reached
is the same. These tendencies can be explained by making use of a re-
cently developed microstructural-based model for soft magneto-active
polymers [28]. In this regard, the macroscopic stress is understood as
the contribution of a magnetic stress due to dipole–dipole interactions
between particles and the external magnetic field, and the contribution
of a mechanical stress due to deformation of the polymeric matrix.
Thus, when fixing the axial stretch and applying the external magnetic
field, the particles magnetise leading to interaction forces and reach-
ing an equilibrium state. In such a scenario, the device is measuring
the transmitted magnetic forces within the MRE and the viscoelas-
tic response is balanced without relevant implications. However, at
higher magnetic rates (200 and 1000 mT/s), there is a remarkable
effect in the macroscopic response of the structure leading to higher
maximum stresses when increasing the magnetic rate. This response
may be explained by the microstructural stiffening of the polymeric
matrix resulting in a sudden collapse of magnetic particles, which are
prevented from a proper arrangement and leads to a microstructural
blockage. This phenomenon will need further investigation by more
advanced microstructural based models.

∙ After reaching the maximum stress value, while such stress is
kept constant for tests at low magnetic rates, the MREs experience a
7

relaxation response at higher magnetic rates. In other words, at slow
enough magnetic rates the particles are able to reach the final equi-
librium state (i.e., magnetic particles’ distribution under the applied
field). Therefore, the purely elastic and viscous contributions of the
elastomeric matrix stress balance each other until full microstructural
relaxation. Moreover, at higher magnetic rates, the previously men-
tioned microstructural blockage is followed by a mechanical relaxation
of the elastomeric matrix relaxing such a state. Note that this state-
ment is supported by the relaxation time scales observed in these
experiments, which are in the same order than the characteristic times
identified from the relaxation tests (Fig. 3).

∙ The final observation relates to the long term stresses reached after
complete relaxation (steady state). These values are notably larger at
higher magnetic rates, suggesting that the MRE encounters alternative
equilibrium states (i.e., magnetic particles’ distributions) depending on
the historical evolution of the microstructural deformation. From a
mechanical perspective, this effect can be understood as a yielding-
like process where the particles and the matrix get blocked under the
applied magnetic field.

4. Magneto-mechanical characterisation under shear loading

This section addresses the experimental results related to the
magneto-mechanical behaviour of the MREs tested under different

torsional shear loading conditions. Contrary to the compression tests,
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Fig. 6. Experimental results for oscillatory shear rheology on 1 mm height and 20 mm diameter cylindrical specimens with magnetic particles’ volume fractions of 𝜙 = 0, 0.1, 0.2, 0.3
and angular velocities of: (a) 0.1 rad/s, (b) 0.9 rad/s, and (c) 2 rad/s. Azimuthal shear stress 𝜏 is plotted against shear strain 𝛾 = 𝑟 𝛼

𝐻
, with radial coordinate 𝑟 = 2

3
𝑟𝑚𝑎𝑥. Magnetic

fields of (a) 0 mT and (b) 500 mT are externally applied on the samples. Scatter areas around each mean curve are depicted to illustrate the variability of experimental data sets.
no lubricant is used as no slip between the sample and the upper
and bottom plates is desired. In this regard, Walter et al. [78,79]
have thoroughly examined the boundary conditions in experimental
magneto-mechanical rheology, highlighting their importance and pro-
viding guidance to achieve slip-free interfaces between the plates and
the sample when working in shear mode. The sticky nature of the
8

5

elastomeric matrix ensures the contact at the interfaces preventing from
wall slippage. Such a contact is characterised by the azimuthal shear
stress (𝜏) on the contact interfaces, which varies with radial coordinate
𝑟 (i.e., zero at 𝑟 = 0 and maximum at 𝑟𝑚𝑎𝑥 = 10 mm). In this work, we
refer the stress and strain values to a radial coordinate of 𝑟 = 2

3 𝑟𝑚𝑎𝑥 (DIN
3018). From the torsion angle (𝛼) and torque (𝑀) on the rheometer
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Fig. 7. Experimental results for frequency sweeps from 0.01 to 16 Hz under shear mode on 1 mm height and 20 mm diameter cylindrical specimens and with magnetic particles’
volume fractions of: 0, 0.1, 0.2 and 0.3. Storage modulus, loss modulus and loss factor are plotted against frequency. Magnetic fields of (a) 0 mT and (b) 500 mT are externally
applied on the samples. Scatter areas around each mean curve are depicted to illustrate the variability of experimental data sets.
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Fig. 8. (a) Mechanical response of MREs under the application of an external magnetic field with free boundary conditions and for different particles’ volume fractions
𝜙 = {0.1, 0.2, 0.3}. The MRE samples have diameter 4 mm and height 1 mm. The table on the right hand side shows the exact same test for 𝜙 = 0.3 without the presence
of the upper plate. The magnetic field was imposed as a temporal ramp to a maximum value of 250 mT. (b) Mechanical response of a star-shape MRE with 𝜙 = 0.3 under the
application of an external magnetic field with free boundary conditions. The sample was manufactured following the same moulding procedure shown in Fig. 1a.
axis, and assuming that the torsion angle is linearly distributed along
the axial coordinate of the sample, we compute the stress and strain
for the representative points as:

𝜏(𝑀) = 4𝑀
3𝜋𝑟3𝑚𝑎𝑥

, 𝛾(𝛼) = 2
3
𝛼𝑟𝑚𝑎𝑥
𝐻

, (1)

with 𝐻 being the initial height of the sample.

4.1. Constant oscillatory shear

To start with, constant amplitude and frequency oscillatory finite
shear tests are conducted on cylindrical MRE samples. In these ex-
periments, the upper plate applies a torque on the cylindrical sam-
ple to perform a sine-shaped angular displacement. This deformation
profile is defined for a 48% strain and fixed angular velocities of
𝜔 = {0.1, 0.9, 2} rad/s. The strain amplitude has been chosen so as
the sample deforms beyond the infinitesimal strain regime. The axial
position of the upper plate is initially established to ensure sample-
plate contact with negligible compressive axial stress. Moreover, these
tests are carried out under different magnetic flux densities of 𝐵 =
{0, 200, 500, 1000} mT. An intriguing point is that, when applying the
xternal magnetic fields, the samples tend to expand leading to an ef-
ective pre-compression state in the axial direction. One may argue that
uch an effect could influence the magnetorheological effect analysed
n this section. This effect is deeply analysed in Section 5 and proved
to be negligible. Finally, as for compression tests, we have performed
six repetitions for each test condition to ensure repeatability.
10
Fig. 9. Experimental results comparing the effects of three different conditions on
frequency sweeps tests with frequencies of 𝑓 = {0.01, 8, 16} Hz: experiment with high
magnetic field (1000 mT), experiment without magnetic field but with a pre-strain
producing the same axial force as with magnetic field, and experiment without magnetic
field and without pre-compression.

Fig. 6 (and Fig. A.3 in the Appendix) show, for the different mag-

netic field conditions, the results in the form of shear stress versus

shear strain for the chosen angular velocities (each sub-figure) and
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Table 1
Quantitative summary and comparison of the trends revealed by mechanical and magneto-mechanical
uniaxial compression tests on MRE samples with magnetic particles’ volume fractions of 𝜙 = {0, 0.1, 0.2, 0.3}
and magnetic fields of 𝐵 = {0, 200, 500, 1000} mT. Characteristic relaxation time is defined as the time that
it takes to accomplish a 63.21% of the total stress relaxation. All the results provided correspond to the
mean values over the six experimental repetitions.
Case study CIPs amount (𝝓)

Parameter Test conditions 0 0.1 0.2 0.3

MECHANICAL TESTS - COMPRESSION

Characteristic relaxation time [s] Mean value 1.0 1.1 4.7 6.5

Tangent modulus at 10% strain, 𝐸 [kPa]
0.03 s−1 4.0 6.5 9.0 10.8
0.3 s−1 4.7 7.6 10.6 12.6
0.7 s−1 5.6 8.5 11.4 13.4

Tangent modulus at 30% strain, 𝐸 [kPa]
0.03 s−1 5.2 9.6 14.7 16.4
0.3 s−1 6.3 10.7 16.0 19.2
0.7 s−1 7.3 11.4 17.7 20.8

CIPs stiffening ratio at 10% strain,
𝐸𝜙=𝑖

𝐸𝜙=0
[–]

0.03 s−1 – 1.6 2.3 2.7
0.3 s−1 – 1.6 2.3 2.7
0.7 s−1 – 1.5 2.0 2.4

CIPs stiffening ratio at 30% strain,
𝐸𝜙=𝑖

𝐸𝜙=0
[–]

0.03 s−1 – 1.8 2.8 3.1
0.3 s−1 – 1.7 2.6 3.1
0.7 s−1 – 1.6 2.4 2.8

MAGNETO-MECHANICAL TESTS - COMPRESSION

Complex modulus 𝐸∗ [kPa] for 0 mT
0.01 Hz 7 9 14 17
8 Hz 83 162 195 213
16 Hz 116 221 265 291

Complex modulus 𝐸∗ [kPa] for 200 mT
0.01 Hz – 195 308 432
8 Hz – 1102 2380 4147
16 Hz – 1265 2740 4767

Complex modulus 𝐸∗ [kPa] for 500 mT
0.01 Hz – 618 1490 1973
8 Hz – 4133 13160 15169
16 Hz – 4800 14840 17222

Complex modulus 𝐸∗ [kPa] for 1000 mT
0.01 Hz – 697 2188 3421
8 Hz – 4873 14862 18613
16 Hz – 5369 15963 19890

MR Effect,
𝐸′

𝐵=200mT

𝐸′
𝐵=0mT

[–]
0.01 Hz – 20.6 21.9 25.7
8 Hz – 9.0 16.4 26.1
16 Hz – 7.4 13.7 21.4

MR Effect,
𝐸′

𝐵=500mT

𝐸′
𝐵=0mT

[–]
0.01 Hz – 67.0 112.7 130.4
8 Hz – 36.3 92.8 97.1
16 Hz – 29.0 76.5 79.3

MR Effect,
𝐸′

𝐵=1000mT

𝐸′
𝐵=0mT

[–]
0.01 Hz – 79.7 181.1 235.9
8 Hz – 41.2 105.0 118.9
16 Hz – 32.5 79.1 86.7
a
i
i
(
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m
c
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for magnetic particle’s volume fractions of 𝜙 = {0, 0.1, 0.2, 0.3}. This
representation is often known as the Lissajous figure, which conveys in-
teresting information, e.g., about the energy lost by viscous dissipation
mechanisms, in a visual way.

Clear trends can be found form these constant oscillatory shear
tests. For all the experimental conditions, larger maximum stresses
are reached for higher amounts of magnetic particles. This is due to
the same stiffening effect of magnetic particles formerly described in
compression tests, where magnetic fillers hinder the displacement of
polymeric chains leading to increased macroscopic stiffness. Moreover,
when external magnetic field is applied, the MRE sample undergoes
additional stiffness as a result of internal magnetic interaction forces,
with values of the 𝑀𝑅𝐸𝑓𝑓𝑒𝑐𝑡 up to 12.3 (see Table 2 for further
etail). As the magnetic field increases, it can also be concluded that
he Lissajous loops progressively lose their quasi-ellipsoidal shape, in
11

a

greement with a previous work by Dargahi et al. [52]. This latter point
s associated to a pronounced nonlinear response of the composite when
ncreasing the presence of stiffer particles, as observed in compression
Fig. 2) and tensile tests [23]. Other major factors influencing the me-
hanical response of the sample are viscous mechanisms. In this regard,
aximum stresses appear with the highest deformation rate showing a
lear strain rate dependency, similarly as observed in compression tests.

.2. Dynamic mechanical analysis (DMA) under shear loading and mag-
etic fields

These experiments can be understood as an extension of constant
scillatory shear ones, where different angular velocities are consecu-
ively applied. For this analysis, as similarly done for compression, we
nalyse the evolution of the storage (𝐺′), loss (𝐺′′) and complex (𝐺∗)
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Table 2
Quantitative summary and comparison of the trends revealed by mechanical and
magneto-mechanical shear tests on MRE samples with magnetic particles’ volume
fractions of 𝜙 = {0, 0.1, 0.2, 0.3} and magnetic fields of 𝐵 = {0, 200, 500, 1000} mT. All the
results provided correspond to the mean values over the six experimental repetitions.
Case study CIPs amount (𝝓)

Parameter Test conditions 0 0.1 0.2 0.3

MAGNETO-MECHANICAL TESTS - SHEAR

Complex modulus 𝐺∗ [kPa] for 0 mT
0.01 Hz 1.1 1.6 2.0 2.8
8 Hz 3.6 4.4 5.7 8.4
16 Hz 4.4 5.3 7.0 10.1

Complex modulus 𝐺∗ [kPa] for 200 mT
0.01 Hz – 3.7 8.1 8.3
8 Hz – 8.1 16.8 18.8
16 Hz – 9.3 19.3 21.6

Complex modulus 𝐺∗ [kPa] for 500 mT
0.01 Hz – 10.8 24.2 25.3
8 Hz – 20.8 45.5 54.3
16 Hz – 22.8 48.4 59.1

Complex modulus 𝐺∗ [kPa] for 1000 mT
0.01 Hz – 12.7 25.4 30.8
8 Hz – 27.2 69.8 96.2
16 Hz – 30.1 73.9 101.6

CIPs stiffening ratio,
𝐺∗

𝜙=𝑖

𝐺∗
𝜙=0

[–], 𝐵 = 0 mT
0.01 Hz – 1.5 1.8 2.5
8 Hz – 1.2 1.6 2.3
16 Hz – 1.2 1.6 2.3

MR Effect,
𝐺′

𝐵=200mT

𝐺′
𝐵=0mT

[–]
0.01 Hz – 2.2 3.8 2.7
8 Hz – 1.9 3.0 2.2
16 Hz – 1.8 2.8 2.1

MR Effect,
𝐺′

𝐵=500mT

𝐺′
𝐵=0mT

[–]
0.01 Hz – 6.3 10.5 7.3
8 Hz – 5.3 8.9 6.8
16 Hz – 4.8 7.5 6.1

MR Effect,
𝐺′

𝐵=1000mT

𝐺′
𝐵=0mT

[–]
0.01 Hz – 6.9 7.4 5.5
8 Hz – 7.0 14.4 13.1
16 Hz – 6.4 12.4 11.5

shear moduli with the excitation frequency. The loss factor in shear
mode reads as tan 𝛿 = 𝐺′′

𝐺′ .

Frequency sweeps have been conducted from 0.01 Hz to 16 Hz for
ifferent magnetic particles’ volume fractions 𝜙 = {0, 0.1, 0.2, 0.3} and
or axial magnetic inductions of 𝐵 = {0, 200, 500, 1000} mT. Note that
the used elastomeric matrix presents no significant hardening/softening
with strain amplitude (see Fig. A.5a in Appendix). However, in accor-
dance with other works in the literature [52], there is a strong effect
of the strain amplitude when testing under external magnetic fields,
due to changes in the relative positions of the magnetised particles
that modulate dipole–dipole interactions (see Fig. A.5b in Appendix).
Therefore, the amplitude of the harmonic oscillations is defined as
0.05 rad (∼30% strain) to limit this effect (stronger at lower strain
amplitudes). The results of these experiments are shown in Fig. 7,
where the storage modulus, loss modulus and loss factor are plotted
versus frequency for 0 mT and 500 mT magnetic fields (see additional
tests in Fig. A.2 in the Appendix for 200 mT and 1000 mT magnetic
fields).

Diverse findings can be stated from these frequency sweeps. For
all the test conditions, the complex modulus increases with angular
velocity, showing the strain rate dependency of the MREs under shear
loading. The maximum stiffness increase of the material due to this
effect is observed for MRE samples with 𝜙 = 0.3 and a magnetic field
of 𝐵 = 1000 mT, presenting a value of 𝛥𝐺∗ = 71 kPa with respect to the
smallest oscillation frequency at these conditions. In addition, the loss
factor provides relevant information about the viscoelastic behaviour
of the material. As for the compression mode tests, 𝑡𝑎𝑛 𝛿 decreases
with larger B-field inductions, denoting that material stiffening due to
12

magneto-rheological effect brings it closer to a purely elastic and non-
viscous behaviour (see a quantitative comparison in Table 2). Another
remark for high magnetic field (1000 mT) is related to the storage and
loss moduli at low frequencies, where both present an abrupt decrease,
see Fig. A.2b. This tendency is more notable for the higher magnetic
particles’ volume fractions.

5. Discussion

This section addresses a comprehensive discussion focused on the
interplays between rate and magnetic dependences. First, two tables
gathering major quantitative tendencies from all the original experi-
ments performed are presented as a comparative framework (e.g., com-
plex elastic moduli, tangent moduli at different strain values, magneto-
rheological effect, loss factor and dimensionless ratios). Such tables give
raise to a set of discussions with special focus on the underlying mul-
tifunctional phenomena. Then, complementary magneto-mechanical
tests are introduced to clarify the MREs response under free mechanical
boundary conditions and external magnetic fields. Moreover, and in
order to confirm that the influence of the induced axial stress on shear
DMA tests under magnetic fields is negligible, we have performed
additional experiments with 𝐵 = 0 mT with the same pre-compression
as for the analogous magneto-mechanical experiment. Finally, we have
performed additional mechanically confined tests with a maximum
external magnetic field of 200 mT to further analyse magnetic and
deformation rate couplings.

Table 1 synthesises major tendencies from axial compression tests.
First, characteristic stress relaxation time is found to be significantly
influenced by the amount of magnetic particles, with times from around
1 s for smaller amounts up to 6.5 s for the highest concentrations. In this
regard, the polymeric network can be understood as a mix of a cross-
linked network and free elastomeric chains. When the MRE is quickly
deformed, the cross-linked network pushes the remaining elastomeric
chains resulting in a higher instantaneous stiffness. These free chains
tend to slip within the polymeric network relaxing the stiffness along
time. However, the presence of the stiff magnetic particles hinders
such a relaxation leading to higher characteristic times. Although this
effect is quite limited at low particles’ content (i.e., 𝜙 = 0.1), it is
very significant at higher ones. Moreover, relaxation times are found
to not significantly change with the imposed strain, i.e., the tendencies
found on relaxation tests for 25% and 40% strain present no signif-
icant changes. This indicates that alternative compression states do
not lead to different viscous relaxation mechanisms, thus presenting
similar relaxation processes. Still associated with viscous effects, all
the MREs tested show a direct relationship between apparent stiffness
and strain rate. Furthermore, when externally applying a magnetic
field, the magneto-mechanical coupling plays a major role determining
the response of the material. To frame this coupling in a quantita-
tive fashion, representative mechanical parameters are shown at low,
medium and high excitation frequencies in DMA 𝑓 = {0.01, 8, 16} Hz.
Furthermore, the relative influence of the magnetic field on the me-
chanical properties of the composite is defined by means of the so-
called magneto-rheological effect ratio (𝑀𝑅𝐸𝑓𝑓𝑒𝑐𝑡). For large amount
of magnetic fillers, the MRE becomes up to 235.9 times stiffer. Also,
note that the MR effect is around twice larger for smaller excitation
frequencies. All in all, such a broad set of quantitative results extracted
from the charts from previous sections allows for easy comparison of
the behaviour of the MRE in compression mode. Note that the amount
of magnetic fillers encounters certain limitations when large amounts
are added to the composite. For this reason, MRE samples with very
high content of particles are mechanically less efficient than their

counterparts with fewer fillers. Kallio et al. [45] reported that BASF
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SQ CIP has a critical particle volume concentration (CPVC) of 29.1%,
defined from the apparent and bulk densities of CIPs for the particles
to be in contact. Thus, the MR effect shows a maximum at the CPVC
value. Our results, for both axial compression and shear modes (see
Table 2), fulfil this tendency, i.e., the increase in the MR effect from
magnetic particle’s volume fraction 𝜙 = 0.1 to 𝜙 = 0.2 is bigger than
that from 𝜙 = 0.2 to 𝜙 = 0.3. For compression, the averaged MR effect
increase (𝛥𝑀𝑅𝐸𝑓𝑓𝑒𝑐𝑡), for the three excitation frequencies shown, from
𝜙 = 0.1 to 𝜙 = 0.2 and for 1000 mT is of 𝛥𝑀𝑅𝐸𝑓𝑓𝑒𝑐𝑡 = 70.6, whereas
it is only an increase of 𝛥𝑀𝑅𝐸𝑓𝑓𝑒𝑐𝑡 = 25.4 from 𝜙 = 0.2 to 𝜙 = 0.3.
In shear mode, changes of 𝛥𝑀𝑅𝐸𝑓𝑓𝑒𝑐𝑡 = 4.6 and 𝛥𝑀𝑅𝐸𝑓𝑓𝑒𝑐𝑡 = −1.4,
respectively, take place. These analysed 𝛥𝑀𝑅𝐸𝑓𝑓𝑒𝑐𝑡 suggest that the
CPVC is close to 𝜙 = 0.3, hence the magneto-rheological stiffening is
less efficient for larger amounts of magnetic fillers.

Table 2 gathers the results from the magneto-mechanical shear tests
in an analogous way. A first look into these quantitative results suggests
that the MR effect strongly depends on the deformation mode. The DMA
frequency sweeps under the same magnetic fields shows a magneto-
rheological stiffening substantially smaller in shear mode than in axial
compression mode. In this regard, in shear mode the stiffness of the
MRE is improved within one order of magnitude, whereas in axial com-
pression it increased up to two orders of magnitude. These observations
must be carefully discussed as they are the result of different effects. On
the one hand, it must be noted that the external magnetic field is axially
applied (i.e., in compression direction) during both types of tests. This
axial magnetic field promotes a strong interaction of the magnetic
particles in axial direction which, apart from dipole–dipole interaction
forces, results into particles alignment into chain-like microstructures
(note that the extremely soft nature of the elastomer used allows this).
Therefore, it seems reasonable that external magnetic fields result in a
higher resistance to deformation in axial mode than in shear. On the
other hand, the application of the axial magnetic field while confining
the axial deformation of the sample leads to a pre-compression state.
Thus, when analysing the MREs under axial loading, a relevant increase
in stiffness is observed due to not only magnetic interactive forces but
also to such a pre-compression state. We have, however, focused on
a detailed study of the effect of this axially induced stress state (see
following discussion and complementary experiments).

In the literature, it has been reported that, under the application of
external magnetic fields, MREs can either compress or expand. On the
one hand, some early works state that MREs contract along the field
direction as the particles feel attracted between each other [10,80,81].
On the other hand, expansion is reported to happen under certain
conditions, e.g., when particles are isotropically distributed [82]. This
point of discussion is directly related to the pre-compression states
arising from the applied magnetic field, that can be easily intuited
by the experiments conducted in Fig. 8. In this work, by means of
the mechanically confined tests under magnetic fields from Section 3.4
monitoring compressive axial forces, it is clear that the MRE samples
tend to expand. To clarify this question, we have performed additional
tests under free mechanical boundary conditions (i.e., no mechanical
confinement in the axial direction and lubrication on the sample-
machine interface on its lower face) to investigate the free deformation
of samples of 4 mm diameter and 1 mm height. We have chosen
these smaller-diameter specimens to ensure that the magnetic field
remains homogeneous through the composite despite not using the
upper yoke (neglecting magnetic fringing effects). In Fig. 8a, pictures
of the specimens before and after the application of a 250 mT field are
shown for magnetic particle’s volume fractions of 𝜙 = {0.1, 0.2, 0.3}.
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An additional experiment for 𝜙 = 0.3 with the upper plate shifted
upwards is presented just to show that it does not affect the magneto-
mechanical deformation mechanism due to upper plate magnetisation.
From these results, it is found that the MRE sample macroscopically
expands up to strains of 38.2% for 𝜙 = 0.3. Moreover, note that this
macroscopic response is the result of microscopic interactions compet-
ing with structural responses. To clearly show such effects, we have
included a free expansion test on a star-like sample made of 𝜙 = 0.3
MRE (see Fig. 8b). Under the application of an external magnetic field,
a structural response is observed where the particles try to form chains
along the magnetic field (i.e., paramagnetic torque [83] governs over
dipole–dipole interactions).

This magnetically induced axial deformation may also question
the interpretation of the results obtained for the shear study. From
a microscopic magneto-mechanical approach, Danas et al. [72] stud-
ied the influence of positive and negative pre-strain (i.e., elongation
and compression) of the sample, observing from experiments overall
elongations for compressive pre-stresses, and contractions for tensile
ones. Vatandoost et al. [84] reported how pre-strain affects stiffening,
dampening and MR effect of MREs samples in axial compression. In our
frequency sweep tests for shear deformation mode (see Section 4.2),
and despite initially setting the position of the upper plate to impose
no pre-strain, significant compressive axial forces arise when applying
the magnetic field. To clarify how this interplays with shear stiffness
of the sample (complex shear modulus), we have performed three
additional tests which are collected in Fig. 9. In this figure, we compare
the shear complex modulus obtained from a shear frequency sweep
for three different frequencies and three representative conditions: (i)
MRE under null magnetic field and subjected to negligible axial force
(i.e., pre-compression); (ii) MRE under an externally applied magnetic
field; (iii) MRE under null magnetic field and subjected to an axial force
equivalent to the one observed during the magneto-mechanical test per-
formed in condition (ii) (i.e., equivalent pre-compression state due to
the applied magnetic field). These results show small change in stiffness
due to the pre-compression arising from magnetic interactions, whereas
a significant increase in stiffness due to the application of the external
magnetic field is found. In this regard, there is a maximum discrepancy
of 5 kPa for 16 Hz between the shear complex modulus for the test
without magnetic field and with the pre-compression. Nevertheless, the
increase in the modulus is much bigger when comparing these with the
one obtained under an external magnetic field, 𝛥𝐺∗ = 90 kPa.

Another question from the analysis of the magneto-mechanical ex-
periments is related to the results presented in Section 3.4 for me-
chanically confined tests under different magnetic field rates. Special
attention has been conferred to the macroscopic effect found for the
fastest field rates (200 and 1000 mT/s), where a kind of magneto-
mechanical relaxation process is observed. Provided that the magnetic
particles require a certain amount of magnetic energy and time to
reorganise from their initial positions to a new spatial arrangement, we
believe that, for sufficiently high field rates, a microstructural blockage
occurs. Since magnetic interactions between the magnetic particles are
transmitted in the form of mechanical forces to the carrier matrix,
this microstructural collapse is macroscopically detected by a larger
axial force on the specimen. Furthermore, as the amount of magnetic
particles increases, this effect becomes more significant, hence larger
axial forces are measured. However, there is still an open question:
what is the influence of the magnitude of the magnetic field induction
in this phenomenon? To shed light on this matter, we have conducted
complementary mechanically confined tests to a smaller maximum
magnetic field of 200 mT, for slow and fast field rates of 5 mT/s

and 200 mT/s, respectively. The results, depicted in Fig. A.6 for
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the 𝜙 = 0.3 MRE samples, confirm the relaxation-like mechanisms
identified, as well, for smaller magnetic fields. In what concerns the
time delay between the end of the magnetic field ramp and the peak in
the stress response, it does change for this smaller magnetic field: now
the delay is of 0.3 s, whereas it was of 2.5 s for the 𝐵𝑚𝑎𝑥 = 1000 mT
counterpart. The relaxation characteristic time after the peak is similar
for the tests up to 1000 mT, which strongly suggests a governing role of
mechanical relaxation of the carrier matrix during this process. Overall,
mechanically confined tests under certain magnetic field rates give rise
to remarkable prospects within further computational research. This
problem could be suitably studied in the close future by full-field mod-
elling approaches accounting for viscous, mechanical and magnetics
interactions. In addition, these experiments highlight the importance
of accounting for such rate-dependent mechanisms when designing
specific applications. These mechanisms, as shown, can be explored by
determining the transient and steady states in the magneto-mechanical
responses.

Mechanically confined tests under different magnetic field rates
have been presented as novel experiments. For the sake of better
conceptualisation of these tests, applying a magnetic field with axi-
ally confined samples is equivalent to a relaxation test but, instead
of imposing uniaxial compression by external mechanical boundary
conditions, the mechanical forces are imposed by internal interaction
forces arising from the application of an external magnetic field. Liao
et al. [85] worked on a similar idea by establishing relationships
between the magnetic field induction and the pre-strain of MRE sam-
ples. We believe that our experiments enable for in detail studying
the magneto-mechanical principles that originate at the micro-scale
level and determine the macroscopic response. Thus, despite constrain-
ing the macroscopic axial deformation, microstructural phenomena
drive particles to new states of equilibrium while interacting with the
viscoelastic matrix. In addition, under specific conditions (e.g., high
particle concentrations, strong magnetic fields), these fillers can collide.
All in all, these magneto-mechanical interplays are difficult to detail
and need to be addressed from macroscopic measurements.

6. Conclusions

The multifunctional nature of magnetorheological elastomers
(MREs) has revolutionised the fields of soft robotics and bioengi-
neering, providing smart structures whose mechanical properties and
deformation can be controlled remotely by making use of external mag-
netic fields. To date, there were unresolved questions preventing the
full understanding of the underlying mechanisms of MREs, especially
on the importance of magneto-mechanical rate dependences and their
interplays. To answer these questions, in this work, we provide an
unprecedented experimental characterisation of a soft MRE considering
more than 100 experimental conditions combining different mechanical
deformation modes and magnetic loading. The experimental campaign
includes monotonous uniaxial compression at different deformation
rates and magnetic conditions, magneto-mechanical DMA tests, re-
laxation tests, oscillatory shear tests at different deformation rates
and magnetic conditions, magneto-mechanical shear frequency sweep
tests, and novel magneto-mechanical experiments. These results are
first presented by a full characterisation framework for an extremely
soft MRE composed of a PDMS elastomeric matrix and soft magnetic
iron particles. Then, we provide a quantitative discussion on the
magneto-mechanical coupling and complete the characterisation with
complementary experiments to support the findings and help explain
the multifunctional mechanisms behind the behaviour of the MREs
14

tested.
The mechanical and magnetic rate-dependent mechanisms have
been proved to be quite significant in the structural response of MREs.
Both macroscopic stiffness and mechanical viscous relaxation mech-
anisms can be tuned by adjusting the amount of magnetic particles
and the applied magnetic field. Magnetic viscosity, however, depends
on the nature of the magnetic particles to overcome thermodynamic
barriers. These mechanisms lead to a history-dependent behaviour of
the MRE. Vibration absorbers made of MREs [33,35,36] and biocom-
patible substrates for cell culture stimulation [50,86] are applications
that can benefit from tuning these material characteristics. Overall, the
experiments provided in this work show a wider tuning span when
designing applications for MREs working in axial compression than in
shear mode. Starting from 1–4 kPa, the mechanical properties of the
material can be tuned within a wide range. This adaptability makes it
ideal to be used as biological substrate for cell migration research. For
instance, its fast viscous relaxation acts in favour of filopodia-mediated
cell migration, as stated by Adebowale et al. [86].

Although a comprehensive experimental characterisation is pro-
vided herein, some aspects related to microstructural features during
the deformation mechanisms explored needs of further investigation.
In this regard, the work presented opens the door for modelling ap-
proaches addressing these questions and offers a new starting point for
constitutive theories bringing together a wide set of characterisation
data.
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Fig. A.1. Experimental results for frequency sweeps from 0.01 to 16 Hz under uniaxial compressive DMA, 1 mm height and 20 mm diameter cylindrical specimens and with
magnetic particles’ volume fractions of 0, 0.1, 0.2 and 0.3. Storage modulus, loss modulus and loss factor are plotted against frequency. Magnetic fields of (a) 200 mT and (b)
1000 mT are externally applied on the samples. Scatter areas around each mean curve are depicted to illustrate the variability of experimental data sets.
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Fig. A.2. Experimental results for frequency sweeps from 0.01 to 16 Hz under shear mode on 1 mm height and 20 mm diameter cylindrical specimens and with magnetic particles’
volume fractions of: 0, 0.1, 0.2 and 0.3. Storage modulus, loss modulus and loss factor are plotted against frequency. Magnetic fields of (a) 200 mT and (b) 1000 mT are externally
applied on the samples. Scatter areas around each mean curve are depicted to illustrate the variability of experimental data sets.
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Fig. A.3. Experimental results for oscillatory shear rheology on 1 mm height and 20 mm diameter cylindrical specimens with magnetic particles’ volume fractions of 𝜙 = 0, 0.1, 0.2, 0.3
and angular velocities of: (a) 0.1 rad/s, (b) 0.9 rad/s, and (c) 2 rad/s. Azimuthal shear stress 𝜏 is plotted against shear strain 𝛾 = 𝑟 𝛼

𝐻
, with radial coordinate 𝑟 = 2

3
𝑟𝑚𝑎𝑥. Magnetic

fields of (a) 200 mT and (b) 1000 mT are externally applied on the samples. Scatter areas around each mean curve are depicted to illustrate the variability of experimental data
sets.
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Fig. A.4. Alternative visualisation of the results from the oscillatory shear tests. Curves for magnetic fields 𝐵 = {0, 200, 500, 1000} mT are represented together for fixed magnetic
particle’s volume fractions of 𝜙 = {0.1, 0.2, 0.3} and angular velocity of 0.9 rad/s.

Fig. A.5. Amplitude sweeps to determine the influence of the strain amplitude in shear mode. (a) With null magnetic field and frequencies of 𝑓 = {0.01, 0.1, 1, 10} Hz; (b) with a
magnetic field of 200 mT and angular velocity 1 Hz.
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Fig. A.6. Experimental results for the application of a 200 mT magnetic field in the form of temporal ramps with different application rates: (a) 200 mT/s, (b) 5 mT/s. After
eaching the targeted magnetic field, indicated by a dotted vertical line, the magnetic field is kept constant for a given time. Confined axial deformation is imposed during the
hole experiment as mechanical boundary condition. The samples used are cylindrical MREs with height 1 mm and diameter 20 mm, which are manufactured with a magnetic
articles’ volume fraction of 𝜙 = 0.3. Engineering stress is plotted against time covering the temporal application of the ramp plus an additional period where the field is held
onstant at 200 mT. Scatter areas around each mean curve are depicted to illustrate the variability of experimental data sets.
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