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A B S T R A C T   

The effect of the lubrication on the mechanical behavior of magnetorheological elastomers (MREs) in 
compression mode is experimentally studied. According to ISO 7743, there are two procedures to characterize 
specimens in compression mode. Differences in the properties of these materials between lubricated and non- 
lubricated conditions must be considered if devices such as vibration absorbers and isolators are to be devel-
oped. With lubrication, compression is said to be uniaxial and homogeneous, thus material properties can be 
obtained. Without lubrication, tests are easier to perform but results are strongly dependent on the piece shape. 
In this study isotropic and anisotropic MREs with iron particle volume concentrations of 10, 20, 30 and 40% are 
tested under different strain amplitudes, prestrain and magnetic fields for a frequency range up to 300 Hz, with 
and without lubrication. Important design parameters like amplitude, frequency and magnetic field dependency 
are showed to be dependent on lubrication.   

1. Introduction 

Vibration transmission is a common issue in many mechanical sys-
tems and can cause noise, discomfort and wear in its components. 
Usually, vibration absorbers and isolators made of elastomers (passive 
materials) are installed to counter these effects [1]. However, active 
materials, also known as smart materials, are found to be much more 
convenient when vibrations are due to varying phenomena [2]. These 
materials could be used to develop devices able to reduce the vibration 
effect compared to passive materials. Magnetorheological elastomers 
(MREs) are smart materials that can change their properties depending 
on an external magnetic field [3]. They are composed of an elastomeric 
matrix to which polarizable particles are added [4]. When an external 
magnetic field is applied, these particles interact with each other in such 
a way that the stiffness of the material increases [5]. These changes in 
modulus, known as the magneto-sensitive (MS) effect, are almost 
instantaneous and completely reversible, and depend on the strength of 
the applied magnetic field [6]. This unique property has made the MREs 

an interesting candidate for engineering applications where an active 
control of stiffness is desired, such as vibration isolators, adaptive tuned 
vibration absorbers (ATVAs), sensing devices and base isolators [7]. 
MREs can be divided into isotropic or anisotropic depending on the 
particle arrangement. In isotropic samples iron particles are distributed 
homogeneously in the matrix. If a magnetic field is applied during the 
fabrication process the particles orient and rearrange in a chain-like 
structure [8]. This anisotropic configuration is shown to offer a 
greater MS effect in that specific direction [6]. Furthermore, it was 
showed that the magnetic field should be applied parallel to the particle 
alignment in order to obtain the maximum relative MS effect [9]. 

MRE has been used to develop vibration absorbers with frequency 
shifting property working in shear mode [4,10–13], in compression 
mode [12,14,15] and mixed mode [16–18]. Vibration isolators with 
stiffness-variable MREs working in shear mode are also found in liter-
ature [19–23]. Rustighi et al. [24] developed a compressional adaptive 
MRE isolator and experimentally tested the transmissibility of the de-
vice. There are many studies concerning base isolators that introduced 
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magnetorheological materials in a sandwich structure [25–35]. The 
actuator capabilities of MREs have also been tested [36–39]. Apart from 
these investigations, some real applications are found, such as a tunable 
automotive bushing [40], stiffness-variable differential mount [41], seat 
suspension with MRE isolator [42], frequency-tunable vibration energy 
harvester with MRE [43] and a two-way controllable MRE mount for 
shock and vibration mitigation [44]. 

In order to design devices for engineering applications, a large effort 
has been made to identify the behavior of these materials. Most of the 
studies have been focusing on the characterization of MREs in shear 
mode [45]. Apart from the study of the quasi-static behavior of these 
materials [9,10], the dynamic properties in shear mode have been 
extensively studied. In viscoelastic materials, storage modulus and loss 
modulus measure the stored potential and dissipated energy, respec-
tively [46], and are often used to represent the behavior of magneto-
rheological elastomers. Both of them depend on various parameters, 
such as frequency, strain amplitude, temperature and preload [47]. 
Many authors have studied the shear strain amplitude dependence (also 
known as Fletcher–Gent effect) of MR rubbers [6,10,22,48–52]. The 
effect of the preload has been studied by Lejon and Kari [1], showing 
that there is a dependence of the dynamic shear modulus on the preload. 
Furthermore, an increased preload leading to a decreased MS effect of 
MR rubber. The same authors studied experimentally the influence of 
the temperature, along with the prestrain, and develop a theoretical 
model to describe it [53]. Wen et al. [54] also carried out an experi-
mental investigation of static and dynamic shear properties of aniso-
tropic MRE under different temperatures. The influence of the magnetic 
field on the storage modulus and loss modulus on the shear mode has 
been a largely discussed topic [4,6,9,10,17,22,48–52,55–59]. It has 
been shown that the stiffness and damping properties of MREs in shear 
mode increased with increasing frequency and magnetic flux density 
[6]. The influence of the particle concentration on the MS effect was 
studied by Schubert et al. [9] concluding that this effect increases with 
increasing iron particle concentration. As it has been explained, MREs 
can be divided into isotropic and anisotropic, depending on the particle 
arrangement. Nam et al. [6] showed that anisotropic samples offer a 
greater MS effect compared to isotropic ones working in shear mode. 
The same conclusion was reached by Puente-Córdova et al. [58]. Further 
studies were carried out to analyze the influence of the orientation of the 
particles in anisotropic MREs [60,61] operating in shear mode. Other 
effects such as the stress relaxation behavior of MREs were experimen-
tally and numerically studied by Nam et al. [62], and Song et al. [63] try 
to improve the anti-relaxation property with an interpenetrating poly-
mer network (IPN). Regarding material improvement, some authors 
made use of additives [64,65], plasticizers [66], different ferromagnetic 
particles in typology [67] and size [68], or structural materials [69] to 
improve MRE properties. Magnetorheological elastomers have also been 
characterized in torsion [70] and tensile tests [71]. 

However, the dynamic behavior of MREs in compression mode has 
not been studied extensively yet [3]. Nevertheless, it is one of the 
operational modes more common in vibration absorbers and isolators. 
This gap in the research field might be due to the challenge that involves 
applying the compressive strain parallel to the magnetic field and being 
able to measure the force in the same direction. Indeed, maximum MS 
effect is obtained when magnetic field, particle alignment and me-
chanical stress are parallel with each other [72]. Bellelli et al. [73] 
performed static compression tests of isotropic and anisotropic MRE 
under varying magnetic fields. Regarding the experimental investigation 
of the dynamic compression modulus and loss factor, Kallio et al. [3] 
studied the influence of the strain amplitude, comparing isotropic and 
anisotropic samples, in a frequency range of 0–15 Hz. Vatandoost et al. 
[45] performed similar studies and extend the frequency range up to 30 
Hz. In addition, Vatandoost et al. [74,75] presented an experimental 
setup to characterize the behavior of MREs in a coupled 
tension-compression mode, with excitation amplitude and frequency up 
to 14% and 8 Hz, respectively. The same authors determined that the 

behavior of MREs shows a strong dependence on prestrain, which 
further coupled with the effects of particle volume concentration, exci-
tation frequency and magnetic field [76]. To analyze the frequency 
dependency of the dynamic modulus in compression, some authors 
tested their samples at low frequencies, such as Koo et al. [77] (up to 1 
Hz) and Kukla et al. [78] (up to 0.5 Hz), whereas Komatsuzaki et al. [15] 
and Agirre-Olabide et al. [79] reached frequencies of 80 Hz and 200 Hz 
respectively, but just for isotropic samples. As it can be seen, the char-
acterizations of MREs have been mostly limited to low-frequency exci-
tations [51]. Furthermore, Zhu et al. [80] characterized the response 
time of MREs,which stands as a key parameter for designing vibration 
control systems, and Lee et al. [81] analyzed the influence of different 
filler types and fabrication procedures in the static compression 
behavior. 

Moreover, none of the investigations previously mentioned used 
lubrication in their compression experiments, and to the author’s 
knowledge, there have not been any studies comparing the behavior of 
MREs in lubricated and non-lubricated conditions. According to Inter-
national Standard ISO 7743 [82] two different procedures are given to 
characterize the stress-strain properties of specimens in compression 
mode. These methods differ in the application or not of lubrication to the 
tested samples. In the first case, if lubrication is applied correctly, 
complete slip is assumed, and the compression is said to be uniaxial and 
homogeneous. These results will depend only on the material, and thus, 
can be extrapolated to other pieces of different sizes or shapes. There-
fore, these tests could be used to obtain the corresponding material 
parameters for the modeling of MRE. Whereas in the second case, 
non-lubricated tests are easier to perform, but the results are strongly 
dependent on the piece shape. Hence, the results obtained from these 
experiments will be only valid for the sample piece that is being tested. 
In practical applications, the scenario is more likely to be unlubricated. 
However, for the modeling aspect, it is usually assumed that the material 
is lubricated and there is a uniform deformation. In view of the differ-
ences between application and simulation and to promote the prediction 
and application of MRE based devices, a comparison and analysis of the 
mechanical properties of these materials before and after lubrication is 
needed. 

This study is aimed to analyze the effect of lubrication on the 
behavior of MREs in compression mode. To do so, both isotropic and 
anisotropic MREs, with iron particle volume concentrations of 10, 20, 
30, and 40% are tested under lubricated and non-lubricated conditions. 
These investigations included static tests up to 20% strain and dynamic 
tests under a broad range of strain amplitudes (0.1 mm–0.025 mm), 
excitation frequencies (10–300 Hz), and static prestrain of 10% and 
20%. Furthermore, the experiments are carried out in a compression 
testing machine equipped with an electromagnet capable of applying up 
to 1 T of magnetic induction. Therefore, the effect of the lubrication 
along with the influence of particles alignment, particles concentration, 
prestrain, strain amplitude and frequency, on important mechanical 
parameters such as dynamic modulus or magnetosensitive effect was 
studied. Also, for the correctness of the experimental results, measure-
ment of the attractive force generated between poles is carried out at 
different heights and applied electric currents. The work in this manu-
script is intended to clarify the influence of lubrication in the behavior of 
MREs in compression mode, and to determine the differences in crucial 
design parameters like amplitude, frequency and magnetic field de-
pendency. Also, this work could be useful as guidance to characterize 
MRE samples with lubrication and enhance constitutive modeling of 
MREs in compression mode. 

2. Materials 

Carbonyl iron particles (CIP) are mixed with silicone rubber and its 
catalyst to fabricate MRE samples. The micro-sized CIPs have a spherical 
shape with 5–10 μm in diameter (>99%) and are supplied by Umicore. 
The silicone rubber and catalyst are provided by SLM Solutions. Both 
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isotropic and anisotropic samples with volume particle concentrations 
of 10%, 20%, 30% and 40% were prepared. In the first step, silicone 
rubber and catalyst were mixed thoroughly for 3 min and degassed for 
10 min in a vacuum chamber to remove air bubbles. Then, carbonyl iron 
particles were added, and the mixture was poured into a plexiglass 
mould. Another 10 min vacuum cycle was applied before placing the 
mould in an oven at 60 ◦C for 6 h. To prepare anisotropic MREs, the 
mixture inside the mould was exposed to a magnetic flux density of 500 
mT in the thickness direction for 2 h using the electromagnet. The 
scanning electron microscope (SEM) revealed random particles distri-
bution in isotropic samples (Fig. 1(b)) and particle alignment in aniso-
tropic MREs (Fig. 1(c)). Rectangular samples (40 × 40 × 8 mm3) of 
isotropic and anisotropic MREs were fabricated for the compression 
tests. An example of a MRE specimen is shown in Fig. 1(a). 

3. Experimental procedure 

3.1. Experimental setup 

Both static and dynamic compression tests of isotropic and aniso-
tropic MREs were carried out. The experiments were performed using an 
INSTRON MHF 25 uniaxial test machine. The machine has a compres-
sion rod that was controlled in displacement mode, and the resultant 
force was measured by a load cell in the bottom part of the setup. An 
electromagnet capable of applying 1 T was designed to characterize the 
mechanical behavior of MREs while inducing magnetic field (Fig. 2(a)). 
The H-shaped electromagnet was made of an unalloyed medium carbon 
steel (UNE F114), a material with adequate magnetic permeability 
properties, to which two coils of 1600 turns each were attached. It was 
designed to induce the magnetic field in vertical direction, parallel to the 
force applied by the compression test rig. 3D printed thermoplastic 
supports were also fabricated to fix the electromagnet in the testing 
machine and avoid undesired movements during operation. The 
compression test setup is shown in Fig. 2(b). To ensure the uniformity of 
the magnetic flux in the specimen, the magnetic field was simulated with 
Flux 3D (Altair) [83]. Fig. 3 shows FE simulation results for the vertical 
component of the flux density, normal to the pole surfaces, along the 
middle plane of the air-gap for an 8 mm separation between poles and 5 
A of applied current. As it can be seen, the magnetic field profile is 
largely uniform in the area intended for testing the MRE samples, being 
the small variations in the flux density levels attributable to the mesh 
discretization, rather than to physical reasons. 

As the magnetic induction is applied in the same direction of the 
compression, the load cell will not only measure the resultant force but 
also the attractive force between the upper and lower pole of the elec-
tromagnet caused by the presence of the magnetic field. Thus, prior to 
the characterization experiments, attractive force measurements were 
conducted. This attractive force depend on the permeability of the ma-
terial, the distance between poles and the magnetic induction. 

Therefore, force measurements must be done with MRE samples inside 
the electromagnet gap, at different gap thicknesses. To carry out this 
measurements, rectangular MRE samples with varying thicknesses from 
5 to 9 mm are fabricated for every CIP volume concentration used in this 
investigation. The measurements were performed for both isotropic and 
anisotropic samples, for every CIP volume concentration and in the 
whole range of strain and magnetic field. 

To measure the magnetic induction a Hall-effect sensor was used 
(CYSJ902, ChenYang Technologies GmbH & Co.). Fig. 4(a) and (b) 
illustrate the variation of the magnetic induction in the presence of MRE 
specimens as function of the applied coil current and the gap length, 
respectively. Fig. 4(a) shows that the magnetic induction increases 
nonlinearly with the coil current. These measurements correspond to the 
isotropic MRE samples of thickness of 8 mm. The results point out larger 
magnetic induction values for higher CIP volume concentration. This is 
due to the higher magnetic permeability as the iron content of the 
specimen increases. The magnetic induction also decreases if the gap 
length gets larger as is shown in Fig. 4(b). 

In Fig. 4(c) and (d) the measured attractive force between poles is 
plotted against the electric current and gap length respectively. This 
data was used to correct the force measured by the sensor during the 
characterization experiments. This attractive force opposes the visco-
elastic force developed by the MRE sample during compression, so it 
must be subtracted from the total measured force. Therefore, the 
measured force was systematically corrected using the collected data 
from this set of experiments, that is, 

Fi =Fi
measured − Fi

attractive (1)  

where each MRE type, coil current and strain state of the sample is 
considered (i). Finally, the viscoelastic force was obtained, from which 
stress-strain curves were calculated to analyze the static and dynamic 
properties of the MRE samples. During dynamic compression, small 
strains were applied (0.1–0.025 mm), thus the variability of the mag-
netic flux was small enough to be neglected. 

For the characterization experiments, both isotropic and anisotropic 
samples with a thickness of 8 mm are employed. Every MRE sample was 
preconditioned before performing static or dynamic tests. Rubber-like 
materials show the highest stresses in the first loading cycle, and they 
will successively decrease in the following loading cycles until they 
reach a steady state [47]. To avoid this phenomenon, known as the 
Mullins effect, a three-cycles preconditioning was applied to the samples 
before static and dynamic experiments. Mullins effect is also 
time-dependent [9], meaning stress softening becomes apparent when 
time passed. Therefore, this process was repeated every time a sample 
was characterized. 

The static and dynamic characterization of MREs was performed 
with and without lubrication. The objective was to study the influence of 
lubrication on the properties obtained from compression experiments. 
According to International Standard ISO 7743 [82], two procedures are 

Fig. 1. (a) MRE specimen. SEM image of isotropic 10% MRE (a) and anisotropic 30% MRE (b).  
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given to characterize specimens in compression mode. These procedures 
differentiate between lubricated and non-lubricated tests when deter-
mining the stress-strain properties. Under lubricated conditions, if 
complete slip is assumed, the compression is said to be uniaxial and 
homogeneous (Fig. 5(a)). Whereas, if no lubrication is applied, the 
sample undergoes a non-uniform deformation, known as barrel shape 
effect (Fig. 5(c)). This effect can be observed in the photos shown in 
Fig. 5(b) and (d). In this work, for the lubricated tests, the surfaces of the 
metal plates were lightly coated with a lubricant film. The lubricant 
employed was silicone oil purchased from WD-40 Company. This pro-
cedure was repeated each time a test was performed, to ensure good and 
uniform lubrication throughout all the experiments. 

3.2. Static compression test 

The samples were compressed up to 20% strain with 10 mm/min 
speed to carry out the static tests. Three preconditioning cycles were 
performed and subsequently a fourth cycle was applied to collect data. 
From the force and displacement signals the stress-strain curves were 
obtained. The static modulus of the MREs were calculated from the 
linear region of the stress-strain curves (up to 10% strain). Electric 
current applied to the electromagnet was increased from 0 to 5 A in steps 
of 1 A. 

3.3. Dynamic compression tests 

Dynamic tests intended the characterization of MREs over a broad 
range of frequency, strain amplitude, prestrain and magnetic induction. 
The samples were subjected to harmonic loading with strain amplitude 
and frequency ranges listed in Table 1. The frequency range was stab-
lished as ramp linear (applied from low-to-high), and for every set of 
experiments were performed at least twice. Also, a high-to-low 

experiment was conducted with different MRE samples, concluding that 
there are no differences compared to experiments where frequency 
range is applied from low-to-high. Tests were conducted with 10 and 
20% prestrain, in lubricated and non-lubricated conditions. These 
values were chosen because it is considered the common range of 
operation of bonded isolators working in compression. Usually, the 
maximum allowable compression strain is about 10–15% [84]. The 
stress was obtained from the force signal and section of the sample, and 
the strain was calculated from the displacement signal and height of the 
sample. Fast Fourier Transform [49] was applied to the acquired signals 
to obtain the dynamic complex modulus (E*), which was calculated as 
the ratio between stress and strain [59], and can be expressed as  

E* = E’ + jE",                                                                               (2) 

Where E’ is the storage modulus and E" is the loss modulus. They 
represent the ability of MREs to store and dissipate deformation energy, 
respectively. The modulus (|E*|) and loss factor (δ), which are obtained 
from the ratio of the storage and loss modulus, are used to represent the 
stiffness and damping properties of MREs, respectively. 

The absolute and relative magnetosensitive effect was used to mea-
sure the magnetic field dependency of the MRE samples. The absolute 
MS effect was calculated as the difference between the zero-field 
modulus (E0) and the modulus with magnetic field (EM), that is, 

MSabs =EM − E0 (3) 

and the relative MS effect as 

MSrel  = 100(EM  −  E0)  /  E0 (4)  

4. Results 

4.1. Static measurement of MS effect 

For the static characterization of isotropic and anisotropic MRE, a 
compression cycle up to 1.6 mm was applied after the three-cycle pre-
conditioning. These tests were performed with and without lubrication. 
For the lubricated conditions, uniaxial and homogeneous compression is 
assumed. Thus, the relation between stress and strain is given by the 
Young’s modulus and it will be linear for small strains. In contrast, for 
non-lubricated conditions, non-uniform compression stress arises, and 
strain becomes dependent upon the shape of the sample. Therefore, the 
relation between stress and strain will be described by an effective 
compression modulus (Ec), which is a function of the Young’s modulus 
and the shape factor of the specimen (S). This relation is stated in ISO 
7743 [82] as: 

Ec  =  E0  (A  +  B ⋅ Sn), (5) 

where A, B and n are parameters that depend on the material and 

Fig. 2. (a) Electromagnet design. (b) Test setup for compression tests: 1-bride, 2-actuator, 3-supports, 4-force sensor.  

Fig. 3. FE results of the flux density uniformity in the middle of the air-gap for 
an 8 mm separation and 5 A. 
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shape of the sample. The shape factor of a sample is defined as the ratio 
between the loaded and free area. Although in this study the values of 
the effective compression modulus are obtained experimentally, once 
the material parameters are defined, the Ec values for samples with 

different dimensions can be calculated using Eq. (5). 
The stress-strain curve for a MRE sample changes between lubricated 

(Fig. 6(a)) and non-lubricated (Fig. 6(b)) conditions. In both cases an 
increase of the measured force is observed as the magnetic field gets 
higher. The change in Young’s modulus and effective compression 
modulus with respect to electric current applied to the electromagnet is 
shown in Figs. 7 and 8 respectively. It is observed that more iron particle 
content leads to stiffer samples for both isotropic and anisotropic con-
figurations. In addition, Fig. 7 shows that the initial Young’s modulus 
(without magnetic field) is larger for anisotropic samples compared to 
the isotropic samples of the equivalent CIP volume concentration. It is 
interesting that above 4 A of electrical current, for lubricated and no 
lubricated tests, there is no increase of modulus which suggest that the 

Fig. 4. Influence of the electrical current on the magnetic induction (a) and the attractive force (c) for isotropic MRE specimens (thickness 8 mm), and influence of 
the gap length on the magnetic induction (b) and attractive force (d) for isotropic MRE specimens (5 A of electric current). 

Fig. 5. Compression of a specimen with lubrication (a)–(b) and without lubrication (c)–(d).  

Table 1 
Dynamic compression test characteristics.  

Test Strain amplitude [mm] Frequency range [Hz] Coil current [A] 

A 0.1 10–200 0–5 
B 0.075 10–200 0–5 
C 0.05 10–300 0–5 
D 0.025 10–300 0–5  
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material reaches a saturation point. Concerning non-lubricated condi-
tions in Fig. 8, results show higher modulus for both isotropic and 
anisotropic MREs, but this difference is even more noticeable in aniso-
tropic samples. This fact is due to the displacement constraint intro-
duced at the boundaries when samples are not lubricated. 

The values of maximum absolute and relative MS effect of the 
isotropic and anisotropic MRE obtained in the static tests are displayed 
in Table 2. The influence of the particle alignment is visible as the ab-
solute MS effect is always larger in anisotropic configuration compared 
to isotropic one. This proves that chain-like particle structure helps to 
improve the magnetosensitive effect when a magnetic field is applied in 
a parallel direction. Moreover, the absolute MS effect increases with 
increasing CIP volume concentration. This trend is not altered by 
lubrication conditions. However, comparing the absolute MS effect, it is 
found that when lubrication is applied the values obtained are lower 

Fig. 6. Static compression test for 10% anisotropic MRE at different electric current in lubricated (a) and non-lubricated (b) conditions.  

Fig. 7. Young’s modulus (lubricated conditions) of isotropic MRE (a) and anisotropic MRE (b) for the applied electrical current.  

Fig. 8. Effective compression modulus (non-lubricated conditions) of isotropic (a) and anisotropic (b) MRE for the applied electrical current.  

Table 2 
Maximum absolute and relative MS effect for MRE samples in lubricated and 
non-lubricated static tests.  

Material Particle alignment Maximum MSabs [MPa] Maximum MSrel [%] 

Lubr. No lubr. Lubr. No lubr. 

10% MRE Isotropic 1.61 0.82 59 16 
Anisotropic 1.98 1.16 39 11 

20% MRE Isotropic 0.82 0.86 21 10 
Anisotropic 1.81 2 24 13 

30% MRE Isotropic 1.73 2.02 28 21 
Anisotropic 1.85 2.37 17 14 

40% MRE Isotropic 1.82 2.68 16 17 
Anisotropic 2 4.39 18 20  

A. Erenchun et al.                                                                                                                                                                                                                               



Polymer Testing 111 (2022) 107617

7

than in the case without lubrication (except for 10% MRE). One feasible 
explanation for this phenomenon could be the variability of the sliding 
phenomenon between contact surfaces due to lubrication. In the 
research carried out by Li et al. [85] they studied how the surface 
roughness changes due to particle volume concentration and applied 
magnetic field. In their investigations they found that maximum change 
in the surface friction due to magnetic field is found for MREs with 10% 
iron particle volume fractions. In contrast, lubricated samples show 
higher relative MS effect, due to lower initial zero-field modulus. Also, 
isotropic and anisotropic samples show similar relative increase in 
modulus in both lubricated and non-lubricated conditions. Therefore, 
regarding particle alignment different trends are found between abso-
lute MS effect and relative MS effect. These results were in agreement 
with other studies found the literature. In the study carried out by Bel-
lelli et al. [73] they obtained a higher relative MS effect for isotropic 
specimens with 20% iron (by weight) compared to equivalent aniso-
tropic MRE. Also, Kallio et al. [3] reached similar values of relative MS 
effect between isotropic and anisotropic 30% MRE samples. In addition, 
Vatandoost et al. [45] reported a higher relative MS effect for isotropic 
samples compared to anisotropic ones, explaining that this effect could 
be partly attributed to high prestrain, which can distort the chain-like 
structure in anisotropic MREs, leading to reduced magnetic perme-
ability. Therefore, it can be concluded that, although the absolute in-
crease in modulus is higher in anisotropic specimens, when the relative 
MS effect in evaluated, this differences between isotropic and aniso-
tropic MREs disappear. 

4.2. Dynamic characterization of MRE samples 

For the dynamic characterization of isotropic and anisotropic MRE 

samples, the three-cycle preconditioning is applied prior to the tests 
described in Table 1. These tests are performed with and without 
lubrication for all the studied samples. Moreover, the dynamic tests are 
carried out with 10 and 20% prestrain (for both lubricated and non- 
lubricated conditions). In Fig. 9(a)–(d) the magnitude of the dynamic 
compression modulus and the phase angle are shown for the isotropic 
MRE samples at 0.1, 0.075, 0.05 and 0.025 mm strain amplitudes 
(corresponding to tests A to D in Table 1), with 20% prestrain and in 
lubricated and non-lubricated conditions. The modulus magnitude ob-
tained from the dynamic tests is clearly lower when lubrication is 
applied, and the frequency dependency increases. Modulus magnitude 
grows as the iron content increases. This effect is even more noticeable 
with non-lubricated conditions, where the variation in modulus 
magnitude gets larger between samples with different CIP levels. In 
contrast, the angle in non-lubricated cases is not affected by CIP. In 
general, is shows a weak linear relation with frequency, common of 
structural damping. However, the lubrication makes the tendency of the 
phase angle less linear and more frequency-dependent. What is more, 
the angle obtained from lubricated tests is higher for all frequency range 
compared to the one obtained from non-lubricated experiments. This 
extra dissipation may be due to unconstrained relative motion between 
contact surfaces. Moreover, the drop in the phase angle of 10% MRE 
might be related to the variability of surface friction with the particle 
volume concentration [83]. Different surface frictions possibly result in 
different lubrication regimes [86], which change the energy dissipation 
(phase angle). 

In Fig. 9, the magnitude and phase angle of the dynamic compression 
modulus versus amplitude is plotted for isotropic and anisotropic MREs 
at 10% and 20% prestrain at 100 Hz. The influence of the strain 
amplitude is clear as the magnitude of the modulus decreases as the 

Fig. 9. The magnitude and phase angle of the dynamic compression modulus versus frequency for different isotropic MRE samples at strain amplitudes of 0.1 mm (a), 
0.075 mm (b), 0.05 mm (c) and 0.025 mm (d), with 20% prestrain and no magnetic field. 
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strain increases. This phenomenon, known as the Fletcher-Gent effect, is 
observed to be even more noticeable when samples are not lubricated. 
Furthermore, it can be said that anisotropic samples (Fig. 10(c)-(d)-(g)- 
(h)) show a stronger dependence on amplitude than isotropic ones 
(Fig. 10(a)-(b)-(e)–(f)) in both lubricated and non-lubricated conditions. 
Furthermore, the nonlinearity of the MRE samples increases when the 
prestrain is 20%, especially for anisotropic samples. In the case of 
isotropic MREs, this nonlinearity is more noticeable when particle 
concentration is increased, rather than when prestrain gets higher. In 
contrast, phase angle does not seem to be affected by the prestrain. 
However, the phase angle does show a great dependence on strain 
amplitude, which is even more visible in lubricated conditions. As it was 
mentioned before, lubrication leads to unconstrained relative motion 
between contact surfaces, which increases the impact of the strain 
amplitude. 

4.3. Dynamic measurement of MS effect 

In order to analyze the effect of the magnetic field and the influence 
of the lubrication, absolute and relative MS effect are plotted in Fig. 11 
and Fig. 12, respectively, for isotropic and anisotropic MRE samples 
with different strain amplitudes. Furthermore, these values are obtained 
in 10 and 20% prestrain situations at 100 Hz. Regarding the absolute MS 
value, it can be observed that isotropic samples under lubricated 

conditions (Fig. 11(a)–(b)) show greater MSabs values than in non- 
lubricated ones (Fig. 11(e)–(f)). For anisotropic samples, this is not al-
ways true, as larger absolute MS values are obtained for low strain 
amplitude and high CIP, especially noticeable is 40% MRE (Fig. 11(g)– 
(h)). Moreover, it can be found that without lubrication, the dependence 
of the absolute MS effect on the dynamic strain amplitude gets higher for 
MRE samples, especially for anisotropic ones (Fig. 11(g)–(h)). Physi-
cally, the sharp decrease of the absolute MS value in non-lubricated 
conditions for anisotropic samples could be related to the non-uniform 
deformation that the specimen undergoes when no face-slippage oc-
curs, and thus, the loss of the inner chain-like particle structure. In 
addition to the strain amplitude, it can be seen that the prestrain also 
interacts with the lubrication. In non-lubricated cases, the prestrain af-
fects the MSabs but not its trend, which is clearly decreasing with the 
strain amplitude. However, lubrication reduces the dependency of MSabs 
on strain amplitude, which is expected since the Fletcher-Gent effect is 
less noticeable when surface slippage occurs. 

Regarding the relative MS effect, Fig. 12 shows that lubricated 
samples have the greatest values for both isotropic and anisotropic 
MREs. Besides, in lubricated conditions MSrel is sensitive to the ampli-
tude of excitation with no clear trend. Yet, in non-lubrication conditions 
the relative MS effect is found to be almost non-amplitude dependent. 
Comparing isotropic and anisotropic samples, the first ones produce a 
higher relative MS effect in almost every case when lubrication is 

Fig. 10. The magnitude and phase angle of the dynamic compression modulus versus amplitude at 100 Hz without magnetic field for isotropic and anisotropic MREs 
with 10% and 20% prestrain in lubricated (a)–(d) and non-lubricated (e)–(h) conditions. 
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Fig. 11. Absolute MS effect at 100 Hz and 5 A of electric current for isotropic and anisotropic MREs with 10% and 20% prestrain in lubricated (a)–(d) and non- 
lubricated (e)–(h) conditions. 

Fig. 12. Relative MS effect at 100 Hz and 5 A of electric current for isotropic and anisotropic MREs with 10% and 20% prestrain in lubricated (a)–(d) and non- 
lubricated (e)–(h) conditions. 
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applied. However, these differences are not visible in non-lubrication 
conditions. Without lubrication, an increase of the iron content results 
in higher MSrel. This relation is not found when lubrication is applied. 
Additionally, for isotropic and anisotropic samples, the increase of 
prestrain results in a lower relative MS effect, no matter if lubrication is 
applied or not. 

5. Conclusions 

The behavior of silicone-based isotropic and anisotropic MREs in 
lubricated and non-lubricated conditions was studied, under different 
static and dynamic tests. The following conclusions were obtained:  

⁃ For the static behavior, the corresponding modulus and its increase 
due to magnetic field depend on the iron content and particle 
alignment. The same trends are found in lubricated and non- 
lubricated conditions. As expected, the absence of lubrication leads 
to an effective compression modulus higher than Young’s modulus 
obtained in lubricated tests. This increase of the sample stiffness is 
due to barreling effect.  

⁃ The lubrication condition affects significantly the magnetosensitivity 
of the sample (Table 2). The static measurement of the MS effect 
revealed that higher values of MSabs are obtained in non-lubricated 
conditions (when CIP exceeds 10%). In contrast, MSrel values are 
larger if lubrication is applied. The absolute MS effect tends to in-
crease with the iron content, independently of the lubrication con-
ditions and whether the sample is isotropic or anisotropic. Regarding 
MSrel, the same trend occurs in non-lubricated conditions. However, 
the introduction of lubricant inverts this relation leading to lower 
MSrel as the iron particle concentration increases.  

⁃ The dynamic characterization of MRE samples revealed that the 
values of both magnitude and phase angle of the dynamic modulus 
change between lubricated and non-lubricated conditions (Fig. 9). 
Furthermore, if lubrication is applied the proportional relation be-
tween magnitude and frequency increases and the angle, which ex-
hibits a very weak coupling with frequency in non-lubricated 
conditions, undergoes a certain coupling with frequency. The latter 
might be due to dissipation caused by relative motion between 
contact surfaces.  

⁃ The analysis of amplitude dependency (Fig. 10) reveals that in 
lubricated conditions the impact of the strain amplitude on the 
magnitude becomes less relevant, especially in isotropic MREs, 
compared to the non-lubricated case. However, the phase angle 
seems to be more amplitude-dependent when samples are lubricated. 
Additionally, a larger prestrain increases the amplitude dependency 
of the magnitude, but for the phase angle is almost irrelevant. This 
trend is not altered by the lubrication.  

⁃ The measurement of MS effect in dynamic tests revealed a larger 
absolute increase of modulus in lubricated conditions (Fig. 11). Be-
sides, the lubrication makes MSabs less amplitude-dependent. In non- 
lubricated conditions, the anisotropic samples show a large decrease 
of MSabs when excitation amplitude is increased which could be 
explained by the non-uniform deformation leading to a loss of par-
ticle alignment. The prestrain happens to be a relevant factor if 
samples are tested with lubrication because in these conditions, the 
variation of modulus is much more strain-dependent. If the relative 
MS effect is studied, values obtained from lubricated tests are always 
higher than the ones from non-lubricated tests. Furthermore, the 
increase of MSrel due to an increase of the iron content of the sample 
can be pointed out just in non-lubricated conditions. Finally, the 
values of MSrel obtained for different excitation amplitudes are 
almost constant in non-lubricated tests, but if lubrication is applied 
large variations can be found. 

The experiments performed in this study are intended to highlight 
the relevance of the lubrication in compression characterization of 

MREs. Important parameters such as static and dynamic modulus, 
damping properties and magnetosensitive effect are lubrication- 
dependent. Consequently, these differences must be considered when 
characterization and device development are carried out with MREs in 
compression mode. With lubrication, material parameters can be ob-
tained, which is useful for modeling purposes. However, in real appli-
cations these materials tend to be attached, and thus, non-lubricated 
testing seems to be more suitable. Therefore, depending on the aim of 
the research both situations must be considered. 
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[62] T.H. Nam, I. Petríková, B. Marvalová, Experimental and numerical research of 
stress relaxation behavior of magnetorheological elastomer, Polym. Test. 93 
(2021), https://doi.org/10.1016/j.polymertesting.2020.106886. 

[63] Q. Song, Y. Miao, F. Jie, Z. Mi, Stress relaxation behavior of magnetorheological 
elastomer: experimental and modeling study, J. Intell. Mater. Syst. Struct. 88 
(2018) 2629–2631, https://doi.org/10.1177/1045389X17730913. 

[64] C.J. Lee, S.H. Kwon, H.J. Choi, K.H. Chung, J.H. Jung, Enhanced 
magnetorheological performance of carbonyl iron/natural rubber composite 
elastomer with gamma-ferrite additive, Colloid Polym. Sci. 296 (2018) 1609–1613, 
https://doi.org/10.1007/s00396-018-4373-0. 

[65] X. Dong, N. Ma, B. Han, P. Guo, Y. Huang, Improved distribution homogeneity of 
carbonyl iron particles in magnetorheological elastomers by adding zinc 
dimethacrylate, Smart Mater. Struct. 29 (2020), https://doi.org/10.1088/1361- 
665X/ab62e0. 

[66] M. Lokander, B. Stenberg, Improving the magnetorheological effect in isotropic 
magnetorheological rubber materials, Polym. Test. 22 (2003) 677–680, https:// 
doi.org/10.1016/S0142-9418(02)00175-7. 

[67] E. Burgaz, M. Goksuzoglu, Effects of magnetic particles and carbon black on 
structure and properties of magnetorheological elastomers, Polym. Test. 81 (2020) 
106233, https://doi.org/10.1016/j.polymertesting.2019.106233. 
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