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Abstract. We manufacture an anisotropic magnetorheological elastomer (aMRE)
based on silicone rubber and carbonyl iron microparticles. A plane capacitor having
aMRE as dielectric material is obtained by placing the aMRE between two electroconductive disks, followed by polymerization in a transverse magnetic field. The electrical
capacitance of the capacitor in the magnetic field, and respectively under mechanical
compression is measured by using a new experimental setup. It is shown that in a
magnetic field, the capacitance depends sensibly on the direction of application of the
magnetic field intensity. Under the action of mechanical compression, the capacitance
is equivalent to the one measured when the transverse magnetic field is applied. The
modification of the electric capacitance is the effect of magneto-striction of aMRE in
the magnetic field. We describe the observed effects by using the dipolar approximation
and linear elasticity theory for small deformations.
Key words: magnetorheological elastomers, silicone rubber, carbonyl iron, plane
capacitor, magnetic field, mechanical compression.
1. INTRODUCTION

Magnetorheological elastomers (MREs) represent a class of materials whose
rheological, mechanical, electrical and magnetodielectric properties change reversibly,
upon the application of an external magnetic field. In general, MREs are made of
a liquid rubber (natural or synthetic) mixed with magnetizable particles, additives
and catalyst [1–3]. Due to these properties, MREs are largely used in fabrication
of electrical capacitors [4], actuators for valves [5], dampers capable of force and
displacement sensing [6], adaptive seismic isolation systems [7], in efficient electromagnetic shielding [8] or as high-sensitive self-powered tribo-sensor for magnetic
field detection [9].
Important features of MREs-based systems arise from the way in which the
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magnetizable phase is dispersed within the liquid matrix. While for isotropic MREs
(iMREs), the particles have no preferential ordering, in the case of anisotropic MREs
(aMREs), the particles are arranged, usually in the form of chain-like aggregates.
In the later case the polymerization is performed in the absence of a magnetic field,
with important consequences on their physical properties. In particular, the electrical conductivity of aMREs based on silicone rubber and carbonyl iron microparticles
increases by up to two orders of magnitude in a magnetic field, compared to the
electrical conductivity of the iMREs having the same composition, and at the same
value of the external magnetic field intensity [10]. Thus, for aMREs, the magnetic
interaction energy required to decrease the distance between magnetic dipoles is very
small compared to that required in the case of iMREs, and the storage modulus and
magnetorheological effects are significantly increased [11]. In addition, in the case
of aMREs the degree of sedimentation of the solid phase is reduced almost to zero by
keeping the microparticles aligned along the magnetic field lines. aMREs in cylindrical form, with storage modulus and loss factor increase of up to 340 % as compared
to iMREs at frequencies between 10 Hz and 30 Hz and 30 % vol. conc. of carbonyl iron (CI) microparticles in a silicone rubber (SR) matrix, polymerized in the
magnetic field are obtained in Ref. [12], while the tensile modulus, the magnetorheological effects increase by up to 200 % while the compression modulus increase by
more than 300 % [13–15].
Similar effects are also observed in iMREs and aMREs based on nonoxidable FeSi and CI microparticles at mass concentrations of 50 wt. %, 60 wt. % and
70 wt. %. For these systems are observed an increase of the magnetorheological effects from 27.49 % (for iMREs) to 42.28 % (for aMREs) [16]. However, the storage
modulus decreases with up to 43.21 % as compared with aMREs based only on CI.
Thus, in recent years, exploiting these features of aMREs are of great interest in the
fabrication of smart devices with improved physical characteristics.
Here, we manufacture an aMREs based on SO and CI dispersed in a SR matrix. The obtained aMREs is used as a dielectric material between the plates of a
plane capacitor, and the effects of mechanical tensions and of a transverse magnetic
field intensity are investigated. They are determined by using the plane capacitor
method [17], in which the components of tensions and deformations of the aMREs
are measured from measurements of the electrical capacitance. The proposed method
has the advantage that it uses both the effects of SO, and those arising from the ordering of CI microparticles in the form of chain-like aggregates parallel to the magnetic
field lines. By using these results and the dipolar approximation in the theory of linear
elasticity, we show that the fabricated aMREs can be used as sensors for mechanical
tensions and deformations, with applications in medicine and industry. The main
feature of these sensors is a high degree of sensitivity, and which can be controlled
by using an external magnetic field.
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2. MATERIALS AND METHODS

The materials used for fabrication of aMREs are: Silicone rubber (SR), RTV
3325 type, from Bluestar Silicones, catalyst (C), type 60R, from Rhone-Poulenc,
carbonyl iron (CI) microparticles, with diameters between 4.5 and 5.4 µm and a Fe
content of min. 97 %, and silicone oil (SO), from Merck, with ignition temperature
of min. 589 K.
A volume of 2.4 cm3 of CI is homogeneously mixed with 0.2 cm3 of SO, and
is thermally treated at 523 K 5 % for about 300 s. At the end of this period, the mixture is continued to be homogenised for about 900 s, until its temperature decreases
to approximately 350 K. The obtained product is a dark coloured viscous mixture,
which we call it a magnetorheological suspension (MRS). Then, a volume of 1.2 cm3
of SR and 0.2 cm3 of C are mixed with MRS until one obtains a homogeneous liquid
solution, called MRE in liquid phase. A copper disk with the diameter of 30 mm is
introduced in a rectangular container, and the MRE is poured over the disk until its
height becomes 4 mm. A second copper disk is placed over the MRE in the same
container, with the help of a screw-based device. By rotating the screw, the liquid
solution is drained on the top of the upper copper plate, and the MRE’s height t is
reduced to d0 = 0.15 mm ± 10 %. An ensemble configuration of the obtained system
is shown in Figure 1 left-part. The ensemble is left for 24 hours at room temperature,
between the poles of a Weiss electromagnet, where the magnetic field intensity is
fixed at 840 kA/m. The obtained disk is shown in Figure 1 middle-part. The copper
electrodes are fixed on the surfaces of the disk, and the plane capacitor shown in
Figure 1 right-part is obtained.
At the end of polymerisation time, a sample of MRE is fixed on a photographic
plate, and is exposed for 15 s to X-rays radiations with a wavelength of 0.071 nm,
at a current voltage and intensity of 40 kV, and respectively 40 mA, produced by the
Mo anode of an X-ray tube. The obtained image is presented in Figure 2(a), which
shows the presence of parallel CI chain-like structures inside the SR matrix. The
corresponding magnetisation curve is shown in Figure 2(b). The magnetic measurements were performed under sine waveform driving field conditions by means of a
laboratory-made ac induction hysteresis graph described in Ref. [18], and successfully applied for various systems. The results show that the area of the hysteresis
curve is almost zero, and for 280  H (kA/m)  280, the variation of magnetisation is linear with intensity H of the applied magnetic field.
The experimental setups used to study the effect of mechanical compression
and of magnetic field intensity are shown in Figures 3 (a), and respectively (b). The
setups consist from a Weiss electromagnet (not shown), a Gaussmeter (G), type GM04 with a Hall probe, and the capacitance meter K, type CM-7115A. On the 200 pF
range, used during measurements, the accuracy class of the capacitance meter is
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Fig. 1 – (Color online) Left: Ensemble configuration of the plane capacitor based on aMRE
(longitudinal view). Middle: Image of aMRE with a diameter of 30 mm (transverse cross-section).
Right: Image of capacitor with aMRE (transverse cross-section) and electrodes attached. Here,
1 - copper plate, 2 - aMRE polymerised, D and d0 are the diameter, and respectively the thickness of
aMRE disk.

Fig. 2 – Left: X-rays photo of aMRE. Black parallel stripes represent CI chain-like structures inside
the SR matrix (light gray). Right: Magnetization curve of aMRE.

±0.5 %. The electromagnet generates a magnetic field whose intensity can be tuned
through the intensity of the electric field passing through the coils. The maximum
value which can be reached is 900 kA/m. The force field F (Figure 3 a) required
to compress the capacitor is obtained with the help of lead balls placed in Berzelius
glasses.
3. RESULTS AND DISCUSSIONS

Figure 4(a) shows that the capacitance increases linearly with the force F . In
the case of a plane capacitor it can be calculated by:
(
✏0 ✏r S/d0
for F = 0
Cmech =
(1)
✏0 ✏r S/d
for F 6= 0,

where ✏0 is the vacuum dielectric constant, ✏r is the relative dielectric permittivity, S
is the common surface area of the capacitor plates, and d0 (' 0.15 mm) and d are
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Fig. 3 – (Color online) Overall configuration of the experimental setup used to study the effect of
mechanical forces (a), and respectively of a transverse magnetic field (b). Here, C - plane capacitor, 1 copper plates, 2 - MRE disk, K - capacitance meter, G - Gaussmeter, h - Hall probe, H - magnetic
field intensity vector, n - normal vector to the surface of the capacitor, F - force vector, Oz coordinate axis.
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Fig. 4 – Capacitance of the capacitor as a function of: (a) Compression force F ; (b) Magnetic field
intensity H.

the thicknesses of aMRE without, and respectively with the presence of a force field.
By taking into account that in the presence of a force filed, mechanical tensions are
induced in aMRE, then the components of the deformations can be written as [19]:
✏z

mech

⌘

d
d0

1=

C0 mech
Cmech

1,

(2)

where C0 mech is the capacitance at F = 0. Then, by using the data from Figure 4
in Eq. (2) one obtains the components of deformations ✏z mech = ✏z mech (F ) when
0  F (N )  45, as shown in Figure 5(a).
Furthermore, the components of mechanical tension ⌧z mech , are defined by [19]:
F
.
(3)
S
Then, by using numerical value D = 30 mm, the surface area becomes S = 7.2 ⇥
10 4 m2 . By introducing this value, together with the same values of F as above,
⌧z

mech

=
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Fig. 5 – Components of mechanical deformations of aMRE (a), the components of compression
tensions (b) and the modulus of rigidity of aMRE (c), as a function of the force field F .

in Eq. (1), one obtains the variation of mechanical tension with the force field F , as
shown in Figure 5(b).
As expected, under the influence of the force F , the mechanical deformations
✏0 mech of aMRE are negative and their absolute value increase. The mechanical
tensions induced in aMRE increase also with the field F . One considers that aMRE
is a continuous medium, and therefore one can write [19]:
⌧z

mech

= Emech ✏z

mech ,

(4)

where Emech is the modulus of rigidity of aMRE. By introducing in the last equation
the functions ✏z mech = ✏z mech (F ) from Figure 5(a) and ⌧z mech = ⌧z mech (F )
from Figure 5(b), one obtains the variation of Emech with the force F , as shown in
Figure 5(c). This shows that the rigidity of MRE increases linearly with compression
force F due to tapping of SR with CI microparticles.
In a magnetic field, the CI microparticles are transformed instantaneously in
magnetic dipoles. We consider that all have the same radius a, and are oriented
along the magnetic field lines, as shown in Figure 6(a). Also, in the absence of the
magnetic field, the initial distance z0 between the centres of mass of CI microparticles
is considered to be the same.
Between the magnetic dipoles, aligned along the magnetic field lines, arise
magnetic interactions. The intensity of such interaction between two neighbouring
magnetic dipoles is given by [20, 21]:
2⇡µ0 a6 H 2
,
(5)
z4
where µ0 is the vacuum magnetic constant, and z is the distance between the centres
of mass of two neighbouring magnetic dipoles in a magnetic field. Also the elastic matrix generates a force Fcz which opposes the magnetic force Fz , and is given
by [20, 21]:
Fcz = K (z z0 ) ,
(6)
where K is the coupling constant between two neighbouring particles. At equilibFz =
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Fig. 6 – The model of CI microparticles in the polymerised SR. Left: without a magnetic field. Right:
with a magnetic field. 1 - CI microparticle, 2 - SR, 3 - copper electrode, d - aMRE thickness for
H 6= 0, d0 - aMRE thickness for H = 0, z0 - the distance between CI microparticles centers of mass,
z - the distance between the dipoles centers of mass, m - dipole magnetic moment vector,
H - magnetic field intensity vector, Oz - coordinate axis.

rium, the two force are equal, and thus we can write:
2⇡µ0 a6 H 2
= K (z z0 ) .
(7)
z4
By denoting with n1 the number of dipoles in the chain, then the thickness of
aMRE can be written as:
(
(n1 1) z0 + 2n1 a
for F = 0
d=
(8)
(n1 1) z + 2n1 a
for F 6= 0,

where a ' 2.5 µm is the average radius of the CI microparticles. One also considers
that during the application of the magnetic field, the number of CI microparticles in
each chain is conserved, and is given by n1 ' d0 /(2a). Figure 2(a) shows that the
length of the chains is in the micrometer range. Since each CI particle has an average
size of few micrometers, it is clear that the number n1 of the microparticles in each
chain is much larger than one. In this approximation, by using Eq. (8), one can write
Eq. (7) as:
⇡µ0 ad0 H 2
= K (d d0 ) .
(9)
16
By using the expression for the capacitance given by Eq. (1) in Eq. (9), together
with numerical values µ0 = 4⇡ ⇥ 10 7 and a = 2.5 µm, one can write the coupling
constant as:
6.162 ⇥ 10 7 H 2 (kA/m)
⇣
⌘
K (N/m) =
.
(10)
C0 mag
16 1
Cmag

Finally, by using the variation Cmag = Cmag (H) from Figure 4(b), one obtains the
variation of the coupling constant as a function of magnetic field intensity, i.e. K =
K(H), as shown in Figure 7(a).
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The results clearly show that by increasing the magnetic field intensity, the
coupling constant between CI microparticles and the polymer matrix decreases, as
predicted in Ref. [17], and the effect of magnetic field becomes predominant. This
behaviour arise due to the increase of the dipolar magnetic interaction, as / H 2 .
The number of CI microparticles from aMRE, and distributed according to the
model shown in Figure 7 is given by:
N⌘

V
0.6d0 D2
=
,
Vp
⇡a3

(11)

where is the volume fraction of CI microparticles, V is the volume of aMRE,
and Vp is the volume of a single CI microparticle or radius a. Then, the number of
CI microparticles chains is given by nl ⌘ n/n1 = 1.2D2 /(⇡a2 ), and the magnetic
force Fm exerted on aMRE can be approximated by Fm = nl Fz . Therefore, by using Eqs. (5) and (9), we obtain: Fmag = 0.15µ0 D2 H 2 when z ⇡ 2a. Since, for
magnetic forces, one can write a similar relation as in Eq. (3), then the compression tension of aMRE in a magnetic field can be written as ⌧z mag = Fmag /S. For
numerical values µ0 = 4⇡ ⇥ 10 7 H/m, = 60 %, one obtains:

◆
kA
⌧z mag = 0.2355 ⇥ H
.
(12)
m
For magnetic field intensities up to 650 kA/m used in the above expression, one
obtains the tension field ⌧z mag induced in aMRE by the magnetic field, as shown
in Figure 7(b). The results show that the tension ⌧z mag induced in aMRE increases
sensibly with magnetic field intensity.
We also consider that the deformations induced by the magnetic field are small,
and therefore the components of the deformations have a similar expression as given
in Eq. (2) [10]. Then, by using the variation of capacitance Cmag = Cmag (H) from
Figure 4(b), one obtains the variation ✏z mag = ✏z mag (H), as shown in Figure 7(c).
The results show that ✏z mag decrease sensibly with increasing H, as a result of
the magnetic interaction between CI microparticles, when a magnetic field is applied.
The tensions and deformations field have their origin in aMRE, and thus according
to the theory of linear elasticity, the case of small deformations, between the tensions
and deformations components, it holds a similar relation as in Eq. (4). Thus, by using
the variations ⌧z mag = ⌧z mag (H) from Figure 7(b), and ✏z mag = ✏z mag (H) from
Figure 7(c), one obtains the variation of the modulus of rigidity Emag = Emag (H),
as shown in Figure 7(d). The results show that the modulus of rigidity of aMRE increases with magnetic field intensity. This means that the magnetic dipole chains
become rigid, and this leads to an increase of the aMRE rigidity in a magnetic
field [2, 20, 21]. Thus, the electric response of aMRE is modified with magnetic
field intensity. In particular, in the presence of a force field with magnitudes between
2
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Fig. 7 – The coupling constant of aMRE (a), the tension (b), the components of deformations (c), and
the modulus of rigidity (d), as a function of the magnetic field intensity H.

0 and 45 N, and in a transverse magnetic field up to 600 kA/m, the capacitance of
the plane capacitor changes from 96 pF to 168 pF. The above observations suggest
an empirical functional relationship between the magnetic and mechanical moduli of
rigidity, of the following form:
2
Emag = AEmech + BEmech
,

(13)

where A and B are dimensionless quantities representing coupling factors between
magnetic and mechanical responses of aMRE.
By introducing the values of Emag from Figure 7(d), and of Emech from Figure 5(c) in Eq. (13) one obtains the dependence shown in Figure 8 (black dots). By
fitting the data (red continuous line), one obtains A = 0.31 and B = 0.0125 m2 N 1 ,
which provides the values for conversion of the mechanical response into a magnetic
one. Thus, by knowing the conversion function, one can determine the values of
magnetic field intensity which, for given value of the force, leads to identical values
of the capacitance of the plane capacitor.
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Fig. 8 – (Color online) Magnetic vs. mechanical modulus of rigidity (Emag vs. Emec ). Discrete
points (black) - experimental data, continuous line (red) - theoretical fit with Eq. (13).
4. CONCLUSIONS

In this work, an aMRE is obtained by polymerisation of a mixture containing
SR and CI microparticles in a magnetic field, where CI microparticles form parallel
chains inside the SR matrix. The aMRE is used as a dielectric material for fabrication of a plane electrical capacitor, and its elasticity state is determined by using the
method of the plane capacitor.
It is shown that in a force field, the capacitance varies linearly with the force
magnitude, and in a magnetic field are induced mechanical tensions, which leads to
a decrease of the coupling constant between the magnetic dipoles. Inside the aMRE
are induced deformations which leads to a significant increase of the electrical capacitance of the capacitor, when a transverse magnetic field is applied. For well chosen
values of the electrical capacitance, the compression force and of magnetic field intensity have been determined. The obtained results suggest a functional relationship
between the magnetic and mechanical moduli of rigidity of aMRE, expressed with
the help of Eq. (13), and which can be used to determine the values of the magnetic
modulus of rigidity (knowing the mechanical modulus of rigidity) required to induce
a required elasticity state in aMRE.
Owing to these features, the aMRE presented here can be used in manufacturing of aMREs for fabrication of very sensitive magnetic field sensors or for mechanical deformations/tensions transducers, useful for various technical and industrial applications.
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