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Abstract. This work presents the design and characterization of an innovative linear actuator
based on a magneto-rheological elastomer (MRE) coupled to an electromagnet. According to
technical literature, this class of materials has many potential applications in engineering fields,
ranging from vibration control and suppression to actuator fields and hydraulic applications,
such as integrated valves or peristaltic pumps. MREs are a class of smart materials where
micrometric magnetic particles are suspended in an elastomeric matrix. We manufactured the
MRE by using a 30% volume fraction of carbonyl iron particles in suspension in a commercial
RTV silicon matrix, namely Sylgard 184. The MRE was cast in a membrane shape under
vacuum, and its magneto-mechanical behaviour was modelled both analytically and by means
of finite element simulations. The MRE membrane was coupled with a commercial
electromagnet so that the magnetic field was able to provide controlled linear displacement in
the axial direction, while the stiffness of the elastomeric matrix was exploited to bring the
system back to its initial position. Two membrane thicknesses and two different gaps between
the membrane and the electromagnetic actuator were manufactured and tested. Experimental
tests were carried out on the actuator by measuring the stroke for a given magnetic field and by
applying an external displacement and measuring the force for several current values in the four
different actuator configurations. The results confirm that the analytical model can predict the
actuator's behaviour in all the various combinations of parameters considered with good
precision, which means that it can be easily used as a reliable design tool for this kind of smart
system.

Key words: Magnetorheological Elastomers, Design, Actuators, Multiphysics Simulation,
Experimental tests.

1 INTRODUCTION

Magnetorheological elastomers (MREs) are a class of smart materials that combine the
properties of elastomers and magnetic-rheological (MR) fluids. In recent years, they have
gained significant attention due to their unique capability to change their mechanical and
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rheological properties in response to magnetic fields, making them suitable for use in various
applications, including actuators, dampers, and sensors. This article is focused on the use of
MRESs as actuators and explore their potential as an alternative to conventional actuators. MREs
are magnetically controllable materials [1]-[3] with the ferromagnetic particles embedded in
an elastomeric solid matrix, rather than suspended in a liquid, giving them some important
advantages compared to MR fluids, such as the avoidance of the need for special sealings, and
the ability to keep their shape. Applying a magnetic field can also cause a rapid and reversible
change in the material's macroscopic mechanical behaviour (elastic and loss modulus). MREs
can be controlled as well as MR fluids, as evidenced by various works in technical literature
[4], [5], but their application is often limited to research work. Among them many researchers
devoted their efforts to describe and model the magneto-mechanical behaviour of MREs, both
considering static and dynamic conditions [6]—[11] both through complex analytical models of
the viscoelastic rubber matrix and the effect of the magnetic induction field on the global
response in terms of storage modulus, loss modulus [10], [12] and failure stress [13].

Potential applications include vibration damping [14], [15], adaptive structures [16], [17], and
semi-active systems which take advantage of the change in stiffness of a particular element to
modify the vibration response of the structure. Reviews of such applications can be found in
the literature.[18]-[20]. Another promising path, though less explored, is the exploitation of
MRE capabilities as actuators. Professor Bdse and his research group have devoted much effort
to this direction, envisioning a potential application of MREs for valve actuation [21]-[24],
while Von Lockette exploited MREs as a self-folding mechanism for origami structures [25].
In order to overcome the incapacity of MREs to generate work, de Souza proposed a sandwich
system which couples MREs with CFRP skins [26], thus modifying the dynamic response of
stiffness. A review of MRE sandwich applications can be found in [27], while a possible
application is covered in a patent [28]. One of the most interesting reviews in the MRE actuator
field is found in [29], where several examples of variable stiffness devices are reported.
Although they can hardly be considered actuators, proper actuators like the soft one proposed
by Kashima et al. [30] are retrieved. Generally, it is more difficult to exploit MREs in actuator
devices rather than in variable stiffness or shock absorbers devices. Therefore, the aim of this
paper is to examine the possible application of MREs as a linear actuator, by exploiting a
commercial magnetic circuit coupled with a custom MRE disc. The first section of this work is
devoted to the analytical model of the magneto-mechanical system. The second section
describes the numerical finite element models that were exploited to validate the design. The
actuator manufacturing process and the experimental results show that the proposed idea is
feasible and that a simple analytical model may be used as a design tool for these kinds of
systems.

2 MATERIALS AND METHODS

2.1 Actuator design and analytical model

This section describes the basic concept underlying the MRE actuator and its main constituents.
The idea is to design a linear MRE actuator based on a commercial electromagnet and exploit
the MRE to achieve an actuator capable of exerting a certain desired force and/or desired stroke.
The schematic in Figure 1a depicts the electromagnetic core in grey, the coil in red as they are
provided by the producer [31] This commercial coil (Figure 1b) is capable of providing a force
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on its ferromagnetic element up to 1670N with its nominal power 8.2W. The system is powered
at 24Vdc with a maximum of 340mA. The turns of the coil are 1750, and the main dimensions
are reported in Figure 1a where d,=35mm, de=65mm, h=35mm.

In actuator design the commercial plate is not needed, a ferromagnetic annular spacer,
represented in purple in Figure 1, was added and on the top of it, the MRE disc is secured. The
ferromagnetic spacer and the MRE are tightened on the electromagnet on the annular periphery,
and therefore the system is able to deform as shown in Figure 1b. In order to build an analytical
magneto-mechanical model of the system in Figure 1b we simplified the system according to
the following hypotheses:

1. We considered a linear B-H curve for the materials, both the MRE and the ferromagnetic
core, due to the low field involved and no hysteresis, since the actuation will be low
frequency.

2. We considered that all the flux lines stay inside the magnetic yoke and negligible
dispersion occurs in the surrounding air.

3. We considered the gap between the magnetic core and the MRE as a constant.

Under these hypotheses it is possible to write the area of the MRE where the flux lines pass as:

Ayge =mt(R+71) D

Where ¢ 1s the MRE thickness, R the maximum coil diameter and » the inner coil diameter in
Figure 1a, while the area of the air gap where the electromagnetic field passes is:
dZ
Agap =T <r2 — I) (2)
Where d is the diameter of the central threaded hole of the electromagnet. Reluctance of the

system is mainly given by the sum of reluctance of the air gap Rgqp given by the spacer and
the reluctance of the MRE Rj,zr which are computed by using eq. (1) and (2).

R—r g

Ko * Umre * Amre Mo * Hair * Agap

Rrot(G) = Ryre + Reap = 3)
Here, u, is the permeability of free space, uygrg 1s the relative permeability of the MRE, and
Uair 18 the permeability of air. To estimate the force exerted by the electromagnet it is useful to
exploit the magnetic potential U, where L is the inductance of the coil, function of the number
of turns N and the applied current /.

1 1 N?

U=-Li%=~=
2 2 Rrot
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The magnetic force is obtained through the partial derivative of the potential, recalling eq. (3)
as follows:

0 NZj?

F=—U=-
G Z#O#AirAgapR%ot

)

This expression helps in understanding how the magnetic force is influenced by air gap g and
current /, as shown in Figure 2a. The hypothesis under this simple assumption is that the
magnetic force acting on the MRE disc, considered in this analytical model, is assumed as a
constant, independent on the radial coordinate. This assumption will be assessed using a
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numerical simulation in the next section. It is worth noting that the increasing the spacer height
(the gap, g) decrease the available force but provides room for the linear stroke. The trade-off
between force and displacement is normally present in many actuators and can be designed
according to the specific needs of the user. This is the motivation that is behind the study of
two different air gaps as described in the following sections.

- de
d,
t

(b)

Figure 1 — Schematic of the actuator (a) and picture of the commercial electromagnet (b)

Now the distributed load g can be calculated as the force over the area of the MRE and,
according to [32] the maximum deflection at the center of the MRE disc (Figure 2.b) is easily
found as:

(1-v?) (6)

Where E and v are the elastic modulus and the Poisson ration of the MRE respectively.

The two main design variables which can be easily changed and have a strong effect on the
actuator properties are therefore g and # and we decided to experimentally test two possibilities
for each variable, for a total of four different configurations, as described in Figure 3a. Then
the MRE was manufactured as described in [13] with a base elastomer made in Sylgard 184
[33], an RTV silicone already used in many other MRE application [34]-[37] with a 30% in
volume of carbonyl iron particles [38]. According to the previous authors work [8] this
concentration is optimal to achieve good magneto-mechanical properties such as an elastic
modulus of 3 MPa, a Poisson’s ratio of 0.49 as for many elastomers and a relative magnetic
permeability of , uyrg=4, which is assumed to be linear in this case. A sample of the MRE disc
is reported in Figure 3b, where a very small hole in the center can be noted. This hole is needed
to hold the connector where the force will be measured. A central pin will be used in the
experiment test to this purpose.

1342



Magnetic Force | F(G,i)

[T

Force

T 04

Gap Current

(a) (b)

Figure 2 — Response surface of the magnetic force as a function of the gap and the current (a) and schematic of
the MRE disc deflection (b).

GAP (mm) | MRE thickness (mm)
T4G2 2 4
T4G4 4 4
T6G2 2 6
TG4 4 6
(2) (b)

Figure 3 — Combination of experimental variables considered in the actuator design and example of MRE discs
used in the actuator.

The experimental tests were carried out as follows: first a pulling upward force was applied
through the central pin up to 3mm. Then the system is released, and the crosshead of the
machine goes down to -1.5mm, the maximum downward stroke. Finally, the system goes back
to zero. This cycle, shown in Figure 4a is tested with currents ranging from 0.2 Amps up to 0.8
Amps and with no current to estimate the pure elastic forces, as shown in Figure 4b. The elastic
force always opposes to the MRE movement, while the magnetic force always pulls in the
downward direction. This peculiarity of the proposed actuator provides an unusual force
displacement characteristic. The central hole in the MRE disc is connected to the crosshead
with a rigid pin. Although the presence of the central hole and the pin modifies the constraints
conditions of the MRE membrane, but it still possible to apply an analytical formula to get the
force deflection relationship, as reported in [32].
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Figure 4 — Experimental stroke profile for the tests (a), forces on the cursor (b) and experimental set up (c)

2.2 Numerical Models

2.2.1 Magnetic FEMM model

The analytical predictions are based on strong assumptions, so a numerical model is needed to
verify them. First, we estimated, by means of FEMM software [39], the magnetic induction
field which insists on the MRE. The model was created as axially symmetric, and the materials
were as reported in the datasheet for the electromagnet, while the MRE is considered linear
while the spacer is made of ferritic stainless steel AISI 430 with a relative magnetic
permeability of 800. From this model, the analytical prediction in terms of magnetic field inside
the MRE and attraction force can be assessed, and the outcome will be presented in the results
section. Figure 5a shows the mesh with refinements at the discontinuity in a particular
configuration (T6G4), but all four cases were analyzed for increasing current values, ranging
from 0.2A up to 0.8A applied for 10 seconds. It is worth noting that the electromagnet datasheet
provides a nominal current of 0.340A as the limit for continuous use derived from thermal
considerations. In this case, the actuation is quick enough to increase the current to higher
levels, thus obtaining a stronger magnetic field and a larger force on the MRE.
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2.2.2 Mechanical Finite Element model

The analytical predictions, especially the deflection, are assessed by means of finite element
model as shown in Figure 5b. We developed a simple axially symmetric model made using the
Simulation tools of Solidworks and imposed the constraints on the periphery of the MRE disc,
just like in the physical actuator. The analysis is non-linear and relies on the elastic properties
of the MRE mentioned in the previous section. The applied load is obtained from the FEMM
analyses described in Section 2.1.1. The output of this model is the deflection at the centre of
the MRE disc, which will be compared with the analytical prediction in the Results and
Discussion section.

.IHIIIHUHIUINlllllllll
m A AR RN
(a) (b)
Figure 5 — FEMM magnetic model (a) and Solidworks simulation model with load taken from (a) and constraints

(b)
3 RESULTS AND DISCUSSION
3.1 Numerical Results

3.1.1 Finite element magnetic simulation results

The outcome of the finite element magnetic simulation is reported in Figure 6 for the four
configurations considered at a nominal current of 0.5A. The main outcome of this analysis is
the force exerted on the MRE element by the electromagnet, which is reported in Table 1. The
analysis exploits the axial symmetry of the system, therefore only a half of the model is shown
in Figure 6. The computation of the magnetic force, reported in Table 1, already consider the
integral over the entire area of the MRE disc.

3.1.2 Finite element mechanical simulation results

The results of the finite element simulations carried out on the MRE membrane as depicted in
Figure 7 shows the deformation of the MRE under the forces computed by the FEMM using a
linear relationship for the MRE material. Figure 7 represents the axial displacement for the four
configurations at the same nominal current of 0.5A.
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1.050e-001 : 1.400e-001
7.000e-002 : 1.050e-001
3.500e-002 : 7.000e-002
<0.000e+000 : 3.500e-002

ensity Plot: |B, Tesla

)

Figure 6 —- FEMM simulations at 0.5A for T4G2 (a), T4G4 (b), T6G2 (¢) and T6G4 (d).

Table 1 — Numerical magnetic force obtained by simulations (integral on the entire area of the MRE disc).

Force (N)
I(A) | T4G2 | T4G4 | T6G2 | T6G4

0.1 0,38 0,23 0,48 0,28
0.2 1,53 0,90 1,93 1,10
0.3 3,45 2,05 4,33 2,48
0.4 6,13 3,64 7,70 4,42
0.5 9,58 5,69 12,02 6,90
0.6 13,78 8,19 17,29 9,92
0.7 18,71 | 11,13 | 23,46 | 13,48
0.8 24,35 | 14,50 | 30,52 | 17,56

T4G2 T4G4 -
(a) (b) [ o
T6G2 T6G4 .

© %) I I

Figure 7 — FEM axial displacement of the MRE disc at 0.5A for T4G2 (a), T4G4 (b), T6G2 (c) and T6G4 (d),
superimposed to the unloaded configuration.
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3.2 Experimental Results

The experimental tests are reported in Figure 8 for the four combinations of gaps and MRE
thicknesses and applied currents. As expected, the force increases with increasing current, and
also depending on the stroke, as the MRE disc act as a spring. The force at zero stroke, when
the crosshead is blocked, can be interpreted as the net magnetic contribution. When the
experimental stroke profile shown in Figure 4a is applied the force first increase, then decreases,
and finally returns to its starting values. It should be noted that the stroke is not symmetric, as
there are no limitations on the upper stroke allowing the disc to be pulled up to 3mm, while the
stroke in lower direction, (shown as negative in Figure 8), is limited by the gap, and fixed at -
1.5mm, to prevent the MRE disc from hitting the electromagnet.

15 15
-T4 4
1251 125 G
10 10
Z 75| € 15
8 g
5 s 2
2.5 2.5
0 0
—— 200 mA
98 25
-2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4
Stroke (mm) Stroke (mm)
(a) (b)
25 . v
T6G2
20
15
Z 10 z
s 5 2 —— 800 mA =
L 4 —— 700 mA w
0 600 mA
— 500 mA
=400 mA
5 -300 mA
——200 mA
-10 : '
-2 -1 0 1 2 3 4
Stroke (mm) Stroke (mm)
(©) (d)

Figure 8 — Experimental Force-displacement curves for the four configurations considered, under the
displacement profile applied and for currents ranging from 0.2A to 0.8A. Thickness 4, gap 2 (a), thickness 4, gap
4 (b), thickness 6, gap 2 (c) and thickness 6 gap 4 (d).
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By focusing on the forces at zero stroke, it is possible to compare the analytical prediction of
the model given by equation (6) and the numerical value obtained by the FEMM simulation. A
comparison is provided in Figure 9, where it is immediately clear that the numerical and
analytical predictions are in very good agreement, while the experimental ones are always
higher in terms of force, especially at high currents. The reason is that the model does not
consider the gap reduction due to disc movement and the subsequent increase in the magnetic
force. Nonetheless, since the analytical model provides a lower force prediction, it can be safely
used for design purposes, and the real application will provide at least the desired force. As it
can be seen, the best performance in terms of force is given by a large thickness (6bmm) and a
low gap (2mm). It is worth noting that lowering the gap has the drawback of lowering the stroke,
so a trade-off between the two variables must be found according to the designers’ needs.
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Figure 9 — Comparison between experimental Force at zero displacement for the four configurations considered,
for currents ranging from 0.2A to 0.8A. Thickness 4, gap 2 (a), thickness 4, gap 4 (b), thickness 6, gap 2 (c) and
thickness 6 gap 4 (d).
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4 CONCLUSION

This research study focuses on designing and characterizing an innovative actuator using MRE.
The study includes the development of an analytical model to assess the feasibility of the
system, mechanical and magnetic finite element simulations to refine the design, and
manufacturing and testing of the actuator. The actuator consists of a commercial electromagnet,
a MRE disc, and a frame. Four different configurations are analyzed to determine the most
suitable arrangement for disc thickness and gap and to verify the accuracy of the analytical and
numerical models for design purposes. The study finds that MRE disc thickness, gap, and
current significantly affect actuator performance. The experimental results confirm the close
agreement between the analytical and numerical models, but both models underestimate the
forces exerted by the actuator. The study concludes that the MRE-based linear actuator is
feasible, and the analytical model can be applied for design purposes. Future research will focus
on improving the model and understanding the influence of the magnetic and elastic
components of the actuator's force to enhance the system's controllability.
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