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Abstract

This work presents the design and characterization of an innovative linear actuator for low-frequency applications based
on a magnetorheological elastomer (MRE) disc coupled to an electromagnet. MREs are a class of smart materials in which
micrometre-sized magnetic particles are suspended in an elastomeric matrix. Most research works study their applicabil-
ity as semi-active systems, but less effort is devoted to their applicability in actuators, but their applicability in the field
is possible and could lead to potential advantages in terms of integration of the system especially for microactuation. The
proposed MRE device relies on a commercial electromagnet which provides linear motion of the MRE element. The stiffness
of the elastomeric matrix is exploited to bring the system back to its initial position, so that the system is monostable. The
magneto-mechanical behaviour is modelled both analytically and by means of finite element magneto-mechanical simula-
tions, and the models are compared with the experimental tests. Two membrane thicknesses and two different gaps between
the membrane and the electromagnetic actuator were manufactured and characterized. The results show the effect of the
design variable on the actuator behaviour and confirm that the analytical model provided can predict the actuator’s behaviour
with a good approximation in all the configuration analysed. The dynamic range of the proposed system, regardless of the
configuration selected, demonstrates that the magnetic contribution is always able to increase the actuator force by 50% and
that the provided model can easily be used as a reliable design tool for this kind of smart system.

Keywords Magnetorheological elastomer - Design - Actuator - Finite element simulation

1 Introduction

Smart materials known as magnetorheological elastomers
(MRESs) have gained significant attention in recent years due
to their unique ability to change their mechanical and rheo-
logical properties in response to magnetic fields. MREs are
a semi-active material that combines elastomer properties
and magnetorheological (MR) fluids, making them suitable
for various applications, including dampers, sensors, and
actuators. This article focuses on using MREs as an alterna-
tive to conventional actuators and explores their potential,
combined with the commercial magnetic system, since the
MRE itself is not able to produce work. A passive device
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produces the same output which is only dependent on the
external input, such as a mass—spring—damper system. A
semi-active device is obtained when a control variable is
used to change a feature of an element of the system (e.g. a
mass—spring—magnetorheological damper where the force
exerted by the damper depends on the current). This sys-
tem anyhow lacks any actuation capacity, it always needs
an external stimulus. An active device, such as the MRE
actuator, is able to perform work against external forces due
to its peculiar design. Ferromagnetic particles embedded in
the solid elastomeric matrix [1-3] provide MREs with sev-
eral advantages over MR fluids, such as the ability to main-
tain their shape without special sealings. Several research-
ers have investigated the magneto-mechanical behaviour of
MREs and their potential applications in vibration damping,
adaptive structures, and semi-active systems. The applica-
tion of a magnetic field to MREs causes a quick and revers-
ible change in the elastic and loss modulus of the mate-
rial, which strongly affects its mechanical response. MREs
can be controlled as well as MR fluids, as reported in the
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technical literature [4, 5], but their application as actuators
is often limited to research work. Many research groups
investigated MREs to describe and model their magneto-
mechanical behaviour, considering both static and dynamic
loads [6—11]. Typically, these aspects are tackled through
refined analytical models of the viscoelastic rubber matrix
which holds the ferromagnetic particles and deriving the
effect of the magnetic field on the MREs response in terms
of viscoelastic parameters (storage modulus, loss modulus
[10, 12]) and failure stress [13]. Typical applications include
vibration damping [14, 15], adaptive structures [16—18], and
semi-active systems that exploit the change in stiffness of
the MRE to change the natural frequency of a structure or
a system [19]. Recent reviews of MRE applications can be
traced in the technical literature [20, 21], but their content
mainly considers MRE as passive or adaptive devices. This
work would walk another path, though less explored, namely
the exploitation of MRE capabilities as actuators, eventually
combined with other systems. The research group led by
Professor Bose has envisioned some potential applications
of MREs for valve actuation [2, 22-24], while embedding
MREs in origami structures was a technique proposed by
Von Lockette [25]. MREs are semi-active materials so they
are not capable of generating work as shape memory alloys,
for example; therefore, an easier way to exploit them is to
apply them in a sandwich system which couples MREs with
CFRP skins [26], thus obtaining a variable stiffness as a
function of the magnetic field. While [27] provides a review
of MRE sandwich applications and [28] covers a potential
application in a patent, a particularly interesting review in
the field of MRE actuators is documented in [29], which
features several examples of variable stiffness devices.
Although the soft actuator proposed by Kashima et al. [30]
is a suitable example of an actuator, MREs are generally
more challenging to implement in actuator devices than in
variable stiffness or shock absorber devices. This is due to
the fact that an MRE (or MRF) used in a semi-active way is
simpler to design because it can be adapted from an already
existing passive design, whereas the use of a MRE in an
active way is more challenging because it usually cannot
be derived from already existing systems. Thus, this paper
aims to explore the feasibility of MREs as a linear actuator
by utilizing a commercial magnetic system coupled with a
customized MRE disc. The proposed linear actuator is able
to provide a force in axial direction similarly to a commer-
cial solenoid, but in addition to that the elastic part of the
MRE matrix provides a self-centring force which tends to
facilitate the return of the actuator in its central, rest posi-
tion. The spring force on the disc will always be in the oppo-
site position to the motion, while the magnetic force will
always be directed towards the electromagnet (see Figure
@4). Moreover, exploiting a flexible element smart like the
MRE could integrate both the actuation and the return in
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one part reducing the system complexity and increasing its
robustness.

An innovative actuator like the one described in this work
would be interesting to be embedded in a mechanical system
because the magnetic actuation could produce work (a force
and a stroke) without many moving parts as in traditional
mechanical actuators (due to mechanical transmissions, con-
nections, etc.). The MRE, with its ease of casting, could
have many advantages, such as being shaped in any form,
a disc like in this manuscript or as a dome or in any other
geometry. A portion of tube could become an active element
if made in MRE, being able to provide the pumping of fluid
operator through the piping, as already proposed in [2], or
they could be exploited for soft robot grippers as shown
in the literature [31-33]. Another application which has an
embodiment for the MRE as a disc is also proposed recently
by Bernat [34] where the MRE is coupled with a dielec-
tric elastomer to serve as actuator. Moreover, a work from
Spaggiari et al. [35] shows how a membrane pump could
be obtained through the use of shape memory alloy (SMA)
springs; with an MRE actuator like the one presented in this
work a similar design could be obtained. Anyhow, for this
type of material we envision generally low scale actuators;
micro-actuations of a few mm, a few N of force, a dozen
Joules at most. These systems cannot be used for large forces
or strokes since the magnetic field is exponentially depend-
ent on distance, so moving away from the magnetic source
causes a sudden drop in the force. Furthermore, the MRE
matrix has a low Young’s modulus, so it cannot express large
forces even though it could express high local deformations.

MREs have been largely used in the field of vibration
damping and in other semi-active systems; moreover, there
are few works in the literature that exploit MREs as actuators
for active applications. Since MREs present several advan-
tages when embedded in mechanical systems as previously
said, in this work is presented a simple MRE actuator based
on a commercial electromagnet.

The first section of this paper details the analytical model
of the magneto-mechanical system, while the second section
outlines the finite element models utilized to validate the
design. The last part is devoted to the experimental test and
comparison with the models. The actuator manufacturing
process and experimental results confirm that the proposed
idea is viable, and a simple analytical model may be used as
a design tool for such systems.

2 Materials and methods
2.1 Actuator description

This work intends to exploit MREs in a linear actuator by
coupling them with a commercial electromagnet with the
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aim of providing a certain desired force and/or desired
stroke. The design process was driven by the commercial
electromagnet chosen, schematically depicted in Fig. 1a,
with the core in grey and the coil in light copper. Accord-
ing to the datasheet, this commercial coil (Fig. 1b) has a
total power consumption of 8.2 W and is typically used
to lock emergency doors [36]. The system is powered at
24 V DC with a nominal current of 340 mA. The turns of
the coil are 1750, and the main dimensions are reported in
Fig. 1a where d;=35 mm, d,=65 mm, h=35 mm, with the
custom drilling of a central d; =8 mm through-hole. Since
the actuator is coupled with an MRE, the commercial plate
is not needed, but, to achieve the possibility to move both
in upward and downward direction a ferromagnetic annular
spacer, represented in light purple in Fig. 1a, was added on
top of the electromagnetic core. Then, the MRE disc (in
yellow in Fig. 1a) was placed onto it. The ferromagnetic
spacer and the MRE were tightened on the electromagnet
on the annular periphery. With the aim of creating a sim-
ple but consistent analytical magneto-mechanical model
of the system, we considered the following simplifying
hypotheses:

e All the materials have a linear B-H relationship, due to
the low field involved;

e Magnetic hysteresis is not considered, since the actuation
is DC;

e All flux lines stay inside the magnetic yoke and negligible
dispersion occurs in the surrounding air, motivated by the
permeability of the materials involved;

e The gap between the magnetic core and the MRE is con-
sidered as a constant.

Among these hypotheses, the strongest is the last one, since
the gap is clearly varying during the actuation, but we aimed
at building a simple model for design purposes and the last
hypothesis it is exploited to simplify the procedure. The mate-
rial hysteresis and the energy loss due to viscoelasticity of the
matrix are not considered in the model since the Sylgard 184,
according to Zhang et al. [37], shows a quite peculiar insensi-
tivity to the deformation rate and very low elastic hysteresis.
Therefore, this simplifying hypothesis seems appropriate for a
preliminary design approach of an actuator for low-frequency
applications. Future works will investigate the design of simi-
lar actuators for dynamic applications, where the viscoelastic
contribution will be considered.

It is therefore straightforward to write the area of the MRE
where the flux lines pass as:

r,+r;

Ayre = 7d,t = 2xr,t =21 t=xt(r,+r;) 1)

where t is the MRE thickness, r, = d,/2 the electromagnet

outer radius and r; = d;/2 the inner coil radius; d, is the
mean diameter; and r, is the mean radius between r, and ;.
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Fig.1 Schematic of the actuator (a) and picture of the commercial electromagnet (b) with the custom central through-hole
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On the other hand, the area of the air gap where the electro-
magnetic field passes is:

d2
Aw=ﬂ<ﬁ—1%> @

where d, is the diameter of the central threaded hole of the
electromagnet. The reluctance of the system is given by the
sum of reluctance of the air gap R, due to the spacer and
the reluctance of the MRE R,z which are computed by

using Egs. (1) and (2).

o =1 8
Rtot(g) = RMRE + 7zgap = +

Ho ® Hure *Amre Mo ® Hair ® Agap

(3)

Here, p is the permeability of free space, )z is the rela-
tive permeability of the MRE, and y,;, is the relative perme-
ability of air, which can be considered equal to 1. The electro-
magnet force can be obtained through the partial derivative of
the magnetic potential U, where L is the inductance of the coil,
a function of the number of turns N and the applied current L.

2
U= 1L12= 1N

2 m L )

tot
The magnetic force therefore is obtained by substituting
Eq. (3) in Eq. (4) and deriving the magnetic potential with
respect to the gap, g:
0 NI
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This expression helps to understand how the magnetic
attraction depends on the gap g and current I. Figure 2a
shows the 3D chart used for design purposes, where the force
(normalized with respect to its maximum) is depicted as a
function of the gap and the applied current. The magnetic
force acting on the MRE is assumed to be independent of
the radial coordinate and depends only on the initial position
of the disc (gap). These assumptions will be verified using a
numerical simulation in the next section. It is worth noting
that the increasing the spacer height (the gap, g) decreases
the available force but provides room for the linear stroke.

One of the aims of the model is to define the optimal
trade-off between available force and possible displacement,
as it typically happens in many actuators, and to provide the
designer with the tool to choose according to the user needs.
This is the motivation behind the study of two different air
gaps as described in the experimental test description. In
order to express the maximum deflection in the centre of
the MRE disc, the distributed load q (Fig. 2b) is needed and
it can be calculated as the force over the area of the MRE;
therefore, according to [38], we have:

3qR*
f= 16th3(1 =) ©

where E and v are the elastic modulus and the Poisson ratio
of the MRE, respectively.

The two main design variables are g and t, as they have
a strong effect on the actuator response and can be easily
changed; therefore, we designed a simple experimental plan
where two possibilities for each variable are tested, for a
total of four different configurations, as described in Fig. 3a.

(b)

Fig.2 Response surface of the magnetic force (normalized) as a function of the gap and the current (a) and schematic of the MRE disc deflec-

tion (b)
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The MRE was then manufactured as described in [13] with
a base elastomer made in Sylgard 184 [39], an RTV silicone
already used in many other MRE applications [8, 40-42]
with a 30% volume of carbonyl iron particles with an aver-
age dimension of 45 pm. More precisely, the manufacturing
of the MRE discs consists of four sequential steps:

manual deposition of the components of the elastomeric
matrix (Sylgard 184 and curing agent) inside a specially
made ABS mould using a precision scale;

Addition and mixing of the iron particles in the mould;

e 15 min degassing phase at —0.6Bar (Fig. 3c) to eliminate
air in matrix before polymerization;
e polymerization in a climatic chamber (about 4 h at

80 °C).

During the polymerization phase, the mould is closed and
mounted on a rotating platform driven by a stepper motor
so that the iron particles do not settle down during the cur-
ing process. Therefore, the MRE discs obtained will have
a random isotropic arrangement of iron particles within
the elastomeric matrix. Future works will consider also

gap (mm) MRE thickness (mm)
t4g2 2 4
tagl 4 4
t6g2 2 6
t6gd 4 6

Fig.3 Combination of experimental variables considered in the actu-
ator design (a), an example of MRE discs used in the actuator (b), the
degassing phase during the manufacturing of the discs (c), and sec-

(d)

tions of a polymerized MRE with air bubbles in its matrix (d), show-
ing the importance of a correct degassing phase before polymeriza-
tion [8]
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anisotropic disc with particle aligned in columns to evaluate
the response of the actuator with a non-random particle dis-
tribution. According to previous literature work [8], the 30%
volume concentration of particles is optimal to achieve good
magneto-mechanical properties such as an elastic modulus
of 3 MPa, a Poisson ratio of 0.49, as for many elastomers it
is nearly incompressible [43], and a relative magnetic per-
meability of,uypr = 4, which is assumed to be linear for
simulation purposes due to the low magnetic field [44]. A
sample of the MRE disc is reported in Fig. 3b, where a very
small hole was added in the centre to hold the connector to
the load cell. A central rigid pin is used in the experiment
test to this extent. Although the presence of the central hole
and the pin modifies the constraints conditions of the MRE
membrane, it is still possible to apply an analytical formula
to obtain the force deflection relationship, as reported in
Roark et al. [38]. A Galdabini SUN 500 testing machine
equipped with a 250 N load cell was used to perform the
experimental tests.

The experimental tests were designed to find out the
force—stroke characteristic of the actuator. In particular, they
were carried out applying first a 3 mm upward displacement

UPWARD STROKE T

LTt

DOWNWARD STROKE l

r

TTTTIT IO
l total actuation i

force

(b)

Stroke Profile

Stroke (mm)
o = » w
(4] - (&, N (4] w (&,

o

0 100 200 300

Time (s)

400 500 600

(a)

through the central pin (Fig. 4a). The system was then
released, and the machine crosshead was set to — 1.5 mm,
which is the maximum downward stroke, in the lowest gap
configuration. Finally, the system returns to zero. This cycle
is shown in Fig. 4b and was used with currents ranging
from O up to 800 mA. The elastic force of the MRE always
opposes crosshead movement, while the magnetic force
always pulls in the downward direction. This peculiarity of
the proposed actuator provides an unusual force—displace-
ment characteristic, which is more challenging for the model
to follow. The complete experimental rig is shown in Fig. 4c.

2.2 Finite element models
2.2.1 Magnetic numerical model

The analytical predictions are based on strong hypotheses
which needs to be verified; therefore, a numerical model
was implemented to compare the results. A magnetostatic
finite element software, FEMM [45], was used to estimate
the magnetic induction field that insists on the MRE. It was
possible to exploit the axial symmetry according to the

(c)

Fig.4 Experimental stroke profile for the tests (a), forces on the cursor (b), and experimental set up (¢) where the rigid pin is highlighted in

white (colour figure online)
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system geometry. The materials of the electromagnet were
modelled as reported in the electromagnet datasheet, while
the MRE disc is considered linear, with the yyzr = 4, as in
the analytical model, while the spacer (made of ferritic stain-
less steel AISI 430) was modelled with a relative magnetic
permeability of 800 [46]. 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 configu-
ration (t6g4), but the four cases were analysed to increase
current values, ranging from 200 up to 800 mA applied for
10 s. The electromagnet datasheet provides a nominal cur-
rent of 340 mA as the limit for continuous use due to thermal
considerations, but it is possible to inject an overcurrent of
up to 800 mA for a short time to obtain a higher magnetic
field, a larger force on the MRE with almost no overheating
of the system. Mechanical numerical model.

The analytical predictions, especially the deflection,
are assessed by means of finite element model as shown in
Fig. 5b. We developed a simple axially symmetric model
made using the Simulation tools of SolidWorks with con-
straints on the periphery of the MRE disc, just like in the
physical actuator. The analysis is geometrically nonlinear
and relies on the elastic properties of the MRE mentioned
in the previous section. The applied load is obtained from
the previous FEMM analyses described in Sect. 2.2.1. The
output of this model is the deflection at the centre of the
MRE disc, which will be compared both with the analytical

MRE |

[ [spacer aisi 430)] I

ferromagnetic
core

coil

(a)

prediction and with the experimental data in the Results and
Discussion section.

3 Results and discussion
3.1 Numerical results
3.1.1 Finite element magnetic simulation results

Figure 6 shows the results of the magnetic simulations for
the four configurations considered with a nominal current
of 500 mA. The main output of these analyses is the forces
exerted on the MRE element by the electromagnet, as shown
in Table 1. The analysis exploits the axial symmetry of the
system; therefore, only half of the model is shown in Fig. 6.
The computation of the magnetic force, reported in Table 1,
already considers 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 Fig. 7 show the deforma-
tion of the MRE under the forces computed by the FEMM
simulations. Figure 7 represents the axial displacement for
the four configurations with the same nominal current of
500 mA.

4 Distributed
magnetic load

Ay
W T

F(t) according
Y to Figure 4
|

Simple support

(b)

Fig.5 FEMM magnetic model (a) and axisymmetric finite element model with distributed load taken from the FEMM simulation and con-

straints consistent with the prototype (b)
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Fig.6 Magnetic FEMM simulations at 500 mA for t4g2 (a), t4g4 (b), t6g2 (c), and t6g4 (d), and a density plot of the induction flux (T) for t4g2

configuration

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

I (mA) Force (N)
t4g2 td4g4 t6g2 tog4

100 0,38 0,23 0,48 0,28
200 1,53 0,90 1,93 1,10
300 3,45 2,05 4,33 2,48
400 6,13 3,64 7,70 4,42
500 9,58 5,69 12,02 6,90
600 13,78 8,19 17,29 9,92
700 18,71 11,13 23,46 13,48
800 24,35 14,50 30,52 17,56

The main purpose of the finite element analysis was to
validate the simple analytical model of the actuator pro-
posed in Sect. 2.1. As can be seen in Fig. 9, the numerical
results obtained through FEMM reflect the proposed ana-
lytical model very well. Furthermore, in the same figure it
can be seen how the numerical analyses and the analytical
model slightly underestimate the force expressed by the
actuator at the various current levels. This difference is
due to the simplifying assumptions applied to the analyti-
cal model. This minor underestimate is anyhow conserva-
tive, since the actuator will exert at least the desired force,
as shown in the Experimental results section (Table 2).

@ Springer
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Fig.7 FEM results: axial displacement of the MRE disc at 0.5 A
for t4g2 (a), t4g4 (b), t6g2 (c), and t6g4 (d), superimposed to the
unloaded configuration

3.2 Experimental results

The experimental tests are reported in Fig. 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
acts as a spring. The force at zero stroke, when the crosshead
is blocked, can be interpreted as the net magnetic contribu-
tion. When the experimental stroke profile shown in Fig. 4a
is applied, the force first increases, 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 3 mm,
while the stroke in the lower direction (shown as negative
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in Fig. 8) is limited by the gap, and fixed at — 1.5 mm, to
prevent the MRE disc from hitting the electromagnet.

Focusing on the forces at zero stroke, it is possible to
compare the analytical prediction of the model given by
Eq. (6) and the numerical value obtained by the FEMM sim-
ulation. A comparison is provided in Fig. 9, where it is seen
that the numerical and analytical predictions are in good
agreement, while the experimental predictions are always
higher in terms of force, especially at high currents. The
reason is that the model does not consider the gap reduction
resulting from 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 can be seen, the best performance in
terms of force is given by a large thickness (6 mm) and a
low gap (2 mm). It is worth noting that lowering the gap has
the drawback of lowering the stroke, so a trade-off between
the two variables should be found according to the needs of
the designer.

3.3 Discussion

The actuator response is characterized by two main compo-
nents, the controllable one, i.e. the force due to the magnetic

field and the elastic component, which is always present irre-
spective of the field. Therefore, it is interesting to provide
an estimate of the controllable force separately, in order to
assess the dynamic range [47-50]. The dynamic range is a
figure of merit that is commonly used in MR devices and is
defined as the total force over the uncontrollable forces. The
latter can be defined as all the force except the pure magnetic
one; therefore, there is the need to estimate the pure mag-
netic force component, for which the following procedure is
adopted. We tested all four configurations with no magnetic
field applied following Fig. 4 profile and subtracted from
the curves reported in Fig. 8 these results, thus obtaining
the pure magnetic force curves as a function of the displace-
ment. The curves obtained are reported in Fig. 10, where
the four geometries are considered. The first thing that can
be noticed is that the curves present an almost linear behav-
iour in general, with two notable exceptions, i.e. the curve
at 800 mA where there is a lower magnetic force in case
of negative stroke. This unexpected phenomenon could be
ascribed to the magnetic saturation which could occur when
the MRE is very close to the electromagnet.

This phenomenon is also confirmed by the raw experi-
mental data in Fig. 8c and d, where at negative strokes the
800 mA curve for the 6 mm MRE discs is almost superim-
posed on the 600 mA ones. To have a simpler measure of

Fig. 8 Experimental force—dis- 15 15
placement curves for the four t4gh
configurations considered, 12.5 12.5
under the displacement profile
: . 10
applied and for currents ranging .
from 200 to 800 mA. Thickness Z 75 z
4, gap 2 (a), thickness 4, gap 4 8 g
(b), thickness 6, gap 2 (c), and 5 5 5
thickness 6 gap 4 (d) v v
2.5
0
25
-2 -1 0 1 2 3 4 4
Stroke (mm)
(a) ——800 mA
——700 mA
2 600 mA
t6g2 ——500 mA
20 ~———400 mA
300 mA
15 ——200 mA
< 10 =
g 8
g ° S
0
-5
-10 . . i
-2 1 0 1 2 3 4 4

Stroke (mm)

(c)

Stroke (mm)
(d)

@ Springer



137 Page100f 14

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2025) 47:137

40 T T T

tdg2

== = Theoretical Force
35 [ | =@ Numerical Force
VExperimentaI quce

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Current (A)
(a)
40 T T T T T
== = Theoretical Force
35 [ |—@— Numerical Force t6g2
Experimental Force /
30+
~25}
<
320
ks
15
10 |
5 -
0 | L L L
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

Current (A)

(c)

40 T T T
== = Theoretical Force

35 [ | —@— Numerical Force t4g4
Experimental Force

30

251

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Current (A)

(b)

== =Theoretical Force
35 |- | =—@— Numerical Force
Experimental Force |

tegd

(e =
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Current (A)

(d)

Fig.9 Comparison between experimental force at zero displacement for the four configurations considered, for currents ranging from 200 to
800 mA. Thickness 4, gap 2 (a), thickness 4, gap 4 (b), thickness 6, gap 2 (c), and thickness 6, gap 4 (d)

the pure magnetic force and therefore estimate the dynamic
range across the entire stroke, it is possible to interpolate
these data and build a response surface. The fitting of the
curve is carried out with an optimization procedure in MAT-
LAB, and the best fitting is obtained with a linear poly-
nomial law with the deflection, f, and quadratic with the
current, I, which is consistent with Eq. (5).

The pure magnetic force, F,,, is therefore reported in
Eq. (7), with the coefficients as in the table below:

F, = al + pf + yI* + 6f1 (7)

The response surface generated by these interpolations
is reported in Fig. 11 and compared with the experimen-
tal data. This chart provides useful information about the
influence of the geometry on the pure magnetic force, thus
helping the designer increase the dynamic range. Figure 11a
shows the influence of the gap at the same thickness (4 mm).

@ Springer

The lower gap (2 mm) is able to provide a larger magnetic
force, nearly 50% more than the higher one at 800 mA. The
increment is lower when the MRE thickness is larger; as in
Fig. 11b, only a 20% increase is visible for the 2 mm gap and
the 10% in the 4 mm gap.

The dynamic range, obtained by computing the maximum
experimental points of the curves in Fig. 9 and the pure
magnetic forces of Fig. 10 at zero displacement, is quite
stable, and it is around 1.5 for every configuration, for the
maximum current of 800 mA. This means that irrespective
of the total force exerted by the actuator, which can be seen
as the size of the system, the increment provided by the mag-
netorheological controllable parts produces an increment of
the force around + 50% for all configurations. (b).

The proposed MRE actuator can produce work only
when the electromagnet is active and the MRE moves in
the negative direction, but due to its elastic component,
it is also capable of withstand movement in the opposite
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Fig. 10 Pure magnetic force obtained from experimental curves, for currents ranging from 200 to 800 mA. Thickness 4, gap 2 (a), thickness 4,

gap 4 (b), thickness 6, gap 2 (c), and thickness 6, gap 4 (d)

direction, although with lower forces. A flexible actua-
tor can be exploited in many applications and, thanks to
the simple analytical formulae provided, can be designed
Table 2 Coefficient of the best fitting of the numerical force as a according to the specific needs. A work from Xu et al.

function of the geometry

[51], for example, shows how MREs could be used to

g2 tdgd t6g2 t6g4 design flexible robotic grippers providing forces compa-

o 1.2031 1.0276 6.9364 5.0998
p 0.029 —-0.1035 -0.357 —0.5577
Y 14.1765 8.1529 10.5643 5.3306
6 -0.8763 —0.5566 —1.3748 —0.6937

rable to the ones exerted by the actuator presented here.
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4 Conclusion

This research study focuses on the design and characteri-
zation of an innovative actuator which exploits a disc in
magnetorheological elastomer coupled with an electromag-
net. The study includes the development of a simple yet
informative analytical model to assess the feasibility of the
system, extensive mechanical and magnetic finite element
simulations to refine the design, prototyping and testing of
the actuator and collection of the experimental results in
terms of force displacement behaviour of the system. This
particular embodiment of an MRE actuator has potential
applications in engineering system where strong integration
and low forces are involved, especially where there is the
need of have almost no moving parts. The actuator consists
of a commercial electromagnet, a MRE disc, and a support-
ing frame. Four different configurations of the system are

@ Springer
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analysed by considering two possible disc thicknesses and
two gaps between the elements, and the accuracy of the ana-
lytical and numerical models is checked against the experi-
mental results. The study correlates the force response with
actuator morphology and the current applied to the electro-
magnet. The experimental results confirm the good agree-
ment between the analytical and numerical models, with the
analytical model which underestimates of the force exerted
by the prototype of actuator. A model of the pure magnetic
force is provided in order to estimate the contribution of the
controllable part against the total force to assess the dynamic
range. The study concludes that this MRE-based linear actu-
ator design, which has the peculiar feature of being adapt-
able to many applications and shapes since the MRE part
can be casted in almost every shape, is feasible and that the
analytical model can be exploited for design purposes.
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