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Abstract: The paper deals with the investigation of magneto-sensitive elastomers
(MSE) and their application in technical actuator systems. MSE consist of an elastic
matrix containing suspended magnetically soft and/or hard particles. Additionally,
they can also contain silicone oil, graphite particles, thermoplastic components, etc.,
in various concentrations in order to tune specific properties such as viscosity, con-
ductivity and thermoelasticity, respectively. The focuses of investigations are the
beneficial properties of MSE in prototypes for locomotion and manipulation purposes
that possess an integrated sensor function. The research follows the principle of a
model-based design, i.e. the working steps are ideation, mathematical modelling,
material characterization as well as building first functional models (prototypes). The
developed apedal (without legs) and non-wheeled locomotion systems use the inter-
play between material deformations and the mechanical motion in connection with the
issues of control and stability. Non-linear friction phenomena lead to a monotonous
forward motion of the systems. The aim of this study is the design of such mechanical
structures, which reduce the control costs. The investigations deal with the movement
and control of ‘intelligent’ mechanisms, for which the magnetically field-controlled
particle-matrix interactions provide an appropriate approach. The presented grippers
enclose partially gripped objects, which is an advantage for handling sensitive objects.
Form-fit grippers with adaptable contour at the contact area enable a uniform pressure
distribution on the surface of gripped objects. Furthermore, with the possibility of
active shape adaptation, objects with significantly differing geometries can be gripped.
To realise the desired active shape adaptation, the effect of field-induced plasticity of
MSE is used. The first developed prototypes mainly confirm the functional principles as
such without direct application. For this, besides the ability of locomotion and
manipulation itself, further technological possibilities have to be added to the systems.
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The first steps are therefore being taken towards integrated MSE based adaptive sensor
systems.

Keywords: apedal locomotion systems, field-controlled particle-matrix interaction,
field-induced plasticity, form-fit gripper, integrated sensor-actuator systems, magneto-
sensitive elastomer

1 Introduction

Both in macrotechnology (mechanical engineering, automotive engineering, precision
engineering) and in particular in microtechnology (minimally invasive medical tech-
nology, microbiology), technical solutions are sought which are essentially deter-
mined by multifunctional materials and structural elements with dynamically variable
functions. The technical basis is no longer formed by structurally delimitable modules
with separate basic functions for the processing of energy, material and information.
Rather, there is a far-reaching functional integration that begins with the material and
is defined by it. Due to the great progress made in the fields of numerical mathematics,
control and information technology (hardware and software), nonlinear effects in
material behaviour that have been “rather combated” nowadays hardly pose any
problems in application. On the contrary, nonlinear behaviour, anisotropy with respect
to elongation, viscosity, magnetisation and, generally speaking, controllable material
properties are desired in order to make completely new technical solutions possible.
Magneto-sensitive elastomers (MSEs) belong to that class of smart materials whose
mechanical properties can be controlled by means of magnetic fields. The MSE consist
of an elastic matrix containing suspended magnetically soft and/or hard particles [1, 2].
Additionally, they can also contain silicone oil, thermoplastic components, graphite
particles, etc. in various concentrations in order to tune specific properties such as
viscosity [3-9], thermoelasticity [10, 11] and conductivity ([12] and the work of Monk-
man et al., Dielectric behavior of magnetoactive hybrid materials published in this
special issue) respectively. Many investigations on MSE have been based on experi-
ments using hard magnetic particles [13, 14]. For the investigations in this paper, the
use of soft magnetic particles with a small degree of remanent magnetisation is pref-
erable. The application of an external magnetic field results in a number of physical
changes to the polymer including field stiffening and magnetostriction [15].

In the present work, the magnetically generated and controlled deformations are
the central aspect in the application of MSE for locomotion (Section 3) and manipu-
lation (Section 4). At the end of the 20th century, when nobody used the modern term
‘soft robotics’ yet, basic research began on the use of magnetically controllable ma-
terials (ferrofluid, magneto-rheological fluid, MSE, etc.) for the two tasks mentioned
above in robotics. The technical implementation of locomotion based on the earth-
worm peristaltic using ferrofluid was first published by Saga & Nakamura [16, 17]. At
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about the same time as the authors, Kimura [18] investigated the use of ferroelastomers
for locomotion purposes. Also the work of Zrinyi [19, 20] and Kashima [21] provided the
experimental basis for mobile robots from exclusively compliant structures.

In the just mentioned papers, the experimental part dominates the research.
Naletova and Zeidis [22-25] developed mathematical-mechanical models for wormlike
locomotion systems made of MSE. They used methods of continuum mechanics and
mechanics of rigid-body systems (especially asymptotic methods of non-linear
mechanics).

Sensors (e.g. accelerometer) based on materials with magnetically controllable
parameters were introduced in 2008 by Phan [26]. Petterson in 2010 described and
evaluated a robot gripper that utilises the effects of a magnetorheological fluid [27]. The
property of the so-called field-induced plasticity [3, 28] makes possible to use MSE in
gripper systems. Chavez [5, 29] developed a form-fit gripper, which is described in
detail in Section 4.

2 Experimental results on material characterization

When a magnetic field is present in the MSE, the iron particles tend to align with the
lines of the magnetic field flux [15, 30]. By removing the applied magnetic field, the
particles return to their original position within the elastomeric matrix. The magnetic
remanence, as well as the plastic deformation, after removing small or moderate
magnetic field is negligible. In the experiments performed, the MSE samples contain
silicone oil to provide a higher viscosity and allow the magnetic particles embedded in
the MSE to move more freely, so greater effects of the influence of the magnetic field on
the mechanical behaviour can be observed. In addition, the grade of compliance of the
MSE with silicone oil in its original state before the application of the magnetic field is
greater. This is an attractive property for applications in soft robotics (specifically in
form-fit grippers). In order to study the mechanical behaviour of MSE materials, several
test pieces are created for compression and tensile experiments. The experimental
results enable to calculate an E-modulus. The E-modulus varies depending on the
volume concentration of magnetic particles. In the manufacturing of MSE samples,
Neukasil RTV 26 elastomer was used as a basis component mixed with the cross-linking
agent A7. For a purely elastomeric specimen of this material, the hardness obtained is 7
in the scale Shore A. However, as mentioned above, the elastomeric matrix may contain
a proportion of silicone oil to provide custom properties to the material. From previ-
ously presented studies [31-33], it is concluded that the recommended volume con-
centration of silicone oil in the specimen is 45%. In the present work, the volume
fraction of the silicone oil is calculated for the polymeric part of the MSE and not for the
global volume. The polymeric part comprises the base of pure elastomer and silicone
oil. Therefore, as an example, for the supposed case in which an MSE specimen has
50 vol.% of iron, the other 50 vol.% of the volume corresponds to the polymeric part.
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Figure 1: Volume distribution of the components of the MSE.

Since the silicone oil is 45% of the elastomeric part, the fraction of silicone oil is
22.5 vol.% of the total volume of the MSE. This is graphically explained in Figure 1.

The ferromagnetic material used is carbonyl iron powder (CIP) grade CEP CC. The
purity according to manufacturer data (BASF) is 99.5%, and the average particle size
lies between 6 and 10 pm. Cylindrical samples are manufactured for the compression
(diameter: 16 mm, height: 12 mm) and tensile (diameter: 5 mm, height: 80 mm) tests.
These geometries are shown in Figure 2. Additionally, samples for tensile tests have
“heads” which are useful for clamping during the test, but do not have a large influence
on the force measurement during the elongation. The iron concentration of the MSE
samples varies from 10 to 40 vol.%.

Four samples are manufactured and tested for the same volume concentration of
iron, and the results shown in this section correspond to the average value obtained for
these four samples. Each specimen is tested four times. The highest coefficient of
variation found for the experimental results is 2.5%, which confirms the repeatability of
the experiments and the homogeneity of the samples.

For the compression tests, the samples are deformed up to 0.25 strain with 0.2 mm/
s as recommended by ISO 7743. The deformation is performed under different magnetic
field conditions. The magnetic field present in the specimens is not uniform. It has a
gradient since a permanent magnet is used as a source (Figure 3). The permanent
magnet is a Neodymium cylinder (diameter: 70 mm, height: 35 mm), magnetisation
N45, Nickel-plated coated, residual magnetism (Br): 1.32-1.37 T, coercive field strength
(bHc): 860-995 kA/m. The permanent magnet creates a magnetic field gradient where
the intensity decreases at a greater distance from the magnet. For simplicity, a constant
magnetic field for the whole cylinder volume of MSE is considered. This constant value
is defined by the averaged magnetic field in vertical component. This simplification
implies an idea of uniform magnetic field for the MSE materials. For tensile tests, the
samples are only tested without the presence of magnetic fields, since their dimensions
are more significant. On these samples, the gradient of magnetic field is greater when
using the magnet as a source.

The results for tensile and compression test on the MSE samples are shown in
Figure 4. From recommendations of standard norms, tensile tests comprehend a
greater strain than compression tests. However for elastomers with particles located
within the elastomer matrix, a large elongation concludes in breaking off the samples.
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Figure 2: MSE cylindrical samples for
a . .
tensile (a) and compression (b) tests.

Figure 3: Experimental setup for compression of MSE cylindrical samples in presence of a magnetic
field produced by permanent magnet. Its magnitude varies with distance. 1: load cell, 2: upper plate
for compression, 3: MSE sample, 4: bottom plate for compression, 5: permanent magnet.
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Figure 4: Results of tensile and compression test onthe MSE samples, in absence of a magnetic field.

Thus, in this work results are presented for the same level of strain for both tensile and
compression, to avoid the rupture of the samples. The positive and negative values of
strain and stress correspond to tensile and compression, respectively. Due to the
viscoelastic properties of the MSE materials, every compression or tensile experiment
exhibits a hysteresis. However, for this work only the results for the increase of
deformation are shown. Results for the relief of deformation are omitted since the
experiments are performed with a quasi-static deformation.

As expected, samples with a bigger volume fraction of iron lead to a bigger stiff-
ness. Additionally, pure polymeric samples (elastomer base and silicone oil) are also
tested and their results are shown as a black curve in Figure 4. These samples do not
experience a field-induced stiffness in presence of a magnetic field, since they do not
contain ferromagnetic particles.

If the material is modelled with a linear behaviour, the E-modulus can be calcu-
lated as the ratio between the stress and strain. Nevertheless, as illustrated on the
experimental results, a linear model suits only to the tensile part.

The results for 0.25 strain compression tests with a magnetic field present are
summarized in Figure 5. The compression is realised in the presence of four different
magnitudes of the magnetic field, which depends on the distance between the per-
manent magnet and the MSE sample (Figure 3). It is notable that the required force for
the same deformation becomes greater as the magnetic field increases. This is very
favourably used for form-fit grippers based on MSE and explained in Section 4. For a
higher concentration of iron particles, the effect of field-stiffening is amplified. Sam-
ples with 30 and 40 vol.% iron are the most beneficial for further investigations.
Nonetheless, the ease of manufacturing MSE materials decrease for smaller amount of
pure elastomer part. Therefore, MSE materials with 30 vol.% are considered for the next
paragraphs.
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Figure 5: Results of compression test on the MSE samples, with four different magnitudes of the
magnetic field.

A linear material behaviour is a poor model for the MSE. A hyperelastic model is
more appropriate for the MSE. For simplicity the chosen model is Neo-Hookean since it
comprehends a single parameter (initial shear modulus). To obtain the parameter for
the material model, the compression experiments are simulated using finite element
(FE) tools (Ansys Workbench ®). After a few iterations, a parameter for the material
model which enables a proper fit with the experimental results is found. Figure 6 shows
the experimental and simulated results of compression for the MSE with 30 vol.% iron
for three magnitudes of magnetic field. However, this material model also has disad-
vantages. The Neo-Hookean model does not conclude as a stress-strain curve with
inflections as in experimental measurements and these inflections are becoming more
pronounced for bigger magnetic fields. Nevertheless, the difference between stress-
train curves from simulations and experimental results is small compared to the
measured forces. The most perceptible error is found in the results for compression
tests developed in the presence of the greatest magnetic field (average of 141.2 mT) in
MSE.

The parameters obtained for the material model are used in Section 4 for MSE
based form-fit grippers.
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Figure 6: Results for compression on MSE with 30 vol.% iron for three values of magnetic field. Blue
curves: experimental results. Red curves: simulations using Neo-Hookean material model.

Borin et al. present on their work Magneto-mechanical properties of elastic hybrid
composites in the present special issue, another approach to the properties of magnetic
composites with different polymeric matrixes.

3 Non-pedal locomotion systems based on MSE

Basic research on the deformation of membrane-enveloped wormlike ferrofluid
structures and on the behaviour of MSE materials in an external magnetic field forms
the basis for the development of novel apedal locomotion systems. These locomotion
systems, often inspired by biological examples [16, 24, 34], can be divided into two
classes. Locomotion on free ferrofluid surfaces by a locally and temporally changing
magnetic field is called passive, when a non-magnetic object is moved due to the
deformation of this surface. With active locomotion systems, the movement is gener-
ated in the system itself. MSE objects experience a change of position, see Figure 7.

Such active systems form the primary goal of the research, with the design focus on
the realisation of an apedal locomotion. A model-based approach leads to the devel-
opment of systems whose locomotion is based on high-frequency excitation of MSE. By
the specific control of different oscillation modes of the locomotion systems, the
definition of the motion direction succeeds beside the adjustment of the velocity.
Uniaxial and planar locomotion systems with only one electromagnetic drive are
developed.
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Figure 7: Active and passive locomotion systems realised with magneto-sensitive elastomer.

3.1 A basic experiment with locomotive MSE

In order to understand how magnetic field induced motion can be realised with MSE
and whether this motion is stable in the mechanical sense, a basic experiment is
considered. The system consists of two material points with masses m connected by an
MSE spring of stiffness k. Under the influence of an external magnetic field, which
changes periodically, a harmonic internal force F(t) is generated, see Figure 8.

The motion of the system is governed by the differential equations.

mx; + k(x1 —x3) = F (X;) + F(¢t),

mx; + k(x; — x1) = F(x3) - F(¢), o)

where F(t) = F,(1+ cos ¥), with i = vt. The Coulomb friction force acting on the
material points with number i yields
mgu_, ifx; <0,
F(x;)) = { Fo, ifx; =0, )]
-mgu,, ifx;>0,

where p_ and u, are anisotropic friction coefficients with p_ = p, = 0. The force F,
satisfies the relation —mgu, <Fo <mgu_.

To reduce the number of parameters that characterise the system, the dimen-
sionless variables are introduced
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where w? =k/m and L is the scale of length used for the procedure of non-
dimensionalisation.

Proceeding with the dimensionless variables in Equations (1) and (2) and then
omitting the asterisks, identifying the variables x;f and ¢, it follows

X1+x1-x =¢e[a(l+cos ) +r],

N t+x-xi=¢g[-a(l+cos )+, “)
where
1, ile <0,
ri=14 Uy ifxi=0, 5)
U, leI > 0.

Assuming € < 1, a ~ 1, |x, — x| ~ 1, the procedure of averaging [35] is applied to system
(4). For this purpose new variables are introduced: the velocity of the centre of mass
V = (X1 + X3)/2 and the deviation relatively to the centre of mass z = (x, — x)/2.
Replacing z = a cos @, Z = —a\/2sin @, @ = tV2 + 9, where V, a, 9 - slow variables,
system (4) takes the so-called standard form:

. € . .
V:E(F(V+a\/§sm (p)+F(V—a\/§sm (p))

a= %sin @(F(V +av2sin @) - F(V - aV2sin @) + 2a(1 + cos P)), ©
¢ = \/§+ﬁcos @(F(V +av2sin @) - F(V - av2sin @) + 2a(1 + cos ¥)),
P=v.

The system (6) is investigated in a vicinity of the main resonance v = v2 + €A (A # 0) |
Introducing a new slow variable { = 1) — ¢, after averaging on a fast variable ¢ it yields
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g, ifV<-av2,
i) oM P aresin L)
V= £< 7 aresin s - — ) if|V]<aV2, @)
—€EU, if V>av2,
€ [1+pu V2 o a > .
— | —F\1-== +=sin¢& |, if |[V|<aV2,
2
g \/§< m 202 2 ®)
2\/_sm{ if |V|> a2,
$:e< > \/_cos$+A> ()]

By the definition of the steady-state motion, the variables V, a and & are constant
according to the averaged equations. From Equations (7-9) it can be found

(D 2
_ sin® a——EZCOSZCD A=0,
Al N4
1 o?
\|— — E? cos’®, a=2E cosd,
|A| \/— 4
(10)
2E cos® 2A a2
siné = ———"" cos § = — \|— — F’cos’®,
§ a §= alA|
poltk o -
m 2(1+u)

The motion of the system with the velocity V from Equation (10) is stable.

The result of the numerical integration of the exact system (4) is given in Figure 9.
The following values of parameters for an MSE are taken: m = 3107 kg, k = 3 N/m,
F,=310"N,v=47s',L=1cm, u- = 0.1, u, = 0.05. So, the values of the dimensionless
parameters are: £ =0.1, y=0.5,a =1, A=0.8.

The first equation of Equation (10) gives the value for the dimensionless velocity of
the centre of mass V = 0.17. This value corresponds to the dimensional velocity
V=5.4 cm/s.

For a nonlinear spring with a small cubic nonlinearity, the expression for the
spring force F,; in dimensionless variables is

a=-x—-g8°, B~1, 11

here 8 is the nonlinearity measure. In this case the expression for the stationary velocity
Vis
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Figure 9: The velocity V of the centre of mass vs. time ¢, following from the numerical integration of
the exact equations of motion. The stationary velocity is nearly equal to 0.17.

V = aVv2 sin®, (12)

and the amplitude a is determined from the equation

2
a3a’B - AV2| =\ az_ F? cos? @. (13)

Remark: In the investigations given above, the motion with a periodic excitation force,
which has a zero mean value, is considered. In this case, the motion of the centre of
mass requires asymmetry. Here, this asymmetry is achieved due to different friction
coefficients, when changing the direction of motion (anisotropic surface). The internal
force itself is assumed to be harmonic (i.e. symmetrical). The motion is only possible in
the direction of less friction. In [36] a two-material point system with different masses is
considered. There, the variable part of the periodic excitation force is considered
asymmetrical, provided that it has zero average (e.g. increase and decrease of the
magnetic field occur at different velocities). It is shown that in this case it is possible
moving not only on an isotropic surface, but even on an anisotropic one to the side of
more friction.

Thus, by changing the magnetic field, it is possible to control not only the velocity
of the system, but also the direction of motion, see Section 3.2.
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Figure 10: Vibration driven locomotion systems for rectilinear motion based on MSE — ‘Type 1’ (left)
and ‘Type 2’ (right).

3.2 Vibration driven mobile systems for rectilinear motion

For rectilinear uni- and biaxial motion, two vibration-driven locomotion systems based
on MSE are developed. To explore the mechanical properties of MSEs under magnetic
fields, please refer to the work Magnetoactive elastomers for magnetically tunable
vibrating systems written by Becker et al. and published in this special issue. The
locomotion of these systems (Figure 10) is caused by a periodic deformation of a
compliant MSE body. The deformation is generated by integrated micro-coils. A peri-
odically alternating magnetic field causes an oscillation of the MSE. The friction force
between the supporting surface (ground) and the system changes periodically due to a
change of the normal force. The oscillation mode can be varied in dependence of the
pulsing frequency in a wide range.

The qualitative description of the mechanical performance of the two systems is
provided by transient dynamical analyses by means of the FE-Software ANSYS®, see
Figures 11 and 12 for the simulation of ‘Type 1°.

Figure 13 shows the velocity at various driving frequencies ranging from 1 to 30 Hz
when the robot is actuated using forces F = 0.006 N (top, blue) and F = 0.010 N (bottom,
green). The FE-simulations confirm the result published in [36] that the direction of
movement of the robot and its velocity depend essentially on the relation between the
eigenfrequency of the system and the driving frequency. There are multiple driving
frequency ranges, which cause the robot locomotion in opposite directions from the
initial position. At F = 0.010 N, the robot moves in the positive x-direction at the fre-
quency ranges between5 ... 6 Hzand 10 ... 13 Hz, and in the negative x-direction between
6 ... 10 Hz and at over 13 Hz, Figure 13. At low frequencies, the internal force is nearly
equal to the excitation force. At higher driving frequencies, particularly in the vicinity of
the natural frequencies, a marked change in the characteristics of the internal forces is
observed. The system ‘Type 1’ achieves speeds in the range of 2 ... 3 mm/s.

In contrast to ‘Type 1°, the locomotion system ‘Type 2’ converts directly the forced
vibrations of the MSE into a propulsive force due to its contact with the ground
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Figure11: The mechanical model of the biaxial locomotion system ‘Type 1’ with ANSYS-elements used
in simulation and the corresponding parameters.

Figure 12: The equivalent stresses after von Mises for the locomotion system ‘Type 1'.

(Figure 14, left). Only uniaxial locomotion is possible. The images from a high-speed
camera show selected motion sequences with and without contact of the MSE to the
ground (Figure 14, right). Depending on the friction pairing between the elastomer and
the ground, the maximum velocity achieved with ‘Type 2’ is about 80 mm/s. Once
again, there is great potential for optimisation both in the shape of the MSE and in the
control via the periodically changing magnetic field of the miniature coil.

3.3 Amoeboid locomotion systems based on MSE

Conventional terrestrial locomotion systems with legs or wheels have a limited field of
application, and they are difficult to miniaturize. Therefore, for planar motion bio-
logically inspired locomotion systems following the paradigm of an amoeba are
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Figure 14: Apedal locomotion system ‘Type 2’ with parameters. Mass: 7.3 g, length: 37 mm, width:
12 mm, height: 13 mm (left); and motion sequences with driving forces (right).

developed, which use MSE and controllable by magnetic fields. The movement of a
natural amoeba is characterised by cytoplasmic streaming and continuous changing of
the body shape [34, 37]. The periodic change of the shape of the technical locomotion
system is also realised by means of a vibration drive using permanent magnets and



1278 =—— Jhohan Chavez et al.

Figure 15: Planar locomotion systems based on MSE: the biological inspired prototype ‘Moving star’
(left) and the mobile system ‘Triangular amoeba’(right).

miniature coils. According to the classification in Figure 7, these are active locomotion
systems, Figure 15.

Using the example of the ‘Moving star’, the development process from the bio-
logical example (amoeba proteus) via the mechanical model to the technical amoeba is
shown in Figure 16. From the point of view of mechanics, the amoeba means the
realisation of a fluid flow (caused by pressure gradients) and the change in the flexi-
bility of a body with variable contours. In the technical implementation, the forces are
not generated by pressure differences but magnetically. The electromagnetic driving
force is generated between activated and non-activated coils and the envelope body
made of MSE. This driving force generates a locally differently pronounced deforma-
tion of the flexible body. In this area, the static friction force between the locomotion
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number of coils
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- controllable magnetic
targe170 f|e|d

planar locomotion
system

Figure16: From the biological example to the prototype (photo of amoeba proteus by Danja Voges 1).
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system and the ground is locally exceeded. Thus, a periodic driving force leads to the
locomotion of the system.

With the coils of size 11.5 x 11.5 x 3 mm integrated in the MSE and arranged at 60° to
each other, a sufficiently close relative position to each other is achieved. This leads to
an increase in the electromagnetic forces and ensures the energy efficiency during
motion. The direction of motion of the system is determined by the choice of coils
activation. The electromagnets each have an iron core. The flexibility of the MSE body is
ensured on the one hand by the material itself, and on the other hand by the shape of
the body. The connecting elements between the coil carriers are designed as joints with
distributed compliance [38].

A model-based simulation of the system performance is provided by transient
dynamical analyses by means of FE-Method. Within the model, the micro coils are
treated as material points. Their connection to the compliant body is ensured by rigid
beam elements. The MSE body, with a diameter of 40 mm is assembled with beam
elements in the range of great curvature and with discrete spring-damper-elements at
the intersection of different cross areas. The actuating force is represented by single
forces acting on each mass point. The value and the direction of these forces depend on
the relative position of the coils and, of course, the control algorithm. Forces acting on
the compliant body are neglected due to the small permeability of it. Figure 17 (right)
shows exemplarily the obtained results for the following case: two coils A and B in
Figure 17 (left) are actuated simultaneously and alternate periodically. The system
moves in y-direction. The focus is on the velocity of the centre point of the system in
dependence on the actuating frequency. It can be seen, that the direction of motion can
be controlled by means of the actuating frequency. The maximum average velocity of
the ‘Moving star’ is 5 mm/s at the driving frequency of 22 Hz. The results of the nu-
merical simulation using FE-Method and the measurements during the experiment are
in good qualitative and quantitative agreement.

In the prototype ‘Triangular amoeba’, the idea of realisation of a simple actuation
is based on the use of permanent magnets, which are attached to the shaft of a rotary
drive inside the MSE structure. The dynamic excitation of the MSE takes place by means
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Figure 17: The model elements for the FE simulation with parameters (left) and the velocity in
y-direction depending on the pulsing frequency (right).
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Figure 18: Structure of the locomotion system ‘Triangular amoeba’. 1: motor, 2: housing, 3: rotor,
4: permanent magnet, 5: plastic body, 6: MSE.

of an alternating magnetic field. The MSE structure reacts only passively to a magnetic
field and does not operate actively as an actuator. To be able to move in the plane, the
system uses an asymmetric geometry of the compliant MSE. The structure consists of
addition-curing silicone with a Shore hardness A of 8. The mass ratio of elastomer to
CIP (same particles as presented in Section 2) is 3:1 for the MSE part. The realised
prototype has an outer diameter of 67.5 mm and a height of 23 mm. The mass of the
system is 21.6 g, Figure 18.

Modal analyses and transient motion analyses based on a multibody system model
are performed to describe the locomotion system. Figure 19 (top) shows the excitation
control forces at the points A, B and C of the MSE. The results of an exemplary selected
transient simulation are given in Figure 19 (bottom, right). At an excitation frequency of
1.5 Hz, the system performs a rotary motion. The theoretical results agree with the
experimental data and show that with the mentioned type of control and the selected
asymmetrical basic MSE structure, a locomotion in the plane is possible.

4 Form-fit grippers

The use of MSE in form-fit grippers is of great interest in the field of soft robotics [12, 31,
32, 39]. Depending on the elastomeric base and the amount of silicone oil added, the
material can be soft in its original state and allow a higher adaptability when deformed
by objects with certain geometries. After applying a magnetic field, the MSE becomes
harder due to the field-induced stiffening effect. The increase of its stiffness after the
application of the field is favourable as it keeps the deformation (and therefore the
geometry) from the object to grip.

A scheme for this manipulation system is shown in Figure 20. At the beginning
(i) the MSE based grippers are found in their original state and are soft, so they can be
deformed by flexible objects without the need to exert a great force (ii). After switching
on a magnetic field in the vicinity of the MSE end-effectors, the rigidity of the MSE
material increases and due to the field-induced plasticity the deformation can be
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Figure 19: Applied control functions of the forces in the points A, B and C (top) and paths of the nodes
after 100 actuation periods for an excitation frequency of f= 1.5 Hz with associated movement of the
centre during a circular motion of the system (bottom).

recorded (iii). The shape adaptability depends on the composition of the MSE and its
geometry. As long as the magnetic field is not removed, the deformation will remain
intact in the MSE end-effectors, even when the object to grab is removed (iv). This can
be used to transport elements with the same geometry (v ... n-1). Finally, by removing
the magnetic field, the mechanical properties are almost entirely recovered, without a
noticeable plastic deformation (n). To develop an MSE end-effector capable to grip
various shapes, the investigations are focused on three complex end-effector shapes.
These prototypes are fabricated and tested with two objects in order to examine the
quality of their shape adaptability. The deformations are simulated by using the me-
chanical behaviour models introduced in Section 2. Previous studies show that
promising geometries for the final effectors are hollow rotational-symmetric bodies.
The hollow half spherical MSE end-effector has a thinner MSE layer in the area in
contact with the object to grip in order to allow compliance on the deformation [32], see
Figure 21a. The half spherical MSE is modified and two new geometries are presented,
both with a cylinder-like shape but each with different curvatures in their designs. The
most relevant geometric details on the design of the three mentioned MSE prototypes
are shown in Figure 21.

The second studied geometry (Figure 21b) is named as a cylindrical-convex ge-
ometry, since the lateral layer (green dotted curve) corresponds to an elliptical
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geometry, which centre lies outside of the MSE sample. The third geometry (Figure 21c)
is a cylindrical-concave sample and differs from the second on the lateral face. In this
case the centre of the elliptical geometry lies inside the MSE sample. For the fabrication
of the samples, the composition studied in detail in Section 2 (30 vol.% iron and
45 vol.% silicone oil for the polymeric part) is preferable.

The steps (i—iii) from the gripping process presented in Figure 20 are of interest in
the present work in order to compare the shape adaptability of the three MSE end-
effectors. It is not possible to detect how good the shape adaptability of the MSE
samples is, when the objects are still surrounded (see [ii], Figure 20). Nevertheless, the
hyperelastic material model presented on Section 2 can be used to calculate an
approximation of the deformations during the manipulation and compare qualitatively
this simulation with the experimental results.

For the experiments, a sphere of 16 mm diameter and a cylinder of 20 mm diameter
are used as exemplars for handled objects. An 8 mm indentation of both geometries
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Figure 21: Above: cross section and geometric details of the three studied samples. Below: photo of
the manufactured samples. Cross-sections: (a) semi-spherical, (b) cylindrical-convex, (c) cylindrical-
concave.

into the MSE samples is accomplished in the experiments. The experimental setup is
shown in Figure 22. The actuator (a) provides displacement in the vertical axis to the
elements bonded to it. The handled object (b) is fixed to a load cell (c) to measure the
reaction forces during deformation. The MSE geometries (d) are placed on a structure
(e) to allow the deformation. After the deformation, the magnetic field is applied to the
MSE material by moving the magnet (f) closer to the sample. Finally, the shape
adaptation quality is measured in radial direction of the sample using a triangulation
laser sensor (g).

In the tests, the MSE end-effector is firstly deformed by the gripped object, and the
shape is recorded on the MSE material after the application of the magnetic field through
the permanent magnet, see Figure 20. For the simulations, the surrounding geometry of
the MSE end-effector just after the deformation without the application of the magnetic
field is numerically calculated by using the hyperelastic material model. The results are
shown in Figure 23. A reason for the difference between theoretical and experimental
results lies on the simplification of the model, which does not consider the encapsulated
air. For further work, a coupling between a hyperelastic material model and a magne-
tostatic analysis is pending in order to enable a change of the initial shear modulus on
the hyperelastic model depending on the magnitude of magnetic field.

5 Future work and conclusion

Instead of a detailed summary, which usually follows at this point, this concluding
section presents a specific aspect of future work with initial ideas. From the presented
results it is exhibited that the concept for locomotion and manipulation systems
promises a real application in future. Nevertheless, there are still missing features on
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Figure 22: Experimental setup for shape adaptability and its components, a: displacement actuator,
b: handled object, c: load cell, d: MSE sample, e: structure, f: encapsulated permanent magnet,
g: triangulation laser sensor.
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Figure 23: Experiments and simulations for shape adaptability of the three MSE end-effector
prototypes for (a) sphere of 16 mm diameter and (b) cylinder of 20 mm diameter as gripped object.

these systems to achieve a technical implementation. One of the most needed attributes
is a sensor integration on the introduced actuators, so integrated sensor-actuator
systems can be achieved. Thus, this section describes a first concept for a sensory
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Figure 24: Tactile sensor concept (left), example of a planar coil array with seven hexagonal coils
(right).

element which can be attached to the described prototypes. Additionally, a short
summary of the results is given at the end of this chapter.

5.1 Concept of an MSE based tactile sensor

One aim of the future work is to combine sensitive effects and an active control of MSE
by varying the magnetic field. The combination of MSE samples and inductors is
investigated in [40, 41]. The following ideas and first design steps deal as well with an
application incorporating both features.

The sensor concept shown in Figure 24 (left) is capable of sensing tactile information
and controlling elasticity at once. In order to obtain information on a deformation, the
sensor incorporates a circuit board with multiple planar spiral coils. The sensor consists
of an elastic (MSE and pure elastomer) and a rigid (circuit board) part. The elastomer
sample is made by a thin MSE layer and a pure elastomer base layer. The coils are
connected to measurement electronics that is capable of a sequenced measurement of
inductance. Therefore, every single inductance is time shifted part of an L-C-tank circuit
driven by its eigenfrequency. Every deformation induces a change of reluctance near the
spiral coil, thereby affecting the inductance. The measurements are performed with a
high frequency alternating magnetic field (= 2 MHz) at low amplitudes. Thus, an external
induced magnetic field is superposed with the low magnitude field of the coils, con-
trolling the elasticity of the MSE layer. The features of the sensor are a planar mapping
and force measurement of an indentation as well as a tunable elasticity.

The example shown in Figure 24 (right) is used to visualize the principle for a
planar mapping of a shifted indentation of constant force. This setup consists of three
circuit board layers holding seven hexagonal coils in total. The change of inductance
for a planar shifted indentation has a radial dependency to the centre of a spiral coil
[42]. Tt is assumed, that for one coil all values of equal change of inductance can be
fitted with an ellipse. It is necessary to determine the ellipses of one coil per layer that
are close to the indentation.
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Figure 25: Realised array of coils for a linear tactile sensor.

Thus, one point of intersection can be found for every planar shifted indentation
within the region of the coil L; (Figure 24, right). The coordinates of this point corre-
spond to the planar force-applied position. For this sensor concept, it is required that
there is still a positive change of inductance outside of the coil dimensions.

A first realised approach is the linear coil array shown in Figure 25. This circuit
board holds multiple hexagonal coils arranged in a line. Due to its symmetry, the points
of intersection have the same x-coordinate. The experimental setup consists of a three
axis linear drive holding the indenter and a fixed tactile sensor with a layered
composition as shown in Figure 24. For the given parameters listed in Table 1, there is a
positive change of inductances measured outside of the coil dimensions, Figure 26. As
a result, this setup is suitable for a linear positioning of an indentation.

Further information on the deformation can be obtained by measuring the
inductance of a series connection of multiple coils. Next steps focus on using this data
for evaluating the magnitude of the force.

5.2 Compact summary of the results

The use of MSE allows the realisation of actuator systems with a complex and adapt-
able mechanical behaviour, primarily resulting from the magnetically field-controlled
particle-matrix interactions. The implementation of the beneficial properties of MSE in
prototypes for locomotion and manipulation purposes is considered. The



Table 1: Experimental parameters.
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Parameters Values
Indenter shape Ball
Indenter diameter 5mm

Coil diameter d 23 mm

Coil turns 30
Indentation 1mm

MSE thickness 2 mm

Pure elastomer thickness 6 mm
Distance between layers 0.5 mm
Capacitance 120 pF
Grid dimension 2 mm
Measurement range y -26t0 26 mm
Measurement range x -6to 6 mm

1.0016
1.0014

1.0012

1.0015 1001

1.001 1.0008
1.0006
B

1.0005 1.0004

12 1.0002

relative change of inductance

relative change of inductance

Figure 26: Experimental data of relative inductance change of a linear coil array.

investigations are formed by the steps: idea generation, model-based simulation,
material synthesis, material characterization and building of prototypes. For technical
solutions, two properties which are achievable through the systematic integration of
the particles in the matrix and their interactions are important above all: the ability to
create complex deformations by appropriate shaping of the objects due to the design of
the magnetic fields and the realisation of a reversible variable, by magnetic fields
controllable, mechanical compliance. The development of integrated sensor-actuator
systems is defined as a new research subject with great potential.
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