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1. Introduction

Magnetically controllable adhesives currently attract growing
interest, due to the possibility of switching between the adhesive
and nonadhesive states by employing easily realizable magnetic
fields generated by off-the-shelf permanent magnets or
electromagnets.[1] Current approaches include Gecko-inspired

adhesives where a magnetic field is used
to actuate fibrillar structures,[2–4] magneto-
rheological fluids (MRFs),[5,6] magne-
toactive (or magnetorheological) elasto-
mers (MAEs),[7,8] and embedding of
MRFs into MAEs.[1] Adhesive properties
are crucial for soft robotics applications
as far as gripping and retention are
concerned. Furthermore, they are para-
mount for climbing locomotion, based on
dry adhesion mechanism.[9] It is also well
known that adhesion and friction phenom-
ena are often coupled.[10,11] Hitherto, there
is no complete understanding of the
adhesion mechanisms of solid magnetic
materials and their performance need to
be optimized.[1] In the past, artificial, switch-
able adhesive micro- and nanostructures
have been fabricated, inspired by stimuli-
responsive adhesive systems in nature. The
stimulus, which enables the switching of sur-
faces from an adhesive to a nonadhesive state
or vice versa can also have mechanical[12–14]

or thermal[15–17] nature. Bio-inspired light-controlled, reversible
adhesive systems have been developed recently as well.[18,19]

MAEs are hybrid materials,[20] where micrometer-sized ferro-
magnetic particles (inorganic constituent) are embedded into a
compliant elastomer matrix (organic constituent).[21–29] We
believe that MAEs are novel promising materials for applications
in soft robotics, which are presumably capable of adhesion and
friction control, because large changes in the work of adhesion
(WoA) can be potentially achieved in moderate magnetic fields. It
is obvious that adhesion depends on many structural and physi-
cal parameters of surface, in particular, surface roughness (SR)
and that adhesion and friction properties are closely related and
therefore should be studied simultaneously. MAEs become a very
popular field of research in recent years because of exceptionally
large changes of different physical properties (e.g., magnetorheo-
logical [MR] effect, magnetoresistive and magnetodielectric
effects, magnetodeformation, etc.), which are of interest for a
number of applications (e.g., vibration isolators and dampers,
linear and rotary actuators for soft robotics, etc.).

Hitherto, the majority of works onMAEs concentrated on bulk
properties of these materials. However, it has been recently
understood that MAEs are promising materials for realization
of stimuli-responsive (“smart”[30]) surfaces, where the surface
properties can be controlled by an external magnetic
field. Specifically, it has been shown that the wettability,[31–36]
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Herein, the effect of an applied moderate (�240 mT) magnetic field on the work
of adhesion (WoA) of mechanically soft (the shear modulus �10 kPa) magne-
toactive elastomer (MAE) samples with two different mass fractions (70 and
80 wt%) of carbonyl iron powder (CIP) is concerned. The unfilled elastomer
sample is used for comparison. Due to some sedimentation of filling particles,
the concentration of inclusions in thin (�10 μm) subsurface layers is different. It
is shown that the WoA increases (up to 1.8-fold) on the particle-enriched side
(PES) in the magnetic field and its value is higher for higher filler concentration.
On the particle-depleted side (PDS), WoA does not depend on particle
concentration and on the magnetic field. Adhesion and friction are coupled in
MAEs. No statistically significant difference in the friction coefficient, determined
from the extended Amontons´ law, depending on sample side, CIP concentration,
or presence of magnetic field is found. However, the PDS in the magnetic field
demonstrates significantly higher critical shear stress compared to that for the
PES or PDS in the absence of magnetic field. Correlations between different
surface properties are discussed. Obtained results are useful for the development
of magnetically controllable soft robots.
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the SR,[37–42] as well as drop splashing[43] depend on the applied
magnetic field. The main physical reason for that is believed to be
the magnetic-field-induced restructuring of the filler (changes in
the mutual arrangement of magnetized inclusions) due to
magnetic forces between the particles. It can be expected that this
restructuring will be noticeable on the free surface of soft MAE
materials and that the corresponding modifications of surface
properties should be quite significant. In MAEs cured in the
absence of magnetic field, the spatial distribution of ferromag-
netic microparticles is isotropic in the absence of magnetic field,
while in the presence of the field, the particles are rearranged
into chain-type aggregates preferentially oriented along the mag-
netic flux lines.[34] If the field is oriented perpendicular to the
surface, this effect is expected to lead to the formation of conical
surface structures (designated as “mountains” by Maman and
Ponsinet[44]) with the top of a “mountain” coinciding with the
end of a particular chain-like aggregate. Such conical structures
are well known fromMR fluids. However, the elastomer network
of MAEs imposes various configurational constraints that may
result in a more complex topographical restructuring. Given that
surface topography and subsurface (bulk) mechanical properties
of soft MAEs change in an applied magnetic field, it is obvious
that both adhesion and friction properties of MAEs should be
field dependent as well.

Experimental studies of adhesion properties of flat samples
from MAEs[7,8] and their combinations with other materi-
als[1,45,46] have been reported in the literature. The adhesive force
was typically determined by the lap shear testing. Also an
alternative idea has been explored, where magnetic field has been
used to control filamentary microstructures on the surface of an
MAE material.[3,4,32,47] Applications of structured MAE surfaces
as suction[47] and adhesion grippers[48] have been also reported.
The Young’s modulus of a composite material reported in ref.[4]
was about 400 kPa, and the elastic moduli of materials reported
in refs. [3,45,47] were in the MPa range. The polymer matrices
reported in refs. [7,8,32] were based on the commercially avail-
able Sylgard 184 silicone, for which it is known that the Young’s
modulus is between 1.3 and 3.0MPa, depending on curing
temperature.[49] The works by Li et al. and Kim et al.[46,48] did
not provide details on the elastic properties of used MAEs but
reported usage of commercial elastomer compositions, where
the Young’s modulus is usually in the MPa range, as polymer
matrixes. It can be concluded that the majority of previous works
relied on relatively stiff polymer matrices resulting in stiff MAE
compositions in comparison to MAEs used in our experiments,
where the shear modulus in the absence of magnetic field is in
the order of 10 kPa. Assuming that MAEs are incompressible
neo–Hookean solids,[50] the corresponding Young’s modulus
of them is threefold higher.

Although it is obvious that the magnetic-field-dependent adhe-
sive properties and corresponding bulk (e.g., shear modulus) and
surface (e.g., SR) properties of MAEs should be interrelated, the
relationships between them seem to be a hitherto neglected
aspect of research. The purpose of this paper is to fill this gap
in our knowledge. We report here on the measurements of
the SR, the WoA, and the surface elastic modulus of four random
heterogeneous soft MAE samples. Furthermore, the relation-
ships between the measured material parameters are discussed.
Because the magnetically induced adhesion of the fabricated

samples is large, it has to be expected that its contribution to
the kinetic friction is significant.[51] To the best of our knowledge,
the importance of the contribution of adhesion to the friction
properties for this type of material is shown here for the first
time. The technological originality of our work and the key to
obtaining large response to a magnetic field is in the usage of
soft MAEs with the shear storage modulus of the order
10 kPa and the filling factor by particles of the order of
70–80 wt%.

2. Results

The fabrication of MAE samples involves pouring of them into a
Petri dish. Therefore, each sample has two circular surfaces. The
upper surface is polymerized in contact with the air, while the
bottom one is polymerized in contact with the smooth surface
of a Petri dish. The differences between these surfaces can be
easily seen in the ambient light: the upper surface is shiny while
the bottom one is rather matt. It has been recently noticed that
there is a thin (�20 μm) depletion layer under the top surface of
MAEs with a reduced concentration of magnetic particles.[37] We
will denote the upper side of the MAEs particle-depleted side
(PDS). The bottom surface is denoted as particle-enriched
side (PES).

For unfilled (pure elastomer) control samples, notations PDS
and PES are senseless. However, we will keep them for sake
of convenience and comparability. Then, the PDS refers to the
upper side of the sample during fabrication, whereas the PES
refers to its bottom side.

Figure 1 presents the results of measurements of the SR using
a white light interferometer. As expected, the root-mean-square
(rms) roughness increases in an applied magnetic field on both
sides. It is observed that the surface perturbation is larger for the
PES. The responsivity of the magnetic-field-induced SR to
an applied magnetic field is �6 μmT�1 for the PDS and
�17 μmT�1 for the PES. These results qualitatively agree with
previously reported measurements,[34] where only information
about the PDS of an MAE sample is available. The distinction
between both PDS and PES is reported for the first time. As
expected, the presence of a magnetic field has no effect on
the measurements of unfilled samples.

The increase in the roughness due the presence of a magnetic
field is stronger on the PES than on the PDS. One could conclude
that MAE roughness in the presence of magnetic field is deter-
mined by the concentration of CIP in the vicinity of the surface.

Figure 2 presents the results of measurements of the effective
elastic modulus for both sides of unfilled and filled elastomer
samples. Without the magnetic field, there is no difference in
elastic modulus between both PDS and PES of MAEs.
However, in the presence of the magnetic field, the PDS shows
higher elastic modulus compared to the PES. Interestingly, that
in the polymer sample without CIP, the PDS is softer than the
PES. In the presence of the magnetic field, MAEs demonstrate
higher elasticity modulus, which is higher at higher CIP concen-
tration. The highest stiffening of the surface in the presence of
the magnetic field is observed in samples with 80% of CIP. This
result is in agreement with the measurements of the bulk shear
modulus and can be attributed to the restructuring of filler
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particles in the external magnetic field. The measured MR effect
in MAE samples with 80 wt% of CIP is also larger than in sam-
ples with 70 wt% of CIP (Figure S2, Supporting Information).
The MR effect, which is the relative ratio of the change in the
shear storage modulus in the maximum magnetic field,
MRE ¼ ðG0 ðB ¼ BmaxÞ �G

0 ðB ¼ 0ÞÞ=G0 ðB ¼ 0Þ, was estimated
to be about 14.3 for the samples with 80wt% of CIP and roughly
8.0 with the samples with 70 wt% of CIP. In the earlier expression
forMRE, B denotes themagnetic flux density and Bmax ¼ 240mT.

The elastic modulus of both PDS and PES in the absence of
magnetic field agrees with the order of magnitude of the effective
shear modulus of all samples. The relation E ¼ 3G, valid for
incompressible neo–Hookean solids,[50] must not be fulfilled
because in our case the effective shear modulus refers to the
low-frequency measurements in the bulk material while the
effective elastic modulus refers to the static measurements of
the surface region. It is also observed that the magnetic field
affects the bulk shear modulus more strongly than the effective

Figure 1. Roughness measurements on both sides of magnetoactive elastomer (MAE) samples. The subfigures (a) and (c) refer to the particle-depleted side
(PDS) while the subfigures (b) and (d) refer to the particle-enriched side (PES). a,b) A typical surface profile in the absence of a magnetic field. c,d) A typical
surface profile in the applied magnetic field. Size of the imaged area is 1.4mm� 1.05mm. The micrographs in the insets clearly demonstrate the differences
between the PDS and PES. e) Roughness (root mean square, rms) on PDS and PES of MAE samples in the presence of magnetic field (indicated by “þ”) at
different carbonyl iron powder (CIP) concentrations. The blue color refers to measurements in the absence of magnetic field (indicated by “�”), the orange
color refers to measurements in the maximum field. Black rhombus is the mean value, the white horizontal line is the median, edges of the box are 25th and
75th percentiles, whiskers are the extreme data values except outliers, which are marked with red asterisks. Different letters (A–D) in the upper row indicate
statistically different groups of measurements. If the measurement results are denoted by the same letter, they are not significantly different. The first group A
also includes the measurements on pure polydimethylsiloxane (PDMS) (without CIP) in the presence of magnetic field.
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E-modulus, probably because the magnetic particles in the
sample’s interior interact with more magnetic particles in the
surrounding, while a magnetic particle in the vicinity of the
sample’s surface effectively interacts only with particles in one
half space.

Figure 3 depicts the WoA for both sides of unfilled and filled
elastomer samples. The WoA on the PDS depends neither on
CIP concentration nor on the presence of magnetic field.
Therefore, the properties of a thin undersurface layer
(<150 μm, inset in Figure 1a) should determine the magnitude
of the WoA. The WoA of MAE on the PES increases in the
presence of a magnetic field and it is higher for the higher
CIP concentration. This enhancement of the WoA on the PES
correlates with the lower field-induced elastic modulus of the
PES than that of the PDS (Figure 2) and with the magnetically
enhanced roughness of the PES in comparison to that of the PES
(Figure 1). These effects may contribute to an increase in the
WoA through the contact splitting mechanism.[52]

To interpret the experimental data in friction experiments, we
refer to the so-called extended Amontons’ law.[10]

Ff r ¼ μFl þ τ0Areal (1)

where μ is the coefficient of sliding friction, Ffr is the tangential
(friction) force, Fl is the normal (loading) force, Areal is the real
(true) contact area, and τ0 is the critical shear stress. Equation (1)
describes the friction force between dry surfaces that slide
smoothly over each other in the presence of adhesion.[10,53]

Therefore, our model includes both adhesion-controlled and
pressure-controlled friction phenomena. The details how the

Equation (1) was fitted to the experimental data are given in
Experimental Section.

In our experiments, we did not reveal any statistically signifi-
cant difference in the friction coefficient (median value μ� 0.5)
depending on sample side, CIP concentration, or presence of the
magnetic field, according to three-way analysis of variance
(ANOVA). However, the PDS in the presence of magnetic field
demonstrates significantly higher critical shear stress compared
to that for PES or PDS without magnetic field (Figure 4). The
friction force on the PDS in magnetic field has weaker depen-
dence on loading. This means that the contact in magnetic field
became more adhesive.

3. Discussion

Our measurements of the effective elastic modulus E, the WoA
Δγ, the critical shear stress τ0, and the friction coefficient μ
involve a sapphire ball, being in contact with a horizontal
MAE surface, and moving either vertically (measurements of
E and Δγ) or horizontally (measurements of τ0 and μ). The mea-
surement procedure and the data processing are described in
detail in Experimental Section later. The sapphire ball with a
diameter of 3mm is nonmagnetic and rigid (elastic modulus
�345 GPa).[54] Its surface is very smooth (Ra� 0.006 μm).[55]

An MAE surface is rather smooth (rms roughness< 6 μm,
cf. Figure 1), soft, and adhesive. To describe the force-
displacement relationship for the contact between a rigid sphere
with a diameter of 3 mm and a plane surface of a soft
adhesive MAE material (tacky polymer), we used the well-known
Johnson–Kendall–Roberts (JKR) model.[56] Although this model

Figure 2. Influence of the magnetic field on the effective elastic modulus
(E) of MAE samples with different CIP concentration measured on PDS
and PES. Blue color refers to measurements in the absence of magnetic
field (indicated by “-” in the table), orange color refers to measurements in
the presence of the magnetic field (indicated by “þ” in the table), green
color refers to measurements performed both with and without magnetic
field. White horizontal line is the median, black rhombus is the mean
value, edges of the box are 25th and 75th percentiles, whiskers are the
extreme data values except outliers, which are marked by red asterisks.
Different letters (A–F) in the upper row indicate statistically different
groups of measurements. If the measurement results are denoted by
the same letter, they are not significantly different.

Figure 3. Effects of the magnetic field and CIP concentration on the WoA
(Δγ) of MAE samples. Blue color refers to measurements in the absence of
magnetic field (indicated by “–” in the table), orange color refers to meas-
urements in the presence of the magnetic field (indicated by “þ” in the
table), green color refers to measurements performed both with and with-
out magnetic field. White horizontal line is the median, black rhombus is
the mean value, edges of the box are 25th and 75th percentiles, whiskers
are the extreme data values except outliers, which are marked by red aster-
isks. Different letters (A–D) in the upper row indicate statistically different
groups of measurements. If the measurement results are denoted by the
same letter, they are not significantly different.
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describes an idealized contact, it has been successfully applied
in the past to fit experimental data and extract such material
parameters as elastic modulus and surface energy.[10,57]

Although the MAE materials in this study were very soft
(shear modulus was in the order of 10 kPa), we did not observe
any signs of material failure. The polymer network was strong
enough to resist the mechanical friction or the magnetically
induced surface deformation. The reason is that the maximal
shear stress was sufficiently low, not more than 13 kPa.

It is well known that, in elastomers, the elastic modulus and
the WoA counteract as reported by Fuller and Tabor.[58] Such an
effect was observed in our measurements as well: the elastic
modulus of the PDS for both 70 wt% and 80 wt% CIP concen-
trations is higher than that of the PES in magnetic field, and
the WoA of the PDS is lower than that of the PES. The larger
change of the elastic modulus on the PDS can be explained
by the protrusion of filling particles toward the MAE surface thus
increasing the effective elastic modulus of the subsurface layer.

Surprisingly, both the elastic modulus and the WoA in the
PES 70 wt% and the PES 80 wt% increase in the applied mag-
netic field. In this case, the increase in the WoA can be attributed
to the significant increase in the surface roughness. It is known
that microstructured surfaces may enhance adhesion.[59]

The increased (4.7-fold) critical shear stress on the PDS of all
MAE samples in the presence of magnetic field correlates
(compared to other combinations of side and presence of mag-
netic field) with the approximately fourfold increase in the elas-
ticity modulus on the PDS in the presence of magnetic field
(calculated for samples with 80 wt% of CIP). Also, in the mag-
netically activated state, the PDS demonstrated higher elastic

modulus compared to the PES, it was 1.7 times higher for
80 wt% of CIP and 2.1 times higher for 70 wt% of CIP.
Therefore, we can conclude, that the critical shear stress is
observed because of the presence of adhesion, but it is indepen-
dent of the exact WoA value. Instead, the critical stress is directly
related to the elasticity modulus on the PDS in our experimental
conditions.

Note that the observed magnetic-field-induced relative
changes of the elastic indentation modulus E are severalfold
lower than the relative changes of the (bulk) shear storage
modulus. This means that the surface properties, in particular
mechanical, are not trivially related to the bulk properties.
However, the softness of the matrix is important for having
significant particle rearrangements in an applied magnetic field
causing the variations of surface properties.

4. Conclusion

Unexpectedly, our results demonstrate that the friction
coefficient of investigated mechanically soft MAE does not
depend on the applied magnetic field, if one correctly takes
into account the effect of adhesion. The result shows that the
contribution of adhesion is important in consideration of
friction coefficient.

The adhesion significantly increases in the magnetic field
(approximately, 1.8-fold) on the PES of MAEs, that is attributed
to the significant increase in the surface roughness of the PES. In
the magnetic field, the surface roughness increases less on the
PDS than on the PES and the magnetically induced indentation
modulus E is higher on the PDS than on the PES. Both effects
seem to inhibit the change in the WoA on the PDS. To exploit
such an increase in the WoA, MAE surfaces, similar to PES,
should be tested in the future. From our previous preliminary
work, we know that also upper MAE surface can be enriched with
iron particles, if anisotropic MAE samples are synthesized. In
anisotropic MAEs, the cross-linking is performed in a DC
magnetic field (typically about 80mT), perpendicular to the
MAE surface. The particles arrange themselves into chain-like
aggregates during cross-linking, and the ends of these aggregates
come to the MAE exterior creating a rough surface. At the same
time, the MR effect may be increased in anisotropic MAEs.[29]

Further research is required to investigate the friction properties
of MAEs, in particular, how they can be affected by magnetic
field. This paper demonstrates that the contribution of adhesion
is important in consideration of friction coefficient. Investigation
of adhesion and friction properties of anisotropic MAEs is an
important problem, which should be addressed in the future
work and might be potentially exploited in soft robotics.

5. Experimental Section

MAE Fabrication and Characterization: MAE samples were fabricated
according to the already known protocol[60,61] in several steps. First, a basic
compound was made, consisting of polymer VS 100 000 (vinyl-functional
polydimethylsiloxane), polymer MV 2000 (monovinyl functional polydime-
thylsiloxane), modifier 715 (SiH-terminated polydimethylsiloxane), all
from Evonik Hanse GmbH (Geesthacht, Germany), carefully mixed with
the silicone oil AK 10 (linear, nonreactive polydimethylsiloxane, Wacker
Chemie AG, Burghausen, Germany). The next step was to make MAE

Figure 4. Effect of the magnetic field on the critical shear stress on PDS
and PES sides of MAE samples. Blue color refers to measurements in the
absence of a magnetic field (indicated by “–” in the table), orange color
refers to measurements in the presence of a magnetic field (indicated by
“þ” in the table), green color refers to measurements performed both with
and without a magnetic field. White horizontal line is the median, black
rhombus is the mean value, edges of the box are 25th and 75th percentiles,
whiskers are the extreme data values except outliers, which are marked by
red asterisks. The letters (A–B) in the upper row indicate statistically
different groups of measurements. If the measurement results are
denoted by the same letter, they are not significantly different.
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elastomers from the same basic compound, that is, with the same
elastomer matrix. The only difference between the samples was the differ-
ent concentration of soft-magnetic carbonyl iron powder (CIP) (type SQ,
mean particle size of 3.9–5.0 μm, BASF SE Carbonyl Iron Powder & Metal
Systems, Ludwigshafen, Germany).

The initial compound was mixed with CIP 70wt% (�22 vol%) and 80wt%
(�33 vol%). A small volume of cross-linker CL 210 (dimethyl siloxane–
methyl hydrogen siloxane copolymer comprising SiH groups) was
then added, providing a soft elastomeric matrix (shear storage
modulus G

0 � 2.8 kPa). In this case, the ratio r of the molar concentrations
of vinyl and hydride groups in the initial compound with the addition of a
cross-linker corresponded to r � 0.61.[62] After careful mixing,
Pt-catalyst 510 (0.33 wt% for the elastomer) was added to start the
hydrosilylation reaction, the activity of which was controlled by the addition
of divinyltetramethyldisiloxane inhibitor also supplied by Evonik Hanse
GmbH (0.17 wt% for the elastomer).

The finished MAE mixture was thoroughly blended using a vacuum
mixer to remove all air bubbles, and then poured into Petri dishes
(diameter of 33 mm, Greiner Bio-One GmbH, Germany) to achieve a layer

thickness of about 1mm. The filled Petri dish was placed in a vacuum
desiccator for �5min. Finally, MAE samples were cured in a universal
oven (Memmert UF30, Memmert GmbH, Schwabach, Germany) with
air circulation, first at 80 °C for 1 h and then at 60 °C for 24 h.

The MR characterization was performed using a commercially available
rheometer (Anton Paar, model Physica Modular Compact Rheometer
(MCR) 301), with a measuring “plate–plate” unit and a magnetic cell
Magneto-Rheological Device (MRD) 170/1 T. Two fully cured samples
in the form of a disk with a diameter of 20 mm, corresponding to two
concentrations of iron particles, were cut out of the molds. The MR meas-
urements were performed on these two specimens. Two other samples
had a diameter of �30mm, determined by the size of the Petri dish.
The circular oscillation frequency ω was kept constant at 10 s�1. A normal
force of �1 N was applied to avoid slippage. The measurements were
made at constant strain amplitude γ¼ 0.01%, which corresponded to
the linear viscoelastic regime. The results are shown in Figure S1,
Supporting Information. The shear modulus of the matrix and the MAE
samples are summarized in Table 1.

Characterization of an Applied Magnetic Field: Two cylindrical
neodymium iron boron magnets (grade N42, dimensions Ø25� 5mm)
were stacked together, with a protective silicone spacer between
them. The magnetic field was measured in air along the symmetry axis
of the stack using a gaussmeter with a Hall sensor. The distance between
the top surface of the magnet stack and the bottom surface of an MAE
sample was 2.7 mm. At this position, the magnetic flux density was
�255mT. At a distance of 3.7mm (where the top surface of a sample
would be positioned), the magnetic flux density was �231mT. For esti-
mations of the MR effect, the average magnetic flux density Bmax of

Table 1. Shear storage modulus in the absence of a magnetic field.

Sample PDMS
matrix

MAE 70 wt%
of CIP

MAE 80 wt%
of CIP

Shear storage modulus�
standard deviation, Pa

2811� 7 10 013� 52 16 051� 189

Figure 5. Measurements of a) the friction force and b) the pull-off force. c) Typical time dependences of the friction force (red curve) and the horizontal
displacement (blue curve) of the sapphire ball (SA). Rectangular boxes surrounded by dashed lines indicate stick-and-slip episodes in the behavior of the
sample. d) Typical dependences of the measured force on the vertical displacement of the SA. The blue curve corresponds to the downward movement of
the SA, the red curve corresponds to the upward movement of the SA. Abbreviations: IN¼ instrument, MA¼ permanent magnet, ME¼magnetic elas-
tomer, MO¼movement direction, PD¼ Petri dish, SP¼ double leaf spring, WX¼wax.
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240mT was taken. If a point is positioned at the symmetry axis
of the magnet, the magnetic field is directed perpendicular to it and,
therefore, perpendicular to the MAE surface. All measurements were
performed in the vicinity of the symmetry axis of the magnet, where
the magnetic field can be considered homogeneous. The calibration curve
for the magnetic field on the axis of magnets is given in Figure S2,
Supporting Information.

Roughness Measurements: The rms roughness of MAE samples
(Figure 2) was determined using the white light interferometer
NewView 6000 (Zygo Middlefield, CT, USA) with 5� objective lens
(N.A. 0.4, observation area size 1.4 mm� 1.05mm), according to the
protocol described by Salerno et al.[63] Five measurements on five different
locations were performed for each sample side.

Estimation of the E-Modulus and the Work of Adhesion Using JKR
Micro-Indentation: Adhesion and friction measurements (Figure 5) were
performed with microforce tester Basalt-1 (TETRA GmbH, Ilmenau,
Germany)[64] under laboratory-ambient conditions (temperature of
22–24 °C and relative humidity of 28–32%). MAE samples were indented
by a sapphire ball (3 mm diameter) attached through a piece of the thick
glass capillary to the end of a planar cantilever spring (spring constant of
320 Nm�1, Figure 5b). The approach and retraction speeds were
15.5 μm s�1. The recorded force–displacement curves were used to
calculate the elastic modulus (E) and the WoA (Δγ) at the tested location.
For this purpose, an unloading part of the force–displacement curve Fn(δ)
was fitted using an original MATLAB (Mathworks, Natick, MA, USA)
program according to the JKR model

δ ¼ 3πΔγ
4E

ffiffiffi

R
6

r

 !

2=3

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� Fn
Fp

s

� 1

 !

1
2
þ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� Fn
Fp

s !

1=3

(2)

where δ is the vertical displacement of the ball with respect to the initial
position of the MAE surface, Fn is the normal force, Fp ¼ �1.5πRΔγ, R is
the radius of the contacting ball.[56,65] Δγ¼ γ1þγ2�γ12, where γ1 and γ2 are
the adhesive energies of the two surfaces and γ12 is the interaction term.
Each of sample sides was tested at five different locations.

Since there might be ferromagnetic parts present in the commercial
measurement devices used, we also performed all the measurements
on unfilled (pure elastomer) control samples in the absence of magnetic
field and in the maximum field. By doing so, we were able to estimate the
influence of the magnetic field on the accuracy of measurements and to
evaluate the significance of observed changes in MAE samples under
maximum magnetic field.

Friction Measurements: Friction measurements were performed using
the Basalt I device as well. For this purpose, the sapphire sphere was pre-
loaded normal to the sample surface with 1�50mN and moved parallel to
the surface back and forth (the spring motion speed and distance were
77.9 μms�1 and 1mm correspondingly, Figure 5a). Five cycles of back-
ward and forward movements were performed on five different locations
for each sample side. The effective friction (F�fr) and loading (F�l ) forces
were determined at five different loadings along second to fourth motion
cycles (back and forth motion) in friction experiments according to the
following expressions.

F�fr ¼
1
L

I

L

Ffrds, F�l ¼
1
L

I

L

Fljdsj (3)

where L is the total movement length of the sphere. The values of effective
forces were used for estimation of the effective friction coefficient μ and
the critical shear stress τ0. The effective friction force had contributions
both from interface interactions and internal energy dissipation.

The following model was used to analyze the friction experiments.

F�fr ¼ μF�l þ τ0Areal (4)

Areal ¼ π
9πR2Δγ

4E
1þ F�l

3πRΔγ
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2F�l
3πRΔγ

s

 !" #2=3

(5)

where Areal is the real contact area, estimated according to the JKR theory,
R is the radius of contacting sphere, and E and Δγ are the elastic
modulus and the WoA of the MAE samples, respectively.[10]

Equation (4) is often referred to as extended Amontons’ law.[10] The term,
linearly dependent on the loading force F�l in Equation (4), corresponds to
the classical Coulomb–Amontons friction between rough surfaces. The
other term in the expression (4) for the friction force has a weaker depen-
dence on the loading force (cf. Equation (5)) and corresponds to the
contribution of adhesive contact. Parameters E and Δγ in Equation (4)
were obtained from the micro-indentation experiments. The frictional
stress τ0 and the friction coefficient μ were obtained from fitting of
(3–5) to experimental data measured at different locations, using an
original MATLAB program.

Statistical Analysis: For statistical analysis, ANOVA on ranks
(Kruskal–Wallis test) was performed using SigmaPlot for Windows version
12.5 (Systat Software, Inc., San Jose, CA, USA). Wilcoxon rank sum test
with Bonferroni correction was performed for post hoc analysis using
MATLAB software (Mathworks, Natick, MA, USA). If it obeyed the logic,
the groups, which distributions did not statistically differ from each other,
were joined together.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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