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ABSTRACT: Surface topographical modifications of a soft magnetoactive elastomer (MAE) in response to variable applied magnetic
field are investigated. The analysis is performed in situ and is based on optical microscopy, spread optical reflection and optical profil-
ometry measurements. Optical profilometry analysis shows that the responsivity of magnetic field-induced surface roughness with
respect to external magnetic field is in the range of 1 um/T. A significant hysteresis of surface modifications takes place for increasing
and decreasing fields. Investigations of shape of sessile water droplets deposited on the MAE surface reveal that field-induced topo-
graphical modifications affect the contact angle of water at the surface. This effect is reversible and the responsivity to magnetic field
is in the range of 20°/T. Despite the increased surface roughness, the apparent contact angle decreases with increasing field, which is
attributed to the field-induced protrusion of hydrophilic microparticles from the surface layer. © 2018 Wiley Periodicals, Inc. J. Appl.
Polym. Sci. 2018, 136, 46221.
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INTRODUCTION

Stimuli responsive surfaces are receiving increasing attention in
different areas of modern technology.'™ Touch-based interface
systems and haptic devices are well-known examples from daily
life and mechatronics, respectively. Magnetoactive elastomers
(MAESs) are emerging materials for such kind of applications.”™
These composite materials are dispersions of micrometer-sized
ferromagnetic particles embedded in a soft
matrix.>”'® They are distinguished by large modulation of their
physical properties (elastic moduli, magneto-mechanical effects,
electric properties, and so on) in response to external magnetic
fields. For instance, recently developed silicone-based MAEs
with highly compliant elastomer matrices displayed magnetic
field-induced changes of dynamic elastic moduli in the range of
three to four orders of magnitude.'®'” In the absence of mag-
netic field, soft MAEs exhibit Young’s moduli similar to those
of biological tissues (in the order of 10-100 kPa), which conse-

elastomer

quently makes them promising for applications as magnetically
tunable platforms for mediation of biological cell cultures.'®
Relatively weak magnetic fields (B<50 mT) used in these
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applications are proven to have no direct effect on biological
cells,” so the entire mechanism is attributed to modifications
of the properties of the supporting medium. In particular, mag-
netic field-induced stiffening is believed to play a crucial
role."®?° However, because cell cultures are deposited on the
surface of the cell substrate, it is obvious that they are affected
not only by its mechanical properties, but also by its surface
properties (i.e., wettability or chemical properties) and surface
topography.?"** Magnetic field can also be used for manipula-
tion and control of surface physicochemical properties of vari-
ous micro-objects.”>* In the context of biomedical
applications, it is therefore important to investigate how surface
properties of soft MAEs vary as a function of magnetic field.

In contrast to the bulk properties of MAEs, which were investi-
gated in a large number of different studies,™™'> their surface
properties are at present still rather unexplored. Twenty years
ago, Raphael and de Gennes theoretically proposed to control
the wettability of rubber films by loading them with hard ferro-
magnetic particles.”” The related experimental investigations
were performed with rigid polymers,”>*” therefore restructuring
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of the ferromagnetic filler, which is enabled by the soft MAEs,
was not possible. It is expected that this restructuring should be
noticeable on the free surface of such MAE materials and that
the corresponding changes of surface properties should be quite
significant.

Most of investigations of MAEs dealing with surface studies
were focused on tribological properties. The related analyses of
surface topography with scanning electron microscopy (SEM)
and atomic force microscopy revealed that surface structure was
rather uneven and resembled the presence of spherical micro-
particles within and underneath the surface layer.”®* Recently
Lee et al. reported a SEM study of a set of MAE films and
showed that surface roughness of samples cured in magnetic
field increased with increasing field.”>** A conventional polydi-
methylsiloxane (PDMS)-based MAE was used, which at B ~ 0
exhibits Young’s modulus similar to rigid PDMS (~0.5 MPa).
They also demonstrated that magnetic field induces modifica-
tions of wetting and adhesion properties of water droplets
deposited on uncured films. Different groups demonstrated
magnetic control of surface wettability based on manipulation
of micropillar surface structures.”>™’ Very recently Psarra
et al®® experimentally exploited the stability and post-
bifurcation of a nonlinear system of magnetoelastic film and a
substrate block to obtain active control of surface roughness by
combining mechanical pre-compression with magnetic-field
loading.

In this work, we report experimental study of surface properties
of soft MAEs with Young’s modulus <100 kPa (at B ~ 0).3940
Magnetic field plays a role of the stimulus that generates surface
modifications. The main novelty of our work is to induce such
modifications in the composite with a soft instead of the usual
rigid polymer matrix. Optical microscopy, spread optical reflec-
tion measurements and optical profilometry were used to inves-
tigate variations of surface topography as a function of applied
magnetic field. The advantage of optical techniques is, that they
can be applied in situ during modification of magnetic field,
because the presence of magnetic field does not disturb the
measurement system. The same samples were also used to inves-
tigate in situ magnetic field-induced modifications of the con-
tact angle of sessile water droplets deposited on their surface.

EXPERIMENTAL

Preparation of Soft Magnetoactive Elastomers

Fabrication of PDMS-based elastomer material filled with 70 wt
% (corresponding to approximately 22 vol %) of carbonyl iron
powder (CIP, type SQ, BASF SE Carbonyl Iron Powder & Metal
Systems, Ludwigshafen, Germany) took place as reported else-
where.”**® The initial compound comprised the base polymer
VS 100000, the chain extender Modifier 715, the reactive diluent
polymer MV 2000, all provided by Evonik Hanse GmbH,
Geesthacht, Germany. It was diluted by the silicone oil WACKER
AK 10 (Wacker Chemie AG, Burghausen, Germany). The poly-
mer VS 100000, the polymer MV 2000, the modifier 715 and the
silicone oil AK 10 were put together and blended with an electric
mixer (Roti-Speed-stirrer, Carl Roth GmbH, Germany) to form
an initial compound. The mixture consisted of VS 100000 (12 g)
combined with 2.5 g of MV 2000, 0.05 g of Modifier 715 and

JUNVANCED 46221 (2 of 8)

advancedsciencenews.com

WILEYONLINELIBRARY.COM/APP

Applied Polymer

SCIENCE

33 g of AK 10. In the next step, the initial compound (12 g) was
mixed with CIP (70% by mass) and crosslinker 210 (0.036 g).
The crosslinking reaction was activated by the Pt-Catalyst 510
(0.024 g). For the activity control of the Pt-catalyst, the inhibitor
DVS was employed. The necessary amount of the inhibitor for
this MAE composition was 0.012 g.

The incorporated particles had mean diameter of 4.5 um and
did not possess any surface coating. No surface treatment was
performed before their addition to the initial compound. As
described in Ref. 40, the curing process took place in the
absence of the external magnetic field, therefore microparticles
were uniformly distributed in the polymer matrix (isotropic
composite material).”'®*" The fully cured composite sample
was cut-out from the film in the form of disk-shaped plates
with diameter of 20 mm and thickness of 2.3 mm. The shear
storage modulus of these MAE samples in zero field and in
magnetic field of 0.23 T was measured to be 7.5+ 0.4 and
419 + 43 kPa, respectively.”® Rheological measurements were
performed using a commercially available rheometer (Anton
Paar, model Physica MCR 301) with the magnetic cell MRD
170/1T. The angular oscillation frequency ® was maintained
constant at 10 rad/s. To avoid slippage, the normal force of
approximately 1 N was applied. The moduli were measured at
constant strain amplitude y = 0.01%, which corresponds to the
linear viscoelastic regime. For the sample under investigation,
ten measurements of the moduli were performed (measurement
time was 20 s per point). The above values of the shear storage
modulus are averaged values.

Optical Microscopy, Spread Optical Reflectance, Optical
Profilometry, and Contact Angle Measurements

External magnetic field was applied to the sample by placing a
NdFeB-type permanent magnet underneath the nonmagnetic
sample holder. The dimensions of the magnet were 20 X 20 X
5 mm’. The magnet was mounted on a vertical translation stage
and the magnitude of magnetic field in the sample region was
varied by changing the distance between the magnet and the
sample. The orientation of applied magnetic field in the investi-
gated central region of the sample was perpendicular to the
sample surface. Before the experiments, the setup was calibrated
by measurement of the field strength at the sample position as
a function of translation distance with a Hall sensor. The field
was varying in the range from B=0.05 T to B=0.23 T.

Optical polarization microscopy imaging was performed in
reflected illumination configuration using a long working dis-
tance objective with 5X magnification (Nikon Optiphot2-pol,
Nikon, Japan). Spread reflectance measurements were per-
formed with a He-Ne laser beam with the wavelength of
633 nm and output power of 5 mW. The beam was impinging
on the sample at the incident angle of 45°. The diameter of the
beam on the sample surface was 1 mm. The reflected light was
monitored on the opaque screen placed 12.5 ¢m behind the
sample and imaged by the monochrome camera (IDS UI-
3370CP-M-GL, IDS, Germany). The intensity profile of the
reflection spot was fitted to the Gaussian function and the
obtained FWHM parameter of the fitting curve was used to
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Figure 1. Schematic drawing of magnetic field-induced modifications of surface morphology of MAEs. Red arrow indicates field direction. [Color figure

can be viewed at wileyonlinelibrary.com]

calculate the effective spreading angle 6 of reflected light with
respect to specular reflection direction.

Optical profilometry measurements were performed with a
Zygo NewView 7100 3D profiler (Zygo corporation, Middle-
field) using a Mirau interferometric objective with 10X magni-
fication. Surface area with size of about 1 X 1 mm’ was
analyzed. The profilometer is based on scanning white light
interferometry, where the distance between the sample and the
interferometric objective is automatically varied, while the cor-
responding micrographs showing the displacement of interfer-
ence fringes are recorded. The surface topography can be
calculated from the data if the lateral resolution allows the
unambiguous detection of fringes. At sharp tips, for example,
this is not possible, thus there, the instrument does not provide
topography data. The obtained data for the height profile z(x,y)
were at first flattened via the third order polynomial flattening
procedure. Then the resulting profile was further processed to
obtain the corresponding root mean square (RMS) roughness
and Fourier transform (FT) of the surface topography.

Contact angle measurements were performed with a self-
constructed setup based on the sessile droplet method using dis-
tilled water (Milli-Q system, EMD Millipore corporation,
Burlington,) doses with the volume of 5 pL. The experiments
took place at temperature of ~22°C and relative humidity of
~50%. A video image of the side view of the droplet was cap-
tured and afterwards processed to generate its contour line,
which was subsequently fitted to a circular shape. Two different
fitting parameters were used to calculate the apparent contact
angle: (1) the slope of the contour line with respect to the sub-
strate at the contact line (baseline) B and (2) the radius R of
the contour line (see inset of Figure 6). Because of the
magneto-deformation effect, the baseline shifts up and down as
a function of applied magnetic field, complicating the determi-
nation of B. Therefore, in experiments with variable magnetic

)]

1 mm

field evaluation of contact angle from the values of R was con-
sidered to be more reliable.

RESULTS AND DISCUSSION

Field-Induced Modifications of Surface Topography

In MAEs cured without applied magnetic field, spatial distribu-
tion of ferromagnetic microparticles is isotropic in the absence
of magnetic field, while in the presence of the field particles are
rearranged into chain-type aggregates preferentially oriented
along the magnetic flux lines.”'%*>** If the field is oriented per-
pendicular to the surface, this effect is expected to lead to for-
mation of conical surface structures (designated as “mountains”
by Maman and Ponsinet*®) with the top of a “mountain” coin-
ciding with the end of a particular chain-like aggregate (Figure
1). Such conical structures are well known from magnetorheo-
logical liquids, however, the elastomer network of MAEs pos-
tures various configurational constraints that result in a more
complex topographical restructuring.

By observing soft MAE samples under ambient light, one can
notice that their surface appears smooth and glossy without
magnetic field, while it transforms to matte when a magnet is
placed below the sample. This signifies field-induced increase of
surface roughness. The corresponding topographical modifica-
tions were monitored with optical microscopy and the images
obtained for three different field magnitudes are shown in
Figure 2. Magnetic field induces a “hills separated by valleys”
topography with lateral dimension of the hills in the range 100
um. In addition to these variable structures, some intrinsic
field-independent imperfections are also present at the surface.

The observed modifications are expected to produce light scat-
tering that increases with increasing field magnitude. When the
sample is illuminated with a laser beam, this leads to transition
from nearly specular reflection to spread reflection induced by
the field. This effect is characterized by an effective cone angle 6

Figure 2. Optical microscopy images of surface topography observed at different magnitudes of applied magnetic field: (a) B=0.05 T, (b) B=10.12 T,

and (¢c) B=0.23 T.
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Figure 3. (a) Effective cone angle 6 of spread reflection of laser light as a function of field magnitude. Solid symbols correspond to increasing field and

open symbols to decreasing field. (b) Calculated RMS surface roughness for increasing magnetic field. [Color figure can be viewed at wileyonlinelibrary.

com]|

of the spread reflected light that increases with increasing field
as shown in Figure 3(a). A significant hysteresis between the
behavior obtained for increasing and decreasing fields can be
noticed. Similar hysteresis is observed also for field-induced
modifications of rheological and other properties of soft
MAES.4O,44—46

From the obtained values of 0(B), an estimation of surface
roughness can be made by considering a suitable model of sur-
face topography. For this purpose, lateral dimensions of topo-
graphical features deduced from optical microscopy images can
be taken into account. Because traditional stylus profilers scan
the surface in lines, all standardly used roughness parameters
are defined with respect to cross-sectional profiles of surface
topography. In our model, we assume that this profile has a tri-
angular form as depicted in the inset of Figure 3(b). Based on
the lateral structural details deduced from the images shown in
Figure 2, it is reasonable to take L ~ 100 pm. The RMS rough-
ness of the triangular profile is equivalent to the RMS value of
the triangular wave-form, which is*’

L
2
L2 syt .
L V3 V3o
where h is the amplitude of the profile, L is its lateral period,
and 6/2 is the inclination angle of the profile, which is

Rrms=

X (um)
Figure 4. 3D surface topography images obtained by optical profilometry measurements at (a) B=10.13 T and (b) B=0.23 T. Cross-sectional profiles

equivalent to the half angle between the incident and the
reflected optical beams (for definitions of the parameters see
insets in Figure 3). The resulting dependence of Rpys(B) for
increasing magnetic field is shown in Figure 3(b). To facilitate
easier comparison with optical profilometry measurements dis-
cussed in the next paragraph [Figure 5(a)], the same range of B
values is shown as was used in the profilometry experiments.
The calculated value of Rpys is around 0.1 pm for B=0.12 T
and increases to 0.4 um at B=0.23 T.

Figure 4 shows 3D optical profilometry images of sample sur-
face observed at B=0.13 T and B=0.23 T, respectively. Due to
limited space for vertical translation of the magnet, the minimal
field that could be applied on the sample during profilometric
measurements was 0.13 T. To assure that the same surface
region was analyzed at different field magnitudes, the analysis
was performed for a surface region with a characteristic channel
that can easily be allocated on the left side of the images. White
spots in the images are areas for which the system was unable
to generate the image. Similar to optical microscopy [Figure
2(b,c)], also optical profilometry reveals that the height of sur-
face topographical features is notably larger in the larger fields.

Further details of field-induced topographical modifications can
be resolved in the inset of Figure 5(a), which shows cross-
sectional profiles z(x, y = y,) for three different values of y,. For
clarity, the profiles are vertically shifted for Az=2 pm. A

along the dashed lines are shown in the inset of Figure 5(a). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5. (a) Dependence of RMS roughness resolved from the 3D profilometry images on applied magnetic field. The inset shows topographical cross

sections z(x, y = const) along three selected lines at B=0.13 T and B=10.23 T. (b) Azimuthally averaged Fourier transforms of surface topography at
B=0.13 T (dashed red line) and B=0.23 T (solid blue line). The inset shows the ratio of the two curves. [Color figure can be viewed at wileyonlineli-

brary.com]

significant increase of surface roughness with increasing mag-
netic field is again evident. Figure 5(a) shows magnetic field
dependence of the RMS roughness as obtained from the 3D
topographical images. The Rpys is around 0.15 pm at B=0.13
T and increases towards 0.35 pm at B=0.23 T. These values are
in good agreement with the values obtained from spread reflec-
tion measurements [Figure 3(b)]. Though, the relative increase
of roughness obtained from profilometry data is lower than the
one obtained from reflectance analysis. We believe that this is
because surface undulation and imperfections differently affect
the two experimental methods. For instance, a sharp permanent
bump on the surface reflects laser light far away from the specu-
lar reflection direction and is consequently not detected as a
part of the spread reflection conus, while, on the other hand, it
significantly contributes to the measured value of the Rgys.

We also performed FT analysis of the 3D profiles by applying
the two-dimensional fast FT algorithm (in Matlab) on the sur-
face topography data provided by optical profilometry. The
resulting amplitude spectra in the Fourier space of wave num-
bers (g, g,) were further processed as follows. In accordance
with structural symmetry of the system, the transforms were
averaged over azimuthal angles, that is, the FT amplitude agpr
was calculated as a function of the magnitude of the spatial
wavevector q:(qi+q}2,)l/z. The results obtained for B=0.13 T
and B=0.23 T are shown in Figure 5(b). One can notice that
with increasing field the value of apy increases for all values
of g. The inset shows the ratio apr(g,B=0.23 T)/ap{(q,B=
0.13 T). A relatively weak maximum can be noticed at gp.x ~
0.06 pm™~ ', which corresponds to lateral dimension of A = 2n/
Gmax ~ 100 pum, which further supports the model used for
analysis of spread reflectance measurements.

Field-Induced Modifications of Contact Angle

The interfacial tension between the water and the substrate is
customarily deduced from contact angle measurements. We
started our analysis by measurements of contact angle of sessile
water droplets during droplet evaporation in a constant applied
magnetic field. The results obtained for B=0.05 T and B=0.23
T are shown in Figure 6. Both resolved properties, the drop
inclination with respect to the baseline B and its relative radius
R/Ry, where Ry = R(t=0), decrease with increasing time. Such
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behavior is very common for drop evaporation on micro-
textured surfaces and typically proceeds in different stages.**°
The initial value of apparent contact angle 6= p(t = 0) ~
105° is in the range of usual values of contact angle of water
observed on pure PDMS.”!

For 0<#<500 s, the dependencies of B(#) and R(#)/R, are
almost linear, which is associated with the evaporation stage
characterized by a fixed contact line (contact line pinning).* As
in our experiments this stage was the most reproducible, all fur-
ther measurements were performed in this regime. Nevertheless,
by repeating experiments with subsequent droplets analyzed in
the presence of constant applied field of different magnitudes,
we could not observe any convincing trends, therefore we
decided to investigate the behavior of one and the same droplet
in a variable magnetic field.

Figure 7 shows the results obtained for a transient increase of
the applied field. The field was increasing from B=0.05 T to
B=10.23 T during time interval 70 s <t<90 s and decreasing
from B=0.23 T to B=0.05 T during 170 s<t<190 s after

160

140
D 1204
z
Q1004

80-

e —m B=022T :
604 < —0— B=0.05T <
0 300 600 900 1200 1500 1800
Time (s)

Figure 6. Time dependencies of inclination angle § (red symbols) and rel-
ative radius of the droplet R/R, (black symbols) during evaporation at
two different magnitudes of applied field. The inset on the right shows a
photo of the droplet and the inset on the left the corresponding contour
line (green curve) and its fit to a circular shape (blue circle). [Color figure
can be viewed at wileyonlinelibrary.com|]
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Figure 7. (a) Time dependencies of inclination angle § (open symbols) and relative radius of the droplet R/R, (solid symbols) during transient increase

of applied magnetic field. (b) Calculated apparent contact angle 6, (open symbols) and applied magnetic field (solid line) as a function of time. [Color

figure can be viewed at wileyonlinelibrary.com]

deposition of the droplet. Figure 7(a) shows the observed
dependencies of B(f) and R(f), which signify that the apparent
contact angle decreases with increasing field. Figure 7(b) shows
the corresponding modification of the apparent contact angle
0.B) as calculated from the data for R(#). As already men-
tioned, these data are assumed to be more reliable, because they
are not affected by vertical motion of the contact line due to
shrinkage (or expansion) of the sample. In calculating 0.B)
from R(t) we at first rescaled the data to eliminate a decrease of
R associated with evaporation. This means that a constant drop-
let volume was considered when connecting the rescaled values
of R with variations of 6. induced by magnetic field. The
obtained change of the contact angle A8 ~ 4° induced by the
change of the field from B=0.05 T to B=0.23 T (and vice
versa) is relatively small, it is in the range of standard deviation
of the values of 6, observed for subsequent droplets at t=0,
which explains why it is difficult to resolve it in experiments
with different droplets.

Similar analysis was performed also for a transient decrease of
magnetic field. The results are shown in Figure 8. In this case
the contact angle temporary increases. The obtained modifica-
tion is 1A ~ 3°.

Our experiments show that the contact angle of water on the
surface of our samples decreases with increasing magnetic field
despite the fact that their surface roughness increases. This
results contradicts to theoretical expectations since for hydro-
phobic surfaces (6.9 >90°), both, the Wenzel and the Cassie—

£ (deg)

88

0 50 100 150 200 250
Time (s)

Baxter model that are conventionally used to explain wetting
phenomena on microstructured surfaces, predict the opposite
effect.>>*  Correspondingly,
described by

also in the combined model

cos 0, =rfcos 09— (1—f), (2)

where r; is a roughness factor (defined as a ratio between the
wetted surface area and its projection to a 2D plane) and f is
the fraction of surface area that is in contact with water (the
rest is in contact with trapped air pockets), leads to 6.> 6 for
any value of f.

For our samples the lateral extension of topographical objects
defining the roughness is in the range of 100 pum, while their
height is in the range of 1 pm, thus the values of r; are very
small. From 3D optical profilometry images we calculated
ry=1.001 for B=0.12 T and r,=1.002 for B=0.23 T. This
means that in view of standard experimental accuracy of contact
angle measurements, the Wenzel effect is completely negligible
and r,=1 can be used in eq. (2). Due to smoothness of the
topographical details [see inset of Figure 5(a)] also formation of
air pockets between the droplet and the surface is not very
probable, so it is reasonable to take also f~ 1.

These conclusions suggest that not roughness modifications, but
some other field-induced effect is responsible for the observed
wetting changes. We propose that this is a modification of sur-
face chemical composition due to magnetic field-induced pro-
trusion of microparticles from bulk to the surface [Figure 1(b)].

1024 (b)

0 50 100 150 200 250
Time (s)

Figure 8. (a) Time dependencies of inclination angle 3 (open symbols) and relative radius of the droplet R/R, (solid symbols) during transient decrease

of applied magnetic field. (b) Calculated apparent contact angle 6. (open symbols) and applied magnetic field (solid line) as a function of time. [Color

figure can be viewed at wileyonlinelibrary.com]
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Such protrusion was recently observed in conventional MAE
materials,” so in the soft MAEs it is expected to be even more
profound. For B ~ 0, microparticles are positioned underneath
the surface and consequently the top surface layer is composed
of PDMS, while for B>0, due to formation of field-induced
chain-like aggregates, microparticles are partially pushed out
from the surrounding matrix and become involved in the sur-
face interaction processes (Figure 1). To take into account the
corresponding modification of chemical composition, the Cas-
sie-Baxter model can be used in the form?*:

cos 8. =f,(B)cos 0+ (1—f,(B))cos B0, (3)

where f,(B) is a relative contact area of the droplet with pro-
truded particles, which is a function of B, and 0, is the contact
angle of water on the surface of particles. If 6,> 6, micropar-
ticles protrusion promotes the hydrophobicity and consequently
0> 0, while for 0., <0 it promotes hydrophilicity and hence
0. < 0,. By assuming complete wetting of microparticle surface
(6, =0) and linear increase of their contact area with increas-
ing magnetic field [f,(B) = kB] it follows™*:

cos 0, =kB(1—cosB)+cos O, (4)

where k is a proportionality constant. For the field-dependent
contact angle values observed in our experiments, namely
8.(B=0.05T) = 102° = 0.5%nd 0(B=0.23 T) = 98.5° + 0.5°, eq.
(4) gives 8, =103°*=1° and k= 0.27 = 0.07 T~ '. This means that
at B=0.23 T about 6% of surface contact area is transformed
from PDMS to carbonyl iron. To obtain an approximate value of
0., for uncoated carbonyl iron microparticles that were used for
our samples, we grafted a layer of these particles onto a sticky sub-
strate and deposited several water droplets over it. We observed
practically complete wetting behavior, therefore taking 6., =0 is
reasonable. On the other hand, if silanized particles are used, one
should take 6., =180°. Therefore, by appropriate selection of
microparticle surface coating one can regulate the effect either
towards increased hydrophobicity or hydrophilicity.’**> The mag-
netic field-induced contact angle modifications observed in our
experiments (A8, ~ 4°) are considerably smaller than the ones
observed by Lee ef al.”” in experiments with silanized micropar-
ticles (A6, ~ 60°), which is attributed to the fact that they used
uncured (liquid state) MAE films.

CONCLUSIONS

Our results demonstrate that surface roughness of soft MAEs can
be dynamically tuned by variation of applied magnetic field. The
tunability observed in our samples is in the range of ARrys/AB ~
1 pm/T but this value can very probably be increased by optimiza-
tion of the material composition. Further experiments with mate-
rials involving different concentrations of microparticles and
different softness of elastomer network are needed to find the
optimal formulation. We also showed that field-induced surface
changes exhibit similar hysteresis as bulk elastic properties, which
signifies that they are coupled to each other. The hysteresis pro-
vides bistability and memory functions in the form of surface
topographical modifications. We also showed that an increase of
surfaces roughness of MAEs does not necessarily play a dominant
role in the associated modification of wetting properties, as also
field-induced protrusion of microparticles from the bulk to the
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surface can be very important. Also this phenomenon needs to be
further investigated to resolve the details of the associated features
and enable its further optimization.

Our results show that the wettability of MAE surface can be tuned by
magnetic field. All our experiments were limited to analysis of sessile
droplets in the initial stage of evaporation process, but, it is quite proba-
ble, that in other stages of the evaporation process, field-induced modi-
fications of the contact angle would behave differently. Besides this,
filled elastomeric materials undergoing repeated deformation cycles
often present a certain degree of ‘conditioning, which can be associated
with the hysteresis in their mechanical response.”® This effect might
cause a progressive decrease of the response of the surface microstruc-
ture over time and consequently affect its wettability. For example, the
Mullins effect is known in MAEs.”” The Mullins effect (cyclic stress soft-
ening) is defined as an instantaneous and irreversible softening of the
stress—strain curve that occurs whenever the load increases beyond its
prior all-time maximum value.”® However, the Mullins effect is usually
expected at much larger deformations™ than those caused by magnetic
fields in the present article. One should also test contact angle hysteresis
as a function of applied field, as well as the effect of applied field on slid-
ing angle of the droplets. An intriguing challenge is, for instance, to use
magnetic field-induced surface changes for switching between adhesive
and sliding regime of the droplets.
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