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ABSTRACT: We fabricated magnetorheological elastomer (MRE) films
consisting of polydimethylsiloxane and various concentrations of fluorinated
carbonyl iron particles. The application of a magnetic field to the MRE film
induced changes in the surface morphology due to the alignment of the iron
particles along the magnetic field lines. At low concentrations of iron particles
and low magnetic field intensities, needle-like microstructures predominated.
These structures formed more mountain-like microstructures as the
concentration of iron particles or the magnetic field intensity increased. The
surface roughness increased the water contact angle from 100° to 160° and
decreased the sliding angle from 180° to 10°. The wettability and adhesion
properties changed substantially within a few seconds simply upon application
of a magnetic field. Cyclical measurements revealed that the transition was
completely reversible.
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■ INTRODUCTION

Inspired by nature’s amazing water-repellent surfaces, such as
the lotus leaf,1 water strider’s legs,2 and rose petals,3

superhydrophobic surfaces with water contact angles exceeding
150° have attracted attention due to their potential uses in a
wide range of scientific and industrial applications such as self-
cleaning surfaces,4 oil−water separation,5,6 filtration mem-
branes,7,8 antibiofouling coatings,9 anti-icing coatings,10 and
lossless water transport conduits and containers.11 Super-
hydrophobic surfaces are commonly realized by chemically
modifying microscopically rough surfaces with low surface
energy materials. Although the water contact angle is the most
critical parameter that characterizes superhydrophobicity,
contact angle hysteresis (the difference between the advancing
and receding contact angles) is also an important parameter in
applications. Superhydrophobic surfaces that provide a small
contact angle hysteresis are suitable for self-cleaning
applications due to their low adhesive characteristics. Super-
hydrophobic surfaces with a large contact angle hysteresis are
suitable for lossless water transport applications.12 Because the
application areas of superhydrophobic surfaces demand certain
ranges of wettability and adhesion properties, it is important to
develop methods for tuning surface properties and expanding
their applicability.
Several groups have attempted to alter surface wettability and

adhesion properties by applying external stimuli, such as light,13

temperature,14 electrical fields,15 and pH,16 to trigger a
transition in the conformation, polarity, or morphology of the
surface material. Relatively few such attempts have used a
magnetic field to alter the wettability and adhesion properties.

Jiang applied a magnetic field to modulate the adhesive force
and transport a liquid drop from one surface to the other. This
approach worked only when the water droplet contained
magnetic particles.17,18 Stroeve modulated the water contact
angle by inducing a change in the conformation of the magnetic
nanopillars on a substrate, but the fabrication of a nano-
structured surface was quite complicated, and the water contact
angle change did not exceed 20°.19,20

In the present study, we fabricated hydrophobic magneto-
rheological elastomer (MRE) films consisting of a polymeric
elastomer and magnetizable particles. Both the wettability and
the adhesion properties of the films could be tuned by the
application of a magnetic field. The alignment of the
magnetizable particles along the magnetic field lines increased
the roughness of the MRE surface and affected the water
contact angle and sliding angle. The water contact angle could
be changed from 100° without a magnetic field to 160° with a
magnetic field. The water sliding angle changed from 10° in the
presence of a magnetic field to 180° in the absence of a
magnetic field. In addition, the morphology change occurred
almost immediately and reversibly upon application or
withdrawal of the magnetic field. This paper reports the first
fabrication of superhydrophobic MRE films with tunable
wettability and adhesion properties.
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■ EXPERIMENTAL SECTION
Materials. Carbonyl iron (6−9 μm) and perfluorodecyl-

triethoxysilane were purchased from Sigma-Aldrich. The carbonyl
iron was used as a magnetizable particle source due to its high
saturation magnetization (2.1 T). The polydimethylsiloxane (PDMS)
precursor and a curing agent (Sylgard 184) were obtained from Dow
Corning. Carbonyl iron particles were mixed with PDMS to produce
MREs and were used in the subsequent experiment. Disk-shaped 4
mm diameter neodymium permanent magnets with different
thicknesses were purchased from Seoul Magnetic (Seoul, Korea),
and the remanences of the magnets were 155 mT, 210 mT, and 250
mT for 1, 1.5, and 2 mm thick magnets, respectively.
Preparation of MREs with Various Carbonyl Iron Particle

Compositions. The aggregation of carbonyl iron particles in the
polymer matrix was suppressed, and their hydrophobicity was
increased by chemically modifying the surfaces of the carbonyl iron
particles. The carbonyl iron particles were incubated in a 10 mM
perfluorodecyltriethoxysilane solution in hexane for 2 h to render their
surfaces hydrophobic. The fluorinated carbonyl iron particles were
rinsed with hexane and dried at 70 °C. Seven types of MREs were
prepared by mixing PDMS with various concentrations of the carbonyl
iron particles: MRE10 (10 wt %), MRE20 (20 wt %), MRE30 (30 wt
%), MRE40 (40 wt %), MRE50 (50 wt %), MRE60 (60 wt %), and
MRE70 (70 wt %). Each MRE film was prepared on a stainless steel
substrate using the doctor-blade method, and the resulting film
thickness was 150 μm. The MRE surfaces used for the measurements
of contact angles and sliding angles were not cured.
Characterization of the MREs. The surface morphologies of the

MRE films in the presence of various magnetic field strengths were
examined by field-emission scanning electron microscopy (FE-SEM,
JEOL). Because the morphologies relied on the continuous application
of the magnetic field, the MRE films were cured at 60 °C for 4 h to fix
their surface morphologies prior to SEM imaging and surface
roughness measurement (Alpha-Step IQ, Tencor Instrument). The
water contact angle and sliding angle of the MRE films (uncured) were
measured using SmartDrop (FEMTOFAB, Korea) with a 5 μL water
droplet.

■ RESULTS AND DISCUSSION

Figure 1 shows SEM images of an MRE70 film prepared under
different magnetic field strengths. In the absence of the applied
magnetic field, the surface was quite flat, indicating that all
carbonyl iron particles were embedded inside the PDMS film.
As the applied magnetic field increased to 155 mT, needle-like

microstructures appeared due to the alignment of the iron
particles along the magnetic field lines. The number of
microstructures present was proportional to the density of
the magnetic field line, which depended on the strength of the
applied magnetic field. Further increases in the magnetic field
strength did not increase the number of microstructures
present, although the microstructure size did increase. Because
the iron particles were embedded in the viscous PDMS matrix,
an increase in the magnetic field induced overlap between the
needle-like microstructures to produce large mountain-like
microstructures. The inset of Figure 1, panel d shows a
magnified SEM image of the microstructure identified in the
box. The fluorinated iron particles embedded in the PDMS rose
to the surface, thereby increasing the surface roughness and the
hydrophobicity compared to the corresponding properties of
the pure PDMS layer.
The roughness of each MRE film could be modulated by

varying the concentration of iron particles, holding the
magnetic field strength constant. Figure 2 shows SEM images

of the MRE surfaces prepared at different concentrations of
carbonyl iron particles under a 250 mT magnetic field. The low
density of iron particles in MRE10 produced a small number of
low-profile microstructures that were not very noticeable. As
the iron particle concentration increased to 30 wt %, both the
number and size of microstructures increased. Further increases
in the particle concentration did not increase the number of the
microstructures, although the microstructure size did increase
due to overlap among the microstructures. The surface
roughness (Ra) was measured at five different locations on
MRE10, MRE20, MRE30, MRE40, MRE50, and MRE60 and
was found to be 93.4 ± 72.6 nm, 158.2 ± 94.8 nm, 259.8 ±
29.3 nm, 498.8 ± 125.0 nm, 575.1 ± 80.2 nm, 1191.9 ± 277.9
nm, respectively. The magnetic field-dependent roughness
offers a route to tuning the wettability and adhesion properties
of MRE surfaces.
Figure 3 shows optical microscopy images of water droplets

on the MRE films prepared with different concentrations of
carbonyl iron particles under a 250 mT magnetic field. The
water contact angles of MRE10, MRE20, MRE30, MRE40,
MRE 50, MRE60, and MRE70 were obtained at five different
positions of each MRE surface and were measured to be 101.1
± 1.1°, 106.4 ± 0.9°, 109.1 ± 0.2°, 123.1 ± 2.1°, 136.6 ± 2.0°,
159.1 ± 2.7°, and 163.0 ± 2.3°, respectively. Note that the
water contact angle of PDMS is 102°, similar to that of MRE10,
which indicates that the roughness of MRE10 was not sufficient

Figure 1. SEM images of MRE70 surfaces under different applied
magnetic field strengths: (a) 0 mT, (b) 155 mT, (c) 210 mT, (d) 250
mT. The inset shows a magnified image of the boxed region.

Figure 2. SEM images of MRE surfaces prepared with different
concentrations of carbonyl iron particles under a 250 mT magnetic
field: (a) MRE10, (b) MRE20, (c) MRE30, (d) MRE40, (e) MRE50,
(f) MRE60.
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to affect the surface wettability (see Figure 2a). An increase in
the surface roughness increased the water contact angles, and
MRE60 exhibited superhydrophobicity, which appears when air
trapped between the microstructures hinders direct contact
between the water and the surface. The water contact angle on
the nanostructured surface was affected by the surface fraction
of solid ( f1) and the surface fraction of air ( f 2) according to the
Cassie and Baxter model:21

θ θ* = −f fcos cos1 2 (1)

where f1 + f 2 = 1, and θ* and θ are the apparent water contact
angle on a rough surface and a smooth surface of the same
material, respectively. Eq 1 indicates that the MRE surface
became more hydrophobic as the volume of air trapped among
the microstructures increased.
Figure 4, panel a shows optical microscopy images of a water

droplet on MRE60 in the presence or absence of a 250 mT
magnetic field. The water contact angles of MRE60 were
measured to be 159° and 100° in the presence and absence of
the magnetic field, respectively, due to changes in the surface
roughness. Figure 4, panel b illustrates the transition between
the hydrophobic and superhydrophobic surface properties,
achieved by alternating the applied magnetic field strength. The
transition was found to be reversible under cyclic measure-
ments, and the surface morphology changed within a few
seconds. By contrast, conventional methods using UV
irradiation require transition times of a few days or are not
reversible at all because permanent changes in the surface
chemistries are obtained.22,23

In addition to the water contact angle, the surface roughness
of the MRE films affected the water adhesion properties. Figure
5, panels a−d show optical microscopy images of a water
droplet on the MRE20, MRE40, MRE50, and MRE60 films.
The advancing (θA) and receding (θR) contact angles of

MRE20, MRE40, MRE 50, and MRE60 were measured to be
(θA, 114.7°; θR, 91.3°), (θA, 123.3°; θR, 98.3°), (θA, 141.5°; θR,
106.9°), and (θA, 161°; θR, 159°), respectively. A water droplet
remained adhered to the MRE20, MRE40, and MRE50 films
upon 180° inversion of the substrate due to the large water
contact angle hysteresis (θA − θR), which produced an adhesion
force sufficient to hold up the water droplet against the
gravitational force.24 By contrast, the water droplet rolled off
the MRE60 surface at a small tilt angle due to the presence of
an elastic air layer under the water droplet.25 The differences
between the adhesion properties arose from the different
contact areas between the water droplet and the underlying
surface. The values of f1 were calculated using eq 1 and were
found to be 0.98, 0.61, 0.37, and 0.089 for MRE20, MRE40,
MRE50, and MRE60, respectively, confirming that the water−
solid contact area decreased as the concentration of iron
particles increased. Figure 5, panel e shows the variations in the
sliding angle of a water droplet as a function of the
concentration of iron particles under a magnetic field strength
of 250 mT. No droplet sliding was observed on the MRE
surfaces prepared with a concentration lower than 50 wt %,
whereas the sliding angles of MRE60 and MRE70 were 16.3°
and 10.6°, respectively. Note that the sliding angles of MRE60
and MRE70, in the absence of a magnetic field, were 180°, and
the transition between adhesion and sliding, achieved by
alternating the magnetic field, was reversible, as with the water
contact angle.

■ CONCLUSIONS
In summary, we fabricated MRE films consisting of PDMS and
carbonyl iron particles, and we investigated the wettability and
adhesion properties of the film surfaces under an applied
magnetic field. The application of a magnetic field to flat MRE
films induced the formation of microstructures due to

Figure 3. Optical microscopy images of water droplets on the MRE
surfaces prepared with different concentrations of carbonyl iron
particles: (a) MRE20, (b) MRE40, (c) MRE50, (d) MRE60. The
water droplet was 5 μL. (e) Variations in the water contact angle as a
function of the concentration of iron particles with a magnetic field of
250 mT (black circle) and without a magnetic field (gray square).

Figure 4. (a) Optical microscopy images of a water droplet on MRE60 in the presence or absence of a 250 mT magnetic field. (b) Reversible
switching characteristics of the water contact angle, achieved by alternating the magnetic field strength.

Figure 5. Optical microscopy images of a water droplet on the MRE
surfaces prepared with different concentrations of carbonyl iron
particles: (a) MRE20, (b) MRE40, (c) MRE50, (d) MRE60. (e)
Variations in the sliding angle of a water droplet as a function of the
concentration of iron particles with a magnetic field of 250 mT (black
circle) and without a magnetic field (gray square).
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alignment among the iron particles along the magnetic field
lines. Greater changes in the surface roughness were achieved
as the concentration of iron particles or the intensity of the
applied magnetic field was increased. The changes in the
wettability and adhesion properties of the MRE films were
completely reversible, and substantial changes in the surface
properties were obtained within a few seconds simply by
applying a magnetic field. Because the MRE film may be readily
applied to any substrate, it may have great potential utility in a
wide range of applications including liquid manipulation in
microfluidic devices.
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