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We report the fabrication of a new superhydrophobic surface with dual-scale roughness by coating
silica nanoparticles on a poly(dimethylsiloxane) (PDMS) elastomer bilayer film with micro-scaled
ripples. The wetting behavior of the surface can be reversibly tuned by applying a mechanical strain,
which induces the change in micro-scale roughness determined by the ripples. The dual-scale roughness
promotes the wetting transition of the final dual-structure surface from Wenzel region into the Cassie
region, thus, reducing the sliding angle at least three times in comparison to that from the surfaces with
single-scale roughness (either from the nanoparticle film or the wrinkled PDMS film). In addition,
three-times and fast-response tunability of the sliding angle by applying mechanical strain on this

dual-roughness surface is demonstrated.

Introduction

The ability to dynamically tune the surface properties (such as
wetting, adhesion and friction) of a material in a controlled
fashion is highly desirable for many emerging applications,
including microfluidics, micro- and nanofabrication of complex
structures, robotics, and cell attachment. Generally, wetting
behavior is strongly dependent on both surface chemistry (i.e.
surface energy) and surface topography (i.e. physical roughness).
Many groups have attempted both theoretically and experi-
mentally to create topographically rough surfaces with extremely
high water-repellency and very low flow resistance.’~* By varying
the surface chemistry using responsive polymer brushes,*”
surface roughness,’® and external fields (e.g. electrowetting),'*!2
a number of groups have demonstrated dynamic tuning of
surface wettability from superhydrophobic to hydrophilic.
However, many questions remain as to how microscopic and
nanoscopic roughness (surface chemistry, morphology, and
geometry) contribute to the wettability and transition, and what
is the range of liquid—-air—substrate interaction along the grooves
of a rough surface to achieve nonwettability, yet can be efficiently
and reversibly switched to a wettable state. In addition, the issue
of reversibility during operation and the feasibility of using
a simple instrumental setup for switching could impose certain
limitations on the realization of the work.

Previously, we have demonstrated reversibly tunable dry
adhesion® on a rippled PDMS film by regulating the micro-scale
surface roughness via mechanical strain. On the basis of the same
tuning mechanism, here, we explore the dynamic switching of
wetting behaviors and flow resistance on the rippled PDMS
bilayer film, as well as elucidation of wetting transitions between
different states. While the water contact angle can be switched in
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real-time as a function of strain level, we and others' have
observed that the water droplet tends to be pinned on the surface,
suggesting a wettable contact described by the Wenzel’s model.*
In addition, the water contact angles on these micro-scale ripples
are not high enough to guarantee superhydrophobicity, there-
fore, constraining the mobility of the droplets, and not achieving
both tunable dry adhesion and self-cleaning as the gecko’s foot
manages to.'® To promote surface wetting in Cassie’s region,'”
which has a composite contact with water for low flow resistance,
we integrate nanoparticles into the rippled system to generate
dual-scale roughness. The dual roughness has been suggested
to be critical to the observed superhydrophobicity in many
aquatic plants,'® which is confirmed and mimicked by various
groups.’?! While other groups achieve tunable wetting by
controlling surface chemistry*” or nano-scale roughness,”** here
we present tunability adjusted by the microscopic roughness
change resulting from mechanical force. In addition, the inclu-
sion of superhydrophobicity within the tunable range of wetting
behaviors directly implicates the switchability of flow resistance
(i.e. droplet mobility vs. adhesion, or sliding and rolling), which
potentially could lead to a broad range of engineering applica-
tions, such as microfluidic valves and mixers, anti-fouling
materials, and manipulation of cell transport.

The fabrication procedure for the PDMS strip with a dual-
structured surface is described as follows. First, the PDMS strip
is clamped (Fig. la), mechanically stretched (Fig. 1b), and
subjected to oxygen plasma treatment (Fig. 1c) to generate a stiff
and thin oxidized siliceous layer on its top surface, which will be
released later for the formation of the micro-scale ripple
pattern.?> Before releasing the stretched bilayer film, it is
dip-coated with silica nanoparticles (Fig. 1d) for nano-scale
roughness, which are subsequently hydrophobilized by (hepta-
decafluoro-1,1,2,2-tetrahydrodecyl)trichlorosilane  (Fig. le).
Finally, the dual-structured surface is obtained after releasing the
initial strain (Fig. 1f) (see details in the Experimental section).
When the sample is stretched back to the initial strain (Fig. 1g),
the micro-scale rippled pattern is flattened,'® therefore, only the
nano-scale roughness remains. Formation of micro-scale ripple
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Fig. 1 A schematic illustration of the fabrication of a PDMS film with dual-scale roughness (a—f) and real-time, reversible tunability of its surface
topography by mechanical strain (f-k). (a) Clamping a PDMS film. (b) Stretching the PDMS film to a designated initial strain value. (c) Oxygen plasma
treatment. (d) Dip coating the stretched sample. (e) Silane treatment. (f) Releasing the stretch of the sample and spontaneous formation of micro-scale
ripple patterns. (g) Stretching back the sample to the initial strain value. The ripple patterns disappear and only nano-scale roughness remains. (h—k)

AFM images of the samples at different stretch conditions.

patterns on an elastomer has been demonstrated by various
groups®*?* for applications including phase grating,?® anisotropic
wetting," and tunable adhesion.'* However, there has been no
attempt to combine this microstructure with nanoparticles to
create a superhydrophobic surface, nor to control the wetting or
flow resistance by regulating the topography of micro-scaled
ripple patterns using a mechanical strain (Fig. 1f-1k).

Results and discussion

When the elastomeric PDMS film is subjected to an initial strain
(e0) and oxygen plasma treatment, followed by releasing strain (¢)
to a critical level (e.), a periodic one-dimensional sinusoidal
ripple pattern is formed spontaneously:*®

2
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where E, v, A9, A, and ¢ are the Young’s modulus, Poisson ratio,
ripple wavelength, ripple amplitude, and thickness of the hard

thin layer, respectively. The subscripts s and t denote the
substrate and thin layer accordingly. The excess releasing strain
beyond the critical strain, e—¢. contributes to the increase of the

.27,28
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amplitude:
A dimensionless geometrical characteristic of the ripple pattern
can be expressed by the ratio of the amplitude to the wavelength:
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which is determined by the intrinsic material properties through
€

When the wrinkled film is stretched back to &y, the surface
returns to flat. Therefore, surface topography, including wave-
length and amplitude, can be conveniently regulated by varying
the applied strain level.?? Previously we have demonstrated
mechanically tunable dry adhesion for pick and release of a glass
ball."® Here, we investigate the tunable wetting behavior and flow
resistance modulated by the strain applied to the rippled surface
with dual roughness. The wettability of the surface is usually
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characterized by the water contact angle (CA), which is deter-
mined by both the surface energy (chemistry) and surface
topography (physical roughness).

Wetting behavior of rippled PDMS surface

Two distinct models have been suggested by Wenzel'® and Cas-
sie'” to explain the surface roughness effect on the contact angle.
In Wenzel’s model it is assumed that the liquid completely wets
the grooves of the rough surface and roughness effectively
increases the actual surface area. The apparent CA on a rough
surface, 6., is a function of the Young’s CA on a flat surface, 6:

cosfy, = rcosf 4)

where r (>1) is the roughness factor, and defined as the actual
surface area divided by the projected flat surface area in which
the height variation is ignored.

For a very rough surface with a large Young’s contact angle (¢
> 90°), the liquid does not fill the grooves on the rough surface.
Instead, air is trapped below the liquid droplet and the surface
can be considered as a composite surface of solid and air, which
has a Cassie contact angle, 6.:

cosf. = ficosf — f> (5)

where f] and f> are the fraction of solid-liquid and liquid-air
contact areas, respectively.

A rough surface can have at least two possible apparent
contact angles depending on the type of contact formed between
the droplet and the substrate, 6, and 6., corresponding to
a wetted contact and a composite contact, respectively. The
wetting behaviors of a sinusoidal rippled surface can also be
described using both Wenzel’s (Fig. 2a) and Cassie’s models
(Fig. 2b).* A transition from the Cassie region to the Wenzel
region occurs if the following criteria is satisfied:*®

é - tand ©)

A —2r

which indicates that on a sinusoidal rippled surface, the wetting
behavior is only determined by the dimensionless geometrical
wave characteristics, A/A, and Young’s contact angle (6 > 1/2).

The static water CA of a flat PDMS film is measured as 105 +
3°, which drops to 10° after oxygen plasma treatment but regains
hydrophobicity, increasing to 50-60° after the PDMS film is
relaxed in air for a few hours. Thus, in our experiments the
oxidized PDMS was immediately treated with (heptadecafluoro-
1,1,2,2-tetrahydrodecyl)trichlorosilane to raise the static CA to
112° 4+ 2°, which is used as the Young’s contact angle, 6, for all
calculations later in the text. According to eqn (6), to reach the
Cassie state, A/A should be larger than 0.39, whereas in our
experiments the A/A is typically in the range of 0.15-0.25
depending on the time of oxygen plasma treatment and amount
of initial strain (up to 60%). The combination of eqn (3) and eqn
(6) reveals that to achieve the Cassie contact angle of the ripples
created here, the excess strain (e—¢.) has to be at least 153%, and
that is ¢ = 164% for ¢, = 11% in our system.'* However, the
PDMS film breaks above ¢ = 70%. Fig. 3 plots the trend of the
wetting status derived from the combination of eqn (3) and

(b)
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Fig. 2 Wetting behaviors of various surfaces. The thick gray line
represents the wetting contact line. Wenzel’s (a) and Cassie’s (b) wettings
on the micro-scale rippled surfaces. (c) Ideal Wenzel’s (by ignoring the
surface tension) and (d) simplified Cassie’s wettings on the nano-scale
nanoparticle surface. (¢) Ideal Wenzel’s wetting on the surface with dual-
scale roughness. ¢ is the azimuthal angle, representing the wetting level
on the sphere.

eqn (6). It can be clearly seen that the Cassie scenario, in general,
requires a high Young’s contact angle, which is determined by
surface chemistry, and high excess strain (e—e.), where & is
determined by the intrinsic Young’s moduli and Poisson ratios of
bilayer materials [eqn (1)]. This plot also reveals that the trend is

1000 t
900
800 -
700 |
600
500
400
300 +
200
100

£—€c (%)

90 100 110 120 130 140 150 160 170 180
Contact Angle & (deg)

Fig. 3 Theoretical estimation of the wetting transition between Wenzel
and Cassie regions of the rippled PDMS surface generated by internal
buckling. e—¢. denotes the excess strain beyond the critical strain ¢, and 6
is the Young’s contact angle of the flat surface.

This journal is © The Royal Society of Chemistry 2009

Soft Matter, 2009, 5, 1011-1018 | 1013



highly sensitive to the Young’s contact angle in the range of
100°-130°: a slightly increase in § will dramatically reduce the
required excess strain to be in the Cassie region. For example,
when 6 is increased from 112° to 120°, the excess strain is reduced
from 153% to 75%, which becomes accessible when using a softer
PDMS film by decreasing the ratio of crosslinker: PDMS
precursor. We are currently investigating this possibility.

So far, all the contact angle analysis using eqn (1)—(3) and (6)
are based on the assumption that surface geometry of ripples
is sinusoidal. To validate this assumption, we performed
a “contour length check” based on AFM images of the rippled
surface. The normalized contour length of a sinusoidal wave can
be expressed as

A ) e o

Using experimentally measured A and 4 from AFM, we obtain s
= 1.37 £ 0.04. Separately, experimental contour length can be
directly measured by integrating the discrete points from the
AFM image profile, yielding s = 1.40 4+ 0.06. The fact that the
difference between two results is less than 5% validates our
approximation of the actual geometry of ripples as sinusoids.
The normalized contour length s defined in eqn (7) is indeed
equivalent to the roughness factor, r, defined in Wenzel’s model,
and approximately equivalent to the initial strain (eo) plus 1.
During ripple fabrication the bulk PDMS is stretched from
neutral length [, with an initial strain &g, thus, the neutral length
of the thin oxide layer is (1 + &g)/y. During the stretch releasing
step (Fig. 1f), the thin layer is subjected to a compression force.
Since the energy required to compress the thin hard layer is much
larger than that to bend it,*® the final contour length will remain
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Fig.4 Static contact angles of 6 pl water droplets on the various surface.
(a) Ripple-patterns (micro-scale roughness). (b) A flat PDMS surface
coated with silica nanoparticles (nano-scale roughness). (c) Dual-struc-
ture of silica nanoparticles coated on a rippled PDMS film (dual-scale
roughness). (a) and (c) are viewed from the direction along the ripple
grooves.

nearly unchanged. Supporting this, the measured normalized
contour length s from AFM minus 1 is 0.40 + 0.06, which agrees
perfectly well with the initial strain applied to the samples, &y =
40%. Given 6 = 112° and r = 1.4, the apparent Wenzel contact
angle of the rippled surface is calculated as 122°, which is
consistent with our experimental observation, 124° + 3°
(Fig. 4a), a static CA viewed from the direction along with the
ripple grooves (). More importantly, the agreement implies that
the Wenzel contact angle of rippled surfaces generated by the
bilayer buckling can be simply estimated according to the initial
strain and Young’s contact angle without the necessity of
knowing the geometrical characteristics of ripples.

Both theoretical analysis and experimental study conclude that
micro-scale rippled roughness is not sufficient to achieve the
nonwettable Cassie state. This motivates us to explore surfaces
with dual roughness by introducing nano-scale roughness onto
the micro-rippled surface to mimic the dual roughness observed
in natural surfaces,'®*! which exhibit superhydrophobicity and
low flow resistance. To generate nano-scale roughness, we dip-
coated silica nanoparticles onto the PDMS film after stretching
and plasma oxidation. The nanoparticle with diameter ~100 nm
was selected for our experiments based on the observation by
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Fig. 5 SEM images of silica nanoparticles dip-coated at different
concentrations onto the flat PDMS films. (a) 34 + 5 x 10'? particles m~2,
(b) 9 + 3 x 10" particles m~2, and (c¢) multi-layer full coverage.
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other groups'?® using dual roughness to enhance the hydro-
phobicity. The particle concentration and withdrawing speed of
the sample from the solvent bath was fine-tuned such that
a monolayer of nanoparticles spread randomly on the surface
(see Fig. 5a). A lower concentration of particles or slower with-
drawing speed yielded low coverage of particles on the sample
surface (see Fig. 5b). To the opposite, a higher concentration of
nanoparticles or faster withdrawing speed yields a fragile multi-
layer coating (Fig. S5c), which can easily crack during the
stretching/releasing steps to form micro-scale ripples.

We found that it was important to perform oxygen plasma
treatment of the PDMS film prior to the dip-coating of nano-
particles. In the reverse order the nanoparticles coated on PDMS
film will impede the O, gas diffusion during plasma treatment,
resulting in the formation of irregular ripple patterns. Likewise,
it was necessary to perform dip-coating before strain releasing;
otherwise the nanoparticles would fill up the grooves of the
ripples after the dip-coating. The order of silane treatment and
strain releasing, however, was found not to be critical.

Wetting behavior of flat PDMS surface coated with silica
nanoparticles

To study the wetting behaviors of the rippled surface with dual
roughness, we first evaluated a flat PDMS film coated with silica
nanoparticles only. A typical distribution and density of particles
on the flat PDMS surface can be seen from Fig. 5a. The nano-
particle surface was subjected to the same oxygen plasma treat-
ment as that in the ripple formation (see Fig. la, 1d, and le,
followed by fluoroalkylsilane treatment, therefore, the under-
lying surface chemistry was identical to that of the later discussed
dual-structures. We found that the AFM we used in the experi-
ments, DI Dimension 3000, always underestimated the Wenzel
roughness factor, r, due to its relatively low resolution, which
could not generate sufficient data points to describe the curving
surface contour of nanoparticles with diameter 70-100 nm (see
Fig. 1). Thus, we estimated the roughness factor based on the
“ideal” Wenzel’s model with complete wetting depicted in Fig. 2¢

r =1+ N4nR) 8)

where N is the number density of particles (34 + 5 x 10'? particles
m~2 estimated from Fig. 5a), and R is the radius of the particle in
average (42.5 nm). Because the nanoparticles were randomly
distributed on the flat surface in our system, to calculate the
Cassie contact angle, we simplified the model by assuming that
the composite wetting line holds at the same height and the liquid
penetration between spheres can be ignored. Therefore, the
fraction of solid-liquid contact is approximated as

7 27 R*(1 — cosg)N
2R (1 —cos )N + (1 — w(Rsin¢)’N)

N ©)

where the azimuthal angle ¢ represents the wetting level on the
sphere depicted in Fig. 2d. The measured static contact angle of
surfaces with nano-scale roughness is 128° + 3° (Fig. 4b), leading
to roughness factor r = 1.64 according to eqn (4). From eqn (8),
we estimate the Wenzel contact angle as 126°, in contrast to 143°
when ¢ = 90° (half wetting) using Cassie’s model with f; defined
in eqn (9), and 180° when ¢ = 0°. This suggests that the wetting

behavior of the nanoparticle surface is also closer to the Wenzel’s
scenario, i.e. a wettable rough surface, as illustrated in Fig. 2c.
The small discrepancy between the measured (128° + 3°) and
predicted Wenzel contact angle (126°) could be due to air
partially trapped in-between particles because the coating of
particles may not be completely homogeneous on surface.

Wetting behaviors of rippled PDMS surface coated with
nanoparticles

The surface with dual roughness became superhydrophobic with
an apparent static water contact angle 150° + 2° (Fig. 4c). Since
the length of surface contour does not change during ripple
formation as discussed earlier, the Wenzel’s roughness factor in
this dual-structure can be estimated as 1.4 x 1.64 = 2.296
(Fig. 2e). At this high roughness ratio, we expect the water
contact angle enters Cassie regime according to the study by
Johnson and Dettre.?® Supporting this is the measured contact
angle hysteresis. As seen in Fig. 6, the flat sample has hysteresis
29.8°, which increases to 43.5° (viewed from the direction along
with the ripple grooves) and 62.5° for the single-scale rough
surfaces of micro-scale ripples and nanoparticle film, respec-
tively. The contact angle hysteresis drops significantly to 11.3° on
the surface with dual-scale roughness, which has energetically
preferred composite configuration.?®

Investigation of sliding angles on various surfaces

The observed superhydrophobicity together with low contact
angle hysteresis of the surfaces with dual-scale roughness implies
the reduction of flow resistance in comparison to the surface with
either micro-scale or nano-scale only roughness. In the mean-
time, because the micro-scale ripple patterns can be reversibly
controlled by the external strain, we anticipate that the flow
resistance on surface with dual-scale roughness should also be
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Fig. 6 Dynamic contact angles and sliding angles on various rough
surfaces. For both rippled surfaces (micro-ripples and nanoparticles on
micro-ripples), the contact angles were measured in the direction along
with ripple grooves. Lines are used to guide the eyes, illustrating the
change in contact angle hysteresis with roughness.
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mechanically tunable. The flow resistance of the surface is
quantified by the sliding angle, «, which is defined as the tilt angle
when the liquid drop starts to move on a surface.?® Theoretical
modeling of the sliding angle on a flat surface was first addressed
by Rosano®*! and Furmidge:**

1
sina = — By, (cos 8, — cos b,) (10)
mg

where m is the mass of the liquid drop, g is the force due to
gravity, vy is the interfacial tension between liquid and vapor,
and 6, and 6, are the advancing and receding contact angles,
respectively. The shape of the drop is assumed rectangular, with
B = w as the width of the drop. Carre and Shanahan later
modeled the droplet motion on an inclined plane by considering
a droplet with a circular contour line,** and B = 7try/2, which is
commonly adopted to evaluate quantitatively the hydropho-
bicity of a flat polymer surface.?* In these theoretical models the
derivation of sliding angles is primarily based on the balance of
force along sliding direction due to gravity of the droplet and the
“restraining force” due to motion of the advancing/receding
wetting lines, but no further discussion on the detailed interfacial
motion (sliding or roll-off).** Here, the “sliding angle” is used
based on the same definition in literature.

Fig. 7 shows the sliding angles of the surface with dual-scale
roughness as a function of the external strains and associated
Wenzel’s roughness factor in comparison to several controlled
surfaces. The volume of water drop is 10 pl for all experiments.
For the pristine flat PDMS films, the droplet was pinned, and
started to slide at ~80° only when its volume was increased to
~30 pl. For the ripple surfaces with only micro-scale roughness,
the droplet began to move at oy = 37° £ 5.6° along the ripples
grooves, and at a;, = 42° + 14° when perpendicular to the
grooves. Because of the periodic sinusoid geometry of ripples, the
contact line of droplet is anisotropic, that is the droplet will have
no energy barrier to wet along the grooves compared to that
perpendicular to grooves.™ Such anisotropic wetting and sliding
have been reported on surfaces with sinusoid geometry but larger

roughness factor, r (for dual roughness)
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Fig. 7 Sliding angles vs. strain and roughness factor on surfaces with
dual-scale roughness. Sliding angles from micro-ripples, nanoparticle
film and flat PDMS film were collected for comparision.

wavelengths.'**%37 For the flat surface coated with nanoparticles,
the droplet started to slide at « = 58° 4+ 6.7°. For the surfaces
with dual-scale roughness (without external strain, full-sized
ripples), the droplet started to slide at oy = 16° + 1.0° along the
ripple grooves and « | = 19° £ 1.2° perpendicular to the grooves.
When the external strain was applied to the sample (Fig. 1k-h),
the ripples gradually vanished, leaving only the nano-scale
roughness remained on suface and the sliding angle increased
back to oy =49° £+ 5.0° and o, = 52° 4 6.1°. Overall, the sliding
angle of dual-structured surface can be reversibly tuned
approximately three times between the wrinkled dual structure
and flat nanoparticle film, simply by varying the mechanical
strain level applied to the PDMS film.

Previously, Song et al®® investigated the anisotropic sliding
behavior of water droplets on flat micro-scale line-pattern
surfaces from self-assembled monolayers (SAMs) of hydro-
phobic silanes. To quantify the effect of line direction on sliding
behavior, they modified Carre’s equation by introducing
a correction for the fraction of solid-liquid contact. In compar-
ison to their physically flat but chemically heterogeneous
surfaces, our system with physical heterogeneity is much more
complex to adapt eqn (10) for the prediction of sliding angles in
parallel or perpendicular to the ripple grooves. To achieve a high
contact angle and low contact angle hysteresis, it requires
destabilizing the three-phase (solid-liquid-air) contact line.3**°
In our systems, the meta-stable wetting depends on the jump of
droplets on top of different nanoparticles on the same ridges of
ripples or on adjacent ridges of ripples. This phenomenon is not
included in the model of moving droplets on the flat surface, and
we suspect this is also the main reason why the sliding angles are
different along the direction of motion, where the ridges of
ripples impose an energy barrier to confine the droplet spreading
across it.

Experimentally we also observed that the sliding angles are
slightly smaller if the drop moves along the grooves than
perpendicular to them. Although quantitative understanding of
the sliding behavior of our system is yet to be developed, the
qualitative trend, low hysteresis and smaller contact area (high
contact angle) yielding a low sliding angle agrees well with the
prediction from eqn (10). Nevertheless, the sliding angle of our
nanoparticles-on-ripples surface is somewhat larger than those
reported from superhydrophobic surfaces with dual rough-
ness.2*142 It may be due to (1) the nature of the fluoroalkyltri-
chlorosilane treatment, which is very sensitive to the moisture,
resulting in a large chemical heterogeneity and hysteresis, and (2)
both the topography and chemical heterogeneity of the surface®
triggered by the stretching/releasing cycles, where pure PDMS,
oxidized PDMS, silica, and fluoroalkylsilane co-exist on the
surface. To address this, we are currently investigating fine
control of uniformity of the nanoparticle distribution as well as,
for example, using alkyldimethylchlorosilanes,** which have
been reported with low water contact angle hysteresis, ~10°.

Conclusion

We construct a new elastomeric material consisting dual-scale
roughness, which exhibits mechanically-tunable wetting and
sliding behaviors. The micro-scale roughness is created from
internal buckling of a PDMS elastomer bilayer film, whose surface
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roughness can be reversibly regulated by applying mechanical
strain. The nano-scale roughness is generated by conformal
coating of silica nanoparticles on the rippled PDMS surface,
which promotes the wetting transition from a Wenzel regime (on
both micro-rippled PDMS and nanoparticle film) into a Cassie
regime (on the dual-rough surface). The sliding angle of the dual-
scale rough surface is reduced at least three times in comparison to
the surfaces with single-scale roughness, which can be mechan-
ically tuned simply by varying the stretch strain level. The aniso-
tropic sliding behavior due to heterogeneous rough structure of
surfaces is also observed. We are currently investigating the
anisotropy dependent on the ripple wavelength/amplitude and
surface chemistry. We believe the study presented here will offer
new insight into the design of rough surfaces for tunable wetting
and flow resistance, which will be valuable for the advancement of
many existing technologies, including micro- and nano- fluidic
applications, electronics and optoelectronics, as well as for driving
new paradigms in biotechnology and soft robotics.

Experimental
PDMS sheet preparation

PDMS precursor (RTV615 from GE Silicones) was mixed with
curing agent (10 : 1 wt/wt) and sandwiched between two 12" x 3”
borosilicate flat-plate glasses using 0.5 mm-height shims as
spacers. They were held together by 10 large 2” binder clips and
cured at 65 °C for 4 h in a forced-air convection oven. After
curing, the PDMS sheet (thickness of 0.5 + 0.02 mm) was cut
into 40 mm x 15 mm strips for experiment.

Micro-scale ripple pattern generation

The ripple patterns were generated in PDMS strip following the
method reported earlier.?* In brief, the PDMS strip was clamped
(Fig. 1a) by two 3/4” small binder clips with nominal length (/) of
30 mm and mounted on the custom-made stretching jig
composed of one large acrylic base and two sliders, whose
positions could be adjusted continuously in real-time by two
30 mm-long M4 wing screws with pitch 0.7 mm. The PDMS strip
was then stretched to the designated initial strain level (¢g = 40%,
Fig. 1b), followed by exposure to oxygen plasma (Technics,
model PE11-A) with power setting at 100 watts, time duration of
180 s, and pressure at 550 mTorr (Fig. 1c).

Nano-scale roughness generation

The nano-scale roughness was achieved by dip-coating (Fig. 1d)
the stretched samples in the solution of silica colloidal particles
with diameter 70-100 nm (ORGANOSILICASOL™ IPA-ST-
ZL, Nissan Chemical). The as-received silica particles solution
(30 wt% in isopropanol) was diluted to 5% in ethanol for better
dip-coating characteristics. The sample was immersed in ethanol
for 5 s, followed by withdrawing into the air at a speed of 5 mm
min~'. After the dip-coating, the stretched sample was subjected
to another light oxygen plasma treatment (30 W, 1 min) to
enhance the bonding between silica nanoparticles and the
rippled PDMS film, as well as to generate hydroxyl groups
for vapor deposition of (heptadecafluoro-1,1,2,2-tetrahy-
drodecyl)trichlorosilane (SIH5841.0, from Gelest) (Fig. le). A

couple of drops of trichlorosilane were placed on a petri dish in
a low-pressure desiccator together with the sample for overnight.
A surface with dual-roughness structure was formed spontane-
ously upon release of the initial strain, and reached the final
shape when the external force was completely removed (Fig. 1f).

Sample characterization

Scanning electron microscopy (SEM) images were taken with
a FEI Strata DB235 Focused Ion Beam in high vacuum mode
with an acceleration voltage of 5 kV. Surface topography was
imaged by a DI Dimension 3000 Atomic Force Microscope
(AFM) in tapping mode. The contact angles were measured
using Ramé-Hart Goniometer Model 200 with DROPimage
Standard Software by averaging over 5 fresh points. In our
current setup because the two clamps used for control of the
mechanical strain (see Fig. 1g) interfered with the camera to
capture the contact angles in the direction perpendicular to the
direction of ripple grooves, the contact angles reported here were
from the direction viewed along the ripple grooves.
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