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ABSTRACT: In this paper, we present a new approach to the
tunable adhesive superhydrophobic surfaces consisting of
periodic hydrophobic patterns and superhydrophobic struc-
tures by femtosecond (fs) laser irradiation on silicon. The
surfaces are composed of periodic hydrophobic patterns
(triangle, circle, and rhombus) and superhydrophobic
structures (dual-scale spikes induced by a fs laser). Our results
reveal that the adhesive forces of as-prepared surfaces can be
tuned by varying the area ratio (AR,;) of superhydrophobic

domain to hydrophobic domain, thus resulting in tunable static
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and dynamic wettabilities. By increasing ARy, (i) the static wetting property, which is characterized by the minimum water
droplet volume that enables a droplet to land on the surface, can be tailored from 1 L to 9 uL; (ii) the sliding angle can be
flexibly adjusted, ranging from >90° (a droplet cannot slide off when the sample is positioned upside down) to 5°%; and (iii) the
droplet rebound behaviors can be modulated from partial rebound to triple rebound. In addition, the Cassie—Baxter model and
the sliding angle model are used to speculate the contact angles and sliding angles to provide potentially theoretical models to
design slippery-to-sticky superhydrophobic surfaces. The tunable adhesive superhydrophobic surfaces achieved by fs laser
microfabrication may be potentially used in microfluidic systems to modulate the mobility of liquid droplets.

KEYWORDS: femtosecond laser, superhydrophobic surface, tunable wettability, silicon spikes, superhydrophobic—hydrophobic pattern,

water drop rebound

1. INTRODUCTION

Nature has illustrated a wide variety of superhydrophobic
surfaces with low or high adhesive forces. Low-adhesive
superhydrophobic surfaces are characterized by water contact
angle (CA) larger than 150° and sliding angle (SA) less than
10°." Water droplets on such surfaces can easily roll off to
remove loosely adherent dirt particles and debris from the
surfaces if the substrate is slightly tilted. This phenomenon is
well-known as the self-cleaning effect or lotus effect for its
original discovery on natural lotus leaf” Other than low-
adhesive superhydrophobic surfaces, sticky or high-adhesive
superhydrophobic surfaces characterized by both large SA and
CA, represent another appealing branch of study A typical
example of sticky natural species is rose petal,* which exhibits
remarkable adhesive force with water droplet sticking to the
surface even when it is positioned upside down.

Recently, intense interest has been focused on the smart
superhydrophoblc surfaces exhibiting tunable adhesive forces
and SAs’® Zhu et al. realized slippery-to-sticky superhydro-
phobic surfaces by tuning the topographies of polyimide (PI)
nanotube arrays using the porous alumina membrane molding
method.’ Li et al. have prepared CuO superhydrophobic
surfaces ranging from extremely low to very high tunable
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adhesive force by a combination of solution-immersion process
and fluoroalkylsilane coating.” Liu et al. reported the photo-
regulated stick—slip switch of water droplet mobility by using a
photoresponsive coating on anodized alumina blank substrate.®
Su et al. reported a facile route to reversibly tune surface
wettability of In,Ga;_,N (InGaN) nanotip arrays by
octylphosphonic acid (OPA) modification and ultraviolet—
visible (UV—vis) light illuminations.” Nanoscale water
interaction with tungsten nanorods generated under various
Ar pressures and substrate tilting angles by using a glancing-
angle deposition technique have also shown tunable hydro-
phobic properties after their surfaces were modified with a thin
layer of Teflon.'’ By adjusting the deposition time, dissolution
time, concentration ratio, and solution concentration, Li et al.
also prepared a series of copper nanowire arrays with tunable
wetting behaviors via redox reaction through infiltrating
aqueous solutions of metal chloride salts into native porous
anodic aluminum oxide template.'' Teisala found that variation
in the hierarchical structure of TiO, nanoparticle surfaces
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generated by the liquid flame spray (LFS) on board and paper
substrates could contribute to varying droplet adhesion
between the high- and low-adhesive superhydrophobic states.'*
In addition, tunable-SA superhydrophobic surfaces may realize
the control of drop mobility and can be used for lab-on-paper
(LOP) applications, such as drop storage, transfer, mixing, and
sampling."® The reason why intelligent surfaces with tunable
wetting properties attract increasing attention is that such
surfaces can be applied to many fields, including nonloss liquid
transportation,14 cell adhesion,"® and microfluidic channels with
diminished resistance. Despite these successful fabrications of
slippery-to-sticky surfaces, the structures are almost in nano-
scale and the corresponding fabrication technologies suffer
from the shortcomings of high cost, complexity, and necessity
of masks. It is still expected to explore a facile production
technology to fabricate tunable surfaces with simultaneously
dual micro/nanoroughness similar to natural species.16

Femtosecond (fs) laser micromachining has proved to be a
promising method to fabricate superhydrophobic surfaces for
its unique ability to simultaneously fabricate hierarchical micro/
nanoscale structures.!” For example, Zorba et al. induced
periodic lotus-leaf-like conical spikes by fs laser irradiation in
gaseous SF¢ and found that the droplets’” rebound behaviors on
the spike surface were similar to that of lotus leaf.'®
Femtosecond laser can also be applied to a variety of materials
to achieve hydrophobic, superhydrophobic, and even super-
hydrophilic surfaces, such as polymer,'® metals,** and semi-
conductors.>® Furthermore, the combination of fs laser
microfabrication and digital control three-dimensional (3D)
stages enables the preparation of various complicate patterns to
manipulate a droplet’s morphology. Our previous work
revealed that, through adjusting the interval of periodic
triangular array and strips, anisotropy wetting could be
tuned.”** The triangular silicon islands fabricated by the fs
laser can realize mutual wetting transitions between anisotropic
and isotropic.”* In addition, fs laser treatment can also enhance
the wettability of the surface without additional deposition of
chemical layer to reduce the surface energy. For example,
Kietzig et al.*® found out that the alloys with initially smooth,
hydrophilic surfaces could become nearly superhydrophobic or
even superhydrophobic over time after fs laser irradiation.
Bandoki et al. found the CA of alloys (Ti-6Al-V) would
increase 50° after surface modification by the fs laser.”
However, little is known about the realization of intelligent
surface with tunable wettability via fs laser irradiation.

In this paper, we present a facile method to realize intelligent
surfaces with tunable adhesion that can well modulate the CAs,
SAs, and water droplet rebound behaviors. These surfaces are
composed of superhydrophobic structures (spikes induced by
the fs laser) and hydrophobic array (triangle, rhombus, and
circle). Different area ratio (AR,) of superhydrophobic
domain to hydrophobic domain is investigated to show its
influence on the surfaces” wettabilities. The energy barriers of
these surfaces are analyzed, based on which both triple-phase
contact lines (TPCLs) of water droplets and the dynamic
TPCL evolution process are depicted. In addition, the Cassie—
Baxter model and the sliding angle model are used to predict
CAs and SAs.

2. EXPERIMENTAL SECTION

Surface Laser Irradiation. A Ti:sapphire laser-system (FEMTO-
POWER compact Pro) with a pulse width of 30 fs at a fundamental
wavelength 800 nm, a repetition rate of 1 kHz was used. The pulse
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energy on the sample was adjusted by a neutral density (ND)
attenuator .The laser beam was subsequently focused with a
microscope objective lens (20X, NA = 0.45, Nikon) into the sample
(dimensions = S mm X S mm X 0.5 mm), which was mounted on a
precision computer-controlled x-y-z translation stage with step
resolution of 50 nm and a maximum speed of 3 mm/s. The schematic
of the experimental setup is shown in ref 23.

Structured Patterns. Figure 1 shows a schematic illustration of
the configurations used to fabricate triangular, circular, and rhombic

AGCO

Figure 1. Schematic illustration of the fabrication of hierarchical
structure.

patterns on p-doped (100) silicon wafers. Each pattern is fixed in a
square matrix (as dark blue line denotes) with a matrix length constant
of 500 um. The line-by-line scanning method is employed to fabricate
these patterns.”” The light blue line denotes the scanning route. After
laser irradiation, the unstructured domain turns out to be a triangular,
circular, or rhombic pattern, as black domains denote in Figure 1. The
laser energy is 13 mW and the scanning speed is 1 mm/s, in which
case the laser spot size is 12 um. The interval of adjacent laser
scanning lines is 2 ym. By adjusting the triangle vertex a, circle radius
R, and rhombus angle f, the area ratio of unstructured domain to
structured domain can be modulated. The wettabilities of the
structured/unstructured domains change from both hydrophilic
(18°/45°) to superhydrophobic/hydrophobic (>150°/110°) after
fluoroalkylsilane coating. The formula used to calculate the hydro-
phobic area fraction (7) in each matrix, with respect to each pattern, is,
respectively,

Triangle:

_ cg(a/2)
4

Circle:

Rhombus:

_ ag(B/2)
="

The Sample Treatment. We used p-doped Si wafers. After
structuring the silicon substrates in an air atmosphere by fs laser
irradiation, the samples were cleaned by ultrasonic cleaning in water at
40 °C for 15 min, and then by a 15-min ultrasonic bath in acetone and
in methanol in sequence. Immediately afterward, the samples were
immersed into fluoroalkylsilane solution with a concentration of 2%
for 2 h and then were roasted in a furnace with a temperature constant
of 300 °C for another 12 h.

Morphology Analysis and Contact Angle Characterization.
The morphology of the surface structures is analyzed using scanning
electron microscopy (SEM) and optical microscopy (Model LV100D,
Nikon). Contact angle characterization is performed using a
Dataphysics Model OCA20 contact angle goniometer with an
automated drop dispenser, and image and video capture system.
The digital drop image is processed by the image analysis system,
which calculates both the left and right contact angles from the drop
shape with an accuracy of +0.1°. Static water contact angle images are
captured by the video. The large volume water droplet is measuered

dx.doi.org/10.1021/am3012388 | ACS Appl. Mater. Interfaces 2012, 4, 4905—4912



ACS Applied Materials & Interfaces

Research Article

a

Figure 2. (a—c) SEM images of rhombic, triangular, and circular patterns fabricated by a femtosecond laser on Si. (d) Large magnification SEM

image of the structures irradiated by a femtosecond laser.

usign a tangent algorithm instead of a spherical cap algorithm for the
deformation of droplet due to the gravity of the droplet, which has
been analyzed in detail in our previous paper.”

3. RESULTS AND DISCUSSION

Morphology of Structured Surface. Figure 2a—c shows
SEM images of the laser-structured silicon surface consisting of
periodic rthombic, triangular, and circular arrays. Each pattern is
located in a 500-ym-wide square grid. The fs laser-structured
domain is characterized by self-organized periodic conical spike
forests with tens or hundreds of nanometer-sized protrusions.
The period of the spikes is 10 ym. The spikes are considered to
evolve from the microscale ridges.””® The as-prepared surfaces
were coated with a layer of of fluoroalkylsilane. The structured
and unstructured domains then became superhydrophobic and
hydrophobic, respectively. To describe the surfaces with
different pattern array precisely, the surface with pure spikes
is defined as the s-surface, and the surfaces with triangular,
circular, and rhombic pattern arrays are defined as the t-surface,
c-surface, and r-surface, respectively.

Static Contact Angles. To show how the wetting
properties vary after the introduction of different hydrophobic
patterns, the static and dynamic wettabilities of the s-surface are
illustrated in Figure 3. When a 1-yL water droplet contacts the
lifted s-surface, the suspending droplet is found to be very
difficult to fall on the surface, even when the droplet is
deformed severely by the upward pushing force during s-surface
elevation. As the s-surface is moved downward, the droplet will
depart from the sample and be taken away by the microsyringe.
With the increase of water dose from 1 yL to 9 yL with step of
1 uL, the water droplet is still unable to land on the surface.
When the water volume reaches 10 pL, the droplet detaches
from the microsyringe, falls on the sample under the gravitation
effect, and instantaneously rolls off (see Movie S1 in the
Supporting Information). The conventional sessile droplet
method is invalid to calculate static CAs when the droplet is
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Figure 3. Response of 1—10 yL water droplets on the s-surface.

unable to land on the surface. In this case, Jiang et al. defined
CA as 180°.* In addition, the SA of the s-surface is calculated
to be 1°.

The excellent superhydrophobicity of the s-surface is
considered to arise from the multiporous structures (Figure
2d). When a water droplet is placed on the s-surface, the
droplet will only contact the protuberance of the spikes.
Meanwhile, many air bubbles are trapped in the cavities, thus
greatly reducing the contact area between the water droplet and
the sample. The air bubbles function as an air cushion to hold

dx.doi.org/10.1021/am3012388 | ACS Appl. Mater. Interfaces 2012, 4, 4905—4912
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up the water droplet and make the s-surface become
superhydrophobic.

Table 1 shows the minimum water volume (V;) that allows a
droplet to land on the t-/c-/r-surface at # values of 0.5, 0.25,

Table 1. Minimum Water Volume (V;) That Enables a
Droplet to Sit on the t-/c-/r-Surface at Different 77 Values
and the Corresponding Static Contact Angles (CAs)

Triangle Circle Rhombus
n CA(deg) VL (uL) CA(°) Vo(uL) CA(°) Vi (kL)

0.5 134 1 136 1 138 1
025 146 2 149 2 144 2
0.1918 150 3 150 3 149 3
0.1443 151 4 151 4 152 4
0.1036 15§ S 152 S 153 S
0.0672 158 7 15§ 7 157 7
0.0329 160 9 160 9 161 9

0.1918, 0.1443, 0.1036, 0.0672, and 0.0329. The specific
calculation formula of # for each pattern is illustrated in the
Experimental Section.

With respect to the t-surface, at # = 0.5, the first 1-uL water
droplet is able to sit on the surface and the static CA is 134°. As
n decreases, more water volume is needed to enable the water
droplet to land on the t-surface, with 1 uL (7 = 0.5) increasing
to 9 uL (n = 0.0329) (see Movie S2 in the Supporting
Information). In the meantime, further decreases in # also lead
to the static CA increasing from 134° to ~160°.

Figure 4 shows the water drop behaviors at 77 = 0.0329 on the
t-surface. The 1—8-uL water droplets are unable to land on the

o

Figure 4. Graphic showing that 1—9-uL water droplets tend to land on
the t-surface at n = 0.0329.

surface, just like the case of the s-surface. However, note that
the drop behavior on the t-surface is different from that on the
s-surface when the droplet detaches from the sample. At V| =
4—8 uL, the droplet shakes intensely hanging on the
microsyringe just after its detachment from the t-surface,
while a droplet detaches from the s-surface smoothly (see
Figure 3). The water drop behaviors on the c-/r-surface exhibit
wetting performances that are very similar to that of t-surface,
as demonstrated in Table 1. These results demonstrate that the
hydrophobic domains actually contribute to the water adhesion
force while superhydrophobic domains contribute to the water
repellent force. And the adjustment of the ratio of hydrophobic
domain to superhydrophobic domain can tune the adhesive
force of the surfaces.

Free Energy Barrier Analysis. The surface roughness
plays a crucial role in the superhydrophobic performance. The
surface heterogeneity often gives rise to free-energy barriers
(FEBs),>*~** which will cause triple-phase contact line (TPCL)
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pinning or depinning behaviors of a water droplet.>>** When a
droplet advances or recedes, it must overcome the FEBs where
the droplet settles.>**® To better understand the wetting
behaviors of the t-/c-/r-surface, the clarification of FEBs is
essential.

Water evaporation on structured patterns has been proven to
be an effective method to clarify the surface’s FEBs.*? Here, the
FEBs are also explored by monitoring the dynamic evaporation
behaviors of a droplet that is positioned on the as-prepared
surfaces. The captured images are shown in Figure S, where the
droplet’s morphologies are marked by a red line. It can be seen
that the droplet retreats from the fourth triangle’s edge to the
third in the longitudinal direction (see Figures Sa and Sb, and
Movie S3 in the Supporting Information), indicating that two
corners along the triangular baseline play the FEBs role. Figure
Sc and 5d indicates that a water droplet recedes from the fourth
column of the triangular array to the third, resulting in the
wetting transition from anisotropic to isotropic (see Movie S4
in the Supporting Information). This dynamic behavior
indicates that the baseline, vertex angle, and bevel edge play
the FEBs role. In addition, a series of jump-stick behaviors on
the t-surface will realize the mutual wetting transitions between
isotropic and anisotropic.** Because of the similarity between
the triangle and rhombus shapes, it can be deduced that the
four corners of the rhombus function as the FEBs.

As demonstrated in Figure S, when a water droplet is placed
on a hydrophobic substrate with periodic superhydrophobic
domains, the droplet tends to wet the hydrophobic domains
but dewet the superhydrophobic domains. The wetting
phenomenon is very similar to the jump-stick behaviors on
the surface with periodic hydrophobic pattern, on which a
droplet sits on hydrophobic pillars and air pockets.*® It can be
deduced that the superhydrophobic domains on the t-/c-/r-
surface actually play the same role of air. Correspondingly, the
t-/c-/r-surface can be assumed to be a surface consisting of
periodic hydrophobic pillars in different shape (triangle, circle,
and rhombus) with the gap filling up with air. The wetting
properties on circular pillars have been previously studied by
Wong and Ho,”” who point out the outward arc of the circles
where the droplet settles plays the FEBs role.

Area Ratio Calculation. Wetting properties can be
explained theoretically by two models. One is the Wenzel
model,*® which assumes that a liquid drop totally penetrates the
structured surface and the liquid—solid CA 6, follows the
equation

cos @, =r cosd (1)
where r is the surface ratio between the overall surface area and
the projected structured surface, 8 is the intrinsic CA of the flat
substrate. The other model is the Cassie—Baxter model,*
which assumes that a water droplet only wets a small fraction of
a rough surface with air pockets trapped under it and the static
CA Ocp can be predicted by
Ocpg = @(cos O + 1) — 1 2)
@, denotes the area ratio. With respect to composite surfaces
consisting of two different materials with different wettabilities,
just like our t-/c-/r-surfaces, the CA Ocp value is given by

Ocy = f, cos 0, + f, cos 0, (3)

h+h=1
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Figure S. Evaporation behaviors of a water droplet on the t-surface at = 0.25.

where f;, 0, and f,, 6, are the area fraction and CA for the
superhydrophobic domain (spikes induced by a fs laser) and
the hydrophobic domain (triangle, circle, and rhombus),
respectively.

The typical TPCLs of water droplets on the t-/c-/r-surface
are depicted in Figure 6, based on which the superhydrophobic

Figure 6. Typical triple-phase contact line of water droplet on the t-/
c-/r-surface.

area fractions at different 7 are calculated and listed in Table 2,
where also shows the experimental CAs and CAs calculated by
eq 3. The CAs predicted by the Cassie—Baxter model are in
good agreement with experimental CAs. It is also shown that a
decrease in # actually leads to an increase in superhydrophobic
domain area, thus rendering less water-adhesive force to a water
droplet so that both CAs and Vi increase, as demonstrated in
Table 1.

Sliding Angles. The sliding behavior of a droplet is an
important factor in characterizing superhydrophobic surfaces.*’
As a sample is gradually tilted from the horizontal state, a
droplet will become increasingly inclined downward. At a
critical slope angle, the droplet will experience a sliding motion
immediately along the inclined surface: this angle is defined as
the sliding angle (SA).

As mentioned above, the 9-uL water droplet has the
minimum water volume that enables a droplet to land on the
t-/c-/r-surface at different 7. So this volume droplet is selected
to measure SAs on the t-/c-/r-surface. The dynamic behaviors
of the moving droplets are recorded using a digital camera.
Sequential photographs of the sliding water droplets are taken
every 10 ms. The SAs are measured by tilting the samples at a
rate of 1°/s until the droplet rolls off.

Figure 7a shows the measured SAs (colored dots) on the t-/
c-/r-surface, as a function of hydrophobic area fraction (f,
defined as f, = 1 — f;, according to eq 3). It is evidently seen
that SAs strongly depend on f, with little dependence on the
hydrophobic domain pattern (triangle/circle/rthombus). As f,
increases, SA increases from 5° (f, = 0.0517) to 37° (f,
0.4209) on the r-surface. However, at f, = 0.7172, the droplet
cannot slide away but remains attached to the surface, even
when the sample is turned upside down. The SAs of the t-/c-
surfaces show similar wetting trends to that of the r-surface.
Therefore, the dynamic wetting properties herein, combined
with the static wettabilities mentioned above, lead us to

Table 2. Area Fraction (f;) of Superhydrophobic Domain on the t-/c-/r-Surface at Different 77 and Corresponding CAs®

Triangle Circle Rhombus
n h CA* (%) CA (°) fi cA* (°) CA (°) fi CA* (°) CA (°)
0.5 0.375S5 126 134 0.3559 125 136 0.2828 122 138
0.25 0.574S 136 146 0.578S 136 149 0.5791 136 144
0.1918 0.7520 147 150 0.6505 140 150 0.6643 141 149
0.1443 0.789S 149 151 0.7124 144 151 0.7409 146 152
0.1036 0.8571 155 155 0.8348 153 152 0.8549 155 153
0.067 0.9050 160 158 0.8850 158 155 0.9042 160 157
0.0329 0.9528 165 160 0.9394 164 160 0.9483 165 161

“CA* = contact angle calculated by the Cassie—Baxter (CB) model; CA = experimental contact angle.
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Figure 7. (a) Sliding angles as a function of hydrophobic area fraction (f,). The color dots are the experimentally measured values, and the black line
is the set of values predicted by the sliding angle model. (b) Optical images of the 9-uL water droplet on the r-surface at f, = 0.7172. (c)
Morphologies of the sliding droplets with f, ranging from 0.0517 to 0.4209.

conclude that tunable adhesive surfaces can be realized by
introducing regular patterns on a silicon surface at different
hydrophobic area fractions.

To predict the sliding angle a of a droplet on a smooth
surface, some equations have been established. Furmidge
proposed a equation to calculate SA quantitatively:*'

pgV sin a = 2Rk 4)

where p and V respectively denote the droplet mass density and
volume, g is the gravity acceleration, R is the radius of the
wetted area, and k is a constant. Later, Frenkel** associated k
with the advancing (¢,) and receding angles (¢,) and defined k
as ypy(cos @, — cos @,), where y;y denotes the interfacial
tension between liquid and vapor. As a result, eq 4 becomes

©)

Recently, Lv et al.*’ proposed a new sliding angle model:

pgV sina = 2RyLV(cos @ — cos (pa)

sina =

Zi/gyLV\/Z(l + cos ¢) — (1 + cos ¢O)2f
pgi/ﬁ{/4 — 3(1 + cos ql')o)zf2 + (1 + cos ¢0)3f3
(1 + cos ¢,)f (6)

where ¢, is the intrinsic CA of smooth surface and f is the area
fraction of substrate.

To investigate the relationship between SAs and the
hydrophobic area fraction (f,), the sliding angle model (eq
6) is employed. The simulated SAs are depicted in Figure 8a
(presented later in this work), as denoted by the black line. It is
shown that the SAs calculated by the sliding angle model are in
good agreement with our experimental SAs, indicating that the
sliding angle model may provide potentially theoretical
fundation to design intelligent surfaces with different adhesive
forces.

Sliding Mechanism Analysis. On the s-surface, a droplet
is found to slide in a continuous manner (Figure 3). However,
on the t-/c-/r-surface, it is found that water droplets slide in a
discontinuous manner, similar to the droplet behaviors
reported by Lv et al.*® Taking the sliding behaviors of the 9-
uL water droplet on the r-surface at f, = 0.4209 and 0.2591 as
an example, the droplet morphologies at different times are
shown in Figure 8, along with the TPCL evolution. As Figure
8a shows, when the slope angle of the surface equals SA, the
droplet starts to move by conquering the FEBs where the
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Figure 8. (ab) Record of sliding process of a 9-uL water droplet on
the r-surface at f, = 0.4209 and 0.2591. (c) Top view and side view of
TPCL evolution on the r-surface at f, = 0.4209.

droplet anchors. First, the rear droplet detaches from the
surface then quickly jumps to the former pattern and gets stick
at its edge (0—12 ms). In this process, the front droplet remains
adhering, as indicated by the purple line in Figure 8a.
Subsequently, the front droplet advances with the rear adhering
(12—18 ms). Later on, the rear droplet jumps and then gets
pinning (18—30 ms), indicating that successive sliding motion
will follow the same continuous sequence of the detachment-
attachment process shown in the period of 0—18 ms. The
sliding behaviors of a 9-uL droplet at f, = 0.2591, which shows
very similar wetting trend as that which occurs at f, = 0.2591
on the r-surface (Figure 8b). The rear contact line experiences
the depinning—repinning behavior at t = 6 ms and front contact
line detaches at t = 12 ms. Either the detachment of a droplet in
the rear part or in the front part is accompanied by the droplet
attachment in the other direction.

The droplet sliding motion on the r-surface is associated with
the variation of TPCL. The TPCL evolutionary process at f, =
0.4209 seen from top view and side view is depicted in Figure
8c. The rhombic array, seen from the side view, can be assumed
to be the periodic pillars. Three different colored lines denote
the TPCL at different times t. The pink line denotes the TPCL
where a 9-uL droplet initially sits, the green line denotes the
TPCL after the rear jump, and the blue line denotes the TPCL
after the front jump. First, the rear contact line of the droplet
jumps one rhombic row from up to down. And then the front
contact line advances in one row with the rear contact line

dx.doi.org/10.1021/am3012388 | ACS Appl. Mater. Interfaces 2012, 4, 4905—4912
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Figure 9. Time evolution of impact dynamics on the r-surface at f, = 0.7172, 0.3357, 0.2591, 0.0958, and 0.0517.

sticking to the surface. The droplet sliding behaviors on t-/c-
surface follow the same dynamic wetting trend as the r-surface.

Water Droplet Rebound Behavior. Besides the static
contact angle (CA) and sliding angle (SA), water droplet
rebound behavior is another wetting property that can be used
to characterize superhydrophobic surfaces,**** which may have
applications in self-cleaning, inkjet printing, and spraying
techniques. It is expected that, by adjusting the area ratio of
superhydrophobic domain to hydrophobic domain, tunable
rebound behaviors can also be realized.

Snapshots in Figure 9 show the rebound behaviors of 10-uL
water droplets on the r-surface at f, = 0.7172, 0.3357, 0.2591,
0.0958, and 0.0517. The 10-uL droplets are all released from a
height of 3.5 mm above the surfaces. It is shown that surface
roughness can greatly influence droplet impact on the r-surface
and drop rebound behaviors can be tuned. When f, decreases
from 0.7172 to 0.3357, the droplet sticks to the surface.
However, as f, decreases, the droplet is more apt to rebound,
which can be deduced from the highest point that the droplet
reaches. Besides, the remaining part of the droplet left on the
surface is more evidence to prove this droplet rebound trend.
With the decrease of f,, the droplet jumps higher, leaving less
part on the surface. Further decreases in f, will give rise to the
droplet rebound. At f, = 0.2591, the droplet begins to rebound
but can only rebound once (Figure 9c). When f, reaches values
of 0.0958 (Figure 9d) and 0.0517 (Figure 9e), the droplet
rebounds twice and three times. The results indicate that, by
varying the area ratio of superhydrophobic domain to
hydrophobic domain, the rebound behavior can be apparently
tuned, from triple rebound at small f, to a partial rebound at
large f, with liquid sticking to the surface.
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4. CONCLUSIONS

In conclusion, a method to realize tunable adhesive super-
hydrophobic surfaces by adjusting the surface morphology is
demonstrated. By varying the area ratio of the super-
hydrophobic domain (AR;,,) (spikes induced by a femtosecond
laser) and hydrophobic domains (triangle, circle, and
rhombus), both the static and dynamic wettabilities can be
tuned. With gradually increasing AR, a water droplet is harder
to land on the surface and is more apt to rebound, along with
the decrease in sliding angle. Through the analysis of triple-
phase contact lines, the wetting properties are found to be
dependent on AR, but independent of pattern of hydrophoic
domain. The Cassie—Baxter model and the sliding angle model
are utilized to predict contact angles (CAs) and sliding angles
(SAs). And the simulated results are in good agreement with
the experimental data. This study not only presents a route for
the fabrication of tunable adhesive superhydrophobic surfaces
but also provides insights into the nature, function, and design
of the sticky-to-slippery surfaces. The tunable adhesive surfaces
can be potentially applied in cell adhesion modulation and
water droplets” mobility control.
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