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Butterfly wings have the ability to directionally control the movement of water microdroplets. However, the
realization of artificial directional sliding biosurfaces has remained challenging. Inspired by butterfly wings, a
new kind of directional patterned surface is developed to achieve superhydrophobicity and anisotropic
adhesive properties at the one-dimensional level. The surface is composed of a hydrophobic triangle
array and surrounding superhydrophobic structure. On the as-prepared surface, a droplet rolls along one
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1. Introduction

Anisotropic microstructured surfaces allow water striders to
walk on water,"” butterflies to shed water droplet from their
wings,® and cactus and spider silk to collect fog.»* Capturing
these natural features in biomimetic surfaces is an active area of
research.®® In nature, it is well known that the sliding angle (SA)
values are different for a water droplet rolling along two vertical
directions on the surface of a rice leaf.’ This unique property is
based on the arrangement of the microstructures of the rice
leaf. The microscale papillas are arranged in one-dimensional
order parallel to the leaf edge and randomly in the other
directions."* In fact, the anisotropy of rice leaf is defined at the
two-dimensional (2D) level. Recent researches have shown
directional adhesion (at the one-dimensional level) on the
superhydrophobic butterfly wings.*® A droplet easily rolls off the
surface of the wings along the radial outward (RO) direction of
the central axis of the body, but is pinned tightly against the RO
direction. Anisotropic superhydrophobic surfaces are attracting
considerable attention for their competence of driving liquid
flow along a desired direction, enabling their potential appli-
cations in microfluidics and lab-on-chip systems.**"** Therefore,
many efforts have been made in developing an artificial super-
hydrophobic surface with anisotropic adhesion in the past
several years. Compared with the numerous rice leaf-inspired
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anisotropic superhydrophobic surfaces which are usually
prepared by 2D level micro-patterns, such as grooves,>**** the
fabrication of anisotropic superhydrophobic surfaces with
directional adhesion is becoming an active research subject
until recent years. For example, Tseng et al. presented water
droplets that undergo spontaneous self-directed motion upon
contact with a chemically patterned nanotextured surface with
wedge-shaped gradient.” But for this spatial gradient-based
fluidic pathway, droplet motion occurs over a limited range
before sticking occurs. Demirel et al. prepared an engineered
nanofilm, composed of an array of oblique angle poly nanorods,
which demonstrates directional sliding behaviour by means of a
pin-release droplet ratchet mechanism.?® Zheng et al. reported a
novel taper-ratchet array on ryegrass leaf with effective direc-
tional water shedding-off properties.>* By a couple of replication
operations, the polymer surfaces are fabricated successfully
from ryegrass leaf, displaying a robust property of directional
water shedding-off. However, the above-mentioned surfaces are
in fact 3D structures. To best of our knowledge, successful
fabrication of artificial superhydrophobic surfaces with
different adhesion along the opposite directions (at the one-
dimensional level) like butterfly wings via the flat 2D patterns
has still not been demonstrated.

Up to now, many techniques have been adopted to produce
superhydrophobic surfaces and anisotropic wetting surfaces,
including self-assembly, electrospinning, plasma-treated
surfaces, lithography, wet chemical processes, and laser
etching.”®?* Among these techniques, micromachining by
femtosecond (fs) laser is particularly attractive from the
perspectives of negligible heat-affected zone, precise ablation
threshold and high resolution.””** The fs laser can not only

This journal is © The Royal Society of Chemistry 2014
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produce the topography with two scale roughness via a one-step
process, but can also be applied to a wide variety of materials
such as metals, glasses, ceramics and polymers.**** In combi-
nation with a precise three-dimensional computer number
control translation stage, fs laser micromachining provides a
quick and efficient prototyping means which can control the
processing position precisely being independent of expensive
masks and clean room. A wide variety of patterns can be real-
ized, exhibiting unique wetting property.>*>® Therefore, the fs
laser has been extensively applied to the modulation of surface
wettability.

In this paper, we present a facile patterned surface, inspired
by butterfly wings, to realize superhydrophobicity and direc-
tional adhesion that a droplet rolls along one direction easier
than its opposite direction. The surface is composed of hydro-
phobic triangle array and surrounding superhydrophobic
structure. The base length and vertex angle of the triangle array
pattern have important effect on the superhydrophobicity and
anisotropy of the as-prepared surfaces. The anisotropy is
obtained just when the droplets have close size with a single
hydrophobic triangle. The maximum difference of the SAs along
two opposite directions can reach 21°. This unique ability is
ascribed to the direction-dependent arrangement of triangle
array patterns.

2. Experimental Section
2.1. Material

Polydimethylsiloxane (PDMS) is an intrinsic hydrophobic
material, widely used in biomedicine field and lab-on-chip
devices. In the current investigation, the PDMS thin films were
generally prepared from a 10 : 1 mixture (by weight) of prepol-
ymer (DC-184A, Dow Corning Corporation) and curing agent
(DC-184B, Dow Corning Corporation), poured onto a clean glass
plate and kept there for 10 min in a vacuum desiccator, so that
the trapped air bubbles could emerge to the surface. After
removing all the air bubbles, the mixture was solidified in an
oven at 100 °C for 2 hours. The solidified PDMS samples were
carefully peeled off from the glass plate, and then rinsed with
deionized water with sonication.

2.2. Structured patterns

Fig. 1 shows the schematic illustration of configurations used to
fabricate triangle array patterns on PDMS films. The gray
domain denotes the fs laser irradiated region. After fs laser
irradiation, the unstructured domain turns out to be a triangle
array pattern (the white domain). Each isosceles triangle has a
base length of d and a vertex angle of «. By adjusting the d and «,
the size and shape of the triangle array can be modulated as well
as the wettability. In addition, the 1 and 2 directions, which
parallel to the symmetry axis of isosceles triangles, are defined
in Fig. 1.

2.3. Surface laser irradiation

The micro/nanoscale hierarchical rough structure (the gray
domain in Fig. 1) was fabricated by fs laser irradiation in
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Fig. 1 Schematic illustration of the fabrication of triangle array
patterns. The gray domain is irradiated by a femtosecond laser and
shows micro/nanoscale hierarchical rough structure. The white
domain is intrinsic smooth surface which is not irradiated by femto-
second laser and forms a triangle array.

ambient conditions on flat PDMS surface. The schematic of the
experimental setup was shown in our previous work,'7?831,32,34-36
The PDMS samples were mounted on a motorized x-y-z trans-
lation stage controlled by a computer and positioned perpen-
dicularly to the direction of laser incidence, and then irradiated
by a regenerative amplified Ti:sapphire laser system (CoHerent,
Libra-usp-1K-he-200) with a center wavelength of 800 nm which
could afford 50 fs pulses at a repetition rate of 1 kHz. The
Gaussian laser beam was focused by a microscope objective lens
(10x, NA = 0.30, Nikon) on the samples. A mechanical shutter
was used as a switch to turn on and off the laser beam. In the
experiment, a line-by-line and serial scanning process was used.
Each sample was fabricated with a constant average power of
30 mW at a scanning speed of 4 mm s~ ', and the interval of
adjacent laser scanning lines was held constant at 4 um.
Following the irradiation process, the samples were cleaned by
deionized water in ultrasonic bath at room temperature for
10 minutes.

2.4. Morphology analysis and contact/sliding angle
characterization

The morphology of the as-prepared surfaces irradiated by a fs
laser was characterized by a JSM-7000F scanning electron
microscopy (SEM, JEOL, Japan). The water contact angles (CAs)
and the SAs of 7 ul water droplets on the surface were measured
by a JC2000D4 contact-angle system (POWEREACH, China) at
ambient temperature, using a sessile drop method. The average
values were obtained by measuring five different points on the
same surface.

3. Results and discussion

Fig. 2a and b show the SEM images of the as-prepared PDMS
surfaces consisting of periodic triangle arrays. The intrinsic or
untreated PDMS surface is smooth (Fig. 2¢) and shows ordinary
hydrophobicity with a water CA of 110° + 1.5° (Fig. 2e). Fig. 2d
shows that the fs laser structured region is characterized by an
irregular rough structure of an order of micrometer decorating
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Fig.2 (aand b) SEM images of as-prepared triangle array patterns with
different shapes. (c and d) Large magnification SEM images of the non-
irradiated and laser-induced domains, respectively. (e and f) The
shapes of a 7 ul water droplet on untreated (e) and completely rough (f)
PDMS surfaces, respectively.

with tens or hundreds of nm nanostructures. The micro/nano-
meter binary structures can trap a large amount of air, which is
helpful to give rise to superhydrophobicity.>"**3>3%¢ After fs laser
scanning, the static CA on the completely rough surface is as
high as 157° + 0.5° (Fig. 2f), even without any modification by
materials of low surface energy. In addition, the completely
rough surface shows ultralow and isotropic water adhesion
because the droplet is very difficult to land on the surface, and
the SAs in all directions are lower than 1° (see Movie S1 in the
ESIT). Therefore, the triangle array patterned structure is a
heterogeneous topographic surface including both super-
hydrophobic and ordinary hydrophobic domains.

Anisotropic wetting and dewetting are very important prop-
erties on the heterogeneity or heterogeneous topographic
patterned surfaces. The static and dynamic wettability of the
triangle array pattern with d of 1200 um and « of 60° are shown
in Fig. 3. Fig. 3a shows the shape of a 7 pl water droplet on the
as-prepared surface. The equilibrium static CA is 153.8° + 1.7°,
demonstrating that the heterogeneous topographic surface

(a)

0.1250s 0.1875s

Fig. 3 The static and dynamic wettability of the periodic triangle array
pattern with base length of 1200 um and vertex angle of 60°. (a) The
shape of a 7 ul water droplet on the surface with a contact angle of
153.8° + 1.7°. (b and c) The time sequences of snapshots of a water
droplet rolling along the 1 direction and the 2 direction. The as-
prepared surface in (b) and (c) is tilted 56.5° and 77.5°, respectively.
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overall presents superhydrophobicity. Fig. 3b and c show the
time sequences of snapshots of a water droplet rolling along the
1 direction and the 2 direction, respectively. As can be seen, a
7 ul droplet starts to roll off the as-prepared surface along the 1
direction under the gravitation effect when the surface is
slightly tilted at an angle of 56.5° (see Movie S2 in the ESIT).
However, the droplet starts to roll along the 2 direction until the
as-prepared surface is tilted 77.5° (see Movie S3 in the ESIY).
The result demonstrates directional adhesive property on the
superhydrophobic triangle array structure, that is, a droplet
rolls along the 1 direction distinctly easier than its opposite
direction (the 2 direction). Apparently, this anisotropy is
attributed to the directional arrangement of triangle array
patterns with the single axis of symmetry. The anisotropy at the
one-dimensional level is similar to the superhydrophobic
butterfly wings. When the as-prepared surface is tilted a angle
between 56.5° and 77.5°, a 7 pl droplet will experience a slip
behavior along the 1 direction but a pin behavior along the 2
direction. Thus the slippery-to-pinning property can be realized
and the movement of a droplet can be controlled.

The directional adhesion of the triangle array patterned
surfaces can be verified by measuring the contact angle
hysteresis (CAH) as well. Fig. 4 shows the images of a droplet
being dragged along the 1 and 2 directions, respectively (see
Movie S4 in the ESIt). The advancing and receding angles along
the 1 direction are about 150° and 92°. The advancing and
receding angles along the 2 direction are about 155.5° and
84.5°. As a result, the CAH in the 1 direction is about 58°.
However, the CAH is about 71° in the 2 direction, which is
distinctly larger than that in the 1 direction, indicating that the
droplet prefers to roll along the 1 direction.

The base length and vertex angle of the triangle array
patterns, which are the most crucial structure parameters,
have important effect on the superhydrophobicity and water
adhesion of the as-prepared surfaces. Fig. 5a shows the
relationship between the static CA and d when « is always
60°. Clearly, all the CAs are higher than 150°, indicating that
the as-prepared surface shows stable superhydrophobic
property in a wide d range from 0 um to 1400 pm. The
dependence of the SA on d is also investigated, as shown in
Fig. 5b. When d is equal to 0 um (the surface is completely
irradiated by fs laser), the as-prepared surface shows ultralow
water adhesion with SA lower than 1°. With the increase of d,

(a) (b)

Fig. 4 Measurements of the advancing and receding angles on the
triangle array patterned surface with base length of 1200 um and
vertex angle of 60° along the 1 (a) and 2 (b) directions, respectively. The
advancing and receding angles along the 1 direction are about 150°
and 92°. The advancing and receding angles along the 2 direction are
about 155.5° and 84.5°.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 The static and dynamic wettability of the periodic triangle array
patterns as a function of the base length and vertex angle. (@and b) o =
60°; (cand d) d = 1200 pm. The d = 0 pm for a being constant and « =
180° for d being constant mean that the surface is completely irradi-
ated by a femtosecond laser. The a« = 0° for d being constant means
that the surface is intrinsic flat PDMS without any treatment.

the SA increases from ultralow to ultrahigh even when the as-
prepared surfaces are 90° tilted in both the 1 and 2 direc-
tions. SA; and SA, have a similar trend. Subscripts 1 and 2 are
for the 1 and 2 directions, respectively. When d increases
from 0 pm to 800 um, there is no significant difference
between the SA; and the SA,. At this time, the anisotropy does
not display. However, the SA; is obvious smaller than the SA,
when d is between 800 um and 1400 um, meaning that a
droplet is easier to roll along the 1 direction than the 2
direction. Here the as-prepared surface shows super-
hydrophobicity and anisotropic adhesion in two opposite
directions (at the one-dimensional level). On the other hand,
the same conclusion can be obtained when « changes but the
d remains constant at 1200 um. The as-prepared surfaces
show superhydrophobicity when « is equal to or greater than
30° (Fig. 5¢). The SA, is obvious smaller than the SA, in awide
a range from 30° to 120°, showing anisotropic adhesion along
the 1 and 2 directions (Fig. 5d). Specially, the maximum
anisotropy reaches 21° at d = 1200 um and « = 60°.

It can be found that the anisotropy is obtained when the
droplets have close size with a single hydrophobic triangle. As
shown in Fig. 3a, the average diameter (=1000 um) of the
contact area between the as-prepared surface and the 7 pl water
droplet is almost the same as the height of a single triangle. At
this point, the sliding anisotropy reaches a maximum. With the
volume increasing from 7 pl to 20 pl, the sliding anisotropy
declined from 21° to 9° and then to nearly 0°, resulting in
anisotropic sliding disappearing, as shown in Fig. 6. In fact, this
changing trend is consistent with the results of Fig. 5b.
Increasing water volume for triangle size being constant is
equivalent to decreasing triangle size for water volume being
constant, because the two ways all make the size of the droplet
become larger than the triangle.
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Fig. 6 Sliding angle as a function of water droplet volume on the
triangle array patterned surface with base length of 1200 um and
vertex angle of 60°.

The three-phase contact line (TCL) of the location of water
droplets is the main factor influencing the dynamic property of
a droplet on the superhydrophobic surfaces.*”*° In fact, it is
known that the ordered arrangement of the microstructures
may influence the contour, length and continuity of TCL and
thus control the way a droplet tends to move.*** TCL is similar
in all directions for the homogeneous and random distribution
of micropapillae on the surface of a lotus leaf, leading an
isotropic wettability.*»** In comparison, on the surface of our as-
prepared samples, the TCL which is influenced by the triangle
array pattern seems more complex because the patterned
surfaces are periodically heterogeneous. The completely laser-
irradiated surface shows superhydrophobicity with ultralow
water adhesion. Accordingly, the droplet on the laser-irradiated
surface is Cassie state.***> The water only contacts the peak of
the micro/nanoscale hierarchical surface, leading an extremely
discontinuous TCL. On the contrary, the droplet will wet the
non-irradiated flat surface and form a continuous TCL. There-
fore, a water droplet on the heterogeneous triangle array pattern
generally composes of both discontinuous and continuous TCL.
In addition, the edge of triangle array forms an energy barrier
which can restrain and change the shape of TCL as well as the
shape of the droplet.”*® The direction-dependent pattern has
often resulted in a monosymmetric and irregular TCL shape,
making the water droplet has different wetting situations when
it will roll along different directions. For this reason, the
anisotropic adhesion in the opposite directions of the as-
prepared surface is ascribed to the direction-dependent
arrangement of flat hydrophobic triangles surrounding by
superhydrophobic rough structure.

Fig. 7 reveals the cause of the directional adhesion of the
triangle array patterns. When the d of the triangle array pattern
is small enough than the size of a water droplet, the droplet will
contact tens or hundreds of single triangle. At this time, the
pattern has relatively weak influence with the TCL shape for the
statistical average effect. The shape of the TCL is close to circle
on the horizontal sample or ellipse on the tilting sample, as
shown in Fig. 7a and b. Now the triangle array pattern shows
isotropic adhesion because the TCLs have similar situations
when droplets will roll along the 1 and 2 directions. The
completely laser-irradiated surface is a limiting isotropic case
where the d goes to zero. A droplet on a surface with patterned
superhydrophobic and intrinsic hydrophobic domains prefers
to sit on top of the ordinary hydrophobic domains.*® As the d
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(a) (b)
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Fig.7 Schematic illustration of the cause of the directional adhesion.
(@ and b) A droplet just rolling along the 1 (a) and 2 (b) directions,
respectively, on the triangle array patterned surfaces with d being
small enough than the size of the water droplet. (c-e) A droplet
resting (c), just rolling along thel (d) and 2 (e) directions, respectively,
on the triangle array patterned surfaces with d having the same size as
the droplet. The red dashed line shows the probable three-phase
contact line.

increases, the effect of the triangle array pattern on the shape of
the TCL becomes more prominent, especially when each single
triangle is of the same size as the droplet. For example, when
d = 1200 um and « = 60°, the difference of the SAs along the 1
and 2 directions can reach 21° for a 7 pl droplet. On such a
surface, the TCL is not the circle, but an irregular shape
(Fig. 7c). The pattern makes the water droplet have different
TCL situation when it will roll along the 1 and 2 directions, as
shown in Fig. 7d and e. In particular, the droplet suffers from
the restriction arising from the base line of triangle (Fig. 7e) is
strong than it arising from the bevel sides of isosceles triangle
(Fig. 7d). As a result, a droplet rolls along the 1 direction
distinctly easier than the 2 direction. The direction-dependent
arrangement of flat hydrophobic triangles surrounding by
superhydrophobic micro/nanoscale hierarchical structure ulti-
mately produces directional anisotropic adhesion. The above
analysis will offer important information for designing for
direction-controllable wettability on a solid surface.

4. Conclusions

In summary, a kind of triangle array patterns showing super-
hydrophobicity and anisotropic adhesion at the one-dimensional
level is demonstrated. On that surfaces, a droplet rolls along one
direction obviously easier than its opposite direction. The
anisotropy is obtained when the droplet is close to the size of a
single hydrophobic triangle, and the maximum sliding anisot-
ropy along two opposite directions can reach up to 21°. This
unique ability is ascribed to the direction-dependent arrange-
ment of hydrophobic triangle array surrounding by super-
hydrophobic domain. The pattern makes the TCL shape become
irregular and the water droplet has different TCL situations when
it will roll along two opposite directions, leading an directional
anisotropic adhesion. This study not only presents a route for the
fabrication of directional adhesive superhydrophobic surfaces
but also provides insights into the nature, function, and design
of the smart fluid-controllable interfaces. The anisotropic
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adhesive surfaces can be potentially applied in novel micro-
fluidic devices and directional easy-cleaning coatings.
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