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a  b  s  t  r  a  c  t

In this  paper,  we  demonstrate  an  effective  approach  for the  three-dimensional  (3D)  pattern-structured
superhydrophobic  PDMS  surfaces  with  controllable  adhesion  by using  femtosecond  laser  etching  method.
By  combining  different  laser  power  with  a multi-layered  etching  way,  various  3D  patterns  can  be  fab-
ricated  (for  example,  convex  triangle  array,  round  pit  array,  cylindrical  array,  convex  rhombus  array
eywords:
uperhydrophobicity
ontrollable adhesion
D patterns
ontact modes

and concave  triangle-cone  array).  The  as-prepared  surfaces  with  3D patterns  show  superhydrophobic
character  and  water  controllable  adhesion  that  range  from  ultralow  to ultrahigh  by designing  different
3D  patterns,  on which  the sliding  angle  can  be  controlled  from  1◦ to 90◦ (the  water  droplet  is firmly
pinned  on  the  superhydrophobic  surface  without  any  movement  at any  tilted  angles).  The  3D pattern-
dependent  adhesive  property  is  attributed  to  the different  contact  modes.  This  work  will  provide  a  facile
and  promising  strategy  for  the  adhesion  adjustment  on superhydrophobic  surfaces.
. Introduction

Superhydrophobic surfaces with a water contact angle (CA)
igher than 150◦ have received considerable attention due to their

mportance in both fundamental research and practical application
1–5]. Nature has illustrated a wide variety of superhydrophobic
urfaces with low or high water adhesion. The lotus leaf, with an
ltrahigh CA but ultralow water adhesion, is demonstrated as the

deal water-repellent superhydrophobic surface and shows excel-
ent self-cleaning property [6–8]. Many efforts have been made
n developing an artificial superhydrophobic surface by mimick-
ng the lotus leaf structure [9–11]. Contrary to this characteristic a
ew kind of sticky superhydrophobic surface with high water adhe-
ion like rose petal has recently been reported [12]. On this surface,
he CA of the water droplet is usually above 150◦, while the water
roplet would be stuck and would not roll off even with the sur-
ace vertical or upside down. The high-adhesion superhydrophobic
urfaces can provide some fascinating applications in no loss micro-
roplet transportation [13–15]. Currently, intense interest has been
ocused on the multifunctional superhydrophobic surfaces exhibit-

ng controllable adhesive forces and sliding angles (SAs) [1–4]. The
ontrollable adhesion allows the manipulation of water droplets
n superhydrophobic surfaces. The surfaces are expected to have
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particular applications in open microdroplet devices, such as bio-
chemical separation, transport of microdroplets, tissue engineering
and microfluidic chips [16–18].

In recent years, micromachining for fabricating superhydropho-
bic surfaces by a femtosecond laser has attracted much interest
because it can not only produce the topography with two scale
roughness via a one-step process, but can also be applied to
a wide variety of materials [19–24]. Controlled by a computer
numerical control system, complex structures can be realized,
exhibiting unique wetting property. In our previous investigation,
we fabricated a new superhydrophobic surface with hierarchical
mesh-porous structure by a femtosecond laser on silicon in ambient
environment [25]. The surface showed ultralow water adhesion. On
this basis, the surfaces composing of periodic hydrophobic patterns
(triangle, circle, and rhombus) were fabricated by femtosecond
laser irradiation, exhibiting controllable adhesion [26–28]. How-
ever, those surfaces are in fact two-dimension (2D) patterns.
For most conventional applications, the 3D pattern-dependent
superhydrophobic surfaces have greater significance in practical
applications than the 2D pattern-dependent superhydrophobic
surfaces, especially in tissue engineering and microfluidic chips
[16–18,29]. More versatile and simple ways to fabricate 3D
patterned superhydrophobic surfaces with controllable adhesion

are still lacking.

In this paper, we demonstrate that the femtosecond laser
etching is an effective approach to fabricate 3D pattern-structured
superhydrophobic surfaces with controllable adhesion. By

dx.doi.org/10.1016/j.apsusc.2013.10.076
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Fig. 1. (a) Schematic of experimental setup. (b) Schematic illus

ombining different laser power with a multi-layered etching
ay, various 3D patterns can be fabricated. The as-prepared sur-

aces show an analogous superhydrophobicity but high contrast
ater adhesion that ranges from ultralow to ultrahigh.

. Experimental section

.1. Material

Polydimethylsiloxane (PDMS) is an intrinsic hydrophobic mate-
ial, which has many advantages to be widely applied in tissue
ngineering and microfluidic chips, such as biocompatibility,
hermal stability, nontoxicity and flexibility. In the current inves-
igation, the PDMS thin films were generally prepared from a 10:1

ixture (by weight) of prepolymer (DC-184A, Dow Corning Cor-
oration) and curing agent (DC-184B, Dow Corning Corporation),
oured onto the clean glass plates and kept there for 10 min  in a
acuum desiccator, so that the trapped air bubbles could emerge
o the surface. After removing all the air bubbles, the mixture was
olidified in an oven at 100 ◦C for 2 h. The solidified PDMS samples
ere carefully peeled off from the glass plate, and then rinsed with
eionized water with sonication.

.2. Surface laser irradiation

The schematic of experiment setup is shown in Fig. 1a. The PDMS
amples were mounted on a motorized x–y–z translation stage
ontrolled by a computer and positioned perpendicularly to the
irection of laser incidence, and then irradiated by a regenerative
mplified Ti:sapphire laser system (center wavelength: 800 nm;
ulse duration: 50 fs; repetition: 1 kHz). The Gaussian laser beam
as focused by a microscope objective lens (10×,  NA = 0.30, Nikon)
n the front side of the sample. The pulse energy was adjusted
y a neutral density attenuator. A mechanical shutter was  used
s a switch to turn on and off the laser beam. In the experiment,

 line-by-line and serial scanning process was used. Each sample

ig. 2. SEM images of the surface irradiated by a femtosecond laser once. Inset: the shape 
 of the fabrication process of a step structure with three steps.

was fabricated at a scanning speed of 4 mm/s, and the interval of
adjacent laser scanning lines was  held constant at 4 �m. At first,
the flat PDMS film was entirely serial scanned by femtosecond
laser once, leading a layer of hierarchical rough structure (step 1
in Fig. 1b); and then the specified position was only irradiated by
a multi-layered etching process (steps 2–4 in Fig. 1b). Therefore,
the specified irradiated position could be lower than the prior sur-
face and formed a lowland. The depth of the lowland increased
though repeatedly scanning the specified position. The repeatedly
irradiated position and the rest section shaped a 3D pattern. As an
example, Fig. 1b shows the fabrication process of a step structure
with three steps. Following the irradiation process, the samples
were cleaned by acetone, alcohol, deionized water in ultrasonic
bath at room temperature for 10 min  each time.

2.3. Morphology analysis and contact angle characterization

The morphology of the as-prepared surfaces irradiated by a fem-
tosecond laser was  observed by a JSM-7000F scanning electron
microscopy (SEM, JEOL, Japan). The 3D profile of the fabricated
patterns was characterized by a LEXT-OLS4000 laser confocal
microscopy (Olympus, Japan). The water CAs and the SAs of 7 �l
water droplets on the surfaces ware measured by a JC2000D4
contact-angle system (POWEREACH, China) at ambient tempera-
ture, using a sessile drop method.

3. Results and discussion

Fig. 2 shows the SEM images of the structured surface which
was scanned by a femtosecond laser once. The surface is charac-
terized by an irregular three-dimensional rough structure of an
order of micrometer decorating with tens or hundreds of nm nano-

structures. The micro/nanometer binary structures can trap a large
amount of air, which is helpful to give rise to superhydrophobicity.
The inset in Fig. 2 shows the image of a 7 �l water droplet lying on
the laser-induced surface. The static CA on the as-prepared surface

of a 7 �l water droplet on the as-prepared surface with a contact angle of 157 ± 0.5◦ .
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ig. 3. Dependence of the etching depth on the laser power. (a) 3D image and cros
5,  30, 35 mW,  respectively. The units for the x-, y- and z-axis are �m.  (b) Changing
abricated at different laser power.

s as high as 157◦ ± 0.5◦, even without any modification by materials
f low surface energy. Whereas, the SA is lower than 1◦ (Supporting
nformation, Movie S1), indicating that the water droplet can move
ery easily even when the surface is only slightly tilted or shaken.
oth the high CA and the low SA demonstrate that the laser-induced

tructure has outstanding character of superhydrophobicity and
he dual-scale hierarchical structure is very important to enhance
he water repellency of the hydrophobic materials. According to

ig. 4. A step structure fabricated by a multi-layered etching way. (a,b) SEM images of the f
he  inset shows the cross-sectional SEM image of the step structure (the scale bar is 200 
ional profile of a series of deep channels fabricated at laser power of 5, 10, 15, 20,
 of etching depth with the laser power. (c) Magnifying 3D images of deep channels

our processing method, there is no a place without laser irradia-
tion. Hence, the finally as-prepared 3D patterns are covered by a
hierarchical rough structure and show high CAs.

The laser power, which is the most crucial process parame-
ter, has an important effect on the etching depth. As shown in

Fig. 3a, a series of deep channels are fabricated at laser power of
5, 10, 15, 20, 25, 30, 35 mW (from left to right), respectively. It
can be found that the etching depth is closely related to the laser

abricated step structure. The scale bar represents 500 �m and 100 �m,  respectively.
�m). (c,d) 3D images and of the as-prepared surfaces.
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contact modes. In our method, by designing different 3D patterns,
the water adhesion on the superhydrophobic surface can be tuned
successfully.
ig. 5. 3D images, static properties and dynamic behaviors of the different as-prep
ylindrical array, (d) convex rhombus array, and (e) concave triangle-cone array.

ower and the values increase with the increase of the laser power
Fig. 3b,c). The results agree well with the fact that the higher laser
ower leads to a more violent ablation process. Interestingly, the
tching depth is almost linear with the laser power. Therefore,
ontinuous processing depth can be achieved using different laser
ower.

A larger etching depth can be achieved by a multi-layered etch-
ng way. Fig. 4 shows a step structure with three steps. Every step is
ough enough and shows superhydrophobicity (Fig. 4a,b). Fig. 4c,d
s the 3D images of the as-prepared surfaces, showing good unifor-

ity of the step structure. In practically, the heights of each step
re nearly equal, demonstrating a linear relationship between the
tching depth and scanning number of plies. This result implies
hat the etching depth can be accurately increased by increasing
canning number of plies. Therefore, multi-layered etching makes
t possible to fabricate a variety of 3D patterns which exhibit unique

etting properties.
The surfaces with different 3D patterns give rise to different

ater adhesion which can be shown intuitively in the form of SA.
s some examples, Fig. 5 shows 3D topography and wettability of

he laser-induced convex triangle array, round pit array, cylindri-
al array, convex rhombus array and concave triangle-cone array,
espectively. The entire as-prepared surfaces are irradiated at a
aser power of 30 mW.  The five types of 3D patterns all exhibit the
uperhydrophobic feature (the static CA is 154.7 ± 0.6, 151.6 ± 1.4,
51 ± 0.5, 150 ± 1 and 150.5 ± 1.6◦, respectively) but high contrast
ater adhesion. As shown in downmost row of Fig. 5, the SAs on

he as-prepared superhydrophobic surfaces are 18, 22, 35, 50 and
0◦ (the water droplet is firmly pined on the superhydrophobic
urface without any movement at any tilted angles) for convex
riangle array, round pit array, cylindrical array, convex rhombus
rray and concave triangle-cone array, respectively (Supporting
nformation, Movies S2–S6). Because all of the surfaces are made
f PDMS and treated without additional chemical coating in this
tudy, the modulation of the adhesion of these films is ascribed
o the change in surface topography and 3D patterns of PDMS
lms.

The entire laser-induced surface (non-pattern surface) and
bove five 3D patterned superhydrophobic PDMS surfaces exhibit

ifferent SAs of 1, 18, 22, 35, 50 and 90◦, respectively, showing a
ontrollable water adhesion. The difference in adhesion of the as-
repared surfaces is ascribed to the distinct contact modes [30–35].

n the Wenzel state (Fig. 6a), a water droplet can wet the contact
D pattern-surfaces, respectively. (a) Convex triangle array, (b) round pit array, (c)

area completely. Thus, the water droplet pins the rough surface,
and as a result, ultrahigh water adhesion is observed. In contrast,
in the Cassie state (Fig. 6b), a water droplet is suspended by the
gas layer trapped at the micro- and nanoscale structures. The con-
tact area between the surface and the droplet is so small that the
droplet almost has no wetting of the space between the rough
structures. Therefore, the adhesion of the surface is extremely low
and the water droplet easily rolls off with the surface slightly
tilted. However, in most cases, there often exists a transitional
state from the Wenzel to the Cassie states, being called Metastable
state (Fig. 6c). Water droplets may  partially wet the rough surfaces
with air trapped in the valleys and slide when the surface is tilted
at a certain angle. For example, the entire laser-induced surface
(non-pattern surface) showing ultralow adhesion belongs to Wen-
zel state; concave triangle-cone array showing ultrahigh adhesion
belongs to Cassie state; the laser-induced convex triangle array,
round pit array, cylindrical array, convex rhombus array showing
ordinary adhesion belong to Metastable state. The superhydropho-
bic state can be artificially tuned from the Wenzel state with high
adhesion to the Cassie state with low adhesion through the design
of diverse microstructures or patterns to control certain solid/liquid
Fig. 6. Schematic illustration of the different contact modes: (a) Wenzel state, (b)
Cassie state, and (c) Metastable state.
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. Conclusions

In conclusion, an effective approach to realize controllable adhe-
ive superhydrophobic surfaces with 3D patterns by a femtosecond
aser etching method is demonstrated. By designing different 3D
atterns, the adhesion of the as-prepared surfaces can be controlled
rom ultralow to ultrahigh. This 3D pattern-dependent adhesive
roperty is attributed to the different contact modes. The super-
ydrophobic PDMS surfaces with 3D pattern structures showing
ontrollable adhesion have important potential applications in bio-
ngineering and microfluidic chips.
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