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In Situ Fully Light-Driven Switching of Superhydrophobic 
Adhesion
An in situ fully light-driven switching of superhydrophobic adhesion is 
demonstrated based on simply spin-coating a hydrophobic azo-polymer 
on an optimized micro-nanopost arrayed silicon substrate. Furthermore, 
the detailed designing principles are discussed, which might shed light on 
efficient exploitation of superhydrophobic liquid/solid interfaces for smart 
microfluidic control.
1. Introduction

Liquid–solid adhesion, due to its great interest for both fun-
damental research and practical applications, has been widely 
investigated.[1] In common cases, a single performance of adhe-
sion at liquid/solid interfaces such as ultralow adhesive or high 
adhesive is just needed,[2–6] while in some other specific cases, 
e.g., no-loss microdroplet transfer,[7] reversible switching of 
adhesion is expected.[8–10] In particular, in situ control of liquid-
solid adhesion, i.e., at least one cycle of the on-off operations is 
maneuvered with the same liquid-solid interface,[11] is of signif-
icant value for design of novel microfluidic devices. However, 
until now in situ or real-time manipulation of water droplet 
adhesion on superhydrophobic surfaces in non-contact stimuli 
mode has not been reported.

2. Results and Discussion

2.1. Design and Preparation of Azo-Polymer-Coated  
Superhydrophobic Surfaces

It is well-known that both wettability and adhesion of inter-
faces greatly depend on the cooperation of surface chemical 
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ness.[12–17] As to realization and regulation 
of superhydrophobic adhesion, relatively 
low surface energy and micro-nano binary 
morphology are, in general, necessary. 
More importantly, stimuli-responsive 
factors must be introduced,[18] either 
reversibly changing surface chemical 
composition, morphological roughness, 
or both. Directed by the above principles, 
a strategy for in situ light-driven switching of superhydrophobic 
adhesion was performed and carefully optimized (Figure 1). 
Firstly, a micro-nanopost arrayed silicon wafer with a semiquan-
titative surface roughness was prepared by utilizing photolitho
graphy and chemical etching.[19] Then, a side-chain azo-polymer 
(PA8AB6, poly[4-(8-acryloyloxy) octyloxy-4′-hexyloxy] azoben-
zene) was synthesized and spin-coated on the surface as a light-
responsive coating[20] (see details in Part S1 of the Supporting 
Information). To improve the uniformity of the azo-polymer 
coating, it should be noted that a transitional layer of cyclized 
rubber negative photoresist (SZ2; the chemical structure of 
its main component is shown in Figure S2 of the Supporting 
Information) was introduced between the light-responsive 
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Figure 2.  SEM images of the morphologies of the substrates with azo-polymer coating.  
a–c) Micropost array with azo-polymer coating. d–f) Micro-nanopost array with azo-polymer 
coating. The structural parameters of the micropost array after coating are: the width of post, 
dpost = 2.5 μm; the spacing between two nearest posts, dspace = 3.5 μm. After etching and coating, 
the structural parameters of the micro-nanopost array change to: d′post = 2.0 μm, d′space = 4.0 μm. 
The average scale of the nanostructures etched on the microposts is less than 100 nm.
coating and the silicon substrate, which was treated to crosslink 
with UV light irradiation after coated on the silicon substrate. 
From the observation by scanning electron microcopy (SEM), 
Figure 3.  In situ AFM height images of PA8AB6 coating upon light irradiation. a) The as-
prepared PA8AB6 coating. b) UV-irradiated (365 nm, 120 mW cm−2, 5 s) PA8AB6 coating.  
c) Visible-light-irradiated (470 nm, 30 mW cm−2, 10 s) PA8AB6 coating. d) Secondary UV-
irradiated (365 nm, 120 mW cm−2, 5 s) PA8AB6 coating. The scanning size of all the four 
images is 10 μm × 10 μm. From (a–d), the results of average surface roughness (Box Ra) are 
0.508 ± 0.007 nm, 0.711 ± 0.174 nm, 0.445 ± 0.036 nm, and 0.746 ± 0.105 nm, respectively. With 
the alternating UV-vis irradiation, the surface roughness is alternately varied between relatively 
rough and relatively smooth. The amplitude of Box Ra is about 3 Å, which corresponds to the 
trans/cis photoisomerization of the azobenzene groups at surface.
the coatings on both micropost- and micro-
nanopost-arrayed silicon wafers are uniform, 
and the surface micro-nanostructures are 
well maintained (Figure 2).

2.2. Photoresponsive Static and Dynamic 
Wettability

Subsequently, photoresponse of the azo-
polymer coatings was confirmed by ultraviolet- 
visible (UV-vis) spectroscopy and contact 
angle (CA)/contact angle hysteresis (CAH) 
measurements (see details in Part S2 of the 
Supporting Information). With an alter-
nating irradiation of UV and visible light, 
the azo-polymer coatings show a trans/cis 
photoisomerization, which leads to a revers-
ible change both in static and dynamic con-
tact angles. Besides the polarity change of the 
coatings, surface roughness change might 
also occur and contribute to the wettability 
switching. To investigate the light-induced 
fluctuation of the azo-polymer coatings, in 
situ atomic force microscopy (AFM) charac-
terization was performed (Figure 3). In the 
trans state, the coatings are relatively smooth 
with an average surface roughness (Box Ra, 
where Box means a selected data cell)  about 
0.45 nm. In contrast, in cis state, the coat-
ings become a little rougher with a Box Ra  
about 0.75 nm. The amplitude of Box Ra 
(about 3 Å) denotes that the azobenzene 
side chains are in a random orientation on 
the substrates’ surface.[21,22] Moreover, it also 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 760–763
reveals here that the main contribution of the 
trans/cis photoisomerization of the azoben-
zene groups is surface polarity changing 
rather than roughness.

To a certain composition of liquid droplet 
(e.g., water) and a fixed third phase (e.g., 
air), superhydrophobic adhesion is directly 
determined by liquid/solid interfacial con-
tact area (ICA) and gas-liquid-solid three-
phase contact line (TCL).[23–25] As to whether 
a droplet can roll off from the substrate, it 
also depends on the comparison between 
adhesive force (AF) and the component of 
droplet’s self-gravity (Gdroplet) along the tilt 
plane of the substrate.[26] In order to make 
an assessment for the regulation ability of 
superhydrophobic adhesion, we propose 
here a definition of AF or Gdroplet grasp-
release window (GRWAF or GRWGdroplet) 
that means the difference of AF or Gdroplet 
between the maximum grasp and minimum 
release states. For GRWAF, it should be noted that the AF for 
preventing droplet’s rolling is smaller than that for preventing 
droplet’s separating because rolling the droplet only needs to 
761wileyonlinelibrary.comheim
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Figure 5.  Photoinduced changes of superhydrophobic adhesion on micro-nanopost array with 
azo-polymer coating. a) Profile of the water droplet on the array after UV light irradiation. The 
water droplet is in superhydrophobic state (the average CA, 147.7° ± 0.9°). b) Profile of the 
water droplet on the array after visible light irradiation. The water droplet is in superhydro-
phobic state (the average CA, 148.2° ± 0.7°). c) Optical image of the maximum-deformed water 
droplet on the array after UV light irradiation. The surface is in cis state, which shows high water 
adhesion (the average AF, 80.8 ± 4.9 μN). d) Optical image of the maximum-deformed water 
droplet on the array after visible light irradiation. The surface is in trans state, which shows low 
water adhesion (the average AF, 60.6 ± 12.3 μN). e) CA and AF results with alternating UV-vis 
irradiation (five cycles).

Figure 4.  In situ light-controlled switching of superhydrophobic adhesion on micro-nanopost 
array with azo-polymer coating. a) UV process. The micro-nanopost array was firstly irradiated 
by UV light (365 nm, 120 mW cm−2) for 5 s and a 2 μL water droplet can be pinned on the array 
poised vertically. b) Vis process. After the UV process, the pinned water droplet was irradiated 
with visible light (470 nm, 30 mW cm−2). For 10 s, the pinned water droplet rolls off. The white 
dash line in each photograph in (b) shows the initial position of the pinned water droplet.
overcome the AF generated by the TCL at 
the receding part.[25,27] For GRWGdroplet, it 
should correspond to a certain tilt angle of 
the substrate.

In the following parts, we use GRWAF to 
estimate the regulation ability of superhy-
drophobic adhesion. It is easy to imagine 
that for one system if GRWAF is too narrow 
compared with AF, the regulation effect 
might be not obvious and easy to be dis-
turbed. This point is reflected in the con-
trol experiment on the micropost-arrayed 
silicon wafer with azo-polymer coating. Due 
to both the relatively larger ICA and TCL of 
the micropost array (which leads to a larger 
AF), independent of if the water droplets are 
larger (>2 μL, not shown) or smaller (≤2 μL), 
the light-stimuli effect is small (see details 
in Part S3 of the Supporting Information). 
Thus, the AF should be decreased to a cer-
tain level to have a match with the GRWAF 
caused by alternating UV-vis irradiation. The 
strategy for solving this issue is to introduce 
nanostructures on the original microposts. 
The resulting micro-nano binary structures 
make the ICA much smaller and the TCL 
much more discontinuous, which might 
greatly lower the AF.

2.3. In Situ Switching of Superhydrophobic 
Adhesion Driven by Light

With the above optimization, a 2 μL water 
droplet can be pinned on the micro-nanopost 
array after UV light irradiation (Figure 4a, 
Figure 5a). Then, after visible light irradia-
tion for about 10 s, the pinned droplet rolls 
off (Figure 4b, Figure 5b, and the movie 
in the Supporting Information). The AF 

is obviously decreased compared with that of the micropost 
array (Figure 5c,d). Moreover, the GRWAF generated by UV-vis 
irradiation is about 20.2 μN, which is enlarged to 25.0% and 
33.3% of the minimum and maximum AFs, respectively 
(Figure 5e). This is the basis for realization of the in situ fully 
light-driven switching of superhydrophobic adhesion. But, 
it should be noted that the GRWAF of this system is still not 
large enough for maneuvering larger or smaller water droplet 
than 2 μL. Armed with both the theoretical and experimental 
analyses, an ideal large GRW might be obtained by reversible 
change of morphological roughness with external stimuli. 
The related works for an enlarged light-responsive GRW are 
ongoing.

3. Conclusions

In conclusion, by an optimization of azo-polymer coating on 
silicon substrate with micro-nano binary structures, in situ fully 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
light-driven switching of superhydrophobic adhesion to water 
droplet has been realized. This kind of non-contact real-time 
controllable switching of microdroplet’s adhesion might inspire 
and facilitate the designs and applications in novel microflu-
idic devices, e.g., remote-controlled valve, sensor, mechanical  
hand, microreactor, and so on. Moreover, the design  
principles disclosed in this work shall be a guidepost for the  
following researches on smart liquid/solid interfaces with 
on-off switching of superhydrophobic adhesion.

4. Experimental Section
Methods: Detailed chemicals and sample preparations are included in 

the Supporting Information (Part S1). Attenuated total reflection infrared 
(ATR-IR) spectra of the coatings (SZ2, SZ2 and PA8AB6) were recorded 
on a Bruker EQUINOX 55. UV-vis spectra were collected using a Hitachi 
U-3010 spectrophotometer. The corresponding sample was spin-
coated on a quartz slide (1 mm thick). AFM tapping mode images were 
acquired using an atomic force microscope (NanoScope IIIa MultiMode, 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 760–763
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Veeco Instruments). The set-point amplitude ratio was adjusted to be 
0.7–0.9. Si tips (TESP, Digital Instruments) with a resonance frequency 
of approximately 300 kHz and a spring constant of about 40 N m−1 were 
used. Morphologies of the spin-coated silicon wafers were characterized 
by SEM (Hitachi S-4800) under the accelerating voltage of 10 kV. CA and 
CAH were measured on a contact angle system OCA20 (DataPhysics, 
Germany). AF measurements were performed on Dataphysics DCAT11 
(see details in Part S4 in the Supporting Information). The step rate of the 
sample plate was set as 0.01 mm s−1. Because the size of water droplet 
can affect, in particular, its mobility on a certain surface, the droplet size 
should be tailored to realize the in situ switching of superhydrophobic 
adhesion. Using a primary optimization of the droplet size (not shown), 
2 μL was finally fixed for demonstration. The average CA and AF values 
were obtained by measuring the same sample at least in five different 
positions. 18 MΩ cm deionized water (Millipore Milli-Q (0.22 μm)) was 
used for all the wettability and adhesion characterizations. The light 
intensities of the UV light-emitting diode (LED) (OMRON ZUV-C30H, 
365 nm) and the vis-LED (CCS HLV-24, 470 nm) for irradiation were 
120 mW cm−2 and 30 mW cm−2, respectively. All the measurements were 
conducted at room temperature (23 °C).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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