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Controllable wettability and adhesion on bioinspired
multifunctional TiO: nanostructure surfaces for
liquid manipulation

Jianying Huang,” Yuekun Lai,*** Luning Wang,® Shuhui Li,* Mingzheng Ge,* Keqin
Zhang,? Harald Fuchs® and Lifeng Chi"™¢

Hierarchical surfaces with specific topographical morphology and chemical component can be
found on many living creatures in nature. They offer special wettability and adhesion (sliding,
sticky or patterned superhydrophobic surfaces) a functional platform for microfluidic
management and other biological functions. Inspired by their precise arrangement of structures
and surface components, we described a facile one-step electrochemical technique to large
scale create a dual-scale hierarchical anatase TiO2 structures with the combination of pinecone-
like micro-particle upper layer and dense-stacked nanoparticle bottom layer. The as-prepared
TiO2 films display environment-responsive wettability with good dynamical stability.
Extremely high contrast of adhesion (2.5-170 puN) can be realized by simply adjusting the
physical structures (anodizing voltage and electrolyte concentration dependent) to control the
solid-liquid contact state (from “Rose” to “Lotus” state). In addition, erasable and rewritable
patterned superhydrophobic TiO2 films were constructed for a versatile platform for
microfluidic management. In a proof-of-concept study, robust super-antiwetting films for on-
demand droplet separation, mixing and transportation under ambient atmosphere or underwater
environment, and patterned superhydrophobic surfaces for liquid self-assembling or anti-

counterfeiting mark were demonstrated.

Introduction

Natural creatures with fascinating superwettability contain amazing
hierarchical structure and chemical component arrangement, which
inspire scientific researchers for solving many of mankind's greatest
challenges.!* There are some typical super-antiwetting cases in
nature, such as low-adhesive superhydrophobic surfaces (lotus leaf
& water strider leg),* high-adhesive superhydrophobic surfaces (rose
petal & peanut leaf),” underwater superoleophobic surfaces (hark
skin & fish scale),® and patterned superhydrophobic beetle's back
with highly hydrophilic/phobic units.” Bioinspired TiOz hierarchical
surfaces with extremely high contrast of wettability and adhesion
property for water/oil contact angle (CA) above 150° or below 5°,
have attracted extensive interest during recent years because of their
fundamental science and practical industrial applications, such as
self-cleaning,®® droplet manipulation,'®!! wetting template,'>!? anti-
bioadhesion,'*!> and microfluidic devices.!®!” For many of these
applications, multifunctional surfaces with combined special
water/oil wettability/adhesion in air or underwater environment, or
highly wetting contrast patterning substrates are required for reliable
manipulation or precise self-assembling expensive biofluids and
reagents. Various synthesis techniques had been applied to fabricate
multifunctional TiOz-based hierarchical structures, such as
hydrothermal method, template assisted deposition, and anodic
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oxidation coating have been investigated so far.'®!° Several
approaches have been developed to construct such TiO2 surfaces
with special wettability and adhesion, e.g. superhydrophobic surface
with structures/chemical composition-induced tunable adhesion,
stimuli-responsive switchable adhesion  and  patterned
superwettability.?2! We reported the fabrication of TiOz structures
by anodization approach followed by the perfluorosilane
modification. The water droplet can be adjusted between sliding and
sticky state on various superhydrophobic TiO: surfaces with specific
structure, high energy materials introduction or masked UV
irradiation.?

Electrochemical anodizing TiOz nanostructures have become a
focus of tremendous interests due to its controllable rough structures
and excellent photocatalytic activity to conveniently adjust surface
chemical composition.?>?* Therefore, the resultant wettability and
adhesion on TiOz surface can be greatly influenced by UV
illumination and amplified by the rough nanostructures. In this work,
we applied a simple one-step and practical electrochemical
anodizing approach to fabricate large scale pinecone-like anatase
TiOz particles film. The as-prepared environment-responsive TiO2
film exhibits superhydrophilic property in air, and changes to robust
underwater superoleophobicity. The combined superhydrophobicity
in air and superoleophilicity underwater with good dynamic stability
can be achieved by a hydrogen-bond-driven process for /H, 1H, 2H,
2H-perfluorodecyltriethoxysilane (PDES) assembling. The results
showed that the TiO2 surfaces prepared by an anodizing voltage of
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50 V with an NH4F concentration of 0.01-0.05 M have a dual-scale
hierarchical structure, and exhibited the best super-antiwetting
performance (high contact angle & low adhesion) and crystallization
state of anatase phase. This suggests that the topography of the
anatase TiO: structures plays important role on special wettability
and adhesion. Additionally, erasable and rewritable patterned
superhydrophobic TiO2 film with extreme wettability contrast
(superhydrophilic/superhydrophobic) can be constructed by
alternating photocatalytic lithography and monolayer self-assembly.
The hierarchical anatase TiO: particle surfaces with robust
superwetting/antiwetting properties would be a versatile platform in
a wide range of applications, especial for microfluidic management
(e.g., micro-droplets manipulation, liquid self-assembling, and
miniature reactor). In a proof-of-concept study, we investigated
super-antiwetting films for on-demand droplet separation, mixing
and transportation in air or underwater environment, and patterned
superhydrophobic surfaces for liquid self-assembling or anti-
counterfeiting mark.

Experimental section

Preparation of anti-wetting TiO: Surface: Titanium sheets with a
thickness of 0.127 mm and a purity of 99.7% were purchased from
Sigma-Aldrich. The superhydrophobic anatase TiO: particle films
were prepared by a combination of electrochemically anodizing and
self-assembly monolayer technique. Firstly, titanium sheets were
anodized in 0.01 M NH4F electrolyte at 50 V for a certain time with
a Pt counter electrode (this concentration and voltage will be used in
subsequent experiments unless mentioned otherwise). The
superhydrophobic surfaces were obtained by soaking the as-prepared
anatase TiO2 film in a mixed methanolic solution of hydrolyzed 1
v% of 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane (PDES) for 1 h
and subsequently baked at 140 °C for 1 h.

Characterization of TiO: Structure Film: The surface structure
was examined by a Hitachi S-4800 field-emission scanning electron
microscope at 3.0 kV. The chemical compositions were studied by
X-ray photoelectron spectroscopy (XPS, VG ESCALAB MK II)
using a 300 W Al Ka X-ray source (1486.6 eV photons) with a base
pressure about 3 X 10° mbar. The crystallinity of the as-prepared
samples was measured using an X-ray diffractometer with Cuka
radiation (XRD, Phillips X’pert-PRO PW3040). Deionized water
was employed as the source for the CA measurement. The wetting
properties of water droplets on the sample surfaces were
characterized using an optical contact-angle meter system (Kriiss
DSA 100, Germany). The volume of droplet used for the static
contact angle and dynamic sliding angle measurement was 10 pL.
The adhesive force was measured using a high-sensitivity micro-

electromechanical balance system (Dataphysics DCAT11, Germany).

Water droplets of 4 pL suspending on a hydrophobic metal ring were
approached and retracted from the sample surface at a constant speed
of 0.0lmm s’ at ambient environment with relative humidity about
50%. The droplet started to move away from the sample surface
once the equipment detected a force of 0.01 mg. Subsequently, the
balance force would gradually increase, and reached the maximum
before the droplet broke away from the surface. The peak data
recorded in the force-distance curve was taken as the maximum
adhesive force. The values reported were the average of five drops at
different locations.

Results and discussion
Figure la-c shows the typical top-view SEM images of the as-

anodized TiOz particles nanocomposite film with a double-layer
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hierarchical structure. It is seen that the upper layer has uniformly-
distributed pinecone-like TiO2 microscale protrusions with radial
multilayer nanosheets grew out on Ti substrate to form fractal
structure, the bottom diameter and height of the vertically orientated
pinecone-like TiO2 protrusions is approximately 3.0 and 5.0 um,
respectively. Apart from pinecone-like microparticles, a cross-
stacked TiO2 nanoparticle bottom layer appeared dense and compact
(Fig. 1b). Water rapidly spreads and wets this as-anodized TiO: film
due to side penetration of the liquid by capillary forces, indicating
such sample is superhydrophilic (inset of Figure 1b), and changes to
robust underwater superoleophobicity (Movie S1). Therefore, such
environment-responsive TiO2 film can be potentially acted as
underwater robot fixed and working at the oil/water interface.
However, it is observed that the droplets with spherical shapes slide
spontaneously and hardly come to rest even when it is placed gently
on the [H, [H, 2H, 2H-perfluorooctyltriethoxysilane (PDES)
modified TiO2 surface. The intrinsic water CA on such super-
antiwetting film is as high as 167°. Figure 2a displayed the effect of
UV light irradiation on contact angle of photo-responsive TiO2
nanostructure surfaces. By taking advantage of the excellent
photocatalytic activity of the one-step as-prepared crystallized TiO2
film and the amplification effect of rough hierarchical structure, the
superhydrophobic surface quickly changed to superhydrophilic
surface by UV irradiation within 30 min to photodegradate the low
surface energy PDES monolayer. This suggests that reversible
extreme or controllable wettability can be achieved by PDES
modification and UV irradiation to alter the chemical component on

photo responsive TiOz surface (Figure 1d).
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Figure 1. Typical top-view SEM (a-c) images of the as-anodized
hierarchical pinecone-like structure TiOz film by electrochemical
anodizing in 0.01 M NH4F solution (50 V for 60 min). (d)
Reversible surface wettability on TiO: film by alternating PDES
modification and UV irradiation. The inset of (a) shows the photo
image of pinecones on pine tree. The insets of figure 1b,c show the
optical image of a water droplet on the as-prepared and PDES
modified TiOz surface.

X-ray photoelectron spectroscope (XPS) was used to confirm the

surface component change of the TiO: surface after PDES
modification and UV irradiation. The results demonstrate the
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existence of element Ti, O, C, F and Si on the surface (Fig. 2b). The
presence of the strong F 1s peak and C 1s peak (due to C-F),
together with the Si 2p appearance and attenuation of the Ti 2p and
Ti 2s peaks confirm that PDES has been successfully self-assembled
onto the pinecone-like TiO:2 surface (Fig. 2a,b). Another obvious
character of the presence of PDES monolayer is the large intensity
increase of the F 1s peak at 689.0 eV and the sharp intensity
decrease of the F 1s at 684.4 eV (Fig. 2d). The main peak
corresponding to CFx indicates that the PDES coating on the
outermost surface while the metal fluoride peak at 684.4 eV is
ascribed to the anion uptake into the oxide layers during the
anodizing process in fluoride containing solution. However, when
UV light irradiate the PDES modified TiO:> film, the F 1s peak at
689.0 eV is greatly weakened (Fig. 2d) while a stronger C-H peak at
284.8 eV appears (Fig. 2c). Therefore, it is reasonable to conclude
that the low surface energy fluorocarbon group has been degraded by
the photocatalytic activity of TiOz film under UV light illumination.
Such surface chemical component change play vital role for the
wettability response of the corresponding surfaces.
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Figure 2. (a) The effect of UV light irradiation on contact angle of
photo-responsive TiO2 nanostructure surfaces. XPS survey (b) and
high-resolution Cls (c) and F1s (d) spectra of TiO: surface before (1),
after PDES modification (2) and following UV irradiation (3).

In order to investigate the influence of anodizing voltage and
NHA4F concentration on the surface morphology, a set of experiments
was systematically performed. It is found that the applied voltage,
concentration of NH4F have a great effect on the structure of TiOz2
film. Figure 3 shows FESEM image of the as-prepared TiO2
structures obtained at different anodizing voltages (i.e., from 10 to
60 V) in 0.01 M NHA4F solution for 1 h. At low anodizing voltage (10,
20 V; Fig. 3a,b), nearly nanoparticle and nanopore structures formed.
As the voltage increased to 40 V (Fig. 3c), pinecone-like microscale
particles started to appear on nanostructure surface. As the voltage
increased from 40 to 50 V (Fig. 1a-c), the amount of pinecone-like
particles and their size increased resulted in the formation of a
hierarchical dual-scale structure. When the applied voltage was
further increased to 60 V (Fig. 3d), no obvious changes in the size of
particles could be observed, while the density of pinecone-like
particles and the mechanical strength of the as-prepared film
decreased resulted from the rapid electrochemical reaction.

This journal is © The Royal Society of Chemistry 2012
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Figure 3. FESEM images showing the as-prepared structured TiO2
when the Ti foil was anodized in 0.01M NH4F solution for 1 h under
various voltages: (a) 10 V; (b) 20 V; (c) 40 V; and (d) 60 V. The
scale bar in inset is 500 nm

Figures 4 shows FESEM images of the as-prepared structured
TiO2 when the Ti foils are anodized with a constant potential of 50 V
for 1 h in various NH4F concentrations. At low concentration of
NH4F (0.005 M; Fig. 4a), only compact and cross-stacked
nanoparticles structure are formed. As the concentration increased to
0.01 M (Fig. 4b), pinecone-like microscale particles started to appear
on nanostructure surface to form a hierarchical micro-nano dual-
scale composite structure. As the concentration increased from 0.01
to 0.05 M (Fig. 4c), no obvious changes in the amount and the size
of particles of pinecone-like particles could be observed. When the
concentration was further increased (Fig. 4d,e), obvious changes in
the size, density and morphology of the top layer of microscale
particles could be observed. The pinecone-like microscale particle
with stacked plate-like nanoscale sheets change to random
aggregated nanoparticles (inset of Fig. 4d), and the particles density
and size obviously decreased. Consequently, a film with uniform
nanoporous structure is formed with the disappearance of upper
microscale particles (Fig. 4f). As a result, novel pinecone-like TiO2
film with hierarchical structures can only be obtained under certain
parameter (voltage: 40-60 V; concentration: 0.01-0.05 M).

Figure 4. FESEM images showing the as-prepared structured TiO2
when the Ti foil was anodized with a constant potential of 50 V for 1
h in various concentration of NH4F solution: (a) 0.005 M; (b): 0.01
M; (c): 0.05 M; (d): 0.1 M; (e) 0.2 M; and (f) 0.5 M. The scale bar in
inset is 500 nm
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The one-step as-prepared crystallization assumption is also
verified by the XRD result in Figure 5. Except the Ti substrate peaks,
four broad diffraction peaks at 20 = 25.4, 37.8, 48.0, 54.5° can be
indexed to anatase phase TiOz of (101), (004), (200), and (105)
planes, respectively (JCPDS No. 21-1272). The current work proves
that crystalline anatase TiO2 can be directly fabricated by a facile
one-step electrochemical anodizing process in an environmentally-
friendly electrolyte without the assistance of annealing process.
During experiment, it was observed that the electrolyte temperature
increased to some extent (approx. 40-60°C) with the increase of
anodizing voltage (40-60 V) for 1 h due to the exothermic heat
caused by the vigorous electrochemical process. The resultant TiO2
composite structure becomes rougher as the electrochemical
anodizing voltage enhances. The increased electrolyte temperature
provides a greater driving force for ionic conduction and enhances
the crystalline phase formation. Moreover, the intensity of the
anatase crystal phase increased with the concentration increased to
0.05 M (Fig. 5b). This is highly related the amount and size of
pinecone-like anatase TiO: particles formation on the upper layer of
the composite film. Further increase the electrolyte concentration,
the rigorous electrochemical etching process resulted in the
detachment of pinecone-like anatase TiO: particles and the exposure
of nanoparticles or even porous bottom TiO: layer (Fig. 4d-f).
Therefore, we attribute the crystallization of the amorphous
TiO2 nanostructures to the dissolution and recrystallization
mechanism. Similar results on the special role of the water in the
transformation from amorphous TiO2to anatase TiO2 at low
temperature were also reported,”> which only occurred during the
sol-gel processes. This is different from the amorphous
TiO2 nanotube structure anodized in harmful HF solution, which
requires further annealing post-treatment (above 300 °C) to form
crystalline anatase phase.?
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Figure 5. (a) XRD patterns of TiO2 nanostructure layers anodized in
0.01 M NHA4F electrolyte for 1 h under various voltages; (b) XRD
patterns of TiO2 nanostructure layers anodized at 50 V for 1 h in
various electrolyte concentrations, where the peaks representing
anatase and the Ti substrate are labelled A and T, respectively.

Except the influence of surface morphology and the crystalline
phase, the anodizing voltage and NH4F concentration also have a
great effect on static and dynamic wetting behaviour (Fig. 6a,b) and
adhesion (Fig. 6¢,d). Although all the PDES modified TiO: surfaces
have the similar high hydrophobicity or even superhydrophobicity in
air, the dynamic behavior and adhesion property are rather different
on the surface. When the anodizing voltage was less than 10 V or
concentration was lower than 0.01 M, droplets are not easily roll off
the high-adhesive TiO2 nanoparticle structure surface even when the
substrate is vertically tilted. The adhesive force on 10 V anodized
surface is highly about 170 pN measured by using a high-sensitivity
micro-electromechanical ~ balance. Such  superhydrophobic
nanoparticle structure exhibited a typical “Rose” liquid-solid state
with ‘‘area-contact’” behavior and continuous three-phase (solid-air-
liquid) contact line (Fig. 7a). Moreover, negative pressure caused by
the volume change of air sealed in the closed nanopore units may

4| J. Name., 2012, 00, 1-3

also play an important role for such ultra-high adhesive force.
Increasing the anodizing voltage to 20 V, the static contact angle
greatly increases to about 147°, but the droplet still firmly adhered
on the surface with a sliding angle (SA) approx. 40°. Further
increasing the voltage (40-60 V), the contact angle slightly increases
to approach a platform of 168°, while the sliding angle drastically
decrease to below 5° exhibiting a super-antiwetting state with a rare
liquid adhesion of 2.5 uN (50 V). Up to now, only limited
information on such ultralow adhesion phenomenon has been
reported. This is ascribed to the typical point-contact model for
greatly decrease of liquid-solid area, and the high ratio of air trapped
into the hierarchical structures to form extremely discrete three-
phase (solid-air-liquid) contact line.?”* For anodized with various
electrolyte concentrations, all the TiO:z structures displayed static
superhydrophobic property (Fig. 6b). However, the qualitative
dynamic behaviour and quantitative adhesive force changes greatly.
Except the high-adhesive surface with a SA of about 45° prepared by
an electrolyte of 0.005 M NH4F, all others displayed low-adhesion
ability with a SA lower than 5°. For the sample anodized in 0.1 M
NHA4F, it is verified with an unusual high adhesion about 25 uN (Fig.
4d), which is probably ascribed to the replacement of hierarchical
composite structure of pinecone-like microparticle with stacked
plate-like nanoscale sheets to random aggregated nanoparticle
structure. Such structure conversion resulted in a higher contact area
and continuous three-phase line than pine-cone like (Fig. 4b,c)
hierarchical or nanoporous (Fig. 4e,f) structure.”?® A more uniform
nanoporous structure films were obtained with the increase of
electrolyte concentration to 0.5 M. This was ascribed to the stronger
electric field induced etching of TiO: film in high concentrated
NHG4F electrolyte. Compared to high-adhesive nanoparticle structure
(voltage: 10-20 V; concentration: 0.005 M, Fig. 7a) and hierarchical
structure with ultra-low adhesion (voltage: 50-60 V; concentration:
0.01-0.05 M, Fig. 7b), such nanoporous structure surface exhibited a
medium adhesion (voltage: 50 V; concentration: 0.1-0.5 M, Fig. 7c¢).
Consequently, these results indicate that we can construct both low-
and high-adhesion anti-wetting surface with mimicking lotus leaf
and rose petal effects by simply adjusting the surface structure
without changing the chemical component.
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Figure 6. The effect of (a) electrochemical anodizing voltage in 0.01
M NHA4F electrolyte for 1 h, and (b) concentration of NH4F solution
anodized at 50 V for 1 h on static contact angle and dynamic sliding
angle of the PDES modified TiO: surface. The effect of (c)
electrochemical anodizing voltage in 0.01 M NH4F electrolyte for 1
h, and (d) concentration of NH4F solution anodized at 50 V for 1 h

on droplet adhesion of the PDES modified TiOz surface.

This journal is © The Royal Society of Chemistry 2012

Page 4 of 7



Page 5 of 7

Journal Name

(a) (b) (c)

EEEE T

Hierarchical structure Nanoporous structure

Nanoparticle structure

Figure 7. Schematic illustration of three kinds of TiO: structures
with various liquid-solid contact states and resultant extremely high
adhesive forces contrast. a) High-adhesive nanoparticle structure
with “Rose” state (a special case of Wenzel’s hydrophobic state); b)
Low-adhesive hierarchical structure with “Lotus” state (a special
case of Cassie’s superhydrophobic state); c¢) Medium-adhesive
nanoporous structure with metastable superhydrophobic state

between Cassie’s and Wenzel’s states.

In the previous section, it was shown that the anodized voltage
and electrolyte concentration have a strong effect of adhesion
contrast for liquid droplets on anti-wetting TiO2 substrates. The
that the different topographical
morphology induced various liquid-solid contact models to create

underlying mechanism is

high contract solid-liquid adhesion.?”?® We therefore discuss the
implementation of the adhesion contrast on some typical micro-
droplet manipulation: separation, moving, mixing, transportation and
self-assembling (Figure 8, Movie S2,3). Compared to the difficult
manipulation of oil droplet (droplet pinning or surface contamination
are usually taking place especially for liquid with low surface
tension) on conventional hydrophobic substrates, the underwater
superoleophobic substrates have a special combination of minimal
contact area and insulating water layer to inhibit oil pinning or
contamination. Due to the uncontrollable sitting places and easily
sliding off on uniform superhydrophobic substrates, it still remains a
challenge for facile site and volume controllable self-assembling.
Moreover, the patterned super-antiwetting surface is invisible under
ambient atmosphere (Fig. 8e¢). Such wetting patterns can only be
visible under some specific conditions, e.g. humid air, dye labelling,
wetting,
superhydrophobic  substrates to

or water/oil These properties make the patterned

serve as reversible anti-
counterfeiting pattern and universal miniature reactor for liquid-
liquid/liquid-gas reaction, or even wetting template for site-selective
multifunctional nanostructures deposition.??2? In a proof-of-concept
study, a pink-dyed oil droplet can be totally or partially picked up

easily with a needle straw or glass pipette, and re-dropped it on

underwater superoleophobic substrate to form two separated droplets.

Such two separated droplets can also be mixed together to a bigger
droplet without liquid lost.

Water droplets on low-adhesive superhydrophobic substrate with
a “Cassie” liquid-solid contact model can be un-loss transported to
high-adhesive superhydrophobic substrate with a metastable contact
models between Wenzel’s and Cassie’s states under ambient

condition by taking advantage of their high adhesion contrast (Figure.

9a). Similar to the water droplets transportation on substrate with
various liquid-solid contact models, liquid with low surface tension
on super-wetting surfaces can also be manipulated to contact, attach
and collect (Figure 9b, Movie S4,5). For example, oil droplets can be
un-loss transported between underwater superoleophobic substrates

This journal is © The Royal Society of Chemistry 2012
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(superhydrophilic under ambient condition) and released to targeted
underwater superoleophilic substrates (superhydrophobic under
ambient condition) by taking advantage of the environment
responsive contact model change resulted in the wettability and

adhesion conversion.

- - - ‘\)‘;“

Figure 8. Typical oil droplet (1,2-dichloroethane dyed pink)
manipulation based on the underwater superoleophobic substrate.
Before (a) and after (b) droplet separation; before (c) and after (d)
droplet mixing with the assistance of a syringe. (e-h) Optical image
of patterned superhydrophobic TiOz surface before (e) and after (f-h)
liquid self-assembling. The scale bar is 5 mm.
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Figure 9. (a-d) Typical liquid droplet transportation process (contact,
move and release) based on the extreme high adhesion contrast of
the superhydrophobic surface under ambient atmosphere. (e-h)
Typical underwater oil droplet dyed pink with 1,2-dichloroethane
transportation process by taking advantage of the extreme high
adhesion contrast of the underwater superoleophobic surface.

Conclusions

We have successfully developed a rapid and facile one-step
electrochemical anodizing process for the creation of
hierarchical anatase TiO: surface in environmental-friendly
electrolyte. The as-prepared TiO2 surface exhibited
superwettability in air or underwater environment, and
patterned superhydrophobicity with extremely high wettability
and adhesion contrast through the photocatalytic degradation of
organic monolayer. The wettability patterns on TiO2 samples
can be quickly removed and regenerated by a novel
combination of UV illumination and self-assembling process,
and adhesion on superhydrophobic TiO: surface can also be
controlled between sticky and sliding by regulating the surface
morphology (size and density) to control the solid-liquid
contact state. ~Moreover, practical applications  of
superwettability and patterned superhydrophobic TiO2 surface
in droplet manipulation (separation, mixing, transportation and
collection), liquid self-assembly and anti-counterfeiting marks
were also demonstrated. The results provide new insights into
how to control the wettability and adhesion by adjusting the
topographical structure and surface chemistry.
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Graphical Abstract:

Adhesive forces on superhydrophobic nanostructure surface may
be tailored with an extremely high contrast (2.5-170 uN) by
modifying structural morphology to manipulate solid-liquid contact
state.
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