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Smart design of wettability-patterned gradients
on substrate-independent coated surfaces to
control unidirectional spreading of droplets†

Huaping Wu, *ab Kai Zhu,a Binbin Cao,a Zheng Zhang,a Bingbing Wu,a

Lihua Liang,a Guozhong Chaia and Aiping Liu*c

Highly adherent wettability patterns on the substrate-independent superhydrophobic surfaces of trimethoxy-

octadecylsilane modified titanium dioxide (TiO2)-based coatings were prepared by using commercial

photolithography. Three custom unidirectional channels with gradient wettability patterns were obtained by

spatially selective wettability conversion from superhydrophobic to superhydrophilic when the coatings were

exposed to ultraviolet light (B365 nm). The movement behavior of droplets on these unidirectional channels

was studied and the displacement of droplet movement was effectively controlled. Integrating the idea of

gradient wettability patterns into planar microfluidic devices (microreactors), a self-driven fluid transport

was achieved to realize droplet metering, merging or reaction, and rapid transport. This self-driven fluid

transport with gradient wettability patterns has great potential in fabricating a new category of pump-free

microfluidic systems that can be used in various conditions.

1. Introduction

In recent years, multifunctional superhydrophobic coatings with
special adhesion have attracted great attention primarily due to
their potential applications in many fields,1–5 such as self-
cleaning,6,7 droplet bouncing,8,9 biomedical devices,10,11 and
fluidic devices.12,13 Among them, surfaces for controlling liquid
spreading behavior have been proved employable in microfluidic
devices,14–20 DNA microarrays,21 condensation heat transfer,22

antifogging,23 etc. Hydrophilic/hydrophobic patterned surfaces24–27

offer a means for controlling the wetting behavior of aqueous
media. Unidirectional spreading of droplets28–31 can be generally
created by exploiting a wettability gradient surface, on which the
droplet moves spontaneously in the direction of increasing
wettability. Greenspan32 first theoretically predicted the direc-
tional movement of droplets on a wettability gradient surface
and found droplets spreading to a more hydrophilic region when
the driving force provided by the wettability gradient was greater
than the surface hysteresis. Chaudhury and Whitesides33 experi-
mentally realized the directional movement of water droplets to
the hydrophilic side on wettability gradient surfaces and verified

the theory of Greenspan. Since then, many similar studies have
been carried out. For example, Gu et al.34 investigated the
movement behavior of droplets on a surface with gradient
microstructure, and found a necessary condition for the sponta-
neous movement of the droplets (namely the transition of the
droplets from the Cassie–Baxter (CB) state to the Wenzel state).
Lugli et al.35 prepared surfaces with chemical gradients using
the pulling method, and realized the directional movement of
droplets with a speed of 5 mm s�1. Chandesris et al.36 obtained
quicker flow velocity and longer flow distance for droplets by
constructing surfaces with microstructure and chemical constituent
gradients. Bliznyuk et al.37 carried out a detailed experimental
study of glycerol/water mixture droplets over chemically defined
linear-stripe-patterned surfaces and verified the dependence of
droplet velocities on the length and relative hydrophobicity of
the patterns. Although there have been a large number of studies
related to gradient wetting surfaces37–40 and movement behaviors
of droplets both experimentally and theoretically,41–44 only a few
wettability gradient surfaces are substrate-independent,45 and the
distance of droplet movement is still hard to control quantitatively
due to the uncontrollability of gradient micro–nano structure
or chemical constituents.

Wettability patterns as a good way to strictly control chemical
constituents owing to the significant difference in wettability
have been applied in many fields, such as the controlling of
liquid shape and size,46,47 nanoliter-sized droplet deposition,48

selective reproduction of control cells49–51 used in biological
engineering,52,53 microfluidic devices,54,55 and water collection.56
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Various methods and technologies have been developed to
prepare wettability patterns on superhydrophobic surfaces
such as plasma treatment,57–60 photo-induced modification,61

soft-lithography,62 and ink printing.63 However, these methods
involve complicated preparation processes, expensive equipment
and substrate-dependent problems. Assuming that a gradient
pattern was introduced in the wettability surface, the self-driven
transport of droplets could be realized to control the flow
direction and length. In this study, highly adherent wettability
patterns are fabricated on the surfaces of various substrates by
using titanium dioxide (TiO2) nanoparticle coatings modified
with trimethoxyoctadecylsilane (TMOS) via photolithography.
Three custom unidirectional channels with gradient striped
wettability patterns are prepared. The movement behavior and
displacement of droplets are effectively controlled by designing
the corresponding wettability gradient. Furthermore, the idea of
gradient wettability patterns is integrated into planar microfluidic
devices (microreactors) to self-driven fluid transport for realizing
droplet metering, merging or reaction, and rapid transport.

2. Experimental
Chemicals and materials

TMOS (Aladdin), TiO2 nanoparticles (anatase and rutile,
o40 nm, 99.7% trace, Sigma Aldrich) and ethanol (B99 wt%,
Eagle Chemical Reagent Co., Ltd, Zhejiang) were of analytical
grade and were used without further purification. TiO2 nano-
particles showed micro- and nanoscale roughness which was
helpful in promoting the photocatalytic degradation of hydro-
phobic chemistries on them upon exposure to UV radiation.
The deionized water used in the synthesis was obtained from a
Millipore Q purification system (resistivity 4 18 MO cm). Four
kinds of substrates were used, namely a 2 mm-thick glass plate,
a transparent polyethylene terephthalate (PET) film (for photo-
mask fabrication using a high-resolution laser printer), dustless
cloth and filter paper. All of the above materials were readily
available in the marketplace.

Experiment and characterization

Wettability-patterned coatings were prepared via a facile and
scalable approach (Fig. 1). Briefly, a uniform mixture of 0.2 mL
of TMOS, 0.1 g of TiO2 nanoparticles and 10 mL of ethanol was
spin-coated onto a glass substrate several times (three-step spin
procedure includes 500 rpm min�1 for 10 s, 1000 rpm min�1 for
5 s and 500 rpm min�1 for 5 s) and dried in a preheated oven
at 100 1C for 1 hour, forming a superhydrophobic surface. For
flexible substrates like dustless cloth or filter paper, superhydro-
phobic surfaces were obtained by soaking them in a uniform
mixture of TMOS, TiO2 nanoparticles and ethanol for 30 minutes.
After that, the flexible substrates were dried in a preheated oven
at 100 1C for 1 hour to improve the adhesion of TMOS–TiO2 onto
the substrates. Superhydrophilic patterns were formed on these
superhydrophobic surfaces through selectively exposing the sub-
strates to UV radiation (250 W, 365 nm) for 30 minutes by using a
PET photomask with black negative patterns. Complex pattern

designs with features as fine as 20 mm were obtained when
decomposed TMOS became hydrophilic under TiO2-assisted
photocatalysis with UV light irradiation.

The morphology of the sample surface was observed by scan-
ning electron microscopy (SEM, Hitachi S4800). The crystalline
phases of the samples were characterized by X-ray diffraction
(XRD) using a conventional diffractometer (Bruker AXS D8) with
an area detector operating under a voltage of 40 kV and a current
of 40 mA using Cu Ka radiation (l = 0.15418 nm). X-ray photo-
electron spectroscopy (XPS, Kratos AXIS Ultra DLD) was used to
track the modification and decomposition of TMOS. The compo-
sitions and structures of the samples before and after irradiation
were analyzed using infrared (IR) spectra (Thermo, Nicolet 6700)
and Raman spectra (Thermo Fisher DXR Raman spectrometer
using a He–Ne laser, l = 632.8 nm). The water contact angle
(CA, y) was measured using 4 mL droplets of deionized water with
a contact angle instrument (Thermo, DCA-322) with reference to
some related works.64–66 A high-speed camera was used to capture
rapid events, such as directional liquid spreading, merging and
rapid transport. The water drops were dispensed using a syringe
pump through a needle with 100 mm inner diameter.

3. Results and discussion
Microstructure of the TMOS–TiO2-coated substrate

Fig. 2 shows the morphology of the TMOS–TiO2 coated substrate
before and after irradiation. The conglomeration of nanoparticles
with roughness ranging from a few hundreds of nanometers to a
few tens of microns can be found before irradiation (Fig. 2a)
because of the TMOS modification on the TiO2 nanoparticle
surfaces. When the TMOS was decomposed after UV irradiation,
lower roughness was presented due to the original feature of the
TiO2 nanoparticles (Fig. 2b). The TMOS–TiO2 coating with a
thickness of about 5 mm (Fig. 2c) shows a good superhydrophobic
behavior with a static water CA of about 152.01 (the inset in Fig. 2a),
and a small CA hysteresis (which is discussed in detail later).

Fig. 1 Fabrication process of a patterned surface: (I) uncoated substrate
(glass, dustless cloth or filter paper), (II) spin-coating of a TMOS–TiO2

ethanol suspension on the substrates, (III) UV treatment of the super-
hydrophobic substrate through a patterned photomask (top) to form
superhydrophilic regions (bottom). Exposed regions turned superhydro-
philic upon 30 min exposure to UV radiation, while the unexposed regions
remained superhydrophobic.
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This dominant superhydrophobicity mode of the surface may
be assigned to the Cassie model because of the micron and
submicron roughnesses. The influences of TMOS concentration
and the number of spin coatings on water CAs were also analyzed.
A 2.0% concentration (VTMOS/Vethanol) for TMOS and 5 times
spin are sufficient for obtaining a stable superhydrophobic
surface (Fig. S1 and S2, ESI†), and therefore are chosen in the
subsequent experiments. When the TMOS was decomposed, the
sample surface becomes superhydrophilic (the inset in Fig. 2b),
with the CA ranging from 01 to 51 by repeated measurements.
A striking contrast was observed, with the droplet either nearly
spherical in shape in the superhydrophobic region or spread
completely in the superhydrophilic one (Fig. 2d). The variation of
the static water CAs of the TMOS–TiO2-coated surface with
respect to UV illumination time is also shown, with the CAs
gradually decreasing from 152.01 to nearly zero (o51) with
increase in illumination time to 30 minutes and becoming stable
ultimately (Fig. 2e). The dramatic decrease of the CA during
15–25 minutes might be attributed to the obvious increase in
the oxygen vacancies produced by photogenerated holes, which
could adsorb more water molecules in the air and therefore
result in the enhancement of the hydrophilicity of the coating
surface.67–69 Additionally, the aggregated droplet could infil-
trate into the gap between the micro–nano structures, leading
to the transition of the wetting regime of the droplet from the
Cassie state to the Wenzel state.70–73 This wettability conversion
can be attributed to the decomposition of alkyl chains of TMOS
adsorbed on the TiO2 surfaces by the UV-assisted dissociation
of ozone photogenerated in air (reaction mechanism shown in
Fig. S3, ESI†) and was further examined using IR and Raman
spectra. The new absorption peaks at 2992.2 cm�1, 2917.8 cm�1

and 2852.8 cm�1 in the IR spectra correspond to the vibrations
of long-chain alkyl –CH3 and –CH2,74 indicating the successful
modification of TMOS on the TiO2 surfaces. After UV irradiation,
the peaks related to –CH3 and –CH2 vibrations almost disappear,
meaning the alkyl chain decomposition (Fig. 2f). This could
further be confirmed using Raman spectra (Fig. 2g) due to the
disappearance of the –CH2 peak at 2879.7 cm�1 after UV
irradiation.61 The chemical compositions of the TMOS-coated
surfaces were determined through XPS measurements before
and after UV irradiation. The atomic concentration of C decreases
from 49.3% to 11.1% due to the decomposition of the alkyl chains
of the TMOS layers on the TiO2 nanoparticles (Table S1, ESI†). The
peak intensities related to O, Si and Ti elements increase after UV
illumination (Fig. S4a–c, ESI†) because of more TiO2 exposure. The
ratios associated with C–O (286.5 eV) and CQO (288.7 eV) bonds
obviously increase after alkyl chain decomposition (Fig. S4d, ESI†).
XRD results show that UV irradiation does not affect the crystalline
phases of the TMOS–TiO2 surfaces (Fig. S5, ESI†).

Droplet manipulation on substrate-independent wettability-
patterned surfaces

The TMOS–TiO2-coated superhydrophobic surfaces are substrate-
independent and can be formed on various substrates, such as a
glass sheet (rigid substrate, water CA is 152.51, Fig. 3a), dustless
cloth (flexible substrate, water CA is 156.21, Fig. 3b) and filter
paper (flexible substrate, water CA is 159.11, Fig. 3c). We also
tested the sliding behaviors of a droplet on these TMOS–TiO2-
coated substrates. The sliding angles (SAs) on the TMOS–TiO2-
coated glass sheet and dustless cloth are 3.01 (Fig. S6a, ESI†) and
2.91 (Fig. S6b, ESI†), respectively. However, for the TMOS–TiO2-
coated filter paper, we could hardly deposit a droplet on a specific
area because the droplet easily rolled away when it touched the
surface; hence we didn’t obtain the specific SA (Fig. S6c, ESI†).
It is generally accepted that the SA is less than 51 for this kind
of situation.75 Moreover, the advancing and receding contact
angles (ACAs and RCAs) of the droplets on the surfaces of the
TMOS–TiO2-coated glass sheet, dustless cloth and filter paper
are 153.51 and 151.21, 157.21 and 155.11, and 159.61 and 158.71,
respectively, indicating that all of these surfaces have ultralow

Fig. 2 Top view of scanning electron microscopy images of TMOS–TiO2

layers on a glass substrate (a) before and (b) after UV treatment. The insets
show the photographs of water droplets deposited on the substrates.
(c) Cross-sectional view of TMOS–TiO2 layers on the glass substrate after
UV treatment. (d) Striking contrast when a droplet is placed in super-
hydrophilic and superhydrophobic regions, respectively. (e) Water contact
angles of TMOS–TiO2 coating on the glass substrate as a function of UV
treated time. (f) IR and (g) Raman spectra of the TiO2 and TMOS–TiO2

coatings before and after UV irradiation for 30 minutes.

Fig. 3 Images of spherical water droplets placed on various TMOS–TiO2-
coated substrates: (a) glass, (b) dustless cloth and (c) filter paper. The insets
are the CA images of water droplets. (d–f) A 4 � 4 array of 6 mL droplets
stored on various TMOS–TiO2-coated substrates: glass surfaces with
(d) 01, (e) 901 and (f) 1801 tilts; curly flexible substrates including (g) dustless
cloth and (h) filter paper.
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CA hysteresis. Besides, we chose the TMOS–TiO2-coated glass
sheet as a representative sample and tested the CAs of water
droplets every four days for a month (Fig. S7, ESI†), which
revealed the long-term stability of TMOS–TiO2-coated surfaces.
The switchable wetting control and patterning via TMOS–TiO2

coating could realize the manipulative actions of droplets,
including storage and visible superhydrophilic patterns on
the superhydrophobic surface by depositing colored droplets.
For example, a 4 � 4 droplet array (individual droplet size of
6 mL for more clear observation) could be cast on the coated
glass surface (Fig. 3d) and remain stable even at tilt angles of
901 (Fig. 3e) and 1801 (Fig. 3f), and also be formed on curly
flexible substrates (dustless cloth in Fig. 3g and filter paper in
Fig. 3h), indicating sufficient adhesion between the droplets
and coated surfaces. Other visible patterns with different sizes
and geometries are also shown in Fig. S8 (ESI†).

Unidirectional spreading of droplets

When superhydrophilic/superhydrophobic micropatterns are
gradient changeable, a wettability gradient will be achieved. We
chose the stripe-patterned gradient surfaces because the striped
patterns create a preferential direction for liquid spreading
parallel to the stripes and confine motion to the perpendicular
direction, resulting in anisotropic wetting properties.37,76–80 By
designing the photomask properly, we obtained three custom
unidirectional channels with gradient wettability patterns, as
shown in Fig. 4a. The width W and length L of the channels
are 2 mm and 8 mm, respectively, where the wettability gradient
direction is from left to right (the superhydrophobic units are
stripes with a width w0 of 20 mm and length l0 of 1 mm, every
channel is divided into eight areas, and the spacing P between
two adjacent stripes increases from left (initial 40 mm) to right with
a DP increment). We determined the wettability-patterned gradi-
ent (D = DP/w0, the ratio of the superhydrophilic area increment
to superhydrophobic area along the wettability gradient) on the
three channels to be 1, 1.5 and 2, respectively (Fig. 4a). The CAs,

ACAs and RCAs on each area of these three channels are shown in
Fig. S9 (ESI†). When a water droplet is placed gently in the left end
of the channel, the droplet could spread rapidly along the direc-
tion of the wettability gradient without any external stimulus. The
time-lapsed images of the transport of water droplets through
these three unidirectional channels are shown in Fig. 4(b–d),
giving drop displacements of 3.32 mm, 5.06 mm and 7.35 mm
(Fig. 5a), respectively. The receding edge is pinned due to the
strong adhesion in the patterned surface, and the advancing side
of the droplet moves because of the wettability gradient, as shown
in Fig. 4(b–d). The changes in the dynamic contact angles yA

(left of the droplets) and yB (right of the droplets) in the process of
droplet movement are shown in Fig. 5(b–d). The yA decreases
from 135.61 to 120.81, 114.11 to 71.51 and 98.51 to 53.11 on the
three unidirectional channels, respectively, while the yB decreases
from 130.81 to 120.21, 103.61 to 70.21 and 96.31 to 54.51,
respectively, indicating the spreading of droplets.

Based on the above experimental results, we theoretically
analyzed the process of droplet movement. For a thin strip of
liquid thickness dy parallel to the spreading direction (Fig. 6),
the wettability gradient driving force (FD) at the k location
which drives the droplet toward a more wettable region of the
surface can be described as33,37,38,81

FD ¼ 2RgLV
Xk
n¼1

cos yn � cos yn�1ð Þ; (1)

where R is the base radius of the droplet to contact the surface in
the y direction just before unidirectional spread, and gLV is the

Fig. 4 (a) Three examples of unidirectional channels designed on a
photomask. Blue and orange colors represent superhydrophobic and
superhydrophilic regions, respectively. (b), (c) and (d) Time-lapsed images
of water droplet transport through these three unidirectional channels,
respectively. The scale bars for all figures are 5 mm.

Fig. 5 (a) Evolution of droplet displacement as a function of time –
dynamic contact angle yA (left of the droplets) and yB (right of the droplets)
as a function of time: (b) D = 1; (c) D = 1.5; and (d) D = 2.

Fig. 6 Schematic of a droplet on a wettability gradient surface. The
wettability changes from hydrophobic (low gsv) to hydrophilic (high gsv).
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surface tension of the droplet. yn corresponds to the CA of the
droplet on the nth wettability pattern of one channel. The detailed
derivation is provided in Part II in the ESI.† The hysteresis force
(FH), due to CA hysteresis, is always opposite to the moving
direction and can be expressed as33,37,38,81,82

FH ¼ 2RgLV
Xk
n¼1

ðp
2

0

cos yrn � cos yanð Þcosfdf

¼ 2RgLV
Xk
n¼1

cos yrn � cos yanð Þ:

(2)

Here, yan and yrn correspond to the ACAs and RCAs on the nth
wettability pattern of one channel. The motion of the droplet is
also hindered by viscous drag, referred to as the friction force
FZ.

37,81–84 It has been reported that the estimated viscous drag is
orders of magnitude smaller than the FD.37,85 Therefore, we ignore
the effect of viscous drag. Actually, the process of spontaneous
spreading of the droplet should be a cumulative process of FD and
FH, so we calculated the FD and FH of the three kinds of channels
in different positions (Fig. 7a–c). By comparing FD and FH, we can
determine whether the droplet could spread unidirectionally or
not. When FD overpowers FH, the droplet can spread along the
direction of the wettability gradient, while the droplet would be
pinned when FD is below FH. The position of FD equal to FH(Pc) has
been found to be located in the ranges of 3–4 mm, 5–6 mm and
7–8 mm, respectively, which can well explain the displacements
of droplet movement on the three unidirectional channels
(Fig. 4(b–d)). Note that the mechanics criterion can only deter-
mine the scope of estimates due to the error of measuring CAs
and inertia of water movement. Therefore, the flow direction and
displacement of droplet movement can be elaborately designed
and effectively controlled by modulating the density and orienta-
tion of gradient wettability patterns, which might be hailed as
intelligent. Since the fabrication of gradient wettability patterns
is substrate-independent, the method is universal.

Droplet metering, merging and rapid transport

The idea of wettability gradients obtained by the design of
gradient patterns can be integrated into microfluidic devices to
achieve the goals of self-driven fluid transport. Three channels
with wettability gradients are included in our design, as shown
in Fig. 8. The superhydrophobic units are stripes with a width
w0 of 20 mm and length l0 of 1 mm, and the spacing P between
two stripes increases from top to bottom. Channels A and B are
10 mm long and 1 mm wide, spaced parallel to each other at an
axis-to-axis pitch of 2 mm. Channel C is 12.5 mm long with a
circular storage area of the droplet in the terminal, and the start
of Channel C is designed as a wedge-shaped structure and
protrudes between Channels A and B to facilitate the liquid
draining process. Region D is used to collect liquid. Water
droplets were dispensed one at a time using metering syringes
strictly placed over the starts of Channels A and B at a very low
altitude; therefore, the drops fell at a low speed and the inertial
effects remained negligible. The entire observation system of
drop motion is illustrated in Fig. 9. Liquid transport, bridging
and draining were carried out according to the following
procedure. When a droplet was added to Channel B using a
pipette, it spread rapidly along the direction of the wettability
gradient (Fig. 10a and b). The same phenomenon could also be
observed in Channel A with the addition of the same droplet
(Fig. 10c and d). With the continuous dispensing of droplets,
the bulges could be found (Fig. 10e). When the two bulges
touched at their largest girth, the liquid bridge occurred by the
merger of the bulges (Fig. 10f). The bridge grew immediately
due to coalescence of the two volumes and then kept expanding
axially due to the inertial effect86 when it ultimately touched the
wedge-shaped end of Channel C. The Laplace pressure gradient
provided by the wedge could drive the droplets to move on, and
then this process of droplet movement driven by the wettability

Fig. 7 Wettability gradient force (FD) and hysteresis force (FH) at different
positions on unidirectional channels with different wettability gradients: (a)
D = 1; (b) D = 1.5; and (c) D = 2. The scale bar is 5 mm.

Fig. 8 Example of a multistep functional surface capable of performing
pumpless liquid bridging and draining.

Fig. 9 The experimental setup for recording droplet movement.
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gradient was continued (Fig. 10g). The droplets mixed comple-
tely in Channel C (violet mixture) until they reached the
designated position D (Fig. 10h). Time-lapsed images of liquid
transport, bridging and draining are also shown in Fig. 11. The
droplets were mixtures of water and ethanol (Vwater : Vethanol = 3 : 1).
And droplets placed on Channel A and Channel B were dyed with
Sudan red and methylene blue, respectively. The total volume of
the droplets when two bulges of the droplets touched at their
largest girth was 66 mL. Note that the critical volume at which the
liquid bridge occurs depends on the geometrical features of
the channels and their transverse spacing. The experimental

results of different concentration mixtures (Vwater : Vethanol = 2 : 1
and Vwater : Vethanol = 4 : 1) are also shown in Fig. S10a and b
(ESI†), respectively. By comparison, we find that the speed of
liquid spontaneous spreading and draining is faster for the
concentration mixture (Vwater : Vethanol = 2 : 1) owing to the lower
surface tension. Additionally, our microfluidic device can be
highly reusable. This provides an ingenious design to control
droplet merging with precise volume for certain interactions or
functionalities.

4. Conclusions

In conclusion, substrate-independent superhydrophobic surfaces
were prepared by using TMOS-modified TiO2 nanoparticle coat-
ings and patterned with wettability gradients by photolithography.
Then three custom unidirectional channels with highly adherent
wettability patterns were elaborately designed with different
wettability-patterned gradients (D = 1, 1.5 and 2). The movement
displacements of droplets on these three channels were 3.32 mm,
5.06 mm and 7.32 mm, respectively, by controlling the density and
orientation of gradient wettability patterns, which could also
be confirmed by our theoretical analysis. The idea of gradient
wettability patterns was further integrated into planar microfluidic
devices (microreactors) to achieve the goals of self-driven fluid
transport. Droplet metering, merging or reaction, and rapid
transport were realized without external power sources, tube
connections and expensive materials. Our result provides an
ingenious design for fabrication of gradient wettability patterns,
which could have great potential as pump-free microfluidic
systems for droplet merging with precise volume for certain
interactions or functionalities.
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