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Abstract
Directional transport of water droplet on curved track attracts considerable research interest in microfluidics. In this work, we 
first study the directional transport of water droplet on super-hydrophilic curved track. The water droplet can quickly move 
along the whole super-hydrophilic track without deviation. The speed of the water droplet on the super-hydrophilic track is 
0.075 m/s. In theory, the van der Waals’ force existing in the super-hydrophilic track keeps the water droplet from deviating 
during rapid movement. In addition, we further study the influence of track geometry and water droplet size on the transport 
capacity of the super-hydrophilic track. Compared with track depth, the track width has a great effect. The water droplet 
deviates from the track with a width of 50 μm. But the water droplet can directionally move along the super-hydrophilic track 
with a width of 100 μm and 150 μm without deviation. In addition, for the same super-hydrophilic track, the larger the water 
droplet volume, the easier it is to deviate from the track. Finally, to demonstrate the application of super-hydrophilic track 
on superhydrophobic surface, we performed the rapid mixing and directional collection of water droplets. This strategy is of 
great significance for extending it to applications such as microchannels in microfluidics, water collection systems, and others.
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1 Introduction

Droplet-based microfluidic systems have aroused tre-
mendous attention owing to its remarkable advantages in 
miniaturized analysis filed. (Ko et al. 2014; Whitesides 
2006; Stone et al. 2004) A series of applications have been 
reported, including biomolecular interactions, (Jeong et al. 
1996; Hancock et al. 2012; Liu et al. 2010) heat transfer, 

(Chen et al. 2009; Li et al. 2008) and chemical reactions. 
(Huang et al. 2015; Tian et al. 2016) These applications 
are based on the mature transportation technology of water 
droplet. Therefore, it is crucial whether water droplets pre-
cisely move along the track or not. However, because the 
contact characteristics between solid phase and liquid phase, 
a small amount of liquid is difficult to directionally move on 
a solid surface. (Aussillous and Quéré 2001).

To date, several methods have been developed to actu-
ate small water droplets on a solid surface, including elec-
trowetting, (Gong and Kim 2008; Wheeler 2008) opto-
electrowetting (OEW), (Park et al. 2010; Yu et al. 2013) 
dielectrophoresis, (Velev et al. 2003; Ahn et al. 2006; Mill-
man et al. 2004) acoustic wave, (Franke et al. 2009; Wang 
and Zhe 2011) optical force (McGloin et al. 2008; Dholakia 
and Čižmár 2011) and magnetic force. (Huang et al. 2017; 
Long et al. 2009; Mandal et al. 2019) However, these active 
techniques have two disadvantages. On one hand, they lack 
in enough flexibility to meet diverse transport requirements 
of water droplet. On the other hand, chips are too compli-
cated to fabricate for ordinary laboratories owing to inte-
grating micromechanical/pneumatic values and electronic 
components into devices. Furthermore, these techniques 
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require continuous power supply. To solve these problems, 
the special wettability surfaces (superhydrophobic surface, 
super-hydrophilic surface, and superoleophobic surface) 
attract many attentions (Ju et al. 2012; Liu et al. 2015; 
Comanns et al. 2015). At present, in the absence of exter-
nal power source, there are three methods to achieve water 
droplet transportation using the special wettability surface. 
The first method is to use the superhydrophobic surface. 
Superhydrophobic surfaces with contact angles higher than 
150° are demonstrated as ideal water-repellent surface (Hu 
et al. 2016; Schutzius et al. 2012; Dodd et al. 2016; Zheng 
et al. 2016). Mertaniemi et al. (2011) fabricated superhydro-
phobic track on superhydrophobic surface by laser cutting. 
They investigated the movement of water drop (20 μL) on 
superhydrophobic tracks (a depth of 0.3 mm and a width of 
1.6 mm) under gravity. The size of water drop and track are 
too big to be used in droplet-based microfluidic systems. 
The second method is to use the superoleophobic surface 
to transport low surface tension liquid (Chang et al. 2011; 
Kobaku et al. 2012). For example, Schutzius et al. (2012) 
fabricated the surface tension confined (STC) open tracks for 
pumpless transport of liquid using large area, scalable tech-
niques—namely spray and continuous fountain pen printing. 
However, the application range of this method is only for 
liquids with low surface tension, such as acetone, ethanol, 
hexadecane, etc. The third method is to use the wettability 
gradient surface. When a water droplet is placed on a solid 
surface with wettability gradient, the water droplet tends to 
move from low wettability surface area to high wettability 
area.(Chowdhury et al. 2019) The surfaces with wettabil-
ity gradient are fabricated by patterning hydrophilic regions 
on superhydrophobic surfaces, including bioinspired coat-
ing using photolithography (You et al. 2012), breath figure 
method (Chen et al. 2018) or inkjet printing (Zhang et al. 
2015) , micro-milling (Yang et al. 2016), atmospheric-pres-
sure plasma jet (Wu et al. 2019). Zheng et al. (2016) fabri-
cated the wedge-shaped super-hydrophilic area on superhy-
drophobic surface by cold nitrogen plasma jet. They found 
that water droplets would spread on the super-hydrophilic 
area and move toward the end of the wedge. Afterwards, 
Liu et al. (2019) reported a technique to induce droplets 
to spread from one place to anywhere required by pattern-
ing a hydrophilic region on a hydrophobic photopolymer 
substrate. For the wedge-shaped pattern combined with 
surface wettability (Ody et al. 2016; Li et al. 2017; Huang 
et al. 2018), there are still a series of difficulties to solve. 
For example, there are different structures in one surface. 
The multiple driving forces generated by different structures 
are difficult to precisely control the movement of micro-size 
droplets (Lin and Guo 2018). Although various researchers 
have performed experimental and numerical studies on the 
transportation of water droplet based on the special wet-
tability surface, the different behavior of a water droplet 

on super-hydrophilic track is unexplored. In open-surface 
microfluidics, the microchannels need to meet the following 
conditions: (a) simple and reliable fabrication process; (b) 
precisely control the movement path of droplets; (c) allow 
droplets to quickly move along curved track without any 
external energy input. Therefore, an attempt is being made 
to achieve the directional transport of water droplets meeting 
the above conditions.

Here, we demonstrate a facile method to complete the 
directional transport of water droplets with high velocity 
by taking advantage of the wettability difference between 
super-hydrophilic and superhydrophobic surface. Water 
droplet is expelled from the superhydrophobic surface, but 
be locked in the super-hydrophilic track. We show that water 
droplet can move along the super-hydrophilic curved track at 
high velocity in experiment. We further describe the motion 
theory of water droplet on super-hydrophilic track in the 
simulation. In addition, we further study the influence of 
track geometry and water droplet size on the transport capac-
ity of the super-hydrophilic track. Finally, to demonstrate the 
application of super-hydrophilic track on superhydrophobic 
surface, we performed the rapid fusion and directional col-
lection of water droplets.

2  Material and methods

The substrate (6061 aluminum alloy) with the size of 
3 cm × 3 cm × 2 mm was sanded with 1200 meshes of sand-
paper, followed by ultrasonically cleaning with acetone, 
ethanol and deionized water for 5 min in sequence. The 
preparation process of the superhydrophobic track on supe-
rhydrophobic surface is as follows. First, the tracks were 
fabricated by laser ablation in this paper. The geometry of 
the superhydrophobic track is designed using Auto CAD 
software in Fig. 1a. The wavelength, pulse-width, repetition, 
and focal spot of the laser source (FPS11, Suzhou Delong 
Laser Co., Ltd.) were 355 nm, 25 ns, 500 kHz, and 12 μm, 
respectively. Second, the superhydrophobic surface is fab-
ricated by the following steps. The first step is to fabricate 
the micrometer structure. The sample is immersed in a 3 M 
HCl solution for 12 min at room temperature (Koukoravas 
et al. 2016; Yu et al. 2010). The samples were cleaned with 
ethanol and deionized water to remove residual reactants, 
then dried in air. The second step is to achieve the nanostruc-
ture. The etched samples were hydrothermal synthesized in 
deionized water at 100 °C for 1 h. (Koukoravas et al. 2016) 
The final step is to achieve the superhydrophobic surface. 
The sample is immersed in 0.5% FAS (fluoroalkylsilane) 
ethanol solution for 1 h at room temperature (Yang et al. 
2016). Finally, the sample is dried in 120 °C oven.

The fabrication process of super-hydrophilic track on 
superhydrophobic surface is divided into two steps. The first 
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step is to fabricate the superhydrophobic surface. The prepa-
ration method is the same as that of the superhydrophobic 
track. The second step is to fabricate the super-hydrophilic 
track by laser ablation. The geometry of the super-hydro-
philic track is designed in Auto CAD software in Fig. 1b. 
The high temperature generated by focal spot removes fluo-
rides from the superhydrophobic surface and changes the 
surface structure. Therefore, the surface wettability changes 
from superhydrophobic to super-hydrophilic.

The morphological microstructures were observed by 
field emission scanning electron microscope (FE-SEM, 
TESCAN VEGA) under a vacuum environment. Contact 
angles (CA) were measured by a contact angle meter system 

(JC2000D2A, Shanghai Zhongchen Digital Technic Appa-
ratus Co., Ltd.) at room temperature with ultrapure water (7 
μL). The movement of the water droplets was captured by 
a digital camera (MV-D1024E-160-CL-12, Photon focus, 
Switzerland).

2.1  Results and discussion

Figure  2a, d shows the topography of the sample after 
immersed in 0.5% FAS solution. There are two regions (I 
and II) on the sample, which represent different fabrication 
process. Region I was fabricated by the chemical etching 
with 3 M HCl for 12 min. Region II was prepared by ther-
mal synthesis for 1 h on the basis of region I. In Fig. 2a and 
2d, two regions (I and II) show the superhydrophobic prop-
erty after immersed in 0.5% FAS (fluoroalkylsilane) etha-
nol solution. To confirm the influence of thermal synthesis 
on surface morphology, higher magnification SEM images 
(Fig. 2b, e) further reveal the different morphology of two 
regions. In Fig. 2b, prismatic structure appears on the region 
I after chemical etching. In the inset, the size of prismatic 
structure is micrometer. After thermal synthesis (region 
II), a layer of villous structures (boehmite) (Vitorino et al. 
2015) grow on the prismatic structure (Fig. 2e). The size 
of villous structure is nano scale, as shown in the inset of 
Fig. 2e. Therefore, the villous nanostructure combined with 
prismatic micrometer structure can form the micronano hier-
archical structure. The contact angles are shown in Fig. 2c, f. 
The contact angle of region II (160°) is greater than region 
I (153°), which means the superhydrophobic property of 
micronano hierarchical structure is better than micrometer 
structure. Aluminum ions are generated by the oxidation 

Fig. 1  CAD graphics of superhydrophobic track (a) and super-hydro-
philic track (b)

Fig. 2  Topography of the 
sample after immersed in 0.5% 
FAS solution: region I (a) and 
region II (d); SEM images of 
region I (b) and region II (e); 
Contact angles of region I (c) 
and region II (f). Insets show 
a high magnification view of 
superhydrophobic surface
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of aluminum during hydrothermal synthesis, which react 
with  OH− (from the hydrolysis reaction of deionized water) 
to form Al(OH)3 precipitation. When the concentration of 
Al(OH)3 precipitation in solution reaches a certain level, 
Al(OH)3 precipitation dehydrates to produce γ-AlOOH (the 
boehmite structure). Therefore, the fabricated process has 
the following advantages: (1) the micronano hierarchical 
structure has strong adhesion force to substrate owing to its 
growth principle; (2) the prepared surface is relatively flat, 
being beneficial to the fabrication of track.

The topography of super-hydrophilic track on superhy-
drophobic surface is shown in Fig. 3a. The depth and width 
of ultra-fine super-hydrophilic track are 100 μm. From 
the enlarged view of super-hydrophilic track (the inset of 
Fig. 3a), the morphology of track is round hole after laser 
ablation. Therefore, compared with Fig. 2e, laser ablation 
changed micronano hierarchical structure into hole-like 
micrometer structure. According to the study of Lai et al. 
(2010) a discrete TCL is energetically advantageous to drive 
a water droplet off a superhydrophobic surface, showing 
lower surface adhesion force. Because the discrete extent 
of micronano hierarchical structure is better than that of the 
hole-like micrometer structure, the surface adhesion force 
of hole-like micrometer structure is bigger than that of the 
micronano hierarchical structure. In addition, the high tem-
perature generated by focal spot removes fluorides from the 
superhydrophobic surface. Hence, laser ablation converts 
the wettability of track from superhydrophobic to super-
hydrophilic by changing the discrete extent of microstruc-
ture and removing the fluoride. From the inset of Fig. 3a, 
the super-hydrophilic hole-like track can lock and store the 

water droplets to form the liquid layer after pre-wetting. The 
stationary state of a water droplet with the diameter of 3 mm 
on the super-hydrophilic track is showed in Fig. 3b, c. After 
the formation of liquid layer, van der Waals’ force between 
a water droplet and liquid layer stretches the water droplet 
along the direction of the track (Fig. 3b). Perpendicular to 
the track, the support force from superhydrophobic surface 
maintains the basic shape of the water droplet (Fig. 3c), pre-
venting the entire water droplet from completely spreading 
in the track.

The transportation track of water droplets includes 
straight lines and curves. When studying the directional 
transport of droplets on the track, an important indicator is 
whether the droplets can pass through the whole track with-
out deviating. Regardless of special circumstances, drop-
lets can pass through a straight track. Therefore, the straight 
track is not the focus of our research. Our research focuses 
on the curved track. Therefore, we use COMSOL software to 
simulate whether water droplets deviate from the track when 
they pass through the curved track. To observe the changes 
of the interface between the two phases (gas and liquid) in 
the simulation, the laminar flow two-phase flow level set 
approach is used. When water droplet moves on a curved 
track, the cross-section of droplet is taken as the calculate 
domain. The length of the air field is 16 mm and the width 
is 5 mm. There is a circular droplet in air. To simulate the 
actual situation of water droplets in air as much as possible, 
the upper boundary condition of the air in the model is open, 
and two sides are symmetrical exit boundaries. The govern-
ing equations and boundary conditions are listed in Tables 1 
and 2, respectively. In governing equations, GI is the inverse 

Fig. 3  a Topography of the 
super-hydrophilic track on the 
superhydrophobic surface; b, c 
Stationary state of water droplet 
with the diameter of 3 mm on 
the super-hydrophilic track 
from the parallel to track (b) 
and perpendicular to track (c). 
Inset shows the SEM image of 
the super-hydrophilic track on 
superhydrophobic surface.



Microfluidics and Nanofluidics (2020) 24:89 

1 3

Page 5 of 13 89

of the initial interface. Besides, phils represents the level set 
variable. The time step is range (0, 0.001, 0.06). The time 
step size is 0.001 s. The size of the largest and smallest unit 
in the grid is 0.101 and 0.00145, respectively. The curvature 
factor is 0.25.

When the droplet moves on a curved track, a centripetal 
force F of water droplet is showed in Eq. 1. v is the velocity 
of water droplet, and r is the radius of curvature of the track:

In the simulation, the relationship between the volume 
force f and centripetal force F is shown in Eq. 2:

In the simulation, we set the radius of curvature of 
the curved track r = 3 mm . From the density of water 
� = 1.0 × 103kg m−3 , the relationship between the volume 
force and the velocity of droplet is in Eq. 3:

To study whether the droplet of the same velocity will 
deviate from the different track, we set the volume force of 
the water droplet to be the same. The volume force in the 
simulation is 2500 N m−3. Therefore, the velocity of water 
droplet is 0.086 m/s in Eq. (3).

To investigate the influence of track wettability on the 
movement of water droplets on curved track, we modeled 
the deviation of water droplets on superhydrophobic track 
and super-hydrophilic track by COMSOL. The simulation 
results are the distribution diagram of volume fraction with 
the time of 0.06 s. In Fig. 4a, b, the width and depth of the 
superhydrophobic track are 1.5 mm and 300 μm, respec-
tively. In Fig. 4d, e, the width and depth of the super-hydro-
philic track are both set to 100 μm. The stationary states of 
water droplets on superhydrophobic and super-hydrophilic 

(1)F = ∫ v2∕rdm.

(2)f =
F

V
=

∫ v2∕rdm

∫ 1∕�dm
=

v2�

r
.

(3)f = 3.33 × 105v2.

Table 1  Governing equations in the simulation

Governing equations

Phase initializa-
tion

∇GI ∙ ∇GI + �wGI(∇ ∙ ∇GI) = (1 + 2�w)GI
4

Iw =
1

GI
−

Iref

2

Transient �
�u

�t
+ �(u ∙ ∇)u = ∇ ∙

[
−pI +

(
∇u + (∇u)T

)]
+ �g + Fst + F

∇ ∙ u = 0
��

�t
+ u ⋅ ∇� = �∇ ⋅

(
ls∇� − �(1 − �)

∇�

|∇�|

)

� = phils

Table 2  Boundary conditions in the simulation

Equations Boundary condi-
tions

Entrance n
T
[
−pI + �

(
∇u + ∇uT

)]
n = −p0

u ∙ t = 0

p0 = 0

Exit
[
−pI + �

(
∇u + ∇uT

)]
n = −p0n p0 = 0

Track wall n ⋅ u = 0

−∇ ⋅ N
�
= 0

�

(
n − nint cos

(
�w

))
� −

�

�
u = Ffr

Superhydropho-
bic wall

�w = pi∗17∕18

� = h

Super-hydrophilic 
wall

�w = pi∗1∕18

� = h

Fig. 4  Simulation results of water droplet on superhydrophobic track and super-hydrophilic track: at equilibrium state (a, d) and with the veloc-
ity of 0.086 m/s (b, e); Force analysis of the water droplet on the superhydrophobic (c) and super-hydrophilic track (f)
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track are investigated in Fig. 4a, d. When the water droplet 
is stationary on the superhydrophobic track, the water drop-
let is supported only by two vertical track walls in Fig. 4a. 
For super-hydrophilic track, the water droplet completely 
penetrates the entire track owing to capillary force. Because 
the areas other than the super-hydrophilic track are supe-
rhydrophobic, the water droplets are still able to maintain 
their shape in Fig. 4d. The movement of water droplets of 
the same speed (0.086 m/s) on the superhydrophobic track 
and super-hydrophilic track is studied in Fig. 4b, e. When 
the water droplet passes through the superhydrophobic track 
with a radius of curvature of 3 mm at a speed of 0.086 m/s, 
the water droplet completely deviates from the track. How-
ever, for the super-hydrophilic track, although the water 
droplet is deformed, the water droplet is still on the track. 
Therefore, compared with the superhydrophobic track, 
water droplets with a larger velocity do not deviate from 
the super-hydrophilic track. To further study the reason, the 
force analysis of water droplet on the superhydrophobic and 
super-hydrophilic track is showed in Fig. 4c, f. When the 
water droplet moves along a curved track, the water droplet 
will be subjected to centrifugal force (F′). The centrifugal 
force causes the water droplet to derivate from its track. 
When the centrifugal force (F′) is equal to the centripetal 
force (F), the water droplet moves along a curved track. 
When the centrifugal force (F′) is greater or less than the 
centripetal force (F), the water droplet deviates from the 

track. In Fig. 4c, the supporting force (N1 and N2), gravity 
(G), and volume force (f) provide the centripetal force (F) 
for the water droplet to move along the superhydrophobic 
track. But when the velocity of water droplet is 0.086 m/s, 
the centripetal force (F) is not equal to the centrifugal force 
(F′) of the water droplet. Therefore, the water droplet devi-
ates from the superhydrophobic track. In Fig. 4f, the motion 
theory of super-hydrophilic track is different from that of 
superhydrophobic track. A layer of liquid is adsorbed in the 
super-hydrophilic track due to the capillary force. When 
the water droplet deviates from the track, the water droplet 
provides a large van der Waals’ force f′v (about 500 Pa) to 
the absorbed liquid layer. According to Newton’s third law, 
the acting force and the reaction force are equal in magni-
tude and opposite. Therefore, the van der Waals’ force fv of 
the liquid layer to the water droplet provides the centripetal 
force for the water droplet to move along the curved track, as 
shown in Fig. 4f. For super-hydrophilic track, the centripetal 
force (F) is equal to the combined force of volume force (f), 
gravity (G), support force (N) and van der Waals’ force (fv). 
Compared with superhydrophobic track, the existence of fv 
increases the centripetal force (F) of water droplet so that the 
centripetal force (F) of the droplet is equal to the centrifugal 
force (F′). As a result, when the droplet moves along a super-
hydrophilic track at a speed of 0.085 m/s, the water droplet 
not deviates from the super-hydrophilic track.

Fig. 5  A sequence of images 
showing the movement of water 
droplet on superhydrophobic (a) 
and super-hydrophilic track (b). 
Insets show contact angle of 
water droplet (10 μL) at differ-
ent positions. See also Video S1
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To study the movement of water droplets on superhydro-
phobic and super-hydrophilic track in experiment, the move-
ment of water droplet is precisely recorded by the high-speed 
camera, as shown by a series of images in Fig. 5. The origi-
nal video is available in the Supporting Information (Video 
S1). The track is composed of three curves with curvature 
radius of 2, 3 and 6 mm. The width and depth of superhy-
drophobic track are 1.5 mm and 300 μm, respectively. When 
the sample was tilted 2°, the movement of water droplet on 
superhydrophobic track is showed in Fig. 5a. The contact 
angles of water droplets (10 μL) on superhydrophobic sur-
face and superhydrophobic track are 161° and 157° in the 
inset of Fig. 5a, respectively. When the water droplet has 
just arrived the curve with a radius of curvature of 3 mm, 
the water droplet deviates from the track. At the time of 1107 
and 1292 ms in Fig. 5a, the water droplet cannot move along 
the curved track with a radius of curvature of 3 mm. It is cor-
responding with the simulation result (Fig. 4b). The velocity 
of water droplet on the superhydrophobic track is 0.01 m/s, 
calculated by distance divided by time. To investigate the 
movement of water droplet on the super-hydrophilic track, 
the sample was tilted to 30° in Fig. 5b. The width and depth 
of super-hydrophilic track are 100 μm. The water droplet can 
quickly pass through the whole track, corresponding with 
the simulation result (Fig. 4e). The velocity of water droplet 
on the super-hydrophilic track is about 0.075 m/s when the 
sample was tilted to 30°. Compared with the force analysis 
in the simulation (Fig. 4f), the force component of gravity 
(G1) in experiment corresponds to the volume force (f) in 
the simulation, as shown in supplementary material Fig. S1.

To study the transport mechanism of the water droplet 
on superhydrophobic and super-hydrophilic track, we tilt 
the two samples to the same angle. The original video is 
available in the Supporting Information (Video S2 and S3). 
In Video S2, when the samples are tilted to 2°, we find that 
the water droplets can move on the superhydrophobic track. 
But when the water droplet has just arrived the curve with 
a radius of curvature of 3 mm, the water droplet deviates 
from the track. The water droplet cannot move along the 
track with a radius of curvature of 3 mm. However, for 
super-hydrophilic track, the water droplets remain immo-
bile. When the samples are tilted to 30°, the water droplet 
can completely pass through the super-hydrophilic track in 
Video S3. However, for superhydrophobic track, the water 
droplet directly moves along the superhydrophobic surface 
of the sample, not moving along the track. The transport 
mechanism of the water droplet on different track is as fol-
lows. For the movement of the water droplet on the super-
hydrophobic track, gravity acts as the driving force. When 
the tilt angle (θ) becomes larger, the driving force increases. 
Therefore, the velocity of the water droplet increases. When 
the velocity of the water droplet becomes larger, the cen-
trifugal force becomes larger. When the centrifugal force 

is larger than the centripetal force of the water droplet, the 
water droplet does not move along the track. The water 
droplet directly moves along the superhydrophobic surface 
(Video S3). For the movement of the water droplet on the 
super-hydrophilic track, gravity still acts as the driving force 
in Fig. S1b. The tilt angle (θ) becomes smaller, then the 
driving force decreases. When the sample is tilted to 2°, the 
driving force of the water droplet is not bigger than the Van 
der Waals’ force (fv). As a result, the water droplet does not 
move (Video S2). When the sample is tilted to 30° (Video 
S4), the water droplet begins to move because the driving 
force of the water droplet is greater than the resistance. From 
the analysis of Fig. 4 and S1 the centripetal force (F) of 
the water droplet on super-hydrophilic track is equal to the 
centrifugal force (F′). As a result, the water droplet not devi-
ates from the super-hydrophilic track, completing the entire 
transport process. In summary, although the tilt angle can-
not be kept the same when comparing the droplet speed on 
different tracks, we have found that the water droplets can 
be directionally transported on the super-hydrophilic track 
at a higher speed. Therefore, under the premise of ensuring 
that the water droplet can complete the directional transport 
on the curved track, the speed of the water droplet on the 
super-hydrophilic track is greater than that of the superhy-
drophobic track. From the above, super-hydrophilic track 
is more suitable for the rapid directional transport of water 
droplets on curved track.

The geometry of the track has a certain influence on 
the transport capacity of the super-hydrophilic track. The 
geometric dimensions of the track include the width and 
depth. The simulation is to study the deviation situation of 
water droplet when the water droplet passes through curved 
track. In the simulation, the volume force is 2500 N·m−3. 
The volume of water droplet in the simulation is 10 μL. The 
track in the simulation is the cross section of the track with 
a radius of curvature of 3 mm in experiment. The simula-
tion results are the distribution diagrams of volume frac-
tion. In Fig. 6, we select the time of 0, 0.04, and 0.056 s 
to study the effect of track geometry on transport capacity 
of the super-hydrophilic track. To study the track width, 
we simulated the deviation of the water droplets on super-
hydrophilic track with the width of 50, 100 and 150 μm in 
Fig. 6, respectively. When simulation time is 0 s, the water 
droplets are in equilibrium. When the simulation time is 
0.056 s, the water droplet deviates from the track with a 
width of 50 μm in Fig. 6c. The simulation time of 0.04 s is 
selected to determine whether the volume changes of the 
water droplets are the same in the intermediate stage. The 
insets of Fig. 6 are enlarged views of different tracks at dif-
ferent time. In Fig. 6a, d, g, the equilibrium state of water 
droplets on different tracks is the same. There is no water in 
the tracks. At the time of 0.04 s, the water droplets enter the 
tracks to form the liquid layer due to the super-hydrophilic 
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property of track. When the time increases to 0.056 s, the 
water droplet only deviated from the track with the width of 
50 μm in Fig. 6c. On the other tracks (Fig. 6f, i), the water 
droplets are still in contact with the tracks, no deviation. The 
reason for this phenomenon is that the relationship between 
track width and liquid layer. The wider the track, the larger 
the contact area between water droplet and the track. As a 
result, the surface area of liquid layer is larger. The van der 
Waals’ force between water droplet and the liquid layer is 
greater. Therefore, it is difficult for water droplets to leave 
the track. In addition, we also further studied the effect of 
track depth in the supplementary materials (Fig. S2). The 
width of track is 100 μm. Other simulation conditions are the 
same as in Fig. 6. We simulated the deviation of the water 
droplets on super-hydrophilic track with the depth of 20 and 
100 μm in Fig. S2, respectively. We found that the water 
droplets did not deviate in either track. The distribution of 
the volume fraction at the same time is also basically the 
same. Therefore, the track depth has little effect on whether 
the water droplet deviates from the track. This is because 
the deepening of the track only increases the volume of the 
liquid layer, but has no effect on the surface area of the liquid 
layer. The van der Waals force between the water droplet and 
the liquid layer remains unchanged. Therefore, whether the 
water droplet deviates from the track has nothing to do with 
the track depth.

According to the simulation results in Fig. 6, track 
width affects the transport capacity of the super-hydro-
philic track. To verify the accuracy of the simulation 
results, the movement of water droplet on tracks of differ-
ent widths is precisely recorded by the high-speed camera 
in Fig. 7. The original video is available in the Supporting 
Information (Video S4 and S5). The playback speed of 
Video S5 is normal (30 frames per second). In Fig. 5, the 
water droplets quickly move along the super-hydrophilic 

track. Therefore, to carefully observe the movement pro-
cess of the water droplets, we made the video playback 
speed four times slower in Video S5. The playback speed 
of Video S5 is 120 frames per second. In Fig. 7a, when 
the water droplet has just arrived the curve with a radius 
of curvature of 3 mm, the water droplet deviates from the 
track. The water droplet cannot move along the curved 
track with a radius of curvature of 3 mm, corresponding 
with the simulation results in Fig. 6a–c. When the time 
is 140 ms, the water droplet has left the track. When the 
track width increases to 100 and 150 μm, the water drop-
lets can completely move along the entire curved track in 
Fig. 7b, c. The experimental results are consistent with the 
simulations results in Fig. 6d–i. The time for a water drop-
let to transport on super-hydrophilic track with a width 
of 100 μm is 580 ms in Fig. 7b, bigger than that of the 
super-hydrophilic track with the width of 150 μm (445 ms) 
in Fig. 7c. Therefore, for the same track, the water drop-
let moves faster on a track with a width of 150 μm. But 
because the track in Fig. 7c is too wide, the water droplet 
cannot maintain its shape during transportation. Therefore, 
in the application of microfluidic chips, a track width of 
100 μm is more appropriate.

The factors that affect whether the water droplet deviates 
from the track are not only related to the track geometry, 
but also related to the size of the transported water drop-
let. Therefore, in our supplementary material (Fig. S3 and 
Video S6), we study the transportation of water droplets 
with the volume of 4 μL, 8 μL and 10 μL on the same super-
hydrophilic track in the simulation (Fig. S3) and experi-
ment (Video S6), respectively. In Fig. S3, 4 and 8 μL of 
water droplets are not off track. When the volume of the 
water droplet increases to 10 μL, the water droplet is off 
the track. In the experiment, 10 μL of water droplet devi-
ates from the track when it passed a track with a radius of 

Fig. 6  Simulation results of water droplets on super-hydrophilic tracks with different widths
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curvature of 3 mm. Therefore, the experimental results are 
consistent with the simulation results. According to the cal-
culation formula of centrifugal force (Guo and Chao 2013), 
centrifugal force is proportional to mass of water droplet. 
When the speed of the water droplet and the track radius 
are constant, the centrifugal force increases as the mass of 
the water droplet. Therefore, when the volume of the water 
droplet increases, the centrifugal force becomes larger. But 
the centripetal force of water droplet is same. As a result, 
for the 10 μL water droplet, the centrifugal force is greater 
than the centripetal force so that the water droplet deviates 
from the track.

To further prove the application of super-hydrophilic 
track in practice, we fabricated a junction (point d) of three 
super-hydrophilic tracks (A, B and C) on superhydropho-
bic surface in Fig. 8a–h. The video is available in the Sup-
porting Information (Video S7). To observe the mixing 
process of the water droplets, the playback speed of video 
S5 was slowed down eight times. But the time marked 

in Fig. 8 is the actual mixing time of water droplets. In 
Fig. 8, the role of the super-hydrophilic tracks (A, B and 
C) is to quickly transport water droplets to the junction d. 
The morphology of the super-hydrophilic track is showed 
in the inset of Fig. 3a. The surface morphology of the 
junction d is showed in the inset of Fig. 8. Different from 
the hole-like morphology of the super-hydrophilic track, 
the junction d is composed of multiple concentric circles. 
Therefore, the super-hydrophilic area at the junction d is 
larger than that of the track, which facilitates the pinning 
of water droplets at the junction d. In Fig. 8a, b, water 
droplet moves along the track to the junction d. Owing to 
the super-hydrophilic property of junction d, water droplet 
is pinned at the junction d in Fig. 8c, d, not moving along 
the track. In Fig. 8e, f, the blue water droplet moves along 
the track to junction d and collides with the transparent 
droplet pinned at the junction d. At the moment of col-
lision, the blue water droplet mixed with the transparent 
water droplet in Fig. 8g. Compared with Fig. 8f, g, the 

Fig. 7  A sequence of images 
showing the movement of water 
droplet on super-hydrophilic 
tracks with different widths: 
a 50 μm; b 100 μm; c 150 μm 
(see also Video S4 and S5)
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mixing time is 45 ms. Then, because the gravity of mixed 
water droplet is smaller than capillary force, the water 
droplet continues to pin at the junction d in Fig. 8h. To 
make the mixed water droplet move away from the junc-
tion d, we continue to transport the water droplets along 
the track C to junction d in Fig. 8i, j. When the gravity of 
the mixed water droplet is greater than capillary force, the 
water droplet starts to move along the track in Fig. 8k, l. 
Therefore, super-hydrophilic track can realize the rapid 
mixing of different water droplets, especially in open-
surface microfluidic platforms (Morrissette et al. 2017) 
or mixing chip (Lai and Chung 2019).

When the number of track increases, the super-hydro-
philic track can be used to collect and transport the water 
droplets in Fig. 9a–d. The original video is available in the 
Supporting Information (Video S8). On the superhydropho-
bic surface, the laser ablation is used to fabricate a large 
area of super-hydrophilic. In Fig. 9a, the super-hydrophilic 

surface is divided into two areas of the "capture area" and 
the “transport area”. The "capture area" captures water 
droplets owing to its super-hydrophilic property. Then the 
captured water droplets are transported in the “transport 
area” by gravity. The existence of superhydrophobic surface 
guarantees that the water droplets not deviate from its track 
during transportation. After 2 s, the water droplet gets big-
ger and bigger until it leaves the track in Fig. 9b–d. Further 
experiments confirm that this application can also be used 
for collecting mist liquid.

3  Conclusions

The directional transport of a water droplet on curved track 
is investigated in this paper. A facile method to fabricate 
the track on superhydrophobic surface by laser ablation is 
reported. Firstly, we studied the directional transport of water 

Fig. 8  A series of images showing a junction of three tracks (A, B and C) to mix the water droplets. See also Video S7
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droplets on super-hydrophilic curved track in simulations and 
experiments. In simulations, we demonstrate that the motion 
theory of a water droplet on the super-hydrophilic track of 
the superhydrophobic surface. The function of superhydro-
phobic surface is to lift up the whole water droplet, keeping 
the shape of water droplet. The super-hydrophilic track can 
absorb the water droplets to form the uniform and stable liquid 
layer owing to the capillary force. The van der Waals’ force 
between water droplets and liquid layer prevents the water 
droplets from moving out of track. Therefore, compared with 
the superhydrophobic track, the van der Waals’ force existing 
in the super-hydrophilic track increases the centripetal force 
of water droplet moving along the curved track. Therefore, 
water droplet can quickly move along the super-hydrophilic 
track without deviation. As a result, the super-hydrophilic track 
has stronger ability to control the water droplet on the curved 
track (such as circle). In experiments, we show that water drop-
lets only slowly pass through the superhydrophobic track with 
small radius of curvature. In contrast, water droplet can quickly 
pass through the whole super-hydrophilic track, including the 
track with large radius of curvature. Therefore, the concept of 
super-hydrophilic track provides a basis of the design of com-
plex microchannels in microfluidic chips. Secondly, we further 
study the effect of track geometry and water droplet size on the 
transport ability of water droplet on super-hydrophilic track. 
Compared with track depth, the track width has a great effect. 
The water droplet deviates from the track with a width of 
50 μm. But the water droplet can directionally move along the 
super-hydrophilic track with a width of 100 μm and 150 μm 
without deviation. In addition, for the same super-hydrophilic 
track, the larger the water droplet volume, the easier it is to 
deviate from the track. Finally, to demonstrate the application 
of super-hydrophilic track of superhydrophobic surface, we 
performed the rapid fusion and directional collection of water 
droplets. From the above, we believe that this fundamental 
study is of great significance for many applications such as 

microchannels in microfluidics, water collection systems, and 
others.
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