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Abstract

Directional liquid transport has significant domestic and industrial applications. Theoretically, tapered objects can transport
a liquid droplet horizontally or along a small slant angle: Many biomaterials have already demonstrated this ability. How-
ever, spontaneously transporting liquid in the vertical direction has been challenging. In this study, a numerical model was
developed to simulate the transporting process and design inverted tapered pillars. The range of acceptable parameters for
the pillar’s geometry was obtained. When the taper angle, the diameter of the bottom end of the pillar, and the contact angle
of the liquid are less than 10°, 80 pm, and 54.5°, respectively, then liquid may be transported upward spontaneously. An
experimental setup for fabricating the pillars was also developed and presented. With this setup, the designed pillars were
successfully fabricated by the gradient electrochemical corrosion method and enhanced its wettability by the electrochemi-
cal modification method. The fabricated pillars were then experimentally validated, showing that they can spontaneously
transport a micrometer-scale droplet upward. These results may provide a new and systematic way to design and fabricate a
tool for high-efficiency liquid transport.
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1 Introduction

Directional liquid transport has significant domestic and
industrial applications, such as in 3D printing (Ferraro et al.
2010; Wu et al. 2015), inkjet printing (Basaran and Suryo
2007), micro-fluidics (Guo et al. 2012), chemistry analy-
sis (Price and Paegel 2016), microelectronic cooling (Chen
et al. 2013; Li et al. 2016), and potential new devices (Wang
et al. 2015; Park et al. 2016; Katsikis et al. 2015). It is com-
mon knowledge that liquid always travels downward due to
the force of gravity. It is possible, however, that liquid can
overcome gravity and move upward spontaneously—capil-
lary action is such an example (Rowlinson and Widom 2013;
Bico and Quéré 2002), but the liquid can only travel inside
hollow tubes and it is difficult to transport the liquid to a
substrate.

Physicists recently found that theoretically a liquid droplet
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could travel on a solid surface horizontally or at a small slant
angle at high speed due to a wettability gradient (Subramanian
et al. 2005; Vorobyev and Guo 2009; Ju et al. 2013), ther-
mal gradient (Dai et al. 2016), curvature gradient (Lorenceau
and Quéré 2004; Luo 2015; Li et al. 2013; Huang et al. 2013;
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Lv et al. 2014), etc. In particular, for a droplet transported
by a curvature gradient, many such biomaterials are found in
nature (Ju et al. 2014; Zhu et al. 2016), e.g., a cactus spine (Ju
et al. 2012) and spider silk (Zheng et al. 2010). Study of these
materials may result in other methods by which fluid can be
transported directionally and its movement controlled.

According to the curvature-gradient-driven theory (Lor-
enceau and Quéré 2004; Luo 2015; Michielsen et al. 2011),
when a droplet is resting on an inverted tapered pillar (as
shown in Fig. 1a), the upward force arising from the Laplace
pressure F| (pointing from the small end to the big end) can
be simplified as (Zhu et al. 2016)

(1.1

Similarly, the gravity force of the droplet F; can be writ-
ten as

Ry

2
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where the R; and R| are the local radii of the object at the
upper and lower sides of the droplet, respectively; y is the
surface tension; r is the local radii of the cone-structured
object; 7, is the thickness of the droplet; p is the liquid

Force Fg /

When?

F cosa<F;

Fig. 1 Transporting a liquid droplet upward by a small inverted
tapered pillar. a Big pillars cannot transport droplets upward sponta-
neously; b when the size of the pillar is sufficiently small, it can trans-
port droplets upward
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density; g is the gravity acceleration; a is the half apex angle
of the cone; and dr is the minute incremental radius along
the cone.

For most common cases, as the object is large, the
Laplace pressure F; is much smaller than the force of grav-
ity Fg, so the droplet always drops downward instead of
moving upward. However, if the sizes of the droplet and
cone-structured object decrease, both the Laplace pressure
F; and the gravity force F5 decrease correspondingly, but
the gravity force F; decreases faster. This can be partially
verified in that a microscale water droplet can be transported
on a conical object at a maximum speed of 0.42 m/s, while a
nanoscale droplet can theoretically be transported at a high
speed of over 100 m/s (Lv et al. 2014). Therefore, it can be
inferred that if the sizes of the droplet and cone-structured
object are sufficiently small, eventually, the Laplace pressure
F; will exceed the gravity force F; and the droplet can be
transported upward by the inverted tapered pillar, as shown
in Fig. 1b.

However, this upward motion is rarely seen. By static
finite element simulation, Liang et al. (2015) found that at
certain conditions the droplet can achieve stable equilibrium
on hydrophilic conical fibers. However, due to the limita-
tions of the algorithm, the dynamic process of transporting
water cannot be shown. Li and Thoroddsen (2013) experi-
mentally studied the factors affecting the climbing velocity
and found that the speed of the fastest droplets is limited
by inertia following their emergence at the cone tip; fur-
ther, Guo and Tang (2015) experimentally found that cac-
tus spines can transport the liquid droplet upward with a
maximum velocity of approximately 1.17 m/s. Being able
to eventually design, optimize using simulation models, and
fabricate tapered pillars with similar functionality is essen-
tial to large-scale fabrication (Chu and Liu 2008; Madou
2011; Li et al. 2015).

In this work, a numerical model was developed to design
and optimize the geometry of inverted tapered pillars. An
experimental setup was also developed and used to success-
fully fabricate the resulting pillar design. The fabricated pil-
lar was then experimentally validated by showing that it can
transport a micro-size droplet upward spontaneously. This
may provide a systematic way to design and fabricate tools
for liquid transport in high efficiency.

2 Design of inverted tapered micro-pillars
2.1 Simulation model

An axial symmetry model was developed by using Open-
FOAM Extended 1.6, as shown in Fig. 2. The pillar was

1000 pm in length, and its bottom end was 10 pm in diam-
eter while the top end was 65 pm; thus, the taper angle
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Fig.2 Section view of the simulation model. The simulation model
has axial symmetry: It consists of the pillar, fluid, and air, all of
which are surrounded by the wall

Table 1 Key parameters of the simulation model

Parameters

Diameter of the bottom 10 pm
Diameter of the top 65 pm
Length 1 mm
Taper angle 1.57°
Liquid Water
Liquid thickness 200 nm
Contact angle 45°
Surface tension 0.073 N/m
Gravity 9.81 m/s?
Atmosphere pressure 1.01e5 Pa
Volume of liquid 0.02 nL
Width of domain area 100 pm
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was 1.57°. As is typical in applications of water collec-
tion using inverted tapered micro-pillars, a liquid film was
firstly formed on the surface of the pillar (Zheng et al. 2010);
then, a layer of liquid with thickness of 200 nm was ini-
tially deposited on the surface of the pillar in the model.
The volume of the liquid was approximately 0.02 nL. The
liquid used in the simulation was water, so the contact angle
and surface tension were set as 45° and 0.073 N/m (Yuan
and Lee 2013), respectively. Gravity and atmospheric pres-
sure were also considered. The key parameters are listed in
Table 1.

2.2 Modeling results and optimization
2.2.1 Modeling results

Figure 3 shows the modeling results. It can be seen that due
to the Rayleigh instability, the thin layer of water on the
surface of the inverted tapered micro-pillar firstly formed
two droplets from O to 0.1 ms, and then due to the driving
force arising from the shape gradient (Laplace pressure),
the droplets were propelled upward toward the region with
a larger radius of curvature. As the curvature of the bottom
end was larger than that of the top end, so was the driv-
ing force; therefore, the lower droplet moved faster than the
upper one. The two droplets merged at the middle of the
pillar at 0.2 ms, and the newly formed droplet moved slowly
from 0.3 to 0.5 ms. It then moved toward the top end at a
high speed from 0.6 to 1.1 ms, reaching the top of the com-
putational domain at 1.2-2.0 ms. Thereafter, it remained
suspended there as the Laplace pressure exceeded the gravity
force under these conditions. From 0.6 to 1.2 ms, the droplet
moved approximately 0.5 mm; therefore, the average veloc-
ity was approximately 0.833 m/s, which agrees well with the
analytical results (Guo and Tang 2015; Lv et al. 2014). This
velocity is large enough to jet out the droplet onto a substrate
(Eggers and Villermaux 2008), suggesting that this type of
pillar has potential use in 3D printing and other applications.

1.0 1.1 12 2.0ms

Fig.3 Section view of the dynamic process of water droplet formation and transport. It consists of four stages: forming one droplet, moving
slowly, moving quickly, and being suspended. The droplet velocity during the fast moving stage was about 0.833 m/s

@ Springer



9 Page4of9

Microfluidics and Nanofluidics (2018) 22:9

2.2.2 Parameters optimization

In order to optimize the liquid transporting process, para-
metric studies using parameters such as geometry size, taper
angle, and surface properties of the pillar were conducted.

2.2.2.1 Geometry size of pillar To study the effects of the
shape of the substrate on the liquid being directionally trans-
ported, the diameter of the bottom end of the pillar was set
at 10, 50, 80, 100, and 200 pm, while the taper angle was
kept the same at 1.57°. The diameter of the top end was 65,
325,520, 625, and 1300 pm, respectively. These dimensions
are referenced as Cases 1-5, respectively. Other parameters
such as the ratio of the initial liquid layer to pillar size, sur-
face tension, and contact angle were kept the same as listed
in Table 1.

The modeling results are shown in Fig. 4 and summa-
rized in Table 2. It can be seen that when the pillar size
was sufficiently small, the Laplace pressure component
along the z-axis exceeded the gravity force and the droplet
moved quickly to the top end of the pillar. When the size was
increased by a factor of 5 as shown in Case 2, the Laplace
pressure component along the z-axis was still larger than the
gravity force, so the droplet could still be transported upward
to the top end. However, when the pillar size was increased

Fig.4 Section view of final
droplet location on the surface
of inverted pillars in differ-
ent sizes. The diameter of the
bottom end of the pillar was set
at 10, 50, 80, 100, and 200 pm
for Cases 1-5, respectively. To
make a good illustration and
comparisons with other cases,
the Cases 1 and 2 were magni-
fied 1.5 times than the original
ones, respectively. The taper
angle was kept as 1.57°

Droplets

Table2 Summary of the effects of geometry size on droplet trans-
porting

Cases Diameter of the bot-  Diameter of the top Results
tom end (pm) end (pm)

1 10 65 Upward

2 50 325 Upward

3 80 520 Oscillating

4 100 625 Downward

5 200 1300 Downward

by a factor of 8 as shown in Case 3, the Laplace pressure
component along the z-axis was almost as the same as the
gravity force, so the droplet was oscillating but eventually
reached the top end. When the pillar size was increased by a
factor of 10 or more as shown in Case 4 and 5, respectively,
the Laplace pressure component along the z-axis was no
longer larger than the force of gravity: The droplet directly
dropped down to the bottom end of the pillar. Therefore, it
can be inferred that for a specific inverted tapered pillar,
when its size is sufficiently small, the liquid can overcome
the force of gravity and be transported upward spontane-
ously. The smaller size is also beneficial for transporting
the liquid.
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2.2.2.2 Taper angle of pillar To study the effect of the taper
angle on the liquid directional transport, the taper angle
of the pillar was set to 0, 0.785°, 1.57°, 5°, 10°, and 18°,
while the diameter of the bottom end was kept constant at
10 pm. The diameter of the top end was set at 10, 37.4, 65,
185, 362.6, and 660 um, respectively; these are referred to
as Cases 1-6, respectively. Other parameters such as pillar
length, the ratio of initial liquid layer to pillar size, surface
tension, and contact angle were kept the same as those listed
in Table 1.

The modeling results are shown in Fig. 5 and summarized
in Table 3. It can be seen that when the taper angle was zero,
the thin layer of water firstly turned into a few tiny droplets
due the Rayleigh instability. As there was no curvature gra-
dient, there was no Laplace pressure. Due to the tiny volume
of each droplet, the gravity force acting on them was small;
therefore, these tiny droplets could neither move upward nor
drop downward but were suspended on the surface at the
end of the calculated time limit, as shown in Case 1. When
the taper angle increased to 0.785°, the Laplace pressure
component along the z-axis was large enough to overcome
the gravity force, so the droplet gradually moved upward and
eventually reached the top end, as shown in Case 2.

As the taper angle (@) increased from 0° to 18°, the
Laplace pressure (F|, Eq. 1.1) increased correspondingly;
however, the normalized component along the z-axis
(Ficosa) decreased, so their combination resulted in the
droplet moving upward firstly as shown in Cases 3—4, but
then dropping downward as shown in Cases 5-6.

Therefore, it can be inferred that for a specific liquid,
there is only a narrow window of taper angles in an inverted
tapered pillar that will successfully transport the liquid
upward.

B FTF ]

- ww ww w =

X | 1 . A
(a) Case 1(b)Case 2 (¢) Case 3 (d)Case 4

(e) Case 5

Table 3 Summary of the effects of taper angle on droplet transport

Cases Taper angle Diameter of ~ Diameter of  Results

©) the bottom the top end

end (pm) (pm)

1 0 10 10 Suspending
2 0.785 10 374 Upward
3 1.57 10 65 Upward
4 5 10 185 Upward
5 10 10 362.6 Two droplets
6 18 10 660 Downward

2.2.2.3 Surface properties of pillar The contact angle is
usually used to characterize the interface force between the
pillar surface and liquid. Therefore, to study the effects of
surface properties on the liquid droplet transport, the con-
tact angle was set at 0°, 30°, 45°, 54.5°, 60°, and 90°, which
are referenced as Cases 1-6, respectively. Other parameters
such as pillar size, the ratio of initial liquid layer to pillar
size, and surface tension were kept the same as listed in
Table 1.

The modeling results are shown in Fig. 6 and summa-
rized in Table 4. It can be seen that when the contact angle
was smaller than 45° as shown in Cases 1-3, the Laplace
pressure component along the z-axis always exceeded the
gravity force; the droplet moved quickly to the top end of the
pillar. However, when the contact angle increased to 54.5°
as shown in Case 4, the Laplace pressure component along
the z-axis was almost the same as the gravity force. Thus, a
new balanced system was formed, such that the droplet was
oscillating but could still eventually reach the top end. When
the contact angle was continually increased to 60°, or even

Jpper drople

Buttom droplet

(f) Case 6

Fig.5 Section view of final droplet location on the surface of inverted pillars with different taper angles. The taper angle of the pillar was set to
0°, 0.785°, 1.57°, 5°, 10°, and 18° for Cases 1-6, respectively. The diameter of the bottom end was kept at 10 pm

@ Springer
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Fig.6 Section view of final
droplet location on the surface
of inverted pillars of different
wetting ability. The contact
angle was set to 0°, 30°, 45°,
54.5°, 60°, and 90° for Cases
1-6, respectively
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Table 4 Summary of the effects

Cases  Contact Results
of contact angle on droplet angle (°)
transport
1 0 Upward
2 30 Upward
3 45 Upward
4 54.5 Oscillating
5 60 Downward
6 90 Downward

larger to 90°, as shown in Cases 5 and 6, respectively, the
Laplace pressure component along the z-axis was no longer
larger than the force of gravity: The droplet then dropped
down to the bottom end of the pillar. Therefore, it can be
inferred that for a specific type of liquid, a small contact
angle means that the surface of the pillar is hydrophilic and
is thus beneficial for transporting liquid.

From the above modeling study, it can be concluded that
when the taper angle of the pillar is less than 10°, the diam-
eter of its bottom end is less than 80 pm, and the contact
angle of liquid on the pillar surface is less than 54.5°, the
liquid may be transported upward spontaneously.

3 Fabricating experiments
3.1 Tapered pillar fabrication

In order to verify the modeling results, a series of experi-
ments were conducted. Previous studies demonstrated

@ Springer

that the gradient electrochemical corrosion method can
fabricate tapered pillars with various geometry shapes
(Ju et al. 2013; Wang et al. 2014). However, the typi-
cal contact angle of water on a regular copper surface is
approximately 90° (Ju et al. 2013), which is out of range
of spontaneously transporting liquid upward on a copper
surface. Fortunately, some other researchers have devel-
oped methods to improve the wettability of water on the
copper surface and can change the contact angle from
90.3° to 0°(Li and Thoroddsen 2013; Tong et al. 2015),
which perfectly matches the desired contact angle from the
simulation results. Therefore, the copper wire was chosen
to fabricate the inverted tapered pillar.

The commercial copper wires used in the experiment
were purchased from Jinjia Metal Material Co., Ltd, China,
with a diameter of 0.3 mm. The commercial copper wire
was polished carefully with sandpaper, cleaned in 1.0 M
HCI aqueous solution for 5 min under ultrasonication con-
dition, and dried by pure dry air flow before experiments.
Afterward, the wire was fixed vertically on a programmable
linear motor (manufactured by Shenzhen Tech-D Precision
Automation Co., Ltd with the resolution of z-axis motion
in 1 pm). And one of the wire ends was connected to the
anode of a 5 V DC power supply (E3634A, Keysight), while
the other end was immersed in the electrolyte solution. The
electrolyte was the aqueous solution containing CuSO,
(0.2 M). A clean copper sheet (20 mm X 20 mm), connect-
ing to the cathode of the power supply, was also immersed in
the electrolyte solution, as shown in Fig. 7a. When the linear
motor periodically moved in the z-axis direction, it brought
the copper wire raising and falling together which made the



Microfluidics and Nanofluidics (2018) 22:9

Page70f9 9

Fig.7 Tapered pillar fabricat-
ing experiment. a Fabricating

Highly Precise Linear Motor

experiment setup which is
consisted of a programmable
linear motor with high precision
and an electrochemical system.
The beaker was filled with the
aqueous solution with CuSO,
(0.2 M). b One of the tapered
pillars fabricated by gradient
electrochemical corrosion and
electrochemical modification.
The a equals to 5.65°. The scale
bar is 500 pm

electrochemical corrosion time varying along its height;
thus, a tapered pillar was fabricated, as shown in Fig. 7b.

From the modeling results in Sect. 2, it is known that
the tiny droplet cannot spontaneously move from the tip to
the top on a tapered pillar surface when the contact angle
of liquid is greater than 54.4°, which is also confirmed by
our experiments. Thus, to enhance the wetting ability of the
copper pillar, the electrochemical modification method was
used. The copper-tapered pillar was kept connecting with the
anode of the DC power supply, but the voltage was lowered
to be 1 V. And the electrolyte was replaced by the aque-
ous solution containing KOH (3 M). The clean copper sheet
was kept connecting to the cathode of the power supply and
immersing in the electrolyte solution. The programmable
linear motor was then used to preciously control the length
of the tapered pillar immersed in the electrolyte solution.
Thus, Cu(OH), nanoribbon was grown upon the surface
during this electrochemical modification process, therefore,
reducing the contact angle of water on the copper-tapered
pillar (Cheng et al. 2015).

3.2 Liquid transporting experiments
and discussions

An experimental setup was used to monitor the liquid trans-
port process, as shown in Fig. 8. It consists of a tapered
pillar, a homemade gripper, a syringe, and a camera system.
The high-speed camera is VW-600C (manufactured by Key-
ence) with a high-intensity light for clear imaging. It can
work at a high speed (1000 frames per second) and high
resolution (640 X 480 pixels). The tapered pillar was verti-
cally fixed by the homemade gripper. The high-precision
syringe (manufactured by Hamilton) equipped with a tiny
needle (outer diameter 0.24 mm, purchased from Puyasi
Commercial Trading Co., Ltd) was used to inject a small

. Copper Wire (Anode)
“= CuSO, (Electrolyte, aq)

Monitor

Water
droplet

High speed camera

Gripper

Fig.8 Experimental setup for water transporting. It consists of a
tapered pillar, a homemade gripper, a syringe pump, and a camera
system

amount of deionized water and then place it on the tip of
the copper-tapered pillar. Both the temperature (25 °C) and
humidity (45%) were carefully controlled to minimize the
effects of the environment.

During the experiment, after the small droplet was placed
on the tip of the pillar, the high-speed camera was turned on
simultaneously to record the whole transporting process, as
shown in Fig. 9. From 0 to 10 ms, the small droplet moved
upward to 0.609 mm. The average velocity was approxi-
mately 60.9 mm/s. As the droplet is much bigger than
the one modeled in Sect. 2 (the diameter of the droplet is
1020 pm, and thus the volume can be calculated as 0.56 pL),
the gravity force is larger, and thus the transporting velocity
is relatively small. From 10 to 210 ms, the upper part of the
droplet went beyond the tapered pillar and reached the joint.

@ Springer
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10 ms

Fig.9 Experimental results of water transporting process. From 0 to 10 ms, a small droplet moved upward against the gravity on the surface of
the tapered pillar. From 10 to 210 ms, the upper part of the droplet went beyond the tapered pillar and reached the joint. Scale bar is 1 mm

600

0 ‘b--‘--=.:.:.:.:‘$:':'

Time(ms)

Fig. 10 Comparisons between the modeling and the experimental
results. It can be clearly noted that the simulated results agree well
with the experimental ones

Finally, it stopped near the joint due to the balance between
the Laplace pressure and the gravity.

To further verify the model, the corresponding condi-
tions were used in the model. The relationship between
the displacement of the droplet and time was obtained and
compared with those extracted from the recorded video, as
shown in Fig. 10. It can be clearly noted that the simulated
results agree well with the experimental ones which demon-
strates the correctness of the model.

4 Conclusion

In this paper, the possibility of spontaneously transporting
a droplet upward along an inverted tapered pillar was theo-
retically analyzed and a numerical model was developed to
design such inverted tapered pillars. Using this model, the
dynamic process of the transporting liquid was simulated

@ Springer

and a range of acceptable parameters for the pillar’s geom-
etry was obtained. When the taper angle, the diameter of
the bottom end of the pillar, and the contact angle of liquid
are less than 10°, 80 pm, and 54.5°, respectively, the liquid
may be spontaneously transported upward. To fabricate the
designed pillar, an experimental setup was also developed.
With the setup, the designed pillar was successfully fabri-
cated by the gradient electrochemical corrosion method and
enhanced its wettability by the electrochemical modification
method. The fabricated pillar was then experimentally vali-
dated showing that it can spontaneously transport a micro-
size droplet upward. In conclusion, this paper provides a new
and systematic way to design and fabricate a tool for liquid
transport with high efficiency.
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