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Spontaneous and directional water transportation (SDWT) is considered as an ideal water transportation
method and has a great prospect in the aerospace and ship fields. Nonetheless, the existing SDWT has
the limitation of a slow water transportation velocity because of its geometry structure configuration,
which hinders the practical application of the SDWT. To overcome this limitation, we developed a new
superhydrophilic serial cycloid-shaped pattern (SSCP) which was inspired by the micro-cavity shape of
the Nepenthes. First, we experimentally found that the water transportation velocity on the SSCP was
faster than that on the superhydrophilic serial wedge-shaped pattern (SSWP) and analyzed the faster
water transportation mechanism. Then, the influence of the SSCP parameters on the transportation vel-
ocity was investigated by a single-factor experiment. In addition, the water transportation velocity on the
SSCP was enhanced to 289 mm s~* by combining the single-factor experiment, orthogonal optimization
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design, streamline junction transition optimization, and pre-wet pattern, which was the fastest in the
SDWT. Moreover, the SSCP demonstrated its superior capability in long-distance water transportation,
gravity resistant water transportation, heat transfer, and fog collection. This finding shows remarkable
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1 Introduction

Water transportation widely occurs in nature and has extremely
important applications in many engineering fields, such as lab-
on-a-chip technology, water collection, heat transfer, and hydro-
power generation.' Researchers divided the water transpor-
tation into active water transportation and spontaneous and
directional water transportation (SDWT).®” The active water trans-
portation requires an external energy input to realize water move-
ment, which limits its application in some special fields.® In con-
trast, the SDWT does not require an external energy input and is
considered as an ideal water transportation method.”°
Therefore, exploring different possibilities and potential prin-
ciples of the SDWT has attracted scientists’ attention.

In 1978, Greenspan predicted that a water droplet could
spontaneously and directionally move to a more wettable area
on a surface with a wettability gradient.'* Since then, scientists
have made lots of efforts, but it was still difficult to realize the
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application prospects in the high-performance fluid transportation system.

SDWT until 1992. In this year, Whitesides et al. first experi-
mentally demonstrated that a water droplet could really realize
the spontaneous and directional movement on a silicon
surface with a surface energy gradient.” In addition, research-
ers found that the increase of the water transportation velocity
would help the SDWT technology to be applied in the aero-
space and ship fields; for example, fast water transportation
would improve the water vapour collection efficiency in the
manned space station life support system or the seawater desa-
lination system of the ship and the jet cooling efficiency of the
heat electronics on a spacecraft."*'® To enhance the water
transportation velocity, researchers devoted many effective
works and found that the surface with a structure gradient
could also realize the SDWT and that the water transportation
velocity was greatly enhanced.'®?® When a water droplet is
placed at the narrow side of the superhydrophilic single
wedge-shaped pattern which has a structure gradient, it would
be quickly caught by the narrow side of the pattern and then
spontaneously and directionally transported to the wide side
of the pattern under Laplace pressure.” Although the superhy-
drophilic single wedge-shaped pattern successfully demon-
strated the transportation capability in the SDWT, the Laplace
pressure difference of the water droplet significantly decreased
due to the large end size, which meant that the single wedge-
shaped pattern was not suitable for long-distance water
transportation.”> > To overcome this limitation, a superhydro-
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philic serial wedge-shaped pattern (SSWP), where the pattern
consisted of several single wedge-shaped patterns connected
in a head-to-tail arrangement, was proposed in our previous
study, which was facilitated to decrease the fluid loss, resulting
in the increase of the transportation distance.>*>” However,
researchers found that once the water droplet moved to the
junction of the SSWP, the droplet would encounter the resis-
tance force from the pinning, resulting in the decrease of the
water transportation velocity.”’° Therefore, researchers
devoted many effective efforts to optimize the junction tran-
sition, such as the arc junction transition, wedge junction tran-
sition, and streamlined junction transition, which could
enhance the water transportation velocity. Despite this, the
existing geometry structure of the pattern unit is still unsatis-
factory, due to which the slow water transportation velocity
still hinders the practical application of the SDWT. Therefore,
it is necessary to propose a new strategy for the optimization
of the geometry structure configuration that can realize high-
velocity water transportation.

Herein, to overcome the limitation of the slow water trans-
portation velocity during the SDWT processes, we proposed a
superhydrophilic serial cycloid-shaped pattern (SSCP) inspired
from the micro-cavity shape of the Nepenthes. We first experi-
mentally demonstrated that the water transportation velocity
on the SSCP was much faster than that on the SSWP under the
same parameters and systematically analysed why the water
droplet on the SSCP transported faster. To understand the
influence of the SSCP parameters on the water transportation
and to obtain the optimal parameter configuration, a single-
factor experiment and orthogonal optimization design were
performed, respectively. In addition, by the streamline junc-
tion transition and pre-wetting pattern strategy, the water
transportation velocity was further enhanced on the SSCP.
Based on the aforementioned optimal parameters, the SSCP
exhibited superior application prospects for long-distance
water transportation, gravity resistant water transportation,
heat transfer, and fog collection, which provided a new avenue
for high-performance fluid transportation.

2 Experiment section
2.1 Materials

Aluminum plates (Al, purity >99.5%) with a size of 3 cm x
10 cm and a thickness of 2 mm were bought from Shandong
Metal Co. Ltd (China). Fluoroalkylsilane [FAS, CgF;3H,Si
(OCH,CH3;);3] was purchased from Degussa Co. Ltd (Germany).
Anhydrous ethanol and water-soluble red dye were bought
from Dalian Bonuo Chemical Co. Ltd (China).

2.2 Fabrication of samples

Fabrication of a superhydrophilic serial cycloid-shaped
pattern. The fabrication processes of the superhydrophilic
serial cycloid-shaped pattern (SSCP) are shown in Fig. S1.7 The
Al plate was firstly cleaned by using an ultrasonic cleaner
(LT-05C, Longbiao Electric Co., Ltd, China) with anhydrous
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ethanol for 5 min to remove contaminants. After drying, the Al
plate with a contact angle of 56° + 3° was processed by using a
nanosecond laser (SK-CX30, Shanghai Sanke Laser Technology
Co. Ltd, China) to obtain a superhydrophilic surface with the
microgroove structure (a contact angle of 0°). The laser para-
meters of frequency 20 kHz, optical focus diameter 50 pm,
laser power 15 W, line spacing 50 pm, and scanning speed
500 mm s~ ' were chosen.’® Then, the superhydrophilic Al
plate was immersed in a 1 wt% FAS ethanol solution for 1 h
and dried in an oven (DHG-9023A, Shanghai Jinghong
Experimental Equipment Co., Ltd, China) at 80 °C for 10 min,
which gave a superhydrophobic Al plate with a contact angle of
163° + 2°. Finally, the superhydrophobic Al plate was re-sub-
jected by using the laser to fabricate the SSCP; wherein, the
laser parameters were consistent with the aforementioned
laser processing parameters. Thus, the SSCP was successfully
embedded in the superhydrophobic panel.

Fabrication of a superhydrophilic serial wedge-shaped
pattern. The Al plate was cleaned in anhydrous ethanol for
5 min. After drying, the Al plate was first processed by using a
nanosecond laser and modified by using FAS to obtain a
superhydrophobic surface. Then, the superhydrophilic serial
wedge-shaped pattern (SSWP) was processed by using the laser
again. Thus, the SSWP was successfully embedded in the
superhydrophobic panel.>”

Fabrication of the entire superhydrophilic surface. The Al
plate was processed by using the nanosecond laser to obtain
the entire superhydrophilic surface (SHI).

Fabrication of entire superhydrophobic surface. The Al plate
was processed by using the nanosecond laser and then modi-
fied by using FAS to obtain the entire superhydrophobic
surface (SHP).

Fabrication of a superhydrophilic single wedge-shaped
pattern. The Al plate was processed by using the nanosecond
laser and modified by using FAS to form a superhydrophobic
Al plate, and then the superhydrophilic single wedge-shaped
pattern (SWP) was processed by using the laser again to
remove the superhydrophobic layer. Thus, the superhydrophi-
lic single wedge-shaped pattern embedded in the superhydro-
phobic panel was fabricated successfully.*®

2.3 Sample characterization

The surface microstructures of the samples were characterized
by using a scanning electron microscope (SEM, JSM-6360LV,
Japan). The element compositions were characterized by using
an X-ray photoelectron spectrometer (XPS, ESCALAB 250Xi,
USA). The static water contact angle (CA, 6,,) was measured by
using an optical contact angle meter (DSA100, Kriiss,
Germany) using a water droplet with a volume of 5 pL.*' The
digital images and dynamic water transportation processes
were recorded by using a digital camera (DSC-RX10M3, Sony,
Japan). Water-soluble red dye was used for better visualization.

2.4. Water transportation

Water transportation test equipment was assembled to test the
transportation velocity of the water droplet on the superhydro-

This journal is © The Royal Society of Chemistry 2023
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philic pattern, as shown in Fig. S2. The distance between the
needle and the Al plate was 10 mm, the water droplet volume
used in the water transportation processes was 40 pL, and the
water droplet was released on the superhydrophilic pattern by
using a micro-dispensing pump (LSP02-2A, LongerPump). In
the water transportation processes, the water bulge gradually
became smaller with the water bulge movement along the
superhydrophilic pattern. When the water bulge was too
smaller, the water transportation velocity would significantly
decrease, which resulted from the decrease of the Laplace
pressure difference. Therefore, in this work, we calculated the
average water transportation velocity of a 40 pL water droplet
with a 50 mm transportation distance to evaluate whether the
pattern was superior.

2.5 Convective cooling of the superhydrophilic serial cycloid-
shaped pattern surface

Convective cooling equipment was assembled to test the heat
transfer capability of the SSCP and the SSWP. A heating plate
with 10 W power was used to heat the superhydrophobic Al
plate with the SSCP. Then, the water transported on the SSCP
at a flux of ~4 mL min™" to take away the heat of the Al plate.
The temperatures of two points on the Al plate were measured
by using a multi-channel temperature monitor (DC5508U,
China). As a comparison, the heat transfer capability of the
SSWP with the same parameters was also tested.

2.6 Fog collection

The samples were fixed on a holder at 20 °C ambient tempera-
ture and under 50% ambient relative humidity. An ultrasonic
humidifier (AJ]-H811, Aux group Co. Ltd, China) was used to gene-
rate the artificial fog flow, where the fog flow rate, fog velocity,
fog humidity at the nozzle, nozzle diameter, and distance
between the sample and the ultrasonic humidifier nozzle were
0.3 mL s%, 1 ms™, 100%, 5 cm, and 10 cm, respectively. The
collected water mass was weighed by using a balance (JCS-Z1,
Zhuheng Electronic Equipment Co. Ltd, China). The experi-
mental fog collection rate W, was We = MygeerSs -t *, where s
and ¢ are the sample area and the experimental fog collection
time. The fog collection efficiency n was n = W./W,, where W, is
the theoretical fog supply rate at the sample surface. In this fog
collection system, W, was 11.8 g cm > h™*.*

3 Results and discussion
3.1. The superhydrophilic serial cycloid-shaped pattern

The lip of Nepenthes can realize the directional fluid transpor-
tation due to its unique arch-shaped micro-cavities, as shown
in Fig. 1(a).?® Inspired by the micro-cavity shape of Nepenthes,
we proposed a superhydrophilic serial cycloid-shaped pattern
(SSCP) to enhance the water transportation velocity. The
cycloid is a track formed by a point on a circle with a radius r
which rolls on the horizontal plane without sliding. As shown
in Fig. 1(b), we chose the part of the cycloid as the cycloid-
shaped pattern, where the angle that the circle rolled from the
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origin position to the start position of the cycloid-shaped
pattern was defined as the start rotation angle 6;; the angle
that the circle rolled from the origin position to the end posi-
tion of the cycloid-shaped pattern was defined as the end
rotation angle 6,. We successfully fabricated a SSCP on a
superhydrophobic Al plate by the first laser processing, low
surface energy modification, and second laser processing
(Fig. 1(c)). The microstructures of superhydrophobic region
and superhydrophilic pattern were of a typical laser-processed
morphology with micro/nano-scale particles, which were pro-
duced by the melting and re-solidification of Al (Fig. 1(c1) and
(c2)).** It was exciting that a 40 pL water droplet could trans-
port the SSCP with a first unit pattern length L¢ of 22.9 mm (a
rolling circle radius r of 65.7 mm, a start rotation angle ; of
170°, and an end rotation angle 6, of 180°), a wide side width
w,, of 2 mm, and a narrow side width w, of 1.2 mm. The
average water transportation velocity v, on the SSCP with
212 mm s~ ' was obviously higher than that on the superhydro-
philic serial wedge-shaped pattern (SSWP) with L¢ of 22.9 mm,
awedge angle a of 5°, w,, of 2 mm, and w, of 1.2 mm (176 mm
s™!) which was the best parameter in previous research, as
shown in Fig. 1(c) and Video S1.1*” The water droplet on the
SSCP not only firstly reached the destination, but also was
always faster than that on the SSWP during the transportation
processes (Fig. 1(d) and (e)). We then calculated the v, value of
the 40 pL water droplet with a transportation length of 50 mm
and found that the v, value of the SSCP was always faster than
that of the SSWP under the same L, wy, and w,,, which meant
that the SSCP had superior water transportation capability
compared to the SSWP (Fig. 1(f)). To explain the aforemen-
tioned phenomenon, we analysed why the water transportation
on the SSCP was faster than on the SSWP by force analysis.
The schematics of the water transportation processes are
shown in Fig. 1(g) and (h). For a water droplet placed on the
superhydrophilic pattern, the driving force F;, and F¢ from the
Laplace pressure and the capillary effect and the resistance
force Fr and Fp from the friction and the pinning were the
main forces applied on the water droplet.?” The resultant force
F was calculated by

F:FL+FC—FP—FF (1)

where F, is the main driving force during the water transpor-
tation process, which originates from the Laplace pressure
difference between the water droplet front and back, and can
be given as follows

Fy ~ ylgcos B — ylpcos Py (2)

where y, I;, Iy, fr, and p;, are the surface tension of water, front
contact line length of the water bubble, backside contact line
length of the water bubble, front contact angle of the water
bubble, and backside contact angle of the water bubble,
respectively.®® It is assumed that the backside of the water
droplet was located at the initial position of the pattern, as
shown in Fig. 1(g) and (h). It can be obviously seen that the
pattern width at the water droplet backside was too short, indi-
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Fig. 1 Proposing the SSCP pattern, the transportation processes of the water droplet on the SSCP and the SSWP, and the force analysis of the water
droplet on the SSCP and the SSWP. (a) Optical image of Nepenthes and schematic of the Nepenthes arch-shaped micro-cavities. (b) Schematic of
the cycloid shape. (c) Schematic and optical images of the SSCP and the SSWP. (d) The transportation processes of a 40 uL water droplet on the
SSWP. (e) The transportation processes of a 40 pL water droplet on the SSCP. (f) The average transportation velocity of the water droplet on the
SSCP and the SSWP with the same parameters under the multiple parameters. (g) Force schematic of a water droplet on the SSWP. (h) Force sche-

matic of a water droplet on the SSCP.

cating that the backside contact line length of the water
droplet on the SSCP [, sscp Was the same as that on the SSWP
lsswp and the backside contact angle of the water droplet on
the SSCP f.sscp Was the same as that on the SSWP fy, sowp-
However, the pattern width of the water droplet front on the
SSCP was wider than that on the SSWP, which indicated that
the front water droplet more easily spread on the SSCP.
Therefore, the front contact line length of the water droplet on
the SSCP Itsscp was longer than that on the SSWP [ggswp and
the front contact angle of the water droplet on the SSCP fr.gsscp
was smaller than that on the SSWP f¢sswp. Combining eqn (2),
the water droplet on the SSCP had the larger Laplace force
than that on the SSWP, resulting in a faster water transpor-
tation velocity on the SSCP.

3.2 Optimization of the superhydrophilic serial cycloid-
shaped pattern

Since the proposed SSCP had a superior water transportation
capability than the SSWP, we then investigated whether v,

1476 | Nanoscale, 2023, 15, 1473-11481

could be further enhanced by optimizing the SSCP parameters,
such as the rolling circle radius r, start rotation angle ,, end
rotation angle 6,, and ratio of the narrow width to the wide
width k. From the pre-experiments, we found that the water
transportation capability was better when the SSCP parameter
ranges were 15 mm-35 mm for r, 156°-164° for 0, 172°-180°
for 0,, and 0.3-0.7 for k. We first investigated the influence of r
on the water transportation velocity. Five SSCPs with the r =
15 mm & 20 mm & 25 mm & 30 mm & 35 mm, 6; = 160°, 6, =
180°, and k = 0.5 were fabricated on a superhydrophobic Al
plate. It can be seen from Fig. 2(a) and (b) that, when r <
25 mm, the junction number increased with decreasing r,
resulting in the increase of the resistance force from the
pinning and the decrease of v,. When r > 25 mm, the spread-
ing area of the water droplet on the superhydrophilic pattern
increased with increasing r, which meant that the water
bubble became smaller quickly, indicating that the Laplace
pressure difference of the water droplet significantly
decreased. When r = 25 mm, the v, value of the water droplet

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The influence of the SSCP parameters on the water transportation velocity by the single-factor experiments. (a) Schematic of the SSCP with
different rolling circle radii. (b and c) The transportation processes and the average water transportation velocity of a 40 pL water droplet on the
SSCP with different rolling circle radii. (d) Schematic of the SSCP with the different start rotation angles. (e and f) The transportation processes and
the average water transportation velocity of a 40 uL water droplet on the SSCP with the different start rotation angles. (g) Schematic of the SSCP
with the different ratios of the narrow width to the wide width. (h and i) The transportation processes and the average water transportation velocity
of a 40 uL water droplet on the SSCP with the different ratios of the narrow width to the wide width.

was about 238 mm s™', which was faster than that under r =
15 mm & 20 mm & 30 mm & 35 mm (Fig. 2(c), Fig. S4(a), and
Video S2t). Moreover, the influence of the SSCP parameters of
64, 6,, and k on v, has also been studied. 6; had a large effect
on the overall pattern width, similar to r, and the over-wide
pattern indicated that the water droplet spread on the superhy-
drophilic pattern quickly, which resulted in the decrease of the
Laplace force. The over-narrow track caused the increase of the
junction number, resulting in the increase of the resistance
force from the pinning, as shown in Fig. 2(d)-(f), Fig. S4(b),
and Video S2.t1 Although 6, also had an influence on v,, that is
v, slightly increased with the increase of 0,, the variation of v,
was insignificant, as shown in Fig. S3, S4(c), and Video S2.7 As
in previous research, the water droplet would be blocked at the
junction when k was over-small (Fig. S5(a) and S5(b)1).>” When
0.3 < k < 0.5, since w,, was constant, w,, decreased with decreas-
ing k, resulting in the increase of the pinning force. When 0.5
< k < 0.7, the junction number increased slightly with the
increase of k, resulting in a slight decrease of the water trans-
portation velocity (Fig. 2(g)-(i), Fig. S4(d), and Video S27).
When k > 0.7, the difference between the front and the back-
side of the water bubble on the pattern was not obvious, which
meant that the Laplace pressure of the water bubble was
decreased with increasing k, resulting in the decrease of v,
(Fig. S5(c)t). In addition, the instantaneous water transpor-
tation flux of water droplets on the SSCP was also studied, as

This journal is © The Royal Society of Chemistry 2023

shown in Fig. S6.1 Therefore, the variation law of the SSCP
with the different parameters on the water transportation vel-
ocity and the better configuration parameters were obtained by
the single-factor experiments.

To obtain the optimal configuration parameters of the SSCP
for further enhancing the water transportation velocity, an
orthogonal optimization design was conducted.*® According to
the aforementioned single-factor experiments, it can be seen that
6, was insignificant on v,; so r, 0, and k were chosen as the influ-
ence factors in the orthogonal optimization design, and the para-
meter ranges were 20 mm-30 mm for r, 158°-162° for 6;, 0.4-0.6
for k, and 180° for 6,. The better configuration parameters veri-
fied by the single-factor experiments were used as the 0 level for
the factor code of the orthogonal optimization design, and v, was
used as the response. The factor code table and experiment
results are shown in Tables 1 and 2, respectively.

Table 1 The factor code of the orthogonal optimization design

Code r/mm 01/° k

+1.682 30.00 162.00 0.60
+1 27.97 161.19 0.56
0 25.00 160.00 0.50
-1 22.03 158.81 0.44
—1.682 20.00 158.00 0.40

Nanoscale, 2023,15, 1473-1481 | 11477
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Table 2 Experimental results of the orthogonal experiment

Factor and level combination

Sample Response
r/mm 0,/° K v/mm st
1 22.03 158.81 0.44 159.83
2 27.97 158.81 0.44 180.78
3 22.03 161.19 0.44 163.08
4 27.97 161.19 0.44 217.39
5 22.03 158.81 0.56 220.68
6 27.97 158.81 0.56 202.78
7 22.03 161.19 0.56 220.68
8 27.97 161.19 0.56 238.10
9 20.00 160.00 0.50 202.78
10 30.00 160.00 0.50 230.88
11 25.00 158.00 0.50 214.37
12 25.00 162.00 0.50 234.49
13 25.00 160.00 0.40 137.64
14 25.00 160.00 0.60 238.10
15 25.00 160.00 0.50 234.49
16 25.00 160.00 0.50 242.07
17 25.00 160.00 0.50 250.00
18 25.00 160.00 0.50 246.03
19 25.00 160.00 0.50 242.07
20 25.00 160.00 0.50 227.27
21 25.00 160.00 0.50 246.03
22 25.00 160.00 0.50 238.10
23 25.00 160.00 0.50 242.07

Analysis of variance (ANOVA) was conducted for the experi-
mental results using Design-Expert software, as shown in
Table S1.f We then established a regression model after elimi-
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nating the insignificant factor in Table S1f and obtained a
fitted equation for the influence of r, 6;, and & on v,, as follows

v, =241.07 + 15.02r + 13.436, + 40.40k + 24.2976,
—26.52rk — 28.21r% — 20.590,% — 57.23k>

The obtained regression model was re-subjected to ANOVA.
The ANOVA results are shown in Table S2.} It can be seen from
the P value of Table S21 that the main influence order on v,
was k > r > 6,. Moreover, r and 0;, r and k had the interactive
influence on v,, which meant that the variation law of one
factor on v, might vary with the variation of the other one, as
shown in Fig. 3(a) and (b). We then determined that the con-
straint condition on the optimization model was

Va0 = MaXVy

r € [20,30] (a)
0, € [158,162]

k € [0.4,0.6]

where v, is the theoretical average transportation velocity by
the optimization. The optimal configuration parameters of the
SSCP with r of 26.9 mm, 6, of 161°, and k of 0.53 were achieved
and v,., was found to be 254 mm s™* by the calculation from
Design-Expert. We then fabricated an SSCP with r of 26.9 mm,
6, of 161°, 6, of 180°, and k of 0.53 on a superhydrophobic Al
plate to verify the optimal results and found that v, was about
250 mm s~ ', which was consistent with the calculated theore-
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Fig. 3 Optimization design of the SSCP to further enhance the water transportation velocity. (a) The responsive surface for the interaction influence
between the rolling circle radius and the start rotation angle on the average water transportation velocity. (b) The responsive surface for the inter-
action influence between the rolling circle radius and the ratio of narrow width to wide width on the average water transportation velocity. (c) The
transportation processes of a 40 pL water droplet on the SSWP and the SSCP, respectively. (d) The average water transportation velocity of a 40 plL
water droplet on the SSWP and the SSCP with the different junction transition optimizations, where the NJTO, AJTO, WJTO, and SJITO meant the no
junction transition optimization, arc junction transition optimization, wedge junction transition optimization, and streamline junction transition
optimization. SWP means the superhydrophilic single wedge-shaped pattern. (e) The transportation processes of the water droplet on the dry SSCP.
(f) The transportation processes of the water droplet on the pre-wet SSCP.
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tical value. As a comparison, we also fabricated an SSWP with
the same L; of 17.6 mm, w,, of 2.9 mm, and k of 0.53 on the
superhydrophobic Al plate and the experimentally obtained v,
value was 217 mm s~ ', which meant that the v, value of the
SSCP was 15.2% higher than that of the SSWP (Fig. 3(c) and
Video S37). In addition, we calculated the instantaneous vel-
ocity and the instantaneous water transportation flux of the
water droplet on the SSCP and the SSWP, as shown in Fig. S7
and S8.f Moreover, we also investigated the water transpor-
tation behaviour of different droplet volumes on the SSWP and
the SSCP (Fig. S97).

The previous literature showed that once a water droplet
moved to the junction of the SSWP, it would be subjected to
the resistance force from the pinning, resulting in the decrease
of v,.” To decrease the influence of this resistance force in the
water transportation processes, a series of optimization
methods about the junction have been proposed to enhance
water transportation capability, such as the arc junction tran-
sition, wedge junction transition, and streamline junction
transition.””° Therefore, we applied the aforementioned
optimization methods of the junction to the SSCP to enhance
v,, and the schematics of the SSWP and the SSCP after the
junction optimization are shown in Fig. S10.}f The experi-
mental results showed that the junction transition optimi-
zations really facilitated the increase of v,, where the stream-
line junction transition optimization had the best effect on the
improving v, value and increased the v, value from 250 mm

s' to 259 mm s~', as shown in Fig. 3(d) and Video S4.t
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However, we found that the influence of the geometry structure
configuration on v, was larger than that of the junction tran-
sition optimization, which showed that the v, value of the
SSCP without the junction transition optimization (SSCPyjro)
was also higher than that of the SSWP with the optimal junc-
tion transition optimization (SSWPgro). Strikingly, we found
that v, could be further enhanced by changing the external
conditions. As shown in Fig. 3(e), the water droplet demon-
strated v, of 259 mm s~' on the dry SSCP with the configur-
ation parameters after the aforementioned optimizations.
However, for the same configuration parameters, the arrival
destination time decreased from 193 ms to 173 ms after pre-
wetting the SSCP with 10 pL of water, showing the further
enhancement of the v, value from 259 mm s™* to 289 mm s™*
(Fig. 3(f) and Video S5%). Ultimately, after a combination of
the single-factor experiment, orthogonal optimization design,
streamline junction transition optimization, and pre-wet
pattern, the v, value on the SSCP was enhanced to 289 mm
s, which was the highest in the SDWT field.

3.3 Applications of the superhydrophilic serial cycloid-
shaped pattern

Since water could be transported faster on the SSCP, we then
further explored other water transportation capabilities and
applications of the SSCP using aforementioned optimal con-
figuration parameters. As shown in Fig. 4(a), a long-distance
SSCP with several right angles and a reservoir was fabricated
on a superhydrophobic Al plate, and it could achieve the water
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Fig. 4 Applications of the superhydrophilic serial cycloid-shaped pattern. (a) Schematic of the long-distance SSCP pattern and the digital images of
the water transportation process on the long-distance SSCP pattern. (b) Schematic of the SSCP pattern with a 6° tilt angle and the digital images of
the water transportation process on the SSCP pattern with a 6° tilt angle. (c) Schematic of the water transportation to cool the heating Al plate. (d)
Variation of temperature at the points A and B on the SSCP and the SSWP with cooling time. (e) Schematic of the fog collection experiment. (f) The

fog collection rate and fog collection efficiency of the different surfaces.
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long-distance transportation with ~23 cm (Video S61). In
addition, the SSCP could even transport the water for a longer
distance of ~53 cm (Fig. S11 and Video S67). Besides, a 40 pL
water droplet could be spontaneously and directionally trans-
ported on an inclined SSCP with 6°; in this water transpor-
tation process, although gravity acted as a resistance force to
impede the water movement, the water droplet still overcame
gravity and was successfully transported to the reservoir at a
height of ~5.2 mm, as shown in Fig. 4(b) and Video S7.} Since
water can be transported quickly, spontaneously, and direc-
tionally on the SSCP, it is promising for application on the
spacecraft to cool the heat electronics. We heated a superhy-
drophobic Al plate with the SSCP and then cooled the Al plate
by the directional water transportation on the SSCP, and
measured the temperatures of point A and point B by using a
multi-channel temperature monitor (Fig. 4(c)). As a compari-
son, the SSWP with the same parameters was also fabricated on
the Al plate. Excitingly, point A and point B of the SSCP not only
cooled faster than that of the SSWP, but also had a superior
temperature drop of 12.5 °C than that of the SSWP with 10.9 °C,
which resulted from the fact that the water was transported faster
on the SSCP and could take away more heat (Fig. 4(d)). In
addition, previous research studies verified that the patterned
surface with a combination of the superhydrophobic surface and
superhydrophobic surface was more efficient in fog collection
than the entire superhydrophilic surface (SHI) and the entire
superhydrophobic surface (SHP).*” Based on this, we conducted
fog collection experiments and found that the SSCP had a higher
fog collection rate and efficiency than the other pattern surface
due to the larger area and faster water transportation velocity on
the SSCP, which could make easier contact with the droplets on
the superhydrophobic area and quickly transport the captured
fog droplets to the pattern tail and shed the collected water from
the collection surface easier, as shown in Fig. 4(e), (f), Fig. S12,
and Video S8.13°22

4. Conclusion

In summary, inspired by the micro-cavity shape of the
Nepenthes, we have successfully overcome the limitation of
the existing spontaneous and directional water transportation
by proposing a superhydrophilic serial cycloid-shaped pattern
(SSCP) via two-step laser processing and FAS modification.
Specifically, we found that the water transportation velocity on
the SSCP was faster on the superhydrophilic serial wedge-
shaped pattern (SSWP) with the same parameters under the
multiple parameters, and the mechanism of the faster water
transportation velocity was that the water droplet had a larger
driving force from the Laplace pressure on the SSCP. In addition,
we investigated the influence of the SSCP parameters on the
water transportation velocity, where the rolling circle radius, start
rotation angle, and ratio of the narrow width to the wide width
were significant on the water transportation velocity, while the
end rotation angle was insignificant on the water transportation
velocity. Moreover, after a combination of the single-factor experi-
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ment, orthogonal optimization design, streamline junction tran-
sition optimization, and pre-wet pattern, the water transportation
velocity on the SSCP was enhanced to 289 mm s™*, which was
the fastest in the spontaneous and directional water transpor-
tation field. Finally, the SSCP with the aforementioned optimi-
zations showed that it could be applied in long-distance water
transportation, gravity resistant water transportation, heat trans-
fer, and fog collection, which resulted from its superior water
transportation capability. The proposed SSCP will open a new
avenue for the high-performance spontaneous and directional
water transportation system.

Author contributions

Defeng Yan: conceptualization, methodology, investigation,
and writing - original draft. Yi Lu: data curation, validation,
and visualization. Jinming Liu: investigation, methodology,
and software. Yang Chen: methodology and formal analysis.
Jing Sun: supervision. Jinlong Song: funding acquisition,
resources, supervision, and writing - review & editing.

This manuscript was written through contributions from
all authors. All authors have given approval to the final version
of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors thank the National Natural Science Foundation of
China (NSFC, 52175380) and the Fundamental Research
Funds for the Central Universities (DUT21LAB120). The
authors sincerely thank Qiao Liu from the Dalian Maritime
University for her help in the orthogonal optimization design.

References

1 Y. Zheng, H. Bai, Z. Huang, X. Tian, F. Nie, Y. Zhao, J. Zhai
and L. Jiang, Nature, 2010, 463, 640-643.

2 S. Feng, P. Zhu, H. Zheng, H. Zhan, C. Chen, ]. Li, L. Wang,
X. Yao, Y. Liu and Z. Wang, Science, 2021, 373, 1344-1348.

3 M. Aizudin, N. Alias, Y. Ng, M. Fadzuli, S. Ang, Y. Ng,
R. Pottammel, F. Yang and E. Ang, Nanoscale, 2022, 14,
17871-17886.

4 Y. Chen, D. Yan, R. Liu, Y. Lu, D. Zhao, X. Deng and
J. Song, Nano Energy, 2022, 101, 107543.

5 Y. Wang, G. Wang, M. He, F. Liu, M. Han, T. Tang and
S. Luo, Smail, 2021, 17, 2103322.

6 X. Yang, K. Zhuang, Y. Lu and X. Wang, ACS Nano, 2021,
15, 2589-2599.

7 J. Elias-Maxil, J. van der Hoek, ]J. Hofman and L. Rietveld,
Renewable Sustainable Energy Rev., 2014, 30, 808-820.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr02180g

Published on 05 June 2023. Downloaded on 1/22/2026 9:14:27 PM.

Nanoscale

8 J. Li and Z. Guo, Nanoscale, 2018, 10, 13814-13831.
9 Y. Liu, H. Zhai, X. Li, N. Yang, Z. Guo, L. Zhu, C. Gao,
Y. Hou and Y. Zheng, Nano Energy, 2022, 96, 107076.

10 J. Wu, K. Yin, L. Li, Z. Wu, S. Xiao, H. Wang, J. Duan and
J. He, Nanoscale, 2020, 12, 4077-4084.

11 H. Greenspan, J. Fluid Mech., 1978, 84, 125-143.

12 M. K. Chaudhury and G. M. Whitesides, Science, 1992, 256,
1539-1541.

13 C. Yang, Y. Yu, X. Wang, L. Shang and Y. Zhao, Small, 2021,
18, 2104306.

14 L. Wang, K. Yin, Q. Deng, Q. Huang, ]J. He and ]. Duan,
Adv. Sci., 2022, 9, 2204891.

15 H. Bai, X. Wang, Z. Li, H. Wen, Y. Yang, M. Li and M. Cao,
Adv. Mater., 2023, 2211596.

16 X. Leng, L. Sun, Y. Long and Y. Lu, Droplet, 2022, 1, 139-
169.

17 W. Zhao, Y. Jiang, W. Yu, Z. Yu and X. Liu, Small, 2022, 18,
2202906.

18 J. Xu, S. Xiu, Z. Lian, H. Yu and J. Cao, Droplet, 2022, 1, 11—
37.

19 L. Guo, S. Kumar, M. Yang, G. Tang and Z. Liu, Nanoscale,
2022, 14, 17871-17886.

20 Y. Chen, J. Liu, Y. Zhou, Y. Li, Z. Yuan, D. Yan, S. Wu,
D. Zhao and X. Liu, Adv. Mater. Interfaces, 2022, 10,
202201977.

21 Y. Hirai, H. Mayama, Y. Matsuo and M. Shimomura, ACS
Appl. Mater. Interfaces, 2017, 9, 15814-15821.

22 D. Shi, Y. Chen, X. Chen, X. Chen, J. Gao, Y. He and
C. Wong, ACS Appl. Mater. Interfaces, 2018, 10, 34735-
34743.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

23 Y. Jiang, C. Machado and K. Park, Droplet, 2023, 2, e55.

24 Y. Tang, X. Yang, Y. Li and D. Zhu, Adv. Mater. Interfaces,
2021, 8, 2100284.

25 H. Bai, X. Wang, Z. Li, H. Wen, Y. Yang, M. Li and M. Cao,
Adv. Mater., 2023, 35, 202211596.

26 J. Song, Z. Liu, X. Wang, H. Liu, Y. Lu, X. Deng,
C. J. Carmalt and I. P. Parkin, J. Mater. Chem. A, 2019, 7,
13567-13576.

27 Z. Liu, H. Liu, W. Li and ]. Song, Chem. Eng. J., 2022, 433,
134568.

28 D. Xie, B. Y. Zhang, G. Wang, Y. Sun, C. Wu and G. Ding,
Small Methods, 2022, 6, 2200812.

29 Q. Liu, J. Zhang, P. Sun, J. Wang, W. Zhao, G. Zhao,
N. Chen, Y. Yang, L. Li, N. He, Z. Wang and X. Hao,
J. Mater. Chem. A, 2023, 11, 10164-10173.

30 J. Liu, D. Yan, Y. Zhou, Y. Chen, X. Liu, D. Zhao, J. Liu and
J. Sun, Colloids Surf., A, 2022, 647, 128999.

31 W. Pan, Q. Wang, J. Ma, W. Xu, J. Sun, X. Liu and J. Song,
Adv. Funct. Mater., 2023, 230231.

32 D. Yan, Y. Chen, J. Liu and J. Song, Small, 2023, 2301745.

33 H. Chen, P. Zhang, L. Zhang, H. Liu, Y. Jiang, D. Zhang,
Z. Han and L. Jiang, Nature, 2016, 532, 85-89.

34 W. Pan, S. Wu, L. Huang and J. Song, Nanoscale, 2021, 13,
14023-14034.

35 H. Ma, M. Cao, C. Zhang, Z. Bei, K. Li, C. Yu and L. Jiang,
Adv. Funct. Mater., 2018, 28, 1705091.

36 T. Movahedi and R. Norouzbeigi, J. Alloys Compd., 2019,
795, 483-492.

37 H. Bai, L. Wang, J. Ju, R. Sun, Y. Zheng and L. Jiang, Adv.
Mater., 2014, 26, 5025-5030.

Nanoscale, 2023,15, 1473-11481 | 11481


https://doi.org/10.1039/d3nr02180g

	Button 1: 


