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A B S T R A C T   

Spontaneous and directional pumpless transportation (SDPT) of water on engineering surfaces that mimics the 
dorsal integument of Phrynosoma cornutum has promising applications in water harvesting platforms, heat 
transfer equipment, etc., yet is limited owing to the expensive processing techniques, complicated preparing 
processes, and poor transportation capacities. Herein, a facile approach is developed to fabricate the patterned 
super-wettability surfaces with superhydrophilic serial-wedge-shaped channels embedded in superhydrophobic 
panels. The SDPT of water actuated by a Laplace pressure difference can be achieved conveniently on the serial- 
wedge-shaped channels. Furthermore, the transportation capacities of the channels with different configuration 
parameters are explored by numerical simulation and experimental verification simultaneously in this study. In 
addition, by taking advantage of an optimization strategy, the optimized channels with the improved configu-
rations are developed, which can not only enhance the scale of configuration parameters engendering the 
continuous SDPT but can also enhance the transportation velocity of water. The present study will provide 
important insights into the design of next-generation high-performance fluid transportation systems.   

1. Introduction 

Water transportation is ubiquitous in nature [1–3] and is also highly 
desired in a wide spectrum of technical systems ranging from fog 
collection [4], inkjet printing [5], membrane filtration [6–8], and 
biomedical testing [9], to hydropower generation [10–12]. Numerous 
natural species are capable of realizing spontaneous and directional 
pumpless transportation (SDPT) of water by controlling the interaction 
between their micro/nano surface structures with water [1–3,13,14]. 
For instance, the Texas horned lizard Phrynosoma cornutum inhabiting 
arid regions of North America utilizes its highly-evolved dorsal integu-
ment to collect dew and transport water to its snout where water is 
ingested [3,15]. In more detail, the integument of P. cornutum consists of 
upper microsized overlapping scales showing water repellency (hydro-
phobicity) and lower nanosized geometry-gradient capillary channels 
showing water affinity (hydrophilicity) [16]. Such hierarchical struc-
tures with diverse wettability can direct water in a pre-determined flow 
direction without external energy input [17–19]. It has to be empha-
sized that the self-driven transportation of P. cornutum is based on 

geometric principles and mainly actuated by a Laplace pressure differ-
ence which is generated owing to the configuration of channels [20,21]. 
Comanns et al. observed that a single geometry-gradient capillary 
channel on the dorsal integument of P. cornutum is composed of several 
wedge-shaped grooves with different sizes and any two adjacent chan-
nels are interconnected, forming a capillary network [3,16]. 

Over the past decades, scientists and engineers have been fascinated 
by the sophisticated structures and the intriguing transportation phe-
nomenon of P. cornutum’s dorsal integument. By mimicking such a 
natural surface, a variety of bioinspired surfaces showing extreme water 
repellency and water affinity (referred to as superhydrophobicity and 
superhydrophilicity, respectively) that can realize the SDPT of water 
have been demonstrated. Meanwhile, researchers found that there are 
two principles should be based for the fabrication of such surfaces: (I) a 
patterned super-wettability surface (PSS) with a superhydrophilic 
channel embedded in a superhydrophobic panel should be prepared. (II) 
the superhydrophilic channel should possess a geometry gradient. When 
a water droplet is dispensed on the narrow side of a superhydrophilic 
geometry-gradient channel of a PSS, it will be immediately captured and 
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then squeezed along the channel to the wide side, generating a Laplace 
pressure difference between the front and backside of the droplet and 
resulting in its continuous transportation. Li et al. classified the SDPT of 
water on PSSs as spreading transportation, in which case water just 
propagates in one direction but pins in all others [22]. Although the 
SDPT of water has been successfully demonstrated on PSSs with super-
hydrophilic wedge-like (wedge-shaped, teardrop-shaped, root-shaped, 
vein-shaped, et al.) channels [23–26], it still suffers from the defects 
including overmuch mass loss on channels owing to spreading trans-
portation [27], limited water transportation velocity, or high costs for 
preparing the PSSs with delicate structures [28,29]. Specifically, for a 
wedge-like channel with a certain wedge angle but an uncertain length, 
its wide side width is proportional to length, indicating that water will 
spread along both the length direction and the width direction of the 
channel, which further means that water flow direction cannot be well 
regulated and the efficiency of SDPT will be low. In addition, the 
configuration of the wedge-like channel will accelerate the decrease of 
apparent contact angles difference during SDPT, and therefore leads to 
the sharp decrease of inner Laplace pressure difference which mainly 
drives the spontaneous process. As a result, water transportation ve-
locity on the wedge-like channel at a long distance will be significantly 
reduced because the inner Laplace pressure difference will be 
insufficient. 

Instead, a PSS with a serial-wedge-shaped channel which is 
composed of several identical single wedge-shaped channels connecting 
in a head-to-tail arrangement was proposed to realize the long-distance 
SDPT of subaqueous bubbles in our prior study [27]. Different from 
conventional wedge-like channels, the wide side width of the serial- 
wedge-shaped channel is independent of length, which is beneficial to 
reduce the mass loss caused by spreading transportation because water 
is mainly transported along the length direction. Compared with the 
transportation on the wedge-like channel, the apparent contact angles 
difference during SDPT can be well maintained. Therefore, a sufficient 
inner Laplace pressure difference as well as a high transportation ve-
locity can be guaranteed for long-distance SDPT. Additionally, the 
research on geometry-gradient channels with periodic and asymmetrical 
structures for SDPT of water has blossomed over the past five years. For 
instance, Hou et al fabricated superhydrophilic serial-wedge-shaped 
channels on a superhydrophobic panel and then realized the SDPT of 
water with the assistance of gravity [30]. Wang et al. prepared an 
integrating platform with a hydrophilic bamboo-joint-like channel 
through 3D printing technique and achieved the long-distance SDPT of 
water to a target area [31]. Shi et al. found that a hydrophilic ladder-like 
tapered pillar processed by electrochemical etching could realize the 
anti-gravity and long-distance SDPT of water from the pillar tip to the 
base end [32]. Similarly, Feng et al. exploited a hydrophilic integrating 
tapered pillar with both geometry gradient and wetting gradient by 
using electrochemical etching and anodic oxidation, which was also 
capable of spontaneously and directionally transporting water for a long 
distance [33]. Significant progress has been achieved on the long- 
distance SDPT of water; however, the transportation capacities of the 
existing geometry-gradient channels/structures are far from satisfac-
tory, which also hamper their further practical applications. Therefore, 
proposing an effective strategy for optimization of the geometry- 
gradient channels/structures’ configurations to enhance their water 
transportation capacities is of vital importance. 

Herein, we utilized two-step nanosecond laser ablation and low 
surface energy materials modification to efficiently fabricate a bio-
inspired PSS with a superhydrophilic serial-wedge-shaped channel 
embedded in a superhydrophobic panel, which is based on the inspira-
tion of P. cornutum’s dorsal integument and our prior study. Water 
droplets can bead up with ~ 157◦ contact angle on the super-
hydrophobic panel while spread completely with ~ 0◦ contact angle on 
the superhydrophilic channel. Meanwhile, the SDPT of water propelled 
by a Laplace pressure difference can be achieved on the serial-wedge- 
shaped channel owing to its geometry gradient. To better understand 

the transportation capacity of the channel, a systemical investigation 
consisting of numerical simulation and experimental verification is 
employed. Furthermore, by taking advantage of an optimization strat-
egy, the original serial-wedge-shaped channel can be adjusted from an 
angular configuration to a smooth configuration, which is expected to 
improve droplet motion status at the junction and also enhance trans-
portation velocity. We envision that our study may provide more pos-
sibilities for the development of water harvesting platforms and heat 
transfer equipment, and will also open up new avenues for next- 
generation high-performance fluid transportation systems. 

2. Experimental section 

2.1. Sample preparation 

Fabrication of a homogeneous superhydrophobic surface: The aluminum 
(Al) sheet (100 mm × 30 mm × 2 mm) with 99.9 % purity was first 
cleaned ultrasonically in absolute ethanol for 5 min to remove impu-
rities. After drying in air, the Al sheet was subjected to a laser-ablation 
process by a nanosecond laser system (SK-CX30, Sanke) that can 
generate a center wavelength of 1064 nm nanosecond laser to construct 
hierarchical rough microstructures. The repetition rate of 20 kHz and 
the optical focus diameter of 50 μm were held constant during the 
process. The laser power of 24 W and the scanning speed of 500 mm⋅s− 1 

were utilized to prepare a homogeneous superhydrophilic surface on the 
Al sheet. To render the surface superhydrophobic, the laser-ablated 
surface was subsequently dipped into 1 wt% fluoroalkyl silane (FAS, 
C8F13H4Si(OCH2CH3)3, Degussa) ethanol solution for 30 min, followed 
by drying at 60 ◦C for 10 min. 

Fabrication of a patterned super-wettability surface: The homogeneous 
superhydrophobic surface was resubjected to the laser-ablation process 
to prepare superhydrophilic channels with designed configurations at 
the laser power of 12 W and the scanning speed of 1000 mm⋅s− 1 (The 
decreased laser power and the increased scanning speed were adopted to 
reduce the influence of laser on the unprocessed superhydrophobic re-
gion); wherein, the motion path of the laser beam was regulated by a 
computer. 

2.2. Characterization 

Micromorphology and 3D profile of the obtained surfaces were 
observed by a field-emission scanning electron microscope (FE-SEM, FEI 
NOVA NanoSEM 450) and an optical profilometer (VR-3000, Keyence). 
Elements and crystal structures were characterized using energy 
dispersive spectroscopy (EDS, INCA Energy) and X-ray diffraction (XRD- 
6000, Empyrean), respectively. The X-ray source was a Co Kα radiation, 
with λ = 0.1789010 nm, a scan rate of 0.039 deg⋅min− 1, a 2θ range of 
30◦ ~ 130◦. Static contact angles were measured by an optical goni-
ometer (Krüss, DSA100) using 5 μL droplets, which were based on 5 
measurements obtained at different positions. The volume of droplets 
used in transportation processes was 40 μL and the droplets were 
released onto the PSSs by a dropwise dispensing system (LSP02-2A, 
LongerPump) as shown in Fig. S1. Digital images were taken using an 
SLR camera (D7200, Nikon) equipped with a 105 mm lens. 

2.3. Numerical simulation 

The geometric model of Al sheet with a PSS was developed in Pro/E 
software and was subsequently exported to ICEM CFD to generate 
computational grids. The meshing element used in ICEM CFD for 
meshing the whole domain was the tetrahedral element. Simulation of 
the SDPT of a droplet on a PSS was performed using the commercial 
software ANSYS Fluent, and the simulation result data was exported 
with CFD-Post. During the simulation process, a droplet of radius 2.12 
mm (~40 μL) was initially static near the narrow side of the serial- 
wedge-shaped channel and the contact angles of the superhydrophilic 
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and superhydrophobic regions were 0◦ and 160◦, respectively. More-
over, the calculation time step was set as Δt = 5 × 10-5 s to obtain precise 
results and efficient calculations. 

3. Results and discussion 

Fig. 1(a) shows the digital image of the as-prepared PSS, consisting of 
several superhydrophilic serial-wedge-shaped channels embedded in a 
superhydrophobic panel; static contact angles of 5 μL droplet on the 
superhydrophilic and superhydrophobic regions are 0◦ and 157 ± 2◦, 
respectively. After the dyed droplets were dispensed at the narrow side 
of the channels, water easily wet the serial-wedge-shaped channels 
without leaving any traces on the panel. As the schematic depicted in 
Fig. 1(b), the configuration of a serial-wedge-shaped channel is 
composed of periodic identical wedges and presents the head-to-tail 
linkages; wherein the connection area between every-two wedges is 
referred to as the junction. Moreover, the 3D profile image of the 
junction and the cross-section schematic of the channel are shown in 
Fig. 1(c) and Fig. 1(d), respectively, which demonstrate that the hier-
archical rough microstructures of the channel consist of evenly arranged 
cones with the height of ~ 50 μm. It is thus clear that the height dif-
ference between the channel bottom and the panel is ~ 50 μm, which is 
also the depth of the channel. Fig. 1(e) shows the schematic of the dorsal 
integument of P. cornutum which processes the hierarchical structures 
with superhydrophilicity and superhydrophobicity [3]. It can be 
observed that the features of our bioinspired PSS including configura-
tion and wettability are similar to those of P. cornutum. SEM images of 
the micron-sized cones are shown in Fig. 1(f) and (g), revealing the 
presence of irregular scaly particles with the size of a few hundreds of 
nanometers to a few microns. These particles were produced on account 
of the melting and solidification of Al during laser ablation. Addition-
ally, a similar morphology can also be observed on the 

superhydrophobic panel as shown in Fig. S2. Although the channel and 
the panel are ablated under different laser parameters, there are no 
significant differences between the sizes of microstructures of these two 
regions. 

XRD patterns of different regions of a PSS are demonstrated in Fig. S3 
(a) and the diffraction peaks manifest that the main compositions of 
both the superhydrophobic panel and the superhydrophilic channel are 
Al and Al2O3. As the EDS spectra shown in Fig. S3(b), absorption bands 
assigned to the elements of C, O, F, Al, and Si are detected on the 
superhydrophobic panel, which demonstrate that the low surface energy 
groups of Si-O-Si and C-F belong to FAS are successfully assembled on 
the surface [34]. In contrast, the elements of F and Si are missing on the 
superhydrophilic channel (Fig. S3(c)), which verifies that the FAS layer 
has already been removed. 

As shown in Fig. 2(a) and (b), for a serial-wedge-shaped channel with 
a certain wedge angle α, the channel configuration is regulated by two 
independent parameters: the narrow width of the junction w1 and the 
wide width of the junction w2. It is necessary to note that w2 is also the 
wide side width of the channel. Herein, we first identified the trans-
portation capacity of the serial-wedge-shaped channels by transporting 
droplets on the channels with α of 4◦, w2 of 2.0 mm, and diverse w1. 
Droplets were dispensed at the starting points (left) of the channels 
placed horizontally. As shown in the top images of Fig. 2(c) and (d), once 
the droplets were captured by the first wedge of the channels, the 
droplets were elongated in the lateral direction toward the terminal 
points (right) of the channels. Meanwhile, the droplets were separated 
into an anterior front and a posterior bulge in the first 50 ms. Capillary 
imbibition causes the fast-flowing of the front, while the difference be-
tween the tail radius Rt and the head radius Rh of the bulge generates 
inner Laplace pressure difference ΔP for the driving force (Laplace force 
FL), which can be expressed as follows 

Fig. 1. Characterization and schematics of the PSS. (a) Digital image of the PSS with dyed water. (b) Schematic of a PSS. (c) 3D profile image of the junction. (d) 
Cross-section schematic of a serial-wedge-shaped channel. (e) Schematic of the dorsal integument of P. cornutum [3]. (f, g) SEM images of the superhydrophilic 
channel under different magnifications. 
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FL ≈ ΔP ≈ 2γ1

(
1
Rt

−
1
Rh

)

(1)  

where γ1 is the surface tension of the interface between water and air. 
As can be seen, despite the motions of droplets were similar in the 

initial stage of 0 ms ~ 50 ms, distinct transportation phenomena were 
subsequently visualized on the serial-wedge-shaped channels with 
diverse w1. Fig. 2(c) shows that the droplet could not be transported 
continuously on the channel with w1 = 0.6 mm; although the anterior 
front crossed the first junction at 75 ms owing to hemiwicking, the 
posterior bulge was still blocked at the junction, resulting in the un-
successful SDPT. On the contrary, for the channel with w1 = 1.0 mm, 
both the front and the bulge passed the first junction of the channel as 
shown in Fig. 2(d), achieving the continuous SDPT. 

We then qualitatively analyzed the underlying mechanism of the 
SDPT of a droplet on the serial-wedge-shaped channel and the reason for 
droplets showing two distinct motion statuses (block-status and pass- 
status) at the first junctions with diverse w1. Fig. 2(e) illustrates the 
forces acting on the droplet during its transportation on the first wedge 
of the channel, including capillary force FC, Laplace force FL, pinning 
force FP, and frictional force FF. Thereinto, FC and FL are the driving 
forces, while FP and FF are the opposing forces. The resultant force F can 
be deduced by the following equation [35]. 

F = FC +FL +FP +FF (2) 

Thereinto, FL is the main driving force that triggers the SDPT; FC 
originates from the multiscale rough microstructures of the channel 
surface and causes the hemiwicking phenomenon promoting the 
movement of the front; FP is the opposing force acting on the boundary 

line of the front of the droplet impeding transportation; FF is the internal 
friction of water during transportation. The equations and the corre-
sponding influence factors of FC, FP, and FF are shown in Fig. S4. 

Once the elongated droplet arrives at the first junction as shown in 
Fig. 2(f), the SDPT will be hindered by the lengthwise boundary of the 
junction, which is perpendicular to the transportation direction. By this 
time, a new pinning force from the junction will be generated, which is 
referred to as FPJ. According to the observations illustrated in Fig. 2(c) 
and (d), for a serial-wedge-shaped channel with a certain α and a certain 
w2, if the channel has a smaller w1, the junction will possess a longer 
lengthwise boundary (w2-w1); when a droplet is transported to the first 
junction of such a channel during the SDPT, the pinning effect at the 
junction will be more obvious and the larger FPJ produced by the 
lengthwise boundary of the junction may cease the SDPT. 

The two transportation phenomena as discussed above elucidate that 
if the configuration parameters of the serial-wedge-shaped channel are 
not designed properly, the lengthwise boundary of the junction may 
induce a severe pinning effect and cease the SDPT. Meanwhile, the two 
distinct motion statuses of droplets at the first junctions of channels with 
diverse w1 are generated according to the results from the interplay 
between the driving forces (FC and FL) and the opposing forces (FP and 
FF). To ascertain how the configuration parameters of the channel in-
fluence the motion status of the droplet at the junction, which further 
influences the SDPT, we next utilized numerical simulation to model the 
transportation processes on different channels. Fig. 3(a) and (b) illus-
trate the simulation results of droplets on the serial-wedge-shaped 
channels with α = 4◦, w1 = 0.4 mm & 0.5 mm, and w2 = 1.0 mm (the 
boundary of the channel was denoted by the black dash line). The sep-
aration of droplets into an anterior front and a posterior bulge can also 

Fig. 2. SDPT of droplets on the PSSs. (a) Digital image of a PSS. (b) A close-up image of a junction. (c) Transportation processes on the serial-wedge-shaped channel 
with α = 4◦, w1 = 0.6 mm, w2 = 2.0 mm showing the block-status. (d) Transportation processes on the serial-wedge-shaped channel with α = 4◦, w1 = 1.0 mm, w2 =

2.0 mm showing the pass-status. (e) Force analysis of the droplet on the first wedge of the channel. (f) Force analysis of the droplet arriving at the first junction of the 
channel. Scale bars, (a ~ f): 2.0 mm. 
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be detected at 100 ms, which is in good agreement with the aforemen-
tioned experimental results. Then, the droplet exhibits block-status at 
the junction of the channel with w1 = 0.4 mm at 300 ms, while exhibits 

pass-status on the channel with w1 = 0.5 mm at 220 ms. Furthermore, 
using a similar simulation method, we obtained the motion statuses of 
droplets on the channels with α = 4◦, and different w1 and w2. Fig. 3(c) is 

Fig. 3. Numerical simulation of the SDPT on the serial-wedge-shaped channels. (a, b) Transportation processes of droplets on the channels with α = 4◦, w1 = 0.4 mm 
& 0.5 mm, and w2 = 1.0 mm. (c) Phase diagram showing motion statuses of droplets on channels with different configuration parameters. 

Fig. 4. Experimental verification of the SDPT on the serial-wedge-shaped channels. (a) Phase diagram showing motion statuses of droplets on dry channels with 
different configuration parameters. (b, c) Transportation processes of droplets on the dry/prewet channel with α = 4◦, w1 = 0.7 mm, and w2 = 2.0 mm showing the 
block-status/pass-status. (d) Phase diagram showing motion statuses of droplets on prewet channels with different configuration parameters. (e) Comparison of 
transportation velocity of a droplet on the dry/prewet channels with different configuration parameters. Scale bars, (b, c): 2.0 mm. 
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the phase diagram plotted based on the simulation results, wherein the 
hollow blue squares and the hollow red circles represent the pass-status 
and the block-status of the droplet at the junction, respectively. In 
addition, the relationship between the critical ratio of w1/w2 and w2 is 
obtained and the simulational critical curve is denoted by the solid line 
in Fig. 3(c). As can be seen, for α = 4◦, the serial-wedge-shaped channels 
with w2 = 1.0 mm & ratio of w1/w2 ≥ 0.5 (w1 ≥ 0.5 mm), w2 = 1.5 mm & 
ratio of w1/w2 ≥ 0.4 (w1 ≥ 0.6 mm), and w2 = 2.0 mm & ratio of w1/w2 
≥ 0.4 (w1 ≥ 0.8 mm) can ensure the pass-status of droplet, which means 
that the channels with configuration parameters plotted in green back-
ground of phase diagram can realize the continuous SDPT. Based on the 
aforementioned force analysis and numerical simulation, it can be 
concluded that, for a serial-wedge-shaped channel with a certain α and a 
certain w2, there is a critical narrow width w1c corresponding to a critical 
pinning force from the junction FPJc; when w1 is larger than w1c, the 
generated FPJ will be smaller than FPJc, which results in the fact that the 
driving forces acting on the droplet will be strong enough to overcome 
the opposing forces and ensure the continuous SDPT. 

In what follows, we experimentally investigated the SDPT of water 
on the serial-wedge-shaped channels. Herein, to acquire the actual 
critical curve distinguishing the pass-status region and the block-status 
region in the phase diagram, a small number of channels (α = 4◦, w2 
= 1.0 mm & 1.5 mm & 2.0 mm) with the ratio of w1/w2 ranging from 0.3 
to 0.5 were prepared and used for water transportation according to the 
simulation results, which offer assistance to our experimental study. 
Fig. 4(a) shows the phase diagram plotting the experimental results of 
droplet motion statuses on the channels with different configuration 
parameters, wherein the pass-status is denoted by the solid blue square 
and the block-status is denoted by the solid red circle, respectively. 
Moreover, the actual critical curve is also acquired as indicated by the 
dash line shown in Fig. 4(a) and the channel with w2 = 1.0 mm & ratio of 
w1/w2 ≥ 0.4 (w1 ≥ 0.4 mm), w2 = 1.5 mm & ratio of w1/w2 ≥ 0.4 (w1 ≥

0.6 mm), and w2 = 2.0 mm & ratio of w1/w2 ≥ 0.4 (w1 ≥ 0.8 mm) can 
ensure the pass-status of droplet. Note that the only difference between 
the simulational critical curve and the actual critical curve is that the 
simulational critical ratio of w1/w2 for w1 = 1.0 mm is 0.5, while the 
actual one is 0.4. 

Strikingly, we found that the droplet motion status at the first 
junction of a serial-wedge-shaped channel with specific configuration 
parameters can be switched from block-status to pass-status conve-
niently by the altering external condition. As shown in Fig. 4(b), the 
droplet demonstrated block-status on the dry channel with α = 4◦, w1 =

0.7 mm, and w2 = 2.0 mm. However, for the same channel, after it was 
prewet by 10 μL water, the droplet demonstrated pass-status and a 
continuous SDPT could be realized as shown in Fig. 4(c). It is necessary 
to note that the channel could be filled with 10 μL water in the pre-
wetting process because the channel depth was only ~ 50 μm. In this 
way, a precovered water film was formed and the droplet could be 
supported at the top of the film during SDPT, resulting in a decrease of 
frictional force FF because the three-phase (channel − water − air) 
contact line at the bottom of the droplet was switched to the two-phase 
(water–air) contact line [17,36]. Additionally, it is estimated that the 
precovered water film may also generate the increase of FL, which will 
also improve F and subsequently engender the continuous SDPT. Then, 
the phase diagram of droplet motion statuses was replotted based on the 
experimental results of transportation on prewet channels as shown in 
Fig. 4(d). Compared with the phase diagram concerning the trans-
portation on dry channels (Fig. 4(a)), the critical ratio of w1/w2 for w2 =

1.0 mm, 1.5 mm, and 2.0 mm are all lowered, which leads to the moving 
down of actual critical curve for prewet channels as denoted by a dot- 
dash line shown in Fig. 4(d). It is thus clear that the scale of configu-
ration parameters engendering the continuous SDPT (plotted in the 
green background) can be enhanced by a prewetting process. 

Apart from switching the motion status of the droplet, we found that 
the prewet channels can also enhance transportation velocity during 
SDPT. Herein, six channels with α = 4◦ and different w1&w2 that can 

achieve the continuous SDPT under the dry condition were selected 
according to Fig. 4(a) for comparative experiments. When these chan-
nels were prewet by water, a higher transportation velocity of a droplet 
at a transportation duration of 150 ms could be observed on each 
channel as shown in Fig. 4(e), demonstrating an enhanced trans-
portation capacity compared to the dry channels. 

Additionally, the influence of α on the transportation velocity of the 
droplet was studied. A PSS possessing four serial-wedge-shaped chan-
nels with α = 3◦ & 4◦ & 5◦ & 6◦, w1 = 1.0 mm, and w2 = 2.0 mm 
embedded in a superhydrophobic panel were prepared on a square 
sample as shown in Fig. S5, wherein the starting points of these four 
channels were connected at the center of the sample. To illustrate the 
difference of droplet transportation velocities on the channels with 
diverse α, water droplets were dispensed dropwise on the connected 
region of the channels at a flux of ~ 40 μL⋅s− 1. In this way, the SDPT of 
water on the channels could be triggered simultaneously. As shown in 
Fig. 5(a), after 2 s of transportation, the channel with α = 5◦ yielded the 
farthest transportation distance of ~ 50 mm compared to α = 3◦ at ~ 37 
mm, α = 4◦ at ~ 38 mm, and α = 6◦ at ~ 36 mm, respectively. The 
average transportation velocities va could be consequently calculated, 
which were 25.3 ± 1.2 mm⋅s− 1 for α = 3◦, 26.1 ± 1.3 mm⋅s− 1 for α = 4◦, 
29.6 ± 1.2 mm⋅s− 1 for α = 5◦, and 22.8 ± 1.7 mm⋅s− 1 for α = 6◦, 
respectively, as shown in Fig. 5(b). Moreover, through single-factor 
experiments, we also found that the best configuration parameters of 
w2 and w1 for a serial-wedge-shaped channel to gain the highest trans-
portation velocity are 2.0 mm and 1.2 mm, respectively, as shown in 
Fig. 5(c) and (d). Accordingly, the optimum configuration parameters to 
realize the fastest SDPT are α = 5◦, w1 = 1.2 mm, and w2 = 2.0 mm, 
respectively, and the corresponding va is 30.4 ± 1.5 mm⋅s− 1. 

By taking advantage of the optimum configuration parameters 
mentioned above, the transportation capacity of the serial-wedge- 
shaped channels for continuous SDPT of water was further explored at 
a flux of ~ 40 μL⋅s− 1. As the schematics illustrated at the top of Fig. 5(e 
~ g), the PSSs possessing superhydrophilic channels with complicated 
configurations embedded in superhydrophobic panels are developed. 
These PSSs are composed of two parts: a channel for water trans-
portation and a reservoir for water collection. Herein, a super-
hydrophilic reservoir is designed at the terminal point of each channel 
and utilized to collect water. Fig. 5(e) and (f) show that the continuous 
SDPT of water can be achieved on the horizontal long-distance straight 
channel with several right angles and the horizontal curving channel, 
respectively. Besides, the SDPT of water was also manifested on an in-
clined straight channel with a 3◦ tilt angle as shown in Fig. 5(g); under 
this circumstance, although gravity acts as the opposing force impeding 
the SDPT, water still overcomes gravity and can be successfully pumped 
up a ramp to an elevation of ~ 4.5 mm. 

Since the lengthwise boundary of the junction that is perpendicular 
to the transportation direction generally induces pinning effect to water 
and impedes SDPT, we then promoted an optimization strategy (the 
details are shown in Fig. S6) for the serial-wedge-shaped channel to 
adjust the configuration of the junction from an angular structure to a 
smooth structure, which is expected to improve droplet motion status at 
the junction and also enhance transportation velocity. Herein, the 
original channel (α = 5◦, different w1 and w2) is denoted as optimized 
channel 0 (OC-0) and the optimized channels corresponding to 8 
different optimization lengths lO (from one-eighth to eight-eighths of the 
length between two junctions lA, elucidated in Fig. S6) are denoted as 
optimized channel 1 ~ optimized channel 8 (OC-1 ~ OC-8), respec-
tively. Thus, each optimized channel possesses its optimization scheme 
(optimization scheme 1 ~ optimization scheme 8) which corresponds to 
a specific lO. 

In Fig. S7, we plotted the phase diagram of droplet motion statuses 
on the dry OC-0 with different configuration parameters based on 
experimental results. To evaluate the effect of optimization, trans-
portation capacities of the dry OC-1 ~ OC-8 were investigated experi-
mentally and their phase diagrams of droplet motion statuses were 
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subsequently plotted in Fig. 6(a ~ h). Moreover, the upper and the lower 
dash lines illustrated in Fig. 6(a) are the actual critical curves dis-
tinguishing the pass-status region and the block-status region for the 
phase diagram of the dry OC-0 and OC-1, respectively. As can be seen, 
compared with the critical ratios of w1/w2 on OC-0 for ensuring pass- 
status, the ones on OC-1 (lower dash line) decreased from 0.4 to 0.3 
for w2 = 1.0 mm, from 0.33 to 0.27 for w2 = 1.5 mm, and from 0.3 to 
0.15 for w2 = 2.0 mm, respectively. Therefore, after being subjected to 
optimization scheme 1 to adjust the configuration, the scale of config-
uration parameters ensuring pass-status of the droplet at the junction 
and engendering the continuous SDPT can be significantly enhanced. 

Fig. 6(b ~ h) shows the phase diagrams of droplet motion statuses at 

the first junctions of dry OC-2 ~ OC-8, which is subjected to optimiza-
tion scheme 2 ~ optimization scheme 8, respectively. For the OC-1 to 
OC-3, the scale of configuration parameters plotted in the green back-
ground that engenders continuous SDPT increases with lO (from one- 
eighth to three-eighths of lA) as shown in Fig. 6(a ~ c). Furthermore, 
for the OC-4 to OC-8 corresponding to lO from three-eighths of lA to 
eight-eighths of lA, any configuration parameter plotted in the phase 
diagrams shown in Fig. 6(d ~ h) can ensure the pass-status and realize 
the continuous SDPT. It is speculated that the improvement of droplet 
motion statuses may be aroused by the smaller pinning effect from the 
optimized junctions of OC-1 ~ OC-8. In brief, applying the optimization 
strategy has a distinctive advantage in enlarging the parameters scale, 

Fig. 5. Influence of different configuration parameters on transportation velocity of water and the SDPT of water on different PSSs. (a) Digital image of the SDPT on 
channels with α = 3◦ & 4◦ & 5◦ & 6◦, w1 = 1.0 mm, and w2 = 2.0 mm. (b ~ d) Influences of α, w1 and w2 on transportation velocity. (e ~ g) Schematics of the PSSs and 
digital images of SDPT on the horizontal long-distance straight channel, horizontal curving channel, and inclined straight channel. Scale bars, (a, e ~ g): 10 mm. 

Fig. 6. Phase diagrams showing motion statuses of droplets on the dry optimized channels with α = 5◦, and different w1 and w2. (a ~ h) OC-1 ~ OC-8.  
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which is beneficial to ensure the pass-status of the droplet at the junction 
and promote the continuous SDPT. 

Investigation of the transportation velocity of the droplet on the 
optimized channels also helps evaluate the quality of different optimi-
zation schemes. For the serial-wedge-shaped channel with α = 5◦, w1 =

1.2 mm, and w2 = 2.0 mm, all its optimized channels (OC-1 ~ OC-8) can 
realize the continuous SDPT of water because the droplets demonstrate 
pass-status at the junctions according to Fig. 6(a ~ h). Schematics of the 
OC-0 ~ OC-8 are illustrated in Fig. 7(a), wherein lA is 9.20 mm and lO 
ranges from 0 mm to 9.20 mm. It can be detected that the angular 
junction of OC-0 is gradually adjusted into the smooth junction of OC-8 
with the increase of lO. 

We next modeled the SDPT of a droplet on the OC-0 ~ OC-8, 
respectively. To calculate the simulative transportation velocities, a 
monitoring interface located at 26 mm from the starting point is set in 
each simulation model to record the passing time of water. Note that the 
length between the starting point and the first junction of each opti-
mized channel is shorter than 26 mm. Fig. 7(b) and (c) show the SDPT of 
droplets on the OC-0 and OC-5, respectively, and the droplets arrive at 
the monitoring interfaces at different time. Based on the simulation re-
sults, average simulative transportation velocities of droplets vas on the 
OC-0 ~ OC-8 were subsequently obtained. Fig. 7(d) elucidates that vas 
first increases with the increase of lO (0 mm for OC-0 ~ 5.75 mm for OC- 
5); after achieving the maximum vas of ~ 51.7 mm⋅s− 1 on the OC-5, vas 
then decreases gradually (5.75 mm for OC-5 ~ 9.20 mm for OC-8). 
Moreover, all the vas on the OC-1 ~ OC-8 are higher than that on the 
OC-0. Thereafter, experimental verifications were performed to verify 
the simulation results. Experimental transportation velocities vae are 
shown in Fig. 7(e) and the same variation trend of velocity on the 
optimized channels can also be observed, which is in good agreement 
with the variation trend of simulation results. Similarly, the maximum 
vae of 31.8 ± 0.7 mm⋅s− 1 was obtained on the OC-5 compared to the 
minimum vae of 30.4 ± 1.5 mm⋅s− 1 on the OC-0, revealing a 5 % 
improvement. The serial-wedge-shaped channel with an improved 
configuration revealing an enhanced transportation capacity is expected 
to be employed on water harvesting platforms and heat transfer equip-
ment, which may increase water collection efficiency and heat transfer 
efficiency, respectively. It is supposed that the increase of vae with lO (0 

mm for OC-0 ~ 5.75 mm for OC-5) is generated because the optimized 
channel produces a smaller FPJ and results in a larger F, while the major 
cause of the subsequent decrease of vae with lO (5.75 mm for OC-5 ~ 
9.20 mm for OC-8) is the decline of FL as well as F owing to the optimized 
channel with a longer lO losing its geometry gradient gradually. 

4. Conclusion 

In summary, under the inspiration of the dorsal integument of P. 
cornutum, we developed a straightforward and reliable approach to 
fabricate PSSs with superhydrophilic serial-wedge-shaped channels 
embedded in superhydrophobic panels via nanosecond laser ablation 
and FAS modification, and investigated the SDPT of water on the 
channels through numerical simulation and experimental verification. 
In particular, we carefully observed the motion statuses of droplets at 
the first junctions of the channels with different configuration parame-
ters and found that a smaller pinning force from the junction with a 
shorter lengthwise boundary could ensure the pass-status of droplet for 
continuous SDPT. Furthermore, we manifested that transportation ca-
pacities of the channels could be enhanced by a prewetting process; 
compared with dry channels, the scale of configuration parameters 
engendering continuous SDPT on prewet channels could be increased 
and transportation velocities of droplets on the prewet channels could 
also be improved. In addition, we demonstrated that the fastest SDPT at 
~ 30.4 mm⋅s− 1 could be obtained on the channel with α = 5◦, w1 = 1.2 
mm, and w2 = 2.0 mm. Continuous SDPT of water could be achieved 
conveniently on the horizontal long-distance straight channel, the hor-
izontal curving channel, and the inclined straight channel with the 
above optimum configuration parameters. We then proposed an opti-
mization strategy that can adjust the channel configurations to further 
enhance their transportation capacities by alleviating the pinning effect 
at the junctions; results show that the optimized channel under any 
optimization scheme reveals a higher va than the original channel and 
the highest va is ~ 31.8 mm⋅s− 1, revealing a 5 % improvement. From a 
broader perspective, the generality of our finding will open a new 
avenue for the design of next-generation high-performance fluid trans-
portation systems. 

Fig. 7. SDPT of water on the optimized channels. (a) Schematics of the OC-0 ~ OC-8. (b, c) Transportation processes of droplets on OC-0 and OC-5 based on 
simulation results. (d, e) Transportation velocities of droplets on OC-0 ~ OC-8 based on simulation results and experimental results. 
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