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Directional sliding of water: biomimetic snake
scale surfaces
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Bioinspired superhydrophobic surfaces have attracted many industrial and academic interests in recent years. Inspired
by unique superhydrophobicity and anisotropic friction properties of snake scale surfaces, this study explores the feasibil-
ity to produce a bionic superhydrophobic stainless steel surface via laser precision engineering, which allows the realiza-
tion of directional superhydrophobicity and dynamic control of its water transportation. Dynamic mechanism of water slid-
ing on hierarchical snake scale structures is studied, which is the key to reproduce artificially bioinspired multifunctional
materials with great potentials to be used for water harvesting, droplet manipulation, pipeline transportation, and vehicle

acceleration.
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Introduction

Many species in nature, such as plants'*, insects>*~, rep-
tiles'*"!!, and marine organisms*!?, exhibit remarkable
surface functions. These precious properties are evolved
over millions of years through natural selection, en-
abling species to thrive in extreme environments. It is
well known that the vast majority of extraordinary sur-
face properties derive from their unique hierarchical
morphological features, ranging from a few tens of nano-
meters to hundreds of micrometers in size.

Inspiration from natural functional structures, espe-
cially famous water repellent plant leaves, like lotus
leaves, a variety of artificial superhydrophobic surfaces
with liquid-repellent properties have been designed and
fabricated through the uniquely constructed geometrical
micro/nanostructures and the chemical composition of

the surface'~®. The artificial liquid-repellent surfaces ex-

hibit certain remarkable wetting characteristics originat-
ing from a high water contact angle (CA) greater than
150° and a small water sliding angle (SA) less than 10°
are of great value for a variety of applications, such as
water collection®, self-cleaning'’, anticorrosion', oil/wa-
ter separation®, antifreezing'e, anti-fogging'’, and fric-
tion reduction'®. Several techniques have been developed
to construct superhydrophobic surfaces, such as chemic-
al vapor deposition'’, electrospinning®, lithography?!,
and laser fabrication?>->. Up to now, despite the fact that
artificial superhydrophobic surfaces have already re-
vealed a significant role in both fundamental research
and practical applications, continued efforts in endow-
ing novel materials with unique properties are still highly
required to realize their structural and functional
integrity.

Compared with traditional surfaces with hydrophobic
property, the manufacture of superhydrophobic surfaces
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with unique versatility has broad applications and has
become a hot topic in the field of surface technology.
Constructing functional superhydrophobic surfaces with
high stability, versatility, flexibility, and universality have
a high practical value*. For instance, Cao et al. designed
a 2D MXene-reinforced robust liquid-repellent surface
with self-cleaning and photothermal-actuating binary ef-
fects”. Song et al. reported a droplet-based self-pro-
pelled autonomous device composed of superhydro-
phobic miniboat with superhydrophilic pore*. Wang et
al. acquired a wearable superhydrophobic elastomer skin
with switchable wettability to switch wetting states,
which enables the surface to capture and release mul-
tiple droplets in parallel””. Furthermore, some research-
ers have conducted research on liquid transportation.
Paradisanos et al. demonstrated a methodology to fabric-
ate a gradient wettability pattern on Si, exhibiting a high
velocity for liquid spreading on a surface tension gradi-
ent in ambient conditions®. Kirner et al. reproduced the
shape of the micrometre-sized tilted spikes found under-
neath the wings of the bark bug D. magnus, on steel sur-
faces to realize fast unidirectional fluid transport®'. Wu et
al. proposed a strategy for horizontal vibration for mul-
timode, large-volume-range, and high-speed unidirec-
tional microdroplet manipulation, which is ascribed to
the rolling state on superhydrophobic slant microwall ar-
rays fabricated by the femtosecond laser®. These pion-
eering works demonstrated the feasibility of superhydro-
phobic surfaces with unique multifunctionality. There-
fore, developing practical and effective methods for man-
ufacturing and functionalizing superhydrophobic sur-
faces will be beneficial in improving the practicability of
superhydrophobic  surfaces in various technical
applications.

In this work, the directional transportation directivity
of the bionic snake scale-like superhydrophobic surface
has been reported for the first time. It was inspired from
the unique superhydrophobicity and frictional aniso-
tropy properties of the snake scales, which are prom-
ising for a wide range of scientific fields'-!’. These prop-
erties are primarily due to the unique hierarchical mor-
phological feature of the snake scales. Fabrication of
snake scale-like hierarchical micro/nanostructured sur-
faces with unique superhydrophobicity is of great in-
terest from the viewpoint of both experimental research
and practical applications. Herein, a bionic snake scale-
like superhydrophobic stainless steel surface with these
feats via laser processing is reported. The study shows a
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novel triple inclined-beam laser ablation (IBLA) treat-
ment at oblique incidence is implemented to fabricate
the surface with three-dimensional inclined bionic snake
scales that can effectively achieve the anisotropic friction.
Additionally, the synergistic effect of hierarchical
micro/nanostructures and the intrinsic change in the
surface chemistry with the exposure to air after the laser
irradiation exhibits unique superhydrophobicity along a
particular direction. These characteristics collectively en-
able the fantastic synergy: directional water transporta-
tion. The results prescribe a method for reproducing
these capabilities of snake scales in artificial materials.
The technology is flexible, chemical-free, and can be eas-
ily implemented through commercial industrial laser
processing systems. Accordingly, directional water trans-
portation materials can be useful in a wide range of ap-
plications including water harvesting, droplet manipula-

tion, pipeline transportation, and vehicle acceleration.

Materials and methods

Material

The experiment is performed on 316L stainless steel sub-
strates with a thickness of 2 mm. Before laser ablation,
the 316L stainless steel plates (50 mm x 50 mm) are pol-
ished using 800# abrasive papers and ultrasonically
cleaned in deionized water to remove oxide layers and

impurities.

Laser ablation

The polished samples are ablated by a Q-switched DPSS
laser (Model: AVIA LX 355-20-50, Coherent) with a
wavelength of 355 nm, pulse duration of 10 ns, and repe-
tition rate up to 50 kHz. The output power can be con-
tinuously tuned with a variable attenuator. A 3D gal-
vanometric scanner is employed to move the laser beam
along X-, Y- and, Z-directions over a sample surface. The
laser is focused normally and obliquely incident (45°)
onto the sample surfaces through an f-theta lens, produ-
cing a focal spot diameter of about 30 pm. Program-
mable patterns including snake scale structures textures,
randomly distributed nanoparticles, and periodic in-
clined cone-shaped structures are generated on the pre-
treated plate surfaces by laser with different laser powers
(42 W, 0.5 W, and 0.5 W), different repetition rates
(50 kHz, 30 kHz, and 30 kHz), different scanning times
(1000 times, 1 time, and 1 time), and different scanning
speeds (50 mm/s, 1 mm/s, and 1 mm/s) by different steps
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of the laser processing, respectively. Moreover, the scan-
ning space of the second and third steps are both 30 pm.
Then, the textured substrates are ultrasonically cleaned
in deionized water for 10 min to remove the floating steel
powder on the surface and put in the ambient air for a

long time without any chemical modification treatment.

Results and discussion

Stainless steel, which is one of the most commonly used
materials in today’s society, is chosen as a substrate ma-
terial for superhydrophobic surface fabrication due to its
outstanding properties, such as thermal stability, chemic-
al resistance, nontoxicity, and high mechanical strength.
Laser precision engineering, which has already been
proved as a valuable, versatile, and reliable technique in
the fabrication of biomimetic structures and devices that
feature natural materials due to its advantages of rapid,
mask-free, chemical-free, and large-area micro-nanofab-
rication®~*. In this work, we use the new IBLA method
to fabricate periodically bionic snake scale-like struc-
tured stainless steel surfaces. A Q-switched DPSS laser is
employed for the processing. By using the IBLA method,
the pulsed laser beam is in oblique incidence on the sur-

Step 1

Sub-millimeter
snake scale-like |
structure

Step 2

Nanoparticles

Step 3

face of stainless steel. Different from the conventional
laser processing, the oblique beam ablation is prone to
induce some unique hierarchical bionic structures. In or-
der to realize the surface morphology of snake scales on
the stainless steel surface for acquiring the unique super-
hydrophobicity and frictional anisotropy properties of
the snake scales, we need to understand the surface mor-
phology of snake scales in details. Figure 1(a) shows a
bird’s-eye-view image of the West African Gaboon Vi-
per (Bitis rhinoceros), which has different morphology
and mechanical properties of the scales from different
body sections (leading body half, middle trunk, and tail-
ing body half) and positions (dorsal, lateral, and ventral).
According to the existing literature reports, dorsal scale
surfaces of Bitis rhinoceros has a high static CA beyond
160° and low SA below 20°(Fig. 1(b))'. As shown in Fig.
1(c), a tilted-view scanning electron microscopy (SEM)
image of this dorsal scale surfaces of Bitis rhinoceros
shows a hierarchical micro/nanostructure consisting of
microscopic inclined cone-shaped structures. Therefore,
inspired by this special hierarchical micro/nanostructure,
a highly bionic snake scale-like three-level hierarchical
micro/nanostructured surface via the IBLA method is

Inclined
cone-shaped
structures

Fig. 1 | Schematic illustration and fabrication process of a snake scale-like surface via the IBLA method. (a) The photographs of the West

African Gaboon Viper (Bitis rhinoceros). (b) Photographic image of the dorsal skin of a living individual of Bitis rhinoceros after sprinkling with wa-

ter. Figure reproduced with permission from ref.'°, Copyright 2014, PLOS Publishing. (c¢) SEM image of the hierarchical structures of the dorsal

scale surfaces of Bitis rhinoceros. Figure reproduced with permission from ref.!°, Copyright 2014, PLOS Publishing. (d) Schematic illustration of

the manufacture of snake scale-like artificial surface by IBLA technique. (e—g) SEM images of the as-prepared sample surfaces at different mag-

nifications.
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thus fabricated. The principle and preparation process of
the snake scale-like artificial surface are shown in Fig.
1(d). First, the sub-millimeter snake scale-like structure
array is fabricated on the stainless steel by nanosecond
laser oblique ablation. In order to introduce anisotropy
into the snake scale-like structure array, the snake scale-
like structure array is designed to be tilted cross stacked
arrangement as same as the real snake skin, and the dis-
tances between adjacent snake scales in the transverse
and longitudinal directions are designed to be different.
Then, the nanoscale nanoparticles and the microscale in-
clined cone-shaped structures are ablated on each unit of
snake scale-like structure array by the second and third
steps of laser processing for acquiring superhydrophobi-
city and promoting anisotropy. As a result, the highly
bionic three-level hierarchical snake scale-like structure
array can be achieved. Figures 1(e)-1(g) show the SEM
images of the as-prepared sample surface morphology
with different magnifications. The high magnification
SEM images indicate that the size of the unit of snake
scale-like structure array is about 500 pm and the sur-
face of the unit is rather rough, composed of inclined
cone-shaped microstructures. It is worth noting that the
surfaces of these microstructures are not smooth, with
plenty of nanoparticles that are densely and unevenly
distributed on the surface of each micro-cone. These
sub-millimeter, micro- and nanoscale structures are cru-
cial for obtaining directivity and superwetting character-
istics that are similar to what is observed in dorsal scale
surfaces of Bitis rhinoceros.

To quantificationally investigate the influence of the
three-level hierarchical structures of the snake scale-like
surfaces on directional superhydrophobicity, liquid-re-
pellent property measurement has been carried out for
the laser fabricated snake scale-like surfaces with differ-
ent hierarchical structures, and the sliding property of
the as-prepared surfaces has been tested both along and
against the snake scale direction. Each measured value is
averaged over three locations. As shown in Fig. 2, the
SEM images of micro/nanostructured snake scale-like
surfaces with different hierarchical structures at differ-
ent amplified scales have been shown. It can be seen that
the overall surfaces are periodic arrangement of snake
scales and oblique grooves with different hierarchical
structures by one step, two steps, and three steps of the
laser precision engineering, respectively (Figs. 2(a), 2(d)
and 2(g)). Enlarged images demonstrate that the surface
roughness of the as-prepared samples becomes larger

https://doi.org/10.29026/0ea.2021.210008

with the increase of processing steps (Figs. 2(b), 2(e) and
2(h)), and through the three steps of the laser processing,
the microscale inclined cone-shaped structures are cre-
ated on each unit of the snake scale-like structure array.
As shown in Figs. 2(c), 2(f) and 2(i), the surface is gradu-
ally adhered by more and more particulate melt protru-
sions with the increase in processing steps, and the size
of particulate melt protrusions getting smaller and smal-
ler to the nanoscale. These results indicate that the as-
prepared surface by the three steps of the laser pro-
cessing have similar three-level hierarchical micro/nano-
structures with those on the real snake scale. The sur-
faces with different hierarchical structures exhibit differ-
ent wetting properties, and the CA (5 pL water droplet)
measured parallel to surfaces with different hierarchical
structures are about 73°, 133° and 159° as shown in the
bottom-left corner of Figs.2(a), 2(d) and 2(g), respect-
ively. Considering the fact that the CA of the pristine
stainless steel with a flat surface is only about 72°, the
IBLA fabricated hierarchical micro/nanostructures are
considered to be an essential factor to gain the hydro-
phobicity. Figure 2(j) depicts the time-dependence of
CAs for the as-prepared surfaces with different hierarch-
ical structures by different steps of the laser processing
when they are exposed to air. Before the laser treatment,
all the bare stainless steel surfaces were hydrophilic.
Once ablated by laser, the fresh stainless steel surfaces
immediately exhibit hydrophilic or even superhydrophil-
ic behavior, and the water droplet can even fully spread
out when it touches the laser-induced rough surface. It is
unable to acquire a CA value as the droplet is almost
completely penetrated into the grooves. This phenomen-
on is well pronounced within 10 days after the laser abla-
tion. According to the Wenzel theory, the increase of
surface roughness leads to an amplification effect of sur-
face wettability®.

cosf,, = rcosb; , (1)

where r > 1 is surface roughness parameter; 6r and 0,,
represent CAs for the flat and rough surfaces, respect-
ively. Equation (1) reveals that with the enhancement of
surface roughness, a hydrophilic surface becomes more
hydrophilic and a hydrophobic surface becomes more
hydrophobic. Therefore, at early stage of CA evolution,
the fresh stainless steel surfaces exhibit very small con-
tact angles due to the increment of roughness. Another
reason for the observed superhydrophilicity is the change
of surface chemical compositions before/after the laser
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Fig. 2 | Micro/nanostructures, and wetting behavior of the superhydrophobic surfaces with different hierarchical structures by different
steps of the laser processing. (a) SEM images of the hierarchical structures of the snake scale-like array by one step laser processing; the in-
set shows that the CA of the water droplet is 73°. (b, ¢) SEM images of (a) at different magnified scales. (d) SEM images of the hierarchical struc-
tures of the snake scale-like array by two steps laser processing; the inset shows that the CA of the water droplet is 133°. (e, f) SEM images cor-
responding to (d) at different magnified scales. (g) SEM images of the hierarchical structures of the snake scale-like array by three steps laser
processing; the inset shows that the CA of the water droplet is 159°. (h, i) SEM images corresponding to (g) at different magnified scales. (j)
Time-dependence of CAs for the hierarchical surfaces by different steps laser processing exposed to air. (k) Superhydrophilicity of the complete
three-level hierarchical surfaces in 30 h. (I) Wetting results (CAs and SAs) on the surface corresponding to opposite directions, respectively.
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ablation, which will be explained in detail in the mechan-
ismsection later. Observing contact angle curve in Fig. 2(j),
itis noted that when the laser ablated surfaces are ex-
posed to air, their surface hydrophilicity decreases and
the CA increases over time. Between Day 11 and Day 30,
the CA of surfaces by the two steps and three steps of
laser processing witnessed a sharp increase from 0° to
127° and 0° to 139°, respectively. It is noted that fresh
surfaces reach hydrophobic behaviors. With the time ex-
posed to air increases, only the surface CA by the three
steps of laser processing exceeds 150°, and the CA of
159° is obtained when the three steps laser-induced sur-
face is exposed to ambient air for 40 days. Then, CA
gradually remains in a relatively stable state of 159 + 2°,
which can be characterized as a typical superhydro-
phobic surface. Thus, it can be concluded that after the
laser ablation and exposure to air, only the three steps
laser-induced three-level hierarchical micro/nanostruc-
tured surface shows superhydrophobicity. Additionally,
as shown in Fig. 2(k), the as-prepared surface by the
three steps of laser processing retains superhydrophobi-
city for a long time (at least 30 hours) in contact with wa-
ter until the droplets on the surface evaporate. Mean-
while, the superhydrophobicity is also maintained by re-
measurement at the location where the droplets
evaporate.

Like the snake skin, such a snake scale-like three-level
hierarchical micro/nanostructured surface displays supe-

https://doi.org/10.29026/0ea.2021.210008

rhydrophobic anisotropic sliding. As shown in Fig. 2(I)
and Movie S1 (see Supplementary information), in the
negative direction (CA = 159° + 1.5°, SA = 81° + 1.5°,
measured parallel to the surfaces), SA is larger than that
in the positive direction (CA = 159° £ 1.5°, SA = 7° +
1.5°, measured parallel to the surfaces), positive direc-
tion and negative direction are the measured directions
as labeled in Figs. 2(a), 2(d) and 2(g). These results
demonstrate that anisotropic superhydrophobic and dir-
ectional sliding states can be realized by this snake scale-
like three-level hierarchical micro/nanostructured sur-
face. Herein, the surface chemical modification has not
been utilized in the preparation, which means that the
unique three-level hierarchical micro/nanostructures
mainly induce the directional wetting performance.

To evaluate the directional control of the water-slid-
ing ability, the sliding process is monitored in real time,
the positive and negative directions sliding states of the
snake scale-like surface are measured (Fig. 3 and Movies
S2 to S5, Supplementary information). As shown in Fig.
3(a), the sample is first tilted 30° along the positive direc-
tion, droplets (about 20 pL) are randomly added at dif-
ferent locations, all the droplets instantaneously rolling
off the as-prepared surface along the positive direction.
Then, the sample turns 180° to the negative direction
and it still tilted at 30°. All the added droplets are ad-
hered on it. The motion of water flowing along the posit-
ive and negative directions is also studied when the

Positive direction

Negative direction

Positive direction Negative direction

Fig. 3 | Directional water transport property and water repellency of the superhydrophobic surface. (a) Time sequences of snapshots of a

water droplet rolling on the as-prepared surface along the positive and negative directions. See Movies S2 and S3. (b) Time sequences of snap-

shots of water stream flowing through the as-prepared surface along the positive and negative directions. See Movies S4 and S5. The as-pre-

pared surfaces in (a) and (b) are tilted 30°.
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tact angle on snake scale. (c) The apparent contact angle on snake scale. (d) Schematic illustration of liquid flow in the positive direction of

snake scale-like structures. (e) Schematic illustration of liquid flow in the negative direction of snake scale-like structures.

as-prepared surface is tilted at the same angle. Under the
action of gravity force, the water flow is accelerated at the
moment leaving the syringe and falls to the as-prepared
surface. In the experiment, the surface is tilted 30°. Fig-
ure 3(b) shows the motion of water flow on the aniso-
tropic surface at different time. Water flows smoothly
along the positive direction of the superhydrophobic sur-
face. Under the same conditions, only when the water ac-
cumulates and the gravitational potential energy exceeds
the adhesion, the water begins to flow along the negative
direction of the superhydrophobic surface. Moreover,
when the gravitational potential energy drops smaller
than the adhesion force by lowering the height of water
flow, instead of flowing down along the negative direc-
tion of the as-prepared surface, most of the water flow is
guided horizontally to both sides by the surface until it
exceeds the superhydrophobic surface boundary. More

details of the droplets and water flow moving along the
two directions are shown in Movies S2 to S5. In these
Movies, it is easy to observe the difference between the
droplets/flow sliding along the positive and negative dir-
ections of the as-prepared surface. The experimental res-
ult shows that the adhesion of the liquid sliding against
the positive direction is larger than that along the posit-
ive direction. Therefore, it can be concluded that differ-
ent droplet transportation paths can be achieved by us-
ing the snake scale-like three-level hierarchical
micro/nanostructures to control the water-sliding dir-
ectivity. Furthermore, it needs to be stressed that droplet
transportation just represents one function, the surface
with such an ability can be easily extended to other mi-
crostructure-dependent functional applications, such as
pipeline transportation, vehicle acceleration, and other

fluidic devices.
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From the above experimental results, it can be seen
that the hierarchies of surface micro/nanostructures
(three-level hierarchical snake scale-like micro/nano-
structures) and suitable arrangement of the micro/nano-
structures (tilted cross stacked arrangement) are import-
ant for the smart wetting performance, which can be ex-
plained as follows. As a three-level hierarchical structure,
the snake scale-like structure consists of large snake scale
structures in sub-millimeter scale and inclined cone-
shaped structures in microscale, decorated with nano-
particles (Fig. 4). First of all, at the nanoscale (Fig. 4(a)),
pulsed laser ablation produces active magnetite (Fe304_g
with 0<o<1) on the surface of stainless steel, which has
been identified as an environment capable of dissociat-
ing and absorbing carbon dioxide’-*. Over time, the
carbon dioxide decomposition reaction is sustained and
slow under ambient air with nonpolar carbon deposited
on the nanoparticles (over 1 month). The efficient
amount of low surface energy of carbon and its com-
pound which were deposited on the surface could re-
duce the surface energy of the as-prepared surface. Thus,
the intrinsic contact angle Oyoung of the snake scale-like
surface can be increased. Secondly, to combine nano-
particles with microscale inclined cone-shaped struc-
tures, there is an opportunity to achieve the high appar-

ent contact angle 6/ . and the Cassie-Baxter state sim-

young
ultaneously (Figs. 4(b) and 4(c), the micro/nanostruc-
tures can form air pockets to trap air and lead to the sur-

face superhydrophobicity*).

cosG;mlng = £,c080y0ung — f » (2)
where f; and f, are the fractions of the solid surface and
air in contact with water, respectively (i.e., f, + f; = 1).
Based on the above explanation, it would be easy to un-
derstand the transform of surface wetting to superhydro-
phobic. Meanwhile, after the introduction of the sub-
millimeter scale snake scale-like structures with an in-
clination angle (Figs. 4(d) and 4(e)), the as-prepared sur-
face acquires anisotropic friction characteristics. When a
water droplet is wetting and rolling on the surface, the
solid/liquid contact area increases in the forward and de-
creases in the backward directions. The resistance of the
droplet mainly comes from the adhesion force when the
liquid detaches from the solid in the backward direction.
The friction force of the droplet is related to the detach-
ing area of the solid/liquid interface when the liquid
moves a unit distance, and the friction force is the
product of interfacial energy and the detaching area di-

https://doi.org/10.29026/0ea.2021.210008

vided by the unit moving distance F = (ygl + Ve — yﬂ)
xk x Al/As*. Here y is the interfacial energy, k x Al is
the detaching area, k is the width of the liquid flow, Al is
the detaching distance of the solid-liquid interface, and
As is the unit moving distance of the liquid droplet.
When the liquid droplet rolls in the positive or negative
direction of the snake scale-like structures, the ratio of Al
to As is different due to different inclination angles.
Al,/As = sina/sin (a — 0),  Al,/As = sina/sin (a + 0),
where 8 is the inclination angle of the snake scale-like
structure, and « is the contact angle. As a result, the de-
taching distance of the solid/liquid interface Al, (along
the negative direction) is larger than the detaching dis-
tance of the solid/liquid interface Al, (along the positive
direction). Therefore, the liquid droplet rolls in the neg-
ative direction, the friction force is larger than that in the
positive direction. Meanwhile, when the water flow is
against the positive direction of the as-prepared surface
and the impulse of the flow is large enough, it is easy for
the water flow to break the air pockets at the interface
and the trapped air in the oblique grooves is replaced by
water. This causes the transition of the superhydro-
phobic surface from Cassie-Baxter to Wenzel state, and
the motion state of water flow changes from rolling state
to pinning state and produces high adhesion. Therefore,
the snake scale-like surface with particular three-level
hierarchical micro/nanostructures can realize superhy-
drophobic and directional tunable water sliding.
Moreover, based on theoretical analyses, the rolling
movement of water droplets along the positive and neg-
ative directions of the snake scale surface under the ac-
tion of gravity force is simulated. Simulation of the flow-
field is performed using a VOF method with ANSYS Flu-
ent, which is a numerical technique used to track the flu-
id-fluid interface in computational fluid dynamics*. The
volume of the water droplet is 20 pL and the tilt angle of
the snake scale-like surface is 30°. Figures 5(a) and 5(b)
show the simulation models as the droplets rolling in the
positive direction and negative direction, respectively.
The green, white, and blue areas represent water
droplets, air, and substrate, respectively. To simulate the
fluid interface between the air and the water. The edge of
the water droplet is used as the initial interface. The edge
of the rough structure of the substrate is used as the wet-
ting wall. The CA of the wetting wall is 159°. The transi-
ent results of the water droplet moving in 16 ms are cal-

culated. As shown in Figs. 5(c), 5(e) and 5(g), the change
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Fig. 5 | Simulated regimes of the droplet sliding on the snake scale-like surface along the positive and negative directions. (a, b) Local

magnification of the simulation structures. (c, e, g) Time sequences of simulations of a water droplet rolling on the as-prepared surface along the

positive direction. See Movie S6, Supplementary information. (d, f, h) Time sequences of simulations of water droplet rolling on the as-prepared

surface along the negative direction. See Movie S7, Supplementary information.

of color scale on the left represents the change of the ve-
locity vector, when the water droplet drops on the snake
scale-like surface which is tilted 30° along the positive
direction, the droplet moves about 5 mm to the left at 16
ms. Correspondingly, when the snake scale-like surface
is tilted 30° along the negative direction, the droplets ad-
here to the surface and do not move, as shown in Figs.
5(d), 5(f) and 5(h). More results of simulation at differ-
ent directions are presented in Movies S6 and S7 (see
Supplementary information). Under the equal inclina-
tion angle of the surface, the simulation results show that
the rolling distance of droplet along the positive direc-
tion is greater than that along the negative direction, in-

dicating that the friction force at the solid-liquid
interface along the positive direction is less than that in
the negative direction. It is theoretically proved that the
snake scale-like surface can realize directional tunable
water sliding.

Based on both the excellent superhydrophobicity and
high directional performance of the snake scale-like
structure surface, it is highly expected that coupling this
structure with ship surfaces to form a “ship skin” could
further realize directional reducing/increasing friction.
The dynamic response between the solid and liquid in-
terfaces under continuous water flow is studied. In par-
ticular, stainless steel plates textured with snake
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scale-like structures are designed as skins covered both
sides of a ship model to study the directional movement,
the water circulation system provides a continuous wa-
ter flow, and friction force occurs when the surface of the
ship moves under the continuous water flow (Fig. 6(a)).
As shown in Fig. 6(b) and Movie S8 (see Supplementary
information), the ship moves rapidly under the continu-
ous water flow along the positive direction of the as-pre-
pared surface, which is mostly attributed to the direc-
tional superhydrophobicity caused by the inclined hier-
archical snake scale-like structures. As the water flow is
along the positive direction, it is difficult for the water to
enter the grooves because of the existence of the scales
and the inclined grooves. Additionally, the moving states
of the ship can be manipulated by rotating the ship 180
degrees (Fig. 6(c)). The results show that when other
conditions are the same as that before the ship rotates,
the ship hardly moves with the flow of water, it is

Fig. 6 | Application of the surface as a “ship skin” for control-
lable navigational direction. (a) The simulated model and the real
object of the ship, and the schematic illustration of the water circula-
tion system. (b, ¢) Time sequences of snapshots of an armoured
ship moving under the continuous water flow along the positive and
negative directions of the as-prepared surface. See Movie S8, Sup-
plementary information.

because the friction force of the as-prepared surface in
the negative direction is larger than that in the positive
direction, and the air pockets at the interface are broken
by the water flow, which causes the increase of surface
adhesion force, as explained before. The snapshots of the
movement of the ship confirm that the directional super-
hydrophobic behaviors are achieved by the snake scale-
like structures fabricated by the laser processing.

Conclusions

In conclusion, we present a novel bionic snake scale-like
three-level hierarchical micro/nanostructured surface to
realize superhydrophobicity and directional water slid-
ing. To demonstrate the unique directional superhydro-
phobicity controlling, a stainless steel surface with snake
scale-like three-level hierarchical micro/nanostructures
is fabricated by laser ablation. Experimental results re-
veal that the CA can be achieved as high as 159°.
Moreover, the adhesion force and the SA show strong
dependence on the direction of the structures of the sur-
face, giving the possibility of controllable superhydro-
phobic states along the positive and negative directions.
Based on these unique properties, a “ship skin” for direc-
tional movement study is proposed. This work can
provide new understandings toward solving the prob-
lems of superhydrophobic surfaces with directional wet-
tability, and control the water mobility for a wide range
of potential applications, such as water harvesting,
droplet manipulation, pipeline transportation, and
vehicle acceleration.
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Movies S1 to S8

Movie S1. SAs on the as-prepared surface corresponding to the positive and
negative directions, respectively.

Movie S2. The variation of the droplet rolling on the as-prepared surface
along the positive direction.

Movie S3. The variation of the droplet rolling on the as-prepared surface
along the negative direction.

Movie S4. The variation of water flowing through the as-prepared surface
along the positive direction.

Movie S5. The variation of water flowing through the as-prepared surface
along the negative direction.

Movie $6. The sliding movement of water droplets on the as-prepared sur-
face along the positive direction in simulation.

Movie S7. The sliding movement of water droplets on the as-prepared sur-
face along the negative direction in simulation.

Movie S8. The moving states variation of an armoured ship moving under
the continuous water flow along the positive and negative directions of the
as-prepared surface.
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