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Abstract: The spontaneous directional transportation (SDT) of water and gas has functions such
as efficient water collection, enhanced heat transfer, underwater drag reduction, and so on, having
great application prospects in aerospace and navigation fields. Therefore, it is important to efficiently
prepare spontaneous directional water droplet transportation (SDWT) surfaces and spontaneous
directional gas bubble transportation (SDBT) surfaces and apply them in different fields. In recent
years, researchers have used biological structures as the basis for their studies and have continued to
analyze the SDT transport mechanism in depth, aiming to find more efficient transportation methods.
In this review, we first summarize the important basic theories related to fluid transportation. Then,
the related methods and the limitations corresponding to SDWT and SDBT are introduced and
discussed. In addition, we review the applications of SDWT and SDBT. Finally, we highlight the
challenges and future perspectives of SDWT and SDBT.

Keywords: spontaneous directional transportation; wettability gradient; shape gradient; cooperative
surface

1. Introduction

In recent years, fluid transportation has gradually gained attention because of the de-
velopment of precision medicine, micro-devices, and green energy collection. Researchers
found that surfaces for water and gas transportation had numerous applications such as
fog collection, heat transfer, drug transportation, and so on [1-7]. However, when a water
droplet touches a solid surface, it will perform some indeterminate behaviors, such as
impacting, jumping, trapping, and spreading. An underwater gas bubble demonstrates
similar behaviors (adhesion, merging, etc.) when it contacts a solid surface. Researchers
have undertaken many studies to make spontaneous directional transportation (SDT)
possible, meaning that fluid can be transported on an expected trail.

Currently, the means of controlling fluid for spontaneous and directional transporta-
tion can be divided into two methods: fluid transportation using external energy and
spontaneous directional fluid transportation without external energy input. Directional
transportation using external energy is often achieved by magnetic field [8-10], electric
field [11-13], thermodynamics [14,15], optics [16-18], and so on. Despite the fact that these
methods can achieve directional fluid transportation, their application areas are limited
due to the need for external energy input. Researchers have found that the spontaneous
directional transportation of fluids without external energy input can also be achieved by
using gravity or buoyancy. However, these methods can only transport fluid vertically
upwards or downwards, and the accuracy of the fluid transportation is difficult to guaran-
tee. When researchers studied organisms in nature, they found that many organisms had
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evolved unique microstructures on their surfaces that enabled spontaneous directional wa-
ter transportation (SDWT) and spontaneous directional gas bubble transportation (SDBT).
Inspired by organisms in nature, researchers developed a variety of functional surfaces to
enable spontaneous directional fluid transportation. The entire transportation process of
the water droplet or gas bubble on functional surfaces does not require external energy
input. Therefore, the application field of spontaneous directional fluid transportation will
be more diversified in the future and is one of the key areas for the future development
of fluid transportation systems. In 2001, Parker [19] from Oxford University found that
numerous hydrophobic bulges and hydrophilic groove structures on the back of the desert
beetle allowed the captured water droplet to be transported from its back to its mouth. The
Janus membrane is also referenced, which is used for oil-water separation [20]. In 2012, Ju
et al. [21] from Beihang University found that cacti evolved cone-shaped spines to adapt to
desert environments. The fog droplets would spontaneously transport from the tip to the
root due to the unbalanced Laplace pressure. Based on this, researchers designed a variety
of structures inspired by the cactus spine for fog collection [22-24] and underwater gas
supply [25]. In 2016, Chen et al. [26] found that water could transport continually on the
peristome of nepenthes against gravity because of its multiscale structure, which optimized
and enhanced the capillary force. Inspired by this, researchers designed an artificial bionic
multiscale surface, which could control the water droplet transportation in a lab-on-a-chip
device [27] and capture the bubbles underwater [28].

In this review, we first look back at the important basic theories related to fluid
transportation. Then, we summarize the theories and methods of SDWT and SDBT and
discuss their limitations. In addition, we review the applications of SDWT and SDBT in the
fields of fog collection, fluid control, heat transfer, gas collection, and underwater sensors.
Finally, we provide an outlook on the future of SDT based on the existing water droplet
and gas bubble transportation methods and applications.

2. Basic Theories

The relevant basic theories of fluid transportation include contact angle, contact angle
hysteresis, advancing contact angle, receding contact angle, sliding angle, three classical
wettability models, surface tension, surface energy, and Laplace pressure. It is important to
understand these theories to figure out the principle of SDT.

2.1. Contact Angle, Contact Angle Hysteresis, Advancing Contact Angle, Receding Contact Angle,
and Rolling Angle

Contact angle 6 is often used to characterize solid wettability. It is the angle between the
tangent line of the gas-liquid interface and the solid-liquid line at the junction of gas, liquid,
and solid phases. According to the different contact angles of water on the solid surface, the
wettability of solid surface can be divided into four types: superhydrophilic (0° < 6 < 10°),
hydrophilic (10° < 6 < 90°), hydrophobic (90° < 6 < 150°), and superhydrophobic
(150° < 0 < 180°) [29-31]. In the case of the wettability of underwater gas bubbles on the
solid surface, the wetting interface changes from a solid-liquid interface in air to a gas—solid
interface in water, but the above theory is still valid.

For example, in the case of liquid, when delivering liquid to a droplet on a smooth and
ideal solid surface, the contact line will move outward and keep the contact angle of the
droplet the same. However, because the actual solid surface is rough and inhomogeneous,
the contact line may not move with the increase in liquid volume. This phenomenon is
called contact angle hysteresis. When delivering liquid to a droplet on a rough surface,
the contact angle will increase because of contact angle hysteresis, and the contact angle at
this time is named advancing contact angle 6,4. The contact angle when the solid-liquid
contact line is about to move forward is the maximum advancing contact angle, as shown
in Figure 1a. On the contrary, removing liquid from a droplet on a rough surface causes
the contact angle, called receding contact angle 6y¢, to decrease. The contact angle when
the solid-liquid contact line is about to move backward is the minimum receding contact
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angle, as shown in Figure 1b. The contact angle hysteresis usually causes the drag force in
SDWT, and the force F can be calculated by the following equation [32]:

F = mwry(cos bre — c080,q) 1)

where w is the diameter of the solid-liquid contact surface and vy is the surface tension.
On a tilted plane, the advancing angle and the receding angle of the liquid can also be
observed. Due to the existence of the contact angle hysteresis, when the plane begins to
tilt, the droplet does not immediately move. When the plane rotates to a certain angle,
the droplet begins to roll. This angle is called rolling angle a. The degree of contact angle
hysteresis determines whether the droplet is easy to roll.

'y
2.8

Figure 1. Wetting behavior of a droplet on a solid surface. (a) Advancing angle. (b) Receding angle.
(c) Young model. (d) Wenzel model. (e) Cassie-Baxter model. (f) Laplace pressure.

2.2. Three Classical Wettability Models

The wetting behavior of a droplet on a solid surface can be summarized as follows:
the Young model [33], the Wenzel model [34], and the Cassie-Baxter model [35], as shown
in Figure Ic—e.
1. Young Model

The Young model is a model of a droplet on an ideal and smooth solid surface. It
was proposed by Thomas Young in 1805, showing the connection between the surface
tension and the static contact angle on an ideal smooth solid surface. The model equation

is as follows:
_ YSG — YsL 2)

MG
where 0 is the eigen contact angle of the droplet to the solid; ysg, ¥s1, YL.G are the surface
tensions of the solid-gas interface, solid-liquid interface, liquid—gas interface.

2. Wenzel Model

cos B =

Since the actual surface is not an ideal smooth surface, American researcher Robert N.
Wenzel proposed the Wenzel model in 1936 based on the Young model. This model added
the roughness factor, as follows:

(7sG — ¥sL)
TLG

cosfy =7 = rcosbe 3)



Appl. Sci. 2023,13, 9961

4 of 28

where 0, is the apparent contact angle, and r is the roughness factor which is equal to the
ratio of the actual and the projection area of the rough surface. From the Wenzel model, it
can be seen that the rougher surface will make the originally hydrophilic surface become
more hydrophilic, and the originally hydrophobic surface will become more hydrophobic.
The Wenzel model also explains that the surface of rose petals presents a superhydrophobic
state but has a high adhesive force with water droplets. Jiang et al. studied and analyzed
the phenomenon of the “petal effect” in 2008, and pointed out that the microstructure scale
distribution of rose petal surface is the main factor affecting the adhesion of rose petals
to water droplets [36,37]. The model successfully promotes the Young model to realistic
situations but still fails to explain the low adhesion of water droplets on lotus leaves.

3. Cassie-Baxter Model

To solve the limitation of the Wenzel model, Cassie and Baxter improved it in 1944.

The Wenzel model pointed out that a droplet on a rough surface does not fill all the rough

structures of a surface and leaves air in them. Based on this theory, they proposed the
Cassie—Baxter equation:

cos 0, = f1cos b + f cosby 4)

where f1 and f, represent the liquid-solid contact area ratio and the liquid-air contact area
ratio; 6y is the eigen contact angle of the droplet to the gas. When it is a water droplet,
since the eigen contact angle between water and air is 180°, the equation can be simplified
as follows:

cosf, = ficosfe — f2 5)

From the above equation, it can be seen that when the eigen contact angle of the solid
surface is a constant value, the contact angle will increase by decreasing the contact area.
Since the water droplet in this model does not completely fill the rough structures of the
surface, this helps the rolling of the water droplet. The reason why the droplets on lotus
leaves show a superhydrophobic state and can roll off very easily can be explained using
the Cassie-Baxter model. Ren et al. [38] prepared a biomimetic microarray surface by using
shape memory polyurethane (SMP) as a substrate. With the help of SMP, the modulation
of the surface morphology can be realized, and the droplets can be changed between the
Wenzel and Cassie—Baxter models to achieve the difference in surface adhesion.

2.3. Surface Tension, Surface Energy, and Laplace Pressure

Surface tension is generated from the asymmetric force on the molecules of the surface.
The direction of surface tension is the same as the tangent direction of the fluid surface layer.
Surface energy is the energy required to extend a unit area of a material under constant
temperature and pressure. Surface tension and surface energy of solid and liquid are key
factors affecting surface wettability. For a liquid, surface tension and surface energy are
numerically equal. Because of the energy minimization principle, the number of molecules
in the surface layer of the liquid needs to be minimized, which causes the droplet to change
its shape or position spontaneously. As shown in Figure 1f, for a liquid with a free interface,
the force generated by the curve surface is named Laplace pressure. Its direction points to
the center of the circle of the curvature, and the amount of force can be calculated by the
following equation:

_ 2y
AP =S (6)

where R is the radius of curvature. Laplace pressure is an important driving force for SOWT.
Thus, we can generate unbalanced Laplace pressure by changing the contact shape of the
droplet to realize SDWT. The principle of SDBT using shape gradient characteristics same
as SDWT.
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3. Spontaneous Directional Transportation of Water Droplet (SDWT): Methods
and Applications

In nature, plants and animals have evolved function surfaces due to their self-survival
needs. By investigating these surfaces, researchers explored many function surfaces with
gradient characteristics that can be used for efficient SDWT. An unbalanced Laplace force
will be generated when a water droplet is on these surfaces, leading to SDWT. By reasonable
design of the gradient characteristics of these surfaces, SDWT can be achieved. The gradient
characteristics of these surfaces can be divided into three types: wettability gradient, shape
gradient, and cooperative gradient.

3.1. SDWT Based on Wettability Gradient

The wettability gradient characteristic is the continuous change in the wettability on
the surface. Since there are certain differences in the contact angle, advancing contact angle,
and receding contact angle of the droplet on the surface with a wettability gradient, it will
result in the spontaneous directional transportation of water droplets from the side that is
not easily wetted to the side that is easily wetted.

In 1978, Greenspan [39] first predicted that a water droplet could directionally trans-
port on a surface with the wettability gradient through theoretical and analytical modeling
derivations. In 1992, Chaudhury et al. [40] prepared a surface with wettability gradients by
exposing a polished silicon wafer to the diffusing front of a vapor of decyl trichlorosilane.
On this surface, water droplets showed a contact angle ranging from 25° to 97°. For the
first time, water droplets could transport against gravity on a 15° tilted plane with a speed
of 1 mm/s to 2 mm/s. In 2001, this team also similarly created a sample that had a contact
angle of 100° in the surface center and a contact angle of 0° at the surface edge [41]. They
performed condensation tests on this surface; as shown in Figure 2a, droplet 1 and droplet
3 spontaneously transported through the sample surface within 0.033 s, and droplet 2 did
not move significantly at first due to its location. However, at 0.466 s, the position of droplet
2 had changed, which caused droplet 2 to be quickly transported across the surface within
the next 0.033 s. Feng et al. [42] developed a method by controlling the distance between
the electrodes to achieve differences in chemical composition on the surface, as shown in
Figure 2b. Water droplets could spread spontaneously up to 4 mm and transport against
gravity on this surface. This method can quickly create a surface with a wettability gradient
on different conductive metals. In 1997, Wang et al. [43] produced TiO,-coated glasses with
a wettability gradient using UV irradiation, which enabled the use of light to control the
chemical composition. After that, Ito et al. [44] developed a photodegradation technique to
fabricate a wettability gradient by controlling the light intensity and duration. As shown in
Figure 2¢, a 2 pL water droplet can transport on this surface at a maximum speed of 6 mm/s
and a maximum distance of 3.5 mm. Hong et al. [45] changed the oxidizer concentration by
diluting it and controlled the oxidation time to oxidize vinyl-terminated self-assembled
monolayers (SAMs) to carboxylic acid (COOH)-terminated SAMs. The behavior of droplet
transportation on this surface is shown in Figure 2d. This is a simple preparation process
and allows the generation of gradients at multiple points on the surface. Hernandez [46]
also produced a chemical composition gradient on the graphene surface using plasma
processing in conjunction with a mask, which has the advantages of convenience, flexibility,
controllable process, and environmental friendliness (Figure 2e).
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Figure 2. Fabrication and droplet motion behavior on the surface with wettability gradient caused by
different surface compositions. (a) Condensation and droplet transportation on surface fabricated by
vapor phase diffusion. Reproduced with permission from [41], Copyright 2001, Science. (b) Schematic
illustration of the formation of wettability gradients on a graphite plate and water contact angles
along the gradient surface. Reproduced with permission from [42], Copyright 2014, Angew. Chem.
Int. Ed. (c) Droplet motion behavior on wettability gradient surfaces fabricated by photolithography.
Reproduced with permission from [44], Copyright 2007, Langmuir. (d) Fabrication and droplet motion
behavior on the surface generated by controlled surface reactions. Reproduced with permission
from [45], Copyright 2010, Langmuir. (e) A well-controlled chemical gradient on the surface fabricated
by plasma processing. Reproduced with permission from [46], Copyright 2013, ACS Nano.

According to the Wenzel model, it can be seen that the contact angle of the surface
with lower surface roughness is also smaller. Thus, a water droplet will spontaneously
and directionally transport from the hydrophilic area with higher roughness to that with
lower roughness. He et al. [47] bonded a thin polydimethylsiloxane (PDMS) membrane
on the top of a rough PDMS substrate and deflected it pneumatically, which achieved a
wettability gradient using roughness difference for the first time. This method did not
change the chemical composition of the surface and developed a new strategy for the
fabrication of wettability gradients. Zhu et al. [48] fabricated square columns with different
side lengths, heights, and spacing on the silicon surface by photolithography, which caused
the roughness difference. Inspired by this, Sun et al. [49] proposed a surface with different
roughness by changing the laser processing parameters. On this surface, the contact angle
of the water droplet ranges from 126° to 145° and the surface can achieve SDWT (Figure 3a).
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Chu et al. [50] fabricated nano-pillars using photolithography and plasma etching, and then
tilted these nanopillars by the stresses generated by unilateral gold film on nano-pillars.
Its surface nanostructure and water droplet transportation are shown in Figure 3b. Li
et al. [51] created a V-shaped array on the surface of an elastic material. By changing the
curvature of the elastic film, the parameters of the V-shaped arrays can also be changed,
which might lead to a difference in the wettability gradient. When the curvature changes,
the water can be transported in different directions. In addition to the above methods, O.
Bliznyuk [52] presented a way to change the ratio of hydrophilic and hydrophobic regions
of a surface to achieve a wetting gradient. The schematic illustration of the structure and
the droplet motion behavior are shown in Figure 3c. Similarly, Liu et al. [53] fabricated
a wettability gradient (CA = 15.5°~166°) by etching silicon nanopillars and adjusting the
area of hydrophilic silica planes. As shown in Figure 3d, the speed of the droplet can be up
to 75 mm/s, and the droplet can transport in curves along a designed track. In addition,
Huang et al. [54] used photolithography combined with low surface energy modification
to fabricate circular arrays with different diameters and spacings on the copper surface. On
this surface, a water droplet could easily transport past the surface within 2.5 s.

pattern I pattern II pattern III
SiO, (um) 30 30 30

PFDTS (pm) 27 15 9

PFDTS |0=0.9 |0=0.5|0=0.3! SiO,
11000 pm! 0.002s

6,=128.2°
‘ 8,=127.4°
—

0.006s
6,=118.8°
0,=106.6°

0.054s
6,=85.6°
0,=81.5°

0.114s
6,=86.8°
,=79.7°

0.20s
6,=80°
0,=74.5°

0.55s
6,=70.5°
6,=59.9°

Figure 3. Wettability gradient caused by different surface roughness. (a) Water transportation on
a laser-etched surface. Reproduced with permission from [49], Copyright 2008, Thin Solid Films.
(b) Nanostructure and water droplet motion behavior of surfaces with different nanopillars. Repro-
duced with permission from [50], Copyright 2010, Nature Materials. (c) Structure of a surface that has
different ratios of hydrophilic and hydrophobic regions and water droplet motion behavior on it.
Reproduced with permission from [52], Copyright 2011, Langmuir. (d) Wetting behavior and water
droplet motion behavior of a surface consisting of hydrophobic silica nanopillars and hydrophilic
Si0,. Reproduced with permission from [53], Copyright 2017, Scientific Reports.



Appl. Sci. 2023,13, 9961

8 of 28

The surface with a wettability gradient for water droplet transportation was one of
the first areas that researchers began to study. Many researchers focused on the fabrication
of wettability gradient surfaces using more convenient processing methods. However,
the commonly used processing methods, such as vapor phase diffusion [39-41,55], SAMs
remold [44,45], photolithography [43,48,50,54], and so on, are still complex and unsuitable
for large-area processing. But most wettability gradient surfaces have hydrophilic regions
that leave water stains after droplet transportation. This will change the former wettability
gradient, resulting in unsustainable transportation.

3.2. SDWT Based on Shape Gradient

Shape gradient means that there is no change in the wettability of the sample surface,
and the water droplet transportation is only caused by the macro/micro morphology of the
surface. When a water droplet falls on a surface with a shape gradient, it will be driven by
the Laplace force, resulting in SDWT. Shape gradient characteristics can usually be divided
into two types: using a cone-like shape to make the droplet subjected to unsymmetrical
Laplace pressure and using a repetitive array structure to make the droplet subjected to the
unbalanced force, causing them to diffuse directionally.

3.2.1. Cone-like Shape

Cone shapes formed between non-parallel plates are the most common three-dimensional
asymmetric structures. The shape gradient characteristics caused by cones can be divided
into concave curvature gradients on the inner surface of the cone (Figure 4a) and convex
curvature gradients on the outer surface (Figure 4b). The concave curvature gradient
on the inner surface of the cone causes the water droplets inside the cone to have an
asymmetrically curved surface. This may result in the water droplets being affected by
the unbalanced Laplace pressure and thus spontaneously transporting from a position of
bigger curvature to a position of smaller curvature. In 1712, Hauksbee [56] first discovered
that when oil of orange is placed between two glasses that are not parallel to each other,
it will spontaneously transport towards the direction where the gap thickness is small.
Prakash et al. [57] also discovered a way of SDWT inside a cone by studying the movement
of the shorebird’s beak during feeding, as shown in Figure 4c. The team designed a tweezer
that can be controlled, and from theory, they analyzed SWDT between asymmetric plates
that are repeatedly opened and closed [57,58].

Convex curvature gradients on the outer surface of the cone similarly result in an
unbalanced Laplace pressure, driving the droplets at the outer surface of the cone from
positions of smaller curvature to positions of larger curvature. In 1986, Carroll [59] dis-
cussed the balance of a water droplet on an elongated cylinder. McHale [60,61] calculated
the surface energy of the water droplet by finite element analysis, explaining why small
droplets on an elongated cylinder looked like a clamshell, while large droplets tended to
form a barrel shape. Inspired by the above studies, Lorenceau et al. [62] showed a strategy
for SDWT on a conical wire for the first time and pointed out the driving force was the
Laplace pressure difference. Researchers focused on SDWT on a conical outer surface for
a long time. They found that the conical structure of the cactus thorn helps it to easily
collect water in deserts [21]. Xue et al. [63] found that the shape of the green bristlegrass
bristle was a cone, with microgrooves on the surface, and had barbs so that the water
droplets could spontaneously transport from the top of the bristle to the bottom (Figure 4d).
Chen et al. [64] also pointed out that the water droplet on the setae of desert scorpions can
achieve a fast speed. They found that the shape of the scorpion setae was also a cone, and
it can accelerate the speed of water droplets to 100 mm /s by the water film caused by fog
collection. Cone-like shapes can also be found on spider silk [65] and many other bionic,
artificial fog-collecting surfaces [21,23,66,67].

Inspired by the cone-like shape of cactus thorns, the researchers proposed a wedge-
shaped pattern on a flat surface. However, initially, the researchers did not realize that
the wedge pattern could lead to SDWT, and they only created uniformly shaped tracks
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on the super-wetted surface to control the route of the water droplet [68-70]. Until 2013,
Alheshibri et al. [71] produced a wedge-shaped pattern by depositing hydrophobic copper
on hydrophilic aluminum. When 2-80 puL of water droplets fell on the narrow side, they
were able to transport from the narrow side of the wedge to the wide side of the wedge
angle. They pointed out that the droplet motion behavior and the velocity of the water
droplets depend on the wedge angle and the contact angle of the droplets on aluminum
and copper. This study provides ideas and a basis for the SDWT on patterned super-
wetted surfaces. As shown in Figure 4e, SDWT on a single wedge-shaped pattern (SWP)
was noticed first. Ghosh et al. [72] used UV light in combination with a photomask to
produce SWP and analyzed the motion behavior and force of the droplet on the pattern.
The maximum water transportation flow rate of this pattern can reach 350 puL/s, and
the maximum instantaneous speed of water droplets can reach 400 mm/s. This pattern
also enabled droplet merging and anti-gravity transportation. In order to improve the
transportation performance of SDWT, Liu et al. [73] fabricated SWP on a superhydrophobic
aluminum by laser processing and studied the effect on transportation caused by different
parameters of the laser processing. They pointed out that the microgrooves fabricated
by laser processing led to faster water transportation speeds. SWP has shown excellent
transportation performance in the field of SDWT. But because of its single wedge shape,
it has a generous size at the end of the pattern, which may cause fluid loss. If the water
droplet becomes smaller during transportation, the driving force coming from Laplace
pressure will also be smaller, which results in a short transportation distance. To solve this
problem, Liu et al. [74] proposed a superhydrophilic serial wedge-shaped pattern (SSWP) in
which the wedges are connected head to tail (Figure 4f) to decrease fluid loss and increase
the water transportation distance. However, this brings another problem: when the water
droplets are at the junction of the pattern, they will be impeded by pinning force, which
leads to a loss of speed. To solve the problem, researchers began to study the optimization
of the junction. Liu et al. [74] proposed a method of arc junction transition optimization
which increased the speed by 5 percent. Inspired by nepenthes, as shown in Figure 4g,
Xie et al. [75] proposed a method of wedge junction transition optimization, resulting in
the normalized transportation distance (transportation distance/droplet diameter) of 23.4
for a 3 uL droplet. Liu et al. [76] proposed a method of streamlined junction transition
optimization, which allows large water droplets to pass the junction smoothly. However,
a faster speed is always needed because of the significant use of SDWT. Yan et al. [77]
were inspired by nepenthes and proposed a superhydrophilic serial cycloid-shaped pattern
(SSCP). They replaced the wedge-shaped pattern with the cycloid-shaped pattern, which
made the wedge angle continuously change during the transportation process and reduced
the number of junctions (Figure 4h). The average water transportation speed within 50 mm
on SSCP was 40% higher than that of the SSWP.

These methods all have a cone-like shape and use the different Laplace pressures
caused by the shape to achieve SDWT (from narrow to wide). This water transportation type
has potential applications in fog collection, microfluidic devices, microchemical reactors,

and liquid mixing [78,79]. But it has the disadvantages of fixed transportation routes and
fluid loss.
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Figure 4. SDWT based on a cone-like shape. (a) Schematic illustration of SDWT on the inner surface
of the cone. (b) Schematic illustration of SDWT on the outer surface of the cone. (¢) SWDT between
asymmetric plates of a shorebird’s beak. Reproduced with permission from [57], Copyright 2008,
Science. (d) SDWT on the surface of green bristlegrass bristle. Reproduced with permission from [63],
Copyright 2014, RSC Adv. (e) Force conditions and water droplet motion of SWP. Reproduced with
permission from [72], Copyright 2014, Lab Chip. (f) SDWT on SSWP. Reproduced with permission
from [74], Copyright 2022, Chemical Engineering Journal. (g) Schematic illustration of wedge junction
transition optimization. Reproduced with permission from [75], Copyright 2022, Small Methods.
(h) Schematic illustration of SSCP and SDWT on it. Reproduced with permission from [77], Copyright
2023, Nanoscale.
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3.2.2. Repetitive Array Structure

With the development of SDWT, researchers not only focused on the study of macro-
scopic wedge shapes but also noticed that water droplets can also transport spontaneously
on the surfaces of some plants and animals that do not have apparent shape characteristics.
To find the reason for this, they began to focus on the microscopic images of plant and
animal surfaces and discovered that these surfaces with repetitive array structures were
also capable of water transportation.

In 1990, Sherbrooke [80] found that the special skin of lizards living in desert areas
could collect water in a rainy season and could transport water to the mouth in priority.
Comanns [81] and his team studied the microstructure on the skins of three different
lizards and found that there were honeycomb structures on their skin, which could be used
to collect water. The water transportation on the scales of the desert horned lizard was
most apparent. Thus, the team imitated this biological structure and fabricated repetitive
array structures on polymethyl methacrylate (PMMA) using laser etching technology. As
shown in Figure 5a, they made SDWT on this surface possible through a combination
of mathematical modeling analysis and experimentation [82-84]. This structure used the
asymmetric capillary structure to transport water and used interconnections to make the
water droplet form a free liquid surface again so that the next cycle of transportation could
be performed.

Not only the skins of animals but also the surface of plants can transport droplets
because of the repetitive array structure. The nepenthes plant has a specially evolved leaf
for attracting, capturing, and digesting arthropods. Bohn [85] found that there were smooth,
overlapping cells on the peristome surface of nepenthes, which allowed the peristome
surface to be completely wetted by the rainwater and nectar it secreted. Chen et al. [26]
found that the special multilevel asymmetric structure on its peristome surface enhanced
capillary action, allowing continuous SDWT and anti-gravity transportation. As shown
in Figure 5b, during transportation, the lower layer of water would continue to fill the
cavity of the structure, while the upper layer of water would keep spreading forward on a
shallower upper track, and the water in the back would be difficult to diffuse backward
because of the pinning force generated at the tip of the structure. Based on the above theory,
the team fabricated a tilted arch array structure with sharp edges using photolithography
to achieve the directional diffusion of water droplets [86-88]. Similarly, Li et al. [89,90]
designed a unique topological diode. They used the excess surface energy generated from
a water droplet to drive it to break through the front contact line pinning and used the
large pinning force to prevent the droplet from being transported backward. This method
could achieve fast, long-distance directional transportation, and has good application
prospects. However, such array structures are often damaged by external forces, affecting
their lifetime. Geng et al. [91] developed a two-dimensional asymmetric pattern to achieve
unbalanced forces by controlling the length of the contact line between the water droplet
and the hydrophobic pattern, as shown in Figure 5¢, which finally resulted in SDWT. Shang
et al. [27] were also inspired by nepenthes and found that tilted cone arrays could also be
used for SDWT. The use of tilted cone arrays for transportation was also found on araucaria
leaf by Feng et al. [92]. These leaves have a specific curvature and cross-arrangement, as
shown in Figure 5d, which allows SDWT in three dimensions. Inspired by pine needles,
Feng et al. [93] designed asymmetric Janus pillars. As shown in Figure 5e, droplet merging
occurs at the tip of the pillars, transforming excess surface energy into kinetic energy, and
allowing droplet transportation along the pillars.
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Figure 5. SDWT based on a repetitive array structure. (a) The microstructure of the lizard skin and
SDWT on a surface inspired by it. Reproduced with permission from [82], Copyright 2015, Journal of
The Royal Society Interface. (b) Continuous SDWT and anti-gravity transportation on the peristome
surface of nepenthes. Reproduced with permission from [26], Copyright 2016, Nature. (¢) SDWT
on a two-dimensional asymmetric pattern. Reproduced with permission from [91], Copyright 2018,
Materials Horizons. (d) Three-dimensional capillary ratchet-induced SDWT on an araucaria leaf.
Reproduced with permission from [92], Copyright 2021, Science. (e) Droplet-bouncing transportation
inspired by pine needles. Reproduced with permission from [93], Copyright 2020, Sci Adv.

Summarizing the above methods of using repetitive array structure for SDWT, it can
be found that they are all aimed at creating asymmetric force on water droplets by using
specially designed structures. The pinning force plays a key role in the transportation
process. Through the reasonable design of asymmetric sharp edges, it can only increase the
pinning force on just one side of the droplets, which prevents the water droplet from being
transported backward. However, this method has a low transportation speed and a loss of
water because the droplets are diffused on the surface rather than moving as a whole and
are too complex to be fabricated on a large scale.

3.3. SDWT Based on Cooperated Gradient

In nature, many plants and animals do not just use a single transportation method
but combine both to achieve more efficient water droplet transportation. SDWT based on
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the cooperated gradient is a combination of both wettability gradient and shape gradient,
bringing out the strengths of both methods.

In 2010, Zheng et al. [65] found that the spindle knots of spider silk could lead to
unbalanced Laplace pressure after studying the water collection processes on Uloborus
walckenaerius, as shown in Figure 6a. At the same time, they discovered that spider silk
had a wettability gradient due to the difference in the microstructure and shape gradient
of the silk. These two factors eventually led to the efficient water collection of spider silk.
Meanwhile, polymer-based membranes have been developed in the fields of promoting
osmotic energy conversion and droplet-triboelectric nanogenerators due to their excellent
mechanical properties, controllable dimensions, and other advantages [94-96]. Inspired by
the above, this team fabricated bioinspired bead-on-string silkworm silk using a polymer
combined with silkworm silk. They dipped natural silkworm silk (NSS) into a solution of
PVDF (poly(vinylidene uoride) in DMF (N,N-dime-thylformamide). The polymer solution
film broke up along the NSS to form periodic polymer droplets and formed a periodic
spindle structure after phase separation. Due to the good biocompatibility of PVDF, it
formed a regular geometrical structure on BSS and had better water collection performance
and mechanical properties [97]. Analysis of rapid fog collection on the surface of cactus
spines was carried out by Ju et al. [21] This study found that cactus stems were covered
by lots of cone-like spines and trichomes and there were multistage microgrooves on the
surface of cactus spine. The cone-like shape produced the difference in Laplace pressure,
and the microgrooves were sparser near the roots, leading to differences in roughness and
then forming a wettability gradient. As shown in Figure 6b, the above two characteristics led
to cooperative water transportation. Deng et al. [98] combined a wettability gradient with a
single wedge-shaped wettability pattern, which allowed for water droplet transportation on
an upside-down surface. Liu et al. [76] also solved the problem of the block caused by the
pinning force on SSWP in this way. Chen et al. [99] found in their observations of sarracenia
that there are unique hierarchical microchannels on the trichome, as shown in Figure 6c.
Two neighboring high ribs formed a large channel that contained 1-5 low ribs, which led
to a water film on it. This structure allowed ultrafast SDWT at a speed that was three
times faster than that on spider silk and cactus thorn. Combining multiple structures from
nature allowed for more efficient SDWT. Park et al. [66] proposed a slippery asymmetric
bump by combining the wettability gradient on the back of the beetle, a wedge-shaped
pattern of cactus thorn, and the microstructure of the nepenthes. This bump increased
the rate of droplet formation during fog collection by six times and greatly improved
fog collection efficiency. To solve the unnecessary pinning effect at the contact line, Feng
et al. [67] developed a continuous, directional, and long-distance transportation system
for fog droplets on the surface of serial cones, as shown in Figure 6d, inspired by spider
silk and butterfly wings. Droplets can periodically shift between convex—continuous and
concave—intermittent, allowing them to gather at the junction.

Summarizing the above studies, SDWT based on cooperative gradient usually has a
faster transportation speed and can also solve the problems of wettability gradient and
shape gradient, such as the pinning force at the junction and loss of water. This allows it
to be used for fog collection, lab-on-a-chip, and so on. But there are still some limitations,
such as the complex fabrication processes and the fixed transportation route.
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Figure 6. SDWT based on cooperated gradient. (a) SDWT due to shape gradients and wettability
gradients on spider silk. Reproduced with permission from [65], Copyright 2010, Nature. (b) SDWT
induced by wettability gradient, microgrooves, and cone-shaped structures on cactus surfaces.
Reproduced with permission from [21], Copyright 2012, Nature Communications. (c) Ultra-fast SDWT
on the trichome of sarracenia trichome due to the unique hierarchical microchannels and cone-shaped
structures. Reproduced with permission from [99], Copyright 2018, Nature Materials. (d) Continuous,
directional, and long-distance transportation on the surface of serial comics inspired by spider silk and
butterfly wings. Reproduced with permission from [67], Copyright 2020, Advanced Materials Interfaces.

3.4. Applications of SDWT

Through the above sections, we summarized various methods of the SDWT and their
principles. Table 1 shows an overview of the characteristics of different transportation
strategies. These spontaneous water transportation technologies have a wide range of
applications, such as fog collection in dry areas, droplet control in lab-on-a-chip devices,
and heat transfer.



Appl. Sci. 2023,13, 9961 15 of 28
Table 1. Summary of different strategies of SDWT.
Classification Mechanism Transport Speed Tr?nsport Fabrication = Robustness
Distance
Wettability Different contact 0.5 mm/s-6 mm/s [44]
radient caused  angle, advancin, 07 mm/s 7 mm [45]
& ge & [45] Normal Unstable
by surface angle, and 40 um/s 2.5 mm [46]
Wettability composition receding angle [Z 6]
gradient
Wettability Different contact 5mm/s-14.6 mm/s
gradient caused  angle, advancing [52] 3.2 mm-5.2 mm
by surface angle, and 46 mm/s-75 mm/s [53] Complex Stable
roughness receding angle [53]
100 mm /s [64]
400 mm/s
Cone-like shape Unbalanced [72] 20 mm [72] Simple Normal
Laplace force 50 mm [77]
289 mm/s
Shape [771
gradient Unbalanced 78 + E;ér]nm /s
Repetitive array Laplac.e force; 0.1 mm/s-10 mm/s 10-20 mm [26]
Principle of Complex Stable
structure .. [82] 20 mm [82]
minimum surface
1 mm/s-100 mm/s
energy [89]
Unbalanced
Laplace force;
Prﬂirr‘fiﬁfrgf 116.7 mm/s [22]
Coope.rated Coope}rated surface energy; 11.738 mm/s [99] 5 mm-20 mm [99] Complex Stable
gradient gradient . 92 mm/s 103 mm [76]
Different contact [76]

angle, advancing
angle, and
receding angle

Freshwater scarcity was a worldwide problem restricting human development. As
early as 1992, fog collection was realized on a surface with a wettability gradient by
Chaudhury [41]. However, due to the complexity of its fabrication and low collection
efficiency, researchers started to focus on other methods. They successively found fog
collection phenomena on the backs of beetles [19], spider silk [65], and cactus spines [21,97]
and were inspired by them. Xu et al. [100] proposed a mixed-surface film by adding
hydrophobic Ag and hydrophilic nano TiO, to a bio-based film. Its fog collection rate is
as high as 1043 mg-cm~2-h~!. Inspired by cactus, Ju et al. [101] also achieved efficient fog
collection using cone-like copper wires with a wettability gradient. To solve the limitation
of low droplet shedding efficiency, Zhou [23] developed a proposal that combined the
structure of the cactus spine and Janus membrane. This proposal used a cone-like shape
structure with microstructure to collect the fog and transport the water droplets. Then, the
Janus membrane was placed vertically to the cone to collect water droplets. This study
realized continuous water collection. Due to the small size of the cone surface, researchers
designed a star-shaped pattern on a flat surface to achieve more efficient fog collection [102].
The fog collection reached 2780 mg/cm~2-h~! when the surface was tilted 45°. But it had a
limitation in that it could not collect the droplets created by fog collection if the surface was
parallel to the ground. To solve this limitation, Wu et al. [103] designed a snowflake-like
pattern with a small hole, as shown in Figure 7a. The droplet could spontaneously transport
to the hole by Laplace pressure and then be collected by the hole with a wettability gradient.
In addition, Yan et al. [104] designed a super-fast fog collector based on the Laplace pressure
difference generated by a miniature fog droplet on a superhydrophobic surface with a
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superhydrophilic pore and developed a theory model of fog collection efficiency. The
collection rate and efficiency of this super-fast fog collector were as high as 4.21 g-cm~2-h~!
and 35.68%, respectively.

Droplets of different compositions have different transportation motions on the same
surface. So, researchers can use this theory to realize the spontaneous separation of mixed
liquids. Feng et al. [105] developed a superhydrophobic and superoleophilic coating mesh
film. Because of the different wettability between the two sides of the pore, oil and water
could be separated. Li et al. [106] fabricated an asymmetric repetitive array structure
by imitating the peristome surface of nepenthes. These structures drove the oil droplet
transport spontaneously and prevented water droplet transportation. This team designed
a device that can separate small oil droplets mixed in water, as shown in Figure 7b.

SDWT has gradually become a focus in the field of microfluidics due to its advantages
of no external excitation, fast mixing speed [78,79], and low cross-contamination. Shang
et al. [27] proposed an artificial nepenthes peristome by controlling the magnetic field
to tilt the cone array. This surface allowed the mixture of various kinds of water, as
shown in Figure 7c. The potassium permanganate and ascorbic acid from different paths
mixed spontaneously, causing the potassium permanganate to gradually lose its distinctive
dark-purple color because it was reduced by ascorbic acid. Yang et al. [107] fabricated a
hydrophilic track with a certain angle on a superhydrophobic aluminum surface. This
pattern not only could mix the liquid but also could grab and release water droplets,
providing a new idea for water droplet control in lab-on-a-chip devices.
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Figure 7. Applications of the SDWT. (a) Flog collection on a snowflake-like pattern. Reproduced with
permission from [103], Copyright 2023, Journal of Materials Chemistry A. (b) Separation of oil and
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water on ratchet construction inspired by the nepenthes. Reproduced with permission from [106],
Copyright 2017, Angew. Chem. Int. Ed. (c) The mixture of various kinds of liquid based on the SDWT.
Reproduced with permission from [27], Copyright 2018, Advanced Functional Materials. (d) Direction-
ally controllable water jet cooling system. Reproduced with permission from [108], Copyright 2016,
International Journal of Heat and Mass Transfer.

SDWT also can be used in the field of heat transfer. Koukoravas et al. [108] designed
a heat transfer device, as shown in Figure 7d. Water jets were injected from the narrow
side of the wedge. Then, the water was transported to the wide side against gravity and
then dropped. This process took away the heat generated by the heating source. Compared
with conventional jet cooling, this method could provide a cooling effect that was about
four times better and used less coolant. The team also studied the shape of the tracks and
designed a multi-track cooling device that had a thermal removal rate of 100 W/cm? when
the coolant flow rate was 1 m/s and the chip was overheated by 65 °C [109].

The above applications of SDWT have had a positive impact on environmental impact
and sustainability. The applications related to fog collection play a role in environmental
protection and the water cycle. Such functional surfaces can help to realize the collection of
water resources in desert areas, which can be used to irrigate vegetation and promote the
water cycle in the desert in order to combat desertification. Wastewater treatment often
requires the use of environmentally harmful chemicals. The use of super-wetted surfaces
for the separation of oil-water mixtures provides a new idea for wastewater treatment. On
the one hand, it can enhance the utilization of water resources, and on the other hand, it
can reduce waste and pollution. More importantly, since these functional surfaces work
without the input of external energy, they also help to save energy.

4. Spontaneous Directional Transportation of Gas Bubble (SDBT): Methods
and Applications

Researchers found that superhydrophobic surfaces exhibited underwater superaerophilic
properties, and superhydrophilic surfaces exhibited underwater superaerophobic property
underwater. Based on the above phenomena, they fabricated surfaces with gradient charac-
teristics to achieve the underwater SDBT. The gradient characteristics used for SDBT can be
divided into three types: wettability gradient, shape gradient, and cooperate gradient.

4.1. SDBT Based on Wettability Gradient

The Janus membrane is a typical surface with a wettability gradient. Yan et al. [110]
fabricated a Janus aluminum foil membrane with a water contact angle of 23° on one side
and a water contact angle of 155° on the other side using laser processing. As shown in
Figure 8a, the gas bubble would continuously transport to the superhydrophobic upper
surface (superaerophilic surface) when contacting the hydrophilic lower surface (aeropho-
bic surface). In the opposite direction, the gas bubbles were blocked, resulting in SDBT.
Huo et al. [111] fabricated a stainless steel mesh with similar properties that enabled the
interception, penetration, and collection of underwater gas bubbles. It also could be used
for the elimination and collection of gas bubbles in containers. Dai et al. [112] used UV
radiation technology to modulate the wettability of the TiO,-sprayed copper foam surface.
They found that the difficulty of gas bubble penetration depended on the difficulty of their
transition from gas-liquid contact to gas—solid contact. When the hydrophilic surface had
continuous water film adsorption, the upward penetration of the gas bubble became more
difficult. In addition, researchers also fabricated a wettability gradient on non-metallic
materials and conducted SDBT on it. Hou et al. [113] fabricated a Janus membrane for
the transportation and collection of underwater gas bubbles on a PDMS substrate with an
underwater contact angle of 156° on one side and an underwater contact angle of 0° on the
other side. Inspired by fish scales and lotus leaves, Yong et al. [114] fabricated a wettability
gradient on a silicon wafer to achieve the capture and collection of gas bubbles, as shown
in Figure 8b. Tahzibi et al. [115] also achieved fast capture, collection, and directional
transportation of underwater gas bubbles on a Janus carbon cloth. Yin et al. [116] fabricated
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a Janus membrane by constructing a wettability gradient on polytetrafluoroethylene (PTFE)
using laser processing. On this surface, gas bubbles could transport directionally from the
aerophobic side to the aerophilic side of the Janus membrane.
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Figure 8. Underwater SDBT based on wettability gradient. (a) SDBT on Janus membrane. Reproduced
with permission from [110], Copyright 2018, Applied Physics Letters. (b) Bubble capture and collection
on biomimetic silicon wafer surface. Reproduced with permission from [114], Copyright 2017, ACS
Applied Materials & Interfaces.

4.2. SDBT Based on Shape Gradient

There are two main types of shape gradient for spontaneous directional gas bubble
transportation: the structural gradient between two neighboring gas bubbles and the
cone-like shape gradient.

4.2.1. The Structural Gradient between Two Neighboring Gas Bubbles

Due to the Laplace force generated by the different sizes of the two gas bubbles, the
small gas bubble will spontaneously transport towards the large one along the track. Yong
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et al. [117] fabricated superhydrophobic regions of different sizes on PTFE using laser
etching technology. When the sample was placed underwater, it can be found that the
gas bubble was able to transport spontaneously from the small region to the large region
because the gas bubble captured by a small superaerophilic pattern is also smaller than
that of the large one. Xie et al. [118] fabricated a dumbbell-like pattern with two regions of
different sizes in order to realize the SDBT. They found that the different surface energy
between the starting and ending points drove the directional transportation of the gas
bubble. In other words, a gas bubble could transport spontaneously from the small region
to the large region and eventually separate from the surface by buoyancy. However, the gas
bubble could not transport spontaneously in the opposite direction, as shown in Figure 9a,b.

4.2.2. Cone-like Shape

Yu et al. [119] were the first to apply the shape gradient to the underwater SDBT and
found that a superaerophilic copper cone can capture gas bubbles effectively. The gas
bubble was driven by the different Laplace pressure between the narrow side and the
wide side of the cone, which makes the gas bubble transport from the tip to the root of the
cone, as shown in Figure 9c. In addition, it was also found that the superaerophilic copper
cone could capture gas bubbles effectively due to the existence of an air film, while the
superaerophobic surfaces were infiltrated by the water and could not capture gas bubbles.
Xiao et al. [120] studied the gas bubble transportation ability on the aerophilic cone in a
low-surface-energy medium and showed that the aerophilic cone was still able to control
bubbles easily in such a medium (29.9 mN/m) at a temperature of 20 °C. Xue et al. [121]
found that in a supersaturated CO, solution, the neighboring bubbles could merge on
the surface of a cone and could transport to the root of it spontaneously. Considering the
limited transportation distance of a single cone-like shape, Jiang et al. [122] used a spiral
structure to achieve long-distance transportation of gas bubbles, but it was necessary to
shake the spiral structure to make the gas bubble transport. To solve this problem, Shi
et al. [123] combined the spiral structure with a cone-like shape, which achieved a long
transportation distance, as shown in Figure 9d.

In 2017, Yu et al. [124] processed the polyethylene substrate into a wedge shape by
laser etching, which realized underwater SDBT by using a 2D wedge-shaped pattern for
the first time, as shown in Figure 9e. The high driving force provided by the wedge-
shaped pattern and the low drag force formed by the superaerophilic enabled SDBT. It
was also possible to transport gas bubbles in complex conditions, such as on an S-shaped
surface, helical surface, and bi-gradient surface. Liu et al. [125] then pre-covered the
superaerophilic wedge-shaped pattern with air film, as shown in Figure 91, to achieve a
faster transportation speed. This method extended transportation distances by 14.12% and
increased the transportation speed by 24.29% compared to that without air film. To solve
the problem of the short transportation distance of a single superaerophilic wedge-shaped
pattern, as shown in Figure 9g, Song et al. [126] designed a serial superaerophilic wedge-
shaped pattern. By changing the parameters of the pattern, it was possible to control the
“passing” and “blocking” states of the bubble at the junction. This method also could
realize the long-distance transportation of gas bubbles underwater.
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Figure 9. SDBT based on shape gradient. (a,b) SDBT caused by Laplace pressure generated from
two neighboring gas bubbles. Reproduced with permission from [118], Copyright 2023, Advanced
Materials. (c) SDBT on superaerophilic cones underwater. Reproduced with permission from [119],
Copyright 2016, Advanced Functional Materials. (d) Underwater bubble transport process on a spiral
structure. Reproduced with permission from [123], Copyright 2020, ACS Applied Materials & Inter-
faces. (e) Underwater SDBT on a wedge-shaped pattern. Reproduced with permission from [124],
Copyright 2017, Advanced Functional Materials. (f) SDBT on wedge-shaped pattern with pre-covered
air film. Reproduced with permission from [125], Copyright 2019, ACS Applied Materials & Interfaces.
(g) Underwater SDBT on superaerophilic serial wedge-shaped pattern. Reproduced with permission
from [126], Copyright 2019, Journal of Materials Chemistry A.

4.3. SDBT Based on Cooperated Gradient

To achieve better transportation properties, researchers have combined shape gradient
with wettability gradient to form multifunctional transportation. Inspired by the surfaces
of natural plants and animals such as cacti, water spiders, and lotus leaves, Jiang et al. [127]
fabricated foam electrodes with a cooperated gradient. Gas bubbles would spontaneously
transport from the narrow side to the side of the electrode due to the wettability gradient
and shape gradient, which achieved cooperative transportation. This method can be used
in water electrolysis experiments to separate and collect oxygen and hydrogen, as shown
in Figure 10a,b.

The SDBT on cooperative surfaces has more application possibilities than the single-
gradient method. In addition, it also performs better than methods that only use a single
gradient in terms of gas bubble transportation efficiency. However, the complexity of
manufacturing and other issues arising from it still need to be solved.
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Figure 10. SDBT based on cooperation surfaces. (a) Schematic illustration of the water-splitting
system. (b) Gas separation process. Reproduced with permission from [127], Copyright 2020,
Advanced Materials.

4.4. Applications of SDBT

Researchers have proposed various patterns such as wedge-like and cone-like shapes
to drive gas bubbles underwater based on Laplace pressure. Table 2 shows an overview of
the characteristics of different transportation strategies for SDBT. Due to the advantages of
spontaneous transportation and simple structure, SDBT driven by surface gradient force has
important application prospects in various aspects of daily life and industrial production,
such as gas collection, hydrogen precipitation reaction, and underwater sensors.

Table 2. Summary of different strategies of SDBT.

Classification Mechanism Transp.ort Speed/ Tr;.ansport Fabrication =~ Robustness
Passing Rate Distance
. 0.0259 mL-s™! cm ™2
Different
Wettability [110]
gradient Janus membrane L;I;l?lcrz 929 mL-s-! cm—2 N/A Normal Stable
P [113]
The structural Lgni)aalarfmfd . 10 mm
gradient between prace force; 554 mm/s-520 mm/s [117] .
. . Principle of Simple Stable
two neighboring minimum [118] 40 mm
gas bubbles [118]
Shape surface energy
gradient 79.8 +4.8cm/s
[119] 10 mm-20 mm
. Unbalanced 327 mm/s [119] .
Cone-like shape Laplace force [124] 80 mm Simple Normal
400 mm/s [126]
[126]
Unbalanced N/A
Cooperated Cooperated Lap.lac_e force; . N/A (Too little
. . Principle of (Too little relevant Complex Stable
gradient gradient . relevant
minimum research)
research)

surface energy
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Environmental protection is an eternal theme for humankind. The release of hazardous
gases due to accidents and industrial development exacerbates the greenhouse effect.
Therefore, underwater directional gas transportation and collection are especially important
for environmental protection. Xiao et al. [128] used the designed 2D superaerophilic surface
to transport hydrogen and superaerophilic sponge and tubes to collect gas bubbles, as
shown in Figure 11a. Ning et al. [129] also designed an underwater gas bubble collection
device that consisted of a single layer of superaerophilic mesh and quartz tubes. This
device could be sealed and was able to collect underwater gas bubbles. Gas bubbles also
have an important impact on catalytic production, especially in the hydrogen precipitation
reaction. If gas bubbles cannot be removed in time, they will attach to the electrode,
resulting in insufficient reactions between the electrode and the electrolyte, which affect the
production efficiency in the end. Yu et al. [130] fabricated a multifunctional electrode for
bubble generation, transportation, and collection by combining a superaerophilic sponge
with an aerophilic cone-shaped electrode. The cone-shaped electrode functioned as a
reduction electrode to generate hydrogen. The generated hydrogen would transport along
the aerophilic surface toward the root where there was a superaerophilic sponge. Once
the hydrogen gas touched the superaerophilic sponge, it would be absorbed immediately,
which allowed the electrode to have enough area for continued hydrogen precipitation
reactions, as shown in Figure 11b.
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Figure 11. Applications of underwater SDBT. (a) Gas collection on a flat electrode. Reproduced
with permission from [128], Copyright 2021, Advanced Functional Materials. (b) Gas transportation
and collection on cone-shaped electrodes. Reproduced with permission from [130], Copyright 2016,
Advanced Functional Materials. (c) Monitoring with bubble sensors. Reproduced with permission
from [131], Copyright 2018, ACS Applied Materials & Interfaces. (d) Microbubble reactor. Reproduced
with permission from [132], Copyright 2021, Advanced Functional Materials.
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The control of underwater gas bubbles is flexible and versatile, which not only plays a
role in the study of gas collection but also has good application prospects in the field of
sensor monitoring. Xue et al. [131] fabricated a superhydrophobic cone by electrochemical
etching and found that the equilibrium position of a gas bubble whose volume is a constant
value was fixed on the cone. This meant that the equilibrium point could be changed by
increasing or decreasing the volume of gas bubbles, as shown in Figure 11c. Thus, this team
designed an underwater sensor based on such a theory.

The spontaneous and directional motion property of underwater gas bubbles also
provides a new method to conduct chemical reactions. Ma et al. [124] injected hydrogen
and oxygen bubbles into two different narrow sides of the pattern. The two gas bubbles
transported towards each other along the track and merged at the middle position of the
pattern due to the driving of the Laplace pressure. The mixture bubble undergoes a violent
combustion reaction upon ignition. Han et al. [132] fabricated a gas bubble microreactor
based on a magnetically controlled V-slip surface. The gas bubbles from different areas
could transport to each other and eventually merge at the junction to perform a chemical
reaction, as shown in Figure 11d.

The applications of SDBT also have a positive impact on the environment and sus-
tainability. Since a well-designed SDBT surface can help to reduce the drag force of ships
under water, energy can be saved. In the field of marine antifouling, SDBT can help prevent
the corrosion of deep-sea instruments. Since it can realize the spontaneous directional
transportation of underwater air bubbles, it can create the air film without energy input to
isolate seawater and achieve corrosion prevention of instruments.

5. Conclusions and Perspectives

Spontaneous directional transportation (SDT) of water and gas opens up a new venue
for the new high-performance fluid transportation system. In this review, we first in-
troduced the important basic theories related to fluid transportation, then reviewed and
discussed the related methods and limitations of spontaneous directional water droplet
transportation (SDWT) and spontaneous directional gas bubble transportation (SDBT), and
finally summarized and reviewed the latest progress of the SDWT and the SDBT in practical
applications. Although significant progress has been made, there are still many directions
that need to be further investigated. First of all, their control accuracy of transportation
is not high; due to the absence of external force, the precise control of droplets (such as
the start/stop time and speed control in the process of transportation) is a major difficulty,
and SDT remains a certain technology gap in the field of programmable chips. In addition,
the fabrication processes of SDWT and SDBT are complex and expensive, which means
that the transition from laboratory research to practical applications remains a challenge.
Furthermore, the SDT surface may lose superhydrophobicity/superhydrophilicity after
the impact or friction, which leads to the invalidation of the SDT surface. Therefore, it is
important to develop a highly robust SDT surface that can be used in harsh environments.
Moreover, for both SDWT and SDBT, the transportation speed is not fast enough. The fast
transportation speed of water droplets and gas bubbles can further improve the condensate
water collection efficiency of the life-support system of the manned space station, enhance
the cooling efficiency of spacecraft electronics, and increase the drag reduction capacity of
ship micro-bubbles. In addition, the current theoretical studies on SDTs are mainly focused
on qualitative approaches such as force analysis. Quantitative relationship models between
structural parameters and motion behavior (conveying speed, distance, etc.) may need
more in-depth research.
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