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With the increasing shortage of water resources, people are seeking more innovative ways to collect fog to
meet the growing need for production and the demand for livelihood. It has been proven that fog collection
is efficient for collecting water in dry but foggy areas. As a hot research topic in recent years, bionic surfaces
with fog collection functions have attracted widespread attention in practical applications and basic
research. By studying natural organisms and bionic surfaces, more avenues are provided for the
development of fog collection devices. Firstly, starting from biological prototypes, this article explored
the structural characteristics and fog collection mechanisms of natural organisms such as spider silk,
desert beetles, cactus, Nepenthes and other animals and plants (Sarracenia, shorebird and wheat awn),
revealing the fog collection mechanism of the natural organisms based on microstructures. Secondly,
based on the theory of interfacial tension, we would delve into the fog collection function’s theoretical
basis and wetting model, expounding the fog collection mechanism from a theoretical perspective.
Thirdly, a detailed introduction was given to prepare bionic surfaces and recently explore fog collection
devices. For bionic surfaces of a single biological prototype, the fog collection efficiency is about 2000—
4000 mg cm~2 h™% For bionic surfaces of multiple biological prototypes, the fog collection efficiency
reaches 7000 mg cm™ h7h Finally, a critical analysis was conducted on the current challenges and
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It has been proven that fog collection is efficient for col-
lecting water in dry but foggy areas.”**® As a hot research topic

1. Introduction

The shortage of freshwater resources is becoming an increas-
ingly important global problem, particularly in arid and
underdeveloped areas."® Approximately one billion people live
in rural areas in African, Asian, and Latin American countries
without access to clean water sources.”** With the rapid growth
of the economy and society and poor management of water
resources, freshwater resources are suffering from more serious
pollution. Polluted water can also affect animal, plant, and
human health, disrupt ecological environment balance, and
limit economic development. Water issues have attracted
widespread attention worldwide.'>® Therefore, obtaining clean
water bodies is crucial for human society and maintaining the
diversity of our living environment.
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in recent years, bionic surfaces with fog collection functions
have attracted widespread attention in practical applications
and basic research. By studying natural organisms and bionic
surfaces, more avenues are provided for the development of fog
collection devices. After 4.5 billion years of evolution and
natural selection, nature has evolved to use the least resources
to achieve the most perfect functions.”**> For example, some
researchers have found that some plants and insects have
evolved special surface structures and geometric shapes that
can capture and collect fog, thereby ensuring their most basic
survival needs.

As is well known, spider silk is a typical one-dimensional
material with a fog collection function. Spider silk is
composed of two main fibers and a spindle-like fluffy
substance, which is regularly fluffy under dry conditions. In
a humid state, the spindle-like fluffy substance will become
a spindle knot. In humid air, fog droplets will condense on the
spindle knot. The surface energy and curvature radius gradually
increase from the joint to the spindle knot, and the resulting
surface energy gradient and Laplace pressure difference drive
the water droplets to move from the joint to the spindle knot.**
To improve the fog collection ability, Tian et al** designed
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spindle knots structures. Compared to uniformly distributed
periodic spindle knots, multi-level spindle knots can achieve
directional transport of water droplets between spindle knots.
Chen et al.*® prepared multi-level spindle knots through solu-
tion membrane droplet fragmentation, further enhancing the
fog collection ability of the fibers. Our research group®
combines PDMS and graphite oxide (GO) to design an intelli-
gent bionic fiber with multi-level spindle knots. Bai et al.®’
prepared a series of artificial spider silks, where through opti-
mizing the curvature gradient and surface energy gradient of
the fiber, the driving direction of water droplets can be
controlled. Based on gradient spindle knots, Chen et al.*®
designed a bionic fiber with gradient spindle knots. With the
help of special spindle knots structures, these bionic fibers have
obtained excellent fog collection ability. However, the bionic
spider silk also has some shortcomings in fog collection, such
as poor hydrophilicity and inability to effectively absorb water.
The one-dimensional bionic spider silk is difficult to achieve
long-distance transportation of water droplets, and can only
achieve partial water droplets aggregation within a short
distance, which may inhibit the fog collection of the next cycle.

Therefore, it is necessary to introduce two-dimensional
patterned surfaces to further enhance the efficiency of fog
collection. The uneven surface of the Namibian desert beetle is
randomly distributed with wax-coated hydrophobic areas and
hydrophilic wax-free areas. Firstly, the fog droplets condense in
the hydrophilic area, forming rapidly growing water droplets.
When the water droplet grows to a certain volume, it overcomes
surface tension and rolls along the hydrophobic area under the
action of gravity into the beetle's mouth.** Zhong et al*®
prepared many bulges on the substrate to simulate the two-
dimensional patterned surfaces of Namibian desert beetle,
and obtained a fog collection effect similar to that of the desert
beetle, and when the droplet increased to a certain volume, it
will detach from the hydrophilic area. Bai et al.** prepared
a star-patterned surface with different wettability by irradiating
masks of different shapes with ultraviolet lamps, where
different wettability and Laplace pressure difference achieved
a better fog collection efficiency. Wang et al** prepared
a surface by spraying hydrophilic titanium dioxide (TiO,) on
superhydrophobic cotton fabric, where the quantity and
distribution of TiO, on the surface have a significant impact on
the fog collection efficiency. Although the efficiency of fog
collection on two-dimensional patterned surfaces is greatly
improved compared to one-dimensional structures, it is still
difficult to drive long-distance directional transport of water
droplets, limiting continuous water transport and fog
collection.

Compared to two-dimensional patterned surfaces, the three-
dimensional structure of cactus conical spines can better ach-
ieve long-distance directional transport of water droplets while
collecting fog. The conical spines and trichomes on the stem of
a cactus can guide water droplets to the root of the spines and
then be absorbed by the trichomes.* Under the synergistic
effect of the asymmetric structure of the conical spines and the
surface energy gradient generated by the gradient groove, the
water droplets achieve directional transport. Ju et al*®
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demonstrated a multi-structure and multifunctional integrated
spine fog collection system inspired by cactus conical spines.
Peng et al.** integrated a conical spine structure and a magnetic
responsive flexible conical array to achieve fog collection under
windless conditions. These designs provided great inspiration
for the preparation of related fog collection devices. Malik
et al* compared different types of cactus species, and
demonstrated that the interception of fog and the formation of
water in cactus depended on the presence of thorns, further
proving that the directional transport of water droplets on
conical spines was the result of the combined action of Laplace
pressure difference and surface energy gradient. However, the
directional transport distance of water droplets on cactus
conical spines is still limited. To further improve the directional
transport distance of water droplets and facilitate a better fog
collection, inspired by the unidirectional transport behavior of
water droplets on the super-lubricating surface of Nepenthes,
similar bionic surfaces have also been developed.*®

Recently, the super-lubricating surface of Nepenthes has
brought new ideas for collecting fog. Nepenthes has a highly
improved predatory organ filled with digestive juices, with an
arched ring at the upper edge. The super-lubricating surface can
accelerate the directional transport of water droplet,”*° and
also transport water droplets over long distances. In addition,
other animals and plants in nature also exhibit appreciable fog
collection performance. The trichomes distributed on Sarra-
cenia can capture fog in the air and wet the surface,>*
achieving the goal of capturing insects. The beaks of shorebirds
can overcome resistance by continuously opening and closing,
and transport water droplets into their mouths in a targeted
manner.’>* The opening and closing movements of wheat awns
in both straight and curved states are very similar to those of
shorebirds' beaks, and this behavior is controlled by environ-
mental humidity without consuming additional energy.

In this article, we analyzed the fog collection mechanism and
compared the fog collection efficiency of different organisms
based on different dimensions. To further enhance the fog
collection ability, a series of bionic surfaces of multiple bio-
logical prototypes were designed. Further in-depth research on
the physical and chemical properties of bionic materials to
better understand the relationship between their structure and
performance provided a theoretical basis for the design and
preparation of more advanced bionic fog collectors. First, this
article provided a detailed introduction to the structural char-
acteristics and basic mechanisms of several natural organisms
in fog collection, including spider silk, desert beetle, cactus,
Nepenthes and other animals and plants (Sarracenia, shorebird
and wheat awn). To further explore the fog collection mecha-
nism of biological organisms in nature, based on surface
wettability and transport behavior of water droplets we revealed
the internal mechanism of fog collection at a deeper level,
which laid a theoretical foundation for the preparation of bionic
fog collection surfaces. Then, we reviewed the latest progress in
bionic surfaces of these natural organisms for fog collection,
and summarized research from sample preparation to perfor-
mance evaluation. Finally, the current challenges and future
development directions for the next generation of fog collection

© 2023 The Author(s). Published by the Royal Society of Chemistry
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devices were summarized to promote their sustainable
development.

2. Fog collection mechanism of the
special structures from natural
organisms

Typical organisms, spider silk, desert beetle, cactus, Nepenthes
and other animals and plants (Sarracenia and shorebird), have
evolved to adapt to different natural conditions. The small
protrusions and depressions on the surface structure of desert
beetle can collect water; cactus stores water through fleshy
stems; The spindle knot on spider silk drives the water droplets
to move in a directional direction and increases the fog collec-
tion efficiency; Nepenthes and Sarracenia are natural predators
that attracts and digests insects to obtain nutrients; The
shorebird “sucks” water droplets by continuously opening and
closing its beak to overcome resistance and feed. The evolution
and adaptation of these organisms provide interesting biolog-
ical research and insights, as well as inspire many technological
and design innovations.

2.1 Spindle knots of spider silk

Spider silk is widely recognized as a typical one-dimensional
material with excellent mechanical properties. When the sun
shines on the spider's web, it can be observed that water droplets
have condensed on the web, which gives off a shiny luster. This is
due to the spindle knots of spider silk with appreciable fog
collection ability. Spider silk is composed of periodic spindle
knots composed of nanofibers with diameters between 20-
30 nm, and the spindle knots are separated by junctions
composed of neatly arranged nanofibers.** Under dry conditions,
the fine fibers on the spindle knots will appear fluffy and form
a fluffy substance with a radial diameter of 130.8 & 11.1 pm along
the spider silk.* Fluffy material along the two main axes of spider
silk is distributed at a distance of 85.6 & 5.1 um, and separated by
a junction with a diameter of 41.6 + 8.3 um (Fig. 1a).

When dry spider silk is exposed to humid air, fog condenses
on fine fibers, which causes the fluffy material to contract into
opaque protrusions, ultimately forming periodic spindle knots
(Fig. 1b). The enlarged image of the spindle knot shows that its
nanofibers are highly random, which results in a relatively
rough surface morphology (Fig. 1c). From the image at the
junction, it is also composed of nanofibers, whose axial exten-
sion is relatively parallel to the spider silk, forming an aniso-
tropic arrangement with a relatively smooth morphology
(Fig. 1d). The surface chemical properties of the spindle knot
and junction are the same, both of which are composed of
hydrophilic flagellar proteins. Due to the greater roughness of
the surface of the spindle knot than the junction, the surface
energy of the spindle knot is relatively larger. The surface energy
gradient generated by the structural gradient drives the water
droplet to move from a junction with lower surface energy to
a spindle knot with higher surface energy.** Due to the conical
geometric shape of the spindle knot, the curvature gradient of
the conical structure causes the water droplets to generate
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Laplace pressure difference here, which will push the water
droplets from the junction towards the spindle knot (Fig. 1e-g).

2.2 Patterned structure of desert beetle

As one of the oldest and driest deserts in the world, the Nami-
bian desert has an average annual rainfall of no more than 13
mm, with only some of the moisture in fog brought from the
Atlantic at night.**"” In this perennial arid environment, local
animals and plants have evolved over billions of years to form
unique physiological structures and morphologies. The Nami-
bian desert beetle living here has also evolved a special
patterned structure that can effectively collect fog in air.*® At the
macro level, there are many protrusions with a diameter of
approximately 0.5 mm on the shell of the desert beetle,
randomly arranged at intervals of approximately 0.5-1.5 mm. At
the micro-level, the protrusion parts are smooth and exhibit
hydrophilic properties, while the grooves between the protru-
sion parts, including the sloping sides, exhibit hydrophobic
properties (Fig. 2). The wettability gradient will drive the water
droplet to move from the hydrophobic region with lower surface
energy to the hydrophilic region with higher surface energy. The
desert beetle only needs to expose its back, which is composed
of alternating hydrophobic and hydrophilic parts, directly in the
direction of the fog flow to effectively collect fog. Fog vapor
accumulates on the back into water droplets, which gradually
expand and roll into the beetle's mouth. Fog droplets are
absorbed when they encounter the hydrophilic area at the top of
the ridge, forming rapidly growing water droplets. Fog droplets
that impact the hydrophobic slope can also be collected, as
water droplets can also be partially blown or bounced onto the
hydrophilic area, causing the water droplets in the hydrophilic
area to grow rapidly. Gradually, the water droplets will cover the
entire hydrophilic area on the beetle's back. When the diameter
of a water droplet exceeds the diameter of the hydrophilic area,
the ratio of its mass to surface contact area rapidly increases
until the capillary force that attaches it to the surface is over-
come. Afterwards, the water droplets break and roll off the tilted
surface of the beetle and carry away other condensed water
droplets on its back.

2.3 Conical spines of cactus

In addition to one-dimensional and two-dimensional struc-
tures, some organisms with unique three-dimensional micro-
structures also exhibit strong fog collection capabilities. To
adapt to hot and dry climates, the leaves of cactus have evolved
into conical spine structures, which can effectively reduce water
evaporation and achieve better water storage capacity.*»*** In
addition, in dry environments, actively capturing fog is more
important than passively preserving it. According to the
microstructure of the cactus, many conical spines and
trichomes grow on the stems of the cactus. The spine is
composed of three parts: directional barbed spines, gradient
grooves, and banded trichomes (Fig. 3). The synergistic effect of
the Laplace pressure difference generated by the asymmetric
structure (curvature gradient) of the cactus conical spines and
the surface energy gradient generated by the gradient groove

RSC Adv, 2023, 13, 27839-27864 | 27841
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Fig. 1 (a) Image of dried spider silk under scanning electron microscope (SEM); (b) environmental SEM images of periodic spindle knots in spider
silk; (c) the picture shows that periodic spindle knots are randomly interwoven by nanofibers; (d) the image at the junction is composed of
nanofibers arranged relatively parallel to the filament axis; (e) spindle knot is made of highly randomly interwoven nanofibers, while junction is
made of relatively arranged nanofibers; (f) the anisotropic structure generates a surface energy gradient, while the conical structure generates
a Laplace pressure difference; (g) the optical image of water droplets gathering at the spindle knot, with droplets gathering from both sides to the
middle.** This figure has been adapted from ref. 33 with permission from Springer Nature, copyright 2010.

leads to the directional transport of water droplet.®* Cactus is 2.4 Super-lubricating surface of Nepenthes
the inspiration and development source for multifunctional fog
collection systems, which collect, transfer, and retain water
automatically and continuously.

The super-lubricating surface of Nepenthes brings new ideas
for fog collection.**"** Nepenthes has a highly improved pred-
atory organ filled with digestive juices, with an arched ring at

Fig. 2 (a) Image of the back of a Namibian desert beetle, with obvious protrusions and grooves on its surface; (b) a single raised area after
chemical staining, with no wax on the top black part and wax on the surrounding colored parts; (c) SEM images of the depressed area on the back
of desert beetle.® Scale: (a) 10 mm; (b) 0.2 mm; (c) 10 um. This figure has been adapted from ref. 39 with permission from Springer Nature,
copyright 2001.
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Fig. 3 (a) Optical image of cactus including of top and side views of individual trichomes; (b) the SEM image of a single spine is divided into three

parts: a tip with inverted spines at the top, a gradient groove in the middle, and a strip like trichomes at the tail; (c) the schematic of fog collection
and transport on the cactus.*®* Scale (a) 5 cm, 500 pm, (b) 100 pm, 20 um and 2 um. This figure has been adapted from ref. 43 with permission

from Springer Nature, copyright 2012.

the upper edge (Fig. 4a), and continuous and directional
transport of water droplets appears on the open surface. When
water droplets fall on the super-lubricating surface of Nepen-
thes, they can overcome gravity and move outward within
1.56 s (Fig. 4b). From the enlarged image, the water transport
from inside to outside is limited to a large channel, with
approximately 10 microchannels per channel (Fig. 4c). Water
rapidly rises in the wedge-shaped microcavity until the
microcavity is filled, and then fills adjacent microcavities,
achieving long-distance directional transport of water drop-
lets.*® The transport of water droplets on the super-lubricating
surface can be attributed to the enhanced capillary rise of
multi-level micro-nanostructures, and the Laplace pressure
difference caused by asymmetric micro-nanostructures is the
key to overcome gravity for fluid directional transport.*® At the
same time, the regular hierarchical microstructure of Nepen-
thes forms a series of internal steps.®* The surface can be fully
wetted by nectar and rainwater secreted from the upper edge,
covering the surface with a uniform liquid film, and forming
a hydrophilic super-lubricating surface (Fig. 4d). Although
there are very few reports on the production of bionic Nepen-
thes surfaces with fog collection capability, the surface is
undoubtedly very meaningful and will receive more attention
in the future.

2.5 Special structures of other organisms

Apart from the four main organisms mentioned above, some
other creatures also exhibited the ability to collect fog, such as
tillandsia,** wheat awn,* Latoria caerulea,*® lizard,*”” shore-

© 2023 The Author(s). Published by the Royal Society of Chemistry

birds,** and so on. On these bases, some special but equally
efficient fog collection devices were also reported. The Sarra-
cenia traps and digests insects to get enough nutrients to survive
like the Nepenthes.*"*

There are many open trichomes distributed on Sarracenia
(Fig. 5a), which can condense fog droplets in the air into water
droplets and quickly transfer them to the open surface to keep
the spout moist and smooth, thus capturing insects.®® The
movement velocity of water droplets on the surface of the
trichomes is about three orders of magnitude faster than on the
conical spines of cactus or spider silk. Due to the needle-like
shape of the trichomes, the Laplace pressure difference can
be generated to drive the directional transport of water droplets
(Fig. 5b). In addition, the capillary force induced by graded
microchannels is another major driving force for water trans-
port (Fig. 5c). The narrower and higher the microchannel, the
stronger the capillary force. Once the condensed water droplets
continuously slide through the microchannel, the dry surface of
the trichomes is completely wetted, and then a layer of water
film is automatically generated on the graded microchannel
(Fig. 5d and e) to achieve continuous transport and collection of
water droplets.

The shorebird with a slender beak mainly feeds on small
cetaceans and other invertebrates. When these birds hunt, they
swim in circles on the water's surface, and create eddies that
attract potential prey from the surface for feeding.** When birds
hunt on the water's surface, water droplets are introduced into
the mouth along the gaps in the birds' jaws. The shorebird
“sucks” water droplets by continuously opening and closing its
beak to overcome resistance and feed (Fig. 6a and b). When the

RSC Adv, 2023, 13, 27839-27864 | 27843
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(a) Optical image and enlarged image of the upper edge of the Nepenthes feeding bag; (b) the droplet moves from the inner side of the

upper edge to the outer side within a few seconds; (c) an enlarged image of a large channel, containing approximately 10 small channels.*® This
figure has been adapted from ref. 46 with permission from Springer Nature, copyright 2016. (d) A surface with primary and secondary radial
ridges.®* This figure has been adapted from ref. 61 with permission from PANS, copyright 2004.

beak opens, it provides a fluid channel between the upper and
lower jaws, and the different curvatures of the liquid surface in
the channel generate asymmetric Laplace pressure to promote
the directional transport of water droplets. When the beak is
closed, the captured water droplets diffuse directionally due to
the capillary ratcheting effect. The beak successfully transports
water droplets into the beak of the shorebird due to repeated
opening and closing of the upper and lower jaws (frequency =
1.5 Hz).>***

Wheat awn has humidity response characteristics, and fibers
of wheat awn can open in humid environments. Due to the
unique arrangement of two different types of cellulose, the
natural material exhibits a straight/curved state under wet/dry
conditions.*”® The deformation caused by changes in humidity
pushes their seeds underground, and increases the chances of
germination and the possibility of maturation and reproduction
(Fig. 6¢ and d). The opening and closing movements of wheat
awns in both straight and curved states are very similar to those
of shorebirds’ beaks, and this behavior is controlled by envi-
ronmental humidity without consuming additional energy.
This provides ideas for the design of humidity-responsive fog
collection devices.

27844 | RSC Adv, 2023, 13, 27839-27864

3. Theoretical basis of fog collection

The process of fog collection is mainly divided into four parts:
adsorption, aggregation, transportation, and collection. They are
influenced by surface wettability and water droplet transport
behavior. To better understand the process of fog collection, we
have provided a basic theoretical explanation for fog collection.
The wettability behavior of water droplets is explained by Young's
equation (Fig. 7a),* the Wenzel model (Fig. 7b),”** and the Cassie
model (Fig. 7¢).” The transportation of water droplets is driven by
surface energy gradient (Fig. 7d),”*”® Laplace pressure difference
(Fig. 7e),” capillary force model,””” and Janus membrane model.*’

3.1 Wettability models

3.1.1 Young's equation. If a droplet is placed on a smooth
solid surface, the surface wettability can be described by
Young's equation (Fig. 7a), as follows:*

(YSA - YSL)
YLA (1)

cosfl =

6 is the WCA of the droplet on the ideal surface, ygs, is the
specific energy of a solid in atheir, vy, is the specific energy of

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04253g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Atrticle. Published on 19 2023. Downloaded on 2025/10/17 03:40:05.

[{ec

Review

Peristome

Trichome
Pitcher

500 pm

31.7 ym

1,530 pm RETL

46.8 ym

()

Fig. 5

View Article Online

RSC Advances

d aa
Dry
LA A LT
se
front el
filling Dry
Base B-B
following
filling Dry
Cy +C il d
Top c-C
major
filling
Dy +0 et
D-D
=
L2
g Wet
£1e, Ny VIV
2 E-E
= (Stable state)
e
Wet
Lt ol TON
L-L
Succeeding .*'1"
transport M-M (left)
My AM L
M-M (middle)
- M-M (right)
L
8 Slippage line
%
z INt AN
c N-N

(a) Optical images of Sarracenia and trichome; (b) the water transport process on the Sarracenia trichome; (c) appearance and surface

structure of the Sarracenia trichome; (d) schematic diagram of the water transport in Mode | along dry hierarchical microchannels; (e) schematic
diagram of water transport in Mode Il along the wet hierarchical microchannels.®® This figure has been adapted from ref. 46 with permission from

Springer Nature, copyright 2018.

a solid in a liquid, and vy, is the specific energy of the liquid in
the air. This equation was first proposed by Young et al.® in
1805, but it only was applied to the contact between a droplet
and an ideal surface. Considering the influence of factors such
as roughness and non-uniformity, Wenzel and Cassie et al.
conducted the next step of research.””>

3.1.2 Wenzel model. The Wenzel model, as shown in
Fig. 7b, is suitable for situations where droplets come into
complete contact with the surface. The model was first
proposed in 1936, and the modified WCA formula is as
follows:%"*

cos 0* = rcosf (2)

Where r is the surface roughness, 0* and 6 are the WCAs of
droplets on rough and smooth surfaces, respectively.

3.1.3 Cassie model. The Cassie model, as shown in Fig. 7c,
is suitable for situations where droplets do not fully contact
rough surfaces. The model was proposed by Cassie et al. in
1944, with the following formula:™

© 2023 The Author(s). Published by the Royal Society of Chemistry

cos 0* = fg1 cos 0 + fia cos b, (3)

fs1, and fia represent the area fraction of the solid surface in
contact with droplet and the area fraction of the solid surface in
contact with air, respectively, ; and 6, are the WCA between the
droplet and the solid in the air, respectively. The air between the
droplet and solid surface can be considered completely non-
wetting, it is 0, = 180°, 0; = 0, fs1. + fa = 1, thus the formula
is redefined as:™

cos 0* = fsr(cos 6 + 1)—1 (4)

3.2 Surface energy gradient model

The surface energy gradient model and Laplace pressure
difference model were elaborated on the spindle knot of spider
silk, as shown in Fig. 7d.”> Due to its large axial parallel
roughness, the WCA of the spindle knot is smaller than that of
the junction, and the hydrophobicity of the junction is stronger.
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(a) The shorebird extracts a prey-water droplet from the water surface; (b) the shorebird drives the water droplet towards the mouth, not

by applying suction, but by opening and closing its beak in a tweezering motion.>® This figure has been adapted from ref. 53 with permission from
Elsevier, copyright 2010. (c) Morphological changes of single wheat awn under different air humidity; (d) one cycle in the humidity-driven
movement of the single wheat awn.® This figure has been adapted from ref. 65 with permission from Science, copyright 2007.
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Fig. 7

(a) Young's equation.®® (b) Wenzel model.”>” (c) Cassie model.”? (d) Surface energy gradient model.”>-7¢ (e) Laplace pressure difference

model.”® This figure has been adapted from ref. 8 with permission from Royal Society of Chemistry, copyright 2016. (f) Capillary force model.””-7°
This figure has been adapted from ref. 77 with permission from PNAS, copyright 2019. (g) Janus membrane model.®* This figure has been adapted
from ref. 81 with permission from Royal Society of Chemistry, copyright 2011.

Its surface energy is relatively lower than that of the spindle
knot. The difference in surface roughness generates a surface
energy gradient, which is specifically expressed as follows:”*7*7¢

Ly
F = J v(cosfa — cosfr)d! (5)

L

v is the surface tension of water, 6, and 6y are the forward and
backward angles of the water droplet on spider silk, respec-
tively, and d/ is the length integral variable from junction Z; to
spindle knot L. Therefore, asymmetric roughness leads to

27846 | RSC Adv, 2023,13, 27839-27864

surface energy gradients, and water droplet will be driven to
move from areas with poor hydrophilicity (junction with rela-
tively low surface energy) to areas with stronger hydrophilicity
(spindle knot with higher surface energy).

3.3 Laplace pressure difference model

On cactus and spider silk, there are conical spines with signif-
icant radius differences at both ends (Fig. 7e).” The droplet will
spontaneously move from the side with a smaller radius to the
side with a larger radius. This phenomenon can be attributed to

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04253g

Open Access Article. Published on 19 2023. Downloaded on 2025/10/17 03:40:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

the Laplace pressure gradient generated by the curvature
gradient of the spine, as follows:”®

AP:JZLzSinﬁdz (6)
n (r+ Ry)
r; and r, represent the local radii of the conical spine on both
sides of the droplet, R, represents the droplet radius, § is the
half apex angle of the spine, and z is the integral variable along
the diameter of the spine. The Laplace pressure on the high
curvature side of the conical spine has a greater impact on the
droplet than the low curvature side, which prompts it to move
towards the high curvature side.

3.4 Capillary force model

Inspired by the extraordinary fog collection ability of insects
and plants, the water droplet transport strategy generates
driving forces by utilizing surface energy gradients or asym-
metric geometric shapes.***>#* However, at the beginning of fog
collection, the small size of the water droplets is too small to
effectively transport and move, where the WCA hysteresis
becomes the main influencing factor, and the external driving
force is insignificant. At the beginning of fog collection, the
condensed small water droplets require a small WCA hysteresis
to catch the opportunity to quickly aggregate. The merge of
adjacent water droplets can release additional energy for the
reduction of surface area, thereby accelerating the water droplet
movement.*

The liquids-infused super-lubricating surface could trans-
port items of small size in clever ways in nature. For example,
the seeds of aquatic plants can be transported to other plants by
capillary force, which is a key process of seed transmission.
Research has shown that super-lubricating surfaces have lower
WCA hysteresis. For super-lubricating surfaces with oil
meniscus, water droplets can be quickly directionally pumped
around the oil meniscus during fog collection. It is because that
one side of the water droplet overlaps with the oil meniscus and
rises, resulting in a WCA difference on both sides of the water
droplet @ and @, which further results in capillary attraction
force that drives water droplet movement:””7°

Fc = yR(cos B — cos a)>0 (7)

v is the surface tension of water, « and @ are the forward and
backward contact angles of the water droplet on the super-
lubricating surface, R is the radium of the water droplet.

3.5 Janus membrane model

Lotus leaves have attracted widespread attention due to their
superhydrophobic surface, but the side facing the water is
hydrophilic.** For a phenomenon with two different wetting
properties, it can be called the “Janus phenomenon”. Many
materials with asymmetric wettability have been successfully
designed and prepared based on the characteristics of the lotus
leaf. A Janus membrane could drive the autonomous water
transport and fog collection, where the water droplet could
transport from the hydrophobic side to the hydrophilic side, but

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cannot be transported in the opposite direction. With the
further development of the Janus membrane, the directional
transport behavior of water droplets has also been further
improved. The hydrostatic pressure caused by gravity is one of
the reasons for the directional transport of water droplets
through the hydrophobic/hydrophilic Janus membrane.® When
hydrostatic pressure is large enough, it can overcome the
hydrophobic side resistance and transport water droplets from
the hydrophobic side to the hydrophilic side. At this point, the
water droplets diffuse in any direction under the capillary force
generated by the hydrophilic side. In the opposite direction the
liquid is directly blocked and cannot penetrate.* For the Janus
membrane, the directional transport behavior of water droplets
is caused by opposite wettability on both sides, where the
wettability gradient on the cross-section provides the driving
force.”” When the hydrophobic side is facing upwards, the
resistance generated by the hydrophobic side that prevents
water droplets infiltration can also be described as breaking
through pressure Fyreathrough (MN m™?) can be expressed as:*"*

2y
Fbreakthmugh = _7 cosf (8)

in the equation, 4 is the WCA (°) between the water droplet and
the hydrophobic surface, vy is surface tension (mN m ™), and ris
the pore size (mm). When a water droplet is on a hydrophobic
surface, the two forces remain in balance; as the volume of the
water droplet increases, when the hydrostatic pressure is larger
than Fyreakehrough, the water droplet can be transported direc-
tionally from the hydrophobic side to the hydrophilic side of the
Janus membrane. Once the water droplet penetrates the
hydrophilic side, Fyreakthrough becomes zero. At this point, the
capillary force on the hydrophilic side appears, which acceler-
ates the diffusion of water droplets in all directions in the
hydrophilic side. When the hydrophilic side is upward, water
droplets falling on the hydrophilic side are easily absorbed and
spread due to the capillary force. At this time, the hydrostatic
pressure of the liquid on the hydrophobic side can be ignored.
When the water droplet contacts the hydrophobic side, the
opposite direction of Fyreakthrough €an counteract the combined
forces (capillary force and hydrostatic pressure), making it
impossible for water droplets to penetrate further. Due to the
presence of chemical gradient force, water droplets can undergo
directional infiltration in the cross-sectional direction of the
Janus membrane.

4. Bionic surfaces of a single
biological prototype

Imitating the structural characteristics of spider silk, desert
beetle, cactus, Nepenthes and other animals and plants (Sarra-
cenia, shorebird and wheat awn), bionic scientists have devel-
oped a series of new fog collection surfaces, which have broad
application prospects. One-dimensional spider silk bionic
materials can effectively utilize their periodic spindle knot
structure to achieve condensation of fog under the action of
surface energy gradient and Laplace pressure difference. The
surfaces with different wettability prepared based on the two-
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dimensional patterned structure on the back of desert beetle
can effectively utilize surface energy gradient, thereby achieving
higher efficiency in fog collection. Under the combined effect of
Laplace pressure difference caused by conical spines and
surface energy gradient caused by hydrophilic trichomes, cactus
can continuously collect fog from the air. Its superior fog
collection performance provides a new inspiration for the
development of bionic fog collection devices. To further drive
the directional transport of water droplets, and improve the
transport velocity and fog collection efficiency, Nepenthes with
super-smooth open surface has become a recent research hot-
spot. The wedge-shaped microcavity structure can accelerate
the directional transport of water droplets, demonstrating
excellent fog capture and transport efficiency. In addition, the
trichomes distributed on Sarracenia can transport the water
droplets with a fast velocity. The beaks of shorebirds and fibers
of wheat awn can overcome resistance by continuously opening
and closing, and transport water droplets over a long distance.
These bionic surfaces not only have excellent performance, but
also bring new opportunities and challenges to solve global
water resource shortages, improve energy utilization efficiency,
and promote the development of biomedical technology.

4.1 Bionic spider silk materials

The research based on bionic spider silk one-dimensional
materials has attracted widespread attention in the field of
fog collection. The special spindle knot structure of spider silk
inspires the design of new bionic fog collectors. Researchers
have developed some new bionic fog collectors that can achieve
efficient collection efficiency under low relative humidity
conditions. In the future, the application prospects of these
technologies are very broad, and they are expected to play an
important role in arid areas and areas with water scarcity.

To improve the fog collection ability, as shown in Fig. 8a,
Tian et al.>* designed spindle knots structures. The spindle
knots structures on the fiber further improve the stability of the
solid-liquid-gas three-phase contact line (TCL) through the
combination of slope and curvature effects, which provide
sufficient capillary adhesion to bind larger water droplets. The
pinning effect and changes in the length of the TCL can be
achieved by adjusting the geometric shape characteristics of the
spindle knots, and thus controlling the detachment of the water
droplet by adjusting the adhesion force of the fiber.** These
research results indicate that the TCL extending along the fiber
axis can improve the efficiency of fog collection by binding
larger water droplets. Compared with uniform fiber silk, the
special spindle knots structures extend the TCL, enhancing the
fog collection by hanging larger water droplets.

Compared to uniformly distributed periodic spindle knots,
multi-level or gradient spindle knots can achieve directional
transport of water droplets between spindle knots, thereby
achieving more efficient fog collection. Chen et al.** prepared
multi-level spindle knots using an improved method based on
solution droplet fragmentation (Fig. 8b). The height of the large
spindle knot is 75 pm, and the width is 200 pm. The height of
a small spindle knot is 23 um, and the width is 92 pm. The
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capillary adhesion of small spindle knots is smaller than that of
large spindle knots, so the water droplets hanging on the
smaller spindle knots move toward the larger spindle knots.** In
addition, optimizing the size of the spindle knots can further
improve the efficiency of fog collection. Bai et al.** successfully
manufactured polymethylmethacrylate (PMMA) spindle knots
with different sizes and controllable spindle knots geometries
by adjusting solution viscosity, solution surface tension, and
fiber pulling speed (Fig. 8c). It was found that larger spindle
knots had better fog collection ability compared to smaller
spindle knots.** In addition, spindle knots exhibit different fog
collection abilities at different fog flow speeds, and larger
spindle knots can collect more water over time.** Compared
with uniformly distributed spindle knots, multi-level structure
spindle knots can release surface energy faster and form larger
water droplets due to the longer TCL.

Based on gradient spindle knots, Chen et al** designed
a bionic fiber with gradient spindle knots (Fig. 8d and e). After
soaking the uniform nylon fibers fixed on the bracket at
a certain angle to the horizontal plane in a polymer solution,
and then pulling them out at a certain speed, the surface of the
fiber was covered with a thin film with a thickness gradient.*®
Then, due to Rayleigh instability, it spontaneously split into
polymer droplets with decreasing volume from top to bottom,
forming gradient spindle knots. Due to differences in capillary
adhesion, when fibers are placed horizontally, water droplets
can be transported directionally from small spindle knots to
large spindle knots. The gradient spindle knots drive the
directional transport of droplets, widening the application in
fog collection, microfluidics, biological detection, and droplet
manipulation.

Smart materials with switchable surface wettability could be
developed for multi-functional applications using various
stimuli including temperature, pH, ionic state, and light. Smart
materials on bionic spider silk could control the directional
transport of water droplets by changing the surface wettability.
Hou et al® achieved reversible wettability by introducing
temperature-responsive components into the spindle knots and
adjusting stimulation conditions (Fig. 8f). When the tempera-
ture is lower than the lower critical solution temperature
(LCST), the surface of the spindle knots exhibits hydrophilicity,
and the water droplets move towards the middle of the spindle
knots. When the temperature is higher than LCST, the surface
of the spindle knots exhibits hydrophobicity, and the water
droplets will move away from the spindle knots. A similar
situation can also be observed on the light-responsive spindle
knots. Feng et al.*® prepared light-responsive spindle knots,
which can change from a hydrophobic state to a hydrophilic
state under light driving, thus achieving the switching of water
droplet motion direction (Fig. 8f). These studies are of great
significance for the design and manufacturing of intelligent
materials that control the movement of water droplets in
different directions. In addition, humidity can also intelligently
control the wettability of spindle knots. When the humidity
changes from 55% to 100%, the size of the spindle knots ranges
from ~7.2 pm changes to ~9.5 um (Fig. 8g), which can be used
for collecting and releasing water.””

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Optical images of water droplets suspended from fibers with different diameters and spindle knots.** This figure has been adapted from

ref. 34 with permission from John Wiley and Sons, copyright 2011. (b) Optical image of the processing of a bionic fiber with multi-level spindle
knots.** This figure has been adapted from ref. 35 with permission from Royal Society of Chemistry 2012. (c) Optical images of bionic fibers with
different sizes of spindle knots in the left image. The figure on the right shows the volume of water droplets on fibers at different times. The larger
the spindle knot, the larger the water droplet volume.®* This figure has been adapted from ref. 94 with permission from John Wiley and Sons 2011.
(d) Schematic diagram of gradient spindle knot preparation; (e) the gradient of the spindle knot gradually increases from left to right, and water
droplets form large droplets on larger spindle knot.*® This figure has been adapted from ref. 38 with permission from Springer Nature 2013. (f) By
introducing temperature or light response, the spindle knot exhibits reversible wettability.*>°¢ This figure has been adapted from ref. 95 and 96
with permission from Royal Society of Chemistry 2013. (g) The moisture-responsive spindle knot expands in the hydrophilic area and remains
unchanged in the hydrophobic area as humidity increases.®” This figure has been adapted from ref. 97 with permission from Elsevier, 2016.

Our research group®® combines PDMS and graphite oxide
(GO) to design an intelligent bionic fiber with multi-level
spindle knots. Due to the increase in roughness (Fig. 9a), the
spindle knot demonstrated significant wettability change after
laser etching, where on the hydrophilic spindle knot water
droplet moved from the junction to the spindle knot, and after
laser etching the water droplet moved from the hydrophobic
spindle knot to the junction.*® Experiments have shown that
curvature and controllable wettability play an important role in

© 2023 The Author(s). Published by the Royal Society of Chemistry

the process of water aggregation, which effectively regulated the
movement of water droplets.** The multi-level hydrophilic
spindle knot allowed for longer lengths of TCL (Fig. 9b and c),
which greatly contributed to the improvement of fog collection
efficiency. By changing the surface wettability of the spindle
knot, we achieved the control of water transport direction. The
droplet control in bionic spider silk provides new idea in
microfluidics,  biological  detection, and  substance
identification.
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(a) Through changing the surface wettability of the spindle knot, the movement direction of water droplets could be controlled; (b) SEM

images of individual spindle knots; (c) optical and stereomicroscope images of spindle knots of different sizes.*® Scale: (c) 200 um. This figure has

been adapted from ref. 36 with permission from Nature Portfolio, 2017.

Although one-dimensional bionic spider silk materials have
shown great potential in fog collection, there are still some
shortcomings. Firstly, one-dimensional material is difficult to
achieve long-distance transportation of water droplets, and can
only achieve partial water droplets aggregation within a short
distance. The fog collection efficiency is not high enough, and
further optimization and improvement are needed. Secondly,
there are still significant challenges in the production and costs
of bionic spider silk materials, and more economical prepara-
tion methods and materials need to be developed. In addition,
more research should be needed on the long-term stability,
durability, and environmental adaptability of bionic materials.
In summary, one-dimensional bionic spider silk materials still
require continuous research and exploration in fog collection to
further improve their practicality and promote their applica-
tions in various fields.

4.2 Bionic desert beetle surfaces

Compared with one-dimensional bionic spider silk materials,
two-dimensional bionic desert beetle surfaces can further
enhance the efficiency of fog collection. Significant progress has
been made in the research of two-dimensional bionic surfaces
based on Namibian desert beetle for fog collection. The bionic
surface is distributed with hydrophobic and hydrophilic areas,
and efficient fog collection can be achieved by enhancing the
directional transport of water droplets. Scientists have devel-
oped a new type of bionic fog collectors based on this to further
improve the efficiency and stability of fog collection. These
technologies have broad application prospects and are expected
to play an important role in arid areas and areas with water
scarcity.

Inspired by the Namibian desert beetle, researchers have
constructed many hydrophilic-hydrophobic patterned surfaces.
Wang et al.”* prepared a surface that integrated rapid fog
collection and rapid drainage by spraying hydrophilic titanium
dioxide (TiO,) on superhydrophobic cotton fabric, where the

27850 | RSC Adv, 2023, 13, 27839-27864

quantity and distribution of TiO, on the surface have a signifi-
cant impact on the fog collection efficiency (Fig. 10a). Energy
Dispersive Spectrum (EDS) and mapping images confirm the
presence of C, O, Ti, Si elements and display the distribution of
Ti, Si, and C, where Ti is distributed as scattered domains with
irregular shapes. The discrete distribution of TiO, is attributed
to the superhydrophobic surface, on which the sprayed TiO, sol
beads up and this will be the key factor to fog trapping and
coalescence. In addition to the spraying method, composite
surfaces with patterns like the back of a desert beetle can also be
prepared by pressing materials with different wettability
together. Wang et al®® synthesized a hydrophilic-super-
hydrophobic bionic patterned surface with an efficient fog
collection function by squeezing superhydrophobic copper
mesh and hydrophilic polystyrene sheets under certain pressure
(Fig. 10b). The two-dimensional bionic patterned surface opens
a new direction for efficient fog collection. On the bionic
patterned surface, large superhydrophobic area and small
hydrophilic area is conducive to the fog collection. Recent
research compared the wetting behaviors of hydrophilic and
hydrophobic surfaces, and it reveals that hydrophobic surface
improves the collection rate, however, hydrophilic surface
shows adverse effects.”**” Thus, reasonably adjusting the area
ratio of different wetting areas is significantly important for the
fog collection efficiency.

In addition to combining two materials with different
wettability, mechanical lithography technology has also been
used to prepare bionic desert beetle surfaces. As shown in
Fig. 10c, a superhydrophilic TiO, coating was treated with
1H,1H,2H,2H-perfluorodecyltrimethoxysilane (FAS) on the glass
substrate, so that its surface wettability became super-
hydrophobic.** Different masks (circular patterns and various
star patterns) were irradiated by ultraviolet light, and super-
hydrophilic patterns were constructed on the superhydrophobic
surface.” The research results show that the bionic patterned
surface shows the best fog collection ability in terms of water

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Preparation schematic diagram of superhydrophilic-superhydrophobic fabric.#? This figure has been adapted from ref. 42 with

permission from American Chemical Society, 2016. (b) Schematic diagram of squeezing copper mesh and polystyrene sheets.®® This figure has
been adapted from ref. 98 with permission from Royal Society of Chemistry, 2015. (c) Patterned surfaces with different shapes and water droplets
condensation images.** This figure has been adapted from ref. 41 with permission from John Wiley and Sons, 2014. (d) Schematic diagram for the
preparation of fog collection surface.®® This figure has been adapted from ref. 99 with permission from American Chemical Society, 2019.

volume and efficiency due to the Laplace pressure difference
and surface energy gradient.

Most current research has focused on improving the effi-
ciency of fog collection, but it is also necessary to consider
whether the functional surface will contaminate the collected
water, as well as the durability and antibacterial ability of the
surface in humid environments. Wen et al.*® used antibacterial
needle arrays and commercially available hydrophobic sheets to
prepare multi-level rough structural surfaces. In humid condi-
tions, the hydrophilic coating on the inclined needle continu-
ously collects fog and has special antibacterial properties
(Fig. 10d). The hydrophilic coating on the metal needle can
effectively resist bacterial adhesion and pollution during the fog
collection process, and thereby protects the equipment from
microbial corrosion. This provides new ideas and methods for
the collection of drinkable fresh water.

Although bionic desert beetle surfaces have made significant
progress in fog collection, there are still some shortcomings.
Firstly, the efficiency of fog collection on two-dimensional bionic
patterned surfaces is significantly improved compared to one-

© 2023 The Author(s). Published by the Royal Society of Chemistry

dimensional materials, but it is still difficult to drive long-
distance directional transport of water droplets, which limits
continuous water droplet transport and fog collection. Secondly,
the preparation of the surfaces requires the use of complex nano-
machining techniques, which are costly and difficult to produce
on a large scale. The current efficiency and stability of fog collec-
tion still need to be further improved, especially under low
humidity conditions, where fog collection efficiency significantly
decreases. In addition, there may be durability and stability issues
during long-term use, and further strengthening of the material's
stability and durability is needed. Finally, as it is still in the
laboratory research stage, further research and practice are needed
for practical applications. Therefore, future research directions
should focus on solving these problems to further promote the
development of bionic surfaces in practical applications.

4.3 Bionic cactus surfaces

Research on bionic cactus surfaces in fog collection has also
made some progress. Different from the Namibian desert

RSC Adv, 2023, 13, 27839-27864 | 27851
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beetle, the bionic cactus surface adopts a surface structure at
the micron-level. Research has found that the cactus surface has
wavy wrinkled patterns, which can achieve efficient fog collec-
tion at low humidity. At the same time, the pores and hair on its
surface can also play a micro-structural role like the surface of
desert beetles.

To simulate a more realistic natural environment for fog
collection, Peng et al.** integrated a conical spine structure and
a magnetic responsive flexible conical array to achieve fog
collection under windless conditions. Fig. 11a is a schematic
diagram of an ordered magnetic responsive conical array
inspired by cactus, which was prepared using PDMS and cobalt
magnetic particles (CoMPs) by a combination of mechanical
punching and template dissolution techniques. The magnetic
responsive fog collector is easy to prepare and can be manu-
factured on a large scale. It has broad applications in windless
areas and inspires further optimizing fog collection strategies.
Bai et al* reduced the three-dimensional structure of the
cactus to a two-dimensional structure, used laser etching to
prepare a two-dimensional wedge-shaped array, and solved the
problems of complex preparation processes and high costs in
traditional bionic cactus surfaces. At the same time, the
prepared anisotropic two-dimensional structure can effectively
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reproduce the function of conical spines, effectively capture fog
droplets, and achieve directional transport of water droplets
(Fig. 11b), which indicated that a thin base plate and smaller
apex angles can drive the directional movement of water drop-
lets faster, thereby the fog collection efficiency was up to
4000 mg cm > h™ . This preparation method greatly reduces the
difficulty and cost of preparation, and provides more possibil-
ities for developing functional surfaces from 3D to 2D, such as
microfluidic devices and condensing devices.

Usually, cactus uses conical spines with directional micro-
inverted spines and hydrophilic trichomes as effective fog
collection systems. However, its preparation method is
complex, and it is difficult to prepare bionic cactus conical
spines with micro-inverted spines through traditional methods.
Yi et al.** developed a magnet-orheological mapping photoli-
thography (MRDL) method to fabricate cactus conical spines
with micro-inverted spines on a superhydrophilic porous
substrate for effective fog collection (Fig. 11c). Embedding
a conical array with spines on a superhydrophilic porous
substrate can significantly accelerate the directional transport
of water droplets and achieve higher fog collection efficiency.
These properties are mainly attributed to the synergistic effect
of the Laplace pressure difference generated by the conical
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(a) Schematic diagram of manufacturing an ordered magnetic responsive conical array inspired by cactus.** This figure has been adapted

from ref. 44 with permission from John Wiley and Sons, 2015. (b) Schematic diagram of the transformation of three-dimensional cactus conical

spines into a two-dimensional array.*°° This figure has been adapted from

ref. 100 with permission from Royal Society of Chemistry, 2020. (c) The

process of manufacturing cactus conical spines with directional micro-inverted spines.’®* This figure has been adapted from ref. 101 with
permission from John Wiley and Sons, 2019. (d) The optical image shows that a water droplet has just separated from the surfaces with tip angles
of 10° and 45°.82 This figure has been adapted from ref. 82 with permission from Elsevier, 2020. (e) Optical images of water droplet growth,
movement, and drop at surfaces with different wettability.*°? This figure has been adapted from ref. 82 with permission from American Chemical

Society, 2019.
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spine and micro-barb, the capillary force generated by the
concave surface between the spine and the posterior barb, and
the superhydrophilic porous substrate. This fog collection
strategy has enormous application potential in fog capture,
droplet microfluidic control, and oil-water separation.

The main factors affecting the fog collection efficiency of
bionic cactus surfaces include length, tip angle, inclination
angle, surface area, and surface wettability.*>'**'** D. Gurera
et al.®® explored the influence of conical spines’ geometric
parameters on fog collection. When the inclination angle is 0°,
the shorter the length of conical spines with the same surface
area within a certain range, the higher the fog collection effi-
ciency. This is because in shorter conical spines, the distance
between the water droplets from the top to the bottom is
shorter. For conical spines with the same length, the larger the
tip angle, the larger the surface area, and there is no significant
improvement in fog collection efficiency, indicating that
increasing the tip angle has little effect on promoting fog
collection efficiency. This is because the Laplace pressure
difference is more effective at smaller tip angles, so even if the
larger tip angle increases the surface area of the conical spines,
the fog collection efficiency does not significantly be improved
(Fig. 11d).

The wettability of bionic cactus surfaces is mainly divided
into hydrophilicity, hydrophobicity, and gradient wettability.'**
When the conical microcolumn is placed horizontally, the
hydrophilic surface has the lowest fog collection efficiency. This
is because the water droplets diffuse on the conical micro-
column, resulting in high evaporation. In addition, the hydro-
philic surfaces have high adhesion, which hinders the transport
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of water droplets. Compared with hydrophilic surfaces, hydro-
phobic surfaces have smaller water evaporation, resulting in
a higher fog collection efficiency. Moreover, due to lower
adhesion, water droplets are easily transported away, thereby
increasing the fog collection efficiency (Fig. 11e).”>'*>'*® When
the conical microcolumn is placed at a large inclination angle,
the fog collection efficiency of surfaces with different wettability
is similar without significant differences. This is because the
effect of gravity on water droplets’ motion is greater than the
surface energy gradient.

Similarly, smart materials have also made some progress in
simulating cactus conical spines. Our research group'”’
designed a wettability controllable surface with patterned tip
shapes by combining PDMS and graphene (Fig. 12a), which can
produce significant wettability changes between 0 °C and 200 °©
C, where the patterned surface with tip shapes can quickly push
water droplets towards a wetting area, thereby improving the
fog collection efficiency (Fig. 12b). In addition, under the
combined action of superhydrophobic and superhydrophilic
areas with tip shapes, directional transport of water droplets
can be achieved on a surface heated at 200 °C (Fig. 12c). On the
patterned tip surface, the water droplet was driven by the
combination of Laplace pressure, gravity and wettability
gradient force (Fig. 12d). The study provides new insights for
designing temperature-controlled surfaces with interphase
wettability, which can improve the fog collection efficiency in
engineering liquid collection equipment and achieve direc-
tional liquid transport.

Compared to two-dimensional patterned surfaces, the three-
dimensional structure of cactus can better achieve directional
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(a) Schematic diagram of a wettability controllable surface with patterned tip shapes; (b) the fog collection process of different wetting

surfaces; (c) directional transport of water droplets on a patterned surface with tip shapes treated at 200 °C and a 20° tip angle; (d) the water
droplet was driven by the combination of Laplace pressure, gravity and wettability gradient force.’*” This figure has been adapted from ref. 107

with permission from Royal Society of Chemistry, 2018.
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transport of water droplets over a long distance while collecting
fog. However, its durability is poor, production difficulty is high,
and its applicability is limited to a certain extent. Further
research and optimization of its preparation process are needed
to improve durability and applicability, and to explore more
types of bionic surfaces to better respond to different environ-
mental conditions and needs.

4.4 Bionic Nepenthes surfaces

Bionic surfaces based on Nepenthes have made certain research
progress in fog collection. Inspired by Nepenthes, the smooth
porous surface injected with liquid has recently attracted more
and more attention, which can be used for directional transport
and motion manipulation of water droplets and provides new
thinking for fog collection.

Compared to spider silk, desert beetles, and cactus, the
supper-lubricating surface of Nepenthes can be better used for
the directional transport of water droplets. Jing et al.*” prepared
micro-nanostructures using a simple hydrothermal method
and photocatalytic reaction, as shown in Fig. 13a. By grafting
PDMS onto ZnO nanorods, the authors used silicone oil as
a lubricant to form a multi-level super-lubricating surface.
Lubricants can be firmly fixed in micro-nanostructures, form-
ing a long-lasting lubrication layer.”” In the subsequent hot
steam collection experiment, the surface maintained good
water collection ability, and there was no significant change in
the super-lubricating layer. After one week of exposure to
sunlight, it still showed excellent fog collection ability. However,
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as to the fog collection on the supper-lubricating surface, the
loss of lubricants is an inevitable challenge.

To further improve the storage capacity of lubricants, Feng
et al.>® were inspired by Nepenthes and developed a highly stable
bionic super-lubricating surface through collaborative struc-
tural design. It is worth noting that the nanostructures greatly
enhance the capillary force and suppress lubricant loss
(Fig. 13b). The detection of Si and F elements from the EDS
spectrum indicates the successful introduction of the low-
surface-energy agent. The prepared bionic super-lubricating
surface exhibits excellent fog condensation and efficient fog
collection performance, maintaining stable fog collection
within 20 h.** This collaborative structure can be further applied
to build more new droplet manipulation platforms with stable
and super-lubricating surfaces. In addition, this surface can be
used for a long time and has high heat resistance to steam and
hot water. However, the surface impregnated with lubricants
has poor durability, leading to a loss of control over the move-
ment of water droplets during application. To this end, Fan
et al.* prepared a highly stable tungsten trioxide lubrication
surface using spray and photocatalytic methods (Fig. 13c). After
a series of stability tests such as high-speed centrifugation,
long-term storage, and acidic solutions, it still exhibited excel-
lent lubrication stability and fog capture ability.*

Although bionic Nepenthes surfaces have many advantages in
fog collection, such as efficient collection efficiency and reus-
ability, there are still some shortcomings, with the main limita-
tion being performance degradation in low humidity
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(a) Schematic diagram of the preparation of a lubrication surface using silicone oil as a lubricant.*” This figure has been adapted from ref.

47 with permission from American Chemical Society, 2019. (b) Schematic diagram of bionic super-lubricating surface.®® This figure has been
adapted from ref. 50 with permission from American Chemical Society, 2020. (c) Schematic diagram of manufacturing of highly stable tungsten
trioxide lubrication surface using spray and photocatalytic methods.*® This figure has been adapted from ref. 49 with permission from Elsevier,

2021
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environments. Under dry conditions, the fog collection efficiency
will significantly decrease, which will limit its application range.
In addition, the preparation process of bionic Nepenthes surfaces
is complex and costly, making them unsuitable for large-scale
production. Further in-depth research is needed on its perfor-
mance to further optimize its structure and performance.

4.5 Bionic surfaces of other organisms

4.5.1 Bionic Janus membrane of lotus leaf. In long-term
production practice, it has been found that some surfaces in
nature have special wettability. Among them, the most famous
is the lotus leaf, which has excellent superhydrophobicity. It is
because the surface of the lotus leaf has a multi-level micro-
nano structure. Under a super-resolution microscope, many
small papillary protrusions can be seen on the surface. The
average size of these mastoids is about 10 um. The average
space is about 12 pm. Each mastoid has many small protrusions
with a diameter of about 100 nm, and the surface of the leaf is
covered with a thin layer of wax crystals with low surface energy.

Janus System

Hydrophobic Copper Mesh —

Hydrophilic mesh

Fig. 14

Hydrophobic mesh &
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The special micro-nano structure and low surface energy
material exhibit excellent superhydrophobicity on the upper
surface of lotus leaves.'*®

Nowadays, various scholars have used low surface energy
modifiers to prepare many functional surfaces with excellent
superhydrophobicity."*** In addition, the lotus leaf exhibits
superhydrophobicity on the upper surface and super-
hydrophilicity on the lower surface (Fig. 14a and b).** Like the
upper surface, the lower surface of the lotus leaf also has micro-
nanostructures, but the lower surface is not covered by low-
surface energy wax crystals. In addition, the epidermal glands
on the lower surface secrete some hydrophilic compounds,
making the lower surface hydrophilic. The superhydrophilic
surface has a strong affinity for water, so the lotus leaf can stably
adhere to the water surface and achieve floating even in wind
and rain.*

Cao et al.**” prepared a hydrophobic-hydrophilic Janus fog
collection system by integrating dodecyl mercaptan-modified
copper mesh with commercial degreased cotton (Fig. 14c-e).
Compared to the hydrophobic copper mesh, the total amount of
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(a) The upper surface of lotus leaves is superhydrophobic, while the lower surface is hydrophilic; (b) the three spherical water droplets on

the upper surface of the lotus leaf, with n-hexane stained red on the lower surface remaining spherical in water, indicate that the upper surface is
superhydrophobic, while the lower surface is superhydrophobic.®* This figure has been adapted from ref. 81 with permission from Royal Society
of Chemistry, 2011. (c) Schematic diagram of Janus membrane system, hydrophobic copper mesh with a WCA of 140° and superhydrophilic
cotton; (d—f) continuous fog collection process of cylindrical fog collectors.’®® This figure has been adapted from ref. 109 with permission from
John Wiley and Sons, 2015. (g—i) Schematic diagram of superhydrophobic and superhydrophilic sandwich fog collectors.**® This figure has been
adapted from ref. 110 with permission from Elsevier, 2021.
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fog water collected by this fog collector has increased by 1.3
times, and the fog collection efficiency has significantly
improved. The fog in nature cannot always flow in one direc-
tion. Cao et al.'” further optimized the fog collection system
based on this, and achieved fog collection in different fog flow
directions, where they rolled the modified copper mesh into
a hollow cylinder, placed hydrophilic absorbent cotton inside
the cylinder, and designed a cylindrical Janus fog collector
(Fig. 14f). In this way, the fog can be captured no matter of the
flow directions, enhancing the collection efficiency. In addition,
Li et al.'** develop a three-layer sandwiched fog collector. Under
the flow of fog, this fog collector can simultaneously achieve
efficient collection, directional transportation, and rapid
storage of fog water (Fig. 14g and h). The Janus membrane with
a hydrophobic structure on both sides and a hydrophilic
structure in the middle can also collect fog in different wind
directions (Fig. 14i). The sandwiched fog collector consisted of
two Janus membrane structures can capture fog droplets in
both front and rear directions. Compared with single Janus
membrane, it further improved fog collection efficiency.
However, the mesh clogging was not mentioned by the authors.
The mesh can be clogged during the fog collection, which
affects the aggregation of water droplets and reduces the fog
collection efficiency. Thus, as to the mesh fog collection, mesh
clogging should be considered.

4.5.2 Shorebirds beaks and wheat awns. The directional
transport behavior of water droplets also occurs inside the beak
of shorebird. The shorebird can repeatedly open and close its
beak to transport water droplets into its mouth.** Inspired by
this phenomenon, Ma et al.*** combined the cross-linked poly-
acrylic acid hydrogel with fiber to prepare a humidity-driven fog
collector, where the hydrogel can expand and contract by
exchanging water with the surrounding air, thus controlling the
bending and uprightness of the equipment (Fig. 15a-e). When
the switch is turned on, the water droplets move towards the tip
of the conical channel under the Laplace pressure difference.
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When the switch is closed and the channels are parallel, the
water droplets are fixed due to the disappearance of the Laplace
pressure difference. The fibers in wheat awns can be opened
and closed under the stimulation of humidity changes. Due to
the unique arrangement of two different types of cellulose, this
natural material exhibits a straight/curved state under wet/dry
conditions and stretches like a muscle. The deformation
caused by changes in humidity pushes the seeds underground,
increasing the chances of germination and maturation as well
as the possibility of reproduction (Fig. 15f). The opening and
closing actions of the wheat awn in both straight and curved
states are very similar to the opening and closing actions of the
shorebird beak.™*® This behavior is controlled by environmental
humidity and does not consume external energy, providing
a new idea for humidity-related fog collection devices.

5. Bionic surfaces of multiple
biological prototypes
5.1 Double bionic surfaces

Although single bionic surfaces have shown nice fog collection
performance, each has its advantages and disadvantages, and
combining its advantages has become a hot topic in current
research. For example, the whole fog collection process of the
cactus and the desert beetle mainly occurs on the outer surface,
and the captured water droplets are inevitably lost in the
directional transportation process, while the super-lubricating
surface of Nepenthes can well reduce this loss. Combining the
advantages of various natural organisms in a certain way and
allocating their respective advantages reasonably is an impor-
tant direction for the development of the next generation of fog
collection devices. As research deepens, various multiple bionic
surfaces have been prepared, which cleverly design and inte-
grate the advantages of single bionic surfaces, and demonstrate
astonishing fog collection efficiency.'*>'*1*®
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(a) Schematic diagram of moisture responsive hydrogel driving system in wheat awn shape; (b) the switch consists of three parts: PAA

hydrogel, cellulose membrane and super hydrophilic fiber; (c) SEM images of PAA hydrogels prepared by photopolymerization showed porous
structure; (d) the SEM images of cellulose films show a porous network structure; (e) the SEM image of Cu(OH), nanowire coated copper wire
shows that the nanowires grow along the copper wire and intersect with each other.** This figure has been adapted from ref. 114 with permission
from Royal Society of Chemistry, 2015. (f) The fog collection process of a biomimetic fog collector.*® This figure has been adapted from ref. 115

with permission from American Chemical Society, 2014.
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Inspired by the conical spines of cactus and the patterned
surface of desert beetles, Hu et al.**® prepared a hybrid wetting
film with asymmetric structure and anisotropic wettability on
the surface of copper mesh through electrospinning, where
a layer of copper hydroxide nanoneedles was oxidized on the
surface of the copper mesh (Fig. 16a). The SEM image is shown
in Fig. 16b—d. Fig. 16e and f shows the dynamic fog collection
process on the mixed wetting film, with small water droplets in
the staggered region moving from the hydrophobic area to the
hydrophilic area. This asymmetric topological structure caused
Laplace pressure difference, and the alternating hydropho-
bicity-hydrophilicity generated a surface energy gradient, which
played a synergistic role in improving fog collection perfor-
mance and has great prospects for alleviating water shortages in
agriculture and society. To better observe the directional
transport of water droplets and the formation of water film, the
fog capture behavior of the sample under saturated steam can
be visually observed through ESEM images (Fig. 16g). The
membrane exhibited excellent fog collection efficiency, up to 69
600 mg cm > h™ ™,

Usually, the captured water droplets are easily spread out on
the bionic surfaces, which makes it difficult to transport them
continuously to the surfaces.”* Li et al'** were inspired by
cactus conical spines and spider webs to introduce 3D fiber
webs and modify them with hydrophilic ZnO nano-cones
(Fig. 16h and i). Under the combined action of Laplace pres-
sure difference, water droplet gravity, Rayleigh instability, and
lower tangential retention force, water droplets formed
continuous water flow on the modified fibers, thereby which
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accelerated the fog collection.'” Fig. 16] records the dynamic
fog collection process, and the experiments have shown that the
3D fiber mesh has excellent fog collection ability, which reached
up to 3600 mg h™* em 2. This method of collecting fog has huge
potential application scenarios in various aspects of production
or life. Targeting mesh fog collection, the mesh can be clogged
during the fog collection, which affects the aggregation of water
droplets and reduces the fog collection efficiency. However, the
mesh clogging was not mentioned by the authors.

Surfaces with nanostructures exhibit unique advantages in
the aggregation and transport of water droplets.'***** Inspired
by desert beetle and spider silk, Xing et al.'** designed a novel
integrated bionic surface. Firstly, the surface of the copper plate
was modified with dodecyl mercaptan solution to increase the
water contact angle (WCA) of the substrate from 92.9° to 130.8°,
to improve the surface drainage performance. Then, tightly
cover the copper substrate with a porous polytetrafluoro-
ethylene mask and vertically immerse it in a sodium hydroxide
(NaOH) electrolyte solution as an anode. The platinum plate is
used as a cathode to face the copper substrate covered by the
mask, and the circular pattern area not covered by the mask
becomes a hydrophilic surface (Fig. 17a and b). Most fog
collection devices are dedicated to improving the capture and
transport rate of fog droplets, with little consideration given to
water storage. Tang et al.'*® constructed a multi-stage origami
fog collector by combining three-step femtosecond laser and
origami technology. The fog collector consists of a super-
hydrophilic inner wall with a circular thin-walled structure, as
well as a circular array with conical spines and gradient
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Fig. 16

(a) Manufacturing of a hybrid wetting film with asymmetric structure and anisotropic wettability on the surface of copper mesh; (b—d)

SEM images of the hybrid wetting film; (e and f) dynamic fog collection process of the hybrid wetting film; (g) ESEM images of condensation and
transport of water droplets in saturated vapor.*?° This figure has been adapted from ref. 120 with permission from Royal Society of Chemistry,
2019. (h) A 3D fiber web preparation diagram inspired by spider webs and cactus, and (i) SEM images of the fiber web surface; (j) the process of
condensation and detachment of fog droplets on the 3D fiber mesh.*?? This figure has been adapted from ref. 122 with permission from American
Chemical Society, 2019.
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channels (Fig. 17c-e). These structural features enable the fog
collector to effectively capture fog droplets and maintain water
within thin walls to achieve long-lasting moisture retention. In
addition, due to its excellent flexibility and composability,
multiple collectors can easily be assembled into a larger
collector, which means its scalability potential. The fog collector
can collect 4.2 mL of fog droplets within 30 min, providing
a flexible design strategy for the design of portable retractable
fog collectors, especially opening up a path for the direct and
practical application of fog collectors in flower moisturizing and
even agricultural irrigation. In addition, Wang et al.' con-
structed a multi-level structure on copper sheets through laser
etching to simulate the hairy bodies of cactus spines and
sargassum. Meanwhile, due to the spherical device being able to
collect fog in 3D space, the 2D spider web structure is folded
into a 3D cactus-like structure (Fig. 17f and g). The research
results indicate that the spine with inverted barbs and multi-
level channels exhibits the fastest water droplet transport rate.
The captured water droplets filled in dry small channels from
top to bottom, diffuse along the main channel, and finally flow
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in the form of a thin film. The subsequent transport of water
droplets is driven by the combined action of the spine and
microplate Laplace pressure difference. The capillary force
generated by the concave surface between the spine and
microplate further enhances the transport of water droplets,
and the efficiency of fog collection is 560 mg h™* em 2.

To optimize the preparation process of bionic fog collection
surfaces and reduce their preparation costs. Inspired by the fog
collection ability of spider webs and the patterned wettability
surface of desert beetles, our research group**® combined PDMS
and graphene to prepare a special bionic wettability surface on
the copper mesh surface (Fig. 18a). Fig. 18b showed the fog
collection process of the original copper mesh, patterned
wettability copper mesh, and superhydrophilic copper mesh at
different times, which indicated that the patterned wettability
copper mesh had nice fog collection ability.*”® This study
provided new insights for designing surfaces with interphase
wettability, which can improve the fog collection efficiency of
engineering liquid collection equipment and achieve on-site
conversion of renewable materials cheaply and quickly.
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(a) Preparation process of an integrated bionic surface; (b) the fog collection process includes capture, collection, and transportation.*®

This figure has been adapted from ref. 125 with permission from American Chemical Society, 2019. (c) The water storage capacity of trichomes;
(d) schematic diagram of the preparation of a biomimetic fog water collector; (e) optical and SEM images of the fog collector.*?® This figure has
been adapted from ref. 126 with permission from Royal Society of Chemistry, 2021. (f) Design a bio-inspired spine with backward micro barbs and
layered microchannels; (g) design diagram of a two-dimensional spider web shaped fog collector and a three-dimensional cactus shaped fog
collector.*®” This figure has been adapted from ref. 127 with permission from American Chemical Society, 2020.
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Although significant progress has been made in bionic fog
collection technology, there are still shortcomings in the
directional transport of water droplets. Our research group**®
was inspired by lotus leaves and cactus to prepare a Janus
membrane that can both collect fog in the air and transport it to
specific areas, which consisted of a conical microcolumn with
a wettability gradient and a hydrophilic copper mesh. The tip
area of the conical microcolumn was superhydrophobic, while
the rest was hydrophobic (Fig. 18c), and Fig. 18d and e
compared the WCA of the original lotus leaf surface with the
Janus surface, and this Janus film had excellent super-
hydrophobic properties.”” The experimental results showed
that the fog collection capacity of the film reached 7.05 g cm >
h™". This study has reference significance for the design and
development of fog collection, droplet manipulation, and
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microfluidic equipment. Targeting mesh or porous membrane
fog collection, it may be clogged during the fog collection,
hindering the transport of droplets and reduces the fog collec-
tion efficiency. Thus, in future research, attention should be
paid to the issue of net clogging.

Patterned surfaces with special wettability have attracted
increasing attention from researchers, due to their potential
applications in fog collection, medical equipment, micro-
fluidics, and other fields. To expand the functionality of
patterned surfaces, our research group'’ further proposed
a multifunctional superhydrophobic radiation pattern on
different wetting surfaces (Fig. 18f). The hydrophilic surface of
the radiation pattern can quickly push water droplets towards
a wetting area, and the water droplets would move from the
center of the circle to the edge. Interestingly, the
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Fig. 18 (a) Schematic diagram of the manufacturing process of a special bionic wettability surface on the copper mesh surface; (b) comparison
of fog collection processes for the copper meshes with different wettability.*?® This figure has been adapted from ref. 128 with permission from
Royal Society of Chemistry, 2018. (c) Schematic diagram of Janus membrane preparation; (d and e) SEM images and WCA of the original lotus leaf
and Janus membrane surfaces.*® This figure has been adapted from ref. 129 with permission from American Chemical Society, 2021. (f)
Manufacturing process diagram of a multifunctional radiation patterned surface; (g) illustrations of the WCA and optical image of the radiation
patterned surfaces.*° This figure has been adapted from ref. 130 with permission from John Wiley and Sons, 2022.
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superhydrophobic surfaces with radiative patterns promoted
the movement of water droplets from the edges to the center of
the circle, achieving reverse transport (Fig. 18g)."** In addition,
the superhydrophobic surfaces can serve as microreactors to
achieve oil-water separation, which provided new insights for
the design of multifunctional surfaces that not only enhance fog
collection, but also achieve reverse liquid transport and oil-
water separation.

5.2 Triple bionic surfaces

Combining the advantages of three organisms in fog collection
can further address the shortcomings of the bionic fog collec-
tors from single organism.*'**> Compared to the bionic
surfaces based on single organisms, the triple bionic surfaces
exhibit more complex physical structure and chemical proper-
ties, which realize efficient fog collection and decrease water
lOSS.133_137

The patterned surface of the Namibian desert beetle can
improve the deposition efficiency of fog droplets, the nanofiber
capillary channels of the honeycomb network control the
transport direction of captured water droplets, and the super-
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lubricating surface can accelerate the directional transport of
water droplets (Fig. 19a). To this end, Zhang et al.*** proposed
a multi-biological inspired bionic patterned surface with
hydrophilic nanofiber protrusions and hydrophobic super-
lubricating plates for spontaneous and effective fog collection.
The patterned surface has an excellent fog collection efficiency
of 1111 mg h™' em 2, where the protrusion of hydrophilic
nanofibers increased the effective fog collection area, and the
hydrophobic super-lubricating substrate promoted the rapid
transportation of collected water in the desired direction,
reduced secondary evaporation of water, ultimately achieved
rapid directional transportation of water droplets and efficient
fog collection.™? This work has opened new avenues for efficient
water harvesting and provided clues for the study of multi-
biological collaborative optimization strategies. To address
the shortcomings of low adhesion of Janus films and poor
condensation of fog droplets on the superhydrophobic side, Su
et al.”*® were inspired by the Janus structure of lotus leaf, the
conical spines of cactus, and the patterned surface of desert
beetle, through femtosecond laser selective ablation and
surface modification, they prepared a hydrophilic-hydrophobic
Janus film on aluminum foil (Fig. 19b), which achieved the self-
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(a) Design schematic diagram of a bionic patterned surface inspired by multiple organisms.*** This figure has been adapted from ref. 133

with permission from American Chemical Society, 2021. (b) Schematic diagram for the preparation of a hydrophilic—hydrophobic Janus film on
aluminum foil inspired by the structure of desert beetle, conical spines of cactus, and Janus structure of lotus leaf.**® This figure has been adapted
from ref. 138 with permission from American Chemical Society, 2021. (c) optical images of conical spines of cactus and Nepenthes; (d) schematic
diagram of a biologically inspired fog collection structure model; (e) schematic diagram of the 3D printing system; (f) optical and SEM images of
a bionic fog collector.®*® This figure has been adapted from ref. 136 with permission from American Chemical Society, 2021. (g) Bio-inspired
design schematic diagram of asymmetric fibers.*** This figure has been adapted from ref. 134 with permission from Elsevier, 2021.
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Table 1 Comparison of preparation methods and fog collection efficiency of different bionic surfaces

Bionic surfaces Method Fog collection rate Reference
Spider Surface modification 335 139
Desert beetle Textile weaving 1432.7 140
Cactus Kirigami and paraffin modification 4000 100
Pitcher plant Lubricant-impregnated surfaces 5440 47

Lotus leaf UV-irradiation 292 141
Shorebirds beaks Humidity responsive switch — 114
Wheat awns Plate-based fog collectors 448 115
Double bionic Cactus-inspired Janus membrane 7050 129
Triple bionic 3D printing and weaving 81250 134

driven fog collection. Compared to traditional Janus
membranes, its fog collection efficiency had been improved by
more than 250%.

3D printing technology has nanoscale manufacturing accu-
racy and fast forming speed, which makes it a reasonable choice
for manufacturing complex bionic structures. It can be used as
a method to simplify the manufacturing process of bionic
surfaces. Liu et al.*®*® prepared a bionic surface inspired by
multiple organisms through 3D printing, which consisted of
a cactus conical spine structure and a bottom channel deco-
rated with curved and curved pits inspired by the Nepenthes
structure (Fig. 19c¢ and d). The bionic surface was prepared
using customized microfluidic continuous liquid interface
printing technology (Fig. 19¢), with a printing speed of 125 pm
s~'. The experimental results showed that the printing ridge
with four longitudinal ridges has the maximum fog collection
efficiency (Fig. 19f), and the bottom channel can effectively
transport and collect water droplets in a directional manner.'**
This work is conducive to the development of next-generation
fog collectors and seawater desalination equipment. Zhu
et al.™** prepared a novel fiber with an asymmetric structure
through droplet microfluidics and 3D printing, which concen-
trated the characteristics of three biological organisms. The
front of the fiber was modeled after the periodic hump of the
leaves of Gunnera, and the inspiration for the water-absorbing
fiber body came from the hair of the leaves of Cotula, and the
patterned structure on the surface of the fiber was inspired by
the desert beetle (Fig. 19g)."** The uneven shape of the surface
can enhance the deposition of fog droplets, while the multi-
level surface roughness can lubricate the channels for rapid
drainage, and achieve directional water transport through non-
uniform wettability,"** thus the fog collection efficiency can
reach 8.2 mg cm™> s~ . Multiple bionic fog collection surfaces
have made significant progress in addressing the major chal-
lenge of global water scarcity. For the sake of comparison, Table
1 summarizes the preparation methods and fog collection effi-
ciency (mg ecm~> h™') of different bionic surfaces in recent
years.

6. Summary and outlook

In recent years, water scarcity has become a global problem, and
organisms that can directly obtain water droplets from fog have

© 2023 The Author(s). Published by the Royal Society of Chemistry

attracted great attention from researchers. The research on
bionic fog collection surfaces is in a rapidly developing stage
and has made many important progresses. By drawing inspi-
ration from natural organisms and their fog collection mecha-
nisms, researchers have successfully developed a series of
efficient fog collection surfaces. These surfaces have broad
application prospects, which cover multiple fields from water
resource management to disaster relief.

This article first elaborates on the fog collection mechanisms
of some typical animals and plants in nature, including spider
silk, desert beetles, cactus, and Nepenthes etc. The spider silk
forms a surface energy gradient and a curvature gradient
between the spindle knot and the joint, resulting in a Laplace
pressure difference. The gradient forces synergistically act on
small droplets, causing them to transport from the joint
towards the spindle knot and aggregate into larger droplets at
the spindle knot. On the back of a desert beetle, small water
droplets condense on the hydrophilic bulge and grows, then
slide into hydrophobic channels due to surface tension and
gravity, and flow along the channels towards the mouth of
desert beetles. The spines of cactus are a biological material
with a conical and multi-level groove structure, which can
capture fog from the air and transport them in a targeted
manner to the stem. Nepenthes is a carnivorous plant whose
leaves form insect traps resembling bottles, used to attract,
capture, and digest insects. The fog collection mechanism of
Nepenthes mainly relies on the multi-scale curvature structure
and super-lubricating property. By analyzing the microstructure
of these animals and plants, we aim to demonstrate their
unique fog collection mechanism and provide ideas for the
development of biomimetic fog collection devices. Secondly,
this article elaborates on the theoretical basis of fog collection,
including five aspects: wettability model, surface energy
gradient model, Laplace pressure difference model, capillary
force model, and Janus membrane model. Revealing the fog
collection mechanism from provides a theoretical basis for the
preparation of biomimetic fog collection devices. Subsequently,
typical cases of bionic surfaces of a single biological prototype
and multiple biological prototypes in recent years were listed,
and the design strategies of their biomimetic fog collection
devices are thoroughly evaluated. Finally, based on the
summary of previous research results, the development of water
harvesting technology is summarized and prospected.
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Bionic surfaces such as spider silk, desert beetles, cactus,
and Nepenthes have been widely studied and applied. Although
these surfaces exhibit high efficiency and reliability in collecting
fog, they still have some shortcomings. For example, the prep-
aration process of some bionic surfaces is relatively complex
and costly, while they also face other challenges such as dura-
bility and stability issues, which limits further applications in
engineering fields.

Therefore, the future research directions include: further
improving and optimizing existing bionic surfaces to enhance
their durability and stability; researching new biological
templates and discovering new bionic materials from a wider
range of biological populations; exploring new preparation
processes and developing more efficient, low-cost, and easy to
mass produce bionic materials. At the same time, further in-
depth research is needed on the physical and chemical prop-
erties of bionic materials to better understand the relationship
between their structure and performance, and provide a theo-
retical basis for the design and preparation of more advanced
bionic fog collectors.

In short, with the continuous development and improve-
ment of bionic technology, it is believed that these materials
will play an increasingly important role in future water resource
management, environmental protection, disaster relief and
other fields.
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