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Abstract

With the explosive growth of the world’s population and the rapid increase in industrial water consumption, the world’s water supply
has fallen into crisis. The shortage of fresh water resources has become a global problem, especially in arid regions. In nature, many
organisms can collect water from foggy water under harsh conditions, which provides us with inspiration for the development of new
functional fog harvesting materials. A large number of bionic special wettable synthetic surfaces are synthesized for water mist collection.
In this review, we introduce some water collection phenomena in nature, outline the basic theories of biological water harvesting, and
summarize six mechanisms of biological water collection: increased surface wettability, increased water transmission area, long-distance
water delivery, water accumulation and storage, condensation promotion, and gravity-driven. Then, the water collection mechanisms of
three typical organisms and their synthesis are discussed. And their function, water collection efficiency, new developments in their
biomimetic materials are narrated, which are cactus, spider and desert beetles. The study of multiple bionics was inspired by the discovery
of Nepenthes’ moist and smooth peristome. The excellent characteristics of a variety of biological water collection structures, combined
with each other, are far superior to other single synthetic surfaces. Furthermore, the main problems in the preparation and application of

biomimetic fog harvesting materials and the future development trend of materials fog harvesting are prospected.
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1 Introduction

Water resources are the basic natural resources that
are related to the survival and development of human
society. The total amount of water resources in our
country is large, but per capita possession of fresh water
is very low, and the spatial and temporal distribution is
very different. Human production and life are insepara-
ble from water. Without water, everything does not ex-
ist!' . Although the earth is a blue planet, and the ocean
occupies about 70% of the total area, the available
freshwater resources are very scarce, accounting for only
2.53% of the total water volume, and 98% of them are
glaciers and deep groundwater which distribute at the
poles, so that it is difficult to be exploited in areas and
buried underground. With the rapid development of
industry in the past century and the rapid increase in the
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population, the demand for fresh water resources in
human society has also increased, and the existing fresh
water resources have been unable to meet people’s
normal demand. According to the global water scarcity
assessment, it was found that 4 billion people around the
world live in an environment of extreme water scarcity
for at least one month a year (Fig. 1), and half of them
live in India and China, nearly 500 million people in the
world face serious water shortage”. The shortage of
water resources is an urgent issue. How to increase the
access to water resources and allocate them rationally is
a top priority'®..

It is not the strongest of the species that survive,
but the one most responsive to change. In the long
time, nature creatures have adapted to various extremely
harsh living environments through continuous evolution,
such as the desert and Gobi, showing their unique life
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Fig. 1 Distribution of world freshwater resources. The picture was adapted with permission from Ref. [8]. Copyright 2019 by National

Academy of Sciences.

9,10 .
191 Creatures in nature evolve to form

characteristics
special structures that can adapt to the environment.
This also inspires us to study its water-collection me-
chanism from nature in order to face our increasingly
serious water shortage problem, and bionics came from
this. Bionics is a discipline that prepares corresponding
substances by imitating the structure of organisms which
was proposed by Steele!"). The Webster Dictionary
(1974) defines it as: imitating and synthesizing similar
products by studying the production of substances and
materials in nature (Enzyme or silk) formation, structure
or function, as well as biological mechanisms and
processes (protein synthesis or photosynthesis)[lz]. With
the development of advanced observation equipment and
technology in the 20th century, biologists and materials
scientists began to study the structural characteristics of
the surface of natural superhydrophobic materials. In
1997, Barthlott et al. reported the super-hydrophobicity
of the lotus leaf surface (Fig. 2a)[13]. Scientists studied the
lotus leaf surface by SEM and found that the su-
per-hydrophobicity of the lotus leaf is related to the sur-
face microstructure. As we all know, plant epidermis is
mainly composed of a stratum corneum network and a
hydrophobic waxy compound. The stratum corneum wax
is a film with a 2D structure or a block with a 3D struc-
ture or a combination of these two. The hydrophobic leaf
also has an important function that it can still keep clean
and self-cleaning ability in the dirty water, this is called
the “lotus effect”. Each epidermal cell on the surface of
the lotus forms a single mastoid or a papillary shape
through cell division and a large number of mastoids
form micro-roughness. At the same time, the waxy

compound can also produce nano-scale bumps. The
roughness of the microstructure on the rough surface and
the wax with low surface energy work together, and the
roughness plays a dominant role in the “Lotus effect”,
surface of the lotus leaf
superhydrophobic!'*?"!. The static Water Contact Angle
(WCA) and slide angle of the lotus leaf are about 164°
and 3°, and we call this surface a superhydrophobic sur-

making  the

face. A superhydrophobic surface that is a surface with a
water contact angle greater than 150° and a slide angle
less than 10°. Inspired by the “Lotus Effect”, scientists
began to study more superhydrophobic surfaces in nature.
For example, rose petals’ WCA is greater than 150°, but
the surface has a large adhesion to water. The water
droplets on the surface of the petals are spherical, and the
water droplets will not roll off even if the petals are in-
verted. This phenomenon is called the “petal effect”
(Fig. 2b)?"*). In addition, the rice leaf surface also has a
self-cleaning properties, and the rolling of water droplets
dripping on the rice surface also has a certain anisotropy
(Fig. 2¢). The discovery of the natural superhydro-
phobic microstructures has greatly illuminated the study
of bionic superhydrophobic surface materials. Inspired
by the phenomenon of super-hydrophobicity on the sur-
face of plant leaves, scientists began to study the surface
of animals. Finally, the study found that some animal
surfaces are also superhydrophobic. Gao et al. found that
the legs of the leech have a special layered structure
(Fig. 2d) which is covered by a large number of direc-
tional multilayered bristles with micro-grooves. Each of
micro-grooves is about 50 um long, and the surface of the

bristles has finer nano spiral groove[27].
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Fig. 2 SEM photograph of superhydrophobic biological surface with micro-nano structure: (a) Lotus leaf; (b) rose petal; (c) rice leaf; (d)
water strider; (e) cicada wing; (f) termite wings. (a) was adapted with permission from Ref. [27]. Copyright 1997 by Springer Verlag. (b)
was adapted with permission from Ref. [28]. Copyright 2008 by American Chemical Society. (c) was adapted with permission from
Ref. [29]. Copyright 2013 by Royal Society of Chemistry. (d) was adapted with permission from Ref. [30]. Copyright 2004 by Nature
Publishing Group. (e) was adapted with permission from Ref. [31]. Copyright 2004 by Elsevier. (f) was adapted with permission from

Ref. [32]. Copyright 2010 by American Chemical Society.

Gao et al. also found that compound eyes of mosquitoes
have the special functions of super-hydrophobicity and
anti-fog (Fig. 2e). Even when exposed to moist envi-
ronment, the mosquito eyes can still keep dry and clear
vision. In this study, artificial mosquito compound eyes
were prepared by using photolithography to simulate the
compound eye structure of mosquitoes[zg]. Waston et al.
studied the microstructure of the surface of the cicada
wing (Fig. 2f), and found that the hexagonal filled array
structure is arranged on the cicada wing, and it is dis-
tributed at a pitch of 200 nm — 1000 nm. This special
structure makes the cicada wing have super-hydrophobic
propertiest®”). It was found that the termite’s wings had a
large amount of body hair, micro-convex structures, and
a large number of grooves. After the surface of the body
hair is treated with the coating, its microstructure dis-
appears, the adhesion of water droplets on the surface of

the body hair increases and the hydrophobicity decreases.

This indicates that the micro-nano rough structure
formed by the grooves and micro-convex structures
distributed on the surface of termite body hair is the
main reason for its excellent super-hydrophobicity".

These materials are widely used in energy saving,

oil-water separation and other fields because of their
excellent super-hydrophobicity and self-cleaning prop-
erties®' ],

Water is the source of life and the lifeblood of
economic construction, so it is very important for pro-
duction and life. The atmosphere is rich in fresh water,
and it is not limited by the region, especially in the isl-
ands and coastal areas with high air humidity, so that it
has become a hot spot to obtain fresh water resources.
Up to now, people’s utilization rate of fresh water in the
air is very low, so it can be seen that there is great po-
tential to fog collection technology to obtain fresh water
resources. In nature, some organisms can collect water
vapor to survive in extremely arid environment. For
example, spontaneous directional movement of liquid in
Sarracenia (Fig. 3a)[39] and Nepenthes[40] in marsh area,
directional movement of droplets on the surface of but-
terfly wings (Fig. 3¢)*", Setaria viridis (Fig. 3b)1**,

1 and other creatures

Australian tree frog (Fig. 3d)
can collect water from the air. A typical phenomenon is
that the Laplace pressure gradient and surface energy
gradient formed by the surface structure are used by

cactus spines* and spider silk!* to collect water. The
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Fig. 3 Water-collecting creatures in nature and their SEM photos: (a) Sarracenia fluff; (b) Setaria viridis; (c) butterfly wings; (d) tree frog.
(a) was adapted with permission from Ref. [47]. Copyright 2018 by Nature Publishing Group. (b) was adapted with permission from
Ref. [42]. Copyright 2014 by Royal Society of Chemistry. (c) was adapted with permission from Ref. [41]. Copyright 2007 by Royal
Society of Chemistry. (d) was adapted with permission from Ref. [43]. Copyright 2011 by University of Chicago.

hydrophilic and hydrophobic structure on the surface is
used by Namib Desert beetle!*"!
organisms that can capture fog in the air provide a lot of

to collect water. These

afflatus for researchers, so many bionic fog harvesting
materials have been developed.

Freshwater is an indispensable natural resource for
human survival and development, and occupies an ex-
tremely important position in the national economy and
people’s livelihood of various countries!'!). Seawater
desalination is currently the most popular solution for
obtaining freshwater, but according to current technol-
ogy, the cost of desalination is too high, the energy
consumption is large, and local conditions are not suit-
able, so that this method is unsuited for large-scale
promotion. How to use high-efficiency water vapor
condensation technology to collect water directly from
humid air is the first choice to alleviate the problem of
water shortage in arid areas. The research of bionic fog
harvesting materials has opened a new way for us to
solve the problem of water shortage. Based on the ex-
cellent water vapor collection characteristics of the
above-mentioned biological micro-nano structure, the
research on the preparation of micro-nano composited

structures for fog harvesting has gradually became a
research focus. In this review, the six major mechanisms
of passive biological water collection which are based
on the interface wetting theory and droplet transporta-
tion theory are summarized, and then water collecting
mechanism, bionic method and improvement in recent
years of three typical organisms are introduced respec-
tively. Finally, the main problems in the preparation,
application and the future development trend of biomi-
metic fog harvesting materials are prospected.

2 Theoretical basis

The fog harvesting mechanism of natural organ-
isms can be explained by many models, including
Young’s equation, Wenzel model, Cassie model, contact
angle and rolling angle, surface energy gradient model,
Laplace pressure model and film condensation and drop
condensation. Coagulation, consolidation, transportation
and storage are involved in water collect processes.
Among them, the water mist condensation theory is the
same as the solid surface wettability theory; the trans-
portation theory mainly includes the surface energy
gradient and the Laplace tension equation; the driving
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Fig. 4 Basic concept models of droplet wetting on solid surface. (a) Young’s model; (b) Wenzel’s model; (c) Cassie’s model; (d) the state
of droplet motion on horizontal and (e) inclined surfaces; (f) surface energy gradient model; (g) Laplace pressure model. (a — g) were
adapted with permission from Ref. [64]. Copyright 2017 by Wiley-VCH Verlag.

force for water mist recovery and transportation is gen-
erated by the surface energy gradient, and the surface
energy gradient is produced by the difference in surface
roughness. These theoretical models can help us to better
understand the water mist collection process, essentially
explaining the static and dynamic contact of droplets on
the surface. They provide a solid theoretical basis for us
to further analyze the behavior of droplet coalescence,
movement on the surface of the material and the process
of mist water collection.

2.1 Wettability theory
In 1804, Young proposed an equation describing
the function of interfacial tension between solid, liquid

and gas, namely Young’s equation (Fig. 4a)"**! through
an in-depth study of the hydrophilicity and hydropho-
bicity of the surface of the substance. On a smooth sur-
face with an ideal solid surface, the relationship between
the contact angle of the droplet on the material, the in-
terfacial tension of the solid, liquid, and gas three-phase
contact surfaces is

Y —Va =g COS 6, . (1)

In the formula, y,, 7, and y are respectively the surface
tension between the solid-gas, liquid-gas, and the inter-
facial tension at the solid-liquid interface at a certain
temperature. In the gas-liquid-solid three-phase equili-
brium, the angle that the water droplet is between the
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liquid-air interface and the solid-liquid interface is 6.
Young’s equation is an idealized model which is only
applicable to ideal solid surfaces. The ideal solid surface
refers to the uniform, smooth, immutable and isotropic
composition of the solid surface. In practical applica-
tions, this surface is almost non-existent. For a solid
surface with a certain roughness, the hydrophobic
property of the surface is a combination of surface
chemical composition and roughness. Therefore, there is
a certain difference between the apparent contact angle
and the intrinsic contact angle. On a rough surface, it is
considered that the actual solid-liquid contact area is
larger than the apparent contact area, and it is assumed
that the droplet completely enters the cavity of the sur-
face structure, so the effect of roughness on hydropho-
bicity must be considered.

For the actual surfaces, the effect of surface
roughness on the wettability of a solid surface must be
considered. In 1936, Wenzel took a closer look at the
problems with the Young equation. It is assumed that the
droplets can completely fill the grooves of the rough
surface. Due to the presence of surface tension, the ac-
tual solid-liquid contact area is larger than the sol-
id-liquid area of the ideal plane which results in a dif-
ference between the contact angle of the rough surface
and the ideal surface. Therefore, Wenzel modified the
Young equation (Fig. 4b), and when the system reached
equilibrium, a Wenzel equation[49] that satisfies the ap-
parent contact angle was obtained, as shown in Eq. (2):

M=rcos€y. 2

e

cos@, =r

Where 6y is the apparent contact angle, 6y is the intrinsic
contact angle, and r is the roughness factor which
represents the ratio of the actual solid-liquid area on the
rough surface to the apparent contact area. It is worth
noting that the Wenzel equation only applies to surfaces
with homogeneous chemical composition and rough-
ness.

Based on the Wenzel model, Cassie and Baxter
further expanded and modified the Young equation, and
the concept of compound contact was proposed. A new
rough surface structure model™ was established. It is
believed that if the droplets can’t penetrate into the
rough structure on the rough surface, the air will be

trapped in the grooves on the surface to form an “air
cushion”, and the droplets will stay on the composite
surface composed of solid and gas. This assumption was
closer to the real state. When the roughness of the solid
surface is uneven to a certain degree, the air is easily
trapped in the valleys of the solid surface by the wetted
liquid (Fig. 4c). When the composite surface is com-
posed of solid and water, the Cassie Baxter equation can
be expressed as:

cos@., = f,cos0, + f, —1. 3)

Where 6cg is the apparent contact angle under the Cas-
sie-Baxter model, and f;; is the solid-liquid area fraction.
Based on the Cassie Baxter model, it is easy to see that
the droplet has a small solid-liquid contact area on the
surface, so it is easy to roll.

2.2 Droplet movement on horizontal or inclined
surfaces
When the droplet is on a horizontal surface, the
contact angle will occur due to the inconsistent contact
angle between the front and rear ends of the droplet
(Fig. 4d). The resistance caused by the contact lag is Fx:

F, =nR,y(cosf  —cosd,,). @)

Where 8, 1s the forward siding angle, 6, is the backward
siding angle, and Ry is the contact radius of the
three-phase contact line.

Although contact angle is a commonly used crite-
rion for evaluating the hydrophobic properties of solid
surfaces, a complete process of judging its hydrophobic
properties depends on a dynamic process. Siding

31541 is another important index for evaluating the

angle!
hydrophobic performance of the surface. It refers to a
rolling tilt angle which is produced by a certain amount
(volume or mass) of the droplet gradually tilts on flat
surface. The smaller the siding angle, the more hydro-
phobic the solid will appear. When the solid surface is
tilted until the droplet is about to roll without rolling, the
contact angle at both ends of the droplet becomes the
advanced contact angle (6,,), and the smaller becomes
the receding contact angle (6,.), The difference between
them is called Contact Angle Hysteresis (CAH = 6,;—6,.)
(Fig. 4e). There is a difference between the advancing
contact angle and the receding contact angle. Generally,
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the advancing contact angle is larger than the receding
contact angle, that is 8,; >08,.. If the difference between
6.4 and 6, is larger, the droplets are less likely to fall off
the solid surface, and the smaller the difference between
6.4 and 6, is, the easier it is for the droplet to fall off the
solid surface.

2.3 Surface energy gradient model

Wettability is that the surfaces of many organisms,
including plants and animals, have unusual structural
characteristics on the macro level and nanoscale which
can control their own water action. Spider silk and cac-
tus have similar water collection principles, and it was
proved that their condensed sub-millimeter droplets
were driven by surface energy gradients (Fig. 4f) and
Laplace pressure differences. In the entire spider silk
water collection process, the spindle head acts as a
condensation point in the initial stage, and then as a
gathering place for small water droplets at those nodes,
and the nodes mainly act as condensation points on the
contrary. This is because the spindle is more hydrophilic
than the node and has a higher apparent surface energy.
Due to the effect of the force caused by the surface
energy gradient, the given surface roughness is different.

The specific analysis?®>> is:

Lk
F= ij ¥(cos8, —cosB,)dL. )

Where y is the surface tension of water. €, and 6% are
respectively the advancing and receding angles of the
water droplets on the spider silk. d/ is the integration
factor which is the distance from the spindle to the
spindle head. The difference in surface energy gradient
caused by surface roughness will drive water droplets to
move from areas of low hydrophilicity (nodes have rel-
atively lower surface energy) to more hydrophilic areas
(spindle heads have higher surface energy).

2.4 Laplace pressure model

The second driving force for the movement of the
directional water may be due to the spindle geometry of
the node, which causes the Laplace pressure difference
(Fig. 42)P"%\. A spindle head can be regarded as com-
posed of two opposite circular and conical materials.
Such a cone with a certain curvature gradient will pro-

duce a Laplace pressure difference that acts on the water
droplet, it can be understood by the following formula:

ap=["—2
n r+R0

sinfdz. (6)

Where r is the local radius, Ry is the radius of the water
drop (R = (3V/4m)"?, V is the volume of the water drop.)
p is half the top angle of the spindle, and z is the inte-
gration factor along the diameter of the spindle head.
Laplace pressure is much larger in places with large
curvature (radius r; at nodes) than in places with low
curvature (spindle radius r,). Due to r; is smaller than 7
this will inevitably cause an unbalanced Laplace pres-
sure difference in the water droplet to push the water
droplet from the node to the spindle head. The final
result is that the surface energy gradient caused by the
anisotropic surface structure and the Laplace pressure
difference caused by the conical spindle head geometry
work together to drive the water droplets from the node
to the spindle head.

2.5 Film condensation and drop condensation
Condensation of water vapor can be divided into
membrane condensation and drop condensation®.
During the condensation process, if the condensate does
not wet the wall surface well, it will only condense into
small droplets on it, and then grow up or merge into
larger droplets and fall off. The condensation mode is
called droplet condensation. If the condensate can wet
the wall surface, it will form a complete liquid film
covering the liquid surface and flowing continuously.
called film

61-63
! Because the membrane condensa-

This  condensation  method is

condensation!
tion surface is always covered with a layer of liquid film,
the heat transfer between the condensed steam and the
condensation surface is carried out through the liquid
film. But the liquid film heat transfer efficiency is very
low, and the heat transfer process is hindered, so its heat
transfer efficiency is much lower than that of drip con-
densation. In the past, it was generally believed that film
condensation was formed when the contact angle of the
condensation surface was less than 90°, and drop con-
densation was formed when the contact angle was
greater than 90°. Cao et al. made a dynamic description
of the condensation process from the perspective of

A Springer



508 Journal of Bionic Engineering (2021) Vol.18 No.3

chemical potential change. They combined with the
relationship between the dropping diameter of droplets
on the condensation surface and the contact angle, and
concluded that drop condensation or partial drop con-
densation may still occur when the contact angle is
70.67° ~ 90°. Many organisms have this similar special
surface structure, which can make the condensed water
escape efficiently, and thus exhibit very excellent fog
harvesting characteristics.

3 Basic water collection mechanism

In nature, organisms with the ability to collect wa-
ter on the surface can be seen everywhere. They can
absorb water from various sources, such as rain, fog,
water vapor in the air and water in the environmental
matrix!"!. For example, the transdermal absorption of
amphibians, the surface transmission of toads, elephants,
and beetles. All kinds of organisms obtain and process
water in unique ways. These processes of collecting and
treating water involve different, specific chemical or
structural adaptations of the surface. According to gen-
eral research, there are currently six water collection
mechanisms related to biological water collection: (1)
The increase in surface wettability; (2) increase of water
transmission area; (3) long distance water delivery; (4)
water accumulation and storage; (5) condensation pro-
motion; (6) gravity-driven'®. Specifically, due to certain
microstructures (such as columnar and hexagonal dim-
ples), the wettability of biological surfaces is increased,
the contact angle becomes smaller®. The diffusion area
of water can be increased by a similar microstructure.
The structure of trenches and troughs facilitates
long-distance transport of water, and biological water
transport distances are usually between a few millime-
ters and a few centimeters'®”. It is important for us to
distinguish between wetting effects and capillary phe-
nomena. The wetting effect is the interaction of the lig-
uid with the surface, and the capillary phenomenon is the
force acting on the liquid in the channel structure. In
addition to these water collection and transport me-
chanisms based on structure, hairy surfaces can also play
a role in accumulating and storing water™®. Condensa-
tion is to establish a thermal gradient adapted to envi-
ronmental conditions by changing the microenviron-
ment, thereby promoting condensation and water col-

[69-72

lection I Finally, a specific posture is used to guide

the water to collect water.

3.1 Surface wettability

Water absorption capacity of the surface requires a
hydrophilic surface, regardless of the species. Hydro-
philicity refers to an increase in the wettability of a
surface which is caused by chemical properties, and it is
often associated with certain microstructures'”>). For
example, Australian spiny lizards and Texas polygonal
lizards can draw water from dry deserts to survive!™.
Some lizards are known to passively absorb water from
the environment. These lizards are collectively referred
to as hygroscopic lizards. These lizards belong to dif-
ferent genera, but they all have the ability to collect
water because of their unique surface microstructure.
The horny skin of these lizards is hydrophilic and exhi-
bits hexagonal microstructures (Fig. 5a) which are about
10 um — 30 pm in diameter and 1 pm — 5 pm in depth!™.
Once the microstructure comes into contact with a small
amount of water, the microstructure will be filled with
water and show superhydrophilicity on the surface!™.
We call this process “pre-wetting” (Fig. 5b). The pur-
pose of pre-wetting is to collect water from the air more
quickly.

Surface wettability can also be adjusted by chemi-
cal modification. Some tree frogs significantly reduce
the loss of evaporated water by secreting lipids through
the skin. Lipid secretions are hygroscopic, which can
cause the surface to absorb moisture and increase wet-
tability after covering the surface of the organism[m. For
example, toad’s saliva, although this secretion was in-
itially considered to be a defensive fluid, but later re-
search found that toad’s saliva contains glycosaminog-
lycan, which is a hydrophilic substance that plays an
important role in water balance!™. It can reduce water
evaporation and maintains wettability when applied to
the surface.

3.2 Permeable surface microstructure

Surface structure not only affects the wettability of
the surface, but also affects the wetting phenomenon in
generally. Typical wetting phenomena include superhy-
drophobic and self-cleaning'””*”. Water penetrates into
surfaces with moderate chemical hydrophilicity and has
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Fig. 5 (a) The scales of the Texas Horned Lizard are exposed to water under wet conditions and dried on silica gel to repeat this effect. (b)
Scanning Electron Microscope (SEM) image of the sample surface in (a). (c) Pillar-like surface structures of the flat bug Dysodius magnus.
(d) Different capillary rises in a capillary tube. (e) Asymmetric pillar structure for directional penetration of liquid and schematic flow of
an applied droplet. (f) The ventral skin of the Australian thorny devil. (g) Semi-thin slice SEM pictures of skin samples (0.7 um) after
removal of epon embedding. (h) Hierarchical channel structure of main cavity and sub-channel. (i) The functional principle of directing

and passively transporting water from the skin channel structure of Texas horn lizard. (a — i) were adapted with permission from Ref. [81].
Copyright 2014 by WIT Press.

a larger area than diffuses on smooth surfaces®***. Such americanus can collect moisture from the surrounding
water penetration has been found in the surface struc- humid air. Their granular skin contains many grooves!®*..
tures of elephants, toads, and flatworms. Some Bufo In these grooves, capillarity is formed, which creates the
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power to collect water, and the collected water is
transported along the grooves to other parts, maximizing
the skin wetting to expand the catchment area (amphi-
bians often absorb water through the skin). The African
elephant’s epidermis is full of wrinkles and fissures. This
form creates a uniform arrangement of pentagonal and
hexagonal nodules. This structure is similar to toads and
has water-absorbing properties to maintain surface wet-
ting. In flat bug Dysodius magnus, the surface structure
is distributed in columns (Fig. 5¢), which supports hy-
drophilic wetting characteristics and water diffusion™".
Although the diffusion of water on the surface is slower
than that in the channels between segments, it is po-
werful in energy, so water can passively diffuse on the
surface of the body to increase the diffusion area of
water, which is beneficial to the collection of water
(Figs. 5d and 5e).

3.3 Water transport

The diffusion of the collected water can be called a
method of distributing the water. Capillary action is
required for long-distance passive water transport. Ca-
pillary liquid transport can occur in very small cavities,
where capillary forces dominate other forces®®. The
corresponding surface structure was found in the lizard’s
granular skin (Fig. 5f). On the lizards that collect water,
the transport of water in the capillary prevents most of
the body surface from wetting, so large areas of water
are prevented from evaporating. And there is a skin
channel network in hygroscopic lizards, which exists in
the scales of the whole surface of lizards. Its width is
between 100 um and 300 pm (Fig. 5g). The channel can
collect water by capillary action, and has a layered

7] The large channels between the scales can

structure
quickly absorb water into the high-capacity channel
system, and the sub-channels that are composed of cav-
ities formed by internal protrusions (Fig. 5h) serve as a
relay station for capillary water transport to transport
water to greater distances (Fig. 51)**). Some crustacean
dock cockroaches, such as Ligia exotica and Ligia
oceanica, passively collect water from the wet surfaces
of their coastal habitats. Water is transported in the open
structures of the leg’s epidermis, which function as ca-
pillaries. Further inspection revealed more details: hair
and paddle-like microstructures on two adjacent legs

collect and transport the attached water, the water is
transported further along the swimming limbs (pleats) to
the hindgut near the anus, and then absorbed.

3.4 Water accumulation and storage

It is also important in the storage and accumulation
of water. Various surface structures can form cavities,
and the collected water can accumulate. Such accumu-
lation can be simple. For example, the entrainment be-
tween some snakes’ body coils can store a small amount
of water™®™. The amount of water that can be stored in
the cavity of the animal’s outer surface structure is called
the cortical water holding capacity, and the lizard has the
largest water holding capacity, because it has a more
hierarchical skin structure or a higher density of skin
channels®*”",

In 2015, Ito et al. studied a variety of plants in arid
regions, and pointed out that the surface of Lychnis si-
birica growing in the arid steppe region of Mount Fujiin
Japan has a unique water storage and accumulation

9293 Under dry conditions, its tapered hair with

function'
internal microfibers is reversibly transformed into a
vertically twisted crush plate, and the microfibers in the
hair are responsible for the storage and release of water.
The unique morphological change of the hair’s tapered
shape into a vertical twist depends on the humidity level
in the air and the water content that is stored under hu-
mid environmental conditions. They observed the exis-
tence of hairs on the surface of the genus. It is found that
there is a cubic structure inside under the scanning
electron microscope, and under the sliced electron mi-
croscope of the vertical hair (Figs. 6d — 6f). Preliminary
studies on fibrous substances show that these substances
have the function of collecting and releasing water.
When in a humid environment, the microfibers in prunus
cirrhosa absorb moisture from the mist and water vapor,
and fill the cubic structure to store water. In a dry envi-
ronment, the hair automatically bends, and these cubic
microstructures of water storage are compressed, and the
water in them is squeezed to the surface of the leaves to
meet the needs of biological survival (Figs. 6a — 6c).
This water storage characteristic is also found in toma-
toes, bitter gourds, and sweet potatoes, and will be used
to develop biomimetic water storage materials®* %),
Grouse mainly live in arid areas and feed on dry
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Fig. 6 Lychnis sibirica’s surface hair absorbs moisture from moist air and releases it when it dries. (a) Immediately after putting on a water
droplet. (b) After 2 h, the dry hairs have a perpendicularly twisted structure at a 90° angle. (c¢) After 3 h field emission SEM images of hairs
for (d) intact hairs. (¢) A hair sliced vertically. (f) A higher magnification of (e). (a — f) were adapted with permission from Ref. [94].

Copyright 2015 by American Institute of Physics.

seeds. How does it get enough water to survive? It turns
out that grouses have wettable chest hairs to store and
accumulate water. Generally, they fly to the source of
water to wet their feathers, and then fly back to the ha-
bitat to feed the cubs with water on the feathers!®®!.
Generally, the feathers of birds show a quasi-hierarchical
structure, which is used to waterproof and prevent water
penetration”””. Unlike the sandgrouse, its feathers can
store 30 mL of water, which is about 5% to 15% of its
body weight. In a fibrous structure, water is not held by a
single (structured) surface, so it may be related to feather
volume, which are composed of many structures. At
present, it is only known that there is a reversible phy-
sicochemical change of feather keratin in the process of
water storage of grouse. The reason for the structural
change is unclear, which is a major difficulty in current

research”®,

3.5 Condensation

Water vapor condenses into droplets on animals
and has been observed on some frogs, such as tree frogs
and L. caerulea. The temperature gradient required for
condensation is achieved through changes in thermal
properties and time. These frogs also need to absorb
water from the surrounding environment as much as
possible while maintaining the reduction of water loss.
When frogs cool down in the low temperature envi-
ronment in the wild, and then enter a warm and humid
hole, the temperature difference causes small droplets in
the air to condense on the colder skin surface of the frog.
Coincidentally, condensation is an important way for
Scaffiopus hammondii and Scaffiopus couchii living in
the desert to get water. According to research, the spikes
on the skin of some hygroscopic lizards act as a con-
densation point. Although it is easier to condense and
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promote water under laboratory conditions than nature,
it is still not enough to survive. Thorny devils can collect
water which is about 0.2% of the body weight while the
actual condensation results in a weight gain of 0.75%.
This result shows that there are other ways of collecting
water. After an in-depth study, it was found that the li-
zard uses condensed water to wet the lizard skin in ad-
vance in order to collect water more quickly.

With the development of bionics, more and more
people have realized the superiority of biological struc-
ture. After long-term natural selection of the fittest, the
organism has evolved a nearly perfect structure. In
general, we believe that the fog cannot be compressed.
The fog already contains many condensed fine droplets,
which are light enough to be suspended in the air.
Therefore, the mist can be collected without condensa-
tion. In 2001, Andrew reported in Nature that the peri-
odic microstructure of the desert beetle has alternating
hydrophilic and hydrophobic regions®”. The hydro-
philic area acts as a condensation point, which helps to
collect fine mist from the air, and the hydrophobic area
makes the accumulated droplets easy to roll off. This
structure can collect tiny droplets in the mist with the
help of wind to form a larger droplet that are used to
maintain their own water requirements.

Membrane condensation is widely used, but the
condensation efficiency is not high. Even if the surface
tension is used to strengthen the corrugated pipe, finned
tubes, its condensation heat transfer efficiency is still not
as good as drop condensation. However, although
droplet condensation has high condensation heat transfer
efficiency, it is very unstable, and it is difficult to main-
tain it for a long time in the actual process. In recent
years, researchers have worked hard to find new solu-
tions to prepare efficient and continuous condensing
structure surfaces, and have turned their attention to
bionic fog harvesting condensation structures. Zhu and
Guo™ used the surface of the Namib desert beetle as a
model to imitate the special condensation structure on its
back and study the properties of its water collection. By
adjusting the molar concentration ratio of hydrophobic
substances and hydrophilic substances on the composite
surface, it was found that the original concentration was
9:1 when the composite surface has the maximum con-
densation speed which is called the water collection

efficiency.

3.6 Using of external forces
Some turtle species have been found to use gravity
to transport water over crustaceans and eventually into

their mouths!'®

) In fact, animals expose themselves to
external forces to collect water in a characteristic posture.
The emergence of gravity supports the function of sur-
face microstructures and the transport of channels. Na-
mib beetles take this approach to collect moisture in the
air. At night, they come to the windward side of the dune,
and then use their bodies to make parallel furrows on the
surface of the dunes, which are close to each other, just
like plowing, with a ridge between every two furrows.
As the temperature gradually decreases and the fog
slowly comes, the water droplets condensed on this edge
will be two to three times more than the water droplets
on the surrounding flat sand. The water collected will
occupy the weight 40% effect. The elevation angle was
measured to be 23°1%°]

4 Development of mist collector and bionic
method

Passive water collection has caused extensive re-
search by scientists. Many functional structures com-
bined with bionics have been applied in various fields,
such as liquid directional transport, oil-water separation,
fog harvesting and so on. Great progress has been made.

Fog harvesting (condensed water suspended in the
air) is considered to be an effective solution to the
problem of water shortage in remote areas!'*"'%]. For
example, the inspiration for the invention of the mist trap
is not only derived from the microscopic surfaces of
several plants, but also from the special surfaces of some
animals. In recent years, researchers have conducted a
lot of research on micro-nano structures on biological
surfaces with excellent water vapor collection perfor-
mance. Its excellent characteristics and production me-
chanism have been explored, a theoretical analysis
model has been established, and various preparation
methods for preparing biomimetic fog-harvesting mate-

rials have been developed!' %,

4.1 Early fog collector based on natural plants
There are many arid places in the world, but they
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are often surrounded by dense fog. The organisms that
have long time lived in the area have evolved a special
ability to collect water. Many plants can draw water
droplets from the air to obtain water sources'*. For
example, the redwood trees in California can form
porous and large-area fog-traps with the lichens that
grow on them. It can effectively intercept the small
droplets in the dense fog and provide the source of
redwood water to survive. It is found that in summer,
about 19% of the moisture of California redwood comes
from the condensation of small droplets in fog!'**'%!,
Humans have a long history of using fog water, but
in-depth study of it has entered a long period of stagna-
tion. Until 1901, Marloth et al. set up reed bundles on
Table Mountain in South Africa to try to collect fog
water, and achieved remarkable results!"'”. Fog water
collection has attracted widespread attention, and related
research has begun to develop slowly around the world.

4.2 Net-based fog water collector

Since the 1990s, fog collection networks have been
carried out in remote villages in some developing coun-
tries such as Africa, South America, and Asia. 75 double
steel wire meshes were erected near a small fishing vil-
lage called Chungungo in northern Chile as a water
collecting surface, giving local villagers an average of
about 30 litres of potable water per person per day!'''.
Germany Kai Tiedemann and Anne Lummerich de-
signed and manufactured a plastic net, which was set up
in a thick fog. The fog condensed on the net and flows
into the set water collection tank. This early fog collector
mainly used nylon nets, polypropylene plastic nets to be
fixed at a certain height and vertical wind direction to
collect fog, and it used the contact of small droplets on
the surface to fog harvesting. But when the wind direc-
tion changed, the efficiency of fog harvesting will be
greatly reduced. Later, a full range of mist collectors
were developed after improvement, which can be
roughly divided into two types. One is using bearings to
adjust the water collection surface to change with the
wind direction at any time on the basis of the ordinary
net-based mist water collector, and it always keep the
water collection plane perpendicular to the direction of

[112-114

mist flow 1 and the other is arranging a number of

metal rods with a certain length into a cylinder according

to a certain distance, and the structural characteristics of
the cylinder ensure that the incoming flow in all direc-
tions will be intercepted by the plane of the water col-
lector. In addition, the wettability of the surface of the
fog collector will also affect the efficiency of the fog
collection, which is mainly reflected in the difficulty of
droplets dripping on the water trap. When the contact
angle hysteresis of the droplet on the net is small, it can
smoothly slide off and drip, which reduces the clogging
of the mesh and avoids the secondary scattering of small
droplets. In response to this, Lalia e al.l"'>""" prepared a
porous film by electrospinning. The porosity of the film
was used to fix a layer of oil with lubricating properties,
which effectively reduced the contact angle of water
droplets on the surface, and the fog-harvesting efficiency
of the membrane is improved. The emergence of a wide
variety of fog collectors has also temporarily alleviated

S (117
the shortage of water resources in arid regions!''”).

4.3 Fog water collector based on two-dimensional

plane

The study found that the fog collector of the porous
net is mostly the macro structure of the net, and the
wettability of the surface microstructure constituting the
net is rarely investigated. However, fog harvesting is
actually the behavior of small droplets condensing on
the surface, so the key point is the interface science issue.
Surface microstructure and wetting performance are
important factors for efficient water mist collection'''*).

In 2001, Professor Parker and others discovered
that the Namibian desert beetle can collect fog using
alternating patterns of hydrophilicity and hydrophobic-
ity on the back (Fig. 7a)®®
that there were many irregularly arranged protrusions on
the back of the beetle (Fig. 7b), and the distance between
the protrusions was 0.5 pm — 1.5 um. The surface of the

|, The researchers observed

protrusion is smooth and has a certain degree of hy-
drophilicity, and the side slopes and recesses of the pro-
trusion gap are composed of hydrophobic waxy material
with regular hexagonal hemispherical structure. The
hydrophobic waxy material’s diameter is about 10 um
(Fig. 7c). The small droplets in the mist are adsorbed
after they touch the protrusions of the hydrophilic part,
and the small droplets that contact the hydrophobic
area will also be partially blown or rebounded to the
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Fig. 7 Desert beetle back topography. (a) Peaks and troughs on the surface of the elytra; (b) a “bump” on the elytra; (¢) SEM of the
textured surface of the depressed area; (d) combined filmwise and dropwise condensation, selected time-lapse images of water vapor
condensation in the custom-made chamber; (e) time-lapse images of water vapor condensation captured via ESEM. (a — ¢) were adapted
with permission from Ref. [65]. Copyright 2001 by Nature Publishing Group. (d, ¢) were adapted with permission from Ref. [124].

Copyright 2015 by American Chemical Society.

hydrophilic area, so that the small droplets of the hy-
drophilic area grow up quickly. Finally, the water drop-
lets cover the entire hydrophilic area on the bump of the
beetle’s back, and the moisture is transported from the
base of the non-hydrophilic portion to the beetle’s mouth
to meet its water demand.

The fog harvesting method of Namib desert beetle
has inspired the bionic material, and the corresponding
hydrophobic surface material has also been produced.

119]

Professor Cohen!"'” used a selective area polyelectrolyte

multilayer electrostatic self-assembly method in 2006,
Professor Badyal''*”! used a two-step plasma chemical
patterning method in 2007, and Professor Rtihe!'*'! of
the University of Freiburg in Germany used surface
hydrophobic modification plus selection in 2008 to
synthesize the patterned surfaces with large differences
in hydrophilicity and hydrophobicity. The method of
photodecomposition in the sexual region separately
prepares a patterned surface with large differences in
hydrophilicity and hydrophobicity. These surfaces with
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differences in hydrophilicity and hydrophobicity acce-
lerate the mist water collection rate.

In 2014, Hou et al.'**! used photolithography, ICP
etching and other methods to prepare bionic beetle like
surface structure that is alternated with hydrophilic sil-
icon oxidecylindrical arrays and superhydrophobic na-
nowires, and studied the surface water vapor condensa-
tion characteristics. In this study, through the clever
design, the pattern distribution of the hydrophilic and
hydrophobic regions was controlled artificially by using
the figure distribution of hydrophobic region, and the
condensate droplets can be effectively separated from
the surface. The condensation heat transfer coefficient
was 63% higher than that of traditional droplet conden-

sation. Choo et all”

prepared ZnO and TiO,
double-layer nanostructures (Figs. 7d and 7e¢). After
surface modification, they formed array patterns of dif-
ferent hydrophilic and hydrophobic nanostructures.
Water vapor collection experiments were conducted to
analyze the water collection performance of the dot array,
grid, bifurcation and other graphic structures. The dot
array structure has higher condensation and water col-
lection performance, the grid structure is not conducive
to droplet shedding, and the water collection perfor-
mance is very poor.

But whether it is a net-based fog water collector or
a beetle-like back fog water collector, it must rely on
gravity to transfer the collected droplets. Only when the
droplets have accumulated to a certain extent, the gravity
[123], and the

adhesion force will only drop and transfer. This depen-

received by itself can resist the interface to it

dence on gravity will undoubtedly reduce the speed of
droplet condensation on the surface of the sewage col-
lector, and the overall efficiency is not high. Therefore,
seeking a fog collector that does not rely on gravity or
reduce the influence of gravity is the key point for effi-
cient mist collection.

4.4 Fog water collector based on one-dimensional
fiber
4.4.1 One dimensional spider like rayon
In nature, there are various types of spiders, but
their secretion spider silk has special water-collecting
properties. Spider silk is a one-dimensional material.
The diameter of spider silk fibers ranges from micro-

meters to millimeters. The differences between different
spider silks are difficult to distinguish with the naked
eye'> %7 Spider silk fiber has many excellent charac-
teristics, including high toughness, high strength, good
elasticity, high temperature resistance, ultraviolet resis-
tance, and easy biodegradation. It is called “biological
steel” and is used in surgical sutures, body armor and
parachute materials"*. In 2010, Zheng et al.'® dis-
covered that the spindle-shaped spider silk structure has
excellent water vapor condensation and collection per-
formance, and found that the spider silk structure under
dry conditions is different from that under fog conditions
(Fig. 8). The hot-drawn nylon wire was used to prepare
the periodic structure of the spindle, and the water vapor
condensation and collection tests were carried out. The
water collecting capacity of spider silk is attributed to a
unique fiber structure consisting of periodic spindles and
joints (Fig. 8a). The periodic spindles are composed of
randomly disordered nanofibers (Fig. 8b), and the joints
are composed of neatly arranged nanofibers (Fig. 8c). In
a humid environment, the spider joint structure is first
reconstructed on the spider silk, and water droplets
condense on the reconstructed spider silk. Then, the tiny
water droplets move toward the spindle joint under the
driving force to realize water collection (Figs. 8¢ — 8h).
A section of spider silk fiber is a microstructure com-
posed of spindle nodes and joints. The force that drive
the movement of small droplets on the surface of spider
silk fiber is generated by the surface free energy gradient
and Laplace pressure difference. The surface energy
gradient can be caused by the difference of surface

129 130
U291 or surface roughness'",

chemical composition
which drives the small droplets to move to the wettable
area with higher surface energy. This research that does
not rely on external forces and relies on the gradient of
surface structure to drive small droplets for directional
collection. It provided a model for the design and de-
velopment of a new type of fog collector!*' 33,
Inspired by the phenomenon of biological water
harvesting, research on fog harvesting has been carried
out fiercely all over the world. The development of the
fog water collector has gone through several stages of
natural plant fog collector, web-based fog water collec-
tor, two-dimensional heterogeneous interface fog water

collector, and one-dimensional spider silk fiber fog
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Fig. 8 Structure characteristics of spider silk (Uloborus walckenaerius) and directional movement of droplets. (a) Periodic wet recon-
struction spider silk; (b) zoom image for the spindle-knot; (c) zoom image for the joint; (d) schematic diagram of droplet directional
motion mechanism; (e — h) directional motion of water droplets on a single spindle-knot. (a — h) were adapted with permission from

Ref. [104]. Copyright 2010 by Nature Publishing Group.

water collector. The key point began to focus on the
structure and wettability of the surface of the material,
the gravity dependence became less and less important,
and fog harvesting efficiency became higher and higher.
Among them, the discovery of the spider silk water
collection mechanism and the extensive research on
related biomimetic materials have brought a revolutio-
nary breakthrough in fog harvesting and determined the
central position of special interface materials in mist
collection.

Inspired by the high water collecting efficiency of
spider silk, many researchers have carried out researches
on spider silk imitation, so there are many ways to im-
itate spider silk: emulsion-based coaxial microfluidic
method (Fig. 9a), fluid-coating method (Fig. 9b), pro-
grammable microfluidic method (Fig. 9c), electrohy-
drodynamic method (Fig. 9d), inclined dip-coating me-
thod (Fig. 9¢), combination of wetting and water drop
template (Fig. 9f), and dip-coating method (Fig. 9g). Bai

et al®!

reported the preparation of spider silk structures
by polymer stretching, electrospinning, microfluidic
technology, etc. (Fig. 9h). They used polyvinyl acetate
(material surface contact angle 6 = 56.7%), polymethyl
methacrylate (6 = 68.4°), polystyrene (6 = 93.3°) and
polyvinylidene fluoride (@ = 92.7°) and other materials
to prepare periodic spindle structures. Hou ef al.!**'*]
coated a layer of polymer solution on the surface of the
fiber. After the first stretching, the fiber was treated with
constant temperature and humidity chamber, and then
stretched for the second time to prepare the periodic
structure of spindles with different sizes alternating. The
periodic structure of the single-scale spindle has better
water vapor condensation and collection performance.
In 2011, Prof. Sang-Hoon Lee’s research group
imitated the principle of spider silk (Fig. 10), and they
prepared biomimetic spider silk structural fibers with
different chemical composition, morphology and struc-
ture, and studied the effect of spindle knot size on its
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Fig. 9 The methods of biomimetic spider silk. (a) Emulsion-based coaxial microfluidic method; (b) fluid-coating method; (c) program-
mable microfluidic method; (d) electrohydrodynamic method; (e) inclined dip-coating method; (f) combination of wetting and water drop
template; (g) dip-coating method; (h) biomimetic spider silk made by dip-coating method. (a) was adapted with permission from
Ref. [136]. Copyright 2017 by Nature Publishing Group. (b — d) were adapted with permission from Ref. [137]. Copyright 2012 by Royal
Society of Chemistry. (¢) was adapted with permission from Ref. [138]. Copyright 2013 by Nature Publishing Group. (f) was adapted with
permission from Ref. [137]. Copyright by Royal Society of Chemistry. (g) was adapted with permission from Ref. [139]. Copyright 2012
by Wiley-Blackwell. (h) was adapted with permission from Ref. [135]. Copyright 2012 by American Chemical Society.

137,140]

mist water collection ability! . Compared with

smooth fibers, these spider silk-like structures can sig-

nificantly increase the efficiency of mist water collection.

However, the uniformity and periodicity of these spindle
knots limit the long-distance and large-scale transporta-
tion of collected droplets. Studies have shown that the
spindle-shaped structure induces a slope effect and a
curvature effect, which can restrain the contraction of
the three-phase contact line of the droplet on the fiber
surface, and leads to the lag of the droplet detachment on

the fiber surface. In response to this problem, Zheng et al.

improved the previously method for preparing bionic

spider silk, and used multiple dipping[134]

138]

and tilting
methods!"** to prepare bionic fibers with multi-level
spindles. Due to the different capillary forces of the
different-sized spindle knots on the droplets, the droplets
suspended on the different-sized spindle knots will be
directionally fused, which realizes the long-distance

transportation of the collected liquid and improves the

collection efficiency.

In 2013, Feng et al " used azo-based polymers to
prepare a light-controlled infiltration-like spider silk
structure (Fig. 11a). Under ultraviolet (Fig. 11c¢) and
visible light (Fig. 11b) irradiation, the material can freely
switch between hydrophilic and hydrophobic properties.
On the surface of the hydrophobic spindle, condensed
droplets are collected at the thinner ends of the spindle,
and while on the hydrophilic surface, they gather at the
thicker position in the middle of the spindle, which in-
dicates that the surface wettability has a positive effect
on the water collection characteristics of the spider silk
structure. The structure of spider silk to collect water has
a very important role (Figs. 11d — 11g). It can change
the surface roughness or chemical composition of the

142]

spindle junction!'*! or introduce smart responsive mo-

(14319491 Zheng et al. in-

lecules on the spindle junction
troduced thermally responsive polymer molecules con-

taining PNIPA Am segments to the spindle junctions, and
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Fig. 10 Spider silk structure fiber prepared by microfluidic method. This image was adapted with permission from Ref. [144]. Copyright
2011 by Nature Publishing Group.

After Vis

Fig. 11 Spider-like silk structure prepared by light-controlling infiltrating material, it focuses on water accumulation under light condi-
tions. (a) After Vis irradiation, one side of the droplet moves toward the joint and away from the spindle knot in a period of 0 s — 500 s. (b)
After UV irradiation, one side of the droplet moves to the center of the spindle node, and finally converges with another droplet in 100
seconds. (c) The directional aggregation of droplets was observed by controlling the wettability gradient. (d) The spindle-knot and joint of
a fiber. (d — g) Morphology images: the joint has a relatively smooth surface. (a — g) were adapted with permission from Ref. [141].
Copyright 2013 by Royal Society of Chemistry.

light-responsive polymer molecules containing azo- spider silk fiber'*. These studies have enriched the
benzene segments to achieve precise control of the research on the interface materials of bionic fog har-
movement direction of small droplets on the bionic vesting, and show the advantages of special interface
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Fig. 12 (a) Macro optical map of cactus; (b) top view of the clustered thorns on the top of the cactus; (c) side view of clustered thorns on
top of cactus; (d) structure of single thorn of cactus; (¢) cactus single thorn front; (f) cactus single thorn with wider groove in the middle; (g)
the cactus has a narrow thorn in the middle groove; (h) the angle of the tapered small thorn on the front end of the single thorn of the cactus;
(i) the water droplets are transported from the front end of the cactus thorn to the end; (j) Laplace pressure difference driving force; (k)
surface free energy gradient driving force; (1) cooperation between cactus thorn and burr. (a — 1) were adapted with permission from

Ref. [44]. Copyright 2012 by Nature Publishing Group.

materials in the efficient mist water collection.

4.4.2 One-dimensional imitation cactus structure ma-
terial

Cactus like strong light, has heat resistance, strong
vitality. Its suitable growth temperature is 20 °C — 30 °C.
It is mainly distributed in the arid areas of tropical and
subtropical areas such as the southern and southeastern
coastal areas of the United States, the West Indies,
Bermuda and northern South America, southern China
and Southeast Asia (Fig. 12a)[146]. The cactus can sur-
vive in the arid desert, thanks to its efficient fog water
collection system. The surface of the cactus is covered
with regularly distributed thorns and tufts (Figs. 12b and
12¢). Each thorn is mainly divided into three parts: a
pointed part with directional barbs, a middle part with
gradient grooves, and a root with trichomes (Figs. 12d—
12h). In the fog water collection process, each part plays
a different role. The ability of fog water collection stems
from the multiple biological structures of the cactus. The
combined effect of the Laplace pressure gradient and the
surface free energy gradient, so that the droplets are
oriented on the cactus thorn surface mobile!'*'**]. The
shape and movement trend of droplets on the surface of
conical and cylindrical structures have aroused people’s
interest very early. A cactus thorn can be regarded as a
cone with a linear groove on the surface. This structure

makes the local radius of the droplets at both ends dif-
ferent, resulting in a Laplace pressure difference™,
close to the tip of the spike (radius R;) is larger than that
near the bottom end (radius R5). In addition to the Lap-
lace pressure gradient, the surface free energy gradient is
another driving force for the directional movement of
droplets on the thorn surface. The micro grooves on the
surface of the cactus thorns have a width gradient. The
grooves near the bottom of the thorns are sparser and
rougher than the tips. Since the surface of the cactus
thorns is covered with wood wax, the tips are rougher
and hydrophobic, which means that the tips of the thorns
have more roots than the roots. The lower surface free
energy, this surface free energy gradient creates a driving
force that moves the collected water droplets from the tip
to the root (Fig. 12i)""). Under the combined effect of
Laplace pressure gradient (Fig. 12j), surface roughness
gradient (Fig. 12k) and capillary force of the tuft body
(Fig. 121), cactus spines complete the condensation,
directional transport and absorption of water!'**),
Studying the structure and function of the cactus
water collection system will help to develop new and
efficient water-collecting materials and devices. So far,
the three main methods of chemical or electrochemical
corrosion, template replication and electrospinning are
widely used in the manufacture of cactus spinous mi-
crostructures. Inspired by the water collection method of
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the cactus, Heng et al.l"™"

I used gas phase technology to
grow zinc oxide microrods on the substrate, and then
grew zinc oxide (ZnO) nanowires on the zinc oxide
microrods by controlling the relative position of the
solid source and the substrate (Figs. 13a and 13b). In the
fog water collection experiment, the water collection
capacity of the artificial cactus structure and the natural
cactus structure was compared, and the results showed
that the artificial cactus structure had higher water ab-
sorption efficiency because the surface area of the
branch structure of the industrial cactus was larger. In-
spired by the dense cone thorns on the surface of cactus,
Ju et al®"! developed a simple method to prepare po-
lydimethylsiloxane (PDMS) cone arrays in 2013. First, a
stainless steel needle was fixed on the programmable
drilling system, and holes were punched on the
low-density polyethylene sheet, and then these struc-
tures were copied by using PDMS, and finally the

PDMS cone array is obtained (Figs. 13c and 13d). In
order to further test the fog harvesting on different sur-
faces, it was proved that the hexagonal arrangement of
cone surfaces is more effective than other arrangements
(Fig. 13¢)!""%. At the same time, in order to verify the
efficiency of static fog collection, Peng ef al. used me-
chanical perforation and the last shift replication method
to make a flexible tapered array with magnetic response.
Under the action of an applied magnetic field and a
Laplace pressure difference, the tapered array can pro-
duce periodicity vibration which can collect fog in
windless areas. This technology can be used to collect
water in some dry areas without wind. Guo er al.l'">
used an electrospinning method to create a cactus-like
thorn structure. Using the fine silver needle as the base,
the polymer fiber is wound on the silver needle by elec-
trospinning technology to prepare a cactus thorn struc-
ture and conduct a mist water collection experiment.
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The multi-level groove structure on the surface of the
the
three-phase contact line to be divided multiple times

bionic cactus spines allows solid-liquid-gas
(Figs. 13f — 13h), which lead to a significant increase in
the overall Laplace force of the water drops. In fog, the
small droplets are captured at the tip of the needle,

enriched, and gathered toward the bottom of the needle.

4.5 Nepenthes bionics

Nepenthes is famous for its ability to prey on in-
sects. It has an extremely wet and smooth rim area near
its opening!®*">*">7. Once the insect slips into the cage,
it will be swallowed by Nepenthes. There are many

phenomena of surface directional water flow in nature.
Generally, we think that this phenomenon is related to
the micro-nano-scale surface structure, driven by the
surface energy gradient and the Laplace pressure gra-
dient. The tropical carnivorous plant Nepenthes can
capture insects using the microstructure and wettability
of the pitcher’s lip surface to meet basic nutritional
needs. Jiang et al. revealed the secrets of the insects
swallowed by Nepenthes by studying the structure of the
mouth margin of Nepenthes (Figs. 14a and 14b). The
study found that the root of the ability to carry liquid in
the rim area of Nepenthes is due to its multi-scale mi-
cro-nano structure —an asymmetric groove composed of
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wedge-shaped blind holes (Figs. 14c — 14e). It can op-
timize and strengthen the capillary rise in the transport
direction and organize the reverse liquid reflux, thus
completing the unidirectional liquid film transport
(Figs. 14f — 14k)1**13191 Before the second microcav-
ity is completely filled, this upper water layer (brown
arrow) becomes the top water layer, and the I layer
(green arrow) fills the third microcavity. Because the
water is fixed in the proper place, reverse migration and
transportation will not occur.

The special liquid delivery method at the mouth of
Nepenthes has important reference significance for the
development and design of a new directional flow deli-
very system, and it has a wide application prospect in the
field of fog water collection and transportation!'®''®*,
However, the effect of the surface wettability and
structural parameters of Nepenthes is not clear. Chen et
al " ysed a photolithography method to makeabionic
structure of Nepenthes, and found that the unidirectional
movement distance of droplets increased with the in-
crease of the surface hydrophilicity of the rim. Coinci-
dentally, this is consistent with the hydrophilicity test of
temperature control and regulation of the rim of the
pitcher plant made by Zhang et al."*". However, Li et
al"®! found that the liquid with the lowest surface ten-
sion (Perfluorohexane) can move directionally on hy-
drophilic and hydrophobic surfaces in the lip area of the
imitation Nepenthes made by stereolithography, even for
extremely viscous silicone oils. This proves that the rim
area of Nepenthes possesses good directional movement
ability of droplets!' 1661671,

Inspired by the unique multi-scale surface structure
of Nepenthes, the preparation of bionic Nepenthes ma-
terials has been widely concerned by researchers.
However, there are few reports on the surface of Ne-
penthes bionics with water collecting ability. The Ne-
penthes’ surface is conducive to the removal of droplets,
and is an ideal surface for mist water collection and
transportation systems. In 2018, inspired by Nepenthes

11" prepared a hydrophilic

and rice leaves, Dai et a
oriented smooth rough surface (SRS, which can quickly
nucleate and remove water droplets) (Figs. 15a and 15b).
The surface was composed of oriented microgrooves
with nanostructures (Fig. 15¢). The nanostructures were

modified by a hydrophilic liquid lubricant called PDMS,

which made the solid surface hydrophilic and can
quickly collect moisture in the air. Because the liquid
lubricant has good fluidity, the droplets can quickly slide
down and be collected. The researchers also used rough
surfaces to increase their surface area to collect more
water. The test results confirmed that this hydrophilic
rough surface can quickly collect moisture in the air and
transfer it quickly. Unlike traditional superhydrophobic
surfaces, SRS does not rely on air to help water droplets
drip. And due to its large surface area, hydrophilic slip
interface and directional liquid repellency, the water
harvesting efficiency can reach more than three times
that of existing superhydrophobic materials (Figs. 15d —
15g). It is superior to traditional liquid-repellent surfaces
in applications!'®*],

The application of multiple bionics has enriched the
research of water-collecting materials. Park et al.!'®®
combined the characteristics of desert beetles, cacti and
Nepenthes to design a high-performance biomimetic
material that can effectively collect water from the air
(Fig. 16a). This material was inspired by the rugged
shells of desert beetles, the misaligned structure of cac-
tus spines, and the smooth surface of Nepenthes. The
new material used the characteristics of these wa-
ter-harvesting organisms and the lubricating liquid in-
jection porous surface technology (SLIPS) to collect
water in the air. Firstly, the uneven hydrophilic and hy-
drophobic structure on the back of desert beetle was
simulated on the top to make the droplets grow rapidly.
Then, an asymmetric slope was designed to guide the
directional transportation of condensed water droplets
by imitating the cactus thorn. Finally, inspired by the
Nepenthes, the smooth lubricant was injected into the
nanostructure for fixation. The protruding geometric
shape of the beetle’s back is conducive to the condensa-
tion of water droplets. The combination of the protrud-
ing geometry and the asymmetric structure of the cactus
thorn and the nearly frictionless coating of Nepenthes
made the new material has higher water collection effi-
ciency and can transport more water (Figs. 16b — 16d).
Compared to flat and smooth surfaces, surfaces con-
taining smooth asymmetric bumps can collect more
water; compared to flat areas with the same height, the
uneven shell collects water droplets faster. That was to
say that this kind of surface, which combined with the
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Fig. 16 (a) Design model of multiple bionic materials; (b) model diagram of capillary driven transport; (c) energy distribution of asym-
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by Nature Publishing Group.

excellent characteristics of three kinds of biological
water collection, work synergistically and is far superior
[169.170] This

also opened us new ideas for the development of our

to other single synthetic surfaces (Fig. 16e)

bionic water-collecting materials.

Similarly, Zhang et al.l'""!

used bottom-up alternate
self-assembly, top-down photolithography and micro
structure template replication to successfully develop a
multi-bionic lubricating material with wettable hollow
bump array for fog harvesting (Figs. 17a — 17d). The
surface was composed of a centrally controlled hydrogel
concave-convex array and an inverse opal film injected
with lubricant as the base material (Figs. 17f — 17)).
Among them, the hollow hydrophilic protrusions could
quickly attract and capture water droplets from various
directions according to the capillary driving force

(Fig. 17e), and the smooth substrate played an important
role in the rapid transportation of water droplets, so that
the synergy of the two can significantly improve the fog
collection efficiency.

Although fog harvesting material with a smooth
system exhibits excellent water-collecting performance
in a static environment, it is not suitable for a strong
wind environment. In arid areas, such as deserts, there
are usually strong winds, which can bring moist air
needed for water collection. But because the strong wind
blows away the captured water droplets, it reduces the
water collection efficiency. Therefore, Wang et al.l'’>
drew inspiration from cactus, rice straw leaf, Nepenthes
and butterflies, proposed a dynamic water collection
system. They developed a water collection windmill
structure for efficient water mist collection in static and
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strong wind environments (Figs. 18a— 18e). When the
windmill receives the impact of strong wind, the liquid
droplets are gradually sprayed to the surrounding tur-
bines under the action of the rotation of the blades and
finally drip into the container (Figs. 18f, 18g, 18I, 18;).
There are three types of blades: anisotropic grooved
blades (AGS) processed by micromachining technology,
superhydrophobic grooved blades modified by PDMS

(SUB-AGS), and smooth grooved blades injected with
hydrophilic fluid (HLIP-AGS). Compared with other
surfaces, HLIS-AGS has super high fog harvesting
efficiency (Figs. 18h and 18k). This is because the hy-
drophilic lubricant can not only serve as a buffer layer to
prevent droplets from bouncing, but also as a sliding
layer to facilitate water transport and the groove topo-
graphy can prevent the random movement of water
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droplets to realize the directional drainage.

5 Conclusions: Challenges and opportunities
for water mist collection

With the rapid economic growth and the lack of
protection of water resources, water pollution has caused
a serious shortage of water resources. How to efficiently
obtain water resources is crucial for people and nature.
The fog water collection technology has achieved tre-
mendous development after decades of development.
The technology is relatively mature, economical, and not

geographically restricted, so it has received widespread
attention. However, the fog harvesting technology has
the problems of low efficiency and incomplete collec-
tion process. Therefore, how to deal with these problems
and how to effectively use special fog harvesting sur-
faces and bionics are particularly important. In this re-
view, we describe the relevant mechanisms of passive
water collectors and the latest developments in the col-
lection of biologically inspired water mist collection
materials with water collection characteristics.

Inspired by nature, many functional materials with
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fog harvesting capacity have been made. However, they
have not yet been widely used in industrialization. For
example, most of the fog harvesting capacity tests of
these water-collecting biomimetic materials are con-
ducted under the condition that the humidity is greater
than 60%, and the humidity in the actual arid areas in life
is maintained at less than 20% all the year. The rapid
transfer of droplets after collection is a key step to
achieve continuous and efficient mist water collection.
The next goal of the development of efficient and con-
tinuous mist water collection is to integrate a complete
system of droplet “condensation — collection — transfer”.
Secondly, there are other external conditions such as
wind speed, wind direction, temperature, which also
need theoretical verification. Finally, the biomimetic
materials have problems such as the fragility and failure
of the surface structure, the preparation process is com-
plicated and the cost is high. Therefore, the biomimetic
fog harvesting materials still need to be strengthened.

The fog harvesting material has broad application
prospects and is a research hotspot in the field of super
hydrophobicity. Although some progress has been made
in fog harvesting in recent years, efforts are still being
made. The research is mainly carried out from the fol-
lowing aspects:(1) We should carefully dig out whether
there are other types or similar fog harvesting structures
or materials. (2) Existing fog harvesting materials are
mainly concentrated on one-dimensional and
two-dimensional surfaces. In the future, more attention
should be paid to three-dimensional materials. (3) The
application of multiple bionics needs to be considered in
future research to make the overall water-collecting
performance more excellent. (4) In the follow-up, fur-
ther research work is needed in terms of structure, wet-
tability and material to explore ways to improve the
performance of droplet directional motion. (5) The dis-
advantage of artificial micro-nano structure surface is
that the water collection process is not all-weather and
fast. Researchers should study the practical application
of materials more deeply to achieve the integrated de-
velopment of industry and academia.
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