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A wide variety of abundant plant leaves exist in nature, and the wettability of their
surfaces is formed to adapt to diverse external environments. In this paper we will
focus on the factors influencing the wettability of various plant leaves prevalent in
nature. And we hope to investigate the interfacial problems of plants from a
mechanical point of view. It is found that there are many factors affecting the
surface wettability of leaves, such as chemical composition, surface
microstructures, hierarchical structures, and growth age. Different influencing
factors have different contributions to the change of surface wettability. The
surface wax composition influences the surface wettability from a chemical point
of view while the hierarchical structure consisting of nanostructures and micron
structures also influences the wettability from a structural point of view. Also as the
growth age of the plant increases, there is a combined effect on the chemical
composition and microstructure of the leaves. Then we discuss the surface/
interface mechanics of droplets on various plant leaves and analyze the wetting
properties of droplets on different substrates. Finally, we hope that the surface/
interface mechanics of plant leaves may be systematically utilized in the future for
the preparation of multifunctional biomimetic materials, realizing the crossover of
chemistry, biology, mechanics, and other materials science fields.
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1 Introduction

Nature is full of diverse hydrophilic and hydrophobic surfaces, which are determined by
measuring the contact angle. The contact angle is defined by the geometry of water on a flat
surface-specifically, which is the angle between a droplet and the surface near contact line.
Plant leaves exhibit varying hydrophilic and hydrophobic characteristics by improving their
own structures to adapt to diverse living environments, and over time a specific structural
system of superiority and inferiority has developed.

In our daily life, a variety of wetting behavior exist on the surface of plants, as shown in
Figure 1. For example, the surface of the lotus leaf is a superhydrophobic material (Yu et al.,
2007; Bai et al., 2018; Yun et al., 2020; Ghasemlou et al., 2021). Droplets can roll freely on its
surface and effectively remove pollutants. The rose, a more common plant around us, utilizes
its microstructure to allow droplets penetrate into it, thereby increasing the contact area and
improving the contact angle hysteresis effect (Bhushan, 2018; Chen et al., 2019; Dai et al,,
2019; Zong et al,, 2019; Kang et al., 2021). Other hydrophobic leaf surfaces are taro leaves
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FIGURE 1

Plant leaves commonly found in nature: (A) Lotus leaf; (B) Rose; (C) Taro leaf; (D) Banana leaf; (E) Bromeliads leaf; (F) Moss; (G) Abutilon leaf; (H)

Chrysanthemum leaf.

FIGURE 2

Surface imaging in some fields: (A) Surface structure of concrete superhydrophobic coatings. Adapted with permission (Flores-Vivian et al., 2013).
Copyright 2013, American Chemical Society. (B) Surface imaging of the adhesion of platelet. Adapted with permission (Moradi et al., 2016). Copyright
2016, American Chemical Society. (C) Structure of superhydrophobic surface after treatment in green fluorescent protein (GFP) and fluorescein
isothiocyanate (FITC) solutions. Adapted with permission (Patel et al., 2010). Copyright 2010, Elsevier.

(Huang et al, 2016), miscanthus (Chen et al., 2022), gypsum
(Kayabas and Yildirim, 2022), banana leaves (Kayabas and
Yildirim, 2022), and pitcher plant peristome (Miguel et al., 2018;
Li et al., 2020). Also, in nature there are many plants that exhibit
hydrophilic properties. For example, in some arid environments,
some plants have to keep their leaves wet in order to minimize water
loss and reduce gas exchange, such as bromeliads, mosses, lichens,
chrysanthemum leaves, and abutilon (Koch and Barthlott, 2009).
Nowadays, more and more researchers are dedicating
themselves to exploring the applications of the wettability of
plant surfaces in various engineering fields, such as engineering,
biology, and vehicle (Maharbiz et al., 2004; Patel et al., 2010; Flores-
Vivian et al., 2013; Moradi et al., 2016; Zhao et al., 2018; Han et al.,
2019; Wang et al., 2021a; Ge-Zhang et al., 2022). For instance, plant
surface coatings can be used in civil engineering for waterproofing
structures which reduces the erosion of the structure and achieves
stability in Figure 2A (Flores-Vivian et al., 2013; Zhao et al., 2018;
Wang et al., 2021a). These coatings also have important implications
for biomedical engineering such as the prevention of blood
coagulation in catheters therapy enabled by their hydrophobic
property in Figure 2B (Moradi et al., 2016; Han et al, 2019).
Additionally, in the field of vehicle engineering, as shown in
Figure 2C, anti-fogging surfaces have been designed to increase
visibility in fogging weather by taking advantage of the hydrophobic
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nature of plants in (Maharbiz et al.,, 2004; Patel et al., 2010; Ge-
Zhang et al.,, 2022).

The investigation and application of the wetting properties of
plant surfaces have been a prominent area of research in recent
decades. To present a comprehensive investigation on the wetting
properties of plant surfaces, this review is structured in the following
order: Session 2 focuses on the influencing factors affecting the
wettability of plant surfaces, including the surface chemical
composition, surface microstructure, hierarchical structure, and
growth age; Session 3 introduces the surface/interface mechanics
of droplets on rigid substrates, fluid substrates and soft solid
substrates, and reviews the related studies for wettability on
different substrates; Session 4 discusses the relationship between
the wettability of plant leaves and the property of anti-soil; Finally, it
summarizes the main conclusions and outlooks of this paper.

2 Factors effecting the wetting
properties of plant surfaces

The wetting behavior of droplets on different surfaces varies due
to many factors. Some droplets will roll on the leaf surface, while
others will adhere to the leaf surface. Here, we will review the factors
affecting the wetting properties of the leaf surface in three aspects,
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FIGURE 3

Various wax components contained on different surfaces: (A) Single dip carnauba wax. Adapted with permission (York et al., 2019). Copyright 2019,
Elsevier. (B) Surface morphology of Starch/gelatin films. Adapted with permission (Cheng et al.,, 2023). Copyright 2022, Elsevier. (C) Natural lotus leaf
surface wax composition. Adapted with permission (Yamamoto et al., 2015). Copyright 2015, American Chemical Society.

namely, chemical composition, surface microstructure, hierarchical
structure, and growth age.

2.1 Chemical composition

Leaves are composed of many rich chemical components. These
chemical components play a crucial role in the wettability of the
plant surface. The selection and arrangement of chemical groups
exert a great influence on plant properties that cannot be ignored.

2.1.1 Surface wax composition

The cuticle, which contains surface wax, typically forms the
outermost layer of plant leaves. The hydrophobic properties of
surface wax indirectly determine the wetting characteristics of
plant leaves. The compositions of chemical components directly
affect the hydrophobicity of the surface wax, such as alkanes, alkyl
esters, secondary alcohols, primary alcohols, fatty acids, alkyl
ketones, diketones, and alky aldehydes (Holloway, 1969). From
Figure 3, we can see the various wax components contained on
the different surfaces. Combination of different chemical groups can
significantly change the hydrophobic properties of leaf surface (York
et al, 2019; Saubade et al., 2021). Among the different chemical
alkanes exhibit the best hydrophobic effects
(Holloway, 1969; Holloway, 1970). An experimental investigation

components,

was conducted to assess the effect of adding different natural wax
components to the surface of plant leaves on surface wettability
(Cheng et al., 2023), such as beeswax, candelilla wax, and carnauba
wax. The contact angle of water droplets decreased sharply when the
surface vegetable wax was removed (Yamamoto et al, 2015).
Therefore, a comprehensive wetting model was developed to
predict the wetting behavior of different leaf surfaces (Nairn
et al., 2011; Nairn et al.,, 2022). Then, an approach was proposed
for fine-tuning of surface properties to achieve specific wetting
objectives.

By modifying the composition of wax, it is possible to enhance
wetting properties and make them suitable for various practical
applications. The addition of specific chemical compositions, such as
natural wax and Tween-80 (Muscat et al., 2013), hydrocarbon
compounds (Liao et al, 2013), hexadecyltrimethoxysilane and
octadecyltrichlorosilane (Tan et al., 2021), lipid polymers (Cheng
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et al,, 2021), and fluorine-based polymers (Lee et al.,, 2021a), can
effectively modify the properties of surface morphology and
topology. As shown in Figure 4, the contact angle significantly
changed over time with the addition of different surface wax
compositions. In Figure 4A, as silver nanoparticles increased, the
contact angle increased for both integrally modified poly (vinylidene
fluoride) (I-PVDF) membranes and
(vinylidene fluoride) (S-PVDF) membranes. In Figure 4B, we
find that with the addition of different physical state lipids, the
hydrophobicity of the film was improved. Similarly, the contact

surface-modified poly

angle decreases with time in Figure 4C. The increasing
hydrophobicity of the structural surface was attributed to the
addition of different wax compositions. The anti-pollution and
of TiO,
improved by adding fluorosilanes in the process of preparation
(Guo et al, 2019). Furthermore, the stability of films could be
achieved by adding 8 vinyl-grafted polyhedral oligosilicone (Ju
et al, 2020). To verify the effectiveness of adding chemical
components in improving surface properties, molecular dynamics

lubrication  properties electrospinning film  were

simulations were employed to study the adsorption on the surface
and analyzed the effects of surface active molecules on the
hydrophobicity of surface (Staniscia et al., 2022).

2.1.2 Arrangement of chemical groups

The reorientation of chemical groups is also responsible for the
change in contact angles between droplets and surfaces.
Reorientation of the polar chemical groups could lead to a
dramatic decrease in the contact angle of the surface, resulting in
a surface that exhibits higher hydrophilicity (Wiacek, 2015;
Amirabadi et al, 2020; Huth et al, 2022). This effect was
particularly evident in the contact angle and surface tension. The
changes in the orientation of polar and nonpolar groups can be
achieved by cold pkasma treatment (Hashemi Gahruie et al., 2022).
Additionally, the prolonged exposure of chemical groups can
improve wettability (Liu et al, 20155 Mao et al, 2021;
Kalaivendan et al.,, 2023; Qu et al., 2023), leading to a sudden
change in contact angles. In practical applications, adding tea
polyphenols to active edible films could effectively reduce the
hydrophilicity of the surface, primarily due to the film being
covered by hydrophilic groups (Dou et al., 2018). Argon (Ledari
et al,, 2020) and fluorine (Oberlintner et al., 2022) were also
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Change of contact angles with the addition of different surface wax compositions over time: (A) Variation of contact angles of the modified film with
reaction time. Surface and integral properties were modified by silver nanoparticles. Adapted with permission (Liao et al., 2013). Copyright 2013, Elsevier.
(B) Changes in contact angles due to the addition of different physical state lipids [rapeseed oil (RO), shortening (ST), beeswax (BW)] in hydroxypropyl
starch (OS)/gelatin (G) blown films. Adapted with permission (Cheng et al., 2021). Copyright 2021, Elsevier. (C) Variation of contact angles of a poly
(vinylidene fluoride-co-chlorotrifluoroethylene) (PVDF-CTFE) membrane with time when exposed to deionized water. Adapted with permission (Lee

et al., 2021a). Copyright 2021, Elsevier.

introduced to modify the surface microstructural characteristics,
resulting in the appearances and arrangements of relevant chemical
groups. The introduction of argon achieved a decrease in contact
angle and an increase in hydrophilicity. However, the increase of
fluorine achieved a rapid transition from hydrophilic to
hydrophobic.

Under the effect of external environments, the presence of dust
affects the structure of the wax layer and chemical composition,
which in turn has a non-negligible effect on the wettability of the
blade (Neinhuis and Barthlott, 1998; Wang et al., 2013; Barima et al.,
2016). Over time, dust accumulates further on the surface, changing
the roughness of the blade surface (Zhang et al., 2020; Andrade et al.,
2022).

2.2 Surface microstructure

The image of microscope reveals the presence of a rich
surface morphology on the leaf surface. Then microscopic
textures can play a significant role in hydrophobicity.
NEINHUIS BARTHLOTT  (1997) studied the
micromorphological ~ characteristics ~ of hundred
hydrophobic plant surfaces and analyzed their functions in

and
two

terms of anti-adhesion and self-cleaning. Under the impact of
drizzle, the dust on the surface was gradually dislodged (Hassan
et al., 2020) for the purpose of cleaning the surface, which also
depends on the adhesion between the dust and the blades. It is
evident that the surface morphology plays an important role in
the wetting state of a structure. This section reviews the influence
of the shape and arrangement of leaf surface papillae on the
properties of surfaces.

2.2.1 Shape of papillae

Through numerous simulations, it has been observed that
different shapes of papillae significantly affect the wetting
properties and states of the structure. Various types of rough
surfaces are analyzed to study the wettability of surfaces,
including a cylinder, a truncated cone, a paraboloid, a
hemisphere (Bittoun and Marmur, 2009), and columnar
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microstructures (Xu et al., 2022). Among them, parabolic
the best
superhydrophobic property (Bittoun and Marmur, 2009).

protrusions have Dbeen found to achieve
Besides, the effects of different papillae shapes on surface
wettability were analyzed using both two-dimensional and
three-dimensional models as shown in Figure 5. In a 2-D
model, the transition of surface microstructures from upright
cone to inverted cone surfaces was analyzed by using a free-
energy approach to study the wetting state of droplets on
different surfaces (Figure 5A) (Ou et al, 2019). In 3-D
models, regular and irregular microstructures (He et al., 2016;
Heetal,, 2018; Jiang et al., 2020; Sui et al., 2022) were investigated
(Figures 5B-D). With different initial conditions, such as higher
apparent contact angle or higher critical pressure, different
microstructures could achieve different wetting results (Xu
et al., 2022). The substrate was also modeled as a conical
surface, establishing a relationship between the microstructure
of the conical surface and the contact angle of the three-phase
contact line (Sui et al., 2020). Changes in the substrate angle of
conical surface corresponded to the changes in the wetting state.
To improve the stability of the wetting state, the radius of the
protrusion (Sui et al., 2022) or the radius of curvature of the top
(Wang et al., 2021b) can be increased appropriately. In a word,
both contact angle and wetting area are heavily dependent on the
morphology of the substrate. By adjusting the shape of papillary
microcolumns, wettability can be achieved and controlled for

interactions of droplets and substrates.

2.2.2 Arrangement of papillae

The regular or irregular distributions of papillae greatly
affect the wettability of the surface. Numerical simulations
and experiments have been conducted to analyze the effects
of the morphology and distribution of the microstructures on
hydrophobic surfaces (Haj Ibrahim et al., 2022). Randomly
textured surfaces (Khandoker and Golovin, 2020) and regular
square lattice arrangement (Marmur, 2004) were analyzed to
study the effects of different arrangements in Figure 6. It was
found that as the slope and protrusion distance increased, the
substrate surface exhibited higher contact angle and meanwhile
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Different papillae shapes: (A) The inverted trapezoidal surface. Adapted with permission (Ou et al., 2019). Copyright 2019, American Chemical
Society. Copyright 2020, Elsevier. (B) Irregular three-dimensional rough microstructure. Adapted with permission (Sui et al., 2022). Copyright 2022,
Elsevier. (C) Four different papillae shapes (paraboloid, truncated cone, inverted truncated cone, and flat-top pillar shapes). Adapted with permission
(Jiang et al., 2020). (D) Rectangular surface microstructures. Adapted with permission (He et al., 2016). Copyright 2016, Elsevier.

FIGURE 6

Irregular and regular arrangements: (A) Randomly textured surfaces, in which red lines show the triangulation of centroids of grits obtained from
SEM image. Adapted with permission (Khandoker and Golovin, 2020). Copyright 2020, American Chemical Society. (B) Regular square lattice
arrangement with rotating paraboloidal microstructure form. Adapted with permission (Marmur, 2004). Copyright 2004, American Chemical Society.

became more hydrophobic. The relationship between the
spacing distance of cylindrical shapes and the transition of
the wetting state was also analyzed (Liang et al., 2019). To
characterize contact angles and wetting states, contact ratios
of surface structures were used (Onda et al., 1996; Shibuichi
et al., 1996). By altering the root-mean-square slope of the
surface structure, transitions between different wetting states
(Schiavon et al., 2022). The various
arrangements significantly influence the contact behavior and

could be achieved

contact area of droplets with the substrate, resulting in distinct
wetting effects.

Frontiers in Materials

2.3 Hierarchical structure

The lotus leave is an exemplary example of hydrophobic plants
with a dual-scale structure consisting of 10 um papillae and a surface
wax layer measuring 100 nm. Such micro/nano-scale structure plays
an important role in achieving superhydrophobicity on surfaces.
Within this hierarchical structure, the microstructure and the
nanostructure play different roles. The nanostructure effectively
reduces the contact area between the droplet and the substrate
surface, while the microstructure increases the pressure difference
required for the transitions between different wetting states.
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FIGURE 7

Hierarchical structure: (A) Micropapillae of 5-10 ym radius on submillimeter surfaces. Adapted with permission (Li et al., 2021). Copyright 2020,
Wiley. (B) SEM imaging of the composite interface on the petal surface. Adapted with permission (Abd Aziz et al., 2022). Copyright 2022, Elsevier. (C) SEM
imaging of surface microstructures of micro-nano structured selective laser melting (SLM-NiTi) surface. Adapted with permission (Xu et al., 2023).

Copyright 2022, Elsevier.

Through the combined influence of these two structures, the energy
difference is further amplified, ultimately leading to hydrophobicity.
The microstructures of the superhydrophobic surface are observed
by means of microscopy, field-emission scanning electronic
microscopy (Li et al., 2022) and white light interference (Xu
et al, 2023). Many irregular-shaped nanoparticles covered the
bottom and top of the microgroove area and a lot of submicron-
particles adhered to the edges of the platform region (Li et al., 2022).
Lotus leaves in Figure 7A also exhibit micron-scale mastoid
accumulation on the submillimeter structure (Li et al., 2021).
This layered structure ensures the hydrophobicity of the leaf
edges and reduces the damage caused by external loads. In
Figures 7A, B superhydrophobic surface was created from the
petal surface (Abd Aziz et al, 2022) to effectively preventing
adhesion of substances such as palm oil and ethylene glycol.
Additionally, Figure 7C demonstrates a miro-nano hierarchical
structure formed by the nano-scale particles adhering to the
surface of papillae structures. The combination of multiple levels
and scales of structures has also been found to improve the
resistance to contamination (Zhan et al., 2022).

The wettability and stability of the substrate surface are strongly
influenced by the different hierarchical structures, leading to
changes in the contact angles of the three-phase contact line
(Bhushan et al., 2009) and decrease of contact angle hysteresis
(Kim et al., 2013). The hierarchical structure from nanometer to
micron plays a crucial role in the hydrophobic properties of the
surface, thereby altering the energy difference between the different
wetting states (Su et al., 2010; Ebert and Bhushan, 2012). The
amplitude of energy difference controls the transition. Secondary
nanoscale structure exerts a significant influence on the wetting
behavior of the surface (Ahammed et al., 2020; Zheng et al., 2021).
By optimizing the design, a smaller solid-liquid base area can be
achieved. This resulting layered structure contributes to larger
contact angles, thereby increasing the hydrophobicity of surface.

Based on the
superhydrophobic

observed  hierarchical  structure of

surfaces, an increasing number of
manufacturing processes are being implemented in production.
As depicted in Figure 8, a hydrophobic film with a dual-scale
structure has been developed, significantly improving the
resistance of films to contamination (Xiao et al., 2020) and the

chemical stability of the surface (Tang et al., 2021). The relationship
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between microstructure and hydrophobicity has been utilized to
effectively repel conidia (Alon et al, 2022). Besides, carbon
nanotubes have been implanted on the nickel surface to maintain
the superhydrophobicity of the structure (Jung et al., 2022). This
approach not only preserves superhydrophobic properties but also
enhances the overall stiffness of the structure.

2.4 Growth age

The wettability of the surface of plant leaves changes throughout
their growth age. The process of leaf growth and aging is
accompanied by changes in surface wax composition and
microstructure at different growth stages (Neinhuis and Barthlott,
1998; Ferndndez et al, 2014; Zhu et al., 2014; Dawson and
Goldsmith, 2018).

Taking the lotus leaf as an example, when the lotus leaf is a newly
grown young leaf, the droplets on the surface are approximately
spherical, in which the mature lotus leaf shows stronger
hydrophobicity. However, when the lotus leaves have aged, the
droplets on the surface show a hemispherical shape. It could be
seen that the contact angle of the senescent leaves was significantly
reduced (Sun et al, 2014). Looking closely at the surface
microstructure, the hierarchical structure on the surface of
senescent leaves was no longer evident and the distributed wax
tubes almost disappeared (Gou and Guo, 2019; Losso et al., 2023).
Similarly over time, the green rape leaves shrunk and curled, the
contact angle gradually decreased, and finally the wettability
gradually transitioned from hydrophobic to hydrophilic (Zhu and
Guo, 2016).

Top-down contact angle measurements were used to measure
Cattleya warneri orchids and Dracaena draco at different ages and it
was observed that the older leaves showed hydrophilicity while the
younger leaves showed hydrophobicity (Janeczko et al., 2019; Jura-
Morawiec and Marcinkiewicz, 2020). Unique leaf structures on the
surface of young leaves during their developmental stages, such as
various papillae, play an important role in the increase of wettability.
For Tea tree leaves, wettability then showed two trends (Gao et al.,
2022; Pan et al., 2023). For Maolu leaves, the contact angle decreased
and then increased slightly with leaf age. For Zhongcha 108 and Anji
Baicha leaves, the contact angle remained basically constant.
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FIGURE 8

Manufacturing process in practice: (A) Bi-scale hydrophobic micro-pillared polyvinylidene (MP-PVDF) and silica nanoparticles polyvinylidene
(SiINPs-MP-PVDF) membranes. Adapted with permission (Xiao et al., 2020). Copyright 2020, Elsevier. (B) Layered micromorphology formed by
nanograss-covered micropapillae. Adapted with permission (Tang et al., 2021). Copyright 2021, American Chemical Society.

For different growing environments, the contact angles of new
leaves were higher than those of old leaves in arid areas (Xiong
et al,, 2018), and decayed leaves were more hydrophilic in urban
areas (Wang et al.,, 2013). In different climatic zones, pear leaves in
the early growth period were more hydrophobic than those in the
late growth period, attributed to significant changes in surface wax
composition (Gao et al., 2018). In addition, reduced surface wax
composition allowed summer laurel leaves to also exhibit greater
hydrophobicity than fall leaves due to fall climate (Kang et al,
2018). Changes in surface microstructure also influence the
alternating changes in wettability of leaves throughout the year.
Among them, the change of wettability of deciduous plants was
more obvious (Wang et al., 2013; Wang et al., 2023a). It can be seen
that plant leaves exhibit different surface wettability at different
growth stages, which can help to study the wetting and diffusion
behaviors of droplets on the leaf surface according to the different
growth stages.

3 Surface/interface mechanics

To investigate the hydrophobic properties of plant surfaces in
different states, it is especially critical to study the mechanics of the
contact interface. The transfer mechanism at the interface has a
significant effect on the properties of material (Wang et al., 2020;
Gao et al,, 2021). A more comprehensive understanding of the
contact wetting problem can be achieved by considering the
mechanical aspects. Substrates are generally categorized into
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rigid, fluid, and soft solid based on their stiffness. The influence
of different substrates on the wetting state is also different. In the
following section, we will review the wetting behavior of droplets
and the deformation of substrates for these three types.

3.1 Contact on a rigid surface

The wettability of rigid solid surfaces has important applications
in many fields, such as engineering, life, pharmaceuticals, and
energy. The static contact angle is usually used to characterize
the wettability of a rigid surface, which is the angle between the
solid-liquid interface and the liquid-vapor interface near the three-
phase contact line.

For the contact between a droplet and an ideal smooth surface in
Figure 9A, the contact angle is usually described by Young’s
equation (Young, 1805), and the corresponding equation is as
follows:

YSV ~ YSL (1)

cos Oy = =>——%
Yiv
where 0y is the Young’s contact angle, yq,,ys; Y, and is the surface
tension at the solid-vapor interface, solid-liquid interface, and
liquid-vapor interface, respectively. Eq. (1) can be derived from
the transversal condition on the indefinite boundary in the wetting
problem by the variational thermodynamic method (Bormashenko,
2020). It was found that the contact angle didn’t change under the
influence of the external field.
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FIGURE 9

Physical model: (A) Young's model; (B) Wenzel model: the droplet completely fills the microcolumns of the surface and there are no air cavities at the
droplet-substrate contact. (C) Cassie model: the droplet does not completely penetrate into the microcolumns of the surface during the wetting process

and that air cavities exist with the rough substrate.

In reality, genuinely smooth substrates are rarely encountered.
Therefore, two models, namely, the Wenzel model and the Cassie
model, have been subsequently developed to describe the interaction
between droplets and rough surfaces. Both two models use
microcolumns arranged on a smooth substrate to simulate the
roughness of the surface. The wetting behavior of droplets on
rough surfaces is directly affected by the properties of substrate
and array topology.

The first is the Wenzel model (Wenzel, 1936), which assumes
that the droplet completely fills the microcolumns on the surface
and there are no air cavities at the droplet-substrate contact, as
shown in Figure 9B:

cos 0, =rcosf (2)

where 0, is the apparent contact angle of a rough substrate, r is the
substrate roughness, which is the ratio of the actual solid-liquid
contact area to the apparent solid-liquid contact area, and 6 is the
apparent contact angle of an ideal smooth substrate. According to
the Wenzel model in Eq. (2), the presence of a rough surface leads to
an increase in the effective solid-liquid contact area compared to the
geometrically determined contact area on a smooth surface.
Consequently, this phenomenon enhances the hydrophilicity of
hydrophilic surfaces and the hydrophobicity of hydrophobic
surfaces.

There is also the Cassie model in Eq. (3) (Cassie and Baxter,
1944), which differs from the Wenzel model by assuming that the
droplet does not completely penetrate into microcolumns of the
surface during the wetting process and that air cavities exist with the
rough substrate in Figure 9C:

cosf, = f1(cosf+1)-1 3)

where f is the ratio of the solid-liquid contact area to the total area,
0, and is the contact angle of the solid-liquid interface.

The study of wettability of droplets on rigid substrates has also
become the focus of many researchers in recent years, leading to in-
depth discussions from different perspectives. The first is the
analysis of the contact angle of droplets on rigid substrates. The
variation of contact angle on the three-phase contact line was
investigated under the effect of gravitational fields (Ward and
Sasges, 1998). In the case of substrates with variable stiffness, the
contact angle between a droplet and a substrate has been studied
based on the principle of minimum potential energy (Bormashenko,
2018). From Figure 10A, we can find that the cosine of the apparent
contact angle increases with the radius of the contact angle under
different gradients of the interfacial tensions, in which green line had
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the largest differences of gradients. Furthermore, the influence of
surface tension on contact behavior with randomly rough substrates
has been examined to determine the contact area between solids and
liquids (Yuan et al, 2018). Under the action of surface tension,
smaller droplets tend to be spherical under surface tension because
the droplet size is smaller than the capillary length (Meng et al.,
2021; Style et al., 2021).

At the same time, there are some studies that derive the droplet
profile from the most basic Young-Laplace equation. An analytical
expression for the two-dimensional droplet profile on a rigid
substrate under gravity has been established (Lv and Shi, 2018).
This expression could be extended to an inclined substrate to study
the contact angle hysteresis. In this way, solving the Young-Laplace
equation can obtain the functional expression of the droplet profile,
in order to get the surface tension at the solid-liquid interface (Tang
and Cheng, 2022). Moreover, the interface of a droplet on a rough
substrate has been derived by using Gibbsian composite-system
thermodynamics (Shardt and Elliott, 2019). It is note that the
contact angle at the solid-liquid interface is influenced by the
contact line.

Indeed, the aforementioned discussions were primarily based on
theoretical derivations. However, there are also relevant studies that
focus on the experimental aspects. For instance, the contact angles of
droplets on smooth and rough substrates were measured using a
long-arm hanging basket centrifuge (Liu et al., 2020). Figure 10B
shows the contact angles at different heights under different
gravitational forces. It has been shown that the acceleration of
gravity has a non-negligible effect on the contact angle.

Some relevant studies also focus on the morphology of droplets
in various external environments, such as electric (Cheng and
Chaddock, 1986; Chen et al, 2007), gravitational (Zeng et al.,
2022), noise (Borcia et al., 2019), and thermal fields (Adera et al,,
2013; Lee et al., 2021b; Dai et al., 2022). Therefore, we can apply an
appropriate external field to regulate the wetting behavior of the
droplet, by adjusting the contact angle on a rigid substrate.

As previously mentioned, the existence of droplets on rough
substrates is divided into two states, but the transformation and
coexistence of droplet states on rough substrates is an urgent
problem requiring resolution. From a theoretical point of view, a
cross-scale predictive model was developed from the nanoscale to
analyze the transition between Cassie and Wenzel states of liquid
droplets on a superhydrophobic surface (Wu et al., 2022). From a
simulation point of view, the coexistence and transition between
Cassie and Wenzel state on a superhydrophobic substrate were
analyzed by molecular dynamics simulations (Koishi et al., 2009;
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FIGURE 10

Dependence of contact angles: (A) Law of variation of cosine of contact angle with contact radius on variable stiffness substrate. The black dashed

line represents the value of difference of gradients of the interfacial tensions is equal to 0.1 N/m?. The red dashed line represents 1 N/m?. The green
dashed line represents 10 N/m?. Adapted with permission (Bormashenko, 2018). Copyright 2018, Elsevier. (B) Contact angle at different heights under
different gravitational forces. Adapted with permission (Liu et al., 2020). Copyright 2019, Elsevier.
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FIGURE 11

The transformation and coexistence of different states: (A) Transition of droplet wetting states on superhydrophobic micropillar arrays. Adapted with
permission (Garcia-Gonzalez et al., 2022). Copyright 2022, American Chemical Society. (B) Engulfment of small Wenzel droplets by large Cassie droplets
on nanopillars. Adapted with permission (Zhang et al., 2023). Copyright 2022, Elsevier.

Rauter et al., 2021) and a two-dimensional standard Monte Carlo
protocol (Lopes et al., 2013). These simulations have investigated the
effects of column spacing, height, and contact angle on the state
transitions. From an experimental standpoint, the transition
between different states on a rough substrate has been studied by
compressing droplets between superhydrophobic surface planes
(Garcia-Gonzalez et al, 2022) as illustrated in Figure 11A.
Besides, in the case of different Wenzel and Cassie droplets
depicted in Figure 11B, smaller Wenzel droplets on rough
superhydrophobic surfaces typically were merged with larger
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Cassie droplets, resulting in the formation of larger Cassie
droplets (Zhang et al., 2023).

Various approaches have been investigated to regulate the
transition between the Cassie and Wenzel states. In particular,
the transition between different wetting states of nanodroplets on
the surface with the columnar array was investigated in the presence
of an external electric field (He et al., 2021; He et al., 2022). Figures
12A, B demonstrates that the droplets gradually penetrated into the
pores of the substrate over time under the influence of the external
electric field. Additionally, the transition between different states

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1311735

Tie et al.

10.3389/fmats.2023.1311735

A .
=0 ps =27 ps (=100 ps
| . .
0 ps 15 ps
c 116 ps 135 ps

0ps 4 ps 22 ps

FIGURE 12

200 ps

&

=199 ps

56 ps

1=229 ps 1=1000 ps

70 ps

277 ps

1000 ps

238ps  266ps 294 ps

Transformation of different states under external fields: (A) Transition of different wetting states under the action of external electric field. Adapted

with permission (He et al., 2021). Copyright 2021, American Chemical Society. (B) Morphological evolution of nanodroplets on columnarly arranged
surfaces under the action of electric fields. Adapted with permission (He et al., 2022). Copyright 2021, Elsevier. (C) Wetting states of nanofluid droplets on
the surface during vibration of substrate. Adapted with permission (Wang et al., 2022a). Copyright 2021, Elsevier.

could effectively be regulated by applying a vibration field (Wang
et al, 2022a). The control of the wetting state could be effectively
achieved by adjusting the vibration amplitudes as depicted in
Figure 12C.

3.2 Contact on a fluid surface

When a droplet is dropped on another immiscible fluid, a three-
phase contact line similar to that of a rigid substrate is also formed.
Unlike rigid substrates, fluid substrates are also deformed, forming a
fluid lens. The final shape depends on the balance of the surface
tensions around the three-phase contact line in Egs. (4) and (5), also
known as Neumann construction (Neumann and Wangerin, 1894):

(4)
(5)

Y15 COS & + 3 cOS f— p,, cosy=0
Ppsina -y, sinf+y,siny=0
where y,,,,3,¥,; are the surface tensions at the 1-2 interface, the
1-3 interface, and the 2-3 interface, respectively, and a, 3, y are the

contact angles at the 1-2 interface, the 2-3 interface, and the
1-3 interface, respectively.
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Many studies related to this liquid-liquid floating system have
been done from experimental (Burton et al.,, 2010; Pototsky et al.,
2021; Zhao et al,, 2023) and theoretical (Phan et al., 2012; Wong
et al., 2017; Hack et al., 2020; Ravazzoli et al., 2020; Liu et al., 2021)
perspectives. The equilibrium shape of the liquid lens was achieved
from experiments, which was attributed to the competition between
inertial forces, adhesion forces, and surface tensions. However, the
above equilibrium shapes existed simultaneously only when the
droplet volume was small (Hack et al.,, 2020). On the other, the
stability profile of water floating on oil with different contact angles
was solved, which was mainly controlled by the surface tension,
droplet volume, and fluid density. Consider the effect of gravity, two
different sets of equilibrium lens shapes were derived by setting
different reference pressures (Phan et al, 2012). However, one of
them was the easiest to exist in nature due to its minimum energy.

In our daily lives, the most intuitive idea is that heavier fluids
sink to the bottom of lighter fluids. This phenomenon can be
changed by applying external regulation so that the heavier fluid
floats on top of the lighter fluid. The primary factor influencing this
behavior is surface tension (Singh et al., 2023). As a result of surface
tension, heavier fluids can form a liquid lens that floats on lighter
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2014). Copyright 2014, American Chemical Society. (B) Stabilization of vibration-induced floating systems. Adapted with permission (Pototsky et al.,
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Different configurations of compound droplets: (A) Stable configurations of compound droplets from a phase separated mixture of aqueous 22%
CsCl solution with benzyl alcohol, density ratio 0.859. Adapted with permission (Zhang et al., 2016). Copyright 2015, Elsevier. (B) Top view of a composite
droplet formed by water and bromocycloheptane in contact with each other. Adapted with permission (Rostami and Auernhammer, 2022). Copyright
2022, AIP Publishing. (C) Deformation of a compound droplet on a soft substrate in stable condition. Adapted with permission (Bhopalam et al.,

2022). Copyright 2022, Elsevier.

fluids. One approach to achieving this is by applying surfactant on
the surface (Phan, 2014). By this way the floating behavior of
droplets can be realized with acute contact angle in Figure 13A.
Additionally, in Figure 13B, the heavier fluid was enabled to float
stably on top of the lighter fluid by applying vertical vibrations
(Pototsky et al., 2019). This process involves bidirectional motion of
droplets with varying volumes on the oil meniscus, driven by
capillary action (Sun and Weisensee, 2023). This novel concept
presents an innovative way to control the movement of the liquid-
liquid floating system.

All of the above are two kinds of droplets acting on each other,
but when the two kinds of droplets come into contact with a rigid
substrate, a different phenomenon occurs. Compound droplets are
formed mainly by the contact of two or more immiscible droplets.
Unlike the liquid-liquid floating system, the volume of both droplets
in compound droplets is not significantly different, but rather
limited. Due to surface tension, volume, and other factors,
compound droplets also exist in a variety of forms. The
transition process between different configurations of compound
droplets on rigid substrates was analyzed (Neeson et al., 2012),
revealing

stable and unstable configurations. Experimental

measurements of the equilibrium shape of compound sessile
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droplets were conducted in Figures 14A, B (Zhang et al, 2016;
Zhang et al, 2021; Rostami and Auernhammer, 2022). The
transition between different equilibrium configurations was
mainly influenced by properties of the substrate, contact radius,
height, and the volume ratio of the droplets. In addition, a phase field
model (Bhopalam et al., 2022) was employed to simulate the elastic
capillary phenomenon of compound droplets on a thin elastic solid
in Figure 14C.

3.3 Contact on a soft surface

The surface/interface mechanics of droplets on rigid and fluid
substrates have been previously discussed. It is evident that the
elastic modulus of rigid substrates is at the GPa level, while that of
fluid substrates is at the Pa level. But when the droplet falls on the
substrate at kPa level, what kind of morphology will the droplet and
the substrate show?

When a droplet is dropped on a deformable soft solid, the
droplet causes deformation of the substrate due to the elasticity of
the substrate. Therefore, we need to consider the additional elastic
potential energy when calculating the total energy. To simulate the
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Deformation of the elastic substrate under the action of droplets: (A) Total deformation of the substrate at different contact angles. Adapted with
permission (Liu et al.,, 2009). Copyright 2008, Elsevier. (B) Variation of contact ridges of droplets with soft substrates simulated by molecular dynamics
under different various compatibility parameters. The black is equal to 0.3 and the orange is equal to 0.8. Adapted with permission (Léonforte and Muller,

2011). Copyright 2011, AIP Publishing.

deformation of the elastic substrate, a Winkler foundation model
was introduced combining the Derjaguin (disjoining) pressure
(Henkel et al, 2021). In Figure 15A the deformation of the
elastic substrate under the action of droplets caused by capillary
forces was calculated (Liu et al, 2009). Likewise, the wetting
behavior of polymer droplets on deformable solids was simulated
by molecular dynamics in Figure 15B (Léonforte and Miiller, 2011).
In addition, many studies have investigated the equilibrium shape of
liquid droplets on soft solid substrates (Style and Dufresne, 2012;
Bostwick and Daniels, 2013; Style et al, 2013; Schulman and
Dalnoki-Veress, 2015; Dervaux et al., 2020; Zhao et al., 2021).
The deformation of the elastic substrate was mainly related to
the radius of the droplet, surface tension, elastic modulus of the
substrates, and viscoelasticity. Another effect of surface strain,
ie, the Shuttleworth effect, was analyzed to study the wetting
process of droplets on a viscoelastic substrate (van Gorcum et al.,
2020), which may have a significant effect.

The wetting behavior of the droplet and the deformation of the
substrate can be significantly altered by adjusting the stiffness of the
substrate. When the stiffness is increased, the droplet tends to move
in the direction of greater stiffness, which is known as Durotaxis.
This deformation near the three-phase contact line was independent
of the elastic modulus of the substrate (Jerison et al., 2011).
Therefore, the main concern is the deformation that occurs away
from the three-phase contact line. Numerous studies (Marchand
et al., 2012; Charitatos and Kumar, 2021; Khattak et al., 2022; Lai and
Li, 2022) have shown that changes in substrate stiffness can result in
modifications to the geometry of liquid droplets on soft elastic solids.
The relation between the variation of contact angle and substrate
stiffness was analyzed on a three-phase contact line. When applying
pre-stretch to the substrate (Liang and Li, 2020; Song et al., 2020),
the deformation of the elastomer can be calculated by surface Green
functions considering effects of gravity and surface tension. As a
result, we can control the shape of the wetting ridges formed by the
droplets on the soft substrate by regulating the stiffness of the
substrate.

The soft substrate not only causes substrate deformation due to
liquid droplets, but also generates a corresponding surface strain.
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Therefore, incorporating surface strain in the correction of surface
tension provides a more accurate determination of the substrate
morphology. To investigate this process from multiple scales,
researchers have explored the variation of contact angle and its
connection in the multi-scale model (Lubbers et al., 2014; Henkel
et al,, 2022; Xie et al., 2022). Multi-scale analysis plays an important
role in gaining insights into the linkages between different scales
such as macroscopic, mesoscopic, and microscopic scales (Wang
et al,, 2017; Wang and Pindera, 2017; Chen and Wang, 2019; Wu
et al.,, 2023). The transition of contact angles on soft substrates was
analyzed separately using macroscopic and microscopic theories,
which consider capillary interaction at different levels (Lubbers
et al., 2014). Furthermore, the wetting of droplets on soft
substrates was studied by considering the effect of surface strain
at macroscopic and mesoscopic scales (Henkel et al., 2022) (see
Figure 16). At the macroscopic scale, the neo-Hookean law was
employed, while the simpler Winkler foundation model was utilized
at the mesoscopic scale, respectively, to describe the behavior of the
substrate.

4 Discussion

In this paper, we mainly synthesize the wettability of plant leaves
from the chemical and mechanical point of view. Besides there is a
relationship between the wettability of plant leaves and the property
of anti-soil. This is a complex connection between the wettability of
plant leaves and the property of anti-soil, which promote or inhibit
each other and jointly affect plant growth and development. Soil
resistance of plant leaves refers to the resistance of plants to adverse
factors in the soil, which is a comprehensive ability, including
drought resistance, cold resistance, salinity resistance and other
abilities. Changes in the wettability of plant leaves affect the
exchange of air and water between the plant and the outside
world, thereby affecting photosynthesis and respiration (Shi et al.,
2011; Holder, 2012; Cavallaro et al., 2023). Wettability of the leaf
surface can effectively improve water distribution within the plant
(Gotsch et al., 2014; Ali et al., 2022), and also inhibit the exchange of
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FIGURE 16

The substrate and droplet deformation obtained by considering the surface strain under the macroscopic model under different surface tensions.
Adapted with permission (Henkel et al., 2022). Copyright 2011, the Royal Society.

gases at the interface, which promotes the growth of pathogens (Sase
et al., 2008).

Prolonged exposure to a wide variety of climatic environments
leads to an increase in the waxes on the surface of the cuticle, which
affects the transport of water at the interface (Chin et al., 2023).
Maize leaves in the Sahara Desert, due to their high wettability,
favored the accumulation of rainwater and safeguard the transport
of water under arid conditions (Revilla et al., 2016). Under drought
conditions, plant leaf surface microstructures, such as trichomes,
influenced the wettability state of the leaf, thereby controlling water
adhesion to the surface (Wang et al., 2023b; Liu et al., 2023). In foggy
days, wheat leaves adjusted morphological features to increase the
wettability of the leaf surface, which in turn maintains the moisture
condition on the surface (Merrium et al, 2022a). In addition
adjustment of leaf surface wettability is achieved by optimizing
leaf surface structure and promoted droplet pooling and water
transport (Merrium et al., 2022b; Hakeem et al., 2023). The
modification of plant leaf wettability can be utilized to effectively
adjust the water utilization capacity of desert plants and achieve the
purpose of drought resistance.

The wettability of plant leaf surfaces can have different effects on
the surface icing state, which in turn affects the cold resistance of the
leaf. The formation of ice crystals on the leaf surface depends largely
on the wax composition and microstructure. It has been found that
superhydrophobic surfaces could effectively inhibit the formation of
ice nuclei (Gorb and Gorb, 2022; Kumar et al, 2022). The
hierarchical structure of the Phyllostachys viridis leaf surface
greatly prolonged the freezing time of the droplets (Feng et al.,
2023). Utilization of the waxy protrusions of plant leaves reduced the
contact area of ice crystals with the substrate and eased the freezing
of the leaf surface. Thus plants maintain normal physiological
functions by maintaining higher wettability in cold environments,
thus enhancing cold tolerance.

In saline and alkaline environments, water evaporates faster and the
wettability of leaves can help plants better absorb and utilize the limited
water, thus maintaining normal growth and development. The salinity
resistance of plants mainly depended on the morphological
characteristics and waxy composition of the leaf surface (Du and
Hesp, 2020; Wang et al., 2022b; Li et al., 2023). However, excessive
uptake could inhibit plant growth and cause damage such as leaf
senescence (Mereu et al., 2011). Studies of ornamental plants in coastal
areas have found that surface wettability affected salt accumulation
(Piccolo et al., 2023). Leaf surfaces that were more wettable (smaller
contact angle) were able to take up large amounts of Na* and CI".
Magnesium salt uptake was much higher in highly wettable lettuce
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leaves than in leaves that were extremely non-wettable (Barlas et al,
2023). Leaf wettability also promotes gas exchange and increases the
efficiency of photosynthesis and respiration, thereby enhancing the
salinity resistance of plants.

The study of the relationship between the wettability of plant
leaves and the property of anti-soil is complex and multifaceted and
needs further exploration. This paper only starts from a small point
and more work is needed in the future.

5 Conclusion

For various plant leaves commonly found in nature, this paper
mainly reviews the wettability of their surfaces. The factors that
influence the hydrophobicity of plant surfaces are discussed,
focusing on their chemical composition, surface microstructure,
hierarchical structure, and growth age.

The chemical compositions of leaf surfaces are analyzed for a
wide variety of plant surface wax components. It is found that
alkanes exhibit the highest hydrophobic effect. The wettability of the
surface can be effectively improved by regulating the type and
content of wax components of leaf surface, and has numerous
applications in food chemistry and other fields. Meanwhile, the
orientation of surface chemical groups significantly influences the
wettability, primarily by altering the contact angle between the
droplet and substrate.

Moreover, the influence of surface microstructures is presented.
The papillae on the surface significantly impact the surface
The
hemispherical, square, inverted cone, and mushroom shapes,
affect the contact area of the droplet with the substrate. The
wettability of the surface can be improved by altering the shape,

properties. shapes of papillae, such as cylindrical,

height, and protrusion radius of the papillae. Furthermore, the
arrangement of the papillae, whether in a regular array or
irregular distribution, also have a great influence.

Furthermore, the hierarchical structure of plant surfaces,
consisting of micron structures and nanostructures, enhances the
wetting characteristics of the surface while also affecting its stability.
These structures have gradually found applications in the
manufacturing field.

Also the growth age of the leaves has a non-negligible effect on
wettability. The chemical composition and microstructure of the
surface undergoes significant changes as the leaf grows. Decayed
leaves tend to exhibit stronger wettability than young leaves. The
wettability of leaves changes during leaf growth and aging.
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Then, the surface/interface properties of the plant leaf surface
are analyzed from the mechanical point of view, considering rigid
substrates, soft solid substrates and fluid substrates, respectively.

For rigid substrates, the wetting behavior is influenced by surface
roughness and forms different wetting models. The transformation
and coexistence of these models effectively impact the substrate’s
performance. Various external fields, such as gravitational,
magnetic, thermal, and vibrational fields, can significantly
influence the wetting behavior of droplets on substrates. Thus,
the wettability of the surface can be macroscopically regulated
under these applied external fields. We then provided an
overview of recent advancements through both experimental and
theoretical calculations for the floating system formed on a fluid
substrate. The study and application of compound droplets
generated on fluid substrates are further illustrated. We also
reviewed the wetting performance of a soft solid substrate. The
effects of the elasticity of the substrate and surface strain on the
morphological change of this system are considered.

This paper mainly reviews the current research progress in
related areas. The hydrophobicity of plants can find broad
applications in fields such as civil engineering and aerospace,
particularly in developing high-performance corrosion-resistant
devices. Further studies can explore the wetting behavior of
droplets on various substrates, including those with anisotropy,
variable cross-sections, and variable stiffness, to broaden the
range of available substrates.
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