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Nature-inspired self-cleaning surfaces have attracted considerable attention from both
fundamental research and practical applications. This review adopts a chemical-
engineering point of view and focuses on mechanisms, modelling, and manufacturing
(M3) of nature-inspired self-cleaning surfaces. We will introduce six nature-inspired
self-cleaning mechanisms: The Lotus-effect, superhydrophobic-induced droplet jumping,
superhydrophobic-induced unidirectional movement of water droplet, underwater-
superoleophobic-based self-cleaning, slippery-based self-cleaning, and dry self-cleaning.
These mechanisms of nature self-cleaning examples are popular and well-known as well
as have been widely applied or exhibited potential applications in our daily life and indus-
trial productions. The mathematical and numerical modelling of the identified self-cleaning
mechanisms will be carefully introduced, which will contribute to the rational design and
reproducible construction of these functional self-cleaning surfaces. Finally, we will discuss
how these materials can be produced, with a focus on scalable manufacturing. We hope
this review will strengthen the understanding on nature-inspired self-cleaning surfaces and
stimulate interdisciplinary collaboration of material science, biology and engineering.

© 2019 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

exhibit superhydrophobicity-induced self-cleaning (Barthlott
and Ehler, 1977). Only since the introduction of the scanning

After billions of years of evolution, natural organisms have
evolved intriguing surface self-cleaning properties. As one
of the most famous self-cleaning biomaterials, the Lotus
leaf (Nelumbo Nucifera) has been recognized as the sym-
bol of purity in Asian regions and cultures for more than
2000 years. Lotus roots grow in mud, while its leaves are
never dirty because of their special surface wettability: they

* Corresponding authors.

electron microscope (SEM) in 1970s, the detailed structures
at the plant surface and their role in the surface functional-
ities could be investigated (Schill et al., 1973; Barthlott and
Capesius, 1976). In 1997, the Lotus-effect was first studied in
detail using SEM,; self-cleaning behaviour is determined by the
micro-scale papillae and the epicuticular wax (Barthlott and
Neinhuis, 1997). Feng et al. (2002) reported that micro/nano
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hierarchical structures, i.e., branch-like nanostructures on top
of the micropapillae, are essential in building up the superhy-
drophobic effect.

Apart from the Lotus-effect, which can safely be regarded
as the most famous example of a self-cleaning mechanism,
there are five more self-cleaning mechanisms that are clearly
nature-inspired. Firstly, the drop-jumping mechanism, which
can find inspiration from mosquito eyes, cicada wings, water
strider legs, and so on (Gao et al., 2007; Wisdom et al., 2013;
Wang et al.,, 2015). Secondly, the superhydrophobic-induced
unidirectional movement of droplets on butterfly wings and
bird’s feathers (Kennedy, 1970). Thirdly, the underwater-
superoleophobic-based self-cleaning mechanism that are
inspired by underwater organisms, e.g., carp scale, the inner
side of Columnar Nacre, and the lower surface of lotus leaf (Liu
et al., 2009; Guo et al., 2016; Cheng et al., 2011). Fourth is the
slippery-based self-cleaning mechanism (Wong et al., 2011;
Xiao et al., 2013; Cao et al.,, 2015). In nature, this mechanism is
used by pitcher plants, a type of carnivorous plants. The last
one is the dry self-cleaning mechanism, which is inspired by
the structure of Gecko feet (Hansen and Autumn, 2005).

There exist a broad range of devices and situations in which
there is a need for a working surface that reduces or even pre-
vents the adhesion of different contaminants, such as dirt,
organic matter or liquids. Applications of such a technology
are numerous: from camera lenses and car windshields to pre-
venting icing on planes, to name a few (Bhushan and Jung,
2011). It is thus not surprising that we have witnessed a sig-
nificant development of the self-cleaning technology in recent
years.

Only around 2005, the number of publications on
this topic strongly increased, due to the availability of
nanotechnological manufacturing techniques that enabled
mimicking the Lotus-effect on artificial surfaces. Apart from
technology-push, there is also an important market-pull fac-
tor: self-cleaning surfaces can contribute in several ways to
the energy transition. For example, the substantial increase
in displays and photovoltaic (PV) solar panels makes it attrac-
tive to have better self-cleaning materials (Yao and He, 2014).
Worldwide, the installed PV capacity currently shows an
annual growth of around 30% (Masson et al., 2018). The per-
formance of these PV panels, besides their lifetime, is also
partly determined by how clean their surface is. As applica-
tion is especially attractive in regions with strong sunlight,
which are often also dry and dusty, providing these surfaces
with good self-cleaning functionality would boost their per-
formance. Fouling of these devices involving the cooling and
cleaning of hydrocarbon-rich gases is a problem in numerous
industrial applications, and it is considered responsible for
1-2.5% of the global anthropogenic emissions of CO;, (Mtiller-
Steinhagen et al., 2009). Overall, heat exchanger fouling has
been estimated to cost industrialized nations approximately
0.25% of GDP (Miiller-Steinhagen et al., 2005). It is thus clear
that it is of great interest to facilitate self-cleaning of heat
exchangers instead of cleaning them manually, which is not
only tedious but would also require frequent interruptions in
the plant operations.

Since 2005, a number of reviews have been written about
self-cleaning fields (Parkin and Palgrave, 2005; Quéré, 2008;
Bhushan and Jung, 2011; Ganesh et al., 2011; Liu et al., 2012).
Mostly the focus was either on the materials aspects or on
the mechanisms. Given the readership of the current journal,
we would like to approach the topic more from a chemical-
engineering point of view. This means that, unlike most

other reviews, we will pay substantial attention to model the
self-cleaning mechanisms, and to the possibilities of large-
scale manufacturing of such materials. In brief, we will focus
on mechanisms, modelling, and manufacturing (M3). Self-
cleaning materials that are not clearly nature-inspired, such as
photocatalytic surfaces, will not be considered in this review.
The notion of Lotus-inspired superhydrophobicity will receive
the most attention, since it has been most widely studied
and applied. In addition, we will also discuss superoleopho-
bicity, slippery-based self-cleaning, and dry self-cleaning. We
will first discuss for each of the mechanisms how they were
discovered, and how they can be translated from nature to
man-made materials. Subsequently, we will discuss mathe-
matical modelling of the different self-cleaning mechanisms,
as this will aid the understanding and the design of future
materials with even better performance. Finally, we will dis-
cuss how these materials can be produced, with a focus on
scalable manufacturing.

2. Mechanisms for nature-inspired
self-cleaning phenomena

2.1. Superhydrophobicity-induced self-cleaning
mechanisms

2.1.1. Lotus effect

The lotus leaf can be considered the most famous inspira-
tion from nature for the design of self-cleaning surfaces. As
mentioned in the introduction, it relies on superhydropho-
bicity to remove mud or dirt by water or rain (Fig. 1a). The
underlying mechanism of lotus leaf’s self-cleaning property
was first explored by Barthlott and Neinhuis (1997). It was
found that micrometer-scale papillae and epicuticular wax
play an important role in its superhydrophobicity, i.e., high
water contact angle (~160°) and low sliding angle (~2°), which
was defined as the “Lotus effect” (Neinhuis and Barthlott,
1997). As shown in Fig. 1b, the micro-sized papillae with diam-
eters ranging from 5 pm to 9 pm are randomly distributed on
the lotus leaf. However, the fundamental mechanism of its
self-cleaning phenomenon was still not fully clarified. In 2002,
Feng et al. reported the nano-structures on every papilla, i.e.,
fine branch-like nanostructures with a diameter of approxi-
mately 120 nm, which can greatly increase the roughness of
lotus surface and effectively prevent the attachment of water
droplets (Feng et al., 2002). When droplets rolled on the tips
of epicuticular wax crystals on the top of papillose epidermal
cells, contaminating particles will be attached on the droplets
and carried away (Fig. 1c). In general, there are two kinds of
wetting states to define the superhydrophobic surface, i.e.,
Wenzel’s state and Cassie’s state (Wenzel, 1936; Cassie and
Baxter, 1944). In Wenzel’s state, the water droplets pin to the
surface in a wet-contact mode, and as a result, high con-
tact angle (CA) hysteresis is observed. In contrast, in Cassie’s
state, the water droplets adopt a non-wet-contact mode on
solid surfaces and can roll off easily owing to their low adhe-
sive force. The “Lotus” effect is one representative example of
superhydrophobic surfaces in Cassie’s state (Fig. 1d). Owing to
micro/nano hierarchical structures and low-surface-tension
energy, water droplets will have a very small contact area
with superhydrophobic surfaces (2 % ~ 3 %). Similarly, the con-
tact area of mud or dirt on a Lotus leaf is also very small,
because mud and dirt are typically larger than the micro/nano
structures of the Lotus leaf, which will be endowed with low
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Water droplet in air
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Fig. 1 - The Lotus effect is the most famous example of a superhydrophobicity-based self-cleaning mechanism. a) Water
droplets are rolling across the lotus leaf surface and taking the dirt particles away, demonstrating the distinguished
self-cleaning effect. b) SEM images of distributed cell papillae on the lotus leaf surface. c¢) Contaminating particles adhere to
the surface of the droplet and are removed from the leaf when the droplet rolls off. d) Schematic illustration of Lotus state (a
special case of Cassie’s superhydrophobic state). e, f) Schematic illustration of water-droplet cleaning on smooth and
structured surfaces, respectively. On the smooth surface, the particles are mainly only redistributed by water, while they
adhere to the droplets’ surfaces and are taken away from the rough surface. (Barthlott and Neinhuis, 1997) Copyright 1997,

Springer-Verlag Berlin Heidelberg.

adhesive force to a solid surface. However, the adhesive forces
between mud or dirt particles with water droplet are relatively
large resulting from their easy wetting property. Thus, mud
or dirt particles on a superhydrophobic surface will be eas-
ily taken away by water droplets (Fig. 1f). In contrast, on solid
smooth surfaces, the contact area of mud or dirt particles is
large, which will result in a huge adhesive force. Consequently,
the adhesive force caused by water wetting is not large enough
to take the particles away but will only regulate their positions
(Fig. 1e).

2.1.2. Droplet jumping phenomena (mosquito eyes, cicada
wings, water strider legs)

Lotus-inspired superhydrophobic self-cleaning suffers from
instability, because of the air sandwiched between the water
and the micro/nano structures is replaced by water in the case
of fog and dew (Cheng, 2005; Liu and Choi, 2013). Autonomous
self-cleaning is achieved by a fascinating phenomenon of the
self-propelled, coalescence-induced jumping motion of con-
densed water droplets that partially cover or fully enclose a
contaminant particle to be removed and where no external
fields (e.g. gravity) are needed. Nice examples from nature are
the cleaning of surfaces such as mosquito eyes, lacewings,
cicada wings, and water-strider legs (Helbig et al., 2011;
Watson et al., 2011). There, small droplets are formed from the
dew in places with no precipitation and are afterwards self-
propelled from the surface after droplets touch each other.
The chain of events is therefore straightforward and similar
for both biological and synthetic surfaces: when water vapour
condenses on superhydrophobic surfaces, the droplets will
coalesce and the resulting droplet may jump from the sur-
face as a result of the excess surface energy (Boreyko and
Chen, 2009; Miljkovic et al., 2013; Kim et al., 2015). The jumping
droplets are smaller than the capillary length (capillary length
is about 2.7 mm for water) and are typically up to 100 pm large
(Miljkovic et al., 2013) and, as indicated before, external forces

(e.g. gravity) play no role in this type of self-cleaning. There are
three mechanisms behind droplet jumping (Kim et al., 2015):
1) coalescence of two neighbouring droplets; 2) coalescence
among more than two neighbouring droplets and 3) coales-
cence between one or more droplets on the surface and a
returning droplet that has already departed.

AsshowninFig. 2a, Gao et al. (2007) reported the compound
eyes of the mosquito C. pipiens can be capable of possessing
ideal superhydrophobic property in fog environment, which is
mainly attributed to the hexagonally non-close-packed (NCP)
nipples at the nanoscale preventing the microscale fog drops
from condensing on the ommatidia surface. An example, i.e.,
superhydrophobic cicada wing, is shown in Fig. 2b, where
a 50 pm glass particle is removed from a superhydrophobic
surface by a jumping droplet of a similar size. Different mech-
anisms of particle removal were identified in (Wisdom et al,,
2013), primarily dependent on the degree of hydrophilicity of
the particle: floating (for a very hydrophilic particle and shown
in Fig. 2b), lifting (the case of a less hydrophilic particle) and
aggregating. The same study showed that the jumping-droplet
removal mechanism is sufficient to achieve an autonomous
self-cleaning function (i.e. no gravity or any other external
effect were needed). Wang et al. (2015) also reported that
condensed water droplets of volume ranging from femto-
liter to microliter can be self-removed from the legs of water
striders, which is mainly attributed to the elastic expulsion
between flexible setae. Finally, it is worth noting that it has
been demonstrated that the jumping droplet condensation
also enhances heat transfer and promotes anti-icing (Kim
et al.,, 2015).

2.1.3.  Unidirectional droplet movement (e.g., butterfly

wings, bird feathers)

Natural organisms with superhydrophobic surfaces also illus-
trate distinct unidirectional adhesive properties, i.e. the rolling
and pinning states of a droplet may coexist on the same sur-
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Fig. 2 - Natural examples of droplet jumping phenomena. a) The antifogging mosquito eyes and the related bioinspired
surfaces (Gao et al., 2007). Copyright 2007, Wiley-VCH. a;. Optical image of antifogging mosquito eyes. a,. SEM image of
mosquito eyes. a;. Optical image of artificial mosquito compound-eyes. a;. Water droplet contact angle on artificial
mosquito compound-eyes. b) Superhydrophobic cicada wing and droplet jumping process (Wisdom et al., 2013). Copyright
2013, National Academy of Sciences. b;. The cicada is usually oriented skyward when at rest. b;. The wing is
superhydrophobic because of the nanostructured surface shown by an atomic force microscope (AFM) image. bz. Removal of
a very hydrophilic glass particle of 50 pum by a jumping droplet. c) Self-motions of water droplets condensing on a leg of
water strider (Wang et al., 2015). Copyright 2013, National Academy of Sciences. c; ~ c3. Optical image, Micro-XCT, and SEM
images of a strider’s leg. c4 ~ c7. Cascade of self-motions for water droplets condensing on a leg of water strider.

b)
Pinning
—

Fig. 3 - Nature examples with unidirectional droplet movement. a) An iridescent blue butterfly M. aega. The black arrows
denote the radial outward (RO) direction away from the body’s centre-axis. b) The water droplet was pinned on the wings
with the scale tilted and adhered to the rear of the drop when N airflow was blew against the RO direction, while, the
droplet easily rolled off the surface as N, airflow was blew against the RO direction. Copyright The Royal Society of
Chemistry 2007. c) Hierarchical micro/nano structures on the surface of the wings. Copyright The Royal Society of Chemistry
2007. d) Optical images of duck (Anatidae). Copyright Baidu Baike. e) Optical image of a piece of duck feather and a water
droplet on a duck feather (inert picture). Copyright 2008 IOP Publishing Ltd. f) Multi-scale structures of duck feathers.
Copyright 2008 IOP Publishing Ltd. Scale bars: c) 100 um, inert image: 10 nm. f) 100 um, inert image: 10 pm.

face under different conditions. Zheng et al. (2007b) were first
to report the unidirectional droplet movement on the super-
hydrophobic wings of the butterfly (Morpho aega), that is the
droplet can easily roll off the wings along the radial out-
ward (RO) direction of the central axis of the body, but will be
pinned against the RO direction (Fig. 3a and 3b). To uncover the

underlying mechanism of this phenomenon, the authors care-
fully investigated the detailed structures of butterfly wings.
As shown in Fig. 3c, with a length of ~150 pm and a width of
~70 um, lots of quadrate scales cover the superhydrophobic
wings of the butterfly, which also develop into a periodic hier-
archy along the RO direction by overlapping each other. The
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inserted images in Fig. 3c demonstrated the quadrate scales
were also composed of numerous separate ridging stripes
of 184.3+9.1nm in width and 585.5+16.3nm in clearance
on the surface of each scale. This flexible micro/nano struc-
tures will result in different contact modes of a droplet, that
is discontinuous three-phase (solid/liquid/gas) contact line
(TCL) along RO direction while quasi-continuous TCL against
RO direction, which will produce low adhesive force along
RO direction and large adhesive forces against RO direction.
This elegant finding opened an avenue to applying in easy-
cleaning coatings. For example, Mei et al. (2011) found that
the superhydrophobic butterfly wings could effectively retard
low-temperature-induced wetting, and achieve water repel-
lence, accompanied with low adhesion under environmental
humidity conditions, which show potential applications in
anti-frosting, anti-fogging and anti-icing projects.

The phenomenon of directional droplet movement on
superhydrophobic surfaces can be also observed on feathers
(Fig. 3d). Kennedy (1970), Kennedy reported that water droplets
on feathers tend to roll off distally through measuring the
angle of tilt required to roll drops of water. Kennedy supposed
that when a drop moves distally off the feather, it will press
down the distal barbules in its path; however, as it moves
proximally, the barbules rise up against it. The strong water
repellence of feather is mainly attributed to their porous struc-
tures and grease coating on feather surfaces (Fig. 3e, Zhao
et al., 2008). Liu et al. (2013) carefully investigated the non-
wetting phenomena of duck feathers. As shown in Fig. 3f, the
duck feathers are composed of branches with different dimen-
sions, including micro-sized backbones, trunks and barbules,
which facilitate the feather with porous structures. The porous
structures as well as the grease with low surface tension will
endow the feathers with a large air-water interface, i.e., large
air proportion, contributing to distinguished water repellence
(Liu and Choi, 2013).

2.2. Other nature-inspired self-cleaning mechanisms

2.2.1. Underwater-superoleophobic-based self-cleaning
mechanism

Oily wastewater and spilled oil are great threats for seabirds,
whose feathers are usually hydrophobic and easily wetted by
oils, while fish can swim in oil-polluted water and keep their
body clean (Fig. 4a;). Liu et al. (2009) uncovered the underlying
mechanism of fish scales repelling oils and developed a novel
strategy in designing superoleophobic interfaces without the
assistance of fluorinated compounds. As shown in Fig. 4ay,
the sector-like fish scales have diameters of 4—5 mm. To adapt
to the water environment, the fish scales are hydrophilic
and composed of calcium phosphate, a protein, and of a
thin layer of mucus. Fine-scale roughness can be observed
on micropapillae by high-magnification SEM images, which
plays a key role in the superoleophobic property in water (the
inserted picture in Fig. 4ay). Oil (e.g., 1, 2-dichloroethane) con-
tact angle on the fish scale is 156.4 +3.1°, which showed its
superoleophobic properties (Fig. 4a3). Inspired by fish scales,
Liu et al. have prepared a superoleophobic silicon surface with
micro/nano structures, on which the shape of oil drop was
spherical during the whole measurement. The adhesive force
was smaller than 1uN, and the oil drop could be transferred
away without losses. The authors also schematically illus-
trated the superoleophobic wetting state. In such a case, water
molecules can be trapped in the micro/nano structures, which
prevents oil molecules from contacting with the solid surface.

These experiments demonstrated that the micro/nano struc-
tures and hydrophilic wettability plays a key role in obtaining
superoleophobic properties. In addition to fish scales, shark
skin (Isurus Oxyrinchus) and pilot whale (Globicephala melas)
skin, with unique structures and superhydrophilic wettabil-
ity, not only anti-fouling but also enable them to swim faster
and more efficiently (Ball, 1999; Baum et al., 2002). Inspired by
these underwater organisms, Xue et al. (2011) have prepared a
novel underwater superoleophobic polydivinylbenzene (PAM)
hydrogel-coated mesh, which selectively separates water from
oil/water mixtures with a high separation efficiency and resis-
tance to oil fouling. Cai et al. (2014) revealed the unique
anisotropic underwater oleophobicity of filefish skin (Navodon
septentrionalis), which is attributed to the anisotropic micro-
textures on the surface and hydrophilic surface composition.

Besides the fish skin, Guo et al. (2016) also reported natural
columnar nacre from abalone shell illustrating outstanding
underwater superoleophobicity with excellent mechanical
properties (Fig. 4b;). As shown in Fig. 4b,, the inner sur-
face of natural columnar with an iridescent colour has many
convex hexagonal columnar structures, of which the aver-
age side length is ~3 pm and adjacent distance is irregular
and ~3 pm. The top surface of hexagonal columns is not flat
and is composed of nanoscale aragonite particle protrusions
(the inserted image in Fig. 4b,). This combination of hierarchi-
cal micro-/nanometer structure and hydrophilic components
results in underwater low adhesive superoleophobicity. The
contact angle of underwater 1, 2-dichloroethane droplets
on the surface of columnar nacre is as high as 156.8 +0.9°
(Fig. 4bs). Inspired by natural columnar nacre, the same
authors constructed layered montmorillonite/hydroxyethyl
cellulose (MMT/HEC) artificial nacre-like materials, illustrat-
ing high contact angles of various oils (higher than 156.8°)
and ultralow underwater oil adhesion (less than 3.5 uN against
various oils).

As a well-known example of superhydrophobicity, the
upper side of a lotus leaf can make the water freely roll off
resulting in the “Lotus effect”. Compared with the upper side
of the leaf, the wettability of its lower surface raised less
interest. However, after additional research effort, the impor-
tance of the wettability of the lower surface was gradually
uncovered. Cheng et al. (2011) revealed that the lotus leaf
shows Janus property, i.e. that its lower surface is superhy-
drophilic in air and superoleophobic under water (Fig. 4cq,
Cheng et al.) As shown in Fig. 4cp, the lower side of lotus
leaf is composed of numerous tabular and slightly convex
papillae with a 30—50 mm length and a 10—30 mm width. The
inserted image in Fig. 4c, was obtained by atomic force micro-
scope (AFM), which shows that the papilla is covered with
nanogroove structures with the size of 200-500nm and the
height of a single papilla is around 4nm. The authors also
tested the underwater contact angle of various oils, includ-
ing 1,2-dichloroethane, n-hexane, rapeseed oil, sunflower oil
and octanol, on the lower side of a lotus leaf. As shown in
Fig. 4cy, taking 1,2-dichloroethane as an example, the oil con-
tact angle (OCA) reaches up to 155.0 + 1.5°, which illustrates its
underwater superoleophobicity. These natural examples with
underwater-superoleophobic-based self-cleaning properties
will hopefully offer new insights to the design of functional
interfaces in marine antifouling, microfluidic devices, resis-
tance reduction for oil transportation, oil/water separation,
etc.
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Fig. 4 - Underwater superoleophobicity has been discovered and inspired by underwater organisms. a) Fish scales showing
the superoleophobicity underwater. (Liu et al., 2009). Copyright 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. a;.
Optical image of fish in the water. a,. Optical image of the fish scales. The sector-like scales with diameters of 4-5mm
arrange into an array. Inserted SEM image of fish scale showing the micropapillae. Nanostructures can be observed on the
papillae. az. Oil contact angle on a fish-scale surface. e) Oil droplet adhesive-force measurement process on
micro/nanostructured silicon substrates. b) The inner side of Columnar Nacre showing superoleophobicity underwater.
Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. b;. Photograph of the entire abalone shell. b,. Top-view
SEM images of the inner nacreous layer in the red marked area of Figure b;, showing convex hexagonal microscale columns
and nanoscale protrusions. b3. Photograph of an underwater oil droplet on the red marked region, with a contact angle of
156.8 +0.9°. c) Lower surface of lotus leaf showing superoleophobicity. Copyright 2011 The Royal Society of Chemistry. c;.
Picture of lotus leaf floating on the water surface. c;. The Environment scanning electron microscope (ESEM) image shows
that the lower side of the leaf consists of numerous tabular and slightly convex papillae with 30-50 mm length and

10-30 mm width. The inserted image is the Atomic force microscope (AFM) image that further shows the tabular papillae
are covered with nanogroove structures with size of 200—500nm and the height of a single papilla is around 4mm. c3. An
oil droplet on the lower surface of the lotus leaf with a contact angle of 155.0 + 1.5°.

2.2.2. Slippery-based self-cleaning mechanism

In 2011, a new type of self-cleaning surface named as slippery
liquid-infused porous surface (SLIPS) was invented, inspired
by Nepenthes Alata (Wong et al., 2011; Lafuma and Quéré, 2011,
Smith etal., 2013; Xiao etal., 2013; Cao et al., 2015). As shown in
Fig. 5aand b, the peristome of this plant, of which micro/nano
structures are immersed by water or nectar developing into
lubricant layer, shows exceptional low friction force to insects
(Bohn and Federle, 2004; Chen et al., 2016). SLIPS employed
the same mechanism with lubrication liquid held in the tex-
ture of the surface. The lubrication liquid introduces a new
phase between the solid surface and the foreign phase (Fig. 5c).
Inspired by the pitcher plant, Wong et al. prepared SLIPS sur-
face by infusing low-surface-tension perfluorinated liquids
into porous/textured solid (Fig. 5d). Owning to the molecular
smoothness and defect-free nature of the low surface energy
liquid fixed on the surface, the SLIPS exhibits extreme liquid
repellence, i.e., very low contact angle hysteresis and very low
sliding angles, against various liquids of surface tension, e.g.,
n-pentane (~17.2 £ 0.5 mN/m) (Fig. 5e).

Notably, the stability of lubrication liquid causes some con-
cerns. The lubrication liquid would be gradually diminished as
parts of the liquid phase were to be taken with a foreign phase
when slipping away or the evaporation effect exposed to the

open air. More efforts were made to increase the stability of
the lubrication liquid layer by employing a variety of surface
chemistries, surface structures and materials, which develop
this new type of surfaces. Self-replenishing SLIPS was fabri-
cated to compensate for the loss of the lubrication liquid. The
methodology comprises locating lubrication liquid inside the
solid phase to create a reservoir to supply the losing lubrica-
tion on the solid surface, which keeps the lubrication property
on the surface without any other coating or replenishing pro-
cess (Zhao et al., 2018). The solid lubrication could be capable
of resolving the complexity of the liquid lubrication.

2.2.3.  Gecko-foot-inspired dry self-cleaning mechanism

As an amazing animal with an excellent adhesives force, the
gecko has been found to “run up and down a tree in any way,
even with the head downwards” by the ancient Greek philoso-
pher Aristotle in the fourth century BC (Autumn et al., 2002;
Liu et al., 2012). Fig. 6a shows a tokay gecko that can cling to
vertically placed transparent glass and support its body mass
(Hansen et al. 2005). Autum et al. (2000), for the first time
directly measured a single setal force using a two-dimensional
micro-electromechanical systems force sensor and a wire as
force gauge. A single seta can generate up to 200 N of force,
which can even hold the mass of a small ant. As shown in
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Fig. 5 - An emerging type of self-cleaning surfaces inspired by Nepenthes pitcher. a, b) Optical images of Nepenthes Alata
and Microstructure surface from the Nepenthes Alata. The microchannel structures with arch-shaped cavities effectively
guide the liquid flowing (Chen et al., 2016). Copyright 2016, Macmillan Publishers Limited. c) The mechanism under the
slippery surface. The surface energy is controlled by the mediated liquid (L) irrespective of the solid surface underneath, as
there is no direct contact between the test liquid and the solid surface. d) The prototype of slippery liquid-infused porous
surface (SLIPS) inspired by Nepenthes pitcher. e) The self-cleaning properties of SLIPS (left side in the image) compared to
superhydrophobic surfaces (right side in the image). The test liquid is dyed Pentane and the test clearly shows the Pentane
drop can be mobile on the SLIPS without a trace (Wong et al., 2011). Copyright 2011, Macmillan Publishers Limited.
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Fig. 6 - Gecko’s dry adhesive system (Hansen and Autumn, 2005). Gopyright 2015, National Academy of Sciences. a) Optical
image of a tokay gecko climbing vertical transparent glass. b) Optical image of Gecko’s foot, which is endowed with
adhesive lamellae as overlapping pads. c) SEM image of setae arrays on Gecko’s foot. d) SEM image of the proximal portion
of a single lamella taken from setae arrays. €) single seta with branched structure at upper right, terminating in hundreds of
spatula tips. f) Model of interactions between N (number of particle-spatula interactions) gecko spatulae of radius Rs, a
spherical dirt particle of radius Ry, and a planar wall.

Fig. 6b ~ d, the gecko footpad is covered by millions of well- der Waals forces generated by millions of gecko spatulae are
aligned fine microscopic setae of the sizes of approximately believed to be the source of the adhesive force that allows
110 pm in length and 5 pm in diameter. The micro-sized setae geckos to climb vertical walls or across ceilings. The van der
are split into hundreds of smaller nanoscale ends called spat- Waals mechanism implies that the gecko adhesion depends

ulae, with the sizes of 200nm~ 500nm (Fig. 6e). The van more on surface geometry than on surface chemistry. Inspired
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by geckos, Geim et al. (2003) reported a novel “gecko tape” pre-
pared by microfabrication of dense arrays of flexible plastic
pillars, whose geometry was carefully designed to ensure their
collective adhesion and self-cleaning property. After uncover-
ing the secret of Gecko cling on the ceiling, there is a new
question arising of how the Geckos can keep their foot clean
with huge adhesive forces. This type of self-cleaning was
defined as dry self-cleaning Hansen et al. (2005) reported that
Tokay gecko feet contaminated with dirt particles can be capa-
ble of recovering their ability to cling to vertical surfaces after
only a few steps on clean glass. They have built a contact
mechanical model to show that the energetic non-equilibrium
between the dirt particle adhering on substrate or spatula
results in the self-cleaning phenomenon (Fig. 6f). The inter-
action energy between a spherical dirt particle and a planar
wall can be deduced as

Wy =

(1)

where p and w are particle and wall, respectively; A is
the Hamaker constant (typically ~10~%° J for van der Waals
interactions in air); and D is the particle-to-wall distance
(Israelachvili, 1992). The interaction energy between a spheri-
cal dirt particle and a spatula (s) is presented by the following
equation:

—ApsRpRs

Wps =N — PP 5
ps 6Dpw(Rp + Ry)

(2)

N refers to the number of particle-spatula interactions
needed to achieve energetic equilibrium with particle-wall
interaction. If less than N spatulae are attached to each parti-
cle, self-cleaning will happen as a consequence of energetic
disequilibrium, i.e. a particle-substrate adhesive force (Fpw)
overcomes the seta—particle adhesive forces (Fps), or simply
Fpw is larger than Fps. In addition, based on this model, it
can be learned that setal self-cleaning strongly depends on
the particle and spatula sizes and spatula material proper-
ties (e.g., low surface energy is beneficial for self-cleaning).
Although Hansen et al. revealed how geckos managed to keep
their feet clean while walking with sticky toes, this model
could not give a complete explanation of why certain particles
demonstrate a preference to bind more strongly to the toe pads
than to the substrate surfaces. Lee et al. (2008) were first to
prepare gecko-like polypropylene microfibrillar adhesive with
self-cleaning properties, which demonstrated that the shak-
ing of the particles during the shearing process resulted in that
seta arrays shed most of the particles. Hu et al. (2012) tested
the self-cleaning of geckos during locomotion, which illus-
trated that geckos clean their feet through a unique dynamic
self-cleaning mechanism via unique digital hyperextension
process. When the setae suddenly release from the attached
substrate, a significant inertial force, i.e. the cleaning force, will
be generated to dislodge the dirt particles from the attached
spatulae. Menglic¢ et al. (2014), based on their experimental
results and theoretical models, proposed that the dominant
mechanism of contact self-cleaning is particle rolling during
the drag process and they suggested that the dragging rate
and average load are two critical parameters that affect the
performance of the self-cleaning process. Xu et al. (2015) fab-
ricated artificial setae using synthetic polyester microfibers
(10mm in diameter) that are cut to form a micro-pad at its
tip and bonded to an AFM cantilever. Using the latter device,
the authors measured a single artificial gecko seta and spatula

Fpw and Fps in different shearing and pull-off velocities, with
the results revealing that the particle-wall adhesion is velocity
dependent, whereas spatula-particle adhesion is not. These
explorations in uncovering the underlying mechanisms of dry
self-cleaning of Gecko will open new approaches for micro-
manipulation of particles, which can find wide applications
in microelectromechanical systems, biomedical devices, and
so on.

3. Numerical modelling of self-cleaning
mechanisms
3.1.  Numerical modelling of self-cleaning on

superhydrophobic surfaces

There have been numerous numerical studies in which the
complex behaviour of water droplets on superhydrophobic
surfaces is investigated. It is in the same time noteworthy
that a similar effort is entirely missing when it comes to
including contaminants - solid particles - of different sur-
face properties (i.e. wettabilities) and shapes and formulating
a comprehensive particle-droplet-superhydrophobic surface
numerical framework. In other words, numerical studies in
this field have so far focused on explaining the conditions and
the involved relevant phenomena that would make possible
the process of self-cleaning on a certain superhydrophobic
surface. For the latter purpose, different numerical frame-
works were used (phase-field-method in (Liu et al., 2014),
Volume of Fluid (VOF) method in (Attarzadeh and Dolatabadi,
2017) and Lattice Boltzmann method in (Wang et al., 20173, b)
to resolve a set of events that lead to jumping of the resulting
droplet and the subsequent possible removal of a contami-
nant. In general, attention was paid to modelling of the contact
angle of the droplet (needed for calculating the adhesive force
between the droplet and the surface) and to the investigation
of the importance of possible pockets of trapped air between
the droplet and the asperities of the surface. Studies typically
test a number of configurations of the superhydrophobic sur-
face, for example the use of a series of micro-patterned pillars
or nano tubes. The goal is to obtain a structural characteriza-
tion of self-cleaning surfaces and thus recommendations for
their future design through a systematic variation of measures
for achieving and promoting the self-cleaning process.

3.1.1. Lotus effect

The research effort related to self-cleaning has so far focused
on two major areas: i) design and fabrication of self-cleaning
surfaces, typically in the form of biomimetic nanostructures in
which inspiration from nature is sought to produce the desired
structuring of surfaces and their chemical functionalization,
and ii) understanding of various mechanisms of self-cleaning
and of specific phenomena related to, for example, behaviour
of droplets on different surfaces. Even if the recent years have
seen a significant advance in the field, a breakthrough is yet
to come in being able to fully resolve the multifaceted physics
of the process. In both types of obstacles, numerical simula-
tions can be of great help contributing to both understanding
fundamental physical phenomena and designing enhanced-
performance surfaces for industrial applications.

Although self-cleaning is possible on hydrophilic surfaces,
we will focus here on superhydrophobic ones. Superhy-
drophobicity of a surface, caused by a combination of surface
roughness and low-surface-energy coating, facilitates the
desired self-cleaning effect. A major role in the process is



56 CHEMICAL ENGINEERING RESEARCH AND DESIGN 155 (2020) 48-65

b) —— data [10]
—+— Simulations
100
T
w
g
=
10-!
10-! 100 10! 102 103

7o (jum)

Fig. 7 - a) Mechanisms of jumping of a droplet from a surface (Liu et al., 2014). Copyright 2014, Cambridge University Press.
The dashed line gives the position of an imaginary substrate. Its actual presence would break the symmetry of the
oscillations and the resulting spherical drop would jump off the surface. b) Validity of capillary-inertial (CI) scaling-
comparison between numerical simulations (Liu et al., 2014) and experimental data taken from (Boreyko and Chen, 2009).
Copyright 2014, Cambridge University Press. The power law is indicated by a diagonal line in the logarithmic graph. Note the
significant difference between the cut-off lengths predicted by the simulations (0.3 um) and the experiments (30 pm). The
difference exemplifies the crucial importance of including the full resolution of drop-surface adhesion in the simulations.

played by the condensed water droplets that remove contami-
nants from a surface through two major mechanisms: the first
one is removal by rolling droplets, in which the droplet crawls
over the particle, collects it and takes it away. This is the previ-
ously discussed” Lotus effect” that always implies presence of
external forces, such as gravity. The existence of distinctive
microscopic structural and chemical properties on reptiles,
plants or insects (Blossey, 2011; Barthlott and Neinhuis, 1997)
and connected to the self-cleaning process has led to the
principle of “biomimetics”, where the self-cleaning features
in technological applications are achieved by mimicking the
micro- or nano-structures on the identified examples from
nature. Self-cleaning surfaces in nature typically involve rain
or condensed water droplets, have to be tilted and require the
action of gravity to remove contaminants. The main principle
behind the “Lotus effect” removal of contaminants is shown in
Fig. 1e and f. Furthermore, the same figure schematically illus-
trates why superhydrophobic surfaces are needed to facilitate
self-cleaning. We see that contaminants are only redistributed
by water on smooth surfaces, whereas on rough surfaces they
adhere to the droplets surfaces and are thereby removed from
the leaves when the droplets roll off.

In summary, there are several fundamental principles that
we can learn from nature and then use in technological
applications: i) the surface is hydrophobic or superhydropho-
bic (there is a degree of roughness that minimizes the
contaminant-droplet interface and enables a high contact
angle), ii) the droplet is spherical on such a surface, which
will facilitate rolling off droplets together with the collected
particles instead of just water crawling over the particles and
iii) gravity is needed to remove the droplet and the particles
from the surface. This method can thus be termed “the rolling
mechanism” of self-cleaning.

3.1.2. Droplet jumping effect

Numerical studies can reveal a great deal about the dynamics
and the overall role that droplets play in the process of self-
cleaning. For example, valuable information can be obtained
about the mechanisms of jumping, even without the presence
of any substrate. Fig. 7a (Liu et al., 2014) starts with two iden-
tical adjacent droplets (Fig. 7a), continues with formation of
a liquid bridge between them upon initiation of coalescence
(Fig. 7b), then with several cycles of the so-called capillary-
inertial (CI) oscillations between oblate and prolate shapes of

the merged drop (Figs. 7c and 7d), until the merged drop finally
takes a spherical shape due to viscous dissipation.
Furthermore, itis accepted that the jumping process is gov-
erned by the capillary-inertial (CI) jumping speed v~ 5
and the CI timescale is tmw\/g (in sub ms), with o being the
surface tension, p liquid density and rq the initial drop radius.
Note that, in reality, the true jumping velocity is only a part of
the CI velocity, which means that only a fraction of the excess
free energy is convertible to the useful kinetic energy, available
for jumping. This implies that a relatively large power density

is needed to achieve self-cleaning. The validity of a v ~r, 2
scaling has been checked by numerical simulations (Liu et al.,
2014). Fig. 7b shows the mentioned power law as a line parallel
to a diagonal line of the logarithmic graph, as obtained from
simulations (Liu et al., 2014) and experiments (Boreyko and
Chen, 2009). We see that there is a two-orders-of-magnitude
difference between the two in predicting the viscous cut-off
radius below which the CI scaling will not hold. The difference
isin (Liu et al., 2014) attributed to not taking into account the
drop-surface adhesion, which in turn rendered the complex
drop-surface interaction erroneously represented.

It has been suggested in (Miljkovic et al., 2013) that the
internal fluid dynamics of droplets during the coalescence
process determine the fraction of the excess surface energy
that will convert into the kinetic energy of jumping motion.
The jumping of a droplet then comes from the counter action
of the rough surface to the impingement of the liquid bridge
between the coalescing drops. The obtained kinetic energy
has to overcome the adverse forces (adverse to jumping), such
as gravity and vapour flow. Numerical simulations are able
to successfully reproduce this entire process (Attarzadeh and
Dolatabadi, 2017). Fig. 8a also exemplifies taking into account
a superhydrophobic nature of the surface by modelling pro-
trusions as a series of micropillars.

Numerical simulations are carried out with such resolution
that they straightforwardly capture the complex interactions
between a droplet resulting from coalescence of microdroplets
and microstructure of a superhydrophobic substrate. One such
example is from (Attarzadeh and Dolatabadi, 2017) where the
evolution of a fraction of the droplet interface between the
strip of micropillars is shown. Fig. 8b shows the liquid interface
underneath the droplet, which presents the penetration of the
droplet inside the cavities of the substrate.
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Fig. 8 - Numerical simulations of coalescence-induced jumping of micro-droplets on heterogeneous superhydrophobic
surfaces (Attarzadeh and Dolatabadi, 2017). Copyright 2017, AIP Publishing. a) Coalescence of two micro drops-jumping on
a superhydrophobic surface. The surface is represented as a series of micropillars. b) Evolution of the droplet interface
inside the cavities of a superhydrophobic substrate. The figure starts with a coalescence of two identical microdroplets
(radius 20 pm). c) Dynamics of air during coalescence of microdroplets. The figure shows both air velocity vectors at various
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Fig. 9 - Top: total energy (surface and kinetic) of the merged
drop vs. non-dimensional time during the jumping
process. Bottom: the kinetic energy as a sum of
translational and oscillational energies (Attarzadeh and
Dolatabadi, 2017). Copyright 2017, AIP Publishing.

In addition, significant information about the dynamics of
the air underneath the microdroplet is provided by the sim-
ulations. Changes in the geometry of the air pocket follow
the process shown in Figs. 8 and 9. Fig. 8c (Attarzadeh and
Dolatabadi, 2017) gives the evolution of the upper surface of
the pocket as subjected to the curvature of the microdroplet
(insets in all subfigures in Fig. 8c). The pressure changes as the
droplet penetrates the cavities and thus pressurizes the air.
The same figure nicely exemplifies the necessity to resolve all
steps in the process in Fig. 8c-among others resolution of the
liquid bridge between the micro droplets in the beginning of
the process. We see that in the first three subfigures of Fig. 8c
the outward motion of the air through passages is observed as
the liquid bridge is forming.

An important question in a mechanism of self-cleaning
without the presence of external forces is the estimation of

the energy available for jumping to take place. Fig. 9 (Liu et al,,
2014) gives the energy budget during the process and shows
that the total energy of the merged drop can be represented
as a sum of the surface and kinetic energies and also that it
decays over time due to viscous dissipation. Furthermore, the
kinetic energy of the merged drop can be decomposed into
translational and oscillatory parts (Fig. 9, bottom). Since the
latter part of the total kinetic energy does not contribute to
any net motion (it becomes dissipated eventually), the goal
of any design of a superhydrophobic substrate with the pur-
pose of self-cleaning should aim at minimizing the oscillation
component.

The relative importance of a number of parameters (iner-
tia, viscosity and the density ratio between the phases) in the
jumping of the merged droplet was numerically investigated
in (Farokhirad et al., 2015). It was found that the surface wetta-
bility (i.e. the contact angle when the droplet jumps away from
the substrate) did not depend on the density ratio. In addition,
the same study showed that for contact angles greater than
150° there exist two different dynamical regimes for different
density ratios, identified as inertial and viscous regimes. In
(Wang et al.,, 20173, b) the authors looked at the coalescence
of droplets of different sizes. The study identified a critical
droplet ratio below which the jumping of the merged droplet
did not take place. The influence of coalescence of three or
more droplets and their initial position on the jumping pro-
cess was numerically investigated in (Wang et al., 20173, b).
The coalescence behaviour was classified into two types: the
one termed “concentrated configuration” in which all droplets
coalesce instantaneously, and the other labelled “spaced con-
figuration”, where two drops first merge and then sweep up
the third one in its moving path.

In summary, the available level of information of the
present numerical studies when investigating the process
of self-cleaning provides valuable information for design
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and development of self-cleaning surfaces in a variety of
applications and maximization of the self-cleaning effect. In
combination with experiments, it is to be expected that the
simulations will provide recommendations for design and
fabrication of self-cleaning surfaces through a systematic
variation of measures for achieving and promoting the self-
cleaning process.

3.2. Numerical modelling of self-cleaning on
superoleophobic surfaces

In this section we will look at specific features of numerical
modelling of self-cleaning on superoleophobic surfaces and in
relation to the mechanisms of self-cleaning identified above
(self-propelled jumping droplets). Although the issue of ter-
minology in this field is far from generally accepted (Marmur,
2012), we define here a surface superoleophobic if it dis-
plays the apparent contact angle larger than 150° (the same
conditions as with superhydrophobic surfaces) and if the
working liquid has a low surface tension. Furthermore, we
accept a common name of superomniphobic surfaces for both
superhydrophobic and superoleophobic surfaces, i.e. for sur-
faces that are extremely water repellent to both high surface
tension liquids (e.g. water) and low surface tension liquids
(e.g. oils and alcohols). We will thus discuss in this section
whether the latest advances in numerical modelling related
to superoleophobic surfaces can match the same efficiency of
the discussed self-cleaning mechanisms as that on superhy-
drophobic surfaces.

We have seen in the previous Section that the efficiency
of converting the excess surface energy of the coalescing
droplets into the kinetic energy of jumping can be very low
even for superhydrophobic surfaces (i.e. when high surface-
tension fluids are used). The problem is far more pronounced
on superoleophobic ones (due to the lack of sufficient excess
surface energy) and, until recently, very little effort has been
invested in using numerical simulations to identify the ways
to increase this efficiency. We recall here that, in terms of
fluid mechanics, the self-propulsion of droplets on super-
repellent surfaces is closely related to the scaling of the
non-dimensional jumping velocity (v*) with the Ohnesorge
number: v*~+/1 — Oh. Self-cleaning on superoleophobic sur-
faces is expected to belong to the so-called visco-capillary
regime (high Oh), for which the released excess surface energy
can be either significantly or totally consumed by viscous dis-
sipation. In such a case, v* — 0 and the droplet cannot jump
from the surface.

In a recent work Vahabi et al. (2017) experimentally and
numerically investigated different regimes of coalescence-
induced self-propulsion of droplets on superoleophobic
surfaces. The authors systematically varied droplet radii,
viscosities and surface tensions (including very low surface-
tension liquids) of the interacting droplets. A numerical part of
the study was carried out using a VOF numerical framework.
An important result is a map of regimes on a superoleophobic
surface, which demarcates an inertial-capillary- from a visco-
capillary regime and also gives the value of Oh (~0.4) for which
the non-dimensional jumping velocity tends to zero and the
coalesced droplet no longer jumps from the surface.

The same authors (Vahabi et al., 2018) numerically inves-
tigated (again VOF was used as a numerical framework) how
the design of a superomniphobic surface impacts the jump-
ing velocity of a coalesced droplet. The authors found that
the protruding macrotexture (in the form of a ridge) was

able to effectively redirect the in-plane to the out-of-plane
velocity vectors and thus significantly increase the energy
conversion efficiency. The authors report an increase of the
latter of incredible 600% as compared to a superomnipho-
bic surface without a macrostructure. Fig. 10a illustrates the
coalescence-induced jumping of low-surface tension droplets
from a surface without (Fig. 10a, top) and with the protrud-
ing macrotexture (Fig. 10b, bottom). A substantial increase is
manifested in the jumping height in the case with the ridge
present. Findings of this kind should clearly affect the design
and manufacturing of surfaces in order to increase the self-
cleaning effect.

The mentioned increase in the out-of-plane kinetic energy
when the surface is modified is clearly demonstrated in
Fig. 10b. The figure gives evolutions of the non-dimensional
excess surface energy and the non-dimensional upward
kinetic energy in the two cases. The instruction of a protrusion
unambiguously increases the useful part of the total energy for
jumping (the red dashed line, top and bottom). The different
colours in Fig. 10b indicate three stages of coalescence identi-
fied in the process-stage I represents a negligible net upward
velocity of the droplet, stage II indicates the impingement of
the capillary bridge on the surface that forces the droplet to
move upwards and, finally, stage III reflects the increase of
the upward droplet kinetic energy due to the existence of a
high-pressure region near the centre (without modification)
or close to the bottom of the droplet (with modification). The
authors argue that it is the presence of a ridge that determines
the possible alignment of velocity vectors, thus obstructing or
encouraging the possible upward movement of the droplet.

The notion of how crucial the presence of a surface mod-
ification is on the alignment of velocity vectors and thus
the outcome of the jumping process is shown in Fig. 10c. In
the top figure (no surface modification) the radially outward
internal flow disturbs the alignment of velocity vectors and,
consequently, impedes the upward motion of the droplet. The
presence of a ridge, however, shows that at the same instant
we have a high-pressure region at the bottom of the droplet
thatleads to alignment of velocity vectors in the vertical direc-
tion and resulting in the increase of the upward kinetic energy
of motion (the red dashed line in Fig. 10c, bottom).

4. Processes to manufacture self-cleaning
surfaces

While modelling of self-cleaning mechanisms is expected to
aid the understanding and design of future materials (M3
approach), it has not yet been used much for designing the
materials currently used in practice. In this section, we will
focus on processes for producing self-cleaning surfaces that
are already on the market, with an emphasis on scalable meth-
ods, i.e., approaches that can also be applied to large surface
areas. The literature describes a great number of different
methods to create self-cleaning surfaces. A nice overview is
given by, for example, Ganesh et al. (2011). A significant part of
their review paper is devoted to the different ways to produce
hydrophobic and superhydrophobic coatings; the majority of
the methods use the liquid phase. Ganesh et al. describe, for
example, approaches using hydrothermal reactions, electro-
chemical deposition or sol-gel methods. Patterns on a surface
can also be created using lithography or self-assembly, but
this is not very well scalable to large areas. A better approach
might be self-assembly and layer-by-layer methods in the
liquid phase. These are relatively inexpensive techniques in
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Fig. 10 — Coalescence-induced jumping of droplets on superomniphobic surfaces with macrotexture (Vahabi et al., 2018).
Copyright 2018, AAAS. a) Departure of the coalesced droplet from the surface with two designs of a superomniphobic
surface (top: without a ridge, bottom: with a ridge). The ridge height is 500 pm. Note the difference of maximum heights of
the jumping droplet in the two cases. The black cases refer to experiments, whereas the blue ones represent numerical
simulations. b) Droplet dynamics without (top) and with the ridge (bottom). Note the increase in the kinetic energy of
upward movement in the case with a ridge (the red dashed lines, top and bottom). The different colours indicate stages of
the coalescence process. c) Different alignment of velocity vectors without (Top) and with (Bottom) the presence of surface
modification as a key factor in the outcome of the jumping process. A crucial role is played by the different distribution of

pressure in the two cases.

which micro- and nanoscale superhydrophobic structures can
be fabricated with fine-controlled morphologies (Ganesh et al.,
2011).

However, not all methods developed by researchers in the
lab can be upscaled to a profitable process in a price-driven
economy. Here we present some chosen processes that are
already used to provide products biomimetic self-cleaning
properties.

4.1. Self-cleaning paint

In 1999, Lotusan from Sto AG was the first paint on the market
biomimicking self-cleaning surfaces. The paint was developed
for substrates such as building facades. Small particles in the
paint form a three-dimensional surface above the coated body
(Born and Ermuth, 2005). However, nowadays dozens of similar
products on the market (see e.g. Soeren et al., 2009). Another
example is the paint Ultra-Ever Dry from the company Ultra-
Tech (Hasskerl, et al. 2004). The paint consists of pre-treated
silica nanoparticles dispersed in acetone. After applying on
a surface, the acetone evaporates leaving a hierarchical sur-
face. To increase the hydrophobicity the silica nanoparticles
are chemically treated in a special way. The combination of
the hierarchical three-dimensional surface structures and the
hydrophobic properties of the particles is clearly related to the
described biological organisms. Especially to achieve the low
contact angles defined as super hydrophobicity, just forming
the hierarchal structures is not sufficient. Rather the com-
bination of low surface energy materials and their structure
results in the very beneficial self-cleaning properties. There-
fore, the described chemical treatment of the hydrophilic silica
nanoparticles is mandatory for such applications. The advan-
tage of paints such as the described one is that processes to
develop paints are known for centuries. Further, the paints can
be applied on all kinds of surfaces in a simple manner.

4.2. Self-cleaning coatings by flame synthesis
Flame reactors are well known to synthesize different type
of nanoparticles at very high production rates. The processes
are used since decades to synthesize carbon black, titania,
and silica (Zhu and Pratsinis, 1997; Stark and Pratsinis, 2002;
Wegner and Pratsinis, 2003). Butt and Vollmer showed how
self-cleaning surfaces can even be manufactured by using
candle soot as a green body to achieve a surface showing a
water contact angle of 165° (Deng et al., 2012; Vollmer et al,,
2012) (see Fig. 11). Several researchers reported how flame
reactors can be used to coat different surfaces with nanoparti-
cles to achieve self-cleaning properties, mostly using TiO, and
SiO; (Teoh et al., 2007; Tricoli et al., 2009; Stepien et al., 2012;
Salameh et al., 2012; Masuda and Kato, 2013; Pakdel et al., 2013;
Haapanen et al., 2015; Haapanen et al., 2015; Jesus et al., 2015).
In flame reactors, the precursor, typically in the form
of a liquid, is dispersed by a gas flow under pressure and
burned. Depending on the exact process, support chemicals
are needed to stabilize the combustion. In the flame, nanopar-
ticles are formed based on nucleation and coagulation. These
primary particles aggregate and agglomerate leading to fractal
agglomerates with a size of multiple microns (Madler, 2004;
Madler et al., 2002a,b; Miiller et al., 2003). The surface to be
coated is typically positioned a few tens of centimetre above
or below the flame (Friedlander, 2000; Sahm et al., 2004, 2007).
Important is a relative movement between the flame and
the surface to homogenously coat the surface. The obtained
thickness of the growing layer determines the spraying time
(Madler et al., 2006). The advantage of these reactors is to pro-
duce non-porous particles at high purity and with relatively
narrow particle size distributions. The disadvantage of pro-
ducing non-agglomerated/aggregated particles for the usual
use cases turn to be a real asset for producing self-cleaning
surfaces since the fragmented nature of the agglomerates
automatically lead to the self-cleaning properties (Madler,
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Fig. 11 - Liquid flame spray (LFS) coating process. a) Schematic illustration of LFS coating process (Haapanen et al., 2015).
Copyright 2015, Elsevier. a;) Aerosol processes in LFS. az) Roll-to-roll coating process in LFS. b) Candle soot coating process
(Deng et al., 2012). Copyright 2012, AAAS. b,) Optical image of depositing a soot layer on glass slide. b, ~bs) SEM images of
the soot deposit. by ~bg) SEM images of the deposit after being coated with a silica shell. c) Anti-fogging effect of various
glass substrates treated by LFS (Tricoli et al.). Copyright 2009, American Chemistry Society. c;) Blank glass slide. c; ~ c3)
Glass slide coated by SiO,. c4 ~ cs) Glass slide coated by SiO,-TiO,. cg ~ ¢7) Glass slide coated by TiO,.

2004; Médler et al., 2002a,b; Miiller et al., 2003). Again, the
hydrophobicity of the surfaces is significantly improved by
decreasing the surface energy of the nanoparticle agglomer-
ates by e.g. chemical treatment. Nevertheless, the stability
of these layers are not very high and subsequent process
steps such as sintering, mechanical compression or further
surface treatments of the particles are necessary to increase
the mechanical strength which is highlighted by the cur-
rent research (Friedlander, 2000; Schopf et al., 2013; Nun and
Schleich, 2007; Nun, 2006).

4.3.  Self-cleaning coatings by sputtering

Sputtering is a physical vapour deposition method operating
in vacuum where material is removed from a target. Interest-
ingly the research field focusing on sputtering techniques is
still an active field of research, even if its beginnings date back
to the 19th century. The first sputtering process was described
by Grove in 1852 (Grove, 1852). In the basic sputtering process,
energetic ions are generated in a glowing plasma to bombard a
target. This causes the removal of target atoms which can form
a thin film on top of a substrate. Further, the ion bombardment
also results in the formation of secondary electrons, which
are maintaining the plasma. In the past, sputtering processes
were limited by low deposition rates, low ionisation efficien-
cies in the plasma, and high substrate temperatures (Greene,
2017). Since the late 1970s the development of magnetron
sputtering made a big step towards industrial use. In com-
parison to its ancestor, magnetron sputtering is able to grow
thin coatings on two-dimensional surfaces at very high pro-
duction rates and with easy scalability (Greene, 2017; Brauer
et al.,, 2010). While most of the other processes are operated in

batch, sputtering is a continuous process. These advantages
in combination with a very low price per m? makes magnetron
sputtering often the favourable choice for industrial coatings.

Magnetrons use magnetic field lines to constrain the
motion of the secondary electrons to the vicinity of the tar-
get. Therefore, one pole is positioned at the central axis
of the target while the second pole proceeds along the
outer edge of the target. The increased ionisation efficiency
results in a dense plasma in the target region. This leads
to increased ion bombardment of the target, giving higher
sputtering rates and, higher deposition rates at the substrate.
In addition, the increased ionisation efficiency achieved in
magnetron mode allows the discharge to be maintained at
lower operating pressure (Greene, 2017; Brauer et al., 2010).
Based onits high industrial usage, the magnetron technique is
today still continuously developed such as S-gun magnetrons,
rotatable magnetrons (Gaertner, 2012; Price, 2012; Madocks
and Ngo, 2010), or magnetically unbalanced magnetrons
(Ehiasarian and Munz, 2003; Renevier et al., 2000). In liter-
ature, multiple articles describe how magnetron sputtering
can be used to synthesize self-cleaning surfaces. Zeman and
Takabayashi (2002) synthesized TiO, films via radio frequency
magnetron sputtering. These films showed good self-cleaning
and antifogging properties. Zhao et al. (2008) used magnetron
sputtering to synthesize combined TiO,/CeO; films on differ-
ent glass substrates. A combination of sputtering and PECVD
(plasma-enhanced chemical vapour deposition) was used to
create combined SiO,/TiO; film with good self-cleaning prop-
erties (Chemin et al., 2018). As already reported sputtering is
omnipresent when it comes to the industrial coating of e.g.
glass surfaces. Especially the usage for architectural glasses,
car/train glasses or solar cells boosted the development in
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the last decades (William et al., 2006; Azzopardi and Brasy,
2005; Gueneau et al., 2009; Nghiem et al., 2011). While most of
the work on sputtered films uses the effect of photocatalytic
self-cleaning properties, some recent studies use sputtering
- sometimes combined with other techniques - to obtain
biomimetic self-cleaning surfaces (Xiu et al., 2006; Tulli et al.,
2013; Sarkar and Pradhan, 2014; Kylian et al., 2017), e.g. by
tuning the hydrophobicity.

4.4. Self-cleaning coatings by carbon nanotubes

Another way shown in Fig. 12 to mimic a nanopatterned
surface can be reached by decorating a substrate with car-
bon nanotubes (CNTs) (Volder et al., 2013; Lau et al., 2003;
Baughman etal., 2002). For high self-cleaning abilities, the syn-
thesized nanotubes are preferably not randomly distributed
over the substrate, but are rather aligned homogenously per-
pendicular to the substrate. Based on this three-dimensional
assembly this growing is referred as CNT forests. Typically,
such structures are grown by Chemical Vapour Deposition
(CVD) (Lau et al., 2003; Kong et al., 1998a, b; Schaffer et al.,,
2004; Grill and Singh, 2012; Lee et al., 2004; Zhang et al., 2004).
In a CVD reactor, a carbon-containing precursor is decom-
posed at high temperature. The growth of CNTs is catalysed
by the presence of metal nanoparticles such as Fe, Ni, and
Co on the substrate (Yan et al., 2015; Su et al., 2000). The
properties, yield, and quality of the CNT are strongly affected
by the carbon precursor, temperature and catalyst. Methane,
for example, has a high thermal stability and CVD processes
are carried out above 800°C (Yahyazadeh and Khoshandam,
2017; Kong et al., 1998a, b; Cassell et al., 1999). However, using
precursors with lower thermal stability such as ethylene or
acetylene often leads to the deposition of carbonaceous com-
pounds rather than CNTs if the process is not adequately
adapted (Schaffer et al., 2004; Lee et al., 2004; Zhang et al,,
2004). The self-cleaning properties are based on the three-
dimensional assembly. A big asset of CVD reactors is their easy
upscaling. This allows a straightforward development from
first lab-scale experiments to industrial production. Further,
they can produce large amounts of nanotubes at high quality
and competitive prices and growth rate (hundreds nm/min)
(Kong et al., 1998a, b; Cassell et al., 1999).

The small diameter of the nanotubes minimizes the con-
tact area to water droplets and therefore is the main feature of
this type of biomimetic self-cleaning surfaces. However, con-
tact with water droplets leads to bundling nanotubes after the
evaporation of the water droplet (Lau et al., 2003). Therefore,
a second process step is needed to shield the tubes against
this agglomeration. Advantageously, the surface energy of the
nanotubes can be lowered in the same process step.

Lau et al. coated a plasma enhanced CVD grown carbon
nanotube forest with a PTFE layer (also with CVD) on a silicon
substrate and showed the superhydrophobicity of such sur-
faces. The nanotubes had an average diameter of 60nm and
a density of 10 nanotubes per pm?. With this approach they
achieved contact angles between 160-170° (Lau et al., 2003).
However, such nanotube forests are not limited to flat sub-
strates. Liu et al. used a CVD reactor to growth a nanotube
forest on cotton fabrics (Zheng et al., 2007a). But even more
creative applications are on the market. For example, carbon
nanotubes are grown onto prosthetic device to create tough
skin-like self-cleaning surfaces (Simpson et al., 2012).

We can conclude that already some advanced self-cleaning
materials are on the market, but it is to be expected that the

recent advances in mechanistic insight and modelling will
lead to further innovations in the coming years.

5. Conclusion and outlook

Surfaces have a general tendency to attract dirt when exposed
to contamination, such as dust, ice or smudge. Materials in the
animal and vegetable kingdom comprise a number of differ-
ent strategies to avoid surface contamination. In bio-inspired
materials science, researchers are taking advantage from the
million years of evolution and survival of the fittest, to learn
how nature managed to cope with contamination problems.
Even though such inspiration by nature is beyond doubt very
useful, we have to keep in mind that nature operates using
different principles than the human society. For example, bio-
logical organisms may undergo a high failure probability (i.e.
fatal loss of individual plants or animals) with no critical prob-
lem for the species, as nature aims to let the species survive.
In contrast, safety of each individual person is an impor-
tant criterium for engineers to develop technology, such as
cars and air planes. Also, nature’s materials usually undergo
continuous repair processes, which can be challenging to
reproduce in engineering materials (even though some lim-
ited efforts on self-healing exist). Furthermore, the lifetime of
nature’s self-cleaning materials, such as insect wings or plant
leaves, is relatively short, such as days, weeks, sometimes
months, whereas in engineering applications often lifetimes
of years are demanded. Therefore, bio-inspiration is to be used
prudently: it can reveal valuable new concepts, but has its
limitations.

In this review, we have reviewed nature-inspired self-
cleaning surfaces with a focus on mechanisms, modelling,
and manufacturing (M3). We provided six kinds of nature’s
self-cleaning examples, i.e. the Lotus-effect (based on super-
hydrophobicity), insect-inspired superhydrophobic-induced
droplet jumping, superhydrophobic-induced unidirectional
movement of water droplets, fish-scale-inspired underwater-
superoleophobic-based self-cleaning, pitcher-plant-inspired
slippery-based self-cleaning, and Gecko-foot-inspired dry
self-cleaning, which have been studied abundantly. As intro-
duced above, each of these six are attributed to different
self-cleaning principles, which consequently have their own
advantages and disadvantages in fabrication processes as
well as in applications. Among them, Lotus-effect-inspired
superhydrophobic surfaces can safely be considered as the
most popular, which may result from two advantages: 1)
their intimate connections with practical applications ranging
from anti-wetting, anti-fouling, anti-icing, oil/water separa-
tion to enhancing the efficiency of heat transfer, promoting
the stability and efficiency of battery, improving the elec-
trode efficiency in gas evolution reaction, etc. 2) because
of the random micro/nano structures, which don’t need to
be carefully designed, their fabrication processes are rela-
tively simple. Therefore, although we introduced six kinds
of natural self-cleaning surfaces, we dedicated a relatively
large proportion to the Lotus-effect-inspired superhydropho-
bic surfaces. Huge research efforts including synthesis and
modelling have already been focused on developing Lotus-
effect-inspired superhydrophobic surfaces. There are several
commercial products to give surface self-cleaning properties.
These products are highly relevant, as their application can
lead to significant energy savings (preventing fouling of heat
exchanger surfaces and photovoltaic panels). We have dis-
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0.5¢cm

Fig. 12 - SEM images of carbon nanotube forests (Lau et al., 2003). Copyright 2003, American Chemistry Society. (a)
As-grown forest prepared by PECVD with nanotube diameter of 50 nm and a height of 2 pm, (b) PTFE-coated forest after
HFCVD treatment, and (c) an essentially spherical water droplet suspended on the PTFE-coated forest.

cussed three approaches that are well scalable: paint, coatings
made by flame synthesis, and coatings made by sputtering.
Recently, more emphasis has been given to mathematical and
numerical modelling of water droplets on superhydropho-
bic surfaces. However, further work in the modelling area is
strongly needed: more emphasis should be given to inclusion
of contaminants (now mostly clear water is considered), and
to mechanisms other than the two relying on superhydropho-
bicity. At the present stage, advanced modelling has played
a minor role in developing the currently available products;
first the lifetime of the commercially available coatings should
be improved before more complex approaches will be tried.
In detail, Lotus-inspired superhydrophobic surfaces have sev-
eral disadvantages that hamper practical applications: 1) the
micro/nano structures of superhydrophobic surfaces are frag-
ile under the effect of external force, which will result in
the degradation of the superhydrophobic properties; 2) water
vapour or moisture, i.e., fog or dew, condensed between
the micro/nano structures will also lead to the invalidity of
superhydrophobic surface; 3) the air sandwiched between
the micro/nano structures is easily replaced by low-surface-
tension solutions or compressed under high pressure; 4)
micro/nano structures are essential in constructing the super-
hydrophobic surface, which can reduce the transparency of
materials. Consequently, synthesizing robust or self-repairing,
transparent, oil or pressure-repellent superhydrophobic sur-
faces are still urgently needed. It is also to be expected that
the ongoing advances in mechanistic insight and modelling

will lead to further innovations in design and manufacturing
of nature-inspired self-cleaning materials: a truly integrated
M3 approach. Superhydrophobic-induced droplet jumping
surfaces can well address the issues of water vapour or mois-
ture condensing on superhydrophobic surface, which has
been applied in heat transfer. However, compared to Lotus-
inspired superhydrophobic surfaces, their structures need to
be carefully designed, which will greatly increase their fabri-
cating costs and limit applications. Because of the randomly
distributed micro/nano structures, water droplets move on
Lotus-inspired surface freely. Butterfly or feather-inspired sur-
faces are endowed with well-organized structures, resulting in
different three-phase contact line (TPCL) or contact angle hys-
teresis (CAH) for droplets moving on their surface. Thus, the
motion of water droplets on this kind of superhydrophobic
surfaces can be regulated, which can find potential applica-
tions in microfluidics. Underwater superoleophobic surfaces
have the advantages of repelling oils or fouling, which is
a great improvement compared with superhydrophobic sur-
faces. However, a limitation is that they can only applied in
water, and not in air. Pitcher-plant-inspired self-cleaning sur-
faces - infusing liquid into porous structures - have been
extensively fabricated and reported. Compared with air, the
infused liquid is more difficult to compress and if the infused
liquid is facilitated with low-surface-tension, it can also be
superoleophobic. Also, the slippery surface can be transpar-
ent. However, the liquid infused in the porous structure is
easily removed under the effect of external force, e.g., droplet



CHEMICAL ENGINEERING RESEARCH AND DESIGN 155 (2020) 48-65 63

motion, and gravity force. Thus, maintaininglubricatingliquid
in the porous structures remains a major challenge. Different
from the above self-cleaning surfaces, originating from wet-
tability, gecko-feet-inspired self-cleaning surfaces are mainly
attributed to the dynamic asymmetry of van der Waals forces
between the dirt particles and clean surfaces. This kind of self-
cleaning surface provides a new approach for people to facilely
manipulate tiny particles as well as demonstrates important
impacts on the development of smart and antifouling sur-
faces, micro-/nano-assemblies, under water cell manipulation
technologies, and microelectron mechanical systems devices.
Gecko-feet-inspired self-cleaning is based on the dry self-
cleaning mechanism; no water should be present.

The research on self-cleaning materials is a multidisci-
plinary and global effort involving scientists with background
in chemistry, physics, materials science, engineering and
more. There are already some tens of companies offering com-
mercial self-cleaning coatings, and their number grows every
year. The major bottleneck to bring self-cleaning surfaces on
the market remains the lack of durability. Coatings usually do
not retain non-wetting properties, due to mechanical abra-
sion, UV degradation or organic contamination. This is the
reason why typically the more challenging concepts-based on
small-scale synthesis and/or advanced modelling - have not
yet been put in practice. This is also the reason that the com-
panies exploiting self-cleaning surfaces are essentially limited
to the manufacturers of these coatings. To convince end-user
companies to incorporate self-cleaning coatings into their
products (e.g. shoes, cars, construction materials) remains
a challenge, and likely requires a scientific breakthrough in
mechanical durability.
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