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/Abstract

N

This review focuses on fundamental principles and recently highlighted applications of surfaces with special wettabilities.
After briefly introducing the role of surface chemistry and topography on the surface wettabilities, we cover three kinds of
functional surfaces whose wettabilities are tailored to improve the energy efficiency of different systems: We first discuss how
to use superhydrophobic surfaces to reduce frictional energy dissipation occurring in the water flow on solid surfaces. The
next topic is the enhancement of boiling heat transfer, based on surfaces with extreme wettabilities. Finally, we review a bio-
inspired surfaces for water collection (e.g., fog harvesting) without active energy input.
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Introduction

This paper reviews recent research on the application of mi-
cro- or nanoengineered surfaces that display specially-de-
signed wettabilities. A variety of natural surfaces display such
unconventional wettabilities against water — e.g., superhydro-
phobicity or superhydrophilicity. Several organisms found in
nature that have such surfaces include lotus leaves [1], water
striders (hitherto superhydrophobic) [2], desert beetles (pat-
terned with regions of different wettabilities) [3], leaves of
Ruellia devosiana [4], various water plants and moss (supe-
rhydrophilic)[5]. Such extreme wetting or non-wetting char-
acteristics attracted both academic and industrial interests,
and various research groups have investigated the underlying
principles to develop artificial surfaces with different levels of
water affinity or repellency [6-10]. The applicability of these
synthetic surfaces are extremely wide, ranging from superhy-
drophilic surfaces displaying antifogging [11] and anti-foul-
ing [12] properties to superhydrophobic surfaces that can
prevent wetting [13], corrosion by chemicals [14] and snow
adhesion [15]. Furthermore, a surface patterned with regions
of different wettabilities can be used as a tool to separate dif-
ferent liquids [16] or to promote self-assembly [17]. Among
these various applications, this paper reviews the more recent
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applications in three categories that are relevant to energy ef-
ficiency: surfaces that can i) reduce drag, ii) facilitate boil-
ing heat transfer, and iii) harvest fog without energy input.

Extreme Wettabilities

The contact angle (CA) of a water droplet on a surface is
commonly used to define wettability of the surface, and a
surface is typically classified to be superhydrophilic (CA<10°
see Fig. 1a), hydrophilic (CA<90°), hydrophobic (CA>90°),
and superhydrophobic (CA>150° see Fig. 1b) based on the
CA values [18]. This simple definition, sometimes, is not suf-
ficient to explain various wetting phenomena and thus re-
searchers use multiple other metrics including dynamic con-
tact angle, contact angle hysteresis, roll-off angle, and wetting
time as complementary measures to quantify wettabilities.

If a surface is smooth and hysteresis-free, the contact
angle of a liquid droplet at thermodynamic equilibrium is
uniquely determined when the Gibbs free energy consisting of
the three interfacial energies (y) between solid (s), liquid (1),
andvapor (v) phasesisminimized. The contactanglein suchan
energy minimum stateis described by the Young’sequation: [1]

cost=(y -y )y, (1)
, where the equilibrium contact angle 8 is called as the in-
trinsic or Young’s contact angle. In theory, Eq. 1 can yield
extreme 6 values such as 0° or 180° when the absolute dif-
ference between y_ and y, is larger than y,_(ie., | y - y,[>
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Vy)- Practically, however, it is rare to observe super hydro-
phobicity or superhydrophilicity on smooth surfaces be-
cause y_ values fall between 10 mN/m (y, = 18 mN/m for
Teflon) to 100 mN/m (y_ = 300 mN/m for clean glass, but
such a high-energy surface is unstable and becomes readily
coated with organic contaminants), causing | y_- y, | to be
smaller than the surface tension of water (y, =72.1 mN/m).

Figure 1. Wettability of textured surfaces: (a) Rapid spreading of water
droplets on a superhydrophilic surface. Reprinted from reference [11],
Copyright 2006, with permission from American Chemical Society. (b)
Water droplets on a superhydrophobic duck feather. Reprinted from refer-
ence [19]. (c) A schematic illustration of a Wenzel state. In this state, the
contacting liquid droplet (represented by blue color) completely fills any
gap between protrusions present on the surface (represented by red color).
(d) A schematic illustration of a Cassie-Baxter state. In this case the liquid
droplet is supported partially on the solid substrate and partially on vapor,
forming a solid-liquid-vapor composite interface.

Numerous studies have shown that most naturally superhy-
drophobic and superhydrophilic surfaces are textured with
roughness on multiple scales, e.g., micro- and nanoscales.
Such roughness, in conjunction with surface chemistry, can
imbue extreme wettabilities to the textured surfaces. Un-
like the droplet on a smooth surface, the Gibbs free energy
of a water droplet on a rough surface can reach one of two
distinct minima, one local and the other global, at the fol-
lowing two configurations [20-21]. In the first case, the free
energy reaches its minimum when water penetrates between
surface asperities and completely wet the surface (Fig. 1c). In
this fully wetted state, the apparent contact angle (6*) on the
rough surface can be described by the Wenzel relation: [22]

cosf*=rcosf (2)

, where r is the surface roughness defined as the ratio of actual
surface area to projected surface area. In this so-called “Wen-
zel” regime, the intrinsic wettability of the surface is amplified
by the surface roughness (7), that is, one can make an extreme-
ly wetting or non-wetting surface using weakly hydrophilic or
hydrophobic material. Indeed, most synthetic surfaces that
display superhydrophilicity are based on this principle [11].

Even though one can achieve a high apparent an-
gle Wenzel regime, such regime is not typically used to de-
velop superhydrophobic surfaces because water droplets
in the Wenzel regime, even if the apparent contact angle is
greater than 150°, do not readily roll-off the surface [23-24].
The reason for this stickiness is that the numerous, fully-
wetted surface asperities under the water droplet function
as anchors, retarding the receding motion of droplets. Slip-
pery superhydrophobic surfaces emerge when the droplet on

the solid surface reaches its second minimum of free energy,
a state in which water does not penetrate into the pores and
valleys between surface texture, but is supported partially by
vapor. In this regime, water, solid, and vapor form a compos-
ite interface — a combination of solid-liquid and liquid-vapor
interfaces (Fig. 1d), and the water droplet sits on a carpet of
numerous pockets of vapor (or simply air) trapped between
surface asperities. The Cassie-Baxter equation describes the
apparent contact angle in this composite state as below:[13]
cost*=¢ cosf-1+¢, (3)

, where ¢_and (1-¢) are the areal fractions of solid-liquid and
liquid-vapor interfaces. In general, water droplets in this com-
posite Cassie-Baxter regime can easily roll off the surface as
long as the fraction ¢_is very low, and thus most research on
superhydrophobic surfaces exploit this regime [13], [15], [25].
It should be noted that a water droplet in a Cassie-Baxter re-
gime on a textured surface can transition to a Wenzel regime
with sufficient pressure perturbations, and thus the robustness
of superhydrophobic regime is an important topic in the field.

As we mentioned at the beginning, although Egs. 2
and 3 can predict the contact angles of droplets in the Wen-
zel and Cassie-Baxter regimes, the contact angles themselves
do not fully characterize various wetting characteristics.
Indeed, the energy efficiency of each of all the three appli-
cations that we review in this paper is based on at least one
more parameter associated with surface wettability: the length
scale of surface texture (drag reduction), the combination
of regions with different wettabilities (boiling), as well as
the advancing and receding contact angles (fog harvesting).

Drag Reduction

This section focuses on the effect of superhydrophobic surfac-
es on drag reduction, that is, reducing frictional energy dissi-
pation at the solid-liquid interface. Such solid-water interfaces
form, for example, when a solid object is immersed in water,
and frictional interactions between the solid and water flow are
important at various length scales ranging from submarines
(tens of meters) down to microfluidic devices (few microns).
For a flow of a viscous Newtonian fluid on a smooth solid sur-
face, the no-slip boundary condition at the interface is widely
accepted to be valid as relative motion between the liquid and
the solid across the interface can be considered to be negligible
[26-29]. This no-slip boundary condition results in the veloc-
ity profile of the liquid, relative to the solid, varying from zero
up to the velocity of the bulk liquid as shown in Fig. 2a. This
velocity gradient leads to a corresponding wall shear stress 7,
=u(dV /dZ), , where y is the viscosity of the liquid, and con-
sequently generates the energy dissipation by viscous friction.

Since viscous skin friction is one of the major sources of
hydrodynamic drag, there have been numerous studies aimed
at designing surfaces that would allow the contacting liquid
to slip on the surface and reduce the viscous friction[30-32].
While some research groups investigated the effect of con-
tact angles on the drag reduction[27][33], most recent stud-
ies have attempted to utilize the air layer or ‘plastron’ [34][35]
entrapped on superhydrophobic surfaces as the lubrication
layer to reduce drag. The length scale and topography of the
surface texture have been intensively investigated because of

JScholar Publishers

J Nanotech Smart Mater 2014 | Vol 1: 204


https://www.jscholaronline.org/
https://www.jscholaronline.org/journals/journal-of-cardiology-and-vascular-medicine/jhome.php

3

their importance, and some studies even used hierarchical
textures[36-43]. These textured surfaces form solid-liquid-air
composite interfaces when contacting water, by entrapping
numerous pockets of air between their surface textures. Pro-
vided that the entrapped air layer is stable against externally
imposed pressure differences[44], such surfaces can reduce the
frictional energy dissipation associated with viscous flows. Fig.
2b shows one representative configuration of water flow on a
non-wetting textured surface. The no-slip boundary condition
holds only at the solid-liquid interface, whilst water can freely
slip on the liquid-air interface. The resulting wall velocity of
water measured at z = 0 (on the top of the textures) becomes
significantly greater than zero, i.e., V| >0 [45],[46] on non-
wetting textured surfaces. The modification to the resulting ve-
locity profile is commonly represented in terms of a slip coefhi-
cient (V= Br, ;7 is the shear stress at the wall) or a slip length
bslip vV, = bslip Y, 7, isthe shear rate at the wall). For a Newto-
nian fluid that can be modeled as 7, = uy, , obviously f=b_ / .

The amount of reported drag reduction greatly varies;
for example, Watanabe et al. or Truesdell et al. demonstrat-
ed 14% - 20% reduction of hydrodynamic drag in their 16
mm-diameter pipeline or cylindrical rheometer, whose inner
surfaces were engineered to be superhydrophobic[36], [43].
On the other hand, other researchers reported substantially
smaller drag reduction as well[47]. The main reason for this
large variation in the reported drag reduction values is that
the amount of drag reduction is proportional not to the slip
length itself but to the ratio of the slip length to the thickness
of a shear layer[44]. When the thickness of the shear layer is on
the order of a centimeter, slip length of tens of microns would
not have a practical effect on the amount of drag reduction.
Another reason is that, even if a solid surface is superhydro-
phobic, the slip length can significantly vary depending on the
values of two parameters: the solid-liquid areal fraction ¢_(see
Eq. 3) and the length scale of surface texture[37], [44], [48].
Although water can glide on vapor (or air) pockets entrapped
on a superhydrophobic surface, no-slip boundary condition
still applies on the tops of solid asperities, greatly reducing
the slip length from its potential maximum value (the thick-
ness of the air layer times the ratio between the viscosities
of water and air; the ratio is 40 ~ 60 at room temperature).

Ybert, et al. [48] developed a mathematical model to
predict the slip lengths for liquid flows on different types of
surface texture. They used scaling laws to derive generic rules
that can estimate the slip length as a function of solid-liquid
areal fraction and wave length of two types of superhydropho-
bic surfaces — surfaces textured with an array of posts or of
grates. Later Lee, et al. [37] empirically validated the model
(see Fig. 2¢, 2d), and Srinivasan, et al. [44] combined the mod-
el to suggest that the drag reducing capability of superhydro-
phobic surfaces is negatively coupled with the stability of the
Cassie-Baxter regime. In other words, it can be impractical to
develop a superhydrophobic surface that can significantly re-
duce drag and can be robust against pressure perturbations.

Multiple approaches have been suggested to overcome
this limitation. A superhydrophobic surface with an additional
level of surface texture — dual-scale texture or re-entrant texture
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Figure 2. Drag reduction using textured hydrophobic surfaces: (a) A
schematic illustrating a conventional, no-slip interaction between a liq-
uid flow and a solid surface. (b) A liquid (represented by purple color)
flow on a superhydrophobic surface, possessing a non-zero wall velocity
Vw at the liquid-vapor interface (white color) and conventional no-slip
boundary condition on solid-liquid interfaces (blue solid line). Image is
reproduced and modified from reference [44] - Published by The Royal
Society of Chemistry. (c), (d) The effects of gas fraction (1 - (/55) (i.e., the
areal fraction of liquid-air interface) and pitch on the slip length. Images
c and d are reproduced from reference [37], Copyright 2008, with per-

mission from American Physical Society.
N

- was proposed as a solution to increase the resistance against
the penetration of water (see Fig. 3a and 3b)[42]. Another
research group tried to stabilize the water-vapor meniscus by
introducing a feedback channel beneath the superhydropho-
bic surface as illustrated in Fig. 3¢ [49]. Alternatively, Shirtcliff
et al. suggested that it was possible to achieve a practical drag
reduction without a very large slip length, by maintaining the
length scale of the flow to be low - e.g., one can readily achieve
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Figure 3. Surfaces that exhibit significant reduction of drag: (a) The irreversible transition from the Cassie-Baxter to Wenzel regime occurs when the menis-
cus of water forms Young’s contact angle on the vertical wall of surface texture. (b) Superhydrophobic surfaces with dual-scale texture (left) or re-entrant texture
(right) may display higher resistance against the penetration of water as the apparent contact angle on the main asperities can reach as high as 180°. Images in
(a) and (b) are reprinted from reference [42], Copyright 2009, with permission from American Chemical Society. (c) The collapse of air pockets due to pressure
perturbation (left), which can be prevented by introducing a feedback channel (right). Image is reprinted from reference [49], Copyright 2010, with permission
from American Chemical Society. (d) The flow of water through a superhydrophobic (left) and clean, hydrophilic copper tube (right). Water enters from the top
through a vertical pipe at the center, splits at the T junction toward the two horizontal pipes. Two graduated cylinders at the bottom collect the discharged water.
After 90 seconds, the left cylinder becomes almost half full while the right one remains to be almost empty, indicating that water preferentially flows along the

superhydrophobic pipe. Image is reprinted and modified from reference [50], Copyright 2009, with permission from American Chemical Society.

a reasonable reduction of drag in a small pipe (Fig. 3d)[50].
Boiling Heat Transfer

Boiling has been used in a wide range of industrial systems
including heating and cooling facilities, power generators, as
well as distillation columns[51], [52]. In most cases, boiling
of a liquid (mostly water) is heterogeneous, that is, boiling
occurs at the interface between the liquid and the contacting
solid surface (e.g., the surface of heaters), not in the bulk lig-
uid itself. The efficacy of boiling heat transfer is thus charac-
terized by the heat transfer coefficient (HTC; HTC = q / AT
), that is, the ratio between the heat flux g and the wall su-
perheat (AT ; the difference between the temperature of the
heating surface and the boiling point of the liquid)[53]. Boil-
ing is a heat transfer process with an exceptionally high heat
transfer rate (see Fig. 4a to compare the heat flux in the region
origin-A and region A-B), because i) the process uses the la-
tent heat associated with the phase transition from the liquid
to the vapor state of substance, and ii) rising bubbles from
the boiling surface function as mixers, greatly strengthening
the convective flow. Boiling process in this highly efficient
regime is called as nucleate boiling (region A-C in Fig. 4a).

The HTC associated with a nucleate boiling process
changes as a function of wall superheat but the HTC profile
can be very different depending on the surface wettability.
This is because the boiling process is affected by two phe-
nomena - the rate of nucleation of bubbles on the heating
surface, and the rate of their departure[52], [55]. When the
heat flux is marginally sufficient to cause the evaporation of

liquid (see region A-B in Fig. 4a), the HTC is mostly deter-
mined by the nucleation rate of bubbles. As we discussed at
the beginning of the review, hydrophobic or superhydropho-
bic surfaces repel water and thus they are ideal surfaces to in-
troduce more bubble-nucleation sites on the heating surface.
Jo, et al. [54] compared the HTC values for water boiling on
smooth hydrophobic and hydrophilic surfaces to find out that
the HTC on a hydrophobic surface is significantly higher than
that on a hydrophilic surface, as long as the heat flux is low
(Fig. 4b; see the region with the wall superheat below 20 K).

When the wall superheat increases, however, the in-
crease of heat flux slows down and eventually reaches an ex-
tremum (point C in Fig. 4a) beyond which the heat flux de-
creases with increasing wall superheat. The heat flux at this
extremum is called as the critical heat flux (CHF), and this phe-
nomenon occurs because, as the heat flux increases, the large
amount of bubbles nucleating on the heating surface becomes
an insulation layer between the liquid and the solid surface.
The transition to such a film-boiling regime (between point C
and E in Fig. 4a) is due to the following two instabilities: i) the
evaporation is so rapid that the liquid cannot rewet the heat-
ing surface (Leidenfrost instability)[53], [56], or ii) the viscous
friction between the bubbles and the liquid, whose flow direc-
tions are toward the opposite, prevents the new bubbles form-
ing on the surface from timely departure (a hydrodynamic
instability)[57]. Heat transfer equipment associated with boil-
ing process should operate below its CHF, because film boiling
is inherently unstable and thus can lead to an abrupt thermal
glitch and eventually the failure of the system. In this high heat
flux regime, a hydrophilic or superhydrophilic surface can
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be beneficial as they can delay the onset of Leidenfrost insta-
bility and thus increase the CHE The study by Jo, et al. [54]
compared also the CHF values on smooth hydrophobic and
hydrophilic surfaces (Fig. 4b; see the region with the wall su-
perheat over 20K), and reported that the CHF on a hydrophilic
surface is four times as large as that on a hydrophobic surface.

However, the discrepancy between the exceptionally high
CHEF values reported by these studies and the values pre-
dicted by Zuber’s model cannot be readily explained. It
should be mentioned that, it is relatively straightforward
to understand the role of surface wettability on the boiling
characteristics when the surface is smooth, as there is only
one control parameter (contact angle) that affects boiling.
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Figure 4. Boiling curve and the effect of surface wettability: (a) An illustration of a typical boiling curve on a smooth surface, showing heat flux as a function
of wall superheat. Image is reprinted from reference [53], Copyright 2010, with permission from American Chemical Society. (b) A comparison of HTCs (heat
transfer coefficient) on a hydrophobic (blue circle) and a hydrophilic (hollow square) surface. The merit of hydrophobic surface is obvious at low heat flux regime,
but the merit quickly disappears as the wall superheat increases beyond 25K. Approximate CHFs (critical heat flux) are 200 kW/m? and 800 kW/m? for hydro-
phobic and hydrophilic surfaces respectively. Reprinted from reference [54], Copyright 2011, with permission from Elsevier.
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Even if one can postpone the Leidenfrost instability by us-
ing a hydrophilic surface, boiling ultimately becomes un-
stable due to the hydrodynamic instability. The strong non-
linearity and chaotic nature of boiling makes it impractical
to build an accurate model to describe the hydrodynamic
instability on a surface. Zuber[57] assumed that the hy-
drodynamic instability would occur when the liquid and
vapor form a Helmholtz instability at the interface, and de-
rived the CHF that can be transferred during boiling on a
smooth surface. His model predicted the CHF to be ~110
W/cm2 for water. The value agrees well with empirical re-
sults (see Fig. 4b to find 80 W/cm? on a hydrophilic surface).

Recently, however, multiple studies have revealed that,
by using textured surfaces, it is possible to increase the CHF
significantly beyond the values predicted by Zuber[53], [58],
[59], without compromising the HTC values. This is rather
counterintuitive because the HTC tends to increase on hy-
drophobic surfaces while hydrophilic surfaces lead to the
higher CHF; in other words, the HTC and CHF are negatively
coupled on a smooth surface with a uniform wettability. The
researchers suggested that the asperities on a textured solid
surface, even when the surface is superhydrophilic, can facili-
tate nucleation sites. To further exploit this phenomenon, Jo,
et al.[54] and Betz, et al.[60], [61] independently developed
surfaces with heterogeneous wettabilities; their surfaces pos-
sess hydrophobic or superhydrophobic domains to facili-
tate bubble nucleation, and hydrophilic or superhydrophilic
matrix to suppress the Leidenfrost instability (see Fig. 5a).

Superhydrophobic and superhydrophilic surfaces are,
on the other hand, textured with numerous surface asperities
of different shapes and length scales. The role of these addi-
tional complexities is not fully understood. For example, the
study by Betz, et al.[61] demonstrated that hydrophobic nu-
cleation sites surrounded by hydrophilic matrix (see Fig. 5a)
could enhance both the CHF and HTC values on the surface,
but they have not performed a systematic investigation on
the quantitative correlation between the boiling character-
istics and various geometric parameters such as the spacing
or the size of nucleation sites. One postulation that was sug-
gested is that the bubbles forming on nearby nucleation sites
tend to mutually interact, affecting the formation of vapor
columns (see Fig. 5b). It is possible that this mutual interac-
tion among nucleation sites might suppress the hydrodynam-
ic instability, and further studies on this topic are required.

Fog Harvesting Surfaces

Fog as abundant water source used by animals
and plants

The global water crisis threatens more than 20% of human
population in arid regions as shown in Fig. 6a.[63], [64] For
the recent decades, fog water has emerged as a solution for
such water shortage, particularly in some arid regions near
ocean, where fog can be abundant despite the scarcity of
rainwater.[63], [65] Fog can form, although in lesser quan-
tity, even in desert areas like Namibia and the Saudi Arabian
Peninsula and can be used as a supplemental source of water.
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Figure 5. Surfaces that affect the boiling characteristics: (a) The first surface (a.a) is patterned with continuous hydrophilic matrix (black) with discrete
hydrophobic domains (gray), while the second surface (a.b) is patterned with the opposite polarity. The third panel (a.c) shows the nucleation of bubbles on
the patterned surface. Image is reprinted from reference [61], Copyright 2010, with permission from AIP Publishing LLC. (b) The mutual interaction among
bubbles nucleating from nearby sites. The figure shows two exemplary patterns - vertical coalescence (top) and declining coalescence (bottom), depending on

the spacing between nucleation sites. Image is reproduced from reference [62], Copyright 2003, with permission from Elsevier.

In some cases, the water collected from fog also
can be sufficient for plantation and reforestation. Natu-
rally formed fog oasis in Peru and the Fray Jorge fog forest
in Chile indicate that fog contains enough water to support
vegetation and animal habitat. Fog water supplements the
hydrological budget of forests — about 50% of water in Cali-
fornian redwood tree canopies originate from fog.[66-68]
In Chile, Water from fog also provides sufficient amount
for reconstruction of ecosystem and even farming[63].

A conventional fog harvester is, simply put, a porous
spiderweb-like mesh which collects nearby fog droplets. Com-
pared to fog harvesting that does not require any additional
energy input, methods such as multi-stage flash (MSF) process
and reverse osmosis (RO) require tremendous amount of elec-
tricity;[69], [70] thus MSF and RO cannot be used where elec-
tric grid is absent. Economics of fog collections thus compare
favorably with MSF and RO desalination technology([70]. Fur-
ther, fog collectors are easy to construct and maintain, and are
notcapital intensive, and therefore it is available ata much small-
er scale to be used at the village or community level[63], [65].

Before exploring natural and artificial fog harvesting
surfaces, it is noteworthy to point out that water harvesting
from environmental humidity can be categorized into two
types, depending on different water collection mechanisms: (i)
fog harvesting that collects airborne water droplets — a group
of micrometric airborne water droplets that have already been
desalinated by natural solar energy — with diameter ranging
from a few micrometers to tens of micrometers and (ii) dew
harvesting that collects water vapor (humidity), not droplets, by
maintaining the temperature of solid surfaces to be lower than
that of ambient humid air. In natural water harvesting process,
it is neither necessary nor beneficial to disassemble these two
mechanisms because frequently both of them can simultane-
ously occur (e.g., formation of fog and dew in the early morn-
ing). In this review, we will mainly focus on multiple optimiza-
tion techniques of fog-collecting surfaces based on the role of
surface wettability and micro/nanostructures on fog harvesting
efficiency. We will briefly discuss a strategy to combine both
fog and dew collecting mechanisms in the outlook section.

Airborne water droplets have already been collected
by various organisms with specially-designed micro-struc-
tured surfaces[3], [71-74] For example, Stenocara gracilipes, a
beetle living in the Namib desert shown in Fig. 6b, survives
by collecting fog on its back that is composed of micromet-
ric hydrophilic islands acting as water collection sites and the
surrounding hydrophobic water channels as shown in Fig.
6¢.[3] In a similarly arid climate, some plants commonly show
a “rosette” shape, a three dimensional structure composed of
narrow leaves that directs collected fog toward root[72]. As
shown in Figs. 6d-f, a rosette-like microstructure can also be
found in the thorns/spines of cactus[73]. The narrow coni-
cal microstructure with barbs and grooves on it can trans-
port collected water along the longitudinal direction toward
the end with a wider diameter, because such morphology and
hydrophilicity cause the meniscus of water droplets to have
different curvature (and correspondingly different Laplace
pressure) along the axial direction[73]. A similar slender ta-
pered microstructure together with different water wettabil-
ity is also used to move collected water droplets toward the
“knots” from “joints” on spider web threads (Figs. 6g,h)[74].

Design strategies for artificial fog harvesting sur-
faces

Inspired by the anisotropic micrometric geometry and
water wettability of natural organisms, a number of re-
searchers have studied the strategies for the design and
fabrication of artificial fog harvesting surfaces[75-78].

The Namib desert beetle’s back surface with differ-
ent wetting properties was mimicked by micropipetting hy-
drophilic materials on highly water repellent surfaces[75],
[76]. Simple mist-spraying test showed successful capture
of small water droplets on the hydrophilic area, whilst wa-
ter droplets bounced oft superhydrophobic area (Figs. 7a,b)
[75]. The water collecting ability of an artificial spider web
was also demonstrated by coaxial electrospinning of concen-
trated polystyrene and dilute poly(methyl methacrylate) solu-
tions as inner and outer solutions, respectively[77]. Further,
sponge-like cotton fibers with a polymer layer, whose wetta-
bility could be tuned by temperature, exhibited autonomous
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Figure 6. Overview of arid regions and natural examples of fog harvest-
ing surfaces: (a) Hyperarid and arid lands, which are deserts, have annu-
ally no rainfall and less than 250 mm of rainfall, respectively. In some of
hyperarid and arid regions near ocean, abundant fog is one of the most
promising sources of water. Reprinted with permission from reference [64].
Source: http://pubs.usgs.gov/gip/deserts/what/world.html. (b) The image of
the Namib desert beetle and (c) SEM image of its back with hydrophilic
bumps surrounded by hydrophobic channels. Reprinted with permission
from reference [3], Copyright 2001, Nature Publishing Group. (d-f) Three
images of cactus spine structures at different magnifications. Reprinted with
permission from reference [73]. Copyright 2012, Nature Publishing Group.
(g,h) The droplets formed on spiderweb in early mornings and result from
the repeated spindle-knot and joint structures with different wetting char-
acteristics. ((g) Image Courtesy of William Lee (h) Reprinted with per-
mission from reference [74]. Copyright 2010, Nature Publishing Group.)}

water collection/release mechanism as shown in Figs. 7c-f
[77]. The change of extreme wettability is based on the tran-
sition of poly(N-isopropylacrylamide), PNIPAAm between
hydrophobicity and hydrophilicity across its lower critical
solution temperature (LCST), in conjunction with the micro-
roughness the polymer layer; the authors demonstrated that
the change was repeatable and reversible for many cycles[77].

In practice, simple polyolefin fog collecting meshes
have been successfully implemented in the field over many
decades in more than 17 countries — United States (Califor-
nia), Chile, Peru, Guatemala, Columbia, Caribbean Islands,
Morocco, Spain, Croatia, Eritrea, South Africa, Namibia,
Ecuador, Oman, Yemen, UAE, and Nepal[65], [79], [80]. In
some regions like El Tofo in Chile, tens of thousands of liters
of water were collected per day by dozens of large fog collec-
tors (Fig. 7g)[65]. Based on the numerous studies[81], [82].
on the efficiency of fog collecting meshes, a recent work[83]
integrated a systematic analysis of the flow, the mesh geom-
etry (Fig. 7h) and the mesh surface wettability (Figs. 7i,j). The
authors proposed a framework that extended the geographic
and temporal applicability of the fog collection technology,
by revealing the critical influence of surface wettability on the
shedding of water droplets deposited on the mesh surface[83].
A surface with a lower difference between advancing and re-
ceding contact angles (in other words, contact angle hyster-
esis)[30] can prevent the clogging problem that significantly
lowers fog harvesting efficiency. By understanding the fun-
damental bulk and interfacial fluid dynamics that control the
physics of the fog collection process, they were able to select an

optimal woven design that provided a 500% enhancement in
the fog collection efficiency, compared to conventionally-used
polyolefin meshes, under mild convective fog conditions[83].

a

R
Figure 7. Artificial fog harvesting surfaces: (a,b) Water droplets formed
by spraying mist on poly(acrylic acid) (PAA) patterned superhydropho-
bic surfaces that mimic the fog-collecting capabilities of the Namib desert
beetle. Reprinted with permission from reference [75]. Copyright 2006,
American Chemical Society. (c,d) Illustration of water collection state by
hydrogen bonding between molecules of poly(N-isopropylacrylamide)
(PNIPAAm) at lower temperature than low critical solution temperature
(LCST). Reprinted with permission from reference [77]. Copyright 2013,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e,f) llustration of
PNIPAAm intermolecular bonds at higher temperature than LCST, re-
sulting in water release (superhydrophobic) state. Reprinted with permis-
sion from reference [77]. Copyright 2013, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. (g) Image of a large fog collector made of Raschel
mesh. (Image Courtesy of Pilar Cereceda) (h) Illustration of fog harvesting
mechanism on permeable network of fibers. A portion of small fog droplets
coming to the woven mesh structure are captured and deposited droplets
are drained downward when gravitational force acting on the deposited
droplets exceeds the pinning force that is attributed to water contact angle
hysteresis of the fiber surface material. Reprinted with permission from ref-
erence [83]. Copyright 2013, American Chemical Society. (i,j) Two distinct
factors that reduce the fog collection efficiency - (i) the re-entrainment
of collected droplets by air drag force and (j) blockage of the mesh by de-
posited droplets. These factors are attributed to the wetting characteristics
of mesh surface material and can be tuned by the application of surface
coating to achieve a higher fog collection efficiency. Reprinted with per-
mission from reference [83]. Copyright 2013, American Chemical Society. |

Perspective / Conclusions
Drag reduction

It is proven that superhydrophobic surfaces can be used to
reduce frictional drag along narrow pipes (e.g., with a diam-
eter of millimeters), as even a very small (e.g., ~10 ym) slip
length can cause a large difference for the velocity profile in
such channels. The commercialization of drag-reducing su-
perhydrophobic surfaces for external flows, however, remains
to be challenging. The slip length on a superhydrophobic sur-
face should be at least tens to hundreds of microns to have a
noticeable effect on the skin friction for external flows. As we
discussed, unfortunately, the robustness of the Cassie-Baxter
regime and the slip length are negatively coupled. Surfaces
with dual texture seem to be promising as a potential solution
to overcome the noted limitation, but even such surfaces will
eventually fail unless water is saturated with gas. This is be-
cause the inequality between the chemical potentials will cause
the gas in the air pocket to diffuse into the bulk water, creating
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the pressure difference across the liquid-vapor interface and
eventually causing the meniscus bulge into the pores. Such
curvature, even if the textured surface can maintain the Cas-
sie-Baxter regime, can compromise the drag reducing ability of
superhydrophobic surfaces[84]. As far as the authors know, no
ultimate solution for this issue has been reported or suggested.
Boiling

Unlike the case of drag reduction, surfaces with micro- or
nanotextures have already been intensively used to enhance
HTC or CHF associated with boiling processes. Most research
is based only on the surface wettability - a macroscopic mani-
festation of numerous asperities and chemical heterogeneities,
averaged over spatial domain. There is not, however, sufficient
understanding regarding the effect of details, such as the shape
and length scale, of surface texture or chemical heterogeneity
on the boiling process. We believe that a quantitative model
that considers the effect of the geometry of nucleation sites
or the influence of the mutual interaction among those sites
will allow us to make a significant breakthrough in this area.

Cost-effective and highly-efficient water collec-
tion from thin air

To further reduce the overall cost and increase the amount of
collected water, scale-up strategy - a plan for installing a large
number of huge fog collectors based on mesh structure - has
been tested in Chile[65]. Architectural design for fog harvest-
ers including building outerior and advertisement structures
made of permeable materials have been also developed and
deployed in these regions. For the next generation of water
harvesting surfaces, it can be one of the promising directions to
optimize the harvester to efficiently collect both fog [81-83] and
dew[85]. For example, the introduction of improved infrared
radiation responsive material[86] (to collect dew) to the mesh
(atypical fog harvester) may display robust water harvesting ef-
ficiency regardless of seasonal or regional humidity conditions.
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