
C. R. Mecanique 340 (2012) 18–34
Contents lists available at SciVerse ScienceDirect

Comptes Rendus Mecanique

www.sciencedirect.com

Biomimetic flow control

Superhydrophobic surfaces: From the lotus leaf to the submarine

Mohamed A. Samaha, Hooman Vahedi Tafreshi, Mohamed Gad-el-Hak ∗

Department of Mechanical & Nuclear Engineering, Virginia Commonwealth University, Richmond, VA 23284-3015, USA

a r t i c l e i n f o a b s t r a c t

Article history:
Available online 30 December 2011

Keywords:
Biomimetic
Superhydrophobic
Slip flow
Drag reduction
Lotus effect
Microfabrication
Electrospinning

In this review we discuss the current state of the art in evaluating the fabrication
and performance of biomimetic superhydrophobic materials and their applications in
engineering sciences. Superhydrophobicity, often referred to as the lotus effect, could be
utilized to design surfaces with minimal skin-friction drag for applications such as self-
cleaning and energy conservation. We start by discussing the concept of the lotus effect and
continue to present a review of the recent advances in manufacturing superhydrophobic
surfaces with ordered and disordered microstructures. We then present a discussion on the
resistance of the air–water interface to elevated pressures—the phenomenon that enables a
water strider to walk on water. We conclude the article by presenting a brief overview of
the latest advancements in studying the longevity of submerged superhydrophobic surfaces
for underwater applications.

© 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Several design ideas have been inspired by nature. Biological mechanisms can be studied to engineer systems for mod-
ern industrial applications. The lotus leaf possesses a peculiar water-repellent characteristic that enhances the mobility of
droplets for self-cleaning purposes [1]. A similar effect, i.e. superhydrophobicity, enables a water strider to walk on wa-
ter [2]. When a superhydrophobic surface is fully submersed in water, it entraps air in its pores resulting in the formation
of air pockets between the solid surface and water. The entrapped air is separated from water with a thin interface anchored
on the solid walls and stretched due to surface tension forces. It has been observed that a moving body of water “slips”
over an air–water interface, whereas it “sticks” to a solid surface [3]. Therefore, if the percentage of the surface covered by
air pockets is sufficiently high, a superhydrophobic surface can cause the so-called “slip effect”, resulting in a reduction in
the skin-friction drag exerted on the surface [3]. As long as the air pockets exist, the surface remains hydrophobic. In other
words, the degree of hydrophobicity and the beneficial effects are diminished by the reduction of the amount of entrapped
air. The longevity of a superhydrophobic surface—how long the surface can maintain the air pockets—is critical, especially
in underwater applications.

Engineered superhydrophobic surfaces are often comprised of microridges or microposts arranged in an ordered con-
figuration on a solid flat surface. These surfaces have been extensively studied and developed to produce slip effect [4].
Large-scale manufacturing of such surfaces, however, is prohibitively expensive. On the contrary, surfaces manufactured by
random deposition of hydrophobic particles [5–7] or fibers [8–11] could offer more cost-effective alternatives for production
of large superhydrophobic surfaces, as will be discussed later in this article.

In the next section, we discuss the lotus leaf effect and the underlying fluid mechanics of slip effect. In Section 3, we
review the different manufacturing techniques used for fabrication of superhydrophobic surfaces. In Section 4, we discuss

* Corresponding author.
E-mail addresses: samahama@vcu.edu (M.A. Samaha), htafreshi@vcu.edu (H.V. Tafreshi), gadelhak@vcu.edu (M. Gad-el-Hak).
URLs: http://www.people.vcu.edu/~htafreshi/ (H.V. Tafreshi), http://www.people.vcu.edu/~gadelhak/ (M. Gad-el-Hak).
1631-0721/$ – see front matter © 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.crme.2011.11.002

http://dx.doi.org/10.1016/j.crme.2011.11.002
http://www.ScienceDirect.com/
http://www.sciencedirect.com
mailto:samahama@vcu.edu
mailto:htafreshi@vcu.edu
mailto:gadelhak@vcu.edu
http://www.people.vcu.edu/~htafreshi/
http://www.people.vcu.edu/~gadelhak/
http://dx.doi.org/10.1016/j.crme.2011.11.002


M.A. Samaha et al. / C. R. Mecanique 340 (2012) 18–34 19
Fig. 1. Lotus leaf: (a) Magnification of one. From website [14]; (b) Three different magnification of SEM images showing morphological micro- and nanos-
tructures. From Koch et al. [13].

Fig. 2. (a) Water droplet beading on lotus leaf with static contact angle higher than 150 degrees. From website [15]; (b) Schematic illustration of lotus
effect. From website [16].

the stability of the air–water interface under elevated pressures, the key concept that allows water to support the weight
of a water strider. In Section 5, we present a discussion on the latest advances in measuring the longevity of submerged
superhydrophobic surfaces. In the “Future outlook” section, we give suggestions and recommendations to improve and
enhance the current fabricated surfaces. This will be followed by our conclusions, given in Section 7.

2. Characterization of superhydrophobic surfaces: the lotus effect

2.1. Lotus leaf

Lotus leaves, Nelumbo nucifera, owe their self-cleaning ability to superhydrophobicity. Neinhuis and Barthlott [1] obtained
scanning electron microscopy (SEM) images for several water-repellent plants and reported the micromorphological charac-
teristics of 200 species. They demonstrated that the epidermal (i.e. outermost) cells of the lotus leaves form papillae, which
act as microstructure roughness. The papillae are superimposed by a very dense layer of epicuticular waxes (wax crystals),
also referred to as hair-like structures [12] or nanostructure roughness [13]. Fig. 1 shows different degrees of magnification
of lotus leaves using SEM images from one to 106 times. Epicuticular waxes themselves have hydrophobic properties, which
together with micro- and nanostructure roughness, result in reduced contact area between water droplets and the leaf’s
surface. This combination results in static contact angles exceeding 150 degrees on lotus leaves. If the surface is tilted, even
with a slight angle, water droplets begin to roll off the leaves, and so collect and remove dirt from the surface demonstrating
the self-cleaning effect (see Fig. 2). Note that because of the micro- and nanostructure roughness, the contact area between
dirt particles and the leaf’s surface is dramatically reduced. Thus, the adhesion between the particles and the surface can be
lower than that between the particles and the droplets, facilitating particle removal. Accordingly, the lotus leaf is a symbol
of purity in some Asian religions [1].

To demonstrate the importance of nanoscale wax crystals on the lotus effect, Cheng et al. [12] altered the surface struc-
ture of a lotus leaf without affecting the chemical composition. They heated the leaf to 150 ◦C (thermal annealing) to
melt the waxy crystals, leaving the microstructures intact, and found a decrease in the static contact angle of the treated
leaf. Neinhuis and Barthlott [1] reported that the lotus effect tends to keep the leaves dry, which helps to protect the plant
against pathogens such as fungi by denying these parasitic organisms the moisture that they require to germinate. Moreover,
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Fig. 3. Schematic diagram of velocity profiles between fixed and moving plates in case of slip and no slip at fluid–solid interface. From Samaha et al. [18].

since CO2 diffuses 104 times faster in air than in water, the water-repellent leaves allow CO2 to be more easily absorbed,
ensuring an adequate supply of CO2 for photosynthesis, even in habitats with high air humidity [1].

2.2. Slip flow and drag reduction

When a superhydrophobic surface is submersed in water, it generates slip flow, which reduces the skin-friction drag
exerted on the surface. Drag is the force produced by a fluid to resist the relative motion of a solid [17]. A tremendous
amount of fuel is consumed each year both by air and water vehicles and by gas and liquid transmission through pipelines
in order to overcome drag [17]. Drag force can be classified into two main categories, form (pressure) drag and skin-friction
drag. The latter, which depends on fluid viscosity, strain rate (velocity gradient), and surface area, is the subject of this
section. The multiplication of fluid viscosity and velocity gradient gives the shear stress. Fig. 3 shows the Couette flow
between two plates having a gap, h, in the normal direction, z. The upper plate is moving with velocity V avg and the
lower one is stationary. The lower plate can have a no-slip (sticky) or a slip boundary condition. In the case of no-slip
boundary, the slope of the velocity gradient (line S1) is higher than that of slip flow (line S2), which leads to a higher shear
stress.

Generally, slip is defined as a fluid dynamics condition in which there exists a relative tangential velocity between the
solid surface and the fluid immediately adjacent to the surface. Slip can be encountered in several situations. For example,
for gas flow, slip could occur if the mean free path of the gas (i.e. the average distance traveled by molecules between
collisions) is comparable to the characteristic dimensions of the flow [19]. As mentioned earlier, a superhydrophobic surface
entraps air in its pore space producing two different interfaces. One is the aforementioned air–water interface on which the
water slips, and the other is the solid–water interface to which the water sticks. The average slip over the entire surface is
often referred to as “effective slip” [20]. The air–water interface area is characterized by the gas fraction, the ratio of the
area of the air–water interface to the total surface area. The gas fraction is the main parameter that determines the static
contact angle [21], which characterizes the hydrophobicity of the surface. Callies et al. [22] experimentally demonstrated
that as gas fraction increases, static contact angle increases. Furthermore, the gas fraction has an impact on the so-called
“slip length, δ” [23]. According to Navier’s model [24], the magnitude of the slip velocity is proportional to the magnitude
of the strain rate. The slip length is the proportionality constant as shown in Fig. 3. Thus, the slip length can be calculated
from the following equation:

δ = Uslip
∂u
∂ y

∣∣
wall

(1)

where Uslip is the area-weighted average slip velocity at the superhydrophobic wall, u is the streamwise velocity, and y is
the normal direction.

Several studies have demonstrated the effect of the gas fraction on the slip length [23,25–36]. Some of these studies
showed that for laminar flow, slip length increases as gas fraction increases (Fig. 4) and hence from Eq. (1), velocity gradient
decreases (i.e. less drag). This figure shows the calculated and the measured slip lengths (normalized by the pitch; the
distance between two posts) versus gas fraction for ordered microposts on a superhydrophobic surface. A closer view at
gas fractions below 0.6 and above 0.85 is given in the insets for better illustration. From the figure, it is obvious that
when the gas fraction, φg , is less than 0.4, the slip length is proportional to φ2

g . On the other hand, if the gas fraction is

higher than 0.7, the slip length is proportional to 1/
√

φg . Within the range 0.4 < φg < 0.7, interpolation is utilized. The
above mathematical proportionalities are derived and validated by Ybert et al. [30]. The drag reduction also increases as gas
fraction increases, as shown in Fig. 5. The figure includes both experimental and numerical results for a microchannel with
a microridged superhydrophobic wall.
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Fig. 4. Slip length vs. gas fraction obtained for laminar flow over ordered microposts superhydrophobic surface. Experimental data of Lee et al. [23] (open
squares), theory of Ybert et al. [30] (dashed line), and Samaha et al. [36] (solid diamonds).

Fig. 5. Average drag reduction as a function of dimensionless shear-free area, gas fraction. 30 μm wide microridges spaced 30 μm apart (triangles), 20 μm
wide microridges spaced 20 μm apart (squares), and 30 μm square microposts spaced 30 μm apart (circles). Numerical results for 20 μm wide microridges
spaced 20 μm apart (gray line). From Rothstein [3].

Fig. 6. Slip length of water as a function of contact angle on various smooth surfaces. The results are obtained by Huang et al. [37] using molecular dynamics
simulations.

The slip boundary condition has been studied theoretically using molecular dynamics (MD) simulations [37–39]. These
simulations convincingly demonstrated that the greater the hydrophobicity of the surface, the larger the slip length will be.
Fig. 6 shows computed slip length using MD simulations versus contact angle θc for different surfaces [37,38]. The numerical
results are curve-fitted using the relation b ∝ (1 + cos θc)

−2, where b is the slip length. Static contact angles clearly are a
measure of the degree of hydrophobicity of a solid surface.
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Fig. 7. Skin-friction coefficient vs. Reynolds number. Microchannel with smooth surfaces (open triangles and open stars), with single superhydrophobic wall
(solid circles), and with two superhydrophobic walls (open circles and solid squares). The theoretical predictions of the friction coefficient for a smooth
channel are also shown (—). From Daniello et al. [32].

Other studies show that for turbulent flows, increasing the shear-free area (i.e. increasing the gas fraction) results in
an increase in the slip velocity and drag reduction [32,33]. Fig. 7 shows that skin-friction coefficient decreases by utilizing
a superhydrophobic surface on one or both walls of a microchannel for a range of Reynolds numbers covering both the
laminar- and turbulent-flow regimes. On the contrary, this was not observed in the work of Woolford et al. [35], who
demonstrated that in a turbulent-flow regime, streamwise ridges (i.e. flow direction is parallel to microridges structure) can
cause drag reduction, while spanwise ridges (i.e. flow direction is perpendicular to microridges structure) can increase the
drag.

Obviously, the influence of the microstructural parameters of a superhydrophobic surface on its performance requires
further exploration. Such surfaces could be utilized as a passive method of flow control and may potentially become a
viable alternative to the more complex and energy consuming active or reactive methods of flow control such as wall
suction/blowing [17].

3. Microfabrication of superhydrophobic surfaces

3.1. Ordered microstructures

Most engineered superhydrophobic surfaces are made up of microposts or microridges (Fig. 8). The microstructure of
these surfaces strongly affects the gas fraction, slip length, and drag reduction, in addition to the stability of the air–water
interface. For instance, in Fig. 8(a), as post diameter decreases for the same pitch (i.e. distance between two posts), the gas
fraction increases, which leads to an increase in the drag reduction and slip length due to the increase of the free shear
area (air–water interface area). However, increasing the gas fraction can jeopardize the stability of the interface. Criteria
describing the stability based on roughness design were given by Bico et al. [40]. A similar conclusion could be drawn for
microridges.

Superhydrophobic surfaces comprised of “nanograss” and “nanobricks” are reported by Henoch et al. [41] (see Fig. 9).
The surface with nanograss is reported to yield a contact angle of nearly 180◦ , and is composed of posts with a diameter
of 400 nm and a height of 7 μm spaced 1.25 μm from one another. The surface with nanobricks is peculiar because it can
better resist the elevated hydrostatic pressures due to the effect of the entrapped air in its closed cells, which can help
to increase the stability of the air–water interface, as will be discussed later in this paper. The size of each cell is 4 μm
× 10 μm, the height of the cell walls is about 1 μm, and the thickness of the walls is 300 nm. A surface with a texture
somewhat similar to that of the nanograss structure is studied by Choi and Kim [42]. These authors present slip length of
their surface in comparison to that of a smooth one. Lee and Kim [4] demonstrated that the slip length can be maximized
by superimposing a nanostructure onto a microfabricated structure, similar to the case of wax crystals on papillae of the
lotus leaves as shown in Fig. 10. These authors demonstrated that the contact angle for their surfaces can approach 180◦ .
In addition, they showed that the slip length can be increased up to 400 μm.

3.2. Surfaces with engineered roughness

There are limitations for commercializing microfabricated surfaces such as those shown in Figs. 8–10. Production cost
is probably the most prohibitive issue with microfabricated surfaces. Recent studies, however, have shown that there are
alternative methods for engineering superhydrophobic surfaces more cost-effectively. As discussed by Emami et al. [5], one
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Fig. 8. (a) Scanning electron microscopy (SEM) images of post patterns with 50 μm pitch for the displayed inset gas fractions. From Lee et al. [23]; (b) Image
of microfabricated surface with microridges. The width of the cavities and ridges are 30 and 10 μm, respectively. The depth of the rib is 15 μm. From Maynes
et al. [29].

Fig. 9. (a) SEM image of silicon nanograss; (b) SEM image of silicon nanobricks. From Henoch et al. [41].

Fig. 10. (a) Nanostructures on the sidewall; (b) Re-entrant structure. From Lee and Kim [4].

can produce a superhydrophobic surface by randomly depositing hydrophobic particles (e.g. aerogel) on a substrate (see also
[6,7]). Fig. 11(a) shows an SEM image of aerogel powders synthesized using sodium silicate and deposited on a substrate.
The static contact angle is measured for a coated surface with aerogel powders to show its superhydrophobicity. Fig. 11(b)
shows that the contact angle for such a surface is 150◦ .

Samaha et al. [36] simulated the performance of superhydrophobic surfaces having idealized random roughness (posts or
particles) and compare their results with those of surfaces manufactured via microfabrication. Their numerical simulations
indicated that the gas fraction has a significant impact on the characteristics of a superhydrophobic surface, as it affects
the slip length and therefore the skin-friction coefficient. As can be seen in Fig. 12, the friction coefficient decreases with



24 M.A. Samaha et al. / C. R. Mecanique 340 (2012) 18–34
Fig. 11. (a) SEM image of aerogel powders synthesized using sodium silicate; (b) Water droplet placed on surface of glass substrate coated with aerogel
powder. The contact angle is 150◦ . From Bhagat et al. [7].

Fig. 12. Skin-friction coefficient versus Reynolds number (Moody diagram) for different gas fractions. From Samaha et al. [36].

increasing gas fraction for surfaces with staggered posts and randomly distributed posts. In addition, the difference between
the skin-friction coefficient of the random posts and that of the staggered posts increases by increasing the gas fraction.
Thus, the surface with randomly distributed posts possesses better drag reduction than in the case of staggered, distributed
posts.

Electrospinning is another cost-effective fabrication technique that can be used to produce superhydrophobic surfaces
with fibrous microstructure. This technique can be used to deposit micro- and/or nanotextured coatings by spinning hy-
drophobic polymers onto substrates of arbitrary geometries [8–11]. Conventionally, electrospinning is performed by applying
a large DC-potential between the electrospinning source (typically a hypodermic syringe) and the substrate, resulting in
nonwoven fiber mats with randomly oriented fibers [43]. The random orientation of the fibers is the result of the inherent
electrostatic instability of the charged jet as it travels from the spinneret to the collector. This instability can be reduced by
using a DC-biased AC potential that induces short segments of alternating polarity, thereby reducing the magnitude of the
destabilizing force on the fiber (see Fig. 14(a)) [43].

Fig. 14 shows SEM images of fiber mats produced via DC-electrospinning and DC-biased AC-electrospinning. As shown in
Fig. 14, DC-biased AC-electrospinning provides a better control over the microstructure of deposited fibrous mats. The insert
in Fig. 14(b) shows a water droplet on the coating with a static contact angle of 157 degrees, proving superhydrophobicity
even in the case of random fiber deposit [11]. This is because, similar to the case of microfabricated surfaces, such superhy-
drophobic fibrous coatings can provide the porosity that is necessary to entrap air when the surface is immersed in water.
As expected, when water flows over such a surface, a reduction in the skin friction is observed [18].

Samaha et al. [18] measured drag reduction and slip length for such a coating. They used a rheometer made by the
Anton Paar Corporation (model Physica MCR 301) equipped with two parallel rotating discs separated by a small fluid-filled
gap. One disc is stationary and attached to a water cooling system for temperature control. The second disc rotates at a
prescribed speed and is connected to an air bearing to minimize friction. Compressed air at about 6 atm supports the
bearing. The rotating disc is connected to a torque–speed measuring system used to calculate the shear stress developed
by the fluid, and the measured rotational speed is used to calculate the strain rate. Equations governing this motion are
derived to calculate both drag reduction and slip length from the measured stress–strain rate relation. As will be displayed
later in this paper, the results of generated drag reduction by the spun-fiber coating are shown in Fig. 28, which confirm
the superhydrophobicity of this cost-effective fabricated coating. In addition, the slip length results attained using this
fabrication approach are comparable to those obtained using ordered micro/nanostructure surfaces [4].
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Fig. 13. Schematic illustration of electrified polymer jet during DC-biased AC-electrospinning. From Ochanda et al. [11].

Fig. 14. SEM images of 18% weight polystyrene fibers with 1% weight fluoro-elastomer. (a) Grid-like structure of a mono-layer; (b) Several layers of fibers
show random orientation. Upper right insert in (b) shows a water droplet on top of this particular coating. The figure adapted from Samaha et al. [18].

It is worth mentioning that the morphology of the fibers influences the hydrophobicity of the surface. For example,
fiber diameter can affect the static contact angle of the coating, as shown in Fig. 15. This figure shows that contact angle
decreases with increasing fiber diameter. However, one should note that since other microstructural parameters of the
surfaces reported in this figure were not kept constant while fiber diameter was varied, changes in the fiber diameter could
have affected the porosity of the mat. Therefore, in the absence of more microstructural information, one should refrain
from directly relating fiber diameter to contact angle. The figure shows the results for produced beaded and bead-free
fibers. Beaded fibers or polymeric microdroplets could have appeared during electrospinning if the polymeric fluid did not
have adequate viscoelasticity and conductivity, which leads to the Rayleigh instability, i.e., domination of surface tension
during the process that tends to break the liquid into droplets.
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Fig. 15. Effect of fiber’s diameter on static contact angle. From Ma et al. [8].

Fig. 16. (a) Water strider stands on water. From website [44]; (b) SEM image of water strider’s leg showing hydrophobic microsetae, scale bar 20 μm;
(c) Higher magnification of single hair showing nanogrooves, scale bar 0.2 μm. (b) and (c) from Gao and Jiang [2].

4. Stability of air–water interface under elevated pressures: water striders

4.1. Walking on water

Water striders, Gerris remigis, possess a very rare trait that allows them to walk on water. Water striders owe this ability
to the hydrophobic waxy microhairs covering their legs, microsetae, which are superimposed with nanogrooves [2] as shown
in Fig. 16.

Air is entrapped between the micro- and nanostructured hairs, making their legs water repellent. Gao and Jiang [2] used
a very sensitive balance system to determine the required force for a single leg to be sunk. They demonstrate that the
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Fig. 17. Transects of the water surface for the leg contacting the water to different depths until the maximum depth hmax is reached before piercing the
water surface. From Feng et al. [45].

Fig. 18. Contact angle of the leg and dimple depth. Dependence of the contact angle on the diameter of the leg in order to form the maximal dimple with
depth hmax = 4.38 ± 0.02 mm. From Feng et al. [45].

buoyancy force is 15 times the total body weight. Furthermore, the volume of the displaced water caused by immersing
a single leg is 300 times that of the leg itself. Feng et al. [45] have modeled the ultra-hydrophobicity of a water strider’s
leg by providing a theoretical analysis, coupled with experimental measurements, to determine how deep the leg can reach
before piercing the water surface as shown in Fig. 17. They demonstrated that the maximum depth, hmax , depends on the
diameter, D , and the contact angle of the leg, φleg . Their results are shown in Fig. 18. It can be seen that for the actual
diameter range (140–180 μm) and for the measured maximum depth (hmax = 4.38 ± 0.02 mm), the contact angle should
be at least 168◦ , i.e. highly water-repellent. Such a high contact angle allows water striders to stand on water, even in the
presence of rain or water currents.

Water striders have the ability to flit about quickly, where the propulsive forces on the insect are generated by a com-
bination of form drag and curvature forces [46]. According to Hu et al. [47], water striders use their superhydrophobic legs
to create hemispherical vortices, which transfer the momentum beneath the water surface that develops enough hydro-
dynamic force to propel the insect, similar to using oars to move a boat. Several water-walking machines are inspired by
water striders and other insects [48]. The devices are designed and constructed to precisely mimic the natural locomotion
mechanisms of the insects.

Water striders are natural predators of spiders and other insects that fall onto the water surface. They use their front
legs to sense ripples developed by a falling prey [49] and grab onto it. The superhydrophobicity of a water strider’s legs
is its survival mechanism, allowing it to float, run on water, and sense prey for feeding. It is worth mentioning that other
species such as spiders and several other insects are covered with hydrophobic hairs similar to those of water strider, but
for a different purpose. The entrapped air (plastron) is utilized by spiders and similar species for underwater breathing. The
mechanics of plastron respiration are demonstrated by Flynn and Bush [50].

4.2. Stability of air–water interface under hydrostatic pressure

The air–water interface developed due to superhydrophobicity is the surface that supports a water strider’s weight.
A similar force can be exerted on the air–water interface formed over a submerged superhydrophobic surface by the column
of water above the surface. If the pressure is high enough, water will penetrate into the pores on the surface and replace the
air, i.e. transition from the non-wetted state (Cassie state) to the wetted state (Wenzel state). This transition is interpreted by
two approaches: one based on minimizing the thermodynamic free energy [51,52], and the other using a balance of forces
across the interface [53–55]. Lee and Kim [4] used the latter to develop an equation to determine the maximum allowable
hydrostatic pressure (critical pressure) in terms of the surface microstructure for aligned or staggered arrangement of posts
as shown in the following equation:

Pmaxφg �
−2γ

√
π(1 − φg) cos θ

(2)

L
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Fig. 19. Voronoi diagram obtained for randomly distributed posts. The numbers shown in this figure refer to the posts and their locations. From Samaha et
al. [36].

Fig. 20. Maximum allowable pressure as a function of gas fraction and contact angle for both random and staggered posts. From Samaha et al. [36].

where Pmax is the critical pressure, the pressure above which the system departs from the Cassie state, φg is the gas fraction,
γ is the surface tension of the liquid (72 × 10−3 N/m in case of water), θ is the contact angle, and L is the pitch (distance
between two posts).

Samaha et al. [36] utilized a Voronoi diagram [56] to determine the local gas fraction and the maximum pitch for
superhydrophobic surfaces made up of randomly distributed posts. This information is used in Eq. (2) to determine the
maximum allowable hydrostatic pressure, which corresponds to the post that has the maximum local gas fraction. In a
Voronoi diagram, the superhydrophobic surface is divided into cells, as shown in Fig. 19. Each post has a single surrounding
Voronoi cell consisting of all points on the surface that are closer to that post than to any other post. The sides of a Voronoi
cell are the locations of the points on the surface that are equidistant from the two nearest posts. The Voronoi nodes are
the points equidistant from three (or more) posts. Note that a Voronoi diagram provides a rational tool to compute the local
gas fraction and maximum pitch when dealing with random posts.

The maximum allowable pressures for surfaces comprised of random and staggered posts are compared with each other
in Fig. 20. It can be seen that the maximum allowable pressure decreases dramatically when the posts are arranged ran-
domly. The results of this figure indicate that superhydrophobic surfaces with random roughness are more susceptible to
failure under hydrostatic pressures. Therefore, although random posts can result in a better drag reduction (see Fig. 12),
they are more likely to fail under elevated pressures.

Emami et al. [5] conducted a similar study in 3-D space. In particular, they simulated the stability of air–water interface
formed on granular superhydrophobic coatings comprised of randomly distributed spherical aerogel particles in comparison
to the ordered distributed ones. These authors also conducted a series of 3-D full-morphology (FM) numerical simulations
and analytical expressions to predict the critical pressure (pressure beyond which the surface departs from the Cassie state)
against solid volume fraction of their granular porous coatings, as shown in Fig. 21. This figure shows that the air–water
interface can sustain more pressure as the solid volume fraction increases. Moreover, the surface with random particles is
more susceptible to failure under hydrostatic pressure, as expected.

Emami et al. [57] developed a mathematical framework to calculate the exact shape of the air–water interface, and
so predict the stability of the air–water interface on superhydrophobic surfaces made up of randomly distributed posts of
different diameters, heights, and materials. This was accomplished by using the Young–Laplace equation to derive a second-
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Fig. 21. Numerically and analytically calculated critical pressure against solid volume of fraction for ordered aerogel particles and random ones. Figure
adapted from Emami et al. [5].

Fig. 22. Calculated meniscus surfaces for superhydrophobic surface with randomly distributed posts of random diameters and heights at P = 3400 Pa.
dmax refers to maximum post’s diameter. x, y, and F are Cartesian coordinates. Figure adapted from Emami et al. [57].

order partial differential equation that was solved numerically via finite element method. Fig. 22 shows an example of
an air–water interface formed over a superhydrophobic surface comprised of randomly distributed posts with diameters
ranging between 8 to 12 μm, and heights ranging between 50 to 51 μm, leading to a gas fraction of 65%. The deflection of
the interface under a hydrostatic pressure of 3400 Pa can be seen. The posts are assumed to be made of a material with a
contact angle of 120◦ .

To study the stability of the air–water interface formed over superhydrophobic coatings composed of randomly ori-
ented nanofibers, Bucher et al. [58] conducted a series of FM simulations in 3-D virtual domains resembling the internal
microstructure of electrospun fiber mats.

Fig. 23 shows an example of the FM simulations for two different hydrostatic pressures conducted by Bucher et al. The
solid volume fraction and fiber diameter are 10% and 500 nm, respectively. It can be seen that, by increasing the pressure,
the water (red color) fills a greater fraction of the pore space. Fig. 24 shows the critical pressure as a function of the
coating’s morphology for bimodal (composed of two different fiber diameters) fibrous media with random fiber orientations
in terms of solid volume fraction and fine fiber diameter, d f . It can be seen that critical pressure increases with increasing
solid volume fraction or fine fiber diameter, when other microstructural parameters are held constant.
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Fig. 23. A visualization of two stages of water intrusion into a unimodal fibrous structure with random in-plane fiber orientation, using the full-morphology
method. Corresponding pressures are: (a) 58.983 kPa; (b) 77.333 kPa. The non-wetting fluid (water) represented in the red region is made up of spheres
fitted into the domain. Figure adapted from Bucher et al. [58].

Fig. 24. Critical pressure predictions for layered, randomly oriented media compared against variations in one of four microstructural parameters: (a) solid
volume fraction; (b) fiber diameter. For both (a) and (b), coarse-to-fine fiber diameter ratio (Rcf ) = 5 and coarse number fraction (nc) = 0.1. Figure adapted
from Bucher et al. [58].

5. Longevity characterization of superhydrophobic coatings

Even when the air–water interface on a superhydrophobic surface is mechanically stable, the surface is likely to lose its
entrapped air content over time. This is especially the case when the surface is submerged. This effect is believed to be due
to the dissolution of air in water, and is expected to accelerate when the hydrostatic pressure is increased, as the solubility
of air in water increases with pressure.

Bobji et al. [59] used an optical technique to measure how long superhydrophobic surfaces can entrap air underwater
(surface longevity) by measuring the number of shiny spots that indicate an interface between air and water. Similar stud-
ies were performed using a laser beam to investigate the effect of the surface structure on the longevity [60]. Moreover,
Poetes et al. [61] used a similar technique for the same test, but for different superhydrophobic coatings. Samaha et al. [18]
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Fig. 25. (a) Schematic of the optical spectroscopy system. (b) Photograph of the pressure vessel. From Samaha et al. [18].

developed an optical technique to measure the longevity of submerged superhydrophobic coatings subjected to different
environmental conditions. They used an optical spectroscopy system to quantify the intensity of reflected light in the visi-
ble range scattered from the surface (Fig. 25). The time-dependent light reflection intensity was measured at both a single
wavelength and integrated over a range of wavelengths. Note that it is important to be able to measure the hydropho-
bicity of a surface in situ because the traditional contact angle or rheometer measurements may not necessarily represent
the environment in which a surface may operate in practice. This includes, but is not limited to a broad range of time-
dependent hydrostatic pressures (i.e. depths), and different degrees of salinity and/or air saturation. It is also of particular
importance to be able to test a surface hydrophobicity over time under moving or still water. The optical spectroscopy sys-
tem proposed by Samaha et al. can be utilized as a noninvasive method to measure surface hydrophobicity under the above
conditions.

Fig. 26 shows the normalized reflected light intensity as a function of time and wavelength for an electrospun fibrous
coating (discussed in Section 3.2) submerged in water for 166.5 h. The light intensity decreases with time at all wavelengths,
which indicates a reduction in the volume of the entrapped air over time, and so the superhydrophobicity of the surface.
Fig. 27 shows the normalized average reflected light intensity (the integral of the light intensity over all wavelengths divided
by the wavelength range). The results shown in this figure were obtained under atmospheric pressure. It can be seen from
Fig. 27 that the average reflected light intensity decreased by about 27% after 166.5 h of continuous submersion in water.

For validation, Samaha et al. [18] compared the results obtained from the optical system with drag-reduction data using
the rheometer discussed in Section 3.2. Fig. 28 shows the measured drag reduction versus strain rate for the fibrous coating
before and after immersing the coated sample in water. The results indicate that the coating is still capable of reducing the
drag after 166.5 hours of immersion in water under atmospheric pressure. The average drag reduction was decreased by
about 31% with respect to that of the fresh specimen, which is close to that reduction in light intensity using the optical
system.

For further validation static contact angles and contact-angle hysteresis are measured for the same sample using a
ramé-hart goniometer (model number 100-25-A). The measurements indicate that the results of the light-scattering surface
characterization technique correlate strongly with both contact-angle and drag-reduction measurements. The contact-angle
hysteresis measurements further validate the light-scattering method. Low-contact-angle hysteresis was observed for the
fresh superhydrophobic sample. However, more noticeable hysteresis was seen for aged specimens. These results are consis-
tent with the observations of other researchers [21,62–64]. In situ characterization of submerged hydrophobic surfaces using
optical light scattering represents a new and useful tool for real-time estimation of hydrophobicity and drag reduction.
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Fig. 26. Reduction in reflected light intensity with time for a spun-fiber sample. Measurements are taken for the entire visible-light spectrum. From Samaha
et al. [18].

Fig. 27. Average reflected light intensity reduction with time for a spun-fiber sample. From Samaha et al. [18].

Fig. 28. Drag reduction versus strain rate. From Samaha et al. [18].
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6. Future outlook

Superhydrophobic surfaces were demonstrated by several experimental, numerical, and analytical studies to reduce drag
for both laminar and turbulent flows. This reinforces the optimistic view that these surfaces could be used for drag-reduction
purposes, especially in marine environments. For example, it is well known that submarines consume a large amount of fuel
to overcome the skin-friction drag produced on their bodies. Intensive flow-control studies have been performed to develop
different active, reactive, and passive methods to reduce this drag force. Superhydrophobic coatings are aimed to be utilized
as a passive method and may potentially become a viable alternative to the more complex and energy consuming active
or reactive flow-control techniques such as wall suction/blowing. However, there are still significant issues that need to
be resolved in order for the manufacturing of such coatings to be feasible. First of all, the microstructure of the coating
should be strong enough to sustain the developed shear stress without erosion especially for turbulent flow. Secondly,
the coating should keep its hydrophobicity for an acceptable time frame (reasonable longevity). Moreover, if the coating
becomes hydrophilic, an infield method should be developed to rejuvenate the surface to return it to its hydrophobic state.
Third, the coating should be durable enough to sustain environmental conditions such as water salinity, depth, circulation,
and biofouling. Finally, the fabrication processes should be extended from lab scale to large industrial scale applications. All
of these issues require further research and development before superhydrophobic coatings could be utilized under realistic
circumstances.

7. Conclusions

Currently, the lotus effect is employed to produce water-repellent paint and fabrics for self-cleaning or waterproofing
applications. However, it also could be utilized for mobile submerged surfaces to generate drag reduction and slip flow,
which takes place at the interface between the entrapped air and water. The performance of the surface is characterized by
slip length, which is strongly affected by gas fraction, both for both laminar and turbulent flow.

For submerged superhydrophobic surfaces, this interface is stable against the transition from non-wetted (Cassie) state
to wetted (Wenzel) state due to pressure. Several theoretical analyses and numerical simulations have been performed
to estimate the critical pressure for different microstructures. The longevity of these surfaces can be measured via drag-
reduction data using a rheometer or contact-angle measurements. Noninvasive optical measuring system can measure the
real-time effects of such environments.

Microfabrication could be utilized to produce superhydrophobic surfaces with different properties. However, it cannot
be applied to large-scale bodies with arbitrary shape. Simpler lower-cost fabrication techniques are being developed to
meet those requirements. Experimental measurements and numerical simulations have been performed to characterize the
hydrophobicity and longevity of these surfaces in comparison with those produced via ordered-microstructure processes.
Both techniques are under research and development to produce the optimum surface that can produce high drag reduction
and possesses reasonable longevity. Such coatings will ultimately be used on submarines, torpedoes, and naval ships for the
purpose of reducing skin-friction drag in both the laminar and turbulent boundary layers surrounding these vessels when
cruising in seawater.
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