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Water-repellent biological systems such as lotus leaves and water strider’s legs exhibit two-level hierarchical surface
structures with the smallest characteristic size on the order of a few hundreds nanometers. Here we show that such nano
to micro structural hierarchy is crucial for a superhydrophobic and water-repellent surface. The first level structure at
the scale of a few hundred nanometers allows the surface to sustain the highest pressure found in the natural
environment of plants and insects in order to maintain a stable Cassie state. The second level structure leads to dramatic
reduction in contact area, hence minimizing adhesion between water and the solid surface. The two level hierarchy
further stabilizes the superhydrophobic state by enlarging the energy difference between the Cassie and the Wenzel
states. The stability of Cassie state at the nanostructural scale also allows the higher level structures to restore
superhydrophobicity easily after the impact of a rainfall.

Introduction

Nature has evolved hierarchical surface-structures to achieve
superior water-repellent capabilities in some plants and insects,1-6

allowing rain drops to roll freely on Lotus (Nelumbo nucifera)
leaves1,2 andwater striders (Gerris remigis) to stand effortlessly and
move quickly on water.3,4 Lotus leaves exhibit two levels of
hierarchy,1,2,5 the first level having characteristic dimension on
the order of 100-500 nm and the second level on the order of
20-100 μm (Figure 1a). Water strider’s legs also show a two-level
hierarchy with the smallest structure size around 400 nm6

(Figure 1b). The present paper aims to address why these
biological surfaces are hierarchically structured from nanoscale
up and what are the underlying mechanisms that determine the
length scales and the number of hierarchies involved.

During the past decade,many experimental1-12 and theoretical
studies13-22 have been dedicated to understanding the so-called
“Lotus effect”. The connections between surface roughness and
hydrophobicitywere first worked out byWenzel13 andCassie and
Baxter.1,2,14 In the so-calledWenzel state,13 water forms seamless
contact with a surface and the contact angle changes with the
surface roughness. In contrast, the Cassie state14 refers to water
forming incomplete contact with a rough surface with air trapped
between the liquid and solid. Although both Wenzel and Cassie
states can lead to a high contact angle ofwater droplets ona rough
surface, there are large differences in their adhesion properties
which, together with their hydrophobic properties, determine the
superhydrophobic properties of the surface. [Normally, a surface
is called superhydrophobic if the contact angle of a water droplet
on the surface exceeds 150�.6-8 More rigorously, however, super-
hydrophobicity should be defined by both a large contact angle
and a low roll-off angle (or low adhesion).16,18,19] Experimental
and theoretical studies1,2,7,16 have shown that the Cassie state is
more reasonable for the Lotus effect in view of its incomplete
contact and relatively weak adhesion with water droplets. From
this point of view, it is critically important for water-repellent
biological surfaces to maintain a stable Cassie state even under
harsh environmental conditions.

A number of previous studies7,15-21,23-31 have attempted to
investigate the stability of the Cassie state and the transition
betweenCassie toWenzel states. Johnson andDettre15 compared
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the free energies associated with the Cassie andWenzel states of a
sinusoidal surface and found that the Cassie state is preferred at
large wave heights. The criterion of the stability of a Cassie state
was discussed from the point of view of design of hydrophobic
surfaces.25-28 Qu�er�e and co-workers7,24,29 studied the transition
between the Cassie and Wenzel states by applying a pressure on a
liquid drop on amicrotextured surface and observed a transition in
wetting state as the pressure is increased. They found that there is a
critical pressure that induces an irreversible transition from Cassie
to Wenzel states. Extending the work of Johnson and Dettre,15

Carbone and Mangialardi19 found a critical height of a sinusoidal
surface structure beyond which the Cassie state becomes more
stable than the Wenzel state, and determined the critical pres-
sure for the Cassie-to-Wenzel (CW) transition. Zheng et al.18

performed more rigorous studies on the stability, metastability
and instability of the Cassie and Wenzel states, as well as their
transitions under pressure acting on the surface of a periodic
array of micropillars.

Recently, the effect of the characteristic size of the microstruc-
ture on the stability of the Cassie state has been explored.21,32,33

The roles of the hierarchy of surface structures were studied by Li
and Amirfazli34 and Yu et al.35 However, few studies have been
dedicated to the quantitative understanding of the questions why
the biological surfaces are hierarchically structured from nano-
scale up and what are the underlying mechanisms that determine
the length scales and the number of hierarchies involved. The
point of view adopted in the present study is that the nanometer
length scale should be vital to the water-repellent properties of
biological surfaces and this size selection might stem from natural

evolution toward a stable Cassie state under harsh environmental
conditions. We will also show that the higher level structures in
the hierarchy will further stabilize the Cassie state and also lead to
dramatic reduction in contact area, thereby largely removing
adhesion between water and the surface.

Results and Discussion

Nanostructure is Crucial for a Stable Cassie State. Let us
first address the effect of structure size on the wetting state of a
surface. Consider a two-dimensional model of water droplet in
contact with a surface profile with periodic sinusoidal protru-
sions,15,19

hsðxÞ ¼
-h cosðkðxþ dÞÞ -d -λ=2e x < -d

-h -d e x < d
-h cosðkðx-dÞÞ d e xe d þ λ=2

8<
: ð1Þ

where h is the height of the surface protrusions, λ is the surface
wavelength, k = 2π/λ is the wavenumber, d is the half-distance
between the bases of two adjacent protrusions (Figure 1c), and
F=2h/λ is the slenderness ratio of the structure. If the surface is in
the Cassie state, the water will rest on top of the surface structure
with air trapped between the liquid and solid under the support of
surface tension. As long as the contact angle is smaller than 180�,
there will be a finite liquid-solid contact area near the top of the
surface, as shown inFigure 1c. The liquid imposes a pressureP on
the substrate as a result of an externally applied load or impact of
a droplet on the surface (as in rainfall).

Consideration of equilibrium at the triple-junction yields the
following normalized relationship between thewater pressure and
properties (geometrical and chemical) of the sinusoidal protru-
sion (see the Supporting Information),

P ¼ -h sin a cos θ0 -sin θ0

β

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h

2
sin2 a

q ð2Þ

Here, P = P/(kγLA) is the normalized pressure, γLA is the
liquid-air interfacial energy (similarly, γLS and γSA denote the
liquid-solid and solid-air interfacial energies, respectively); β =
a þ d, β= kβ, a= ka, h= kh, and θ0 is the contact angle of the
water droplet. This solution is valid only for the Cassie state with
air trapped between the liquid and solid as shown inFigure 1c. To
focus on the effect of structure size λ on the Cassie-to-Wenzel
(CTW) transition, we set d = 0 in the following discussions
without loss of generality. The projected fraction of contact area is
then defined as

f ¼ 1-2a=λ ¼ 1-a=π ð3Þ
From eq 2, we can determine the evolution of the normalized
pressureP as a function of the projected fraction of contact area f.
Figure 2a shows five curves of such evolution for the sinusoidal-
like surface with different values of the slenderness ratio F. In each
case,P increases as f increases at the initial stage, as expected. At a
critical value fc, the pressure reaches a maximum value defined as
the critical nondimensional pressure Pc. Further increase of pres-
sure beyond this critical value induces an instability that causes
the liquid bridge to collapse onto the solid surface, resulting in
complete contact with the solid with fc equal to 1. This is the
essence of the CTW transition. Note that we have defined the
surface to be in the Cassie state when f< fc. TheWenzel state cor-
responds to f=1.There exists an intermediate state for fc<f<1,
which is not stable according to our analysis.

Figure 1. Biological surfaces and theoretical model of the Cassie
wetting state of an N-level hierarchical surface structure. (a) Two-
level hierarchical structure of Lotus leaves (N. nucifera)1,2 consist-
ing of epidermal cells at microscale (papillae; bar = 20 μm) and a
superimposed layer of hydrophobic wax crystals at nanoscale (see
inset; bar = 1 μm);5 (b) Two-level hierarchical structure of water
strider’s leg (G. remigis)6 exhibitingmicrosetae (bars=20μm)with
fine nanoscale grooves (see inset; bar= 200 nm). (c) A liquid drop
in contact with an N-level hierarchical wavy surface, where air is
trapped between the liquid and structure at each level. The lowest
panel is for an illustration of the contact angle at the triple-line and
the physical quantities involved in the problem.
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According to eq 2, the normalized pressure depends on the
contact angle θ0, as well as the normalized parameters h (or the
slenderness ratio F) and a (or f). However, the critical nondimen-
sional pressure Pc only depends on θ0 and F (as shown in
Figure 2a). According to the normalization P = P/(kγLA), the
critical pressure can be expressed as

Pc ¼ PckγLA ¼ 2πPcðθ0, FÞγLA
λ

ð4Þ

which is inversely proportional to the surface wavelength. There-
fore, the critical pressure for the CTW transition is inversely
proportional to the characteristic size of the surface roughness
when all other chemical (e.g., contact angle) and geometrical (e.g.,
the slenderness ratio) parameters of the surface are fixed. This size
effect is consistentwith the experimental studies byReyssat et al.,32

and eq 4 considers more chemical and geometrical parameters
thanprevious studies. For a given contact angleθ0 (e.g.,θ0=106�
on a smooth wax surface) and slenderness ratio F, the smaller the
structure size, the higher the critical pressure for the CTW
transition and the more stable the Cassie state is, as shown in
Figure 2b. This result suggests that reduction in size of the

microstructure can significantly increase the critical pressure for
the CTW transition, hence stabilizing the Cassie state.

For Lotus leaves, the highest pressure found in nature comes
from the impact by water droplets in a rainfall, which can be as
large as 0.1 MPa.36 The critical nondimensional pressure is
defined once the chemical and normalized geometrical para-
meters of the surface, e.g., the contact angle and the slenderness
ratio F, are given. The slenderness ratio of the nanostructure on
Lotus leaves is generally 3-5 (Figure 1a), while that on water
strider’s legs is 1-3 (Figure 1b). For F = 3, the critical non-
dimensional pressure is found to bePc=0.16. According to eq 4,
under the highest impact pressureP=0.1MPa of rain drops, the
critical structure size is calculated to be 740 nm (taking γLA =
0.073J/m2). Therefore, our analysis shows that the structure size λ
must be smaller than λc=740 nm in order to maintain the Cassie
state under the highest impact pressure from rain drops.

To validate our theoretical model, we have numerically calcu-
lated the relationship between the critical size of the surface
structure and pressure, with or without the effects of gravity,
for both 2D (with 1Ddistribution ofwavy protrusions, Figure 1c)
and 3D surface configurations (with 2D distribution of revolving
sinusoidal protrusions, as shown by the inset in Figure 2b) using
the software package Surface Evolver.37 The numerical results are
compared with the theoretical predictions in Figure 2b. It is seen
that the critical size calculated based on the 2Dmodel is the same
as our analytical result. The corresponding result based on the 3D
model is smaller than the 2Dvalue (the difference between 2Dand
3D models can be rigorously obtained for a prismatic pillar
structure). At the raindrop pressure of 0.1 MPa, the 3D model
predicts a critical structure size of 400 nm. This result is in
agreement with the observed smallest structure on Lotus leaves
and suggests that the nanometer length scale may have indeed
been evolved to maintain a stable Cassie state under the most
severe pressure from raindrops. Similarly, nanostructures allow
water striders to maintain their legs in a stable water-repellent
state to be able to stand and maneuver on water.
The Roles of Hierarchical Surface Structures. Recently, a

number of studies11,12,38,39 have shown that surfaces with a single
level structure do not necessarily guarantee low adhesion even in
the Cassie state, and some systems exhibit strongly adhesive
surfaces no matter what the size of the surface structure is.
However, the adhesion force dramatically decreases as soon as
the second level structure is introduced. What are the underlying
mechanisms of adhesion reduction via structural hierarchy?

To answer this question, let us consider a self-similar hierarch-
ical structure in the Cassie state shown in Figure 1c. The contact
area fraction (the ratio of the contact area to the total surface area
of the hierarchical structure) of a self-similar N-level structure is
(for derivation see the Supporting Information)

SN ¼
YN
n¼1

sn ð5Þ

where

sn ¼ φðan,πÞ,φðx1, x2Þ ¼
Z x2

x1

ð1þh
2
sin2 xÞ1=2 dx=π ð6Þ

and an denotes the position of the triple line at the nth level struc-
ture. Figure 3a shows that the contact area fraction exponentially

Figure 2. Critical pressure for water penetration into a sinusoidal
surface as a function of the characteristic structural size. (a)
Normalized pressure versus the contact area fraction as liquid
bridges penetrate into the surface at different slenderness ratios of
the surface protrusions. (b) Scaling lawsof the penetrating pressure
versus the structural size predicted by 2D theoreticalmodel and 2D
and 3D numerical simulations. The prediction of 2D numerical
simulationswith andwithout the gravity effects agreeswellwith the
theoretical results. The penetrating pressure predicted from the 3D
model is lower than that from the 2D model.
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decreases as the number of hierarchical levels increases (We chose
P=0and 146 Pa in the calculation, where 146 Pa is the static pres-
sure induced by the surface tension of a liquid drop of 2 mm
in diameter). For example, the contact area fraction is S1 = 0.255
for the single level structure but becomes S2 = 0.003 for the two-
level structure. Since a small contact area between liquid and solid is
an important factor for adhesion reduction,8,39 the structural
hierarchy keeps the adhesion force sufficiently low for free rolling
of water droplets on lotus leaves and walking of water striders on
water.

In addition, the hierarchical structure can significantly enhance
the stability of the superhydrophobic state of a surface. Consider-
ing different wetting states of the self-similar N-level hierarchical
structure shown in Figure 1c, we can calculate the difference in
Helmholtz free energy per unit area (unit length in the 2Dmodel)
between the Cassie and the Wenzel states of the surface as (for
derivation see the Supporting Information),

ΔFN ¼ F
W

N -F
CB

N ð7Þ
In this equation, FN

W and FN
CB are determined by the recursive

equations FN
W = FN-1

W
φ(0, π) and FN

CB = FN-1
CB

φ (aN, π)þγLA
ψ(aN, 1/PN), whereF0

W= F0
CB= γLS-γSA,ψ(x1, x2)= x2 arcsin

(x1/x2)/π, aN denotes the position of the triple line at theNth level
structure, and PN denotes the normalized pressure of the Nth
level. Figure 3b shows the relationship between this energy
difference and the number of hierarchies in the cases of P = 0
and 146 Pa. It is seen that the energy difference between theCassie
and the Wenzel states increases exponentially as the number of
hierarchies increases. This suggests that the structural hierarchy
also tends to enlarge the energy difference between the Wenzel
and the Cassie states of the surface, thereby stabilizing the Cassie
state.

Why do biological surfaces only have two levels of hierarchies?
To address this question, we assume that the higher level surface
structures can sustain at least the static pressure of liquid droplet
or the pressure (on the order of 100 Pa) induced by the weight of
a water strider (10 dyn)3 (otherwise they will be in the Wenzel

state and useless for the hydrophobicity of biological surfaces).
Generalizing eq 4, we have the critical size for higher level
structure,

λN ¼ 2πPcðθN-1, FÞγLA
Pc

ð8Þ

According to eqs s10 and s11 (Supporting Information), θN-1 can
be calculated as

cos θN-1 ¼ γSA,N-1 -γLS,N-1

γLA
¼ -

F
CB

N-1

γLA
ð9Þ

For the static pressure of 146 Pa, the critical size of the third
level structure is calculated to be 2.6 mm. This size is larger than
the size of a typical rain droplet of intermediate size (e.g., 2 mm),
and therefore useless for enhancing superhydrophobicity. For the
water strider, this critical size ismuch larger than the dimension of
its leg (on the order of 100 μm). If one reduces the size of the third
level structure by 1 order of magnitude, i.e., 260 μm, it will be
close to the upper limit of the second level structure, which is
20-100 μm, aswell as the dimension of thewater strider’s leg. The
third level structure has no physicalmeaning either. Thismight be
the reason why the surface structures in nature generally has only
two levels of hierarchy. We therefore suggest that the static
pressure of liquid determines themaximumnumber of hierarchies
of the biological surfaces.
The Reversibility of the Cassie State of Higher Level

Structures. How do the higher-level structures, e.g., the second
level structure, survive the impact from rain drops and maintain
the Cassie state? This question can be understood by studying the
Gibbs free energy of the system as the wetting state of the surface
evolves under external pressure. The Gibbs free energy of the
system loaded by a pressure P is written as G = F - PV, where
V= hλ-V0 is the volume of liquid penetrating into the structure,
andV0 is the volume of air trapped under the liquid (see Figure 1c
and the Supporting Information). In the calculation of free
energy, we choose P = 146 Pa and 0.1 MPa, i.e., the static
pressure of a 2 mm water droplet and the raindrop pressure,
respectively. Two different structure sizes λ=200 nm and 20 μm
are selected in the calculation.

The upper panel inFigure 4 plots theGibbs free energy per unit
area of surfaceG=G/λ of a single level structure as a function of
the area fraction of liquid-solid contact for the two different
structure sizes. At the structure size of λ = 200 nm, the wetting
state stays as a stable Cassie state with minimum free energy at
f = fc under both values of the external pressure. This suggests
that the external load is not able to overcome the forward energy
barrier for the CTW transition at this sufficiently small structure
size. However, for the large structure size of, λ=20 μm, although
it canmaintain a stable Cassie state at the static pressure P=146
Pa (due to the forward energy barrier ΔG1

f ), the wetting state
would evolve from the Cassie state at f= fc to theWenzel state at
f = 1 under the raindrop pressure.

Let us examine the wetting behavior of the surface with larger
structure size λ = 20 μm when the surface is released from the
previously loaded raindrop pressure back to the static pressure of
the liquid. As the pressure is reduced from 0.1MPa to 146 Pa, the
wetting state immediately transfers from state A to state B as
shown in the upper panel of Figure 4, which is still aWenzel state.
In order for the surface to restore its original Cassie state, i.e.,
from B to C, a reverse energy barrier from the Wenzel to the
Cassie states, ΔG1

r, must be overcome.

Figure 3. Effects of structural hierarchy on superhydrophobicity.
(a) Contact area fraction as a function of the number of hierarchi-
cal levels under liquid pressures P = 0 and 146 Pa. (b) Energy
differenceΔFN between theWenzel and Cassie states as a function
of the number of hierarchical levels under liquid pressures atP=0
and146Pa.Theopen squares inblack stand forP=0and the solid
triangles in red are stand for P= 146 Pa. θ0 = 106�, and F= 3.
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The reverse energy barrier ΔGr for the Nth level structure can
be calculated as,

ΔG
r

N ¼ -F
CB

N-1φð0, acNÞþγLAψðacN , 1=PNÞþγLAPNV
c

N=ð2πÞ
ð10Þ

where aN
c is the critical position of the triple line of the Nth

level at which the structure reaches the maximum value of the
Gibbs free energy, and VN

c 0 is the corresponding value ofV 0 at
a = aN

c . According to eq 10, we find that the reverse energy
barrier decreases exponentially with increasing number of
hierarchical levels (see Figure 5), a behavior similar to that of
the contact area fraction. For the single-level structure of size
20 μm, the reverse energy barrier ΔG1

r is about 1/20 of surface
energy (see Figure 5). However, for the second level structure
of hierarchical surface of the same size, the reverse energy
barrier ΔG2

r is 3 orders of magnitude smaller than ΔG1
r (at the

same time the forward energy barrierΔG2
f is much larger than

ΔG1
f ) (see the lower panel in Figure 4 and Figure 5). For

example, the energy input needed for the transition at the
second level structure is only 8 � 10-12J. In nature, a
disturbance by a wind of velocity 0.1 m/s is on the order of
4 � 10-8J, which is big enough for inducing the transition.
Therefore, the structural hierarchy allows the Cassie state to
be restored after the impact of a rainfall, i.e., from B0 to C0.
A very recent study by Boreyko and Chen40 has demonstrated
how a disturbance can restore superhydrophobicity from the
Wenzel state.

Conclusions

In summary, the present study indicates that the nano- to
microstructural hierarchy is essential for the superhydrophobic
surfaces seen in water-repellent plants and insects. The nano-
structure allows the surface to sustain the highest pressure in
nature in order to maintain a secure Cassie state, while the
microstructure significantly reduce the contact area, thereby
largely removing adhesion between solid and fluid at the macro-
scopic level. The two level hierarchy further stabilizes the super-
hydrophobic state by enlarging the energy difference between the
Cassie and the Wenzel states. The stability of Cassie state at the
nanostructural scale also allows the higher level structures to
restore the Cassie state easily after the impact of a rainfall. This
study shows that the characteristic size of the smallest structure of
biological surfaces is determined by dynamic loading (rainfall
pressure), while the number of hierarchical levels seems to be
determined by the static loading (static pressure of the liquid) in
the natural environment of relevant plants and insects. The
principle of such superhydrophobic surfaces can provide useful
guidelines for engineering new materials for industrial applica-
tions.

Compared to previous energetic studies of fractal sur-
faces,15-20,23-28,30,31 the main contribution of our present study
is that we have considered the roles of an external force (from
either the impact pressure of rain drops or static pressure of a
water droplet due to surface tension) in the stability of the Cassie
state and the critical size of each level structure of the hierarchy.
Our model provides feasible explanations for why the nanostruc-
ture of the biological surface can sustain the impact by rain drops
and remains in a stable Cassie state. Our method has also been
used to study the energy barrier between the Cassie state and the
Wenzel state under the external force, and the effects of the higher
level structure on energy barrier for the inverse state transition
from the Wenzel to the Cassie, and to discuss the reversibility of
the Cassie state (from the Wenzel state) of the surface at higher
level structures after impact by the rain drops.

Previous studies41-44 have shown that the nanometer structure
size and structural hierarchy play essential roles in mechanical
properties of biological systems. There are interesting analogueies

Figure 4. Gibbs free energy per unit area (length in the 2Dmodel)
of the liquid-air-solid system (θ0 = 106� and F = 3) as liquid
penetrates into the surface. The Cassie state, Wenzel state and
energy barrier between them can be clearly identified. The upper
panel for a single level structure shows that the energy barrier can
not be overcome when the structure size λ is 200 nm at the external
pressure conditions P=146 Pa and 0.1MPa. However, the CTW
transition spontaneously occurs at P = 0.1 MPa when the struc-
ture size is λ = 20 μm. The reverse energy barrier for Wenzel-to-
Cassie transition G1

r is about 1/20 of the surface tension of water;
The lower panel is for a two-level hierarchical surface structure
with λ1=200 nmand λ2=20μm.The reverse energy barrierG2

r of
the second level structure is about 3 orders of magnitude smaller
than G1

r due to the presence of the first level nanostructure, which
significantly enhances the reversibility of the Cassie state of the
surface.

Figure 5. Relationship between the reverse energy barrierGN
r and

the structure level N in a self-similar hierarchical surface at P= 0
and 146 Pa. The open squares in black are results for P=0, while
the solid triangles in red are for P= 146 Pa.
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between the roles of the hierarchical structures in wetting behaviors
and those in mechanical properties of bone and shells as well as in
adhesion ability of Gecko. For example, the nanometer scale
renders the critical structure components in bone and shells
insensitive to crack-like flaws, thereby allowing these materials to
fail near their theoretical strength,41,42 and hierarchical structures
further enhance the fracture toughness of bone and shells. Also, the
nanoscale fibrillar structures on the feet of Gecko can achieve
theoretical strengthof adhesionand structure hierarchy enlarges the
adhesion energy so that Gecko can adhere and move along vertical
walls and ceilings with strong adhesion ability.43,44 In the super-
hydrophobicity of surface of plants and insects, nanostructure
ensures the stability of theCassie state and the hierarchical structure
reduces the contact area and at the same time provides the
“robustness” of Cassie state at higher scales. Therefore, it seems

that nature uses similar strategies, i.e., with hierarchical design from
nanoscale, to optimize or control different material properties.
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