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could be forced to sink with brief sonication to remove the air.
With an increase in the PGC-C18 doping concentration to
10%, treatment for a >100-fold longer sonication time was
required to have the meshes sink. When 250 mL of water
(∼1.75 kPa) was placed above a 10% PGC-C18 mesh in a
filtration setup, no water passed through after 1 month, while
the same experimental setup for PCL showed water penetration
after 3 days. To visualize the water penetration in the
electrospun mesh directly, we imaged the meshes using X-ray
computed tomography (CT) in an aqueous solution containing
an iodinated contrast agent (see the SI). As shown in Figure 4,

CT images of degassed electrospun meshes showed complete
penetration of water into the porous structure, whereas with
native meshes, only surface penetration by water occurred
(with less water at the surface of the 10% PGC-C18-doped

PCL electrospun mesh), indicating that air remained within the
mesh network. For comparison, melted meshes showed water
at the surface, consistent with the lack of porosity within the
structure. Finally, electrospun meshed that had been degassed
via sonication released their drug at significantly higher rates. As
shown in Figure 3B, 70% of the entrapped SN-38 was released
within 7 days from sonicated 10% PGC-C18-doped PCL
electrospun meshes, compared with 70 days of release for the
native electrospun mesh.
All of the above data are consistent with the release rate

being dependent on the rate at which water displaces air within
the electrospun meshes. The 10% PGC-C18-doped PCL
electrospun mesh is in the temporary, metastable Cassie state
and shows slowed release relative to its chemically equivalent
smooth melted surface. As shown pictorially in Figure 5, water

penetrates into the structure in a time-dependent manner to
displace entrapped air. Thus, air can act as a removable barrier
component within the structure, effectively slowing the drug
release by controlling the rate at which the internal polymer
surface area is exposed to the release medium.
Next, we evaluated the SN-38-eluting electrospun meshes in

a cytotoxicity assay in which serum albumin and other
biological surfactants were present. It is well established that
the addition of surfactants to superhydrophobic surfaces can
decrease the surface tension of water and/or adsorb to the
material surface to increasing the rate of wetting,15 which would
increase the rate of drug release. To test the effect of serum on
the meshes, we first performed contact angle measurements on
three mesh chemistries (0%, 10%, and 30% PGC-C18), where
10% serum was added to the applied droplet (Figure S4).
Minimal changes in contact angle (<2°) were observed for all
three meshes. We next incubated electrospun meshes in PBS
containing 10% serum for 24 h to determine whether longer
incubation times increased protein adsorption to promote
wetting. No apparent contact angle was observed for the native
PCL meshes, indicating that significant amounts of protein
adsorption occurred to promote wetting. The 10% and 30%
PGC-C18-doped PCL meshes exhibited only modest decreases
(15° and 4°, respectively) in the apparent contact angle,
showing that the entrapped air layer was present even in the
presence of serum. Next, the SN-38-loaded meshes were
incubated in serum-containing medium with Lewis lung
carcinoma (LLC) cells (Figure 6). At a 1 wt % SN-38
concentration, both PCL and 10% PGC-C18-doped PCL
meshes were cytotoxic to LLC cells for 90 days. No difference
in the activities of these meshes was seen, as even a very small
amount of released SN-38 is cytotoxic because of the low IC50
of SN-38 (∼8 ng/mL). Decreasing the SN-38 loading 10-fold
afforded a significant difference between the PCL and 10%

Figure 3. Release profiles comparing SN-38 release from (A) native,
melted, and degassed PCL electrospun meshes and (B) native, melted,
and degassed 10% PGC-C18-doped PCL electrospun meshes as well
as meshes with PGC-C18 doping concentrations of 30 and 50 wt %.

Figure 4. CT scans of native electrospun and degassed electrospun
meshes with 0 or 10% PGC-C18 doping after incubation with the
contrast agent Hexabrix for 2 h. Degassed meshes showed full water
penetration, while native and melted meshes (not shown) exhibited
only a low surface concentration of water. Tick marks define the top
and bottom boundaries of the meshes.

Figure 5. Proposed mechanism of a drug-eluting 3D super-
hydrophobic material.
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pressure inside the cavity until the gas–
liquid interface is unable to support the 
inertia of the surrounding liquid and the 
cavity collapses violently. [ 12–14 ]  Micros-
treaming associated with such cavitation 
activity [ 15 ]  has been shown to promote 
the penetration and extravasation of free 
drugs for a variety of applications. [ 16–18 ]  

 In the context of drug delivery for 
cancer, such active transport may pro-
vide higher and more rapid levels of 
tumor accumulation than that afforded 
by EPR. To date, all studies seeking to 
mechanically enhance drug delivery to 
tumors have utilized shelled microbubbles, 
approved for clinical use as diagnostic 
ultrasound contrast agents. [ 19,20 ]  However, 
at the ultrasound amplitudes required 
to enhance drug delivery, [ 5,21,22 ]  the com-
paratively large microbubbles (2–10 µm in 
diameter) [ 22,23 ]  are destroyed by exposure 
to ultrasound, thus limiting their capacity 
to enhance drug penetration. Ultrasound 
parameters have also been adjusted to 
allow suffi cient reperfusion of micro bubbles into the tumor 
volume. [ 24 ]  Yet even with these advances, substantial cavita-
tion activity from microbubbles is typically sustained for 
less than 30 s. [ 23,25,26 ]  This is incompatible with the need to 
enhance the delivery and tumor penetration of drugs, which 
typically circulate for tens of minutes. Thus multiple injections 
of microbubbles are required to sustain cavitation-enhanced 
drug transport. Even though this is possible in small animal 
models, the need for repeat injections or continuous infusion 
would exceed the maximum allowable dose for these agents 
in humans (0.06 mL kg −1 ). [ 27 ]  This typically amounts to a 
maximum of 2 mL per injection and a maximum of two injec-
tions per patient per visit. 

 To address this limitation, we have developed a novel 
solid–gas nanoparticle that can sustain cavitation activity 
for several minutes at ultrasound pressure amplitudes 
generated by conventional diagnostic transducers as well 
as therapeutic ultrasound systems. In order to achieve 
this, a biocompatible cup-shaped nanoparticle, henceforth 
referred to as a nanocup, was designed to entrap a surface 
nanobubble that detaches and collapses upon ultrasound 
exposure. We have extensively modifi ed an interfacial seed 
polymerization method ( Figure    1  a) to achieve the forma-
tion of cup-shaped nanoparticles for the very fi rst time. Fol-
lowing formulation and characterization, an air-drying and 
resuspension procedure was further developed and opti-
mized to capture and stabilize a nanobubble within each 
nanocup without affecting their size, shape, or tendency 
for agglomeration. Upon ultrasound exposure, the stabi-
lized nanobubble nucleates a cavitation event (Figure  1 b) 
that enables active micropumping of the surrounding fl uid 
and of any agents suspended within it. In vitro and in vivo 
measurements were then made to quantify the cavitation 
activity and associated cavitation-enhanced drug trans-
port. Specifi cally, cavitation activity was imaged in real 

time using a novel ultrasound technique known as passive 
acoustic mapping (PAM), [ 28–31 ]  indicating that nanocups 
circulate well, and cavitate reliably and for considerably 
longer than microbubbles following intravenous injec-
tion in an in vivo tumor model. Cavitation activity associ-
ated with the nanocups resulted in enhanced distribution 
of IgG mouse antibody throughout a CT-26 tumor model, 
one of the most commonly used models for drug delivery. 
Because quantifi cation of the enhanced delivery and distri-
bution of a therapeutic relative to blood vessels is diffi cult 
in vivo, an in vitro tissue model was further developed to 
fully characterize the transport enhancement offered by 
ultrasound-activated nanocups compared to microbubbles 
and conventional non-ultrasound-based passive delivery. 
The model shows signifi cantly enhanced extravasation of 
a model drug in the presence of nanocups and ultrasound. 
The nanocups themselves also penetrate well beyond the 
vessel wall, in some cases to distances greater than the 
molecular drug. 

    2.     Results and Discussion 

  2.1.     Nanocup Characterization 

 Composition, shape, and size are critical design parameters 
for nanoparticles activated by ultrasound that are intended 
to be used for applications in cancer diagnosis and therapy. 
Taking these design criteria into consideration, we exten-
sively modifi ed and optimized a seeded polymerization tech-
nique in order to coat a polystyrene template nanoparticle 
with a cross-linked polymethyl methacrylate polymer in 
order to achieve formation of a nanocup of a suitable aspect 
ratio to stabilize a nanobubble (Figure  1 a). [ 32 ]  It is worth 
noting that both of the monomer constituents used already 
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 Figure 1.    Schematics of the formation of nanocups and a proposed mechanism for nucleating 
cavitation are shown. (a) Nanocups are produced by a seeded polymerization technique 
whereby a template nanoparticle comprised of polystyrene (PS) is coated with MMA with 
divinylbenzene (DVB) as the cross-linker that induces swelling and deformation of the 
template. After the formation of the “cup,” the nanoparticle suspension is dried. Upon 
resuspension, the nanocups trap gas within the cavity. (b) The nanocup with nanobubble 
construct is activated upon exposure to ultrasound. During the rarefactional pressure phase 
of the ultrasound wave, the nanobubble grows and detaches from the cavity. Once free, the 
bubble continues to grow uncontrollably until the compressional phase of the ultrasound, 
which causes the bubble to collapse. 

(3–5 μL water drops) to be Θapp
a ¼ 165" 3° and Θapp

r ¼
142" 5°, respectively. The contact angles of water on an
equally treated flat SU-8 surface after coating with a silica
layer and hydrophobization were Θa ¼ 124°" 2° (advanc-
ing) and Θr ¼ 85°" 5° (receding). The errors were derived
from repeated measurements with different samples.
Within experimental resolution, we did not observe differ-
ent apparent contact angles on the different geometries.
In the literature a number of definitions for contact

angles are discussed [18,104,105]. We use the term
“apparent” following e.g. Winkels et al. for the contact
angle obtained by extrapolating the macroscopic fit of the
contour to the horizontal going through the top faces of the
micropillars [105]. With respect to “advancing” we follow
e.g. Semprebon et al. [18], who used the term for the
maximal, static contact angle on the advancing front.
An experiment starts by carefully placing a water drop of

5" 1 μL volume on the superhydrophobic surface. Then
we gradually tilt the surface in the direction of one of the

axes of the array. The drop distorts. At some inclination, the
contact line starts to shift, and the apparent contact area
becomes more elliptical. When the inclination reaches the
roll-off angle of α ¼ 9°" 1°, we observe an induction
period. After typically 30 s, the drop will start rolling off
the surface.
When imaging the advancing front in the induction period

with the confocal microscope, we observe that the contact
line does not jump from one pillar to the next. Rather,
sections of the liquid-vapor interface descend onto the top
face of the next micropillar (Fig. 2 (main text) and the
Supplemental Material, Video 1 [19]). In one representative
sequence of images, the temporary contact angle increased
from 174° until it reached almost 180° (Fig. 2). The top face

FIG. 1. (a) Scanning electron micrograph of an array of the
cylindrical micropillars. Diameter and micropillar distance are
indicated by a and b, respectively. The microstructure consists of
SU-8 coated with a 70 nm thick layer of silica and hydrophobized
with (1H,1H,2H,2H)-perfluorooctyl-trichlorosilane via chemical
vapor deposition. (b) Contour of a 2 mm high water drop on a
micropillar array. (c) Confocal microscope vertical image of a
water drop on a superhydrophobic micropillar surface
(a ¼ 10 μm, b ¼ 30 μm, pillar height h ¼ 15 μm). We used
an inverted confocal microscope (Leica TCS SP8 SMD, HCX PL
APO 40 × dry objective) with a resolution of about 0.25 and
1.0 μm in the horizontal and vertical direction, respectively.
Millipore water was fluorescently dyed with Alexa Fluor 488 at a
concentration of 1 μg=mL. The fluorescence of Alexa in water is
shown in red. The surface tension as measured with the pendant
drop method was 72.8" 0.2 mN=m; within this error, it did not
change when adding Alexa. Reflection and emission signals were
recorded simultaneously. Care was taken to ensure that the
vertical sections of the imaging plane passed through the center
of the drop. Confocal microscope videos were further processed
(Supplemental Material [19], Fig. S1). The water-air (top yellow
line) and substrate-air interfaces (bottom horizontal yellow line)
are imaged in reflection. The interruptions in the yellow water-air
interface are due to optical artifacts, as explained in Fig. S1
of the Supplemental Material [19]. The pillars (green) are
simulated.

FIG. 2. Advancing waterfront on a superhydrophobic micro-
pillar array. (a) Confocal vertical images of the advancing front
of a water drop on a superhydrophobic micropillar surface
(a ¼ 5 μm, b ¼ 15 μm, h ¼ 9 μm) before the drop starts rolling.
The inclination of 9° was kept constant. The water-air (top yellow
line) and substrate-air interfaces (bottom horizontal yellow line)
are imaged in reflection. (b) Advancing contact angles measured
from confocal images plotted versus time. How contact angles
were determined is shown in Fig. S2 of the Supplemental
Material [19].
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gentle rain or to single droplets that were allowed to fall
onto the leaves from a height of about 5 cm.

The eçect could be demonstrated on the microscopic
level using mercury as an analogous liquid. The rough-
ness of the papillose leaves led to a reduced contact area
between particles and surface (Fig. 5), as well as between
droplets and surface (Fig. 6). Droplets rested only on the
tips of epicuticular wax crystals on the top of the
papillose epidermal cells. Contaminating particles were
picked up by the liquid and carried away when the
droplet rolled oç the leaf (Fig. 7).

Discussion

The results presented above document an almost
complete self-cleaning ability by water-repellent plant
surfaces. This can be demonstrated most impressively
with the large peltate leaves of the sacred lotus (Nelumbo
nucifera). According to tradition in Asian religions, the
sacred lotus is a symbol for purity, ensuing from the
same observations we have made. This knowledge is
already documented in Sanskrit writings, which fact has
led us to call this phenomenon the ‘‘Lotus-Eçect’’.

Physical background of the Lotus-Eçect. The surface
physics behind the Lotus-Eçect can be derived from the
behavior of liquids applied to solid surfaces. Until now
there have been only a few investigations dealing with
the interaction between rough biological surfaces, par-
ticles and water. However, since the wettability of solid
surfaces is well investigated in surface science (e.g.
Dettre and Johnson 1964; de Gennes 1985; Adamson
1990; Myers 1991), it is possible to draw conclusions
about the conditions on leaf surfaces.

The wetting of a solid with water, with air as the
surrounding medium, is dependent on the relation
between the interfacial tensions (c) water/air (cwa),
water/solid (cws) and solid/air (csa). The ratio between
these tensions determines the CA h of a water droplet on
a given surface and is described by Young’s equation
csa ) cws cwa cosh. A CA of 0° means complete
wetting, and a CA of 180° corresponds to complete
non-wetting. Neither case is apparent in plant cuticles.
Solids with large csa are more easily wetted than those
with low csa (e.g. Teflon). In the latter, water tends to
form hemispherical droplets with a high CA.

If a droplet is applied to a solid surface, it will wet the
surface to a certain degree. The amount of wetting
depends on the ratio between the energy necessary for
the enlargement of the surface and the gain of energy
due to adsorption, which compensates for the former. At
equilibrium, the energy of the system is minimized
(Adamson 1990; Myers 1991).

Surfaces with only few or completely lacking polar
groups exhibit a very low interfacial tension (de Gennes
1985). This applies also to many components of
epicuticular waxes (e.g. hydrocarbons). In the case of
water-repellent rough surfaces, air is enclosed between
the epicuticular wax crystalloids, forming a composite
surface (Fig. 6). This enlarges the water/air interface
while the solid/water interface is minimized (Dettre and
Johnson 1964; Holloway 1970). On such a rough ‘‘low
energy’’ surface, the water gains very little energy
through adsorption to compensate for any enlargement
of its surface. In this situation, spreading does not occur,
the water forms a spherical droplet, and the CA of the
droplet depends almost entirely on the surface tension of
the water.

Particles deposited on a waxy surface consist, in most
cases, of material which is more readily wetted than
hydrophobic wax components. In addition, they are in
general larger than the surface microstructures and rest
only on the very tips of the latter (Fig. 5). As a result, the

Fig. 5. Contaminating particle on a regularly sculptured wing surface
of Cicada orni, demonstrating the decreased contact area between a
particle and a rough surface. Bar 1 lm

Fig. 6. Mercury droplet on the papillose adaxial epidermal surface of
Colocasia esculenta demonstrating the eçect of roughness on
wettability. Due to the decreased contact area between liquid and
surface, air is enclosed between the droplet and the leaf, resulting in a
particularly strong water-repellent surface. Bar 20 lm

Fig. 7. Mercury droplet on the adaxial leaf surface of Colocasia
esculenta, demonstrating the Lotus-Eçect. Contaminating particles
adhere to the surface of the droplet and are removed from the leaf
when the droplet rolls oç. Bar 50 lm
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gas retaining surfaces

Complex morphology and hydrophobic/hydrophilic chemistry
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Submerged in water the leaves are capable of holding an air
layer for several weeks presumably limited by the lifetime of the
leaves. When emerging to the surface the water skin rips and the
dry leaf appears without any sign of surface wetting. Individual
water drops form round spheres, showing the strong hydro-
phobicity of the surface (Fig. 1a). Larger drops roll off the surface
at the slightest tilting or vibration. Surprisingly when pulling a
small droplet across the leaf surface, the tips of the eggbeater
hairs stick to the droplet forming a meniscus. The adhesion is so
strong that the elastic hairs bend and swing back when the tips
snap off the droplet. This indicates that the tips of the hair
structures become easily wetted by water.

To test this, we froze fresh S. molesta leaves covered with
droplets of a water-glycerol solution and observed the contact
zone using low-temperature scanning electronmicroscopy (SEM)
(Fig. 2a). The lateral view revealed that the terminal cells were
wetted by the solution (Fig. 2b,c). The shape of the meniscus
between the droplet and the terminal cells indicates a good
wettability of the cell surface.

To identify distribution and size of these wettable areas we
submerged fresh S. molesta leaves in distilled water stained with
0.01% methylene blue. Light microscopy studies showed that the
terminal cells of each eggbeater structure were stained dark
(Fig. 3). This indicates that only these minute ‘‘hydrophilic
patches’’, i.e., small areas with significantly increased wettability,
become wetted while on the remaining hydrophobic parts of the
leaf surface the staining solution rests on the tips of the wax
crystals. Analysis of ten methylene blue stained S. molesta leaves
produced a mean value of 233! 29 hydrophilic patches per
square centimeter covering 2.2%! 0.9% of the whole area. In
S. biloba an almost identical area (2.2%! 0.4%) is formed by
322! 22 smaller hydrophilic patches per square centimeter.

To investigate the properties of the air–water interface in vivo,
we directly imaged the interface on top of submerged leaves of

S. molesta and S. biloba in situ by multi-focus optical microscopy.
From the microscopy images the morphology of the interface is
clearly visible (Fig. 3b). Figure 3b shows that the eggbeater shaped
structures very efficiently act as pillars supporting the air–water
interface (tent-like), preventing it from further approaching the
leaf surface. The depressions of the air–water interface observed
between supporting pillars are governed by the Young–Laplace
equation, where the shape of the interface is determined by the
air-layer pressure and water pressure as well as the liquid–solid
contact angle.[30]

The hydrophilic patches at the tips of the hairs presumably
stabilize the air film against pressure fluctuations (see below).
First experimental results using a microscopic device for the
observation of the flow[31] show that the air–water interface is
subject to considerable oscillations while the leaf is exposed to

Figure 1. a–d) Morphology of Salvinia molesta floating leaf. a) Upper side of
the leaf surface densely covered with hairs. The spherical shape of the water
drop on the leaf indicates the superhydrophobic character of the surface. b–d)
SEM images of the complex hair structures. b) Four multicellular hairs
grouped on top of an emergence and connected at the terminal end leading
to an eggbeater-shaped structure. c) The terminal cell of each hair is collapsed
forming a patch of four dead cells. d) The whole leaf surface is covered with
nanoscale wax crystals (below) with exception of the terminal cells (above).

Figure 2. Low-temperature SEM of a frozen leaf with applied droplet of a
water–glycerol solution (a). Lateral view of the contact zone showing a
hydrophilic meniscus between the water–glycerol droplet and the terminal
cells (b, c).
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Questions

•  Why has nature developed such complex 
morphologies/chemistry to control or prevent  
wetting/cavitation?

•  Can one derive any general design  
principle for a more stable Cassie  
state with respect wetting/cavitation?

•  How are the stability and kinetics  
of the wetting/cavitation transitions 
affected by the morphology/chemistry  
surfaces?

M. Amabili, A. Giacomello, SM, C. M. Casciola, Adv. Mater. Interfaces, 2: 1500248 (2015)!
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from one minimum to the other depends exponentially on the 
free energy barrier
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 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
and 0CW

†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 
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 Figure 1.    a) SEM micrograph of a Salvinia molesta leaf showing the egg-
beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.
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 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
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the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
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namically stable vapor state is separated from the Cassie state 
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cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 
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 Figure 1.    a) SEM micrograph of a Salvinia molesta leaf showing the egg-
beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.

LJ !
fluid!

LJ !
solid!

C
O
M

M
U
N
IC

A
T
IO

N

www.advmat.de
www.MaterialsViews.com

Submerged in water the leaves are capable of holding an air
layer for several weeks presumably limited by the lifetime of the
leaves. When emerging to the surface the water skin rips and the
dry leaf appears without any sign of surface wetting. Individual
water drops form round spheres, showing the strong hydro-
phobicity of the surface (Fig. 1a). Larger drops roll off the surface
at the slightest tilting or vibration. Surprisingly when pulling a
small droplet across the leaf surface, the tips of the eggbeater
hairs stick to the droplet forming a meniscus. The adhesion is so
strong that the elastic hairs bend and swing back when the tips
snap off the droplet. This indicates that the tips of the hair
structures become easily wetted by water.

To test this, we froze fresh S. molesta leaves covered with
droplets of a water-glycerol solution and observed the contact
zone using low-temperature scanning electronmicroscopy (SEM)
(Fig. 2a). The lateral view revealed that the terminal cells were
wetted by the solution (Fig. 2b,c). The shape of the meniscus
between the droplet and the terminal cells indicates a good
wettability of the cell surface.

To identify distribution and size of these wettable areas we
submerged fresh S. molesta leaves in distilled water stained with
0.01% methylene blue. Light microscopy studies showed that the
terminal cells of each eggbeater structure were stained dark
(Fig. 3). This indicates that only these minute ‘‘hydrophilic
patches’’, i.e., small areas with significantly increased wettability,
become wetted while on the remaining hydrophobic parts of the
leaf surface the staining solution rests on the tips of the wax
crystals. Analysis of ten methylene blue stained S. molesta leaves
produced a mean value of 233! 29 hydrophilic patches per
square centimeter covering 2.2%! 0.9% of the whole area. In
S. biloba an almost identical area (2.2%! 0.4%) is formed by
322! 22 smaller hydrophilic patches per square centimeter.

To investigate the properties of the air–water interface in vivo,
we directly imaged the interface on top of submerged leaves of

S. molesta and S. biloba in situ by multi-focus optical microscopy.
From the microscopy images the morphology of the interface is
clearly visible (Fig. 3b). Figure 3b shows that the eggbeater shaped
structures very efficiently act as pillars supporting the air–water
interface (tent-like), preventing it from further approaching the
leaf surface. The depressions of the air–water interface observed
between supporting pillars are governed by the Young–Laplace
equation, where the shape of the interface is determined by the
air-layer pressure and water pressure as well as the liquid–solid
contact angle.[30]

The hydrophilic patches at the tips of the hairs presumably
stabilize the air film against pressure fluctuations (see below).
First experimental results using a microscopic device for the
observation of the flow[31] show that the air–water interface is
subject to considerable oscillations while the leaf is exposed to

Figure 1. a–d) Morphology of Salvinia molesta floating leaf. a) Upper side of
the leaf surface densely covered with hairs. The spherical shape of the water
drop on the leaf indicates the superhydrophobic character of the surface. b–d)
SEM images of the complex hair structures. b) Four multicellular hairs
grouped on top of an emergence and connected at the terminal end leading
to an eggbeater-shaped structure. c) The terminal cell of each hair is collapsed
forming a patch of four dead cells. d) The whole leaf surface is covered with
nanoscale wax crystals (below) with exception of the terminal cells (above).

Figure 2. Low-temperature SEM of a frozen leaf with applied droplet of a
water–glycerol solution (a). Lateral view of the contact zone showing a
hydrophilic meniscus between the water–glycerol droplet and the terminal
cells (b, c).
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layer for several weeks presumably limited by the lifetime of the
leaves. When emerging to the surface the water skin rips and the
dry leaf appears without any sign of surface wetting. Individual
water drops form round spheres, showing the strong hydro-
phobicity of the surface (Fig. 1a). Larger drops roll off the surface
at the slightest tilting or vibration. Surprisingly when pulling a
small droplet across the leaf surface, the tips of the eggbeater
hairs stick to the droplet forming a meniscus. The adhesion is so
strong that the elastic hairs bend and swing back when the tips
snap off the droplet. This indicates that the tips of the hair
structures become easily wetted by water.

To test this, we froze fresh S. molesta leaves covered with
droplets of a water-glycerol solution and observed the contact
zone using low-temperature scanning electronmicroscopy (SEM)
(Fig. 2a). The lateral view revealed that the terminal cells were
wetted by the solution (Fig. 2b,c). The shape of the meniscus
between the droplet and the terminal cells indicates a good
wettability of the cell surface.

To identify distribution and size of these wettable areas we
submerged fresh S. molesta leaves in distilled water stained with
0.01% methylene blue. Light microscopy studies showed that the
terminal cells of each eggbeater structure were stained dark
(Fig. 3). This indicates that only these minute ‘‘hydrophilic
patches’’, i.e., small areas with significantly increased wettability,
become wetted while on the remaining hydrophobic parts of the
leaf surface the staining solution rests on the tips of the wax
crystals. Analysis of ten methylene blue stained S. molesta leaves
produced a mean value of 233! 29 hydrophilic patches per
square centimeter covering 2.2%! 0.9% of the whole area. In
S. biloba an almost identical area (2.2%! 0.4%) is formed by
322! 22 smaller hydrophilic patches per square centimeter.

To investigate the properties of the air–water interface in vivo,
we directly imaged the interface on top of submerged leaves of

S. molesta and S. biloba in situ by multi-focus optical microscopy.
From the microscopy images the morphology of the interface is
clearly visible (Fig. 3b). Figure 3b shows that the eggbeater shaped
structures very efficiently act as pillars supporting the air–water
interface (tent-like), preventing it from further approaching the
leaf surface. The depressions of the air–water interface observed
between supporting pillars are governed by the Young–Laplace
equation, where the shape of the interface is determined by the
air-layer pressure and water pressure as well as the liquid–solid
contact angle.[30]

The hydrophilic patches at the tips of the hairs presumably
stabilize the air film against pressure fluctuations (see below).
First experimental results using a microscopic device for the
observation of the flow[31] show that the air–water interface is
subject to considerable oscillations while the leaf is exposed to

Figure 1. a–d) Morphology of Salvinia molesta floating leaf. a) Upper side of
the leaf surface densely covered with hairs. The spherical shape of the water
drop on the leaf indicates the superhydrophobic character of the surface. b–d)
SEM images of the complex hair structures. b) Four multicellular hairs
grouped on top of an emergence and connected at the terminal end leading
to an eggbeater-shaped structure. c) The terminal cell of each hair is collapsed
forming a patch of four dead cells. d) The whole leaf surface is covered with
nanoscale wax crystals (below) with exception of the terminal cells (above).

Figure 2. Low-temperature SEM of a frozen leaf with applied droplet of a
water–glycerol solution (a). Lateral view of the contact zone showing a
hydrophilic meniscus between the water–glycerol droplet and the terminal
cells (b, c).
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 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
and 0CW

†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW
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at negative pressures and monotonically decreases with ∆ P ; its 
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with the hydrophobic one having the largest intrusion barrier. 
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 Figure 1.    a) SEM micrograph of a Salvinia molesta leaf showing the egg-
beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.
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 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
and 0CW

†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 
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beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.
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 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
and 0CW

†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 

Adv. Mater. Interfaces 2015, 2, 1500248

www.advmatinterfaces.de www.MaterialsViews.com

−0.5 0 0.5 1 1.5 2

Φ

−1000

−500

0

500

Ω
/(

k B
T

)

Hydrophilic

Hydrophobic
Salvinia-like

a b

c

 Figure 1.    a) SEM micrograph of a Salvinia molesta leaf showing the egg-
beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.
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 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
and 0CW

†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 
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 Figure 1.    a) SEM micrograph of a Salvinia molesta leaf showing the egg-
beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.
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 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
and 0CW

†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 
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 Figure 1.    a) SEM micrograph of a Salvinia molesta leaf showing the egg-
beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.
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 Figure  2 c reports the backward Wenzel–Cassie barrier WC
†∆Ω . 

It is seen that the Cassie state can be  res tored at pressures below 
the Wenzel–Cassie spinodal, ∆ P  res , where 0WC

†∆Ω → . This 
result, which is not captured by the macroscopic capillarity 
theory, [ 21 ]  shows that the Wenzel state can be “reversible”, sug-
gesting that superhydrophobicity can be restored, albeit at neg-
ative ∆ P . 

 In the following, we go beyond the atomistic scale and derive 
design principles of general validity for superhydrophobic sub-
merged surfaces. Using the concepts of classical capillarity, we 
fi rst focus on the conditions of existence of the superhydro-
phobic Cassie state and how these are affected by the chem-
istry and topography of the surface texturing. Then, we show 
how the Salvinia-like structure is able to extend the range of 
pressures where superhydrophobicity is stable. The atomistic 
“experiment” and continuum models are in qualitative agree-
ment, confi rming the general validity of our design principles. 

 For the T geometry, the suspended state is attained at the 
corners of the solid surface or at the chemical contrast, which 
allow the  pinning  of the contact line ( Figure    3  a). In macroscopic 
terms this corresponds to the so-called Gibbs’ criterion, [ 31 ]  
which prescribes that the range of possible contact angles  β  
(Figure  1 b) at a sharp corner or at a chemical contrast must 
be included between the Young’s angles approaching the dis-
continuity from the two sides. On the T structure this pinning 
interval is

   180 < <1 top inφ θ β θ+ − °
  (3a)  

   < 180in 2 inθ β φ θ< − +°
  (3b) 

 with Equation  ( 3a)   referring to the top corners/chemical con-
trast and Equation  ( 3b)   to the re-entrant ones (for the defi ni-
tions, see Figure  1 b; for an extended discussion, see the Sup-
porting Information).  

 From a mechanistic point of view, in the generic case of a 
periodic pattern of macroscopic structures, the force balance at 
the Cassie state is given by (see, e.g., ref.  [ 10 ] )

 
2 coslv

mouth

P
L

A
γ β∆ = −

 
 (4)

 

 where  γ  lv  is the liquid–vapor surface tension,  L  is the length of 
the contact line, and  A  mouth  is the liquid–vapor area projected 
on the horizontal plane. For the T structure  L / A  mouth  = 1/ w  
with  w  the width of the cavity mouth; furthermore, the angle 
 β  is limited by Equations  ( 3a)   and  ( 3b)  , which, together 
with Equation  ( 4)  , dictate the range of pressures where 
the Cassie state exists: the minimum possible pressure is 
∆ P  min  ≡ min cos β   (−2 γ  lv  cos  β  L / A  mouth ), while the maximum 
is ∆ P  max  ≡ max cos β   (−2 γ  lv  cos  β  L / A  mouth ). ∆ P  min  and ∆ P  max  
are the spinodal pressures for the Cassie state: for ∆ P  ≤ ∆ P  min  
the system cavitates while for ∆ P  ≥ ∆ P  max  the liquid intrudes 
the cavities toward the Wenzel state. 

 For the Salvinia-like structure the intrusion and nuclea-
tion spinodals are attained at  β  max  = 180° and  β  min  = 0° which 
plugged into Equation  ( 4)   yield ∆ P  max  = 2 γ  lv / w  and ∆ P  min  = 
−2 γ  lv / w , respectively. A crucial feature of the Salvinia-like 
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 Figure 2.    a) Free energy profi les for the Salvinia-like structure at different pressures; an arbitrary vertical shift is added for clarity. The insets show the 
most probable confi gurations along the transition. b) Free energy barriers as a function of pressure for the three systems as computed from RMD 
simulations. Solid lines are used for CW

†∆Ω  and dashed ones for Cv
†∆Ω . The vertical lines are the macroscopic estimates for the spinodal pressures 

P w2 /max lvγ∆ =  and P w2 /min lvγ∆ = − . c) Cassie–Wenzel (solid) and Wenzel–Cassie (dashed–dotted) free energy barriers as a function of pressure for the 
Salvinia-like structure. ∆ P  res  is the spinodal pressure at which the Cassie state is spontaneously restored from the Wenzel one; ∆ P  coex  is the coexistence 
pressure where the Cassie and Wenzel states are equiprobable (same free energy).
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from one minimum to the other depends exponentially on the 
free energy barrier

    
( , ) exp

( , )
0

†

B

P T
P T

k T
τ τ= −

∆Ω⎛
⎝⎜

⎞
⎠⎟  

 (2)
   

 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
and 0CW

†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 
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 Figure 1.    a) SEM micrograph of a Salvinia molesta leaf showing the egg-
beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.
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structure, therefore, is that both spinodals are not explicitly 
dependent on the chemistry of the surface; the chemistry, 
together with the re-entrant topography, only ensures that 
 β  max  = 180° and  β  min  = 0° are within the pinning interval of 
Equations  ( 3a)   and  ( 3b)  . Importantly, these values also maxi-
mize the range of pressures where the superhydrophobic state 
exists for a given  w . In the chemically homogeneous cases, 
instead, this pressure range is smaller and explicitly depends 
on the chemistry (see the Supporting Information). 

 Summarizing, in order to realize these optimal conditions 
for submerged superhydrophobicity, the geometry of the cavity 
mouth should be combined with the chemistry in such a way 
that 180° − φ  2  +  θ  in  ≥ 180° and  φ  1  +  θ  top  −180° ≤ 0°. More com-
plex geometries, such as the doubly re-entrant “serif T” ( φ  1  = 90° 
and  φ  2  ≈ 0°), [ 32 ]  can be designed in order to repel liquids with 
low contact angles ( θ  in  =  θ  top  ≈ 0°). [ 33 ]  In this case, the meniscus 
is pinned at the innermost corner for ∆ P  > 0 (see Figure  3 b and 
the Supporting Information). 

 Based on Equations  ( 1)   and  ( 2)   we now discuss the stability 
of submerged superhydrophobicity. As compared to drop-
repellent surfaces, typical submerged applications require the 
superhydrophobic state to survive for longer times and at com-
paratively larger pressures. The thermodynamic stability of 
the Cassie state – i.e., Cassie being the absolute minimum of 
Ω(Φ; P , T ) – is often invoked in order to obtain such “robust” 
superhydrophobicity. This criterion usually requires overly 
tall and fragile structures and is redundant since the duration 

 τ ( P , T ) of a metastable Cassie state is typically much larger than 
the experimental timescale. For our Salvinia-like nanostructure, 
Equation  ( 2)  —assuming conservatively molecular timescales 
for the prefactor, [ 23 ]   τ  0  =  h /( k  B  T ) ≈ 10 −13  s, where  h  is Planck’s 
constant, and ∆Ω †  ≈ 100  k  B  T  (Figure  2 b)—predicts that the 
lifetime of the Cassie state exceeds the age of the universe. In 
other words, if the free energy barriers are suffi ciently large the 
superhydrophobic state—stable or metastable—is robust and 
mechanisms 2 and 3 of gas loss are in practice inhibited. 

 The typical trend of the free energy barriers with the char-
acteristic size  w  of the surface texturing is shown in Figure  3 c: 
increasing the size of the cavity decreases ∆ P  max  and dramati-
cally increases the dependence of CW

†∆Ω  on ∆ P ; the effect on 
cavitation is similar. Thus, the thermally activated breakdown of 
superhydrophobicity (mechanisms 2 and 3 of gas loss) becomes 
important only in the vicinity of the spinodals, where the bar-
rier is of the order of the thermal energy  k  B  T . The amplitude of 
this region rapidly shrinks with the size of the structures (see 
Figure  3 c). 

 In summary, atomistic rare event simulations have unraveled 
the Salvinia paradox: a re-entrant geometry, together with a 
hydrophobic interior, improves the stability of gas pockets 
against liquid intrusion and contaminants, while the hydro-
philic top surface hinders the nucleation and coalescence of 
bubbles. This natural paradigm reveals two simple design 
principles for engineering submerged surfaces: the pinning 
interval can be tuned via the chemistry and surface topography 
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 Figure 3.    a) Filling level Φ at the Cassie minima of the free energy as a function of the pressure as computed from RMD. The Salvinia-like structure 
presents three different pinning regimes (insets): at the top corners (∆ P  < 0), at the chemical contrast (∆ P ≈  0), and at the lower corners (∆ P  > 0). 
b) Sketch of the serif T geometry, which can prevent intrusion even for liquids with low contact angles ( 0in topθ θ= ≈ °). c) Intrusion and nucleation 
free energy barriers as computed via approximate macroscopic expressions (see the Supporting Information). CW

†∆Ω  (solid lines) and Cv
†∆Ω  (dashed 

lines) are plotted for two systems with reference dimensions  w  = 5 nm (thick lines) and  w  = 15 nm (thin lines). The volume of the cavity is given by 
cavV Lz= Σ  and its internal area by cavA Lz= Π . For the intrusion barrier we assume PV A3 /4 7 cos /9CW

†
cav lv in cavγ θ∆Ω ≈ − ∆ − ; for the nucleation barrier 

L P wLz z/| | 2Cv
†

lv
2

lvπγ γ∆Ω ≈ ∆ − .
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 Figure  2 c reports the backward Wenzel–Cassie barrier WC
†∆Ω . 

It is seen that the Cassie state can be  res tored at pressures below 
the Wenzel–Cassie spinodal, ∆ P  res , where 0WC

†∆Ω → . This 
result, which is not captured by the macroscopic capillarity 
theory, [ 21 ]  shows that the Wenzel state can be “reversible”, sug-
gesting that superhydrophobicity can be restored, albeit at neg-
ative ∆ P . 

 In the following, we go beyond the atomistic scale and derive 
design principles of general validity for superhydrophobic sub-
merged surfaces. Using the concepts of classical capillarity, we 
fi rst focus on the conditions of existence of the superhydro-
phobic Cassie state and how these are affected by the chem-
istry and topography of the surface texturing. Then, we show 
how the Salvinia-like structure is able to extend the range of 
pressures where superhydrophobicity is stable. The atomistic 
“experiment” and continuum models are in qualitative agree-
ment, confi rming the general validity of our design principles. 

 For the T geometry, the suspended state is attained at the 
corners of the solid surface or at the chemical contrast, which 
allow the  pinning  of the contact line ( Figure    3  a). In macroscopic 
terms this corresponds to the so-called Gibbs’ criterion, [ 31 ]  
which prescribes that the range of possible contact angles  β  
(Figure  1 b) at a sharp corner or at a chemical contrast must 
be included between the Young’s angles approaching the dis-
continuity from the two sides. On the T structure this pinning 
interval is

   180 < <1 top inφ θ β θ+ − °
  (3a)  

   < 180in 2 inθ β φ θ< − +°
  (3b) 

 with Equation  ( 3a)   referring to the top corners/chemical con-
trast and Equation  ( 3b)   to the re-entrant ones (for the defi ni-
tions, see Figure  1 b; for an extended discussion, see the Sup-
porting Information).  

 From a mechanistic point of view, in the generic case of a 
periodic pattern of macroscopic structures, the force balance at 
the Cassie state is given by (see, e.g., ref.  [ 10 ] )

 
2 coslv

mouth

P
L

A
γ β∆ = −

 
 (4)

 

 where  γ  lv  is the liquid–vapor surface tension,  L  is the length of 
the contact line, and  A  mouth  is the liquid–vapor area projected 
on the horizontal plane. For the T structure  L / A  mouth  = 1/ w  
with  w  the width of the cavity mouth; furthermore, the angle 
 β  is limited by Equations  ( 3a)   and  ( 3b)  , which, together 
with Equation  ( 4)  , dictate the range of pressures where 
the Cassie state exists: the minimum possible pressure is 
∆ P  min  ≡ min cos β   (−2 γ  lv  cos  β  L / A  mouth ), while the maximum 
is ∆ P  max  ≡ max cos β   (−2 γ  lv  cos  β  L / A  mouth ). ∆ P  min  and ∆ P  max  
are the spinodal pressures for the Cassie state: for ∆ P  ≤ ∆ P  min  
the system cavitates while for ∆ P  ≥ ∆ P  max  the liquid intrudes 
the cavities toward the Wenzel state. 

 For the Salvinia-like structure the intrusion and nuclea-
tion spinodals are attained at  β  max  = 180° and  β  min  = 0° which 
plugged into Equation  ( 4)   yield ∆ P  max  = 2 γ  lv / w  and ∆ P  min  = 
−2 γ  lv / w , respectively. A crucial feature of the Salvinia-like 
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 Figure 2.    a) Free energy profi les for the Salvinia-like structure at different pressures; an arbitrary vertical shift is added for clarity. The insets show the 
most probable confi gurations along the transition. b) Free energy barriers as a function of pressure for the three systems as computed from RMD 
simulations. Solid lines are used for CW

†∆Ω  and dashed ones for Cv
†∆Ω . The vertical lines are the macroscopic estimates for the spinodal pressures 

P w2 /max lvγ∆ =  and P w2 /min lvγ∆ = − . c) Cassie–Wenzel (solid) and Wenzel–Cassie (dashed–dotted) free energy barriers as a function of pressure for the 
Salvinia-like structure. ∆ P  res  is the spinodal pressure at which the Cassie state is spontaneously restored from the Wenzel one; ∆ P  coex  is the coexistence 
pressure where the Cassie and Wenzel states are equiprobable (same free energy).
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from one minimum to the other depends exponentially on the 
free energy barrier
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 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
and 0CW

†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 
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 Figure 1.    a) SEM micrograph of a Salvinia molesta leaf showing the egg-
beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.
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 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
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†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 
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 Figure 1.    a) SEM micrograph of a Salvinia molesta leaf showing the egg-
beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.

CO
M

M
U
N

ICA
TIO

N

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (3 of 5) 1500248wileyonlinelibrary.com

 Figure  2 c reports the backward Wenzel–Cassie barrier WC
†∆Ω . 

It is seen that the Cassie state can be  res tored at pressures below 
the Wenzel–Cassie spinodal, ∆ P  res , where 0WC

†∆Ω → . This 
result, which is not captured by the macroscopic capillarity 
theory, [ 21 ]  shows that the Wenzel state can be “reversible”, sug-
gesting that superhydrophobicity can be restored, albeit at neg-
ative ∆ P . 

 In the following, we go beyond the atomistic scale and derive 
design principles of general validity for superhydrophobic sub-
merged surfaces. Using the concepts of classical capillarity, we 
fi rst focus on the conditions of existence of the superhydro-
phobic Cassie state and how these are affected by the chem-
istry and topography of the surface texturing. Then, we show 
how the Salvinia-like structure is able to extend the range of 
pressures where superhydrophobicity is stable. The atomistic 
“experiment” and continuum models are in qualitative agree-
ment, confi rming the general validity of our design principles. 

 For the T geometry, the suspended state is attained at the 
corners of the solid surface or at the chemical contrast, which 
allow the  pinning  of the contact line ( Figure    3  a). In macroscopic 
terms this corresponds to the so-called Gibbs’ criterion, [ 31 ]  
which prescribes that the range of possible contact angles  β  
(Figure  1 b) at a sharp corner or at a chemical contrast must 
be included between the Young’s angles approaching the dis-
continuity from the two sides. On the T structure this pinning 
interval is

   180 < <1 top inφ θ β θ+ − °
  (3a)  

   < 180in 2 inθ β φ θ< − +°
  (3b) 

 with Equation  ( 3a)   referring to the top corners/chemical con-
trast and Equation  ( 3b)   to the re-entrant ones (for the defi ni-
tions, see Figure  1 b; for an extended discussion, see the Sup-
porting Information).  

 From a mechanistic point of view, in the generic case of a 
periodic pattern of macroscopic structures, the force balance at 
the Cassie state is given by (see, e.g., ref.  [ 10 ] )

 
2 coslv

mouth

P
L

A
γ β∆ = −

 
 (4)

 

 where  γ  lv  is the liquid–vapor surface tension,  L  is the length of 
the contact line, and  A  mouth  is the liquid–vapor area projected 
on the horizontal plane. For the T structure  L / A  mouth  = 1/ w  
with  w  the width of the cavity mouth; furthermore, the angle 
 β  is limited by Equations  ( 3a)   and  ( 3b)  , which, together 
with Equation  ( 4)  , dictate the range of pressures where 
the Cassie state exists: the minimum possible pressure is 
∆ P  min  ≡ min cos β   (−2 γ  lv  cos  β  L / A  mouth ), while the maximum 
is ∆ P  max  ≡ max cos β   (−2 γ  lv  cos  β  L / A  mouth ). ∆ P  min  and ∆ P  max  
are the spinodal pressures for the Cassie state: for ∆ P  ≤ ∆ P  min  
the system cavitates while for ∆ P  ≥ ∆ P  max  the liquid intrudes 
the cavities toward the Wenzel state. 

 For the Salvinia-like structure the intrusion and nuclea-
tion spinodals are attained at  β  max  = 180° and  β  min  = 0° which 
plugged into Equation  ( 4)   yield ∆ P  max  = 2 γ  lv / w  and ∆ P  min  = 
−2 γ  lv / w , respectively. A crucial feature of the Salvinia-like 
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 Figure 2.    a) Free energy profi les for the Salvinia-like structure at different pressures; an arbitrary vertical shift is added for clarity. The insets show the 
most probable confi gurations along the transition. b) Free energy barriers as a function of pressure for the three systems as computed from RMD 
simulations. Solid lines are used for CW

†∆Ω  and dashed ones for Cv
†∆Ω . The vertical lines are the macroscopic estimates for the spinodal pressures 

P w2 /max lvγ∆ =  and P w2 /min lvγ∆ = − . c) Cassie–Wenzel (solid) and Wenzel–Cassie (dashed–dotted) free energy barriers as a function of pressure for the 
Salvinia-like structure. ∆ P  res  is the spinodal pressure at which the Cassie state is spontaneously restored from the Wenzel one; ∆ P  coex  is the coexistence 
pressure where the Cassie and Wenzel states are equiprobable (same free energy).
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from one minimum to the other depends exponentially on the 
free energy barrier
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 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
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†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 
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 Figure 1.    a) SEM micrograph of a Salvinia molesta leaf showing the egg-
beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.
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 Figure  2 c reports the backward Wenzel–Cassie barrier WC
†∆Ω . 

It is seen that the Cassie state can be  res tored at pressures below 
the Wenzel–Cassie spinodal, ∆ P  res , where 0WC

†∆Ω → . This 
result, which is not captured by the macroscopic capillarity 
theory, [ 21 ]  shows that the Wenzel state can be “reversible”, sug-
gesting that superhydrophobicity can be restored, albeit at neg-
ative ∆ P . 

 In the following, we go beyond the atomistic scale and derive 
design principles of general validity for superhydrophobic sub-
merged surfaces. Using the concepts of classical capillarity, we 
fi rst focus on the conditions of existence of the superhydro-
phobic Cassie state and how these are affected by the chem-
istry and topography of the surface texturing. Then, we show 
how the Salvinia-like structure is able to extend the range of 
pressures where superhydrophobicity is stable. The atomistic 
“experiment” and continuum models are in qualitative agree-
ment, confi rming the general validity of our design principles. 

 For the T geometry, the suspended state is attained at the 
corners of the solid surface or at the chemical contrast, which 
allow the  pinning  of the contact line ( Figure    3  a). In macroscopic 
terms this corresponds to the so-called Gibbs’ criterion, [ 31 ]  
which prescribes that the range of possible contact angles  β  
(Figure  1 b) at a sharp corner or at a chemical contrast must 
be included between the Young’s angles approaching the dis-
continuity from the two sides. On the T structure this pinning 
interval is

   180 < <1 top inφ θ β θ+ − °
  (3a)  

   < 180in 2 inθ β φ θ< − +°
  (3b) 

 with Equation  ( 3a)   referring to the top corners/chemical con-
trast and Equation  ( 3b)   to the re-entrant ones (for the defi ni-
tions, see Figure  1 b; for an extended discussion, see the Sup-
porting Information).  

 From a mechanistic point of view, in the generic case of a 
periodic pattern of macroscopic structures, the force balance at 
the Cassie state is given by (see, e.g., ref.  [ 10 ] )

 
2 coslv

mouth

P
L

A
γ β∆ = −

 
 (4)

 

 where  γ  lv  is the liquid–vapor surface tension,  L  is the length of 
the contact line, and  A  mouth  is the liquid–vapor area projected 
on the horizontal plane. For the T structure  L / A  mouth  = 1/ w  
with  w  the width of the cavity mouth; furthermore, the angle 
 β  is limited by Equations  ( 3a)   and  ( 3b)  , which, together 
with Equation  ( 4)  , dictate the range of pressures where 
the Cassie state exists: the minimum possible pressure is 
∆ P  min  ≡ min cos β   (−2 γ  lv  cos  β  L / A  mouth ), while the maximum 
is ∆ P  max  ≡ max cos β   (−2 γ  lv  cos  β  L / A  mouth ). ∆ P  min  and ∆ P  max  
are the spinodal pressures for the Cassie state: for ∆ P  ≤ ∆ P  min  
the system cavitates while for ∆ P  ≥ ∆ P  max  the liquid intrudes 
the cavities toward the Wenzel state. 

 For the Salvinia-like structure the intrusion and nuclea-
tion spinodals are attained at  β  max  = 180° and  β  min  = 0° which 
plugged into Equation  ( 4)   yield ∆ P  max  = 2 γ  lv / w  and ∆ P  min  = 
−2 γ  lv / w , respectively. A crucial feature of the Salvinia-like 
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 Figure 2.    a) Free energy profi les for the Salvinia-like structure at different pressures; an arbitrary vertical shift is added for clarity. The insets show the 
most probable confi gurations along the transition. b) Free energy barriers as a function of pressure for the three systems as computed from RMD 
simulations. Solid lines are used for CW

†∆Ω  and dashed ones for Cv
†∆Ω . The vertical lines are the macroscopic estimates for the spinodal pressures 

P w2 /max lvγ∆ =  and P w2 /min lvγ∆ = − . c) Cassie–Wenzel (solid) and Wenzel–Cassie (dashed–dotted) free energy barriers as a function of pressure for the 
Salvinia-like structure. ∆ P  res  is the spinodal pressure at which the Cassie state is spontaneously restored from the Wenzel one; ∆ P  coex  is the coexistence 
pressure where the Cassie and Wenzel states are equiprobable (same free energy).
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 Figure  2 c reports the backward Wenzel–Cassie barrier WC
†∆Ω . 

It is seen that the Cassie state can be  res tored at pressures below 
the Wenzel–Cassie spinodal, ∆ P  res , where 0WC

†∆Ω → . This 
result, which is not captured by the macroscopic capillarity 
theory, [ 21 ]  shows that the Wenzel state can be “reversible”, sug-
gesting that superhydrophobicity can be restored, albeit at neg-
ative ∆ P . 

 In the following, we go beyond the atomistic scale and derive 
design principles of general validity for superhydrophobic sub-
merged surfaces. Using the concepts of classical capillarity, we 
fi rst focus on the conditions of existence of the superhydro-
phobic Cassie state and how these are affected by the chem-
istry and topography of the surface texturing. Then, we show 
how the Salvinia-like structure is able to extend the range of 
pressures where superhydrophobicity is stable. The atomistic 
“experiment” and continuum models are in qualitative agree-
ment, confi rming the general validity of our design principles. 

 For the T geometry, the suspended state is attained at the 
corners of the solid surface or at the chemical contrast, which 
allow the  pinning  of the contact line ( Figure    3  a). In macroscopic 
terms this corresponds to the so-called Gibbs’ criterion, [ 31 ]  
which prescribes that the range of possible contact angles  β  
(Figure  1 b) at a sharp corner or at a chemical contrast must 
be included between the Young’s angles approaching the dis-
continuity from the two sides. On the T structure this pinning 
interval is

   180 < <1 top inφ θ β θ+ − °
  (3a)  

   < 180in 2 inθ β φ θ< − +°
  (3b) 

 with Equation  ( 3a)   referring to the top corners/chemical con-
trast and Equation  ( 3b)   to the re-entrant ones (for the defi ni-
tions, see Figure  1 b; for an extended discussion, see the Sup-
porting Information).  

 From a mechanistic point of view, in the generic case of a 
periodic pattern of macroscopic structures, the force balance at 
the Cassie state is given by (see, e.g., ref.  [ 10 ] )

 
2 coslv

mouth

P
L

A
γ β∆ = −

 
 (4)

 

 where  γ  lv  is the liquid–vapor surface tension,  L  is the length of 
the contact line, and  A  mouth  is the liquid–vapor area projected 
on the horizontal plane. For the T structure  L / A  mouth  = 1/ w  
with  w  the width of the cavity mouth; furthermore, the angle 
 β  is limited by Equations  ( 3a)   and  ( 3b)  , which, together 
with Equation  ( 4)  , dictate the range of pressures where 
the Cassie state exists: the minimum possible pressure is 
∆ P  min  ≡ min cos β   (−2 γ  lv  cos  β  L / A  mouth ), while the maximum 
is ∆ P  max  ≡ max cos β   (−2 γ  lv  cos  β  L / A  mouth ). ∆ P  min  and ∆ P  max  
are the spinodal pressures for the Cassie state: for ∆ P  ≤ ∆ P  min  
the system cavitates while for ∆ P  ≥ ∆ P  max  the liquid intrudes 
the cavities toward the Wenzel state. 

 For the Salvinia-like structure the intrusion and nuclea-
tion spinodals are attained at  β  max  = 180° and  β  min  = 0° which 
plugged into Equation  ( 4)   yield ∆ P  max  = 2 γ  lv / w  and ∆ P  min  = 
−2 γ  lv / w , respectively. A crucial feature of the Salvinia-like 
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 Figure 2.    a) Free energy profi les for the Salvinia-like structure at different pressures; an arbitrary vertical shift is added for clarity. The insets show the 
most probable confi gurations along the transition. b) Free energy barriers as a function of pressure for the three systems as computed from RMD 
simulations. Solid lines are used for CW

†∆Ω  and dashed ones for Cv
†∆Ω . The vertical lines are the macroscopic estimates for the spinodal pressures 

P w2 /max lvγ∆ =  and P w2 /min lvγ∆ = − . c) Cassie–Wenzel (solid) and Wenzel–Cassie (dashed–dotted) free energy barriers as a function of pressure for the 
Salvinia-like structure. ∆ P  res  is the spinodal pressure at which the Cassie state is spontaneously restored from the Wenzel one; ∆ P  coex  is the coexistence 
pressure where the Cassie and Wenzel states are equiprobable (same free energy).
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 Figure  2 c reports the backward Wenzel–Cassie barrier WC
†∆Ω . 

It is seen that the Cassie state can be  res tored at pressures below 
the Wenzel–Cassie spinodal, ∆ P  res , where 0WC

†∆Ω → . This 
result, which is not captured by the macroscopic capillarity 
theory, [ 21 ]  shows that the Wenzel state can be “reversible”, sug-
gesting that superhydrophobicity can be restored, albeit at neg-
ative ∆ P . 

 In the following, we go beyond the atomistic scale and derive 
design principles of general validity for superhydrophobic sub-
merged surfaces. Using the concepts of classical capillarity, we 
fi rst focus on the conditions of existence of the superhydro-
phobic Cassie state and how these are affected by the chem-
istry and topography of the surface texturing. Then, we show 
how the Salvinia-like structure is able to extend the range of 
pressures where superhydrophobicity is stable. The atomistic 
“experiment” and continuum models are in qualitative agree-
ment, confi rming the general validity of our design principles. 

 For the T geometry, the suspended state is attained at the 
corners of the solid surface or at the chemical contrast, which 
allow the  pinning  of the contact line ( Figure    3  a). In macroscopic 
terms this corresponds to the so-called Gibbs’ criterion, [ 31 ]  
which prescribes that the range of possible contact angles  β  
(Figure  1 b) at a sharp corner or at a chemical contrast must 
be included between the Young’s angles approaching the dis-
continuity from the two sides. On the T structure this pinning 
interval is

   180 < <1 top inφ θ β θ+ − °
  (3a)  

   < 180in 2 inθ β φ θ< − +°
  (3b) 

 with Equation  ( 3a)   referring to the top corners/chemical con-
trast and Equation  ( 3b)   to the re-entrant ones (for the defi ni-
tions, see Figure  1 b; for an extended discussion, see the Sup-
porting Information).  

 From a mechanistic point of view, in the generic case of a 
periodic pattern of macroscopic structures, the force balance at 
the Cassie state is given by (see, e.g., ref.  [ 10 ] )

 
2 coslv

mouth

P
L

A
γ β∆ = −

 
 (4)

 

 where  γ  lv  is the liquid–vapor surface tension,  L  is the length of 
the contact line, and  A  mouth  is the liquid–vapor area projected 
on the horizontal plane. For the T structure  L / A  mouth  = 1/ w  
with  w  the width of the cavity mouth; furthermore, the angle 
 β  is limited by Equations  ( 3a)   and  ( 3b)  , which, together 
with Equation  ( 4)  , dictate the range of pressures where 
the Cassie state exists: the minimum possible pressure is 
∆ P  min  ≡ min cos β   (−2 γ  lv  cos  β  L / A  mouth ), while the maximum 
is ∆ P  max  ≡ max cos β   (−2 γ  lv  cos  β  L / A  mouth ). ∆ P  min  and ∆ P  max  
are the spinodal pressures for the Cassie state: for ∆ P  ≤ ∆ P  min  
the system cavitates while for ∆ P  ≥ ∆ P  max  the liquid intrudes 
the cavities toward the Wenzel state. 

 For the Salvinia-like structure the intrusion and nuclea-
tion spinodals are attained at  β  max  = 180° and  β  min  = 0° which 
plugged into Equation  ( 4)   yield ∆ P  max  = 2 γ  lv / w  and ∆ P  min  = 
−2 γ  lv / w , respectively. A crucial feature of the Salvinia-like 
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 Figure 2.    a) Free energy profi les for the Salvinia-like structure at different pressures; an arbitrary vertical shift is added for clarity. The insets show the 
most probable confi gurations along the transition. b) Free energy barriers as a function of pressure for the three systems as computed from RMD 
simulations. Solid lines are used for CW

†∆Ω  and dashed ones for Cv
†∆Ω . The vertical lines are the macroscopic estimates for the spinodal pressures 

P w2 /max lvγ∆ =  and P w2 /min lvγ∆ = − . c) Cassie–Wenzel (solid) and Wenzel–Cassie (dashed–dotted) free energy barriers as a function of pressure for the 
Salvinia-like structure. ∆ P  res  is the spinodal pressure at which the Cassie state is spontaneously restored from the Wenzel one; ∆ P  coex  is the coexistence 
pressure where the Cassie and Wenzel states are equiprobable (same free energy).
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 Figure  2 c reports the backward Wenzel–Cassie barrier WC
†∆Ω . 

It is seen that the Cassie state can be  res tored at pressures below 
the Wenzel–Cassie spinodal, ∆ P  res , where 0WC

†∆Ω → . This 
result, which is not captured by the macroscopic capillarity 
theory, [ 21 ]  shows that the Wenzel state can be “reversible”, sug-
gesting that superhydrophobicity can be restored, albeit at neg-
ative ∆ P . 

 In the following, we go beyond the atomistic scale and derive 
design principles of general validity for superhydrophobic sub-
merged surfaces. Using the concepts of classical capillarity, we 
fi rst focus on the conditions of existence of the superhydro-
phobic Cassie state and how these are affected by the chem-
istry and topography of the surface texturing. Then, we show 
how the Salvinia-like structure is able to extend the range of 
pressures where superhydrophobicity is stable. The atomistic 
“experiment” and continuum models are in qualitative agree-
ment, confi rming the general validity of our design principles. 

 For the T geometry, the suspended state is attained at the 
corners of the solid surface or at the chemical contrast, which 
allow the  pinning  of the contact line ( Figure    3  a). In macroscopic 
terms this corresponds to the so-called Gibbs’ criterion, [ 31 ]  
which prescribes that the range of possible contact angles  β  
(Figure  1 b) at a sharp corner or at a chemical contrast must 
be included between the Young’s angles approaching the dis-
continuity from the two sides. On the T structure this pinning 
interval is

   180 < <1 top inφ θ β θ+ − °
  (3a)  

   < 180in 2 inθ β φ θ< − +°
  (3b) 

 with Equation  ( 3a)   referring to the top corners/chemical con-
trast and Equation  ( 3b)   to the re-entrant ones (for the defi ni-
tions, see Figure  1 b; for an extended discussion, see the Sup-
porting Information).  

 From a mechanistic point of view, in the generic case of a 
periodic pattern of macroscopic structures, the force balance at 
the Cassie state is given by (see, e.g., ref.  [ 10 ] )

 
2 coslv

mouth

P
L

A
γ β∆ = −

 
 (4)

 

 where  γ  lv  is the liquid–vapor surface tension,  L  is the length of 
the contact line, and  A  mouth  is the liquid–vapor area projected 
on the horizontal plane. For the T structure  L / A  mouth  = 1/ w  
with  w  the width of the cavity mouth; furthermore, the angle 
 β  is limited by Equations  ( 3a)   and  ( 3b)  , which, together 
with Equation  ( 4)  , dictate the range of pressures where 
the Cassie state exists: the minimum possible pressure is 
∆ P  min  ≡ min cos β   (−2 γ  lv  cos  β  L / A  mouth ), while the maximum 
is ∆ P  max  ≡ max cos β   (−2 γ  lv  cos  β  L / A  mouth ). ∆ P  min  and ∆ P  max  
are the spinodal pressures for the Cassie state: for ∆ P  ≤ ∆ P  min  
the system cavitates while for ∆ P  ≥ ∆ P  max  the liquid intrudes 
the cavities toward the Wenzel state. 

 For the Salvinia-like structure the intrusion and nuclea-
tion spinodals are attained at  β  max  = 180° and  β  min  = 0° which 
plugged into Equation  ( 4)   yield ∆ P  max  = 2 γ  lv / w  and ∆ P  min  = 
−2 γ  lv / w , respectively. A crucial feature of the Salvinia-like 
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 Figure 2.    a) Free energy profi les for the Salvinia-like structure at different pressures; an arbitrary vertical shift is added for clarity. The insets show the 
most probable confi gurations along the transition. b) Free energy barriers as a function of pressure for the three systems as computed from RMD 
simulations. Solid lines are used for CW

†∆Ω  and dashed ones for Cv
†∆Ω . The vertical lines are the macroscopic estimates for the spinodal pressures 

P w2 /max lvγ∆ =  and P w2 /min lvγ∆ = − . c) Cassie–Wenzel (solid) and Wenzel–Cassie (dashed–dotted) free energy barriers as a function of pressure for the 
Salvinia-like structure. ∆ P  res  is the spinodal pressure at which the Cassie state is spontaneously restored from the Wenzel one; ∆ P  coex  is the coexistence 
pressure where the Cassie and Wenzel states are equiprobable (same free energy).
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from one minimum to the other depends exponentially on the 
free energy barrier

    
( , ) exp

( , )
0

†

B

P T
P T

k T
τ τ= −

∆Ω⎛
⎝⎜

⎞
⎠⎟  

 (2)
   

 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
and 0CW

†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 
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 Figure 1.    a) SEM micrograph of a Salvinia molesta leaf showing the egg-
beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.
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 Figure  2 c reports the backward Wenzel–Cassie barrier WC
†∆Ω . 

It is seen that the Cassie state can be  res tored at pressures below 
the Wenzel–Cassie spinodal, ∆ P  res , where 0WC

†∆Ω → . This 
result, which is not captured by the macroscopic capillarity 
theory, [ 21 ]  shows that the Wenzel state can be “reversible”, sug-
gesting that superhydrophobicity can be restored, albeit at neg-
ative ∆ P . 

 In the following, we go beyond the atomistic scale and derive 
design principles of general validity for superhydrophobic sub-
merged surfaces. Using the concepts of classical capillarity, we 
fi rst focus on the conditions of existence of the superhydro-
phobic Cassie state and how these are affected by the chem-
istry and topography of the surface texturing. Then, we show 
how the Salvinia-like structure is able to extend the range of 
pressures where superhydrophobicity is stable. The atomistic 
“experiment” and continuum models are in qualitative agree-
ment, confi rming the general validity of our design principles. 

 For the T geometry, the suspended state is attained at the 
corners of the solid surface or at the chemical contrast, which 
allow the  pinning  of the contact line ( Figure    3  a). In macroscopic 
terms this corresponds to the so-called Gibbs’ criterion, [ 31 ]  
which prescribes that the range of possible contact angles  β  
(Figure  1 b) at a sharp corner or at a chemical contrast must 
be included between the Young’s angles approaching the dis-
continuity from the two sides. On the T structure this pinning 
interval is

   180 < <1 top inφ θ β θ+ − °
  (3a)  

   < 180in 2 inθ β φ θ< − +°
  (3b) 

 with Equation  ( 3a)   referring to the top corners/chemical con-
trast and Equation  ( 3b)   to the re-entrant ones (for the defi ni-
tions, see Figure  1 b; for an extended discussion, see the Sup-
porting Information).  

 From a mechanistic point of view, in the generic case of a 
periodic pattern of macroscopic structures, the force balance at 
the Cassie state is given by (see, e.g., ref.  [ 10 ] )

 
2 coslv

mouth

P
L

A
γ β∆ = −

 
 (4)

 

 where  γ  lv  is the liquid–vapor surface tension,  L  is the length of 
the contact line, and  A  mouth  is the liquid–vapor area projected 
on the horizontal plane. For the T structure  L / A  mouth  = 1/ w  
with  w  the width of the cavity mouth; furthermore, the angle 
 β  is limited by Equations  ( 3a)   and  ( 3b)  , which, together 
with Equation  ( 4)  , dictate the range of pressures where 
the Cassie state exists: the minimum possible pressure is 
∆ P  min  ≡ min cos β   (−2 γ  lv  cos  β  L / A  mouth ), while the maximum 
is ∆ P  max  ≡ max cos β   (−2 γ  lv  cos  β  L / A  mouth ). ∆ P  min  and ∆ P  max  
are the spinodal pressures for the Cassie state: for ∆ P  ≤ ∆ P  min  
the system cavitates while for ∆ P  ≥ ∆ P  max  the liquid intrudes 
the cavities toward the Wenzel state. 

 For the Salvinia-like structure the intrusion and nuclea-
tion spinodals are attained at  β  max  = 180° and  β  min  = 0° which 
plugged into Equation  ( 4)   yield ∆ P  max  = 2 γ  lv / w  and ∆ P  min  = 
−2 γ  lv / w , respectively. A crucial feature of the Salvinia-like 
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 Figure 2.    a) Free energy profi les for the Salvinia-like structure at different pressures; an arbitrary vertical shift is added for clarity. The insets show the 
most probable confi gurations along the transition. b) Free energy barriers as a function of pressure for the three systems as computed from RMD 
simulations. Solid lines are used for CW

†∆Ω  and dashed ones for Cv
†∆Ω . The vertical lines are the macroscopic estimates for the spinodal pressures 

P w2 /max lvγ∆ =  and P w2 /min lvγ∆ = − . c) Cassie–Wenzel (solid) and Wenzel–Cassie (dashed–dotted) free energy barriers as a function of pressure for the 
Salvinia-like structure. ∆ P  res  is the spinodal pressure at which the Cassie state is spontaneously restored from the Wenzel one; ∆ P  coex  is the coexistence 
pressure where the Cassie and Wenzel states are equiprobable (same free energy).
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 Figure  2 c reports the backward Wenzel–Cassie barrier WC
†∆Ω . 

It is seen that the Cassie state can be  res tored at pressures below 
the Wenzel–Cassie spinodal, ∆ P  res , where 0WC

†∆Ω → . This 
result, which is not captured by the macroscopic capillarity 
theory, [ 21 ]  shows that the Wenzel state can be “reversible”, sug-
gesting that superhydrophobicity can be restored, albeit at neg-
ative ∆ P . 

 In the following, we go beyond the atomistic scale and derive 
design principles of general validity for superhydrophobic sub-
merged surfaces. Using the concepts of classical capillarity, we 
fi rst focus on the conditions of existence of the superhydro-
phobic Cassie state and how these are affected by the chem-
istry and topography of the surface texturing. Then, we show 
how the Salvinia-like structure is able to extend the range of 
pressures where superhydrophobicity is stable. The atomistic 
“experiment” and continuum models are in qualitative agree-
ment, confi rming the general validity of our design principles. 

 For the T geometry, the suspended state is attained at the 
corners of the solid surface or at the chemical contrast, which 
allow the  pinning  of the contact line ( Figure    3  a). In macroscopic 
terms this corresponds to the so-called Gibbs’ criterion, [ 31 ]  
which prescribes that the range of possible contact angles  β  
(Figure  1 b) at a sharp corner or at a chemical contrast must 
be included between the Young’s angles approaching the dis-
continuity from the two sides. On the T structure this pinning 
interval is

   180 < <1 top inφ θ β θ+ − °
  (3a)  

   < 180in 2 inθ β φ θ< − +°
  (3b) 

 with Equation  ( 3a)   referring to the top corners/chemical con-
trast and Equation  ( 3b)   to the re-entrant ones (for the defi ni-
tions, see Figure  1 b; for an extended discussion, see the Sup-
porting Information).  

 From a mechanistic point of view, in the generic case of a 
periodic pattern of macroscopic structures, the force balance at 
the Cassie state is given by (see, e.g., ref.  [ 10 ] )

 
2 coslv

mouth

P
L

A
γ β∆ = −

 
 (4)

 

 where  γ  lv  is the liquid–vapor surface tension,  L  is the length of 
the contact line, and  A  mouth  is the liquid–vapor area projected 
on the horizontal plane. For the T structure  L / A  mouth  = 1/ w  
with  w  the width of the cavity mouth; furthermore, the angle 
 β  is limited by Equations  ( 3a)   and  ( 3b)  , which, together 
with Equation  ( 4)  , dictate the range of pressures where 
the Cassie state exists: the minimum possible pressure is 
∆ P  min  ≡ min cos β   (−2 γ  lv  cos  β  L / A  mouth ), while the maximum 
is ∆ P  max  ≡ max cos β   (−2 γ  lv  cos  β  L / A  mouth ). ∆ P  min  and ∆ P  max  
are the spinodal pressures for the Cassie state: for ∆ P  ≤ ∆ P  min  
the system cavitates while for ∆ P  ≥ ∆ P  max  the liquid intrudes 
the cavities toward the Wenzel state. 

 For the Salvinia-like structure the intrusion and nuclea-
tion spinodals are attained at  β  max  = 180° and  β  min  = 0° which 
plugged into Equation  ( 4)   yield ∆ P  max  = 2 γ  lv / w  and ∆ P  min  = 
−2 γ  lv / w , respectively. A crucial feature of the Salvinia-like 
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 Figure 2.    a) Free energy profi les for the Salvinia-like structure at different pressures; an arbitrary vertical shift is added for clarity. The insets show the 
most probable confi gurations along the transition. b) Free energy barriers as a function of pressure for the three systems as computed from RMD 
simulations. Solid lines are used for CW

†∆Ω  and dashed ones for Cv
†∆Ω . The vertical lines are the macroscopic estimates for the spinodal pressures 

P w2 /max lvγ∆ =  and P w2 /min lvγ∆ = − . c) Cassie–Wenzel (solid) and Wenzel–Cassie (dashed–dotted) free energy barriers as a function of pressure for the 
Salvinia-like structure. ∆ P  res  is the spinodal pressure at which the Cassie state is spontaneously restored from the Wenzel one; ∆ P  coex  is the coexistence 
pressure where the Cassie and Wenzel states are equiprobable (same free energy).

CO
M

M
U
N

IC
A
TI

O
N

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1500248 (2 of 5)

from one minimum to the other depends exponentially on the 
free energy barrier

    
( , ) exp

( , )
0

†

B

P T
P T

k T
τ τ= −

∆Ω⎛
⎝⎜

⎞
⎠⎟  

 (2)
   

 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
and 0CW

†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 
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 Figure 1.    a) SEM micrograph of a Salvinia molesta leaf showing the egg-
beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.
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structure, therefore, is that both spinodals are not explicitly 
dependent on the chemistry of the surface; the chemistry, 
together with the re-entrant topography, only ensures that 
 β  max  = 180° and  β  min  = 0° are within the pinning interval of 
Equations  ( 3a)   and  ( 3b)  . Importantly, these values also maxi-
mize the range of pressures where the superhydrophobic state 
exists for a given  w . In the chemically homogeneous cases, 
instead, this pressure range is smaller and explicitly depends 
on the chemistry (see the Supporting Information). 

 Summarizing, in order to realize these optimal conditions 
for submerged superhydrophobicity, the geometry of the cavity 
mouth should be combined with the chemistry in such a way 
that 180° − φ  2  +  θ  in  ≥ 180° and  φ  1  +  θ  top  −180° ≤ 0°. More com-
plex geometries, such as the doubly re-entrant “serif T” ( φ  1  = 90° 
and  φ  2  ≈ 0°), [ 32 ]  can be designed in order to repel liquids with 
low contact angles ( θ  in  =  θ  top  ≈ 0°). [ 33 ]  In this case, the meniscus 
is pinned at the innermost corner for ∆ P  > 0 (see Figure  3 b and 
the Supporting Information). 

 Based on Equations  ( 1)   and  ( 2)   we now discuss the stability 
of submerged superhydrophobicity. As compared to drop-
repellent surfaces, typical submerged applications require the 
superhydrophobic state to survive for longer times and at com-
paratively larger pressures. The thermodynamic stability of 
the Cassie state – i.e., Cassie being the absolute minimum of 
Ω(Φ; P , T ) – is often invoked in order to obtain such “robust” 
superhydrophobicity. This criterion usually requires overly 
tall and fragile structures and is redundant since the duration 

 τ ( P , T ) of a metastable Cassie state is typically much larger than 
the experimental timescale. For our Salvinia-like nanostructure, 
Equation  ( 2)  —assuming conservatively molecular timescales 
for the prefactor, [ 23 ]   τ  0  =  h /( k  B  T ) ≈ 10 −13  s, where  h  is Planck’s 
constant, and ∆Ω †  ≈ 100  k  B  T  (Figure  2 b)—predicts that the 
lifetime of the Cassie state exceeds the age of the universe. In 
other words, if the free energy barriers are suffi ciently large the 
superhydrophobic state—stable or metastable—is robust and 
mechanisms 2 and 3 of gas loss are in practice inhibited. 

 The typical trend of the free energy barriers with the char-
acteristic size  w  of the surface texturing is shown in Figure  3 c: 
increasing the size of the cavity decreases ∆ P  max  and dramati-
cally increases the dependence of CW

†∆Ω  on ∆ P ; the effect on 
cavitation is similar. Thus, the thermally activated breakdown of 
superhydrophobicity (mechanisms 2 and 3 of gas loss) becomes 
important only in the vicinity of the spinodals, where the bar-
rier is of the order of the thermal energy  k  B  T . The amplitude of 
this region rapidly shrinks with the size of the structures (see 
Figure  3 c). 

 In summary, atomistic rare event simulations have unraveled 
the Salvinia paradox: a re-entrant geometry, together with a 
hydrophobic interior, improves the stability of gas pockets 
against liquid intrusion and contaminants, while the hydro-
philic top surface hinders the nucleation and coalescence of 
bubbles. This natural paradigm reveals two simple design 
principles for engineering submerged surfaces: the pinning 
interval can be tuned via the chemistry and surface topography 
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 Figure 3.    a) Filling level Φ at the Cassie minima of the free energy as a function of the pressure as computed from RMD. The Salvinia-like structure 
presents three different pinning regimes (insets): at the top corners (∆ P  < 0), at the chemical contrast (∆ P ≈  0), and at the lower corners (∆ P  > 0). 
b) Sketch of the serif T geometry, which can prevent intrusion even for liquids with low contact angles ( 0in topθ θ= ≈ °). c) Intrusion and nucleation 
free energy barriers as computed via approximate macroscopic expressions (see the Supporting Information). CW

†∆Ω  (solid lines) and Cv
†∆Ω  (dashed 

lines) are plotted for two systems with reference dimensions  w  = 5 nm (thick lines) and  w  = 15 nm (thin lines). The volume of the cavity is given by 
cavV Lz= Σ  and its internal area by cavA Lz= Π . For the intrusion barrier we assume PV A3 /4 7 cos /9CW

†
cav lv in cavγ θ∆Ω ≈ − ∆ − ; for the nucleation barrier 

L P wLz z/| | 2Cv
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 Figure  2 c reports the backward Wenzel–Cassie barrier WC
†∆Ω . 

It is seen that the Cassie state can be  res tored at pressures below 
the Wenzel–Cassie spinodal, ∆ P  res , where 0WC

†∆Ω → . This 
result, which is not captured by the macroscopic capillarity 
theory, [ 21 ]  shows that the Wenzel state can be “reversible”, sug-
gesting that superhydrophobicity can be restored, albeit at neg-
ative ∆ P . 

 In the following, we go beyond the atomistic scale and derive 
design principles of general validity for superhydrophobic sub-
merged surfaces. Using the concepts of classical capillarity, we 
fi rst focus on the conditions of existence of the superhydro-
phobic Cassie state and how these are affected by the chem-
istry and topography of the surface texturing. Then, we show 
how the Salvinia-like structure is able to extend the range of 
pressures where superhydrophobicity is stable. The atomistic 
“experiment” and continuum models are in qualitative agree-
ment, confi rming the general validity of our design principles. 

 For the T geometry, the suspended state is attained at the 
corners of the solid surface or at the chemical contrast, which 
allow the  pinning  of the contact line ( Figure    3  a). In macroscopic 
terms this corresponds to the so-called Gibbs’ criterion, [ 31 ]  
which prescribes that the range of possible contact angles  β  
(Figure  1 b) at a sharp corner or at a chemical contrast must 
be included between the Young’s angles approaching the dis-
continuity from the two sides. On the T structure this pinning 
interval is

   180 < <1 top inφ θ β θ+ − °
  (3a)  

   < 180in 2 inθ β φ θ< − +°
  (3b) 

 with Equation  ( 3a)   referring to the top corners/chemical con-
trast and Equation  ( 3b)   to the re-entrant ones (for the defi ni-
tions, see Figure  1 b; for an extended discussion, see the Sup-
porting Information).  

 From a mechanistic point of view, in the generic case of a 
periodic pattern of macroscopic structures, the force balance at 
the Cassie state is given by (see, e.g., ref.  [ 10 ] )
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 where  γ  lv  is the liquid–vapor surface tension,  L  is the length of 
the contact line, and  A  mouth  is the liquid–vapor area projected 
on the horizontal plane. For the T structure  L / A  mouth  = 1/ w  
with  w  the width of the cavity mouth; furthermore, the angle 
 β  is limited by Equations  ( 3a)   and  ( 3b)  , which, together 
with Equation  ( 4)  , dictate the range of pressures where 
the Cassie state exists: the minimum possible pressure is 
∆ P  min  ≡ min cos β   (−2 γ  lv  cos  β  L / A  mouth ), while the maximum 
is ∆ P  max  ≡ max cos β   (−2 γ  lv  cos  β  L / A  mouth ). ∆ P  min  and ∆ P  max  
are the spinodal pressures for the Cassie state: for ∆ P  ≤ ∆ P  min  
the system cavitates while for ∆ P  ≥ ∆ P  max  the liquid intrudes 
the cavities toward the Wenzel state. 

 For the Salvinia-like structure the intrusion and nuclea-
tion spinodals are attained at  β  max  = 180° and  β  min  = 0° which 
plugged into Equation  ( 4)   yield ∆ P  max  = 2 γ  lv / w  and ∆ P  min  = 
−2 γ  lv / w , respectively. A crucial feature of the Salvinia-like 
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 Figure 2.    a) Free energy profi les for the Salvinia-like structure at different pressures; an arbitrary vertical shift is added for clarity. The insets show the 
most probable confi gurations along the transition. b) Free energy barriers as a function of pressure for the three systems as computed from RMD 
simulations. Solid lines are used for CW

†∆Ω  and dashed ones for Cv
†∆Ω . The vertical lines are the macroscopic estimates for the spinodal pressures 

P w2 /max lvγ∆ =  and P w2 /min lvγ∆ = − . c) Cassie–Wenzel (solid) and Wenzel–Cassie (dashed–dotted) free energy barriers as a function of pressure for the 
Salvinia-like structure. ∆ P  res  is the spinodal pressure at which the Cassie state is spontaneously restored from the Wenzel one; ∆ P  coex  is the coexistence 
pressure where the Cassie and Wenzel states are equiprobable (same free energy).
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 Figure  2 c reports the backward Wenzel–Cassie barrier WC
†∆Ω . 

It is seen that the Cassie state can be  res tored at pressures below 
the Wenzel–Cassie spinodal, ∆ P  res , where 0WC

†∆Ω → . This 
result, which is not captured by the macroscopic capillarity 
theory, [ 21 ]  shows that the Wenzel state can be “reversible”, sug-
gesting that superhydrophobicity can be restored, albeit at neg-
ative ∆ P . 

 In the following, we go beyond the atomistic scale and derive 
design principles of general validity for superhydrophobic sub-
merged surfaces. Using the concepts of classical capillarity, we 
fi rst focus on the conditions of existence of the superhydro-
phobic Cassie state and how these are affected by the chem-
istry and topography of the surface texturing. Then, we show 
how the Salvinia-like structure is able to extend the range of 
pressures where superhydrophobicity is stable. The atomistic 
“experiment” and continuum models are in qualitative agree-
ment, confi rming the general validity of our design principles. 

 For the T geometry, the suspended state is attained at the 
corners of the solid surface or at the chemical contrast, which 
allow the  pinning  of the contact line ( Figure    3  a). In macroscopic 
terms this corresponds to the so-called Gibbs’ criterion, [ 31 ]  
which prescribes that the range of possible contact angles  β  
(Figure  1 b) at a sharp corner or at a chemical contrast must 
be included between the Young’s angles approaching the dis-
continuity from the two sides. On the T structure this pinning 
interval is

   180 < <1 top inφ θ β θ+ − °
  (3a)  

   < 180in 2 inθ β φ θ< − +°
  (3b) 

 with Equation  ( 3a)   referring to the top corners/chemical con-
trast and Equation  ( 3b)   to the re-entrant ones (for the defi ni-
tions, see Figure  1 b; for an extended discussion, see the Sup-
porting Information).  

 From a mechanistic point of view, in the generic case of a 
periodic pattern of macroscopic structures, the force balance at 
the Cassie state is given by (see, e.g., ref.  [ 10 ] )
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 where  γ  lv  is the liquid–vapor surface tension,  L  is the length of 
the contact line, and  A  mouth  is the liquid–vapor area projected 
on the horizontal plane. For the T structure  L / A  mouth  = 1/ w  
with  w  the width of the cavity mouth; furthermore, the angle 
 β  is limited by Equations  ( 3a)   and  ( 3b)  , which, together 
with Equation  ( 4)  , dictate the range of pressures where 
the Cassie state exists: the minimum possible pressure is 
∆ P  min  ≡ min cos β   (−2 γ  lv  cos  β  L / A  mouth ), while the maximum 
is ∆ P  max  ≡ max cos β   (−2 γ  lv  cos  β  L / A  mouth ). ∆ P  min  and ∆ P  max  
are the spinodal pressures for the Cassie state: for ∆ P  ≤ ∆ P  min  
the system cavitates while for ∆ P  ≥ ∆ P  max  the liquid intrudes 
the cavities toward the Wenzel state. 

 For the Salvinia-like structure the intrusion and nuclea-
tion spinodals are attained at  β  max  = 180° and  β  min  = 0° which 
plugged into Equation  ( 4)   yield ∆ P  max  = 2 γ  lv / w  and ∆ P  min  = 
−2 γ  lv / w , respectively. A crucial feature of the Salvinia-like 
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 Figure 2.    a) Free energy profi les for the Salvinia-like structure at different pressures; an arbitrary vertical shift is added for clarity. The insets show the 
most probable confi gurations along the transition. b) Free energy barriers as a function of pressure for the three systems as computed from RMD 
simulations. Solid lines are used for CW

†∆Ω  and dashed ones for Cv
†∆Ω . The vertical lines are the macroscopic estimates for the spinodal pressures 

P w2 /max lvγ∆ =  and P w2 /min lvγ∆ = − . c) Cassie–Wenzel (solid) and Wenzel–Cassie (dashed–dotted) free energy barriers as a function of pressure for the 
Salvinia-like structure. ∆ P  res  is the spinodal pressure at which the Cassie state is spontaneously restored from the Wenzel one; ∆ P  coex  is the coexistence 
pressure where the Cassie and Wenzel states are equiprobable (same free energy).
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from one minimum to the other depends exponentially on the 
free energy barrier
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⎞
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 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
and 0CW

†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 
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 Figure 1.    a) SEM micrograph of a Salvinia molesta leaf showing the egg-
beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
layer in dark brown, and the hydrophobic interior in light brown. The 
yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
c) Free energy profi les at ∆ P  ≈ 0 as a function of the fi lling level Φ ≡ 
( z  W  −  z )/( z  W  −  z  C ) for the hydrophobic system (blue dots), the hydrophilic 
one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.

Optimal case

 ! �out

min = 0�

�in
max

= 180�

�1 + ✓top
Y

 180�

✓inY � �2 � 0�

cos� = ⌥1

�P ⇤
max /min

= ±2�lv
W



S. Meloni – Nanoinnovation 2016!

Design principles

�min = 0�

CO
M

M
U
N

IC
A
TI

O
N

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1500248 (2 of 5)

from one minimum to the other depends exponentially on the 
free energy barrier
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 Summing up, the stability of a given state and the kinetics 
of the transition to another state are ruled by the free energy 
landscape through Equations  ( 1)   and  ( 2)  . 

  Rare event  techniques [ 24 ]  have been developed in order to com-
pute  p ( z ; P , T ) on complex free energy landscapes overcoming 
the extremely different timescales involved. Here we employ 
 restrained molecular dynamics  (RMD, adapted from ref.  [ 25 ] , 
which has been shown to be effective in dealing with superhy-
drophobicity (see refs.  [ 26 ]  and  [ 27 ]  and the Supporting Infor-
mation). The advantage of using an atomistic description of 
the solid and of the liquid is that it relies on minimal assump-
tions. Furthermore the dimensions of the simulated system 
≈5 nm, are suffi ciently large so that it can be described in terms 
of macroscopic capillarity [ 10,28 ]  (see below); comparing atomistic 
and macroscopic models makes it possible to draw conclusions 
that are valid from the nano to the macroscale. 

 The salient features of the Salvinia—re-entrant geometry and 
heterogeneous chemistry—are captured in the simulations by 
a T-shaped cavity, resembling that found in experiments [ 8 ]  and 

simulations, [ 29 ]  but with a hydrophilic top layer (contact angle 
 θ  top  = 55°) combined with a hydrophobic interior ( θ  in  = 110°, see 
Figure  1 b). To disentangle the effect of the geometry from that 
of the chemistry we also simulate a purely hydrophobic surface 
( θ  in  =  θ  top  = 110°) and a purely hydrophilic one ( θ  in  =  θ  top  = 55°) 
with the same T shape. 

 RMD simulations are run at constant pressure and tem-
perature for Lennard–Jones fl uid and solids (see the Sup-
porting Information). The free energy profi les thus obtained 
are reported in Figure  1 c as a function of the fi lling fraction 
Φ of the cavity for pressure close to two-phase coexistence, 
∆ P  ≈ 0. The fi lling fraction is defi ned as Φ ≡ ( z  W  −  z )/( z  W  −  z  C ), 
where  z  W  and  z  C  are the number of atoms inside the yellow 
box of Figure  1 b corresponding to the Wenzel and to the Cassie 
state, respectively. The pressure difference ∆ P  ≡  P  l  −  P  v  −  P  g  is 
approximated as ∆ P  ≈  P  −  P  v , with  P  l ,  P  v , and  P  g  the pressures 
in the liquid, vapor, and gas phases and  P  the pressure of the 
barostat. [ 30 ]  No other gas is present in the simulations ( P  g  = 0). 

 At ∆ P  ≈ 0, the free energy profi les for the three chemistries 
exhibit two minima corresponding to the Wenzel and Cassie 
states. At negative ∆ P  a third metastable state emerges at large 
Φ, corresponding to the evaporated state. Figure  1 c shows that 
the Salvinia-like free energy profi les (red) are, to a good approx-
imation, a superimposition of the hydrophobic (in green, for 
0 < Φ < 1) and the hydrophilic ones (in blue, for Φ > 1). This 
explains the essential function of the heterogeneous structure 
of the Salvinia: the hydrophobic interior  stabilizes the Cassie 
state  with respect to liquid intrusion (Cassie–Wenzel transi-
tion), while the hydrophilic top  hinders gas nucleation  (details in 
the following). This is our main result, which at the same time 
clarifi es in quantitative terms the function of a complex bio-
logical structure, fi rst described by Barthlott and co-workers, [ 2,6 ]  
and suggests how to exploit it in the design of simpler bioin-
spired surfaces. 

  Figure    2  a addresses the effect of the pressure on the free 
energy profi les, which amounts to adding to Ω(Φ) a term 
∼Φ∆ P ; [ 21,28 ]  this linear shift changes the location of the minima 
and determines the stability of the Cassie state: for instance, 
increasing the pressure always favors the Wenzel state. At 
suffi ciently large pressures, the Cassie minimum disappears 
and 0CW

†∆Ω → : this is the  spinodal  pressure ∆ P  max  for the 
Cassie–Wenzel transition, i.e., the maximum pressure before 
the mechanical destabilization of superhydrophobicity (mecha-
nism 1). At ∆ P  < 0 (“negative pressures”) vapor bubbles tend 
to nucleate from the T structure (“cavitation”). The thermody-
namically stable vapor state is separated from the Cassie state 
by the free energy barrier Cv

†∆Ω .  
 Figure  2 b reports CW

†∆Ω  and Cv
†∆Ω  as a function of pres-

sure for the three chemistries considered. The barriers are typi-
cally hundreds of  k  B  T , accounting for experimentally relevant 
metastabilities. Cavitation is favored by extreme negative pres-
sures, which cause a reduction of Cv

†∆Ω ; this barrier vanishes 
at the Cassie-vapor spinodal pressure ∆ P  min  where the Cassie 
minimum disappears (mechanism 4). The chemistry of the  top 
layer  determines Cv

†∆Ω , with the hydrophilic one having a much 
larger barrier for cavitation. On the other hand, CW

†∆Ω  is large 
at negative pressures and monotonically decreases with ∆ P ; its 
value depends on the chemistry of the interior of the cavity, 
with the hydrophobic one having the largest intrusion barrier. 
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beater hairs (adapted from ref.  [ 6 ] . b) Atomistic Salvinia-like system used 
in RMD simulations. The fl uid is represented in blue, the hydrophilic 
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yellow lines defi ne the box for the atom count collective variable  z . [ 26 ]  
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one (green triangles), and the Salvinia-like one (red line).  z  W  ( z  C ) is com-
puted in the Wenzel (Cassie hydrophobic) state, shown in the insets for 
the Salvinia-like case. Thus, for the three chemistries, Φ = 0 corresponds 
to the Wenzel state, Φ ≈ 1 to the Cassie state, and Φ > 1 to a vapor bubble.
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structure, therefore, is that both spinodals are not explicitly 
dependent on the chemistry of the surface; the chemistry, 
together with the re-entrant topography, only ensures that 
 β  max  = 180° and  β  min  = 0° are within the pinning interval of 
Equations  ( 3a)   and  ( 3b)  . Importantly, these values also maxi-
mize the range of pressures where the superhydrophobic state 
exists for a given  w . In the chemically homogeneous cases, 
instead, this pressure range is smaller and explicitly depends 
on the chemistry (see the Supporting Information). 

 Summarizing, in order to realize these optimal conditions 
for submerged superhydrophobicity, the geometry of the cavity 
mouth should be combined with the chemistry in such a way 
that 180° − φ  2  +  θ  in  ≥ 180° and  φ  1  +  θ  top  −180° ≤ 0°. More com-
plex geometries, such as the doubly re-entrant “serif T” ( φ  1  = 90° 
and  φ  2  ≈ 0°), [ 32 ]  can be designed in order to repel liquids with 
low contact angles ( θ  in  =  θ  top  ≈ 0°). [ 33 ]  In this case, the meniscus 
is pinned at the innermost corner for ∆ P  > 0 (see Figure  3 b and 
the Supporting Information). 

 Based on Equations  ( 1)   and  ( 2)   we now discuss the stability 
of submerged superhydrophobicity. As compared to drop-
repellent surfaces, typical submerged applications require the 
superhydrophobic state to survive for longer times and at com-
paratively larger pressures. The thermodynamic stability of 
the Cassie state – i.e., Cassie being the absolute minimum of 
Ω(Φ; P , T ) – is often invoked in order to obtain such “robust” 
superhydrophobicity. This criterion usually requires overly 
tall and fragile structures and is redundant since the duration 

 τ ( P , T ) of a metastable Cassie state is typically much larger than 
the experimental timescale. For our Salvinia-like nanostructure, 
Equation  ( 2)  —assuming conservatively molecular timescales 
for the prefactor, [ 23 ]   τ  0  =  h /( k  B  T ) ≈ 10 −13  s, where  h  is Planck’s 
constant, and ∆Ω †  ≈ 100  k  B  T  (Figure  2 b)—predicts that the 
lifetime of the Cassie state exceeds the age of the universe. In 
other words, if the free energy barriers are suffi ciently large the 
superhydrophobic state—stable or metastable—is robust and 
mechanisms 2 and 3 of gas loss are in practice inhibited. 

 The typical trend of the free energy barriers with the char-
acteristic size  w  of the surface texturing is shown in Figure  3 c: 
increasing the size of the cavity decreases ∆ P  max  and dramati-
cally increases the dependence of CW

†∆Ω  on ∆ P ; the effect on 
cavitation is similar. Thus, the thermally activated breakdown of 
superhydrophobicity (mechanisms 2 and 3 of gas loss) becomes 
important only in the vicinity of the spinodals, where the bar-
rier is of the order of the thermal energy  k  B  T . The amplitude of 
this region rapidly shrinks with the size of the structures (see 
Figure  3 c). 

 In summary, atomistic rare event simulations have unraveled 
the Salvinia paradox: a re-entrant geometry, together with a 
hydrophobic interior, improves the stability of gas pockets 
against liquid intrusion and contaminants, while the hydro-
philic top surface hinders the nucleation and coalescence of 
bubbles. This natural paradigm reveals two simple design 
principles for engineering submerged surfaces: the pinning 
interval can be tuned via the chemistry and surface topography 
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 Figure 3.    a) Filling level Φ at the Cassie minima of the free energy as a function of the pressure as computed from RMD. The Salvinia-like structure 
presents three different pinning regimes (insets): at the top corners (∆ P  < 0), at the chemical contrast (∆ P ≈  0), and at the lower corners (∆ P  > 0). 
b) Sketch of the serif T geometry, which can prevent intrusion even for liquids with low contact angles ( 0in topθ θ= ≈ °). c) Intrusion and nucleation 
free energy barriers as computed via approximate macroscopic expressions (see the Supporting Information). CW

†∆Ω  (solid lines) and Cv
†∆Ω  (dashed 

lines) are plotted for two systems with reference dimensions  w  = 5 nm (thick lines) and  w  = 15 nm (thin lines). The volume of the cavity is given by 
cavV Lz= Σ  and its internal area by cavA Lz= Π . For the intrusion barrier we assume PV A3 /4 7 cos /9CW
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Conclusions
•  Resistance to liquid intrusion and cavitation can be tuned 

independently by optimizing the chemistry on interior and top of 
surfaces textures

•  Intrusion and cavitation barriers grow very quickly with pressure 
departing from Pmin and Pmax

•  Intrusion and cavitation pressures are the two main quantities characterizing 
the stability of superhydrophobic submerged surfaces

•  Design principles are proposed to design surfaces with optimal 
resistance to wetting/cavitation

•  They depend on the topography and chemistry but not on they fine details



S. Meloni – Nanoinnovation 2016!

Acknowledgements

Nucleation team Carlo Massimo Casciola
Alberto Giacomello

Matteo Amabili
Emanuele Lisi

Sara Marchio

Antonio Tinti

Thank you for your attention


