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Abstract. We show that the equilibrium state of a water drop deposited on a super hydrophobic surface
cannot be solely determined by its macroscopic contact angle but also depends on the drop size. Following
the evolution of the interface of evaporating droplets, we demonstrate t hat the liquid can explore a succes-
sion of equilibrium conformations which are neither of the usual fakir n or Wenzel types. A comprehensive
description of the transition between these wetting states is pro vided. To do so, we have taken advantage
of microfabrication techniques and interference microscopy which al lows for the \3D" imaging of the liquid
interface. In addition, we propose a simple theoretical description of the interface geometry which goes
beyond the standard two-state picture for superhydrophobicity. Thi s model accounts correctly for all our
experimental observations. Finally, guided by potential micro
uidi c applications we propose an e�cient
design strategy to build robust liquid repellant surfaces.

PACS. 47.55.dr Drops and bubbles: Interactions with surfaces { 68.08.Bc Wetting

1 Introduction

During the last decade, much e�ort has been devoted to
mimick the extreme hydrophobic properties of various bio-
surfaces such as plant leaves or insects wings and legs [1{
3]. These so-called superhydrophobic surfaces share two
common features: they are made of (or covered by) hy-
drophobic materials, and are textured at the micron and,
or, sub-micron scales. Water drops either bounce or roll
o� these water-repellant surfaces, making liquid deposi-
tion almost impossible. From a practical point of view,
potential applications of arti�cial superhydrophobic sur-
faces include self-cleaning coating for clothes or glass, an-
tibiofouling paintings, drop transport on lab on a chip de-
vices and turbulent drag reduction [4,5]. However only few
commercial superhydrophobic products are available due
to the di�culty to design robust superhydrophobic coat-
ings though hundreds of processes have been proposed to
build microscopically rough surfaces out o� hydrophobic
materials [5{7]. From a fundamental point of view signif-
icant e�orts have been made to study the dynamics of

uids 
ows in the vicinity of hydrophobic rough surfaces.
But, suprisingly, the current understanding of the static
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Fig. 1. Schematic representation of the two well-known wet-
ting states of a drop on a hydrophobic structured surface. We
call the transition from the fakir to the Wenzel state \impale-
ment transition". The aim of this present work is to reveal the
existence of other stable conformations prior to impalement.

wetting properties of superhydrobic surfaces remains quite
super�cial.

We �rst recall brie
y the standard paradigm to ac-
count for superhydrophobicity (see [7] for a recent review).
The two di�erent wetting states that can be observed on
microstructured hydrophobic surfaces are sketched in Fig-
ure 1. i) Wenzel state: the liquid follows the topography of
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the solid. De�ning the surface roughness� as the ratio be-
tween the area of the areal surface over the apparent sur-
face area, the equilibrium contact angle of a liquid drop is
given by cos(� ) = � cos(� 
at ), where � 
at is the Young con-
tact angle on a 
at surface. ii) Fakir state: The liquid rests
on the top of the surface asperities, air pockets remain
trapped between the solid and the liquid surface. Only a
fraction � of the solid surface is in contact with the liquid.
Fakir drops adopt a contact angle given by the weighted
sum cos� fakir = � cos� 
at � (1 � � ), (Cassie-Baxter aver-
age). It can be easily shown that the drop minimizes its
surface energy in the fakir (respectively Wenzel) regime if
� is larger (respectively smaller) than cos� fakir =cos� 
at .
Consequently, fakir droplets should be observed only on
ultra rough surbstrates. This standard approach based
on energy minimization cannot describe the potential
metastability of fakir or Wenzel states. Several studies
have recently shown that both the measured average con-
tact angle and the contact angle hysteresis on superhy-
drophobic surfaces strongly depends on the way the liq-
uid has been deposited [8{12]. This demonstrate the exis-
tence of metastable wetting states. Precisely, it has been
reported in [9,13,12] that an increase of the pressure in the
drop can trigger an irreversible impalement transition to
the Wenzel state. Except for the simpli�ed case of the 1D
surface geometry [14,15], all the models proposed to ac-
count for this transition require the a priori knowledge of
the deformation pathway followed by the liquid interface
during the impalement process, see Figure 1 [12,16{18].

In this paper, we focus on pressure-driven transitions
of slowly evaporating droplets. We combine two optical
techniques to observe the full 3D shape of a drop deposited
on a model superhydrophobic surface and provide a quan-
titative description of the impalement scenario of fakir
droplets. Thanks to this technique we relate the deforma-
tion of the water interface to the internal Laplace pres-
sure. The drop can follow two successive deformations se-
quences prior to impalement. First, the fakir drop remains
on top of the asperities of the rough surface and increases
its curvature as the drop evaporates. Then, impalement
is locally nucleated by a defect and lead to the growth
of a partly impaled region below the drop where the liq-
uid wets the sides of substrate's asperities. The drop thus
adopts a succession of new equilibrium conformations that
do not correspond to the standard fakir and Wenzel cases.
Eventually, when the liquid touches the basal surface of
the substrate, the drop fully wets the solid and reach the
Wenzel state. We present a simpli�ed model that accounts
for the observed heterogeneous impalement scenarios. Fi-
nally, on the basis of this model, we propose an e�cient
design strategy for ultra robust superhydrophobic surfaces
on which arbitrarily small fakir droplets can be deposited
and transported.

2 Real-time imaging of drop impalement

The experiment consists in gently depositing a millimetric
water droplet in the fakir state on a superhydrophobic

d
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h

Fig. 2. Micropatterned PDMS surface. Image obtained with
an optical pro�lometer (FOGALE nanotech). The pitch of the
triangular lattice is d = 50 � m.
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 u(x,y)

Fig. 3. Schematic representation of the experimental setup.
An evaporating drop is simultaneously observed with: i) a stan-
dard CCD camera equipped with a macro objective and ii) with
an inverted microscope. Closeup: gray on-line: solid surface,
blue on-line: liquid. u(x; y ) is the liquid-air interface pro�le.
The arrows sketch the two optical paths that interfere to form
the RICM patterns.

substrate and simply let it evaporate at room tempera-
ture. The typical evaporation time is � 90 min. All the
experiments have been performed on thin PDMS (Poly-
Dimethyl Siloxane) hydrophobic surfaces microstructured
using replica molding techniques [19]. The primary
molds are made by UV lithography of SU8 photoresit
resin (Microchem Corp.). The patterns are triangular
arrays of cylindrical pillars with a pitch d = 50 � m (see
Fig. 2). We have used several surfaces with pillars of
radius r = 10 � 2 � m. Two di�erent pillars' height have
been used:h = 13 and h = 9 :5� m. We have also taken
advantage of UV lithography to build defective arrays
including isolated missing pillars.

2.1 Macroscopic observation: fakir to Wenzel
transition

We combine two optical techniques to observe the full 3D
shape of a drop, see Figure 3. The PDMS substrate sup-
porting the fakir drop is positioned on an inverted micro-
scope. The sample is lighted through the objective with
a monochromatic light using a halogen light bulb and a
narrow interferometric �lter (wave length: � = 520 nm,



S. Moulinet and D. Bartolo: Impalement transition on superhydrophobic s urface 253

Fakir state Wenzel State

A

B

C

D

Fig. 4. A) Fakir water drop on a textured PDMS surface,
side view. Scale bar 1 mm. B) Fakir water drop, RICM picture
taken at the macroscopic contact line. The black regions cor-
respond to water-PDMS interfaces, lighter regions to air-water
interfaces. The fringes below the drop indicate that the drop
is only in contact with the top of the PDMS pillars. C) Same
drop as in A, picture taken 1 min later. The drop is now in the
Wenzel state. Note the reduction of the contact angle and the
advancing of the contact line. Scale bar 1 mm. D) RICM picture
of a Wenzel drop. The liquid fully covers the patterned surface.

band width: �� = 6 nm). The air-water interface below
the drop is observed by re
ection interference contrast mi-
croscopy (RICM) through the transparent PDMS surface.
A change of the interference pattern intensity from a max-
imum to a minimum, corresponds to a variation of �= 4 =
130 nm of the distanceu between the drop surface and the
top of the pillars. This simple rule leads to a straightfor-
ward reconstruction of the three-dimensional shape of the
interface. Simultaneously, the temporal evolution of the
drop radius, Rd is directly monitored with a CCD camera.

When a water drop is gently deposited on the PDMS
superhydrophobic surface, the macroscopic contact angle
exceeds 140� . Note that this value is much higher than the
advancing contact angle measured on a 
at PDMS sub-
strate (� 110� ). The RICM pictures show that the liquid
is supported by the top of pillars, Figure 4B. The drop
is in the fakir state. As the drops evaporates, its radius
decreases. After a few minutes, the drops adopts its re-
ceding contact angle (� 140� ), Figure 4A, and the contact
line of the fakir drop starts retracting. A sharp transition
is observed when the drop radius reaches a critical value
which depends on the pattern geometry. The contact line
suddenly jumps forward, the contact angle drops down to
a smaller value, Figure 4C, and the RICM interference
pattern becomes uniformly dark, Figure 4D. These three
observations illustrate the transition to the Wenzel state.
This transition occurs in less than 20 milliseconds. Once
the drop is impaled on the PDMS pillars, the contact line
remains pinned until evaporation is completed.

A

B

C

D

Fig. 5. RICM picture of a drop deposited on perfect arrays
(A and B) and on arrays with isolated missing pillars (C and
D). A) Localized defect. The interface is penetrated by a single
pillar. Image taken just after the drop deposition PL � 140 Pa.
B) Partly impaled droplet taken few minutes prior to the Wen-
zel transition, PL = 280 Pa. C) Isolated missing pillar. Image
taken just after the drop deposition, the drop is in a fakir state.
D) Partly impaled droplet. The pillars around the localized de-
fects have penetrated the interface, PL = 260 Pa. On the four
pictures the pitch of the lattice is d = 50 � m.

2.2 RICM imaging: Partial impalement of fakir
droplets and nucleation scenario

We now describe in detail the impalement scenario uncov-
ered by the RICM pictures, see,e.g., Figure 5. We have
reconstructed the pro�les of the free surface,u(x; y), along
a principal direction of the triangular lattice. In Figure 6
we show, for two di�erent experiments, the deformations
of the interface when the liquid evaporates. Just after drop
deposition, the liquid interface adopts the shape of a tent
roof supported by all the pillars, Figure 6. As the drop
evaporates the liquid penetration increases since the cur-
vature increases. However the penetration remains identi-
cal in each cell of the triangular lattice. Below a critical
radius that may vary from one experiment to the other,
one pillar suddenly pierces the interface. The drop is no
longer in the fakir state. The RICM pattern associated
with a localized impalement event is shown in Figure 5A.
However, the location of this pillar cannot bea priori pre-
dicted. To circumvent this experimental di�culty, we have
used surfaces patterned with arrays containing imperfec-
tions such as isolated missing pillars, Figure 5C and D.
This allows to enforce the location of the nucleation point
from which the partly impaled region growths. We can in-
fer from the RICM pictures, Figure 5B and D, and from
the interface pro�les, Figure 6A, that as the drop cur-
vature increases the pillars surrounding the defect start
being wetted. This partially impaled region grows and
can even reach the edge of the drop as illustrated by
the pro�les plotted in Figure 6B. Though all the pillars



254 The European Physical Journal E

-12

-10

-8

-6

-4

-2

0

-150 -100 -50 50 100 150

t = -66 min

t = -12 min

t = -4 min

t = -100 s

t = -33 s

t = 0-

u
 (

!m
)

A

x (!m)
0

-10

-8

-6

-4

-2

0

-200 -100 0 100 200

t = -131 s
t = -122 s
t = -114 s
t = -15 s
parabolic fit

x (!m)

u
 (

!m
)

B

Fig. 6. Pro�les of the water interface ( t = 0 corresponds to the
impalement transtion to the Wenzel state). The gray patterns
sketches the solid substrate. A) Patterned surface with one
missing pillar. B) Array without defects. The solid line is a
parabolic �t of the envelop of the pro�le 114 s prior to the
Wenzel transition.

supporting the liquid are partly wetted, the drop has not
yet reached the Wenzel state. As soon as the maximal
penetration p(t) � maxx;y ju(x; y; t)j becomes equal to the
pillars height, h, the liquid-air interface contacts the basal
surface of the solid. This event triggers a sharp transition
to the Wenzel state.

Given the above description, the maximal penetration
p of the liquid interface appears to be a natural control
parameter to describe the impalement transition. In all
that follows we will use the Laplace pressurePL � 2
=R d
instead of the drop radius to describe the equilibrium wet-
ting state of the liquid. We have demonstrated in a previ-
ous study that impalement is generically induced by an in-
crease of pressure in the drop [12]. In Figure 7 we plot the
evolution of p with PL . At low PL , the drop is in the fakir
state and p increases linearly with the pressure. As the
pillars start penetrating the liquid the slope of the (PL ; p)
curves sharply increases. For the pro�les plotted in Fig-
ure 7A, this second regime ends at high pressure whenp =
h this, again, corresponds to the Wenzel transition. More
surprisingly a third regime is observed on Figure 7B which
corresponds to experiments done on a defect-free surface.
In this case, at high Laplace pressure, the variations of the
penetration with the Laplace pressure are strongly slowed
down prior to the Wenzel transition. The analysis of a sin-
gle interface pro�le cannot tell whether the drop is in the
second or the third regime uncovered by the penetration
plot, the drop remain partly impaled on the pillars.
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Fig. 7. Penetration versus Laplace pressure, experimental (cir-
cles) and numerical data (full lines). The vertical dashed lines
correspond to the slidding pressure de�ned in equation (3) with
� a = 98 � . This value corresponds to the contact angle on the
side of the pillars measured on Figure. 6. The last experimental
point corresponds to the image taken just before to the tran-
sition to the Wenzel state. A) substrate with a missing pillar.
B) substrate without defect.

Before closing this section, we add two comments:

{ We have carefully checked that the radius of curva-
ture of the interface measured in Figure 6 at the maxi-
mal penetration is equal to the measured macroscopic
drop radius Rd . This demonstrates that the free sur-
face adopts a constant curvature equilibrium shape.
To further check this important point we have plot-
ted the evolution of the radius Rd (t) and the maxi-
mal penetration, p(t), Figure 8. At the beginning of
the experiment the penetration of the liquid increases
slowly. Then the velocity of the penetration increases
quite sharply � � 10 min prior to impalement. For the
experiment corresponding to Figure 8 the maximal
penetration velocity is � 0:7 � m=s. We conclude un-
ambiguously from this small value that the dynamic
of the interface is quasi-static. As a matter of fact,
the deformation of the interface propagates at a much
higher velocity, typically of order

p

=�� � 2 m=s (re-

spectively 
=� � 70 m=s) in the inertial (respectively
viscous) limit where 
 is the surface tension,� the
liquid density, � the viscosity and � a typical length
scale set by the lattice spacing; here
 = 70 mN=m,
� = 103 kg=m3, � = 10 � 3 Pa � s and � has been taken
equal to 10 microns.
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Fig. 8. Drop radius and maximal penetration versus time for
an experiment on a surface containing missing pillars. The ki-
netic of the drop evaporation is consistent with the well-known
Rd � j t � t0 j

1
2 scaling law (solid line) for aerosols and drops

lying on 
at non-wetting surfaces [20].

{ When the interface is pushed downward, the liquid
slides along the pillars. This is consistent with the evo-
lution of the contact angle along the side walls of the
pillars. On Figure 6 we can notice that the local con-
tact angle increases asRd decreases until the top of a
pillar penetrates the water. Thereafter the local angle
then remains constant and equal to 100� 3� , a value
close to � a.

In summary of our main experimental results: when a
fakir drop evaporates, the decrease of its radius induces a
transition to a Wenzel state. Beyond this simple macro-
scopic observation, RICM has brought an important new
insight to the impalement transition: the drop explores
a succession of equilibrium shapes that belong neither of
the fakir nor of the Wenzel class. These new wetting con-
formations cannot be uncovered solely by the standard
macroscopic contact angle measurement. For all the partly
impaled states, the drop makes a contact angle very close
to � fakir . Finally, plotting the penetration curves (pene-
tration versus Laplace pressure) we have identi�ed three
main di�erent impalement regimes which we study in de-
tails below.

3 Pressure-induced impalement: theoretical
description

In this section we construct a simple model to describe the
outcome of a fakir droplet evaporating on model superhy-
drophobic surface. We especially focus on the evolution of
the maximal penetration p with the inner Laplace pres-
sure (or equivalently with the evaporating drop radius),
Figure 7. We �rst recall and complete the simple mean-
�eld approach presented in [12]. For the sake of clarity,

this model is detailed only for the surface pattern corre-
sponding to our experiments.

We assume that the penetration �eld has the same
symmetries as the pillars lattice. The free surface en-
closed by all the elementary cells experiences a force
PL [A(1 � � )], where A is the projected area of one cell
and � = (2 �=

p
3)(r=d)2 is the pillar density for a tri-

angular lattice. At mechanical equilibrium, this force is
balanced by the capillary forceNp f applied at the top of
Np = �A=�r 2 pillars in the cell. The elementary forcef is
given by f � [2�
r cos(� )] where � is the \average" con-
tact angle de�ned on the pillars sides. At equilibrium the
force balance equation is

PL =
2�

1 � �
jcos(� )j



r

: (1)

Note that all the information on the shape of the interface
is encoded in the cos(� ) prefactor. In the low- � limit, and
for small surface deformations (i.e. at low PL ), cos[� (p)] �
p=r (omitting logarithmic corrections), which is a well-
known result in the context of thin �bers wetting [21]. It
then follows from equation (1) that the penetration scales
linearly with the pressure applied of the interface:

p � d
PL

(
=d )
: (2)

This simple model also predicts the existence of a criti-
cal pressure above which fakir drops cannot be observed.
The contact angle � (p) is indeed bounded by the local ad-
vancing contact angle � a. Hence, if � (p) > � a, the above
force balance equation has no solution and the contact
line will spontaneously slide along the pillars down to the
basal surface. This would induce the Wenzel transition.
This sliding scenario should occur at the critical pressure:

Psliding =
2�

1 � �
jcos(� a)j



r

: (3)

The global trends of the experimental penetration curve
are correctly predicted by this scaling model, see Fig-
ure 7A: at low pressure the penetration of the fakir drop
increases linearly with PL and abruptly increases as the
pillars penetrate the interface.

To go beyond scaling arguments, we have solved nu-
merically the Laplace equation for the penetration �eld,
u(x; y) on an elementary rectangular cell including two
perfect pillars with periodic boundary conditions. The de-
tails of the numerical method are provided in appendix.
The computed penetration is plotted versus pressure for
di�erent advancing contact angles in Figure 9. These plots
indicate that the linear approximation at low pressure is
excellent. The penetration curves are indeed very well de-
scribed by straight lines with slopes independent of the
advancing contact angle. In addition, above a critical pres-
sure, the contact lines along the pillars moves toward the
bottom of the calculation box after each intermediary
steps of the numerical resolution. The divergence of the
calculation indicates that no equilibrium solution exists
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Fig. 9. Calculated penetration versus Laplace pressure on a
perfect array for four contact angles. For all the numerical re-
sults, the lengths and the pressures are normalized by d and

=d , respectively. The dashed lines represent the value at which
the calculation diverges for the di�erent surfaces. For all sur-
faces,r = 0 :2d, only the value of � a is changed. Inset: maximal
pressure as a function of j cos� a j. The full line corresponds to
equation (3) which correctly predicts the dependence of Psliding

on cos� a .

with a contact line detached from the pillars edge. This
de�nes the sliding pressurePsliding .

In the low-pressure regime (regime I), the penetration
curve inferred from the exact resolution of the Laplace
equation is in rather good agreement with our experimen-
tal �ndings on perfect pillars arrays, see Figure 7. In addi-
tion, Psliding yields a quantitative estimate of the pressure
above which the pillars start impaling the liquid. However,
this simple picture cannot account for several important
features of the penetration scenarios observed in the ex-
periments: the partly impaled states (regime II) cannot
be described since it predicts that the penetration un-
dergoes a discontinuous divergence asPL exceedsPsliding .
Furthermore, this scaling model does not explain the high-
pressure regime (III) in which the slope of the penetration
curve decreases as the pressure increases, Figure 7B.

3.1 E�ect of localized defects: partial impalement

The RICM pictures have shown that the partial impale-
ment systematically nucleates on an isolated defect. In
order to assess the in
uence of these defects on the pen-
etration curve we have solved the Laplace equation on a
4� 3 lattice including one \defective pillar" with periodic
boundary conditions. More precisely, we have considered
two types of defects: i) missing pillars (geometrical de-
fect) and ii) pillars with lower advancing contact angle
(chemical defect). Again, the maximum penetration is ex-
tracted from the shape of the interface. Figure 10 gathers
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Fig. 10. Calculated penetration versus Laplace pressure for
surfaces with di�erent types of defect. The dashed lines repre-
sent the calculated sliding pressure. r = 0 :2d and � a = 120 �

for the regular pillars.

the penetration curves for di�erent kind of defects and
reveals important di�erences with the previous homoge-
nous (mean �eld) case. Firstly, if the advancing contact
angle on the defect is less than 90� , the penetration is
non-zero at zero pressure. This suggests that a single wet-
ting pillar can strongly destabilized fakir drops for small h.
Secondly, for non-wetting pillars, the penetration curve is
una�ected by the defect in the low-pressure limit. At low
pressure, the contact angle on the less hydrophobic pillar
has not reached its advancing value, the contact line re-
mains pinned on the upper edge of the pillar. In turn, the
shape of the interface and the penetration depth do not
di�er from the ones on a perfect array. When the Laplace
pressure cannot be countered by the elementary forcef on
the defect (this is always the case for missing pillars), the
local contact angle takes its advancing value and the con-
tact line slides along this less hydrophobic pillar whereas
the interface remains pinned on the top edge of the reg-
ular ones. The liquid is only partly impaled. Increasing
the pressure we observe the growth of the partly impaled
region, Figure 11, until it covers the twelve pillars. The
sliding of the interface along all the pillars then leads to
the Wenzel transition. A direct consequence of the partial
impalement is the sharp increase of the slope of the pene-
tration curve prior to the full prenetration. This behavior
correctly reproduces what is experimentally observed in
the intermediate pressure regime (II) see Figure 7A.

We also stress on the weak dependence of the critical
sliding pressure on the presence of defects in the limit
of low defects density, Figure 10. Eventually, we mention
that the range of pressure over which partial impalement
is numerically observed increases with the box size. The
calculation of the interface pro�le for a large number of
pillars goes beyond the scope of this paper.
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=d the drop is in the fakir
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liquid. The partially impaled region covers almost the entire
numerical box. The sliding transition occurs at P = 0 :231
=d .
Here r = 0 :2d and � a = 98 � .

We have demonstrated that the partial impalement
of the liquid interface can be correctly described within
our simple framework by including geometrical or chemi-
cal heterogeneities of the patterned solid substrate. This
allows for a description of the two �rst step of the im-
palement scenario identi�ed on the experimental penetra-
tion curves and on the interface pro�les (regime I and
II). However, some ingredient seems to be still missing in
our theoretical description to account for the last regime
observed with the most robust superhydrophobic surface,
namely the high-pressure regime where the slope of the
penetration curve strongly decreases as the drop curva-
ture increases.

3.2 Edge e�ects can save fakir droplets from
impalement

The drop-substrate interface is connected to the macro-
scopic liquid-gas interface (the apparent part of the drop).
At a macroscopic level, the two interfaces connect at the
triple line where u = 0. The RICM observations show
that the drop always contacts the top of the pillars lo-
cated along the contact line, see Figure 4. Moreover, the

pro�les plotted on Figure 6 clearly show that the macro-
scopic contact line pulls the interface upward and thus
locally impedes drop impalement.

So far, restricting our model to periodic interfaces,we
have implicitly ignored any potential edge (�nite size) ef-
fect on the drop shape. Obviously, a complete description
of the wetting behaviour of a drop would require the full
knowledge of the interface's shape at all scales [22]. In-
stead, we now propose a minimal model to rationalize the
stabilization of the fakir state due to the �nite size of the
\liquid-substrate" contact surface. We adopt a simpli�ed
continuous description of the partly impaled liquid inter-
face. However, one have to keep in mind that, in our ex-
periments, only few tens of pillars support the fakir drop
in the late stage of the partial impalement (regime III).
Balancing all the forces acting on the free surface, the
drop Laplace pressure, the surface tension and the coarse-
grained capillary force applied by all the partly wetted
pillars, we infer the equilibrium condition for the coarse-
grained penetration �eld hui in the small deformations
limit:

(1 � � )P � 
 4 h ui �

*

f
X

n

� (r � r n )

+

= 0 ; (4)

with P is the pressure in the drop and where the partly
wetted pillars are modeled by pointwise vertical forces of
magnitude f = (2 �r )
 cos� a located at the vertices r n of
the lattice (the brackets stand for spacial averaging). In
what follows we focus on the late stage of the impalement
transition. All the pillars below the drop are supposed
to have penetrated the liquid except at the macroscopic
contact line. Consequently, the force applied by the wetted
pillars does not depend on local shape of the interface and
is equal to f �= (�r 2). Therefore, the equilibrium condition
for the averaged penetration �eld is


 4 h ui = (1 � � ) (P � Psliding ) ; (5)

where the sliding pressure has been de�ned in equa-
tion (3). This equation is solved with the boundary con-
ditions hui = 0 at the macroscopic contact line, i.e. at
a distance R = Rd sin � fakir from the center of the cir-
cular liquid-solid interface. Using P = 2 
=R d , it is then
straightforward to compute the maximal penetration of
the resulting parabolic pro�le:

p = 
 (1 � � )
�

P � Psliding

P2

�
sin2 � fakir : (6)

Note that our experiments con�rm that the interface pro-
�le is very well approximated by a paraboloid shape at
large scale, Figure 6. The above theoretical penetration
is plotted and compared to our experimental data in Fig-
ure 12. Clearly this model qualitatively captures the main
feature of the third penetration regime for which the slope
of the penetration curve decreases forP > P sliding . Since
at the onset of the Wenzel transition the drop is only
supported by � 30 pillars, we cannot expect more than
a qualitative agreement with the experiments. The three
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Fig. 12. Penetration versus pressure for a drop on a perfect
array. The experimental data are compared to our theoreti-
cal predictions. Gray lines correspond to the mean-�eld model
solved numerically. The equation of the black curve is given
by equation (6) with � fakir = 150 � and Psliding = 293 Pa. This
last value is consistent with a sliding pressure calculated for an
advancing contact angle � a = 98 � (dashed gray line). Accord-
ing to this simpli�ed model, pillars longer than 14 � m should
prevent the impalement of arbitrarily small droplets.

penetration regimes are now correctly described, taking
into account both spatial heterogeneities on the surface
and the �nite size of the droplet.

We now highlight a more surprising e�ect, that should
be observed on very slender pillars. Indeed, the model pre-
sented above actually predicts another unexpected pene-
tration regime. Equation (6) tells us that the penetration
could in principle reach a maximal value at P = 2Psliding :

pmax = (1 � � )

 sin2 � fakir

4Psliding
: (7)

Above 2Psliding , p decreases asymptotically to zero. Con-
sequently, if the pillars height h exceedspmax , the drop
would never reach the Wenzel state and remain in the
fakir state even for arbitrarily small radius! This surpris-
ing result can be understood by keeping in mind that
the smaller the drop the more PL pushes the interface
downwards, but also that, the smaller the drop, the more
volume conservation hinders the drop penetration. We
note that at P = 2Psliding the drop radius is equal to
4pmax (1 � � )=sin2 � fakir and can thus be much larger than
pmax since fakir drops are associated with very high con-
tact angles. Unfortunately, we did not manage to con-
struct PDMS pillars of su�ciently high aspect ratio to
observe the \immortal" fakir droplets. Nevertheless, this
prediction is consistent with experiments done on carbon
nanotube forests on which micron size droplets remains in
the fakir state [23]. We also mention that recent experi-
ments performed on ultra thin and ultra high microfab-
ricated silicon pillars have con�rmed this counterintuitive
theoretical prediction [24].

In summary, we have combined a local and a coarse-
grained description of the wetting states observed exper-

imentally on superhydrophobic surfaces. Thanks to the
simple local model solved numerically, we have identi�ed
the physical mechanisms that dictate the pressure-induced
transitions between these wetting states. We have demon-
strated that localized defects (chemical or geometrical het-
erogeneities) play an important role in the nucleation and
growth scenario that leads to the transition between the
fakir and the partly impaled state. We emphasize that this
model is appropriate whatever the mechanisms responsi-
ble for the pressure increase (gravity, drop squeezing, elec-
trostatic pressure, : : :). We have also revealed the impor-
tance of the �nite size of the interface at high pressure. We
have especially shown that surfaces patterned with very
slender pillars can support arbitrarily small droplets, i.e.
droplets with arbitrarily high Laplace pressure. Eventu-
ally, we precise that the simple picture proposed in this
section is appropriate to describe the robustness of both
stable or metastable fakir states since in our analysis we
did not assume that fakir drops minimizes their surface
energy.

4 Conclusion: design strategies for robust
non-wetting surfaces

We close this paper proposing some guidelines for the de-
sign of robust superhydrophobic surfaces. The main mo-
tivation concerns the construction of lab-on-a-chip de-
vices capable of: i) avoiding Taylor dispersion e�ects
when transporting multiple 
uids [25]. This goal could be
reached if liquids could 
ow in the channels with a 
at ve-
locity pro�le. Large slip length and thus 
attened velocity
pro�les can be achieved in superhydrophobic microchan-
nels [26]. ii) Transporting highly curved liquid droplets
in microchanel or on open assays [27]. To avoid fouling
and material loss the micro
uidic droplets must not wet
the channels' walls. Superhydrophobic patterning could be
used to achieve a geometric control of the wetting proper-
ties of the device without adding surfactant molecules [28].
For these two applications the ideal superhydrophobic de-
vice must be able to resist against impalement under the
application of high pressures and exhibit an ultra low
contact angle hysteresis for drop transport. The second
requirement can be full�lled reducing the pattern solid
fraction (note that this would also increase the apparent
slip length). Concerning the resistance against impalement
that would irreversibly stick the drops on the surface or
reduce the slip length to zero, we have learned from the
penetration curves that the working pressure should be
much lower that Psliding . As a matter of fact, close to this
critical value a small 
uctuation of the pressure would lead
to a sudden and large increase of the liquid penetration.
To widen the range of working Laplace or hydrodynamic
pressurePsliding has to be as large as possible. Hence, for
a given liquid fraction � , the size of the elementary pat-
tern has to be as small as possible. It is worth mention-
ing that the slenderness of the pattern does not in
uence
the value of Psliding . For continuous phase 
ows, it is thus
ine�ectual to increase the height of the patterns above
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Fig. 13. Left: wetting behaviour on the edge of a pillar. The
lines represent the interfaces for di�erent contact angles. The
interface connect the pillar at its corner for all angles smaller
than � a , when � = � a (solid line), the interface can join the
pillar side. Right: the simulated behaviour used in our calcu-
lation. The pillar is considered as an in�nite cylinder along
which the contact angle varies with z. The sharp variation of
cos� around z = 0 mimics the e�ect of the pillar edge.

h = p(Psliding ). But, we have shown that when the pil-
lars aspect ratio exceeds (1� � )=(8� cos� a sin2 � fakir ) (see
Eqs. (3) and (7)) droplets cannot fully wet and stick on
the patterned substrate. Consequently, this high robust-
ness against impalement could be put at work to design
micro
uidic devices able to transport and store ultra small
surfactant free droplets.
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Prevost for help with the experiments. Mathilde Reyssat and
David Qu�er�e are acknowledged for the communication of ex-
perimental results prior to publication.

Appendix A. Numerical resolution of the
Laplace equation

We have used the open-source software Surface Evolver
(SE) to solve the Laplace equation for the liquid interface
in contact with the pillars array [29]. The surface is dis-
cretized in a mesh of triangular facets. A steepest descent
procedure is then applied to �nd the lowest-energy confor-
mation. In addition to the geometric boundary conditions,
several constraints such as pressure, wetting properties,
gravity can be imposed.

The numerical results presented in this paper obey to
the following speci�cations:

{ Computation box: the calculation in a mean-�eld ap-
proach is only calculated inside one lattice's elemen-
tary cell of the periodic surface. This cell has been
chosen to be parallelepipedic with periodic conditions
along the x and y directions. Calculations for perfect
arrays have been performed on elementary cells of lat-
eral sizesd�

p
3d containing 2 pillars. The role of defect

has been investigated on 3d� 2
p

3d cells with 12 pillars
including a single defect.

{ Capillary pressure: the pressureP in the liquid is re-
lated to the curvature C of the liquid-gas interface:
P = 
 C. The e�ect of pressure is taken into account
by imposing the value of the constant curvature of the
surface.

Fig. 14. Examples of a surface calculated for a perfect array
(top) and for a cell with defective pillar on which the advancing
contact angle is � a = 90 � (bottom).

{ Wetting properties: the calculations have to take into
account two possible situations for the contact line
around a pillar: i) The contact line is pinned on the
top edge of the pillar, and the local contact angle
can take any value smaller than� a (see Fig. 13, left).
ii) As � a is reached, the contact line can take any
position along the pillars. To bypass the di�culty of
computing a sharp edge, we have modeled the pillars
by a set of in�nite cylinders along which the contact
angle can undergo abrupt but continous variations.
The wetting properties vary with the height z like
cos� = cos � a tanh(z=s) (see Fig. 13, right) wheres is a
typical size for the curvature of the pillars' edge. In this
model, a contact line at jzj < s is pinned on the edge
of the pillar, while jzj � s means that the pillar pen-
etrates insides the liquid (we have takens = d=1000).
To model chemical heterogeneities, it is possible to as-
sign a di�erent value to � a for each pillar, an example of
localized chemical heterogeneity is shown in Figure 14.
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