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This article describes the physics of superoleo-
phobic surfaces, combining a recently developed
free-energy approach and finite element mod-
eling. We start by investigating the peculiar
wetting behavior of such surfaces, originating
in their “re-entrant” geometry, and discussing a
specific mechanism for the “filling transition”,
leading to the loss of superoleophobicity. We
then focus on their friction properties, and es-
tablish an important condition for their use as
super-lubricating surfaces. This new insight
into the underlying mechanisms of superoleo-
phobicity enables us to suggest general princi-
ples to optimize the wetting and friction prop-
erties of those promising surfaces.

1 Introduction

GasLiquidLiquid

b) Cassie−Baxter statea) Wenzel state

Figure 1: Wenzel and Cassie-Baxter states for
patterned hygrophobic surfaces.

Since the late nineties, micro or nano-structured
surfaces have attracted a lot of attention in dif-
ferent fields1–11. This interest is motivated by
the “super-wetting” properties of these surfaces

(superhydrophobicity, superhydrophilicity, su-
peroleophobicity, superoleophilicity, . . . , gener-
ically called superhygrophobicity or superhy-
grophilicity, as suggested in12, whatever the na-
ture of the liquid) and by the consequences these
properties have on various transport phenom-
ena at the surface (in particular, matter13 and
heat10 transfert). One important field of appli-
cation is microfluidic14, where superhydropho-
bicity of suitably prepared textured surfaces can
lower in a substantial way the friction between
the surface and water, reducing the viscous dis-
sipation in the device13,15–18. Similar surfaces
can be produced to repel oil, but repelling both
oil and water with the same surface is a true
challenge since surfaces that repel water are usu-
ally attracting oils. The recently introduced
“re-entrant” geometries12,19–23 (see for instance
Fig. 5.b) are interesting in this context since
these structures can drive a wetting inversion,
leading to surfaces repelling both water and oils
(traditionally referred to as superoleophobic sur-
faces). The geometrical reason responsible for
the wetting inversion has been investigated by
Marmur in12, and results from the multivalua-
tion of the surface (several solutions exist for a
given liquid-gas contact area, as defined in12).
As a consequence, a Cassie-Baxter state can ex-
ist even when the surface is intrinsically wetting.
The surfaces we consider have this property.
But this peculiar behavior only appears as a
metastable state as we shall see, and controlling
the mechanism of metastability is the key point.
Investigating these mechanisms is the goal of
the present study, that extends in some way the
work of Marmur. Another important field of
application concerns thermal transport, where
superhygrophilicity of some nanostructured sur-
faces can be used to increase the Critical Heat
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Flux9,11, that limits heat transport at the sur-
face, or even to produce super-condensing de-
vices. Controlling the wetting properties of
these textured surfaces is thus a key ingredi-
ent for many applications. Another issue is the
connection between the (static) wetting prop-
erties and the (dynamic) transport mechanisms
(friction with the liquid in contact for exam-
ple)24. We shall consider in this article these
two aspects for different types of structured sur-
faces, and show that metastability is an impor-
tant mechanism to understand and design new
surfaces with complex and interesting proper-
ties.

To introduce the problem, we shall first con-
sider the example of superhygrophobicity, and
generalize afterwards to other types of surfaces.
Micro or nano-texturing an initially smooth sur-
face increases its roughness, and thus amplifies
its wetting properties since the contact area be-
tween the surface and the liquid is increased
(Wenzel theory25). An initially hygrophobic
smooth surface should become even more hygro-
phobic after structuring. A wetting transition
can be induced by roughness as well when hy-
grophobicity becomes large – as shown by Cassie
and Baxter1, leading to the “superhygrophobic”
state. While the Wenzel state corresponds to a
contact of the whole surface with the overlay-
ing liquid, the Cassie-Baxter state corresponds
to a composite wetting, where the liquid phase
is suspended on the top of the asperities, with
a gas phase (air or vapor or both) trapped in
between (see Fig. 1). The Cassie-Baxter state
is also referred to as the “Fakir” state, and we
shall use this simple idiomatic terminology in
the following. By opposition, the Wenzel state
is often called the “impaled” state, and we shall
again use this name in what follows. The Fakir
state is interesting since the gas layer trapped
between the surface and the liquid plays the role
of a lubricant, and can induce a large slippage
of the fluid13,15–18. Slippage is however not per-
fect since it competes with the friction applied
by the roughness26,27. Efficiency of slippage is
characterized by the slip length b, that gives the
position inside the surface where the extrapo-
lated velocity field cancels (see Fig. 2). It has
indeed been shown by many authors13 that far

away from any kind of surface, the velocity field
corresponds to the field produced by an effective
planar surface with the partial-slip – or Navier
– boundary condition (BC):

v‖(zs) = b
∂v‖
∂z

∣∣∣∣∣
z=zs

, (1)

relating the slip velocity v‖, the slip length b and
the local shear rate on the effective planar sur-
face – often named the ’plane of shear’ – placed
in z = zs (see Fig. 2). The slip length is very
sensitive to the details of the surface texture:
Anisotropic textures usually leads to anisotropic
slippage, giving rise to interesting applications
(mixing in microchannels28 for instance).
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Figure 2: Partial slip boundary condition: def-
inition of the slip length b and of the ’shear-
plane’ position zs.

More generally, the link between the wetting
properties of the textured surface, and of an ide-
ally smooth surface of the same chemical nature
(the reference surface), is plotted on a wetting
diagram. This diagram gives the variation of
the effective contact angle θeff (more precisely
cos θeff) of a liquid placed on the textured sur-
face as a function of the intrinsic contact angle
θ (in fact cos θ) of the reference smooth sur-
face. The wetting states are clearly visible on
these diagrams since they give rise to different
branches; The transition points can be identi-
fied by the intersections of the branches. The
wetting diagram is obtained by using the Young
law:

cos θeff =
γeff

SV − γeff
SL

γLV

, (2)

where γLV is the liquid-gas surface tension, γeff
SV

is the effective surface tension between the gas
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and the substrate, and γeff
SL is the effective sur-

face tension between the liquid and the sub-
strate. By “effective” we mean that this sur-
face tension is the global surface energy divided
by the apparent macroscopic area of the surface
(the asperities are not visible at the macroscopic
scale, and the textured surface look smooth at
this scale). For a particular geometry of the
surface, and making assumptions on the possi-
ble wetting states, it is possible to get theoret-
ical expressions for these effective surface ten-
sions and to obtain the corresponding branches.
We show in Fig. 3 the shape of this diagram
for a crenelated surface, where we can identify
three branches. While the first one (I) corre-
sponds to the Cassie-Baxter state, a competi-
tion between a fakir state for the liquid, and an
impaled state for the gas in contact with the
surface (see Fig. 3), branch II corresponds to
an impaled state for both the gas and the liq-
uid phase (the situation considered by Wenzel),
and branch III, very promising in the context
of condensation and boiling, corresponds to an
impaled state for the liquid, and to a composite
wetting situation – with liquid condensed in the
asperities – for the gas-substrate surface ten-
sion. We shall refer to this last state as the
“inverse-fakir” state, since it is the exact inver-
sion of the fakir state described above. As a
generic feature, we can see that the structuring
of a surface can only enhance its natural wet-
ting property, a smooth hygrophilic surface will
become more hygrophilic after texturing, and a
smooth hygrophobic surface will become even
more hygrophobic once textured. Reversing the
wettability is not possible if we refer to Fig. 3.

This quite generic wetting diagram, obtained in
the macroscopic framework introduced by Wen-
zel, Cassie and Baxter raises in fact many ques-
tions. First, it is derived from a purely macro-
scopic approach and we can wonder if it is still
valid at the nanometric scale. This question re-
ceived a positive answer thanks to the molecu-
lar simulations done by Cottin-Bizonne et al.29:
The Cassie-Baxter - Wenzel transition is in-
deed observed even for nanostructured surfaces.
Next, only a limited number of wetting states
are taken into account in this macroscopic ap-
proach, the lowest surface energy state being

Empaled
Fakir

wetting

θ
non

wetting
II

III

Inverse Fakir

cosθeff

cos

+1

+1

−1

−1

I

Figure 3: Wetting diagram for a crenelated sur-
face. The small boxes show the wetting states
considered for the calculation of γeff

SV and γeff
SL.

considered as stable. We can thus also won-
der if all the possible states have been found. A
more systematic approach would consist in min-
imizing the free energy of a system presenting a
liquid-gas coexistence in contact with the tex-
tured substrate. Such an analysis is presented
in12, with some restrictions (planar interfaces,
macroscopic theory), leading to analytical re-
sults. We used a more general approach in
a previous study30, based on numerical mini-
mization of a free energy model, and showed
that the Wenzel - Cassie - Baxter framework
is correct even at very small scale, provided lit-
tle corrections accounting for corner energies are
made. But the most interesting result concerns
metastability. The wetting transitions are first
order phase transitions and metastable states
are possible. Metastability has already been
reported in many experimental situations31–33,
and a very important question is to understand
the mechanisms that control it3,4,34–36. Metasta-
bility usually only delays a transition, but we
shall see that depending on the structure of the
surface, it can even lead to a reversal of the
wettability. A study of metastability requires
a model able to cope with free-energy barriers,
and this is the reason why we used our free en-
ergy model to investigate this problem. Since we
are also interested in the determination of the
effective hydrodynamic boundary conditions –
e.g. the slip length – even in the metastable
states, the free energy model is combined to a
hydrodynamic equation to get both the static
and the dynamic properties. We shall restrict
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our modeling to finite element computations
when the thermodynamic aspects are not im-
portant.

We discuss in section 2 the main ingredients of
the model; A more detailed discussion and jus-
tification will be found in30. The results are
presented in section 3 for the wetting diagram
and the discussion on metastability in the con-
text of superoleophobic surfaces. In section 4 we
consider the friction properties of these surfaces
and section 5 is devoted to our conclusions.

2 Model and Parameters

Several approaches can be used to model the
physics of a fluid close to an interface. At the
nanometric scale a fluid is made of molecules,
and the standard theoretical and numerical
tools at these scales are statistical mechanics
and molecular dynamics. These very power-
ful tools provide interesting informations on the
structuring of the fluid close to a smooth sur-
face, and give access to the thermodynamic and
the dynamic properties of the fluid at these very
small scales. Although fully general in their
principle, applying these methods to micro-
structured surfaces is very difficult due to the
huge number of molecules one need to consider
at the micron scale (109 − 1012). Alternatively,
continuum models are known to be valid even at
very small scales: they can be applied down to
the molecular scales with special care. The ther-
modynamic properties (phase behavior, wetting
properties, interfacial tensions...) have been
widely investigated in the context of statisti-
cal mechanics at the nanometric scale, within
the framework of Density Functional Theory
(DFT). DFT generalizes the macroscopic ther-
modynamic potentials, like the Free energy, to
very inhomogeneous situations including fluid-
surface interactions or liquid-gas coexistences.
Instead of minimizing a free energy, we need
to minimize a free energy functional F [ρ] where
ρ(r) is the density profile of the fluid close to the
surface or at a liquid-gas interface. Although
DFT provides a formal expression for this func-
tional, it is far from explicit and approximate
functionals must be used in practice. It is not

our purpose to describe in details the molecu-
lar organization close to the surface; Our goal is
rather to relate the effective macroscopic wet-
ting and slip properties to the nanometric in-
trinsic properties of the interfaces. For the wet-
ting properties, this connection is given by the
wetting diagram where the macroscopic effec-
tive contact angle θeff is given as a function of
the nanoscale intrinsic contact angle θ of the
reference atomically smooth surface. To this
end, we shall consider the simplest functional
we can construct, including only the necessary
ingredients to describe the wetting transitions:
the free energy functional must account for a
possible liquid-gas coexistence induced intrinsi-
cally by the roughness, and for the various sur-
face tensions leading to the determination of the
contact angles. The simplest free energy we can
use to model a liquid-gas coexistence is given
by the van der Waals equation of state; Inho-
mogeneities and interfaces can be treated in the
simple square gradient approximation37:

F [ρ] =
∫

dr{f(ρ) +
w2

2
|∇ρ|2 + ρVwall(r)}, (3)

where f(ρ) = kBTρ{log( ρb
1−ρb) − 1} − aρ2 is

the van der Waals bulk free energy, the square
gradient term w2

2
|∇ρ|2 penalizes the formation

of an interface and is thus responsible for the
liquid-gas surface tension, and Vwall(r) is the in-
teraction potential between the molecules of the
substrate and the molecules of the fluid. We use
a Lennard-Jones potential to model these inter-
actions: VLJ(r) = 4ε[(σ/r)12 − (σ/r)6], where
σ is a molecular length. Vwall(r) thus fixes
the intrinsic wetting properties of the substrate,
namely θ: by tuning the value of ε we can
scan the whole range of wettability for the ref-
erence surface. A minimization of this func-
tional can be performed in various ways, de-
pending on the problem we wish to study. We
shall introduce the Grand-potential functional
Ω[ρ] = F [ρ]−µ

∫
drρ(r) where µ is the chemical

potential, to write the general equations used
in this study. This thermodynamic approach
will give us access to the wetting diagram, with-
out a priori assumption on the possible wetting
states, but it shall also provide informations on
the metastability since the free energy barriers
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are included in the formulation.
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Figure 4: Definition of the slip lengths that en-
ter into play for a patterned surface. b is the
nanometric (intrinsic) slip length, correspond-
ing to the slip length on the reference smooth
surface, while beff is the effective slip length, in-
duced by the structure.

In order to probe the dynamic of the fluid, we
use a hydrodynamic transport equation to de-
scribe the velocity field close to the surface.
The validity of hydrodynamics at very small
scale has been checked both by molecular sim-
ulations38,39 and by Surface Force Apparatus
(SFA) experiments for simple molecular liquids
like water or small alcanes40,41. The main con-
cern with the use of hydrodynamic at the molec-
ular scale comes from the boundary conditions
(BC) that must be redefined. Molecular simu-
lations and SFA experiments showed that the
most general formulation for the hydrodynamic
BC for a liquid close to an atomically smooth
surface is the partial slip BC (1), where the slip
length b is a nanometric length in this case, and
zs is an atomic size (the effective planar sur-
face is indeed located approximately one or two
molecular layer inside the liquid for most liquids
and atomically smooth surfaces38,39). Two very
different slip lengths thus appear in the study
of micro or nanostructured surfaces: the intrin-
sic slip length b corresponding to the friction
of the liquid on the surface at the molecular
scale (see Fig.4 ), and the effective slip length
beff of the textured surface at the macroscopic
scale. While b results from the molecular inter-
actions only (b is the slip length of the atomi-
cally smooth reference interface), beff is due to
the texture of the surface. b remains of the or-
der of 10 nm for usual non-wetting surfaces13,

whereas beff can reach the micron scale depend-
ing on the scale of the structure13. Since we
are not interested in the nanometric effects con-
trolling the intrinsic slip length b in this study,
we shall fix its value to reproduce the experi-
mental and numerical observations, and focus
our attention to beff for different structures and
wetting properties of the surface.

The hydrodynamic equation for the velocity
field v reads:

∂ρmv

∂t
+∇ · (ρmvv) = ∇ · σ − ρ∇

(
δΩ

δρ

)
+ fwall,

(4)
where ρm = Mρ is the local mass density (M is
the molecular mass) and σ = η(ρ)(∇v+∇vt) is
the local viscous stress tensor [η(ρ) ≡ νρm is the
local viscosity, with ν the kinematic viscosity,
assumed to be constant in both phases]. The
term exhibiting Ω in the hydrodynamic equa-
tion accounts both for the pressure tensor of
the van der Waals fluid and for the capillary ef-
fects, as discussed above. To fix the intrinsic slip
length b of the reference surface we introduce an
empirical friction force fwall exerted by the walls
on the fluid within a small range – equal to the
range σ of the wall/fluid interaction potential
Vwall(r), reflecting the friction force exerted by
an atomically smooth wall on the first layer of
fluid molecules.

fwall = −kερ(r)v(r)ρwall(r). (5)

This force is proportional to the interaction en-
ergy ε between the solid and the fluid13,39, and
to the density of interacting molecules: the
molecules of the fluid – through ρ(r), and the
molecules of the wall represented by the local
density ρwall(r). With the spontaneous deple-
tion of the liquid from non-wetting walls, this
enabled us to reproduce quantitatively the evo-
lution of b with θ, as will be detailed in section 4.
b varies from 0 for wetting situations (θ ∼ 0 ◦) to
b ∼ 10 nm (depending on the value of k) in non-
wetting cases (θ ∼ 120 ◦). To account for the
phase equilibrium and the macroscopic trans-
port, the minimization of the grand-potential
is performed through an Allen-Cahn or Cahn-
Hilliard equation including the convective trans-
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port:

∂ρ

∂t
+∇ · (ρv) = −C

(
δΩ

δρ

)
or = C ′∆

(
δΩ

δρ

)
(6)

The first writing is a non-conserved Allen-Cahn
dynamics, convenient for the study of phase
equilibria since the system is in contact with a
reservoir of matter fixing the chemical potential
µ; in that case C is a constant fixing the re-
laxation time to equilibrium. The second writ-
ing corresponds to a more realistic conserved
Cahn-Hilliard dynamics, where the number of
molecules is held constant; The constant C ′ is
now related to the self diffusion coefficient of
the molecules in the fluid, and can be adjusted
to match the proper value in the liquid under
study. This Cahn-Hilliard formulation is useful,
for instance, to study the friction properties of
the liquid on the wall.
Once the intrinsic slip length b and the in-
trinsic wetting angle θ of the reference atomi-
cally smooth surface have been fixed, the two
equations (4) and (6) can be solved iteratively
to measure the effective wetting angle θeff and
slip length beff of a textured surface. The tex-
ture is defined through the spatial variation of
ρwall(r), that can be chosen at will to represent
crenelated surfaces, surfaces with posts or re-
entrant geometries as recently studied in the
context of superoleophobic surfaces.

3 Wetting properties

Two different patterned surfaces are considered
in this work, both with a ridged-type pattern-
ing, enabling us to solve the equations in two
dimensions. First we consider a simple crenel
geometry (Fig 5.a), with the following default
parameters: L = 20 nm, W = 2.5 nm and
H = 10 nm. This type of structure is often used
to produce Super-Hydrophobic (SH) surfaces af-
ter a chemical coating with silane molecules.
The second type of structure is a re-entrant T-
shaped structure (Fig 5.b), with the following
default parameters: L = 100 nm, W = 20 nm,
R = 2.5 nm and H = 17.5 nm. This type of
structure has been considered to build Super-
Oleophobic (SO) surfaces, and we shall investi-

b)

y

wallz

R

θ

∗
x

W ∗

1/2

c)a) L

wallzW

2R

H

L

H

W

Figure 5: Systems under consideration. (a)
crenelated surface; (b) re-entrant surface; (c)
System considered for the finite element mod-
eling, where W ∗ = W/L and R∗ = R/L.

gate the very different wetting behavior of these
two types of surfaces in this part.

Two possible ways can be used to determine
the contact angles. The most direct way is to
measure the shape of a drop placed on the sur-
face, and determine the angle it forms with the
substrate at the triple line. The second way is
to measure the various surface tensions and use
the Young law (2) to deduce the wetting angle.
While the first method is the experimentally ef-
ficient way to proceed, the second is in fact the
most efficient strategy from the numerical point
of view. Although a direct measurement of the
contact angle of a drop on a smooth substrate
is possible – and has been done as a check, this
method is far from optimal since it requires a
huge amount of computation time – due to the
large scale of the drop, and a careful adjustment
of the drop shape – a source of errors. For tex-
tured surfaces, a direct measurement of the con-
tact angle is plagued by the roughness: Many
metastable states can indeed exist at the triple
line, forcing the drop size to be several orders
of magnitude larger than the roughness ampli-
tude to expect an accurate determination. This
method is not tractable in practice. On the con-
trary, the measurement of the surface tensions
only requires small scale computations (as pre-
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eff eff

eff eff effeff
SL

γγ
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SLγ θ

LVγ
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SV
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γ

SL
γ
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SV

γ SV

Figure 6: Contact angle measurement: zoom on
the contact line region i) On a smooth surface
(Young contact angle); a, b, c) On a patterned
surface (effective contact angle) in various con-
figurations: (a) impaled drop surrounded by a
dry substrate, with both liquid and vapor in the
impaled state; (b) impaled drop surrounded by
a wet substrate, with the liquid in the impaled
state and the vapor in the inverse-fakir state;
(c) fakir drop surrounded by a dry substrate,
with the liquid in the fakir state and the vapor
in the impaled state

.

sented in Fig.6 where the small rectangles rep-
resent the simulation boxes), a single pattern is
sufficient to determine the various surface ten-
sions, and this method is numerically very accu-
rate since no adjustment needs to be done (the
interfacial energy directly results from the free-
energy model we consider).

The wetting diagram for the two types of struc-
tured surfaces described above is probed us-
ing the strategy presented in the previous sec-
tion: the intrinsic contact angle θ is tuned by
changing the interaction potential between the
molecules of the fluid and the molecules of the
substrate (parameter ε), and the resulting ef-
fective contact angle induced by the structure
is determined by a measurement of the surface
tensions. To measure γeff

SV we start the compu-
tation with a gas phase in contact with the tex-
tured surface, and after equilibration the sur-
face energy is computed from the free energy
functional. An identical procedure is applied for

γeff
SL, where the liquid phase is placed in contact

with the textured surface. γLV does not need
to be measured (although we did it to test the
accuracy of the numerical scheme) since there
is an analytical expression for it37. To probe
metastability, we can vary the initial configura-
tions. Two types of initial configurations have
been used for each simulation: An initial config-
uration corresponding to an impaled state (for
example a texture initially filled with liquid for
the determination of γeff

SL) and a composite wet-
ting situation (Fakir state for γeff

SL). After equi-
libration, only one state should be obtained if
there were no metastability.

-1 -0.5 0 0.5 1
cos θ
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θ ef
f
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0.5

1

1.5

H = 15 nm
H = 10 nm
H = 5 nm
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Figure 7: Wetting diagram of the crenelated
surface, using various initial wetting configu-
rations: (cross): both liquid and vapor in the
impaled state (Fig 6.a); (square): liquid in the
impaled state and vapor in the inverse-fakir
state (Fig 6.b); (circle): liquid in the fakir
state and vapor in the impaled state (Fig 6.c).
Inset: Zoom on the filling transition for the
vapor/solid interface, with both liq./sol. and
vap./sol. interfaces initially in the impaled state
(Fig 6.a), and for various crenel heights.

The results are plotted in Fig. 7 for the
crenelated surface, as reported in a previous ar-
ticle30. This figure illustrates different features
of the wetting transitions. First the overall sce-
nario obtained within the macroscopic Cassie-
Baxter - Wenzel approach (Fig. 3) is well repro-
duced, the three branches corresponding to the
stable wetting states are easily observed. We
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also observe an asymmetry of the wetting dia-
gram not predicted by the macroscopic model.
This asymmetry between the wetting and the
non-wetting part of the diagram is due to lo-
cal effects at the internal corners of the struc-
ture: an atom of the fluid suffers more attrac-
tion from the wall in this region than anywhere
else, and the liquid phase is thus favored at the
inner corners. While the consequences of these
corner effects on the wetting diagram have been
discussed in30, we mention here that they only
modify the position of the wetting branches in
a moderate way; The precise effect depends on
the size of the texture and becomes negligible for
large scale (micronic) textures. But we shall see
in the following that the corners actually con-
trol the metastability, and this effect remains
important even for large scale textures. Finally,
we can note that the three branches give rise to
metastable states, and we shall investigate be-
low the mechanisms that control this metasta-
bility. Before discussing this important point,
we must note that an effective non-wetting be-
havior can only be obtained when the surface is
intrinsically (i.e. chemically) non-wetting: the
lower right quadrant corresponding to intrinsic
wetting and effective non-wetting is not reached.
From this point of view, a surface that is intrin-
sically oleophilic (a common situation for su-
perhydrophobic surfaces) cannot be converted
to a superoleophobic surface with this kind of
structure. These crenelated surfaces are thus
not good candidates to repel both water and
oils.

If we now consider the re-entrant geometry
schematically represented in Fig 5.b, the same
study can be done, and the corresponding wet-
ting diagram is plotted in Fig 8. We can observe
on this diagram the strong enhancement of the
metastability, in particular, the fakir branch (I)
now reaches the lower right quadrant, indicating
the possibility for the surface to be superhygro-
phobic while the overlaying liquid is intrinsically
hygrophilic.

This situation is however metastable: one can
observe in Fig 8 that above cos θ ' 0.58, the
fakir state I (Fig 6.c) collapses to the inverse-
fakir stable branch III (Fig 6.b). The wet-
ting properties of the surface are thus abruptly
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θ ef
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L = 100 nm
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Figure 8: Wetting diagram of the re-entrant sur-
face, using the same notations than in Fig 7.

reversed at this point. This loss of super-
repellency is due to the filling transition: the
cavity initially filled with gas in the fakir state
suddenly fills with the liquid phase. A control of
the factors entering into this transition should
enable us to improve those surface, in particular
to increase the metastability. Let us thus now

< 90 °θ

Figure 9: Basic principle of superoleophobicity:
the pinning of the meniscus at the re-entrant
geometry ensures the metastability of the fakir
state even for a intrinsically wetting surface.

turn our attention to the filling transition itself.
Since the intrinsic contact angle θ is finite, the
meniscus is pinned onto the perfectly re-entrant
surface (Fig 9), and cannot penetrate inside the
cavity. Therefore, this filling transition must
rather originate in the spontaneous filling of the
cavities with the liquid phase rather than in the
collapse of the meniscus. Several features ob-
served in Fig 8 are supporting this idea: The fill-
ing transition connects the two branches I and
III, which means that the transition affects both
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the liquid/solid and the vapor/solid interfaces;
Since the filling of the cavities with the liquid
phase does not depend on the nature of the top
phase, it is thus a property of the cavity itself.
We can also observe that this transition occurs
at the same value of the intrinsic contact an-
gle, cos θ ' 0.58, for both the re-entrant surface
(Fig 8) and the crenelated surfaces – whatever
the height of the crenels (see the inset of Fig 7).
This insensitivity of the transition to the global
shape of the cavity enables us to conclude fur-
ther that the mechanism responsible for the fill-
ing of the cavities with the liquid is a local effect.
In fact we can monitor the transition with our
dynamical model and see that the filling of the
cavities with the liquid phase is due to a local
condensation of the liquid at the internal cor-
ners of the cavity. A movie of the transition for
re-entrant surfaces is available as an Electronic
Supplementary Information (ESI), and an iso-
density plot is given in Fig. 11 for a crenelated
surface. The internal corners of the structure
are very favorable sites for the molecules of the
fluid since they feel at this particular place the
attraction of the two faces of the corner. This
excess of attraction at the internal corners con-
fers to these sites the property to be natural
nucleation sites: liquid droplets spontaneously
form at the corners and progressively fill the
cavity. To understand why the liquid forms
spontaneously at the corners, we can follow the
density of the gas phase at these points when we
approach the transition value cos θ ' 0.58. This
density in fact corresponds to the maximum
density of the gas phase in the cavity. A plot of
this quantity for a crenelated surface is given in
Fig 10 as a function of the intrinsic contact an-
gle θ. When the surface gets more wetting, the
strength of the fluid/wall interaction increases,
and the peak density as well. When it reaches a
value close to ρmaxσ

3 = 0.45, the liquid fills the
crenel and the peak density becomes that of the
liquid. We can understand this behavior if we
plot the bulk Grand-potential of the fluid as a
function of the density, as shown in the inset of
Fig 10. The two minima correspond to the bulk
vapor and liquid densities, and a barrier stands
between them. When the corner density crosses
the Grand-potential barrier we can expect the
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Figure 10: Formation of liquid drops at the
inner corner of a crenelated surface: Evolu-
tion of the maximum fluid density at equilib-
rium inside the cavity with cos θ, for different
crenel height H and varying wall/fluid interac-
tion range σ; When not specified, H = 10 nm
and σ = 0.75 nm. Inset: Representation of
the adimensional Grand-potential governing the
fluid behavior as a function of the numerical
density ρ of the fluid.

liquid phase to form spontaneously at the cor-
ner, but this transition is only local and an extra
energy contribution must be added to form the
liquid-vapor interface. It is thus not a surprise
if the critical value of the density is significantly
higher than the value corresponding to the max-
imum of the Grand-potential. We mention that
the value H = 5 nm is a bit particular since the
crenels in this case are so small that we cannot
truly distinguish the fakir state from the im-
paled state. With this interpretation, the tran-
sition should be a first order transition involv-
ing nucleation-growth processes. In the frame-
work of our model, we do not account for the
thermal fluctuations and thus cannot study the
nucleation process itself. But we can capture
spinodal decompositions, and the liquid forma-
tion originates in an instability reminiscent of
the crossing of a spinodal line in our approach.
To emphasize this point, we plotted in Fig 11
the variation of the average Grand-potential as
a function of time. The latter decreases slowly
at the beginning, and then faster until the two
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droplets formed at each corner enter in contact
and merge. The initial configuration is thus un-
stable, which corresponds to a spinodal situa-
tion. We expect that in experimental systems,
thermally activated nucleation will be the pre-
dominant mechanism, and the transition should
thus occur slightly below the critical value we
measured in this study.

Now that the mechanism underlying the filling
of the crenel has been identified, we understand
that sharp corners inside the structure must be
avoided if one wants to extend the metastabil-
ity toward more wetting substrates. We applied
this principle to our system by smoothing the
fluid/wall interaction potential with a gaussian
of width 0.5 nm. For a given intrinsic contact
angle, the peak density at the inside corners is
then much lower, and no filling of the crenels
could be observed until cos θ → 1. We also used
a slightly larger wall-fluid interaction range σ,
here again diminishing the peak density at the
corners and therefore extending the metastabil-
ity toward more wetting situations (Fig 10).

0 25000 50000 75000
timestep

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

G
ra

nd
-p

ot
en

tia
l  

(a
.u

.)

Grand-potential
average density

0

0.05

0.1

0.15

0.2

0.25

av
er

ag
e 

de
ns

ity
  (

σ -
3 )

contact

Figure 11: Filling transition on a crenelated sur-
face: Evolution of the total Grand-potential and
average density of the fluid in the system dur-
ing the filling of the crenel with the liquid phase.
Inset: snapshots of isodensity (ρσ3 = 0.4) lines
after 0, 27000, 34000 (just before the contact of
the two drops), 35000 (just after the contact),
39000 and 80000 time steps.

4 Friction properties

We have shown in the previous section that
re-entrant geometries can provide metastable
superhygrophobic fakir states subsisting even
when the surface is intrinsically hygrophilic.
We are now going to investigate the possibil-
ity to obtain very low frictions (or equivalently
very large effective slip lengths) of liquids on
these surfaces by using this fakir state. To
measure the effective slip length beff of the re-
entrant surfaces, we confined a liquid between a
smooth wall (top wall) and the structured sur-
face (lower wall), and probed the effective hy-
drodynamic Boundary Conditions (BC) on each
wall (Fig 12). This geometry enables us to get
both the intrinsic slip length b, that corresponds
to the atomically smooth top wall, and the effec-
tive slip length beff measured for the structured
lower wall, in the same conditions. It must be
noted that the partial-slip BC depends on two
parameters, the slip length, but also the posi-
tion zs where the boundary condition is applied,
sometimes referred to as the ’plane of shear’.

For smooth surfaces, as already discussed in sec-
tion 2, zs is in general a nanometric distance
from the wall, but for structured or rough sur-
faces, this parameter will give the effective hy-
drodynamic position of the surface. Let us thus
use the notation zeff

s to identify the position of
this plane for a textured surface; zs will be re-
served for the reference smooth surface.

The determination of the two parameters beff

and zeff
s requires the knowledge of the system

response to two different types of flow. We
will therefore use a Couette and a Poiseuille
flow for this identification. A good indicator of
the slip amplitude, often considered experimen-
tally, is the extrapolated no-slip plane position
zeff

no−slip = zeff
s − beff (Fig 12): the deeper is this

position inside the solid, the better is the liq-
uid transport through the channel. We plotted
in Fig 13 its evolution for the smooth and tex-
tured surfaces, as a function of the intrinsic con-
tact angle θ. On the smooth surface, our model
– including a friction force exerted by the walls
on the fluid within a small range, as detailed
in section 2 – reproduces quantitatively the ex-
pected behavior, with almost a no-slip BC in the
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Figure 12: System used to probe the friction
properties on re-entrant surfaces: A liquid is
confined between a smooth wall and the ridged
surface presented in Fig 5.b. In order to de-
termine completely the effective hydrodynamic
BC (i.e. measure both the shear plane position
and the slip length) on each confining wall, a
Couette and a Poiseuille flow perpendicular to
the ridges are imposed to the confined liquid,
and the (x-averaged) velocity profiles along z
are fitted in the middle of the channel, away
from the surfaces. It is then straightforward
to compute the effective no-slip plane position
zeff

no−slip = zeff
s − beff .

hygrophilic limit, and a few tens of nanometers
slip length for highly hygrophobic surfaces.

More interesting is the slippage on the re-
entrant ridged surface. A striking point is the
quick decrease of liquid slippage as the surface
becomes more wetting, even though the surface
remains in the fakir state; besides, we did not
observe a large change of the slip behavior be-
fore and after the filling transition. This can be
understood by looking at the dissipation around
the structure, as detailed in the ESI. We ob-
served that the maximum value of the viscous
dissipation comes from the curved sections of
the surface that are oriented at 45◦ from the
shear direction, due to the elongational compo-
nent of the flow. A consequence of this large
viscous dissipation at the upper edges of the
structure is the dramatic reduction of the slip
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Figure 13: Evolution of the extrapolated no-slip
plane position as a function of the Young con-
tact angle θ, for a smooth wall and a re-entrant
ridged surface; Notations are explained in Fig 12
and its caption; For the structured surface, zwall

is chosen to be the top of the pattern (see
Fig 12). The insets represent three fluid den-
sity maps at the SO surface, for cos θ = −0.5;
0.5 and 0.6.

length once the fluid starts to penetrate in be-
tween the plates. When cos θ = 0.5, one can
see in Fig 13 that there is no significant slip-
page left, although the cavity is filled with gas.
The filling of the cavity with the liquid phase,
as observed for cos θ = 0.6, does not change
much the situation and only very small differ-
ences can be observed in the dissipation profiles
(see the ESI), with very little consequences on
the slip properties. It has been known since
the work of Richardson26 that roughness goes
against hydrodynamic slippage, possibly lead-
ing to an effective no-slip BC on a locally per-
fectly slipping surface. Recently, Steinberger et
al.27 have shown that in the presence of a curved
meniscus, SH surfaces could even slip less in the
fakir state than in the impaled one. Our point
here is that for a re-entrant surface in the fakir
state, the curvature of the solid surface reduces
slippage even in the ideal situation of a perfectly
flat liquid/vapor meniscus.

In order to quantify the influence of geometry
and contact angle on the slip properties of such
surfaces at reasonable computational cost, we
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turned to finite element calculations. We mod-
eled a newtonian liquid in the Stokes regime
confined between a smooth wall and the re-
entrant ridged surface, in the fakir state, as il-
lustrated in Fig 5.c. The results are detailed in
ESI. On the whole, one can note that the slip
properties can be affected significantly for wet-
ting liquids, as soon as the radius R of the ’re-
entrant’ structure (see Fig 5 for the definition
of R) is larger than typically one hundredth of
the pattern periodicity L. It is therefore crucial
to use an extremely sharp ’re-entrant’ structure
(with R/L < 0.01) if one wants oil to slip effi-
ciently on such surfaces.

5 Conclusion

In this article, we have shown that our recently
developed free-energy approach could account
for the exceptional wetting properties of the re-
entrant textured surfaces used for the produc-
tion of superoleophobic surfaces. In particular,
we investigated the mechanism underlying the
“filling” transition for the liquid on a such a sur-
face. The liquid/vapor meniscus being unable
to invade the re-entrant geometry, this transi-
tion originates in the spontaneous filling of the
inner cavity with liquid, when the solid surface
becomes locally too wetting. We have shown
that the filling process was favored by the pres-
ence of sharp corners inside the structure; Con-
sequently, internal corners must be avoided in
the design of SO surfaces in order to optimize
their wetting properties. From the point of view
of the slip properties of liquids on SO surfaces,
we have shown that the re-entrant curvature in
the vicinity of the contact line introduces an
additional friction and decreases hydrodynamic
slippage. Consequently, SO surfaces should be
designed with an extremely flat top and the
sharpest ’re-entrant’ geometry as possible, in or-
der to provide the best slip properties.
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