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An integro-differential equation for the three dimensional shape of air–water interface on

superhydrophobic surfaces comprised of pores with arbitrary shapes and depths is developed and

used to predict the static critical pressure under which such surfaces depart from the non-wetting

state. Our equation balances the capillary forces with the pressure of the air entrapped in the pores

and that of the water over the interface. Stability of shallow and deep circular, elliptical, and

polygonal pores is compared with one another and a general conclusion is drawn for designing

pore shapes for superhydrophobic surfaces with maximum stability. VC 2012 American Institute of
Physics. [doi:10.1063/1.3673619]

A superhydrophobic surface can be made from a hydro-

phobic surface with micro or nanoroughness.1,2 The superhy-

drophobicity effect is caused by a reduced solid–water

contact area brought about by the air pockets entrapped in

the porous structure of the rough surface when brought in

contact with water. When the pore space on a superhydro-

phobic surface is filled with air, the system is said to be at

the Cassie state.3 Under elevated hydrostatic pressures, water

can penetrate the pores and replace the air. The system then

transitions to the so-called Wenzel state,4 and the superhy-

drophobicity of the surface vanishes. The hydrostatic pres-

sure at which a superhydrophobic surface departs from the

Cassie state, whether or not it reaches the Wenzel state, is

referred to as critical pressure.5–7 Note that the focus of this

study is the critical pressure of static or quasi-static penetra-

tion. Under dynamic penetration regimes, e.g., droplet

impact on a superhydrophobic surface, the transition from

Cassie state may occur at a much lower pressure.8,9 Using

balance of forces in a way similar to that used by10–13 to

study the meniscus stability on superhydrophobic surfaces

with ordered microstructures, we recently calculated the

shape and stability of the air–water interface on superhydro-

phobic surfaces comprised of randomly distributed posts of

dissimilar sizes, heights, and materials.14 In the formulations

presented in Ref. 14, we assumed that the volume of the pore

space is significantly larger than that of the displaced volume

caused by the deflection of the air–water interface under

pressure, and so the compression of the air entrapped in the

pores was considered negligible. However, if the pores are

shallow, compression of the air inside the pores can no lon-

ger be neglected. The first study to include the effects of the

entrapped air compression in the force balance analysis is

that of Salvadori et al.15,16 These authors used balance of

forces to predict the apparent contact angle of a droplet

placed on superhydrophobic surfaces with circular or

squared pores. The calculations reported in Refs. 15 and 16

are based on a simplifying assumption that regardless of the

pore shape, the air–water meniscus inside a pore always

maintains a constant curvature. That assumption is clearly

suitable only for circular pores. In the present paper, we relax

this restriction to better predict the actual shape of the air–

water interface and to expand the force balance analysis to

pores with arbitrary shapes.

Our formulations include balance of forces on the air–

water interface of superhydrophobic surfaces with pores of

arbitrary cross-sections, while accounting for the changes in

the pressure of the entrapped air.

Our force balance analysis results in an integro-

differential equation for the interface shape, which can be

solved numerically to obtain the exact shape of the interface

and the pressure at which the system departs from the Cassie

state, i.e., the critical pressure. Such information is particu-

larly consequential for designing microfabricated or disor-

dered fibrous superhydrophobic coatings for underwater

applications where resistance against elevated hydrostatic

pressure is crucially important.17–27

It is worth noting that the Cassie and Wenzel states of a

superhydrophobic surface have also been studied from a sur-

face thermodynamics viewpoint. For example, Marmur28

used minimization of surface energies to determine the appa-

rent contact angles of a droplet on a superhydrophobic sur-

face at Cassie and Wenzel states, where the air–water

menisci on the surface were assumed to remain flat. Tuteja

et al.29 extended this method to calculate the corresponding

critical pressure. As they pointed out, this yields a critical

pressure which is not even in a qualitative agreement with

experiment. They argued that this is because of the flat air–-

water interface assumption.

In the current study, we apply our analysis to various sim-

ple geometries, namely circular, elliptical, and polygonal

pores. These primitive geometries are in fact the building

blocks of more complicated ordered/disordered microstruc-

tures that can be manufactured with different techniques (or

found in nature). Fig. 1 shows examples of superhydrophobic

surfaces comprised of holes of different shapes, one manufac-

tured by anodization of aluminum in oxalic and sulfuric acids27

and the other via electrospinning22 (also see Refs. 8 and 9).
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