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Abstract: We report the development and application of a refined version of the classical Cassie-

Baxter wetting model for the prediction of surface topographies with superomniphobic traits. The 

sagging height defined through the capillary length was utilized to assess the relation between a 

curved liquid-air interface and the surface texture. The wettability, expressed in terms of the static 

apparent contact angle, was quantified for single- and double-scale surface topographies and for 

three representative liquids and the results were compared to those of the classical Cassie-Baxter 

model. Of the three single-scale topographies considered in this work, the fiber case exhibited the 

highest contact angle across length scales of surface topographies, whereas decreasing the length 

scale of surface patterns from a few hundreds of micrometers to a few hundreds of nanometers led 

to contact angle increase by 15-20%. A generic expression for modeling multiscale hierarchical 

roughness of arbitrarily large multiplicity n was derived and applied. Multiscale hierarchical 

roughness was corroborated to be a promising way for achieving enhanced liquid repellency. 

Double-scale roughness was more efficient when the two length scales differed in size by at least 

one order of magnitude. The “fiber on sinusoid” hierarchical topography exhibiting re-entrant 

geometry yielded contact angles over 150o for all considered wetting liquids.  
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1. INTRODUCTION 

A great amount of consumable commodities of daily life, such as food, water and other edible 

domestic products is lost due to the adhesion of these goods to their packaging material.[1] 

Development of new and refinement of existing technologies for manufacturing innovative 

packaging materials that repel all kinds of liquids and thereby reduce the product loss become 

increasingly significant. Besides the obvious product-loss problem, adhesion of food to packaging 

materials is directly associated with poor product appearance[2] and increased package recycling 

costs.[3] Moreover, in industrial plants, product adhesion to machinery is responsible for increased 

surface-cleaning costs. Therein, two significant side effects of microscopic soiling of plant 

equipment are related to sanitary problems[4] and production deterioration, both in terms of quality 

and quantity, due to fouling.  

Despite the numerous different theories trying to explain and quantify adhesion of materials, 

stemming from various fields of knowledge, such as mechanics,[5, 6] thermodynamics,[7] 

physics[8, 9] and chemistry,[10] up to now, there is no generic adhesion relationship applicable to 

all cases. However, surface wettability was identified as the most prevalent mechanism associated 

with adhesion.[3] The wettability refers to the interaction between a liquid and a solid surface and 

can be defined either as the ability of the surface to promote (large wettability) or withstand (small 

wettability) imbibition by a supernatant liquid, or, equivalently, as the tendency of a liquid to 

spread on (large wettability) or adhere to (small wettability) the solid surface. In the literature, both 

definitions are equivalent and complementary, depending on whether the reference point is the 

surface or the liquid. Throughout this work, both definitions of wettability were used 

interchangeably.  

The apparent contact angle θ, also referred to as the static apparent contact angle to emphasize 

that the liquid droplet sits at rest (at equilibrium) on top of the surface, is used in the literature 

extensively as a measure of wettability.[11] The larger the apparent contact angle (henceforth 

contact angle (CA)), the smaller the wettability and vice versa. Angle θ is defined as the angle 

formed between the solid surface and the tangent to the liquid-air interface at the contact point of 

all three phases.[12] In fact, for three-dimensional representations, this contact point constitutes a 

curve, the so-called triple-phase contact curve, along which all three phases come in contact. 

Without any loss of generality and for simplicity, the wetting systems (surfaces and droplets) are 
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typically studied in a two-dimensional (2D) projection, which is then extended to infinity along 

the remaining dimension to form semi-infinite three-dimensional (3D) representations. Usage of 

2D representations in wettability models, albeit simplified, was shown to be in qualitative 

agreement with realistic 3D measurements.[13, 14]  

By convention,[15] when the contact angle is larger than 90o, the surface is characterized as 

phobic to the wetting liquid and repulsion is stronger than attraction between surface and 

supernatant liquid. In the opposite case (θ < 90ο), the surface is regarded as philic to the liquid and 

wetting occurs.[16] Based on this definition, water-repelling surfaces are called hydrophobic, oil-

repelling surfaces are called oleophobic and surfaces that repel all kinds of liquids are identified 

as omniphobic. When the contact angle between an omniphobic surface and a liquid becomes 

larger than 150o, the surface is then called superomniphobic.  

The first modeling attempt to describe the wettability of a surface was initiated over two 

hundred years ago, in 1805, by the British mathematician Thomas Young.[12] Young proposed a 

relatively simple relation to describe the force balance of a system at mechanical equilibrium: 

cosθY = (γsa – γsl)/γla, where γsa is the surface energy of the solid surface, γla is the surface tension 

of the liquid, γsl is the interfacial energy at the interface between solid and liquid and θY denotes 

the uniquely defined[17] contact angle, often referred to as the equilibrium contact angle, which is 

prescribed by the chemical nature of the solid and the supernatant liquid.[18] Superscript Y denotes 

calculation of the contact angle by Young’s relation. Young’s equation, albeit rigorous and robust, 

is based on the rather simplistic assumption that the solid surface is completely flat and smooth 

(ideal surface), whereas full wetting is assumed, i.e., the wetting liquid is in full contact with the 

surface at all points and, therefore, no air is trapped between the liquid droplet and the surface. 

Nonetheless, Young’s equation was used exclusively for more than one hundred and twenty 

years until Wenzel[19] suggested in 1936 a refinement of Young’s original model by introducing 

the notion of surface roughness r into the calculation of the contact angle: cosθW = r cosθY, where 

the superscript W denotes calculation of the contact angle by virtue of Wenzel’s relation. The 

roughness r is defined as the quotient of the actual area of the rough surface over the total projected 

area. It follows, that for a rough surface r > 1, whereas r = 1 corresponds to a perfectly smooth 

surface. This relation leads to the following inequalities: cosθW ≥ cosθY for θY < 90ο (philic surface) 

and cosθW ≤ cosθY for θY > 90ο (phobic surface), which can be interpreted in the following way: 

the introduction of roughness, expressed by θW, to an originally ideal surface enhances the philic 

Page 3 of 42 AUTHOR SUBMITTED MANUSCRIPT - STMP-100894.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



4 
 

or phobic nature of the original surface. In other words, the introduction of surface roughness 

makes an originally philic flat surface (θY < 90ο) even more philic (θW < θY < 90ο) or, similarly, an 

originally phobic flat surface (θY > 90ο) even more phobic (θW > θY > 90ο).  

The consideration of roughness by Wenzel brought about a big step towards finding a generic 

model describing realistic surface textures. However, like in the Young model, also in the Wenzel 

model, full wetting was assumed. This assumption is unrealistic and becomes true only when the 

distance between neighboring surface irregularities increases significantly and thus, the surface 

topography approaches that of a completely flat and smooth surface. In any other case, the surface 

microstructure, comprising crevices, cusps and indentations, results in partial wetting, expressed 

by the formation of air pockets between the supernatant liquid and the rough surface.  

For the first time, in 1944, Cassie and Baxter[20] suggested a model that takes into 

consideration partial wetting of a rough surface: cosθCB = fslcosθY – fla , where fsl and fla describe 

the area fractions of the solid-liquid and liquid-air interfaces, respectively, and the superscript CB 

denotes the calculation of the CA by virtue of the Cassie-Baxter (CB) relation. The relationships 

for the calculation of fsl and fla are as follows: 

sl
actual wetted area
total projected area

f =          (1) 

la
actual nonwetted area

total projected area
f =          (2) 

By observing equations (1) and (2), it becomes obvious that the calculation of fsl and fla depends 

greatly on the surface topography. For the special case where fla = 0 and fsl = 1, the CB model 

reduces to the Young model. The relation fla = 0 indicates that no liquid-air interface exists and, 

therefore, full wetting occurs, whereas the relation fsl = 1 is satisfied only when, in accordance with 

equation (1), (actual wetted area) ≈ (total projected area). This condition holds when the surface 

roughness decreases and, eventually, disappears completely and the surface texture resembles that 

of an ideal smooth surface (Young state).  

It is well established in the literature that wettability is a synergistic result, influenced by 

chemical composition of the surface, multiscale roughness, overall topography, and possibly other 

factors related to the dynamic nature of the surface.[21] In some cases, modifications of tunable 

parameters such as temperature,[22] mechanical loading,[23] crystallization time[24] and applied 

electric field[25, 26] allowed (ir)reversible switching between superhydrophilicity and 
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superhydrophobicity. Theoretically, the wettability of a surface can be enhanced or suppressed by 

engineering and tailoring all these parameters. As a first step towards quantifying the impact of all 

these contributions to nonwetting behavior, researchers focused on studying them separately. To 

this end, numerous works[27-31] considered changes solely in the chemical composition of the 

surface in order to reduce the surface energy γsa. Based on Young’s model, reduction of the surface 

energy leads to the formation of large contact angles and, thus, enhancement of the phobic 

character of the surface. However, chemistry modifications of the surface had certain limitations. 

For instance, the maximum contact angle of water on a flat –CF3– terminated surface, which was 

reported to have the lowest surface energy, was found to be about 120o.[32] It becomes, therefore, 

obvious that alternative and more effective means need to be considered for more enhanced 

nonwetting behavior.  

A more promising way to manipulate the wettability of surfaces is by changing the surface 

topography. It has been demonstrated in the past, that changes in the details of the local texture of 

a surface have a major influence on water repellency of hydrophobic surfaces.[33] Accordingly, 

superhydrophobic surfaces were obtained after changing the surface topography by various 

processing methods including deposition of gold clusters,[34] phase separation of polymer 

blends,[35] lithography,[36] plasma fluorination of a polymer surface,[37, 38] usage of densely 

packed aligned carbon nanotubes,[39] usage of aligned polyacrylonitrile nanofibers,[39] to name 

a few. Of particular relevance to that, surface roughness manipulation was proven to be very 

promising even in the design of superoleophobic surfaces.[40] Oil-repellent materials are very rare 

and difficult to synthesize because oils have very low surface tension γla and hence exhibit 

increased tendency to spread.[30] Tuteja et al.[41] highlighted that the creation of highly non-

wetting surfaces requires θY > 90o, however, to date, there are no reports of a natural or artificial 

surface with a low enough surface energy γsa to enable θY > 90o. The difficulty of finding surfaces 

exhibiting θY > 90o becomes even more pronounced when the surface is in contact with low surface 

tension liquids (e.g., alkanes).[40]  

Interestingly, extensive studies on natural biological surfaces, such as leaves of plants Cotinus 

coggygria, Ginkgo biloba[42] and Nelumbo nucifera[43] revealed the possibility of designing 

surface textures with surprisingly high nonwetting capacities even though θY < 90o. The 

superhydrophobic behavior of these textured surfaces was attributed to them being in a metastable 

state rather than in a stable equilibrium state. Indeed, in the seminal works of Marmur[44] and 
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Nosonovsky,[45] thermodynamic considerations were employed to determine whether particular 

textured surfaces existed in a metastable or stable state. A few years later, Gibbs surface energy 

minimization in various solid-liquid-air systems showed that the Wenzel and Cassie-Baxter states 

can indeed be metastable and that such metastable states can be very long-lived.[46] In light of 

this evidence, one can claim that it is possible to design superomniphobic surfaces even though we 

are limited to materials exhibiting θY < 90o.  

At this point, a clarification regarding surface creation is in order. In the process of 

manufacturing superomniphobic surfaces, it’s important to note that biological surfaces are, in 

general, different from engineered ones due to the hierarchical organization that characterizes the 

former.[47] By hierarchical organization, we mean that there are at least two levels of rough 

structures placed on top of each other. A typical example is the existence of microscale bumps 

(papillae) and nanoscale asperities placed upon these bumps in Nelumbo nucifera (lotus) 

leaves.[47] Hierarchical micro- and nanostructures induced increased surface roughness, as the 

surface-to-volume ratio grew for surfaces with two or more levels of roughness. Roughness at two 

or more levels was identified as the main cause of increased liquid repellency and surface 

phobicity.[48-50] To substantiate this observation, two explanations were suggested related to a) 

the kinetics of the droplet movement (not applicable here because only sessile drops are 

considered) and b) the thermodynamics of wetting.[51] Both these explanations converged to the 

conclusion that double-scale surface texture increased phobicity because it increased the surface 

roughness and eliminated contact angle hysteresis.[51] Therefore, the following key question 

arises: “which feature has greater impact on wettability? Hierarchical structure or roughness?” 

Experimental studies revealed that surfaces with only one scale of roughness repelled well 

macroscopic droplets (e.g., rain droplets), however, they could not repel microscopic droplets (e.g., 

fog droplets) which were trapped easily between the coarse-scale surface irregularities,[47] 

thereby stressing the importance of hierarchical structure. Moreover, multiscale roughness was 

responsible for mechanically stable and durable liquid-repellent surfaces. This is due to the 

protection against mechanical damage and wear of the smaller scale (nanoscale) features provided 

by the larger scale (microscale) features.[52] In contrast, experiments with non-hierarchical 

patterned surfaces, which, however, retained some degree of roughness, demonstrated 

superhydrophobicity.[53] Additionally, nonwettable surfaces were produced successfully without 

necessarily employing multiscale roughness.[54, 55] These observations indicated that roughness 
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was more important than hierarchical structure (multiscale roughness), the latter being, however, 

beneficial. Furthermore, roughness was found to have even greater impact on wettability than low 

surface energy γsa.[47] 

For even more pronounced control over wettability, very recently, topography manipulation 

was combined successfully with chemical treatment of the surface to enhance/suppress wettability 

depending on technological application. Self-cleaning, strain-resistant and anti-bacterial 

superhydrophobic cotton fabric was produced for oil-water separation and applications requiring 

anti-bacterial capabilities.[56] In line with that, a bioinspired cotton for efficient separation of 

immiscible oil-water mixtures and emulsions was created to circumvent inherent difficulties of 

traditional mesh-based methods pertaining to penetration of microdroplets through the mess 

pores.[57] Similar technologies were applied to different substrate materials including steel[58] 

and synthetic leather[59] to promote green science and technology.[60] For an extensive overview 

of different substrate coatings and associated fabrication techniques the reader is referred to the 

comprehensive work of B. Bhushan and S. Martin.[61] 

Engineering and eventually controlling wettability of a surface has attracted a lot of attention 

within the scientific community, in large part, due to the very broad spectrum of engineering 

applications associated with wetting. Numerous technological applications related to non-wetting 

textiles,[62, 63] anti-fogging,[64] anti-icing,[65] buoyancy,[66] flow improvement,[67] 

antibiofouling[68] and water collection from fog[69] have seen the light of day in the recent years. 

Most of these applications were inspired by the behavior of biological surfaces when interacting 

with various liquids. Examples vary from traditional applications of non-reflective surfaces 

utilizing the “moth-eye” effect,[70] surfaces for high and adjustable adhesion exploiting the 

“gecko-effect”,[71] self-cleaning windows considering the self-cleaning mechanism or the so-

called “lotus-effect”,[72] water-repellent rough surfaces inspired by the water strider leg[73] and 

the shark skin[74] structure, to emerging applications related to energy conversion and 

conservation.[75]  

The great technological potential related to predicting and controlling surface wettability is 

expressed by the great number of modeling works generated over the past decades.[11, 17, 41, 45, 

47, 75, 76] [46, 77-82] The objective of the present work is to elaborate further on the theoretical 

understanding of the impact of multiscale roughness on surface wettability. We proceeded by 

studying the classical CB wetting model and subsequently suggesting a more realistic version of 
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this model. The accuracy of the classical CB model has been questioned in the past.[83] In general, 

the area of validity of the Wenzel and CB equations is for uniformly rough surfaces.[84] It has 

been argued that for non-uniform rough surfaces or when the size of the surface heterogeneities 

was very small (of atomic or molecular dimensions), the original CB equation should be replaced 

by generalized expressions as extracted by means of surface energy minimization.[85, 86] 

Moreover, the original CB relation failed to predict the contact angle hysteresis for droplets under 

motion.[17]  

 

2. MATERIALS AND METHODSS 

Here, three different types of surface topographies were selected after carefully considering 

the points raised by Dufour et al.[87] who used the interface displacement theory[88] to study the 

wetting behavior of Gaussian and non-Gaussian random surfaces. These are: a) flat-top pillars, b) 

fibers with circular cross-section and c) sine waves. The shape and geometric details of each 

surface topography are illustrated in figure 1. As explained in the previous section, two-

dimensional projections of the semi-infinite 3D representations shown in figure 1 were considered 

in all subsequent analysis. For every surface topography, a set of geometric parameters a, l and l0 

were used to fully represent its geometrical characteristics. The corresponding parameters are 

shown in figure 1 and summarized in Table 1. Parameter l0 is used as input to define the length 

scale of interest. Specifically, for the pillar topography, where three parameters are required for its 

full description (see figure 1), l0 was taken to be equal to the height of the pillars H. In the 

remaining two topographies, l0 was varied from a few nanometers up to a few tens of micrometers.  

These topographies were chosen because of their relative simplicity and because they 

approximate well known natural and artificial nonwetting surfaces. For instance, the sinusoidal 

topography mimics well the texture of the shark skin[89], whereas a hierarchical structure 

comprising fibers on top of sinusoidal pulses resembles the bumps on the Lotus leaf.[90] Finally, 

the flat-top pillar topography was used extensively in the literature[11, 46, 91] and serves as a 

reference system and point of comparison with previous studies. 

Page 8 of 42AUTHOR SUBMITTED MANUSCRIPT - STMP-100894.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



9 
 

 
Figure 1. Three-dimensional illustrations of the three semi-infinite surface topographies 

considered here: A) flat-top pillars, B) fibers and C) sine wave. In all parts, the geometric 

parameters for the description of each topography are shown (see also Table 1).  

 

Table 1. Geometric parameters for the description of the three single-scale surface topographies 

used in this work (see also figure 1).  

Surface topography 
Parameters 

a l l0 

Flat-top pillars pillar width W pillar distance D pillar height H 

Fibers fiber radius R fiber distance D varying 

Sinusoid amplitude A wavelength λ varying 

 

 

For all surface topographies, throughout this work, the surface material was linear low-density 

polyethylene (LLDPE) which constitutes a very common, well-characterized packaging material 

with ample experimental data in the literature. Because we aspire to help in the development of 

superomniphobic surfaces, in total three liquids were used in this work spanning the whole polarity 

spectrum: water (WAT), glycerol (GLY) and diiodomethane (DIM). Water is the most polar liquid 
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of the three, followed by glycerol which retains moderate polarity due to the three -OH groups in 

its molecule and finally diiodomethane exhibiting only very limited polarity. These constitute 

commonly used liquids in accurate contact angle measurements.[92, 93] Table 2 summarizes the 

required physical properties of the three wetting liquids considered here. For more details on the 

derivation of the mathematical formulas presented next, the reader is referred to the supplementary 

material.  

 

Table 2. Surface tension γla, Young’s contact angle θY and density ρ of the three wetting liquids 

considered here. In all cases, the surface material is LLDPE. 

Wetting liquid γla [mN/m] θY [o] ρ [kg/m3] 

WAT 72.8 73 997 

GLY 64 76 1261 

DIM 50.8 57 3320 

 

 

2.1 Classical CB Model 

The classical CB model includes explicit formulas for the solid-liquid fsl and liquid-air fla area 

fractions (equations (1) and (2), respectively), whose calculation depends on the considered 

surface topography. In the calculation of these area fractions, a linear liquid-air interface was 

assumed. The resulting relations for the three considered single-scale surface topographies are as 

follows: 

2.1.1 Pillar Topography 

sl
Wf
D

=            (3) 

la 1D W Wf
D D
−

= = −           (4) 

Interestingly, in the context of the classical CB model, the wettability of surfaces featuring pillar 

patterns was independent of the pillar height H.  

2.1.2 Fiber Topography 

( )
sl

2 Y R
f

D
π θ−

=           (5) 
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Y
la 1 2 sinRf

D
θ= −           (6) 

2.1.3 Sinusoidal Topography 

2
1 12 2

sl

2
1 12 2

1 1 ( ) ,  ,   
2 41 ( ) 1 ( )

1 1 ( ) ,  ,   
2 41 ( ) 1 ( )

Ak AkAk E E kx x
Ak Ak

f
Ak AkAk E E kx x

Ak Ak

π λ
π

π λ
π

     
     + − − >

     + +     = 
    
    + + − <     + +     

   (7) 

( )
la

tan1 arcsin
Yθ

f
Ak
π

π

 −
 =
  

         (8) 

where k = 2π/λ is the wave number of the sinusoidal profile, E(m) is the complete elliptic integral 

of the second kind, E(m, ν) is the incomplete elliptic integral of the second kind and x1 is the x-

coordinate of the contact point calculated to be equal to 
( )Y

1

tan1 arcsinx
k Ak

π θ −
 =
  

 (more details 

on this in section 1.3 of the supplementary material).  

 

2.2 Improved CB Model 

Most theoretical works making use of the classical CB model assumed that the liquid-air 

interface was a straight line. This simplifying assumption was justified by the typically small 

distance between neighboring surface irregularities present in micro- and nanotextured surfaces. 

Prominent exceptions to this consensus include the inspirational works of G. Carbone and L. 

Mangialardi[94] and F. Bottiglione and G. Carbone,[95] followed by two more recent 

publications[96, 97] where convex/concave-shaped liquid-air interfaces were considered. This 

work acts complementary to these works and examines how curved liquid-air interfaces in the 

form of menisci interact with different surface textures of increasing complexity.  

Part of the novelty of this work lies in the definition of the radius of the liquid-air interface. In 

the aforementioned works,[94, 95] the radius of the curved liquid-air interface was defined as rla 

= γla/p, where p is the pressure difference across the liquid-air interface separating the drop from 

its external environment. However, this pressure difference was very difficult to be known a priori 

and therefore the radius of the curved liquid-air interface remained vaguely defined. Here, we 
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adopted the more rigorous approach proposed by Tuteja et al.,[41] wherein the radius of the curved 

meniscus was defined with the help of the capillary length, which is a function of the liquid surface 

tension γla and the density of the liquid ρ (see below). We remind that in the original CB model, 

the involvement of the liquid characteristics was implicitly considered through the Young contact 

angle θY, which depends on the chemical nature of the surface and the liquid. This approach did 

not require any prior knowledge of the pressure drop p and did not suffer from contact boundaries 

issues arising during the interfacial energy minimization process.  

As a first step, we revoked the intrinsic assumption of the classical CB model related to a linear 

liquid-air interface and introduced a curved liquid-air interface. This was done by considering the 

sagging height (or protrusion height)[41] h and we proceeded by deriving new formulas for the 

solid-liquid and liquid-air area fractions that incorporated h. Based on Tuteja et al.,[41] the sagging 

height h was defined by the following equation: 
2

cap

lh
l

=            (9) 

where l is a characteristic topography-dependent length and is given in Table 1 for each surface 

topography considered in this work. The capillary length[98] lcap was defined through equation 

(10): 

cap
lal
g

γ
ρ

=            (10) 

In equation (10), g is the gravitational acceleration. Because the capillary length lcap depends on 

the surface tension of the liquid and the liquid density, it encloses the physicochemical 

characteristics of the wetting liquid thereby offering a richer representation of the liquid.  

In the following sections, the derived expressions for the solid-liquid and liquid-air area 

fractions for the three surface profiles are presented for curved liquid-air interfaces due to sagging. 

The schematic representations of the corresponding geometries, as well as details on the derivation 

of these expressions are provided in the supplementary material. From equations (9) and (10), it is 

obvious that the sagging height depends on the liquid properties and the topography but not on 

gravity. Gravity and droplet size can indeed change the pressure in the drop (gravity only for the 

largest textures), however, in this work the effect of pressure on the capillary length and thus on 

the sagging height is neglected. Therefore, the effects of droplet size and weight have been 

neglected throughout this analysis, while droplets of spherical shape were assumed. Because this 
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work focused primarily on sessile drops sitting at rest on a surface, consideration of the viscosity 

into the capillary length calculation was not thought relevant. Viscosity involvement is deemed 

more meaningful when droplet movement is involved and plays a role e.g., in predicting the self-

cleaning behavior of a surface. Consequently, consideration of contact angle hysteresis, which is 

connected to droplet movement, remained out of the scope of the current work.  

Nonetheless, in compliance with previous approaches,[75, 99, 100] the revised solid-liquid 

area fractions fsl which were extracted here after considering the effect of sagging, constitute a 

measure of how easy a droplet can roll off a surface, providing thus insight into the self-cleaning 

behavior of a certain surface. In general, reduced solid-liquid area leads to reduced solid-liquid 

adhesion and thus to increased repellency and self-cleaning capacity. The wettability of surfaces 

by liquids under flow was studied extensively by employing finite volume simulations on the 

continuum scale,[101-104] where the dynamics and kinematics of the flow were the primary focus. 

This work acts complementarily to these efforts, tackling wettability from a different standpoint, 

namely focusing on surface optimization, rather than flow characterization.  

 

2.2.1 Pillar Topography 

For the pillar topography, we distinguished two different cases based on the outcome of one 

criterion. The criterion decided whether the liquid touched the base level of the surface. Figure 2 

shows a schematic representation of the two distinct cases. For simplicity, it was assumed that in 

both cases the liquid was pinned at the corner points of the pillars, i.e., the triple-phase contact line 

was immobilized at the corner points of the pillars. The decision which one of the two cases 

prevailed hinged upon the geometrical characteristics of the pillar topography, as well as the 

sagging height h which was in turn influenced by the wetting liquid and the geometrical 

characteristics (see equations (9) and (10)) of the surface. The characteristic length l in equation 

(9) was taken to be equal to the pillar distance D, whereas parameter l0, which was used as input 

and defined the length scale of interest, was equal to the pillar height H. Thus, for a given wetting 

liquid and fixed dimensions of the pillar topography, the established criterion identified which one 

of the two wetting scenarios was true. The sagging radius was equal to (see supplementary 

material): 
2 2

sag 2
x hR

h
+

=            (11) 
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where distance x is equal to x = (D – W)/2 and h is the sagging height defined via equations (9) 

and (10). If the sagging height h is smaller than the pillar height H, then the liquid does not touch 

the base level of the surface. If h ≥ H, the liquid touches the base level of the surface. The resulting 

expressions of the area fractions for the two distinct cases are as follows.  

 
Figure 2. Schematic representation of the two cases for the pillar topography: A) one contact point 

& no touching and B) one contact point & touching of the surface base level. In both parts, the 

surface is shown in red and the liquid-air interface with continuous blue line. The sagging radius 

Rsag, the sagging height h, the distance x and the geometric characteristics (W, D, H) of the pillar 

topography, as well as angles φ and β are shown in parts (A) and (B) (see text for details). 

 

2.2.1.1 No Contact with the Surface Base Level 

When the liquid does not touch the surface base level [figure 2(a)], the area fractions are given 

by the following expressions:  

sl
actual wetted area
total projected area

Wf
D

= =         (12) 

sag
la

2actual nonwetted area
total projected area

R
f

D
β

= =         (13) 

with 

sag

arcsin
2
D W

R
β

 −
=   

 
          (14) 

 

2.2.1.2 Contact with the Surface Base Level 
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Sagged configurations such as the one depicted in figure 2(b) are, in general, unstable even in 

the case of a substrate with phobic θY exhibiting very limited lifetime, thereby resorting quickly to 

a fully wetted Wenzel state However, for purposes of completeness, these unstable configurations 

were considered and included in our analysis. In this case, the expressions for the area fractions 

are: 

sag 2
sl

2actual wetted area 1 cos
total projected area

RWf
D D

ϕ= = + −       (15) 

Angle φ is an auxiliary angle, whose calculation proceeded with equation (16): 

2 2
sag

sag

cos
H R d

R
ϕ

+ −
=          (16) 

( )sag
la

2actual nonwetted area
total projected area

R
f

D
β ϕ−

= =        (17) 

The expression for the calculation of angle β is identical to the one given in equation (14). 

 

2.2.2 Fiber Topography 

For the fiber profile, we distinguished four different cases based on two criteria. These cases 

are shown schematically in figure 3. The first criterion decided whether we had one or two contact 

points. This was done by comparing the sagging radius Rsag, calculated through equation (18), with 

a critical sagging radius Rsag,0, defined by equation (19): 
2 2

sag 2
d hR

h
+

=            (18) 

Y

sag,0 Y Y

sin2
sin sin

D RdR
θ

θ θ

−
= =         (19) 

where d = (D/2) – RsinθY 

 

If Rsag ≥ Rsag,0, then the droplet had a relatively large sagging radius and could not fit into the 

asperities of the fiber topography. As a result, there was only one contact point [figures 3(a) and 

3(c)]. In the opposite case (Rsag < Rsag,0), the liquid had a relatively small sagging radius and 

penetrated further into the free space between adjacent fibers. This led to the formation of two 

contact points [figures 3(b) and 3(d)]. As in the case of pillars, the second criterion determined 

whether the wetting liquid touched the base level of the surface. It can be proven (see 
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supplementary material) that the liquid touched the base level of the surface when 

( )Y 2 2
sag sag1 cosR R R dθ− ≤ − − . Parameter l0, which was used as input and defined the length 

scale of interest, varied here, whereas the characteristic length l, which appears in equation (9) and 

influences the sagging height h, was the fiber distance D. As before (section 2.2.1.2), the “sagged” 

configurations depicted in figures 3(c) and 3(d) were of very limited lifetime and constituted rather 

unstable states. In that regard, once the liquid touched the surface base level, very rapidly, almost 

abruptly, the system transitioned to the more stable fully wetted Wenzel state. Although, these 

configurations constitute essentially transient states with minimal practical importance, for 

purposes of completeness, they were included in our analysis. 

 
Figure 3. Schematic representation of the four cases considered for the fiber topography: A) one 

contact point & no touching, B) two contact points & no touching, C) one contact point & touching 

of the surface base level and D) two contact points & touching of the surface base level. In all 

parts, the surface is shown in red and the liquid-air interface with continuous blue lines. Broken 

blue lines outline the arch of an imaginary circle with the same center and radius as the liquid 

interface. The broken red line depicts the tangent to the fiber circumference at the contact point. 

The sagging radius Rsag, the sagging height h, distance d and the geometric characteristics (R, D) 

of the fiber topography are shown in part (A) (see text for details). 
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2.2.2.1 One Contact Point & No Touching of the Surface Base Level 

For this first case shown in figure 3(a), the corresponding expressions for the area fractions 

are: 

( )Y

sl

2actual wetted area
total projected area

R
f

D
π θ−

= =        (20) 

( )Y
sag

la

2actual nonwetted area
total projected area

R
f

D
π θ−

= =        (21) 

 

2.2.2.2 Two Contact Points & No Touching of the Surface Base Level 

This case is shown schematically in figure 3(b). The area fractions are as follows: 

( )
Y

Y

sl

22actual wetted area 2
total projected area

RR
f

D D

πθ γπ θ
 − − −  = = +      (22) 

where angle γ is a solution to the equation 2tan tan 0
2 2

G Fγ γ   − + =   
   

 and G, F are parameters 

defined and calculated in the supplementary material. 

( )2 2 Y
sag,0sag,eff sag,ef

sag

f

, ff
la

e

cos sin2 2
arccos

R d R RR R
f

D D R

θ γβ
 − − −
 = =  
  

    (23) 

 

2.2.2.3 One Contact Point & Touching of the Surface Base Level 

This case is illustrated in figure 3(c). The area fractions for this case are: 

( )Y
sag 2

sl

2 2actual wetted area 1 cos
total projected area

R R
f

D D
π θ

ϕ
−

= = + −      (24) 

where angle φ is calculated through equation (25): 

2

sagY

sag sag

cos 1 cos 1
RR d

R R R
ϕ θ

   = − + −       

       (25) 

( )sag
la

2actual nonwetted area
total projected area

R
f

D
β ϕ= = −        (26) 

where angle β = arcsin(d/Rsag).  
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2.2.2.4 Two Contact Points & Touching of the Surface Base Level 

This case constitutes a combination of the two previous cases and is schematically represented 

in figure 3(d). Similar to the previous case, this wetting configuration was rather unstable and was 

added to our analysis for the sake of completeness. The solid-liquid area fraction is equal to: 

( ) ( ) sag,eff
YY

sl

22 2 sinactual wetted area 2
total projected area

RR
f

D D D
Rπθ γπ θ ϕ− +−

= = + +    (27) 

where angle φ is calculated through equation (25). The liquid-air area fraction is equal to: 

( )sag,eff
la

2actual nonwetted area
total projected area

R
f

D
β ϕ= = −       (28) 

Angle β is calculated with the help of the same expression included in equation (23).  

 

2.2.3 Sinusoidal Topography 

Here, the consideration of a curved liquid-air interface due to sagging led to the distinction of 

three different cases depending on whether there was partial or full wetting. These cases are 

represented in figure 4. The first criterion for the distinction of cases was based on whether we had 

partial or full wetting. The y-coordinate of point M [figure 4(a)] determined whether the liquid 

touched the base of the surface or not. The origin was set at point O. If the y-coordinate of point 

M was positive, we had partial wetting [figures 4(a) and 4(b)]. In the opposite case, full wetting 

set in [figure 4(c)]. The mathematical condition to distinguish between partial and full wetting is 

given by equation (29) (see supplementary material): 

( )( )
2

1
sag 1

sag

1 1 1 cosxR A kx
R

   − − < −      

       (29) 

where x1 is the x-coordinate of point A1 (see figure 4) and was calculated by equation (S7) of the 

supplementary material. The remaining parameters were the same as those listed in Table 2 and 

mentioned in Section 2.1.3. The length of the sagging height h determined how far the liquid 

penetrated the surface asperities. We determined whether we have one (A1) or two contact points 

(A1 and N1), by solving equation (30) for ξ.  
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( )
2 2

sag 1
1

sag sag

cos cos 1 1 0
R
A kR kR

ξξξ ξ
     − − − − − =            

     (30) 

where ξ = kx. The roots of equation (30) were the ξ-coordinates of points A1 and N1. It is obvious 

that the coordinate ξ1, corresponding to point A1, was a solution to equation (30). If there were two 

intersection points, the second solution ξ2 corresponded to the coordinate of point N1.  

 
Figure 4. Schematic representation of the three cases considered for the sinusoidal topography: 

A) partial wetting with one contact point (A1), B) partial wetting with two contact points (A1 and 

N1) and C) full wetting. In all parts, the surface is shown in red. In parts (A) and (B), the liquid 

interface is depicted with a continuous blue line, whereas in part (C) the liquid is illustrated with 

wavy cyan lines. The sagging radius Rsag, the sagging height h and the geometric characteristics 

(A, λ) of the sinusoidal topography are shown in part (A) (see text for details). 

 

 

2.2.3.1 Partial Wetting with One Contact Point 
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This case is represented schematically in figure 4(a). For this case, the solid-liquid area fraction 

was the same as the one calculated through equation (7) in Section 2.1.3. The liquid-air interface, 

on the other hand, changed because of the curved shape of the interface considered now. The 

refined expression for the liquid-air interface is given in equation (31). 

sag
la

2actual nonwetted area
total projected area

R
f

β
λ

= =         (31) 

where 1

sag

arcsin x
R

β
 

=   
 

 . 

 

2.2.3.2 Partial Wetting with Two Contact Points 

This case is shown schematically in figure 4(b). The solid-liquid area fraction was calculated 

through equation (32), which is very similar to equation (7). However, in this case, x2 (the x-

coordinate of point N1) was used. For the calculation of x2, the reader is referred to the 

supplementary material.  

2
2 22 2

sl

2
2 22 2

1 1 ( ) ,  ,   
2 41 ( ) 1 ( )

1 1 ( ) ,  ,   
2 41 ( ) 1 ( )

Ak AkAk E E kx x
Ak Ak

f
Ak AkAk E E kx x

Ak Ak

π λ
π

π λ
π

     
     + − − >

     + +     = 
    
    + + − <     + +     

  (32) 

The liquid-air interface was calculated with the help of equation (31). However, in this case, x2 

was used for the calculation of angle β through: 2

sag

arcsin x
R

β
 

=   
 

. 

 

2.2.3.3 Full Wetting 

In the case of full wetting, the solid-liquid area fraction fsl was equal to the roughness r of the 

profile and the liquid-air area fraction fla was zero. For a regular sinusoidal profile, the roughness 

r was equal to: 

( )
( )

2
sl 2

2 = roughness = 1
1

Akf Ak E
Akπ

 
 +
 + 

      (33) 
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where E(m) denotes the complete elliptic integral of the second kind. Interestingly, the roughness 

depends only on the ratio of the amplitude to the wavelength.  

 

2.3 Multiscale Hierarchical Roughness 

In this section, we consider multiscale hierarchical roughness. A generic algorithm was derived 

for modeling multiple roughness scales to quantify the impact of hierarchical structure on 

wettability. However, because most nonwetting biological surfaces comprised two distinct 

roughness scales, here, up to two levels of roughness were considered. Nonetheless, the derived 

formalism is applicable to any multiscale hierarchical surface of arbitrarily large multiplicity n. 

Figure 5 shows a few examples of hierarchical double-scale surface topographies. It can be proven 

(see supplementary material) that the formulas predicting the solid-liquid and liquid-air area 

fractions for any multiscale topography of multiplicity n are given by equations (34) and (35), 

respectively. The derivation of the double scale (or, in general, the multiscale) formalism is merely 

a superposition of the formulas of the individual single scales. Therein, one must consider the 

expressions of the area fractions of the upper (finer) scale as weights (fractions) acting on the 

expressions of the lower (coarser) scale. In that regard, the contact point of the supernatant liquid 

with the upper (finer) scale is determined based on the formalism of this particular topography as 

described in section 2.2. 

( ) ( )sl 1 l
1

is profile , ... , profile = , , profile type , liquid typei

n

n
i

iaf lf
=
∏     (34) 

( ) ( )

( )

la 1 ila
1

1

sl
1
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Figure 5. Schematic representations of representative double-scale surface topographies. A) fibers 

on fibers, B) sinusoid on sinusoid, C) fibers on sinusoid, D) sinusoid on fibers and E) pillars on 

pillars. In all parts, the topography parameters (see Table 1) describing each length scale are 

shown. Subscript “1” describes the coarser scale, whereas subscript “2” refers to the finer scale.  

 

3. RESULTS AND DISCUSSION 

3.1 Single-scale Results 

Figures 6-8 depict heat maps showing the calculated contact angles as a function of the 

geometrical parameters of pillar, fiber and sinusoid topographies, respectively. To facilitate 

comparison between the classical and the improved CB models, parts (A-C) in all three figures 

show the results of the classical CB model for each wetting liquid, whereas parts (D-F) show the 

results of our model for the same length scale, indicated as SC1, for all three liquids. Parts (G-I) 
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show the calculated contact angles based on our model for a much smaller length scale SC2 << 

SC1 for all three liquids considered here.  

Several interesting features can be observed from the heat maps of figures 6-8. Interestingly, 

in figure 6(a), we observe that the classical CB model predicted pillar surfaces which are phobic 

to GLY (CA > 90o) for all considered dimensions. This was also true for WAT and DIM drops, as 

illustrated in figures 6(b) and 6(c), respectively. This observation is misleading and constitutes a 

first indication of the incapacity of the classical CB model to predict wetting accurately. 

Furthermore, at large pillar distance D and small pillar width W, roughness decreases, and thus the 

pillar topography becomes progressively a smooth, flat surface. As discussed in Section 1, the 

contact angle decreases with decreasing roughness and the surface becomes less resistant to 

wetting. However, figures 6(a-c) show that the classical CB model predicted for all three wetting 

liquids increasing contact angles with decreasing roughness.  

By further reducing the roughness, e.g., by moving the pillars far away from one another and 

reducing their width, the contact angle is expected to converge to the Young contact angle θY 

which is equal to 76o for GLY, 73o for WAT and 57o for DIM on LLDPE (see Table 2). This 

anticipation was not respected by the classical CB model, which predicted superomniphobicity 

(contact angle about 160o) for this almost-flat surface! For the fiber topography, the trend was 

similar, and the same misleading results for the classical CB model were obtained. This behavior 

is depicted in figures 7(a-c) for GLY, WAT and DIM, respectively. Similarly, the same response 

of the classical CB model, albeit less pronounced, was observed in the case of the sinusoid 

topography illustrated in figures 8(a-c) for GLY, WAT and DIM, respectively.  

In figure 6(d), we show the results of the improved CB model for GLY and pillar topography. 

First, we observed that the overall behavior was completely different from the one of figure 6(a). 

The predicted CAs in part (D) were much smaller (almost by a factor of two) than their 

counterparts predicted by the classical CB model. Second, in sharp contrast to what the classical 

CB model predicted, here the CA increased with increasing roughness (i.e., as D became smaller 

and W remained small). As discussed in Section 1, this behavior is in accordance with numerous 

experimental observations and theoretical predictions asserting that increased roughness led to 

increased surface-to-volume ratio and thus greater repellency. Third, the improved CB model 

captured successfully the transition to the Young state. This is evident in figure 6(d), where the 

predicted contact angle converged to the Young contact angle of GLY θY = 76o as D became large 
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and the pillars were moved further away from one another. The same trend was observed in the 

CA behavior of GLY for the remaining two surface topographies illustrated in figures 7(d) and 

8(d) for fiber and sinusoid topography, respectively.  

The same behavior was observed for WAT as wetting liquid, as shown in figures 6(e), 7(e) and 

8(e) for pillar, fiber and sinusoid topography, respectively. For the least polar DIM, a similar 

behavior was observed as figures 6(f), 7(f) and 8(f) show for pillar, fiber and sinusoid topography, 

respectively. At this point, a clarification is in order. For surfaces with θY < 90o, there can be no 

stable CB state. Only a metastable one can exist and only in the case of re-entrant geometries; this 

implies that, of the three considered single-scale textures, only the “fiber” case can have a 

metastable CB state. Therefore, we conclude that the transitions observed in figures 7(d-f) for the 

fiber topography when going in the direction of reduced roughness were transitions from a 

metastable CB state to the Wenzel and eventually to the Young state. Contrary to that, the 

transitions observed in figures 6(d-f) and 8(d-f) when moving in the direction of reduced 

roughness, for pillars and sinusoid topographies respectively, were transitions from a metastable 

Wenzel to the Young state.  

By comparing parts (D), (E) and (F) of figure 6 with their counterparts in figures 7 and 8, it 

becomes clear that, for the considered length scale SC1, the fiber topography exhibited the highest 

CAs, directly followed by the sinusoid topography. The flat-top pillars topography was the least 

useful in terms of achieving high contact angles and thereby reducing wettability. This observation 

is valid for all three liquids considered here and is in agreement with previous studies claiming 

that, in nature, increased contact angles[46] and energetically stable interfaces[75] are associated 

with surface textures containing curved, round-top features rather than sharp-edged structures. 

Taken all together, the original CB model led to an overprediction of the CA by 20-35% depending 

on wetting liquid and surface topography. We believe that this discrepancy is, in large part, due to 

the intrinsic assumptions of the classical CB model pertaining to a straight liquid-air interface.  

Parts (G-I) of figures 6-8 show the predictions of the improved model at a much smaller length 

scale SC2 << SC1, by one order of magnitude, for the three topographies and the three wetting 

liquids. By comparing parts (D-F) with parts (G-I) in every one of these figures, it becomes clear 

that the CAs at the smaller length scale SC2 were consistently larger than their counterparts at the 

larger length scale SC1. This observation is in qualitative agreement with previous modeling 

predictions and experimental observations claiming that “smaller is better” for producing 
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omniphobic surfaces.[50] For all three single-scale surface topographies and for all three wetting 

liquids, the highest CAs were observed in regions characterized by increased nanoscale roughness. 

For instance, in the case of GLY and fiber topography shown in figure 7(g), the maximum CA was 

observed at small fiber distance D and small fiber radius R. Similarly, for GLY and sinusoid 

topography, shown in figure 8(g), the high-CA area was located at small wavelengths λ and large 

amplitudes A where roughness was more pronounced.  

In agreement with the behavior observed at the large length scale SC1, the fiber profile 

exhibited the highest CAs also at the smaller length scale SC2. However, in contrast to the SC1 

results, the pillar topography surpassed the sinusoid topography at SC2. This behavior can be 

attributed to the fact that for the pillar topography we assumed that the liquid-air interface was 

immobilized at the corner points of the pillars. Therefore, the liquid was not allowed to insert the 

free space between neighboring pillars, which would have led to increased wetting and smaller 

CAs. The maximal CAs predicted by our model for all three single-scale topographies and all three 

wetting liquids are summarized in Table 3. The values of the geometric parameters describing the 

corresponding surface textures are also listed.  

Most importantly, figures 6-8 and Table 3 show that the wetting behavior of all three liquids 

on any of the surface topographies considered here was qualitatively similar. Consideration of a 

nonpolar, low-surface-tension liquid (DIM) resulted in a qualitatively analogous wetting behavior 

for single-scale topographies. This is evident by the similar shape of the CA surfaces calculated 

for DIM and the other two polar liquids (cf. neighboring columns in figures 6-8). The overall trend 

remained the same without large deviations in the CA magnitude for all three liquids and for all 

single-scale surface topographies. Consequently, very similar CAs arose when the three liquids 

were placed on the same topography type having comparable dimensions. This observation favors 

the creation of omniphobic surfaces.  
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Figure 6. Heat maps of the calculated contact angle for the pillar topography. Rows of this figure 

correspond to model/length scales (row1: CB/SC1, row2: this work/SC1 and row3: this work/SC2) 

and columns correspond to wetting liquids (column1: GLY, column2: WAT and column3: DIM). 

Parts (A-C): the classical CB model at SC1, parts (D-F) our model at SC1 and parts (G-I) our 

model at SC2 << SC1. The pillar height H in parts (A-F) was equal to 7 μm, whereas in parts (G-

I) equal to 2 μm.  
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Figure 7. Heat maps of the calculated contact angle for the fiber topography. Rows of this figure 

correspond to model/length scales (row1: CB/SC1, row2: this work/SC1 and row3: this work/SC2) 

and columns correspond to wetting liquids (column1: GLY, column2: WAT and column3: DIM). 

Parts (A-C): the classical CB model at SC1, parts (D-F) our model at SC1 and parts (G-I) our 

model at SC2 << SC1.  
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Figure 8. Heat maps of the calculated contact angle for the sinusoid topography. Rows of this 

figure correspond to model/length scales (row1: CB/SC1, row2: this work/SC1 and row3: this 

work/SC2) and columns correspond to wetting liquids (column1: GLY, column2: WAT and 

column3: DIM). Parts (A-C): the classical CB model at SC1, parts (D-F) our model at SC1 and 

parts (G-I) our model at SC2 << SC1. 

 

Table 3. Maximal predicted contact angles based on the improved CB model for the three single-

scale surface topographies and the three wetting liquids considered in this work. 

Single-scale 

topography 
Pillars Fibers Sinusoid 

Wetting 

liquid 
GLY WAT DIM GLY WAT DIM GLY WAT DIM 

Max. CA [o] 136 135 144 144 142 139 100 99 101 

α [μm] 6 6 3 3 3 2 81 73 54 

l [μm] 26 26 25 42 39 34 126 140 140 
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l0 [μm] 2 2 2 n/a n/a n/a n/a n/a n/a 

 

 

3.2 Double-scale Results 

Table 4 summarizes the maximal CAs calculated for the three most relevant double-scale 

surface topographies and the three wetting liquids. For brevity, the remaining double-scale 

topographies were omitted from Table 4 because they exhibited CAs smaller than 150o and were 

therefore deemed less meaningful for the construction of superomniphobic surfaces. The 

associated values of the geometric parameters of each length scale and topography are also listed. 

The first noticeable remark is that double-scale hierarchical roughness led to increased CAs 

compared to the single-scale roughness. This observation is valid for all three liquids studied here 

and complies fully with the general literature consensus associating increased roughness 

(hierarchical or not) with increased resistance to wetting. Contrary to the cases of WAT and GLY, 

the improvement in the wetting resistance for DIM brought about through consideration of double-

scale topographies was somewhat mitigated. This becomes clear by juxtaposing the CA results for 

DIM listed in Tables 3 and 4 for single- and double-scale topographies, respectively. This behavior 

was attributed to the relatively greater tendency of DIM to spread and wet the surface owed to its 

substantially smaller surface tension compared to WAT and GLY.  

From Table 4, it becomes clear that double-scale roughness was most efficient when the two 

length scales differed from each other by at least one order of magnitude. Of the three most relevant 

double-scale surface topographies presented in Table 4, the ”fibers on sine” topography exhibited 

maximal contact angles over 150o for all three liquids. Interestingly, this most-promising double-

scale topography yielded superphobic CAs also for DIM, which would not have been achieved 

otherwise for this low-surface-tension liquid. The three wetting liquids showed similar behaviors 

for all double-scale topographies. Moreover, as Table 4 shows, the associated surface parameters 

were very close. As in the case of single-scale topographies, this fact facilitates and promotes the 

construction of superomniphobic surfaces.  

 

Table 4. Maximal predicted contact angle based on the improved CB model for the most relevant 

double-scale surface topographies and the three wetting liquids considered in this work. The 

geometrical surface parameters for both scales are also shown. 
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Double-scale 

topography 
Sine on Sine Sine on Fibers Fibers on Sine 

Wetting 

liquid 
GLY WAT DIM GLY WAT DIM GLY WAT DIM 

Max. CA [o] 140 134 142 149 150 135 162 159 157 

Coarse Scale 

[μm] 

A=161 A=154 A=70 R=28 R=28 R=105 A=161 A=154 A=70 

λ=252 λ=294 λ=280 D=217 D=231 D=343 λ=252 λ=294 λ=280 

Fine  

Scale [μm] 

A=16 A=18 A=19 A=32 A=24 A=12 R=7 R=7 R=5 

λ=25 λ=34 λ=75 λ=50 λ=46 λ=50 D=28 D=33 D=31 

 

 

4. CONCLUSIONS 

In summary, we report the development and application of a refined version of the classical 

CB model for the prediction of surface topographies exhibiting superomniphobic behavior. This 

was accomplished by considering realistic curved liquid-air interfaces and by incorporating into 

the classical CB model the sagging height and sagging radius, which depend only on the 

physicochemical properties of the wetting liquid and the surface texture. In our analysis, we have 

neglected the droplet size and weight, while we assumed spherical sessile drops. Our model is 

based on the original CB model and is therefore functional in the validity area of the original CB 

model, i.e., uniformly rough surfaces with surface heterogeneities larger than atomic or molecular 

dimensions. This fact mitigates by no means the applicability of the proposed model, as the 

creation of surface irregularities below the nanometer scale remains a formidable technological 

task. 

The original CB model predicted for all considered liquids phobic surfaces irrespective of the 

dimensions of the surface topography. Furthermore, it failed to capture the trend between CA and 

roughness, predicting CA-increase with diminishing roughness. Because of this erroneous trend, 

the original CB model did not converge to the Young contact angle with reducing roughness. In 

contrast, our model rendered a more realistic representation of the CA behavior. First, the predicted 

CAs were smaller than their counterparts predicted by the classical CB model. Overall, direct 

comparison between the classical CB model and our model led to a CA overprediction by the 

former by 20-35% depending on wetting liquid and surface topography. Second, the proposed 
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model captured successfully the anticipated CA/roughness trend, predicting increasing CAs with 

increasing roughness. Third, the improved model converged nicely to the Young contact angle of 

the surface with diminishing surface roughness. These observations were true for all three 

considered liquids and are deemed important, since they confirmed the credibility and 

mathematical correctness of our model. 

Decreasing the length scale of surface patterns from a few hundreds of micrometers to a few 

hundreds of nanometers led to a CA increase by 15-20% depending on surface topography and 

wetting liquid. Of the three single-scale topographies and for all wetting liquids considered here, 

the fiber case exhibited the highest CAs, followed by the sinusoid topography. The flat-top pillars 

were the least promising option in terms of achieving large CAs. This observation is in agreement 

with measurements on large-CA natural surfaces featuring curved, round-top surface 

characteristics rather than sharp-edged structures. We concluded that for the fiber topography the 

system was transitioning from a metastable CB to the Wenzel and eventually to the Young state 

when going in the direction of reduced roughness. For the remaining two single-scale 

topographies, the CA transitions were identified as transitions from a metastable Wenzel to the 

Young state.  

Multiscale hierarchical roughness constitutes the most promising way to achieve 

superomniphobicity for a broad range of liquids. Consideration of double-scale hierarchical 

roughness confirmed the consensus that reduction of length scale of the surface texture resulted in 

increased resistance to wetting. Double-scale roughness was more efficient when the two length 

scales differed in size by at least one order of magnitude. The “fiber on sinusoid” topography 

yielded contact angles over 150o for GLY, WAT and even for the nonpolar, low-surface-tension 

DIM. Interestingly, the overall wetting behavior of the three considered liquids for any given 

topography was qualitatively similar, exhibiting only small differences in the CA magnitude, 

demonstrating, however, the same trend. This conclusion strengthened our belief that the creation 

of (super)omniphobic surfaces able to repel a broad spectrum of liquids is technologically feasible.  

 

SUPPLEMENTARY MATERIAL 

See the supplementary material for details on the derivation of the expressions for the area fractions 

for the classical and the improved CB models, as well as a generic method to calculate the area 

fractions for multiscale hierarchical surface topographies. 
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