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ABSTRACT

We provide a simple design chart framework to predict the apparent contact angle on a textured surface
in terms of the equilibrium contact angle on a chemically identical smooth surface and the details of the
surface topography. For low surface tension liquids like methanol (y,=22.7 mN/m) or octane
(y»=21.6 mN/m), a solid-liquid-air composite interface on textured surface is inherently metastable.
Thus on application of a sufficient pressure difference (e.g. an externally applied pressure or a
sufficiently large Laplace pressure at small droplet size) the metastable composite interface transitions to
a fully-wetted interface. A dimensionless robustness factor is used to quantify the breakthrough pressure
difference necessary to disrupt a metastable composite interface and to predict a priori the existence of a
robust composite interface. The impact of length scale (radius of the cylindrical features R varying from
18 to 114 microns) and the feature spacing ratio (D" =(R+D)/R varying from 2.2 to 5.1, where 2D is the
spacing between the cylindrical features) on the robustness is illustrated by performing contact angle
measurements on a set of dip-coated wire-mesh surfaces, which provide systematically quantifiable
cylindrical texture. The design chart for a given feature size R shows how the two independent design
parameters, surface chemistry as revealed in the equilibrium contact angle and texture spacing embodied
in the dimensionless spacing ratio (D°), can be used to develop surfaces with desirably large values of

apparent contact angle and robustness of the metastable composite interface. Most revealing is the
scaling of the robustness with the dimensionless parameter /., /R (where [, =7,/ pgis the

capillary length) which indicates clearly why, in the consideration of self-similar surfaces, ‘smaller is

better’ for producing omniphobic surfaces that resist wetting by liquids with low surface tension.

KEYWORDS: Superhydrophobicity, Oleophobicity, Robustness factor, Design chart.
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Introduction

There has been recently a significant amount of research directed towards achieving superhydrophobic
and oleophobic textured surfaces. The optimal design of such surfaces involves a combination of good
material or coating selection in order to minimize the surface energy of the solid (%,) and an optimal
choice of surface texture, including recognition of the important role of re-entrant curvature '™ of the
designed surface topography. There are a few reports in the literature that systematically discuss the

impact of surface texture on wettability.®>*

By optimizing the interaction between the textured surface
and contacting liquids, surfaces with a wide range of wettability starting from super-wetting (apparent
contact angle & = 0°) to super-non-wetting surfaces (6 > 150°), can be produced. Low surface tensions
liquids like methanol (y; =22.7 mN/m) or octane (y; =21.6 mN/m) wet most surfaces and for such
liquids, the impact of the surface texture on wettability is critical. For a selected type of textured surface,
the separate role of feature size and relative spacing, as well as the independent contribution of surface
chemistry can be highlighted most effectively using a suitably-constructed framework for presenting
measured values of apparent contact angle with various contacting liquids. The present work shows how
these ideas can be incorporated into a graphical framework for the design of surface textures and

coatings for enhancing the apparent contact angle (6°) and breakthrough pressure (Py).%™ > 2° Th

e
analysis reveals the value of making the feature size of the surface texture as small as possible at any
fixed combination of relative topographical spacing and surface chemistry.

The wettability of textured surfaces is quantified in terms of the apparent contact angle (0) displayed
on the surface. For a liquid droplet with a solid-liquid-air composite interface, the contact angle is

computed by using the Cassie-Baxter’' (CB) relation given as cosd = 7 4cos O+ ¢ — o 7> 23

Here r41s
the roughness of the wetted area, ¢ is the area fraction of the liquid-air interface occluded by the solid
texture, and 6 is the equilibrium contact angle of the selected liquid on a chemically identical smooth

surface. Previous work " ** 27 has shown clearly that it is possible to sustain a composite interface on a

re-entrant surface texture (i.e. a surface with multivalued topography) even when &z < 90°,” because the
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force balance given by Young’s equation™ can be satisfied locally. In general, if the equilibrium contact
angle of a liquid on the smooth solid surface is €z and the local texture angle is y (angle between a local
tangent to the solid surface and the horizontal, measured through the solid texture), it is possible to
support a composite interface when Gz > .

Model re-entrant lithographic surfaces have been made previously by a variety of routes,"” **° but they
are expensive and difficult to mass produce. On the contrary, woven and non-woven textiles are
commonly available and represent a class of inexpensive re-entrant textured surfaces for which y varies
continuously from 180 to 0° around the perimeter of the cylindrical fiber. Numerous research groups

have demonstrated that textiles prepared from, or coated with, low surface energy materials (j,) can

23, 30, 31 6, 7, 9, 25, 26, 32-34

lead to superhydrophobic and/or oleophobic surfaces. Commercial fabric

structures are available in various types of weaves, fabric materials, fiber diameter and fiber bundle size

10, 23, 25, 26

and can be modeled geometrically using an idealized cylindrical texture. For a surface with a

cylindrical texture characterized by radius R and inter-cylinder spacing 2D, the CB relation can be

rearranged into a more convenient form,” > > 2
* l .
cosd =_1+D* [(ﬂ—HE)cosﬁE+sm6?E] (1)

where 7= (7 — G¢)/sinbg, ¢,= Rsinb/(R+D), D" = (R+D)/R.

For a texture that is composed of features that are not flat-topped posts, we note that the surface
texture variables, 74and ¢ that appear in the CB relation are functions of the equilibrium contact angle
() and are therefore dependent on the properties of the contacting liquid and the surface coating. On
the contrary, the dimensionless spacing ratio (D) in Equation (1) is a purely geometric parameter which
quantifies the openness of the weave. The repellency of fabric surfaces to water droplets (with very high
equilibrium contact angles z) was modeled by Kawase et. al. by considering specific topographical
details like the warp, weft, and the type of weave.”> Here we have modeled the fabrics using the one
dimensional model first considered by Cassie and Baxter’' due to its simplicity and applicability over

the whole range of equilibrium contact angles (0°< 8, < 180°).
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Incorporation of the robustness criterion into the design framework

The CB relation (Equation (1)) can be used only when the existence of a solid-liquid-air composite
interface is assured. Derivation of the CB relation assumes a flat air-liquid interface, whereas in reality
this interface can sag significantly under the influence of a pressure differential across the curved liquid-

air interface either due to the Laplace pressure or an externally applied pressure.® " ¥

If this sagging
becomes severe, the bulging air-liquid interface may touch the next level of underlying solid texture and
transition to a fully wetted interface. The tendency to resist the sagging of the air-liquid interface or

robustness against wetting can be quantified in terms of a dimensionless robustness factor (4 .7 This

parameter compares the ratio of the breakthrough pressure (P;) to a reference pressure (P.r =2y, /¢, ),

cap
where 7 is the capillary length (7, = V7,1 pg ), v is the liquid surface tension and pg is the specific

weight. The reference pressure (P,) 1s close to the minimum pressure differential across a millimetric

scale liquid droplet. For an array of cylinders with radius R and inter-cylinder spacing 2D, the robustness

factor (4 *) can be calculated using the following expression.” > *°

A*:P” Lewp { (1-cosb,) } @)

P, R(D —1)| (D —1+2sin6,)

The robustness factor is a function of the equilibrium contact angle on a chemically identical smooth

surface (6g), the geometrical spacing ratio (D*) introduced above, and the ratio of capillary length (7, )

to the feature length-scale (R) of the solid’s surface texture. Values of A*g 1 indicate that a drop sitting

on the composite fibrous surface will spontaneously transition to a fully-wetted interface.

Experimental Section
Coating methodology — Fluorodecyl POSS*® (polyhedral oligomeric silsesquioxane) molecules consist
of silsesquioxane cages surrounded by eight 1H,1H,2H,2H-heptadecafluorodecyl groups. A smooth
fluorodecyl POSS surface has one of the lowest solid surface energy values reported to date (%,~ 10

5
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mN/m), due to the high density of perfluorinated carbon atoms present in the eight alkyl chains
surrounding the silsesquioxane cages.” To generate thin, uniform and flexible coatings of fluorodecyl
POSS on the textures to be studied, a commercially available Tecnoflon fluoro-elastomer (Solvay
Solexis) was used as the continuous polymeric matrix and Asahiklin (AK225, Asahi Glass Company)
was used as the solvent for the polymer and fluorodecyl POSS. Silicon wafers were coated with a POSS
(50 % by weight) - Tecnoflon (50 % by weight) solution (total solids 10 mg/ml) or with a polyethyl
methacrylate (PEMA) solution by spin-coating at 900 rpm for 30 seconds. Commercially available
stainless steel woven meshes (McMaster-Carr) were used as model textured surfaces. These meshes
were dip-coated in either a POSS (50%) — Tecnoflon (BR 9151, fluoro-elastomer from Solvay Solexis)
(50%) solution or a polyethyl methacrylate (Aldrich, PEMA) solution with a total solid concentration of
10 mg/ml. After immersion for 10 minutes, the dip-coated samples were removed and dried in a vacuum
oven at 60°C for 30 minutes to ensure complete evaporation of the Asahiklin solvent.

Surface characterization — Contact angle measurements were performed using a VCA2000 goniometer
(AST Inc.). Advancing and receding contact angles were measured with ~5 pL. droplets of various
liquids (purchased from Aldrich and used as received). JEOL 6060 scanning electron microscope was

used at an acceleration voltage of 3 kV for taking SEM images of the dip-coated meshes.

Results and Discussion

Apparent contact angles on dip-coated carbon paper

To test the utility of the robustness factor framework, a commercially available cylindrically textured
surface (carbon paper from Toray, Japan) was selected. It was dip-coated with a 50% POSS — 50%
Tecnoflon solution and the apparent contact angle was measured using various test liquids. In our

previous work,” we demonstrated that the effective spacing ratio (D) is readily obtained by fitting the

CB relation (Equation (1)) to contact angle data plotted as (cosd,, vs cos@,4). Using the value of the

spacing ratio (D") determined from this fit, the dimensionless robustness factor (4", Equation (2)) can
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also be plotted on the same non-wetting diagram, and the magnitude of the robustness factor helps to
rationalize the transition from the composite to the fully-wetted interface. For the carbon paper example

in Figure 1, the spacing ratio for the carbon paper was computed to be D" =4.1 + 0.6 from regression to

the measured advancing contact angle data on the textured (¢, ) and smooth surface (Quay).>> The coated

adv

surface is superhydrophobic with @, =153 +2° for water droplets. Liquids like methanol (y, = 22.7
mN/m, 6,4, =55+3°, 9:dV= 120 + 3°, A= 8.1) and octane (},=21.6 mN/m, @4 =51%3°,
0, =106+3° A4 =6.9) also formed robust composite interfaces on the dip-coated carbon paper

(R=06 um, D'=41+ 0.6). On the contrary, heptane (3, =20.1 mN/m, 6,4, =45+3°, 4, =0°,

ady
A" =5.8) wetted the textured surface. The observed spontaneous wetting by heptane was not expected
because according to the design parameter framework, the solid-liquid-air composite interface is robust
for all values of 4" > 1. Although the trend of decreasing apparent contact angle and robustness
measurements with changes in y, is qualitatively correct, it is clear that the criterion is not a quantitative
predictor of the crossover from a Cassie-Baxter’! (composite interface) to a Wenzel’’ (fully wetted)
state. From the SEM micrograph of the carbon paper surface, it is clear that the individual fibers forming
the re-entrant texture are distributed randomly and there is a considerable local variation in the value of
D". Therefore the carbon paper surface or any other nonwoven fiber mat surface with a broad variation
in the surface topography is not suitable for quantitative analysis of the effect of varying topographical
and surface properties on liquid non-wettability and robustness. Consequently, in the following sections

we turn to a series of woven meshes, each with regular periodic texture, as the model textured surfaces.

Contact angle measurements on dip-coated woven meshes

The woven meshes offer a set of periodic textured surfaces which are commercially available. The
mesh number refers to the number of openings per inch, therefore a smaller mesh number indicates a
coarse mesh and a larger mesh number indicates a finer mesh. The influence of chemical interaction

between various liquids and coating materials (), the characteristic cylinder length scale (R), and the
7
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spacing between cylindrical fibers (D") on the wettability (6') and robustness (4") can be systematically
evaluated by measuring the apparent contact angles on woven meshes with a variety of coatings, wire
radii, and spacing ratios respectively. In the first set of experiments, three wire meshes (mesh 50 with R
= 114 pm, mesh 100 with R = 57 um and mesh 325 with R = 18 pum) with identical spacing ratio
(D" =2.2) were selected. These wire meshes were each dip-coated using different solutions with a range
of solid surface energies (ys,): (i) a 50/50 (by weight) mixture of fluorodecyl POSS and Tecnoflon (BR
9151, a fluoroelastomer from Solvay-Solexis), (ii) pure Tecnoflon and (iii) polyethyl methacrylate
(PEMA). The solid surface energies (5,) of (i) 10.7, (ii) 18.3 and (iii) 32.2 mN/m were estimated using
the Owens-Wendt analysis with water and octane as the probing liquids.*® Different polar liquids (water
(v ="72.1 mN/m), ethylene glycol (3, =47.7 mN/m), and methanol (3, =22.7 mN/m)), non-polar
liquids (methylene iodide (y,=50.8 mN/m) and rapeseed oil (,=35.5 mN/m) in addition to a
homologous series of n-alkanes starting from hexadecane (j, =27.5 mN/m) to pentane (y, = 15.5
mN/m)) were used as contacting liquids for contact angle measurements. The advancing contact angle
measurements on flat spin-coated silicon wafer surfaces (6,4, and the textured dip-coated mesh surfaces
(6.,)) can all be displayed in a compact manner on the generalized wetting diagram, as shown in Figure
2.

The spacing ratio (D) for the set of dip-coated meshes was estimated as 2.45 + 0.2 by regression of
the contact angle data® and this value of D* compared favorably with the estimated value of the spacing
ratio from the inspection of the SEM micrographs (D =22, Figure 2). The CB relation (Equation (1)) is
independent of the length scale of the surface features, therefore the apparent advancing contact angles

(6.,) data on the dip-coated meshes (for R=18, 57 and 114 um) collapse onto a single curve

corresponding to D"'=245+02 (Figure 2). The transition from a robust composite interface to a fully-
wetted interface occurrs on all three meshes, but at different equilibrium contact angles. This mismatch
in the equilibrium contact angle at which the failure of the composite interface occurs can be

rationalized on the basis of the robustness factors for the dip-coated wire meshes. The robustness factor

8
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A, Equation (2)) varies inversely with the length-scale of the surface texture (R); the composite
interface therefore fails at the highest equilibrium contact angle for the coarsest mesh (&g i, = 42° for
mesh 50, R = 114 um) and at the lowest &z for the finest wire mesh (g = 14° for mesh 325, R =18
um). By implicitly solving Equation (2) with 4" = 1, values of for .. are predicted to be 42, 27 and
14° respectively for the mesh 50, 100 and 325 surfaces. The generalized wetting diagram depicted in
Figure 2 has been popularized by numerous groups and it has become an established paradigm to
represent changes to the apparent contact angle (') data on textured surfaces in comparison to the

equilibrium contact angle (&g) on chemically identical flat surface. 39-42

This framework indeed provides
a compact way to represent data on self-similar structures, but the impact of individual parameters,

namely the spacing ratio (D") and the length scale of the texture (R) on the non-wettability cannot be

deconvoluted readily.

Design chart for liquid wettability on cylindrically textured surfaces

The two independent variables in the modified form of the CB relation (Equation (1)) are the
equilibrium contact angle on a flat surface (6¢) and the dimensionless spacing ratio (D). In order to
mitigate the shortcomings of the generalized wetting diagram, a new design chart for understanding
liquid wettability on omniphobic surfaces is proposed (Figure 3) in which the two independent variables
are D° and 6. The limiting values along the ordinate axis are chosen based on the accessible
equilibrium contact angle values () for water (y;, = 72.1 mN/m), from ~0° on a clean glass surface to
~125° on a pure fluorodecyl POSS surface.® On this design chart, the ordinate (&) is uniquely
determined by the chemistry of the solid coating and the contacting liquid. This variation in the inherent
solid-liquid interactions is independent of the surface topography of a textured surface which is the
geometrical spacing ratio (D") on the abscissa. The lower limit of the spacing ratio is chosen as the
smallest physically possible value of D"=1 and the upper limit is arbitrarily chosen to be D" =27z
corresponding to a very open weave texture. Four contours of fixed apparent contact angle (& = 0, 90,

9
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120 and 150°) are calculated from the CB relation (Equation (1)) and are plotted on this (D", ) design
space.

Cassie-Baxter used the apparent advancing (&, ) and receding contact angles (., ) as the ordinate in
their chart’' whereas in the design chart presented here, the equilibrium contact angle on a chemically
identical (6f) flat surface is plotted on the y-axis. The apparent advancing/receding contact angles are
‘composite’ variables that depend on chemistry, and the ‘texture’, (which consist of specific lithographic
patterning, random roughness, weave/weft of woven structures etc). For this reason we argue that it is
better to plot measured values of & as a function of the two independent variables represented by the x
and y axes. The important performance parameters (6 and A") of a coated fabric or other textured
surfaces are then shown as contours of various constant value in our presentation, and they provide clear
guidance for anticipating the efficacy of various designs that are based on selected values of D" and 6.

The equilibrium contact angle (#) cannot be measured easily on textured surfaces, but it can be

bracketed using the measured advancing and receding contact angles (8., > 6" > @, ). Onda, Shibuichi

and co-workers®” 4> 42

report that the equilibrium contact angles are closer to the advancing contact
angles than the receding contact angles. Therefore, in the design charts described below, we replace the

equilibrium contact angle () with the advancing contact angle on the flat surface (6,,) and the

equilibrium contact angle on a textured surface (&) with the apparent advancing contact angle (0..).

As we have noted above, the apparent contact angle (6°) depends only on & andD” and it is
independent of the length-scale (R) of the texture, which thus does not appear on the design chart.
Consequently, while the design chart predicts the magnitude of the apparent contact angle (&), it does
not guarantee the existence or stability of the solid-liquid-air composite state. The graphical framework
shown in Figure 3 does not recognize that the composite interface, needed to achieve high values of &,

may be metastable or completely unstable, nor does it quantify the magnitude of the breakthrough

10
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pressure difference (P) required to disrupt a metastable composite (Cassie-Baxter) interface sufficiently
to transition it to the fully-equilibrated wetted (Wenzel) state.

When represented on the design chart (Figure 3), the super-wetting region exists at the lower-left
where the apparent contact angle predicted by the CB relation is nearly zero (6'=0°), even though the
equilibrium contact angle on a chemically identical smooth surface is non-zero (6z > 0°). This super-
wetting region appears as a consequence of the cylindrical texture and in this region the additional
energy released from the enhanced surface area provided by the texture coupled with the intrinsic partial

wettability of the solid material results in complete wetting.B’ 42

From the design chart representation it
is clear that the apparent contact angle (8') can be increased by moving on the plot from left to right (by
increasing D, the relative spacing of the topographical features) and/or by moving from bottom to top
(by increasing &z which, for a selected liquid, is achieved through changes in the solid surface
chemistry). The region bounded by the blue curve and the two axes (right top) is the region of super

liquid non-wettability (superhygrophobicity)* characterized by a high value of apparent contact angle

(6" >150°).

Incorporation of the robustness criterion on the design chart

Although this new design chart indicates the range of effective contact angles that can be achieved
theoretically, it does not indicate if the resulting composite interface is stable. A modified form of the
design chart for liquid wettability is presented in Figure 4. Here the shaded grey area represents

combinations of the parameters G, D" and (¢, _/R) for which the robustness factor is less than unity.

cap
The CB predictions (Equation (1)) are not extended into the shaded area as the composite interface
becomes unstable; a liquid drop placed on the texture will spontaneously transition to a fully-wetted
interface in this grey shaded region. Important to note that the amount of (white) area on this design
chart, corresponding to regions in which liquid drops can be supported on a composite air-solid

interface, can be tuned by varying the ratio ¢, /R . The capillary length is a material property of the

11
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contacting liquid (/,,, =+/7, /pg ) and practical values span an approximate range from 2.7 mm for

water (), = 72.1 mN/m, p=1000kg/m3) to 1.25 mm for methylene iodide (j;, =50.8 mN/m,
p=13325 kg/m3); that is the range of values over which the capillary length can be varied is quite
limited. On the contrary, the radius of the cylindrical re-entrant features (R) on the surface can be varied
by many orders of magnitude (R = 100 um for commercial fabrics down to R = 100 nm for electrospun

mats). When droplets of a given liquid (with fixed /) are placed on a textured surface with a

particular spacing ratio (fixed D*) and a specific coating (fixed &z), both the robustness factor (4 *) and
the breakthrough pressure (P5) are inversely proportional to the surface texture length scale R. In the

case of smaller length-scale surface features (small R, or large?,,, / R), a large fraction of the &g and D"

parameter space corresponds to a robust composite interface (A*> 1) and is available for the design of
robust non-wettable surfaces. The variation in the accessible area for designing non-wetting surfaces is
schematically shown in Figure 4 with two different feature sizes. [See supporting information for a
video showing how the accessible area varies for designing non-wetting surfaces with the texture length

scale.] The line corresponding to A =1 (Equation (2)) varies with D" and @ for 0.2 </ p | RS 2000,

By keeping the surface chemistry of the solid, the composition of the contacting liquid and the geometric
spacing ratio the same (i.e. fixed €z and D*), and only reducing the length scale of the surface texture
(R), the anticipated wetting behavior for a liquid droplet on a textured surface can be controlled from a
super-wetting state to a robust composite non-wetting state.

In the design chart framework presented here, the three main factors that govern the robustness of
repellency to a selected liquid are completely decoupled: (i) the equilibrium contact angle exhibited by
the liquid on a chemically identical smooth surface (&), (i) the spacing ratio of the textured surface
(D*), and (ii1) the length scale of the features that produce the surface texture (R). It is straightforward to
ascertain the effect of each one of these parameters on the robustness (4 *) and non-wettability (9*) ofa

textured surface, and it is clear that each of these parameters can be usefully manipulated during the

ACS Paragon Plus Environment 12



Page 13 of 33 Submitted to Langmuir

©CoO~NOUTA,WNPE

design process. Similar design charts can be developed for surfaces with other texture geometries (e. g.
micro-hoodoos,® nano-nails' etc.) by modifying the expression for 4~ (see supporting information) to
account for the specific surface topography.

The main focus of the present manuscript is to elucidate the impact of the length scale (R), the spacing
ratio D" and surface chemistry (&z) on the apparent contact angle (9*) and the robustness (4*) of the
solid-liquid-air composite interface. Cassie and Baxter worked with similar textured surfaces but they
were concerned only with the apparent contact angles (6) and focused exclusively on water (3, = 72.1
mN/m) as the probing liquid. In this work, liquids with a broad range of surface tensions (from 72.1
mN/m for water to 15.5 mN/m for pentane) are used in order to explore non-wettability of woven and

nonwoven structures to a wide range of liquids.

Varying the length scale (R) at constant coating chemistry (&g) and spacing ratio (D*)

The effect of the microscopic length scale of the surface texture on the robustness of the composite
interface is elucidated more clearly with the help of the design chart developed in this work. Figure 5
shows contact angle data measured on two 50% POSS — 50% Tecnoflon coated woven surfaces — mesh
325 (R=18 pm, D" =2.45 + 0.2, Figure 5(a)) and mesh 50 (R =114 um, D" = 2.45 + 0.2, Figure 5(b)).
Filled symbols on the design chart denote a robust composite interface whereas open symbols indicate a
fully-wetted interface on the textured mesh surface. The liquid alkane with the lowest surface tension

i.e. pentane (' in Figure 5(a), 7, = 15.5 mN/m) formed a robust composite non-wetting interface (with

0..,= 91 +3°) on the finest mesh (325) dip-coated with 50% POSS — 50% Tecnoflon. On the contrary,

even relatively higher tension liquids such as heptane (* in Figure 5(b), 5, =20.1 mN/m, 6,4
=45 £ 2°) and pentane (O in Figure 5(b), y, = 15.5 mN/m, 6,,;, =35 % 3°) wet the identically coated
textured surface (resulting in@,, = 0°) of mesh 50. Although both the textured surfaces have identical
coating chemistry, their different characteristic length scales result in different robustness factors. The

=9.1 on mesh

13

=5.8and A4,

value of 4™ is reduced from high values at fine length scale i.e. A:: heptanc

entane
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325 (R=18 um), to lower values at a coarser length scale i.e. A;emane:OQ and A, 1.4

eptane =
(R =114 um). When the robustness factor reaches a value close to unity (A*g 1), the composite interface

sags severely and touches the next underlying layer of the solid texture, which results in a transition to

the fully-wetted state. This transition is expected to take place at values of A" order unity. In our

idealized model (i.e. a periodic array of parallel cylinders), we expect4 =1 and indeed our

crit

observations suggest that the critical robustness factor is always 1 <4

crit

<1.5. For a comparatively

higher surface tension liquid such as octane (ll, 7, =21.6 mN/m, 6,4, =51 + 2°), the robustness factor

=11.2 on mesh 325 to 4

octane

decreases from A4 =1.7 on mesh 50. Because the robustness factor

octane

remains sufficiently greater than unity, a robust composite non-wetting interface is observed for octane

droplets on both the fine mesh 325 (8., =109 + 3°) and the coarse mesh 50 (8., =107 + 4°) provided

they are dip-coated with 50% POSS — 50% Tecnoflon. Note that consistent with the length scale
independence of Equation (1), the measured apparent advancing contact angles are essentially

unaffected by the significant changes in R at constant D",

Varying the coating chemistry (gg) at constant spacing ratio (D) and length scale (R)

In addition to the length-scale of the texture, the robustness factor (4 *) also depends upon the
equilibrium contact angle on a chemically identical smooth surface (&g). The impact of the variation in
0x on the robustness factor (4 *) was studied by dip-coating wire mesh 325 (R =18 um, D"'=245+ 0.2)
using either a 50% POSS — 50% Tecnoflon (%, =10.7 mN/m, Figure 6(a)) or a polyethyl methacrylate
(PEMA, 5, =32.2 mN/m, Figure 6(b)) coating. For decane, the advancing contact angle on a smooth
surfaces decreases from 6,4, = 60 = 2° on a flat 50% POSS — 50% Tecnoflon surface to 8,4, = 12 = 3° on

a flat PEMA surface. The robustness factor decreases monotonically with 6,4, from A, =14.6 on

decane

mesh 325 (R = 18 um) dip-coated with 50% POSS — 50% Tecnoflon to 4, = 0.8 on the same woven

ecane

surface coated with PEMA. As a result, decane forms a robust composite interface on mesh 325
14
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(0"=108 £ 3°, ¥in Figure 6(a)) when it is coated with 50% POSS — 50% Tecnoflon but it fully wets
the same underlying surface coated with PEMA (6'~0°, Vin Figure 6(b)). By contrast, the advancing
contact angle for dodecane (A, y,=25.3 mN/m) changes from 6,5, =71 +2° to 19+2° and the
robustness factor on the surface diminishes from 19 to 2.6. The robustness factor remains sufficiently

greater than unity and a robust composite interface (8., = 59 + 3°,A) is observed even on a PEMA
coated mesh 325 surface. Hexadecane (y, =27.5 mN/m, €,4,= 25+2°, 4" =4.1, 8, = 64 +5°) and
dodecane (j, = 25.3 mN/m, 6,4, = 19 £ 2°, A= 2.6, dev =59 + 3°) form a robust metastable composite

interface on a polyethyl methacrylate coated (PEMA, 5%, =32.2 mN/m) mesh 325 surface (R = 18 um,
D"=2.45+0.2). From the magnitude of 4*, the breakthrough pressure for hexadecane and dodecane
droplets can be estimated to be about 118 and 71 Pa respectively. Also, the receding contact angles for
hexadecane and dodecane droplets on the mentioned wire mesh surface were found to be close to zero.
These results illustrate that extremely low surface energy (j,) coatings are not always necessary to
obtain a robust composite interface provided the characteristic textural length scale is small enough.

Even low surface tension liquids like hexadecane (@, 7, =27.5 mN/m) and dodecane (A, 7, =25.3

mN/m) form robust and partially wetting composite interfaces (8., = 64 + 5° for hexadecane and 0., =

59 + 3° for dodecane) on PEMA-coated stainless steel meshes with sufficiently small wire radii (R). The
systematic understanding provided by the design chart and the data reported in this work show that by
properly tailoring the surface topographical parameters (R, D) and surface chemistry (&) appropriately,

a robust composite interface can be achieved for a suitably designed surface and liquid pair.

Varying the spacing ratio (D*) at constant coating chemistry (&¢) and length scale (R)

From the observations in previous sections, we saw the impact of variation in (i)/__ /R or (ii) &z on

cap

the robustness factor (4"). The third important factor that alters the robustness is the ‘openness of the

weave’ or the spacing ratio (D°) of the surface texture. The dependence of the robustness factor on D’ is

15
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explored by choosing a set of wire meshes which have identical radii (R = 83 um) but different density
weaves, and thus different spacing ratio (D" = 2.2, 3.9 and 5.1). These wire meshes are dip-coated using
the 50% POSS — 50% Tecnoflon solution and the contact angle measurement results are plotted in
Figure 7. For the wire mesh with the tightest weave i.e. the smallest spacing ratio (D"=22,R=283 pm,
mesh 70), liquids such as octanc (MM, »,=21.6 mN/m, A"=24, =110+ 3°), and heptane (*,
v =20.1 mN/m, A4"=19, 6 =104+ 4°) form a robust composite interface. On the contrary, pentane
(Q, 7y = 15.5 mN/m) readily wets this surface because the robustness factor approaches unity (A* =1.2,
g = 0°). Dodecane (A, 7, =25.3 mN/m, =123+ 3°) forms a robust composite interface on the dip-
coated mesh 70 surface (R =83 um, D= 2.2) whereas it wets an identically coated mesh 40 surface
with a looser weave (R = 83 um, D"'=39, 6 =0°, A). As feature spacing increases from 2.2 to 3.9, the
spacing between the cylindrical texture increases (from 2D = 200 to 470 um) whereas the radius of the
individual filament remains constant (at R =83 um). Consequently as D" increases, the air-liquid
interface sags more severely and the robustness factor decreases. For dodecane the robustness factor
decreases from A =4.0 to 4"=1.1 as D" increases from 2.2 to 3.9 at constant R =83 um and
O.ay =71 £ 2°. Similarly, the robustness factor continues to decline in magnitude as the spacing ratio
increases from D" =3.9 to D =5.1. In the case of rapeseed oil (’, 7y =35.5 mN/m), the robustness
factor decreases from 4 =1.6 on mesh 40 surface down to A" =0.9 on mesh 30 surface (with
R =283 um and D= 5.1). Consequently, as expected rapeseed oil wets the 50% POSS — 50% Tecnoflon
coated mesh 30 surface ([> for R =83 um and D'=51,0= 0°). Droplets of water (, = 72.1 mN/m,
blue) and rapeseed oil (7, =35.5 mN/m, red) on (i) mesh 70 surface with D"=22,R=283 pm and (ii)
mesh 30 surface with D" =5.1 and R = 83 um are shown in the inset of Figure 7. The figure illustrates
the importance of the mesh weave and spacing ratio (D*) on the robustness of the composite interface.

The apparent contact angle (9*) increases monotonically with increasing spacing ratio (D*), as the wetted

fraction of the solid (¢ =(7 —6,)/ D") diminishes. As a result, provided a robust composite interface

16
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is ensured (4" > 1) then the apparent contact angle of water droplets (j5,= 72.1 mN/m, 6,4, = 122 £ 2°),
increases from & =147 £2° on mesh 70 (R =83 um, D"=22) to 6 =160 +3° on mesh 30 (with
R=83um and D" =5.1). However if the robustness factor decreases below unity due to increasing
spacing ratio (D), then the liquid droplets transition from a robust composite interface with high
apparent contact angles to a fully wetted interface with very low apparent contact angles (6" = 0°),%® as

in the case for decane droplets.

Incorporation of the thermodynamic equilibrium condition to the design chart
All the data presented above demonstrate the influence of the surface texture (R, D*), the liquid

parameters (/. ), and the solid surface chemistry (&) on the robustness factor (4°) for liquid droplets

cap
with metastable composite interface.® So far the data and the design chart provide no information about
the locus of other possible configurations such as the thermodynamic equilibrium state.” * * * The
apparent contact angle (0) for a liquid droplet in a composite (or Cassie-Baxter) state on a cylindrically
textured surface is given by Equation (1). On the other hand, the apparent contact angle (6) for a fully-
wetted (Wenzel) liquid droplet is given by the Wenzel relation®’ cos@ = rcos8, where r is the Wenzel
roughness given by the actual solid-liquid interfacial area divided by the projected solid-liquid
interfacial area. For a parallel array of cylinders of radius R and spacing 2D, the Wenzel roughness is

r= 1+7z/ D", where D" is the spacing ratio. The condition for crossover to a thermodynamic equilibrium

can be obtained by solving both the CB and the Wenzel relation simultaneously for the critical angle 6,
(Equation (3)).* '** This condition is plotted as the black dashed line on the design chart in Figure 8.

D= sin6. — 6, cos 0,
1+cos@,

3)

From Figure 8, it is clear that f>90° is a necessary condition for the existence of a truly
thermodynamically stable composite interface. Because there is no natural or artificial surface with

x> 90° for liquids with low surface tension, the composite interfaces for such liquids are at best

17
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metastable. Within the design chart represented by Figure 8, the region above the black dashed line
corresponds to non-wetting droplets where the composite interface is the global minimum in free
energy. This region is accessible essentially only with water (, = 72.1 mN/m) and other high surface
tension liquids like glycerol (3, = 64 mN/m), ethylene glycol (3, =47.7 mN/m) and methylene iodide

(v =150.8 mN/m). On the other hand, below the dashed line the fully-wetted or Wenzel state is the
thermodynamic equilibrium and a composite interface (Cassie-Baxter) is, at best, metastable.” > 1% 27
447 The cross-over condition from the Cassie-Baxter to Wenzel state is analogous to the binodal or the
coexistence curve on a phase diagram.*”® Below this binodal curve, the composite interface is metastable
but can still be realized under carefully controlled conditions until the necessary breakthrough pressure
for the transition is applied (analogous to a nucleation event and the growth of the nucleus to reach the
critical size). It is important to remember that the thermodynamic crossover condition is independent of
the length scale of the texture (R), as Equation (3) is scale invariant.

The metastable region extends from the crossover condition (black dashed line) to the edge of the
shaded region, where the composite interface is thermodynamically unstable (A*g 1) and it
spontaneously transitions into the fully-wetted interface. This transformation of the sagging liquid-air
composite interface to a fully-wetted interface is analogous to a pseudo-spinodal on the phase diagram.
At the pseudo-spinodal, an infinitesimally small external perturbation results in the spontaneous
transformation (analogous to a spinodal decomposition which is spontaneous and has no nucleation
events.) The pseudo-spinodal curve for the robust metastable regime found by setting 4™ = 1 is a strong

function of the length scale (R) (Equation (2), Figure 4 and Figure S3).

Conclusions
In the present work, we have presented a design chart to assist in the a priori prediction of the liquid
wettability (6') and the robustness factor (4°) against wetting by a specified liquid on cylindrically

textured surfaces. This design chart can be used to predict the existence of a robust composite (or
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Cassie-Baxter) interface for a given combination of the relevant surface texture parameters, specifically
the spacing ratio (D") and the length scale (R) of the surface texture; the equilibrium contact angle on a

chemically equivalent smooth surface () and the physical properties of the contacting liquid (/_ ). To

cap
illustrate the utility of the design chart, we used a model system of woven meshes with an idealized
periodic cylindrical texture. The physico-chemical parameters were systematically varied over wide
ranges (18 pm < R < 114 pm, 78° < @ < 122° (for water) and 2.2 < D" < 5.1) and their impact on
both the robustness (4°) and the level of non-wettability (6°) was assessed. As expected, the robustness
of the resulting model surfaces (4") was found to be inversely proportional to the length scale of the
surface texture (A oc 1/ R) and monotonically increased with increase of the equilibrium contact angle
(&) or decrease in spacing ratio (D*) between the re-entrant features. We have focused on developing a
design chart for cylindrically textured surfaces, but similar design charts can be developed for any other
periodic texture such as a surface decorated with an array of spheres (see supporting information).
Therefore the design chart provides a generic engineering and design framework to understand the

wettability of textured surfaces.
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SUPPORTING INFORMATION PARAGRAPH

The supporting information provides detailed explanation about (1) Design chart for liquid wettability
on post-like texture, (2) Rationale for using the CB relation for the design chart and derivation of a
model for the prediction of apparent advancing and receding contact angles, (3) Variation of the
robustness factor on the design chart (4) Design chart for a surface textured with spheres of radius R and

spacing 2D, (5) Importance of the capillary length (¢ ) and (6) Design chart for a dual-scaled textured

cap

surfaces. This material is available free of charge via the Internet at http://pubs.acs.org.

FIGURE CAPTIONS

Figure 1. (a) SEM image of the microfiber carbon paper (Toray, Japan) dip-coated with 50% POSS —
50% Tecnoflon. (b) Generalized wetting diagram for a 50 % POSS — 50% Tecnoflon (%, = 10.7 mN/m)
coated carbon paper. Apparent advancing contact angle data is plotted using water (@, 7, = 72.1 mN/m),
rapeseed oil (’, 7y = 35.5 mN/m), hexadecane (@, 7, =27.5 mN/m), dodecane (A, 7, = 25.3 mN/m),
decane (¥, 7, =23.8 mN/m), methanol (0, %y =22.7 mN/m), octane (M, y,=21.6 mN/m), and
heptane (TQT, v = 20.1 mN/m). The spacing ratio is found to be D"=4.14 0.6 from the regression of the

CB relation (Equation (1)) to the contact angle data and the robustness factor is computed using this

value of the D° (Equation (2)).

Figure 2. Generalized non-wetting diagram for the dip-coated woven meshes. The cosine of the

advancing contact angle on the textured dip-coated mesh surfaces (&, ) is plotted against the cosine of

the advancing contact angle on the flat spin-coated silicon wafer surfaces (6,4,). The data plotted on the
non-wetting diagram is for three mesh sizes (mesh 50 with R = 114 pm (Hl), mesh 100 with R = 57 um
(@), mesh 325 with R = 18 um (A)) with three different coatings ((i) 50% fluorodecyl POSS — 50%
Tecnoflon (y, = 10.7 mN/m), (ii) Tecnoflon (%, = 18.3 mN/m) and (iii) polyethyl methacrylate (PEMA)
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(%v=32.2 mN/m)) and using various polar and non-polar liquids. The three arrows correspond to the

values of Gz .., =42, 27 and 14° for mesh 50, 100 and 325 respectively.

Figure 3. Design chart for liquid wettability on cylindrically textured surface. The contours of the
apparent contact angle (6’*) for (6’* =0(—), 90 (—), 120 (—) and 150° (—)) are plotted on the design
chart with the equilibrium contact angle on a chemically identical smooth surface (&¢) and the spacing
ratio (D*) as the two axes. Various regimes of wettability starting from super-wetting (6’* ~ 0°) to super-

nonwetting (6’* > 150°) are shown on the design chart.

Figure 4. Modified form of the design chart for liquid wettability, which predicts the parameter space

available for designing robust composite interfaces for two values of the ratio (¢ /R). Figure 4(a)

cap

represents a typical commercial textile surface with/  ~2 mm, R~200 um, and ¢, /R=10 and
Figure 4(b) shows the modified design chart for a typical electrospun mat with/ =2 mm, R=2 um,

and /,, /R=1000.

Figure 5. Contact angle data on wire meshes dip-coated with 50% POSS — 50% Tecnoflon (y, = 10.7
mN/m) using water (@, 7, = 72.1 mN/m), rapeseed oil (’, 7y = 35.5 mN/m), hexadecane (@, y, =27.5
mN/m), dodecane (A, 7, =25.3 mN/m), decane (¥, 7, = 23.8 mN/m), methanol (’, vy =22.7 mN/m),
octane (M, 7, =21.6 mN/m), heptane (*, ymy=20.1 mN/m), and pentane (', v =15.5 mN/m) are
plotted on the design chart for liquid wettability. Figure 5(a) shows data for mesh 325 (R =18 um) and

Figure 5(b) shows data for mesh 50 (R = 114 um). The shaded area represents a set of (G, D',/ cap / R)

*

values for which the robustness factor for heptane is less than unity ( 4 <1). Filled symbols indicate

heptane

a liquid droplet with a robust composite interface whereas open symbols (*,Q etc.) indicate a liquid

droplet which has transitioned into the fully-wetted Wenzel state.
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Figure 6. Contact angle data on the mesh 325 (R = 18 um) using water (@, 7, =72.1 mN/m), rapeseed
oil (’, 7y = 35.5 mN/m), hexadecane (@, y,=27.5 mN/m), dodecane (A, 5, =25.3 mN/m), decane
(Y, 7, =23.8 mN/m), methanol (0, 7y =22.7 mN/m), octane (M, 3,=21.6 mN/m), heptane (*,
7y=20.1 mN/m), and pentanc (®, 7,=15.5 mN/m) are plotted on the design chart for liquid
wettability. Figure 6(a) shows data for the mesh dip-coated with 50% POSS — 50% Tecnoflon (5, = 10.7
mN/m) and Figure 6(b) shows data for the dip-coated mesh with PEMA (5, = 32.2 mN/m). The shaded

area represents a set of (G, D', ¢ «p | R) values for which the robustness factor for heptane is less than

unity (4, <1). Because the characteristic length scale remains constant (R = 18 um), the shaded area

eptane
(4" < 1, Equation (2)) remains the same in the two figures. Filled symbols indicate a liquid droplet with
a robust composite interface whereas open symbols indicate a liquid droplet which has transitioned into

the fully-wetted state.

Figure 7. Contact angle data on mesh 70, 40, and 30 (all with R =83 um and D" =22,3.9, and 5.1
respectively) dip-coated using 50% POSS — 50% Tecnoflon. Contacting liquids include water (@,
sy ="72.1 mN/m), rapeseed oil (’, 7y = 35.5 mN/m), hexadecane (@, 7, =27.5 mN/m), dodecane (A,
7y =25.3 mN/m), decane (¥, 5, =23.8 mN/m), methanol (’, %y = 22.7 mN/m), octane (l, 5, =21.6
mN/m), heptane (*, vy =20.1 mN/m), and pentane o, vy =15.5 mN/m) are plotted on the design

chart for liquid wettability. The shaded area represents a set of (6z, D", ¢ «p ! R) values for which the

robustness factor for heptane is less than unity (4, < 1). Filled symbols indicate a liquid droplet with

eptane
a robust composite interface whereas open symbols indicate a liquid droplet which has transitioned into
the fully-wetted interface. The left image in the inset shows nonwetting water (blue, A= 14.5) and
rapeseed oil (red, A= 5.8) droplets with a robust composite interface on a mesh 70 surface (R = 83 um;

D" = 2.2) coated with 50% POSS — 50% Tecnoflon. The right image shows a water droplet (blue,

A= 2.1) in a robust composite interface on a mesh 30 (R = 83 um and D= 5.1) surface with a similar
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coating. Rapeseed oil (red) wets the textured surface because the robustness factor drops to 4" =0.9.

1
é The SEM micrographs of the three textured surfaces are shown on the right.
4
5
6 Figure 8. The thermodynamic condition for cross-over from the composite to the fully-wetted interface
7
g is shown as the black dashed line on the design chart for liquid wettability. The shaded region indicates
ig parameter space inaccessible for designing non-wetting surfaces with cylindrical textures of length scale
12
13 Rsuchthat?, /R=100.
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27 Design chart for liquid wettability on cylindrically textured surface. The contours of the apparent contact
28 angle (6) for (8" =0 (—), 90 (—), 120 (—) and 150° (—)) are plotted on the design chart with the
equilibrium contact angle on a chemically identical smooth surface (&) and the spacing ratio (D) as the
31 two axes. Various regimes of wettability starting from super-wetting (6 ~0°) to super-nonwetting
32 (6"> 150°) are shown on the design chart.
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Figure 1. (a) SEM image of the microfiber carbon paper (Toray, Japan) dip-coated with 50% POSS -
50% Tecnoflon. (b) Generalized wetting diagram for a 50 % POSS - 50% Tecnoflon (ys, = 10.7
mN/m) coated carbon paper. Apparent advancing contact angle data is plotted using water (y, =
72.1 mN/m), rapeseed oil (v, = 35.5 mN/m), hexadecane (y,, = 27.5 mN/m), dodecane (y, = 25.3
mN/m), decane (v, = 23.5 mN/m), methanol (y, = 22.7 mN/m), octane (v, = 21.6 mN/m), and
heptane (v = 20.1 mN/m). The spacing ratio is found to be D" = 4.1 £ 0.6 from the regression of
the CB relation (Equation (1)) to the contact angle data and the robustness factor is computed
using this value of the D™ (Equation (2)).
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Figure 2. Generalized non-wetting diagram for the dip-coated woven meshes. The cosine of the
advancing contact angle on the textured dip-coated mesh surfaces (8".4/) is plotted against the
cosine of the advancing contact angle on the flat spin-coated silicon wafer surfaces (6.q4v). The data
plotted on the non-wetting diagram is for three mesh sizes (mesh 50 with R = 114 pm, mesh 100
with R = 57 ym, mesh 325 with R = 18 pym) with three different coatings ((i) 50% fluorodecyl POSS
- 50% Tecnoflon (ysy = 10.7 mN/m), (ii) Tecnoflon (ys, = 18.3 mN/m) and (iii) polyethyl
methacrylate (PEMA) (ys» = 32.2 mN/m)) and using various polar and non-polar liquids. The three
arrows correspond to the values of B¢ it = 42, 27 and 14° for mesh 50, 100 and 325 respectively.
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Figure 3. Design chart for liquid wettability on cylindrically textured surface. The contours of the
apparent contact angle (8") for (8" = 0, 90, 120 and 150°) are plotted on the design chart with the
equilibrium contact angle on a chemically identical smooth surface (6¢) and the spacing ratio (D*) as

the two axes. Various regimes of wettability starting from super-wetting (6" = 0°) to super-
nonwetting (8" > 150°) are shown on the design chart.

234x147mm (150 x 150 DPI)

ACS Paragon Plus Environment



Page 29 of 33 Submitted to Langmuir

¢ ¢
(a) “ =10 (b) 2 =1000

©CoO~NOUTA,WNPE

120 - 120 F ]

10 i #=0

11 N — =90
™ — = 120°

— =150
13 80 80

0

100 L N\ 1

o

< <
15 60 | - 60
0L 40

18 20k 20

24 Figure 4. Modified form of the design chart for liquid wettability, which predicts the parameter space

25 available for designing robust composite interfaces for two values of the ratio (/.s»/R). Figure 4(a)

26 represents a typical commercial textile surface with /.ap= 2 mm, R = 200 um, and /.,/R= 10 and
Figure 4(b) shows the modified design chart for a typical electrospun mat with /c;p 2 mm, R = 2

27 um, and /ep/R= 1000.
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Figure 5. Contact angle data on wire meshes dip-coated with 50% POSS - 50% Tecnoflon (ys =

10.7 mN/m) using water ((y» = 72.1 mN/m), rapeseed oil (v, = 35.5 mN/m), hexadecane (y; =
27.5 mN/m), dodecane (y», = 25.3 mN/m), decane (y» = 23.8 mN/m), octane (y, = 21.6 mN/m),

heptane (y, = 20.1 mN/m), and pentane (y, = 15.5 mN/m) are plotted on the design chart for
liquid wettability. Figure 5(a) shows data for mesh 325 (R = 18 ym) and Figure 5(b) shows data for

mesh 50 (R = 114 pm). The shaded area represents a set of (8, D", l.s,/R) values for which the

robustness factor for heptane is less than unity (A heptane < 1). Filled symbols indicate a liquid
droplet with a robust composite interface whereas open symbols indicate a liquid droplet which has
transitioned into the fully-wetted Wenzel state.
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Figure 6. Contact angle data on the mesh using water ((y, = 72.1 mN/m), rapeseed oil (y, = 35.5
mN/m), hexadecane (y» = 27.5 mN/m), dodecane (y», = 25.3 mN/m), decane (y» = 23.8 mN/m),
octane (y» = 21.6 mN/m), heptane (y, = 20.1 mN/m), and pentane (y, = 15.5 mN/m) are are
plotted on the design chart for liquid wettability. Figure 6(a) shows data for the mesh dip-coated
with 50% POSS - 50% Tecnoflon (ys, = 10.7 mN/m) and Figure 6(b) shows data for the dip-coated
mesh with PEMA (ys, = 32.2 mN/m). The shaded area represents a set of (8¢, D”, lcap/R) values for
which the robustness factor for heptane is less than unity (A heprane < 1). Because the characteristic
length scale remains constant (R = 18 pm), the shaded area ((A heptane < 1, Equation (2)) remains
the same in the two figures. Filled symbols indicate a liquid droplet with a robust composite
interface whereas open symbols indicate a liquid droplet which has transitioned into the fully-wetted
state.
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Figure 7. Contact angle data on mesh 70, 40, and 30 (all with R = 83 pm and D"= 2.2, 3.9, and 5.1
respectively) dip-coated using 50% POSS - 50% Tecnoflon. Contacting liquids include water ((yn =
72.1 mN/m), rapeseed oil (y, = 35.5 mN/m), hexadecane (y,, = 27.5 mN/m), dodecane (y, = 25.3
mN/m), decane (y» = 23.8 mN/m), octane (y, = 21.6 mN/m), heptane (y, = 20.1 mN/m), and
pentane (y, = 15.5 mN/m) are plotted on the design chart for liquid wettability. The shaded area
represents a set of values for 8¢, D”, l..s/R which the robustness factor for heptane is less than unity
(A”heptane< 1). Filled symbols indicate a liquid droplet with a robust composite interface whereas
open symbols indicate a liquid droplet which has transitioned into the fully-wetted interface. The left
image in the inset shows nonwetting water (blue, A= 14.5) and rapeseed oil (red, A"= 5.8)
droplets with a robust composite interface on a mesh 70 surface (R = 83 ym; D= 2.2) coated with
50% POSS - 50% Tecnoflon. The right image shows a water droplet (blue, A"= 2.1) in a robust
composite interface on a mesh 30 (R = 83 uym and D*= 5.1) surface with a similar coating.
Rapeseed oil (red) wets the textured surface because the robustness factor drops to A*= 0.9. The
SEM micrographs of the three textured surfaces are shown on the right.
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32 Figure 8. The thermodynamic condition for cross-over from the composite to the fully-wetted
33 interface is shown as the black dashed line on the design chart for liquid wettability. The shaded
34 region indicates parameter space inaccessible for designing non-wetting surfaces with cylindrical
35 textures of length scale R such that /..p/R = 100.
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