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The Cassie-Baxter model is widely used to predict the apparent contact angles obtained on composite
(solid-liquid-air) superhydrophobic interfaces. However, the validity of this model has been repeatedly
challenged by various research groups because of its inherent inability to predict contact angle hysteresis.
In our recent work, we have developed robust omniphobic surfaces which repel a wide range of liquids.
An interesting corollary of constructing such surfaces is that it becomes possible to directly image the
solid-liquid-air triple-phase contact line on a composite interface, using an electron microscope with
non-volatile organic liquids or curable polymers. Here, we fabricate a range of model superoleophobic
surfaces with controlled surface topography in order to correlate the details of the local texture with
the experimentally observed apparent contact angles. Based on these experiments, in conjunction with
numerical simulations, we modify the classical Cassie-Baxter relation to include a local differential tex-
ture parameter which enables us to quantitatively predict the apparent advancing and receding contact
angles, as well as contact angle hysteresis. This quantitative prediction also allows us to provide an a pri-
ori estimation of roll-off angles for a given textured substrate. Using this understanding we design model
substrates that display extremely small or extremely large roll-off angles, as well as surfaces that dem-
onstrate direction-dependent wettability, through a systematic control of surface topography and
connectivity.
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1. Introduction Cassie and Baxter made the first attempts to correlate the mea-

sured apparent contact angles for a composite interface with the

When a liquid droplet contacts a flat homogeneous solid surface
the droplet establishes a uniquely defined equilibrium contact an-
gle 0r on the surface which is described by Young’s relation [1]. On
the other hand, when the same droplet is placed in contact with a
rough surface possessing the appropriate combination of surface
texture and solid surface energy, the liquid may not penetrate fully
into the surface texture, but rather ‘bead-up’ to form a composite
(solid-liquid-air) interface, as shown in Fig. 1a [2-4]. The forma-
tion of a composite interface typically enhances the liquid-repel-
lency of the surface, as the liquid droplet sits partially on air (see
Fig. 1b).

Abbreviations: CB, Cassie-Baxter; CAH, contact angle hysteresis; TCL, triple-
phase contact line.
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details of the solid surface texture [2], based on an implicit
assumption [5] that upon the formation of a composite interface,
a given liquid droplet reaches a uniquely defined apparent ‘equilib-
rium’ contact angle 0; to minimize the overall free energy of the
system as it does on flat surfaces. Provided the feature size of the
surface texture is much smaller than the size of the liquid droplet,
the free energy of the system reaches the global minimum when
the apparent contact angle 0; of the composite interface attains a
value described by the Cassie-Baxter (CB) relation [2,4,5],

€oS 0 = Iy oS 01 + (1 — ¢s) COS 02 (1)

where ¢s is the areal fraction of the liquid-air interface occluded by
the texture (marked as black in Fig. 1c) and ry is the ‘roughness’ of
the wetted surface (i.e., the ratio of the actual surface in contact
with the liquid to the projected area of the wetted region). The
quantities r,¢s and 1 — ¢ are the areal ratios of the solid-liquid
interface (Ag; marked as green in Fig. 1c) and the liquid-air inter-
face (An; marked as gray), respectively, compared to the total pro-
jected area (Asq) Of the composite interface. Finally, 6; and 0,
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Fig. 1. The correlation between the details of the surface texture and the behavior of the contacting liquids. (a) A droplet of water (colored green), beading up on a
superhydrophobic lotus leaf. The inset shows an SEM image of the lotus leaf, highlighting the multiple scales of roughness present on the leaf’s surface. (b) A schematic
drawing illustrating the formation of a composite interface. (c) A schematic diagram illustrating the various characteristic geometrical parameters used in the Cassie-Baxter
relation. (d) A droplet of water on the wings of a butterfly (Colias fieldi, also known as pinkedged sulphur). The inset shows an SEM micrograph of the wing, and highlights its
stripe-shaped surface texture. The water droplet remains pinned on the surface leading to a significant roll-off angle ® > 10° when advancing and receding across the striped
texture. (e) A schematic diagram illustrating the small displacement of the TCL (¢). (f) Top view for a droplet as the TCL is displaced from its original position by a distance ¢,

which is on the same order as the characteristic pitch for a given surface texture (2).

refer to the equilibrium contact angles on solid (=6g) and air (=180°)
phases, respectively [4,6].

The CB relation is widely used [7]; however, there has been a
long-standing debate in the literature regarding the range of appli-
cability, as well as the accuracy of the CB relationship [5,7-19].
This dispute stems from the fact that a range of contact angles 0
can be established on a given composite interface as a droplet ad-
vances or recedes. The contact angle hysteresis (CAH; A0" =

" — Orc) is the difference between the apparent advancing and
receding contact angles, and is a measure of the ‘stickiness’ of a
surface, i.e., the resistance to motion, experienced by a droplet as
it rolls off a surface [20-22]. Indeed, many natural superhydropho-
bic surfaces utilize CAH to control the behavior of the contacting
water droplets, e.g., negligible roll-off angles on Lotus leaves [23],
directional wettability on stripe-textured butterfly wings (see
Fig. 1d) [14], or sticky composite interfaces on rose petals [24].
However, the CB relation predicts only a single value of the appar-
ent contact angle 63, and consequently, the relation is inherently
unable to provide an explanation for these observations of CAH. In-
deed, numerous groups have noted the inability of the CB relation
to predict apparent advancing and receding contact angles on a
range of textures [7,8,10,11,13-15,25]. These issues have been
highlighted recently by Gao and McCarthy, who challenged the
validity of the CB model by demonstrating significant differences
between the CB predictions and their experimental measurements
of the apparent contact angles on heterogeneous surfaces [7]. Sev-
eral studies [16-18] have attempted to reconcile the experimental
observations of Gao and McCarthy with the CB relation by suggest-
ing that the CB relation is valid as long as one considers the local
values of the areal fractions of the solid-liquid (r4¢s) and liquid-
air (1 — ¢;) interfaces in the vicinity of the triple-phase contact line
(denoted TCL for brevity). They pointed out that this local areal
fraction can be very different from the global fraction for surfaces
with spatially varying patterns. The local wetted fraction was ob-

tained using differential solid-liquid and liquid-air interfacial
areas, assuming a displacement of the TCL (denoted ¢ in Fig. 1e
and f) over one full period of surface texture (4 in Fig. 1f). Using
the concept of local areal fraction, they demonstrated that the
apparent contact angle can vary significantly depending on the
specific position of the TCL for surfaces. However, most of these
studies did not address the issue of the observed CAH on natural
and synthetic surfaces, and were again challenged by Gao and
McCarthy [25].

Through the years, various groups have tried to modify the clas-
sical CB relation in order to enable it to predict the apparent
advancing and receding angles, and thereby, contact angle hyster-
esis. The different modifications can be broadly classified into two
categories, based on the inherent assumptions used to correlate
the details of the surface texture with the resulting apparent con-
tact angles; (i) The observed apparent contact angles deviate from
the predictions of the CB model due to distortion of the TCL
[8,9,25,26]. (ii) The contact angles are determined by the linear
fractions of solid and air calculated along the TCL, not by the over-
all areal fractions [5,7,10,27-29]. However, most of these studies,
with the noteworthy exception of the work of Extrand [10], did
not quantitatively compare their predictions with experimental
values, or reported only contact angles on prototypical textured
geometries. Furthermore, many of the studies in category (ii) did
not actually compute the apparent contact angles because the lin-
ear fractions of the solid and air are extremely hard to predict due
to the contorted nature of the TCL on heterogeneous surfaces. To
overcome this limitation, certain studies have assumed the exis-
tence of an undistorted TCL [10,28,29], which strongly contradicts
the fundamental assumption made by groups in category (i) above.

The resolution of this dispute requires experimental enquiry at
two distinct length scales: imaging the local distortion of the TCL
on the micron scale, as well as measuring the apparent contact an-
gles of macroscopic (i.e., millimeter-sized) liquid droplets on a
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composite interface. Scanning electron microscopy (SEM) is an ex-
tremely versatile technique for imaging microscopic liquid con-
densation [30,31]; however, the direct imaging of the TCL of a
macroscopic droplet forming a composite interface on a textured
surface using an SEM has so far been very rare [32], because many
liquids, including water, easily vaporize at the extremely low pres-
sures present inside an SEM chamber. A potential alternative is to
use non-volatile organic liquids such as dibenzyl ether or droplets
of a curable polymer [33]; however, the imaging of a non-wetting
droplet requires that the textured surface be able to support a com-
posite interface with relatively-low surface tension organic liquids.
In our recent work, omniphobic textured surfaces were created
with re-entrant topographical features that are able to support a
composite interface even with liquids possessing extremely low
surface tensions, such as methanol and pentane [6,34,35]. In the
present study we fabricate a range of micro-hoodoo surfaces
([34]; also see Supplementary material) that support a robust com-
posite interface with a curable polymer polydimethylsiloxane
(PDMS).

To inspect the details of the TCL, we deposited droplets of un-
cured PDMS (y,,=19.8 mN/m, 0f=68° droplet volume: 30 -
50 pl) on a number of hoodoo surfaces that had previously been
dip-coated with low surface energy fluorinated molecules (fluoro-
POSS; [34,36]) to allow higher equilibrium contact angles 0g [37].
The PDMS drops were then thermally cured. The long equilibration
time of the uncured PDMS droplets, resulting from their high vis-
cosity (¢ =5500 mPa-s), makes them unsuitable for contact angle
measurements using a contact angle goniometer. Therefore, an-
other organic liquid, decane (7, = 23.8 mN/m, 0 = 70° on a fluoro-
POSS dip-coated smooth silicon wafer) was chosen for the contact
angle measurements because it possesses a surface tension and
equilibrium contact angle that are similar to the values of the
PDMS oil used in our imaging.

2. Materials and methods
2.1. Fabrication and dip coating process of micro-hoodoo surfaces

Four inch test grade p-type silicon wafers were purchased from
Wafernet, Inc. A 300 nm thick silicon dioxide thin film was first
deposited on piranha-cleaned silicon wafer, by PECVD. Cap geom-
etries were defined via standard photolithography using OCG825
as the photoresist. Cap patterns were then transferred onto silicon
dioxide using a CF, plasma RIE. Etch depth was set to 400 nm to ex-

pose the bare silicon surface. The caps were then released with se-
vere re-entrance using vapor-phase XeF, isotropic etching. Finally,
the surface was cleaned with piranha solution (1:3 mixture of
H,SO4 and H,0,). The height of the supporting pillars and the
cap thickness were held fixed at 7 pum and 300 nm, respectively.
After the fabrication, the samples were immersed in a solution of
fluorodecyl POSS in Asahiklin - AK225 (concentration of 3 wt.%).
The samples remained in solution for 5 min, after which they
were removed and dried in an oven at 60 °C for 30 min. The types
of fabricated micro-hoodoos include anisotropic stripe-textured,
discrete, inverse, concentric ring-textured, and spiral micro-hoo-
doos. Detailed dimensions of each of the fabricated micro-hoodoo
surfaces are included in the Supplementary material.

2.2. SEM imaging of PDMS droplet

Sylgard® 184 silicone elastomer kit was purchased from Dow
Corning, Inc. The mixing ratio of the PDMS and the crosslinker
was 10:1. A PDMS droplet with a typical size of 30-50 pl was
deposited on each of the various dip-coated micro-hoodoo sur-
faces, which were tilted by 10-30° to force the PDMS droplet to ad-
vance or recede along the inclined hoodoo surface. The droplet was
then thermally cured in an oven at 85 °C for 30 min. There is neg-
ligible change (<1°) in the value of the equilibrium contact angle 6g
of a PDMS droplet before and after annealing.

2.3. Contact angle measurement

The contact angles for decane were measured using a contact
angle goniometer, VCA2000 (AST Inc.). The advancing contact angle
was measured by advancing a small volume of decane droplet
(typically 5 pl) onto the surface, using a syringe. The receding con-
tact angle was measured by slowly removing the liquid from a
drop already on the surface. For each sample a minimum of four
different readings were recorded. Typical error in measurements
was ~2°.

3. Results and discussion

A surface micro-texture that is well-known to deviate from the
CB relation is the stripe texture [8,38,39], which is a synthetic
counterpart of a butterfly wing [14] or a rice leaf [40]. Fig. 2 shows
an SEM micrograph of a cured PDMS droplet supported on a micro-
hoodoo surface possessing a stripe texture (the hoodoo width and
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Fig. 2. Details of the advancing and receding TCL for a PDMS droplet on a stripe-textured hoodoo surface. (a) Top view of a droplet of PDMS, deposited and cured on a stripe-
textured micro-hoodoo surface (¢s = 0.44). Charge accumulation on the large PDMS drop from the electron beam results in the local lensing and distortion of the hoodoo
stripes at the top of the image. The insets show side views of a droplet of decane (6 = 70°), viewed along the y-axis (left) and the x-axis (right). (b) The details of the TCL as the
PDMS droplet advances along the y-axis. (c) The details of the TCL as the PDMS droplet recedes along the y-axis. (d) The details of the TCL as the PDMS droplet advances along

the x-axis. (e) The details of the TCL as the PDMS droplet recedes along the x-axis.
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interspacing were 17.6 um and 22.4 um, respectively, yielding
¢s = 0.44; note that the thin, flat, and highly re-entrant caps em-
ployed in this work allow the simplification of Eq. (1) by using
rs~ 1; see Supplementary material for detailed characteristics of
the fabricated hoodoo surfaces). Because the dimensions of the
hoodoo surface texture are much smaller than the PDMS droplet,
the CB relation yields a unique value of the apparent contact angle
and the droplet is predicted to be essentially a spherical cap. In
contrast, Fig. 2a shows that the PDMS droplet is significantly dis-
torted into an ellipse. The anisotropy is further illustrated by the
different values of the apparent contact angles measured along
the x and y directions for a decane droplet (see insets of Fig. 2a).
The measured values of the apparent contact angles for decane
advancing or receding along the surface in the y direction (when
the TCL moves along the stripes; see Fig. 2b and c), are
Onavy = 119° and 0;,., = 110°. These measurements are very close
to the predictions of the CB relation (0; = 114°; using 0, = 70°,
0,=180°r4=1, and ¢s=0.44 in Eq. (1)). However, if we measure
the apparent contact angles along the x direction (i.e., the TCL
moves across the stripes), we obtain apparent advancing and
receding angles of 0,,,, = 165° and 0;,., = 107°, even though the
values of 14 and ¢ in Eq. (1) are unchanged. These values of the
measured contact angle are far from those predicted by the CB
relation and cause substantially increased CAH. Indeed, even
though the mathematical formula developed by Cassie and Baxter
does not account for this anisotropy, Cassie and Baxter warned
about this anisotropic wettability by noting “The present analysis
is inapplicable when the wires are parallel to the surface” in their
original paper [2]. Such directional hysteresis is utilized by various
natural surfaces to guide the movement of contacting water drop-
lets along a particular axis [14,40].

3.1. A differential parameter for a modified Cassie-Baxter relation

To provide accurate predictions of the apparent advancing and
receding contact angles on textured substrates, we modify the clas-
sical CB relation by introducing a new surface texture parameter
¢4, Where the subscript d is used because the parameter is calcu-
lated using ‘differentially small’ solid and air regions during a
hypothetical displacement of the TCL (¢ < 4 in Fig. 1e and f). The
idea of using a derivative of the droplet free energy with respect
to the position of the TCL was proposed by Johnson and Dettre,
to predict the advancing and receding angles on a surface pat-
terned with chemically heterogeneous concentric rings [5]. For iso-
tropically textured surfaces (i.e.,, surfaces whose texture is
everywhere similar [16]), the global free energy minimum is al-
ways attained at the apparent contact angle 0; given by the classic
CB relation. However, many other apparent contact angles can be
locally metastable if the system is trapped inside a local free en-
ergy minimum [5]. The change in free energy should be calculated
for an infinitesimally small hypothetical displacement of the TCL
(so that ¢ in Fig. 1e and f is much smaller than the topographical
feature size 1 or (¢/1) — 0), which allows the definition of the dif-
ferential parameter ¢q4, so that rydq = (6As/6Awota)z)—0o and
1 — ¢a = (6Aw/dArotar)s12)—0- These definitions more accurately re-
flect the differential areas of the solid-liquid (5As) and liquid-air
(6Ay) interfaces (compared to the total differential area dAo¢q) that
are traversed by the TCL during the translation ¢. As noted previ-
ously, it was theoretically demonstrated that the difference be-
tween the differential parameter ¢4 and the global measure ¢,
disappears at large displacements of the TCL, i.e., when & > A
[16,18] on isotropically textured surfaces. However, in case of
infinitesimal displacements the values of ¢4 may deviate consider-
ably from ¢s. Thus, the local criterion for a minimum in the free en-
ergy can be satisfied by the apparent contact angle given by the
relation

€oS 0" =rypyc0s0; + (1 — ¢y)cos b (2)

Note that ¢4 remains an areal ratio, which can be simplified to the
previously proposed [10,28] linear fractions only under certain lim-
iting cases (see Supplementary material). The concept of the differ-
ential area parameter is especially useful when the TCL is located on
the boundary between heterogeneous regions, a boundary for
which neither linear fraction nor local areal fraction can be uniquely
defined. Furthermore, even for the same location, there can be two
values of the differential parameter depending on whether the TCL
is advancing or receding. It should, however, be noted that the dif-
ferential parameter defined in the present work can be accurately
calculated only when the direction of the TCL displacement can
be anticipated.

The apparent advancing contact angle 0, is the maximum con-
tact angle that is locally stable in the microscopic proximity (i.e., at
distances less than 1) of the original TCL location. It is clear from
Eq. (2) that, provided cos 60, > cos 6,, this angle is maximized at
the lowest value of the ratio r,¢4/(1 — ¢4). Assuming the roughness
of the wetted solid-liquid interface r, is spatially homogeneous,
re¢al(1 — ¢g) is minimized when the differential parameter ¢4
reaches its minimum or ¢, .4, = min ¢4|*,. The apparent receding
contact angle observed as liquid is gradually removed from the
drop is defined in an analogous way, thus ¢q,.. = max$q|”,. As a
result, the apparent advancing and receding contact angles should
be predicted by the modification of the CB relation proposed
below:

€os szv = r(/)(nbd,adv cos 0y + (1 - ¢d,adv) €os 0, (3&1)
€OS Or,c = Ty by rec COS 01 + (1 — @y o) COS B2 (3b)

Figs. 2b and c illustrate details of the distorted TCL for a PDMS
droplet on the stripe-textured hoodoos, as the droplet advances
(Fig. 2b) or recedes (Fig. 2¢) in the y direction. The local distortion
of the TCL is maximized along the y direction, because PDMS forms
an equilibrium angle 0 (~68°) on the dip-coated silicon substrate
and 180° on air. However, there is no change in the differential
parameter ¢, along the stripes, thus ¢qqqy = ¢d,rec = ¢s (See Supple-
mentary material for the details). This is the reason for the close
match between the measured advancing or receding contact angles
along the y direction and the apparent contact angle predicted by
Eq. (1). The other important observation is that both the apparent
advancing and receding contact angles match the prediction from
the CB relation despite the severe distortion of the TCL. This result
clearly demonstrates that the distortion of the TCL [9,25] per se is
not the factor that leads to significant difference between predic-
tions from the CB relationship and the measured apparent contact
angles.

Fig. 2d shows the local structure of the TCL for a PDMS droplet
advancing across the stripes in the x direction. As previously noted,
a significant discrepancy between the apparent advancing angle
with decane (0;,,, = 165°) and the prediction from the CB relation
(0 = 114°) was ‘measured. It is clear from the figure that the
advancing front of the TCL at the leading edge of the drop is almost
straight and parallel to the striped hoodoo texture, offering addi-
tional evidence that the deviation of the apparent contact angles
from the CB prediction is not simply a direct consequence of the
distortion of the TCL. In this case, the additional local area that is
covered by an incremental advancement of the TCL in the x direc-
tion, from the outer edge of one hoodoo to the next hoodoo, is com-
posed only of air. Thus, ¢4 44 = 0 and the TCL remains energetically
pinned at the outer edge of the hoodoos until the apparent angle
reaches the advancing apparent angle 6;,,, — 180°. The measured
value of 0;,,, = 165° is close to, but not exactly same as the predic-
tion. This is because vibrational perturbations from the laboratory
environment always provide extra energy input which allows the
droplet to relax at least partially [5].
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On the other hand, as the drop attempts to recede along the x
direction, the TCL becomes pinned on a given hoodoo stripe be-
cause of the locally high differential parameter ¢4 . = 1. As liquid
is removed, the apparent contact angle here decreases until it
eventually reaches the receding angle of the TCL in the y direction
(along the stripes), which is determined by the differential param-
eter along the y direction (¢ rec = 0.44). As the TCL in the x direc-
tion is still pinned, but is free to move along the y direction, the
droplet perimeter becomes increasingly circular until the TCL can
finally recede along the x direction by suddenly retracting from
one hoodoo stripe (in the x direction), following which the droplet
becomes anisotropic once more. Hence, in this case, ¢grecx=
Pdrecy = ¢s=0.44, and it may be anticipated that 0}, ~ 0., ~ 0;,
as was experimentally observed.

The difference between the local TCL movements as the liquid
advances or recedes across the hoodoos is further demonstrated
using simulations based on the Surface Evolver finite element
method ([41]; see Supplementary material). It is clear from our
simulations that the advancing TCL remains pinned at the edges
of the hoodoos, while the receding TCL can easily recede across
the stripes.

We also study apparent contact angles on discrete hoodoo sur-
faces which are synthetically analogous to natural surfaces such as
lotus leaves [23] or rose petals [24]. Although both of these natural

surfaces resist wetting by water through the formation of a com-
posite interface, the CAH observed on rose petals is significantly
higher than the values observed on lotus leaves [24]. Fig. 3a and
b shows the advancing and receding TCL for a PDMS droplet on a
micro-fabricated discrete hoodoo surface (¢s=0.44). For such a
surface, ¢pgaay=0 and ¢q, = /b, = 0.67 (see Table 1; also see
Supplementary material for derivation). Using these values, Eq.
(3) predicts 0,,, = 180°, 0,. = 96° for a decane droplet on the hoo-
doo surface. Similarly, numerical analysis using Surface Evolver
[41] gives 0., = 180°,0;,. = 99° (see Fig. 3c and d). These results
are in good agreement with the measured apparent contact angles
of 0y, =164°,0;,. = 100°. In comparison, the apparent contact
angle predicted by the classic CB relation is 0; = 114°.

We can also use Eq. (3) to understand the reason for the signif-
icantly different hysteretic behavior of the lotus leaf, compared to
the rose petal. The submicron-length scale wax tubules on the
nubs of the lotus leaf lead to a composite interface with a very
low fraction of the water-wetted solid surface, i.e., r,¢s — 0 [23].
This low global areal solid fraction results in an insignificant differ-
ence between ¢gqqv (=0) and ¢g,..(= /) and correspondingly
negligible CAH. On the other hand, the composite interface formed
on the rose petal has a significantly higher value of r,¢s [24], and
this leads to a substantial difference between ¢gqqy and ¢grec

and, therefore a large CAH.

Ao

Fig. 3. Details of the advancing and receding TCL for a PDMS droplet on a discrete hoodoo surface. (a) Details of the TCL for an advancing droplet of PDMS on a discrete hoodoo
surface (¢ = 0.44). The inset shows the apparent advancing angle for a droplet of decane (6;,, = 164°) on this surface. (b) The details of the TCL for a receding droplet of PDMS
on the same discrete hoodoo surface. The inset shows the apparent receding angle for a droplet of decane (6;,. = 100°). (c) An FEM numerical simulation of an advancing
droplet of decane (droplet volume = 30 pl, assuming 9.8 m/s? gravitational acceleration) on a discrete hoodoo surface, having an apparent contact angle close to 180°. The
droplet cannot advance on the surface unless the apparent contact angle reaches the exact value of 180°; however, the image is generated at an apparent contact angle of 170°
for a better visualization of the droplet. (d) An FEM simulation of a receding droplet of decane on the discrete hoodoo surface. The TCL starts to detach from the inner edges of
the hoodoos at the apparent receding contact angle of 6;,. = 99°. (e, f) Simulated details of the TCL for advancing and receding droplets of PDMS on the discrete hoodoo
surfaces.
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Table 1
The relation between the differential parameter ¢, and the global parameter ¢s for
various micro-hoodoo surfaces developed in this work.

Hoodoo surface Analogous natural Dd,adv d,rec
surface
Stripe-shaped, along the Butterfly wings, rice s os
stripes leaves
Stripe-shaped, across the 0 s
stripes
Discrete hoodoos Lotus leaves, rose 0 Vb
petals
Inverse hoodoo? — /1= ¢5 —V/T=¢s
Concentric ring-shaped
hoodoos?®
Spiral hoodoo bs s

@ As explained in the main text, for a receding TCL on the inverse hoodoo surface
or the ring-shaped hoodoo surface, the value 0, in Eq. (3b) becomes equal to 0°,
instead of 180°.

To further explore the effect of texture topography, specifically
the connectivity of texture, we fabricated a surface that is the in-
verse of a normal discrete hoodoo surface (Fig. 4). This surface
traps discrete pockets of air with the solid-liquid interface forming
a continuous patchwork grid. For the inverse hoodoo surface, the
global areal solid fraction was fixed at the same value as the dis-
crete hoodoo surface shown in Fig. 3, r,¢s = ¢s=0.44. In Fig. 4a,
the shape of the advancing TCL on the inverse hoodoo surface
can be observed. On this surface, min¢y|*, =1 — /T — ¢, ~ 0.25
and max ¢4|*, = 1 (see Supplementary material). Substituting the
former value in Eq. (3) yields 6;,, = 131°, which matches well with
the measured value of 6,,, = 135°. However, using a value of ¢g,rec

= max ¢4|*, = 1 yields a predicted value of 0},, = 70°, which is sig-
niﬁcantly larger than the measured receding contact angle of

0y, = 28°. This discrepancy between the predicted and measured
apparent receding contact angles arises from the lack of connectiv-
ity between the air pockets on the inverse hoodoo surface. In con-
trast to the case of discrete hoodoos, the TCL cannot readily detach
from each of these discontinuous air pockets (see Supplementary
material). Instead, the receding TCL leaves a residual thin liquid
film on top of the air pockets, thus the local equilibrium contact
angle 0, on the discrete air pockets becomes zero. Hence cos 0; <
cos 0, for the receding TCL on the inverse hoodoo surface, and
the apparent contact angle in Eq. (2) becomes minimized when
the ratio ry¢q/(1 — ¢q4) reaches its minimum. Thus a value of
barec = ming,|*, should be used in Eq. (3). Substituting for
02=0° 0;=0g=70° and ¢4 =1—+/1—¢,~025 for Eq. (3)
yields an apparent receding contact angle of 0, = 34°, which

rec

= 28°.

matches well with the measured value of 6;,. =
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It is clear from the comparison between the apparent contact
angles obtained for striped, discrete, and inverse hoodoo surfaces,
that the global fraction ¢s does not directly control the value of
CAH or the ‘stickiness’ [24,42] of drops (i.e., A0" # f{¢$s)). Instead,
the CAH is a function of topography and connectivity [9] of the sur-
face micro-texture. Hence the incorporation of the local differential
parameter ¢4, which captures how the nature of the local texture
varies as the contact line is advanced or retracted, is crucial for
accurate prediction of apparent contact angles or CAH. Motivated
by this more explicit understanding, we fabricated model hoodoo
geometries that can enhance or suppress stickiness by promoting
or suppressing CAH. Fig. 5a and b shows two such model geome-
tries - concentric rings and an Archimedean spiral (which is ex-
pressed in polar coordinates (R, @) by the equation R = P@®/2m, In
this case, P =40 pm, is the pitch between the stripes). For both of
these surfaces, the size of the decane drop is significantly greater
than the details of the surface texture (the diameter of the TCL
(=1 mm) > hoodoo pitch (~40 pm)), so the CB relation predicts
a single value of the apparent contact angle (0; = 114°) based on
the global fraction ¢s=0.44. However, for the surface composed
of a series of concentric rings (Fig. 5a and c), ¢4 =0,
02,aav = 180°, and ¢grec =0, 02 = 0° (as was the case for the in-
verse hoodoo grid pattern). This maximal deviation between the
advancing and receding contact lines promotes an extremely large
CAH. Using Eq. (3), we obtain 0, = 180° and 0;,. = 0° for a droplet
of decane on the concentric ring-shaped hoodoo surface. These val-
ues match well with the measured values of 6, = 160° and

0y, = 0° (see insets of Fig. 5a).

On the other hand for the spiral surface, as a differential volume
oV is added to (or removed from) the drop, the TCL incrementally
advances, or recedes, by moving along the spiral stripe of the solid
substrate. Thus, we expect ¢g,qdv = Parec = ¢s (Fig. 5b and d; also see
Supplementary material for further details). Therefore, a continu-
ously connected re-entrant surface geometry such as the spiral
hoodoo should lead to significantly lower CAH. Indeed, the mea-
sured apparent advancing and receding contact angles with decane
(024, = 121°,0,. = 102°, see insets of Fig. 5b) support this expecta-
tion. This observed low CAH cannot be predicted using a linear
fraction or a local solid fraction, because these values are essen-
tially indeterminate for the spiral hoodoo texture. This observation
again highlights the wide applicability of the differential areal solid
fraction r4¢q in computing accurate values of the apparent contact
angles based on the modified CB relation (Eq. (3)).

In Fig. 6a, the measured values of the apparent advancing and
receding contact angles are presented as a function of the global
areal fraction ¢s for the various micro-hoodoo surfaces fabricated
in this work. The predictions from the unmodified CB relation
(Eq. (1)) are also shown. On a very coarse level, the CB relationship

_._..—.Iﬂ—-‘rq—\—r'l

= _,....-—‘—1-1—ﬂ'_1—"_7—‘." |2

= e e s e e ket T The

Fig. 4. Details of the advancing and receding TCL for a PDMS droplet on an inverse hoodoo surface. (a) The details of the TCL as the PDMS droplet advances on the inverse

hoodoo surface (¢s =

0.44). The inset shows the apparent advancing angle for a droplet of decane (0,

= 135°). (b) The details of the TCL as the PDMS droplet recedes on the

adv

same surface. The inset shows the apparent receding angle for a droplet of decane (0;,. = 28°).
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Fig. 5. Details of the advancing and receding TCL for PDMS droplets on a ring-shaped hoodoo surface and a spiral hoodoo surface. (a) Top view of a fabricated concentric ring-

*

shaped hoodoo surface (¢s = 0.44). The insets show the apparent advancing and receding angles for a droplet of decane (0, = 160°,0;,. ~ 0°). (b) Top view of a fabricated
Archimedean spiral hoodoo surface (¢ = 0.44). The insets show the apparent advancing and receding angles for a droplet of decane (0, = 121°, 0;,. = 102°). (c) The details of
the TCL for a droplet of PDMS (see inset) on a ring-shaped hoodoo surface. (d) The details of the TCL for a droplet of PDMS (see inset) on a spiral hoodoo surface.
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Fig. 6. (a) The measured apparent advancing and receding contact angles for decane droplets on the various hoodoo surfaces developed in this work, as a function of the
global parameter ¢,. The apparent contact angle predictions from the classic CB relation (Eq. (1)) are also plotted as the solid line. (b) Same apparent contact angles, plotted
against the differential parameter ¢,4. The predictions from the modified CB relation (Eq. (3)) are also plotted as the solid line. For both Fig. 6a and b, the apparent receding
contact angles on the inverse and ring-shaped hoodoos are not included as the 6, values for these cases are different (6, = 0°) than the 6, values for all the other cases
considered here. (c) Measured roll-off angles on discrete (filled) and inverse (hollow) hoodoo surfaces, plotted against the predicted values from Eq. (5). (d) Top view of a
droplet of decane, deposited on a stripe-textured hoodoo surface. Insets show side views of the droplet, viewed along the y-axis (left) and the x-axis (right). (e) Top view of the
same droplet of decane after vibration. Insets show the side views of the droplet, viewed along the y-axis (left, 0; = 121°) and the x-axis (right, 0, = 112°).
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does describe the general trend in terms of the variation of appar-
ent contact angle with increasing areal fraction. However the rela-
tionship provides no information on the CAH; which depends
intimately on the details of the surface texture. For certain tex-
tures, e.g., stripe-textured or spiral hoodoo surfaces, the CAH is
small and the CB relationship predicts the values of the observed
apparent contact angles for a composite interface, within reason.
However, in a general sense, the discrepancy between the CB rela-
tionship and the experimental data is significant and a more
sophisticated measure of the wetted surface fraction is needed.
In comparison, Fig. 6b shows the same apparent contact angle data
plotted as a function of the differential areal fraction ¢4. The pre-
dictions from the modified CB relation (Eq. (3)) are also shown.
Clearly, by considering the differential areal fraction of the solid
surface in the vicinity of the TCL as it advances or recedes, Eq. (3)
makes it possible to predict the apparent advancing and receding
contact angles on the wide range of model surface textures pres-
ently considered. Table 1 summarizes the connection between ¢4
and ¢, for the various micro-hoodoo surfaces developed in this
work. It should be noted that Table 1, in conjunction with Egs.
(3a) and (3b), enables one to correlate the measured contact angle
hysteresis with the global solid fraction ¢,. For example, the equa-
tion for the contact angle hysteresis on isotropically textured
discrete hoodoo surfaces can be written as cos6;,, —cos0;, =
\/$s(cos 0 — 1). The resulting curve qualitatively matches the re-
sult from Reyssat and Quéré [22] who suggested the contact angle
hysteresis on a dilute array of posts would be proportional to
¢sIn(1/¢,) based on analysis of the three-dimensional shape of
the liquid-air interface near the TCL.

As mentioned previously, the CB relation is unable to predict
roll-off angles for a given contacting liquid on a textured substrate
because the roll-off angle is strongly affected by the contact angle
hysteresis. The roll-off angle w is determined by a force balance be-
tween the gravitational body force acting on the drop and the
resistance from the CAH along the perimeter [20]. Extrand and
Gent developed a relation [43] to predict the roll-off angle & with-
out actually measuring the width of the droplet, which was needed
by the previous models of Kawasaki [44] or Furmidge [45]. The Ex-
trand-Gent model can be written as:

—cos 0

29,,Drci (cos 0 ) (4)

rec

npgV

where p and y;, are the density and surface tension of the liquid,
respectively, g is the acceleration due to gravity, V is the volume
of the droplet, and Dy¢ is the average diameter of the TCL. The
pre-factor 2/ arises because the shape of the droplet deviates from
an ideal spherical cap due to the variation of the contact angle along
the circumference of the droplet [43,46]. Clearly, it is necessary to
be able to accurately determine 0, and 6. in order to predict
the roll-off angle.

Combining Eq. (4) with the modified CB relation (Eq. (3)) for the
apparent advancing and receding contact angles (see Supplemen-
tary material for details), we can predict the roll-off angle on a tex-
tured surface as:

ZVIVDTCL((rq'?(Pd,rec - raﬁd)d,adv) cos 0 + (¢d,rec - ¢d.adv) COsS 02)

sinw =

sinw = npgV
()
) 3V 1/3
Dy ~ 2 0" —m/2 0 0 ’
1a ~ 2 cos(0" — 7/ )<n(2 —3c0s 0" + cos? 0*)) .

%

where 0 is the average apparent contact angle (cos 0* = (cos 0, +
cos 0,.)/2). Fig. 6c shows the measured roll-off angles of water
(yw=721mN/m, 0g=120°) and dodecane (y, =253 mN/m,
0g = 73°) on the discrete and inverse micro-hoodoo surfaces, plotted

against the prediction using Eq. (5). The strong correlation between
the measured and predicted values demonstrates the utility of the
modified CB relation in designing surfaces with small or large
roll-off angles.

3.2. Reaching the equilibrium apparent contact angle through
energetic perturbation

As first pointed out by Johnson and Dettre [5], a liquid droplet
sitting on a composite interface reaches the true minimum in free
energy when the apparent contact angle approaches 6;. All other
observed apparent contact angles, including the apparent advanc-
ing (0;,,) and receding (0;,.) contact angles, are metastable and cor-
respond to higher free energy states [5,47]. The reason the
equilibrium angle 0; is rarely observed is because of the significant
activation energy required to overcome the local energy barrier be-
tween each of the numerous metastable states in the energy land-
scape. Because of the robust nature of our composite solid-liquid-
air interfaces, it is possible through careful external excitation to
provide sufficient energy input to the system to allow the liquid
droplet to overcome the energy barriers required to traverse multi-
ple metastable states [5,48] without completely destroying the
composite interface. In Fig. 6d a droplet of decane (V ~ 50 pul) on
a stripe-textured hoodoo surface adopts an extremely anisotropic
configuration. The insets in Fig. 6d show the shape of the decane
droplet as viewed along the x and y directions with contact angles
close to its advancing angles (0z4,, = 165° and 04, = 119°). The
hoodoo substrate, along with the droplet of decane, was then
placed on a vibrating stage for a period of 2 min. The applied dis-
placement profile was sinusoidal (frequency: 20 Hz, amplitude:
40 pm; maximum acceleration: 0.63 m/s?). The volume of the
droplet remains constant throughout the experiment, due to the
low volatility of decane (vapor pressure: 187 Pa at 25 °C). Fig. 6e
shows the shape of the decane droplet after the vibration process.
It is clear that the droplet shape has become significantly more iso-
tropic. The insets in Fig. 6e show the shape of the droplet as viewed
along the x and y directions. The test was repeated nine additional
times and the measured apparent contact angles (6, = 119 & 3°
and 0, = 113 + 2) always matched more closely with the predic-
tion for the apparent equilibrium contact angle (0; = 114°), ob-
tained from the «classic CB relation. This result clearly
demonstrates the ability of the classic CB relation to predict the
equilibrium apparent contact angle; this ability was questioned
by Gao and McCarthy very recently [49].

4. Conclusions

In conclusion, we have provided a unifying framework to recon-
cile the multiple scientific opinions in the literature regarding the
validity, as well as the utility, of the CB relationship in estimating
the apparent contact angles for a non-wetting drop forming a so-
lid-liquid-air composite interface on a textured surface. In addi-
tion, by fabricating a range of robust oleophobic micro-hoodoo
surfaces, we successfully imaged the local details of the TCL on a
wide range of model surface topographies. Our experimental stud-
ies of both the local distortion of the TCL at the micron scale, as
well as the measurement of the apparent contact angles at the
macroscopic scale, clearly illustrates that the distortion of the
TCL per se is not the key factor that leads to differences between
the CB prediction and the measured values of the apparent advanc-
ing or receding contact angles. Instead, we show that the differen-
tial areal fraction of solid substrate which the TCL encounters as it
is displaced across the surface is the most important factor in
determining the apparent advancing and receding contact angles.
This additional knowledge is embodied in the local differential
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parameter ¢4. Using this insight, a modified CB relation is proposed
that more accurately predicts the apparent advancing and receding
contact angles, based on the details of the local surface texture in
the proximity of the TCL. The validity of the modified CB model
is demonstrated in Fig. 6b, which shows the close agreement be-
tween the prediction of this modified CB model and the measured
contact angles on a range of hoodoo topographies. The equilibrium
contact angle predicted by the classical CB relation can be recov-
ered by ‘relaxing’ anisotropic advancing or receding pinned states
using mechanical vibration. The local texture parameter ¢, can
also be used to predict the roll-off angle w for a given contacting
liquid on a textured surface. This understanding allows us to de-
sign model ‘sticky’ or ‘non-sticky’ surfaces that can significantly
enhance or suppress CAH and correspondingly increase or decrease
measured roll-off angles.
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