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Abstract

Commercially available woven fabrics (e.g., nylon- or PET-based fabrics) possess
inherently re-entrant textures in the form of cylindrical yarns and fibers. We analyze
the liquid repellency of woven and nano-textured oleophobic fabrics using a nested
model with 7 levels of hierarchy that is constructed from modular units of cylindrical
and spherical building blocks. At each level of hierarchy, the density of the topo-
graphical features is captured using a dimensionless textural parameter D;. For a
plain-woven mesh comprised of chemically treated fiber bundles (n = 2), the tight
packing of individual fibers in each bundle (D; ~ 1) imposes a geometric constraint

on the maximum oleophobicity that can be achieved solely by modifying the surface
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energy of the coating. For liquid droplets contacting such tightly bundled fabrics
with modified surface energies, we show that this model predicts a lower bound on
the equilibrium contact angle of 6 ~ 57° below which the Cassie-Baxter to Wen-
zel wetting transition occurs spontaneously and this is validated experimentally. We
demonstrate how the introduction of an additional higher order micro/nano-texture
onto the fibers (n = 3) is necessary to overcome this limit and create more robustly
non-wetting fabrics. Finally, we show a simple experimental realization of the en-
hanced oleophobicity of fabrics by depositing spherical microbeads of poly(methyl
methacrylate) /fluorodecyl polyhedral oligomeric silsesquioxane (fluorodecyl POSS)

onto the fibers of a commercial woven nylon fabric.

Introduction

The fabrication of non-wetting surfaces and coatings that repel low surface tension oils
and organic liquids in the Cassie-Baxter state requires the presence of re-entrant topogra-
phies coupled with low surface energy coatings.!™> Commercially available woven fabrics
possess inherently re-entrant textures in the form of cylindrical yarns and fibers. Various
coating techniques including dip-coating,*® chemical vapor deposition’™ and fluorosi-
lane/acrylate chemistry!?1* have been used to chemically modify the surface energy
of woven fabrics and impart an oleophobic character. This allows the treated fabric to
support low surface tension drops (e.g., alkanes and organic liquids) in the non-wetting
Cassie-Baxter state.!®> However, despite exhibiting large values of the apparent contact

angles, these liquid drops are inherently metastable, !¢

and irreversibly transition to a
fully-wetted state if the liquid makes contact with a sufficiently large defect in the re-
entrant topography, or a sufficiently large pressure differential is imposed across the
composite Cassie-Baxter interface (e.g., an impacting drop, jet, spray, or submersion in

a large reservoir of fluid).!” In order to enhance the robustness of the wetting transition

on structured non-wetting surfaces (including woven fabrics), merely designing surfaces



with large values of the macroscopic apparent contact angle is not sufficient. Instead,
the relevant oleophobic character of these surfaces is governed by the degree to which
they resist transition to a fully-wetted Wenzel state. In this context, designing fabrics that
maximize oleophobicity involves understanding how the weave structure and chemical
coating concomitantly influence the Cassie-Baxter to Wenzel wetting transition.'>!® The
development of such a framework attains further significance in the context of designing
fabrics that are resistant to wetting upon impact by chemical weapons/sprays consisting
of low surface tension liquid droplets of small radii with correspondingly large internal
Laplace pressures.

Multifilament woven fabrics can be modeled as hierarchically recursive microstruc-
tures.?Y They consist of groups of adjacent cylindrical fibers that are wound together
to form cylindrically bundled yarns, which are subsequently woven into fabrics.?! The
design principles of hierarchical non-wetting structures were first investigated by Her-
minghaus,?? who established a recursive Cassie-Baxter expression for the value of the
macroscopically observable contact angle (henceforth denoted 6*) on hierarchically tex-
tured surfaces and emphasized the possibility that for sufficiently high levels of structural
recursion any non-zero value of the equilibrium contact angle (denoted 6f) is sufficient
to engineer liquid and oil repellent hierarchical surfaces with large macroscopic contact

angles. More recently, Paxson et al.?3

investigated the self-similar depinning of the three-
phase contact line at the edge of liquid drops sitting on various hierarchically structured
non-wetting surfaces, and proposed design principles by which these recursive structures
can be engineered to reduce pinning and increase the liquid repellency.

The seminal work of Cassie and Baxter,2*%> conducted in the 1940s, on understanding
the water-repellency of porous substrates was initially formulated in the context of tex-
tile wettability using a canonical model consisting of arrays of parallel cylinders, and has

since been extensively applied in the design of a diverse range of non-wetting textured

surfaces including fabrics.202” Michielsen and Lee?? recognized the hierarchical nature of
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multifilament woven fabrics and recursively extended the Cassie-Baxter model to predict
the apparent contact angle of a water drop on a superhydrophobic multifilament woven
fabric. In their analysis, Michielsen and Lee introduce two generations of hierarchy. At
the first level of hierarchy (which we denote n = 1), they consider the yarn as a series
of large parallel cylinders of radius R; woven at a 30° angle resulting in a half-spacing
of D; = Ry(v/3 —1). The value of the apparent contact angle of the liquid drop on the
yarn is then determined by a second level of hierarchy (n = 2); wherein the array of
monofilament fibers are also modeled as closely spaced parallel cylinders with the mean
half-spacing of the fibers D, assumed to be equal to the fiber radius Ry (i.e., D2 ~ R»).
Michielsen and Lee demonstrate that their recursive model can be used to character-
ize the water-repellency of multifilament woven fabrics.?? We extend this model to also

consider higher levels of texture, which might be generated, for example, by deposition
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of various structured nanoparticles. The addition of spherica and cylindrica
nanoparticles has been shown to improve the non-wetting character of various fiber- and
fabric-based materials. The model we propose can be applied to any such multi-level
structure, composed of cylindrical or spherical units, and illustrates how an additional
level of nanotexture can dramatically enhance the degree of liquid repellency.

In this work, we initially perform a series of contact angle measurements on a set
of nine dip-coated oleophobic woven fabrics with varying yarn radius and half-spacing
(see Table 1) using probe liquids of decreasing surface tensions (i.e., 7, = 72.1 mN/m
to 25.3 mN/m). We observe that the trends of macroscopic apparent contact angles and
the transition to the fully-wetted Wenzel state are analogous across all nine dip-coated
woven fabrics despite the differences in construction. A modified version of the hierar-
chical model of Michielsen and Lee was fit to the measured contact angle data on each
dip-coated fabric allowing for the determination of a single dimensionless geometrical

parameter (D) that describes the observed wetting behavior on each woven fabric. The

model further predicts the existence of a critical value of the equilibrium contact angle of



9](;) ~ 57°, below which a liquid drop will spontaneously transition to the fully wetted
Wenzel state via a wicking mechanism. The introduction of an additional higher order
micro/nano-texture on the fibers (n = 3) is necessary to overcome this limit. Finally,
we provide an experimental example of how introducing a spherical microtexture on the

individual fibers can be used to overcome this limit and produce a strongly oleophobic

fabric.

Materials and Methods

Characterization of Fabrics

A set of nine multifilament woven fabrics (four polyester and five nylon, International
Textile Group) were investigated. Representative Scanning Electron Micrograph (SEM)
images of each of the nine fabrics are provided in the Supporting Information. An image
analysis program (Image]J, NITH)>* was used to measure the mean radius and half-spacing
of the fiber bundles in both the warp and weft directions. The four polyester-based fabrics
are labeled A to D and the remaining Nylon-based fabrics are labeled E to I. In Table 1,
we provide a summary of the fabric type, measured values of mean diameter of the yarn
in the orthogonal warp (2Rwarp) and weft (2Ryef) directions (warp and weft directions

were defined arbitrarily), the mean spacing between warp yarns (2Dyarp) and weft yarns

(2D weft)-

Substrate coating

In order to confer liquid-repellent behavior to the woven fabrics, a dip-coating technique*
was used to deposit a low surface-energy coating to the fabrics. A 50/50 wt% solu-
tion of fluorodecyl polyhedral oligomeric silsesquioxane (fluorodecyl POSS; 75, ~ 10

mN /m)/Tecnoflon (BR9151; Solvay Solexis; sy ~ 12 mN/m) with a total solids concen-



Table 1: The base material used for fabric construction, values of the yarn half spacing in
the warp (D1 warp) and weft (D y.r) directions, and the yarn radius in the warp (Ry warp)
and weft (Ry yeft) directions for the fabrics used in this study. Yarn half-spacing (D) and
radius values (R) have an uncertainty of &5 ym. Corresponding images are provided in
the Supporting Information.

Fabric Material Yarn Half-Spacing (um) Yarn Radius (ym)

D 1,warp D 1,weft R1,warp R1,weft

A PET 100 90 140 150
B PET 180 140 110 100
C PET 230 110 140 120
D PET 70 190 90 90

E Nylon 240 130 140 130
F Nylon 150 90 180 70
G Nylon 180 70 100 90
H Nylon 210 130 170 100

I Nylon 210 300 210 200

tration of 20 mg/ml was prepared using the HCFC solvent Asahiklin (AK225, Asahi Glass
Company). All fabrics were initially dipped in the fluorodecyl POSS/Tecnoflon solution
for 2 minutes, and then allowed to dry in ambient atmospheric conditions for 5 minutes.
The fluorodecyl POSS/Tecnoflon dip-coating treatment deposits a thin (~ 200 nm) uni-
form conformal oloephobic coating? onto the individual fibers of the woven fabric, and
thus allows us to control the wetting behavior across the various fabrics, without altering
the underlying geometrical structure. The Tecnoflon is a fluoroethyene copolymer that
acts as an elastomeric binder conferring flexibility and durability to the coating.®

To impart random corpuscular microstructures (Djyeqn = 5 pm) on the fabrics a spray-
coating technique previously developed in our laboratory was used.?® A 50/50 wt% so-
lution of fluorodecyl POSS/Poly(methyl methacrylate) (PMMA; M, = 102 kg mol 1)
with a total solids concentration of 50 mg/ml was dissolved in Asahiklin. This solution
was lightly sprayed onto the fabrics from a distance of 20 cm until a layer of spherical

microtexture was deposited onto the individual fibers of the fabric.



Contact Angle Measurements

Contact Angle (CA) measurements were carried out using a ramé-hart goniometer af-
ter vertically depositing a drop of V' ~ 5uL on each fabric sample. The probe liquids
used in this study were reagent grade deionized (DI) water, dimethyl sulfoxide (DMSO),
methylene iodide, ethylene glycol, rapeseed oil, dimethyl methylphosphonate (DMMP),
hexadecane, decane, tributyl phospate, methanol, 2-propanol, and heptane. The reported
contact angle values represent averages over four or more measurements taken at differ-

ent locations on the sample.

Theoretical Framework

Flat substrates with low surface energies on the order 75, ~ 10 mN/m exhibit equilib-
rium Young’s contact angles with water drops (y;, = 72.1mN/m) that are larger than
90°.2627 However, drops of various oils and low surface tension liquids (e.g., hexadecane;
Vv = 27.5mN/m) deposited on the same low energy surface result in Young’s contact
angles that are much smaller (i.e., 0 < 90°).3% Therefore, chemically treated flat surfaces
with very low surface energies are typically still oleophilic to liquids with surface ten-
sions v, S 30 mN/m. The introduction of textured, re-entrant surface topographies (e.g.,
nanonails, hoodoos, or the cylindrical fibers and yarns of woven fabrics) is necessary to
enable the low surface tension liquid drop to rest in a metastable non-wetting Cassie-
Baxter state. 16

Cassie and Baxter?* modeled the behavior of liquid drops on monofilament textiles as
an array of parallel cylinders supporting a composite solid-liquid-air interface to obtain

their well-known equation, which can be expressed in the following form: 16

cos " = —l—i—% [(7r — OF) cos OF + sin O] (1)



Here, 6" is the macroscopic apparent contact angle exhibited by the liquid drop de-
posited on the array of cylinders, ¢ is the corresponding Young’s contact angle on a
flat surface exhibiting an identical surface chemistry to that of the cylinder, and D* =
(R+ D)/R is a dimensionless geometric parameter defined in terms of the half-spacing
between the cylinders D and the radius of the cylinder R. This simple one-dimensional
cylindrical model is widely used to model the wetting of monofilament textiles.

However, Michielsen and Lee?’ draw attention to the hierarchical nature of multifil-
ament woven fabrics, for which equation 1 cannot directly be applied and needs to be
recursively modified. We illustrate the hierarchical structure of a typical fabric in Figure
1, where we show a series of Scanning Electron Micrographs (SEMs) on a multifilament
woven fabric that demonstrates two levels of hierarchy corresponding to the bundled
yarn and individual fibers. Figure 1la is an SEM of a woven nylon-based fabric (Fabric
G) consisting of a uniform weave structure. The fabric has been dipcoated in a solution
of 50 wt% fluorodecyl POSS/Tecnoflon to deposit a conformal low-surface-energy coat-
ing. The uniform and regular weave that we observe in Fabric G is contrasted to a more
loosely-woven polyester-based fabric (Fabric B) that is marked by the presence of weave
openings between the warp and weft directions. The presence of these weave openings
is captured by changes to the half spacing and radius of the bundled yarns. Therefore, at
a macroscopic or ‘coarse-grained” level, we expect the geometry of the bundled yarn to
influence the wetting behavior of liquid drops on the woven fabric. In Figures 1c and 1d,
we show micrographs at two different magnifications of a cured drop of a silicone elas-
tomer (Sylgard 184, Dow Corning; y;, ~ 25 mN/m) that has been deposited vertically on
the dip-coated oleophobic Fabric G, and subsequently heat treated for 20 minutes at 80 °C
to cure. At this higher level of magnification, the inner hierarchical cylindrical structure
of the individual fibers is immediately evident. The fibers are densely packed, with radii
that are an order of magnitude smaller than the bundled yarn. In Figure 1d, we show the

topographical details of the wetted perimeter of the cured silicone drop on the collection
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Figure 1: (a) Scanning Electron Micrograph (SEM) of a plain-woven Nylon fabric (Fabric
G) which has undergone a hydrophobic treatment by dipcoating in a 50/50 fluorodecyl
POSS/Tecnoflon solution. The inset shows a drop of water (y;, = 72.1 mN/m) verti-
cally deposited onto the fabric exhibiting a high apparent contact angle of 6; = 146°; (b)
SEM of a Polyester fabric (Fabric B) exhibiting randomly located weave openings in the
woven structure; (c,d) SEM micrographs of the contact line structure of a cured PDMS
(710 = 25 mN/m) drop resting on Fabric G at different magnifications corresponding to
different textural length scales in the fabric. (c) illustrates the shape of the contact line at
a length scale corresponding to the bundled yarn of the woven fabric, while (d) captures
the tortuosity of the contact line at the scale of the individual fibers within a bundle.



of individual fibers. These small, tightly bundled fibers play a key role in determining the
critical surface tension at which a millimetric liquid drop transitions to the Wenzel state
and is subsequently imbibed into the fabric.

The self-similar cylindrical structures that are observed in Figure 1(a-d) suggest that
Eqn. 1 needs to be recursively applied to the smaller individual fibers and larger bundled
yarn to predict the apparent contact angles of liquid drops sitting on multifilament woven
fabrics. Here, we apply the recursive framework developed by Herminghaus?? to expand
on the work of Michielsen and Lee.?’ Thus, systematically developing a set of equations

that can model both multifilament woven and nanotextured woven fabrics.

Modeling Apparent Contact Angles on Multifilament Woven Fabrics

In Figure 2, we illustrate schematically a liquid drop resting on an oleophobic multi-
filament fabric. The first level of hierarchy (n = 1; ¢f. Figure 2a) captures the wo-
ven geometry of the yarn which is modeled as an array of parallel cylinders with a ra-
dius Ry, half-spacing D; and characterized by the dimensionless geometrical parameter
D} = (Rqy + D1)/Ry . The value of Dj is related to the weave angle « (between the
warp/weft directions and the fabric plane) as D] = cota. Variations in this geometric
parameter D] allows us to account systematically for the wetting effects of various weave
constructions and the presence of weave openings on the non-wettability of different fab-
rics. A small value of D] corresponds to fabrics with a very fine weave, while large values
of D indicate a looser weave with higher incidences of weave openings. At the second
level of hierarchy (n = 2; Figure 2b), we model the packing of individual fibers into bun-
dles with radius R, and mean half-spacing D,, that are characterized by a dimensionless
length scale D; = (R + D3)/Rj. A consequence of constructing the yarn as a collection
of tightly bundled fibers is that, for multifilament woven fabrics, the value of the inter-
fiber spacing D, — 0 (as seen in Figure 1d) which leads to D5 — 1. The local effective

contact angle of the liquid meniscus that is established on the array of individual fibers is
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denoted as 6,. For the plain weave multifilament fabrics that we have discussed so far, the
hierarchy of equations terminates at n = 2. The equilibrium contact angle that character-
izes the nature of the coating applied to the individual fibers is denoted as 6. To define
canonically the hierarchical nature of these plain weave fabrics, we denote these two-level
cylindrical structures as a CC fabric, as we recursively apply eq 1 twice. Therefore, the set
of equations that govern the wetting of a liquid drop on a multifilament woven fabric (or

CC fabric) with n = 2 is given by eq 2a and 2b:

1
cos b, = _1+ﬁ [(71 — 62) cos B, + sin 0] (2a)
1

cos 0, = —1+ [(7r — Og) cos O + sin O] (2b)

Eq 2a predicts the macroscopic apparent contact angle 6; of a droplet placed on the CC
fabric while eq 2b governs the apparent contact angle 6, of the liquid meniscus on an array
of individual fibers that are tightly bundled (with D5 — 1). For a wide range of liquids,
the mapping implied by eqs 2a and 2b amplifies the local equilibrium contact angle (6k)
to a new (larger) value of 6; on the hierarchically textured surface, thus enhancing the
non-wettabilty or “repellency” of the fabric. We will extend this model to a third level of

hierarchy as shown schematically in Figure 2(d).

Pressure driven transition from the Cassie-Baxter to Wenzel state on

multifilament fabrics

The equilibrium contact angle 6 can be lowered by (i) depositing liquid drops with lower
surface tensions (such as oils) for a given chemical coating on the fibers or (ii) modifying
the surface chemistry of the fibers resulting in larger values of surface energy (7sy) for a
given liquid drop. In either scenario, as 0 decreases, the liquid drop will progressively

wet larger fractions of the fabric until it eventually undergoes a transition to the fully
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(a) | (b) Loosely Woven

2Dy 2Ry  Dj = (Ro+ D2)/Ry

Tightly Woven

2R2 DQ%O D§%1

D3 = (Rs + D3)/Rs
Nanostructured Fibers D3 > 1

DY = (R1+ D1)/R; = cota

Figure 2: (a) Schematic of an axisymmetric liquid drop on a model sinusoidal non-wetting
woven fabric showing different levels of hierarchy. The AA’ plane illustrates the cross-
sectional view of the periodic woven structure, consisting of bundled yarns of diameter
2R; separated by a distance 2D;. The dimensionless geometric parameter D7 is related to
the angle of weave « as D} = (R + D1)/R; = cota; (b) Schematic of the second level of
hierarchy depicting the location of the contact line resting on the individual non-wetting
fibers which compose the yarn. The fibers are modeled as parallel cylinders of diameter
2R, separated by a distance 2D,. The packing of the fibers is governed by the dimension-
less geometric parameter D; = (D, + Ry) /R, which is taken to be D; ~ 1 (corresponding
to the tightly woven limit) consistent with the SEM micrographs shown in Figure 1d; (c)
Schematic of a third level of textural hierarchy, with the individual fibers decorated by an
array of spherical micro- or nano-particles of radius 2R3 and a mean spacing distance of
2D3. The packing of the spherical particles is governed by the dimensionless parameter
D3 = (Rs + D3)/Rs.
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wetted Wenzel state. The Cassie-Baxter to Wenzel transition is driven by the pressure
differential that exists across the composite liquid-air interface, and occurs either by a

depinning or sagging mechanism.23”

This transition occurs as a sequential cascade in
hierarchical structures, with the larger air pockets trapped between textural features at the
larger length scales (n = 1) readily prone to collapse. When liquids with large values of
O (i.e., high surface tension liquids) are deposited on multifilament fabrics, they wet only
the tops of the woven yarns. This has been demonstrated both by direct visualization and
finite element simulations of water on arrays of nonwetting cylinders.® However, upon
decreasing the value of 6, the meniscus descends into the texture until it transitions to
resting on the individual fibers that comprise the warp (weft) yarn that lies underneath
two adjacent weft (warp) yarns (see Figure 1c). Therefore, the eventual wetting transition
to the fully wetted Wenzel state is determined by the smaller length (n = 2, fibers) on
heirarchical structures such as multifilament woven fabrics. The critical (or breakthrough)
pressure difference (AP,) across the liquid-air interface at which the drop irreversibly
transitions to the fully-wetted Wenzel state at the largest defect site can be expressed for

an array of parallel cylinders as:3"-3

APy, = (y1,/R2) [sin(0g — 0.) /(D5 — sind,)] 3)

Where R; is the radius of the fiber at the second level of hierarchy and ¢, is the crit-
ical angular position of the contact line on the cylinder at the onset of transition.?” At
this critical angular position, the transition can occur by either a depinning or a sagging
mechanism.

When a liquid drop of surface tension 7, and radius rgop ~ ler{); is deposited on an
array of cylinders, the Laplace pressure inside the drop is AP} = 27,/ 74rop- A sponta-
neous transition to the fully-wetted Wenzel state is expected to occur when the Laplace

pressure (AP;) exceeds the breakthrough pressure (AP,). The equilibrium contact angle

corresponding to the liquid drop at which this critical wetting transition occurs (leading
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to a loss of the non-wetting character of the fabric) is denoted as 6.”. A crucial feature
of the wetting transition arises from the thermodynamic metastability of the non-wetting
Cassie-Baxter state described by eq 1 when 0 < 90° (e.g., most oils) and a wetting transi-
tion can be nucleated by a single localized defect.'® The inverse dependence of eq 3 on the
feature length scale (R;) means that the largest defect site in the periodic array acts as the
initial nucleation site for the Cassie-Baxter to Wenzel transition. In our calculations below,
we assume a defect-free tightly bundled packing of uniform radius fibers with D; ~ 1.
In the experiments performed, the drop radius of the probe liquid is fixed as rq,op ~
1.5 mm. For a liquid drop of heptane (y;, = 20.1 mN/m; 0 = 63°) resting on a planar
array of cylinders corresponding to the smallest length scale in the fabric (i.e., n = 2; with
a fiber spacing ratio of D; ~ 1 and a fiber radius of R ~ 10 ym), the expected ratio of the
breakthrough pressure to the Laplace pressure is AP, /AP; ~ 36, which suggests that the
drop is expected to be stable. However, the tight packing of the bundled fibers provides
an alternate route to the Wenzel transition by a wicking mechanism. When the apparent
contact angle 6, — 0 on the individual fibers shown in Figure 2b with decreasing values
of 0, the Cassie-Baxter state supported at the second level of hierarchy (i.e., n = 2, be-
tween the tightly packed fibers) undergoes a wetting transition and the liquid is imbibed
completely into the fiber bundle spreading along the individual fiber filaments. Setting
cos 0, = 11in eq 2b, we solve this implicit equation to obtain a critical value of 9](;) ~ 57.2°
when this wetting transition occurs. Physically, this implies that a liquid drop with an
equilibrium contact angle smaller than this critical value will completely wet the individ-
ual fibers and be imbibed into the fabric irrespective of the larger scale geometry of the
weave. The loss of the Cassie-Baxter composite state at the n = 2 level of hierarchy results
in the liquid drop rapidly wicking along the individual fibers until the entire fabric is wet-
ted. Therefore, even if a liquid drop initially exhibits a fairly large macroscopic apparent
contact angle on the fabric (i.e., 6; > 90°), as the equilibrium contact angle 6 approaches

0¢ ~ 57.2°, it will sharply transition to 6; = 0 as the liquid is imbibed into the texture.
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Results and Discussion

Characterization of dip-coated oleophobic fabrics using goniometric mea-

surements

Apparent contact angle measurements were performed on each of the nine dip-coated
fabrics using probe liquids with sequentially decreasing values of surface tension from
water (7, = 72.1 mN/m) to n-heptane (y;, = 20.1 mN/m). In Table 2, we report the
measured values of the macroscopic static contact angles (61) on the various dip-coated
fabrics. We also list the corresponding values of the equilibrium contact angle (6¢) mea-
sured on flat substrates spin-coated with the same fluorodecyl POSS/Tecnoflon solution.
While the equilibrium contact angle on flat surfaces can be measured fairly accurately via
goniometry (A0 = +1°), difficulties in precisely establishing the position of the three-
phase contact line on the textured fabrics results in larger uncertainties in the measure-
ment of apparent contact angles (A6 = £5°).

All dip-coated fabrics are strongly water repellent exhibiting large macroscopic con-
tact angles of 6; ~ 135° with water drops and are also resistant to wetting by low surface
tension hexadecane drops (y;, = 27.5 mN/m; 6; ~ 95°), emphasizing the oleophobic
non-wetting character that the dip-coating process confers on the nylon and PET based
materials. As mentioned earlier, the dip-coating process that conformally deposits the
fluorodecyl POSS/Tecnoflon coating ensures that the value of 6 corresponding to a par-
ticular probe liquid is systematically controlled. Therefore, the values of 0 are identical
across all fabrics and any variation in the experimentally measured macroscopic contact
angle 0; is attributable to the geometry of the outer weave, and in particular to the value
of Dj (related to the yarn weave angle « as D] = cota). In each of the fabrics, the macro-
scopic apparent contact angle decreases with lower surface tension liquid drops (i.e., cor-
respondingly smaller values of 0¢), indicative of progressively larger solid/liquid wetted

fractions as more of each individual cylindrical fiber is wetted until eventually a wetting
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Table 2: Summary of the surface tension (7;,), equilibrium contact angle on a flat fluo-
rodecyl POSS/Tecnoflon coating (), and apparent contact angles (6;) on the nine PET

and Nylon fabrics fabrics for the thirteen probe liquids of interest. (" - Dimethyl methylphos-
phonate)

Probe Liquid Yo Dip-coated Fabrics
(mN/m) QE(:tlo) 91(ﬂ:50)

A B C D E F G H I
Water 72.1 109 130 129 140 142 133 133 132 135 123
Dimethyl sulfoxide  43.5 97 114 116 121 115 121 106 109 113 107
Methylene Iodide 50.8 96 103 105 107 104 116 108 105 115 101
Ethylene Glycol 47.7 96 114 113 127 131 132 116 113 103 98
Rapeseed Oil 35.5 92 111 118 125 111 124 110 108 122 107
DMMP?* 36.7 88 8 94 110 8 91 95 102 93 101
Hexadecane 27.5 83 0 9 97 91 111 97 92 90 86
Dodecane 25.4 79 0 92 96 88 97 83 84 81 79
Decane 23.8 79 0 8 92 76 - 79 83 80 72
Tributyl Phosphate 27.8 71 0 84 77 85 64 0 77 - 84
Methanol 22.1 66 0O 8 8 72 8 0 76 8 69
2-Propanol 23.3 65 0 81 0 0 0 0 0 0 0
Heptane 20.1 63 0 0 0 0 0 0 0 0 0

transition occurs to the Wenzel state. We perform a non-linear regression of the measured
values of 8; and 6 using eq 2a and 2b to obtain a best-fit estimate of the dimensionless
textural parameter D] that describes the spacing between the yarns for each fabric.

The results of these regression fits are depicted graphically in Figures 3(a-d). The
cosines of the experimentally measured values of the macroscopic apparent contact angle
(cos 01) are plotted against the cosines of the equilibrium contact angles (cos ) for four
representative dip-coated nylon (Fabrics G and I) and polyester (Fabrics B and C) fabrics
with differing weaves. We can use the recursive model described by eq 2a and 2b to obtain
two predicted non-wetting curves (corresponding to the warp and weft directions) using
values of R; and D; that are obtained from microscopy (see Table 1). These curves are
plotted as solid blue lines in Figures 3(a-d), and represent the upper and lower bounds to
the microscopy-based model predictions of 8; (bounding the region shaded in blue). In

Table 3, the values of the best-fit textural parameter for all nine fabrics are listed, along
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with the microscopy based estimates along the warp/weft directions.

Table 3: Fitted values of D* and corresponding values determined from microscopy for
the nine PET and nylon fabrics of interest.

Fabric | D from Fitting | D] from Microscopy
D D7
1,warp 1,weft
A 1.24+0.2 1.6 1.8
B 1.7 +£0.3 24 2.6
C 1.8 +£0.2 1.9 2.7
D 1.5+0.3 1.7 3.1
E 1.7+03 2.0 2.6
F 1.3+0.1 1.8 24
G 1.5+0.2 1.9 2.8
H 1.5+0.3 22 2.3
I 14+0.2 2.0 2.5

As is evident from Figures 3(a-d) and Table 3, while the best-fit estimates of D} us-
ing the simple hierarchical model of adjacent parallel cylinders qualitatively captures the
trends in the non-wetting behavior of the various fabrics, these values are systematically
smaller than values that are obtained from microscopy along the warp and weft direc-
tions. This result is expected and stems from the fabric possessing three-dimensional
structures that protrude into the liquid increasing the real solid fraction of the interface
and decreasing the effective D]. A more accurate model would require detailed calcu-
lation of the topography of the wetted patches that form on the true woven structure
using a program such as Surface Evolver.*’ However, despite the significant simplifi-
cation involved in our 1D cylindrical array model, some important insights underlying

the non-wetting behavior of the fabrics can be obtained by application of the hierarchi-

*

1,warp and

cal model. First, despite the differences in fabric construction the values of D

D*

1 weft all lie between 1.6 < D* < 3.1. Our best fit values of D7 are similar for all fabrics

(between 1.2 and 1.8), and this uniformity is expected due to the very similar nature of
the weave angles in all plain weave fabrics, where the geometry of the tight weave offers

little flexibility in choosing values of D*. For example, Michielsen and Lee?? estimate a
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weave angle of & ~ 30° (corresponding to a value of D] ~ 1.7). This intrinsic constraint
on the magnitude of apparent contact angles that can be attained on a plain weave fabric
requires the introduction of an additional micro- or nanotextured length scale to further

enhance the nonwetting character of fabrics.
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Figure 3: Plot of the cosine of the apparent contact angle cos 0; against the equilibrium
contact angle cos 0 on four dip coated fabrics (a) Fabric B (b) Fabric C (c) Fabric G (d)
Fabric I. The solid black lines depict the best fit of D] to eq 2 for each of the fabrics (Fabric
B: D = 1.73 &£ 0.26; Fabric C: D} = 1.75 & 0.20; Fabric G: D] = 1.51 £ 0.19; Fabric I:
D7 = 1.41 & 0.23) with the 95% confidence interval band shaded in red. We also plot the
cosine of the apparent contact angles predicted by the D* values measured by microscopy
(blue shaded region). The upper blue line results from the measured D* value in the warp
direction and the lower blue line results from the value measured in the weft direction.
The analogous figures for the remaining five fabrics are shown in the Supporting Infor-
mation.

Figure 3 and Table 2 also show clearly that for a probe liquid with sufficiently low

surface tension, there is a sudden and spontaneous transition to the fully-wetted super-
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oleophilic Wenzel state; the liquid drop readily wicks and spreads along the fabric, result-
ing in a 0° macroscopic contact angle, indicated by the vertical arrow in Figures 3(a-d). For
the set of fabrics C-E and G-I, this wetting transition occurs upon contact with propanol
(710 = 23.3 mN/m; 6 = 65°), while fabric B wets with n-heptane (y;, = 20.1 mN/m;
O = 63°).

(c)

In each of the fabrics, we also observe that the critical contact angle 6" at which a
wicking failure occurs is above the predicted limit of 91(;) = 57.2°, consistent with the
hierarchical CC model of the woven fabric. The variation of the macroscopic contact
angle with a variety of liquids on woven fabrics is captured by the single parameter DJ in
the CC model. However, the tight bundling of the individual fibers from which the yarn

is constructed (i.e., D; ~ 1) imposes a lower limit on the surface tension of the contacting

liquid that can exhibit oleophobicity.
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Figure 4: Plot of the contact angles 0, against the equilibrium contact angle 0¢ (predicted
by the set of eq 4-5) on a fabric with n levels of hierarchy. The dotted red line A corre-
sponds to the variation of the contact angle on the individual fibers 6, with 6 (predicted
by eq 2b) for the tightly woven limit with D; = 1. The solid black curves B and C de-
pict the variation of 6; for the two values of D] = 1.5 and D] = 2, respectively, on the
plain-woven fabrics with n = 2. The model sinusoidal woven geometries corresponding
to curves B and C are shown alongside the plot. The shaded region signifies when the
individual fibers are fully wetted (0 < 57°) and is inaccessible to the plain weave fabric
with two levels of hierarchy n = 2. The dashed black lines show the variation of 6; with
0 on woven fabrics consisting of textured fibers with n = 3 for two nanoparticle spacings
D; = 1.7 (Curve D) and D3 = 2 (Curve E).
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Adding a third length-scale of texture to woven fabrics

The undesirable wetting transition, in which the liquid spreads along the closely packed
monofilaments of the bundled yarns poses a geometric constraint on the liquid-repellency
of woven fabrics. We again emphasize that merely modifying the surface energy by ap-
plying various low surface energy coatings is not sufficient to prevent this transition; the
introduction of a third level of hierarchy by texturing the individual bundled fibers is re-
quired to further amplify the macroscopic contact angle given by the recursive equation
set (eq 2). This can be achieved, for example, by the introduction of spherical nanopar-
ticles embedded on the fibers. The recursive equations which determine the apparent
contact angle 6, at each stage of the n generations of the hierarchical self-similar structure

are given by eq (4) for a canonical cylindrical geometry (C):42°

1 .
cosf, = —1+ Dr (71— 6041) cOs 0,1 + sin 6, 41] 4)
n

And eq (5) for a spherical geometry (S):2

1
cosbty, = -1+ —- L(l + cos0,,41)° ()

(Di)? [2v3

In each case the effective contact angle 8, that can be achieved depends on the geome-
try of the texture at this n'" scale, and the effective contact angle 6, | that is generated by
the next, higher order (n + 1) level of texture. In each case the hierarchical equation set
is truncated at the finest scale when the surface is locally flat and 6,11 — 0. In figure 2c,
we show one possible realization using spherical nanoparticles to achieve a third genera-
tion of hierarchy in the woven fabric, which we denote as a CCS fabric, as we recursively
apply eq 4 for n = 1,2 and eq 5 at n = 3. The spherical nanoparticles are embedded into,
or deposited onto, the individual fibers of the fabric, and are characterized by a radius
R3, half-spacing D3 and a corresponding dimensionless parameter D} = (D3 + R3)/D3

characterizing the typical spacing of the individual spherical nanoparticles. We further
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assume that the chemical coating applied to the spherical nanoparticles is characterized
by the same equilibrium contact angle 6 that is used for the fibers and yarns. The recur-
sive equations governing the nanoparticle textured CCS fabric (conceptualized in Figure

2¢) can then be written out explicitly as:

1
cos ) = —l—i—ﬁ [(71 — 65) cos 0, + sin 6;] (6a)
1
1 .
cosfy = —1+ 1 [(71 — 603) cos 03 + sin 03] (6b)
1 T 2
cosb3 = —1+ —— | —=(1+4cosOf) (6¢)

(D3)? [2v/3

where 03 refers to the apparent contact angle on the individual nanotextured fibers and
we assume a tightly woven structure so that D7 — 1. The introduction of the third level of
structure removes the wicking constraint on oleophobicity, and allows for the design and
realization of fabrics which can support liquid drops with very low surface tensions in the
metastable Cassie-Baxter state. While eq 6c¢ is written for a CCS nanotextured fabric, an
analogous set of equations can be written for a CCC fabric, where the third generation of
nanotexture consists of hairy cylinders. In Figure 4, the curves D and E show the variation
of the macroscopic apparent contact angle ¢; with the equilibrium contact angle 8¢ for a
spherically nanotextured woven CCS fabric described by eq (6a)-(6¢c) with D = 2, D5 =1
and two different values of D3. Larger values of Dj result in a lower density of spherical
nanoparticles, illustrated by the schematic in the inset of Figure 4. The introduction of the
nanotextured length scale greatly enhances the apparent contact angle for the CCS fabric
that can be achieved when compared to the equivalent CC fabric with the same value of
D7 (shown in curve C). In addition, the critical equilibrium contact angle at which the
wetting transition occurs in the third generation of hierarchy is controlled by the packing

of the spheres.
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In order to determine the criteria for the pressure driven wetting transition on the ar-
ray of nanospheres, we adapt the work of Butt et al.? on vertically sintered spheres. In
Figure 5, we show an illustration of the liquid meniscus between an array of spherical
nanoparticles. The position of the contact line on the sphere is a function of the angle
¢ between the contact line, the center of the sphere, and the base of the sphere, and is
expressed as y(¢) = R3(1 — cos¢). The value of ¢, which sets the location of the con-
tact line, is determined by a balance of the capillary force pulling the interface upwards
against the pressure difference across the interface and can be determined from the im-

plicit equa’cion:zf41

s singsin(6 — ¢)
F= (a;D3? — sin? §) @)

where P = P/P,f and P = 271,/ R3 is a reference pressure scale that depends on
the liquid surface tension 7;, and particle size R3, and 4; is a lattice constant with a; =
(24/3/ ) for a hexagonally packed array of spheres and a; = (4/7) for a square packing.
When there is no external pressure difference (i.e., P = 0), the liquid meniscus is flat and
the contact line wets the spherical nanoparticle at a height determined by ¢ = 0. As P is
increased, the value of ¢ (and therefore, the position of the interface y) steadily decreases
according to eq 7 until the Cassie-Baxter state undergoes a transition to the Wenzel state.
This transition can occur in one of the following two ways: (i) a depinning mechanism
when the pressure exceeds the maximum capillary force that can be supported by eq 7
or (ii) a capillary bulge mechanism when the pressure induces sufficient curvature of the
liquid meniscus causing it to touch the underlying substrate on which the spheres are
embedded.

In Figure 5¢, we plot P determined from eq 7 as a function of ¢ for different values
of the equilibrium contact angle 0 and the dimensionless spacing parameter D3. In each
of the curves, we see that there is a maximum value of P = P,y at a particular value of

¢ = ¢q (i.e, dP/dp|y—p, = 0). For a given value of D} and 6, the maximum pressure
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Figure 5: (a) Schematic of the meniscus of a liquid drop resting on a sphere of radius
Rz possessing an equilibrium contact angle 0. The contact line subtends an angle of ¢
with the center of the sphere. The pressure differential across the meniscus AP drives the
formation of the curved meniscus with a radius of curvature R,y that subtends a half-
angle B with the vertical. The bottom of the meniscus is at a height /» above the bottom
surface. (b) Schematic of the top view of an array of spheres arranged in a square and
hexagonal lattice. The geometrical lattice parameters a;, b; are discussed in the main text.
(c) Plot of the dimensionless pressure difference P vs the angle ¢ subtended by the contact
line to the center of the sphere. Initially, in the absence of any pressure differential (P = 0),
the meniscus is flat and is located at ¢ = 6r (labeled State A). The value of ¢ decreases
with increasing pressure difference P until the pressure reaches a maximum at ¢ = ¢4
(labeled State B) which corresponds to a depinning transition. (d) Plot of the minimum
meniscus height above the bottom substrate /i against the subtended angle ¢ showing a
gradual decrease until the bottom of the meniscus touches the substrate (i.e., h = 0) when
¢ = ¢, signifying a sagging transition (shown in State C). In each of the curves in Fig.
5(c,d), the solid, dashed and dash-dot lines correspond to various values of D3 and 0 as
indicated in the figure. Unless otherwise noted, a hexagonal lattice was assumed for the
sphere packing.
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difference that can be supported is larger for a hexagonal packing of spheres compared
to a square array. If the dimensionless pressure difference P across the meniscus is larger
than the value Py, the capillary force acting at the contact line will be unable to balance
the pressure force at the interface for any point on the sphere. The composite interface
therefore depins and wets when the meniscus physically corresponds to state B depicted
in the inset of Figure 6. The depinning transition pdep is therefore the maximum value of
P at which dP/d¢ = 0. An expression for the depinning angle ¢, is provided by Butt
et al.. However, while estimating the capillary bulge pressure, Butt et al. assume that the
location of the contact line is determined by ¢ = 6, an assumption which is valid only
when P < 1. We can derive a more general analytical expression for the height i of the
bottom of the curved meniscus (with radius of curvature Rs,¢) above the substrate (as

shown in Fig. 5a) as:

h = R3(1 — cos ¢) — Rsag (1 — cos ) (8a)
sinp = (R3/Rsag) [bi(D3 —1) +1 —sin¢)] (8b)
P = (R3/Rsag) (8¢)

with b; = 1 for a hexagonal lattice and b; = 1/ V2 for a square lattice. We show the
variation of the height l with ¢ as an external pressure difference is applied in Figure 5d.
Initially, when there is no external pressure (P = 0), the bottom of the meniscus starts at
a height i = R3(1 — cos 0 ) above the substrate, depicted by State A in the inset of Figure
5d. As the pressure is gradually increased, the meniscus curvature increases and height
decreases. Eventually the meniscus can touch down on the substrate, corresponding to
h = 0, even if the pressure is still increasing (i.e., dP/d¢ < 0 in Fig. 5). This corresponds
to a sagging transition, and at this point the contact line on the sphere subtends an angle
¢ = ¢s. The value of ¢5 corresponds to the intersection of the curves in Figure 5d with the

x-axis, and can be numerically obtained from eq 8a-8c. The value of the dimensionless
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pressure difference Psag at which the touchdown of the meniscus first occurs is given by:

B 2(1 — cos ¢s)
(1 —cos¢s)? 4 (b(Dj — 1) + 1 —sing;)?

P
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Figure 6: (a) Plot of the location of the contact line characterized by ¢ against dimension-
less pressure difference P for hexagonally packed spheres with D} = 1.5 and 0 = 60°.
The solid curve describes the evolution of the meniscus with pressure via eq 7, where the
meniscus initially evolves from ¢ = 0 when P = 0. The horizontal dashed line corre-
sponds to the depinning transition limit of ¢ = ¢;. The dotted curve plots the variation
of the pressure as a function of ¢ corresponding to a sagging transition (eq 9). The in-
tersection of the solid line and the dotted line determines the sagging transition limit of
¢ = ¢s; for these paramter values the depinning transition is encountered first (as shown
by the solid black circle) (b) Contour plot of the dimensionless breakthrough pressure for
various values of the dimensionless geometric spacing D3 and equilibrium contact angle
0g. The breakthrough mechanism corresponds to a depinning transition over the entire
range of D3 and 0 shown.

In summary, when there is no external pressure applied, the meniscus initially sits flat
at a height h corresponding to ¢ = 0 (state A in Fig. 5). As the pressure is gradually in-
creased, the meniscus bends and deforms downward and ¢ decreases. The mode of tran-
sition from the Cassie-Baxter state to the Wenzel state is determined by the larger of the
two angles ¢s and ¢; (corresponding to the depinning and sagging failure mechanisms,
respectively). In Figure 6a, we illustrate this behavior for an array of hexagonally packed

spheres characterized by D} = 1.5 and 0 = 60° as the imposed pressure difference P is
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increased. The solid line shows the evolution of the location of the meniscus with applied
pressure from an initial value of ¢ = 0 determined by eq 7. The horizontal dashed line
indicates the value of ¢; at which the depinning transition occurs and the dotted line is a
plot of eq 9 as a function of ¢. The sagging transition, and the value of ¢ is found from
the intersection of this curve with eq 7. As the value of ¢; > ¢, the depinning transition
occurs first for this particular configuration. By performing a series of such calculations
varying 1 < D3 < 4and 0 < 6 < 90°, we observe that the Cassie-Baxter to Wenzel
transition occurs primarily by the depinning transition, even on an single monolayer ar-
ray of spheres. Our calculations show that as the contact line descends along the surface
of the wetted spheres, the smaller wetted perimeter is unable to support the additional
pressure force on the curved liquid-vapor surface area and leads to a depinning transition
before the lowest point of the meniscus touches the underlying substrate (h = 0 or state
C in Fig. 5d). This observation of the depinning behavior on an array of spheres is also
consistent with the result of Butt et al., who show that the depinning transition is the dom-
inant mode on higher aspect ratio structures, such as an array of two vertically sintered
spheres. In Figure 6b, we show contour plots of the dimensionless pressure P;(0g, D3)
at which depinning occurs. For a fixed surface coating (which fixes the value of 0f), the
value of the depinning pressure P, steadily decreases as the dimensionless spacing ratio
increases. Following the procedure of Butt et al., we can obtain an analytical estimate of
the breakthrough pressure in the limit of large D5 > 1. Eq 7 simplifies to the expres-
sion, P = sin¢sin(0g — ¢)/ (a;D52) and we can obtain an expression for the dimensional

depinning pressure in this limit as:

_ 2’)’10 1 -2
P;= ( R ) <a1D§2> sin” (g /2) (10)

The pressure at which the depinning transition occurs scales directly with the liquid

surface tension (P; o« 7j,), and inversely with the radius of the spherical microstruc-

tures (P; o« 1/R) and with the square of the dimensionless spacing ratio (P; « 1/ D;Z).

26



This implies that small, densely-packed spherical particles decorating individual fibers
are needed to construct robustly superoleophobic fabrics. The Laplace pressure inside a
liquid drop of radius 74, ~ (Vdmp)l/ 3 deposited on the spherically nanotextured fabric
is P = 27/140p. Equating this pressure with the depinning pressure from eq 10, we can
obtain an estimate of the maximum radius of the sphere R that can sustain a low surface

tension liquid drop in the Cassie-Baxter state as R < (r/a;)(1/D3?) sin?(0g /2).

Spray-coating of third-length scale on woven fabrics

In order to test the prediction that a third level of structure with a sufficiently small length
scale can widen the range of oleophobicity for a selected fabric, we use a spray technique
to deposit corpuscular beads onto a dip-coated woven fabric (Fabric E) from a 50/50
wt% poly(methyl methacrylate)/fluorodecyl POSS solution.?® The spherical beads are
formed during the capillary-driven atomization of the non-Newtonian polymer solution
by ajudicious choice of the solution concentration and molecular weight of the polymer.3¢
In Figure 7(a,b) we show SEM images of a spray-coated Nylon fabric (Fabric E) at two
different magnifications. The spherical beads are randomly deposited on the fibers with
a broad distribution in both the radius (5ym < Rs < 15um) and mean dimensionless
spacing D3.

The spray-coated textured fabric exhibits an enhanced liquid-repellent behavior. In
Fig. 7c, we plot the cosine of the macroscopic contact angle cos 6; against the cosine of
the equilibrium contact angle cos 0 (analogous to Figure 3) for two samples Fabric E
that have either been dip-coated to increase the equilibrium contact angle on the fibers
6, — O (black circles) or spray-coated to yield a third level of structure 63 — 6 (red
circles). The effect of introducing the third length scale is apparent in the larger values
of the macroscopic contact angle on the sprayed-coated fabric for the various low sur-
face tension liquids when compared to the dip-coated woven fabric. The differences in

the roll-off angles between the spray-coated and dip-coated fabrics are shown in Figure
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Figure 7: (a) Scanning Electron Micrograph (SEM) of a dip-coated nylon fabric (Fab-
ric E) spray-coated with a 50/50 PMMA /fluorodecyl POSS solution to introduce a
spherical microtexture on individual fibers; (b) Magnified SEM showing the spherical
PMMA /fluorodecyl POSS microtexture; (c) Plot of the effective contact angle (cos 6;)
against cos 0 for the dip-coated plain weave fabric (black line) D} = 1.7 £ 0.29 and the
spray-coated fabric with D = 1.26 &= 0.15 (red line); (d) A plot of the roll-off angle w
(in degrees) on the dip-coated plain-woven fabric (black) and spray-coated textured fab-
ric (red) for a range of different liquids; (e) Liquid drops (V ~ 10 uL) of hexadecane
(710 = 27.8 mN/m) and octane (;, = 21.6 mN/m) vertically deposited on the sprayed
tabric shown in (a,b) exhibiting contact angles of 8; = 133° and 6; = 108° respectively.
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7d. The textured spray-coated fabrics consistently show smaller roll-off angles for the
range of liquids used, indicating a superior oleophobic character. In Figure 7e, we show
liquid drops of octane and hexadecane that are deposited onto the spray-coated fabric
resulting in macroscopic contact angles of §; = 108° and 0; = 133°, respectively. By con-
trast, the same sized drop of octane (V ~ 10uL) completely wets the dip-coated fabric E.
The dimensionless spacing ratio of the weave was calculated previously (cf. Table 3) as
D7 = 1.57 £0.27 and is shown as the solid black line in Figure 7c. Using this value of D7,
which characterizes the geometry of the weave, we can perform a regression of the contact
angle data on the spray coated fabric using eq 6a, 6b and 6c to obtain an estimate of the
mean spacing ratio of the spherical beads as D; = 1.49 & 0.23. We also observe that the
transition to the Wenzel state on the spray-coated fabric occurs for n-heptane (;, = 20.1
mN/m; 0 = 62°). This best-fit estimate of D3 approximates the corrugated and polydis-
perse corpuscular beads with varied radii and interparticle spacing (as seen in Figure 7)
as a model system of uniformly-spaced, hexagonally-packed array of spheres. By apply-
ing the simple model presented in the previous section using this value of D3 ~ 1.5, we
obtain an estimate of the maximum feature size that should be able to support a 1 mm lig-
uid drop of n-heptane as Rpin ~ 100um, which is an order of magnitude larger than the
5 — 15 um structures observed in Figure 7b. However, the origin of this discrepancy can
be attributed to the broad distribution of the interparticle spacing in the real spray-coated
fabric, and the metastability of the non-wetting Cassie-Baxter state. Local regions of the
spray-coated fibers containing a low density of corpuscular spheres and large interbead
spacing, act as nucleation sites for the Cassie-Baxter to Wenzel transition. Indeed, by us-
ing a value of R = 10 pum for the corpuscular structures (consistent with SEM images), we
see that the 1 mm drop of n-heptane will locally wet regions where the value of D} 2 4.7
(ie., D3 = R(D; — 1) ~ 37 ym). An example of potential nucleation sites with large in-
terbead spacing can be seen in Figure 7b. Therefore, it is critical to develop processing

techniques which can deposit a uniform and conformal layer of densely packed spherical
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structures with minimal defect sizes. This will help prevent wetting transitions on oleo-
phobic fabric surfaces, and allow for even lower surface tension liquids to be supported
in the non-wetting state. Our simple spray-coating method clearly demonstrates the ben-
efits of introducing a third re-entrant length scale when designing oleophobic fabrics, as
revealed by the ability of the three-scale texture of Fabric E (shown in Fig. 7) to resist

wetting by octane.

Conclusions

In this work, we initially performed a series of contact angle measurements on a set of
nine dip-coated omniphobic!® woven fabrics with varying yarn radius (R;) and half-
spacing (D3) using probe liquids of decreasing surface tensions (from water, y;, = 72.1
mN/m, to heptane, 7;, = 20.1 mN/m). The trends of macroscopic apparent contact
angles and the transition to the fully-wetted Wenzel state are similar across all nine dip-
coated woven fabrics despite the differences in weave construction. Fitting a modified
version of the hierarchical two-level model outlined by Michielsen and Lee (2007) to the
measured contact angle data allows us to obtain a single dimensionless geometrical pa-
rameter (DJ) that characterizes the observed wetting behavior on each woven fabric. This
dimensionless parameter is related to the weave angle of the fabric, and can rationalize
the experimentally measured trends in the apparent contact angles as well as the onset of
a spontaneous wetting transition to the fully-wetted Wenzel state. For the particular case
of tightly bundled fibers in the fabric yarns, our model further predicts the existence of
a critical value of the equilibrium contact angle of 91(;) ~ 57°, below which a liquid drop
will spontaneously transition to the fully wetted Wenzel state by a wicking mechanism.
This is consistent with the observed transition data. We have demonstrated that the in-
troduction of an additional micro/nano-textured length scale on the fibers (n = 3) is nec-

essary to overcome this limit and we have developed a three level hierarchical model to
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rationalize this effect. We have extended previously developed ideas on pressure-driven
Cassie-Baxter to Wenzel transitions in order to provide a framework that guides the selec-
tion of particle size, feature density and surface coating at all three length scales. Finally,
we provide an example of how introducing a spherical microtexture on the individual
fibers using a spray-on technique can be used to extend the range of liquid repellency
for a given fabric. The hierarchical equation set given by eq 6, in conjunction with the
analysis of stability against meniscus depinning and sagging (eq 7-10), can be used to

understand how to maximize the oleophobic character of a woven fabric system.
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Graphical TOC Entry

‘\A Section A-A A
2R, 2D,

Loosely Woven

2Dy 2Ry D3 =(Ro+Ds)/Ry

Tightly Woven

2R, Dy~0 Dy~1

Dy = (Ry+ D1)/Ry = cota

Dj = (Rs + D3)/Ry
Nanostructured Fibers D3 >> 1
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