Materials and Design 187 (2020) 108389

Contents lists available at ScienceDirect

Materials and Design

journal homepage: www.elsevier.com/locate/matdes

How roughness controls the water repellency of woven fabrics ()

Check for
updates

Alain M. Jonas®*, Ronggang Cai?, Romain Vermeyen?, Bernard Nysten?, Myriam Vanneste®,
David De SmetP, Karine Glinel?

aInstitute of Condensed Matter and Nanosciences, Université catholique de Louvain, Louvain-la-Neuve, Belgium
bCentexbel, Zwijnaarde, Belgium

HIGHLIGHTS GRAPHICAL ABSTRACT

e A new mathematical analysis of the - = =
roughness of fabrics is proposed, Fabrics of low 150 Contact angle () Fabrics of high
including application to experimental roughness roughness
profilometry data. 140F & 4

o The model correlates the roughness of o, e ]

i ; 3 suP® et

woven fabrics with their water repel- o
lency when coated by hydrophobic 120 < a1 1 \%
formqlatlons. ) 1 é a 32{5233 1

o Experiments confirm the correlation P ) Y- — model
between fabric roughness and water l¥ilphed 100r-£ £ §Superﬁcially-wet
repellency. 8k i

10 12 14 16 18 20

e The most significant requirements
Measured roughness R,

which coatings need to meet to
improve the water repellency of fab-
rics are identified.

ARTICLE INFO ABSTRACT

Article history: The coming ban on substances of high environmental concern used to provide water repellency to fabrics
Received 15 October 2019 creates new challenges for the textile industry. Here we show that the design of the texture of woven fabrics
Received in revised form 24 November 2019 is an important parameter to play with in order to achieve higher water repellency, which could help relax

Accepted 25 November 2019

- ) the limitations set by more environmentally-friendly coating materials. A mathematical framework is first
Available online 27 November 2019

developed to describe the roughness of woven fabrics and its relationship with water repellency, and metro-
logical aspects of the characterization of the roughness of such fabrics by profilometry are discussed. The

5;3; :’:ﬂ:"brics roughness of eight different fabric surfaces is then characterized, together with their water repellency after
Roughness having been coated by wax-based, silicone-based or perfluorobutyl-based commercial polymer formula-
Water repellency tions. Fabrics of measured roughness lower than a critical value are in a partially-wet state with a substantial
Water roll-off angle pinning of the droplets on their surface and an absence of roll-off whatever the type of hydrophobic coating.
Water contact angle Above this critical value, the fabrics enter the superficially-wet state, in which the contact angle becomes

controlled by the amount of air trapped in the texture. In this regime, the roll-off angle strongly depends on

the wetting hysteresis of the coating material.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction polymer layer. Until recently, polymers with long perfluoroalkyl
chains were used for that purpose, owing to the strong hydrophobic-
Fabrics designed for outdoor use need to be water-repellent, ity of perfluoroalkanes; additionally, the good oleophobicity of these

which is typically achieved by coating them with a thin hydrophobic ~ compounds also results in anti-soiling/anti-staining properties [1].
However, the environmental persistence of bio-accumulative long
perfluoroalkyl chains [2] has led to stringent regulatory restrictions

* Corresponding author. on their use [3,4]; similar banning measures are also anticipated for
E-mail address: alain.jonas@uclouvain.be (A.M. Jonas). shorter perfluoroalkyl chains [5]. As a consequence, textile producers
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are switching to other types of hydrophobic coatings, based on sil-
icone rubber or alkyl chains (waxes), often with a moderate loss of
properties.

However, the water repellency of a fabric does not only depend
on the chemical composition of its outer surface, but also on its tex-
ture which controls its roughness and the amount of air trapped in
the fabric when in contact with water. Fabrics are inherently rough
due to the weave pattern of the yarns and the packing of textile
fibers in the yarns. It might thus reasonably be assumed that proper
weaving strategies, associated to a proper selection of yarns, might
also significantly contribute to the improvement of water repellency.
This however requires to develop a deep understanding of the link
between fabric texture and water repellency, which is the aim of this
article. Although many excellent previous studies exist on the wet-
ting of rough surfaces [6-18], theoretical studies on common woven
fabrics are scarcer [13,15,19,20,21], even though they are important
daily-life materials facing critical environmental challenges.

By varying the distance between the filaments in the yarns and
their diameter, or by nanostructuring the fiber surfaces, extremely
efficient superomniphobic surfaces could be obtained, as recently
reviewed [22]; geometric considerations based either on mesh mod-
els [13,15,20] or on the recursiveness of hierarchical fabric struc-
tures [21] were able to predict wetting by a range of fluids. How-
ever, these studies rest on simplified models of fabric texture, and
invariably use fluorinated compounds as fabric coatings, which does
unfortunately not comply with coming environmental regulations.

Here we show that the water repellency of woven fabrics can be
parametrized by their experimentally-measured roughness, and we
provide a series of mathematical tools for the prediction of wetting
properties from measured maps of the local roughness of fabrics.
Water repellency is characterized by the contact angle of a water
droplet on the fabric, 6, and its roll-off angle, 6,. Six polyester fabrics
are studied, displaying plain weave patterns with identical bottom
and top sides, together with one fabric with a twill weave and there-
fore two different sides, resulting in eight different fabric surfaces
(Fig. 1 and Table S1 in the Supplementary Information). These fabrics
are coated either by a perfluorobutyl modified-polyurethane aque-
ous formulation, by a silicone rubber aqueous suspension, or by a
wax/melamine resin aqueous dispersion (Table 1).

The focus of the work is on providing a mathematical analysis and
experimental characterization of the roughness of woven fabrics, and
on elucidating the basic relationships between measured roughness
and water repellency depending on the type of coating, for the case
of woven fabrics. Chemical compositions of the coating formulations
and weaving processes are therefore secondary in the analysis. The
reader is provided with new mathematical and experimental tools
to analyze the roughness of woven fabrics; additionally, water repel-
lency is demonstrated to strongly depend on the proper choice of
fabric microstructure.

2. Methods
2.1. Materials and coating deposition

The fabric samples were polyester fabrics provided by textile
manufacturers. The commercial coating materials were obtained
from the companies mentioned in Table 1. The PDMS formulation is
a finely-dispersed water-based silicone emulsion containing 17 wt.
% percent of solid. The size of the particles in this suspension is in
the nanometer range. The C4F formulation is a water-based emul-
sion containing a fluoropolymer (polyurethane grafted with perfluo-
robutyl chains) containing 30 wt. % of solid. The wax formulation is
a dispersion of paraffin oils and a fat-modified melamine resin. The
coating procedure was the same for each type of formulation and
sample, except for flat samples which were obtained by spin-coating
on silicon wafers. The as-obtained PDMS and C4F suspensions were

diluted with Milli-Q water (resistivity 18.2 MQ-cm, obtained from
a Merck Millipore system), to reach a final concentration of 1.5 wt.
% solid; the as-received wax formulation was diluted by a factor of
12.5. The fabrics were dip-coated for 3 min in these diluted suspen-
sions, and annealed for 2 min at 150°C on a hot plate to dry them and
crosslink the polymer of the coating.

To obtain flat samples by spin-coating on silicon wafers, an undi-
luted PDMS commercial formulation was used, while the two other
commercial formulations were diluted by a factor of 2. Spin-coating
was performed at 3000 rpm for 30s, followed by 2 min annealing at
150°C.

2.2. Profilometry measurements

Profilometry was performed with a DektakXT (Bruker), using a
stylus with a tip of 0.7 um curvature radius scanned at a rate of
286 um/s with an applied force of 1 mg, with a sampling resolu-
tion of 2 um in the x-direction and of 0.951 um in the y-direction.
These parameters correspond to our standard conditions leading to
the measured roughness & ,; other scanning conditions were some-
times used as mentioned in the text. Each line scan was started from
the same reference height obtained by sticking a smooth tape on
the fabric, scans being performed in the ‘ valley mode’. The image
size was 1x2 mm?; after discarding the points corresponding to the
reference tape, a typical useful image size is 1x 1.5 mm?,

2.3. AFM measurements

Atomic Force Microscopy (AFM) was performed with an ICON
Dimension (Bruker). A silicon probe from Nanosensors was used
(force constant ~40 N/m, apex radius of curvature < 7 nm). Images
were acquired in tapping mode at 1Hz over regions of 3x3 yum?.

2.4. Contact and roll-off angle measurements

These measurements were performed on an OCA 20 goniometer
from Dataphysics with water droplets of 10 uL volume. Contact angle
measurements were performed at four randomly-selected positions,
and the average value and standard error computed. Due to the
fact that the fabric is inherently non-smooth, there is some uncer-
tainty in the definition of the limiting lines representing the ideal
interface between the fabric and the testing liquid. Roll-off angle
measurements were performed by depositing the water droplet on
the horizontal fabric, followed by progressive tilting until the droplet
rolls-off. For the measurement of advancing and receding contact
angles on flat samples, an initial water droplet of 5uL volume was
dispensed onto the surface with the needle positioned inside the
droplet. Then, 2.5uL of water was progressively added until the
contact angle reached a constant value which was recorded as the
advancing contact angle. Then, 2.5uL of water was progressively
removed until the contact angle reached another constant value
noted as the receding contact angle.

2.5. Mathematical treatment of the images

All operations were performed with home-written routines
developed in Wavemetrics Igor Pro. The profilometry images h(x,y)
were made horizontal by subtraction of a tilted plane. The local
roughness p(x,y) was obtained by numerical differentiation and Eq.
(11); points for which |0h/dx| or |0h/dy| > 6 were discarded since
they correspond to glitches. The roughness is the average of p on
the image. The correlation functions were computed by Fourier-
transforming the images and back Fourier-transforming the square
of the magnitude of the Fourier transforms. AFM images were treated
similarly, except for a flattening operation with a bidimensional
polynomial function to remove the curvature due to the fibers.
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Fig. 1. Profilometry topography images of the fabrics used in this study, with sample numbering. Sample 7 is a twill weave with consequently two different sides noted A and B.

3. Results and discussion
3.1. Roughness of a hydrophobic woven fabric: theoretical aspects

3.1.1. Wetting states and contact angle equations

When in contact with water, a hydrophobic fabric may be in one
of an ensemble of partially-impregnated states, in which water par-
tially penetrates the top of the fabric (Fig. 2a); or in the superficially-
wet state, in which water only rests over a limited fraction of the
hemicylindrical upper part of the top textile fibers (Fig. 2b). For pro-
tection against water, the superficially-wet state is desired. Fabrics
of very low roughness tend to be in a partially-impregnated state
whereas, for higher roughness, trapping of air in the topmost cavities
of the fabric leads to the superficially-wet state.

At the droplet scale, the macroscopic contact angle of a water
droplet on the fabric, 6, is determined by an equilibrium of forces
at the vicinity of the triple line, over a peripheral ring of vanishing
width € and area A = 2mRe where R is the radius of the con-
tact patch (inset of Fig. 2). At the fiber scale, the Young-Dupré's
equation applies, with the water/air interface making a local contact
angle 6y with the tangent to the fiber at the triple line (Fig. 2). Of
note, the Young-Dupré’s equation is only valid for smooth, isotropic
and homogeneous solids inert to the probe fluid [24], which is the

case here at the sub-fiber scale; it also supposes thermodynamic
equilibrium.

Due to the roughness, the area A. of the composite interface (red
lines in Fig. 2) is larger than the projected area A of the peripheral
ring by a factor thereafter called the composite roughness®.:

Ry (1

The composite interface comprises wetted fibers and air, with the
surface fraction of wet solid being ¢. The effective area of wet solid
is thus ¢A. and the one of water/air contact is (1 — ¢)Ac. With these
definitions, it is demonstrated in Section 1 of the Supplementary
Information, using an argument inspired from previous work [12],
that:

c0sf = R (dcosbp — (1 —¢)). (2)

This equation is valid for any partially-impregnated state and the
superficially-wet state. However, it is more convenient and consis-
tent with usual conventions to write this equation differently for
the case of the superficially-wet state, when the liquid does not

Table 1
Characteristics of the hydrophobic coatings used to modify the fabrics.
Coating type Commercial name Short name o(a,b) OE,‘;C) Og’r'd’ u@ u
) ) ) (N/m) (N/m)
Wax-modified melamin resin Schoeller Protec FF wax 110 110 91 0.024 0.043
Silicone rubber Wacker® HC303 PDMS 111 108 85 0.029 0.065
Perfluorobutyl-modified polyurethane 3M™ PM900 C4F 110 116 42 0.086 0.090

(a) Standard error on contact angles is ca. 1°;

(b) Contact angle measured over a flat spincoated film;

(c) Advancing angle measured over a flat spincoated film;

(d) Receding contact angle measured over a flat spincoated film;

(e) Pinning parameter computed from Eq. (7) using y = 72.86 x 10~3 J/m? [23].
(f) Pinning parameter computed from the fits of the contact and roll-off angles.
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Fig.2. Schematic transverse cuts of a woven fabric made of hydrophobic cylindrical fibers (a) in one among many possible partially-impregnated states and (b) in the superficially-
wet state, with 6§y > m/2 the contact angle of water over a flat surface of identical chemical composition. The inset is the geometry of the macroscopic droplet, showing the
macroscopic contact angle 6 and the peripheral ring of projected area A = 2nRe. The thick red lines in panels a and b are the composite interfaces, of developed area Ac = RcA;
the wet fraction of the composite interface is ¢ (green line in panel a). In the case of the superficially-wet state (panel b), it is more convenient to define the projected fraction of

wet solid ¢,, (grey lines) and the roughness of this fraction &, (brown line).

penetrate the cavities present at the top surface of the fabric. The
projected fraction of wet solid, ¢,,, is defined as the ratio between the
projected area of wet solid at the composite interface and the total
projected area, A (Fig. 2b). The wet roughness®R,, is defined as the
ratio of the actual area of the wet solid relative to its projected area.
It can be shown that:

_ Rw
b= {Rcd)w and

Re = Rwdw + 1 — dy(superficially-wet state); (3)
therefore, Eq. (2) becomes:
€050 = Rydw 050y — (1 — dw), (4)

which is the well-known Cassie-Baxter equation including a correc-
tion factor R, for the roughness of the solid/water interface [16].
One should not confuse ¢ and ¢, which are defined by the real
and projected areas of the wet fraction of the composite interface,
respectively. Likewise, R is very different from R, as shown in
Fig. 2.

3.1.2. Equation for the water roll-off angle

Consider now a droplet resting over an initially-horizontal fab-
ric, which is progressively tilted away from horizontality. At some
roll-off angle 6;,, the droplet will start moving over the fabric. For
droplets of circular contact patch moving on flat surfaces, it was
demonstrated that [25,26]:

mygV sin 6, = 2Ry(cos Og; — oS Opq), (5)

in which g is the acceleration due to gravity, my the mass per unit
volume of water, V the volume of the droplet, y the surface tension

of water, and 6y, and 6y, the receding and advancing contact angles
of water on the flat surface, respectively. This equation equates the
gravitational pull and the friction force experienced by the droplet
just when it starts moving. In agreement with a suggestion by
Varanasi et al. [27], this equation can be adapted to the case of
a rough surface by taking into account the fraction of water/solid
contact interface, which modulates the friction force:

mygV sin O, = 2RPRy(cos O — oS Ogg). (6)

For the specific case of the superficially-wet state, one can replace
dR: by Rwdyw according to Eq. (3). Defining a pinning parameter p
(N/m) by!:

1 = "y(cos O, — cos by ), (7)
Eq. (5) transforms into:
mygV sin b, = 2RPR U, (8)

from which the radius R of the contact patch can be eliminated since,
for a spherical cap, it is related to the contact angle 6 by [11]:

R = sin6 ( v )§ (9)
- (2 —3cosh + cos36) ) °

1 The definition of the pinning parameter by Varanasi et al. differs from ours by a
factor 1/2; additionally, the r.h.s. of their equivalent to Eq. (6) is a factor of m/2 larger
than in the present work, due to a different evaluation of the work done by the moving
droplet.
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The pinning parameter of water on the material of the fabric encap-
sulates the dynamical aspects of the water/solid interaction on a flat
surface; it is associated to reorganization of the water/solid interface
upon wetting and dewetting.

3.1.3. Ideal experimental roughness

Take a fabric lying flat in the horizontal (x,y) plane. Define the
local variable h(x,y) as the height of the top external surface of
the fabric, that would be measured when scanned by an infinitely-
sharp tip of zero radius of curvature. This ideal tip cannot probe
regions below overhangs; in particular, for a fabric made of cylindri-
cal fibers, it cannot obtain information on the bottom hemicylindrical
part of the fibers. This definition is thus most suited to fabrics in
the superficially-wet state, in which water does not probe the lower
hemicylindrical part of the fibers (Fig. 2b). Note that this definition of
h(x,y) would also be convenient for any non-reentrant surface coated
by a hydrophobic layer.

When the ideal tip is scanned over a surface A of the horizontal
plane, the effectively-probed area, A-, is larger than the projected
area, A, by a factor ®4 > 1 thereafter called the ideal roughness
measured over A. It is well-known that [28]:

LA 1 dh
‘RA—A—AN”(ax)

It is convenient to define the function p(x, y), hereafter called the local
roughness of the fabric:

p(x,y)é\/l +(%)2+(%)2: (11)

with this definition, the ideal roughness measured over A (Eq. (10))
is simply the average of the local roughness over A:

2 2
dh
+ (873/) dx dy. (10)

Ra = (P)a- (12)

3.1.4. Distribution of ideal roughness and minimal image size for
roughness measurement

When the ideal roughness is measured over an ensemble of
regions of identical area A, different values of roughness &, will gen-
erally be obtained. Due to the linearity of the averaging operation, the
average of these values is (Section 2, Supplementary Information):

(Ra) = R, (13)

in which

R £ lim 1 (x,y) dx d (14)
= m px,y y

is the ideal roughness measured over an infinitely-large fabric sam-
ple, thereafter called total ideal roughness. Consequently, the average
contact angle does not depend on the size of the probing droplet
either, provided enough droplets are measured.

It is also possible to compute the variance U} of the distribu-
tion of ideal roughness when measured over domains of area A. As
demonstrated in Section 2 of the Supplementary Information,

o} = /@z(x,y).yi(x,y) dx dy — R?, (15)

in which

G,(x,y) £ lim 1 p(u+x,v+y)p(u,v)du dv (16)
S—00 D J(uv)es

is the (bidimensional) auto-correlation function of the local rough-
ness and «(x,y) is proportional to the auto-correlation of the shape
of the domains. Egs. (13) and (15) are general and not limited to the
case of fabrics.

For square domains of lateral side a, Eq. (15) becomes:

a
/ u(x,y) €(x,y) dy dx — R2, (17)
x=0y=-a

with u(x,y) = (1 — x/a)(1 — |y|/a). This equation is useful to deter-
mine the minimal image size from which ®4 will be close to the
large-scale value R (i.e., the total ideal roughness). Indeed, @,(x,y) is
a globally-decreasing function of (x,y), starting at ,(0,0) = (p?) and
tending towards (p)2 when either x or y — oo; therefore, Uj is also a
globally-decreasing function of a, with

limo? = (p?)
a—0

—(p?and lim 02 = 0. (18)
a—oo

To obtain a value of roughness close to the total ideal roughness, the

image size should be selected to ensure that U} be close to zero.

3.1.5. Relationship between total ideal roughness, and wet or
composite roughnesses

The total ideal roughness & is not identical to the roughness
effectively probed by a droplet of water as depicted in Fig. 2. Indeed,
in the superficially-wet state (Fig. 2b), only a fraction of & con-
tributes to the wet roughness ®,; whereas in partially-impregnated
states (Fig. 2a), the composite roughness &®. may be much larger
than R. More precisely, it is shown in Section 3 of the Supplementary
information that, in the superficially-wet state, the wet roughness
tends to a constant value independent of the actual roughness of the
fabric:

_000 (superficially-wet state); (19)

sin 6y

for a contact angle 6, = 110° as in the present study, Ry — 1.3.

It is not possible to derive a similarly-general equation for the
case of a partially-impregnated state. However, one can generally
write that:

R = F(R, 0p), (20)

in which F is an unknown function. As will be shown later, the
partially-impregnated state only exists for relatively low values of
total ideal roughness (R <~ 1.2). Therefore, Eq. (20) can be devel-
oped to first order around ® = 1, leading to:

Re ~ 1+ ag, (R — 1) (partially-impregnated state), (21)

in which ag, only depends on 6y; for the coatings of the present study
which have almost the same 6y value, ag, is a constant. Likewise,
since ¢ — 1 for a partially-impregnated state,

¢~ 1+ by, (R — 1) (partially-impregnated state). (22)

However, one should be aware that different partially-impregnated
states will have different values of ag, and by,.

3.1.6. Minimal droplet size for contact angle measurements

Eq. (15) can also be used to determine the minimal droplet size
above which a single measurement of the contact angle will converge
towards its large-scale value. As mentioned before, for a droplet of
circular symmetry with a triple line of radius R, the relevant area
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of contact at the vicinity of the triple line is a ring of central radius
R and of vanishing width e. Importantly, the relevant roughness is
not measured over the area of the disk enclosed by the triple line,
as sometimes erroneously thought; indeed, the equilibrium shape
of a droplet does not depend on the nature of the surface away
from the triple line. In this case, as demonstrated in Section 2 of the
Supplementary Information,

/2
OF 2 OF_onpess) = % / € (2Rsin6) do — K2, (23)
0

in which the one-dimensional radial correlation function € is defined
as the circular average of the correlation function @;:

2
C(r) & 2171/@2 (rcoso,rsinw) do, (24)
0

where (1, ) designate polar coordinates. Although the droplet shape
is determined by the wet or composite roughness and not the total
ideal roughness, Eq. (23) can still be applied because the lateral cor-
relation functions of these differently-defined roughnesses should be
similar.

3.1.7. Fraction of wet fabric in the superficially-wet state

In the superficially-wet state, the relevant roughness appearing
in the wetting Eq. (4) is the roughness &R, measured over the wet
part of the fabric on the peripheral ring of the droplet. It is possible
to have access from maps of the local roughness p(x,y) to estimates
of & and of the projected fraction of wet solid ¢,, for a given fabric
in the superficially-wet state. As demonstrated in Section 3 of the
Supplementary Information, an estimate for the projected fraction
of wet solid is the fraction of the fabric for which the following two
conditions are simultaneously met:

1
px,y) < ~os0y and H(x,y) <0, (25)

in which H(x,y) is the local mean curvature of the surface. These con-
ditions were obtained for fabrics made of cylindrical fibers, but are
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similar to conditions proposed for more general cases [11,12]. Impor-
tantly, these conditions define the wet regions in the superficially-
wet state only; they do not apply to the partially-impregnated states
given the way h(x,y) is defined.

The wet roughness R,y in this state is the roughness measured
only over the wet regions respecting conditions (25). It can be
directly measured on maps of p(x,y), and should converge towards
the constant value given by Eq. (19).

3.1.8. Roughness due to the fiber packing in the yarns, Ry, and due to
the weave pattern of the yarns, R,

It is interesting to identify which one among either the weave
pattern of the yarns, or the fiber packing in the yarns, is the
stronger contributor to the roughness. Section 4 of the Supplemen-
tary Information shows how height images can be separated in two
component images:

h(x,y) = hy(x,y) + hw(x,y), (26)

in which hy(x,y) mainly contains the fluctuations of height arising
from the packing of the fibers in the yarns, and hy(x,y) the fluc-
tuations of height resulting from the weave pattern of the yarns.
An example of decomposition is given in Fig. 3 for sample 7A. The
decomposition procedure involves low-pass filtering of the image to
extract the weave pattern only.

It is demonstrated in Section 4 of the Supplementary Information
that

R~ Ry + R — 1, (27)

which indicates that the roughness of the fabric is related to the
sum of the roughnesses of the fiber packing in the yarns and of the
weave pattern of the yarns. The approximation is only valid when the
roughness of the weave pattern is small enough; however, it applies
to other types of surfaces than fabrics, when one component of the
roughness is a small contributor to the total roughness.

3.2. Roughness of a fabric: metrological aspects

Height images can be obtained by profilometry and atomic force
microscopy (AFM). Whereas the former permits scanning large areas,
its lateral resolution is typically limited to ca. 1 um. In contrast, AFM
provides access to images of increased lateral resolution, in the nm
scale, but is limited to small fields of view. Profilometers can typically

um

40

O+—T—T 71T 1 T

0 200 400 600 8001000 O 200 400 600 8001000 O 200 400 600 8001000

pm pm

pm

Fig. 3. Decomposition of the height profile h(x, y) into a height fluctuation due to the packing of the fibers in the yarns, hy(x,y), and a height fluctuation due to the weave pattern
of the yarns, hy(x,y). The decomposition was performed for sample 7A using the methodology described in Section 4 of the Supplementary Information, using a Gaussian low

pass filter of 25 um standard deviation.
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be based on optical measurements, or monitor the vertical displace-
ment of a stylus scanned over the surface (as in AFM). Attempts
performed with optical profilometers proved to be disappointing,
due to strong pixel-to-pixel shot noise requiring strong smoothing
before differentiation to obtain the local roughness by Eq. (11). In
contrast, stylus profilometry was much more effective in obtaining
noise-free images, provided each successive line scan started from
a flat reference surface (see Experimental Section for details). The
few remaining glitches due to loose loops or dangling fibers were
generally limited in number and therefore did not influence the aver-
age of the local roughness. Repeated measurements performed on
the same sample at the same location indicated the roughness to be
repeatable within ca. 0.01. However, differences are larger for mea-
surements performed at different locations of the same fabric (ca.
0.1), due to the intrinsic variability of the fabrics; this is especially
true for rougher samples exhibiting loose loops and dangling fibers,
such as samples 5-7.

Both stylus profilometry and AFM provide images that have sys-
tematic errors due to finite sampling and dilation by the tip shape,
and dynamic effects due to the limitations of the feedback loop which
controls the vertical motion of the tip. As a result, these techniques
only provide an approximation hy(x, y) of the ideal image h(x, y), giv-
ing rise to a measured roughnessRy, which is generally lower than
the ideal roughness R.

3.2.1. Rate effects in stylus profilometry

The scanning speed of the stylus determines the sampling reso-
lution as well as the capability of the feedback loop to follow rapid
variations of height. Fig. S4 of the Supplementary Information dis-
plays a set of images obtained at different scanning speeds for fabric
sample 7A, showing that the details of the fibers scanned perpen-
dicularly by the tip become sharper at lower speeds. The measured
roughness is plotted versus scanning speed in Fig. 4 for three repre-
sentative fabrics of this study; the increase of measured roughness
as speed decreases is obvious.

These data can be extrapolated towards zero scanning rate to
obtain the zero-rate roughness ;. Measurements at small scan-
ning rates are however impractical because they require extremely
long acquisition times (more than 15 h for the slowest scan rate of
this study), which results in drifts. Therefore, the measurements have
generally been performed at the more practical scanning rate of ca.
286 um/s, corresponding to an acquisition time of ca. 1h per image;
this is the case, e.g., for the images of Fig. 1. The roughness obtained
at this standard rate, &;,, allows us to compare and sort samples by
increasing roughness. When more absolute values of roughness are
needed, the data of Fig. 4 indicate that:

R -1~ 1.7(RS, - 1). (28)

For practicality, in the sequel the roughness measured at the stan-
dard rate will be simply designated as R, instead as R3,.

3.2.2. Limited lateral resolution of stylus profilometry

Additionally, the tip of the stylus of the profilometer has a finite
radius of curvature (0.7 um in this work), which prevents to obtain
information on protuberances and cavities smaller than ca. 1um.
Therefore, complementary atomic force microscopy (AFM) images
were obtained over small 3 x 3 um? regions, significantly smaller
than the fiber diameter of the fabrics. After polynomial flattening to
remove the deformation due to fiber curvature, the measured AFM
roughness R py can be computed. If the nanometer-scale roughness
of the fiber surface is statistically independent from the micrometer-
scale roughness created by the fibers of the fabric:

Rm = RarMRprof (29)

2.2 : :

2.0

1.8

1.6

1.4

Measured roughness

1.2 -

1.0 | | |
0 100 200 300

Stylus scanning speed (um/s)

Fig. 4. Variation of the roughness measured by stylus profilometry depending on the
scanning rate of the stylus for, from bottom to top, fabric samples 2, 4 and 7A. The
continuous curves are polynomial fits.

in which ®p,,s is the roughness from the profilometry images.
In this study, ®apm was always close to 1 (within 1%), indicat-
ing that, for all the fabrics of this study, be them coated or not,
the nanoscale roughness is entirely negligible (results not shown).
Therefore, profilometry images contain all the relevant information.

3.3. Experimental measurements on non-coated fabrics

The profilometry images h(x,y) of the eight fabric surfaces
obtained at the standard scanning rate are displayed in Fig. 1. Some
fabrics exhibit the presence of loose or dangling fibers, which were
sometimes not imaged properly by the stylus of the profilometer
(e.g., for sample 6); however, the affected pixels were limited in num-
ber and could be removed from further computations. The diameter
of the textile fibers is between 10 and 25 um and is sometimes differ-
ent for warp and weft yarns; the dimensions of the smallest unit cell
of the weave patterns are comprised between 0.3 and 0.8 mm (Table
S1).

Maps of the local roughness p(x,y) were then computed from the
height images using Eq. (11) (Fig. 5), from which the fabric roughness
measured at the standard rate, &, was obtained by Eq. (12). The
measured roughness ranges from 1.19 to 1.77 (Table S1), confirming
that the weave pattern and yarn type may indeed result in signif-
icantly different values of roughness. The maps of local roughness
clearly show that the edge of fibers and yarns, as well as dangling
fibers, dominantly contribute to the roughness, which is expected
since the local roughness depends on the spatial derivatives of h
which are higher close to edges.

3.3.1. Roughness from fiber-in-yarn packing and from weave pattern
The images of all non-coated fabric samples were decomposed in
two contributions according to Eq. (26), providing access to the mea-
sured roughness arising from the fiber packing in the yarns, &, and
from the weave pattern of the yarns, &,. The results are displayed
in Fig. 6, showing that the contribution from the weave pattern is
much smaller than the one from the fiber packing in the yarns. This is
because the lateral scale of the fluctuations of height is much larger
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Fig. 5. Maps of the local roughness p(x,y) (Eq. (11)) for the eight fabric surfaces of this study, computed from the stylus profilometry images of Fig. 1.

for the weave pattern, resulting in smaller spatial derivatives of hy,
compared to hy. The open circles in Fig. 6 also show that, for all the
samples of this study,

R~ Ry + R — 1, (30)

an approximation demonstrated in Section 4 of the Supplementary
Information.

3.3.2. Minimal size for meaningful measurements

Given the hierarchical lateral texture of a fabric surface, the ques-
tion arises as to what is the size from which the measured roughness
converges towards a constant value. A related question is the size
from which a droplet feels a constant roughness. As explained in the
theoretical section, these questions can be answered by computing
the correlation functions of the local roughness, from which the vari-
ances of the distribution of roughness measured either over square
images of lateral size a (oj) or by droplets of contact radius R (0,%)
can be obtained by Egs. (17) and (23), respectively.

The correlation functions for all non-coated fabrics are displayed
in section 6 of the Supplementary Information; they exhibit a strong
central peak resulting from fiber-to-fiber correlation, which vanishes
over 200 um, with weaker peaks in the 200-800 um range arising
from yarn-to-yarn correlation. The variances 07 and 02 computed
from these correlation functions are displayed in Fig. S6; the vari-
ance decreases more or less rapidly with size depending on sample,
rougher samples generally needing larger sizes to reach a constant
variance. For image sizes a >~ 600 um or droplets of radius R >~
300 um, the variances are close to constant; these limits essentially
correspond to the size of the unit cells of the fabrics (Table S1). The
profilometry images of Fig. 1 are therefore large enough to obtain
the total roughness . This also proves that droplets of radius above
ca. 300 um (volume larger than ca. 120 nL) are already large enough
to provide an accurate average of surface properties. Conversely,
smaller droplets may feel widely different surface properties, and
therefore should exhibit a range of contact angles - this might be

important when comparing the behavior of a fabric in a drizzle or a
normal rain.

3.4. Wetting properties of coated fabrics

The static, advancing and receding contact angles of the three
types of commercial coatings were measured over flat thin films
obtained by spincoating the formulations on silicon wafers, followed
by drying/curing for 2 min at 150°C. The roughness of these samples
was measured by AFM and found to be 1.00 (images not shown).
The three coatings have identical values of static contact angle
(110-111°) but their advancing and receding contact angles differ
substantially, leading to strongly different values of pinning param-
eter i as well (Table 1). Scanning electron microscopy (SEM) images
(Fig. S7) indicated the wax- and PDMS-based films to be featureless,
except for adventitious contamination by dirt or rare scratches. The
perfluorobutyl-based films however showed the presence of a few
but regularly-present height heterogeneities; these were not numer-
ous enough to affect in a significant way the profilometry or AFM
roughness, but might contribute to contact angle hysteresis as well.

The fabrics were then coated with the three different hydropho-
bic formulations, by dip-coating them in aqueous suspensions and
drying/curing them at 150°C. The roughness was measured again by
profilometry and was generally marginally different from the value
measured on the bare fabrics, except for a few samples (Table S1). As
mentioned above, the AFM-scale roughness was not changed by the
coating process and remained very close to 1 for all samples (results
not shown).

The water contact 6 and roll-off 6, angles were then measured
(symbols in Fig. 7a and b), and Eqgs. (2)/(4) and (8) were simulta-
neously fit to the contact and roll-off angle data, respectively. The
model was parametrized by the measured roughness &, and was
based on the assumption that, below a critical value of measured
roughness R}, the samples are in a partially-impregnated state,
while they enter the superficially-wet state above &;,. The equations
were simultaneously fit to the data obtained for the three types of
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coatings, assuming a single value for 6y and the same dependence of
R, Rw, ¢ and ¢, with Ry, for the three coatings, in agreement with
the observation that the contact angles of all coated fabric samples
fall on a single curve (Fig. 7a).

In the partially-impregnated state, the contact angle was
described by Eq. (2), in which the fraction of wet material at the
composite interface is:

¢ =1-pi1(Rm —1), (31)
while the roughness of the composite interface is:
Re =1+ pa(Rm - 1), (32)

with p; and p, two fit parameters. These expressions are direct
consequences of Eqs. (21), (22) and (28).

In the superficially-wet state, the contact angle was described by
Eq. (4), in which the projected fraction of wet material is:

bw = p3 — P4(Rm — Ry (33)
while the roughness of the wet interface is:
Rw = Ps, (34)

with again ps3, p4 and ps three fit parameters. Eq. (34) is a direct
consequence of Eq. (19); as for the roughness-dependence of ¢,,
(Eq. (33)), it is based on a prior evaluation of ¢,, for all fabrics
using the conditions (25) (see below). The critical value &R}, is found
by requesting cos6 to be equal for the two states at R}, [9]. The
pinning parameters of each type of coating are three additional fit
parameters.

The fits (continuous lines in Fig. 7a and b) represent properly
the data with 6,=110°, p; = -0.072, p, = 4.16, p3 = 0.593,
ps = —0.307,ps = 1.36, tlyy,x = 0.043 N/m, tppys = 0.065 N/m
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Fig. 6. Roughness from the fiber packing in the yarns, &y (full circles), and from the
weave pattern of the yarns, Ry (full squares), plotted versus the measured roughness
of the profilometry images for all non-coated samples. The weave pattern of the yarns
contributes much less to the total fabric roughness. The open circles show that the
total roughness is well approximated by Ry + Rw — 1.

and p4r = 0.090 N/m; the agreement is lesser for the roll-off angles
due to the larger scatter in the data, indicating that other, secondary
factors may also play a role in the rolling-off of water. The critical
measured roughness &R, is 1.22 (in our standard acquisition condi-
tions); only sample 1 falls below this threshold (Table S1), all other
fabrics thus being in the superficially-wet state.

The value found for 6y (110°) is remarkably close to the experi-
mental values measured on flat samples of the three coatings spin-
coated over a silicon wafer (110-111°). In contrast, the fitted pinning
parameters u are higher than the values obtained from the direct
measurement of advancing and receding contact angles on flat sur-
faces (Table 1), but can be sorted in the same order, with the friction
force being lower on the wax-based coating, followed by the silicone-
based coating, then by the perfluorobutyl-based coating (Table 1). In
this work, receding and advancing contact angles were measured by
adding and removing water from a static droplet, which consider-
ably differs from the configuration of a rolling droplet; furthermore,
additional dynamical factors may also be important to explain the
differences between the fitted and measured values of p. Finally,
one cannot exclude small differences of chemical composition of
the external surface of the coatings for spincoated flat films and
dip-coated fabrics.

The composite roughness & in the partially-impregnated state
and the wet roughness R, in the superficially-wet state are shown in
Fig. 7c. The composite roughness in the partially-impregnated state
is substantially larger than the measured roughness, as expected
since the profilometer only scans the top roughness of the sam-
ple whereas water penetrates deeper in the fabric (Fig. 2a); the
wet roughness in the superficially-wet state is 1.36, close to the
1.3 predicted by Eq. (19) when 69 = 110°. The fractions of wet
solid are shown by the continuous lines in Fig. 7d. As expected, ¢
remains close to 1 in the partially-impregnated state, only slightly
decreasing with measured roughness. Above the critical roughness,
in the superficially-wet state, the projected fraction of wet solid ¢,,
decreases faster with roughness. This decrease is actually the main
cause for the small increase of the contact angle with roughness in
this state.

The projected fraction of wet solid in the superficially-wet state
was also directly computed from the profilometry images using con-
ditions (25), assuming either 6p = 110° or 6y = 120° (crosses
and circles in Fig. 7d, respectively). The values from the fit to the
wetting data (continuous line) are very close to the values directly
obtained from the profilometry images when 6, = 120°; this slight
discrepancy compared to the fitted value of 6y (110°) results from
the blurring of the details of the image by the profilometer tip, which
slightly decreases the slopes of the height profiles. Nevertheless,
the good agreement between results obtained independently by the
two techniques (wetting data versus profilometry) provides a strong
support to the present analysis which is close to quantitative.

4. Conclusions

The previous sections provide a consistent set of theoretical and
experimental tools, which can be quantitatively applied to woven
fabrics coated by hydrophobic formulations. The measurement of
maps of roughness by profilometry allows us to sort fabrics and iden-
tify the ones which are most likely to exhibit high contact angles
and low roll-off angles. These maps also give access to the projected
fraction of wet fabric when in the superficially-wet state, and to the
minimal image and droplet size from which measurements become
independent of size. The maps can be separated into two compo-
nents, arising from the weave pattern of the yarns, and from the
packing of the fibers in yarns. It appears that the packing of the
fibers in the yarns dominates by far the roughness of the samples. If
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or 120° (circles).

the roughness needs to be increased, one should thus play with the
packing of the fibers in the yarns rather than with the weave pattern.

Fabrics of measured roughness lower than a critical measured
roughness R}, (1.22 for our standard conditions) are in a partially-
impregnated state with a substantial pinning of the droplets on the
surface and an absence of roll-off whatever the type of coating. Above
this critical value, the fabrics enter the superficially-wet state, in
which the water repellency becomes controlled by the amount of
air trapped in the texture while the wet roughness remains con-
stant. As the amount of trapped air increases in proportion to the
measured roughness, rougher fabrics exhibit slightly higher water
contact angles. Another factor which controls the amount of trapped
air is the surface energy of the coating, or more precisely 6y: as Eq.
(25) shows, ¢, decreases for more hydrophobic coatings (higher 6y),
leading to higher contact angles as per Eq. (4).

However, being in the superficially-wet state is not by itself suf-
ficient to ensure roll-off; the key control parameter for this property
is the pinning parameter u, which is not a trivial parameter. There

has been a large body of work done on advancing and receding con-
tact angles [29,30], which are related to the pinning parameter by Eq.
(8); however, a comprehensive quantitative molecular model of u is
still to be developed [30,24]. Added to this is the fact that other, sec-
ondary parameters may also play a role in the roll-off; the role of a
few protruding fibers which could act as pinning sites for a droplet is
a particularly probable one. It would thus be erroneous to conclude
from the present study that more fluffy fabrics would necessarily
lead to smaller roll-off angles. Whereas fluffiness goes on a par with
air trapping, it is likely that it would also increase pinning. This
aspect was not studied here, and would be worthy of further investi-
gation. Likewise, correlating fabric texture with water repellency for
impacting droplet conditions is another topic for future research.
These results nevertheless suggest ways to improve water repel-
lency. Increasing the roughness further might be done by nanostruc-
turing the fibers (Eq. (29)), e.g., by adding nanoparticles to the coating
formulations as done previously [31]; or by modifying the pack-
ing of fibers in yarns using specific spinning procedures. Developing
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coatings of lower pinning parameter is certainly another promising
route to follow, since results show that coatings of similar contact
angle behave very differently with respect to water pinning, the flu-
orinated coating being worse than the silicone-based one, which is
itself inferior to the wax-based one. In this respect, it is interesting to
note that the two coatings of lower resistance to pinning are the ones
for which environmental concerns are being voiced. The expected
coming ban on short chain perfluoroalkanes [5] and the severe con-
cerns related to the toxicity of cyclic silicone oligomers [32] should
thus not be obstacles for the development of more environmentally-
friendly fabrics displaying a good water repellency. The present
study indicates that it is entirely possible to envision weaving a fab-
ric in a way which favors water repellency and an easier rolling-off
of water droplets on the fabric, without having to make use of sub-
stances of high environmental concern. We hope that this article will
help contribute in reaching this goal.
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Appendix A. Supplementary data

Supplementary Information is available (pdf document): Deriva-
tion of a general wetting equation for woven fabrics; Distribution of
roughness of a fabric and minimal measurement sizes; Estimation of
the projected fraction of wet solid for a fabric in the superficially-wet
state; Separation of the roughness of a fabric in its two components
(fiber packing in the yarns and weave pattern of the yarns); Pro-
filometry images versus stylus scanning rate; Correlation functions
of the local roughness for non-coated fabric surfaces; Variances of the
distributions of roughness versus size; SEM images. Supplementary
data to this article can be found online at https://doi.org/10.1016/j.
matdes.2019.108389.
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