
Synergizing weave-architected wettability with hierarchical fibrous 
assemblies to design hydrophobic woven fabrics

Siddharth Shukla a , Yue Wen b, Imre Szenti c, Akos Kukovecz c, Thomas C. Sykes d,  
Rhodri Jervis b,e,*, Amit Rawal a,f,**

a Department of Textile and Fibre Engineering, Indian Institute of Technology Delhi, Hauz Khas, New Delhi, India
b Electrochemical Innovation Lab, Department of Chemical Engineering, University College London, Torrington Place, WC1E 7JE London, United Kingdom
c Department of Applied and Environmental Chemistry, University of Szeged, Szeged, Hungary
d School of Engineering, University of Warwick, Coventry CV4 7AL, United Kingdom
e Advanced Propulsion Lab, Marshgate, University College London, London E20 2AE, United Kingdom
f The Swedish School of Textiles, University of Borås, Sweden

A R T I C L E  I N F O

Keywords:
Wettability
Hydrophobicity
Woven fabrics
X-ray microcomputed tomography
Apparent contact angle

A B S T R A C T

Engineering liquid-repellent textiles through tailored multi-scale surface morphology and controlled surface 
chemistry opens pathways to a broad spectrum of advanced technological applications. Woven fabrics exemplify 
intrinsically rough surfaces with hierarchical topography governed by mesoscale weave geometry and the 
microscale organization of fibers within the yarn structure. Herein, we systematically investigate the wetting 
behavior of woven fabrics by establishing structure–property relationships between the apparent water contact 
angle and multi-scale structural hierarchy along with the equilibrium contact angle of the fiber. Guided by the 
design principles of multi-scale organization, we predict the apparent contact angles of three distinct woven 
fabrics comprising polyester, a Kevlar/polytetrafluoroethylene (PTFE) hybrid, and carbon using yarn- and 
structure-level parameters obtained via X-ray microcomputed tomography (micro-CT) analysis. The predicted 
apparent contact angle values show good agreement with experimental measurements, particularly when 
evaluating (an)isotropy of droplet behavior from four different directions. Intriguingly, polyester fabric exhibits 
the fastest wetting transition, enabled by its tightly packed weave and moderate hydrophilicity of the constituent 
fibers. Parametric analysis demonstrates that tuning yarn- and structure-level parameters, along with the equi
librium (apparent) contact angle of individual fibers (yarn), can induce superhydrophobic behavior in woven 
fabrics and predict lower roll-off angles. These findings highlight the pivotal role of multi-scale structural design 
in governing fabric wettability.

1. Introduction

Wetting is a thermodynamic process in which a liquid spreads over a 
solid surface, driven by a balancing act of interfacial energies at the 
three-phase contact line (TCL), proliferating solid–liquid-vapor in
teractions. The equilibrium contact angle (θe) formed at the TCL serves 
as the primary figure of merit for wettability [1]. The wettability 
threshold, indicated by an equilibrium contact angle of 90◦, marks the 
shift between hydrophilic (θe < 90◦) and hydrophobic (θe > 90◦) sur
face behavior. This transition is primarily governed by the balancing act 
between the surface tension of the liquid and the surface energy of the 

solid [2]. Higher contact angles occur when the cohesive forces within a 
liquid dominate the adhesive forces between the liquid and the solid 
surface, resulting in reduced wetting affinity [3].

Hydrophobic behavior is dictated by a synergistic interplay between 
surface chemistry and mesoscopic topological features [4]. Structured 
hydrophobic surfaces typically exhibit two wetting regimes − the 
Wenzel state, where liquid completely conforms to the surface rough
ness [5], and the Cassie-Baxter state, where the droplet contacts only the 
asperities while trapping air beneath, forming a solid-air composite 
interface [6]. Surface roughness creates multiple metastable configura
tions, each separated by a free energy barrier, which collectively inhibit 
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the transition to the Wenzel state [7]. Factoring in the chemical and 
topographical characteristics of surfaces can aid in the rational design of 
extremely robust, non-wetting surfaces [8].

Surface roughness featuring overhangs or dual-scale topography can 
markedly amplify hydrophobicity by promoting liquid repellency 
[9–14]. Woven fabrics serve as a canonical example of inherently rough 
surfaces characterized by hierarchical topography arising from both the 
mesoscale weave architecture and the microscale packing of fibers 
within constituent yarns [14–20]. This inherent hierarchical roughness 
is especially beneficial in outdoor textiles, where the engineered woven 
surface topography synergizes with an applied hydrophobic polymer 
coating to enhance water-repellency [16,21]. Many commercially 
available hydrophobic polymer coatings rely on fluorinated compounds, 
which raise significant environmental and health concerns due to their 
persistence and bioaccumulation potential, prompting stringent global 
regulations on their manufacture and use [16,22]. Consequently, a li
brary of analytical models has been developed to predict the design 
parameters of woven fabrics, potentially eliminating the need for per
fluorinated substances (PFS) to achieve the desired hydrophobic per
formance [17,23–25]. However, most existing models fail to include the 
full hierarchical topography of woven fabrics, including factors such as 
weave type, as well as other key fiber, yarn, and structural parameters 
[16,17,20,23].

The present work systematically investigates the wetting behavior of 
woven fabrics by correlating the apparent water contact angle with the 
multi-scale structural hierarchy − namely, the macro-scale fabric ar
chitecture, meso-scale yarn arrangement, weave geometry, micro-scale 
fiber/filament topography and the equilibrium contact angle of the 
filament. Guided by the design principles of multi-scale structural hi
erarchy, we predicted the apparent contact angle of three distinct woven 
fabrics comprising polyester, a hybrid of Kevlar/Polytetrafluoroethylene 
(PTFE), and carbon. Intriguingly, these materials are employed in high- 
performance applications where hydrophobicity is a critical prerequisite 
for ensuring functionality, durability, and resistance to environmental 
exposure. For instance, polyester fabrics are extensively used in tissue 
engineering and various medical textile applications, where moderately 
hydrophobic surfaces have been shown to promote higher cell viability 
[26], while in antimicrobial textiles, comparable surface properties 
demonstrate microbial growth inhibition [27]. Similarly, conductive 
carbon fiber-based woven fabrics serve as hydrophobic gas diffusion 
layers (GDLs) in polymer electrolyte membrane (PEM) fuel cells, where 
their controlled wettability prevents pore flooding while maintaining 
uninterrupted gas transport to the catalyst layer [28]. Further, water- 
repellent woven fabrics are also critical in protective clothing, offering 
barriers against chemical splashes, hazardous particulates, and micro
bial penetration-thereby enhancing safety in industrial and healthcare 
environments [29]. In outdoor textiles such as tents, jackets, and gear 
designed for extreme conditions, hydrophobic surfaces improve weather 
resistance and wearer comfort by minimizing water absorption while 
maintaining breathability [30]. In filtration systems, surface wettability 
influences fluid selectivity and flow resistance, where superhydrophobic 
or partially wetting surfaces can enhance particle capture or enable 
phase-specific separation [31].

To address the diverse performance needs of these applications, we 
demonstrate the versatility of our analytical model across a range of 
material systems. In addition to homogeneous fabrics, we apply the 
model to predict the apparent contact angle of a hybrid fabric combining 
hydrophilic Kevlar with hydrophobic PTFE yarns [20], showcasing its 
wide-ranging applicability to a complex material system. Moreover, key 
fiber, yarn, and fabric parameters were extracted using X-ray micro
computed tomography (micro-CT) analysis, which were then used as 
critical inputs for validating the predictive model of the apparent water 
contact angle of the woven fabrics.

2. Theoretical framework

Woven fabrics are hierarchical structures typically consisting of two 
sets of orthogonal yarns (warp and weft) interlaced in specific patterns 
commonly called ‘weave’. The surface topology of woven fabrics de
pends on yarn structure and weave pattern, which in turn affect wetting 
behavior. Although yarn may be considered as the building block of a 
woven fabric, it can be further decomposed into its constituent fibers or 
filaments, introducing an additional component of hierarchy. Therefore, 
the wetting behavior of the woven fabric is ultimately influenced by the 
wetting properties of the individual fibers or filaments. The present 
work aims to examine the wetting state of woven fabrics by establishing 
a correlation between the apparent water contact angle at three hier
archical levels: the macro-scale (fabric) structure, the meso-scale (yarn), 
and the micro-scale (fibers/filaments) and the equilibrium contact angle 
of the fibers. To facilitate the analysis, the following assumptions have 
been adopted in the model. 

• The yarn cross-section is assumed to follow a lenticular geometry 
based on the X-ray micro-CT analysis of three typical woven fabrics 
(see Fig. 1). Note that the lenticular yarn cross-sectional shape is 
geometrically described by two identical circular arcs facing each 
other [32,33].

• The constituent filaments present within the yarn are assumed to be 
arranged in a hexagonal configuration. However, in the case of PTFE 
yarns, which deviate significantly from this idealized packing 
arrangement, the yarn is instead approximated as a solid filament 
due to its high packing fraction and smooth mesoscale surface 
morphology. This simplification aligns with the modeling approach 
adopted by Lu et al [34].

• The cross-over yarn at the intersections follows a concatenated 
curved path based on three-dimensional (3D) structures of the fabrics 
obtained by X-ray micro-CT analysis.

• The droplet is assumed to be static or nearly static during the contact 
angle measurement, and evaporation effects are minimal.

• Water droplets typically rest on the top of the fabric surface, where 
the contact region between the droplet and filaments is smaller than 
the fiber or filament length due to surface roughness. This behavior 
suggests that the yarns can be modeled as parallel bundles of fila
ments − a valid assumption for continuous-filament woven fabrics.

Herein, we initially developed a stepwise theoretical approach to 
predict the apparent contact angle of woven fabric by modeling the 
yarn-level contact angle based on the relationship between micro- and 
meso-scale wetting behavior.

2.1. Apparent contact angle of yarns

In this analysis, filaments are considered to have identical di
mensions and are arranged in a regular arrangement in a yarn. Specif
ically, the two parallel filaments viewed normal to their axes in a yarn 
tow1 are geometrically represented as cylinders of defined radius (r), 
separated by a distance of 2d, as illustrated in Fig. 2. Here, the liquid 
meniscus is formed such that the three-phase contact line (TCL) on each 
cylinder is identified by an inclination angle (αf ), i.e., the angle formed 
between the vertical axis of the cylindrical cross-section and a radius at 
the contact point [35].

Similarly, the contact angle has been formed through the liquid 
phase, which is formed between the tangents at the filament and the 
meniscus at the TCL, as shown in Fig. 2. Invariably, it is presumed that 
the contact angle of the liquid depends primarily on molecular 

1 A long bundle of continuous, untwisted filaments used either as an inter
mediate material for producing staple fibers or as an end product in specific 
textile applications.
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interactions present in the close vicinity of TCL rather than the geometry 
of the system. As the liquid droplet enters the hourglass-shaped capillary 
between the two filaments, the curvature of the meniscus between the 
filaments tends to change from minimum to maximum magnitude before 
it touches the base. While the minimum curvature of the meniscus is 
obtained as the initial wetting response of the surface upon preliminary 
contact with the water droplet, it eventually reaches its highest 

magnitude when maximum wetting resistance is achieved upon droplet 
stabilization [35]. Consequently, the position of the meniscus contact 
line on each filament (π − αf ) can be related to its equilibrium contact 
angle and other geometrical parameters, as shown below [35], 

Fig. 1. 3D rendered images of fabric samples (a) F1 (carbon), (b) F2 (polyester) and (c) F3 (Kevlar/PTFE Hybrid), generated from X-ray micro- CT analysis, along 
with their corresponding cross-sectional views. In Fig. (c), Kevlar fibers display a lenticular cross-section.

Fig. 2. Schematic depicting the lenticular cross-sectional view of the yarn in contact with the liquid meniscus. Here, the magnified images show the regular packing 
of filaments in the yarn cross-section and the two neighboring filaments in contact with the liquid meniscus.
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αf = cos− 1

⎡

⎣
sinθeqcosθeq ∓ sinθeq

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(S + 1)2
− sin2θeq

√

S + 1

⎤

⎦ (1) 

where S(= d/r) is the spacing ratio, θeq is the equilibrium contact angle 
of the filaments in yarn, r is the radius of the filament, and d is the half of 
the distance between the two consecutive filaments [35].

It should be noted that in the original work [35], the positive (+) sign 
corresponds to the maximum wet-through resistance while considering 
‘π − αmax

f ’in Equation (1). Since we are computing ‘αmax
f ’, we have used 

the negative (− ) sign in our formulation.
Assuming that the filaments within a yarn tow are laid parallel and 

arranged in a regular, repeating and rhombic pattern (as illustrated in 
Fig. 2), the spacing ratio, S, can be expressed as, 

S =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅π
4Vf sinδ

√

− 1 (2) 

where Vf denotes the yarn packing fraction (defined as the ratio of 
the total area occupied by the filaments to the overall cross-sectional 
area of the yarn), and δ is the acute angle between the two neigh
boring filaments (see Fig. 2).

For simplicity, δ = 60◦, corresponding to hexagonal packing of fil
aments in a yarn, has been considered, and a detailed derivation of 
Equation (2) has been provided in the supplementary information. It 
must be noted that Vf is further influenced by the twisted structure of the 
yarn. While it is theoretically possible to derive a highly rigorous rela
tionship through detailed geometric and mechanical analysis, the work 
of Pan [36] suggests that such an expression would likely be excessively 
complex and of limited practical utility. Consequently, the effect of twist 
can be accommodated using an empirical expression as follows [36], 

Vf = Vfm −
(
Vfm − Vfo

)
e− ETy (3) 

where Vfo is the minimum yarn packing fraction, Vfm is the maximum 

yarn packing fraction that can be achieved by the twisted yarn, Ty 

(
=

tan κ
πDy

)
is the twist per unit length, κ is the helical (twist) angle of the fi

bers, Dy is the diameter of a yarn with a circular cross-section and E is an 
empirical parameter.

Furthermore, determining the value of the empirical parameter for 
different yarns necessitates a separate experimental evaluation [36]. 
However, in the present study, yarns exhibit minimal to negligible twist 
levels, as summarized in Table S1. As a result, the yarn packing fraction 
values derived from X-ray microCT analysis have been directly used as 
input for the current model.

A combinatorial strategy involving yarn roughness, porosity, and 
surface energy may restrict the passage of the liquid into the filaments 
[15]. A solid–liquid-air interface composite is thus formed by trapping 
the air pockets underneath the surface texture, and only a fraction of the 
solid surface is wet. The seminal work of Cassie-Baxter [6] allows the 
prediction of the apparent contact angle of a composite interface. 
Accordingly, the apparent contact angle of the yarn (θ*

y) has been pre
dicted, as shown below. 

cosθ*
y = f f

1cosθeq − f f
2 (4) 

where f f
1 and f f

2 are the area fractions of the solid (filament) /liquid and 
liquid/air interfaces, respectively.

Based on the elementary definition of f f
1 and f f

2, the expressions of 
these parameters are given below [6,35]. 

f f
1 =

rαmax
f

r + d
(5) 

f f
2 =

Rβ
r + d

(6) 

where β = αmax
f + θeq − π; R = r

⎛

⎝
sinαmax

f − (S+1)

sin
(

αmax
f +θeq

)

⎞

⎠

where R is the radius of curvature of the liquid meniscus.
Combining Equations (1), (2), (4)-(6) would yield the apparent 

contact angle of the yarn tow based on the equilibrium contact angle and 
geometrical parameters of the filaments. It should be noted that the 
magnitude of equilibrium contact angles of the filaments (θeq) can be 
calculated using advancing and receding contact angles [37], i.e., 

θeq = cos− 1
(

Γacosθa + Γrcosθr

Γa + Γr

)

(7) 

where Γa =
(

sin3θa
2− 3cosθa+cos3θa

)1
3 and Γr =

(
sin3θr

2− 3cosθr+cos3θr

)1
3,

where θa and θr are the advancing and receding contact angles of the 
filament, respectively.

2.2. Apparent contact angle of woven fabric

X-ray micro-CT analysis has been utilized to gain insights into the 3D 
geometry of various woven fabrics, as illustrated in Fig. 1, highlighting 
the influence of the ‘weave’ on structural anisotropy. The weave of a 
fabric can be categorized as either reversible or irreversible [38], 
resulting in either similar or distinct surface topologies on the two faces 
of the fabric. Certain weave patterns may also produce a warp-rich or 
weft-rich topology2 based on the two faces of a woven fabric. Thus, 
fabric surfaces will show different wetting behaviors when warp and 
weft yarns have dissimilar wettabilities. To address this complexity, a 
generalized multi-scale model has been developed to predict the 
apparent contact angle of woven fabric geometries, accommodating a 
diverse set of weaves and constituent yarns.

A vast array of weaves is currently employed in the production of 
woven fabrics [38,39], each capable of generating markedly different 
surface topologies based on the frequency of yarn interlacements and 
floats. Therefore, a methodology must be established to deconstruct a 
weave repeat into basic yarn configurations. Initially, a weave repeat 
can be represented as distinct yarn trajectories, with each yarn trajec
tory further decomposed into elementary yarn configurations. Figs. 3a 
and S1 present some of the most commonly used weaves alongside the 
individual yarn paths within them. Notably, each yarn path can be 
completely described using three fundamental yarn configurations (see 
Fig. 3b), but it is not necessary that all possible combinations of these 
configurations may exist in each type of weave. Intriguingly, a typical 2/ 
2 twill weave inherently contains all the yarn configurations depicted in 
Fig. 3a, which collectively give rise to the formation of a composite 
solid–liquid–air interface.

To compute the apparent contact angle of the woven fabric (θ*), the 
area fractions of liquid-warp/weft yarns (fwp

1 / fwf
1 ) and the area fraction 

of the liquid–air interface (f2) must be calculated, extending the classical 
work of Cassie and Baxter [6], as shown below. 

cosθ* = fwp
1 cosθ*

wp + fwf
1 cosθ*

wf − f2 (8) 

where, θ*
wp and θ*

wf are the apparent contact angles of the warp and weft 
yarns obtained using Equation (4).

In a hybrid woven fabric, where the warp-rich and weft-rich faces are 
composed of hydrophobic or hydrophilic yarns, f (wp,WP)

1 denotes the area 
fraction of liquid–solid contact formed by the warp yarn (wp) on the 
warp-rich face (WP) of the fabric. Similarly, f (wp,WF)

1 denotes the area 

2 A warp-rich or weft-rich topology describes the surface of a woven fabric 
where either the warp or the weft yarns are more prominently exposed than the 
other.
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fraction of liquid–solid contact formed by the warp yarn (wp) on the 
weft-rich face (WF) of the fabric. This dual-superscript format can be 
systematically extended to represent all combinations of yarn orienta
tion (lower case, warp or weft) and fabric face (uppercase, warp-rich or 
weft-rich), allowing for a unified and explicit representation of face- 
specific wettability contributions.

As previously described, the composite solid–liquid-vapor interface 
developed on either warp or weft yarns can be systematically decom
posed into interfaces associated with the three fundamental yarn con
figurations illustrated in Fig. 3b. Thus, fwp

1 , fwf
1 and f2 can also be 

expressed as a combination of these three yarn configurations. 

fwp
1 =

1
N
∑3

i=1
nifwp

1i (9) 

fwf
1 =

1
N
∑3

i=1
nifwf

1i (10) 

f2 =
1
N
∑3

i=1
nif2i (11) 

where ni is the number of ith(=1,2,3) yarn configurations present in a 
weave repeat, N is the total number of yarn configurations present in the 
weave repeat (see Fig. S1), fwp

1i , and fwf
1i represent the area fraction of the 

liquid–solid contact formed by the warp and weft yarn in the ith yarn 
configuration, and f2i represents the area fraction of the liquid–air 
contact in the same configuration.

Therefore, an in-depth analysis of these elementary yarn configura
tions is essential for determining the components in Equations (9)-(11), 
and ultimately, θ* from Equation (8). For simplicity, we consider the 
weft yarn as a cross-over yarn that passes over and under the two warp 
yarns. Similarly, the warp can be replaced by the weft when viewed from 
a opposite direction. Note that the subscripts ‘wp’ and ‘wf’ represent 
warp and weft yarns, respectively.

2.2.1. Configuration I
In configuration I, the repeat unit of plain weave (see Fig. S1) ex

emplifies a fundamental woven structure characterized by an 

alternating over-under pattern between orthogonal yarn sets. This 
alternating trajectory of yarns depicts a cross-over yarn, commonly 
referred to as ’yarn interlacement’. A typical formation of a solid
–liquid–air interface in yarn configuration I, upon contact with the 
liquid, is depicted in Fig. 4.

Similar to the approach of Cassie and Baxter [6], consider a unit 
length of the grating in the direction normal to the plane of paper. 
Accrodingly, the total area of contact formed by the TCL can be delin
eated as ’ABCD’ in a region normal to the plane of the fabric, while the 
apparent area corresponds to the inter-yarn distance. The lengths AB, BC 
and CD can be calculated using the lenticular geometry of the yarn-cross 
section. Fig. S2 identifies the fundamental attributes of the lenticular 
geometry, which can be defined as the combination of two inverted 
circular arcs, with the circular arc referred to as the parametric circle. 
Consequently, the components fwp

11 , fwf
11 and f21 can be expressed as: 

fwp
11 =

AB
Pwp

=
dwpαwp

2Pwp
(12) 

fwf
11 =

CD
Pwp

=

(
dwp + 2Bwf

)
αwf

2Pwp
(13) 

f21 =
BC
Pwp

= 1 −
(dwpsinαwp +

(
dwp + 2Bwf

)
sinαwf )

2Pwp
(14) 

where dwp is the diameter of the parametric circle of the warp yarn, Pwp is 
the inter-yarn distance between warp yarns, Bwf is the minor diameter of 

the weft yarn, ϕwp

(

= sin− 1
(

2AwpBwp
A2

wp+B2
wp

))

is the angle of the lenticular arc, 

Awp is the major diameter of warp yarn, Bwp is the minor diameter of 
warp yarn, αwp(= π − θ*

wp), and αwf (= π − θ*
wf ) are the angles projected 

by the arc ’AB’ and ’CD’ at the center of the parametric circle. It should 
be noted that f21 ≤ 0 would indicate a state of complete wetting.

2.2.2. Configuration II
A relatively smooth surface is formed when a yarn passes over two 

neighboring yarns in the orthogonal set, also known as ’face float,’ in a 

Fig. 3. (a) A typical 2/2 twill weave demonstrating (b) elementary yarn configurations, forming a composite liquid–solid–air interface across a single repeat unit. 
Considering a unit repeat perpendicular to the warp yarn, the region ‘ABCDE’ represents the total solid contact region made with the liquid droplet, while the 
apparent length of solid contact is Aapp

(
= 4Pwp

)
, where Pwp is the distance between two consecutive warp threads.

S. Shukla et al.                                                                                                                                                                                                                                  Materials & Design 258 (2025) 114519 

5 



woven structure, referred to as yarn configuration II in this work. A 
liquid droplet forms a flat TCL with the straight yarn, resulting in the 
same apparent and actual liquid–solid contact area, and is formed by one 
set of the yarns, as shown in Fig. 3b. Therefore, the corresponding 
components in Equations (9)-(11) can be recalculated as, fwp

12 = 0, fwf
12 =

1, and f22 = 0.

2.2.3. Configuration III
A ’back float’ is formed when a yarn passes beneath two neighboring 

yarns in the orthogonal set. This yarn configuration, referred to as yarn 
configuration III in this work, creates a TCL resting on the lenticular 
pillars formed by the cross sections of exposed yarn, as shown in Fig. 3b. 
The geometric simplifications adopted herein for the TCL equilibrium 
are supported by previous studies that examined meniscus formation on 
surfaces composed of cylindrical and elliptical cross-sectional features 
[6,12,35,40,41]. While these studies illustrate plausible wetting out
comes, it is important to note that real rough surfaces are rarely as 
continuous or perfectly ordered as the idealized models considered in 
these references. However, such configurations provide valuable ana
logs for modeling TCL behavior in yarn or filament geometries, partic
ularly in cases where direct experimental observation is inherently 
challenging. Nevertheless, it should be noted that the TCL may form two 
distinct geometric configurations with the pillars depending on its 
equilibrium position, as shown in Fig. 5. The equilibrium position of the 
TCL can be categorized into two cases: when αwp ≤ ϕwp or αwp > ϕwp.

Consequently, the expressions for fwp
13 ,fwf

13 and f23 must be derived for 
each case.

Case I: αwp ≤ ϕwp

A larger θ*
wp results in the equilibrium position of TCL on the upper 

arc of the lenticular cross-section as αwp = π − θ*
wp as defined previously. 

This creates a relatively simpler geometry, similar to the work of Cassie 
and Baxter [6]. Therefore, the components in Equations (9)-(11) can be 
defined as (see Fig. S3 for details), 

fwp
13 =

dwpαwp

Pwp
(15) 

fwf
13 = 0 (16) 

f23 = 1 −
(dwpsinαwp)

Pwp
(17) 

Case II: αwp > ϕwp

A smaller θ*
wp leads to a larger αwp, resulting in a lower equilibrium 

position of the TCL. This scenario addresses the position of TCL on the 
lower arc of the lenticular cross-section. Such a geometry will result in a 
curved liquid meniscus; the radius of curvature of this meniscus, Ŕ , can 
be defined by the similar expression used in Equations (6) [35], 

Fig. 4. Schematic illustrating a typical formation of a solid–liquid–air interface in yarn configuration I, upon contact with the liquid. On magnifying the liquid–solid 
contact, a yellow line represents the lenticular cross-section of the warp yarn, while the solid black line indicates the curved surface of the weft yarn where the 
meniscus rests. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Two distinct cases of the equilibrium position of TCL formed on magnifying yarn configuration III. Here, γ
(
= ϕwp +θ*

wp − π
)

is the half of the angle subtended 

by the curved meniscus arc on its center of curvature, θ*
wp is the apparent contact angle of warp yarn, ϕwp is the angle of the lenticular arc of warp yarn, and Ŕ  is the 

radius of curvature of the meniscus.
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R’ =
dwp

2

⎛

⎝
sin αmax

wp − (J + 1)

sin
(

αmax
wp + θ*

wp

)

⎞
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√

J+1

]

.

Subsequently, the expression for fwp
13 , fwf

13 and f23 for this case can be 
given by: 

fwp
13 =

dwpϕwp

Pwp
(19) 

fwf
13 = 0 (20) 

f23 =
2Rʹγ
Pwp

(21) 

where γ = ϕwp + θ*
wp − π.

Substituting the values of fwp
1i , fwf

1i and f2i (i = 1,2,3) into Equations 
(9)-(11) can yield the apparent contact angle of a woven fabric using 
Equation (8). It should be noted that these equations can be applied to 
both faces of the fabric (top and bottom) and along both yarn directions 
(warp and weft). Currently, the unit cell of the fabric is considered 
orthogonal to the warp direction. In case of a fabric unit cell perpen
dicular to the weft direction, the ’wp’ and ’wf’ parameters are inter
changed. For example, Equation (14) will be modified, as shown below. 

f21 = 1 −
(dwf sinαwf +

(
dwf + 2Bwp

)
sinαwp)

2Pwf
(22) 

where Pwf is the distance between two weft yarns and dwf is the para
metric circle of the weft yarn.

Therefore, depending on the fabric’s structural symmetry, the pro
posed analytical model may yield up to four distinct values for the 
apparent contact angle (e.g., two per face, accounting for directional 
anisotropy).

3. Materials and methods

3.1. Details of woven fabrics

The proposed model of the apparent contact angle of woven fabrics 
has been experimentally validated using three samples, namely F1 
(carbon), F2 (polyester), and F3 (Kevlar/PTFE hybrid), featuring diverse 
morphological structures. Sample F1 was sourced from the Fuel Cell 
Store, Texas, USA, while sample F2 was fabricated in-house using 100 
denier polyethylene terephthalate (PET) multifilament tows consisting 
of 36 filaments in both warp and weft directions. Sample F2 is a plain- 
woven fabric prepared on a Toyota LWT710 waterjet loom operated at 
a speed of 550 RPM, with a warp tension of 70 Kg and a weft insertion 
rate of 70 picks/inch. Sample F3, on the other hand, consists of a 2/2 
twill fabric woven with Kevlar warp and polytetrafluoroethylene (PTFE) 
weft yarns, and was provided in-kind by the COMPLEXURF Research 
Lab at KU Leuven, Belgium. A detailed description of the preparation of 
sample F3 has been provided elsewhere [20]. The structural properties 
of these samples are listed in Table S1.

3.2. Measurement of yarn twist

The twist level of the yarns comprising the fabric was determined 
using a Paramount manual twist tester in accordance with ASTM D1423. 
Yarn specimens of varying lengths were carefully extracted from the 
fabric and mounted between the clamps of the tester. A minimum gauge 
length of 20 mm was maintained, and the yarns were manually un
twisted by rotating the fixed clamp until the individual fibers or fila
ments became visibly parallel. To confirm complete untwisting, a needle 

was inserted through the fiber bundle to check for any residual twist. 
The total number of rotations was then divided by the gauge length to 
calculate the twist per unit length of the yarn.

3.3. Scanning electron microscopy (SEM) analysis

The surface morphology of the fabric samples and their constituent 
fibers was examined using SEM analysis. Specimens measuring 5 × 5 
mm2 were prepared from each sample and affixed to the stub of a Zeiss 
EVO 50 SEM (Carl Zeiss, Germany) using adhesive carbon tape. A 
conductive gold layer, approximately 10–15 nm thick, was deposited 
onto the samples using an Emitech K550X sputter coater (Labtech In
ternational). The prepared stub was subsequently mounted on the SEM 
stage, and imaging was performed at an accelerating voltage of 20 kV 
with a working distance of 12 mm. SEM micrographs were obtained at 
magnifications of 200× to assess fabric surface morphology and 5000×
to investigate fiber surface characteristics.

3.4. X-ray micro-computed tomography (micro-CT) analysis

The structural characteristics of the woven fabric samples were 
extracted using X-ray micro-CT analysis. Here, X-rays were directed onto 
the sample stage from a tungsten target, with optimal source voltage and 
current settings, generating datasets comprising 1500 –1800 images per 
sample. The scanning parameters used for X-ray micro-CT analysis are 
detailed in Table S2. Reconstruction of the acquired data involved cor
rections for beam hardening, defect pixel masking, and ring artefact 
reduction, employing ZEISS OptiRecon and NRecon® (Bruker, Belgium) 
software to enhance dataset quality for further processing. Noise 
reduction was performed using either a Box filter or a non-local mean 
filter, followed by thresholding via Otsu’s algorithm to obtain a binar
ized dataset [42].

The processed dataset was analyzed using GeoDict® (Math2Market) 
to extract key structural parameters of the fabric, such as yarn packing 
fraction and major and minor yarn diameters. In addition, various 
construction parameters, including ends per inch (EPI), picks per inch 
(PPI), and weave pattern, were extracted using X-ray microCT analysis 
and corroborated with an optical microscope. By employing a simple 
pixel-counting algorithm, the yarn packing fraction was determined by 
computing the ratio of fiber-occupied pixels to the total pixels within the 
yarn cross-section. The major and minor yarn diameters were measured 
using the open-source software ImageJ®, applied to cross-sectional 
images of the fabric obtained via X-ray micro-CT, as illustrated in 
Fig. S4.

3.5. Wettability analysis

3.5.1. Single fiber contact angle measurement
The dynamic contact angle of a single fiber was measured using 

Wilhelmy’s method with the K100SF tensiometer [43]. According to this 
method, the fiber was mounted on a sample holder, while the stage 
containing the liquid container was moved vertically (up and down) at a 
controlled speed of 1 mm/min. This ensured consistent immersion and 
withdrawal of the fiber through the liquid, thereby minimizing experi
mental errors.

Initially, the perimeter of the fiber was determined by immersing it 
in n-hexane, a low surface tension liquid providing a contact angle of ~ 
0◦. The recorded capillary force in n-hexane was used to calculate the 
perimeter of the fiber, assuming uniformity along its length. After 
establishing the perimeter, the fiber was immersed in deionized water to 
measure the capillary forces. The values of the perimeter and the contact 
angle of the fiber with water were calculated using Wilhelmy’s equation 
[44], i.e., Ff = CwγLVcosθd, where Ff is the measured force, Cw is the 
wetted perimeter of the fiber, γLV is the liquid–vapor surface tension and 
θd is the dynamic contact angle (advancing or receding, depending on 
the stage motion direction). It should be noted that the experiments 
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were conducted under controlled conditions, with regulated tempera
ture (~ 25 ◦C) and humidity (~ 65 %) to maintain a constant surface 
tension of the liquid. In addition, the setup included a vibration-free 
table and a protective cabinet to minimize external disturbances.

3.5.2. Apparent contact angle measurement
The wetting behavior of samples F1 and F2 was analyzed using a 

Dataphysics 15EC optical contact angle measuring system. The apparent 
contact angle of the samples was measured using a 10 µL droplet of 
deionized water dispensed at a 2 µl/s dosing rate using a 25-gauge 
needle mounted to a Hamilton 100 µL glass syringe. Subsequently, 
five images of each sample were analyzed using ImageJ® software [45] 
to determine the contact angles at different viewing orientations, which 
were achieved using a custom-built rotating stage, as shown in Fig. S5. 

Here, a 10  µL droplet was dispensed at 2  µL/s using the same needle 
parameters as those employed for the apparent contact angle measure
ments. The droplet was placed on the rotating stage mounted on the 
Dataphysics 15EC, and images were captured at 45◦ intervals. It should 
be noted that the advancing and receding contact angles for Sample F3 
were taken from the literature [20] and measured using a Dataphysics 
OCA 50. In addition, an automated in-house developed instrument 
described in a previous publication [46] was utilized for the measure
ment of roll-off angles. All measurements were performed in standard 
laboratory conditions at a temperature of 25 ± 2 ◦C and a relative hu
midity of 65 ± 2 %.

Fig. 6. Measurement of adhesion forces exerted during the advancing and receding cycles in case of (a) carbon, (b) PET (c) Kevlar [20] and (d) PTFE filaments [20] 
using a KS100F tensiometer. (e) Measurement of dynamic contact angles (advancing and receding) along with the equilibrium contact angle calculated using 
Equation (7). The dynamic contact angles for Kevlar and PTFE were obtained from the literature [20].
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4. Results and discussion

4.1. Wettability at micro-scale (filaments)

Deciphering the hierarchical morphology of woven fabrics allows 
their systematic unfolding into yarns, which, in turn, consist of indi
vidual fibers or filaments – fundamental building blocks that govern 
interfacial interactions at the microscale [25,47,48]. Irrefutably, the 
spatial organization and surface chemistry of these constituent filaments 
in a yarn significantly influence the wettability characteristics of hy
drophobic fibrous assemblies [49]. Conventionally, the wettability of 
textile surfaces is assessed through the equilibrium contact angle formed 
between a sessile water droplet and the planar substrate [44]. However, 
applying such methodology to cylindrical geometries, such as individual 
fibers, presents significant challenges. The droplet profile becomes dis
torted due to the interplay between Laplace pressure and gravitational 
forces, especially when the droplet is placed on a horizontally oriented 
filament [50,51]. To circumvent such a limitation, the Wilhelmy method 
is implemented through a tensiometer to characterize fiber wettability. 
This technique involves quantifying the dynamic contact angles 
(advancing and receding) by immersing and withdrawing a single fila
ment from a liquid interface [44,52,53].

Fig. 6a-d shows the force profile experienced by the fiber as the stage 
containing the liquid container moves upward (advancing cycle) and 
downward (receding cycle), thereby successively immersing and with
drawing fiber into and out of the liquid. According to Wilhelmy’s 
equation, the measured force linearly varies with the wetted perimeter 
(Cw) and the cosine of the dynamic contact angle (θd). As demonstrated 
in Fig. 6a and b, this correlation is corroborated by the experimental 
observations wherein PET filaments, with an average diameter of 17.4 
µm, exhibit higher capillary forces than carbon fibers with a diameter of 
9 µm. It must be noted that the difference between the average forces 
during the advancing and receding cycles is 1.3 µN for carbon fibers and 
1.1 µN for PET filaments, indicating a greater disparity between the 
wetting and dewetting energies of the carbon fibers. Kevlar filaments, on 
the other hand, possess a higher force despite having a substantially 
smaller perimeter (~43 µm), whereas PTFE filaments, even though they 
exhibit significantly larger perimeters (~270–320 µm), display a nega
tive force during immersion [20]. Here, a negative force implies a very 
high advancing contact angle, a result consistent with the values 
observed in Fig. 6e. Conversely, during the withdrawal phase, PTFE 
filaments exhibit greater capillary forces than Kevlar, attributed to the 
enhanced liquid–solid interfacial area registered by their large 
perimeter.

Furthermore, the force–position curves obtained from Wilhelmy’s 
analysis typically display oscillatory behavior, demonstrating a ’stick–
slip’ mechanism resulting from the intermittent pinning of the TCL 
[20,53,54]. This dynamic behavior is frequently encountered during 
single-fiber wetting measurements and is further exacerbated by 
microscale surface irregularities [55–58]. Nevertheless, the tensiometry 
data in Fig. 6a-d have been a cornerstone in computing the average 
advancing and receding contact angles of all the constituent materials of 
samples F1, F2, and F3, as summarized in Fig. 6e. Although the 
advancing contact angles of PET (80◦) and carbon fiber (77◦) are rela
tively similar, their receding angles differ substantially, with PET 
exhibiting a receding contact angle of 71◦, whereas that of carbon fiber 
is significantly lower at 47◦. The obtained values are consistent with 
those reported in the literature [54,59].

In addition, the average values of dynamic contact angles also 
manifest an important aspect of fiber wetting behavior, i.e., contact 
angle hysteresis that arises as a result of the energy gained as the liquid 
wets an initially dry solid surface, exceeding the work of adhesion 
needed to detach the liquid [60]. This energy difference is further 
amplified by the roughness of the wetted surface, resulting in a higher 
contact angle hysteresis [60]. Notably, carbon fibers and Kevlar fila
ments display rougher surface morphologies than PET filaments, as 

depicted via SEM micrographs (see Fig. 7). While prominent surface 
irregularities in the form of striations are evident in carbon fibers 
(Fig. 7a1), the surface heterogeneities of Kevlar filaments appear subtly 
in the form of nodules and indentations, as indicated in Fig. 7c1 via 
dotted white circles. Such features have also been previously reported in 
the literature [61]. Meanwhile, the PTFE filament, though having a 
smoother surface, has a twisted architecture, which likely contributes to 
the pinning of the TCL during the wetting-dewetting cycle [20]. This 
structural feature of PTFE may account for the significantly higher 
contact angle hysteresis observed in comparison to the other filaments, 
as illustrated in Fig. 6e. Contact angle hysteresis is the lowest for the PET 
filaments owing to their smooth surface morphology, as depicted in 
Fig. 6e. Note that Equation (7) computes the equilibrium contact angle 
using an advancing–receding weighted average formulation, as 
commonly applied in wetting models. Given that the contact angles were 
measured using the Wilhelmy plate method under continuous immer
sion and withdrawal, the influence of time-dependent wetting transi
tions is minimized, and the obtained values are representative of a 
steady-state response. While time-dependent phenomena may become 
significant in highly dynamic environments or over extended timescales, 
incorporating such effects remains a promising direction for future 
research.

4.2. Wettability at meso (yarn) and macro (fabric) scales

Yarns, which form the mesoscale morphological features of hierar
chical woven structures, are typically composed of parallel or twisted 
bundles of filaments whose wetting behavior is fundamentally governed 
by their internal filament arrangement [49,62]. The wettability of yarns 
is generally assessed through Wilhelmy’s method, as described in the 
preceding section, or via analysis of their wicking behavior, which arises 
due to microscopic capillaries formed within the yarn structure [63,64]. 
In both approaches, yarns are vertically suspended during measurement, 
which deviates from their actual in-plane alignment and mechanical 
constraints within a woven fabric, thereby limiting the representative
ness of such analyses. Therefore, we predicted the apparent contact 
angle of the yarn by modeling it as a parallel array of cylindrical fila
ments with a water droplet positioned on top of the filament surface 
[25].

The pioneering work of Cassie and Baxter [6] on droplets resting on 
parallel cylinders provides the basis for this approach, where the area 
fractions of the solid/liquid interface, f1(= r(π − θeq)/(r + d)) and the 
liquid/air interface, f2(= 1 − rsinθeq/(r + d)) can be defined as functions 
of spacing ratio, S(= d/r). In this work, the yarn packing is assumed to 
follow a hexagonal close-packing geometry, S has been related to the 
fiber volume fraction Vf via Equation (2), following the methodology 
outlined by Piggott [65]. Consequently, it can be hypothesized that the 
wettability of multifilament yarns with nominal or no twist is influenced 
by both the packing density of the filaments and the intrinsic equilib
rium contact angle of the fiber. Fig. 8 displays representative cross- 
sectional micrographs of yarns from samples F1, F2, and F3, high
lighting notable variations in filament spacing and packing fractions. 
The PTFE yarn displays a markedly different morphology, characterized 
by a partially solid structure, which is significantly different from 
idealized hexagonal filament packing and with an exceptionally high 
fiber volume fraction, as shown in Table S1. This highly compact 
configuration imparts a smoother surface appearance to the PTFE yarns, 
a feature also discernible in Fig. 7d and 7d1. Therefore, the PTFE yarn is 
assumed to be a solid filament for modeling purposes. This approxi
mation is also consistent with the modeling approach used by Lu et al. 
[34] and supports the applicability of the model despite deviations from 
ideal filament packing. Nevertheless, the other yarns exhibit lenticular 
cross-sections, with observable differences between the major and minor 
diameters, as illustrated in Fig. 8 and Table S1.

As aforementioned, the realistic fabric geometry positions the yarns 
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predominantly in-plane; this parallel arrangement of filaments consis
tently promotes the anisotropic deformation of water droplets. Princen 
[66] and Duprat et al. [67] revealed that droplets placed on aligned 
cylindrical arrays tend to spread preferentially along the filament axis, 
forming elongated liquid bridges between adjacent cylinders. Such 
directional spreading implicitly assumes a continuous and uninterrupted 
surface − an assumption rarely valid in woven fabrics, where the surface 
of one yarn set is periodically disrupted by the orthogonal interlacement 
of crossing yarns, as illustrated in Figs. 1 and 7. These interruptions may 
alter the direction of the liquid flow, resulting in (an)isotropic spreading 
patterns and localized accumulation of liquid at yarn cross-overs. 
Accordingly, (an)isotropy in droplet behavior has been assessed by 
determining apparent contact angles on woven samples from multiple 
viewing orientations. Following the determination of apparent contact 
angles of the woven samples in multiple directions, a comparison be
tween predicted and experimental results has been made in both the 
warp and weft directions. A representative illustration of apparent 
contact angles in warp-rich and weft-rich regions, measured along the 
warp and weft directions in a hybrid fabric, is shown in Fig. 9a.

Fig. 9b illustrates the variation in apparent contact angles of woven 
samples across the multiple viewing orientations. As anticipated, sample 
F1 is a square fabric composed of identical warp and weft yarns with the 
same inter-yarn spacing in both directions, showing insignificant vari
ation in the apparent contact angle across multiple viewing orientations. 
In contrast, fabric architectures possessing heterogeneity, such as sam
ples F2 and F3, induced localized anisotropic spreading, leading to 
variations in apparent contact angles depending on the observational 
direction, as shown in Fig. 9b. Sample F2 exhibits moderate structural 
heterogeneity, introduced by varying the spacing between warp and 
weft yarns. On the other hand, sample F3 demonstrates a significantly 
more complex heterogeneity due to differences in weave structure and 
yarn composition (see Fig. 7c and 7d). Specifically, the 2/1 twill weave 
of sample F3 generates distinct surface morphologies on opposite fabric 
faces: one face predominantly exposes the warp yarns (Kevlar), whereas 
the opposite face primarily reveals the weft yarns (PTFE), as evident in 
Fig. 7c and 7d. Furthermore, using two dissimilar yarn types with con
trasting wetting characteristics amplifies the surface heterogeneity, 
promoting more pronounced directional deformation of water droplets 

Fig. 7. SEM images of samples (a) F1, (b) F2, (c) F3- Kevlar face and (d) F3-PTFE face at a magnification of 200× showing the structure of the fabric with insets (a1), 
(b1), (c1) and (d1) at a magnification of 5000× showing a closer view of the fiber surface. The dotted white circles in (c1) mark the subtle nodules and indentations 
on the surface of Kevlar filaments.
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[20].
Another measure of contact angle hysteresis is the roll-off angle, 

which denotes the tilt angle at which a water droplet begins to slide off 
the surface [68]. High contact angle hysteresis inhibits droplet mobility, 
resulting in the so-called ‘rose petal effect’, characterized by an apparent 
contact angle of 150◦ [69]. Fig. S6 depicts the pinning of the droplet on 
the surfaces of the woven fabric samples, showing that the droplet re
mains firmly adhered when the surface is rotated to 90◦ or even upside 
down. Further, the contact angle hysteresis is much larger in the Wenzel 
state than in the Cassie-Baxter state [70]. Transition of metastable 
Cassie-Baxter state to Wenzel or wetting state has been measured and 
illustrated in Fig. S7. Sample F2 exhibited the fastest wetting transition, 
completing in ~ 6 min, whereas the remaining samples generally 
required over 20 min to become fully wetted. The tightly packed ar
chitecture of Sample F2 and its low warp yarn separation ratio (see 
Table S1) contribute to reduced fabric porosity. Such structural features, 
in combination with the moderately hydrophilic nature of polyester 
filament facilitate faster droplet penetration and accelerate the transi
tion from the Cassie–Baxter to the Wenzel state in sample F2. In future 
studies, we aim to integrate high-speed, time-resolved contact angle 
measurements during dynamic wetting transitions similar to our earlier 
work on curved substrates [71]. This will allow us to capture transient 
interfacial states and better quantify the kinetics of wetting regime 
shifts. Such data will not only enhance the fidelity of model validation 
but also provide deeper mechanistic insights into how structural features 
such as yarn crimp, yarn spacing, filament orientation, and surface 
roughness govern the evolution of wetting behavior over time.

Further, the apparent contact angles of samples F1, F2, and F3 in all 
four defined directions (see Fig. 9a) were compared using both predicted 
and experimental measurements, as illustrated in Fig. 10. The results 
clearly indicate a range of wetting behaviors, from strongly hydrophobic 
to weakly hydrophobic responses. Sample F1 exhibits the highest 
apparent contact angle of 132 ± 8◦ when viewed from θ*

(wp,WP), while 
sample F3 shows the lowest value of 102 ± 9◦, when observed from 
θ*
(wf ,WP). In general, there are insignificant differences between the 

apparent contact angles of woven samples F1 and F2 when measured 
from four different directions. On the other hand, sample F3 demon
strates distinct values for each of the four contact angles owing to its 
pronounced structural heterogeneity. The lowest contact angle associ
ated with θ*

(wf ,WP) can be attributed to a higher solid/liquid interfacial 

area contribution from the weakly hydrophobic Kevlar yarns. On the 
other hand, the ‘WF’ face of sample F3, which exhibits a higher content 
of hydrophobic PTFE yarns, yields elevated contact angles (θ*

(wp,WF), 
θ*
(wf ,WF)). Nevertheless, a reasonable agreement between theory and ex

periments has been observed across all samples, as shown in Fig. 10.
In general, the predicted results underestimate the measured values 

of the apparent contact angle, plausibly due to its inability to account for 
the individual or combined effects of microstructural roughness, air 
entrapment, fabric anisotropy, variation in local yarn spacing, localized 
liquid accumulation at yarn cross-overs, and pinning of the three-phase 
contact line (TCL). For instance, the predictive model has not accounted 
for the microstructural roughness inherent to carbon and Kevlar fila
ments; incorporating such surface characteristics would likely have 
resulted in higher apparent contact angles, consistent with roughness- 
enhanced hydrophobicity, as described by the Cassie–Baxter model 
[6]. Similarly, incorporating the twist in PET and PTFE filaments into 
the theoretical model may have reduced the effective area available for 
droplet contact, potentially resulting in an increase in the apparent 
contact angle of the fabric. Nevertheless, the predictive model effec
tively captured the structural heterogeneity of sample F3, reflecting the 
trend in apparent contact angles when measured from four different 
directions.

One of the key aspects of integrating micro-, meso-, and macro-scale 
structural features of woven fabrics with the equilibrium contact angle 
of individual fibers lies in its potential to accelerate the development of a 
unified design principle and scientific framework for controlling 
wettability characteristics − ultimately enabling the realization of 
superhydrophobic behavior. The theoretical framework thus plays a 
pivotal role in achieving the desired apparent contact angle by system
atically modulating key fiber-, yarn-, and structure-related parameters 
[25]. Accordingly, a virtual experiment involving key yarn- and fabric- 
structure parameters, along with the equilibrium contact angle of indi
vidual fibers, was systematically optimized to achieve super
hydrophobicity in the woven fabric, with a focus on maximizing the 
apparent contact angle. Further details on the virtual experiment can be 
found in the supplementary information.

The yarn packing fraction − a dimensionless figure of merit that 
quantifies how dense fibers are packed within a yarn’s cross-section −
along with the fiber equilibrium contact angle governs the apparent 
contact angle of the yarn, as illustrated in Fig. 11a. In general, a yarn 

Fig. 8. Yarn cross-sections extracted from microCT analysis. The scale represents a length of 100 µm.
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with a low packing fraction represents a loosely packed structure con
taining significant air voids, thereby promoting a Cassie-Baxter wetting 
regime. A combinatorial strategy using moderate yarn packing fractions 
and weakly hydrophobic constituent fibers can induce a significant 
hydrophobic effect in yarns. Particularly, for yarns with a packing 
fraction of 0.6 or higher, the predicted apparent contact angle converges 
and shows minimal variation, especially when they are hydrophilic (see 
Fig. 11a). However, yarn float length exhibited an insignificant effect on 
the apparent contact angle of the woven fabrics, even across a range of 
yarn-level apparent contact angles (see Fig. S8a). Similar insignificant 
effects of yarn float length, in combination with lower values of the yarn 
separation ratio, have been observed on the apparent contact angle of 
the woven fabric, as depicted in Fig. S8b. Nevertheless, as anticipated, 
superhydrophobicity in a woven fabric can be attained by targeting a 
large yarn separation ratio and minimal yarn float length.

Combining a moderate to high yarn separation ratio (4–5) with a 

moderate apparent yarn contact angle (100◦-120◦) can also result in 
superhydrophobic behavior in woven fabrics through air entrapment 
[6], as depicted in Fig. 11b. A higher yarn separation ratio corresponds 
to increased openness within the fabric structure, leading to larger 
trapped air pockets at the liquid–solid interface. This increased air 
fraction enhances the liquid–air interfacial area beneath the droplet, 
raising the apparent fabric contact angle. Notably, in the regime of 
moderate hydrophobicity − commonly observed with water, where 
Young’s contact angles typically do not exceed 120◦ − the Cassie-Baxter 
state involving air entrapment is often metastable [70]. To create a 
superhydrophobic surface by minimizing droplet adhesion, it is essential 
to reduce the roll-off angle, which can be analyzed using existing models 
proposed by Furmidge [72], Kawasaki [73] or Extrand and Gent [74]. 
Choi et al. [75] built upon the work of Extrand and Gent [74] to establish 
a relation between roll-off angle and contact angle hysteresis by intro
ducing differential changes in the liquid–solid area fractions (ψ) during 

Fig. 9. (a) Schematic representing determination of the apparent contact angles in warp-rich and weft-rich regions, measured along the warp and weft directions in a 
hybrid fabric. (b) Variation of the apparent contact angles in woven fabric samples in multiple viewing directions. Here, the notations ‘WP’ and ‘WF’ denote the warp 
and weft-rich faces of the fabric, while ‘wp’ and ‘wf ’ indicate the direction of observation, parallel to the warp and weft yarns, respectively. For example, θ*

(wp,WP)

corresponds to the apparent contact angle when observed along the warp direction on the warp-rich surface of the fabric. The variation of the apparent contact angle 
with viewing direction for sample F3 was obtained from the literature [20].
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droplet displacement, i.e., ψd,adv for advancing and ψd,rec for receding 
motion. The roll-off angle, ω can be calculated as sinω ≈
(

2γLVDTCL(
(
rψ ψd,rec − rψ ψd,adv

)
cosθ*

y +
(
ψd,rec − ψd,adv

)
cosθLV)/πρgV

)
, 

where DTCL

(

≈ 2cos
(
θ* − π

2
)( 3V

π(2− 3cosθ*+cos3θ*)

)1/3
)

is the average 

diameter of the TCL, γLV is the surface tension of the liquid, ρ is the 
density of water, g is the acceleration due to gravity, V is the volume of 
the droplet, θLV is the equilibrium contact angle between air and the 
liquid and rψ is the roughness of the wetted solid (fabric)–liquid inter
face. Based on the analysis of Choi et al. [75] θLV can be considered as 0◦, 

Fig. 10. Comparison between the predicted and experimental apparent contact angle values for (a) θ*
(wp,WP),(b) θ*

(wf ,WP), (c) θ*
(wp,WF) and (d) θ*

(wf ,WF). Here, the no
tations ‘WP’ and ‘WF’ denote the warp and weft-rich faces of the fabric, while ‘wp’ and ‘wf ’ indicate the direction of observation, parallel to the warp and weft yarns, 
respectively. For example, θ*

(wp,WP) corresponds to the apparent contact angle when observed along the warp direction on the warp-rich surface of the fabric. The 
experimental values of the apparent contact angles for sample F3 were obtained from Ref. [20].

Fig. 11. Parametric analysis illustrating the influence of fiber-level and yarn-level parameters on wettability behavior. (a) Contour plot showing the variation of 
apparent yarn contact angle as a function of fiber equilibrium contact angle and yarn packing fraction. (b) Surface plot demonstrating the relationship between the 
apparent fabric contact angle, the apparent yarn contact angle and the yarn separation ratio in a plain-woven fabric. Here, Figure (b) is plotted by fixing yarn packing 
fraction (Vf = 0.36), yarn major diameter (A = 280 μm) and yarn minor diameter (B = 70 μm). Here, the yarn separation ratio denotes the ratio of the inter-yarn 
spacing to the yarn’s major diameter.
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as the presence of disconnected pore spaces within the woven structure 
may cause the receding droplet to leave behind a thin liquid film over 
the underlying air pockets. Fig. S9 illustrates the sensitivity of the roll- 
off angle to variations in the apparent yarn contact angle. A roll-off 
angle below 5◦ can be achieved in combination with apparent fabric 
contact angles exceeding 150◦ thereby satisfying the dual requirements 
for superhydrophobicity by minimizing both ψd,adv and ψd,rec. Future 
work should focus on deriving explicit expressions for ψd,adv and ψd,rec, 
based on fabric geometry to establish a comprehensive roadmap for 
optimizing design parameters aimed at achieving self-cleaning and low- 
adhesion characteristics. In addition, future refinements of the model 
could also incorporate the twisted architecture of individual PTFE fila
ments as an additional microscale roughness factor, which may further 
improve the prediction of contact angle hysteresis of the woven fabric.

5. Conclusion

This work has successfully developed a comprehensive theoretical 
framework for dealing with the wetting behavior of woven fabrics by 
correlating the apparent water contact angle with the multi-scale 
structural hierarchy and the equilibrium contact angle of the filament. 
Leveraging the principles of multi-scale structural hierarchy, we suc
cessfully predicted the apparent contact angle of three distinct woven 
fabrics comprising polyester, a hybrid of Kevlar/ PTFE, and carbon by 
accounting for micro-, meso- and macro-scale topological features from 
four different directions. Although a satisfactory agreement between 
theory and experiments has been observed across all samples, the 
measured apparent contact angle values tend to overestimate the pre
dicted results, plausibly due to inherent variations in micro- and meso- 
scale features. Further, the assessment of (an)isotropy in droplet 
behavior, based on apparent contact angles measured from multiple 
viewing directions, revealed that fabric architectures (polyester and 
hybrid of Kevlar/ PTFE) exhibit heterogeneity-induced localized aniso
tropic spreading. The polyester-based woven sample possessed the 
fastest wetting transition among all tested samples, primarily due to the 
moderately hydrophilic nature of the polyester filament and lower 
porosity.

Our findings underpin the fundamental insights into the wetting 
behavior of woven fabrics through virtual experiments that optimize 
yarn- and fabric-structural parameters, and the equilibrium contact 
angle of individual fibers to achieve superhydrophobicity. Targeting the 
superhydrophobic effect in a woven fabric can be achieved through a 
large yarn separation ratio, a moderate apparent yarn contact angle, and 
minimal yarn float length. While this study establishes a foundational 
framework for the geometric design of woven fabrics with tailored 
wetting properties, it is important to recognize the current limitations of 
the model. Specifically, it does not fully capture the wetting behavior of 
staple yarns, which are characterized by higher surface roughness, fiber 
misalignment, and internal filament reorientation – factors that affect 
both yarn packing and surface topology. Furthermore, it is currently 
applicable to fabrics exhibiting Cassie–Baxter-type wetting and does not 
explicitly address transitions to the Wenzel state, time-dependent wet
ting dynamics, or consider the influence of surface coatings and chem
ical treatments that alter interfacial energy. To overcome these 
limitations and broaden the model’s applicability, future work should 
focus on incorporating the structural properties of short-staple yarns, 
filament-level surface roughness, yarn-level curvature (crimp), and the 
effects of yarn twist. In addition, extending the framework to capture 
transitions between Cassie–Baxter and Wenzel wetting regimes and 
modeling capillary-driven fluid imbibition would enable a more 
comprehensive understanding of static and dynamic wetting in complex 
fabric systems. Integrating parameters such as the realistic arrangement 
of filaments within the yarn, varying filament cross-sections, and 

filament surface roughness would further enhance model precision.
Nomenclature

αmax
f Maximum inclination angle formed by the liquid meniscus on the filaments

αmax
wp Maximum inclination angle formed by the liquid meniscus on the warp 

yarns
αf Inclination angle formed by the liquid meniscus on the filaments
αwp Inclination angle formed by the liquid meniscus on the warp yarns
αwf Inclination angle formed by the liquid meniscus on the weft yarns
γLV Surface tension of the liquid
δ Acute angle between the two neighbouring filaments
κ Helical angle (Twist angle) of the fibers
ρ Density of water
θeq Equilibrium contact angle of a filament
θ*

y Apparent contact angle of yarn

θLV Equilibrium contact angle between air and the liquid
θa Advancing contact angle of a filament
θd Dynamic contact angle
θr Receding contact angle of a filament
θ* Apparent contact angle of the woven fabric
θwp

eq Equilibrium contact angle of warp yarn
θwp

a Advancing contact angle of warp yarn
θwp

r Receding contact angle of warp yarn
θwf

eq Equilibrium contact angle of weft yarn

θwf
a Advancing contact angle of the weft yarn

θwf
r Receding contact angle of the weft yarn

θ*
(wp,WP) Apparent contact angle on the warp-rich face (warp-axis view)

θ*
(wf,WP) Apparent contact angle on the warp-rich face (weft-axis view)

θ*
(wp,WF) Apparent contact angle on the weft-rich face (warp-axis view)

θ*
(wf,WF) Apparent contact angle on the weft-rich face (weft-axis view)

θ*
wp Apparent contact angle of a warp yarn

θ*
wf Apparent contact angle of a weft yarn

ϕwp Angle of lenticular arc in warp yarn
ψd,adv Liquid-solid area fraction during droplet displacement in advancing mode
ψd,rec Liquid-solid area fraction during droplet displacement in receding mode
ω Roll-off angle
Awp Major diameter of the warp yarn
Bwp Minor diameter of the warp yarn
Bwf Minor diameter of the weft yarn
Cw Wetted perimeter of the fiber
d Half of the edge-to-edge distance between two consecutive filaments
dwp Diameter of the parametric circle of the warp yarn
dwf Diameter of the parametric circle of the weft yarn
Dwf Diameter of the weft yarn curvature in its longitudinal plane
DTCL Average diameter of the three-phase contact line
Dy Yarn diameter
E Empirical parameter
f(wp,WP)
1

Area fraction of liquid-solid contact (warp yarn) on the warp face

f(wp,WF)
1

Area fraction of liquid-solid contact (warp yarn) on the weft face

f(wf,WP)
1

Area fraction of liquid-solid contact (weft yarn) on the warp face

f(wf,WF)
1

Area fraction of liquid-solid contact (weft yarn) on the weft face

fWP
2 Area fraction of liquid-air contact on the warp face

fWF
2 Area fraction of liquid-air contact on the weft face

ff
1

Area fraction of liquid-solid contact (filament)

ff
2

Area fraction of liquid-air contact on filament

fwp
1 Area fraction of liquid-solid contact (warp yarn)

fwf
1

Area fraction of liquid-solid contact (weft yarn)
f1 Area fraction of liquid-solid contact
f2 Area fraction of liquid-air contact
fwp
11 Area fraction of liquid-solid contact (warp) in yarn configuration I

fwp
12 Area fraction of liquid-solid contact (warp) in yarn configuration II

fwp
13 Area fraction of liquid-solid contact (warp) in yarn configuration III

fwf
11

Area fraction of liquid-solid contact (weft) in yarn configuration I

fwf
12

Area fraction of liquid-solid contact (weft) in yarn configuration II

fwf
13

Area fraction of liquid-solid contact (weft) in yarn configuration III
f21 Area fraction of liquid-air in yarn configuration I
f22 Area fraction of liquid-air in yarn configuration II
f23 Area fraction of liquid-air in yarn configuration III
Ff Force applied by the fiber in Wilhelmy’s method
g Acceleration due to gravity
N Total yarn configuration repeats in a weave unit
n1 Repeats of yarn configuration I in a weave unit

(continued on next page)
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(continued )

Nomenclature

n2 Repeats of yarn configuration II in a weave unit
n3 Repeats of yarn configuration III in a weave unit
Pwp Inter-yarn distance between warp yarn
Pwf Inter-yarn distance between the weft yarn
r Radius of filament
rΨ Roughness of wetted solid-liquid interface
R Radius of curvature of the liquid meniscus between filaments
Ŕ Radius of curvature of the liquid meniscus between yarns
S Spacing ratio
Ty Twist per unit length
Twp

y Twist per unit length in warp yarn

Twf
y Twist per unit length in the weft yarn

V Volume of the droplet
Vf Yarn packing fraction
Vfo Minimum yarn packing fraction
Vfm Maximum possible yarn packing fraction of a twisted yarn
wp Warp yarn
wf Weft yarn
WP Warp-rich face of the fabric
WF Weft-rich face of the fabric
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