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Influence of roughness and coating on the rebound of droplets on fabrics 
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A B S T R A C T   

We investigate the behavior of small water droplets impacting fabrics of different roughness and coating type in a 
range of impacting conditions, and compare it to measurements of static and roll-off angles. Fabrics with low 
roughness display lower static contact angle, no roll-off, a slightly slower retraction rate for impacting droplets, a 
narrower Weber number (We) range in which rebound occurs, and a limited maximum rebound at intermediate 
We. Rougher fabrics exhibit slightly higher static contact angles, lower roll-off angles, a slightly faster retraction 
rate for impacting droplets, and a larger We range for rebound; additionally, the restitution of kinetic energy 
upon rebound is proportional to 1/We, indicating a near-to-constant rebound height independent of the impact 
velocity. As regards coating type, roll-off angle, We range for rebound, and to a lesser extent restitution coef
ficient, depend on coating type, with the more environmentally-friendly wax-based coating being superior to 
silicone and perfluorobutyl-based ones in both drop impact and roll-off experiments. Our results thus provide 
hope that perfluorinated coatings can be eliminated in standard textiles, and provide an extensive view of how 
roughness, coating and impact conditions control the fate of small droplets falling on textiles.   

1. Introduction 

Water repellency is a critical property of daily-life fabrics, to protect 
us outdoors during rainy seasons. Traditionally, coatings providing 
water repellency to fabrics have largely been based on per
fluoroalkylated oligomers, owing to their exceptional water and oil 
repellency [1]. However, perfluorinated alkyl derivatives rise severe 
environmental concerns associated to their accumulation in the envi
ronment [2], as well as to their industrial synthesis (as exemplified in 
popular culture by the Dark Waters movie directed by Todd Haynes in 
2019, or by the recent discovery of a large-scale perfluorooctanesulfonic 
acid pollution at Zwijndrecht, Belgium, potentially affecting the life of 
tens of thousands). 

Consequently, a regulatory ban of perfluorooctyl derivatives is being 
implemented for textiles in the EU and other countries [3]. Alternative 
water-repellent coatings are therefore proposed in the fabrics industry, 
ranging from hardly safer [4] shorter perfluoroalkyls (e.g., per
fluorobutyl) to probably much more innocuous wax-based materials, 
and including silicone-based formulations (which are however also 
environmentally-criticized owing to the toxicity of cyclic silicones [5]) 
and waterborne polyurethanes [6]. 

In this context, it is important to critically analyze the performance 

of these new alternative formulations with respect to their wetting 
performance, which will allow us to balance their properties against 
possible environmental threats they may pose. When performing such 
an analysis, it is crucial to include the effect of the fabric texture on the 
wetting properties. Indeed, fabrics display an inherent roughness due to 
the weaving of threads. This may favorably contribute to increasing 
their overall water-repellency since surface roughness is an important 
contributor to wetting properties through the entrapment of air pockets 
at the fabric surface. 

Some of us have previously reported on the static water contact θ and 
roll-off angles θRO of a range of fabrics coated by different hydrophobic 
formulations [7]. This previous study revealed that fabrics of higher 
roughness are associated to larger water contact angles with little 
dependence on the nature of the coating. A higher roughness is also 
generally conducive to a lower roll-off angle (the tilt angle away from 
horizontality from which a droplet starts to roll off a surface), with a 
strong dependence on coating type. Coatings having lower values of 
pinning parameter µ were found to be generally superior in this respect, 
with µ=γ(cosθrec-cosθadv) in which γ is the water surface tension, and θadv 
and θrec are the advancing and receding water contact angles measured 
on a flat surface, respectively. The pinning parameter represents the 
wetting hysteresis on a flat surface, which results partly from dissipative 
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mechanisms acting during the spreading of a droplet. The roll-off angle 
is thus a measure of wetting dynamics and is consequently an important 
parameter for protective clothes. However, it does not capture the dy
namic behavior of droplets falling on such fabrics. 

There is growing research on the water repellency of fabrics, focusing 
on new coatings or roughness design by weaving [7–12]. However, most 
of these studies simply evaluate static wettability, even though dynamic 
wettability is more relevant for typical applications, e.g., when raining. 
Dynamic wettability is commonly evaluated by studying the impact 
dynamics of droplets on fabrics, including the computation of the 
restitution coefficient RC based on the rebound velocity of the impacting 
droplet. This coefficient RC is related to the amount of energy recovered 
by the droplet after impact, and is expressed as RC = VAR /V0, where VAR 
and V0 are the after-rebound and initial impact speeds, respectively. On 
high-quality superhydrophobic surfaces, droplets rebound close to their 
dropping heights, leading to values of RC close to 1 [13]. Another useful 
parameter in droplet impact dynamics is the Weber number We, which 
provides the balance between the initial kinetic energy and the surface 
energy of the droplet, and therefore depends on the dropping height 
(through V0) and droplet size: We= ρV0

2Do /σ, where ρ and σ are density 
and surface tension of the fluid, respectively, and Do is the initial droplet 
diameter. 

Unfortunately, whereas there are droplet impact studies specific to 
textiles or fabric-based composites [10,14–16], they do not focus on 
understanding water repellency based on droplet rebound. Here, we 
demonstrate that woven fabrics having different weave microstructures 
and different coating formulations create a wide range of dynamic water 
repellency behavior — from which we identify the relevant parameters 
affecting such behavior. Their static water repellency is characterized by 
measuring the contact angle of droplets on these fabrics; their dynamic 
water repellency is characterized by the roll-off angle and impact 
behavior of water droplets. Seven fabrics are considered, six of them 
being plain-woven, while the remaining one is twill-woven with two 
different sides — giving eight unique fabric surfaces overall. Three 
water-based formulations are used as hydrophobic coating for these 
fabrics: a perfluorobutyl-modified polyurethane emulsion, a 
silicone-based emulsion and a wax-modified resin dispersion. 

Our work thus concentrates on the influence of fabric roughness and 
coating type on the dynamic water repellency of woven fabrics by 
investigating their interaction with water droplets for different values of 
We. We demonstrate that the selection of an appropriate fabric micro
structure can considerably improve the water repellency of fabrics, and 
that the environmentally-more friendly wax-based coatings appear to be 
superior to short perfluoroalkyl chains and silicone-derived coatings. 

2. Experimental section 

2.1. Materials and preparation of coated fabrics 

The samples used are polyester fabrics provided by textile manu
facturers, based on fibers of similar diameter (10-25 µm). The roughness 
r of each fabric was determined experimentally in a previous work [7] 
and is collected in Table 1; roughness is here defined as the ratio of the 
actual (probed) area to the projected area of the fabric surface, as 
measured by stylus profilometry (r ≥ 1). 

The characteristics of the hydrophobic formulations used as coatings 
are provided in Table 2. Dip-coating was performed to prepare the 
coated fabric samples. The commercial PhobRSH formulation was 
diluted with acidified water (pH 4.0 – 5.0) by a factor of 25, using Milli- 
Q water (resistivity 18.2 MΩ.cm, obtained from a Merck Millipore sys
tem). A crosslinker formulation, Phobol Extender XAN, was then added to 
the acidified diluted PhobRSH suspension in a ratio of 1:250 by mass. 
The C4F and PDMS suspensions were simply diluted until a final con
centration of 1.5 wt. % solid. Next, the fabric samples were dip-coated in 
these diluted coating suspensions for 3 min. After being suspended in air 
for a few seconds, they were placed on a hot plate at 150̊C for some time 

(5 min for PhobRSH, and 3 min for C4F and PDMS formulations) to dry 
and crosslink the polymer of the coating. Finally, after cooling, the 
coated fabrics were fixed on glass substrates with adhesive tape to 
minimize their deformation during droplet impact studies. The typical 
thickness of the films obtained by dip-coating was found to be ca. 250 
nm (Supplementary Information, Fig. S1). 

Additionally, flat samples were prepared by spin-coating on silicon 
wafers at 3000 rpm for 30 s, then annealing at 150̊C for 2 min. These flat 
samples were coated with an undiluted PDMS suspension, with a C4F 
suspension diluted by a factor 2, or with a 10:1 mixture of undiluted 
PhobRSH and Phobol Extender XAN. 

2.2. Contact and roll-off angle measurements 

These were performed with an OCA 20 goniometer from Data
physics. Contact angle (θ) measurements were performed at six different 
positions by gently depositing a 10.0 μL water droplet on fabric surfaces 
in sessile drop fashion. The drawing of the droplet-fabric interface 
baseline was often difficult, particularly for samples with inherently 
rough surfaces — resulting in some uncertainty. Roll-off angle (θRO) 
measurements were performed at four different positions: a 10.0 μL 
water droplet was initially deposited on the fabric, and subsequently 
allowed to roll off by progressively tilting the sample stage. Finally, the 
measurement of advancing and receding contact angles was performed 
with an initial 5.0 μL water droplet using the flat samples as described in 
previous work [7]. 

2.3. Droplet impact studies and extraction of relevant parameters 

The droplet behavior on different fabrics was surveyed by recording 
videos using a high-speed camera at a frequency of ~900 frame per 
second and an optical resolution of ~16.7 μm-per-pixel. The water 
droplets were dispensed from the 500 μL electronically-controlled 
Hamilton syringe pump of the OCA 20 goniometer. Two values of 
droplet diameter (ca. 1.9 and 2.7 mm) and a range of dropping heights 
(from ca. 5 to 200 mm) were considered. This gives a wide range of 
droplet dynamic behavior with different impact speeds and droplet di
ameters, from which an experimental We range (1 < We < 120) was 
obtained, which comprises the lower range of We for natural rainfalls 
[17]. Each observation (video) thus corresponds to a water droplet of 
certain volume impacting a specific coated fabric from a given dropping 
height. It was assumed that prior to impact, the droplet has kept its 
volume and its spherical shape, allowing to neglect the influence of 
evaporation and shape asymmetry, respectively. The amount of infor
mation captured in some videos was limited due to the tradeoff between 
spatial/temporal resolution and field of view of camera; this includes 
cases where either the maximum height of the main droplet or of the tiny 
secondary droplets ejected from it during rebound was exceptionally 
high. 

Table 1 
Characteristics of the polyester fabrics of this study.  

Fabric 
number 

Weave 
Type 

r Fiber diameter, 
in warp/wept 
directions (µm) 

Unit cell 
dimensions (µm 
× µm) 

Defect 
densitya 

1 plain 1.19 10/20 600 × 400 Low 
2 plain 1.27 15/25 600 × 750 Low 
3 plain 1.46 22/20 340 × 550 Low 
4 plain 1.47 18/22 310 × 680 High 
5 plain 1.77 16/18 730 × 810 Medium 
6 plain 1.77 20/16 540 × 350 High 
7A twill 1.71 12/14 330 × 450 Medium 
7B twill 1.67 16/12 540 × 550 Medium  

a Number of defects per surface area: Low: less than 1.4/mm2; High: more 
than 2.8/mm2. Defects are typically loose threads and loops or dangling fiber 
ends. 
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The videos were analyzed using in-house routines developed in 
Wavemetrics Igor Pro and Python. The rebound behavior of droplets was 
quantified solely from its translational motion along the vertical direc
tion, i.e., the movement of its center of mass normal to the fabric surface. 
The vibrations of droplets observed in a few videos were thus not 
accounted for in this work, and an in-house height threshold was set to 
distinguish rebounding droplets from non-rebounding and oscillating 
droplets close to resting. The following parameters were extracted from 
each video: (a) rebound height, HB; (b) contact width upon maximal 
extension of the droplet on the fabric surface, Dcontact; (c) equilibrium 
contact width, Deq; (d) maximum receding rate after maximal extension 
on the fabric, VR,max; (e) time-average number of droplets, Nd; and (f) 
impact speed V0. The after-impact droplet speed VAI, in contrast, was 
simply approximated using the free-fall formula: VAI = (2gHB)1/2, where 
g is the acceleration due to gravity. From these values, the parameters 
We and RC were computed. However, the difficulty in determining 
droplet-fabric interface also affected the determination of Dcontact. 

2.4. Principal component analysis 

(PCA) was used to describe the influence of different fabric param
eters on the global impact behavior of droplets. After removing the 
parameters related to droplet characteristics, the remaining following 
five features from the extracted video parameters were considered: (a) 
ξmax = Dcontact /Do with Do the initial droplet diameter, (b) RC, (c) 
equilibrium contact width Deq, (d) maximum receding rate VR,max, and 
(e) time-average number of droplets Nd. All sets of parameters were 
standardized to zero average and unit standard deviation, to remove the 
influence of the actual magnitude of each parameter. The first two 
principal components were then plotted to create the final visual rep
resentation of droplet dynamics. 

3. Results and discussion 

3.1. Static contact angle and roll-off angle on coated fabrics 

The tested fabrics demonstrated a wide range of roughness r and 
surface quality, owing mostly to the specific packing of fibers of different 
diameters in the yarns, as fully described in Ref. [7] and summarized in 
Table 1; profilometry images of the fabrics are displayed in Supple
mentary Fig. S2. Here, the roughness is defined as the ratio between the 
developed area of the external fabric surface to its projected area; a 
roughness of 1 thus corresponds to a perfectly flat surface, whereas a 
roughness of 1.5 corresponds to 50% added surface due to the corru
gations of the fabric. Full information on the roughness of fabrics is in 
Ref. [7]. 

Different coating formulations were then deposited on the fabrics as 
described in the experimental section. After coating, the wetting 
behavior of the fabrics changed dramatically: whereas water droplets 
rapidly impregnated uncoated fabrics, they displayed contact angles 
larger than 120◦ on coated fabrics, testifying for the proper chemical 
modification of the fabric surface by a coating layer thicker than at least 
a few nanometers [18]. This is in agreement with our experimental es
timations of coating thickness, which indicate thicknesses in the range of 

250 nm (Supplementary Fig. S1). Of note, profilometry measurements 
performed before and after coating did not detect a significant change of 
roughness [7], testifying for the smoothness of the coatings at the 
sub-micrometer scale. Fig. 1 shows how the contact angle θ increases 
with fabric roughness, passing successively by two regimes as fully 
discussed before [7]. At low roughness, the fabric surfaces are in a 
partially-impregnated state, in which the droplet penetrates within the 
top layer of the fabric and fills its superficial cavities. At higher rough
ness, the fabrics are in a superficially-wet state, for which the droplet 
rests over trapped air pockets and only touches the topmost surface of 
the external fibers. These regimes are essentially similar to the Wenzel 
[19] and Cassie and Baxter [20] states, respectively, as commonly found 
for rough surfaces, including superhydrophobic surfaces [21,22]. 

Water droplets only roll or slide on the fabrics in the superficially- 
wet regime; since a higher roughness increases the amount of trapped 
air pockets, it also generally results in lower roll-off angles θRO (Fig. 1). 
Additionally, coatings of lower pinning parameter µ (such as the wax- 
based PhobRSH) tend to display lower roll-off angles for a given 
roughness, since the work needed for sliding or rolling decreases for 
lower µ [7,23–25]. However, these relationships are not univocal 
because roll-off is also influenced by other parameters describing the 
topography and quality of the fabric surface. Defects such as fiber loops 
and protrusions, for example, can pin the water droplet in certain 
samples. These general observations are in good agreement with the 
physical model developed in Ref. [7], which can be fitted satisfactorily 
to the new experimental data (dashed lines, Fig. 1). 

3.2. Droplet impact dynamics on coated fabrics 

Droplets impacting on fabrics exhibit a range of behavior, depending 
on We and fabric texture. A graphical survey of different possible sce
narios is displayed in Fig. 2; all 2010 videos are freely accessible at 
https://dataverse.uclouvain.be/dataverse/DropletVideos. 

Table 2 
Description of hydrophobic coatings.  

Commercial Name Composition Abbreviated Name θa 

(◦) 
θadv

b 

(◦) 
θrec

c 

(◦) 
Pinning parameter µ (N/m) 

Phobotex RSH Water-based wax-modified resin PhobRSH 105 113 95 0.022 
3MTM PM 900 Water-based emulsion of fluoropolymer (perfluorobutyl-modified polyurethane) C4F 110 116 42 0.086 
Wacker HC303 Water-based silicone emulsion PDMS 111 108 85 0.029  

a Static contact angle 
b Advancing contact angle 
c Receding contact angle. The angles were measured on silicon wafers spin-coated with the coating formulations. 

Fig. 1. Static contact angle θ and roll-off angle θRO versus fabric roughness r for 
the three coating types (squares: PhobRSH; triangles: PDMS; circles: C4F). Roll- 
off angles of 90◦ are used to indicate the absence of roll-off. The dashed lines 
are fits of a theoretical model [7] to the data. 
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The droplets first spread laterally shortly after impact (4-5 ms); for 
higher values of We and rougher fabrics, they may fragment in smaller 
droplets upon spreading (i.e., splashing, Fig. 2f). The frequency of 
occurrence of splashing is reported in Fig. S3; high We numbers, a large 
roughness and/or an increased amount of fabric defects (Table 1) 
generally favor splashing. The droplet then retracts and may either stick 
on the surface, typically for low We and fabric roughness (Fig. 2a), 
rebound (Fig. 2b) or partially rebound with or without jetting (Fig. 2c, d) 
for intermediate We, or be impaled and stick on the fabric (pinning, 
Fig. 2e, f) typically for higher We numbers. In the sequel, we will 
essentially focus on the spreading and rebound behavior of droplets on 
the fabrics, for which a consistent set of conclusions could be reached 
with our experiments. 

3.2.1. Spreading behavior of impacting water droplets 
After impact, the droplet flattens and spreads outward radially until 

it reaches its maximum spreading diameter Dcontact. Fig. 3 shows the 
variation of ξmax = Dcontact /Do with Do the initial droplet diameter, 
across samples of different fabric roughness, coating type and impact 
conditions. 

All values collapse over a broad master curve, consistent with pre
vious work on both smooth [26] and rough [27] solid surfaces, as well as 
on textiles made of densely-packed fibers [14]. The maximum contact 
width of the droplet is thus essentially independent of the roughness of 
the fabric over which it spreads, and the chemical nature of the hy
drophobic coating does not significantly influence ξmax either. Clanet 
et al. [26] proposed that when We >> 1, the shape of the 
maximally-spread droplet is fully governed by the considerably 

increased gravity field resulting from the deceleration, which 
completely overcomes surface forces and therefore the details of the 
water/fabrics interface. In this regime, ξmax was predicted to scale as 

Fig. 2. Typical behavior of droplets of 2.7 mm diameter impacting fabric samples, with We number/impact speed in m/s increasing from top to bottom: (a-b) 3.6/ 
0.3; (c) 17.1/0.7; (d) 69.9/1.4; (e-f) 90.8/1.6. Samples are PhobRSH-coated fabrics of different roughness: (a) Fabric 2, r=1.27; (b–d) Fabric 7A, r=1.71; (e) Fabric 1, 
r=1.19; (f) Fabric 5, r=1.77. 

Fig. 3. Master curve (logarithmic axes) of the dimensionless maximum contact 
width ξmax versus Weber number We for all samples and probed experimental 
conditions (including two different droplet diameters and a large range of 
dropping heights). Each point corresponds to one video observation. The color 
code refers to the roughness r of the fabrics; symbols refer to the coating nature 
(squares: PhobRSH; triangles: PDMS; circles: C4F). The dashed line is the scaling 
law predicted by the model of Clanet et al. [26] when We >> 1. 
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We1/4, which is indeed reasonably well followed by our experimental 
data (Fig. 3), although the limited range of ξmax values limits the con
fidence on the exact value of this experimental scaling exponent [28]. At 
lower We, the impacting droplet does not form a puddle anymore and its 
maximal width then deviates from the We1/4 scaling law. At any rate, 
ξmax is clearly not following the scaling law ξmax ~ (We+1)1/2 which is 
expected when all the kinetic energy of the droplet is transformed into 
surface energy upon spreading in a thin puddle [29]. This demonstrates 
that a significant portion of the kinetic energy is dissipated during 
spreading, with the dissipated fraction increasing with We. 

3.2.2. Rebound behavior of impacting water droplets 
The droplet may or may not rebound after retraction: the exact 

outcome will depend on the amount of stored surface/interfacial energy 
at maximum spreading, among other several factors. Fig. 4 shows the 
restitution coefficient RC over the probed We range, for all samples and 
coating types. 

No droplet rebound is observed before a critical value of We, due to 
the dissipation of part of the kinetic energy upon impact. The two fabrics 
of lower roughness (Fabrics 1 and 2), for which static droplets gently 
deposited on the surface settle in the partially-impregnated regime or 
close to it (Fig. 1), have an especially high threshold for rebound. This is 
most probably due to the pinning of the droplet on the fabrics, resulting 
from partial impregnation which increases the energy needed for 
detachment. This hypothesis is supported by the measurement of the 
maximal rate of retraction of the droplet/fabric interface after maximal 
spreading (Fig. 5). On fabrics of roughness below ca. 1.3 (black and 
dark-brown points in Fig. 5), which are in or close to the partially- 
impregnated regime, the droplets display a significantly lower retrac
tion rate compared to rougher fabrics, which testifies for a higher 
interfacial friction. This contrasts with the maximal spreading (Fig. 3), 
which was found to be independent of roughness. Of note, as for the 
maximal spreading, no significant difference between the different 
coating types was observed in the maximal retraction rate. 

We observed that, above the minimal threshold, rebound may or not 
occur depending on We and roughness, and fully disappears above a 
second threshold value due to (partial) impalement of the droplet and 
subsequent pinning upon retraction. Fig. 6 provides a pictorial repre
sentation of these results in a (r,We) map, with gray regions indicating 
conditions for which droplets dominantly rebound. Very generally, 
droplets rebound for a limited range of We values, which widens when 

the roughness increases; however, a detailed examination of Fig. 4 re
veals that some fabrics may deviate from these general considerations. 
This is especially the case of Fabric 4, over which rebound is less favored 
than expected, probably due to its quite high concentration of surface 
defects (Table 1). 

The range within which rebound can occur is thus driven by inter
facial tension with the fabric surface. Therefore, droplet rebound can be 
sensitive to the exact characteristics of the local surface: the intrinsic 
variability present in each fabric creates a range of rebound behavior for 
droplets at close or even equal magnitude of We, which is why fabrics 
having a larger amount of surface defects (such as Fabric 4) may deviate 
from the general trends. Interestingly, in the rebound regime (gray zones 
in Fig. 6), the RC(We) data obtained for different fabrics with one specific 
coating superimpose to form master curves displaying a RC ~ We− 1/2 

scaling relationship (Fig. 7). Of note, Fabric 4 was excluded when 
plotting these data, due to its high number of surface defects which 
results in deviations from this relationship. 

The scaling law corresponds well to the prediction of the model of 
Biance et al. [30], which applies for large We and droplets smaller than 
the capillary length of water. In this model, the vertical speed at droplet 

Fig. 4. Restitution coefficient RC versus Weber number We, for the different fabrics (columns, with fabric number and roughness r indicated at the top), for three 
different coatings (rows). Each point corresponds to one video observation. 

Fig. 5. Maximal value of the retraction rate of the droplet/fabric interface after 
maximal spreading, for fabrics of different roughness (color code) and different 
coatings (squares: PhobRSH; triangles: PDMS; circles: C4F). 

P.J. Cruz et al.                                                                                                                                                                                                                                  



Surfaces and Interfaces 36 (2023) 102524

6

take-off is independent of the impact speed and is defined by the natural 
oscillation frequency of the droplet which only depends on its mass, 
radius, and surface tension. Accordingly, when rebounding, the droplets 
always reach an identical maximal height on the order of γ/gρD0 [30]. 
For droplets of 2-3 mm diameter as used here, this corresponds to a 
height of ca. 3 mm, which is indeed observed in our experiments 
(Fig. S4). 

However, the model does not consider the adhesion force between 
the droplet and surface, which does not change the scaling exponent but 
slightly modulates the absolute value of the restitution coefficient. As 
Fig. 7 shows, the scaling law which applies to PDMS-coated fabrics lies 
on average slightly lower than the one of C4F-coated fabrics, which is 
itself slightly lower than for wax-coated fabrics. This is similar as the size 
of the rebounding regime regions in the maps of Fig. 5, which is smaller 
for PDMS compared to C4F, itself smaller compared to what is found for 
PhobRSH-based coatings. 

Altogether, Figs. 6 and 7 thus show that droplet adhesion and energy 
dissipation increase from wax- to C4F- to PDMS-based coatings. Among 
the three coatings, PhobRSH is also the one with the lowest pinning 
parameter μ (or, equivalently, contact angle hysteresis Δθ)— which is 
the origin for the lower θRO for its corresponding fabrics. Unlike 
spreading, the rebound of droplets thus appears to be affected by the 
surface friction resulting from the coating, which is in part tied to its 
corresponding μ. Stated otherwise, the influence of the coating is the 
result of the higher θrec of PhobRSH but similar θadv compared to the 
other two coatings, as proposed in another work on solid surfaces [31]. 

The RC ~ We− 1/2 scaling law also indicates that, for high impact 
velocities, the advantage of a specific coating or of a rougher fabric 
surface will necessarily be lost. Additionally, droplet pinning due to 
impalement (and splashing) starts to occur when a sufficiently high We 
is reached. This impalement is accompanied by the dissipation of 
available energy and ultimately the suppression of rebound, marking the 
eventual wetting of fabric surfaces. Finally, the model of Biance et al. 

[30]. applies to small droplets of a size below the capillary length of 
water, as used here. Droplets above that size (ca. 2.7 mm at room tem
perature) are dominated by gravity, not surface tension. As a result, they 
generally do not rebound whatever the impact velocity, as was 
demonstrated experimentally in another context [30]. 

3.3. Correlation between impact behavior and roll-off of water droplets 

It has been shown earlier that, even for fabrics in the superficially 
wet regime with a high fraction of air pockets, impacting droplets do not 
necessarily display a high rebound. Therefore, while the contact angle θ 
of a static droplet can be used to classify the fabrics based on impreg
nation regimes, it does not predict the water repellency in a drop impact 
test. Such a prediction could be made easier by using the roll-off angle 
θRO, which is sensitive to the pinning parameter and hysteresis phe
nomena that also influence the impact behavior. 

For an easier comparison between a single parameter such as θRO and 
the impact behavior which is represented by a large number of experi
ments in different conditions, one needs to collapse the impact data into 
a (small set of) meaningful number(s). To this aim, principal component 
analysis (PCA) was used on the impact data (RC, Nd, Deq, VR,max, ξmax). 
Principal vectors, forming an orthogonal basis of this five-dimensional 
parameter space, were selected by maximizing the variance of the 
data set along them, decreasing from the first (most significant) to the 
last (least significant) principal component. This analysis was only 
performed for the wax-based coating type which showed superior per
formance, and were restricted to 5 < We < 30, the range in which 
rebound essentially occurs. 

The first principal component (PC1) is c1 = 59.8 RC + 45.5 Nd – 55.7 
Deq; since a higher restitution coefficient RC, a higher number Nd of 
droplets (due to splashing or ejection) and a lower equilibrium contact 
width Deq (i.e., higher static contact angle) indicate a better water- 
repellency, this first principal component characterizes the goodness 

Fig. 6. Map of the restitution coefficient RC of water droplets impinging on the fabrics, depending on We and fabric roughness. The color code indicates the value of 
RC, with black dots corresponding to the absence of droplet rebound (RC < 0.01). The grayed zone corresponds to the region in which rebound often occurs. 

Fig. 7. Restitution coefficient versus Weber number for all fabrics in the gray rebound zones of Fig. 6 (except Fabric 4), depending on coating type. The dashed lines 
show RC = We− 1/2. The color code indicates the roughness of the fabrics. 
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of the fabric sample as globally seen in impact experiments. The second 
principal component (PC2) is c2 = 66.3 VR,max + 64.2 ξmax, combining 
the maximum receding rate VR,max with the dimensionless maximal 
contact width ξmax. As shown before (Figs. 3 and 5), both parameters are 
essentially dependent on We, with only a slight dependence on fabric 
roughness for VR,max; therefore, c2 essentially captures the conditions of 
the impacting droplet which directly govern the spreading and retrac
tion behavior. Together, these two components capture 76.5% of the 
variance of the data set. As a result, focusing only on them reduces the 
dimensionality of the parameter space to be visualized without signifi
cant loss of information. 

Fig. 8a presents the data points plotted in the (c1,c2) plane, color- 
coded by the value of roll-off angle measured on the same fabrics. The 
data is spread along PC1 according to the value of the roll-off angle, 
indicating that the θRO of a fabric may be able to provide an approximate 
description of how the fabric will interact with droplets in an impact 
test. This is confirmed when plotting the roll-off angle of fabrics versus 
the coordinates along the first principal component of a set of rebound 
experiments performed on the same fabric, showing that lower roll-off 
angles indeed coincide with higher values along PC1 (Fig. 8b). Hence, 
the fabrics with lower θRO are also the ones with a better water repel
lency behavior as judged from drop impact studies. This points to the 
fact that the underlying mechanisms which prevent the droplet from 
rolling off easily also play a role in preventing the droplet from 
rebounding. 

One may thus wonder whether performing a set of rebound experi
ments provides a real added value compared to a much simpler and 
faster roll-off experiment. Indeed, since droplets rebound to an 
approximately constant height independent of We (Fig. S4), the only 
supplementary information contained in a set of rebound experiments is 
the We range over which rebound happens for a given fabric (Fig. 6), and 
the value of a in the scaling relationship RC = a We− 1/2 which slightly 
depends on the coating type. This information is thus contained in two 

numbers. Additionally, as a comparison of Figs. 6 and 7 shows, when the 
prefactor a of a specific coating type is higher, the We range of rebound 
is also higher on this coating type. Therefore, the two numbers provided 
by rebound experiments are at least partially correlated. The informa
tion contained in an extensive set of rebound experiments is thus not 
very different from the one provided by a simple roll-off experiment, 
which provides one number only. This is fully supported by the corre
lation found in Fig. 8b between rebound behavior and roll-off angle. 

Nevertheless, the correlation between rebound and roll-off angle 
only holds within a series of fabrics modified by the same coating 
formulation (PhobRSH in Fig. 8). When comparing fabrics coated by 
different formulations, the correlation between rebound behavior and 
roll-off is lost. For instance, roll-off angles indicate wax-coated fabrics to 
be superior to PDMS-coated ones, followed by CF4-modified systems 
(Fig. 1); whereas Figs. 6 and 7 show that, with respect to rebound, wax- 
coated fabrics are superior to CF4-coated systems, which display better 
properties than PDMS-based coatings. These differences indicate that 
rebound experiments are sensitive to physical parameters other than the 
pinning parameter μ (which dominates roll-off). It is likely that visco
elastic dissipation upon droplet impact is one such parameter that 
controls droplet rebound, adversely affecting PDMS-coated fabrics. 

4. Conclusions 

We have investigated the behavior of droplets impacting fabrics of 
different roughness and coating type, in a range of impacting conditions 
for Weber numbers below ca. 120 and droplets of size below the capil
lary length of water, and compared it to measurements of static θ and 
roll-off θRO angles. Fabrics with low roughness (below ca. 1.3) are in the 
partially-impregnated regime in static conditions; they display lower θ, 
no roll-off, a slightly slower retraction rate for impacting droplets, a 
narrower We range in which rebound occurs, and a limited maximum 
rebound at intermediate We. In contrast, rougher fabrics are in a su
perficially wet state in static conditions; with roughness increasing, they 
exhibit slightly higher θ, lower roll-off angle, a slightly faster retraction 
rate for impacting droplets, and a larger We range for rebound; addi
tionally, the restitution upon rebound is governed by a RC = a We− 1/2 

scaling law, indicating a near-to-constant rebound height. 
In the context of imparting water repellency to fabrics, a higher 

roughness is thus generally favorable to improve water repellency, 
because it contributes to entrap air pockets at the fabric surface, which 
decreases interfacial friction. However, these general conclusions are 
modulated by details of the fabric texture; in particular, the accumula
tion of features such as loose threads or dangling fiber ends on the fabric 
surface, although contributing to increasing the roughness, also results 
in increased droplet pinning and a deviation from these general 
conclusions. 

As regards coating type, which is of utmost importance for the 
development of more sustainable water-repellent textiles, we found that 
roll-off angle, We range for rebound, and prefactor a of the restitution 
scaling law are modulated by the coating type, with the wax-based 
coating being superior to the silicone and perfluorobutyl-based ones in 
both drop impact and roll-off experiments, although the three coatings 
are equivalent with respect to the static contact angle. The superiority of 
wax-based coatings might be related to their lower pinning parameter, 
which probably results from the crystallization of the wax component 
which rigidifies the coating and is therefore expected to decrease 
viscoelastic dissipation upon impact or rolling, compared to the rubbery 
silicone and short perfluoroalkyl coatings which do not crystallize. 

Finally, one should be aware of the limits of the present study, which 
did not investigate the impact of droplets larger than the capillary length 
of water, such as found in a heavy rain. Such conditions are likely to 
result in significantly different scaling laws and results, and remain to be 
explored further. 

Fig. 8. a. Visual representation of droplet dynamic behavior in different 
PhobRSH-coated fabrics at low We (We < 30) based on the first two principal 
components of PCA, with roll-off angle θRO of fabrics as colormap (a value of 
90◦ indicates no roll-off). b. Correlation between the roll-off angle measured on 
a fabric and the PC1 components of rebound experiments performed on the 
same fabric; the large circles indicate the average PC1 value for each set of 
experiments on a given fabric; the continuous line is drawn as guide to the eye. 
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