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1 Introduction

Effects of surface roughness on droplet
impact dynamics

b

*3 Chinmay Kendurkar,® Jonathan B. Boreyko and

*xacC

Joe Ghossein,
Olivier Coutier-Delgosha

Past investigations into droplet impact dynamics have mostly used either relatively smooth substrates or
air-trapping superhydrophobic textures. For this reason, existing models for predicting the maximum
spreading ratio of impacting droplets (fmax = Dmax/Do) are unable to capture the influence of surface
roughness. In this study, we investigate the influence of roughness and substrate wettability on the
dynamics of water impacting at Weber numbers where splashing is minimal, with a specific focus on
the maximal spreading diameter of Wenzel droplets. The surface mean roughness amplitude, R,, was
varied widely by laser etching substrates comprised of either glass (R, = 0.012-22.49 pum), PETG
(Ry = 1.18-55.04 um), or aluminum (R, = 2.21-58.31 pm). The surface wettability ranged from
strongly hydrophilic to weakly hydrophobic and depended on the choice of substrate material, the
extent of surface roughness, and the roughness-dependent modification of the intrinsic wettability
due to the laser or hydrocarbon adsorption. We develop a new energy model for predicting fimax for
both elastic (We < 30) and inelastic (We > 30) droplet impact regimes, where surface energy and
viscous dissipation terms are modified to incorporate surface roughness effects. We show that the
universality of existing (roughness-independent) models for fina.x becomes incomplete for roughness
ratios of r 2

=~

2. whereas our roughness-dependent model has excellent agreement across all r
values. By explicitly incorporating surface roughness into the energy balance, we extend the predic-
tive capability of droplet spreading models to achieve an extended predictive framework for water-
droplet spreading on rough substrates.

because roughness can alter the true wetted area, promote
pinning, and shift the droplet between Cassie-Baxter and

Extensive studies have examined droplets impacting solid
substrates in order to predict the maximal spreading diameter
(Dmax) when splashing does not occur. The corresponding
maximal spreading ratio, fimax = Dmax/Do, Where D, is the pre-
impact droplet diameter is governed by how the droplet’s initial
kinetic energy is redistributed during impact. In the simplest
physical picture, inertia drives the liquid radially outward,
while viscous dissipation, surface-tension-driven creation of
new interface, and contact-line wetting all oppose or redirect
that motion. The relative importance of these effects depends
on the liquid properties, impact velocity, and substrate char-
acteristics, and is commonly expressed in terms of the Weber
number (We), Reynolds number (Re), and wettability. On
textured substrates, the situation becomes more complex
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Wenzel wetting states."?

According to Josserand & Thoroddsen," viscosity, impact
velocity, and surface tension play the dominant roles in setting
Pmax- Numerous models have been proposed, ranging from
empirical fitting relations to theoretical expressions based on
conservation of energy or momentum.

Early energy-balance models, such as that of Pasandideh-
Fard et al., incorporated viscous dissipation through a thin
boundary-layer argument.® Physically, these models treat
spreading as a competition between the droplet’s initial inertia
and the losses associated with near-wall shear and interfacial
deformation. However, their treatment of wettability relied on
the dynamic advancing contact angle as a surrogate for the
intrinsic Young’s angle, which can introduce inaccuracies,
especially when contact-line dynamics are strong or when the
substrate is not ideally smooth.

Ukiwe & Kwok" improved this framework by correcting the
surface-energy term so that the equilibrium contact angle
rather than the dynamic angle entered the model. Their for-
mulation retains the same basic physics-inertia balanced
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against viscous dissipation and surface-energy increase, but
treats the wetting term more consistently:

(We + lz)ﬂmax =8+ ﬁmax3 (3(1 — COs HY) + 4\>V7Rie) (1)

Eqn (1) is implicit in .y, since fmax appears on both sides
of the expression. Although physically motivated, it remains a
semi-empirical smooth-surface model and does not explicitly
account for roughness.

A different line of reasoning was developed by Laan et al.,’
who focused on the crossover between two classical asymptotic
limits: capillary-dominated spreading, for which f., oc We'/?,
and viscous-dominated spreading, for which fm. oc Re'”.
Adapting an interpolation scheme reported by Eggers et al.,®
they obtained

Bmax ¢ Ref(WeRe %), (2)

where the argument P = WeRe % acts as an impact parameter

governing the crossover between capillary- and viscous-
dominated spreading regimes. The strength of this approach
is that it captures the transition between limiting mechanisms
within one compact expression and gives excellent agreement
for smooth substrates. Its limitation, however, is that rough-
ness does not enter explicitly, so any roughness-dependent
changes in wetted area, contact-line resistance, or viscous
dissipation are necessarily folded into the scatter rather than
resolved by the model.

More recent studies have sharpened the mechanistic under-
standing of droplet impact. Wildeman et al.” showed that, at
sufficiently large Weber number, a geometric head-loss of
approximately one-half of the initial kinetic energy provides a
useful inertial baseline for spreading. Moitra et al.® emphasized
the role of wettability energy barriers in governing spreading
transitions, while Zhao et al.° and Lathia et al.*® highlighted
how improved diagnostics and surface design can modify
spreading and contact time. Together, these studies reinforce
that droplet impact is controlled not by a single universal
mechanism, but by the interplay between inertia, viscous
losses, surface-energy changes, and contact-line physics.

Although these advances have considerably improved the
understanding of inertial, viscous, and capillary effects, the role
of surface roughness in modulating f,.x remains compara-
tively underexplored. Roughness is not merely a secondary
geometric detail: it can increase the true solid-liquid interfacial
area, enhance pinning, alter apparent wettability, and modify
the dissipation pathways available during spreading. Prior
studies have already pointed to these effects. Josserand &
Thoroddsen' noted the difficulty of modeling droplet impact
on micro-rough surfaces, while Vaikuntanathan & Sivakumar"*
and Yokoi et al.** showed that pinning and dynamic contact-
angle changes can influence the maximal spread. Experiments
by Quetzeri-Santiago et al."® and Zhao et al.'* further demon-
strated that roughness effects tend to be more pronounced on
hydrophilic than on hydrophobic substrates. A later study by
Singh et al.™® attempted to incorporate roughness through a
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semi-empirical power-law relation,

We 0.1 R((1 —0.065
—039(2%) (2 , 3
o =039(50) (5] ®)

where Oh is the Ohnesorge number and D, is the pre-impact
droplet diameter. This correlation is useful in showing that
roughness measurably affects spreading, but it remains empirical
and was calibrated over a narrow range (1 < Pmax < 2). More
importantly, it uses the line roughness amplitude R,, which does
not directly represent the actual wetted area that enters the
surface-energy balance in a Wenzel state. Existing models such
as eqn (1) and (2) provide strong mechanistic descriptions for
smooth substrates but do not explicitly include roughness,
whereas eqn (3) includes roughness only through a limited
empirical fit. This leaves an important gap: a model that retains
the physical structure of energy-based spreading dynamics while
explicitly accounting for the way roughness modifies both wetting
and dissipation. To address this, the present work seeks to
develop a model incorporating the Wenzel roughness ratio (7)
over a broad range of Weber numbers. Here, r = A,/A, where 4, is
the roughened surface area and A is the projected surface area,
both obtained through measurements using the Keyence VK-
X3000 surface profiler.

Here, we characterize and model how the maximal spread-
ing diameter, fnax, varies with surface roughness and wett-
ability. We first outline the selection and fabrication of our
substrates in Section 2. In Section 3, we employ side-view high-
speed imaging of droplet impact and spreading, measuring
Pmax for each sample. Finally, in Section 4 we propose a new
roughness-based energy model for predicting f,.x where the
textured surface modulates the viscous dissipation and change
in surface energy during spreading. While surface roughness is
also known to affect splashing dynamics, the present study
deliberately focuses on minimal-splashing impacts to extend the
Laan model to rough surfaces while preserving its original analy-
tical structure. In doing so, we revisit the assumptions underlying
the Laan model, which, though widely adopted for its simplicity
and generality, was not formulated to account for roughness. In
contrast, real-world substrates, especially those engineered with
nano- and micro-scale structures, can easily exceed this range of
roughness. As we will show, while the Laan model continues to
provide excellent global agreement across a wide range of Weber
numbers, it does not explicitly account for surface roughness and
therefore cannot resolve secondary roughness-dependent effects
that emerge at intermediate impact velocities.

Although the absolute change in f,.x with roughness is
modest, it is systematic and experimentally resolvable, espe-
cially in the transitional regime. This is important because even
a 5-10% separation in f.x is sufficient to produce clear
roughness-dependent deviations from roughness-independent
models, even when the curves remain close on a standard f;,ax-
versus-We plot. The objective of the present model is therefore
not to claim a large global roughness effect at all Weber
numbers, but rather to capture this reproducible secondary
trend where existing formulations fail.

This journal is © The Royal Society of Chemistry 2026
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To account for both hydrodynamic regime changes and
surface microtexture, we formulate a two branch predictive
framework. The first branch corresponds to an elastic regime
(We < 30) derived from the Richard & Quéré'® and Okumura
et al.'’ scaling, augmented by a roughness-dependent +/r
correction and a finite zero-velocity spreading limit following
the approach of Lee et al'®; In contrast to prior formulations
employing a universal prefactor, the elastic-regime model intro-
duces a material-dependent prefactor that reflects differences in
substrate composition and surface processing. The second branch
corresponds to an inelastic regime (We > 30) that is a roughness-
dependent extension from Wildeman’s’ head loss picture plus
viscous dissipation. The choice of We = 30 as the crossover
between the elastic and inelastic branches is physically motivated:
it corresponds approximately to the onset of the fully developed
lamella regime consistent with Wildeman’s inertial head-loss
picture, and is also supported by the present data, which show
the strongest roughness-dependent deviations in the transitional
window We ~30-40 before weakening again at higher Weber
number. Although the inelastic regime is governed by a fixed
geometric head loss, roughness enters through its influence on
both viscous dissipation and surface energy, allowing the model
to remain weakly roughness-sensitive even at high Weber num-
bers. The resulting expressions are tested against the full experi-
mental data set in Section 4.2.

A central challenge in modeling droplet impact on rough
surfaces lies in defining an appropriate measure of wettability.
On textured substrates, static apparent contact angles are not
unique due to contact-line pinning and hysteresis, whereas
advancing and receding contact angles are uniquely defined by
force balance. In this work, quasi-static advancing contact angles
are used as a physically motivated proxy to infer an effective
Young’s contact angle, enabling consistent incorporation of
wettability effects into a roughness-dependent energy balance.

2 Methods

Deionized water droplets (density p = 997 kg m >, viscosity u =
1.001 mPa s, and surface tension y = 72.7 mJ] m~>) with pre-
impact diameter D, = 2.10 &= 0.08 mm were generated using a
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micro-pump (New Era, Ne-500). Droplets were dispensed at
1200 pL min~' (24-26 pL total volume) and detached under
gravity. The impact velocity was controlled by adjusting the
pump height, achieving V = 0.45-4.1 m s ' (Re = 642-8061,
We = 2.62-421). Detailed impact parameters are given in the
Supplemental Material (Tables S4-S6). High-speed side-view ima-
ging was performed with a Photron Fastcam SA1.1 camera
(10000 fps, 726 x 726 resolution) and LED backlighting. A Navitar
Zoom 6000 lens ensured constant focus during zooming, with
calibration performed before each run using a micro-calibration
plate (LaVision). Background subtraction was employed to
enhance droplet edge detection. Droplet diameter and velocity
were measured using Image] software from the five frames
preceding impact, with D, calculated as (Dyer’Dhor)”® following
Rioboo et al."® Contact angles, height, and spread diameter during
impact were extracted using an internal code based on perimeter
detection with thresholding. Manual adjustment of thresholds
and tangent points was occasionally required to account for
lighting artifacts or droplet breakup. Each experimental condition
was repeated three times to ensure statistical reproducibility. The
reported values for the maximum spreading ratio f,.x represent
the average of these three independent trials. In all figures, the
data points signify these mean values, while the error bars
represent the standard deviation across the three trials.

Glass, PETG, and aluminum substrates were selected to system-
atically vary both material properties and surface roughness. Previous
studies mostly examined droplet impacts on smooth surfaces without
varying roughness extensively.>° Although several reports measured
Pmax across different materials, no model incorporated roughness
effects into Pma predictions.’*! In this work, roughness was widely
varied, spanning mean amplitudes of R, = 0.012-58.31 pm and peak
amplitudes of R;, = 0.037-77.35 um. Dynamic contact angles for each
surface are listed in Table 1.

For each material, four roughness levels (3 for aluminum)
were fabricated using laser etching, offering consistent and
reproducible surface textures.*> Surface profiles were measured
using a Keyence VK-X3000 profiler (+1 + L/100 um accuracy).
Horizontal, vertical, and diagonal scans were averaged from
five measurements per direction.

The line roughness (R,) is not used as the primary model
input because no universal mathematical relation exists between

Table 1 Line- and surface-based roughness parameters and mean advancing/receding contact angles (ACA-RCA) for all tested substrates. Roughness
values were obtained using a Keyence VK-X3000 surface profiler, while contact angles were measured via the tilted substrate method. The Wenzel
roughness ratio is given by r = A,/A, where A, is the roughened surface area and A is the projected surface area

Material Sample Wenzel roughness R, (pm) R, (um) Mean 0, Mean 0, CA. Hysteresis Oy
Glass 1 1.00 0.012 0.037 68 14 54 68
2 1.37 2.37 18.45 67 17 49 73
3 1.59 6.50 23.31 64 9 55 74
4 2.27 22.49 61.30 43 10 32 71
PETG 2 1.12 1.18 5.08 74 14 60 76
3 1.13 9.61 16.80 63 20 43 66
4 1.76 31.33 38.59 64 15 49 76
5 2.17 55.04 80.40 53 21 32 74
Aluminum 2 1.84 2.21 12.19 71 11 60 80
3 2.35 5.71 21.51 71 20 51 82
4 6.35 58.31 99.58 125 96 29 95

This journal is © The Royal Society of Chemistry 2026
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R, and the Wenzel roughness ratio r for real surfaces. Although
R, values are reported here for completeness and were extracted
from three-dimensional surface measurements, R, is still a one-
dimensional amplitude metric and does not uniquely represent
the actual wetted area relevant to Wenzel wetting. By contrast, r
directly measures the ratio of actual to projected surface area.
Conventional stylus-based line measurements can also under-
resolve narrow grooves because of finite tip size and direct
surface contact, further limiting its usefulness.

Glass substrates (50 x 75 mm?, 6 mm thick, initial R, =
0.012 pm) were etched using a CO, laser (Epilog Zing-24) to
create random, fused surface textures (Fig. 1(b-d)). PETG
samples (50 x 50 mm?) were molded by heating Overture PETG
filament (1.24 g cm >, Tyere = 230 °C) and subsequently laser-
etched. Initial PETG roughness (R, = 1.13 um) exceeded that of
smooth glass, thus only the four roughened PETG samples were
tested. Etching produced uniform, circular roughness elements
(D ~ 276 um), as shown in Fig. 1(e-h). Aluminum 3003-H14
plates (50 x 50 mm?) were etched using a fiber laser (Boss-
FM30). Initial roughness (R, = 1.42 pm) similarly precluded
testing unetched surfaces. Depending on laser settings (see
Table S3), surfaces exhibited either melted, disordered textures
(Ra =5.71 pm; Fig. 1(i)) or structured square roughness patterns
(Ra = 58.31 pum, spacing ~107 pm; Fig. 1(1)). The laser para-
meters and corresponding roughness measurements for all
substrates are provided in the SI (Tables S1-S3).

Quasi-static advancing and receding contact angles (ACA-RCA)
were simultaneously measured using the tilted plate method,*
wherein a water droplet on a horizontal substrate is slowly tilted
until sliding initiates. The leading and trailing edges of the
droplet correspond to the advancing and receding contact angles,
respectively. The experimental setup was identical to that used for
droplet impact measurements, except that the substrate was
mounted on a Velmex B4872TS rotary table (0.025° precision).

On rough and chemically heterogeneous surfaces, static
apparent contact angles are not uniquely defined due to
contact-line pinning and hysteresis, and multiple equilibrium

Fig. 1 Roughness height profile images showcasing the surfaces of the
smooth (a) and laser etched glass (b)-(d), PETG (e)-(h), and aluminum
(i)=()) and obtained by scanning the surfaces in 3D using the Keyence
VK-X3000.
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configurations may coexist for the same droplet volume. In
contrast, advancing and receding contact angles measured
under quasi-static conditions are uniquely determined by a
force balance at the contact line. For this reason, quasi-static
advancing contact angles (ACA) obtained from the tilted-plate
method are used in the present study as a physically motivated
proxy for wettability. These ACA values are subsequently
employed to infer an effective Young’s contact angle through
the Wenzel relation when required for model inputs.

In addition to the present experiments, independently pub-
lished droplet impact data on rough steel substrates from Singh
et al.™ are used exclusively to assess the elastic impact regime
(We <30), as their data do not extend to higher Weber
numbers. The assumptions required for incorporating these
data are discussed explicitly in Section 4.1.

3 Experimental results
3.1 Mean ACA-RCA across all substrates

Advancing and receding contact angles (ACA-RCA) were measured
using the tilted-plate method, with mean values summarized in
Table 1. Standard deviations across glass (2.0° for 6,, 0.6° for 6,),
PETG (3.0° 1.5°), and aluminum (2.4° 0.7°) indicate consistent
measurements.

On hydrophilic glass, ACA decreased slightly with increasing
roughness, while RCA remained relatively stable. Similar muted
trends were observed for PETG and aluminum, where ACA and
RCA either decreased modestly or even increased with roughness.
Notably, roughened aluminum exhibited hydrophobic apparent
contact angles (0, = 125°, 0, = 96°). These results seemingly
contradict the Wenzel equation:

cos 0* = rcos Oy, (4)

which predicts a monotonic decrease of 6*, the apparent static
contact angle on the roughened surface with increasing rough-
ness for hydrophilic materials.

The measured advancing and receding contact angles do not
exhibit a monotonic dependence on surface roughness and do
not follow the trends predicted by the Wenzel relation when
assuming a constant intrinsic contact angle. Instead, the intrin-
sic Young’s contact angles (fy) inferred from the quasi-static
advancing contact angle using the Wenzel relation (Table 1) vary
across both material type and roughness level. For glass sub-
strates, the inferred Young’s contact angle increases from
approximately 68° for the smooth surface to values in the range
of 71-74° for the roughened samples, while for PETG it spans
approximately 66-76° across the tested roughness range. For
aluminum, the inferred Young’s contact angle increases from
approximately 80° for moderately rough surfaces to approxi-
mately 95° for the most highly roughened sample for which
contact angles could be measured.

These variations suggest that the intrinsic wettability of the
substrates is modified by the laser texturing process itself,
consistent with prior reports of roughness-induced structural®*
and chemical surface modifications.?® In addition, adsorption of

This journal is © The Royal Society of Chemistry 2026
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atmospheric volatile organic compounds (VOCs) following laser
processing has been shown to increase intrinsic hydrophobicity
and, in some cases, convert hydrophilic surfaces into hydro-
phobic ones.*®*” Taken together, these observations indicate
that surface roughness alone is insufficient to characterize
wettability and that the effective intrinsic contact angle varies
across the laser-processed substrates.

Complete decoupling of roughness and intrinsic wettability
is not generally possible for laser-processed surfaces, since the
texturing process itself can modify surface chemistry in addi-
tion to topography. Nevertheless, the variation in the inferred
0Oy values is relatively small for the glass and PETG substrates,
changing from 68° to 71° for glass and from 76° to 74° for PETG
across the tested roughness range, so the roughness depen-
dence remains clearly identifiable for this subset of the data.

3.2 Effects of roughness on impact dynamics

A range of impact phenomena were observed depending on
substrate and conditions (see Tables S4-S6). Splashing behaviors
varied markedly with surface roughness and Weber number
(We), as visualized in Fig. 2. Minor splashing with negligible
mass loss occurred on moderately roughened glass (sample 3)
and PETG (samples 2 and 3) for We 2 300. Appreciable
splashing—characterized by radial droplet ejection—appeared
on rough PETG (samples 4 and 5) for We > 100, coincident with
liquid interaction with circular roughness elements (see Fig. 1).
Shattering, where the bulk droplet fragmented, was observed for
heavily roughened glass, PETG, and all aluminum surfaces for

(a) (b)
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We > 100. In some cases, shattered droplets partially reas-
sembled during retraction. For all subsequent analysis of fax,
only cases with no or negligible splashing were considered.

Droplet dynamics without splashing were distinct across
materials. At low Weber numbers (We ~ 1) on glass, impacts
produced a staircase morphology across all roughness levels
(Fig. 3(a)). Increasing We ~ 10 triggered Worthington jets
(without droplet ejection) for smooth and moderately rough
glass (samples 1-3) (Fig. 3(b)). At higher We ~ 100, droplets
transitioned to deposition behavior; heavily roughened glass
(sample 4) approached complete wetting (Fig. 3(c)).

PETG surfaces showed greater resilience to wetting com-
pared to glass. Staircase structures and Worthington jets were
still observed at low We ~ 1-10, often accompanied by early or
late droplet ejection depending on roughness (Fig. 4). Notably,
PETG avoided full surface wetting even at higher roughness
levels, consistent with its roughness topography facilitating
reduced liquid-solid contact.

Aluminum substrates, distinguished by hydrophobicity at
high roughness, showed full rebound across R, = 2-58 pm for
We ~ 1-10 (Fig. 5(a and b)). Single-volume rebound occurred at
low We, while daughter droplet ejection accompanied rebounds at
intermediate We. At We 2 150, even shattered droplets partially
recoiled, indicating transient partial-Cassie states despite nominal
surface hydrophilicity at rest. Overall, roughness intensified splash-
ing tendencies, shifted rebound dynamics, and altered spreading
outcomes, underscoring its critical role beyond simple wettability
changes.

(c)
o comem Al A Aeaans® = - ~

Fig. 2 Different splashing behavior of water impacting (a) glass (R, = 6.50 um, We = 300), (b) PETG (R, = 31.33 um, We = 315), and (c) aluminum
(Ry = 58.31 um, We = 314). For similar We numbers, (a) tiny amount of side-splash is observed upon impact on glass, (b) a large radial ejection is observed

for PETG, (c) and a complete breakup of the droplet is seen for aluminum.

(@) t=0ms 2ms 4 ms 6 ms
(b) t=0ms 2ms 4 ms 6 ms

O-—“

(c) t=0ms

Q | Sk s ama o
) o=s- - e

Fig. 3 Single 2 mm droplet impact on glass for (a) sample 2 with V = 0.31 m s~ demonstrating staircase behavior, (b) sample 3 with V = 111 m s~

8ms 10 ms 12ms 1mm 18ms

8 ms 10 ms 12ms 2MM 18ms

8 ms 10 ms 12ms 2mMm 18ms
s somBE@iT ° © scog=s . oS o so—-cis:

1

exhibiting the formation of a Worthington jet, and (c) sample 4 with V = 2.38 m s~* demonstrating splash. t = 0 ms denotes the time of impact.

This journal is © The Royal Society of Chemistry 2026

Soft Matter


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sm00167j

Open Access Article. Published on 18 June 2026. Downloaded on 6/20/2026 12:50:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

(@) t=0ms 6 ms

QAA:.;:

2ms 4 ms

(b) t=0ms 2ms 4ms 6 ms
L]

Q = ‘
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8 ms 10 ms 122ms  1mm®18ms
= PN
8ms 10 ms 12ms 1mm 318ms
8 ms 10 ms 12ms 1mm j18ms

Fig. 4 Single 2 mm droplet impact on PETG for (a) sample 2 with V = 0.36 m s~ demonstrating staircase and late (t = 12 ms) droplet ejection, (b) sample
4 with V = 0.36 m s~! demonstrating early (t = 6 ms) droplet ejection, and (c) sample 5 with V = 1.21 m s~ demonstrating deposition. t = 0 ms denotes the

time of impact.

4 Variations in the maximum
spreading rate

While several models for f.x exist, none incorporate surface
roughness effects. Fig. 6 presents the variation of i, with Weber
number (We) and roughness for all materials. Because all experi-
ments in the present study were performed with deionized water,
We and Re were varied only through the impact velocity and were
therefore not independently controlled. The present model valida-
tion is accordingly restricted to water droplets, and extension
to liquids of substantially different viscosity or surface tension
will require further experimental assessment. Here, cases involving
significant splashing or droplet breakup were excluded from
analysis to ensure S could be meaningfully compared across
varying roughness and Weber numbers. As expected, fiax increases
monotonically with We, consistent with prior studies.’*'2%2°
Roughness also appreciably influences fi,a: at We ~ 40, rough-
ness altered .« by 10.6% for glass (Fig. 6a), 8.0% for PETG, and
—2.8% for aluminum (Fig. 6¢). In other words, the largest fax

(a) t=0ms 1mm 2ms 4 ms 6 ms
(b) t=0ms 2mMm 2mg 4 ms 6ms
° P Gl &

() t=0ms 2MM 2ms 4ms 6ms

° MMO%‘

Fig. 5 Single 2 mm droplet impact on aluminum demonstrating (a) full rebound for sample 2 with V= 0.41m's

values occurred on the smoothest surfaces for glass and PETG, but
on the the roughest surfaces for aluminum. The effect of roughness
on fimax Was more prominent at lower velocities where We < 100.

Roughness also mattered in terms of causing complete
wetting or splashing for We > 100, where f,ax is no longer a
measurable concept in contrast to the smoother surfaces. Using
the case of We ~ 160, for example, S« could not be measured
for glass when using the R, = 22.49 um sample, PETG for
R, = 31.33 um, and aluminum even for the smoothest case of
R,=2.21 pm.

4.1 Elastic-regime (We < 30): modified Richard-Okumura law
with finite wetting correction

At sufficiently low Weber numbers, droplet impact is approxi-
mately elastic: the drop deforms weakly and, in the ideal limit,
rebounds without forming a thin lamella or an extended
viscous film.'®'” In this regime, Richard and Quéré'® and
Okumura et al.”” showed that, for an ideal, smooth, and non-
wetting substrate, the maximum spreading factor obeys the

] ens Qﬂs

l.17

_ 18 ms

8 ms 10 ms ést (=}
g 8 18 ms
8 ms 10 ms 12 ms 18 ms
° Sd ° 6£ S ©b e

~1, (b) full rebound and droplet ejection for

sample 4 with V = 1.18 m st and (c) shattering followed by a large droplet ejection for sample 4 with V = 2.38 m s, t = 0 ms denotes the time of impact.
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Fig. 6 fmax variation plotted for (a) glass, (b) PETG, and (c) aluminum substrates for 1 < We < 420. The data cuts off due to splashing or complete
penetration of the substrate for the case of (a) glass with R, = 22.49 pm (We > 30), (b) PETG with R, = 31.33 um-R, = 55.04 um (We > 30), and
(c) aluminum for all cases where We > 30. The dashed line denotes We = 30. Data points represent the average of three experimental trials, with vertical
error bars indicating the standard deviation in fmax. While horizontal error bars indicate the standard deviation in We.

capillary-elastic scaling

Buax — 1 < VWe. (5)

This scaling can be recovered by balancing the initial kinetic
energy of the impacting droplet against the capillary energy
stored at maximum deformation. Writing the droplet kinetic
energy as Ei, ~ pD,°V;? and the capillary deformation energy as
E, ~ yDo’(Bmax” — 1), one obtains

Ex ~ E, = pD’Vi? ~ 9Do*(Bmax — 1),

(6)

which yields eqn (5) after introducing the Weber number."®"”

This argument assumes that (i) the substrate is chemically
homogeneous, (ii) its topography is sufficiently smooth that
the drop interacts primarily with the projected area, and (iii)
the dominant surface-energy change arises from deformation
of the liquid-vapor interface rather than from wetting of the
substrate.

This journal is © The Royal Society of Chemistry 2026

For wetting substrates, eqn (5) reduces to fiax — 1 as We — 0;
however, this is not physically realistic. Even in the limit of
vanishing impact velocity, a droplet spreads to a finite diameter
determined by capillarity and wettability. In particular, B, is not
generally expected to equal 1 on wetting substrates, because a
droplet deposited with negligible impact velocity still relaxes to
a finite sessile-cap footprint whose diameter is set by capillarity
and wettability and may exceed the initial free-drop diameter
Dy. Following Lee et al.,'® we therefore introduce a finite zero-
velocity spreading limit

(7)

BO = lim :
Vim0 ﬁmax )

which represents the capillary spreading ratio in the absence of
impact inertia. In the present work, B, is obtained for each
material from the zero-impact-velocity limit using the proce-
dure of Lee et al.,.'® It is therefore convenient to define the
inertial increment above this wetting baseline as
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Aﬁ = ﬁmax - BO (8)

With this definition, the smooth-surface elastic scaling
becomes

AB < VWe (9)

On rough, wettable substrates the droplet impales the
texture and spreads in a Wenzel state. Two additional effects
must then be considered: geometric roughness and substrate
wettability. The true solid-liquid interfacial area exceeds the
projected area by the Wenzel roughness ratio r = A4,/A. Since r is
an area ratio whereas .« is a length ratio, the corresponding
first-order geometric correction to the spreading length is taken
to scale as /r. In other words, /r is introduced here as a
geometric length-scale correction associated with the increase
in available wetted interfacial area under Wenzel wetting.

The second correction arises from wettability. In the Young-
Wenzel framework, the wetting contribution to the interfacial
energy depends on cos0y, where 0y denotes the effective
Young’s contact angle used as the model input. For hydrophilic
substrates, cosfy > 0, so increased wettability lowers the
energetic cost of wetting and promotes additional spreading.
Accordingly, the incremental spreading above the baseline B is
taken to scale to first order as

AB o +/rcos Oy v We.

(10)

Introducing a material-dependent prefactor « to account for
differences in substrate chemistry and surface processing gives

AP = K\/rcos Oy vV We. (11)

Substituting eqn (8) into eqn (11) yields the elastic-regime
model used in the present work:

Bmax = Bo + xvVrWecos Oy (We < 30). (12)

Eqn (12) should therefore be interpreted as a physics-
informed scaling extension of the Richard-Okumura elastic
law to hydrophilic Wenzel-type impacts, rather than as a strict
first-principles derivation. The term B, accounts for the finite
wetting-controlled spreading at zero impact velocity, the factor
/T represents the first-order geometric correction associated
with roughness-enhanced interfacial area, and cos 6y provides
the corresponding first-order wettability correction motivated
by Young-Wenzel interfacial energetics.

Here, « is a material-dependent prefactor that captures the
influence of substrate chemistry and surface processing on
elastic spreading. In contrast to prior formulations employing
a universal prefactor, x is determined independently for each
substrate material by maximizing the coefficient of determina-
tion between experimentally measured and predicted spread-
ing ratios in the elastic regime. The fitted value of « for glass,
PETG, aluminum, and steel is reported in Table 2.

Eqn (12) forms the first branch of the piecewise model
proposed in this work. As a consistency check, we also compare
the elastic-regime scaling against independent low-Weber-
number data for rough steel substrates reported by Singh
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Table 2 Material-dependent values of the elastic-regime prefactor «
used in eqgn (12)

Material Glass PETG Aluminum Steel (Singh et al.™®)

K 0.51 0.54 0.70 0.77

et al."® Because those experiments are restricted to We <30, they
provide a useful test of whether the proposed first-order /r
correction captures the leading geometric roughness effect in the
weak-deformation Wenzel regime. Although the mechanically pro-
cessed steel surfaces in Singh et al. differ morphologically from the
laser-etched surfaces studied here, both studies quantify roughness
through the ratio of actual to projected surface area. Once the
droplet is assumed to penetrate the texture and spread in a Wenzel
state, this area ratio is the relevant first-order geometric quantity
controlling the increase in wetted interfacial area. The comparison
should therefore be interpreted as support for using r as a first-
order Wenzel-state roughness descriptor in the elastic regime,
rather than as proof that all topology-dependent effects are absent.
For the steel substrates, the effective Young’s contact angle 6y used
in eqn (12) is inferred from literature values for water-steel systems,
together with the relatively weak dependence of intrinsic wettability
on roughness for etched steel surfaces.

The choice of We = 30 as the crossover between the elastic
and inelastic branches is physically motivated: it corresponds
approximately to the onset of the fully developed lamella
regime identified by Wildeman et al” and is also consistent
with the present data, where the strongest roughness-dependent
deviations occur in the transitional range We ~ 30-40 before
weakening again at higher Weber number.

Notably, while our energy-based framework successfully uni-
fies both our experimental data and those of Singh et al.," the
empirical model originally proposed by those authors fails to
scale accurately outside of its calibration regime. As detailed in
Fig. S1 and Section S2 of the SI, the Singh model significantly
under-predicts the spreading ratios for the higher-velocity
impacts investigated in this study, further justifying the neces-
sity of the proposed bimodal physical scaling.

Fig. 7 compares the experimentally measured maximum
spreading ratios with predictions from the elastic-regime model
for both the present data set and the independent steel data
reported by Singh et al. The reported coefficient of determination,
R*=10.91, is computed from this combined parity plot and therefore
reflects the agreement across all elastic-regime points shown in the
figure. In this comparison, the prefactor « is fitted per material,
yielding four values in total (glass, PETG, aluminum, and steel),
while the zero-velocity spreading limit B, is fitted per surface,
yielding sixteen values across the roughness levels included in Fig. 7.

4.2. Inelastic-regime (We > 30): roughness effects in inertia-
dominated spreading

Currently, several predictive models for fi,,,.x exist for We > 30.
These models balance inertial, capillary, and viscous forces,
yielding scaling laws based on Reynolds, Ohnesorge, and
Weber numbers. Various assumptions underpin these models:

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Comparison between experimentally measured and model-predicted
maximum spreading ratios in the elastic regime (We < 30). Red symbols
correspond to the present experiments on glass, PETG, and aluminum sub-
strates, while blue symbols correspond to independent low-Weber-number
data for rough steel substrates reported by Singh et al*> The solid line indicates
perfect agreement (Brma(model) = fma(experiment)). The reported R? = 0.91 is
computed from the combined present-plus-Singh data shown here; The
comparison uses material-dependent x values (0.51, 0.54, 0.70, and 0.77 for
glass, PETG, aluminum, and steel, respectively) and surface-dependent Bg
values obtained from the zero-impact-velocity limit for each surface.

surfaces are often taken as superhydrophobic,>® viscous bound-
ary layers are emphasized,® or energy balances are made
assuming smooth substrates." While highly successful for
smooth and weakly textured substrates, most existing formula-
tions do not explicitly incorporate surface roughness effects.

Building upon these frameworks, Laan et al.’ presented a
widely adopted interpolation model that bridges capillary-
dominated (max oc We'?) and viscous-dominated (max o¢ Re')
spreading regimes using an approach inspired by Eggers et al.®
Their scaling interpolates between these limits as

D
T;m o Re'fic

\ (WeRe’z/ 3 )

(13)

where fic is a function of WeRe 25 that varies between zero in

the capillary regime and infinity in the viscous regime. An
impact parameter P = WeRe > is defined to distinguish
between capillary- and viscous-dominated regimes, and using
a [1,1] Padé approximation, Laan et al’ created a smooth
CroSsover:

—1/5 _ pl/2 1/2
max: -
(Dmax/Do)Re P2 (4 + P'?) (14)

where A = 1.24 £ 0.01 is a fitting constant.

When applied to the present data set for We > 30, the Laan
model yields strong overall agreement with the measured
spreading ratios. Using the original prefactor A = 1.24 proposed
by Laan et al, the resulting coefficient of determination
between experimentally measured and model-predicted fmax
values is R = 0.97 when the comparison is restricted to the
inertial regime. This level of agreement is consistent with the

This journal is © The Royal Society of Chemistry 2026
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inertia-dominated nature of high-Weber-number spreading,
where global kinematics largely govern the maximum spread.

Consistent with the trends observed in Fig. 6, the influence
of surface roughness on maximal spreading is most pro-
nounced in the intermediate Weber-number range around
We ~ 40, where the largest separation in f,,x between smooth
and rough substrates is observed. This behavior is reflected in
Fig. 8, where the legend denotes each substrate (glass, PETG, and
aluminum) by its initial, with the specific sample identified by a
subscript corresponding to Table 1. Despite the strong global
performance of the Laan model, closer inspection reveals sys-
tematic deviations in this intermediate regime (30 < We < 60),
where data corresponding to different roughness levels collapse
toward similar predicted values even though the experimental
measurements remain measurably separated. This indicates that
surface roughness effects are not captured when inertial and
surface contributions are of comparable magnitude. Similar
deviations at low and intermediate Weber numbers were pre-
viously noted by Lee et al,'® who introduced a finite-volume
correction for smooth and weakly textured substrates, though
without explicitly accounting for surface roughness. As the Weber
number increases further, air entrapment and inertial dominance
reduce the sensitivity of f,.x to surface roughness, leading to
improved agreement between roughness-independent models
and experimental data. Although the corresponding shifts in fiax
are modest in absolute magnitude, they are sufficiently systematic
to produce visible parity-plot deviations from the roughness-
independent model, which is why the transitional regime rather
than the high-We limit provides the most meaningful test of
roughness sensitivity.

Motivated by the shortcomings, we developed an alternative
model that incorporates surface roughness explicitly within an
energy conservation framework. We begin by balancing the
droplet’s initial kinetic energy, Ey, with viscous dissipation, E,,,
and changes in surface energy, AEg:

Ex = AEs + E, (15)
The droplet is initially spherical, with diameter D, and
impact velocity V,, yielding an initial kinetic energy:

T

E
D)

pDg Vi

(16)

Surface energy changes are more subtle. Initially, the total
energy is the sum of the droplet’s surface energy and the dry
substrate surface energy, expanded by the roughness factor r:

> T 2
Esi = nyDy JFZngDmax r 17)
where 7, is the solid-gas interfacial tension. At maximum
spreading (pancake shape), the surface energy becomes:

Dmax2 n
2
Z’/lemax r

Egr = TW( + Dmaxh> + (18)

where 74 is the solid-liquid interfacial tension and where 4 is
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Fig. 8 Curve showing the model by Laan et al.® (dashed line) plotted against the present experimental data. For the entire data set 1 < We < 420, the coefficient
of determination between experimentally measured and model-predicted fmax Values is R = 0.85, whereas restricting the comparison to the inertial regime
We > 30 raises the fit to R2 = 0.97. The leftmost cluster corresponds to elastic-regime impacts (We < 30), while the remaining clusters correspond to inertia-
dominated impacts (We > 30). The inset displays data from glass samples 1 and 2, highlighting the model's closer agreement for low-roughness glass substrates.
The legend denotes each substrate through its initial with the specific sample denoted by the subscript matching the data in Table 1.

the pancake thickness:

2 Dy
h==2 19
The interfacial tensions are linked by Young’s law:
cosfy = Q (20)

where 0y is that of each substrate as noted in Table 1. However,
the initial surface energy of the droplet before impact is
typically negligible compared to kinetic energy at high Weber
number, and the spreading dynamics “forget” the droplet’s
initial surface energy. Thus, we simplify the initial system
energy to be purely that of the rough dry substrate:
n
ESi = Z’ySgDmale’ (21)
AE;s is obtained by substituting eqn (19) into eqn (18) and
subtracting eqn (21) from it.

D max2
4D¢?

2D
+
3Dl"ll’(lX

Dpnax2rcos Oy
4D¢?

AEg = n*,'DO2 (22)

The inelastic-regime model is formulated under the assump-
tion that the droplet remains in a Wenzel-type wetting state
during spreading, such that the liquid conforms to the rough-
ened substrate and the wetted interfacial area scales with the
roughness ratio r. Accordingly, the model is intended for
surfaces and impact conditions for which full penetration of

Soft Matter

the texture is a reasonable approximation, and it is not
intended to describe Cassie or mixed Cassie-Wenzel states.

Notably, while the dynamic contact angle may deviate from
0y at high velocities, this kinematic variation does not affect our
model as the pancake approximation (eqn (18)) defines the liquid-
air area through volume conservation rather than the contact angle.
Furthermore, at We > 300, the surface energy contribution is an
order of magnitude smaller than the kinetic and viscous terms
(Fig. 9), making the spreading dynamics insensitive to dynamic
wetting discrepancies in the high-inertia limit.

To model the viscous energy, we account for the dissipation
that develops in the near-wall shear layer during spreading.
Building on the analysis of Wildeman et al.,” we assume that
for fully developed inelastic impacts at high Weber number
(We > 30), approximately half of the initial kinetic energy is
lost through a geometric “head-loss”, while additional dissipa-
tion arises from shear in the near-wall boundary layer. The term
E\/2 is therefore used as a first-order inertial baseline, not as an
exact universal constant; on rough substrates, deviations from
one-half may occur because roughness can perturb the large-
scale lamella and rim dynamics. In the present framework,
such departures are not modeled separately and are absorbed
indirectly into the additional viscous correction and fitted
prefactor. Hence, the total dissipative contribution is written as

E
E, = E + 7k (23)

In the Wildeman et al.” and Pasandideh-Fard et al.® frame-
work, Eg" is estimated from a scaling argument in which a

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Order-of-magnitude comparison of the initial kinetic energy Ey,
the total surface-energy change AEs, and the total dissipative contribution
E, over the inertial impact regime (We > 30). Here, AEs corresponds to the
surface-energy contribution defined in egn (22), while E, is the total
dissipative term defined in egn (24). The first two terms on the right-
hand side of egn (25) are both contained within AEs, whereas the third
term corresponds to the additional roughness-amplified boundary-layer
dissipation. Across the present experimental range, E, and E, remain of
comparable magnitude, while AEs is consistently smaller, indicating that
inertia and dissipation dominate the overall energy budget once the
lamella is fully developed.

shear boundary layer of thickness Hy, ~ /vt develops near the
wall as the droplet spreads radially. The associated dissipation
scales as pt (Vo/Hp)*(Dmax”Hp)tm, Where t,,, is the spreading time.
Using the usual estimate 7, ~ Do(fmax — 1)/Vo, this gives the
familiar boundary-layer scaling EEY o< B’/ Bmax — 1Ex/VRe.

When accounting for substrate roughness, we propose that
the primary effect of roughness on viscous dissipation is not to
increase dissipation directly in proportion to the roughened
area, but rather to modify the effective momentum-diffusion
length within the boundary layer itself. Specifically, local aspe-
rities perturb the near-wall flow through obstruction, recircula-
tion, and reattachment, which enhances shear and reduces the
effective viscous penetration length. To represent this effect in
the simplest first-order manner, we introduce a roughness-
modified boundary-layer thickness Hy, ~ Hy,/+/r. Because r is
an area ratio whereas Hy is a length scale, the roughness
correction enters the viscous term through /r rather than r.
Substituting Hy,» into the boundary-layer dissipation estimate
therefore yields a roughness-amplified viscous term propor-

tional to /7Bax>y/Pmax — LEx /v Re, which is then added to the
geometric head-loss contribution of E;/2. Overall, the viscous
dissipation is modeled as

\/}jﬁmaxz ﬁmax - 1E +ﬂ
VRe £
where o is an O(1)prefactor reflecting the precise velocity profile
and the idealized nature of the boundary-layer closure. In the
inelastic regime, a single prefactor « is obtained by fitting the
model to the full We > 30 data set across all materials. This
reflects the reduced sensitivity of inertia-dominated spreading to
material-specific wettability and surface chemistry, in contrast
to the elastic regime where such effects are more pronounced.

E, =o

(24)
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We further note that moving-contact-line dissipation is not
modeled separately here and is instead absorbed only indirectly
into the effective prefactor o.

Finally, substituting eqn (16), (22) and (24) into eqn (15), the
energy balance relation is obtained as

1 o Binax>V/ Pmax — 1
*:;-l-wm“ (1 —rcosOY)+\/FM
2 Weﬂmax We v Re

(25)
Eqn (25) collapses to fina o Re'’” scaling when We — oo
and fax > 1. Overall, this model captures three key pieces of
physics: (i) in the fully developed inelastic regime, approxi-
mately half the droplet’s kinetic energy is lost through a
geometric head-loss, (ii) boundary-layer shear dissipates addi-
tional energy, with roughness entering through a /r correction
to the effective viscous length scale, and (iii) roughness modi-
fies the final surface energy through the Wenzel factor r.
This structure captures both hydrodynamic regime changes
and substrate microtexture effects. Once the inertial branch is
reached (We >30), a single fit of the prefactor o enables the
model to reproduce the experimental maximum-diameter data
with R* = 0.98 across the entire high-Weber-number range.

To clarify the relative importance of the different contribu-
tions in eqn (25), Fig. 9 compares the order of magnitude of the
initial kinetic energy Ei, the total surface-energy change AEg, and
the total dissipative contribution E, across the present inertial-
regime data set. Because the first two terms on the right-hand
side of eqn (25) both originate from eqn (22), they are grouped
together in Fig. 9 as the single surface-energy contribution AEs,
while the third term corresponds to the roughness-amplified
viscous dissipation represented by eqn (24).

The plot shows that, over the experimental range considered
here, Ey and E, are of the same order of magnitude, whereas
AE;s is consistently smaller, typically by roughly one order of
magnitude. This indicates that once the lamella is fully devel-
oped (We > 30), the overall spreading dynamics are governed
primarily by the balance between inertia and dissipation, with
surface energy acting as a secondary correction rather than the
dominant contribution. This is consistent with the improved
agreement of roughness-independent inertial models at high
Weber number, where inertial and dissipative effects dominate
the spreading dynamics. Importantly, while AEs acts as a second-
ary correction in the high-We regime, the model remains funda-
mentally sensitive to surface topography through the roughness-
amplified viscous dissipation term (eqn (24)). By incorporating the
Wenzel ratio (r) into the boundary-layer scaling, the model
ensures that the primary dissipative pathway continues to reflect
the influence of the textured surface, even as the relative impor-
tance of surface energy diminishes.

At the same time, although AEs is smaller in absolute
magnitude, it remains important in the transitional inertial
window, particularly around We ~ 30-60, where the largest
roughness-dependent separation in f.x is observed experi-
mentally. In this range, modest variations in the factor
(1 — rcosfy) are sufficient to produce measurable shifts in
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the maximum spreading ratio, even though the dominant
energy scale is still set by Ey and E,. As We increases further,
both E, and E, increase together while the relative influence of
AEs weakens, which explains why the sensitivity of S to
roughness decreases at higher Weber number.

The interplay between surface roughness (), wettability (0y),
and the surface-energy contribution in eqn (22) remains impor-
tant, even though Fig. 9 shows that AEg is generally smaller
than both Ey and E,, in the inertial regime. The principal role of
the surface-energy term is therefore not to dominate the overall
energy budget, but to provide a roughness- and wettability-
dependent correction that becomes most visible in the transi-
tional regime where roughness-induced differences in f5,,x are
experimentally resolvable.

For hydrophilic substrates (fy < 90°, cos 0y > 0), increasing
rreduces (1 — rcos 0y) toward zero and can eventually make the
surface-energy contribution negative, thereby promoting
spreading. This helps explain the larger f.x values observed
for rougher glass and PETG substrates at intermediate Weber
number. On the aluminum substrates, where the effective
wettability approaches weak hydrophobicity, the response
becomes more complex and lies closer to the validity boundary
of the present Wenzel-based framework. In such cases, transi-
ent partial-Cassie behavior during the earliest stages of impact
may produce small departures from the idealized model.

On the aluminum substrates, the relationship between
roughness and spreading becomes more complex as the effec-
tive wettability approaches weak hydrophobicity (0y > 90°).
While eqn (22) indicates that increasing r should increase
resistance to spreading when cosfy < 0, such conditions lie
near the validity boundary of the present Wenzel-based frame-
work because complete liquid penetration of the roughness
may become more difficult to maintain during the earliest
stages of impact. Accordingly, the hydrophobic aluminum

(a) Laan Model
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sample (A4) (Oy = 95°) is excluded from the Wenzel-based model
comparisons in Fig. 10a and 11. For the remaining aluminum
samples, the agreement is generally good, although the first
two samples (A2 & A3) show minor deviations from the model,
which may reflect the fact that their intrinsic wettability lies
closer to the hydrophobic limit than for glass or PETG. In such
cases, the lamella may be more difficult to fully anchor to the
roughened surface during initial spreading, leading to small
departures from the idealized Wenzel behavior assumed by
the model.

These findings highlight how r, 0y, and dynamic wetting
states collectively influence spreading behaviors. On hydrophilic
substrates, roughness can promote spreading dramatically once
(1— rcos 6y) becomes negative, while for substrates approaching
weak hydrophobicity the response to roughness becomes more
sensitive to the degree of liquid conformation to the textured
surface during impact. The viscous dissipation term adds further
complexity, balancing these competing contributions and under-
scoring the nuanced yet predictable relationship between max-
imum spreading, roughness, and wettability.

Fig. 10a shows the comparison of f§,,,,« obtained through the
Laan et al.’ model (eqn (14)) and our experimental data. We include
the leftmost cluster of points corresponding to elastic-regime
impacts (We < 30) to facilitate comparison with the proposed
bimodal framework and to highlight deviations that arise at low
Weber numbers. Additionally, Fig. 10b compares the Ukiwe &
Kwok* model (eqn (1)) prediction against our data set. As expected,
neither model accounts for variations in f,. associated with
changes in surface roughness, leading to systematic deviations
from experimental trends at moderate Weber numbers.

Of note, in both cases the data corresponding to a given
Weber-number cluster collapses horizontally, reflecting the fact
that neither model predicts any variation in ., With surface
roughness. This behavior is particularly evident in the cluster

(b) Ukiwe & Kwok Model
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Fig. 10 Comparison of roughness-independent models against the present data: (a) the Laan et al. model (eqn (14)) and (b) the Ukiwe & Kwok model
(egn (1)). The leftmost cluster corresponds to elastic-regime impacts (We < 30), while the remaining clusters correspond to inertia-dominated impacts

(We > 30).
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Fig. 11 Comparison of the present roughness-dependent model against the experimental data: (a) log—log plot of AEs + o, versus E,, and (b) measured
versus model-predicted fmax Using the combined bimodal framework. The leftmost cluster corresponds to elastic-regime impacts (We < 30), while the
remaining clusters correspond to inertia-dominated impacts (We > 30). Using the single fitted inertial-regime prefactor « = 0.89, the corresponding
coefficient of determination in the inertial regime is R? = 0.98. Validation of the elastic-regime model is presented separately in Fig. 7.

centered around We ~ 40, where experimental results show the
largest spread in f,.x between smooth and rough substrates.

In contrast, our proposed roughness-dependent bimodal
model provides a unified predictive framework for hydrophilic
substrates across both elastic and inertial impact regimes. It
captures the physics in the very low We regime while also taking
roughness into account by incorporating the Wenzel roughness
term, such that such that both theory and experimental f3,, are
showing the importance of r and we can obtain accurate
estimations of f,.x for either physical regime of We impacts.

Fig. 11a plots the combined surface-energy and viscous
terms, AEs + oE,, against the initial kinetic energy Ey on log-
log axes, using the best-fit value o = 0.89. In the inertial regime
(We > 30), where eqn (25) applies, every point falls very near the
45° line, giving an overall R* = 0.98. For completeness, and having
previously computed the Laan R* over 1 < We < 420, we also
computed the Laan R*> over the inertial-range subset (We > 30),
obtaining 0.97, hence our roughness-sensitive model yields tighter
agreement with the data than the Laan model. While the overall
coefficient of determination for the present model is slightly higher
than that of the Laan model, the primary improvement lies not in a
marginal increase in R, but in the ability to capture roughness-
dependent trends at moderate Weber numbers that are not
resolved by roughness-independent formulations.

Additionally, all points lie close to the x =y line, reinforcing
that with « fixed, the model reallocates the initial kinetic reservoir
almost perfectly between surface creation, viscous heating and
the prescribed 50% head loss. The slight deviations between the
model and the data are attributed to its sensitivity to the r value,
and the unaccounted role of the compressed gas underneath the
droplet impacting the energy balance. To validate this hypothe-
sis, droplet impact tests would have to be repeated under low
atmospheric conditions to eliminate the role of the surrounding
air in the droplet’s impact and spreading dynamics.

This journal is © The Royal Society of Chemistry 2026

Fig. 11b compares the theoretical f,.x obtained from both
eqn (12) and (25) to experimental measurements for a wide set
of impacts (1 < We < 420, 1 < r < 7). The leftmost cluster in
Fig. 11b (fmax < 2, corresponding to We < 30) demonstrates that
the elastic sub-model (eqn (12)) reproduces the low-We behavior
without introducing additional parameters. Most points cluster
tightly along the 45° line, confirming that the combination of head
loss and and roughness-amplified boundary-layer dissipation term
captures the dominant physics once We is well into the inertial
regime. Systematic deviations nevertheless emerge around the
transitional window We ~ 30-40. In this cluster the model tends
to over predict the spread by 10-15%, consistent with the notion
that the lamella is not yet fully developed: the boundary layer is
still thick compared to the lamella and the rim is developing, so
shear is distributed differently from the uniform disk assumption.
At higher Weber numbers (We > 50) theoretical and experimental
diameters converge again, indicating that roughness amplified
viscous work plus the Wildeman et al” head loss can indeed
explain the energy budget of mature “pizza shaped” impacts.

Taken together, these results indicate that inertia-dominated
droplet spreading is largely insensitive to surface properties at
sufficiently high Weber numbers, while roughness-induced
effects remain relevant in the transitional regime. By explicitly
incorporating surface roughness into the energy balance, the
present model extends existing approaches to capture these
secondary effects without compromising predictive capability
in the high-Weber-number limit.

5 Conclusion

This study investigated the impact behavior of droplets on
laser-etched surfaces with varying roughness amplitudes (R,)
and wettability properties across a range of Weber (We) and
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Reynolds (Re) numbers. The results demonstrate that surface
roughness influences droplet impact dynamics, particularly the
maximum spreading ratio (fnay), with its effect being most pro-
nounced at low and intermediate Weber numbers. Importantly, the
significance of roughness here is not that it produces a dramatic
shift in fiax across the full Weber-number range, but that it causes a
consistent and appreciable separation in the transitional regime,
especially around We ~ 40. As highlighted by the inset of Fig. 10a,
increasing roughness in this regime produces a clear divergence
from the roughness-independent Laan model, whereas Fig. 11b
shows that the revised roughness-dependent model captures the
corresponding roughness-dependent separation in .. At higher
Weber numbers (We > 50), the curves move closer together again as
inertial effects dominate, which is fully consistent with the limited
but still meaningful role of roughness observed experimentally.

Glass and PETG substrates exhibited a decrease in advancing
contact angle (0,) with increasing surface roughness, while
aluminum showed an increase due to its transition toward
hydrophobicity. Notably, aluminum’s roughest surfaces exhib-
ited partial Cassie states during impact, influencing fi.x beha-
vior and highlighting the complexity of dynamic wetting states.

This work proposed a two-branch roughness-sensitive
model for predicting fma.c an elastic branch valid for
We < 30 and an inertial, energy-based branch for We > 30. In
the inertial regime (We > 30), a single prefactor o = 0.89 yields
R> =0.98, compared to R* = 0.97 for the Laan et al. correlation over
the same range and R* = 0.85 when that correlation is applied over
the full 1 < We < 420 data set. The model incorporates the
influence of roughness through both viscous boundary-layer
scaling (v/r) and the solid-liquid interfacial surface energy term
(1 — rcosby), capturing the coupled effects of surface texture and
effective wettability.

Overall, while the Laan model offers a compact and effective
predictor for droplet spreading on smooth and weakly textured
surfaces, the present results show that its applicability
diminishes for more strongly roughened substrates, particularly
in the transitional Weber-number regime. By explicitly incorpor-
ating surface roughness into the energy balance, the present
framework extends existing scaling approaches while preserving
analytical clarity, providing a unified, physically grounded
description of droplet impact on textured hydrophilic surfaces.

These findings emphasize the importance of accounting for
surface roughness and dynamic wetting behavior when modeling
droplet impact phenomena. Future studies could further explore
the role of partial Cassie states, transient lamella development,
and droplet-air interactions during impact, as well as extend this
framework to other liquid-substrate systems. Such insights could
inform the design of textured surfaces for applications requiring
precise control of droplet behavior, including inkjet printing,
spray cooling, and water repellency.
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