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A B S T R A C T

Impacting supercooled water droplets commonly cause in-flight ice accumulation on aircraft surfaces. Ice ac
cretion can lead to dangerous situations such as disturbance of airflow around the aircraft wings, breakdown of 
vital antennae, or even malfunction of the engines. The adverse effects of aircraft icing could be avoided by 
designing passive anti-icing surfaces that either delay ice nucleation after droplet impact and/or reduce ice 
adhesion to promote its shedding. Among potential passive anti-icing strategies, smooth surfaces with patterned 
hydrophilic and hydrophobic regions have shown good potential to control local frost formation. In this study, 
we investigate how hydrophilic 150 µm wide stripes influence the impact and freezing of supercooled water 
droplets on two polymeric substrates (Polyvinylchloride and Polypropylene). In addition to varying the wetta
bility difference between the stripes and the substrate, the distance between the stripes (1.25—10 mm) and the 
impact velocity of the water droplet (4.1—6.5 m/s) were varied. High-speed video analysis of the impacting 
droplets shows that the presence of the hydrophilic patterns can lower ice nucleation rates and direct the shape of 
the droplet spreading after impact. However, a low wettability difference between the substrate and the patterns 
can lead to the opposite scenario with higher nucleation rates.

1. Introduction

Due to significant safety hazards and increased fuel consumption, ice 
accretion on aircraft wings, engines, and antennae is a substantial 
concern for aviation [1–3]. Currently, in-flight ice accretion is managed 
using various active de-icing methods that rely on external energy, 
including thermal protection through heating wing surfaces, chemical 
protection by spraying the surfaces with de-icing fluids, or mechanical 
protection by attaching inflatable pneumatic boots onto the wings. Since 
these active methods increase energy consumption and add weight to 
the aircraft, an alternative strategy could be to create passive anti-icing 
coatings that inherently delay ice nucleation and/or reduce ice adhe
sion, thus promoting its shedding [3–6]. The most researched passive 
anti-icing strategies rely on water-repelling superhydrophobic surfaces 
or slippery liquid-infused surfaces, while concepts combining stiffness 
and chemical patterning are gaining attention.

Although some passive anti/low icing technologies effectively 
reduce condensation frosting and ice adhesion strength, their 

performance in dynamic icing conditions, more relevant from the in- 
flight perspective, requires further research. The case of supercooled 
impact droplets is even less studied due to its complexity. When an 
aircraft passes through cold cloud formations, supercooled water drop
lets within the clouds impact the aircraft’s surface at high velocities. In 
the particular case of water-repelling superhydrophobic surfaces and 
slippery liquid-infused surfaces, the impacting water droplets freeze 
quickly upon impact and generate fast-growing layers of ice that me
chanically interlock with the rough superhydrophobic surface struc
tures, leading to higher ice adhesion or wear out the lubricating liquids 
from the surface, hence reducing the long-term efficiency [7–12].

Alternatively, surfaces combining hydrophilic and hydrophobic re
gions have shown some success in controlling static frost propagation 
and condensation in high and low supersaturation conditions [13–15]. 
These patterned wettability surfaces have also attracted interest for 
applications related to dynamic icing conditions with the aim of con
trolling where and what type of ice forms on the aircraft’s surface [4,16,
17]. However, to construct a rational design for a chemically patterned 

* Corresponding author.
E-mail address: s.j.garciaespallargas@tudelft.nl (S.J. Garcia). 

1 These authors contributed equally to this work

Contents lists available at ScienceDirect

Surfaces and Interfaces

journal homepage: www.sciencedirect.com/journal/surfaces-and-interfaces

https://doi.org/10.1016/j.surfin.2025.107918
Received 14 July 2025; Received in revised form 20 September 2025; Accepted 18 October 2025  

Surfaces and Interfaces 76 (2025) 107918 

Available online 22 October 2025 
2468-0230/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-2272-7668
https://orcid.org/0000-0003-2272-7668
https://orcid.org/0000-0001-5152-1904
https://orcid.org/0000-0001-5152-1904
https://orcid.org/0000-0002-2211-9972
https://orcid.org/0000-0002-2211-9972
mailto:s.j.garciaespallargas@tudelft.nl
www.sciencedirect.com/science/journal/24680230
https://www.sciencedirect.com/journal/surfaces-and-interfaces
https://doi.org/10.1016/j.surfin.2025.107918
https://doi.org/10.1016/j.surfin.2025.107918
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfin.2025.107918&domain=pdf
http://creativecommons.org/licenses/by/4.0/


anti-icing coating, it is imperative to understand the physics of super
cooled water droplet impact on uniform and patterned surfaces, an 
aspect so far not investigated.

The state-of-the-art in supercooled droplet impact studies make use 
of high-speed imaging and the interpretation of the videos through 
thermodynamics and hydrodynamics to study the mechanisms involved 
in the impact and solidification of supercooled water droplets [18–21]. 
Once a supercooled water droplet impacts a smooth surface, the droplet 
spreads and then recedes, forming a thin film over the surface. During 
this process, air bubbles can become entrapped within the film, intro
ducing localized instabilities in the liquid and creating favourable con
ditions for ice nucleation and subsequent solidification [20].

Since nucleation events in the film are stochastic, multiple experi
ments of the same sample under the same conditions must be analysed to 
understand the droplet freezing behaviour. To compare the freezing 
behaviour of different samples in different environments quantitatively, 
a statistical model [22] can be used to derive the rate of heterogeneous 
nucleation per unit area Js(t). During video analysis, the droplet freezing 
onset time is recorded individually for each experiment. For each 
recorded freezing onset time (t), the average number of nucleation sites 
per unit area at time t, λs(t), can be estimated by [20,22] 

λs(t) =
1

Ac(t)
ln
(

N0

Nliq(t)

)

≡

∫t

0

Jsdt (1) 

where Ac(t) is the wetted surface area of the droplet at freezing onset 
time (t), Nliq(t) is the number of experiments where the freezing onset 
time is higher than time (t), and N0 is the overall number of experiments. 
Even though this statistical model has been used to compare droplet 
nucleation rates on various uniform aluminium and superhydrophobic 
surfaces in different environmental conditions [20,22,23] it has not yet 
been applied to patterned wettability surfaces.

So far, only a few studies have investigated the dynamic behaviour of 
impacting water droplets on patterned wettability surfaces [24–29]. 
However, these studies rely on computational modelling and focus on 
droplet impact and wetting in a room temperature environment, instead 
of supercooled conditions. One of these simulates the impact of glycerol 
droplets (diameter D0 = 2.45 mm and impact velocity 0.2 m/s ≤ U0 ≤ 2 
m/s) on hydrophobic surfaces (static water contact angle WCA~95◦) 
patterned with four hydrophilic squares (WCA~15◦) using an immersed 
boundary-based framework [25]. The results show how the droplet 
breaks into four sections at impact, followed by selective wetting of the 
four hydrophilic areas. Although this work focuses on glycerol droplets 
at room temperature conditions, it demonstrates the ability of hydro
philic patterning to influence the shape of the thin film after droplet 
impact by sufficient dewetting at the hydrophobic substrate combined 
with easy wetting of the hydrophilic square patterns.

A similar study models the impact of water droplets (diameter D0 =

0.025 mm) on hydrophilic glass (WCA~45◦) patterned with cross- 
shaped or inverted cross-shaped hydrophobic areas (WCA~120◦) 
using a multiphase lattice Boltzmann method [24]. This simulation also 
showed the water droplet splitting and transporting toward the hydro
philic regions, with experimental results supporting the numerical 
models. While the impacting water droplets have been shown to deform, 
split, and spread according to the hydrophilic pattern design in ambient 
conditions, the ability of the patterning to influence dynamic droplet 
freezing behaviour is yet unknown. Potentially, patterned wettability 
surfaces could help direct the freezing of impacting droplets to a specific 
shape or spatial distribution in dynamic icing conditions, which may 
help to reduce airflow disruption around aircraft wings or simply lower 
the ice adhesion or facilitate ice separation.

So far, the influence of wettability patterns on droplet impact has 
promising computational results; however, only a few experimental 
studies support these numerical models. Furthermore, neither numerical 
simulations nor experimental studies have been reported for droplet 

impact on patterned wettability surfaces in cooled or supercooled con
ditions. Although patterned wettability surfaces have already been 
suggested as a solution for impact icing conditions, the literature lacks 
any systematic experimental evidence to support this proposition. This 
work presents the first systematic investigation of the influence of 
patterned wettability on supercooled water droplet impact, wetting, and 
freezing behavior on surfaces. The supercooled droplet impact experi
ments were carried out with three different impact velocities on poly
meric substrates patterned with hydrophilic stripes. Two types of 
commodity polymers (PP and PVC) were functionalized with hydro
philic poly(2-hydroxyethyl methacrylate) (PHEMA) brushes to prepare 
the patterned samples. Samples with varying numbers of hydrophilic 
stripes were used to examine the influence of stripe-to-stripe distance on 
the dynamic droplet impact behaviour. The droplet impact, wetting, and 
freezing dynamics are here related to the substrate type, hydrophilic 
stripe distance, and droplet impact velocity using high-speed camera 
imaging and statistical analysis of the high-speed videos.

2. Experimental

2.1. Sample preparation

The polymeric substrates PP and PVC (20 × 20 × 1 mm) used in this 
work were purchased from S-Polytec GmbH, and were functionalized 
with poly(2-hydroxyethyl methacrylate) (PHEMA) grafted with the help 
of bifunctional macroinitiator PAzBrMA as reported elsewhere [15]. To 
create the stripes, UV masks with constant stripe width of 150 µm and 
varying stripe distances of 1.2 mm, 2.5 mm, 5 mm, and 10 mm were used 
to allow covalently fixing the macroinitiator only at stripe locations on 
the PVC and PP substrates upon exposure to a UV lamp (OmniCure 
S2000 UV Curing System, 320–500 nm) with 30 W/cm2 for 5 min. This 
was followed by rinsing to remove the unreacted PAzBrMA, exposure to 
PHEMA for reaction with the macroinitiator at the stripe locations, and 
rinsing again to remove the excess PHEMA. The resulting samples are 
polymeric substrates (PP or PVC) patterned with hydrophilic polymer 
brushes (PHEMA), which are covalently anchored to the substrate 
surface.

2.2. Water contact angle measurements

Water contact angles (WCA) of the bare and grafted polymer surfaces 
were determined using a KSV CAM 200 optical contact angle goniom
eter. Static, advancing, and receding contact angles were recorded using 
the sessile and needle-in-the-sessile-droplet methods. All measurements 
were repeated three times for each sample. For advancing and receding 
contact angles, the initial volume of the droplet (3 µL) was first increased 
with a pumping speed of 15 µL/s until a maximum droplet size of 15 µL. 
Then, the volume of the droplet was decreased from 15 µL back to 3 µL 
using the same pumping speed of 15 µL/s. All contact angle measure
ments were carried out at an ambient temperature of 21 ◦C ± 2 and 
relative humidity of 40 % ±5.

2.3. Surface imaging

The polymeric substrates were imaged before and after the surface 
functionalization using Laser Scanning Confocal Microscopy (Keyence 
VK-X1000) and micro-FTIR (PerkinElmer Spotlight 400). The 3D Laser 
Scanning Confocal images were further analysed to determine area 
roughness values (Sa) for the sample surfaces.

2.4. Supercooled water droplet impact test

The droplet impact tests were conducted inside an l-shaped wind 
tunnel in isothermal conditions (− 10 ◦C) with airflow set to vary be
tween 0, 10, and 20 m/s. A schematic presentation of the experimental 
setup for investigating supercooled droplet impact on the patterned 
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surfaces is presented in Fig. 1. The supercooled droplet was generated 
with a syringe needle on top of the wind tunnel, from where the droplet 
was directed to fall on top of the sample substrate placed at the test 
section of the vertical wind tunnel. To ensure that the impacting droplets 
were in a supercooled state, a thin thermocouple was kept inside the 
needle to monitor the droplet temperature during the experiments. 
Additionally, the samples were kept inside the wind tunnel for a mini
mum of 30 min before each experiment to cool them down to the desired 
surface temperature of − 10 ◦C. The droplet impact onto the sample 
surface was recorded with a high-speed camera (Photron SA-X2 k1080, 
8000 fps, 52.91 μm/pixel). Since the droplet impact was imaged at an 
angle of 40◦, a calibration algorithm was used to calculate distances 
during image processing. The droplet impact tests were repeated a 
minimum of 10 times for each sample per air flow condition. A detailed 
description of the experimental setup is provided elsewhere [20].

3. Results and discussion

3.1. Sample preparation

Two commodity polymeric substrates (PP and PVC) were function
alized with hydrophilic poly(2-hydroxyethyl methacrylate) (PHEMA) 
stripes to investigate supercooled droplet impact on patterned wetta
bility surfaces. To ensure the durability of the patterning during 
repeated droplet impact tests on the same location, the hydrophilic 
PHEMA polymer was covalently linked to the substrates via a bifunc
tional macroinitiator PAzBrMA [15]. The azide functionalities of 
PAzBrMA enabled the covalent attachment of the macroinitiator to the 
substrate under UV light exposure, while the remaining bromide func
tionalities act as initiation points for surface-initiated atom transfer 
radical polymerization (SI-ATRP) of hydrophilic monomer HEMA.

To create the patterns, UV masks cut with 100 µm thin slits were 
placed on top of the substrates covered with PAzBrMA. Upon UV 
exposure, the PAzBrMA located at the areas where the slit is located 
becomes covalently bound to the surface, while the unreacted PAzBrMA 

chains beyond the slit openings can be rinsed away. This is followed by 
exposure to HEMA to polymerize where the fixed PAzBrMA is located (i. 
e., at the stripes). The distance between the stripes was varied from 1.25 
mm to 10 mm by changing the design of the UV mask. As a result, 10 
different types of samples: bare PP and PVC substrates with no stripes 
and PP and PVC patterned with a stripe distribution of 1.2 mm, 2.5 mm, 
5 mm, and 10 mm.

As shown in Fig. 2, PP shows about two times higher roughness (1.50 
µm > 0.8 µm), slightly higher static water contact angle (101◦ > 96◦) 
and lower contact angle hysteresis (30◦ < 59◦) than is the case for PVC.

Confocal imaging and micro-FTIR confirmed fixation, stripe size, 
conformality, and roughness of the PHEMA patterns. The hydrophilic 
polymer brushes should be thin enough to avoid significantly changing 
the roughness of the sample surface, which could interfere with the 
droplet spreading behaviour and freezing probability. As seen in Figs. 2
and S1, the width of the stripes is approximately 150 µm, and the 
thickness is lower than 0.3 µm after 4 h of polymerization in HEMA 
solutions. Analysis of samples fully covered with PHEMA (without a 
mask during UV exposure) showed that the surface functionalization did 
not influence the overall roughness of the substrates. In contrast, the 
wettability of the PHEMA-covered areas was lowered to a static water 
contact angle of 41◦ (from initial 101◦ and 96◦ of PP and PVC, 
respectively).

3.2. Influence of hydrophilic patterns on droplet impact

Supercooled droplet impact on the patterned surfaces was investi
gated in an l-shaped wind tunnel built inside a cold chamber (see Fig. 1). 
Before each experiment, the sample was attached to a round sample 
stage positioned in the middle of the wind tunnel. The temperature in
side the cold chamber was set to − 10 ◦C, and the airflow inside the wind 
tunnel was varied between 0, 10, and 20 m/s, corresponding to droplet 
impact velocities of 4.1, 4.8, and 6.5 m/s, respectively. The droplet 
impact velocity is not linearly proportional to the variation of airflow 
inside the wind tunnel because the droplet is pulled more efficiently 

Fig. 1. A schematic presentation of the experimental setup used for the supercooled droplet impact tests.
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toward the airflow at high wind speeds. At low wind speeds, the incre
mental benefit is small because the drop is still mostly gravity-driven.

Figs. 3 and S2-S7 show time snapshots from four example videos, 
including droplet impact at a velocity of 6.5 m/s on both bare substrates 
(PP and PVC) and the same substrates patterned with PHEMA stripes 
(1.25 mm stripe distance). For each sample, the first image at t = − 1 ms 

shows the square-shaped sample on the round stage holder and the 
falling supercooled droplet just above the sample. The second image at t 
= 0.3 ms shows the initial impact of the droplet, followed by an impact 
to represent droplet spread at t = 1 ms, and the receding process of the 
droplet at t = 30 ms. The fifth snapshot, at t = 150 ms, visualizes a high 
degree of receding (approximately maximum receding before freezing), 

Fig. 2. The PP and PVC substrates patterned with hydrophilic PHEMA stripes were imaged using confocal microscopy (left) to determine the stripe dimensions and 
the substrate roughness (Sa). Static water contact angle (WCA) and contact angle hysteresis (CAH) of the bare substrates and the hydrophilic stripes were determined 
using contact angle goniometry (right). The chemical structure of the hydrophilic PHEMA brushes can be seen in the bottom right corner.

Fig. 3. A series of high-speed video snapshots showing supercooled droplet impacting, receding, and freezing stages on a) bare PVC, b) bare PP, c) patterned PVC 
with 1.25 mm stripe distance, and d) patterned PP with 1.25 mm stripe distance. The marked red areas highlight dry voids between the hydrophilic stripes on the 
patterned surfaces. All four videos were conducted under isothermal conditions at − 10 ◦C with a droplet impact velocity of 6.5 m/s. The black scale bars at the 
bottom left corners correspond to 5 mm.
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while the last snapshot at t = 4000 ms shows frozen droplets. The exact 
time at which each transition takes place depends on the droplet, sub
strate, and test as discussed here.

The droplet impact tests were repeated a minimum of 10 times for 
each substrate and airflow speed combination. An image processing 
program (ImageJ) was used to determine droplet spreading rates, 
freezing onset times, and freezing propagation rates from the recorded 
videos. For the quantification of the droplet spreading after impact, the 
dimensionless diameter β (t) of the droplet spread on the surface and the 
dimensionless time τ, defined as follows, were used: 

β(t) =
D(t)
D0

(2) 

τ = t
U0

D0 (3) 

where D (t) is the spreading diameter, D0 is the initial diameter of the 
droplet, and U0 is the impact velocity of the droplet.

In Fig. 4, the dimensionless diameter β (t) is plotted as a function of 
the time after droplet impact for all PP and PVC samples in two different 
droplet impact velocities. In all four plots, the dimensionless diameter β 
(t) increases rapidly after droplet impact until it reaches its maximum 
spreading between τ = 2–3. After maximum spreading, the wetting area 
recedes at a slower pace than it spreads until an equilibrium static 
contact angle is reached and/or the droplet begins to freeze. This holds 
true for all dark blue and dark green plots corresponding to bare PP and 
PVC (β decreases with τ after reaching a maximum). Opposite to this 
trend, and unlike common droplet behaviour in homogeneous samples, 
the spreading diameter remains steady after reaching maximum spread 
for all striped samples at all droplet impact velocities (β remains con
stant with τ after reaching a maximum). Additionally, at the lowest 
droplet impact velocity of 4.1 m/s (zoomed-in section in Figs. 4a-b and 
S8), the maximum spreading diameter of the droplet decreases with the 
increasing number of hydrophilic stripes.

The behaviour observed for the striped samples can be explained by 
the droplet being pinned as it comes in contact with the hydrophilic 
stripes when spreading on the surface. If the droplet covers 10 hydro
philic stripes in the moment of maximum spreading, it will remain 

Fig. 4. The dimensionless droplet spreading diameter scaled by original droplet diameter β is plotted as a function of dimensionless time τ after droplet impact for: a) 
PP substrate at 4.1 m/s impact velocity; b) PP substrate at 6.5 m/s impact velocity; c) PVC substrate at 4.1 m/s impact velocity; and d) PVC substrate at 6.5 m/s 
impact velocity with and without stripes.
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wetting these 10 stripes while receding slowly on the hydrophobic areas. 
Since the image analysis aims to calculate the evolution of the droplet 
diameter over time, rather than the overall wetted area, the dimen
sionless β values in Fig. 4 remain constant after the maximum droplet 
spreading on the patterned surfaces. This is in good agreement with 
previously conducted numerical simulations for patterned surfaces 
[24–27], in which the droplet is simultaneously wetting the hydrophilic 
stripes and slowly dewetting the hydrophobic polymer substrate.

At the highest impact velocity (6.5 m/s), the dewetting occasionally 
results in dry areas between the stripes, as shown in Figs. 3c and d It is 
argued that during the dry void formation, bubbles form in both hy
drophilic and hydrophobic regions due to air entrainment during 
impact. However, hydrophilic stripes, with higher wettability and strong 
pinning forces, anchor the contact line, causing localized lamella thin
ning and rupture to be more likely. Once initiated at the hydrophilic 
strips, the rupture propagates into hydrophobic regions due to their 
lower adhesion and faster water recession. Hydrophobic areas, there
fore, amplify rupture through accelerated liquid withdrawal, exposing 
larger dry voids.

To study this local dewetting better, a close-up analysis is needed. 
Fig. 5a shows representative screenshots of frozen droplets on the 
patterned surfaces with dry voids indicated with red circles. Although 
the droplets froze before the water fully receded from the hydrophobic 
areas, the occasional dry voids between the stripes suggest that the 
patterning directs the final water distribution. Fig. 5b presents the sum 
of all detected void areas per sample for quantitative assessment of each 
sample’s void formation tendency at a given speed of 6.5 m/s (i.e. 
dewetted area added together from all the impacts for a specific speed 
and substrate). This approach is selected as it is closer to a real-life icing 
scenario where multiple supercooled droplets impact a larger area.

Since the void formation was observed only at the highest impact 
velocity (6.5 m/s), the probability of void formation is expected to in
crease with increasing droplet impact velocity. Fig. 5b also shows that 
the probability of void formation seems to increase with decreasing 
stripe distance, with the PP substrate showing more void areas than the 
PVC samples. This is likely due to the combination of lower wettability 
and slightly higher roughness of the PP substrate. By increasing droplet 
impact velocity and by maximizing the wetting contrast between the 
stripes and the substrate (i.e., stripes with a lower static contact angle on 
a substrate with a higher static contact angle), the impacted droplet 
would recede faster towards the hydrophilic patterns and the final shape 
of the frozen area would mimic the predetermined surface patterning.

3.3. Influence of hydrophilic patterns on droplet freezing after impact

Ice nucleation can occur anytime after droplet impact; however, 
high-speed videos from longer than 18 s of recording time result in 
unreasonably large video files that cannot be produced and stored in 
large quantities. As a consequence of this technical limitation and the 
long freezing times observed in some experiments, some droplet freezing 
were not recorded.

Fig. 6 shows the freezing probabilities for each sample with the three 
different droplet impact velocities. As expected, the droplet freezing 
probabilities increase with higher impact velocities due to more small 
air bubbles generated at the liquid-solid interface during impact [20]. 
On the other hand, the samples with PVC substrate show higher freezing 
probabilities even though Fig. 2 shows that the PP substrates have 
slightly higher roughness (Sa = 1.50 µm > 0.80 µm). Since these ex
periments were conducted in isothermal conditions, differences in 
thermal conductivities (0.12 W/mK for PP and 0.19 W/mK for PVC) 
[30], are unlikely to account for the higher freezing probability of PVC. 
On the other hand, the higher wettability of PVC compared to PP (Fig. 2
showing CAH values 59◦>30◦) likely leads to more continuous molec
ular water layers on PVC, which have in turn been proven to promote 
earlier freezing onset times in surface frosting [31] and could be the 
underlying reason for more rapid droplet freezing observed in this work. 
An existing layer of interfacial ice-like water, which has previously been 
identified and described even on surfaces modified with hydrophobic 
alkyl silanes and halocarbon wax [32], provides thermodynamically 
ideal hydrophilic surfaces for nucleation events [33]. The presence of 
these hydrophilic MWLs promote earlier nucleation on the PVC sub
strate, leading to higher freezing probability in the supercooled droplet 
impact tests.

The surface coverage of each frozen droplet was analyzed from the 
recorded videos using ImageJ and plotted as a function of the nucleation 
onset time after droplet impact. In Fig. 7a, the frozen droplet areas 
decrease exponentially with increasing time after the droplet impact. 
After t = 1 s, the frozen area coverage remains below 40 mm2 (less than a 
third of the maximum droplet spreading ~150 mm2) regardless of the 
substrate type or droplet impact velocity. As mentioned earlier, com
plete receding of the droplet before freezing onset is necessary for 
controlling the shape of the frozen area with better precision. Therefore, 
the freezing onset time for these samples should ideally be higher than 
one second.

Since freezing after droplet impact is a stochastic process, reporting 
average freezing onset times for each sample is irrelevant in this context. 
Instead, the freezing onset times for each sample were plotted as the 

Fig. 5. a) Video snapshots showing regions of dry voids (circled with a red line) on PVC and PP substrates with 5.0 mm and 1.25 mm stripe distance impacted at 6.5 
m/s. The black scale bar on the bottom left corner of the first image corresponds to 5 mm. b) Sum of all detected void areas on the patterned PVC and PP substrates 
with varying distances between the hydrophilic stripes at 6.5 m/s impact velocity.
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Fig. 6. Freezing probabilities with a droplet impact velocity of 4.1 m/s, 4.8 m/s, and 6.5 m/s for the various patterned samples with a) a PP substrate (blue color) or 
b) a PVC substrate (green color).

Fig. 7. a) The surface coverage of each frozen droplet plotted as a function of droplet nucleation time after impact. b) Fraction of liquid droplets plotted as a function 
of all nucleation onset times of droplets impacting a PP substrate with 1.25 mm stripe distance at a velocity of 6.5 m/s. The nucleation onset time corresponding to 
the half point of frozen and liquid droplets (red arrow) is denoted as the median freezing onset time (MFOT). The MFOTs are shown for all samples with c) PP 
substrate (blue) and d) PVC substrate (green). The dotted black line indicates t = 1 s after the impact.
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fraction of liquid droplets Qliq(t) at the given onset time after the droplet 
impact. 

Qliq(t) =
Nliq(t)

N0
(4) 

As shown in Fig. 7b, the resulting plot shows the fraction of liquid 
droplets freezing at longer times decays exponentially. By fitting an 
exponential power function to this plot, it is possible to extract the 
theoretical time after droplet impact at which there is a 50 % chance that 
the droplet has already frozen. This parameter will be denoted as the 
median freezing onset time (MFOT). The MFOTs for each sample with 
the three different droplet impact velocities are shown in Fig. 7c-d. 
Similarly to the freezing probabilities in Fig. 6, the MFOTs are signifi
cantly higher for droplet impact on PP substrates, and decrease with 
increasing droplet impact velocity for most samples. The MFOTs on PP 
substrate are also mostly above 1 s, indicating that the droplets 
impacting PP substrate have more time to recede and form larger dry 
voids than droplets impacting PVC substrate before they freeze.

In addition to the freezing probabilities and MFOTs, the droplet areas 
at freezing onset times Ac(t) and the fraction of liquid droplets Nliq(t)/N0 
were used to calculate the average number of nucleation sites λs(t) and 
average nucleation rates per unit area Js(t) for each sample, as shown in 
Eq. (1).

Fig. 8a shows examples of λs(t) plotted as a function of the droplet 

nucleation time after impact for the patterned samples. For all samples, 
the λs(t) values increase linearly over time, with the slope corresponding 
to the average nucleation rate Js(t). As shown in Fig. 8b, the initial 
nucleation rate at t < 50 ms is significantly higher compared to the 
second nucleation rate thereafter. The higher nucleation rate at t < 50 
ms is attributed to the air bubbles generated at droplet impact. For 
droplets freezing after 50 ms, the nucleation rate decreases, attributed to 
the impact of trapped bubbles disappearing.

The average nucleation rates for all samples can be seen in Fig. 8c-d. 
As expected, the initial nucleation rates at t < 50 ms (Fig. 8c) are higher 
for all samples compared to the second nucleation rate at t > 50 ms 
(Fig. 8d); i.e., nucleation happens at higher speeds when droplets freeze 
within 50 ms after impact. Following the same trend of freezing prob
ability and MFOTs, the nucleation rates are also much higher for PVC 
substrates (green color) than for PP (blue color), again attributed to the 
presence of MWL on PVC. The differences between droplet impact ve
locities and stripe distances are less obvious, especially at t < 50 ms in 
Fig. 8c. However, the striped PVC samples in Fig. 8d show higher 
nucleation rates at t > 50 ms compared to the bare PVC sample. An 
opposite trend can be seen in Fig. 8d for the striped PP samples, which 
show lower nucleation rates at t > 50 ms compared to the bare PP 
substrate. This reinforces the idea that the wettability difference be
tween the substrate and the patterns should be maximised to lower 
nucleation rates, which increases the median freezing onset time MFOT, 

Fig. 8. Average number of nucleation sites per unit area (λs) as a function of the nucleation time after droplet impact for samples a) PP and PVC with 2.5 mm stripe 
distance and 4.8 m/s droplet velocity, and b) PP with 10 mm stripe distance and 6.5 m/s droplet velocity. From the slopes of the λs(t) plots nucleation rates (Js) for the 
samples at c) t < 50 ms and d) t > 50 ms can be obtained.
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which, in turn, creates more time for the droplet to recede towards the 
hydrophilic patterning.

Once a freezing event initiates after the droplet impact, its propa
gation within the supercooled droplet can also be followed in the 
recorded videos. The rate of freezing propagation within the droplet was 
analyzed using ImageJ for all of the experiments, and their values were 
plotted in Fig. 9. All propagation rates were found to be between 50 and 
100 mm/s with no variation between the two substrates, distance be
tween the hydrophilic stripes, or droplet impact velocity. These values 
are comparable to those reported for bulk water freezing [31,34–36] 
being between 10 and 100 mm/s, as expected since the freezing prop
agation within the supercooled droplet is bulk water freezing, given the 
dimensions of the droplet. The droplet freezing mechanism after impact 
is therefore confirmed to be governed by bulk water freezing dynamics, 
independent of surface effects.

As a mode of summary of the different observations made during 
supercooled water droplet impact, Fig. 10 shows a comparison of the 
droplet wetting and freezing behaviour on the two different polymeric 
substrates (PP and PVC). For both substrates, dry voids were detected 
when the patterning distance was lower than 5 mm, with the probability 
of void formation increasing with decreasing stripe distance. Fig. 10a-b 
shows the overall average nucleation rates (t > 50 ms) on both substrates 
at all impact velocities to highlight the differences as a function of the 
underlying polymer substrate. Both substrates show the lowest nucle
ation rates for stripe distances between 2.5 and 5 mm, although the 
patterned PP substrates had significantly lower nucleation rates 
compared to the PVC samples.

Overall, the patterned PVC samples show increased nucleation rates 
compared to the bare PVC substrate, whereas the patterned PP samples 
show an opposite trend. We hypothesize that this behaviour is due to the 
wettability contrast between substrate and stipes (higher for PP sam
ples), as well as the presence of MWL on PVC. Although further testing 
on more hydrophobic substrates with higher wettability contrast could 
lead to faster droplet receding and bigger dry areas, this study provides 
important initial insights into the performance of patterned wettability 
surfaces as passive anti-icing coatings in dynamic icing conditions. 
During in-flight icing conditions, supercooled water droplets can impact 
the aircraft surfaces with velocities up to 500 m/s, which is an order of 
magnitude higher than the impact velocities used in this work (up to 6.5 
m/s). Since dry void formation was observed only at the highest impact 
velocity, higher droplet impact velocities in real-life icing conditions 
could potentially significantly increase the droplet receding rate toward 
the hydrophilic patterns, thus leading to better control over where ice is 
formed on the surface.

4. Conclusions

The impact behaviour of supercooled droplets (D0 = 2.6 mm) on 
homogeneous and patterned wettability surfaces was investigated in an 
l-shaped wind tunnel at isothermal conditions of − 10 ◦C at three 
different impact velocities. Two commodity polymers (PP and PVC) with 
different CAH (30◦ and 59◦) were covered with hydrophilic stripes (150 
µm wide PHEMA stripes) to create patterned samples with two different 
wettability regions. A high-speed camera was used to monitor the 
droplet impact on the hydrophilic stripes, with stripe distance varying 
from 1.25 mm to 10 mm, and the droplet impact velocities adjusted at 
4.1, 4.8, and 6.5 m/s.

The captured high-speed videos show occasional dry voids between 
the hydrophilic stripes during the receding of impacted supercooled 
droplets at the highest impact velocity (6.5 m/s). Image analysis of the 
frozen droplets reveals that the void formation is more likely to occur 
with a higher wettability difference (PP substrate) and with a lower 
patterning distance. The higher wettability difference on PP was also 
linked to a reduced nucleation probability and rate after droplet impact. 
Even though the freezing onset occurs on both substrates before the 
droplet has fully receded towards the hydrophilic stripes, the numerous 
dry voids on PP suggest that an even higher wettability difference be
tween the hydrophilic patterns and the hydrophobic substrate could 
help control the shape and location of the final frozen area after droplet 
impact.

Unlike the patterned PVC substrates, the hydrophilic patterning on 
PP leads to overall better performance in terms of nucleation rates and 
wetting behavior compared to bare PP. Specifically, PP samples with a 
patterning distance of 2.5–5.0 mm exhibit the lowest freezing proba
bilities and nucleation rates under the experimental conditions used in 
this work (a droplet diameter of 2.6 mm, impact velocities of 4.1–6.5 m/ 
s, and an isothermal temperature of − 10 ◦C). While lower freezing 
probability is more critical for anti-icing surfaces from a practical point 
of view, freezing onset time after impact can play a crucial role in the 
aim of controlling where and in what shape ice accumulates on 
patterned surfaces. The later the freezing onset occurs, the more time the 
droplet has to recede towards the hydrophilic patterning, thus gener
ating dry areas that grow between the patterns.

This work is first experimental study that investigates systematically 
the influence of wettability patterns on supercooled water droplet 
impact, wetting, and freezing behaviour. The results indicate that 
patterned wettability surfaces could be potentially beneficial under 
impact icing conditions, especially when considering the higher impact 
velocities and using a lower patterning distance that can aid in faster and 

Fig. 9. Freezing propagation rate within the droplet after impact for all of the patterned PP (blue) and PVC (green) samples and all droplet velocities as a function of 
a) the distance between the hydrophilic stripes; b) the nucleation time after impact. The gray dashed grid indicates the range of propagation rates previously reported 
for bulk water freezing [31,34–36].
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more frequent dry void formation. Although the droplet impact veloc
ities used in this study (4.1–6.5 m/s) are much lower than what anti- 
icing coatings would experience in potential real-life applications (e.g. 
supercooled droplet impact on aircraft at 50–500 m/s), the dry void 
formation in the highest tested impact velocity is an encouraging sign for 
further systematic tests in more challenging environmental conditions. 
Finally, to develop rational designs for future patterned anti-icing sur
faces, a more in-depth investigation is needed into the role of patterning 
distance, shape, chemistry, and topology on the freezing of impacting 
supercooled droplets, particularly in connection with varying droplet 
diameter and impact velocity.
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