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A B S T R A C T

In aviation, ice removal from surfaces primarily relies on energy-intensive active de-icing systems and anti-icing 
fluids with significant operational and environmental impact. Alternatively, passive low-icing or low-ice- 
adhesion surfaces may be used. However, existing passive anti-icing and low-ice adhering materials often lack 
durability, rely on complex fabrication methods, or cannot be integrated into certified coating systems. Similar 
challenges are faced in other fields such as communications, ships, and cryogenic preservation. In this work, we 
introduce and compare several scalable PFAS-free surface-modification strategies based on surface lubrication to 
obtain low ice adhesion. A robust home-made multichannel ice adhesion testing device was further developed 
and used across the study. The strategies, applied to three polymeric substrates (a commercial aircraft poly
urethane (PU) topcoat, polyvinyl chloride (PVC), and polypropylene (PP)), were: (i) controlled UV exposure, (ii) 
silicone-oil microdroplet contamination, (iii) hydrophilic micropatterns based on covalently grafted Poly(2- 
hydroxyethyl methacrylate) (PHEMA), and (iv) a UV-curable hydrophilic spray coating based on 2-(Meth
acryloyloxy)ethyltrimethylammonium chloride (DMC). UV degradation showed a minor yet measurable effect on 
the reduction of ice adhesion. On the other hand, surfaces coated with molecular water layer-forming treatments 
(PHEMA patterns and DMC) significantly lowered ice adhesion at − 10 ◦C, outperforming oil microdroplets. 
Together with homogeneous PHEMA-grafts, the DMC coating achieved the lowest adhesion 
strengths—consistently below 20 kPa in cyclic testing—attributed to the formation of a non-freezing surface 
water layer. These results demonstrate that PFAS-free water-lubricating hydrophilic coatings offer a promising 
pathway toward a new generation of effective passive anti-icing materials.

1. Introduction

Ice accretion and frost formation on surfaces present persistent safety 
and operational challenges across numerous sectors, including energy 
production [1,2], telecommunications [3,4], transportation [5], and 
refrigeration [6]. Among these, the aviation industry is particularly 
vulnerable due to the severe consequences that even small amounts of 
ice can impose on aerodynamic performance [7–11]. Ice buildup on 
aircraft wings, propellers, and sensors alters airfoil geometry, increases 
drag, reduces lift, and increases the aircraft's weight, ultimately 
compromising both efficiency and safety. Because aircraft routinely 
operate in mixed-phase clouds, freezing rain, and cold and humid at
mospheres, any surface exposed to the airflow becomes susceptible to 
repeated icing events. As global air traffic continues to expand, miti
gating icing risks efficiently and sustainably has become an increasingly 

important engineering challenge.
Commercial aircraft currently rely almost exclusively on active anti- 

icing systems, the most common being electro-thermal heating. [12,13]
Embedded heating elements supply continuous or cyclic thermal energy 
to maintain surface temperatures above freezing. Although effective and 
reliable, such systems impose considerable penalties in terms of energy 
consumption, fuel use, and maintenance requirements. For modern 
passenger aircraft, thermal anti-icing can account for several percent of 
overall fuel requirements, corresponding to increased carbon emissions 
and operational costs. Furthermore, adding heaters and power lines 
increases both structural complexity and aircraft weight. These limita
tions have motivated a growing interest in passive anti-icing materials, 
which aim to prevent or mitigate icing without requiring external en
ergy input. [14–16]

One promising passive strategy is the development of surface 
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coatings with ultra-low ice adhesion strength. [15,17] If the adhesion 
between ice and the aircraft coating is sufficiently small—typically 
specified to be under <30 kPa—then ice could be removed continu
ously by wind flow (12 m/s) around the airfoil during flight, hence 
preventing dangerous ice accumulation without the need for heating or 
chemical de-icing. [16,18,19] Although numerous materials and surface 
treatments with low ice adhesion have been reported in the literature, 
none have yet reached commercial implementation on aircraft. Coatings 
with promising laboratory performance often fail due to issues with 
scalability, durability, surface contaminations, and/or complex fabri
cation routes. From an industrial standpoint, an ideal passive anti-icing 
solution should be inexpensive, fast to apply, compatible with existing 
aerospace coatings, and mechanically robust under UV exposure, abra
sion, dust contamination, and chemical stressors.

To design such coatings, it is essential to consider how ice adhesion 
can be minimized. Several strategies have been explored extensively: 
hydrophobic and superhydrophobic coatings, soft elastic substrates, and 
oil-infused polymers (also referred to as liquid-infused surfaces). Each 
approach can reduce ice adhesion through a different mechanism, but 
each also introduces limitations for long-term aircraft use. [20] Super
hydrophobic materials utilize structured and nano-fabricated surface 
topologies to reduce ice adhesion by minimizing ice-substrate contact 
area. [21] However, superhydrophobic surfaces typically depend on 
delicate micro- or nano-textured topographies that are susceptible to 
abrasion and contamination. [22] Moreover, under humid or icing 
conditions, liquid penetration into the nano-features can also drastically 
increase ice adhesion due to mechanical interlocking. [23,24] Elastic 
PDMS-based surfaces [25], which deform at the ice–substrate interface, 
can also lower adhesion by dissipating shear stresses during detachment; 
however, their inherent softness makes them vulnerable to mechanical 
damage and abrasion. Oil-infused polymers [26,27] create an effective 
lubricating oil film between the ice and the solid substrate, but the 
infused oils (typically silicone, perfluoropolyether (PFPE), or mineral 
oils) tend to deplete over time, leading to increased ice adhesion [28]. In 
all these strategies, durability remains the biggest limiting factor for 
industrial applications.

An emerging alternative approach relies on the formation of a stable 
aqueous lubricating layer at the ice–substrate interface 
[18,19,29,30,32–35]. This strategy is particularly attractive because it 
can provide low interfacial shear strength without relying on fragile 
surface roughness, soft bulk elasticity, or externally supplied oils. This 
concept is also described in the literature using terms such as quasi- 
liquid layer (QLL), non-freezing water layer, or liquid-like molecular 
water layer (MWL). Such layers arise when water molecules form strong 
interactions with certain chemical groups at the surface, preventing 
them from crystallizing at typical freezing temperatures. [36–38] On a 
molecular level, this behaviour is typically attributed to strong 
hydrogen-bonding interactions with charged or hydrophilic groups that 
inhibit the cooperative rearrangement of water molecules required for 
ice nucleation. These non-freezing water layers function as atmospheric 
self-replenishing lubricants, dramatically reducing interfacial shear 
strength. Several studies [29,30,32], using this principle applied on 
hydrogels, polyelectrolyte networks, and PEG-modified elastomers, 
have reported ice adhesion strengths well below 30 kPa— which is 
considered low enough for passive aircraft anti-icing. However, most 
such materials lack the mechanical robustness, environmental resis
tance, or application simplicity required in aviation and other fields. The 
development of aqueous lubricating surfaces made from durable and 
scalable coating chemistries appears as an interesting development with 
potential for implementation in critical application domains.

While material innovation is a key challenge, a parallel issue com
plicates progress in the field of passive anti-icing coatings: a lack of 
standardized ice adhesion testing. [39] Ice adhesion is most commonly 
measured using a shear force-based push test, but different laboratories 
employ widely varying apparatus designs, loading geometries, ice for
mation protocols, pushing speeds, pushing heights, and 

temperature–humidity conditions. Recently, several studies have 
demonstrated that parameters such as actuator pushing speed and 
pushing height can significantly influence the measured adhesion 
strength. Yet most published reports do not fully disclose these param
eters, making comparison of results difficult. The absence of standard
ization has led to large discrepancies in reported adhesion values for 
inherently similar materials, obscuring which anti-icing strategies are 
genuinely most effective, hence highlighting the need to properly report 
and compare surfaces under well-controlled testing and environmental 
conditions.

In this study, we address both the materials challenge and the testing 
challenge in the development of low-ice adhesion coatings. First, we 
designed a horizontal shear (push) test setup with accurate temperature 
and humidity control and multiple sample holders, thereby significantly 
increasing experimental output speed relative to conventional single- 
sample designs. This system enables more reproducible, transparent, 
and systematic testing of ice adhesion under well-defined conditions. 
Second, we evaluated several surface modification strategies on three 
polymeric substrates of practical relevance: a commercial aircraft 
polyurethane (PU) topcoat, poly(vinyl chloride) (PVC), and poly
propylene (PP). The selected surface modifications aimed at studying 
and comparing the impact on ice adhesion of hydrophobic and hydro
philic continuous and patterned surface lubrication, and the impact of 
UV exposure on the surface ice adhesion properties. To this aim, selected 
polymers were treated in different manners: (i) exposed to UV light, 
simulating UV environmental degradation; (ii) covered with silicone oil 
droplets, mimicking potential maintenance-related contamination; (iii) 
surface modified with hydrophilic micropatterns, following our recent 
findings showing their potential to control frost nucleation and propa
gation [40] as well as ice nucleation during supercooled droplet impact 
[41]; and (iv) coated with a new UV-curable hydrophilic (2-meth
acryloyloxyethyl) trimethyl ammonium chloride (DMC)-based spray 
coating, designed to create a durable, charged surface capable of sup
porting the formation of a stable non-freezing water layer.

Together, these experiments in very well-controlled testing and 
environmental conditions aim to provide new insight into how aqueous 
lubricating layers, surface chemistry, and environmental exposures 
affect ice adhesion to polymeric materials and demonstrate the potential 
of aqueous lubricating, scalable, PFAS-free, durable, and energy- 
efficient passive anti-icing strategies for future aircraft technologies.

2. Experimental

2.1. Materials

The polyurethane coating evaluated in this study is a commercial 
topcoat currently used in aviation. While the product identity and 
formulation details are proprietary and therefore undisclosed, its 
widespread use ensures that the findings are directly applicable to real- 
world scenarios. The polyurethane was received as part of the full 
coating system on an AA2024-T3 metallic panel (surface treatment- 
epoxy primer-polyurethane). The PP and PVC (20 × 20 × 2 mm) poly
meric substrates used in this work were purchased from S-Polytec 
GmbH. Glycidyl methacrylate (GMA, 97%), 2-hydroxyethyl methacry
late (HEMA, 97%), hydrophilic (2-methacryloyloxyethyl) trimethyl 
ammonium chloride (DMC, 75 wt% in H2O), 4-cyano-4-(phenylcarbono
thioylthio)pentanoic acid (CTA), 2,2′-azobis(isobutyronitrile) (AIBN, 
98%), sodium azide (NaN3, 99.5%), triethylamine (TEA, 99.7%), copper 
(I)bromide (CuBr, 98%), copper(II) bromide (CuBr2, 99%), 2-bromoiso
butyrylbromide (BIBB, 98%), trimethylolpropane triacrylate (TMPTA, 
technical grade) and the silicone oil were purchased from Merck Sigma. 
2-Hydroxy-2-methylpropiophenone (Darocur 1173, >96%) was pur
chased from TCI Europe.
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2.2. Preparation of samples exposed to UV

All substrates (PU, PP, and PVC) were exposed to a UV-A lamp 
(OmniCure S2000 UV Curing System, 320–500 nm) with an irradiance 
of 30 W/cm2 for 5 h and 10 h. This treatment exposes the substrates to 
an irradiance 3000 to 30,000 times higher than that of natural sunlight 
(0.001–0.01 W/cm2) and can be considered an accelerated degradation 
test simulant of UV aging.

2.3. Preparation of samples with hydrophobic oil droplets

All substrates (PU, PP, PVC) were coated with eight 1 μL-sized 
discrete droplets of silicone oil (an aircraft contaminant) using a cali
brated micropipette. The droplets were manually distributed within the 
region of the substrate later exposed to the ice column in ice adhesion 
testing.

2.4. Preparation of PHEMA-coated surfaces

PU, PP, and PVC were homogeneously coated or stripped-pattern 
coated with poly(2-hydroxyethyl methacrylate) (PHEMA) via surface- 
initiated atom transfer radical polymerization (SI-ATRP) as reported 
elsewhere. [40] The stripe dimensions were selected based on our pre
vious works on frost propagation and frozen droplet impact. [40,41]
Briefly, to create the stripes, the substrates were first spin-coated with a 
bifunctional macroinitiator (PAzBrMA). Since the macroinitiator can be 
covalently attached to the surface via UV exposure, a UV mask with a 
constant stripe width of 150 μm and a stripe distance of 1.2 mm was used 
to fix the macroinitiator only at stripe locations 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 (i) rinsing to remove the unreacted 
PAzBrMA, (ii) a SI-ATRP of the hydrophilic 2-hydroxyethyl methacry
late (HEMA) monomer from the macroinitiator at the stripe locations, 
and (iii) rinsing again to remove the excess HEMA. The resulting sam
ples are polymeric substrates (PU, PP, or PVC) patterned with hydro
philic polymer brushes (PHEMA), which are covalently anchored to the 
substrate surface. Samples uniformly coated with PHEMA were fabri
cated using the same protocol, omitting the patterned mask during the 
UV-exposure step.

2.5. Preparation of DMC-coated surfaces

To evaluate the concept of water-enriched cationic surfaces on ice 
adhesion, a UV coating using hydrophilic (2-methacryloyloxyethyl) 
trimethyl ammonium chloride (DMC) was designed. The hydrophilic 
DMC-coating formulation was prepared by mixing DMC (4 g, monomer), 
Darocur 1173 (0.16 g, type I photoinitiator), and TMPTA (2.88 g, cross- 
linker) in EtOH (20 g, solvent). The mixture was applied to the poly
meric substrates using a spray gun with a nozzle diameter of 1.4 mm, 
followed by UV exposure (OmniCure S2000 UV Curing System, 
320–500 nm) at 30 W/cm2 for 15 min.

2.6. Water contact angle measurements

Water contact angle (WCA) measurements of the bare, UV-exposed, 
PHEMA-grafted, and DMC-coated polymer surfaces were performed 
using an optical contact angle goniometer (KSV CAM 200). Silicone-oil- 
contaminated samples are excluded from WCA measurements, as the 
liquid oil phase exhibits an intrinsically high-water repellency. Static 
contact angles were determined using the sessile drop (10 μL) method. 
Each measurement was repeated three times per sample. All contact 
angle measurements were conducted at an ambient temperature of 21 ±
2 ◦C and a relative humidity of 40 ± 5%.

2.7. Surface characterization

Laser scanning confocal microscopy (LSCM, Keyence VK-X1000) was 
used to obtain the areal surface roughness (Sa) using a 20× magnifica
tion lens for all samples except for the oil-contaminated surfaces. 
Silicone-oil-contaminated samples are excluded from roughness char
acterization, as the liquid oil phase exhibits an effectively zero surface 
roughness. LSCM was also used to determine the thickness of the 
PHEMA stripes and DMC coating via line profile analysis. For PHEMA- 
patterned samples, profiles were taken across individual stripes to 
measure the height difference between grafted and unmodified regions. 
For the DMC coating, a step edge was created by masking the substrate 
with adhesive tape prior to spray coating. After UV curing and tape 
removal, the coating thickness was obtained from the height difference 
across the step edge. The PHEMA-graft and DMC coating thicknesses 
were measured to be approximately 0.2 μm and 50 μm, respectively. 
Micro–FTIR (μ-FTIR, PerkinElmer Spotlight 400) was employed specif
ically to analyse the chemically micropatterned PHEMA-grafted sur
faces. In addition, the effect of UV exposure on the chemical composition 
of PU, PVC, and PP substrates was investigated using an FTIR spec
trometer (Spectrum 100, PerkinElmer). Spectra were collected in the 
range of 4000–600 cm− 1, with each spectrum obtained by averaging 32 
scans.

2.8. Ice adhesion tests

The ice adhesion strength of the samples was measured using a 
custom-built horizontal push-off test setup (Fig. 1). The setup consists of 
a temperature- and humidity-controlled environmental chamber, an 
external circulating cooling unit (LAUDA ECO RE1050), a humidity 
control system, a set of five sample holders, and a linear actuator (LTA- 
HL with CONEX-CC controller) equipped with a calibrated load cell that 
can be displaced to the selected sample holder for multiple measure
ments under comparable environmental conditions. The chamber hu
midity was maintained below 10% relative humidity (5 ± 3%) using a 
low nitrogen flow to prevent unwanted frost formation. Prior to ice 
generation, the substrates were cooled to − 10 ± 1 ◦C. Deionized water 
(RT) was then injected into a Teflon mould positioned on top of each 
cooled substrate sample to form cylindrical ice pillars with a diameter of 
8 mm and a height of 8 mm. The water pillars were then allowed to 
freeze for approximately 30 min. Ice adhesion was measured by 
advancing the actuator at a constant speed of 0.01 mm/s, with the 
pushing tip positioned 2 mm above the substrate surface. This height 
was selected based on a previous validation study performed using a 
similar test setup, where operation at a pushing height of 2 mm was 
shown to provide reproducible measurements within the quasi-static 
regime. [42] The applied force was recorded as a voltage–time curve, 
from which the peak force required to detach the ice was extracted with 
the help of a calibration force-voltage calibration curve. The load cell 
was calibrated over a force range of 0.5–200 N. Although lower force 
signals could be detected, uncertainties in calibration linearity and 
repeatability at very low loads resulted in a practical detection limit of 
~5 kPa. The ice adhesion strength was calculated by dividing this peak 
force by the ice–substrate contact area (Eq. 1). Each surface condition 
was tested at least five times. 

τave =
F
A
=

g × Vpeak

A
=

9,80665 m
s2 × Vpeak

0.0503 cm2 (1) 

3. Results and discussion

3.1. Design, construction, and validation of the ice adhesion test setup

Ice-adhesion measurements reported in the literature comprise a 
wide range of experimental configurations, including centrifugal tests, 
vertical shear setups, and various custom-built horizontal push or pull 
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-test rigs. [39] This diversity complicates direct comparison between 
studies, particularly because the ice failure mechanism, environmental 
conditions, and mechanical test parameters strongly influence the 
measured ice adhesion strength. To ensure comparability with the ma
jority of reported results, we designed and constructed a horizontal 
shear test (push test) setup, which remains the most widely used testing 
configuration in the literature.

Although conceptually straightforward, the push test is sensitive to 
several critical parameters that can dramatically affect the measured 
adhesion strength. Previous studies have demonstrated that pushing 
height, pushing speed, and testing temperature can shift the measured 
adhesion strength values by tens of kilopascals. [42–44] Based on these 
insights, our setup was designed to operate in a quasi-static regime, with 
the pushing height fixed at 2 mm and the pushing speed at 0.01 mm/s 
(out of a potential range of 0.01–1 mm/s). The selected pushing height 
was adopted from a previous validation study conducted using a similar 
test apparatus, where the influence of pushing height, speed, and ice 
diameter on the measured adhesion strength was systematically 
assessed. [42] Although lower pushing heights can reduce bending 
contributions within the ice pillar, a height of 2 mm was found to pro
vide stable and reproducible measurements while allowing consistent 
testing of substrates with different thicknesses. These settings minimize 
dynamic or inertial contributions, ensuring that fracture occurs in a 
controlled manner dominated by interfacial failure.

A second major design goal was to obtain strict control of environ
mental testing conditions (humidity and temperature). The final setup 
(illustrated in Fig. 1) consists of a fully enclosed environmental chamber 
with independent control of temperature and humidity. The 

temperature inside the chamber and on the sample surfaces is regulated 
via a cooling-fluid channel beneath the sample holder plate, enabling 
cooling down to − 50 ◦C. Humidity during the experiments is controlled 
by introducing a flow of inert nitrogen gas into the chamber, thus 
maintaining a constant 5 ± 3% relative humidity and preventing un
wanted frost formation during testing. For real-time monitoring of both 
temperature and humidity, the chamber is also equipped with ther
mometers and manometers placed over the samples during testing. 
Furthermore, the test chamber was carefully vacuumed before each 
experiment to maintain clean, dust-free conditions.

Instead of testing only one sample per cooling cycle, the ice adhesion 
setup was equipped with a multi-sample platform featuring five sample 
positions arranged in a horizontal row. This design reduces experiment 
times, improves reproducibility, and facilitates the collection of statis
tically meaningful data. An alignment block placed above the sample 
holders ensures that all ice moulds are positioned consistently into the 
same locations between experiments. The alignment block also contains 
dedicated openings to fill the moulds with deionized water without 
disturbing the humidity balance inside the chamber.

During testing, the linear actuator—mounted on a horizontal guide 
rail in front of the chamber—is horizontally aligned with each sample 
using a manual positioning system. In a standard experiment, the 
pushing height is set to 2 mm and can be adjusted according to the 
thickness of the sample substrate. The actuator is equipped with a 
calibrated load cell and connected to a Picoscope data acquisition sys
tem with signal amplification and the Conex controller unit. To push the 
ice mould off the sample, the actuator is moved using the controller unit 
while the voltage and time are recorded via the Picoscope software.

Fig. 1. Schematic representation of the ice adhesion experimental setup: (a) the environmental chamber with 5 sample holders, (b) the environmental and 
experimental parameters used in the push test in this work, and (c) an example of a voltage-time curve, which shows the peak voltage value at ice detachment and the 
corresponding ice adhesion strength derived from a voltage-force curve.
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To validate the reliability of the ice adhesion test setup, adhesion 
measurements were performed at − 10 ◦C on several commonly used 
polymeric reference materials, including polytetrafluoroethylene 
(PTFE/Teflon), polyethylene (PE), polypropylene (PP), and poly
carbonate (PC). A direct and systematic comparison with literature 
values for such substrates is challenging, as most published ice adhesion 
studies primarily focus on newly developed icephobic coatings and 
typically report only limited reference data. In addition, literature 
values are obtained using a variety of ice adhesion test configurations, 
including centrifugal, shear, and cone-based tests, which can further 
contribute to variability in reported adhesion strengths. Despite these 
limitations, the ice adhesion values obtained in this work (Fig. 2) fall 
within the ranges reported in the literature [45–49], with Teflon and PC 
showing the closest agreement with previously published values (~150 
kPa and ~ 350 kPa, respectively). The measured adhesion strength for 
PE is slightly higher (~450 kPa vs. ~350 kPa), while that of PP is 
slightly lower than literature values (~150 kPa vs. ~300 kPa), which 
may be attributed to differences in surface roughness and chemistry (due 
to additives and molecular weight and composition variability), or the 
specific ice adhesion test configuration employed (e.g. RH, tempera
ture). As detailed surface and material characteristics are rarely speci
fied alongside ice adhesion results, the exact origin of these deviations 
cannot be conclusively determined. Overall, the close agreement be
tween our measurements and data available in the literature, combined 
with the relatively low standard deviations found in our tests despite 
repeating the tests on different days, confirms the robustness and reli
ability of the experimental setup. This validation provides a solid and 
transparent foundation for the quantitative evaluation of the surface 
modifications presented in the following sections.

3.2. Sample preparation and surface characterization

Three substrate materials were selected for this work: a commercial 
aircraft polyurethane (PU) topcoat, polyvinyl chloride (PVC), and 
polypropylene (PP). The PU coating provides a direct connection to 
aviation applications, while PVC and PP serve as model engineering 
polymers widely used in industrial, medical, and infrastructure appli
cations. These substrates differ substantially in their chemical compo
sitions and surface chemistries, providing a meaningful framework for 
evaluating various anti-icing strategies.

Each substrate was modified using four different surface treatment 
strategies (schematically illustrated in Fig. 3): UV exposure for 5 h and 
10 h (Fig. 3a), surface coverage with silicone oil microdroplets (Fig. 3b), 
micropatterns and uniform coverage by with covalently bonded hy
drophilic PHEMA-brushes (Fig. 3c-i and 3c-ii), and a coating with a 

hydrophilic spray-coated UV-curable DMC topcoat (Fig. 3d).
Micropatterning was achieved using a surface-initiated atom transfer 

radical polymerization (SI-ATRP) protocol as described in our previous 
publications. [40,41] First, a multifunctional macroinitiator (PAzBrMA) 
containing azide and bromide groups was covalently attached to the 
polymer surface through UV-induced C–N formation. The bromide 
moiety then served as the ATRP initiator for the polymerization of hy
drophilic 2-hydroxyethyl methacrylate (HEMA), forming surface- 
grafted PHEMA chains. A patterned UV mask was used in the first step 
to restrict macroinitiator attachment to micrometer-scale striped regions 
(~150 μm width), resulting in local hydrophilic areas on the hydro
phobic polymeric substrates. Without the UV mask, the samples were 
uniformly covered with the hydrophilic PHEMA brushes.

The (2-methacryloyloxyethyl) trimethyl ammonium chloride (DMC) 
based hydrophilic coating was prepared by spraying the coating 
formulation onto the substrate, followed by 15 min of UV curing. This 
process yields a hydrophilic, crosslinked coating with charged groups 
capable of forming strong hydrogen bonds with water molecules. 
Compared to micropatterning, this approach is faster, simpler, more 
scalable, and better suited for coating large, complex geometries such as 
aircraft surfaces.

The static water contact angle and confocal microscopy surface 
roughness of the studied samples can be seen in Fig. 4. The results show 
that UV exposure induces distinct, polymer-dependent changes in sur
face properties. Both PU and PVC exhibited a gradual decrease in water 
contact angle and surface roughness (Sa) with increasing UV exposure 
time (i.e., more hydrophilic and smooth surfaces). The static water 
contact angle of PU reduced from 87◦ to 74◦ after 10 h UV exposure, 
while the surface roughness reduced from 0.25 μm to 0.21 μm. For PVC, 
the corresponding transitions were from 96◦ to 92◦ in water contact 
angle and from 0.8 μm to 0.5 μm in surface roughness. The enhanced 
hydrophilicity is attributed to UV-induced chemical modifications49, 
including dechlorination in PVC and the formation of polar, oxidized 
surface functionalities such as carbonyl and hydroxyl groups in PU. The 
incorporation of these chemical groups on PVC and PU surfaces is 
evident in the FTIR data (see Fig. 5), showing increasing transmittance 
peaks for OH stretch at ~3400 cm− 1 and C––O stretch at ~1700 cm− 1. 
The concurrent reduction in surface roughness is likely associated with a 
UV-induced planarization effect at the outermost surface layers, result
ing from photodegradation as reported elsewhere [50].

A different trend was observed for PP. While a slight planarization 
effect was also apparent (from 0.16 μm to 0.13 μm), PP showed a 
measurable increase in wettability at 5 h of UV exposure (from 101◦ to 
87◦), followed by a pronounced decrease in water wettability at 10 h UV 
exposure (contact angle increase up to 108◦). This behaviour suggests 
the presence of competing processes: initial surface oxidation introduces 
hydrophilic functional groups that increase wetting, whereas prolonged 
UV exposure promotes degradation and hydrophobic recovery. This 
behaviour has been reported for polyethylene (LDPE) and poly(propyl
ene) (PP) exposed to prolonged UV/VUV radiation (100–400 nm). [51]
During this recovery process, UV-generated polar groups undergo bond 
scission and cross-linking, leading to the loss of surface oxidation 
products and the restoration of hydrophobic surface characteristics. This 
phenomenon is supported by the FTIR data in Fig. 5, showing subtle 
emerging C––O stretching peaks at ~1700 cm− 1 on the PP surface after 
the initial 5 h of UV exposure, which later disappear after 10 h of 
exposure.

The surfaces modified with a continuous PHEMA grafted hydrophilic 
layer exhibited the lowest water contact angles among all investigated 
samples (WCA = 40 ± 3◦). Since the reported wettability and roughness 
values correspond to fully grafted PHEMA regions, these reflect the 
intrinsic hydrophilicity of the grafted polymer stripes in PHEMA 
patterned surfaces. The grafting with PHEMA did not lead to a signifi
cant increase in surface roughness on any of the polymeric substrates, 
which is consistent with the relatively short PHEMA chain lengths ob
tained after 4 h of polymerization (< 0.3 μm) and our earliest reports on 

Fig. 2. Validation of the ice adhesion test setup by comparing ice adhesion 
strength values of common polymeric substrates measured in this work (blue 
squares) with literature values [45–49] (black circles) obtained using various 
ice adhesion test methods at temperatures of − 10 ± 2 ◦C. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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patterned surfaces. [40]
As intended, DMC-coated samples displayed low water contact an

gles and smooth surface topographies (WCA = 62 ± 1◦ and Sa = 0.25 ±
0.02 μm), independent of the underlying polymer substrate. This 
behaviour is consistent with the formation of a continuous, uniform, 
hydrophilic coating layer that effectively masks the substrate-specific 
surface properties.

Overall, these results demonstrate that the applied surface modifi
cation strategies induce controlled and polymer-specific changes in 
surface chemistry and morphology. As both wettability and surface 
roughness play key roles in governing water–surface interactions, these 
characteristics provide essential context for interpreting the ice adhe
sion behaviour discussed in the subsequent sections.

3.3. Influence of UV exposure on ice adhesion

The ice adhesion results for all investigated surfaces are summarized 
in Fig. 6. All measurements were conducted at − 10 ± 1 ◦C and 5 ± 3% 
relative humidity, with at least five independent measurements taken 
per sample type. A representative force–displacement curve (recorded as 
voltage–time) is shown in Fig. 1, where the maximum voltage (Vpeak) 
corresponds to the moment of ice detachment.

Among the unmodified substrates, the commercial PU topcoat 

exhibited the highest ice adhesion strength (824 kPa), reaching values 
comparable to or even exceeding values commonly reported for bare 
aluminium alloys (~600–1000 kPa). In contrast, PP showed the lowest 
ice adhesion (171 kPa), while PVC displayed intermediate behaviour 
(687 kPa). The poor performance of PU is particularly notable given its 
widespread use in aviation coatings, reinforcing the need for improved 
passive low ice adhesion coating solutions.

UV exposure revealed a clear divergence in ice adhesion behaviour, 
with PU and PVC responding differently from PP. For both PU and PVC, 
no-effect to a slight-increase in ice adhesion strength was observed with 
increasing UV exposure time, reaching 873 kPa (from 833 kPa) and 691 
kPa (from 687 kPa) after 10 h, respectively. These minimal changes 
coincide with the measurable increased surface hydrophilicity observed 
in WCA measurements and the formation of oxidized surface function
alities confirmed by FTIR analysis (Fig. 5). It is hypothesized that the 
introduction of polar groups on a rigid surface enhances hydrogen 
bonding at the ice–surface interface, thereby promoting stronger adhe
sion. At the same time, UV-induced surface planarization [50] led to a 
reduction in surface roughness for both materials, which may partially 
counteract the effect of increased wettability. This balance between 
chemical and topographical changes, together with the known chemical 
resistance of PU and PVC to UV degradation, likely explains why the 
overall increase in ice adhesion is relatively small, particularly for PVC, 

Fig. 3. Schematic overview of the surface modification strategies applied to the polymeric substrates (PVC, PU, and PP) investigated in this work: (a) UV exposure for 
5 or 10 h, (b) contamination with silicone oil microdroplets, (c) hydrophilic grafting via surface-initiated ATRP of HEMA, and (d) spray application of a UV-curable 
hydrophilic DMC coating.
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where the planarization effect was more pronounced.
In contrast, PP exhibited a distinctly different response to UV expo

sure. While a small reduction in ice adhesion was observed after 5 h of 
UV irradiation (from 171 kPa to 164 kPa), prolonged exposure for 10 h 
resulted in a pronounced decrease in ice adhesion down to 85 kPa. The 
small decrease in ice adhesion after 5 h UV exposure is in contrast with 
the related contact angle decrease (Fig. 4a). The further decrease in ice 
adhesion is nevertheless well in agreement with the contact angle re
covery observed after 10 h UV exposure with no surface roughness 
variations (Fig. 4a). This finding is particularly notable, as it suggests 
that prolonged UV exposure—typically associated with material 
degradation—may inadvertently decrease ice adhesion to PP substrates.

3.4. Role of oil and water lubrication in reducing ice adhesion

Passive anti-icing strategies based on interfacial lubrication are 
among the most effective approaches reported for reducing ice adhesion. 
These strategies generally rely on the presence of a lubricating layer 
between the ice and the solid surface, either in the form of a thin oil film 
[26] (LIS or SLIPS) or an unfrozen aqueous layer [35] (hydrated surfaces 
and hydrogels). In this work, both lubrication mechanisms were inves
tigated: silicone oil microdroplets were used to represent partial oil 
lubrication, whereas hydrophilic coatings and grafted polymers were 
employed to promote the formation of interfacial water layers.

As shown in Fig. 6, contamination with silicone oil droplets reduced 
ice adhesion to all substrates compared to the unmodified surfaces. Ice 

adhesion decreased from 824 to 698 kPa on PU, from 687 to 582 kPa on 
PVC, and from 171 to 147 kPa on PP. This reduction follows the same 
qualitative trend reported for liquid-infused surfaces (LIS) [26], where 
the presence of a lubricating oil layer lowers the interfacial shear 
strength between ice and the substrate. However, in contrast to classical 
LIS systems, which typically reduce ice adhesion by one to two orders of 
magnitude, the reductions observed here are comparatively modest. 
This difference can be attributed to the absence of a continuous lubricant 
film: the present samples contain only discrete oil droplets. As a result, 
ice detachment occurred across regions of mixed contact between ice, 
oil, and the solid substrate, leading to a more limited and substrate- 
dependent reduction in ice adhesion. Notably, PP exposed to 10 h of 
UV irradiation exhibited a lower ice adhesion strength (85 kPa) than oil- 
covered PP (147 kPa), indicating that surface chemistry changes may, in 
some cases, outperform partial oil lubrication.

In contrast, surfaces with PHEMA (patterned or continuous hydro
philic surface treatment) exhibited a much stronger reduction in ice 
adhesion across all substrates. Ice adhesion decreased to 119 kPa on PU, 
71 kPa on PVC, and 25 kPa on PP when patterned, and down to under 5 
kPa (limit of our load cell) when the surfaces were fully covered with 
PHEMA. This behaviour is consistent with numerous reports demon
strating that hydrophilic polymer grafts can reduce ice adhesion through 
the formation of a lubricating aqueous layer at subzero temperatures. 
[15] Importantly, direct evidence for such a layer in the present system 

Fig. 4. Characteristic surface parameters showing: (a) Static water contact 
angles (WCA) and (b) Surface roughness values (Sa) of PU, PVC, and PP sub
strates in their original state and after UV exposure (5 h and 10 h), hydrophilic 
PHEMA grafting, and DMC coating. Note 1: Silicone-oil-contaminated samples 
are excluded, as the liquid oil phase exhibits an effectively zero surface 
roughness and intrinsically high-water repellency. Note 2: The values reported 
for PHEMA correspond to surfaces homogeneously grafted with PHEMA and 
not with PHEMA patterns.

Fig. 5. FTIR spectra of a) PU, b) PVC, and c) PP substrates before and after UV 
exposure. For PU and PVC, the progressive increase in the intensity of bands 
associated with hydroxyl (–OH) stretching and carbonyl (C=O) vibrations with 
increasing UV exposure time indicates the formation of oxidized, hydrophilic 
surface functionalities. In contrast, PP exhibits an increase in –OH and C=O- 
related bands after 5 h of UV exposure, followed by a decrease after 10 h, 
consistent with UV-induced surface oxidation followed by hydrophobic recov
ery upon prolonged UV exposure.
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was obtained in our previous work, where freezing events on identical 
PHEMA-patterned surfaces were shown to initiate on the hydrophilic 
regions to rapidly propagate along the stripes via a liquid-like molecular 
water layer (MWL). [39] Moreover, freezing on these regions was 
observed to occur only below approximately − 15 ◦C, indicating that the 
interfacial water remains unfrozen at the ice adhesion testing temper
ature of − 10 ◦C. These observations support the presence of a non-frozen 
interfacial water layer under the present conditions. Given the magni
tude of the ice adhesion reduction, the grafted PHEMA patterns appear 
to generate a more effective lubricating interfacial layer than isolated 
hydrophobic silicone oil droplets or Teflon surfaces (Fig. 2).

To further examine the effect of surface coverage, fully PHEMA- 
grafted substrates were also prepared using the same procedure 
without a photomask. For these uniformly grafted samples, the 
measured ice adhesion strengths were below the detection limit of the 
experimental setup (~5 kPa) for all three polymer substrates. This 
observation supports the interpretation that a continuous hydrophilic 
layer can promote the formation of an interfacial water layer that en
hances lubrication at the ice–substrate interface. In contrast, the 

patterned substrates offer only partial surface coverage, resulting in 
substrate-dependent adhesion values due to regions where ice remains 
in direct contact with the underlying polymer.

Surprisingly, no significant difference was observed between stripe 
orientations parallel and perpendicular to the pushing direction, despite 
the expectation that anisotropic surface features could influence local 
stress distributions and promote preferential crack initiation or propa
gation along specific directions. This indicates that the enhanced 
reduction in ice adhesion is governed primarily by improved interfacial 
lubrication associated with the patterned geometry, rather than by 
directional crack propagation or fracture mechanics under the tested 
conditions.

The formation of an unfrozen water layer at hydrophilic polymer 
interfaces is well documented for PHEMA and other hydrophilic 
polyacrylate-based materials. [36–38] Water-polymer chain in
teractions associated with such polymers are typically classified into 
three categories: freezable free water behaving similarly to bulk water, 
freezable bound water interacting weakly with the polymer chains, and 
non-freezing bound water strongly associated with hydrophilic or 

Fig. 6. Ice adhesion strength of PU, PVC, and PP substrates at − 10 ± 1 ◦C and 5 ± 3% RH before and after surface modifications. a) Full range of measured ice 
adhesion values. b) Magnified view highlighting adhesion strengths below 250 kPa. The dashed red line indicates the commonly cited target value of 30 kPa for 
passive low-ice adhesion surfaces of use in aerospace. Note 1: For substrates fully grafted with PHEMA (*), the measured ice adhesion strengths were below the 
detection limit (5 kPa) in all experiments. Note 2: For DMC-coated samples (**), the measured ice adhesion strengths were below the detection limit (5 kPa) in some 
experiments, hence marking the lower limit. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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charged functional groups. While freezable free water freezes near 0 ◦C, 
both freezable bound and non-freezing bound water can remain unfro
zen well below typical freezing temperatures due to a balance between 
water–water hydrogen bonding, which promotes ice formation, and 
water–polymer interactions, which disrupt ice crystallization and sta
bilize liquid-like states.

Previous studies have shown that non-freezing water associated with 
PHEMA can remain in a liquid or quasi-liquid state down to approxi
mately − 15 ◦C. [37] At the testing temperature used in this work 
(− 10 ◦C), both non-freezing and freezable bound water are therefore 
expected to remain unfrozen. Because the PHEMA grafts form a 
continuous hydrophilic phase within each patterned region, they can 
retain and stabilize interfacial water, leading to the formation of a 
lubricating layer. This liquid water layer reduces the effective ice
–substrate contact area and lowers the shear stress required for ice 
detachment.

Among all strategies investigated in this work, the hydrophilic DMC 
coating produced the most pronounced reduction in ice adhesion. For all 
substrates, ice adhesion values fell below 30 kPa, reaching, in the worst, 
most extreme cases, 25 kPa on PU, 22 kPa on PVC, and 20 kPa on PP, 
with several samples showing ice adhesion below the detection limit of 
our device, i.e., below 5 kPa (Fig. 6). In all cases, these values are below 
the commonly cited threshold required for passive ice removal in 

aviation applications, where aerodynamic forces alone can promote 
dynamic ice shedding. As the DMC coating provides complete and 
continuous surface coverage, ice adhesion is governed by the coating 
surface chemistry itself rather than by the substrate beneath.

The particularly low ice adhesion values observed for all DMC- 
coated substrates are consistent with the formation of a water- 
lubricating layer at the ice-coating interface. In our previous work 
[40], thermal imaging experiments demonstrated the presence of a 
molecular water layer (MWL) on hydrophilic PHEMA-grafted surfaces, 
where freezing events rapidly propagated along the hydrated regions. 
While the presence of such a layer was not directly characterized for the 
DMC coating in the present study, previous investigations of hydrophilic 
methacrylate polymers have demonstrated the existence of non-freezing 
bound water associated with cationic quaternary ammonium groups at 
− 10 ◦C using differential scanning calorimetry (DSC) and spectroscopic 
(FTIR) characterization. [52,53] The literature evidence, together with 
the exceptionally low adhesion values observed here, are therefore 
consistent with the presence of non-freezing bound-water inside the 
DMC-based polymer network, resulting in a replenishable aqueous 
lubricating layer similar to that formed on PHEMA-grafted surfaces.

Fig. 7 schematically summarizes the influence of each surface 
modification on the ice–substrate interface and the resulting ice adhe
sion behaviour and mechanism behind the ice adhesion. Despite being 

Fig. 7. Schematic overview of ice adhesion mechanisms for the investigated surface modifications. Ice–substrate interactions are shown for a) unmodified substrates, 
b) UV-exposed substrates covered with hydrophilic oxidation products, c) oil-contaminated surfaces with partial lubrication, d) PHEMA-patterned surfaces with 
partial aqueous lubricating layers, and e) DMC-coated surfaces covered with a continuous, replenishable water layer.
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only slightly hydrophilic compared to PHEMA grafts, the greatest 
reduction in ice adhesion was achieved with the DMC coating and ho
mogeneous PHEMA grafting, attributed to the formation of a continuous 
aqueous lubricating layer. In contrast to oil-based lubrication, which is 
inherently limited by lubricant depletion and leakage over time, water- 
based lubricating layers can be continuously replenished from the 
environment, making them a potentially more robust and sustainable 
strategy for long-term passive anti-icing applications. Moreover, the 
DMC coating of 50 μm thick is also expected to maintain icephobicity 
through the cross-section and possess higher durability than hydrophilic 
PHEMA brushes due to its crosslinked nature.

3.5. Comparison to existing anti-icing strategies and literature 
benchmarks

To place the results of this study in the context of previously reported 
low-ice-adhesion surfaces, Fig. 8 compares the ice adhesion strengths 
measured here with values from the literature 
[16,18,34,49,54–60,63–68,70–83,86–92] obtained under comparable 
conditions. Only studies employing horizontal shear-based ice adhesion 
tests at − 10 ± 2 ◦C and reporting comparable ice geometries were 
included to ensure the fairest possible comparison (it should be noted 
that it was not possible to confirm the used RH in all studies due to a lack 
of available information).

As shown in Fig. 8a, hydrophobic (HS) and superhydrophobic sur
faces (SHS) typically exhibit ice adhesion strengths in the range of 
~100–500 kPa at − 10 ◦C. Among these, a Teflon-based SHS [56] re
ported exceptionally low values below 30 kPa (≈10 kPa). Such perfor
mance is generally attributed to nanoscale surface structuring that 
minimizes effective ice–substrate contact via air entrapment and the 
hydrophobic nature of fluorocarbons. While this value is comparable to 
the one achieved by the DMC coating in the present work, nano
structured SHS are known to degrade rapidly under mechanical wear 
and repetitive icing–deicing cycles. [22–24] In addition, rising envi
ronmental concerns around the use of fluorinated materials question 
their suitability for aviation and other domains.

Elastic or soft polymer surfaces (ES) constitute another widely 
studied category for reducing ice adhesion, relying on elastic deforma
tion during ice detachment. PDMS-based coatings, in particular, can 
achieve extremely low adhesion strengths (~3–10 kPa). However, these 
materials generally struggle with low mechanical robustness [25], 
making them unsuitable for demanding aeronautical environments 
despite their excellent laboratory performance.

Liquid-infused surfaces (LIS) are among the most recently exten
sively investigated passive anti-icing strategies and can consistently 
achieve low ice adhesion values in the range of ~5–100 kPa. As previ
ously described for oil-contaminated samples, the effectiveness of LIS 
originates from the presence of a lubricating oil layer at the ice–surface 
interface. However, as with SHS and ES, their durability presents a key 
limitation. [28] The lubricating liquid is prone to depletion during 
repeated icing cycles, and, for that reason, maintaining a stable lubricant 
reservoir over time remains a significant challenge.

Water-lubricating surfaces (WLS) have recently emerged as an 
alternative strategy to overcome lubricant depletion by relying on a 
replenishable aqueous interfacial layer. As presented in Fig. 8a, WLS can 
achieve ice adhesion values comparable to or even lower than those of 
LIS. Nevertheless, many reported WLS rely on hydrogel-based materials 
that exhibit swelling and mechanical degradation under cyclic freezing 
conditions, limiting their applicability in aviation contexts.

Fig. 8b and c focus specifically on WLS and compare the performance 
of the PHEMA-patterned surfaces and DMC coating developed in this 
work with corresponding reported water-lubricating systems. Because 
material selection strongly influences durability and practical applica
bility, the reported studies were grouped into two categories: Fig. 8b 
compares the performance of PHEMA-grafted surfaces with other low- 
durability non-hard coating solutions, including hydrogels and surface 

grafts [34,64,65] with inherent mechanical limitations, and Fig. 8c 
compares the performance of the DMC coating with other coating sys
tems, such as amphiphilic PEG-grafted coating formulations [63,66–68]
that perform well in durability tests before icing tests but exhibit 
swelling or softening after repeated icing tests.

The PHEMA-grafted surfaces investigated here fall within the lowest 

Fig. 8. Comparison of various passive low-ice adhesion strategies tested under 
comparable conditions using a horizontal shear test at − 10 ± 2 ◦C. a) Ice 
adhesion [16,18,34,49,54–60,63–68,70–83,86–92] grouped by anti-icing 
strategy: hydrophobic (HS), superhydrophobic (SHS), elastic/soft polymers 
(ES), liquid-infused surfaces (LIS), and water-lubricating surfaces (WLS). b) 
Comparison of the ice adhesion performance of non-coating WLS as a function 
of publication year. c) Comparison of the ice adhesion performance of coating- 
based WLS as a function of publication year. The dashed lines at 30 kPa indicate 
a commonly cited threshold for sufficiently low ice adhesion.
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range of reported ice adhesion values for hydrophilic non-hard coatings, 
particularly when included as full homogeneous coverage or patterns on 
PP. However, despite their strong anti-icing performance, such surface- 
initiated grafts have poor resistance to abrasion and erosion and there
fore belong to the low-durability category.

In contrast, the PFAS-free DMC-based coating ranks among the 
lowest reported ice adhesion values, achieving adhesion strengths of 
max 20 kPa (with the lowest values below 5 kPa). These values are 
comparable to the best-performing water-lubricating systems reported 
in the literature, while offering substantially higher potential for dura
bility and scalability. Notably, the DMC coating showed no visible 
degradation, delamination, or water absorption after 15 consecutive ice 
adhesion cycles, indicating encouraging mechanical stability even at 
this proof-of-concept stage. To further demonstrate the longevity of the 
DMC spray coating, Fig. 9 shows the evolution of the ice adhesion 
strength of the DMC-coated PP substrate monitored throughout the cy
clic testing. The measured adhesion values remained consistently below 
30 kPa over all 15 cycles with no systematic increase in adhesion 
strength. This observation indicates that repeated freezing and ice 
detachment did not result in measurable deterioration of the coating 
performance within the investigated test scheme. While longer dura
bility studies involving environmental aging, abrasion, thermal cycling, 
and extended icing exposure will be required for aerospace qualifica
tion, these preliminary results show encouraging stability under 
repeated icing conditions.

Overall, many previously reported low-ice-adhesion surfaces remain 
unsuitable for aviation due to fabrication complexity, limited durability, 
or incompatibility with existing coating systems. While the SI-ATRP- 
based PHEMA micropatterning employed here performs sufficiently 
well even on PP, it is impractical for large-scale application due to its 
multistep preparation methodology, which uses expensive, specialized 
reagents. By contrast, the DMC coating, which is easily applied via spray 
coating and UV curing, can be deposited directly onto existing certified 
PU topcoats, where it exhibits very low ice adhesion and shows no 
visible deterioration over repeated testing. Collectively, these attributes 
position the DMC coating as a promising candidate for the future 
development of passive low-ice adhesion coatings for aircraft and other 
engineering applications.

Beyond purely passive use, recent studies have also explored hybrid 
anti-icing systems that combine passive low-adhesion surfaces with 
active photothermal or electrothermal de-icing. [93,94] While the main 

focus of the present work is in the development of fully passive anti-icing 
coatings, the DMC coating could also facilitate a gradual transition to
ward energy-saving icing protection systems. Since the coating can be 
applied directly onto existing aerospace polyurethane topcoats while 
maintaining very low ice adhesion, it could potentially be combined 
with current heating-based or electromechanical systems to reduce the 
energy required for ice removal. Such an approach may offer practical 
short-term benefits by lowering power consumption without requiring 
major modifications to existing aircraft anti-icing infrastructure. Future 
work could therefore also investigate the incorporation of photothermal 
absorbers into DMC-based coatings to evaluate possible synergistic ef
fects between interfacial water lubrication and localized heating.

4. Conclusions

This work introduces a horizontal shear ice adhesion testing device 
with controlled environmental conditions and multiple sample holders, 
enabling reproducible measurements. Using this framework, the effects 
of five surface modifications on the ice adhesion behaviour of three 
polymer substrates (PVC, PP, and PU) were systematically investigated: 
short and prolonged UV exposure, silicone oil microdroplets, hydro
philic grafting with PHEMA, and a hydrophilic and cationic UV-curable 
DMC coating.

The results show that UV exposure induces a minor ice adhesion 
increase on PU and PVC due to the formation of hydrophilic oxidation 
products at the hard surface. In contrast, ice adhesion on PP decreases 
with UV exposure (10h) in a process of hydrophobic recovery. Silicone 
oil hydrophobic microdroplets consistently reduced ice adhesion, in 
agreement with previous studies on oil-infused passive anti-icing stra
tegies. Notably, prolonged UV exposure proved more effective than oil 
contamination in reducing ice adhesion on PP.

Both hydrophilic surface modifications (PHEMA surface grafting and 
the 50 μm thick DMC coating) significantly reduced ice adhesion. This is 
attributed to the presence of non-freezing surface water later that can act 
as a lubricating layer at the ice–substrate interface. The more robust 
PFAS-free cationic DMC coating achieved low ice adhesion strengths of 
20 kPa or lower (down to under 5 kPa), placing it among the lowest 
reported values for solid hydrophilic coatings tested under comparable 
testing conditions. Crucially, this performance is obtained using a simple 
UV-curable spray-coating process compatible with existing aviation- 
grade polyurethane coatings, showing no loss of ice adhesion under 
repeated testing, highlighting its potential for scalability and practical 
implementation.

Overall, this work provides a comparative framework for evaluating 
passive anti-icing strategies across different material classes and poly
mer substrates. It further demonstrates the potential of hydrophilic 
coatings as a promising foundation for the future development of du
rable, scalable, and aviation-compatible passive anti-icing treatments. 
Future work should focus on improving the coating chemistry, dura
bility, and its behaviour in ice wind tunnels and high-speed supercooled 
droplet impact.
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