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Summary 
 

The objective of this dissertation is to learn more about the factors governing freezing 
nucleation, propagation, and adhesion on surfaces, and to utilize this information to bring 
forward new ideas for the design of effective passive anti-icing surfaces. The methodology 
focuses on two state-of-the-art characterization techniques that were developed and built 
in-house for quantitative and qualitative analysis of icing on surfaces: 1) A high-resolution 
thermal imaging device to monitor and quantify nucleation and propagation on surfaces, 
and 2) A horizontal shear test to measure ice adhesion to surfaces under controlled 
environmental conditions. 

Chapter 1 provides an introduction to the hazards of surface icing, as well as the most 
relevant issues researchers face when developing materials that could provide a solution to 
this problem. To position the work of this dissertation in the field of aerospace engineering, 
an emphasis is placed on the dangers of aircraft icing and the urgent need for passive low-
ice adhesion coatings in the aviation industry. The purpose of this chapter is to acquaint the 
reader with the main challenges in the development and characterization of new anti-icing 
surfaces. 

Section 1 consists of Chapters 2 and 3, which focus on the factors governing the initiation 
and propagation of frost formation on surfaces at a molecular level. Both chapters utilize 
high-resolution thermal imaging to monitor and quantify freezing events under controlled 
environmental conditions. 

Chapter 2 systematically investigates the effect of surface wettability and environmental 
humidity on initial freezing events on smooth surfaces. Additionally, this chapter introduces 
high-resolution thermal imaging as an effective and essential technique for in-situ 
monitoring and characterization of freezing onset and propagation on surfaces. Image 
analysis of thermal videos capturing freezing events on silane-modified glass surfaces 
reveals four characteristic freezing propagation modes. On a molecular level, these freezing 
modes are connected to the state and continuity of thin interfacial water layers, here 
referred to as molecular water layers (MWL). This work demonstrates how the MWL state 
changes through adjustments in humidity and surface chemistry, which in turn influence 
freezing onset times and propagation rates on surfaces.    

Chapter 3 introduces hydrophilic chemical micropatterns as a method to control initial 
freezing events on surfaces. A patterning technique based on UV-lithography and surface-
initiated polymerization was developed to functionalize hydrophobic polymers (PVC, PU, 
PMMA, PP, and PC) with hydrophilic stripes (PHEMA grafting). Thermal imaging videos show 
freezing events on the patterned surfaces to initiate on the hydrophilic stripes, propagate 
rapidly along the stripes, and finally spread over the hydrophobic substrate. This localized 
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freezing phenomenon is connected to a continuous MWL on the stripes, thus demonstrating 
the ability of the wettability patterns to control freezing events locally on surfaces.  

Section 2 consists of Chapters 4 and 5, which advance from frost formation towards 
investigating ice accretion on the micropatterned surfaces from the perspective of 
supercooled droplet impact and ice adhesion mechanisms. 

Chapter 4 centres around understanding supercooled impact, spreading, and freezing 
behaviour on the chemically micropatterned surfaces. The experimental tests were carried 
out in collaboration with the Institute of Fluid Mechanics and Aerodynamics at the Technical 
University of Darmstadt in Germany, where supercooled droplet impact on surfaces can be 
monitored using high-speed cameras inside a wind tunnel using controlled isothermal 
conditions (T = -10 °C). After droplet impact, small dry voids were seen to appear and spread 
within the receding droplet on some of the patterned samples. These events were 
connected to the simultaneous wetting of the hydrophilic patterns and de-wetting of the 
hydrophobic substrate – a process which was not completed before droplet freezing.  An in-
depth analysis of the high-speed video data shows that faster dry void formation and 
reduced droplet nucleation rates can be obtained by increasing patterning density, 
substrate hydrophobicity, and droplet impact velocity.  

Chapter 5 compares various easy-to-apply surface treatments to reduce ice adhesion to 
polymeric substrates and commercial aircraft coatings. For this investigation, a new 
horizontal ice-adhesion test setup was designed and built in collaboration with MSc 
students Ronan Connolly and Sara Caliari. The investigated surface modifications include 
oil lubrication, extended UV-light exposure, hydrophilic micropatterning, and a UV-curable 
hydrophilic spray coating.  Although oil lubrication has previously been the most popular 
approach to reduce ice adhesion in the literature, surprisingly, prolonged UV exposure was 
found to reduce ice adhesion more effectively on polypropylene surfaces.  In addition, the 
lowest ice adhesion values were measured on all micropatterned and spray-coated 
surfaces, with the hydrophilic coating performing slightly better than the micropatterns. The 
explanation behind the success of the hydrophilic modifications was linked to the presence 
of non-freezable water layers that can act as lubricating layers at the ice-substrate interface. 

Section 3 (Chapter 6) explores the potential application of ice-binding proteins in future 
anti-icing surfaces. Ice-binding proteins are proteins that can attach to ice crystals and 
either inhibit or promote the growth of that ice crystal, depending on the structure of the 
protein. These proteins can be found in nature in the cells of certain species of fish, insects, 
and plants that need protection from freezing in arctic climates. In this investigation, two 
such proteins (anti-freezing and ice-nucleating proteins) were attached to aluminium alloys 
via surface grafting and hydrogel coatings. The influence of these proteins on surface 
freezing was then monitored using the high-resolution thermal imaging technique 
introduced in Section 1. Surprisingly, the anti-freeze proteins attached to the surfaces using 
short linker chains promoted earlier freezing events instead of preventing them, which was 
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connected to the mobility of the anti-freeze proteins being the key factor in ensuring their 
ice-inhibiting function. 

Overall, this dissertation advances the understanding of freezing nucleation, propagation, 
and ice adhesion on surfaces, offering new insights into the development of passive anti-
icing materials. The following findings of this thesis should be considered in the 
development of new durable anti-icing coatings with potential applications in aviation, 
energy production, transportation, and cryopreservation industries: 

I. Although hydrophobic and superhydrophobic surfaces delay freezing events under 
controlled laboratory conditions, humidity fluctuations and surface defects 
encountered in practical applications can induce the formation of liquid-like 
molecular water layers (MWLs). These MWLs accelerate ice nucleation and freezing 
propagation, ultimately reversing the intended anti-icing behaviour of hydrophobic 
surface treatments. 
 

II. Because ice adhesion results are sensitive to various environmental and 
experimental parameters, publications reporting such results should provide full 
transparency regarding test conditions and the parameters chosen. Furthermore, 
evaluating new anti-icing surfaces in the presence of simulated real-world 
contaminations -- such as dust, scratches, or surface wear -- can yield valuable 
insight into their practical performance and durability. 
 

III. This work demonstrates that anti-freeze proteins (AFPs) promote, rather than inhibit, 
freezing when short linker chains restrict their mobility. Future research on AFP-
grafted surfaces should therefore ensure that the linker length allows sufficient 
protein mobility to maintain their ice-inhibiting function. 

In addition, this dissertation provides several strategies that may offer an alternative 
scientific basis for developing more effective passive anti-icing materials:  

I. Hydrophilic micropatterning: Although MWLs on hydrophilic surfaces can promote 
earlier ice nucleation and faster freezing propagation, hydrophobic polypropylene 
(PP) substrates micropatterned with hydrophilic poly(2-hydroxyethyl methacrylate) 
(PHEMA) grafts exhibited reduced ice nucleation rates during supercooled droplet 
impact compared to unpatterned PP. At higher impact velocities, the hydrophilic 
patterns also influenced the shape of the frozen droplets, suggesting a potential 
method for controlling ice accretion on aircraft wings. After impact, water recedes 
from hydrophobic regions and freezes preferentially on the hydrophilic patterns, 
which may help prevent clear-ice buildup and can protect vulnerable electronic 
components. The same concept could be useful in frost-sensitive electronics more 
generally by incorporating sacrificial hydrophilic regions into the device surfaces. To 
advance this concept toward practical applications, the patterning procedure should 
be improved by: a) developing a patterning method that modifies deeper layers in 
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aircraft coatings to improve durability, b) enhancing wetting contrast to accelerate the 
droplet receding rate from hydrophobic areas, c) investigating the effect of higher 
droplet impact velocities on freezing behaviour, and d) exploring different pattern 
geometries, densities, dimensions, and chemistries for optimal performance. 
 

II. Hydrophilic coatings with non-freezing water: Hydrophilic polyelectrolyte gels are 
known to exhibit freezing delay due to water molecules being tightly bound to the 
charged polymer chains. Aiming to improve their durability, this dissertation 
introduces UV-curable coatings based on DMC monomers, which demonstrate 
exceptionally low ice adhesion and show encouraging durability. The reduction in 
adhesion is attributed to a liquid-like MWL that remains unfrozen at −10 °C and 
functions as a lubricating interfacial layer. Before such coatings can be considered 
for use in the aviation industry, further research is required to: a) explore different 
polyelectrolyte chemistries and their effects on the state and quantity of non-freezing 
water, b) examine water uptake and its implications for long-term durability and 
corrosion resistance, c) evaluate coating performance under various icing 
conditions, including frost formation and impact icing, and d) further investigate the 
structure, dynamics, and freezing behaviour of MWLs on these coatings using 
advanced surface-sensitive characterization techniques. Such studies could help 
establish a stronger mechanistic understanding of how MWLs influence ice 
nucleation and ice adhesion. 
 

III. Coatings utilizing ice-binding proteins:  Since anti-freeze proteins (AFPs) can inhibit 
freezing events in solutions and on surfaces, this dissertation also examines their 
incorporation into coating formulations. As a first step, AFPs were embedded into 
hydrogel matrices using sufficiently long linkers to maintain protein mobility. These 
AFP-hydrogels exhibited delayed freezing compared with hydrogels without AFPs, 
indicating potential for AFP-based passive anti-icing materials. Although such water-
rich systems are unlikely to be applicable in the aviation sector, they may be 
promising for other fields, including cryopreservation and certain food-industry 
applications. 
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Samenvatting 
 
Het doel van dit proefschrift is om meer inzicht te verkrijgen in de factoren die het ontstaan, 
de voortplanting en de hechting van ijs op oppervlakken bepalen, en om deze kennis te 
benutten voor de ontwikkeling van nieuwe concepten voor effectieve passieve anti-
ijsoppervlakken. De toegepaste methodologie richt zich op twee geavanceerde 
karakterisatietechnieken die in eigen huis zijn ontwikkeld en gebouwd voor zowel 
kwantitatieve als kwalitatieve analyse van ijsvorming op oppervlakken: 1) een thermische 
beeldvormingstechniek met hoge resolutie om nucleatie en voortplanting van bevriezing op 
oppervlakken te volgen en te kwantificeren, en 2) een horizontale afschuiftest om de 
ijshechting aan oppervlakken te meten onder gecontroleerde omgevingscondities. 

Hoofdstuk 1 geeft een introductie tot de gevaren van ijsvorming op oppervlakken en tot de 
belangrijkste uitdagingen waarmee onderzoekers worden geconfronteerd bij het 
ontwikkelen van materialen die een oplossing voor dit probleem kunnen bieden. Om het 
werk van dit proefschrift binnen het vakgebied van de luchtvaarttechniek te positioneren, 
wordt bijzondere aandacht besteed aan de risico’s van ijsvorming op vliegtuigen en aan de 
dringende behoefte aan passieve coatings met lage ijshechting in de luchtvaartindustrie. 
Het doel van dit hoofdstuk is de lezer vertrouwd te maken met de belangrijkste uitdagingen 
bij de ontwikkeling en karakterisering van nieuwe anti-ijsoppervlakken. 

Sectie 1 bestaat uit Hoofdstukken 2 en 3 en richt zich op de factoren die op moleculair 
niveau het ontstaan en de voortplanting van rijpvorming op oppervlakken bepalen. In beide 
hoofdstukken wordt gebruikgemaakt van thermische beeldvorming met hoge resolutie om 
bevriezingsprocessen onder gecontroleerde omgevingscondities te monitoren en te 
kwantificeren. 

Hoofdstuk 2 onderzoekt systematisch het effect van oppervlakte-bevochtigbaarheid en 
omgevingsvochtigheid op de initiële bevriezingsprocessen op gladde oppervlakken. 
Daarnaast introduceert dit hoofdstuk thermische beeldvorming met hoge resolutie als een 
effectieve en essentiële techniek voor het in-situ volgen en karakteriseren van het begin en 
de voortplanting van bevriezing op oppervlakken. Beeldanalyse van thermische video’s die 
bevriezingsprocessen op met silaan gemodificeerd glas tonen, onthult vier karakteristieke 
voortplantingsmodi van bevriezing. Op moleculair niveau worden deze modi in verband 
gebracht met de toestand en continuïteit van dunne interfaciale waterlagen, hier aangeduid 
als moleculaire waterlagen (in het Engels “molecular water layers” of MWL). Dit werk laat 
zien hoe de toestand van deze MWL verandert door variaties in luchtvochtigheid en 
oppervlaktesamenstelling, wat op zijn beurt de tijd tot het begin van bevriezing en de 
voortplantingssnelheid van bevriezing op oppervlakken beïnvloedt. 
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Hoofdstuk 3 introduceert hydrofiele chemische micropatronen als methode om initiële 
bevriezingsprocessen op oppervlakken te sturen. Er werd een patroonvormingstechniek 
ontwikkeld op basis van UV-lithografie en door het oppervlak geïnitieerde polymerisatie om 
hydrofobe polymeren (PVC, PU, PMMA, PP en PC) te functionaliseren met hydrofiele strepen 
(PHEMA-grafting). Thermische beeldvormingsvideo’s laten zien dat bevriezing op de 
gepatroneerde oppervlakken begint op de hydrofiele strepen, zich snel langs deze strepen 
voortplant en zich vervolgens over het hydrofobe substraat verspreidt. Dit gelokaliseerde 
bevriezingsverschijnsel wordt in verband gebracht met een continue moleculaire waterlaag 
op de strepen, waarmee wordt aangetoond dat bevochtigbaarheidspatronen lokale controle 
over bevriezingsprocessen op oppervlakken mogelijk maken. 

Sectie 2 bestaat uit Hoofdstukken 4 en 5 en verlegt de focus van rijpvorming naar ijsaanwas 
op de micropatronen, bekeken vanuit het perspectief van impact van onderkoelde druppels 
en mechanismen van ijshechting. 

Hoofdstuk 4 richt zich op het begrijpen van het gedrag van onderkoelde druppels bij impact, 
uitspreiding en bevriezing op chemisch gemicropatroneerde oppervlakken. De 
experimentele testen werden uitgevoerd in samenwerking met het Institute of Fluid 
Mechanics and Aerodynamics van de Technische Universiteit Darmstadt in Duitsland, waar 
de impact van onderkoelde druppels op oppervlakken kan worden geobserveerd met 
hogesnelheidscamera’s in een windtunnel onder gecontroleerde isotherme 
omstandigheden (T = −10 °C). Na de impact van de druppel werden op sommige 
gepatroneerde monsters kleine droge holtes waargenomen die zich binnen de 
terugtrekkende druppel vormden en uitbreidden. Deze verschijnselen werden gekoppeld 
aan de gelijktijdige bevochtiging van de hydrofiele patronen en ontvochtiging van het 
hydrofobe substraat – een proces dat niet volledig was voltooid voordat de druppel bevroor. 
Een gedetailleerde analyse van de hogesnelheidsvideodata toont aan dat snellere vorming 
van droge holtes en lagere nucleatiesnelheden van druppels kunnen worden bereikt door de 
patroondichtheid, de hydrofobiciteit van het substraat en de impactsnelheid van de druppel 
te verhogen. 

Hoofdstuk 5 vergelijkt verschillende eenvoudig toepasbare oppervlaktebehandelingen om 
de ijshechting op polymeersubstraten en commerciële vliegtuigcoatings te verminderen. 
Voor dit onderzoek werd een nieuwe horizontale ijshechtingstestopstelling ontworpen en 
gebouwd in samenwerking met MSc-studenten Ronan Connolly en Sara Caliari. De 
onderzochte oppervlaktemodificaties omvatten oliesmering, langdurige UV-blootstelling, 
hydrofiele micropatronering en een UV-uithardbare hydrofiele spraycoating. Hoewel 
oliesmering in de literatuur vaak wordt beschouwd als de meest effectieve methode om 
ijshechting te verminderen, bleek verrassend genoeg dat langdurige UV-blootstelling de 
ijshechting op polypropyleenoppervlakken nog effectiever verminderde. Daarnaast werden 
de laagste ijshechtingswaarden gemeten op alle micropatroneerde en gespraycoate 
oppervlakken, waarbij de hydrofiele coating iets beter presteerde dan de micropatronen. De 
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verklaring voor het succes van de hydrofiele modificaties werd in verband gebracht met de 
aanwezigheid van niet-bevriesbare waterlagen die als smerende interfaciale lagen tussen 
ijs en substraat kunnen fungeren. 

Sectie 3 (Hoofdstuk 6) onderzoekt de mogelijke toepassing van ijsbindende eiwitten in 
toekomstige anti-ijsoppervlakken. IJsbindende eiwitten zijn eiwitten die zich aan ijskristallen 
kunnen binden en afhankelijk van hun structuur de groei van deze kristallen kunnen remmen 
of juist bevorderen. Deze eiwitten komen in de natuur voor in de cellen van bepaalde soorten 
vissen, insecten en planten die bescherming nodig hebben tegen bevriezing in arctische 
klimaten. In dit onderzoek werden twee van dergelijke eiwitten (antivries- en ijsnucleërende 
eiwitten, in het Engels “anti-freeze proteins” of AFP en “ice-nucleating proteins” of INP) via 
oppervlakte-grafting en hydrogelcoatings aan aluminiumlegeringen bevestigd. De invloed 
van deze eiwitten op het bevriezen van oppervlakken werd vervolgens gemonitord met 
behulp van de thermische beeldvormingstechniek met hoge resolutie die in sectie 1 werd 
geïntroduceerd. Verrassend genoeg bleken AFP’s die via korte koppelketens aan het 
oppervlak waren bevestigd juist eerdere bevriezingsprocessen te bevorderen in plaats van 
te voorkomen. Dit werd in verband gebracht met het feit dat de mobiliteit van de AFP's een 
cruciale factor is voor hun ijsremmende functie. 

In het algemeen draagt dit proefschrift bij aan een beter begrip van ijsnucleatie, 
voortplanting van bevriezing en ijshechting op oppervlakken en biedt het nieuwe inzichten 
voor de ontwikkeling van passieve anti-ijsmaterialen. De volgende bevindingen van dit 
proefschrift dienen in overweging te worden genomen bij de ontwikkeling van nieuwe 
duurzame anti-ijscoatings met potentiële toepassingen in de luchtvaart, energieproductie, 
transport en cryopreservatie: 

I. Hoewel hydrofobe en superhydrofobe oppervlakken het begin van bevriezing onder 
gecontroleerde laboratoriumomstandigheden kunnen vertragen, kunnen 
vochtigheidsschommelingen en oppervlakteschade in praktische toepassingen 
leiden tot de vorming van vloeistofachtige moleculaire waterlagen (MWL). Deze MWL 
versnellen ijsnucleatie en de voortplanting van bevriezing en kunnen daardoor 
uiteindelijk het beoogde anti-ijseffect van hydrofobe oppervlaktebehandelingen 
tenietdoen. 
 
 

II. Omdat metingen van ijshechting gevoelig zijn voor verschillende omgevings- en 
experimentele parameters, dienen publicaties waarin dergelijke resultaten worden 
gerapporteerd volledige transparantie te bieden over testomstandigheden en 
gekozen parameters. Daarnaast kan het evalueren van nieuwe anti-ijsoppervlakken 
in aanwezigheid van gesimuleerde realistische verontreinigingen — zoals stof, 
krassen of oppervlakteslijtage — waardevolle inzichten opleveren in hun praktische 
prestaties en duurzaamheid. 
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III.  Dit werk toont aan dat antivrieseiwitten (AFP’s) bevriezing juist bevorderen wanneer 
korte koppelketens hun mobiliteit beperken. Toekomstig onderzoek naar met AFP’s 
gemodificeerde oppervlakken moet er daarom voor zorgen dat de lengte van de 
koppelketens voldoende mobiliteit van de eiwitten mogelijk maakt, zodat hun 
ijsremmende functie behouden blijft. 

 

Daarnaast presenteert dit proefschrift verschillende strategieën die een alternatieve 
wetenschappelijke basis kunnen bieden voor de ontwikkeling van effectievere passieve anti-
ijsmaterialen: 

I. Hydrofiele micropatronering: Hoewel moleculaire waterlagen op hydrofiele 
oppervlakken eerdere ijsnucleatie en snellere voortplanting van bevriezing kunnen 
bevorderen, vertoonden hydrofobe polypropyleen-substraten (PP) met hydrofiele 
poly(2-hydroxyethyl methacrylaat) (PHEMA)-grafts een lagere nucleatiesnelheid 
tijdens de impact van onderkoelde druppels dan ongepatroneerd PP. Bij hogere 
impactsnelheden beïnvloedden de hydrofiele patronen bovendien de vorm van de 
bevroren druppels, wat een mogelijke methode suggereert om ijsaanwas op 
vliegtuigvleugels te sturen. Na impact trekt water zich terug uit hydrofobe gebieden 
en bevriest het bij voorkeur op de hydrofiele patronen, wat kan helpen om de vorming 
van helder ijs te voorkomen en kwetsbare elektronische componenten te 
beschermen. Hetzelfde concept zou breder toepasbaar kunnen zijn in rijpgevoelige 
elektronica door opofferende hydrofiele zones in apparaatoppervlakken te 
integreren. Om dit concept verder richting praktische toepassingen te ontwikkelen, 
moet de patroonvorming worden verbeterd door: a) een patroonmethode te 
ontwikkelen die diepere lagen in vliegtuigcoatings modificeert om de duurzaamheid 
te vergroten, b) het contrast in bevochtigbaarheid te vergroten om de 
terugtreksnelheid van druppels uit hydrofobe gebieden te versnellen, c) het effect van 
hogere druppelimpactsnelheden op het bevriezingsgedrag te onderzoeken, en d) 
verschillende patroongeometrieën, dichtheden, afmetingen en chemieën te 
verkennen voor optimale prestaties. 
 
 

II. Hydrofiele coatings met niet-bevriesbaar water: Hydrofiele polyelektrolyt-gels 
staan erom bekend dat zij bevriezing kunnen vertragen doordat watermoleculen sterk 
gebonden zijn aan geladen polymeerketens. Met het doel de duurzaamheid te 
verbeteren introduceert dit proefschrift UV-uithardbare coatings op basis van DMC-
monomeren, die uitzonderlijk lage ijshechting vertonen en een veelbelovende 
duurzaamheid laten zien. De vermindering van hechting wordt toegeschreven aan 
een vloeistofachtige moleculaire waterlaag die bij −10 °C niet bevriest en als 
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smerende interfaciale laag fungeert. Voordat dergelijke coatings in de 
luchtvaartindustrie kunnen worden toegepast, is verder onderzoek nodig om: a) 
verschillende polyelektrolytchemieën en hun effect op de toestand en hoeveelheid 
niet-bevriesbaar water te onderzoeken, b) wateropname en de implicaties daarvan 
voor duurzaamheid en corrosiebestendigheid op lange termijn te bestuderen, c) de 
prestaties van coatings onder verschillende ijscondities te evalueren, waaronder 
rijpvorming en impact-ijs, en d) de structuur, dynamiek en het vriesgedrag van MWLs 
op deze coatings met behulp van geavanceerde oppervlakgevoelige 
karakteriseringstechnieken. Dergelijke studies kunnen bijdragen aan een beter 
mechanistisch begrip van de invloed van MWLs op ijsnucleatie en ijshechting. 
 
 

III. Coatings met ijsbindende eiwitten: Aangezien antivrieseiwitten (AFP) 
bevriezingsprocessen in oplossingen en op oppervlakken kunnen remmen, 
onderzoekt dit proefschrift ook hun integratie in coatingformuleringen. Als eerste 
stap werden AFP’s ingebed in hydrogelmatrices met behulp van voldoende lange 
koppelketens om de mobiliteit van de eiwitten te behouden. Deze AFP-hydrogels 
vertoonden een vertraagd begin van bevriezing in vergelijking met hydrogels zonder 
AFP’s, wat wijst op potentieel voor AFP-gebaseerde passieve anti-ijsmaterialen. 
Hoewel dergelijke water-rijke systemen waarschijnlijk niet geschikt zijn voor 
toepassingen in de luchtvaartsector, kunnen zij veelbelovend zijn voor andere 
gebieden, waaronder cryopreservatie en bepaalde toepassingen in de 
voedingsindustrie. 
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Yhteenveto 
 
Tämän väitöskirjan tavoitteena on tuottaa uutta tietoa tekijöistä, jotka vaikuttavat 
jäätymisen alkupisteeseen, etenemiseen ja kiinnittymiseen pinnoilla. Lisäksi näitä 
havaintoja pyritään hyödyntämään uusien tehokkaiden jäätä hylkivien pinnoitteiden 
suunnittelussa. Tutkimuksissa käytetyt analyysimenetelmät keskittyvät kahteen eri 
korkealuokkaiseen koelaitteistoon, jotka kehitettiin ja rakennettiin tätä 
väitöskirjatutkimusta varten: 1) Tarkan erotuskyvyn omaava lämpökamera, jolla on 
mahdollista tarkkailla jäätymisen alkukohtia ja etenemistä sekä määrällisesti että 
laadullisesti. 2) Vaakasuora työntövoiman mittauslaitteisto, jolla voidaan määritellä jään 
tarttuvuus pintoihin säädellyissä ympäristöolosuhteissa. 

Luku 1 johdattaa lukijan jään muodostumisen ja kasautumisen yhteiskunnallisiin vaaroihin 
sekä kaikkein olennaisimpiin ongelmiin, joita tutkijat kohtaavat jäätä hylkivien materiaalien 
suunnittelussa. Lento- ja avaruustekniikan näkökulmaa painottaen, erityistä huomiota 
kiinnitetään jään muodostumiseen lentokoneiden siivillä, mikä on johtanut merkittävään 
määrään lentotapaturmia viime vuosikymmenillä. Tämän luvun tarkoitus on tutustuttaa 
lukija jäätä hylkivien pinnoitteiden merkityksellisyyteen ja käydä läpi nykyajan suurimpia 
haasteita tuottaa tehokkaita materiaaleja jäätymisen aiheuttamien ongelmien 
ratkaisemiseksi. 

Osa 1 sisältää Luvut 2 ja 3, jotka keskittyvät jäätymisen alkupisteeseen ja etenemiseen 
vaikuttaviin tekijöihin molekyylitasolla. Molemmat luvut hyödyntävät tarkan resoluution 
omaavaa lämpökameraa pintajäätymisprosessien kuvantamisessa säädellyissä 
ympäristöolosuhteissa.  

Luku 2 tutkii järjestelmällisesti pintojen kostuvuuden ja ilman kosteuden vaikutusta 
jäätymistapahtumiin tasaisilla pinnoilla. Lisäksi tämä luku luo pohjaa lämpökameran 
käytölle pintajäätymisprosessien reaaliaikaisessa kuvantamisessa sekä niiden alkupisteen 
ja etenemisnopeuden määrittämisessä. Silaaneilla muunneltuilta lasipinnoilta kuvattu 
videomateriaali tuo ilmi neljä tunnusomaista jäärintamien etenemistapaa, jotka voidaan 
yhdistää vaihteleviin ohuisiin molekyylitason vesikalvoihin (englanniksi molecular water 
layer eli MWL). Tämä työ havainnollistaa, kuinka näiden MWL:n paksuus ja tiheys vaihtelevat 
ilman kosteuden ja kiinteiden aineiden pintakemian muuttuessa, mikä puolestaan vaikuttaa 
jäätymisen alkupisteeseen sekä jäätymisrintamien etenemisnopeuteen tasaisilla pinnoilla. 

Luku 3 esittelee uuden keinon ohjata jäätymistapahtumia pinnoilla lisäämällä niihin vettä 
puoleensa vetäviä hydrofiilisiä mikrokuvioita. Tämän havainnollistamiseksi viisi erilaista 
vettä hylkivää hydrofobista muovialustaa (PVC, PU, PMMA, PP ja PC) kuvioitiin hydrofiilisillä 
polymeeriharjoilla (PHEMA, PDMAEMA ja PPEGMA). Kuvionti toteutettiin yhdistämällä kaksi 
eri kemiallista menetelmää: UV-litografia ja pintainitioitu atominsiirtoradikaalipolymerointi 
(englanniksi surface-initiated atom transfer radical polymerization eli SI-ATRP). Kuvioitujen 
muovialustojen lämpökameratutkimukset osoittavat, että jäätymistapahtumien alkupiste 
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sijaitsee aina hydrofiilisillä kuvioilla ja että ne etenevät salaman nopeasti kuvioita pitkin. 
Jäätymisrintamat etenevät myöhemmin kuvioilta hydrofobiselle muovialustalle, jolloin 
niiden etenemisnopeudet vähenevät huomattavasti. Tämä jäätymisilmiö voidaan liittää 
hydrofiiliset kuviot peittävään tiheään MWL:ään, joka tarjoaa optimaalisen pinnan 
kidealkioiden muodostumiselle ja kasvamiselle. Lisäksi paikallisten jäärintamien 
etenemisnopeutta voidaan säädellä kuvioiden ja muovialustan pintakemiaa muunnellen. 

Osa 2 sisältää Luvut 4 ja 5, jotka siirtyvät yksittäisten jäätymistapahtumien erittelystä 
jääkertymien tutkimiseen samoilla mikrokuvioiduilla muovialustoilla. Kiinteiden 
jääkerrosten muodostumista tutkittiin keskittymällä alijäädytettyjen vesipisaroiden 
iskeytymiskäyttäytymiseen ja jään tarttuvuuteen pinnoilla.  

Luku 4 keskittyy alijäädytettyjen vesipisaroiden iskeytymis-, leviämis- ja 
jäätymiskäyttäytymiseen mikrokuvioiduilla pinnoilla. Tämän luvun kokeelliset tutkimukset 
suoritettiin Saksassa yhteistyössä Darmstadtin teknillisen yliopiston virtausmekaniikan ja 
aerodynamiikan laitoksen kanssa. Koelaitteistossa alijäädytettyjen pisaroiden iskeytymistä 
pinnoille kuvattiin suurnopeuskameralla jäähdytetyn tuulitunnelin sisällä, jossa lämpötila 
oli säädetty −10 °C:een.  Tutkimuksissa havaittiin, että vesipisaran iskeytymisen jälkeen 
vetäytyvän pisaran sisälle ilmestyy ajoittain kuivia aukkoja. Nämä poikkeavuudet johtuvat 
hydrofiilisten kuvioiden kostumisesta sekä samanaikaisesta hydrofobisten alueiden 
kuivumisesta, joka keskeytyi pisaran jo jäätyessä. Suurnopeuskameralla kuvatun 
videomateriaalin tarkka erittely selventi, että tiheämpi pintojen kuviointi, lisääntynyt alustan 
hydrofobisuus ja suurempi pisaran iskeytymisnopeus johtavat useampiin pisaroiden 
vetäytymispoikkeamiin ja alempiin jäätymisnopeuksiin. 

Luku 5 vertaa useaa eri helppokäyttöistä pintakäsittelyä, jotka alentavat jään tarttuvuutta 
muovipinnoilla sekä kaupallisilla lentokoneiden pinnoitteilla. Jään tarttumisvoiman 
mittaamiseksi tässä työssä suunniteltiin ja rakennettiin ensin uusi vaakasuoraan 
työntövoimaan perustuva mittauslaitteisto yhteistyössä kahden maisteriopiskelijan kanssa 
(MSc Ronan Connolly ja MSc Sara Caliari). Kokeissa vertailtiin neljää eri pintakäsittelyä: 
öljypisaroita, pitkäaikasta UV-säteilyä, hydrofiilistä mikrokuviointia ja UV-kovettuvaa 
hydrofiilistä suihkutettavaa pinnoitetta.  Vaikka öljyvoiteluun perustuvat pinnoitteet ovat 
saavuttaneet suurta suosiota viimeaikaisissa tutkimuksissa, UV-säteily osoittautui 
öljypisaroita tehokkaammaksi keinoksi vähentää jään tarttuvuutta PP-muovipinnoilla.  
Lisäksi pienimmät jään tarttuvuuden arvot mitattiin mikrokuvioiduilla ja hydrofiilisillä 
pinnoitteilla, joista suihkutettava hydrofiilinen pinnoite osoittautui kaikkein 
tehokkaimmaksi.  Hydrofiilisten pintakäsittelyjen toimivuus perustuu niiden sisältämiin 
tiukasti sitoutuneisiin vesimolekyyleihin, jotka voivat muodostaa ohuen jäätymättömän 
nestemäisen kerroksen kiinteän muovipinnan ja jään väliin. 

Osa 3 (Luku 6) tutkii mahdollisuutta hyödyntää jäähän sitoutuvia proteiineja jäätä hylkivissä 
pinnoitteissa. Rakenteestaan riippuen nämä proteiinit voivat joko hidastaa tai nopeuttaa 
jääkiteiden kasvua (englanninksi Anti-Freeze Proteins eli AFP ja Ice-Nucleating Proteins  eli 
INP). Luonnossa jäähän sitoutuvat proteiinit (AFP) suojaavat tiettyjä arktisia kala-, hyönteis- 
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ja kasvilajeja jäätymisen aiheuttamalta solurikolta talvella. Tässä tutkimuksessa jäätä 
sitovia proteiineja lisättiin alumiinipinnoille käyttäen joko suoraa kovalenttista pintakemian 
muokkausta tai hydrogeeli-pinnoitusta. Proteiinien vaikutusta alumiinipintojen 
jäätymisprosesseihin seurattiin tämän väitöskirjan ensimmäisessä osassa mainitun 
lämpökameran avulla. Näissä tutkimuksissa havaittiin, että proteiinit, jotka luonnossa 
estävät jääkiteiden kasvua, yllättäen johtivatkin alumiinipintojen nopeampaan jäätymiseen. 
Tämä tapahtui vain, jos proteiinit kiinnitettiin alumiinipinnoille käyttäen lyhyitä 
polymeeriketjuja, mikä vähentää proteiinien liikkumiskykyä. Tämä oivallus tuo esiin 
proteiinien liikkumisvapauden tärkeyden niiden toiminnassa jäätymistä vastaan. 

Kokonaisuudessaan tämä väitöskirja tuo esiin uutta tietoa jäätymistapahtumien 
alkupisteestä ja etenemisestä pinnoilla sekä jään tarttumisesta pintoihin. Seuraavia edellä 
mainittuja oivalluksia voidaan myös hyödyntää tulevaisuudessa uusien jäätä hylkivien 
pinnoitteiden kehittämisessä: 

I. Vaikka hydrofobiset ja superhydrofobiset pinnoitteet voivat viivyttää 
jäätymistapahtumia laboratoriotutkimuksissa, reaalimaailman vaihteleva 
ilmankostus, pintanaarmut ja muut pintojen epäpuhtaudet luovat näillekin  
pinnoitteille paikallisia vesimolekyylien kerrostumia (MWL). Nämä MWL:t 
kiihdyttävät jäätymisprosesseja, mikä lopulta kumoaa hydrofobisten pintojen 
toimivuuden jäätä hylkivissä tarkoituksissa.  

 

II. Koska jään tarttuvuutta mittaavat testit ovat erittäin herkkiä vaihteleville 
mittausparametreille ja ympäristötekijöille, julkaistujen artikkeleiden tulisi ilmoittaa 
selkeästi ja läpinäkyvästi kaikki testausolosuhteet ja kokeissa käytetyt parametrit. 
Lisäksi uusien jäätä hylkivien pinnoitteiden testaaminen niin sanotuissa 
“epäpuhtaissa” olosuhteissa, esimerkiksi pölyn tai naarmujen kanssa, voi tuottaa 
arvokasta uutta tietoa pinnoitteiden todellisesta suorituskyvystä vaativissa 
sovelluskohteissa.  

 

III. Tämä väitöskirja osoittaa, että jääkiteiden kasvamista estävät proteiinit (AFP:t) 
nimestään huolimatta nopeuttavat jäätymistä, jos ne kiinnitetään pinnoille liian 
lyhyillä, proteiinien liikkumiskykyä rajoittavilla polymeeriketjuilla. Tulevien 
tutkimuksien tulisi siksi käyttää tarpeeksi pitkiä polymeeriketjuja AFP:tä 
hyödyntävien pinointien kehittämisessä. 

Lisäksi tämä väitöskirja tarjoaa useita vaihtoehtoisia tieteellisiä perustoja uusien jäätä 
hylkivien kemiallisten stategioiden kehittämiseksi: 

I. Hydrofiilinen pintakuviointi: Vaikka MWL:t tyypillisesti kiihdyttävät jäätapahtumien 
etenemistä hydrofiilisillä pinnoilla, hydrofiiliset kuviot hidastivat jäätymisnopeuksia 
alijäädytettyjen vesipisaroiden iskeytyessä hydrofobisen polypropyleenin (PP) 
pinnalle. Korkeimmilla iskeytymisnopeuksilla hydrofiiliset kuviot vaikuttivat myös 
pisaran vetäytymiskäyttäytymiseen, mikä voi mahdollisesti auttaa jääkertymien 
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säätelemisessä lentokoneen siipien pinnalla. Iskeytymisen jälkeen vesipisara 
vetäytyy hydrofobiselta alustalta hydrofiilisiä kuviota kohden, täten jäätyen vain 
kuvioiden yllä ja estäen koko siiven peittävän jääkerroksen muodostumisen. Sama 
prosessi voi olla hyödyllinen elektronisten komponenttien suojelemisessa kylmiltä ja 
kosteilta olosuhteilta. Tämän konseptin edistämiseksi nykyistä kuviontimenetelmää 
tulisi kehittää seuraavasti: a) Jos kuviointi ulottuisi pintakerrosta syvemmälle, 
kuvioitu pinnoite kestäisi kulumista paremmin. b) Kuvioiden ja alustan 
kostuvuuskontrastin maksimoiminen nopeuttaisi vesipisaroiden vetäytymisnopeutta 
ennen jäätymistä. c) Lisää tutkimustietoa tarvitaan suuremmilta 
iskeytymisnopeuksilta, jotka vastaavat jäätävän sateen iskeytymisnopeutta lennon 
aikana. d) Parhaan mahdollisen suorituskyvyn löytämiseksi tutkimuksia tulisi myös 
tehdä erilaisilla kuviointimuodoilla, -kooilla, -tiheyksillä ja kuvioiden kemiallisilla 
koostumuksilla. 
 

II. Hydrofiiliset pinnoitteet: Hydrofiilisten polyelektrolyyttigeelien tiedetään jäätyvän 
viiveellä, sillä niiden sisältävät vesimolekyylit ovat sitoutuneet tiukasti 
polyelektrolyyttien varautuneisiin funktionaalisiin ryhmiin. Hydrogeelien mekaanisen 
kestävyyden parantamiseksi tämä väitöskirja esittelee  DMC-monomeeriin 
perustuvan UV-kovettuvan pinnoitteen, joka hylkii jäätä tehokkaasti ja kestävästi. 
Jään alentunut tarttuvuus tähän pinnoitteeseen johtuu sen pinnalle kehittyvästä 
nestemäisestä MWL:stä, joka pysyy jäätymättömänä −10 °C:ssa sekä vähentää jään 
ja pinnoitteen välistä kitkaa.  Ennen kuin tähän innovaatioon perustuvia pinnoitteita 
voidaan hyödyntää ilmailuteollisuudessa, lisätutkimusta tarvitaan seuraavilta 
näkökulmilta: a) Myös muiden polyelektrolyyttien vaikutusta MWL:n 
muodostumiseen tulisi tutkia. b) Tarkempaa tutkimusta tarvitaan pinnoitteen 
kostumisesta sekä sen mekaaniseen ja kemialliseen kestävyyteen vaikuttavista 
seikoista. c) Pinnoitteen toimivuutta vaihtelevissa ilmasto-olosuhteissa tulisi tutkia 
tarkemmin muuttamalla esimerkiksi ilman kosteutta, lämpötilaa ja jäätyyppiä jään 
tarttuvuuden testaamisen aikana. d) MWL:ien rakennetta, dynamiikkaa ja 
jäätymiskäyttäytymista tulisi tutkia lisää kehittyneillä pintaherkkillä 
karakterisointimenetelmillä. Tällaiset tutkimukset voivat auttaa muodostamaan 
vahvemman mekanistisen ymmärryksen MWL:ien vaikutuksesta jään nukleaatioon ja 
jään tarttuvuuteen. 
 

III. Jäätä sitovia proteiineja hyödyntävät pinnoitteet:  Koska jäätä sitovat proteiinit 
(AFP:t) voivat estää jäätymistä liuoksissa ja pinnoilla, tässä väitöskirjassa 
tunnustellaan myös niiden potentiaalia jäätä hylkivissä pinnoitteissa. Lähtökohtana 
tälle tutkimukselle AFP:itä kiinnitettiin hydrogeelipinnoitteiden sisälle käyttäen pitkiä 
polymeeriketjuja proteiinien liikkumiskyvyn turvaamiseksi. Nämä AFP-hydrogeelit 
jäätyivät testeissä myöhemmin kuin tavalliset proteiinittomat hydrogeelit, mikä 
osoittaa niiden mahdollisen toimivuuden tulevaisuuden pinnoitteissa. Vaikka 
hydrogeelit itsessään ovat sopimattomia ilmailuteollisuuden käyttöön, niitä voitaisiin 
hyödyntää jo muilla aloilla, kuten kryosäilytyksessä lääketieteellisissä tarkoituksissa 
sekä elintarviketeollisuudessa.
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Introduction 

 

 

THE PROBLEM OF ICE ACCRETION  

Although a white winter wonderland would be a refreshing change to the never-ending rain 

in the Netherlands, unfortunately, ice in its various forms also causes many issues for 

critical transport and energy infrastructures: ice accretion on wind turbine blades reduces 

their power generation efficiency and can cause severe damage during stop-start 

operations1,2, slippery roads cause traffic accidents on the highways3,4, and frost-covered 

overhead power lines generate delays in the NS train schedules5,6. Specifically in the aviation 

industry, ice on the aircraft wings disturbs the airflow around the airfoil, decreases lift, 

increases drag, and adds weight to the aircraft.7–9 Ice can also accumulate inside the aircraft 

engines on the nacelle inlet or around the fan blades, thus reducing air intake to the engine 

and reducing thrust. Altogether, these effects contribute to increased fuel consumption and 

safety risks, that can lead to significant financial losses and disastrous accidents. 

Currently, the aviation industry is using active anti-icing and de-icing methods to combat ice 

accretion on aircraft.10,11 Figure 1.1. provides an overview of the various ice accretion types 

on aircraft and the de-icing methods currently used to prevent their formation. On the 
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ground, the aircraft surfaces are sprayed with de-icing fluids (formulations based on 

ethylene glycol or propylene glycol) that lower the freezing temperature of water. This helps 

remove any present ice build-up, prevents frost growth on surfaces, and temporarily 

reduces the probability of freezing during supercooled droplet impact on the aircraft wings. 

However, de-icing fluids need to be continuously reapplied, the application process itself is 

time-consuming and expensive, and the sprayed chemicals are harmful to the ecosystems 

surrounding airports.12–14 Regardless of these negative effects, de-icing fluids are still in 

standard worldwide use, demanding up to 3 800 L consumption per aircraft and costing 

airlines up to €75 00015 per aircraft in mandatory de-icing services. 

To prevent in-flight ice accretion, the surfaces of the aircraft wings are typically heated 

during take-off and landing as the aircraft flies through clouds consisting of supercooled 

water droplets.16–18 As visualized in Figure 1.2, without the heating system, the impacting 

supercooled water droplets would freeze and quickly accumulate layers of ice, mainly on 

the leading edge of the aircraft wing. At temperatures below – 20 ℃, the supercooled 

droplets would freeze immediately upon impact, creating brittle rime ice with air trapped 

within its structure. At temperatures closer to – 10 ℃, the droplets would freeze after 

spreading over a wider area of the wing, resulting in clear glaze ice with a denser structure 

and higher adhesion to the surface.  Even though the heating system, as an active anti-icing 

method, is effective and reliable, it consumes energy and adds weight to the aircraft. 

Consequently, mitigating ice accretion or adhesion without increasing weight or energy 

consumption would yield significant benefits for both the aviation industry and society by 

reducing operational costs, lowering CO₂ emissions, and minimizing environmental impact. 

Given the limitations of active anti-icing systems considerable research efforts have 

focused on implementing passive anti-icing surfaces either as standalone solutions or in 

combination with active anti-icing methods.10,18–22 In such strategies, the surfaces most 

vulnerable to ice accretion would be designed to delay freezing events or significantly lower 

the adhesion of ice forming onto these surfaces, thereby reducing the energy demand and 

operational burden of active de-icing systems. In practice, this could theoretically be 

achieved by applying permanent anti-/low-icing coatings on the surfaces of aircraft wings, 
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sensors, antennae, and turbine blades. Unfortunately, due to the challenging performance 

and durability requirements as well as the lack of standardization in ice adhesion testing, 

such coatings are not yet commercially available. Further research is needed to better 

understand the parameters that affect ice/frost propagation and adhesion and to develop 

coatings that are both effective in preventing ice accretion and sufficiently durable to avoid 

frequent maintenance and reapplication costs. These goals inevitably require robust 

methods to quantify ice propagation and adhesion in all their dimensions, thereby 

contextualizing the multifaceted focus of this work. The following sections detail the state-

of-the-art techniques for characterizing ice adhesion to surfaces and the most promising 

strategies for developing successful passive anti-icing coatings. 
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Figure 1.1. a) Visualization of different aircraft icing types and b) a list of their main characteristics.  
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Figure 1.2. a) A schematic showing laminar air flow around an ice-free aircraft wing and turbulent 
airflow after ice accretion.  b) A schematic of ice coverage on an aircraft wing with and without active 
ice protection. Even when the leading edge of the wing is heated during the flight, ice accretion is still 
possible elsewhere on the wing, and ice detached from the leading edge can still adhere to the back 
of the airfoil (runback ice). Even a small amount of ice accretion can disturb the air flow around the 
wing, leading to increased drag and reduced lift. Once commercially available, passive anti-icing 
coatings with low ice-adhesion strength could prevent the accretion of runback ice.20  
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CHALLENGES IN ICE ADHESION TESTING  

Passive anti-icing surfaces are generally designed to delay freezing events and/or reduce the 

adhesion of ice to surfaces.23,24 For the aviation industry, surfaces that only delay freezing 

events unfortunately do not provide sufficient ice protection without complementary de-

icing technologies.20 No matter how long freezing is delayed, once the first nucleation event 

occurs somewhere on the aircraft wing, build-up of impact ice is inevitable. Therefore, low 

ice adhesion is a key performance characteristic of future passive anti-icing surfaces in the 

aviation industry. Ideally, the ice adhesion strength should approach values below 

approximately 30 kPa, a commonly cited engineering benchmark theoretically associated 

with conditions under which aerodynamic forces may remove accreted ice during flight.25 

However, this threshold should not be interpreted as a universal criterion for icephobicity, 

since measured ice adhesion values strongly depend on the experimental setup, 

environmental conditions, and ice morphology used in the test. 

Since commercial instrumentation specifically designed for testing ice adhesion to surfaces 

has not been available before 2019, almost all ice adhesion values reported in the literature 

have been obtained using lab-built testing equipment. Figure 1.3a illustrates several ice 

adhesion test configurations that are sufficiently simple to be constructed in-house. Such 

lab-built devices are still in continuous use today, as research groups do not have an 

incentive to replace them with costly new equipment. Consequently, testing devices used 

for this purpose vary from each other not only in design but also in the results they generate. 

As shown in Figure 1.3b, over the past 15 years, numerous independent studies have 

reported widely diverging values for ice adhesion strength to aluminium surfaces.26–57 

Unexpectedly, studies that used the same type of measurement technique under the same 

temperature conditions (horizontal shear test at -10 ℃) also recorded contradicting values 

ranging between 100 and 1500 kPa. 

Several reasons can explain why different ice adhesion setups can give considerably 

different values for the same material. Although the most common ice adhesion test setup 

is designed solely to push an ice cube off the sample surface, this simple experiment 
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involves a large number of parameters that can influence its outcome (Figure 1.3c). The 

experimental setup should be designed with consideration for various environmental and 

technical parameters, including the pushing speed and the height of the pushing rod, 

environmental temperature and humidity, surface temperature of the sample, the 

dimensions of the ice cube, and the type of ice used in the experiment. A more 

comprehensive list of parameters affecting ice adhesion results is provided in Figure 1.2.1c. 

 

 

 

 



 

8 
 

 

Figure 1.3. a) Schematic showing the differences between lab-built ice adhesion test configurations. 
The most commonly used ice adhesion setup is the horizontal shear test. b) Literature values for ice 
adhesion strength to aluminium, collected from all reports published in the last 12 years. c) List of 
parameters influencing ice adhesion strength values in a horizontal shear test. For reproducibility, 
all of these values should be specified when reporting ice adhesion results in the literature. 
Additional experimental and geometrical factors may also affect the measured adhesion strength. 
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In the literature, most studies commonly report the type of measurement technique and the 

temperature conditions used for obtaining the ice adhesion strength values. However, the 

rest of the experimental parameters and surface characteristics of the tested materials are 

often left undefined.58 The most likely reason for this oversight is that the literature lacks 

systematic studies investigating the effect of these critical parameters on the ice adhesion 

strength. In addition to a couple of individual studies reporting variations in test results with 

different pushing heights, pushing speeds, and surface roughness, the field of ice adhesion 

testing is in urgent need of more in-depth investigations to understand how all operational 

experimental parameters influence the mechanisms of ice adhesion. 

Today, several studies have reported new low-icing surfaces with adhesion strength values 

close to the target value of 30 kPa,59–73 which has been proposed as the threshold below 

which aerodynamic forces during flight (wind speed 12 m/s) can continuously remove 

accreted ice from airfoil surfaces. However, these results lose their significance if the 

authors do not share a full list of the experimental parameters used during the tests or the 

original data files showing the evolution of the detected force curves over time. Without 

complete and transparent reporting, the reproducibility of the results is lost, and meaningful 

comparison between different low-ice-adhesion surfaces becomes difficult. To advance 

promising passive anti-icing coatings toward commercial application, good durability and 

low ice adhesion values are essential. Equally important are test methods that provide 

detailed and realistic information, together with a thorough understanding of the ice 

adhesion mechanisms underlying the reported favourable results. 
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DEVELOPING PASSIVE ANTI-ICING SURFACES  

Currently, there are no commercially available passive anti-icing coatings that reach the 

targeted ice-adhesion strength below 30 kPa. Although various icephobic materials have 

been developed since the early 2000s, and several studies have reported adhesion values 

below 50 kPa, these coatings are either ineffective or too fragile in in-field applications. For 

example, superhydrophobic surfaces with water-repelling properties based on double 

topologies (e.g., lotus effect) have been proposed for anti-icing applications since 2008.74 

For aircraft coatings, superhydrophobicity could ideally prevent freezing events by repelling 

impacting water droplets and/or delaying their freezing onset time.75,76 However, many 

studies77–81 thereafter have shown that once ice inevitably accumulates on 

superhydrophobic structured surfaces via frosting or impact icing, its removal is even more 

challenging due to the mechanical interlocking of ice with the topologically complex surface 

(see Figure 1.4). This demonstrates that, despite their ability to delay freezing, 

superhydrophobicity alone does not inherently translate to icephobicity and cannot reliably 

ensure low ice adhesion in the design of anti-icing surfaces. 

Another more recent yet thoroughly explored design for anti-icing coatings is the so-called 

SLIPS (slippery liquid-infused porous surface)82–84. The fundamental underlying idea of the 

concept consists of filling sponge-like porous or structured surfaces with a water-repelling 

oil. Although SLIPS were originally intended for anti-fouling and biomedical applications85, 

they have also shown ice adhesion strength lower than 20 kPa. In this approach, the infused 

oil creates a smooth and thin oil layer at the ice-coating interface, which reduces the ice 

adhesion strength through lubrication. Unfortunately, the infused liquid depletes after 

approximately 10 icing cycles and would need periodic refilling in real-life applications 

before ice adhesion is increased through interlocking.86–88 Since such maintenance would 

be even more expensive than applying de-icing fluids on aircraft, the SLIPS have also not yet 

been fully deployed in the aviation industry. 
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Figure 1.4. a) Superhydrophobic surfaces repel water droplets by minimizing contact area between 
the liquid and the solid surface. However, when supercooled water droplets impact these surfaces 
at high velocity, the droplets freeze upon impact and remain mechanically interlocked into the 
surface structures. Furthermore, frost formation under humid conditions can infiltrate the surface 
texture, eliminating the air pockets responsible for superhydrophobicity and increasing ice 
adhesion. b) Structured and/or porous surfaces can also be infused with water-repelling oils to lower 
the adhesion of impact ice (SLIPS concept). In long-term use, the infused oil slowly depletes into the 
environment and needs to be reapplied to maintain its low ice adhesion properties.  

 

Although SLIPS are not durable enough to be applied to aircraft surfaces, the idea of using a 

lubricating layer to reduce ice adhesion is still being explored in the literature. However, 

instead of oil-based liquids, the focus has turned towards aqueous lubricating layers89–94 

that can be self-replenished after each icing cycle (see Figure 1.5a). Similar to aircraft 

sprayed with de-icing fluids and roads covered with salt, anti-icing surfaces with an aqueous 

lubricating layer utilize polar groups and/or charged ions to lower the freezing temperature 

of water. For example, hydrogels made with polyelectrolytes have repeating units that carry 

either positive or negative charges (i.e., cationic or anionic groups), which can form strong 

interactions with nearby water molecules. When the hydrogels are subjected to 

temperatures below the freezing point of water, these competing interactions with the 

polyelectrolyte chain thermodynamically hinder the phase transition of liquid water to solid 

ice, therefore leading to reduced freezing temperatures (can remain completely unfrozen 

down to -20 ℃).95 

In passive anti-icing, the reduced freezing temperature of polyelectrolyte hydrogels can also 

help to reduce ice adhesion strength.96  When ice accretes on top of polyelectrolyte chains, 
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the water molecules at the ice-hydrogel interface form hydrogen bonds with the charged 

chemical groups, thereby hydrating the polyelectrolyte chains. This hydration layer (also 

known as the aqueous lubrication layer) can remain unfrozen even at -20 ℃, and function 

as a lubrication layer between the accreted ice and the hydrogel. Since the lubricating layer 

consists of water, unlike in the case of oil-infused surfaces, there is no risk of the lubricant 

depleting over time due to self-replenishment with the surrounding atmosphere through the 

formation of surface molecular water layers (MWL). So far, the aqueous lubricating layer has 

proven to reduce the ice adhesion strength even down to ~10 kPa at -10℃.92–94 Although 

most of these reported anti-icing surfaces are based on degradable surface grafting and 

hydrogel networks, polyelectrolytes could potentially be incorporated into more durable 

coating formulations for future applications in the aviation industry. In this context, the 

formation and control of MWLs through both polyelectrolyte-based coatings and wettability 

patterning are investigated in this thesis as key strategies for reducing ice adhesion. 

Another promising approach to new low-ice adhesion coatings is known as crack-initiating 

surfaces or stress-localized surfaces.97–101 This strategy is based on the formation of local 

(patterned or not) surface stiffness discontinuities at the ice-substrate interface. As 

visualized in Figure 1.5b, stress-localized surfaces consist of material with two phases: a 

stiffer phase-I that provides long-term durability for the coating, and a compliant phase-II 

that is mixed into phase I as small micron-scale particles. During ice adhesion testing, the 

applied pushing force creates shear stresses at the ice-coating interface. Typically, these 

shear stresses are centralized at the point where the pushing force is applied. For stress-

localized surfaces, the interfacial stresses additionally concentrate at the interfaces 

between the stiff phase I and the compliant phase II regions due to the mismatch in 

mechanical properties, generating localized ice detachment points distributed along the 

ice–coating interface. Due to the multiple simultaneous crack-initiation points, ice can be 

removed with less force, and ice adhesion values at -25℃ can be reduced to below 10 

kPa.99,100  

Since stress-localized surfaces contain regions of softer material, these areas at the surface 

are potentially vulnerable to abrasion and other forms of degradation. Nevertheless, this 
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approach is equally promising as surfaces with an aqueous lubricating layer. Both have 

proven the ability to lower ice adhesion strength below 30 kPa but have not yet 

demonstrated long-lasting durability for high-performance applications. Finding the optimal 

combination of anti-icing and durability performance requires systematic studies dedicated 

to understanding better how these properties can be controlled by adjusting individual 

components of the coating formulation. In view of these knowledge gaps, this thesis 

approaches the design of anti-icing coatings from a different perspective: instead of 

focusing on optimizing existing coating systems, it systematically investigates how key 

mechanisms—such as MWL formation and wettability patterning—can be used to control 

ice nucleation, propagation, and adhesion. 

 

 

Figure 1.5. a) Coatings functionalized with charged chemical groups can lower ice adhesion by 
generating an aqueous lubricating layer at the ice-coating interfaces. b) Stress-localized surfaces 
combining hard (green phase I) and soft (red phase II) materials can lower ice adhesion strength by 
generating multiple simultaneous ice detachment points that initiate at the soft regions.  
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THESIS OBJECTIVE AND OUTLINE  

To address the objective of understanding and controlling ice nucleation, propagation, and 

adhesion on surfaces, this thesis is structured to progressively link molecular-scale 

phenomena to macroscopic anti-icing performance. 

Chapters 2 and 3 establish the fundamental role of molecular water layers (MWLs) in 

surface freezing processes. Chapter 2 isolates the effect of surface chemistry and 

environmental humidity on MWL formation and demonstrates how their state and continuity 

govern freezing onset and propagation on model smooth surfaces. Building on this, Chapter 

3 introduces chemical micropatterning as a strategy to spatially control MWL formation 

through wettability contrast, thus enabling localized control over freezing behaviour. 

Together, these chapters provide the mechanistic foundation for manipulating the kinetics 

of freezing processes on surfaces via the presence and state of MWLs. 

Chapters 4 and 5 extend these concepts to more application-relevant icing conditions. 

Chapter 4 translates wettability patterning to dynamic scenarios involving impacting 

supercooled droplets, demonstrating how MWL-mediated wetting asymmetries can 

influence droplet freezing behaviour and ice accretion morphology. Chapter 5 further 

connects MWL formation to ice adhesion by comparing the effect of various surface 

modification strategies and showing how non-freezing interfacial water layers can 

significantly reduce adhesion strength. These chapters collectively bridge the gap between 

controlled frost formation and practical ice accretion and removal. 

Finally, Chapter 6 explores an alternative route to designing passive anti-icing coatings by 

incorporating ice-binding proteins into surfaces and coatings. This chapter examines how 

the molecular mobility of antifreeze proteins governs their ability to inhibit freezing 

propagation, further emphasizing the importance of interfacial processes in controlling ice 

nucleation and growth. 

Overall, this thesis demonstrates that controlling ice formation and adhesion requires a 

unified understanding of interfacial water behaviour across different length scales and 

environmental conditions. By systematically investigating MWL formation in relation to local 
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wettability differences and ice-binging protein mobility at surfaces, this work provides a 

framework for the rational design of next-generation passive anti-icing materials. 
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2 
Role of Molecular Water Layer State on 

Freezing Front Propagation Rate and Mode   
 

Abstract: In this work, we study the relation between the molecular water layer (MWL) and 

frost freezing onset and propagation. The progression of frost has been reported to be 

governed by various localized icing phenomena, including inter-droplet ice bridging, dry 

zones, and frost halos. Reports studying the state of water on surfaces have revealed the 

presence of a thin (nm) water layer on a range of surfaces. Regardless of further 

investigations that show environmental humidity, temperature, and surface energy to affect 

the thickness of the MWL on surfaces, the influence of the MWL on frost nucleation and 

propagation has not yet been previously addressed in the literature.  

To study the effect of the MWL on surface freezing events, a range of surface-functionalized 

glass substrates was prepared. In-situ monitoring of freezing events with thermal imaging 

allowed studying the effect of surface chemistry and environmental relative humidity (RH) 

on the thickness and continuity of the MWL. We argue that the observed icing nucleation 

and propagation kinetics are directly related to the presence and continuity of the MWL, 

which can be manipulated by controlling the environmental humidity and surface 

chemistry. 
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INTRODUCTION  

The accumulation of ice on solid surfaces can have hazardous consequences, in 

applications as wide-ranging as aircraft1-2, power lines3, marine vessels4, microelectronics5, 

and wind turbines6-8. In the aerospace industry, icing affects negatively both the 

performance and safety of aircraft, whereas, in the production of energy from the kinetic 

energy of air in motion, ice accumulation on the blades of wind turbines can significantly 

reduce their power generation efficiency. Ice accretion is currently managed by heating, 

using de-icing fluids, and/or mechanically removing ice from the exposed surfaces. In spite 

of being efficient, in most cases, these methods are costly and demand intense labour, 

excessive amounts of energy, and time.9-12 

During the past 70 years, researchers have been designing passive anti-icing coatings to 

overcome the above-mentioned challenges.13-14 Instead of relentlessly removing ice from a 

surface, an effective anti-icing coating aims at preventing icing accretion itself, in which 

case the problematic de-icing methods would remain only as complementary ice removal 

systems.15-16 An ideal coating would be one that provides sufficient and long-lasting 

performance (i.e., low erosion and high UV resistance) with easy application and scalable 

production. It is calculated that even though an effective anti-icing coating might initially 

cost more in comparison to the use of de-icing fluids, in the long term, a permanent coating 

would still reduce the overall costs, effort, and time spent on ice protection.9,17 

There have already been a variety of attempts to create durable and effective anti-icing 

coatings.17-18 Despite these efforts, the incomplete in-depth understanding of the factors 

necessary to prevent or control ice formation on surfaces and the scatter of relevant 

information addressing the underlying mechanisms of ice accretion and propagation limit 

progress. For a more rational anti-icing coating design, it is beneficial to learn more about 

the factors affecting ice nucleation, propagation, and adhesion on surfaces. Of particular 

interest in understanding ice nucleation and propagation is the interaction of water 

molecules in the environment with the surface at a molecular level. 
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Past research on freezing propagation has mostly attributed freezing propagation to the 

formation of inter-droplet ice bridges. In this work, we propose an alternative mechanism 

based on the presence of the so-called molecular water layers (MWL). Continuous layers of 

molecular water imaged at room temperature were first reported in the 1990s on hydrophilic 

mica surfaces using atomic force microscopy (AFM).19 In the early 2010s, while studying the 

nanoscale condensation of water droplets on COOH-modified hydrophilic silicon surfaces 

under ambient conditions, it was proposed that these nanoscale water droplets are 

interconnected through a non-optically detectable thin liquid layer of water.20 

Despite the initial reports confirming the presence of a MWL on hydrophilic surfaces, its role 

on ice nucleation and propagation has been widely overlooked in the field of anti-icing 

surfaces while its presence may explain some of the observations reported in the literature. 

One plausible reason to overlook its role is the difficulty to detect MWLs under ambient 

conditions with the most popular and available characterization methods used in icing 

research, e.g., with optical microscopy. Nanoscale clusters of individual water molecules 

on solid surfaces have been otherwise systematically studied in ultra-high vacuum 

conditions and at low temperatures using scanning tunnelling microscopy (STM)21. 

However, in ambient conditions, molecular layers of water have only recently been studied 

on smooth silica surfaces using AFM19.20,22, X-ray reflectometry20, X-ray photoelectron 

spectroscopy23, attenuated total reflection infrared spectroscopy (ATR-IR)24, and sum 

frequency generation spectroscopy (SFG)25,26.  

In agreement with previous studies, it can be proposed that MWLs between 0.2 and 6 nm 

may be present on smooth hydrophilic surfaces exposed to ambient conditions. 

Considering the experimental evidence, the proposed model system of water on surfaces 

suggests the presence of a homogeneous monolayer of solid hexagonally arranged water 

molecules followed by a transitional layer of restricted mobility and a sequence of 

disordered layers of liquid water molecules.24 Not many reports have been published on the 

thickness of each of these proposed water layers (solid-like or liquid-like) and the effect of 

environmental conditions (T, RH) and surface chemistry on such layers. Nevertheless, 

reports on cleaned smooth glass surfaces in maximum relative humidity (95-100 %) at 
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ambient temperature (22 ℃) suggest that the solid-like MWL starts to transition into a liquid-

like MWL when the solid-like MWL thickness is more than 3 monolayers of water (~1 nm). At 

that point, the liquid-like MWL grows to a maximum reported thickness of 18 monolayers (~6 

nm).23 

Uniformity of the MWL has attracted even less attention. On hydrophilic mica surfaces, the 

MWL appears as a uniform layer when the RH is above 40 % or as a discontinuous film with 

dry holes and/or smaller individual islands of molecular water unevenly distributed on the 

surface when the RH is below 40 %.19,22 These observations are compatible with other works 

reporting MWLs to exist as a solid-like layer below 30 % RH and as a liquid-like layer above 

60 % RH on hydrophilic silicon substrates.20,24 Although most reports did not report MWLs 

on hydrophobic surfaces at ambient conditions, MWLs of about 2 nm were reported for very 

hydrophobic surfaces such as halocarbon wax or Teflon at room temperature and 80 % RH.23 

This proves that water can adsorb and/or absorb on hydrophobic surfaces in high-humidity 

environments, especially when the surfaces have irregularities, defects, or high roughness. 

On hydrophilic surfaces at room temperature, the measured thickness of MWLs decreases 

with increasing water contact angle of the surfaces and with increasing temperature (e.g., 

65 ℃).20 

In this work, we systematically study the effect of surface chemistry and relative humidity 

on the presence of molecular water layers (MWL) and its related role on ice nucleation and 

propagation at sub-zero temperatures. To this aim, we used smooth and rough glass 

surfaces functionalized using silane chemistry. Thermal imaging and image correlation 

protocols were used to monitor and quantify freezing events with high temporal and spatial 

resolution. The work unveils the role of MWLs on frost ice nucleation and propagation 

kinetics and its mode of propagation, through hydrophilic and hydrophobic surfaces, as a 

function of the ambient relative humidity. This confirms the likelihood of freezing events to 

occur in porous superhydrophobic surfaces. 
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EXPERIMENTAL  

 

Materials 

Standard microscope glass slides purchased from Carl Roth (corners cut, without frosted 

edge, 26×76×1 mm) were used as substrates across the study. The silanes 11-

acetoxyundecyltrichlorosilane (95 %), n-octyltrichlorosilane (97 %), tridecafluoro-1,1,2,2-

tetrahydrooctyltrichlorosilane (perfluorooctyltrichlorosilane, 97 %) were purchased from 

ABCR, and heptadecafluoro-1,1,2,2-tetrahydrodecyltrichlorosilane (perfluoro-

decyltrichlorosilane, 97 %) was purchased from Gelest and used as received. All remaining 

solvents and chemicals used in this study were purchased from Sigma Aldrich and used as 

received. Silica gel (3.5 mm bead size, for desiccation) was purchased from Sigma Aldrich 

and heated in the oven at 130 ℃ for 4 hours before use. 

 

Surface activation of the glass slides 

Activation of the reactive hydroxyls and removal of any contaminants from the glass surface 

were done using a wet chemical method based on HCl and MeOH. In the activation 

procedure, the glass slides were first immersed in a solution containing a 1:1 volume ratio 

of MeOH:HCl for 30 minutes. In a subsequent step, the slides were rinsed with deionized 

H2O and dried under N2. The activated and dried slides were directly analysed with water 

contact angle goniometry. Some of the prepared samples were further modified with 

functional silanes to control the surface water contact angle as explained below.     

 

Surface silanization 

Covalent attachment of functional silanes to the cleaned glass slides was carried out with a 

vapor deposition method in a vacuum chamber.27 After drying under nitrogen flow, two glass 

slides and three droplets (150 μL) of one silane were placed in separate dishes inside a 

custom-made sealed aluminium chamber connected to a vacuum pump. Vapor deposition 
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of the silane onto the glass slides was carried out at low pressure (20 mbar) for 2 hours at 

room temperature. Subsequently, the glass slides were removed from the chamber and 

used for contact angle measurements and icing tests. The procedure was repeated with four 

different silanes to obtain a representative range of hydrophilic to hydrophobic smooth 

surfaces.  

 

Sol-gel surface treatment 

A sol-gel process leading to a porous silica-based coating was used to develop a 

superhydrophobic surface on glass. To this aim, methyl trichlorosilane (0.2 mL) was 

deposited on the top of a glass surface and left to dry at room temperature while being 

covered with a Petri dish. After drying, the sample was heated for 1 h at 100 °C. The 

procedure was repeated three times to obtain thicker layers. 

 

Water contact angle measurements 

Water contact angles (WCAs) were determined right after the surface activation and the 

silanization processes. The measurements were made using a KSV CAM 200 optical contact 

angle goniometer. Static, advancing, and receding water contact angles were recorded 

using the sessile and needle-in-the-sessile-drop methods. All measurements were 

repeated three times for each sample. For advancing (A-WCA) and receding (R-WCA) angles, 

the initial volume of the drop (3 µL) was first increased with a pumping speed of 15 µL s-1 

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-1. Drop shape analysis of the 

images was done based on the Young–Laplace equation. All WCA measurements were 

carried out at an ambient temperature of 21±2 ℃ and relative humidity of 40±5 %. 
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Measuring and quantifying freezing events with thermal imaging 

Freezing events on the substrates were monitored using a FLIR A655sc thermal camera with 

a close-up lens (1.5 magnifying factor and 25 μm lateral resolution). The thermal camera 

was calibrated according to the manufacturer’s instructions, including emissivity 

correction, and the measured temperatures were cross-checked against thermocouple 

measurements during experimental setup. An emissivity value of 0.9 was used during the 

recordings to avoid reflections from influencing the results. To induce and control freezing, 

the samples were cooled on two Peltier elements set in parallel (40x40 mm each) to obtain 

a uniform temperature distribution. The Peltier elements were connected to a heat sink and 

a small fan for heat dissipation. Each thermal video recording started shortly before 

switching on the Peltier plates where the glass samples were set to reach -20 ℃ at 15 ℃ min-

1 and ended 1 minute after the freezing event was observed to have propagated across the 

surface. Each measurement was repeated at least 3 times per sample. Two types of 

experiments were conducted: (i) monitoring frost formation in the absence of water 

droplets, and (ii) monitoring freezing of water droplets previously deposited on the sample 

surfaces. In the former, the surfaces were kept at -20 ℃ until a freezing event was observed. 

Image analysis was used to quantify freezing onset times and kinetics of the freezing 

propagation front. Due to the complex geometry of the freezing fronts, the propagation rates 

were determined by tracking the local displacement of the front between consecutive 

thermal video frames at multiple locations along the freezing interface, followed by 

averaging over several measurements (see Supporting Information, Figure S2.3). The 

second set of experiments was carried out similarly, but with a single 5 µL deionized water 

droplet placed on top of the sample before the Peltier plates were cooled down. Image 

analysis was used to quantify the freezing kinetics of the droplet and its surroundings. To 

study the effect of environmental humidity on the freezing events, the thermal camera and 

Peltier elements were placed inside a glove box. The humidity inside was lowered to 25 % 

RH with dried silica gel and increased to 50 % RH and 70 % RH by placing a beaker of CaCl2 

solution in the closed environment.28,29 A humidity equilibrium inside the glove box was 

reached within three days each time the humidity was adjusted. All the images were 
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analysed with the analysis program FLIR Research Studio, and the image processing 

program ImageJ. 

 

 

RESULTS AND DISCUSSION  

 

Water contact angles 

Table 2.1 and Figure 2.1 summarize the measured static (WCA), advancing (A-WCA), and 

receding (R-WCA) water contact angles and hysteresis (CAH) as a function of the surface 

chemistry obtained after surface cleaning and silanization. As expected, the surface-

activated glass slides show more hydrophilic surface chemistry (WCA=21±3°) than the 

degreased bare glass slides (WCA=49±2°) as a result of a larger presence of active hydroxyl 

groups30. The WCA of the silane-treated samples follows the expected growing hydrophobic 

nature: acid end group < hydrocarbon chain < fluorocarbon content. Amongst the smooth 

surfaces, the glass slides covered with perfluorinated decyl carbon chains show the most 

hydrophobic WCA (109±2°). Of all studied samples, the porous sol-gel coatings showed, as 

intended, superhydrophobic WCA (150±5°). A-WCA and R-WCA followed a similar trend to 

WCA with surface chemistry. Interestingly, the surface-activated and silanized smooth 

surfaces showed comparable CAH values (18-23°) lower than the CAH of the degreased 

bare glass surface (36±4°). The surface activation removes topological differences caused 

by contaminants, which can explain the lower CAH values on the surface-activated and 

silanized glass slides. The superhydrophobic surfaces, on the other hand, showed a 

significantly lower CAH (4±10°); a distinctive mark of a superhydrophobic and self-cleaning 

surface as a result of roughness porosity entrapping air31. Figure 2.2 shows Confocal Laser 

Scanning Microscopy (CLSM) images of the superhydrophobic surfaces and a smooth 

hydrophobic surface for comparison. The micrographs confirm the presence of porosity in 

the superhydrophobic surface responsible for air entrapment beneath water droplets. 
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Altogether, these results confirm a successful obtaining of a range of surfaces with varying 

hydrophilic/hydrophobic nature and justifies the use of static contact angle (WCA) for the 

subsequent comparisons with the freezing events. 

 

 

Table 2.1. A series of smooth and rough samples with varying surface chemistry and related WCAs. 
The red scale bar corresponds to 1 mm for all images shown here. 

Sample Chemistry Structure WCA A-WCA R-WCA CAH Image 

A Surface activated 
 

21±3° 26±2° 4±2° 22±4° 
 

B Degreased 

 

38±6° 49±2° 13±2° 36±4° 
 

C 
11-Acetoxyundecyl 

trichlorosilane 
 

54±6° 56±1° 38±1° 18±2° 
 

D n-Octyltrichlorosilane 
 

89±6° 91±1° 73±4° 18±5° 
 

E 
Perfluoro-

octyltrichlorosilane 
 

106±3° 115±3° 92±4° 23±7° 
 

F 
Perfluoro-

decyltrichlorosilane 
 

109±2° 117±2° 95±4° 22±6° 
 

G 
Sol-gel treatment with 

methyltrichlorosilane 
 

150±5° 152±3° 148±7° 4±10° 
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Figure 2.1. Water contact angles as a function of surface chemistry. The static (WCA), advancing (A-
WCA), and receding (R-WCA) water contact angles of samples A to G show a similar increasing trend. 
The hysteresis (CAH) values are comparable for all smooth samples (A to F) and show a local 
minimum for the superhydrophobic sample (G). 
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Figure 2.2. CLSM images show optical images (top row) and their corresponding height maps 
(bottom row) of the smooth glass surfaces functionalized with perfluorodecyltrichlorosilane (a and 
c) and the superhydrophobic surfaces prepared via sol-gel treatment (b and d). 

 

 

Frost propagation in the absence of water droplets 

Figure 2.3 shows representative snapshots from the recorded thermal imaging videos as a 

function of the relative humidity (25 %, 50 %, and 70 %) for surfaces (12 mm x 16 mm) without 

a droplet. The rest of the snapshots and videos can be found in the Supporting Information 

(Tables S2.1-S2.3). In this experiment, thermal imaging reveals the latent heat release 

during the freezing of supercooled surface water. In practice, this allows following the 

freezing propagation front throughout the surface with high spatial and temporal resolution 

once a freezing event starts somewhere on the sample surfaces. 

In the video snapshots, the dark purple colour corresponds to a lower temperature, and the 

bright yellow to a higher temperature. As liquid water freezes on the sample surface, a 
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sudden temperature increase pinpoints the location of the freezing event. The higher the 

volume of water freezing, the more heat is released, and the brighter the colour change is in 

the video. In the case of a water droplet freezing, the abrupt temperature increase is eye-

catching. On the other hand, it is much more difficult to follow the freezing front propagating 

on a surface with little or no water condensation present. Hence, in Figures 2.3a-b, the 

freezing front propagation fronts are highlighted with a white line, and the direction of the 

freezing front is specified with black arrows. After the latent heat has been released, the 

frozen areas keep cooling down and appear with a darker colour in the thermal videos.  

At 25 % RH, the propagation front line looks similar on all samples (Figure 2.3a and Table 

S2.1) except for the superhydrophobic surface (Figure 2.3d). There is no condensation 

visible on the surface (absence of small growing round dots with darker colour compared to 

the substrate), and the freezing front line is clearly fractal-like in shape. In contrast, the 

superhydrophobic sample is covered with condensation and as seen in Figure 2.3d, the 

freezing front line is only detectable by following individual condensed droplets lighting up 

as they freeze (marked with white circles). 

At 50 % and 70 % RH, small droplets of condensation can be observed on all samples 

(Figures 2.3 b-c and Tables S2.2-S2.3). Instead of fractal-like freezing front lines, most of 

the samples show much smoother propagation fronts. The front line on the activated glass 

surface at 70 % RH is almost perfectly round. Conversely, there were no changes in the 

freezing propagation pattern of the superhydrophobic surface, regardless of the humidity 

(Tables S2.1-S2.3), and the same freezing mechanism was observed on all hydrophobic 

silane-treated surfaces at 50% RH (Table S2.2).  
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Figure 2.3. Time snapshots from thermal videos showing a freezing front propagating on the 
activated glass slides (sample A) as a function of relative humidity (a-c) and on superhydrophobic 
surfaces at 25% RH (d). The cooling rate in these experiments was set so that the sample surface 
reaches -20 ℃ at 15 ℃ min-1. In a-c, the propagation front line is highlighted with a white line, and, in 
d, the isolated freezing events are marked with white circles. The black arrows indicate the direction 
of the freezing front propagation, and black scale bars shown in the top left corners are 1 mm. The 
time indicated in the top right corner of each image shows the timestep between each snapshot and, 
therefore, does not correspond to the freezing onset time. The vertical colour bars indicate the 
temperature at the surface measured by the IR camera.  
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Frost propagation in the presence of deposited water microdroplets  

Figure 2.4 shows representative snapshots from the recorded thermal imaging videos as a 

function of the relative humidity (25 %, 50 %, and 70 %) in the presence of a water droplet (5 

µL) deposited in the centre of each sample. The complete set of samples is in Tables S2.4-

S2.6. The main distinctive feature of these image snapshots is the presence of a large round 

supercooled droplet in the centre lighting up when freezing. Notably, the droplet begins 

freezing only when the propagation front line meets it, as clearly seen in Figure 2.4c at 20 

ms snapshot. The presence of the droplet seems to not have influenced the freezing 

propagation modes discussed in the previous section.  

 
Figure 2.4. Time snapshots from thermal videos showing a freezing front propagating in the presence 
of a 5 µL water droplet on the activated glass slides as a function of relative humidity (a-c) and on 
superhydrophobic surfaces in 25% RH (d). The cooling rate in these experiments was set so that the 
sample surface reaches -20 ℃ at 15 ℃ min-1.  In a to c, the front line of each freezing event is 
highlighted with a white line, and, in d, the isolated freezing events are marked by white circles. The 
white and black arrows indicate the direction of the freezing front propagation. The time indicated in 
the top right corner of each image shows the timestep between each snapshot and, therefore, does 
not correspond to the freezing onset time. The black scale bars shown in the top left corners are 1 
mm. The vertical colour bars indicate the temperature at the surface measured by the IR camera. 
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Freezing of the microdroplets 

The high accuracy of thermal imaging allows extracting local temperature at any location 

and time, for instance, at a water droplet present at the surface, as shown in Figure 2.4. 

Figure 2.5a plots the temperature of supercooled droplets on the different studied samples 

as a function of the freezing experiment time. Independently of the surface chemistry, all 

droplets show the same temperature profile during freezing: (i) supercooling to the 

temperature around -15 °C; (ii) sudden temperature increase to around -5 °C (tonset); (iii) 

isothermal at that temperature for varying times; (iv) rapid temperature drop (tend), and (v) 

stabilization to the initial temperature before the freezing event. 

The sudden temperature increase (ii) originates from the latent heat released in the phase 

change from liquid to solid. Some of this heat release is observed as a temperature increase 

in the videos, yet a part of it is dissipated into the substrate. Figure 2.5b shows the extracted 

duration of the freezing event of individual droplets (tonset until tend) as a function of the WCA. 

Even though the water droplets have the same volume in all of the experiments, the plot 

reveals a linear increase of the freezing event duration (length of stage iii) with the WCA. In 

general, the higher the contact area (the lower the contact angle), the earlier the freezing 

event ends (shorter stage iii). The superhydrophobic sample keeps the general trend and 

shows the longest freezing event duration, presumably due to having the lowest contact 

area and therefore slowest latent heat dissipation into the substrate and surrounding 

environment. 
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Figure 2.5. a) Time-temperature plots from a 5 µL droplet freezing at 50 % relative humidity. For 
sample A, the different stages of freezing are marked with red numerals i, ii, iii, iv, and v. The plots 
are set to overlap each other at tonset (ii) to demonstrate the increase in freezing duration time with 
increasing hydrophobicity of the samples. b) Shows the duration of the freezing event (tend - tonset) 
plotted as a function of the static WCA in 3 different humidities. A linear dependence between the 
droplet freezing and the static WCA is observed. 

 

Freezing onset time at the surface with and without a droplet 

From each freezing experiment recorded using the thermal camera (Figures 2.3-2.4 and 

Tables S2.1-S2.6), a freezing onset time (tfo) was extracted and plotted in Figure 2.6a as a 

function of the surface chemistry (represented by the WCA) and the relative humidity (RH). 

The freezing onset time is described as the time from when the cooling plates are turned on 

to the moment at which the first freezing event is captured by the observation window of the 

thermal camera.  

In Figure 2.6a, the freezing experiments done with and without a droplet show the same 

trend shape for every relative humidity. The freezing onset times grow exponentially with 

increasing WCA until reaching an apparent plateau at WCA>120°, with the 

superhydrophobic samples showing much lower freezing onset times than expected. 

However, without additional data points at WCA>150°, it is not possible to confirm what 

happens to the trend in the case of superhydrophobic surfaces. 
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Similarly, freezing onset times also decrease as RH increases. The presence of the droplet 

did not seem to have a large effect on the results at RH 25 % and 70 % nor on the freezing 

onset values of any of the hydrophilic surfaces at any RH. In the case of RH 50 %, the 

presence of the droplet seems to have delayed the freezing onset times of the hydrophobic 

samples; however, all freezing onset measurements at RH 50 % fit between rather wide error 

bars. 

A similar exponential growth towards a plateau has been found for the dependence of the 

supersaturation degree (SSD) and nucleation pressure on WCA, following the mathematical 

procedure by Nath and Boreyko32 (Equations S2.1-S2.6 in SI). In the experiments therein, 

there are two possible mechanisms that explain frost development on the sample surfaces: 

(i) water first condenses on the sample surfaces and then freezes via condensation frosting, 

or (ii) water deposits directly from vapor to solid ice. The phase change of water vapor to 

liquid (condensation) or to solid ice (deposition) on a substrate requires either an 

undercooling of the substrate temperature or a supersaturation of the surrounding vapor 

pressure. SSD is a parameter that describes the extent of supersaturation needed for 

condensation or deposition to occur on the substrate at a given temperature, whereas 

nucleation pressure gives the pressure required for each phase change. The values of SSD 

and nucleation pressure are both dependent on substrate wettability and have, therefore, 

different values for each of the samples. 

In Figure 2.6b, the SSD and nucleation pressure have been plotted as a function of WCA for 

both condensation and deposition at -20 ℃. The similarities between plots 2.6a and 2.6b 

can be understood since both SSD and freezing onset times can be used to describe the 

energy barrier of nucleation on surfaces. It is also notable that, in Figure 2.6b, the nucleation 

pressure required for deposition becomes lower than the nucleation pressure required for 

condensation at WCA<47° indicating that deposition is theoretically a more favourable 

mode of nucleation on the hydrophilic surfaces at -20 ℃.   
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Figure 2.6. a) Freezing onset times as a function of the static WCA of the sample surfaces in the 
experiments conducted with a 5 µL water droplet placed in the centre of the sample (filled symbols, 
solid line) and without a water droplet (open symbols, dashed line) in three RHs. The continuous and 
dashed lines serve as a guide to the eye. b) Supersaturation degree (SSD) and nucleation pressure 
(pn) respectively plotted as a function of the static WCA for condensation (vapor-to-liquid, marked 
with circle symbols) and deposition (vapor-to-solid, no symbols). The functions are calculated for -
20 °C surface temperature using 1029 m-2 s-1 as a fixed kinetic constant for embryo formation for both 
condensation and deposition using Equations S2.1-S2.6 in SI. The black inverted arrows indicate 
the WCA intersection point of nucleation pressure curves below which deposition is 
thermodynamically favoured (WCA < 47°). 
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Relation between freezing front propagation, surface chemistry, and MWL 

Previous research dedicated to freezing propagation phenomena on surfaces mostly 

focused on frost growth using optical microscopy under experimental conditions leading to 

visible water droplet condensation33-44. Under these circumstances, individual droplets 

sequentially freeze when optically detectable ice bridges, formed at a frozen droplet, 

propagate and reach a neighbouring liquid droplet. In line with these observations, freezing 

propagation on surfaces has been related to the formation of inter-droplet ice bridges (i.e., 

percolation-induced frost propagation). Experimental evidence35-41 suggests that the 

propagation rate of such inter-droplet bridges occurs at ~0.01 mm s-1, 4 to 5 orders of 

magnitude slower than the reported intra-droplet freezing propagation rate (10-100 mm s-

1)45-48. As a consequence, the overall frost propagation rate on surfaces has been reported 

to be around 0.01 mm s-1 based on a (relatively) limited number of substrates and 

environmental conditions studied. In this work, we identified different freezing front 

propagation mechanisms and rates as a function of the relative humidity and substrate 

hydrophilicity and topology. Figures 2.3 and 2.4, Tables S2.1-S2.6, show snapshots of the 

freezing experiments monitored by thermal imaging used in this work to calculate freezing 

front propagation rates and to identify freezing propagation mechanisms as a function of RH 

and surface energy. Analysis of the images and identification of the freezing front 

propagation lines was performed using the image processing program ImageJ. This allowed 

identifying different freezing front lines depending on the experimental conditions (front 

lines marked as white lines in Figures 2.3 and 2.4, and Tables S2.1-S2.6 in SI). Replicates 

of the freezing experiments allowed obtaining average freezing propagation rates with 

deviation for each experimental (RH) and sample surface energy (WCA) as shown in Figure 

2.7 and Figure S2.3 in SI.  

Figure 2.7 shows how, independently of the front-line geometry and propagation 

mechanism, the freezing fronts propagate faster at higher environmental humidities. Larger 

differences are nevertheless seen at low surface energies (WCA in the range 20° to 60°) and 

high relative humidities (50 % and 70 %). This trend seems to hold true for all of the 

experimental conditions except for the superhydrophobic surfaces (WCA~150°) for which 
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the freezing front propagation rates increase at all RHs slightly above the most hydrophobic 

of all smooth surfaces (both perfluorinated samples with WCA around 105-110°). The 

increase in the freezing propagation rate for the superhydrophobic sample is here attributed 

to moisture entrapment within the porous structure of the superhydrophobic samples 

shown in Figure 2.2. 

 

Figure 2.7. Freezing front propagation rates (mm s-1) as a function of the static WCA measured at 
three RHs in the absence of a droplet. The error bars of the freezing front propagation rates are 
indicated by the dashed lines for each RH. The upper and bottom grey pattern blocks mark the range 
of propagation rates previously reported for intra-droplet freezing (10-100 mm s-1) and percolation-
induced frost growth (~0.01 mm s-1), respectively. 

 

In addition to the values of propagation rates, valuable information about the freezing 

propagation mechanisms can be obtained by visual examination of the thermal imaging 

videos. As seen in Figures 2.3-2.4 and Tables S2.1-S2.6, the shape of the freezing front can 

vary dramatically from a smooth round line (e.g., sample A with WCA~21° at 70 % RH) to a 

complicated fractal border (e.g., sample C with WCA~54° at 25 % RH). When examining 
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simultaneously the propagation rates and the shape of the propagation front line, it appears 

that the smoothness of the freezing front is directly related to faster freezing front 

propagation rates. Droplet condensation density, on the other hand, did not have a 

measurable effect on the mode and kinetics of ice propagation. When analysing the freezing 

propagation fronts under all conditions (WCA and RH) four freezing front propagation modes 

can be identified. Table 2.2 summarizes the characteristics of these propagation modes 

and the conditions at which they were observed. The specific freezing front propagation 

rates for all RHs and WCAs and their relation to the freezing propagation mode are shown in 

Table 2.3. 

 

 

Table 2.2. Characteristics of the four freezing propagation modes observed via thermal imaging 
and the conditions at which they are observed. 

Mode I  
(Movie S2.1) 

Mode II  
(Movie S2.2) 

Mode III 
(Movie S2.3) 

Mode IV 
(Movie S2.4) 

 

   

Freezing onset 

1.2—34 min 

Propagation rates 

0.01—0.1 mm s-1  

Visible condensation; 

Ice-bridge formation. 

Freezing onset 

1.7—28 min 

Propagation rates 

0.01—0.1 mm s-1  

No visible condensation; 

Fractal-like front line. 

Freezing onset 

1.0—3.0 min 

Propagation rates 

2—10 mm s-1  

Visible condensation; 

Wavy fluctuating front. 

Freezing onset 

0.6—1.5 min 

Propagation rates 

50—400 mm s-1  

With or w/o condensation; 

Smooth front line. 

All RHs 

WCA 54°—154° 

RH 25 % 

WCA 21°—117° 

RH 50 % 

WCA 21°—38° 

RH 70 % 

WCA 21°—38° 
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Table 2.3. The table shows the quantified freezing propagation rates (mm s-1) in relation to RH and 
surface WCA, and their relation to freezing propagation mode. Grey background marks propagation 

mode I, light blue mode II, medium blue mode III, and dark blue mode IV. 

 

 

As summarized in Tables 2.2 and 2.3, freezing propagation Mode I and Mode II show 

propagation rates in the same ballpark (0.01-0.1 mm s-1). The lower limit of this range (0.01 

mm s-1) is well aligned with values previously reported for percolation-induced freezing, as 

shown in Figure 2.7. However, the upper limit (0.1 mm s-1) observed in samples with both 

propagation modes is about one order of magnitude faster than percolation-induced 

freezing. This suggests the influence of another surface factor appearing at certain RH and 

surface hydrophilicity that homogeneously affects the surface without visibly detectable 

water condensation. As summarized in Table 2.2, mode II (low-speed fractal propagation) 

appears to be limited to low relative humidity (25 % RH) and smooth surfaces (independently 

of their hydrophilicity). The fractal-like propagation observed for mode II is well aligned with 
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previous studies at low humidity (RH ≤ 35 %) on hydrophobic PMMA and hydrophilic metallic 

substrates attributed to a visibly detectable deposition-limited frost growth.49-50 

A detailed look at the thermal imaging video recordings (Tables S2.2, S2.3, S2.5, and S2.6) 

reveals the presence of small ice bridges in all the samples showing mode I propagation (e.g. 

see snapshots in Figure 2.8). The ice bridges' presence is in good agreement, together with 

the average propagation rates around 0.01-0.1 mm s-1, with ice-bridge controlled frost 

propagation observed in samples freezing in the presence of condensation droplets.  

 

Figure 2.8. Time snapshot from a thermal imaging video showing the surface freezing of a) sample E 
(WCA=106°) at 50 % RH and b) sample D (WCA=90°) at 70 % RH with frozen condensation on top. 
The numerous connecting pathways between the frozen droplets (highlighted with a black line) are 
here identified as inter-droplet ice bridges. 

 

The identification of these two propagation modes (mode I corresponding to ice-bridge-

limited frost growth, and mode II corresponding to deposition-limited frost growth) at all RHs 

and most surface energies (WCAs) hints at a relation between the propagation mode and 

the presence of water at the surface. In line with this, higher amounts of water at the surface 

should lead to faster and more homogeneous propagation front lines as discussed hereon.   

Frost propagation modes III and IV show significantly earlier freezing onset times (1-3 min) 

and faster propagation rates (2-400 mm s-1) than modes I and II, and more continuous 
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propagation fronts instead of fractal lines. These two modes (III and IV) are observed only for 

the most hydrophilic samples (samples A and B with WCAs below 40°) at the highest RHs 

(50 % and 70 %). In general, a clear trend from a fractal frontline with a slow propagation rate 

to a continuous frontline with a fast propagation rate is observed when the RH and the 

hydrophilic nature of the surface increase. It is remarkable to note that the flash-like (see 

Movie S2.4) freezing propagation rates observed in mode IV for high RH and hydrophilic 

surfaces are one order of magnitude faster (up to 400 mm s-1) than the reported values of 

bulk water freezing (50 mm s-1)51 and several orders of magnitude slower than the speed of 

sound in water (1000 m s-1)52. The freezing propagation rate is similar to the speed of rapidly 

released vapor bolus (500 mm s-1) observed during cascade freezing in reduced pressure (~3 

mbar) reported in the literature.53 In our work, the freezing experiments were conducted at 

normal atmospheric pressure, which would reduce the diffusion speed due to cascade 

freezing to a maximum of 3 mm s-1. These factors and the observation of the freezing front in 

the presence of non-frozen individual water droplets from condensation (see Tables S2.2 

and S2.5) rule out freezing propagation dominated by regular water freezing of a thick 

continuous water film layer created by condensation as well as the acceleration of the 

freezing propagation by an acoustic wave traveling in water or a vapor bolus released during 

droplet freezing cascade. However, comparable freezing propagation rates (200-400 mm s-

1) have been reported for the intra-droplet freezing of impacting supercooled water droplets 

on surfaces.47-48 Moreover, the experimental values obtained by us and those reported for 

supercooled droplets freezing are comparable and just one order of magnitude lower than 

those calculated with numerical simulations for freezing of supercooled water on ice (1000-

10000 mm s-1 at RH 100 % and WCA~0°).54  

Altogether, the above considerations suggest that freezing in modes III and IV took place 

through a supercooled water layer and pave the way to the relation between surface freezing 

and the presence of molecular water layers (MWL) whose thickness and continuity affect 

the freezing front propagation mode and rate. Even though we did not measure the thickness 

of the water layers for the samples showing mode III and IV propagation (i.e., hydrophilic 

surfaces, samples A and B, at high relative humidities (RH 50-70 %)), a MWL of around 1 nm 
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can be assumed based on previous experimental studies19-26 reporting MWLs of more than 

1 nm thick on hydrophilic silicon surfaces at RH 60 %. We hypothesize that, since the 

thickness decrease accelerates freezing propagation rates, propagation delays observed in 

mode III compared to conditions leading to mode IV cannot be explained by the lower 

thickness induced by lower RH but by discontinuities in the MWL causing a wavy fluctuating 

propagation front line, with overall propagation rate decrease, due to local differences in 

freezing propagation rates. 

In line with the above, and as reported by others in the case of hydrophilic and hydrophobic 

chemically modified silicon wafers20, there should be no liquid-like molecular water present 

on the sample surfaces in the case of modes I and II. However, there is one order of 

magnitude difference in the propagation kinetics of modes I and II (between 0.1 and 0.01 

mm s-1). Based on the literature, the highest propagation rates measured in conditions 

leading to propagation mode I and mode II (0.1 mm s-1) can be explained by the presence of 

a solid-like MWL of around 0.5 nm, as identified for similar conditions in previous 

works.19,20,22,23 According to reports on MWL, these thin solid-like MWLs are not smooth even 

layers, but rather non-continuous depositions of solid-like molecular water on the 

hydrophilic sites. Since the presence of liquid-like MWL is dramatically affecting the freezing 

propagation rates in modes III and IV, the presence of a more or less continuous solid-like 

MWL is arguably influencing the observed freezing propagation rates in modes I and II as 

well. 

Figure 2.9 summarizes the proposed relation between the presence and state of molecular 

water layers (MWL) and the freezing mechanisms, onset times, and propagation rates 

observed in this work. At RH 25 %, both hydrophilic and hydrophobic surfaces exhibit 

deposition–controlled frost, although the presence of solid-like MWL on the hydrophilic 

samples promotes faster freezing propagation rates. Similarly, at RH 50 % and 70 %, all 

surfaces with WCA≥54° froze via percolation-limited frost propagation, while among them, 

the hydrophilic samples with solid-like molecular water showed ten times faster freezing 

propagation rates. On the two most hydrophilic samples (WCA≤38°) at RH 50 % and 70 %, 
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the freezing events propagate via a discontinuous or continuous layer of supercooled liquid-

like water, respectively. 

 

 

Figure 2.9. Overview of the relation between relative humidity, surface energy, and the resulting 
molecular water layer state and the freezing propagation mode. 

  



 

53 
 

2 

CONCLUSIONS  

 

In this work, the role of molecular water layer (MWL) on frost propagation rate and 

propagation front mode has been identified and studied using high-resolution thermal 

imaging. To do so, glass slides were functionalized to obtain a broad range of hydrophilic 

and hydrophobic surfaces. Exposure to selected relative humidities (RHs) and in-situ 

monitoring of freezing at –20 °C in the presence and absence of a pre-deposited water 

droplet were monitored using infrared imaging.  The systematic results obtained, and 

previously reported literature, allow establishing for the first time a direct relation between 

MWL and freezing kinetics (ranging from 0.01 to 500 mm s-1) and mode (from fractal to 

continuous front line). Depending on the MWL state, four frost propagation modes are 

described: ice-bridge percolation-controlled (in the presence of solid-like MWL), 

deposition-controlled (in the presence of solid-like continuous MWL), and continuous and 

discontinuous supercooled water layer-controlled freezing (in the presence of liquid-like 

MWL). The observations confirm freezing in porous superhydrophobic surfaces can occur 

due to the presence of surface MWLs even at low RHs. The results here reported bring new 

insights into surface freezing and establish guidelines for the development of novel ice-

controlling passive strategies using surface energy local variations.   
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SUPPORTING INFORMATION  
 

 

 
 
 
Figure S2.1. An AFM image of the glass slide functionalized with n-octyltrichlorosilane shows 
uniformity in the smooth silanized glass slides with an average roughness (Ra) of 0.125 nm. 
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Figure S2.2. Schematic presentation of the experimental setup for monitoring freezing events on 
surfaces. Freezing events on the substrates were monitored using a FLIR A655sc thermal camera 
with a close-up lens (1.5 magnifying factor and 25 μm lateral resolution). The cooling system consists 
of two Peltier elements set in parallel (40x40 mm each) connected to a heat sink and a small fan for 
heat dissipation. The sample surfaces were placed on top of the two stacked Peltier plates. 
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Table S2.1. Time snapshots from thermal videos* showing a freezing front propagating on the 
different samples exposed to 25 % RH.  

 
*The images are snapshots from the recorded thermal imaging videos. The cooling rate in these experiments 
was set so that the sample surface reaches -20 ℃ at 15 ℃ min-1. The time step 𝑡𝑛  between the frames is 
indicated separately for each sample due to variability in the frost propagation velocity. The front line of each 
freezing event is highlighted with a white line. Isolated freezing events are marked with white circles (sample 
G). The black arrows indicate the direction of the freezing front propagation. The black scale bar shown in the 
top corner of the first images is 1 mm. No set values were given to the temperature scale since it needed to be 
automatically adjusted for each video to better detect the freezing events (optimal contrast). 
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Table S2.2. Time snapshots from thermal videos showing a freezing front propagating on the 
different samples exposed to 50 % RH. 
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Table S2.3. Time snapshots from thermal videos showing a freezing front propagating on the 
different samples exposed to 70 % RH. 
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Table S2.4. Time snapshots from thermal videos* showing a freezing front propagating on the 
different samples exposed to 25 % RH in the presence of a 5 µL water droplet 
 

 

 

*The images were saved from a recorded thermal imaging video and the time step 𝑡𝑛 between the frames is 
indicated separately for each sample due to variability in the frost propagation velocity. The cooling rate in 
these experiments was set so that the sample surface reaches -20 ℃ at 15 ℃ min-1. The front line of each 
freezing event is highlighted with a white line, and the black arrows indicate the direction of the freezing front 
propagation. The black scale bar shown in the top corner of the first image is 1mm. The temperature scale was 
automatically adjusted for each video to gain better contrast. 
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Table S2.5. Time snapshots from thermal videos showing a freezing front propagating on the 
different samples exposed to 50 % RH in the presence of a 5 µL water droplet 
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Table S2.6. Time snapshots from thermal videos showing a freezing front propagating on the 
different samples exposed to 70 % RH in the presence of a 5 µL water droplet 
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Figure S2.3. Calculation of the freezing front propagation rates (mm s-1) from the thermal video 
snapshots using ImageJ. The distance that the freezing front propagates between two snapshots 
(distance between points a-b and a-c) is divided by the time difference between the two snapshots 
(40 msec and 80 msec). This method is repeated for the video for a series of snapshots and points 
along the freezing front line to obtain an average propagation rate. 
 

 
Figure S2.4. The measured freezing front propagation rates (mm s-1) are plotted as a function of the 
environmental relative humidity. Note that the freezing front propagation rates are set on a 
logarithmic scale. 
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Equation to calculate SSD and nucleation pressure 

 
The critical extent of supersaturation needed for nucleation to occur on a surface can be 
described with the supersaturation degree (𝑆𝑆𝐷) as follows: 
 

𝑆𝑆𝐷 =
𝑝𝑛 − 𝑝𝑠
𝑝𝑠

 (𝑆2.1) 

 
Where 𝑝𝑛 is the critical supersaturation vapor pressure required for embryo formation on 
the surface and 𝑝𝑠  is the saturation vapor pressure at a given temperature. The critical 
supersaturation vapor pressure can be calculated from the following equation: 
 

𝑝𝑛 = 𝑝𝑠 𝑒𝑥𝑝

(

 
 𝑣

𝑅𝑇𝑠√
4𝜋

3

𝜎3

𝑘𝑇𝑠 𝑙𝑛 (
𝐼0
𝐼𝑐
)
(2 + 𝑐𝑜𝑠 (𝜃))(1 − 𝑐𝑜𝑠 (𝜃))2

)

 
 
 (𝑆2.2) 

 
Where 𝑣  is the molar volume of water ( 1.8 × 10−5 𝑚3/𝑚𝑜𝑙 ), 𝑅  is the gas constant in 
𝐽 / 𝑚𝑜𝑙 × 𝐾, 𝑇𝑠 is the temperature of the surface in 𝐾, 𝜎 is the surface energy in 𝐽/𝑚2, 𝑘 is 
the is the Boltzmann constant in 𝐽/𝐾, 𝐼0 is the kinetic constant in 𝑚−2 × 𝑠−1, 𝐼𝑐  is the critical 
embryo formation rate in 𝑚−2 × 𝑠−1, and 𝜃 is the water contact angle of the surface. Here 
we chose 𝐼0~1029 𝑚−2 × 𝑠−1 and 𝐼𝑐~104 𝑚−2 × 𝑠−1.  
The saturation water vapor pressure 𝑝𝑠  in 𝑃𝑎  and the surface energy 𝜎  in 𝐽/𝑚2  at a given 
temperature 𝑇 in 𝐾 are estimated using the Goff–Gratch equation and the surface tension 
of liquid water or ice respect to its vapor. 
 
For condensation: 

𝑝𝑠𝑐 = 10
−7.902(

373.15
𝑇

−1)+5.028 lg(
375.15
𝑇

)−1.382×10−7(10
11.344(

1−𝑇
373.15)−1)+8.1328×10−3(10

−3,491(
373.15
𝑇−1 )

−1)+lg(1013.25)
× 100 (𝑆2.3) 

𝜎𝑐 = (75,7 − 0,1775(𝑇 − 273.15)) × 10
−3 (𝑆2.4) 

For desublimation: 

𝑝𝑠𝑑 = 10
−9.097(

273.15
𝑇

−1)+3.57 𝑙𝑔(
273.15
𝑇

)+0.877(1−
𝑇

273.15
)+𝑙𝑔(6.1173) × 100 (𝑆2.5) 

𝜎𝑑 = (99.5 − 0,075(𝑇 − 273.15)) × 10
−3 (𝑆2.6)  
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Figure S2.5. Illustrations of the three states of molecular water on the sample surfaces as proposed 
to the observed in previous research19-24.  
 
 
 

 

 

Movie S2.1. QR code to access a thermal video of percolation-controlled frost propagation (mode 
I) on sample G (superhydrophobic surface) in 70 % RH. 
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Movie S2.2. QR code to access a thermal video of deposition-driven frost propagation (mode II) on 
sample A (hydrophilic surface) in 25 % RH. 

 

 

 

 

Movie S2.3. QR code to access a thermal video of MWL-promoted frost propagation (mode III) on 
sample A (hydrophilic surface) in 50 % RH. 
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Movie S2.4. QR code to access a thermal video of MWL-promoted frost propagation (mode IV) on 
sample A (hydrophilic sample) in 70 % RH.  
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3 
Controlling Frost Propagation on 

Polymeric Surfaces Using SI-ATRP 
Chemical Micropatterning  

 

Abstract: Micro-patterned surfaces with both hydrophilic and hydrophobic regions are 

relevant for a wide range of applications from fuel cells to water harvesting systems. The 

preferential nucleation of water on hydrophilic regions can also be used to control frost 

nucleation on chemically patterned surfaces. So far, this concept has been tested on brittle 

silicon surfaces with only a few different sizes and shapes of hydrophilic regions. In this 

work, the concept of controlled icing is investigated on five polymeric surfaces with different 

surface energies modified by micro-patterning them with three types of hydrophilic polymer 

brushes. Frost formation and propagation on the resulting patterned surfaces with regions 

of varying wettability was monitored and quantified using high-resolution thermal imaging. 

The study proves that control over frost nucleation and propagation using regions of varying 

wettability can be achieved on commodity polymers (PC, PP, PMMA, PVC, PU). In addition 

to influencing the time and location of ice nucleation, the local patterning affects the 

freezing propagation mode and rate due to its impact on the continuity and thickness of 

molecular water layers (MWL). These results show that local control over the state of MWLs 

is key to controlling both ice nucleation and propagation of freezing events on surfaces. 
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INTRODUCTION  

To combat ice accretion on surfaces, two strategies have received most of the attention: (i) 

the development of active de-icing systems and (ii) the fabrication of passive low ice-

adhesion surfaces.1-3 Unfortunately, these strategies have intrinsic disadvantages and are 

often combined to be able to reach good performance in real-life applications.4-5 A less 

explored alternative is to influence ice nucleation and growth.6-7 In this strategy, instead of 

removing already accreted ice from surfaces, surfaces could be fabricated to direct ice 

growth towards the formation of brittle ice structures that can be continuously removed by 

environmental factors such as wind, of relevance in applications as wind turbines, electric 

cables, and airplanes. 

The first step towards controlling ice formation is to gain a better understanding of the early 

freezing mechanisms at surfaces and to investigate them at a molecular level. In this regard, 

it is important to consider the role of adsorbed interfacial water in the initial nucleation 

events. The presence of submicron molecular water layers (MWL) has been reported on all 

dry surfaces as long as there is some humidity in the environment. However, its state varies 

in continuity and thickness depending on the surface wettability and environmental 

conditions.8-17 In general, the MWL thickness and continuity increase with higher 

hydrophilicity of the surface (lower water contact angle) and higher environmental humidity. 

In Chapter 2, we connected the presence and state of MWL to various freezing events 

observed on smooth functionalized glass surfaces via high-resolution thermal imaging.17 

The presence of solid-like MWL was found to promote the speed of inter-droplet ice bridging 

and deposition frost growth, whereas, very hydrophilic surfaces at high humidity showed 

rapid freezing propagation via a continuous liquid-like MWL. Since MWLs clearly affect the 

type and rate of freezing propagation on surfaces17, spatial control over the state and 

thickness of MWLs may also lead to localized control over freezing mechanisms on surfaces 

with both hydrophilic and hydrophobic regions. 

Even though surfaces with wettability patterns, also known as contrast wettability surfaces, 

have been a popular topic among researchers working on water-harvesting applications18-23 
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and microfluidics24-27, there are very few studies investigating their effect on freezing28-33. In 

one of the first reports, the spatial control of water condensation and freezing was observed 

using fluorinated Si micropillars with hydrophilic PVA tips.28 When the samples were cooled 

to -15 ℃ the water droplets froze one by one via ice-bridge formation on the hydrophilic tips 

of the pillars. Similar freezing propagation based on ice-bridging was also reported on 

smooth fluorinated Si surfaces with hydrophilic silicon oxide micropatterning.30 A follow-up 

study using the same smooth patterned Si surfaces found that introducing ice-nucleating 

proteins on top of the hydrophilic silicon oxide micropatterns results in the formation of dry 

zones around frozen hydrophilic regions.31 The same effect has also been observed on gold 

substrates patterned with hydrophilic polyelectrolyte brushes in low supersaturation 

freezing conditions (S<1.5).32 This phenomenon has been explained by the formation of a 

humidity sink as described already in 1981 during the investigation of water condensation 

around salt crystals.34 Once the hydrophilic areas freeze in low supersaturation conditions, 

the frozen regions act as humidity sinks and prevent nucleation events on the hydrophobic 

surrounding areas.34-39 This is a result of the saturation vapor pressure over ice being slightly 

lower than over liquid water.35 

So far, preferential freezing onset and frost growth on patterned wettability surfaces have 

been successfully presented either on brittle silicon surfaces and/or in low supersaturation 

environments with reduced nucleation density of condensation.30-33,35 However, there is no 

information on how this phenomenon would occur on mechanically robust polymeric 

coatings, as opposed to the idealized model surfaces commonly studied in the literature, 

particularly when environmental conditions fluctuate between high and low 

supersaturation. There is also a lack of systematic studies on the role of chemistry of the 

pattern, the size, shape, or distribution of the hydrophilic regions, and how changes in these 

parameters influence the type of frost or ice accretion on the surfaces. 

To address the aspects above, in this work, we create polymeric surfaces with patterned 

wettability by modifying various hydrophobic polymeric substrates with three different 

hydrophilic polymer brushes. The effect of the substrate (local) wettability and the pattern 
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chemistry on the freezing onset and propagation is investigated in a high supersaturation 

environment (S>6.5) using a digital microscope and high-resolution thermal imaging. 

 

EXPERIMENTAL SECTION  

 

Reagents and Materials 

PC, PP, PMMA, PU, and PVC were used as substrates in this work. PU substrates were 

prepared as described elsewhere.40 All other polymer substrates (PC, PP, PMMA, and PVC) 

used in this work were purchased from S-Polytec GmbH.  Glycidyl methacrylate (GMA, 97%), 

2-hydroxyethyl methacrylate (HEMA, 97%), 2-(dimethylamino)ethyl methacrylate 

(DMAEMA, 98%), 4-cyano-4-(phenylcarbonothioylthio)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%), and 2-

bromoisobutyrylbromide (BIBB, 98%) were purchased from Merck Sigma. Poly(ethylene 

glycol) methacrylate (PEGMA, Mn=500), and N,N,N0,N0,N0-Pentamethyldiethylenetriamine 

(PMDETA, 99%) were purchased from TCl Europe. All solvents used in this study were of 

analytical grade and used as received. 

 

Synthesis of PGMA backbone 

Poly(glycidyl methacrylate) (PGMA) was synthesized via reversible-addition-fragmentation 

chain transfer (RAFT) polymerization using 4-cyano-4-(phenylcarbonothioylthio)pentanoic 

acid (CTA) as a chain transfer agent.41 First, GMA (3mL, 23mmol), AIBN (9.27mg, 

0.056mmol), and CTA (63.1mg, 0.23mmol) were transferred into a 50ml round-bottomed 

reaction flask using 1,4-dioxane (2 ml) as a solvent.42 The molar feed ratio of the reagents 

[GMA]:[AIBN:[CTA] was 100:0.25:1. After oxygen was removed from the reaction flask by 5 

freeze-pump-thaw cycles, the reaction was carried out under a nitrogen atmosphere at 65℃ 

while stirring at 250rpm. The reaction was stopped after 24h by opening the reaction flask to 
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air. To decrease the viscosity of the reaction mixture, 5ml of THF was added into the flask, 

after which, the product was extracted from the reaction mixture by dropwise addition to 

300ml of cold methanol under vigorous stirring. The mixture was filtered under reduced 

pressure, and the filtered product was redissolved to THF to purify it with two 

reprecipitations.43 The purified pink-coloured PGMA was dried overnight under reduced 

pressure (5mbar) at RT. Based on the mass of the purified and dried PGMA, the yield of the 

product was calculated as 79%. All synthesis steps were monitored by FTIR and 1H-NMR 

(Figures S3.2 and S3.3 in SI). 

 

Introduction of azide groups onto PGMA (PAzMA) 

An azide functionality was introduced to the polymer chain via a ring-opening reaction 

between the epoxide groups of the PGMA and sodium azide (NaN3).44,45 Dried PGMA (1.5g), 

sodium azide (2.06g), and ammonium chloride (1.7g) were dissolved into DMF (25ml) in a 

100 ml round-bottomed reaction flask. The reaction was carried out in a 50 ℃ oil bath while 

stirring at 250rpm for 24h. Afterwards, the product was extracted from the reaction mixture 

by dropwise addition to 400ml of cold deionized water under vigorous stirring. The mixture 

was filtered under reduced pressure, and the filtered product was redissolved to THF to 

purify it with two reprecipitations. The purified colourless PAzMA was dried overnight under 

reduced pressure (5mbar) at RT. The yield of the product was calculated as 92%.  

 

Introduction of bromide groups onto PAzMA (PAzBrMA) 

A bromide functionality was added to the polymer chain via an esterification reaction 

between the OH-groups of the PAzMA and 2-bromoisobutyrylbromide (BIBB).45 Dried PAzMA 

(1.0g) and TEA (1.5ml) were first dissolved into THF (40ml) in a 250ml three-necked round-

bottomed reaction flask. The reaction flask was kept in an ice bath while 2.5mL of BIBB in 

20mL of THF was added dropwise into the reaction mixture over a 45-minute period in 

continuous magnetic stirring. The reaction was allowed to proceed at room temperature for 

24h, after which TEA hydrobromide salt was removed from the reaction mixture by filtering 
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under reduced pressure. Before precipitation, the filtrate was concentrated to <10ml by 

removing most of the THF with a rotary evaporator. Finally, the product was extracted from 

the concentrate by dropwise addition to 400ml of cold deionized water under vigorous 

stirring. The mixture was filtered under reduced pressure, and the filtered product was 

redissolved to THF to purify it with two reprecipitations. The purified slightly-orange-

coloured PAzBrMA was dried overnight under reduced pressure (5mbar) at RT. The yield of 

the product was calculated as 93%.  

 

Surface functionalization with PAzBrMA 

The polymeric substrates (20x20x3mm) were spin-coated with PAzBrMA solution (60μl of 

10mg/ml in ethanol-acetone 6:1 mixture) at 1000rpm for 20 sec. Right after spin coating, the 

panels were exposed to a UV-light lamp (<400nm, 5min) to initiate the covalent attachment 

of the PAzBrMA macroinitiator through the azide group. After UV exposure, the samples were 

washed with an ethanol-acetone (6:1) mixture solution to remove the unreacted polymer 

chains from the sample surfaces.46 For the preparation of the patterned surfaces, a suitably 

patterned UV mask was placed on top of the substrates during the UV-light exposure, 

followed by the same washing procedure. The UV masks were created by laser-cutting 

predesigned patterns (100μm wide stripes with 0.5mm distance between stripes) into a 

0.8mm thin polyester sheet. 

 

Grafting of hydrophilic monomers on PAzBrMA-modified polymer substrates 

To modify the surface chemistry of the Br-functionalized surfaces, SI-ATRP of three 

hydrophilic monomers (HEMA, PEGMA, and DMAEMA) was carried out in a 50mL round-

bottom flask.46,47 All reagents and their amounts in the three different polymerizations can 

be found in Table S3.1 in the Supporting Information. For example, HEMA (4mL), CuBr2 

(14.7mg), PMDETA (69µL), and four of the PAzBrMA-functionalized surfaces (2cmx2cm) 

were placed in 4 mL of deionized water. After degassing the mixture with nitrogen for 30 

minutes, CuBr (47.3mg) was added to the mixture. The polymerization was terminated after 
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stirring at RT for 4 h by opening the reaction flask to air. Finally, the samples were extracted 

from the flask and washed in aqueous ethylenediaminetetraacetic acid disodium salt 

(EDTA) solution, followed by rinsing with deionized water. 

 

Water contact angle measurements 

Water contact angles (WCAs) of the bare and grafted polymer surfaces were determined 

using a KSV CAM 200 optical contact angle goniometer. Static, advancing, and receding 

water contact angles were recorded using the sessile and needle-in-the-sessile-drop 

methods. All measurements were repeated three times for each sample. For advancing (A-

WCA) and receding (R-WCA) angles the initial volume of the drop (3µL) was first increased 

with a pumping speed of 15 µL/s until a maximum droplet size of 15µL. Then the volume of 

the droplet was decreased from 15µL back to 3µL using the same pumping speed of 15µL/s. 

All WCA measurements were carried out at an ambient temperature of 21±2 ℃ and relative 

humidity of 40±5 %. 

 

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. 

 

Measuring and quantifying freezing events with thermal imaging 

Freezing events on the substrates were monitored using a thermal imaging setup described 

in Chapter 2.17 The cooling system of the setup was modified with a liquid-cooled 

thermoelectric cold plate (102x102mm, LHP-300CP, ThermoElectric Cooling America 

Corporation). A small acrylic environmental chamber (10x10x10mm) was built to fit on top 

of the cooling system for humidity control during the experiments. The relative humidity was 
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lowered with a flow of nitrogen gas and increased with a flow of humid air from a bubbler 

system. The temperature inside the chamber was monitored throughout the experiments as 

close to the sample surface as possible. After turning the cooling stage on at the beginning 

of each experiment, the in-chamber temperature dropped slowly from 21℃ to 4℃. 

 

 

RESULTS AND DISCUSSION  

 

Preparation of patterned and non-patterned surfaces 

To investigate systematically the effect of patterned wettability on freezing onset and 

propagation on the hydrophilic/hydrophobic surfaces, five different polymeric substrates 

were grafted with three different hydrophilic polymer brushes. The polymeric brushes were 

linked covalently to the substrates using a bifunctional macroinitiator PAzBrMA. Figure 3.1 

shows the chemical structures of the PAzBrMA and the three hydrophilic polymer brushes 

used in this study. The synthesis of PAzBrMA consisted of a RAFT polymerization of GMA41-

43, a ring-opening reaction between the epoxide groups of the PGMA and sodium azide 

(NaN3)44,45, and an esterification reaction between the OH-groups of the PAzMA and 2-

bromoisobutyryl bromide (BIBB)45,46 (see Figure S3.1 in Supporting Information).  
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Figure 3.1. Chemical structures of the bifunctional macroinitiator poly[3-azido-2-(2-bromo-2-
methylpropanoyloxy)propyl methacrylate] (PAzBrMA), and the three polymer brush structures 
poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA), poly(2-hydroxyethyl methacrylate) 
(PHEMA), and poly[poly(ethylene glycol) methacrylate] (PPEGMA). 
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To obtain the functionalized polymeric substrates, as visualized in Figure 3.2, sample 

preparation started with spin-coating PAzBrMA (10mg/ml) on each polymer surface (PC, PP, 

PMMA, PU, and PVC). After spin-coating, the surface was exposed to UV light (<400nm, 

5min) which initiated a reaction between the azide groups of the PAzBrMA and the 

hydrocarbon chain of the polymeric substrates, thus covalently linking the macroinitiator to 

the polymer surface.46 To remove any unreacted PAzBrMA, the samples were rinsed with 

EtOH-Acetone (6:1) mixture and dried under nitrogen flow (Figure 3.2, step 3). When a 

striped mask (100μm wide stripes with 0.5mm spacing) was covering the surface during the 

UV exposure, only the areas exposed to UV allowed for the fixation of PAzBrMA on the 

surface; rinsing removed then the unreacted PAzBrMA at the areas covered by the mask and 

not exposed to UV light (Figure 3.2, step 2 –left). In the last step of sample preparation, the 

areas functionalized with PAzBrMA were rendered hydrophilic via surface-initiated atom 

transfer radical polymerization (SI-ATRP) of the monomers HEMA, DMAEMA, or PEGMA 

followed by washing (Figure 3.2, steps 4-5). Similarly to the azide groups attaching PAzBrMA 

to the sample surfaces, the Br-functionalities were used as initiation points for the surface-

initiated polymerization of the polymer brushes on the (patterned) surfaces.46-48 
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Figure 3.2. Step-wise representation of the patterned and non-patterned samples preparation: 1) 
The polymer substrate (purple) is spin-coated with a solution of PAzBrMA (yellow); 2) UV light 
attaches the PAzBrMA covalently to the substrate through the azide group; 3) The UV-exposed 
substrate is rinsed to remove all unreacted PAzBrMA. If a striped mask is used during UV exposure, 
only the exposed areas are attached to the polymer substrate; 4) The Br-terminated surface is 
grafted with a hydrophilic polymer (blue) via SI-ATRP; 5) The grafted substrate is removed from the 
reaction flask, cleaned, and dried before confirming surface modification through contact angle and 
IR. 
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To confirm patterning, FTIR and optical microscopy analysis were performed. As a 

representative example, Figure 3.3 shows a confocal scanning microscopy and micro-FTIR 

images of a PHEMA stripe on PP. The thickness of the stripes was measured to be 

approximately 200nm as seen in the roughness profile of the stripe in Figure 3.3c. The 

successful functionalization at the optically detectable patterns with the intended chemical 

groups was confirmed using micro-FTIR by mapping the absorbance intensity of C=O 

vibration at 1720 cm-1 as seen in Figure 3.3b. Although the micro-FTIR mapping reveals local 

variations in the intensity of the carbonyl absorption band within the grafted region, this is 

likely related to the limited spatial resolution and sensitivity of the measurement for 

ultrathin grafted polymer layers rather than complete absence of PHEMA in those regions. 

 

Figure 3.3. Representative images of patterning for the case of PHEMA stripes on a PP substrate 
using: a) Confocal Scanning Microscope and b) Micro-FTIR imaging. Roughness profile of the PHEMA 
stripe (c) extracted from the CSM image shows the thickness of the stripe to be approximately 
200nm. The red colour in the micro-FTIR image visualizes the presence of carbonyl groups present 
in the repeating unit of PHEMA as shown in the corresponding FTIR spectra (d) and the C=O 
vibrational peak at 1720 cm-1.  
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Surface wettability and roughness 

To assess the wettability of the patterned hydrophilic/hydrophobic surfaces, water contact 

angle measurements were conducted on all bare polymeric substrates and the substrates 

fully covered with the hydrophilic polymer grafts (i.e. no patterns). Figure 3.4a shows the 

static (S-WCA), advancing (A-WCA), and receding water contact angles (R-WCA) on all bare 

polymer substrates (PC, PP, PMMA, PVC, and PU), as well as their water contact angle 

hysteresis (CAH). The S-WCAs of the substrates vary between 77° and 104°, PP having the 

highest and PMMA the lowest S-WCA of the polymers. The substrates vary particularly in 

their CAH values, with PC having the lowest CAH at 25° and PU the highest CAH at 74°. The 

roughness values of the bare substrates (Figure 3.4b) follow a similar trend as the CAH 

values, with PC having the lowest mean area roughness (Sa= 0.06μm) and PU having the 

highest Sa (Sa =0.5μm). 

As seen in Figure 3.4c, after the surface grafting, the S-WCAs of the PDMAEMA, PHEMA, and 

PPEGMA-covered substrates decreased from 77-104° corresponding to the substrate 

polymers to 53°, 41°, and 26°, respectively. Since all fully grafted surfaces were strongly 

hydrophilic, their receding contact angles approached the lower detection limit of the 

sessile-drop measurement method and were measured as approximately 0°, resulting in 

CAH values that were effectively comparable to their S-WCAs. Additionally, the underlying 

polymeric substrates did not seem to affect the wettability of grafted samples, confirming a 

homogeneous surface coverage with hydrophilic polymer grafts. The roughness values of 

the hydrophilic surfaces, as represented in Figure 3.4d for the case of PP and PU substrates, 

are similar regardless of the chemistry of the polymeric graft. Since the thickness of the 

polymer grafting is approximately 200nm (Figure 3.3c) the overall roughness values of the 

hydrophilic samples did not change significantly compared to the bare polymeric substrates.  
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Figure 3.4. Water contact angle (S-WCA, A-WCA, R-WCA, and CAH) and roughness (Sa) values of the 
bare substrates (a,b) and the samples fully covered with a hydrophilic graft (c,d). The static contact 
angle of substrates coated with hydrophilic grafts (PPEGMA, PHEMA, PDMAEMA) shown in 4c did not 
depend on the substrate used (PC, PP, PMMA, PVC, PU). The hydrophilic surface grafting also did not 
significantly influence the roughness of the different polymeric substrates as shown by the 
consistently different Sa values of PP (blue colour) and PU (green colour) before (b) and after grafting 
(d). 
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Frost propagation on non-patterned polymer substrates 

To investigate the freezing onset and propagation on homogeneous surfaces, the non-

patterned polymeric samples were cooled to -20℃ at a rate of 8℃/min using a liquid-cooled 

Peltier plate inside an environmental chamber at RH 50%. The polymer surfaces were 

monitored during the cooling and freezing propagation experiment from above with a high-

resolution thermal camera. In this experiment, thermal imaging reveals the latent heat 

release during the freezing of supercooled surface water. In practice, this allows following 

the freezing propagation front throughout the surface with high spatial and temporal 

resolution once a freezing event starts somewhere on the sample surface. 

Figure 3.5 shows selected snapshots from the thermal videos representative of the freezing 

propagation on the five different bare polymeric substrates and one PHEMA-grafted PMMA 

substrate. Example videos of the different samples can be found in Movies S3.1-S3.3. In the 

video snapshots, the dark purple colour corresponds to a lower temperature, and the bright 

yellow to a higher temperature. As liquid condensation freezes on the sample surface, a 

sudden temperature increase (local yellow colour in the snapshots) pinpoints the location 

of the freezing event. Thus, the front line of the freezing propagation on the bare polymeric 

substrates in Figure 3.5 can be detected as a rim of bright yellow dots corresponding to the 

freezing of condensed water droplets on the sample surfaces. The white arrows indicate the 

direction of the freezing front-line propagation. In Figure 3.5, the freezing propagation front 

lines on the (slightly)hydrophobic non-patterned polymeric substrates (WCA>80°) are 

composed of condensed water droplets individually and sequentially freezing (see Movie 

S3.1). A closer examination of the video snapshots reveals small ice bridges interconnecting 

the frozen droplets (Figure S3.8 in SI). This is in good agreement with an ice-bridging process 

driving the freezing propagation as reported for percolation-induced frost formation.49,50 

Freezing onset and propagation rates were also monitored for the substrates fully covered 

with the hydrophilic PHEMA grafting. The last row in Figure 3.5 shows one example of the 

freezing front propagation on the hydrophilic surfaces. In this case, the freezing propagation 

is captured as a bright yellow rapid wave that eventually fills the entire window of 

observation. This propagation mode was similar for all the PHEMA-grafted polymeric 



 

88 
 

surfaces, independent of the underlying polymeric substrate (Figure S3.4 in SI). Based on 

Chapter 2 connecting the presence and state of molecular water layer (MWL) to various 

freezing events observed on smooth functionalized glass surfaces17, the extremely fast 

freezing frontlines are consistent with freezing events that propagate via a continuous liquid-

like MWL. 
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Figure 3.5. Thermal video snapshots showing freezing propagation on the five non-patterned 
polymer substrates (PC, PP, PMMA, PVC, PU) and one PHEMA-grafted PMMA substrate (PHEMA) in 
RH 50%. The white arrows indicate the direction of the freezing propagation frontline. The black scale 
bars in the first column of images correspond to 2 mm. Note the time scale for the PHEMA-PMMA 
sample is in ms (three orders of magnitude faster than the rest of the polymers).  
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The thermal snapshots like those shown in Figure 3.5 were analysed using the image 

processing program ImageJ to obtain freezing propagation rates as shown in Figure S3.7 in 

SI. The average freezing propagation rates with error bars obtained for all non-patterned 

samples are shown in Figure 3.6 as a function of the substrate WCA hysteresis (CAH).  

 

 

Figure 3.6. Calculated freezing propagation rates of (a) the bare polymers plotted as a function of 
the substrate CAH; and (b) the PHEMA-grafted surfaces plotted as a function of the underlying bare 
substrate CAH. The same x-axis is used in both graphs to highlight the independence of the PHEMA 
freezing propagation rate from the underlying substrate type. 

 

 

Despite showing a propagation pattern corresponding to percolation-induced freezing, the 

measured average propagation rates of the hydrophobic samples (Figure 3.6a) are 

significantly higher (between 0.03 mm/s for PP and 1.2 mm/s for PU) than those propagation 

rates previously reported for inter-droplet ice bridging characteristic of percolation-induced 

freezing (0.001-0.01 mm/s)49-55, with the exception of the PC sample (0.007 mm/s). The 

results reported here (Figure 3.6a) therefore extend the previously reported propagation 

rates for ice-bridging and show for the first time a linear relation between contact angle 

hysteresis (CAH) and, to a lower extent surface roughness (Figure 3.4b), with the 
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propagation rate: the higher the difference between advancing and receding angles (higher 

CAH) the faster the global freezing propagation rate is.  

As seen in Figure 3.5, and different to the hydrophobic surfaces, the freezing propagation 

frontline on the hydrophilic PHEMA-grafted polymeric surfaces (Movie S3.2 in SI) shows a 

rapid flash-like freezing propagation (e.g. PHEMA on PP) in the scale of ~20mm/s (Figure 

3.6b), regardless of the underlying substrate. The slight variation in the freezing propagation 

rates results from different degrees of supercooling of the PHEMA-covered substrates at the 

time of nucleation. The cooling stage was set to reach -20℃ at the start of the experiments, 

but the initial nucleation event can occur before the sample surface has cooled down to this 

temperature. Freezing events initiated at slightly higher temperatures (lower degree of 

supercooling) have a slightly lower freezing propagation rate. 

Despite the small deviation between experiments, the freezing propagation rates on the 

hydrophilic surfaces (~20mm/s) are in good agreement with the reported values for freezing 

propagation in bulk water (~1-100mm/s)56-59 and suggest that the freezing event is 

propagating through a continuous layer of molecular water layer (MWL). This hypothesis is 

in line with Chapter 2 on MWL-promoted freezing propagation on surface-modified glass17 

and confirms a good homogeneous surface coverage with hydrophilic moieties (e.g. 

PHEMA) in all cases despite the eventual presence of water droplet freezing. 
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Frost propagation on patterned polymer substrates 

Thermal video snapshots of the freezing propagation on the polymer substrates patterned 

with hydrophilic PHEMA stripes can be seen in Figure 3.7 for three polymer substrates (PC, 

PMMA, PU) and in Figures S3.5 and S3.6 in SI. In all cases the freezing events initiate at the 

hydrophilic stripes as seen by the 0ms snapshots, to rapidly propagate longitudinally along 

the PHEMA stripes (MWL freezing controlled). Once the PHEMA stripes are frozen, the 

freezing propagation continues laterally outbound from the frozen stripe with the familiar, 

yellow-dotted front line, highlighting individually freezing of condensed water droplets 

(interdroplet freezing controlled process). 

 

   

Figure 3.7. Thermal video snapshots showing freezing propagation in RH 50% on three different 
polymer substrates (PC, PMMA, PU) patterned with hydrophilic PHEMA stripes. The white arrows 
indicate the direction of the freezing propagation. The black scale bar equals 2mm. Note the similar 
patterns but at different nucleation times and propagation rates. 
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To study the effect of the hydrophilic stripe chemistry on the freezing onset and propagation, 

freezing propagation tests on PP substrates with PHEMA, PDMAEMA, or PPEGMA grafted 

stripes were monitored separately. As seen in Figure 3.8, changing the stripe chemistry did 

not influence the overall freezing propagation mechanism of the patterned wettability 

surfaces: freezing events still onset and propagate at the hydrophilic stripe(s) first to further 

expand transversally onto the PP surface. 

 

 

Figure 3.8. Thermal video snapshots showing freezing propagation in RH 50% on PP substrates 
patterned with PPEGMA, PHEMA, and PDMAEMA stripes. The white arrows indicate the direction of 
the freezing propagation. The scale bar equals 2mm. Note the different nucleation times and 
propagation rates. 

 

When analysing the freezing mechanisms involved in the freezing of the patterned 

wettability surfaces (Figures 3.7, 3.8, S3.5, S3.6, and Movie S3.3), two separate freezing 

propagation rates were calculated for the two contrasting freezing propagation steps and 
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modes: (i) rapid freezing initiation and propagation along the hydrophilic stripes (Figures 

3.9a and 3.9c), and (ii) slower lateral freezing front propagation from the stripes into the 

more hydrophobic substrates (Figures 3.9b and 3.9d).  

 

 

 

Figure 3.9. Freezing propagation rates on the patterned surfaces with PHEMA stripes and varying 
wettability of the hydrophobic substrate (a and b), and the PP substrates with varying wettability of 
the hydrophilic stripes (c and d). The propagation rates were calculated separately for the freezing 
events propagating longitudinally along the hydrophilic stripes (a and c) and for the freezing events 
propagating laterally from the stripes onto the substrate (b and d).  
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When comparing Figure 3.6b and 3.9a it becomes clear that the propagation mode and 

speed on the stripes (10mm/s, Figure 3.9a) resemble those seen on the polymers 

homogeneously covered with PHEMA (20mm/s, Figure 3.6b). A similar comparison can be 

made for the freezing propagation rates for the hydrophobic polymers (Figure 3.6a) and the 

lateral freezing propagation mode on the patterned surfaces perpendicular to the stripes 

(Figure 3.9b). In this case, we report an order of magnitude faster propagation rates on the 

hydrophobic surfaces when the surfaces are patterned with hydrophilic stripes.  

An explanation to this difference can be found in the theory of ice-bridge kinetics based on 

Kinetic Monte Carlo simulations which predicted that the rate of ice-bridge formation 

increases with decreasing inter droplet distance, increasing temperature, or increasing 

surface wettability.60 Since the experimental procedure did not change at any point, the 

influence of temperature i.e. higher degree of supercooling cannot explain the observed 

faster propagation rates. Also, the wettability of the polymer substrates at areas that were 

covered during the UV exposure did not change after the grafting procedure, as shown in 

Figure S3.9 in SI. Therefore, changes in both surface temperature and wettability of the 

substrates can be excluded, and the increased frost propagation rate is likely due to shorter 

distances between condensed water droplets. 

On the patterned surfaces, the freezing events initiate on the hydrophilic stripes where the 

nucleation events are energetically more favourable and therefore happen earlier than on 

the more hydrophobic bare polymers. The earlier the initial nucleation event occurs, the less 

time the existing condensed water droplets have to grow in size and coalesce with each 

other. Droplet coalescing leads to longer inter-droplet distances since depressed vapor 

pressure over larger droplets promotes evaporation of its smaller neighbouring droplets.35 

Therefore, during an earlier nucleation event on the patterned surfaces, the condensed 

water droplets are smaller and closer together which accounts for the faster inter-droplet 

ice bridging rates. 

In addition to the faster frost propagation rates in the patterned surfaces, the same linear 

dependency with the hysteresis contact angle (CAH) can be observed; i.e. connection of the 
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lateral freezing propagation rate to the wettability of the polymeric substrate and the role of 

the MWL on local freezing propagation along the stripes. Earlier research measuring the 

thickness and continuity of MWLs with FTIR, AFM, thermal imaging, and X-ray reflectometry 

has shown a clear difference in the presence and state of MWL between hydrophilic and 

hydrophobic surfaces.9,12,17 In general, liquid-like MWL was found on all hydrophilic surfaces 

(WCA<80°) at ambient conditions, while the hydrophobic samples (WCA>80°) showed 

either no water adsorption at all or some water adsorption at surface defects depending on 

RH. 

Considering the previous measurements on hydrophobic methyl-terminated monolayer 

surfaces9, it can be assumed that there is no water adsorption on the PP substrates at RT in 

50% RH. On the other hand, the polymeric substrates grafted with hydrophilic polymers are 

expected to adsorb a continuous liquid-like MWL with a thickness >0.4 nm, as previously 

reported for hydrophilic COOH-terminated monolayers9. On the patterned surfaces, 

following the same logic, the hydrophilic stripes are expected to be covered with a 

continuous liquid-like MWL, whereas the surrounding bare polymeric substrate should have 

no MWL. 

In Chapter 2, we connected the presence and state of MWLs to different freezing 

propagation modes on surface-functionalized glass slides with varying wettability.17 On the 

dry hydrophobic surfaces in 50% RH, the freezing events propagated slowly (<0.05mm/s) via 

ice-bridge formation. In the same environmental conditions, freezing events propagated 

rapidly (>2mm/s) on very hydrophilic surfaces via a thin continuous liquid-like MWL. These 

same freezing propagation modes were detected here on the bare polymeric substrates 

(Figure 3.5) and the substrates grafted with hydrophilic polymers (Figures 3.5 and S3.4). The 

faster freezing propagation rates on the bare PU, PVC, and PMMA (0.1-1.0mm/s in Figure 

3.6a) are likely the result of some minor water adsorption at surface defects/higher surface 

roughness, as previously suggested for chloro-terminated monolayers and Teflon 

surfaces9,12. 
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As seen in Figure 3.9a, changing the chemistry of the hydrophilic stripes seems to also 

influence the rate of the rapid longitudinal freezing propagation on the patterned surfaces. 

The fast freezing propagation mode along the stripes still corresponds to freezing via a 

continuous MWL, however, the propagation rate decreases with increasing wettability of the 

stripe. Similar to the bare polymer substrate, lowering the hydrophilicity of the polymer 

brush can result in less continuous MWL and a slower freezing propagation rate on the 

stripes. 

The presence of the two distinctively different freezing propagation mechanisms on the 

patterned wettability surfaces (Figures 3.7 and 3.8) strongly indicates that localized 

wettability difference can induce localized variability in MWL which, moreover, can lead to 

localized variability in the freezing propagation speeds. As shown in Figure 3.10, the freezing 

events first propagate rapidly on the stripe through the continuous liquid-like MWL, after 

which the freezing propagation continues much more slowly on the dry polymeric substrate 

via ice-bridge formation being this process faster at higher hysteresis values of the 

hydrophobic substrate. This is attributed to the lower receding contact angles measured for 

the samples with the highest hysteresis which arguably contribute to a faster propagation of 

the MWL from the hydrophilic regions, hence accelerating the propagation rate in one order 

of magnitude with respect to the bare (slightly)hydrophobic polymers (Figure 3.6a vs 3.9b).  

  



 

98 
 

 

 

 

Figure 3.10. Illustration representing how local variations in the state of MWL can be used to control 
nucleation and propagation of freezing events on patterned wettability surfaces. On hydrophobic 
surfaces with hydrophilic stripes, the initial freezing events nucleate on the hydrophilic areas and 
propagate rapidly along the hydrophilic stripes (a) via liquid-like MWL. After local hydrophilic stripes 
are frozen, the freezing event continues to propagate laterally on the hydrophobic areas from the 
stripes at a significantly lower propagation rate (b). 
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CONCLUSIONS  

 

In this work, a set of five slightly hydrophobic polymers (PP, PU, PVC, PMMA, PC) was 

surface-modified to create stripped hydrophilic patterns on hydrophobic surfaces using SI-

ATRP. This allowed studying the effect of pattern and substrate wettability local differences 

on surface freezing propagation mechanism. The condensation frost onset and propagation 

rate and mode were monitored in a high supersaturation environment (S>6.5) using high-

resolution thermal imaging. Local wettability differences on the polymeric substrates 

grafted with hydrophilic stripes were linked to local variations in the presence and state of 

MWL: the presence of localized liquid-like MWL was related to the fast-freezing events on 

the hydrophilic stripes and to the acceleration of the freezing propagation rate across the 

more hydrophobic substrate for the studied patterns and environmental conditions. A linear 

relation between inter-droplet ice propagation rate and CAH was found for the hydrophobic 

surfaces, revealing propagation rates one order of magnitude faster than those reported for 

ice-droplet freezing. In the future, these insights could be used to develop new ice-

controlling surfaces based on the idea of local ice nucleation and propagation control. The 

findings here reported may also contribute to a better understanding of freezing 

mechanisms on surfaces with defects and impurities with varying molecular water layers.  
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S UP P O RT IN G  IN F OR MA T ION  

 

Figure S3.1. Reaction schemes of the three synthesis steps in the preparation of the bifunctional 
macroinitiator: a) RAFT polymerization of glycidyl methacrylate (GMA), b) ring-opening reaction 
between the epoxide groups of the PGMA and sodium azide (NaN3), and c) esterification reaction 
between the OH-groups of the PAzMA and 2-bromoisobutyrylbromide (BIBB). 
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Table S3.1. Reagent table for the SI-ATRP of HEMA, PEGMA, and DMAEMA 

Reagent Mass Volume M (g/mol) ρ (kg/m3) n (mmol) 

HEMA 4.29 g 4 ml 130.14 1.073 33 

DI-water - 4 ml - 0.997 - 

CuBr2 14.7 mg - 223.37 - 0.066 

PMDETA 57.1 mg 69 μl 173.3 0.83 0.33 

CuBr 47.3 mg - 143.45 - 0.33 

PEGMA 4.43 g 4 ml 360 1.105 12.3 

DI-water - 4 ml - 0.997 - 

CuBr2 4.5 mg - 223.37 - 0.02 

bpy 18.7 mg - 156.18 - 0.12 

CuBr 17.2 mg - 143.45 - 0.12 

DMAEMA 3.73 g 4 ml 157.21 0.933 23.7 

DI-water - 2 ml - 0.997 - 

MeOH - 2 ml - 0.792 - 

CuBr2 10.5 mg - 223.37 - 0.047 

bpy 37.0 mg - 156.18 - 0.237 

CuBr 34.0 mg - 143.45 - 0.237 
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Figure S3.2. FTIR spectra of PGMA (black), PAzMA (red), and PAzBrMA (green). The signals from OH 
(3400cm-1) and N3 (2110m-1) differentiate the spectrum of PAzMA from PGMA. Additional signals from 
a second carbonyl and Br-groups are present on the spectrum of PAzBrMA. 
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Figure S3.3. 1H-NMR spectrum of the conversion sample from RAFT polymerization of PGMA. The 
red capital letters correspond to signals from the monomer and the green letters to signals from the 
polymer. Conversion of the reaction was calculated from the areas under peaks b at ~1ppm (3 
protons) and A at ~6ppm (2 protons). 
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Figure S3.4. Time snapshots from thermal videos showing a freezing front propagating on the 
PHEMA-covered polymer substrates exposed to 50 % RH. The white arrows indicate the direction of 
the freezing front propagation. The black scale bar shown in the bottom left corner of the first images 
is 2 mm. 
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Figure S3.5. Time snapshots from thermal videos showing a freezing front propagating on the 
polymer substrates modified with PHEMA-stripes exposed to 50 % RH. The white arrows indicate the 
direction of the freezing front propagation on the hydrophilic PHEMA-stripe. The black scale bar 
shown in the bottom left corner of the first images is 2 mm. 
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Figure S3.6. Time snapshots from thermal videos showing a freezing front propagating on the 
polymer substrates modified with PHEMA-stripes exposed to 50 % RH. The white arrows indicate the 
direction of the freezing front propagation on hydrophobic polymer substrate. The black scale bar 
shown in the bottom left corner of the first images is 2 mm. 
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Figure S3.7. Calculation of the freezing front propagation rates (mm s-1) from the thermal video 
snapshots using ImageJ. The distance that the freezing front propagates between two snapshots 
(distance between points a-b and a-c) is divided by the time difference between the two snapshots 
(40 msec and 80 msec). This method is repeated for the video for a series of snapshots and points 
along the freezing front line to obtain an average propagation rate. 

 

 

 

Figure S3.8. Time snapshot (left) and its close-up image (right) from a thermal imaging video showing 
the surface freezing of PC substrate at 50 % RH with frozen condensation on top. The numerous 
connecting pathways between the frozen droplets are here identified as inter-droplet ice bridges. 
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Figure S3.9. Water contact angle (S-WCA, A-WCA, R-WCA) values of PP before and after the 
patterning process. The patterning process did not influence the wettability of the PP substrate in 
areas that were not exposed to the UV light. 
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Movie S3.1. QR code to access a thermal video of percolation-controlled frost growth on PC. 

 

 

 

 

 

Movie S3.2. QR code to access a thermal video of MWL-promoted frost propagation on PHEMA-
grafted PP. 
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Movie S3.3. QR code to access a thermal video of freezing propagation on PP with PHEMA stripes. 
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4 
The Influence of Chemical Surface 

Patterning on the Freezing Behaviour of 
Impacting Supercooled Water Droplets  

 

Abstract: Impacting supercooled water droplets commonly cause in-flight ice 

accumulation on aircraft surfaces. Ice accretion 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 150µm wide stripes influence the impact and freezing of supercooled water 

droplets on two polymeric substrates (Polyvinylchloride and Polypropylene). In addition to 

varying the wettability 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. 
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INTRODUCTION  

Due to significant safety hazards and increased fuel consumption, ice accretion on aircraft 

wings, engines, and antennae is a substantial concern for aviation1-3. 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 adhesion, thus promoting its 

shedding3-6. 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 droplets 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  mechanically interlock with the 

rough superhydrophobic surface structures, leading to higher ice adhesion or wear out the 

lubricating liquids from the surface, hence reducing the long-term efficiency7-12.  

Alternatively, surfaces combining hydrophilic and hydrophobic regions have shown some 

success in controlling static frost propagation and condensation in high and low 

supersaturation conditions13-15. These patterned wettability surfaces have also attracted 

interest for applications related to dynamic icing conditions with the aim of controlling 

where and what type of ice forms on the aircraft's surface4,16,17. However, to construct a 

rational design for a chemically patterned anti-icing coating, it is imperative to understand 
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the physics of supercooled 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 droplets18-21. 

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, introducing localized instabilities in the liquid and creating 

favourable conditions for ice nucleation and subsequent solidification20.  

Since nucleation events in the film are stochastic, multiple experiments 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 model22 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 by20,22 

𝜆s(𝑡) =
1

𝐴c(𝑡)
ln (

𝑁0
𝑁liq(𝑡)

) ≡ ∫ 𝐽s𝑑𝑡
𝑡

0

(4.1)  

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 conditions20,22,23 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 surfaces24-29. 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 
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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 framework25. 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 hydrophilic 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 method24. This simulation also showed 

the water droplet splitting and transporting toward the hydrophilic 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 conditions. 

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 behaviour on surfaces. The supercooled droplet impact experiments were carried 

out with three different impact velocities on polymeric substrates patterned with hydrophilic 
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stripes. Two types of commodity polymers (PP and PVC) were functionalized with 

hydrophilic 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. 

 

MATERIALS AND METHODS  
 

Sample Preparation 

The polymeric substrates PP and PVC  (20 x 20 x 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 in Chapter 

3.15  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. 

. 
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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 goniometer. 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 measurements were carried out at an ambient temperature of 21±2 ℃ and relative 

humidity of 40±5 %. 

 

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. 

 

Supercooled Water Droplet Impact Test 

The droplet impact tests were conducted inside an L-shaped wind tunnel in isothermal 

conditions (-10 ℃) with airflow set to vary between 0, 10, and 20 m/s. A schematic 

presentation of the experimental setup for investigating supercooled droplet impact on the 

patterned surfaces is presented in Figure 4.1. 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 minimum of 30 minutes before each 

experiment to cool them down to the desired surface temperature of -10 °C.  The droplet 
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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 elsewhere20. 

 

Figure 4.1. A schematic presentation of the experimental setup used for the supercooled droplet 
impact tests.  
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RESULTS AND DISCUSSION  

 

Sample preparation 

Two commodity polymeric substrates (PP and PVC) were functionalized with hydrophilic 

poly(2-hydroxyethyl methacrylate) (PHEMA) stripes to investigate supercooled droplet 

impact on patterned wettability surfaces. PP and PVC were selected as model polymeric 

substrates because they are widely used commodity polymers with substantially different 

wetting characteristics, as demonstrated in Chapter 3, enabling investigation of how 

substrate wettability influences freezing propagation behaviour. 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 bifunctional macroinitiator 

PAzBrMA15. The azide functionalities of PAzBrMA enabled the covalent attachment of the 

macroinitiator to the substrate under UV light exposure, while the remaining bromide 

functionalities 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 Figure 4.2, 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. 
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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 Figures 4.2 and 

S4.1, 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).  
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Figure 4.2. 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. 

 

Influence of hydrophilic patterns on droplet impact 

In Supercooled droplet impact on the patterned surfaces was investigated in an L-shaped 

wind tunnel built inside a cold chamber (see Figure 4.1). Before each experiment, the 

sample was attached to a round sample stage positioned in the middle of the wind tunnel. 

The temperature inside 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 



 

127 
 

4 

the variation of airflow inside the wind tunnel because the droplet is pulled more efficiently 

toward the airflow at high wind speeds. At low wind speeds, the incremental benefit is small 

because the drop is still mostly gravity driven. 

Figures 4.3 and S4.2-S4.7 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), 

while the last snapshot at t = 4000 ms shows frozen droplets. The exact time at which each 

transition takes place depends on the droplet, substrate, and test as discussed here. 
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Figure 4.3. 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 ℃ with a droplet impact velocity of 6.5 m/s. The black scale bars at the bottom left 
corners correspond to 5 mm.  

 

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
(4.2)  
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𝜏 = 𝑡
𝑈0
𝐷0
 (4.3)

 
 

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 Figure 4.4, 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 constant with τ after reaching a maximum). 

Additionally, at the lowest droplet impact velocity of 4.1 m/s (zoomed-in section in Figures 

4.4a-b and S4.8), the maximum spreading diameter of the droplet decreases with the 

increasing number of hydrophilic stripes. 
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Figure 4.4. 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.  

 

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 hydrophilic stripes in the moment of maximum spreading, it will 

remain 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 
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the overall wetted area, the dimensionless β values in Figure 4.4 remain constant after the 

maximum droplet spreading on the patterned surfaces. This is in good agreement with 

previously conducted numerical simulations for patterned surfaces24-27, 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 Figures 4.3c and 4.3d. It is argued that during the dry void 

formation, bubbles form in both hydrophilic 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 thinning 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, 

therefore, amplify rupture through accelerated liquid withdrawal, exposing larger dry voids.  

To study this local dewetting better, a close-up analysis is needed. Figure 4.5a 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. Figure 4.5b 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 was selected because it better captures 

the cumulative effects of repeated droplet impacts over larger surface areas compared to 

isolated single-droplet analyses. 
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Figure 4.5. 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. 

 

Since the void formation was observed only at the highest impact velocity (6.5 m/s), the 

probability of void formation is expected to increase with increasing droplet impact velocity. 

Figure 4.5b 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.  
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Influence of hydrophilic patterns on droplet freezing after impact 

Ice nucleation can occur at any time after droplet impact; however, high-speed recordings 

longer than 18 s produce unreasonably large video files that are impractical to generate and 

store in large quantities. Consequently, droplets that did not freeze within the 18 s recording 

window were classified as “not frozen” for the freezing probability analysis shown in Figure 

4.6. The resulting freezing probabilities therefore represent the fraction of droplets that froze 

within the experimental observation window.  

Figure 4.6 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 impact20. On the other hand, the samples with PVC substrate show higher freezing 

probabilities even though Figure 4.2 shows that the PP substrates have slightly higher 

roughness (Sa = 1.50 µm > 0.80 µm). Since these experiments 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 (Figure 4.2 showing CAH values 59>30) likely 

leads to more continuous molecular water layers on PVC, which have in turn been proven to 

promote earlier freezing onset times in surface frosting31 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 wax32, provides thermodynamically ideal 

hydrophilic surfaces for nucleation events33. The presence of these hydrophilic MWLs 

promote earlier nucleation on the PVC substrate, leading to higher freezing probability in the 

supercooled droplet impact tests.  
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Figure 4.6. 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 colour) or b) a PVC substrate (green 
colour). 

 

The surface coverage of each frozen droplet was analysed from the recorded videos using 

ImageJ and plotted as a function of the nucleation onset time after droplet impact. In Figure 

4.7a, 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, complete 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 fraction of liquid droplets Qliq(t) at the given onset time after the 

droplet impact.  
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𝑄liq(𝑡) =
𝑁liq(𝑡)

𝑁0
(4.4)  

As shown in Figure 4.7b, 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 Figure 4.7c-d. Similarly to the freezing probabilities in Figure 4.6, the 

MFOTs are significantly 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. 
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Figure 4.7. 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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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 Equation 4.1.   

Figure 4.8a 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 Figure 4.8b, 

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 Figure 4.8c-d. As expected, the 

initial nucleation rates at t < 50 ms (Figure 4.8c) are higher for all samples compared to the 

second nucleation rate at t > 50 ms (Figure 4.8d); i.e., nucleation happens at higher speeds 

when droplets freeze within 50 ms after impact. Following the same trend of freezing 

probability 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 velocities and stripe distances are less obvious, 

especially at t  < 50 ms in Figure 4.8c. However, the striped PVC samples in Figure 4.8d 

show higher nucleation rates at t  > 50 ms compared to the bare PVC sample. An opposite 

trend can be seen in Figure 4.8d 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 between the substrate and the patterns should be maximised to lower 

nucleation rates, which increases the median freezing onset time MFOT, which, in turn, 

creates more time for the droplet to recede towards the hydrophilic patterning. 
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Figure 4.8. 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. 

 

 

Once a freezing event initiates after the droplet impact, its propagation within the 

supercooled droplet can also be followed in the recorded videos. The rate of freezing 

propagation within the droplet was analysed using ImageJ for all of the experiments, and 

their values were plotted in Figure 4.9. All propagation rates were found to be between 50 
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and 100 mm/s with no variation between the two substrates, distance between the 

hydrophilic stripes, or droplet impact velocity. These values are comparable to those 

reported for bulk water freezing31,34-36 being between 10 and 100 mm/s, as expected since 

the freezing propagation 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. 

 

 

Figure 4.9. a) 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) represents the relation between nucleation time after impact and the 
propagation rate. The gray dashed grid indicates the range of propagation rates previously reported 
for bulk water freezing 31,34-36. 

 

As a mode of summary of the different observations made during supercooled water droplet 

impact, Figure 4.10 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. Figure 4.10a-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 



 

140 
 

lowest nucleation 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 samples), 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. 
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Figure 4.10. Average nucleation rates (t > 50 ms) and the dry void areas as a function of the stripe 
density for samples with a) PP substrate (blue) and b) PVC substrate (green). The dotted lines are a 
guide for the eye. c) Summary of the trends seen in plots a) and b).  
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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 ℃ 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 between 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 behaviour compared to bare PP. 

Specifically, PP samples with a patterning distance of 2.5-5.0 mm exhibit the lowest freezing 

probabilities 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 
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towards the hydrophilic patterning, thus generating dry areas that grow between the 

patterns.  

This work is the 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 more frequent dry void formation. 

Although the droplet impact velocities 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 surfaces, 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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Figure S4.1. The PHEMA patterns on PP portrayed in a) confocal microscopy imaging, b) roughness 
profilometry, and c) micro-FTIR imaging. 
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Figure S4.2. A series of high-speed video snapshots showing supercooled droplet impacting, 
receding, and freezing stages on all PVC samples with droplet impact velocity of 4.1 m/s. All videos 
were conducted in isothermal conditions at -10 ℃. The black scale bars at the bottom left corners 
correspond to 5 mm.  
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Figure S4.3. A series of high-speed video snapshots showing supercooled droplet impacting, 
receding, and freezing stages on all PP samples with droplet impact velocity of 4.1 m/s. All videos 
were conducted in isothermal conditions at -10 ℃. The black scale bars at the bottom left corners 
correspond to 5 mm.  
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Figure S4.4. A series of high-speed video snapshots showing supercooled droplet impacting, 
receding, and freezing stages on all PVC samples with droplet impact velocity of 4.8 m/s. All videos 
were conducted in isothermal conditions at -10 ℃. The black scale bars at the bottom left corners 
correspond to 5 mm.  
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Figure S4.5. A series of high-speed video snapshots showing supercooled droplet impacting, 
receding, and freezing stages on all PP samples with droplet impact velocity of 4.8 m/s. All videos 
were conducted in isothermal conditions at -10 ℃. The black scale bars at the bottom left corners 
correspond to 5 mm.  
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Figure S4.6. A series of high-speed video snapshots showing supercooled droplet impacting, 
receding, and freezing stages on all PVC samples with droplet impact velocity of 6.5 m/s. All videos 
were conducted in isothermal conditions at -10 ℃. The black scale bars at the bottom left corners 
correspond to 5 mm.  
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Figure S4.7. A series of high-speed video snapshots showing supercooled droplet impacting, 
receding, and freezing stages on all PP samples with droplet impact velocity of 6.5 m/s. All videos 
were conducted in isothermal conditions at -10 ℃. The black scale bars at the bottom left corners 
correspond to 5 mm.  
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Figure S4.8. The maximum values of the dimensionless droplet spreading diameter scaled by 
original droplet diameter (max β) are plotted as a function of stripe distance for PP (blue) and PVC 
(green) at a) 4.1 m/s, b) 4.8 m/s, and c) 6.5 m/s droplet impact velocity. 

 

 

 

 

 

Figure S4.9. a) PVC and b) PP samples with 1.25 mm stripe distance shown before and after 10 
repetitive droplet impact tests.  
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5 
From Patterned to Continuous 

Hydrophilic Surface Lubrication as 
Strategies to Decrease Ice Adhesion 

 
 

Abstract: 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 polyurethane (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-

(Methacryloyloxy)ethyltrimethylammonium chloride (DMC). UV degradation showed a 

minor yet measurable effect on the reduction of ice adhesion. On the other hand, surfaces 
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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.  
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INTRODUCTION  

Ice accretion and frost formation on surfaces present persistent safety and operational 

challenges across numerous sectors, including energy production1,2, 

telecommunications3,4, transportation5, and refrigeration6. Among these, the aviation 

industry is particularly vulnerable due to the severe consequences that even small amounts 

of ice can impose on aerodynamic performance7–11. 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 atmospheres, any surface 

exposed to the airflow becomes susceptible to repeated icing events. As global air traffic 

continues to expand, mitigating 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 burn, corresponding to 

increased carbon emissions and operational costs. Furthermore, adding heaters and power 

lines increases both structural complexity and aircraft weight. These limitations have 

motivated a growing interest in passive anti-icing materials, which aim to prevent or mitigate 

icing without requiring external energy input.14-16 

One promising passive strategy is the development of surface coatings with ultra-low ice 

adhesion strength.15,17 If the adhesion between ice and the aircraft coating is sufficiently 

small—often cited in the literature as approaching values below approximately 30 kPa—

then aerodynamic forces may become sufficient to continuously remove accreted ice 

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 
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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 fabrication 

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, abrasion, 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). Superhydrophobic materials utilize structured and nano-fabricated surface 

topologies to reduce ice adhesion by minimizing ice-substrate contact area.20 However, 

superhydrophobic surfaces typically depend on delicate micro- or nano-textured 

topographies that are susceptible to abrasion and contamination.21 Moreover, under humid 

or icing conditions, liquid penetration into the nano-features can also drastically increase 

ice adhesion due to mechanical interlocking.22,23 Elastic PDMS-based surfaces24, 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 polymers25,26 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 adhesion27. 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.18,19,28-34 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.35-37 On a molecular level, this behaviour is typically 

attributed to strong hydrogen-bonding interactions with charged or hydrophilic groups that 
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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 studies28,29,31, using this principle 

applied on hydrogels, polyelectrolyte networks, and PEG-modified elastomers, have 

reported ice adhesion strengths well below 30 kPa— values commonly regarded as 

promising for passive aircraft anti-icing applications. However, most such materials lack the 

mechanical robustness, environmental resistance, or application simplicity required for 

aviation and other fields. The development of aqueous lubricating surfaces made from 

durable and scalable coating chemistries appears as an interesting development with 

potential implementation in critical application domains. 

While material innovation is a key challenge, a parallel issue complicates progress in the 

field of passive anti-icing coatings: a lack of standardized ice adhesion testing.38 Ice 

adhesion is most commonly measured using a shear force-based push test, but different 

laboratories employ widely varying apparatus designs, loading geometries, ice formation 

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.41-43 

Yet most published reports do not fully disclose these parameters, making cross-

comparison of results difficult. The absence of standardization 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 
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aircraft polyurethane (PU) topcoat, poly(vinyl chloride) (PVC), and polypropylene (PP). The 

selected surface modifications aimed at studying and comparing the impact on ice 

adhesion of hydrophobic and hydrophilic 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, (ii) covered with silicone 

oil droplets, mimicking potential maintenance-related contamination, (iii) surface modified 

with hydrophilic micropatterns following our recent reports  showing their potential  to 

control frost nucleation and propagation39 as well as ice nucleation during supercooled 

droplet impact40 and (iv) coating the surfaces with a UV-curable hydrophilic (2-

methacryloyloxyethyl) trimethyl ammonium chloride (DMC)-based spray coating, designed 

to create a durable, charged surface capable of supporting 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, durable, and energy-efficient passive anti-icing 

strategies for future aircraft technologies. 
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MATERIALS AND METHODS  
 

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 x 20 x 2 mm) polymeric substrates used in this work were purchased from S-Polytec 

GmbH. Glycidyl methacrylate (GMA, 97%), 2-hydroxyethyl methacrylate (HEMA, 97%), 

hydrophilic (2-methacryloyloxyethyl) trimethyl ammonium chloride (DMC, 75 wt. % in H2O), 

4-cyano-4-(phenylcarbonothioylthio)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-bromoisobutyrylbromide (BIBB, 98%), 

trimethylolpropane triacrylate (TMPTA, technical grade) and the silicone oil were purchased 

from Merck Sigma. 2-Hydroxy-2-methylpropiophenone (Darocur 1173, >96%) was 

purchased from TCI Europe. 

 

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 3,000 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.  
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Preparation of samples with hydrophobic oil droplets  

All substrates (PU, PP, PVC) were coated with eight droplets of approximately 1 µL silicone 

oil (an aircraft contaminant) using a micropipette. 

 

Preparation of PHEMA-coated Surfaces 

PU, PP, and PVC were coated with poly(2-hydroxyethyl methacrylate) (PHEMA) stripped 

patterns via surface-initiated atom transfer radical polymerization (SI-ATRP) as reported in 

Chapter 3.39 Briefly, to create the stripes, the substrates were first spin-coated with a 

bifunctional macroinitiator (PAzBrMA). Since the macroinitiator is 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 methacrylate (HEMA) monomer from the macroinitiator at the 

stripe locations, and (iii) rinsing again to remove the excess HEMA. The resulting samples 

are polymeric substrates (PU, PP, or PVC) patterned with hydrophilic polymer brushes 

(PHEMA), which are covalently anchored to the substrate surface. Samples uniformly 

coated with PHEMA were fabricated using the same protocol, omitting the patterned mask 

during the UV-exposure step. 

 

Preparation of DMC-coated Surfaces 

To evaluate the concept of water-enriched surfaces on ice adhesion, a UV coating (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 polymeric 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.  
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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 %. 

 

Surface Characterization 

Laser scanning confocal microscopy (LSCM, Keyence VK-X1000) was used to obtain the 

areal surface roughness (Sa) using a 20x magnification lens for all samples except for the oil-

contaminated surfaces. Silicone-oil-contaminated samples are excluded from roughness 

characterization, 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. Micro–FTIR (µ-FTIR, PerkinElmer Spotlight 400) 

was employed specifically to analyse the chemically micropatterned PHEMA-grafted 

surfaces. In addition, the effect of UV exposure on the chemical composition of PU, PVC, 

and PP substrates was investigated using an FTIR spectrometer (Spectrum 100, 

PerkinElmer). Spectra were collected in the range of 4000–600 cm⁻¹, with each spectrum 

obtained by averaging 32 scans. 
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Ice Adhesion Tests 

The ice adhesion strength of the samples was measured using a custom-built horizontal 

push-off test setup (Figure 5.1). 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 measurements under comparable environmental 

conditions. The chamber humidity was maintained below 10% relative humidity (5 ± 3 %) 

using a low nitrogen flow to prevent unwanted frost formation. Prior to testing, the 

substrates were cooled to −10 ± 1 °C inside the environmental chamber, with the surface 

temperature monitored using thermocouples. Teflon moulds were then positioned on top of 

the samples using the alignment block, and 400 µL of deionized water was slowly injected 

into each mould using a syringe equipped with a long needle to form cylindrical ice pillars (8 

mm diameter, 8 mm height). After water injection, the chamber was allowed to re-

equilibrate to the target temperature and humidity conditions, and the water pillars were left 

to freeze for approximately 30–35 min before testing. 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. 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 ice adhesion strength was calculated by 

dividing this peak force by the ice–substrate contact area (Equation 5.1). Each 

measurement was repeated at least five times per sample. 

 

𝜏𝑎𝑣𝑒 =
𝐹

𝐴
=
𝑔 × 𝑉𝑝𝑒𝑎𝑘

𝐴
=
9,80665

𝑚
𝑠2
 ×  𝑉𝑝𝑒𝑎𝑘

0.0503 𝑐𝑚2
(5.1) 
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Figure 5.1. 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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RESULTS AND DISCUSSION  

 

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 -test rigs.38 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 majority 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 works 

have demonstrated that pushing height, pushing speed, and testing temperature can shift 

the measured adhesion strength values by tens of kilopascals.41-43 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). 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 environmental testing conditions 

(humidity and temperature). The final setup (illustrated in Figure 5.1) 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 unwanted 

frost formation during testing. For real-time monitoring of both temperature and humidity, 
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the chamber is also equipped with thermometers 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 statistically 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 that allow the 

moulds to be filled with deionized water inside the chamber while minimizing disturbance 

to the temperature and humidity conditions. 

During testing, the linear actuator—mounted on a horizontal guide rail in front of the 

chamber—is aligned with each sample using a manual positioning system. The actuator is 

equipped with a calibrated load cell and connected to a Picoscope data acquisition system 

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. 

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 

polycarbonate (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 (Figure 5.2) fall within the ranges reported in the literature44-48, with Teflon and PC 

showing the closest agreement with previously published values (~150 kPa and ~350 kPa, 
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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, substrate thickness, or the specific 

ice adhesion test configuration employed. As detailed surface and material characteristics 

are rarely specified alongside ice adhesion results, the exact origin of these deviations 

cannot be conclusively determined. Overall, the close agreement between our 

measurements and data available in literature, combined with the low standard deviations 

found in our tests, confirms the robustness and reliability 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. 

 

 

Figure 5.2. 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 values44-48 (black 
circles) obtained using various ice adhesion test methods at temperatures of −10 ± 2 °C.  
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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 applications. These 

substrates differ substantially in their chemical compositions and surface chemistries, 

providing a meaningful framework for evaluating various anti-icing strategies. 

Each substrate was modified using four different approaches (schematically illustrated in 

Figure 5.3): UV exposure for 5 h and 10 h (Figure 5.3a), surface coverage with silicone oil 

microdroplets (Figure 5.3b), micropatterns and uniform coverage covalent grafting with 

hydrophilic PHEMA-brushes (Figure 5.3c-i and 5.3c-ii), and a coating with a hydrophilic 

spray-coated UV-curable DMC topcoat (Figure 5.3d).  

Micropatterning was achieved using a surface-initiated atom transfer radical polymerization 

(SI-ATRP) protocol as described in Chapter 3 and 4.39,40 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 hydrophilic 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 hydrophobic polymeric substrates. 

Without the UV mask, the samples were uniformly covered with the hydrophilic PHEMA 

brushes. 

The methacrylatoethyl trimethyl ammonium chloride (DMC) based hydrophilic coating was 

prepared by spraying the coating formulation onto the substrate, followed by 15 minutes 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. 



 

172 
 

 

Figure 5.3. 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. 

 

 

The static water contact angle and confocal microscopy surface roughness of the studied 

samples can be seen in Figure 5.4. The results show that UV exposure induces distinct, 

polymer-dependent changes in surface 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 
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reduced from 87° to 74° after 10h 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 Figure 5.5), 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, resulting 

from photodegradation as reported elsewhere50.  

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 after 5 h of UV 

exposure (from 101° to 87°), followed by a pronounced increase in water contact angle after 

10 h (up to 108°). This behaviour suggests the presence of competing processes: initial 

surface oxidation introduces hydrophilic functional groups, whereas prolonged UV 

exposure promotes degradation and hydrophobic recovery. This behaviour has been 

reported for polyethylene (LDPE) and poly(propylene) (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 Figure 5.5, showing subtle emerging C=O stretching peaks at ~1700 cm-1
 on the 

PP surface after the initial 5 hours of UV exposure, which later disappear after 10 hours 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 significant increase in surface roughness 

on any of the polymeric substrates, which is consistent with the relatively short PHEMA 
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chain lengths obtained after 4 h of polymerization (< 0.3 µm) and our earliest reports on 

patterned surfaces.39 

As intended, DMC-coated samples displayed low water contact angles and smooth surface 

topographies (WCA = 62 ± 1° and Sa = 0.25 ± 0.02 µm), independently 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 modification 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 adhesion behaviour 

discussed in the subsequent sections. 
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Figure 5.4. Characteristic surface parameters showing: (a) Static water contact angles (WCA) and 
(b) Surface roughness values (Sa) of PU, PVC, and PP substrates 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 fully grafted with PHEMA and not with PHEMA patterns.   
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Figure 5.5. 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 recovery upon prolonged UV exposure. 
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Influence of UV Exposure on Ice Adhesion 

The ice adhesion results for all investigated surfaces are summarized in Figure 5.6. 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 Figure 5.1, 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 anti-icing solutions. 

UV exposure revealed a clear divergence in ice adhesion behaviour, with PU and PVC 

responding differently from PP. For both PU and PVC, a slight increase in ice adhesion 

strength was observed with increasing UV exposure time, reaching 873 kPa and 691 kPa 

after 10 h. These changes coincide with the increased surface hydrophilicity observed in 

WCA measurements and the formation of oxidized surface functionalities confirmed by FTIR 

analysis (Figure 5.5). It is hypothesized that the introduction of polar groups on a rigid 

surface enhances hydrogen bonding at the ice–surface interface, thereby promoting 

stronger adhesion. At the same time, UV-induced surface planarization50 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 likely 

explains why the overall increase in ice adhesion is relatively small, particularly for PVC, 

where the planarization effect was more pronounced. 

In contrast, PP exhibited a distinctly different response to UV exposure. 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 5h UV exposure is in contrast with the related 
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contact angle decrease (Figure 5.4a). The further decrease in ice adhesion is nevertheless 

well in agreement with the contact angle recovery observed after 10h UV exposure with no 

surface roughness variations (Figure 5.4a). 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. 
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Figure 5.6. 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.   
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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 film25 (LIS or SLIPS) or an unfrozen aqueous layer34 (hydrated surfaces and hydrogels). 

In this work, both lubrication mechanisms were investigated: 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. Rather than 

studying fully oil-infused surfaces, which are already widely reported in the literature to 

exhibit ultra-low ice adhesion, this work focused on discrete oil droplets to investigate how 

localized surface contamination and partial interfacial lubrication influence measured ice 

adhesion values. 

The effect of these localized oil contaminations on ice adhesion is shown in Figure 5.6. 

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)25, 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 hydrophilic surface treatment) 

exhibited a much stronger reduction in ice adhesion across all substrates. Ice adhesion 
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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 demonstrating 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 

was obtained in Chapter 3, where freezing events on identical PHEMA-patterned surfaces 

were shown to initiate on the hydrophilic regions and propagate rapidly 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 temperature of −10 °C. These observations 

support the presence of a non-frozen interfacial water layer under the present conditions. 

Given the magnitude of the ice adhesion reduction, the grafted PHEMA patterns appear to 

generate a more effective lubricating interfacial layer than isolated hydrophobic silicone oil 

droplets. 

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 enhances 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 propagation along specific directions. This indicates that the enhanced reduction in ice 

adhesion is governed primarily by improved interfacial lubrication associated with the 
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patterned geometry (stripes vs. dots), 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.35-37 Water-

polymer chain interactions 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 charged functional groups. While freezable free water freezes 

near 0 °C, both freezable bound and non-freezing bound water can remain unfrozen 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 stabilize 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 approximately −15 °C.36 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 (Figure 5.6). 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. We argue that the presence of charged 
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groups within the DMC-based polymer network strongly promotes bound-water formation, 

resulting in a replenishable aqueous lubricating layer similar to that formed on PHEMA-

grafted surfaces. 

Figure 5.7 schematically summarizes the influence of each surface modification on the ice–

substrate interface and the resulting ice adhesion behaviour and mechanism behind the ice 

adhesion. Despite being only slightly hydrophilic compared to PHEMA grafts, the greatest 

reduction in ice adhesion was achieved with the DMC coating, 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 more robust 

and sustainable strategy for long-term passive anti-icing applications. Moreover, the DMC 

coating of 50 micron thick is also expected to maintain icephobicity through the cross-

section and possess higher durability than hydrophilic PHEMA brushes due to its crosslinked 

nature.   
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Figure 5.7. 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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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, Figure 5.8 compares the ice adhesion strengths measured here with values from 

the literature16,52-90 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 Figure 5.8a, hydrophobic (HS) and superhydrophobic surfaces (SHS) typically 

exhibit ice adhesion strengths in the range of ~100–500 kPa at –10 °C. Among these, a Teflon-

based SHS54 reported exceptionally low values below 30 kPa (≈10 kPa). Such performance 

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, 

nanostructured SHS are known to degrade rapidly under mechanical wear and repetitive 

icing–deicing cycles.21-23 In addition, rising environmental concerns around the use of 

fluorinated materials question their suitability for aviation applications. 

Elastic or soft polymer surfaces (ES) constitute another widely studied category for reducing 

ice adhesion, relying on elastic deformation 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 robustness24, making them unsuitable for 

demanding aeronautical environments despite their excellent laboratory performance. 

Liquid-infused surfaces (LIS) are among the most extensively investigated passive anti-icing 

strategies and can consistently achieve low ice adhesion values in the range of ~5-100 kPa. 

As previously 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.27 The lubricating liquid is prone to 
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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 Figure 5.8a, 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. 

Figures 5.8b and 5.8c 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 applicability, the reported studies were grouped into two categories: 

Figure 5.8b compares the performance of PHEMA-grafted surfaces with other low-durability 

non-hard coating solutions, including hydrogels and surface grafts62,63,67 that are generally 

expected to exhibit limited mechanical durability, and Figure 5.8c compares the 

performance of the DMC coating with other coating systems, such as amphiphilic PEG-

grafted coating formulations61,64-66 that have previously been reported to perform well in 

durability testing prior to icing experiments but may exhibit swelling or softening after 

repeated icing cycles. 

The PHEMA-grafted surfaces investigated here fall within the lowest 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 therefore belong to the low-durability category.  

In contrast, the DMC-based coating ranks among the lowest reported ice adhesion values, 

achieving adhesion strengths of max 20 kPa without the use of PFAS (with the lowest values 

below 5kPa). These values are comparable to the best-performing water-lubricating 

systems reported in the literature, while offering promising potential for durability and 
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scalability. Notably, the DMC coating showed no visible degradation, delamination, or water 

absorption after 15 consecutive ice adhesion cycles, suggesting encouraging short-term 

mechanical stability at this proof-of-concept stage. However, comprehensive long-term 

durability testing, including UV exposure, abrasion, erosion, and environmental aging 

studies, remains necessary in future work. 

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 the repeated icing tests performed in this work. 

Collectively, these attributes position the DMC coating as a promising candidate for the 

future development of passive anti-icing coatings for aircraft applications. 
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Figure 5.8. Comparison of various passive low-ice adhesion strategies tested under comparable 
conditions using a horizontal shear test at –10 ± 2 °C. a) Ice adhesion16,52-90 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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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, hydrophilic 

grafting with PHEMA, and a hydrophilic 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 (10 h) 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 strategies. 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 5kPa), 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 polymer substrates. It further demonstrates 

the potential of hydrophilic coatings as a promising foundation for the future development 

of durable, scalable, and aviation-compatible passive anti-icing treatments. Future work 

should focus on improving the coating chemistry, durability, and its behaviour in ice wind 

tunnels and high-speed supercooled droplet impact.  
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Figure S5.1. Pictures of the horizontal ice adhesion setup used in this study. 
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Figure S5.2. Detached ice pillar after an ice adhesion test on an aluminium alloy substrate. 
The lack of frost present inside the environmental chamber validates low humidity 
conditions throughout the experiment.  

 

 

Figure S5.3. LSCM image of a PHEMA stripe on PU substrate. The red scale corresponds to 100 µm. 
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6 
Mobility of Antifreeze Proteins is  a Key 

Factor in Their Use to Control Ice 
Growth on Surfaces and Polymers 

 

Abstract: The successful use of ice-binding proteins (IBPs) to develop anti-icing coatings 

requires a comprehensive understanding of their working mechanism when introduced in 

environments distinct from the protein's natural setting. This study systematically 

addresses this aspect by investigating how IBPs control ice accretion when grafted onto an 

aluminium alloy using polyethylene glycol (PEG) linkers of various lengths and on the 

polymer backbone of a PEG hydrogel matrix. Freezing experiments monitored through 

thermal imaging reveal that the degrees of freedom of the proteins significantly influence 

their functionality. Specifically, we demonstrate that when the degrees of freedom of anti-

freeze proteins (AFPs) are restricted by their functionalization on surfaces using short linkers 

or when they are present in restricted volumes in polymers, they behave as ice-nucleating 

proteins (INPs) promoting ice accretion. In conditions where their degrees of freedom are 

enhanced (long linkers, water-rich environment), AFPs effectively inhibit ice nucleation and 

propagation. The work underlines the relevance of protein mobility as a so far unforeseen 

key design factor needed to fully benefit from the potential use of natural or synthetic AFPs 

in cryopreservation of biological samples, food preservation, and the creation of the next-

generation of low-icing surfaces and coatings for wind turbines and aircraft. 
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INTRODUCTION  

In cold climates, the formation and accumulation of ice on surfaces can instigate safety 

hazards and damage in a wide range of applications such as building roofs1, power lines2,3, 

wind turbines3,4, and aircraft5,6. For example, ice accumulation on solar panels decreases 

their efficiency while ice on aircraft wings and tail can disrupt the airflow leading to a 

decrease in aircraft speed and lift, an increase in fuel consumption, and an overall decrease 

in safety during flight.1,6 Moreover, low ice surfaces are of large relevance in the 

cryopreservation of biological materials and food, where the challenge of manufacturing 

high-yield cryoprotectants remains.7,8   

As in many other naturally occurring phenomena, natural evolution has provided solutions 

for successfully controlling ice formation and growth that can be used as inspiration to 

develop anti-icing surfaces. To increase the survival potential of species as diverse as plants, 

algae, fish, or insects, nature mostly relies on the production of a variety of proteins with the 

ability to interfere with ice crystal growth known as ice-binding proteins (IBPs). IBPs can be 

grouped in two major classes depending on their principal strategy used to protect the 

species against freezing: (i) ice-nucleating proteins (INPs) which accelerate ice formation, 

and (ii) anti-freeze proteins (AFPs) which delay ice formation.9,10 

Most of the available literature focuses on the role of the natural or synthetic IBP chemistry 

on ice control in fluids7,11-13 , while only a few groups reported on the use of AFPs on surfaces 

to induce passive anti-icing behavior.14-18 One of the major challenges in the use of AFPs on 

surfaces appears to be the apparently unexplained discrepancy in results regarding the 

positive or negative effect of AFPs on surfaces. For example, AFPs from Chaetoceros 

neogracile (an Antarctic marine diatom) immobilized on an aluminium surface using an Al-

binding peptide delayed ice formation for three hours in an air-cold chamber at −3.5 °C and 

84 % relative humidity.14 Similarly, type III AFP from Zoarces americanus (a polar fish), 

grafted onto a polymer backbone covalently bound to an aldehyde-coated glass slide 

showed a freezing delay from 20 minutes without AFP to 45 minutes with AFP at -6 ℃ and 

40 % RH.15 Contrary to these results, the same type III AFP on aluminium showed that AFPs 
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promoted earlier ice nucleation instead of inhibiting it when the surfaces were cooled at -

0.5 °C min-1 until ice nucleation occurred.16 Part of the apparently contradicting results in 

literature can be attributed to the use of very different manufacturing techniques, process 

conditions, freezing tests, and AFPs. Nevertheless, besides chemistry, other more 

fundamental AFP architectural factors may also play a relevant role in IBP behaviour used in 

synthetic materials. For instance, while in nature ice growth inhibition induced by AFPs 

increases with increasing AFP concentration in solution19, no systematic studies on the 

effect of protein concentration on surfaces have been reported. Similarly, a study using 

AFPs from Microdera punctipennis dzungarica (an insect) suggests that the protein 

orientation relative to the surface may play an important role in ice nucleation.20 With some 

reports showcasing the beneficial effects of AFPs and some their negative effects and the 

myriad of factors affecting behaviour of different proteins, more mechanistic understanding 

on the factors leading to a positive or a negative effect with the same protein appears as a 

necessary step to understand discrepancies and boost research and applications of AFP for 

ice-controlling surfaces. 

In this work, we discuss the key role that the degrees of freedom (mobility) of grafted proteins 

has on surface ice nucleation and growth. To this aim, two model IBPs (an AFP type III from 

fish and an INP from bacteria) were grafted at varying concentrations and linker chain 

lengths on (i) aluminium substrates and (ii) as dangling chains in the polymer backbone of a 

model hydrogel. This strategy allowed us to study the effect of mobility on ice formation 

using the same protein type in a well-controlled fashion. The work outlines the behavioural 

similitudes between the studied AFPs and INPs and the relevance of protein mobility and 

surface water layers for effective anti-freezing. Not disregarding protein chemistry diversity, 

the work underpins the importance of protein degrees of freedom as a design rule to develop 

future anti-freezing surfaces and coatings using natural and synthetic proteins and 

molecules with comparable structures and mechanisms. 
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MATERIALS AND METHODS  
 

Materials 

Two model ice-binding proteins (IBPs) were used in this work selected based on size, 

functionality, information, and availability: (i) type III AFP from Marcrozoarces americanus 

fish (6.5 kDa, ~2.5 nm coiled diameter), obtained from A/F Protein Inc.; and (ii) INPs derived 

from Pseudomonas syringae bacteria, purchased as the commercial Snomax® powder 

(Snomax International Corp., USA), containing membrane-associated ice-nucleating 

protein assemblies reported in literature to be on the order of ~100 kDa and ~10 nm in 

characteristic dimension. 3-mercaptopropyltrimethoxysilane (MPTS, 96 %) was bought 

from Gelest Inc. Sodium hydroxide pellets (anhydrous NaOH, ≥ 98 %),  phosphate-buffered 

saline (PBS, pH 7.4) solution, 4arm-PEG-maleimide (average Mn = 10 kDa), PEG dithiol 

(average Mn = 1 kDa), and three maleimide-PEG-succinimidyl ester linker with three different 

repeating units of PEG (2, 12, 24) (Mal-PEG2/12/24-NHS) were bought from Sigma-Aldrich. All 

solvents were of technical grade and used as received. 

 

Preparation of IBP-grafted aluminium alloy surfaces 

Aluminium alloy surface preparation 

AA2024-T3 samples (2 cm x 2 cm x 3 mm) were manually and sequentially ground with 18 

µm, 10 µm, and 6 µm grain size grinding paper. Between each grinding step, the samples 

were placed in an ultrasonic ethanol bath for 2 minutes. After grinding, the samples were 

sequentially polished with 3 µm and 0.25 µm particle size diamond paste. Finally, to remove 

any remaining contaminants, the samples were rinsed with acetone prior to subsequent 

surface treatment steps. 
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Surface functionalization of aluminium alloy substrates 

Surface activation of AA2024-T3 was obtained by submerging the polished samples in a 2 M 

NaOH solution for 10 seconds, rinsed with deionized (DI) water, and dried in an oven at 100 

°C for 30 minutes to remove any excess water. The samples obtained with this process are 

further named “AA2024-OH”. The resulting hydroxyl-rich pseudoboehmite layer was 

subsequently used for surface modification through silanization to obtain thiol-rich 

surfaces (samples named “AA2024-SH”). Silanization was obtained by immersing the metal 

plates in a 2:30 water:methanol mixture (96 ml) with 4 ml of 3-

mercaptopropyltrimethoxysilane (MPTS) for 2 hours. Before immersion, the silane solution 

was stirred for 24 hours to ensure sufficient pre-hydrolysis of the MPTS. After 2 hours 

immersion in the MPTS solution, the samples were rinsed with methanol, dried in a vacuum 

for 30 minutes, and cured in an oven for 1 hour at 100 °C.  

 

Modification of the IBPs with PEG linkers of different lengths  

An IBP solution (0.1 mM) was prepared by dissolving the dry protein powder in a phosphate-

buffered saline solution (PBS, pH 7.4). Next, a stock solution with 250 mM PEG linker was 

prepared by mixing Mal-PEG2/12/24-NHS with DMSO. The linker solution was then added to the 

IBP solution in tenfold molar excess (4 µl of linker stock solution per 1ml of IBP solution). 

The mixture was stirred for 1 hour at a pH of 7.4 to ensure a complete and selective reaction 

between the protein amine end group and the linker succinimidyl ester group. Finally, to 

obtain Mal-PEG2/12/24-NH-IBPs, the excess linker and side products were removed by 

centrifuging the mixture three times for 5 minutes at 4400 rpm. After each centrifuging step, 

the heavy Mal-PEG2/12/24-NH-IBPs precipitate to the bottom. The supernatant is then pipetted 

out of the tube while fresh PBS is added to the precipitated Mal-PEG2/12/24-NH-IBPs. Finally, 

Mal-PEG2/12/24-NH-IBPs is stored in a PBS solution in a freezer at -20 °C. 
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Grafting of Mal-PEG2/12/24-NH-IBPs on aluminium alloy substrate 

The Mal-PEG2/12/24-NH-IBPs are extracted from their PBS solution and various weights of Mal- 

PEG2/12/24-NH-IBPs (2.5 mg and 5 mg) are redispersed in 1 ml PBS to obtain different IBP 

concentrations in solution. The AA2024-SH samples were then immersed in this protein 

solution for 4 hours. During the process, the maleimide functionality from the modified IBPs 

reacts with thiol groups at the aluminium surface through thiol-Michael click chemistry 

hence leading to aluminium surfaces grafted with IBPs with different linker lengths. After 

immersion, the IBP-modified AA2024 samples were rinsed with DI water and dried in a 

vacuum at room temperature overnight to remove any excess water. 

 

Preparation of IBP-modified hydrogels on aluminium alloy surfaces 

IBP-containing hydrogels of approximately 10 wt% were produced by preparing two 

separate solutions: (1) solution 1: PEG dithiol dispersed in 0.1 ml PBS at 6.5:100 (w/w) ratio; 

and (2) solution 2: 4arm-PEG-maleimide (average Mn = 10 000 g mol-1) in 0.1 ml PBS at 

15.5:100 (w/w) ratio. To solution 2, 0 mg, 2.5 mg or 5 mg Mal- PEG12-NH-IBPs was added to 

produce hydrogels with varying IBP concentrations. The final protein-hydrogel was 

produced by spraying with a lab-built Confined Impinging Jet (CIJ) mixer21. The PEG dithiol 

solution (solution 1) was added to one side of the CIJ mixer while the 4-arm PEG maleimide/ 

Mal- PEG12-NH-IBP solution (solution 2) was inserted on the other side. Next, both openings 

of the mixer are connected to high-pressure inlets, thus spraying the two solutions 

simultaneously through an outlet point on the AA2024-SH substrate. By Thiol-Michael click 

chemistry between the thiol functionalities present in solution 1 and the maleimide 

functionalities from solution 2, a hydrogel with grafted proteins is developed.  

 

Water contact angle (WCA) measurements  

Static WCA measurements were performed with a Tensiometer KSV CAM 200 (KSV 

Instruments Ltd., Finland) as an indirect test to confirm surface modification of the alloys 

after surface activation and silanization. For each sample condition, three repeats using 5 
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µl DI water droplets were performed. Droplet shape analysis of the images was done to 

obtain the WCA of the surfaces. All WCA measurements were carried out at an ambient 

temperature of 21±2 ℃ and relative humidity of 40±5 %. 

 

Raman spectroscopy 

Raman spectroscopy measurements were performed on untreated, activated and silanized 

AA2024 samples to confirm successful chemical treatments. To this aim, a Renishaw inVia 

Raman microscope with a laser length of 532 nm was used. For each measurement point, 

16 accumulations were made at 10 % laser power with an exposure time of 60 seconds. 

 

Fourier transform infrared spectroscopy (FTIR) 

FTIR was first used to monitor the reaction between the protein and PEG linker in solution by 

measuring the solutions at different points in time. FTIR was further used to confirm surface 

grafting with proteins. To this aim, a Spectrum 100 FTIR Spectrometer (Perkin Elmer) was 

used and run from 4000 to 500 cm-1 to obtain the FTIR spectra as the average of 32 scans. 

 

Differential scanning calorimetry (DSC) 

A DSC 250 (TA Instruments) was used to determine the state of water present in the hydrogel 

polymer networks (adsorbed and absorbed) following guidelines reported in recent works.22 

Hydrogel samples of 5 mg were placed in the DSC and tested for two cycles with the 

following cooling-heating protocol: sample equilibration at 20 °C for 5 minutes, cooling from 

20 °C to -50 °C at a rate of -10 °C min-1, isotherm at -50 °C for 5 minutes, heating to 20 °C at 

10 °C min-1. Three different samples were tested for each hydrogel composition for 

reproducibility. 
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Frosting tests monitored by thermal imaging 

To monitor and quantify the freezing events of the samples, a home-made freezing set-up 

was used. Samples are placed on top of a liquid-cooled plate (TECA LHP-300CP) which is 

powered by a 11.5 DC voltage source within a small isolating chamber to control well 

humidity (RH was set at 38±3 % for all experiments) and temperature. This allowed cooling 

the samples at -10 °C min-1 until -20 °C. The freezing events and propagation were monitored 

using a FLIR A655sc thermal camera with a close-up lens (1.5 magnifying factor and 25 µm 

resolution). The surfaces are monitored with the thermal camera right after cooling starts, 

hence allowing a good image-freezing time correlation as reposted in Chapter 2.23 The 

recorded times and temperatures were directly plot in the FLIR tools program using an 

emissivity of 0.4 for the protein-modified surfaces (similar to emissivity of oxidized 

aluminium) and 0.9 for the hydrogels. From the plots the freezing onset time (tfo) was 

obtained as the time until surface freezing was observed and the freezing onset temperature 

(Tfo), as the temperature on the graph at which the freezing event starts (observed as 

temperature rise).  
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RESULTS AND DISCUSSION  

 

Aluminium surface functionalization with IBPs 

Figure 6.1a shows the steps used to functionalize the aluminium surfaces with IBPs. This 

process consists of several steps using click chemistry explained in the experimental 

section: (i) activation, leading to hydroxyl-rich surfaces (AA2024-OH); (ii) silanization to 

enrich the surface with thiol groups (AA2024-SH), and; (iii) functionalization with INP or AFP 

(IBP) using maleimide-PEG oligomers. This step-wise process provided surfaces with 

different proteins (AFP or INP), chain lengths (2, 12 or 24 PEG chains) and concentration 

(given by the protein concentration present in solution) as shown in Table 6.1. To achieve 

functionalization with IBPs, the IBPs were modified with a Mal-PEG2/12/24-NHS linker where 

the succinimidyl ester (-NHS) selectively reacts with the IBP amine group at its N-terminus, 

forming an amide group and leading to the oligomers named as Mal-PEG2/12/24-NH-IBP, 

where IBP can be AFP or INP (Figure 6.1b showing the reaction steps). To separate the Mal-

PEG2/12/24-NH-IBPs from the byproduct, the samples were centrifuged, the surplus liquid with 

byproduct removed, and the solid product redispersed in PBS forming a Mal-PEG2/12/24-NH-

IBPs solutions. Finally, the AA2024-SH surfaces were immersed in the Mal-PEG2/12/24-NH-IBP 

solutions to obtain surfaces grafted with different IBPs, PEG chain-length and IBP surface 

concentration. Since the ice-binding site (IBS) and the end groups of type III AFP are located 

on the opposite sides of the globular protein, this grafting approach targeting the N-terminus 

ensures that the IBS of the type III AFP will be exposed after the surface functionalization.  
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Figure 6.1. a) Step-wise process to functionalize the aluminium surfaces leading to samples rich in 
-OH, -SH and -IBP; b) Chemical scheme to obtain functionalized IBPs (Mal-PEG2/12/24-NH-IBP, in 
purple) from the reaction between NH2-rich IBP (blue) and Mal-PEG2/12/24-NHS oligomer (orange). The 
maleimide-functionality (Mal) allows grafting the extended IBPs onto the -SH rich aluminium 
surfaces via click-chemistry. 

 

Table 6.1. Mal-PEG2/12/24-NH-IBP solutions with varying protein type (AFP or INP), PEG linker length 
and protein concentration, used to graft IBPs on the AA2024-SH surfaces. 

Characteristic parameters Mal-PEG2/12/24-NH-IBP solutions in PBS 

Solution no. 1 2 3 4 5 6 

Type of protein AFP AFP AFP AFP INP INP 

PEG linker length 

(number of repeating units) 
12 12 2 24 12 12 

Protein concentration 

(mg ml-1) 
2.5 5.0 2.5 2.5 2.5 5.0 
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Static WCA measurements and Raman spectroscopy were used to verify the chemical 

surface changes induced by activation and silanization, as shown in Figure 6.2a-b. After 

immersion in NaOH, the static WCA decreases from 80° to 36° (Figure 6.2a) as expected for 

a surface richer in pseudoboehmite structure containing hydroxyl groups. The surface 

modification is confirmed by Raman spectroscopy (Figure 6.2b) revealing the appearance 

of peaks related to pseudoboehmite24: (i) 3000–3600 cm-1 and 1650 cm-1 attributed to -OH 

stretching and deformation vibrations of weakly bound water and (ii) a peak at 1050 cm-1 

corresponding to Al-O bending vibrations.  

After silanization of AA2024-OH with MPTS thiol-terminated silane, the static WCA 

increases from 36° to 65° (Figure 6.2a). This increase in WCA can be explained by the 

relatively lower hydrophilicity of thiol groups compared to hydroxyl groups. Raman analysis 

further confirmed the presence of silanes, and consequently thiols, on the surface: two 

peaks centred around 970 cm-1 and 1050 cm-1 corresponding to Si-O-Si stretching vibrations, 

one prominent peak at around 2950 cm-1 characteristic for C-H stretching, and a peak 

around 1450 cm-1 associated to the bending vibration of the -CH2 group.25-27 

To verify the reaction between the IBPs and the Mal-PEG2/12/24-NHS linkers in solution, FTIR 

measurements were taken before, at the start, and at the end of the reaction. As seen in 

Figure 6.2c, most of the peaks in the Mal-PEG12-NHS in DMSO spectrum (circles) can be 

attributed to the DMSO solvent itself (squares). Nevertheless, one distinct peak at 1741 cm-

1 is associated with C=O stretching vibration of the succinimidyl ester from Mal-PEG12-NHS 

and can be used to monitor the reaction with the protein (see the squared region in Figure 

6.2c). When IBPs are added to the solution, the peaks related to the succinimidyl are still 

distinguishable right at the start of the reaction (spectrum with triangles up) although 

relatively smaller than the neighbouring peaks. This suggests a rapid reaction between the 

succinimidyl ester and the IBP (with amide as a product). Toward the end of the reaction 

(triangle down), the ester peak further decreases due to the reaction progression. No 

reaction-related amide peak increase is detected since the incremental addition of amide 

groups during the reaction in an amide-rich solution (from the protein and the Mal-PEG12-

NHS) is not easily detected by FTIR.  
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To obtain IBP-grafted surfaces, the AA2024-SH samples are immersed in different Mal-

PEG2/12/24-NH-IBP solutions. The use of solutions with different IBP concentrations and PEG 

linker lengths led to a range of protein-rich surfaces. Protein enrichment of the surfaces was 

confirmed by FTIR through the appearance of two protein distinct peaks28 at 1642 cm-1 

(amide I) and 1532 cm-1 (amide II) as seen in Figure 6.2d for the modification of the surface 

with solution 1 from Table 6.1 as an example.   

 

 

Figure 6.2. a) Static water contact angle (WCA) and b) Raman spectra of polished AA2024 (black 
colour), AA2024-OH (red colour), and AA2024-SH (blue colour); c) FTIR spectra of DMSO (squares), 
Mal-PEG12-NHS in DMSO as a solvent (circles), start of the IBP/Mal-PEG12-NHS reaction (triangles 
up), and end of the reaction (triangles down). d) FTIR spectra of AA2024-SH surface (blue) and 
AA2024-AFP surface (magenta) after immersion in IBP solution 1. The arrows mark the peaks of 
interest to confirm the reaction and surface modification. 
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Influence of protein degrees of freedom on freezing onset and propagation in the presence of 

molecular water layer  

In natural environments, AFPs are typically found in a liquid medium while INPs are 

integrated in the bacterial membrane.9,29,30 Previous research on AFPs in liquids, showed 

that the ice-suppressing behaviour increases initially with the AFP concentration and 

plateaus when reaching an AFP-dependent specific concentration.19 To investigate the so 

far unexplored effect of the AFP concentration on surfaces on frost formation, the AA2024-

SH surfaces were immersed in IBP solutions containing Mal-PEG12-NH-AFP and Mal-PEG12-

NH-INP at two concentrations  (2.5 and 5 mg ml-1)  as shown in solutions 1, 2, 5, and 6 in 

Table 6.1. The freezing process was followed using a high-resolution thermal camera as 

explained in the experimental section. Figure 6.3a, shows a thermal video snapshot of the 

local temperature increase due to the latent heat release during freezing. The freezing event 

here can be seen as a yellow-coloured (higher temperature) curved freezing front 

propagating on the purple-coloured (lower temperature) surface as indicated by the white 

dashed line and arrows. From these thermal videos (Movies S6.1-S6.5), a local temperature 

at the surface can be obtained and plotted as a function of the time. This allows extracting 

quantifiable freezing parameters such as freezing onset time (tfo) and temperature (Tfo) as 

shown in Figure 6.3b. 

 

Figure 6.3. a) Snapshot from a thermal video showing the freezing-related high-temperature region 
(yellow) and the progressing freezing front (marked by a dashed white line and arrows) for an IBP-
modified aluminium surface. b) Example of time-temperature graph extracted from the thermal 
video used to determine freezing onset parameters tfo and Tfo. 
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Figure 6.4 shows the values of tfo and Tfo of the different AFP-rich samples varying IBP type, 

IBP concentration and linker length, and the thiol-terminated surface (AA2024-SH) used as 

reference. Figure 6.4a shows how the surfaces coated with anti-freeze proteins (AFP) and 

ice nucleating proteins (INP) present shorter times to freeze (lower tfo) and more positive 

temperatures (higher Tfo) than the thiol-terminated reference sample (AA2024-SH). INP 

samples show the expected behaviour in line with the ice nucleating character of INPs. This 

ice-promoting effect appears to be independent of the INP concentration for the studied 

concentration range. More unexpected is the behaviour of the samples with AFPs. For these 

samples, tfo decreases and Tfo increases with increasing AFP concentration (i.e. freezing 

happens earlier and at more positive temperatures when more AFP is present at the surface). 

This trend is opposite to the behaviours reported for AFPs in liquid environments, where 

higher protein concentrations lead to lower freezing temperatures.19 

 

 

Figure 6.4. Freezing onset time (tfo) and freezing temperature (Tfo) for different samples: a) tfo and Tfo 

of AA2024-SH before protein grafting (no IBP, blue colour), grafted with Mal-PEG12-NH-AFP (magenta 
colour), and grafted with Mal-PEG12-NH-INP (green colour) obtained from solutions at two 
concentrations (2.5 mg ml-1 and 5.0 mg ml-1). b) tfo and Tfo of AA2024-SH (no IBP, blue colour) and 
AFP-modified surfaces (magenta colour) with various linker lengths (PEG2, PEG12, PEG24).  
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The somewhat unexpected results for the AFPs on the surface behaving like the INPs may 

be explained by the working principle of these proteins in their natural environments and 

their physical similarities and differences. While INPs typically have molecular weights 

ranging between 110-130 kDa, the AFPs are typically smaller with molecular weights in the 

range 2-50 kDa.31,32 Both types of IBPs have two distinct structural regions: the ice-binding 

site (IBS) and the non-ice-binding site (NIBS). These regions lead to different water 

adsorption and structure: adsorbed ordered water molecules at the IBS lead to organized 

ice-like (INPs) or semiclathrate-like (AFP type III) configurations while the water layer on top 

of the NIBS remains disordered liquid-like when freezing.9,19,33-37 In other words, surface 

disorder of the adsorbed water molecules leads to limited or no local ice growth. 

As shown in Figure 6.5a, INPs in their natural environment generally appear attached to the 

bacterial membrane with their IBS pointing towards the external water phase. The IBS of the 

INPs orders water molecules into an ice-like arrangement which facilitates the kinetically 

hindered phase transition from liquid water to ice.9,36,37 Consequently, INPs promote ice 

formation around the bacterial membrane. This effect is also reflected in the freezing results 

in Figure 6.4a. Furthermore, since INPs are considerably large proteins with large IBSs, the 

surface exposed to Mal-PEG12-NH-INP is likely to become rapidly saturated with proteins 

with IBS at the surface. We therefore hypothesize that the surface saturation was achieved 

already at 2.5 mg ml-1 hence leading to no measurable effect in the freezing time and 

temperature when solutions at higher concentrations were used (Figure 6.4a). 

Unlike INPs, AFPs are generally found in natural fluids rather than surfaces and lead to a 

somewhat more complex mechanism depicted in Figure 6.5b. Here, when an ice crystal 

nucleates in the fluid, the AFPs adsorb onto the ice crystal using their IBS. Further ice lattice 

growth at these attachment locations is hence inhibited while being surrounded by the NIBS 

of the proteins to further limit ice growth. The areas of the ice crystal not covered by proteins 

keep on increasing. This leads to a curvature increase which in turns increases the free 

energy of the ice phase to make it energetically unfavourable for water to transition from the 

liquid to the solid phase and hence further delaying ice growth.19 
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The results depicted in Figure 6.4a for the AFPs do not show this ice-delaying effect. Instead, 

they show an ice-promoting effect similar to that of the INPs. We attribute this to two factors: 

(i) the exposed ice-binding site of the AFPs promoting ordering of water molecules on the 

surface, and (ii) the lack of degrees of freedom of the proteins attached to the surface. We 

argue that these two factors should lead to faster freezing at higher protein concentrations 

due to a steric effect. 

In their natural setting, AFPs can move around and adhere to small ice crystals through their 

IBS hence limiting ice growth. We hypothesize that when the AFPs are attached to the 

surface (at the concentrations and linker length reported in Figure 6.4a), their mobility is 

hindered significantly (as represented in Figure 6.5c) hence changing their natural working 

mechanism. Mobility decrease makes the formation of a curved ice front at the proteins not 

possible (i.e. bending of the grafted proteins around ice crystals is not possible). As a 

consequence, the exposed IBSs each act as individual nucleation templates for ice-like 

structures, hence exerting the opposite of the intended effect (i.e. AFPs grafted on surfaces 

behave as INPs in Figure 6.5a). By increasing the AFP concentration on the surface, the 

number of IBSs simultaneously increases, further enhancing their ice-promoting effect 

(Figure 6.5c) as observed in Figure 6.4a at higher AFP concentrations. 

It is also important to note that the grafting approach chosen in this work targets the N-

terminus of each IBP, thus ensuring that the IBSs of the type III AFPs are fully exposed to the 

surface. On the other hand, the INP is a β-helical protein with its end groups located at both 

bases of the cylindrical structure.31-32 Therefore, the IBSs and NIBSs of the INPs are equally 

exposed after the surface grafting, which likely reduces the efficiency of their ice-nucleating 

function shown in Figure 6.4. The IBSs on samples grafted with AFPs are perfectly exposed 

for maximum binding to ice, whereas on samples grafted with INPs, the IBSs are less ideally 

oriented on the surface, thus resulting in less efficient ice growth promotion as expected. 
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Figure 6.5. Illustrations of the working mechanisms of: a) INPs in their natural environment (e.g. 
present at the exopolymer substances of bacteria) leading to ice nucleation at the surface; b) AFPs 
in their natural environment (e.g. dispersed in body fluids of fish) leading to ice nucleation 
surrounded by proteins from their IBS and protected from further growth through their NIBS facing 
the fluid and the curvature of the trapped ice crystal; and, c) the AFPs grafted on to surfaces as 
studied in this work leading to ice nucleation and growth due to reduced mobility at the studied 
concentration and chain length (12 repeated units). 

 

To further demonstrate our hypothesis that protein mobility and degrees of freedom from an 

anchored point at a surface is a crucial factor in the (anti)freezing character of (grafted) AFPs, 

we synthesized the same AFP but with different linker lengths and grafted them on AA2024-

SH using solutions 1, 3, 4 shown in Table 6.1. Figure 6.4b shows the effect of the linker 

length on Tfo and tfo. The results show how increasing the linker length (from PEG2 to PEG24) 

leads to longer times to freeze (tfo) and more negative freezing temperatures (Tfo depletion) 

outstanding the values for the reference hydrophilic silanized sample (AA2024-SH). If the 

increasing PEG linker length would lead to lower grafting density due to steric effects 

reducing reactivity of the grafting, the results would have been opposite, showing a higher 

ice-promoting effect with the long PEG-24 linker. This result is compatible with our 
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hypothesis that protein mobility induced by flexible long chain linkers leads to higher anti-

freezing character. We further argue that this mobility increase is partly possible due to the 

presence of a molecular water layer (MWL) formed by the hydrophilic character of AFPs, as 

supported by the low WCAs<20° of these samples (Figure 6.2a).  

A close analysis of the freezing front mode and kinetics (Figure 6.6 and Movies S6.1-S6.2 in 

the support information) confirms the freezing kinetics of protein-rich surfaces to be in the 

range of 40-70 mm s-1 with no clear PEG-length dependency and with a smooth (non-fractal) 

frontline compatible with the values and propagation frontline mode reported for frost 

freezing on hydrophilic surfaces with MWLs.30 Freezing on the AA2024-SH surfaces shows, 

on the other hand, a fractal frontline and propagation and much slower propagation rates 

(around 0.2 mm s-1). This further confirms that the grafted PEG-AFPs increase hydrophilicity 

of the surface making MWLs more continuous, as illustrated in Figure 6.6. The results 

suggest that the AFP’s ability to promote the formation of MWLs accelerates freezing 

propagation rates and raises the temperature at which freezing onset occurs (Figure 6.4a). 

Nevertheless, freezing at the surface is counteracted when the proteins have sufficient 

degrees of freedom in the MWL as achieved by longer linker length and experimentally 

observed by a depression of the freezing temperature below that of the reference sample 

and longer freezing onset times (Figure 6.4b). In other words, the data supports our 

hypothesis that AFPs recover the ice-depressing function they show in their natural 

environment when they get sufficient degrees of freedom in a water-rich layer (MWL), a 

factor that should be considered in future anti-freezing surface developments using IBPs.  
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Figure 6.6. Freezing front propagation on AA2024-SH (propagation rate of 0.2 ± 0.08 mm s-1) and on 
surfaces with AFPs grafted using PEG2, PEG12, and PEG24 linker lengths (propagation rates 
between 40-70 mm s-1). The high propagation speeds on the AFP surfaces confirm the presence of 
continuous MWLs on these samples (MWL represented here with a blue box). It is hypothesized that, 
at sufficiently high linker lengths, the AFPs regain their ice-depressing character due to increased 
mobility as observed by a drop in Tfo and tfo. For the higher linker lengths, this mobility, in combination 
with the continuous MWL at the IBPs away from the metal surface, makes it possible for the AFPs to 
gain degrees of freedom and act in a similar way as they would in their natural environment to inhibit 
ice growth. 
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AFP-induced freezing delay in confined polymeric environments rich in water 

To further investigate the role of the environment, water layers, and degrees of freedom on 

the anti-freezing character of AFPs and approximate their potential use in organic coatings, 

hydrogels grafted with IBPs were synthesized as shown in the experimental section. Due to 

the rapid gelation of the hydrogel used in this work, a co-injection chamber (CIJ)21, as 

illustrated in Figure 6.7, was used to directly apply the hydrogels on the AA2024-SH surfaces. 

In this approach, two separate solutions are simultaneously sprayed onto the substrate 

after a short residence time in a mixing chamber (Figure 6.7). 

In our work, one solution contains PEG dithiol in PBS, while a second solution contains a 

four-arm-PEG-maleimide mixed with maleimide-modified AFPs in PBS with the AFPs at two 

different concentrations. The two solutions are manually positioned with a syringe into 

separate chambers of the CIJ and simultaneously pushed at high pressure into the mixing 

chamber and directly onto the metal surface. The thiol-maleimide click chemistry allowed 

simultaneously a rapid reaction between the hydrogel and the thiol-rich surface and cross-

linking of the hydrogel network. A similar strategy was used to incorporate INPs in the 

hydrogel. However, due to their large size, the INPs are expected to be physically trapped in 

the hydrogel network instead of covalently bonded to the polymer backbone of the hydrogel 

as happens for the AFPs. 



 

221 
 

6 

 

Figure 6.7. Rapid deposition of 500 µm-thick hydrogels onto AA2024-SH substrate using a co-
injection mixer (CIJ). The long PEG linker length and hydration layer within the resulting hydrogel 
ensure high AFP mobility and functioning (bottom right image).  

 

Figure 6.8a shows the freezing onset temperature (Tfo) and onset time (tfo) for the different 

hydrogels. As expected, the presence of INPs in the hydrogels induces freezing at more 

positive temperatures (Tfo) and accelerates freezing (lower tfo) with respect to the reference 

hydrogel without IBPs. This effect is slightly more pronounced when more INPs are used (2.5 

mg ml-1 vs 5.0 mg ml-1). Contrary to this effect, hydrogels containing AFPs have longer tfo 

(freezing happens later) and a more negative Tfo when the AFP concentration increases. This 

confirms that the AFPs grafted inside a hydrated hydrogel network can successfully delay 

ice growth despite their hydrophilic character.  
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In agreement with the effects observed when grafted on surfaces using long dangling chains 

in the presence of a molecular water layer, we attribute the positive effect of AFPs in a 

hydrated hydrogel with low crosslinking density to the relatively high mobility induced by 

several factors increasing AFP degrees of freedom in a theoretically constrained media: (i) 

most AFPs in the hydrogel are attached to one arm of the 4-arm-PEG maleimide (dark blue 

line) through a PEG dithiol molecule (red line) (i.e. dangling arms) as represented in Figure 

6.7; (ii) in such an environment, the water acts as a solubilizing medium protecting the AFPs 

from denaturation and ensuring their optimal function through mobility; and (iii) the 

hydrophilic character of PEG chains, allows the formation of a hydration layer adsorbed 

through hydrogen bonding (represented in Figure 6.7 as dark blue area around the red 

chains) that prevents protein adsorption on the polymer backbone as observed in protein 

resistant polymers.38  

 

 

 

Figure 6.8. a) tfo and Tfo of the hydrogels with no IBPs (blue colour), with AFPs (magenta colour), and 
with INPs (green colour) at two concentrations (2.5 mg ml-1 and 5.0 mg ml-1). b) tfo and Tfo of the 
dehydrated hydrogels with no IBPs (blue colour), with AFPs (magenta colour), and with INPs (green 
colour) at two concentrations (2.5 mg ml-1 and 5.0 mg ml-1).  
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To further confirm our hypothesis proposing that the degrees-of-freedom of physically 

connected AFPs to polymers and surfaces is a key factor in controlling ice growth and 

propagation using AFPs, the hydrogels were dehydrated and subjected again to the same 

freezing tests. Figure 6.8b shows the corresponding freezing results. For hydrogels without 

IBPs, dehydration (Figure 6.8b) leads to freezing at much longer times (450 s vs 150 s) and 

lower temperatures (-21 ℃ vs -11.5 ℃) than the hydrated hydrogels (Figure 6.8a). Such an 

effect might be attributed to the balance between freezable and non-freezable water 

content as recently demonstrated in ionic polymers22,39. Freezable water is further 

subdivided into freezable free water and freezable bound water, depending on the 

interactions between the water and the polymer network. Freezable free water has no 

interactions with the polymer structure while freezable bound water has limited interactions 

with the polymer structure (absorbed water). We hypothesize that these interactions slow 

down the reorientation of water into an ice-like lattice, thus retarding ice growth. On the 

other hand, non-freezing water is tightly bound to the flexible polymeric structure (adsorbed 

water), preventing these water molecules from orienting into an ice-like lattice and thereby 

preventing freezing.22,39 

The amount of these three different types of water in the hydrogel systems with different AFP 

concentrations was analysed in this study using differential scanning calorimetry (DSC) 

following the guidelines reported in a recent study22. As seen in Figure 6.9, the amount of 

freezable free water decreases when the AFPs are present in the hydrogel, while 

simultaneously, the amount of non-freezing water increases. Even though there are no 

significant changes between the two AFP concentrations, the increase in non-freezing water 

and decrease of freezable free water in the AFP-hydrogels supports the conclusion that the 

AFPs grafted inside a hydrated hydrogel network have sufficient mobility and can therefore 

successfully inhibit ice growth (Figure 6.8a). Moreover, recent findings studying hydrogels 

with various levels of hydration show how drying reduces the amount of freezable free water 

until only non-freezing water remains.40 
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Figure 6.9. The amount of freezable free (green), freezable bound (orange), and non-freezable (red) 
water in the hydrogel systems with different AFP concentrations. The amount of freezable free water 
decreases when the AFPs are introduced into the hydrogel, while simultaneously, the amount of 
non-freezing water increases. 

 

Following this reasoning, the large differences in freezing data between dehydrated and 

hydrated hydrogels can be explained. The hydrated hydrogels contain freezable free, 

freezable bound, and non-freezing water. The freezable free water freezes quickly as 

captured by the thermal camera (Movies S6.3 and S6.4). On the other hand, the dehydrated 

hydrogels will likely only contain non-freezing and freezable bound water. Since freezable 

bound water reorients itself at a slower rate compared to freezable free water the 

dehydrated hydrogels freeze at a slower freezing propagation rate as detected by thermal 

imaging (Movie S6.5).  

Conversely, the presence of AFP and INPs in a dry hydrogel accelerates freezing at more 

positive temperatures (Figure 6.8b) with no significant differences between IBP type and 
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concentration. This result is compatible with the hypothesis of the mobility discussed in this 

work, as lack of mobility in IBPs (INP and AFP) magnifies the ice acceleration effect of 

proteins with ice-binding sites (IBS) to further prove that protein mobility is crucial to obtain 

ice delaying effects when using antifreeze proteins. 

Overall, these findings demonstrate that while AFPs can be useful in delaying ice formation, 

their successful use heavily depends on maintaining an environment that provides sufficient 

degrees of freedom for the proteins. As summarized in Figure 6.10, increasing the PEG linker 

length of the grafted AFPs or maintaining a hydration layer for AFPs in hydrogel matrices will 

ensure that the proteins have sufficient mobility to inhibit ice crystal growth on surfaces.  
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Figure 6.10. a) The AFPs are found to promote ice growth if they are incorporated on surfaces with 
limited degrees of freedom (left side). With sufficient degrees of freedom, the AFPs can inhibit ice 
growth on surfaces by lowering the freezing onset temperature and time (right side). b) AFPs 
covalently linked to surfaces require long chain lengths to provide sufficient degrees of freedom in 
the presence of molecular water layers, whereas c) inside a polymer network, a hydration layer is 
needed to ensure AFP mobility.  
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CONCLUSIONS  

Two different types of IBPs (AFP and INP) were covalently attached to aluminium alloy 

(AA2024) surfaces and to the polymer backbone of a hydrogel using different linker chain 

lengths and protein concentrations. The results confirm the ice-promoting effect of INPs in 

all cases independently of the INP concentration used. AFPs, on the other hand, show a 

large dependency on the dangling chain length and protein concentration when grafted on 

surfaces or dangled in a PEG polymer backbone. The systematic study demonstrates the 

relevance of AFP mobility (degrees of freedom) in the reduction of ice accretion. While AFPs 

lead to the formation of molecular water layers (MWL) due to the overall hydrophilic 

character of the PEG-AFPs, long dangling chains enhance protein degrees of freedom in the 

MWL to prevent ice propagation. Conversely, in a constrained environment as a polymer 

hydrogel, hydration is responsible for the mobility of the dangling proteins and the related 

drop in freezing temperature and increase in freezing onset time. The findings here reported 

unveil a new design factor using AFPs and clear the path to the effective use of natural or 

synthetic AFPs in cutting-edge domains such as surfaces for (long-term) cryopreservation 

of biological samples, food preservation, electronics and sensors, and the creation of next-

generation bioinspired low-icing functional coatings for wind-turbines and aircraft. 
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Characterization of different states of water in the hydrogel systems 

The Differential Scanning Calorimetry (DSC) data shows two overlapping peaks 

corresponding to freezable free and freezable bound water (Figure S6.1). These peaks were 

deconvoluted and the area under each peak was calculated to obtain the melting enthalpy 

of the bound and free freezable water.  

 

Figure S6.1. An example of a DSC graph showing the distinct peaks connected to freezable free 
water (green arrow) and freezable bound water (orange arrow) in a hydrogel system with no AFPs. 
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The fraction of bound freezable water and free freezable water can be found as: 

𝑊𝑓𝑏 = 
∆𝐻𝑓𝑏

∆𝐻𝑃𝐵𝑆
 (6.1) 

 

𝑊𝑓𝑓 = 
∆𝐻𝑓𝑓

∆𝐻𝑃𝐵𝑆
 (6.2) 

 

Where ∆𝐻𝑓𝑏 and ∆𝐻𝑓𝑓  are the melting enthalpy of bound and free freezable water 

respectively. Both were found with DSC. ∆𝐻𝑃𝐵𝑆  is the melting enthalpy of PBS (293,3 J/g 

which was also found by DSC). 

Logically, the total amount of freezable water then equals to: 𝑊𝑓𝑡𝑜𝑡 = 𝑊𝑓𝑓 +𝑊𝑓𝑏 

Finally, all hydrogels had a water content of 89%. As such, the total amount of water in the 

hydrogel (Wtot) equals 0,89. From this, the fraction of non-freezable water (Wnf) can be found 

as: 

𝑊𝑛𝑓 = 𝑊𝑡𝑜𝑡 −𝑊𝑓𝑡𝑜𝑡 (6.3) 

 

𝑊𝑛𝑓 = 0,89 −𝑊𝑓𝑡𝑜𝑡 (6.4) 
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Movie S6.1. QR code to access a thermal video of a slow freezing propagation on the thiol-
terminated AA2024-SH surface. 

 

 

 

 

 

Movie S6.2. QR code to access a thermal video of a rapid MWL-promoted freezing propagation on 
the AFP-grafted surface (2.5 mg ml-1 of AFPs with a PEG24 linker). 
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Movie S6.3. QR code to access a thermal video showing fast freezing of the freezable free water in 
a hydrated hydrogel with no AFPs. 

 

 

 

 

 

Movie S6.4. QR code to access a thermal video showing fast freezing of the freezable free water in 
a hydrated hydrogel with a concentration of 2.5 mg ml-1 of AFPs. 
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Movie S6.5. QR code to access a thermal video showing slow freezing of freezable bound water in 
the dehydrated hydrogel with no AFPs. 
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