
 

 Department of Materials Science and Nanotechnology 

PhD program: Materials Science 

Cycle XXXVII 

 

 

Rigid and soft materials for icephobicity:  

The role of surface and mechanical properties 

 

Anny Catalina Ospina Patiño 

Registration number 893213  

Supervisor     Carlo Antonini 

Coordinator     Francesco Montalenti 

 

2024 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

It is said that it is the soft things in life that often reveal the greatest strength. 

In the same way, I discovered that my inner strength lies in adaptability and 
resilience. 

 

 

 

 

 

 

 

To Daniel Gómez Zapata, for living this exciting journey with me. 



Abstract   

This thesis is the outcome of a PhD research project conducted in the context of 

the Marie Sklodowska Curie international training network “SURFICE- Smart 

surface design for efficient ice protection and control”, with the general objective to 

pursue the rational design of icephobic materials.  

The current thesis is particularly aimed at understanding the mechanical and 

wetting properties that lead to icephobic performance by studying rigid surfaces with 

different hydrophobicity, soft substrates with different lubrication degree, and 

systems composed of soft and rigid materials, to identify the different ice detachment 

regimes using a horizontal shear ice adhesion setup. 

Once the different de-icing mechanisms on rigid and soft materials are identified, 

the existence of the liquid-like performance in the ice adhesion tests is discussed in 

those cases, where the ice adhesion strength is reduced but the ice slides continuously 

without a proper detachment, even on rigid substrates. For soft materials, the 

viscoelastic properties as well as the contact angle evolution depending on the 

humidity (adaptive wetting) are confirmed.  

The ice adhesion results exhibit that the traditional empirical relations that are 

useful to predict the icephobic performance does not consider the diverse de-icing 

mechanism than can occur at the interface with substrates of diverse mechanical 

properties. Therefore, the models that explain the icephobic behavior based on the 

work of adhesion on liquid water-substrate interaction and on the mechanical 

properties of the elastic materials need to be reconsidered, to also include the 
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relevance of adaptive wetting and the non-ideally elastic character of a wider range 

of materials.  

Additionally, it is confirmed that the integration of rigid and soft components 

allows improving the icephobic performance by combining its attributes.  

This thesis provides a glance on the surface characteristics that could be used to 

design icephobic devices for different applications. As a future perspective, it will be 

interesting to further confirm the existence of the liquid-like performance in the ice 

adhesion tests, or to explore the orientation of the surface roughness respect to the 

direction of de-icing force, since they can be powerful alternatives to design materials 

with durable icephobic properties. 



Sommario 

Questa tesi è il risultato di un progetto di ricerca di dottorato condotto nel 

contesto della rete di formazione internazionale Marie Sklodowska Curie 

"SURFICE- Smart surface design for efficient ice protection and control", con 

l'obiettivo generale di perseguire la progettazione razionale di materiali 

ghiacciofobici. 

La presente tesi è mirata in particolare a comprendere le proprietà meccaniche e 

di bagnatura che portano a prestazioni ghiacciofobiche studiando superfici rigide con 

diversa idrofobicità, substrati morbidi con diverso grado di lubrificazione e sistemi 

composti da materiali morbidi e rigidi, per identificare i diversi regimi di distacco del 

ghiaccio utilizzando una configurazione di adesione al ghiaccio a taglio orizzontale. 

Una volta identificati i diversi meccanismi di de-icing su materiali rigidi e morbidi, 

si discuterà l'esistenza di prestazioni simili a quelle dei liquidi nei test di adesione al 

ghiaccio viene discussa in quei casi in cui la forza di adesione al ghiaccio è ridotta ma 

il ghiaccio scivola continuamente senza un distacco adeguato, anche su substrati 

rigidi. Per i materiali morbidi, vengono confermate le proprietà viscoelastiche e 

l'evoluzione dell'angolo di contatto in base all'umidità (bagnatura adattiva). I risultati 

relativi all'adesione al ghiaccio mostrano che le relazioni empiriche tradizionali utili 

per prevedere le prestazioni ghiacciofobiche non considerano i diversi meccanismi 

di sghiacciamento che possono verificarsi all'interfaccia con substrati di diverse 

proprietà meccaniche. Pertanto, i modelli che spiegano il comportamento 

ghiacciofobico basati sul lavoro di adesione sull'interazione acqua liquida-substrato e 



Sommario 

 

6 
 

sulle proprietà meccaniche dei materiali elastici devono essere riconsiderati, per 

includere anche la rilevanza della bagnatura adattiva e il carattere non idealmente 

elastico di una gamma più ampia di materiali. 

Inoltre, è stato confermato che l'integrazione di componenti rigidi e morbidi 

consente di migliorare le prestazioni ghiacciofobiche combinandone gli attributi. 

Questa tesi fornisce uno sguardo alle caratteristiche di superficie che potrebbero 

essere impiegate per progettare dispositivi ghiacciofobi per diverse applicazioni. In 

futuro, sarà interessante confermare ulteriormente l'esistenza di prestazioni simili a 

quelle dei liquide nei test di adesione al ghiaccio o esplorare l'orientamento della 

rugosità superficiale rispetto alla direzione della forza di sghiacciamento, poiché 

possono rappresentare potenti alternative per progettare materiali con proprietà 

ghiacciofobiche durevoli. 
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γ  Surface tension 

ΔH   Contact angle hysteresis 

θ  Young’s contact angle 

θ*  Apparent contact angle 

θA  Advancing contact angle 

θR  Receding contact angle 

𝜏𝑖𝑐𝑒  Ice adhesion strength 

μ  Poisson’s ratio 

ω  Angular frequency 

A  Contact area 

ARF  Adhesive reduction factor 
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CVD  Chemical Vapor Deposition 

DAGS  Drop Assisted Growth and Shaping 

DL  Discontinuity Line 

E  Young modulus 

f  Projected wet area on a Cassie-Baxter model 

Fmax  Maximum force in the static phase of ice detachment 

Fs  Sliding force while ice is moving along the interface  

G  Shear modulus 

G’  Storage modulus 
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G’’  Loss modulus 

G*  Complex shear modulus 
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LIS  Liquid-Infused Surfaces 
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r  Roughness factor 
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SAM  Self-assembled monolayer 

SCALS  Slippery Covalently Attached Liquid Surfaces 

SHS  Superhydrophobic surfaces 

SLIPS  Slippery Liquid Infused Surfaces 

Tg  Glass transition temperature 

We  Weber number 
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1 Introduction and Motivation 

Extreme weather conditions can affect day-to-day life at different scales. At low 

temperatures, the blackouts caused by the collapse of energy transport lines is a 

common issue in cold regions, it can also affect wind turbines, communication and 

transport systems. In aeronautical devices [1], the ice accretion and ice adhesion 

phenomena are an important concern: they can affect the aerodynamic properties of 

the aircraft, interfere with the different sensors necessary for the correct navigation, 

and thus, arise safety issues and economic loses.  

The strategies to overcome the problems that the ice can pose have been focused 

on active strategies that require an external input, like the usage of mechanical, 

thermal or chemical strategies to get rid of the accreted ice. Those strategies are either 

energetically demanding, costly or environmentally hazardous, therefore, passive 

strategies are needed to achieve sustainable and long-lasting solutions for specific 

applications. This challenge has driven great interest in icephobic materials, a general 

term used to define systems with properties that help to counteract ice accretion, 

either by preventing ice formation or by reducing ice adhesion. 

An icephobic material can be characterized by its ability to avoid water 

accumulation repealing incoming water droplets, to prevent ice nucleation or frost 

formation (particularly referred as anti-icing) and/or to reduce ice adhesion strength. 
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The requirements for a specific application may differ, therefore, the rational design 

of icephobic materials needs consider the specific conditions in which the device will 

be installed and used.  

A first common approach is to use rigid materials, which can be modified in terms 

of their roughness and surface energy, allowing to obtain hydrophobic and textured 

superhydrophobic surfaces that have been widely investigated in the last decade for 

their potential icephobicity [2–6].  This strategy can help to reduce water 

accumulation and ice nucleation passively [1,7], instead of active methods based on 

heat or vibration[8]. In particular, superhydrophobic rough surfaces, can be effective 

both in promoting liquid shedding before water freezing and in facilitating ice 

removal. However, in high humidity environments [9] or due to dynamic effects in 

case of drop impact [10], the water will eventually fill the cavities, and, if the water 

happens to freeze, the ice adhesion will inevitably increase due to the higher contact 

area that causes a mechanical interlocking among the ice and the substrate [11–16]. 

A second strategy considers the inclusion of lubricant trapped in the voids of a 

rough or porous surface, as the well-known Slippery Liquid Infused Surfaces 

(SLIPS) or Liquid-Infused Surfaces (LIS) [17–20], such systems can facilitate the ice 

release because of the low adhesion between ice and the lubricant layer [21]. These 

approaches can be referred to as extrinsically lubricated icephobic systems and can 

help to overcome the ice adhesion increase of rough surfaces in high humidity 

conditions, since the ice is only adhered to the lubricant layer on top. However, the 

durability of SLIPS/LIS systems can be compromised due to lubricant removal after 

several de-icing cycles or due to natural conditions. 

Lately, the soft polymeric materials [22–26] have emerged as a promissory 

alternative since its elasticity and lubrication can be tuned by regulating the 

proportion among crosslinked and un-crosslinked chains [27]. Soft polymers are 

intrinsically lubricated materials because they are composed of mobile chains with 

dangling ends embedded in the polymer bulk, providing interesting features like the 

time-dependency of its contact angle triggered upon the contact with water [28,29] 
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and the combination of elastic and viscous response, evidenced in wetting 

experiments where the coupling between elastic and capillary effects has been 

reported [30,31]. The uncrosslinked fraction dispersed in the bulk help regenerate 

the lubricant after repeated icing tests, improving the durability of its performance.  

The current bibliography in the field indicate that icephobic performance can be 

achieved by an intricate interaction of wettability, elasticity, and lubrication, and, 

most of the time it is not simple to assign the contribution of the individual 

characteristic to the ice adhesion results. The traditional empirical relations that are 

useful to predict the icephobic performance based on the wetting or mechanical 

properties for rigid and smooth materials are not trivial to apply in the case of soft 

polymeric solids and more complex systems, suggesting the need to answer a 

fundamental question: What is more relevant for reducing the ice adhesion, the 

elasticity of the substrate or lubrication effects, given by the presence of a mobile 

fraction?  

In addition to the aforementioned challenges of materials characterization itself, 

several studies in the last few years have evidenced the limitations of reporting the 

ice adhesion performance in terms of the ice adhesion strength, 𝝉𝒊𝒄𝒆 = 𝐹/𝐴, 

calculated as the maximum peak force to remove an ice block from a surface divided 

by its contact area. The data available in the literature call attention to the 

discrepancies on 𝜏𝑖𝑐𝑒 for materials of similar composition, as in the case of 

polydimethylsiloxane (PDMS)-based materials, where it is possible to find values 

ranging from 100 to 5 kPa. 

The strong dependence of the results on experimental conditions like the ice 

nucleation temperature, shear and tensile contribution of the applied effort and its 

velocity, and the size of the ice block considered [23], cause significant non-

systematic variations of 𝜏𝑖𝑐𝑒 on the same material using different ice detachment tests 

[32,33]. The lack of standard methods together with the poor comprehension and 

description of the detaching mechanisms make the comparison of different materials 

very challenging. 
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Those aspects are fundamental when discussing the accurate way to characterize 

the material properties relevant to the ice adhesion results for a particular experiment. 

For soft materials, it becomes more critical since the inclusion of a lubricant fraction 

affects the wetting and the mechanical properties of the polymers at the same time 

[27,34,35].  

In this thesis, the aim is to elucidate the contribution surface and bulk properties 

in the icephobic performance, by studying rigid materials with different 

hydrophobicity, soft surfaces with different lubrication degree and a lastly, a 

composite system obtained by depositing a rigid hydrophobic layer on a soft material. 

The wetting and mechanical properties of the mentioned systems are analyzed and 

correlated with the different ice detachment regimes identified in a horizontal shear 

ice adhesion setup. The current work could help to understand the properties that 

are more relevant to design icephobic systems for different applications.  

1.1. Research objectives 

The main ambition of this thesis is to elucidate the contribution surface and bulk 

(e.g. mechanical) properties in the icephobic performance, specifically assessing the 

difference between rigid and soft materials. To do so, the following research 

objectives are targeted:  

• To identify the differences in the de-icing mechanism of rigid and soft 

materials.  

• To assess the suitability of the available models to predict the icephobic 

behavior based on the wetting and mechanical properties.  

• To elucidate the contribution of elasticity and lubrication in ensuring the 

icephobicity of different materials 
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1.2. Thesis outline 

Chapter 1 is an introduction to the subject of study of the thesis. The chapter 2 

presents an overview of the current state of the art of the available theories used to 

predict the icephobic performance of different materials. The models based on the 

water wetting behavior include the superhydrophobic, lubricant impregnated and 

liquid-like surfaces, whereas the rigid and soft materials are presented when the 

models based on the mechanical properties are considered.  

The chapter 3 describes the strategies for surface fabrication and modification of 

the samples of interest, whereas in Chapter 4, the experimental procedure for sample 

fabrication and characterization of wetting, mechanical, morphological and low 

temperature properties are detailed. 

The chapter 5 and chapter 6 contain the result and analysis on rigid and soft 

materials, respectively. In both chapters the suitability of the available models to 

predict the icephobic performance is discussed and some strategies to improve the 

comprehension of the results are suggested. 

Chapter 7 present a composite system made of a soft material coated with a rigid 

polymer layer, obtaining a patterned surface in which the isotropic character of ice 

adhesion test was explored.  

The overall conclusions of the present work and a future outlook are presented 

in Chapter 8. 

Additionally, appendix A includes a study aimed to confirm that discontinuities 

in mechanical properties could reduce the adhesion of ice blocks while Appendix B 

summarizes the developed dissemination strategy for teaching viscoelastic materials 

in schools.  
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2. Fundamentals of Icephobicity 

assessment 

The long-established research on icephobic materials is based on the average ice 

adhesion strength, 𝛕𝑖𝑐𝑒 = 𝐹/𝐴, calculated as the ratio between the adhesion force, 

𝐹, and the contact area, 𝐴. However, the available literature evidences the lack of 

reproducibility of  τ𝑖𝑐𝑒 values reported for the same material when using different 

ice adhesion tests (shear, tensile or centrifugal) and even in the same type of test 

when experimental conditions, like the ice accretion methodology[36], ice block size 

or velocity, among others are changed[37–39].  

It has been recently highlighted for example how the time-scale of the crack 

propagation evidences a different fracture mechanism (stress or toughness 

dominated) when ice blocks with different sizes are used[40].  The report of the ice 

adhesion strength in [Pa], assumes that the fracture is always controlled by the critical 

stress, which is not correct in all the cases [41,42], and can give rise to strong 

scattering on  τ𝑖𝑐𝑒 values.  

To overcome those difficulties and develop a standardized testing system, a 

deeper comprehension of the de-icing phenomena is yet to be reached. In the 

meantime, it becomes necessary not only report the τ𝑖𝑐𝑒 values, but also to detailly 

describe the experimental parameters, such as: probe velocity, probe distance from 
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interface, humidity, freezing time, ice type, size and shape, interface temperature and 

stabilization time. That being said, although in the thesis, τ𝑖𝑐𝑒 is calculated and 

reported, it used only for comparison among samples tested maintaining the 

parameters reported on section 4.1.7 constant.  

It is worth to mention that, in the last years few studies introduced and provided 

the Adhesive Reduction Factor parameter (ARF), computed as the ratio between the 

ice adhesion force for reference material, e.g. aluminum, and the one for the material 

of interest[43–45]. The ARF enables a direct and fair comparison and implicitly 

recognizes that the average ice adhesion strength, τ𝑖𝑐𝑒, depends not only on the 

material properties but also on experimental methods and test parameters. The clear 

limitation is the ARF is dependent on the specific testing and could thus be 

acceptable only for coating preliminary assessment: tests in close-to-application 

conditions, e.g. in an icing wind tunnel, are definitely required for a comprehensive 

icephobic coating assessment.  

2.1. Icephobic models based on wetting 

performance 

Based on the premise that the materials that show weak interaction with water 

will also present weak interaction with ice, it is reasonable to start the rational design 

of icephobic materials from preferable non-wetting surfaces.   

The concept of contact angle introduced in 1805 by Thomas Young has been 

useful to study the liquid-solid interaction and thus, the wettability of flat, inert, 

homogeneous and smooth surfaces.  

By definition, the Young’s contact angle, θ, is determined by the thermodynamic 

equilibrium of surface tension 𝛾, in the point of contact of the three phases: solid, 

liquid and vapor (Figure 1 and Equation (1)).  
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Figure 1.  Thermodynamic Young's contact angle model for flat, inert, homogeneous and 

smooth surfaces 

𝛾𝑠𝑔 = 𝛾𝑠𝑙 + 𝛾𝑙𝑔𝑐𝑜𝑠𝜃 (1) 

However, in practice, the conditions are far from being ideal, and metastable 

rather than equilibrium states are reached, so it is common to obtain different values 

in a certain range for a determined liquid-substrate combination [46], this is caused 

by the dynamic nature of the experiments, the heterogeneities on the surface, or 

complex phenomenon occurring at the interface.    

One of the first person in noticing the differences on contact angle when a liquid 

is advancing or receding in a surface was Agnes Pockles in 1914. From her kitchen, 

doing experiments with soap, she also noticed that, when the difference in those two 

angles was low, drops slide easily. This powerful observation was useful to define the 

contact angle hysteresis, ΔH=θA-θR, as the difference among advancing- θA, and 

receding- θR contact angles.  

Nowadays, this concept stablishes the range of possible contact angle values that 

can be observed for a certain liquid deposited in a substrate[47].  Therefore, to 

understand better the wettability of a system, it is recommended to report θA, θR and 

ΔH, since it gives information about the adhesion of the water drops to the surface 

[48]. 

The general consensus is to name materials with θA <90° as hydrophilic, those 

with θA>90° as hydrophobic. Also, materials with ΔH<10 [49] are called 

superhydrophobic surfaces (SHS) and exhibit excellent liquid repellency. 
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Regarding the relation among the wettability and its effect on ice adhesion, one 

of the pioneering studies in the field of icephobicity [50] proposed an empirical 

correlation between the icephobic performance and the wetting properties of 

smooth, non-deformable materials.  

𝜏𝑖𝑐𝑒 ∝ (1 + 𝑐𝑜𝑠 𝜃𝑅) (2) 

Where, τ𝑖𝑐𝑒 is calculated using 𝜃𝑅 , measured for liquid water, considering the 

assumption that the forces required to separate surfaces connected by a capillary 

bridge of water are governed by the receding contact angle[50], and, that the surface 

energy of water and ice are comparable [51]. This model suggests that maximizing 

the receding contact angle will minimize the ice adhesion. In the original and some 

subsequent papers, Equation (2) was found useful to predict ice adhesion on 

different smooth rigid materials [50,52].  However, there are clear differences among 

the mechanical response of water and ice, for instance, water can withstand 

compressive or tensile but not shear stress, whereas ice can support shear load and 

distribute the normal stress[53]. This implies the mechanical performance of water 

and ice adhesion are substantially different. Moreover, ice detachment from a solid 

surface occurs through fracture, which is different from a de-wetting mechanism. 

Therefore, Equation (2) present multiple limitations in reality since it does not 

necessarily hold on complex surfaces. 

 

2.1.1. Superhydrophobic materials (SHS) 

Aiming to consider the topography heterogeneities that also affect the wettability, 

different models have been developed to include the relation among Young’s contact 

angle, 𝜽, and the apparent contact angle, 𝜽∗(Figure 2) considering the roughness 

factor, r, defined as the ratio of actual to the geometric surface. 

Wenzel model given by Equation (3) [54] considers complete wetting (Figure 2a).  
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𝑐𝑜𝑠𝜃∗ = 𝑟 𝑐𝑜𝑠𝜃 (3) 

The dependency on the cosine function indicates that for hydrophilic (θA <90°) 

materials, the roughness will increase the hydrophilic behavior while for hydrophobic 

surfaces (θR >90°), it will enhance hydrophobic behavior, hence, the roughness 

influences wettability, either increasing or decreasing it depending on the context. 

On the other hand, Cassie-Baxter model for hydrophobic surfaces [55] considers 

the partial wetting of rough surfaces (Figure 2b), where the trapped air increases the 

apparent contact angle and it is given by Equation (4): 

𝑐𝑜𝑠𝜃∗ = 𝑓 − 1 + 𝑟𝑓𝑐𝑜𝑠𝜃 (4) 

where f parameter is included, and represents the projected wet area.   

Superhydrophobic surfaces (SHS), achieved by a partial wetting (i.e. Cassie-

Baxter state), present high 𝜃𝐴, and 𝜃𝑅 , and a low ΔH obtained by a combination of 

low surface energy and the presence of surface roughness.  

 

Figure 2. Schematic illustration of wetting on a rough surface. A. Wenzel model considers 

complete wetting b. Cassie-Baxter for hydrophobic surfaces consider partial wetting. 

Concerning the icephobic performance, the high drop mobility on SHS will avoid 

the water accumulation in the liquid state[56], also, the air trapped among the cavities 

and the liquid water can be beneficial to avoid the ice nucleation and freezing because 

of the thermal barrier among the water and the substrate [57–59]. However, in high 

humidity conditions, the roughness promotes the water condensation, and 

depending on the geometrical parameters, it can induce a transition from Cassie-
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Baxter to Wenzel regime, increasing the contact area and thus, when the water freeze, 

it increases importantly the ice adhesion [59,60] 

Following Equation (2), SHS with high 𝜃𝑅 , will show better icephobic 

performance. Nevertheless, when the transition from Cassie-Baxter to Wenzel 

occurs, as on dynamic conditions, there is a lack of correspondence among the 

predicted and reported 𝜏𝑖𝑐𝑒[12,13,61–63].  

Moreover, recent theoretical development has shown that, the critical parameter 

that governs the ice adhesion to a hydrophobic solid is the size of the microcracks at 

the solid-ice interface [53]. Consequently, some superhydrophobic surfaces can have 

strong ice adhesion if they do not provide sufficiently large voids at the interface, 

therefore, it is essential to design the surface structures, optimizing the space between 

the features to achieve optimal results in the desired environmental conditions[64].   

2.1.2. Lubricant Impregnated -Slippery materials 

(LIS/SLIPS) 

Inspired by Nepenthes pitcher plant, the inclusion of continuous liquid layer 

impregnated in the voids of a rough or porous surface, have been studied for 

icephobicity, producing the well-known Slippery Liquid Infused Surfaces (SLIPS) or 

Liquid-Infused Surfaces (LIS) [17–20]. Such systems reduce the ice accumulation 

since the droplets slide off before they freeze and enable the ice release because of 

the low adhesion between ice and the lubricant layer [21]. 

However, it has been pointed out that the exceptional performance of these 

materials is reported in cases where there is a considerable excess of lubricant 

covering the rough surface, which very likely will be depleted in presence of external 

forces. Therefore, the main disadvantage of such systems is the durability, in absence 

of covalent bonds with the substrate, it is limited by the stability of the lubricants in 

the pores without evaporating or leaking giving a dependence of the τ𝑖𝑐𝑒 on the 

surface morphology and texture density. [65] 
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The presence of a liquid layer arises a low ΔH, that allows the liquid water to shed 

before freezing. It can also promote the supercooling ability, decreasing the freezing 

temperature when compared to SHS, due to the reduced potential nucleation 

sites[66]. 

Given the layer of fluid that is not miscible with water and has a melting point 

lower than the operating temperature, the accreted ice is only attached to the upper 

lubricant layer, therefore, it can be easily removed, giving low ice adhesion 

performance [19], often by a sacrificial lubricant layer that compromise the durability 

in the long term. The lubricant distribution and stability are a fundamental to 

understand its outstanding performance. This implies a study of time-dependent 

complex processes, which is not considered in the available models to predict the 

icephobic performance.   

2.1.3. Liquid-like performance 

A curious category has aroused in the recent years aiming to design repellent 

surfaces. It consists of functionalized solid surfaces that behave under certain 

conditions as a liquid-like molecular layer. They have also been named as Slippery 

Covalently Attached Liquid Surfaces -SCALS-, since it gives better idea of the 

macroscopic behavior and the microscopic reasons for their durability and efficacy. 

Other terms as: “liquid-like”, “quasi-liquid”, or “pseudo-slippery” have emerged to 

describe similar systems in which the liquid properties are retained. However, 

although widely used, this performance has not been clearly defined. Some of them 

consist on polymer brushes, which are molecules with one end covalently attached 

to the solid surface whereas the other end is free to rotate, bend and stretch.  

Those materials have in common a low contact angle hysteresis, which is related 

to a lower coefficient of friction and determines the ease for initiating droplet 

motion, but different from SHS, the low contact angle hysteresis is not derived from 

air pockets at the interface, but from mobile chains covalently attached to the 

substrate.  
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The chain mobility of SCALS allows to various organic and aqueous liquids to 

slide, regardless of their surface tension [67]. The molecular structure of the 

backbone chain, the bond length, bond angle, and the difference in electronegativity 

between constituent atoms plays a major role in chain mobility. Large bond length 

and bond angle means more free space for intramolecular rotation. Also, an increased 

electronegativity difference between adjacent atoms will mean that the bonds have 

more ionic nature, which adds flexibility compared to covalent bonds. Therefore, by 

tuning the molecular structure it is possible to design systems that present the so-

called liquid-like behavior. Generally speaking, grafted molecules that include oxygen 

and silicon atoms increase the mobility of the chains due to the enlargement and 

separation of its bonds compared to C-C based polymers.  

A common parameter to understand the chain mobility in polymers is the glass 

transition temperature, Tg, it indicates the temperature in which the structure change 

from the glassy-state to the rubbery-state. In this sense, polymers with low Tg, will 

present high mobility and flexibility at room temperature. This particularity has been 

used to graft polymer chains to solid surfaces, where the dynamic chain nature of 

grafted flexible polymers gives to solid materials liquid-like qualities at ambient 

temperature and a unique liquid repellency [63,68–70].   

One of the most common cases is to use PDMS; with Tg=-127°C, has great chain 

flexibility and lower rotational energy at room temperature. SCALS of PDMS can be 

fabricated using different approaches: grafted-from or grafted-to. In the first one, 

the PDMS is polymerized in situ by polycondensation of reactive monomers on a 

surface [71], in the later, a pre-existent polymer chain is partially cleaved while 

covalent bonds are formed, even at room temperature with different 

substrates[70,72,73].  

A recent work [74] has compared different strategies for SCALS fabrication and 

found that by using a grafting from approach, it is possible to study the effect of 

grafting density and chain length, revealing that the most important parameter to 

optimize the liquid-like behavior is the grafting density (i.e. the average number of 
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chains per unit area). The study concludes that the PDMS chain should be 

sufficiently long and densely packed to uniformly coat the substrates but no so tightly 

packed that chain entanglement compromises mobility, therefore, a balance of layer 

uniformity and mobility should be achieved to ensure the liquid-like performance. 

Besides highly flexible polymer brushes, the grafted monolayers of branch 

structured alkyl-siloxanes obtained from silane precursors could also exhibit liquid-

like nature depending on the molecular structure, grafting density, chain length and 

crosslinking giving a low ΔH for different liquids. [68,75], among them, per 

fluorinated polyether are particularly promissory[48,76]. 

Their ability to prevent the aggregation of solid matter such ice has been explored 

in the field of icephobicity[77], however, there is not a clear consensus on criteria to 

confirm the existence of the liquid-like performance.  

Recently, the macroscopic evidence of this phenomenon has been reported by 

considering the rheological properties of the coatings in ice adhesion tests. By using 

fluorinated SAM made of alkanethiol chains, and PDMS polymer brushes [71], the 

authors confirm the liquid-like nature, particularly found in methylated PDMS 

brushes because of three main reasons: (i) the estimation of the surface energy by 

Zisman analysis using different probe liquids gave values similar to liquid PDMS. (ii) 

the ice slides, instead of complete detachment observed in SAM. (iii) 𝛕𝑖𝑐𝑒 is 

dependent on thickness and velocity, characteristic of a Couette flow (i.e. flow of a 

fluid confined among two surfaces), also, the polymer brushes showed a non-

Newtonian response characteristic of shear thinning behavior. This study gives 

interesting perspectives to evaluate the liquid-like performance in deicing 

experiments. 
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2.2. Icephobic models based on 

mechanical properties 

2.2.1. Rigid materials 

For rigid, non-deformable materials, the surface energy determines the work of 

adhesion, however, wetting performance is likely to be less significant when not only 

the contact angle, but also the elastic modulus of the surface varies.  

The adhesion to materials with different mechanical properties has been derived 

considering a tensile experiment [78], where the force necessary to detach a solid of 

contact area A from thick glue films is given by:    

𝛕𝑖𝑐𝑒 ∝ √
𝑊𝑎𝑑ℎ 𝐾

𝒕
  (5) 

Wadh is the interfacial surface energy, t is the layer thickness ranging from 0.4 to 

4.8 mm and K is the bulk modulus of the adhesive material, which, in the mentioned 

work resulted to be 10 times the Young’s modulus E.  

Equation (5) has been used in several papers to compare the ice adhesion strength 

of different materials below 500 μm thickness in shear tests, using indistinctly E or 

shear modulus, G [16,28,35,36], despite the initial relation was proposed for tensile 

tests and considering the bulk modulus, K.  

Other authors prefer to use the fracture mechanics approach [53,79,80], 

estimating ice adhesion strength by:  

𝛕𝑖𝑐𝑒 ∝ √
𝐾∗𝑊𝑎𝑑ℎ  

𝜋𝑎Λ
  (6) 

where K* is the “apparent” elastic modulus, Wadh is the surface energy of the crack, 

usually calculated considering the receding contact angle [53], a is the length of the 

interface crack and Λ is a non-dimensional parameter determined by the geometric 
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configuration of the crack. According Equations (5) and (6), ice adhesion strength 

can be reduced by lowering the elastic modulus of a chosen material surface. 

However, the aforementioned models do not consider that depending on the ice 

accretion methodology, ice can show different mechanical properties, in the range 

of E ≈ 1–10 GPa.  

Nevertheless, the data available in the literature agrees that when a block of ice is 

separated from a softer material (typically E < 10 MPa, according to [15]), τ𝑖𝑐𝑒 is 

reduced due to the mismatch in the mechanical properties, that generates 

microfractures at the interface, promoting the easier detachment of ice blocks [81]. 

The common evidence agrees on that different surfaces with low ice adhesion 

strength have in common a low elastic modulus [50,52], however the low elastic 

modulus does not guarantee low ice adhesion performance. As an example where 

Equations (5) and (6) do not apply is the case of soft materials hardened with silica 

nanoparticles, where the increasing in elastic modulus reduced the ice adhesion by a 

different mechanism that will be explained in section 2.2.4.  

It is important to mention that the available expressions mentioned here are 

developed for rigid materials, where, if deformation occurs, it is permanent, 

therefore, they do not account for the viscoelastic recovery of deformable substrates. 

2.2.2. Soft- deformable materials 

Differently from rigid and brittle materials, soft polymers can deform without a 

proper fracture (i.e. ductility). By studying the de-icing mechanism from a fracture 

mechanic approach, rigid materials are able to withstand high stress but once the 

limit strength is reached, the excess of energy is rapidly propagated throughout the 

interface, giving in some cases high adhesion strength, but low interfacial toughness 

materials[41]. On the other hand, soft polymers generally present lower ice adhesion 

strength but, differently from rigid materials, part of the energy applied to the system 

is dissipated in the bulk and used for its plastic deformation, affecting the de-icing 

mechanism. They differ from LIS because the lubricant is dispersed in the bulk, 
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helping to regenerate the lubricant after repeated icing tests, which improves the 

durability of its performance. 

The mechanical performance of elastic materials is assessed by evaluating the 

strain responses under different kinds of stress. Young’s modulus, E, describes the 

strain response to tensile stress, the shear modulus, G, to shear stress, and the bulk 

modulus, K, to compressive stress. For isotropic and homogeneous materials, the 

theoretical relation among the tensile and shear response is approximated in the 

literature as, E = 2G (1+ μ), where μ is the Poisson’s ratio. 

On the other hand, soft polymers are intrinsically lubricated deformable materials. 

They are composed of mobile chains with dangling ends embedded in the polymer 

bulk, providing interesting features like the combination of elastic and viscous 

response, evidenced in wetting experiments where the coupling between elastic and 

capillary effects has been reported [30,31].  

Among viscoelastic materials, polydimethylsiloxane (PDMS) is commonly 

included in icephobic materials formulations due to its hydrophobicity and tunable 

mechanical properties [15,82–86]. For PDMS, μ is generally taken as 0.5 [87], giving 

a ratio of 3 between the E and G moduli, indicating that the material will present 

higher resistance to be stretched or compressed than to be sheared. 

The reported mechanical properties for PDMS obtained experimentally in 

different studies give E values obtained by Dynamical Mechanical Analysis [23,88], 

AFM indentation [89], tensile [90,91], and compressive tests [84], in the range of 

thousands of kPa, with small variations that may depend on the specific curing 

procedure. On the other hand, the reported shear modulus, G* [82,91–94] are in the 

range of some hundreds of kPa. This difference in about one order of magnitude 

among E and G suggest that the above relationship (E=3G) does not hold for 

PDMS, indicating that, based on experimental data it does not behave as an ideal 

rubber [95]. The lack of agreement on the magnitude of the modulus for materials 

with similar composition, makes difficult to use the Equation (5) and (6) to predict 

and compare the icephobic properties of soft materials.  This fact give light to the 
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different performances that a material can exhibit in shear and tensile ice adhesion 

tests [84], depending on both the film thickness and the strain rate during ice 

removal[23].  

Moreover, it has been recently discovered the time-dependency of its contact 

angle triggered upon the contact with water [28,29]. The adaptive wetting behavior 

is explained by the migration of uncrosslinked chains to the surface, decreasing the 

surface energy in wet conditions[29], making also difficult to predict the icephobic 

performance by using the models based on wetting properties using Equation (2). 

Recent studies have shown that modifying the mechanical properties of a PDMS 

formulation by varying the amount of unreactive siloxane chains, lowers ice adhesion 

strength values [84,85]. Freezing delay of supercooled droplets has been reported in 

airfoil wing model experiments under dynamic glaze icing conditions [82], in which 

droplet rebound plays a significant role. Conversely, including a PDMS fraction in a 

polyurethane matrix [86], reduces the ice adhesion strength from 70 to 99 % 

compared to the PDMS-free material, even reaching the ice self-shedding by gravity 

for ice blocks with 1 cm2 of area in contact with the substrate; in the study, the 

effectiveness of the designed materials is attributed to the low surface tension 

components at the ice-substrate interface. 

Based on the above-discussed framework, the empirical relations that are useful 

to predict the icephobic performance based on the wetting or mechanical properties 

are not trivial to apply in the case of soft polymeric solids, suggesting the need to 

answer a fundamental question: What is more relevant for reducing the ice adhesion, 

the elasticity of the substrate or lubrication effects, given by the presence of a mobile 

fraction?  
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2.3. Icephobic models based on 

discontinuous properties 

Alternative approaches take advantage of a specific material property 

discontinuity. Such differences in chemical nature, surface morphology, thermal 

conductivity or mechanical properties can promote the reduction of ice adhesive 

force by different mechanisms.  

2.2.3. Discontinuities in wetting  

On one hand, wetting discontinuities obtained by inhomogeneous chemical 

functionalization or changes in surface topology present a potential icephobic 

performance because it can modify the heat transfer efficiency in phase-change 

phenomena, such as water condensation [96] or to control frost freezing pattern due 

to the differences in local diffusion field among the frost front and the surrounding 

nonfrozen droplets. It has been discovered that the energy liberated when a drop 

freezes is such that vaporous water molecules could transport from the liquid phase 

and deposit onto the frost front as an ice bridge [97]. If the ice bridge successfully 

connects the frost front and the nonfrozen droplet, the liquid can quickly freeze as 

a result of heterogeneous nucleation. If the “ice bridge” fails to reach to the nearest 

droplet because the droplet completely evaporates due to diffusion, bridging stops, 

which leads to formation of the frost-free zone, while the frost front grows 

dendritically [98], therefore, modification in wettability affects the ice nucleation 

mechanism and the frost layer formation [99].  

The freezing propagation mechanism in surfaces with different wettability is 

schematized in Figure 3. While in hydrophilic surfaces water condenses and forms a 

continuous layer (Figure 3a) in hydrophobic surfaces, the freezing proceeds through 

the growth of small bridges on the frozen drops toward the nearest neighboring 

liquid drops (Figure 3b).  
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When discontinuities in wetting or morphology are included, the freezing 

mechanism is disrupted. In Figure 3c, the inclusion of heterogeneous hydrophilic-

hydrophobic nanoparticles (i.e Janus particles) at the surface, favors the growing of 

irregular dendrites along hydrophilic clusters at -20°C [100]. The crystal deposition 

is accompanied by the evaporation of neighboring liquid drops creating dry areas 

close to the dendrites while the dimension of the crystals increases. Thus, the authors 

claim that the synergistic effect of the area free of ice and the big unstable crystals at 

the edges of heterogeneities, leads to an extremely low ice adhesion.  

 

Figure 3. Schematic of freezing propagation mechanism on a) Hydrophilic surface: water 

condenses and forms a continuous layer and b) Hydrophobic surfaces: the freezing proceeds 

by the growth of ice bridges. c)Discontinuous Janus-particles based surfaces: Irregular 

dendrites along hydrophilic clusters create dry areas close to the dendrites. d) Serrated 

hydrophobic surfaces: the evaporation of the droplets in the valleys, leads to formation of 
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the frost-free zone. The images a, b and c were adapted from [100] and image on d from 

[101] 

On the other hand, similar as in natural leaves, changes in surface topography 

where replicated by creating serrated structures on hydrophobic materials [101], in 

which the frosting propagation was observed at -12°C. The effect on freezing pattern 

due to the surface modification in the multistage frosting process is schematized in 

Figure 3d. First, dropwise uniform condensation occurs from ambient air, as time 

elapses, the size of the condensed droplets is affected by the surface geometry. Then, 

the freezing starts at the peaks, followed by the quick propagation of the frost front 

toward the valley. In their experiments, the ice bridge is disrupted and the frost on 

the peaks is not connected due to evaporation of the droplets in the valleys, which 

leads to formation of the frost-free zone. 

Such dry areas may be beneficial in decreasing the size of accreted ice in dropwise 

condensation, however, their ability to effectively reduce the ice adhesion of high-

density ice blocks has not been reported.   

2.2.4. Discontinuities in mechanical properties 

According to fracture mechanics, the key to lower ice adhesion is to trigger the 

crack initiation and foster the crack propagation at ice-substrate interface, which is 

promoted by the presence of stress concentrations sites, usually due to a mismatch 

in the mechanical properties of the constituent components. Some studies suggest 

that the number and size of the microcracks is the key parameter, therefore, crack 

initiators at multiple length scales will lead to an extremely low ice adhesion[79,102]. 

Following this framework, several composite materials have been produced to 

arouse such stress concentration sites by inducing sub structure voids in rigid or 

viscoelastic materials [79,102–104], or combining materials with different mechanical 

properties[105–107].  However, this concept is widely used in the literature to explain 

the experimental results, rather than demonstrated.   
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Previous studies proposed that in surfaces composed of hard and soft components, 

fractures may start in the softer material[102,103,105]. Nonetheless, it has been 

recently noticed in composite materials containing a rigid component, that the 

fracture initiates over the harder parts[107,108]. Besides, discontinuous in surface 

elasticity can also be combined with other approaches, such as including a quasi-

liquid lubricating layer [109], lubricant reservoirs in form of aerogels[35] or in more 

complex formulations like including solid grease and silicon oil [81].  

 

Although this concept has been previously visualized and used to explain 

experimental results, the effect of discontinuity dimensions and geometrical 

parameters in the icephobic performance has not been demonstrated quantitatively.     

 

 



3.Surface modification and fabrication 

3. Surface modification and 

fabrication 

As it was previously explained, the wetting performance of a material depends on 

the surface chemical composition and its topography. In the current work, different 

approaches are considered for this purpose. Firstly, the functionalization of rigid 

glass substrates was achieved through condensation reaction among silanes 

precursor and hydroxyl units in the glass substrate [110]. In Figure 4 the schematic 

of the process is detailed.  

The exact sequence and kinetics of the condensation and hydrolysis reaction 

depend on many factors like the nature of the hydrolysable groups and its availability. 

The conditions of these two steps can give a variety of different results, which brings 

out different methods to perform the silane functionalization. Depending on 

experimental procedure and the substituents -R in the silane precursor, the reaction 

proceeds either by the condensation of a self-assembled monolayer (SAM), or 

through the Drop Assisted Growth and Shaping (DAGS) mechanism. As it will be 

detailed later, the former allows the obtention of smooth surfaces with homogeneous 

distribution of chemical composition while the later gives structured surfaces.  

Another strategy to tune the wetting performance involves radical polymerization 

by means of initiated Chemical Vapor Deposition (iCVD), a versatile technique that 

allows the obtention of different wetting performance depending on the specific 

precursor and substrates used.  
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Figure 4. Schematic of the functionalization of glass substrates. a) Condensation among 

the precursor and the activated glass. b) Further condensation mechanism depends on the 

nature of the silane precursor and the relative humidity 

 

3.1. Self- assembled monolayers- SAM 

SAM are ordered molecular assemblies obtained by the adsorption of a surface-active 

molecule on a solid surface (Figure 5), allowing for the precise control of the surface 

chemistry and repellency of certain materials[60] 

 

 

Figure 5. Schematic of self-assembled monolayer- SAM 

For the SAMs process to produce, it is necessary that the precursor contains a 

hydrophilic active head (containing chloro, alkoxy or ammino groups) and 
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hydrophobic tail (-R in Figure 4) which can contain a wide range of functional 

groups. Alkly chlorosilanes, alkyl alkoxysilanes and alkyl amminosilanes are the most 

used molecules to obtain monolayers of organosilicon derivatives.  

The process starts with the immersion of a hydroxyl-containing substrate in a 

precursor solution, the chemisorption of the surface-active head group at the 

substrate’s surface allows the in-situ chemical bond condensation to proceed.  In 

Figure 4a) the hydrophilic (tri-chloro) head undergo the condensation reaction with 

the hydroxyl groups in the substrate. Then, if the substituent -R is sufficiently long 

and bulky, steric hindrance allows no more precursor molecules approaching to the 

surface. This promotes their spontaneous self- assembly, since only one molecular 

layer is sterically allowed to form, giving a smooth and homogeneous 

functionalization (Figure 5), therefore, the thickness of the molecular layer should 

not be influenced by the withdrawal speed from the solution. However, the quality 

of the SAMs depends on the chain length of the precursor, the temperature reaction 

and on experimental variables like the amount of water in solution. The water 

content, for instance, can represent a competition between the hydrolyzed (or 

partially hydrolyzed) precursors with other hydrolysable present groups to form a 

polymer, and the reaction of such groups with surface Si-OH moieties to form a 

SAM. In this sense, the reproducibility of alkyl trichlorosilane monolayers is a 

challenge, since the quality of the monolayer formed is very sensitive to reaction 

conditions. As an example, different authors report distinct time for the monolayer 

formation using the same precursor, ranging from 3 minutes to 24hs, this is because 

of the small differences in water content and in surface Si-OH groups concentration 

may result in significant differences in monolayer formation [110]. However, due to 

the unique stability of the final monolayers, alkyl silanes are ideal materials for surface 

modification and functionalization for different applications.   
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3.2. Siloxane coatings by Chemical Vapor 

Deposition -CVD  

Siloxane coatings can be obtained by sol-gel reactions on different substrates 

using silane precursors (Figure 4Errore. L'origine riferimento non è stata 

trovata.) with reactive functional groups (usually chlorine, methoxy, ethoxy, and so 

on). The availability of hydroxyl -or condensable- units are fundamental to 

successfully crosslinking the substrate and the coating, which is why it is common to 

use activation processes before deposition.  

The condensation reaction can be achieved in solution [111], [112]  or by 

Chemical Vapor Deposition (CVD) [113],[114]. Figure 6 show the possible 

configuration for liquid (1a) and (1b) vapor deposition basic reaction setups. 

 

 

 

 

 

 

 

Figure 6. Reaction setup for (a)liquid phase reaction and (b) Gas phase reaction-CVD. 

Extracted and adapted from [66]. 

The solution deposition approach is a rapid strategy to silanize a variety of 

surfaces in liquid phase, to do so, the silane reagent is solubilized in different solvents 

like toluene[115,116], petroleum ether[117]or a mixture of petroleum ether and 

toluene[118] before the functionalization process. In the upper part of Figure 7(a, b 

and c), filaments obtained by immersion in liquid phase by using methyl 

trichlorosilane solutions are shown. The variation on filament diameters and density 

can be observed at different concentrations and water content of the used 
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solvents[118]. This strong dependence on the humidity makes it difficult to 

standardize the morphological growth with simple setups. Despite it is not easy to 

control the morphology, it has been applied on silicon rubbers systems, providing 

long-lasting hydrophobicity through condensation of fluoro silanes in solution, with 

noticeable effects on the deceleration of freezing kinetics[119].   

 

Figure 7. SEM images of polysiloxane coatings. a, b and c are obtained by solution 

deposition using methyl trichlorosilane in different concentrations [118]. d and e and are 

obtained using CVD by DAGS approach using ethyl trichlorosilane and f. methyl- 

triethoxysilane in different conditions.[114] [120]  

On the other hand, CVD process performed in gas phase allows the fabrication 

of films without the use of solvents. A solvent-free approach is an advantage to 

produce coatings with higher purity and solve other common issues in polymer 

synthesis as the solubility of the monomers or the need of post-treatment steps, as 

purification, curing or drying.  

Following the CVD process, the substrate to be coated is exposed to a volatile 

precursor inside a close chamber and the condensation takes place at the surface, to 

produce a solid layer. In the second line of Figure 7 (d, e and f), different 

morphologies obtained in gas phase are shown; depending on the experimental 

parameters, like relative humidity, temperature, and concentration of precursors, it is 

possible to obtain different structures in the nano and micro scales, from filaments, 

cones, pyramids, and cylinders, among others. 
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Particularly, the Droplet-Assisted Growth and Shaping (DAGS) approach allows 

the control of the surface morphology. The process schematized in Figure 8 happens 

when the equilibrium between liquid and vapor phase inside the reactor reaches the 

condensation regime, therefore, surfaces are covered by a thin but non-

homogeneous water layer and droplets are formed (Figure 8a), when the reaction is 

initiated by the release of volatile silane precursor, it reacts in the gas phase with 

water to produce HCl and a mono silanol (Figure 8b). The silanes are attracted and 

dissolved at the surface of the water droplets, liberating HCl, which acts as a catalyst 

in hydrolysis and condensation reaction. By thermodynamic equilibration, water is 

replenished from the gas phase, stabilizing the liquid droplets and supplying further 

water for the reaction to continue (Figure 8c). The aqueous droplets act as spatially 

confined reaction volumes which are formed in situ. In these micro- or nano- 

reaction vessels, poly siloxane is formed at the liquid-solid interface. (Figure 8d) 

 

 

 

Figure 8. Schematic representation of DAGS process, reproduced from [121]. a. The 

surface is covered by a thin but non-homogeneous water layer and droplets are formed. b. 

The silanes are attracted and dissolved at the surface of the droplets. c. The reaction takes 

place in the droplets, i.e. reaction vessels. d. The reaction vessels confines spatially the 

reaction volumes and surface structures made of siloxane chains grow.  

Different structures like rods, cones or cylinders can be grown [120]. The 

morphology depends strongly on the size of the reaction vessel, which is affected by 

relative humidity and the temperature of the gas phase in the reaction medium. 

However, structure become reproducible when carefully controlling the 

environmental conditions. 
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When solvents are used in the process, the saturation concentration of water in 

the solvent becomes a key parameter in the process. These hierarchical structures 

can enhance the hydrophobicity of the normally hydrophilic surfaces where it is 

deposited.  

The aforementioned process has been explored in the icephobicity field by 

coating aircraft alloys. Silicone nanofilaments were grown on Aluminum and 

Titanium alloy sheets by modifying the precursor ratio to decrease the amount of 

HCl that can affect the metal alloys. By using a vibrational setup in an ice wind tunnel, 

called a vibrating cantilever test, the samples gave a decrease of the ice adhesion 

strength of the treated samples, even though superficial filaments were removed in 

the process of de-icing [122].  

 

3.3. Initiated Chemical Vapor Deposition- 

iCVD 

Initiated Chemical Vapor Deposition (iCVD) is a technique in which solid films 

are polymerized and deposited by using volatile precursors plus an initiator, which is 

thermally decomposed, producing free radicals that are able to initiate the 

polymerization of any vinyl-containing monomers [123]. Because of this iCVD 

allows to obtain polymer thin films with full retention of the monomer 

functionalities, broadening the spectrum of possible CVD functionals coatings. 

The system consists of a reactor chamber, a vacuum pumping system, pressure 

and temperature controllers, together with initiator and monomers reservoirs. In 

Figure 9a, the schematic of the reaction chamber is shown, it contains a filament 

array, heated to reach 200-300°C and positioned a couple of centimeters above the 

bottom of the chamber. The stage, where substrates are positioned, is cooled to 

maintain a constant temperature. The chamber is covered by a glass window which 

allows to follow the reaction by using an interferometer signal.  
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In Figure 9b, the polymerization process is schematized. First, the initiator and 

the monomers, previously heated to reach the vapor phase, are fed into the chamber. 

When passing through the heated filaments, the initiator is thermally decomposed 

forming free radicals (ii) while the monomers remain unaffected and are adsorbed in 

the substrates due to the lower temperature (iii). Once at the substrate, the radicals 

initiate the polymerization of the vinyl monomers. The growth and propagation of 

the polymeric chains occur by a fast-sequential addition of monomer units (iv), which 

is finalized by the combination or disproportionation reaction of the remaining 

radicals when the feeding of monomers is stopped[124]. 

 

Figure 9. Schematic representation of an a) iCVD chamber (reproduced from [124] and b) 

iCVD polymerization (reproduced from [125]) 

It should be noted that iCVD is an adsorption-driven process, which means that the 

characteristics of the obtained coatings are directly linked to the monomer(s) 

adsorption. The adsorption is predicted through the saturation ratio, defined as 

S=Pm⁄Psat, where Pm is the partial pressure of the monomer, and Psat is the monomer 

saturation pressure at the substrate temperature. When S < 0.1, the reaction is 

kinetically controlled, thus, the advance of the reaction is limited by the reaction 

kinetics. Experimental evidence suggests that when 0.3 < S < 0.8, uniform coverage 

is achieved for most of the monomers, producing highly conformal polymers, even 

in complex surface structures. However, when S>1, the equilibrium between liquid 
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and vapor phase inside the reactor reaches the condensation regime, where monomer 

droplets form on the substrate surface. When the deposition occurs within this 

regime, the droplets can polymerize forming solid microstructures[126]. Therefore, 

calculating S, it is possible to estimate the concentration of the adsorbed monomer 

at a given temperature, the deposition rate, and determine the film 

conformality[127,128].  

There are several advantages that makes iCVD suitable for a plethora of 

commercial applications. One important feature is that it can be performed by 

avoiding solvents and using a minimal quantity of monomers, optimizing resources 

and producing almost zero waste. Moreover, it allows the construction of several 

polymeric architectures (from homopolymer to random, gradient, or stacked 

polymer structures) by controlling the monomers fed in the reactor  

Also, since deposition proceeds at temperatures lower than 40°C, it allows to coat 

thermal-sensitive substrates and can be scalable for large-scale devices. Therefore, it 

has been used to successfully coat different materials as metals, polymers, fabrics, 

paper, powder, porous and three-dimensional structures, being useful in applications 

ranging from medical devices to semiconductor and electronic components in 

batteries, capacitors, solar cells, dielectric materials, biomedical sensors, water-

repellent and antibacterial textiles, membranes for air filtration and water purification 

systems, anti-fog and anti-fouling coatings, food-packing barrier films, functional 

adhesives, etc [129].  

However, in the field of icephobicity, there are few studies on the performance 

of iCVD coated materials. One of those, uses ethyleneglycol diacrylate (EGDA) and 

perfluorodecyl acrylate (PFDA) [130]. In this study, the monomer saturation of 

PFDA is reached (S>1), making possible to obtain nanotextured surfaces, following 

a “vapor-liquid-solid” mechanism, similar to that DAGS, previously explained in 

section 0 and Figure 8, where the condensed nanodroplets serve as nucleation 

centers and the polymerization takes place at the liquid-solid interface while 

simultaneously growing due to the continuous adsorption of vapor monomer at the 
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vapor-liquid interface. The effect of the obtained nanocone array structure on the 

icephobicity was assessed by testing the frosting delay, showing that taller arrays led 

to enhanced hydrophobicity and delaying the freezing until 540 seconds, in the best 

of the cases. More recently, a gradient polymer obtained on silicon wafers via iCVD 

was reported[131]. It is composed of a bottom layer of V4D4 and an upper layer of 

PFDA. Fluorinated polymers are often difficult to maintain on hydrophilic 

substrates, but in this case, the gradient transition from the hydrophilic tetravinyl 

tetramethyl cyclotetrasiloxane (V4D4) to the hydrophobic PFDA at the upper layer 

improve the compatibility with the substrate, while reducing the ice adhesion 

strength and delaying the freezing. Moreover, it was found that the icephobic 

properties arise from a surface energy discontinuity, due to a random orientation of 

the fluorinated groups, evidencing that the icephobic properties originate from an 

atomistic level and that slight changes at this level have drastic macroscopic 

consequences in the icephobic performance.  

 

3.1.1. Wrinkling on soft surfaces through iCVD 

In compliant coatings, the wrinkling at the surface can be generated due 

expansion or shrinking of an upper layer obtained by thermal evaporation, plasma 

oxidation, ion beam, UV-curing, mechanical compression or stretching, among 

others. This phenomenon occurs when the stress exerted on the surface exceeds a 

critical value, and the out-of-plane bending of the coating is energetically favored 

over compression. Particularly, the growth of a rigid layer at the material-air interface, 

forming a single substrate, as in the iCVD depositions, promote the formation of 

buckles. The stress induced by different elastic coefficients generates a spontaneous 

wrinkling.  

When the compliant material is considered purely elastic and in absence of 

external forces, random wrinkles are obtained upon the deposition of a rigid film, 
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with particular wavelength and amplitude depending on the mechanical properties 

of the components and the thickness of the outer layer[132].  

Differently, when a uniaxial pre-strain is exerted during the deposition of a rigid 

layer, ordered wrinkles are formed upon its release, perpendicular to the stretching 

direction. According to the literature, the compressive forces affects the buckle at 

the surface, generating wrinkles that can be described by its wavelength 𝜆, an 

amplitude A [133,134], given by:  

𝜆 =

2𝜋𝑡/ (
𝐸𝑓
̅̅ ̅

3𝐸𝑠
̅̅ ̅)

1/3

1 + 𝜀
 

(7) 

𝐴 =

𝑡√
𝜀

𝜀𝑐𝑟
− 1

√1 + 𝜀
 

(8) 

 

Where t is the thickness of the deposited layer, 𝜀 is the pre-strain exerted, 𝐸𝑓
̅̅ ̅ and 

𝐸𝑠
̅̅ ̅ are the plane strain modulus of the film and substrate respectively, that are 

calculated considering the Poisson’s ratio 𝜈, and 𝜀𝑐𝑟is the critical buckling strain, 

calculated as 𝜀𝑐𝑟 =
1

4
(

3𝐸𝑠̅̅ ̅

𝐸𝑓̅̅ ̅̅
)

2

3.  

The models that explain the wrinkling processes on Eq (7) and Eq(8) are based 

on the values of  Young’s Modulus and the Poisson’s ratio, assuming a linear elastic 

fashion. In some cases, the wrinkles are used to estimate the mechanical properties 

of several polymeric materials. [135]  

 However, it has been widely commented on the literature the variability of the 

plain stress and strain due to the local variation on Poisson’s ratio for polymeric 

material[136], which can undergo inconsistences on the calculated and measured 

mechanical properties at the surface and bulk, reaching the point that some authors 

have suggested that the analytical equations need to be recast in terms that do not 

include 𝜈[137]. Those authors point out that the long relaxation time of viscoelastic 
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materials is not reached on most of the experiments, therefore, the use of the 

macroscopic mechanical properties on such systems is debated.   

Several studies that have considered the viscoelasticity of the substrate in 

wrinkling processes when a rigid film is deposited [135,138,139], agree that the rate 

of change of the wrinkling wavelength with time and temperature has unique 

relationships with the elasticity and viscosity of the polymer network; therefore, the 

characteristic of the wrinkles could also depend on process timescales[140]. 

Regarding ice adhesion, the effect of surface morphology on freezing delay has been 

evidenced on soft PDMS materials that wrinkles upon the iCVD deposition of a rigid 

layer of PFDA[141].  

 



4.Experimental and characterization methods 

4. Experimental and characterization 

methods 

4.1. Materials fabrication methods 

The set of samples analyzed in this thesis are schematized on Figure 10. 

Figure 10. Samples obtained by using different methodologies. a) Functionalization of rigid 

materials through silane condensation. b) PDMS soft coatings obtained by hydrosililation 

reaction. c) PFDA polymer on soft PDMS coatings obtained through iCVD 

The first group (Figure 10a) is produced on glass, by using different methods to 

functionalize the substrates through silane condensation. The second type of 

substrate is a soft polymeric solid composed of PDMS crosslinked network with 

infused PDMS oil. (Figure 10b). The third group of samples consist on the PDMS 

substrate coated with PFDA through iCVD, producing a rough surface due to 
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wrinkling process during the deposition (Figure 10c). The experimental details will 

be depicted in the following sections. 

4.1.1. Silanes condensation 

The functionalization of glass slides is performed through silane condensation 

grown in SAM or through DAGS. To do so, the glass substrates are first cleaned by 

soaking them in ethanol for five minutes and dried with fluxed air. Then, they are 

activated to expose the hydroxyl groups at the surface. For doing that, the glasses are 

soaked into freshly made piranha solution consisting of 3:2 v/v mixture of 

concentrated H2SO4 and H2O2 (30%). The oxidizing solution increase the 

temperature and generate bubbles while removing the impurities and exposing the 

active hydroxyl groups in the glass. After the oxidation stops, the glass is submerged 

in KOH for 5 minutes to further ensure the availability of oxygen atoms for the 

condensation reaction.  Then, the glass substrates are thoroughly rinsed with 

deionized water and dried under air flow right before the functionalization.  

4.1.1.1. Wet functionalization of Perfluoro 

dodecyl-trichlorosilane 

In this approach, the activated glasses are submerged in a solution of Perfluoro 

dodecyl trichlorosilane (Figure 11), a white solid of molar mass of 681.57g/mol from 

Merck in a concentration of 110 mmol/L in hexane for different times between 5min 

and 1h. The experiments are performed at ambient temperature, 23°C. After the 

immersion, the coatings are dried 1h under the hood.  
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Figure 11. Perfluoro dodecyl-trichlorosilane (F-silane) used to obtain SAM. 

4.1.1.2. CVD of methyl-trichlorosilane 

The functionalization of glass slides is performed by following two different 

methodologies and using Methyl-trichlorosilane (Figure 12), a transparent liquid 

from Thermo Scientific with density 1.27g/mL and molar mass 149.47 g/mol.  

 

Figure 12. Methyl trichloro silane (M-Silane) used to obtain nano- and micro- 

functionalized glass. 

The first methodology consists on a CVD process inside a desiccator of 6L, 

placed in a hood, acting as a reaction chamber. The temperature and relative humidity 

in the hood are registered and the activated glass slides are placed inside the chamber. 

Then, a container with a solution 1M of Methyl-trichlorosilane in toluene was placed 

at the bottom and the chamber is closed to start the reaction. Following this 

procedure, micro and nano-droplets of the solution are generated at the surface, 

allowing the DAGS mechanism. No other gases are flushed in or withdrawn until 

the reaction time finishes, then, the samples are taken to an oven for thermal 

treatment at 80°C for 1h. 
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The second methodology consists in the direct deposition of 1mL of pure Methyl-

trichlorosilane in activated glass slides of 2.5 x 2.5cm, allowing the immediate 

condensation of the reactant while covering the substrate with a Petri dish under the 

hood.  

4.1.2. PDMS crosslinking 

The soft polymers coatings are obtained using Sylgard 184 (Dow Corning), a two-

component silicone elastomer consisting of base and crosslinking fractions. 

 The Pristine samples are fabricated by mixing the base and crosslinker in 10:1 

proportion by weight. The appropriate amount of reactive mixture to reach thickness 

of 1mm is deposited on a glass slide (2.5 × 7.5 cm2) followed by a curing process for 

2h at 80°C. 

Dry samples are obtained following the same procedure as Pristine, but in this 

case, the coatings are soaked in toluene for 48h, changing the solvent every 24h, 

which extracts the uncrosslinked chains (≈4% by weight) in the polymer [28]. 

Lubricated samples formulation differs from dry and pristine only by the addition 

of 8% silicone oil (viscosity of 20 cSt, Sigma Aldrich) to the main formulation, added 

before the crosslinking treatment at 80°C, leading a total content of 12% lubricant 

in the sample. The resultant samples present thickness of 1.1± 0.2 mm.  

4.1.3. iCVD polymerization 

The PDMS-based soft polymers obtained as in the previous section are coated 

with a thin layer of Perfluoro decyl acrylate (PFDA) using initiated chemical vapor 

deposition. The synthesis of the coating is performed in a custom-built iCVD 

reactor. To stretch the coatings, a device is made using an aluminum frame, with a 

moving edge. The samples are fitted and tighten to the stretcher and afterwards the 

moving side is adjusted to the desired stretching. Figure 13 shows the positioning of 

the samples in the reactor, which are stretched 10% of their length. Silicon wafers 

are placed around in the reactor to verify the deposited thickness in different 
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locations. The red dot indicates the silicon wafer, in which the reaction is monitored, 

measuring thickness evolution by interferometry.  

 

Figure 13. Positioning of the stretched samples in the iCVD reactor. The red dot indicates 

the silicon wafer where the deposition thickness is followed by laser interferometer. 

Due to its high vapor pressure, the initiator, Di-tert-butyl peroxide (TBPO from 

Sigma Aldrich) is maintained at room temperature and entered the reactor with a 

flow rate of 1.0 ± 0.03 sccm. The monomer, perfluorodecyl acrylate (PFDA from 

SigmaAldrich) is heated to 85 °C and flown into the reactor at a rate of 0.100 ± 0.02 

sccm. The reactor is heated to 86 °C, and the substrate holder is kept at 40 °C by a 

cooling system. The pressure during the reaction is 500 mTorr. After the deposition 

parameters were settled, the filaments are heated with a current of 1.15 A, reaching 

an average temperature of 180 °C. A growth rate of 3.5 ± 0.7 nm/min is observed 

for the homopolymer of PFDA (pPFDA) in these conditions. After the deposition, 

the stretching of the originally transparent films is released, resulting in a milky 

appearance due to wrinkle formation. The coatings on the three different types of 

PDMS are grown up to thicknesses among 190 to 420 nm.  
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4.2. Characterization methods 

4.1.4. Wetting performance 

4.1.4.1.  Contact angle 

To assess the wettability of the samples, sessile drop experiments are performed 

using a custom-built setup composed of a High-speed Camera (PHOTRON NOVA 

FASTCAM S6, Venus Laowa 100mm f/2.8 2× Ultra Macro APO lens, JJC Auto 

Focus Extension Tube 20 mmm) and an automatic pump (Pump 11 Pico Plus Elite 

from Harvard Apparatus). The video of the experiments is recorded at 10 fps 

The experiment consists of different steps: (i)Deposition of an initial 3 μL droplet, 

(ii) Pause of 3 seconds for drop stabilization and oscillation dampening, (iii) Drop 

inflation at a constant rate of 3 μL/min to reach a maximum drop volume of 8 μL, 

(iv) Drop deflation at a constant rate of 3 μL/min.  

The advancing, θA and receding, θR contact angles are calculated in the Dropen 

software [142], developed in MatLab environment using the circle fitting. The 

reported data includes a minimum three independent measurements.  

4.1.4.2.  Drop impact 

To verify the differences on the drop impact outcome among the samples, the 

drop impact tests are performed dropping 6μl droplets, in the range of Weber 

number We, 11< We<161, which is a non-dimensional number used in fluid 

dynamics defined as the ratio among inertial and capillary forces: 𝑊𝑒 = 𝜌𝑉2𝐷0 𝜎⁄ , 

where 𝜌 is the liquid density, V is the velocity, 𝐷0 is the length of the drop and 𝜎 is 

the surface tension of the liquid. In our test conditions, such range of We values 

corresponds to drop fall heights from 20 to 250mm from the surface, and velocities 

from 0.6 to 2.0 m/s. 

The experiments are recorded using a high‐speed camera (Photron, Fastcam Nova 

S6), controlled through a specific software, supplied with the camera, PFV4, the 
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frame rate and exposure time can be set according to the requirements. A backlight 

lamp is used to provide a sufficient illumination at reduced exposure time. 

The configuration of the camera gives a resolution of 1 pixel=20µm. Every 

experiment is replicated three times, where drop, air and surface temperature are 

equal to room temperature. 

4.1.4.3. Roll-off angle 

The roll-off angle (RoA) is measured using a Theta flow optical tensiometer from 

Biolin Scientific. After depositing a 15 μl drop on top of the sample, the stage is tilted 

from 0 to 90° at a speed of 90°/min. The tilting direction is parallel and perpendicular 

to the wrinkle’s arrangement. The experiments are recorded and analyzed using the 

software provided by the instrument.  

4.1.5. Morphological characterization 

The surface morphology is observed using different methodologies that allows 

the visualization of different roughness scale.  

4.1.5.1. Atomic Force Microscopy scanning 

The Atomic Force Microscope (Core AFM from Nanosurf) is used for samples 

with thickness in the nanometer range, since the nanosized tip cannot follow 

microscopic features. The images are obtained in tapping mode using a PPP-NCR 

tip from Nanosensors, with 10nm radius and a resonance frequency of around 280 

KHz and a spring constant of 25-30N/m 

4.1.5.2.  Scanning Electron Microscopy 

The surface morphology is examined using a scanning electron microscope (SEM, 

Zeiss, Germany) at an accelerating voltage of 5.00 kV. To enhance the conductivity 

of the samples before SEM analysis, they are coated with a thin gold layer, varying 

the magnification to observe the different features.  
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4.1.6. Mechanical properties  

4.1.6.1.  AFM nanoindentation 

The Young’s modulus of the samples is assessed by AFM indentation in the same 

equipment, but this time using PPP-CONTR tips from Nanosensors for operating 

in contact mode (radius = 10nm, Res. Freq= 12kHz and spring constant= 0.12 

N/m).  

To perform the indentation, the tip is approached and retracted to the sample 

while its deflection is registered. The indentation depth is 1 μm and the sensitivity 

was calculated by using glass as a hard material reference, which is used to convert 

the voltage to the actual displacement in the cantilever. In the penetration region, the 

Johnson-Kendall-Roberts model is used to fit the curve slope and obtain the material 

Young’s modulus, E. All the experiments are performed avoiding high humidity 

conditions, since it can affect the lubricant migration at the interface, as it is verified 

by the contact angle experiments in section 6.1. The reported results are averaged 

from ten independent experiments.  

 

4.1.6.2.  Rheology analysis 

The sample shear (G’) and loss (G’’) moduli are evaluated in an MCR92 

RheoCompassTM rheometer from Anton Paar. By approaching the parallel plates of 

25 mm diameter, using the viscoelastic moving profile, the samples of ~0,9mm are 

compressed until the safe gap was reached, by compressing the sample less than 12% 

of its thickness. A preliminary amplitude sweep is first conducted, selecting a strain 

amplitude of 1,5% to perform the frequency sweep between 1 and 100 rad/s. 

Reported results are taken at 100 rad/s and are the average of five independent 

measurements.  
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4.1.7. Ice adhesion tests 

To test the icephobic properties of the different samples, ice adhesion push tests 

are conducted in a custom-built setup, shown in Figure 14. It consists of a horizontal 

shear test, which has been fully described previously [40,143]. 

Briefly, the setup includes an environmental chamber, that allows to maintain the 

humidity close to ~3% by low nitrogen flow, a cooling system controlled by a Peltier 

element, and a motion stage connected to a force transducer to apply a load on the 

ice block. The position of the components in the system is seen from the top view 

in Figure 14a. In Figure 14b, the schematic from a lateral view, show the ice formed 

by using cylindrical nylon molds of different diameter D and distilled water. The 

necessary amount of liquid water to exceed the pushing height (h) is added to the 

mould when the surface reach 0° C, then, the temperature is decreased until -10°C. 

After freezing, the ice is allowed to stabilize for 20min while maintaining the low 

humidity. The force probe is then pushed against the mold containing the ice at a 1 

mm distance from the substrate (h on Figure 14b) with a constant velocity of 

0.01mm/s, so the applied force on the ice increase until ice detachment events 

occurrs. 
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Figure 14. a. Top view and b. Schematic lateral view of the horizontal ice adhesion push 

test. 

Controlling the location of the ice nucleation at the interface allows to obtain 

transparent ice that permit the visualization of fracture propagation, therefore, some 

experiments are video recorded from the top of the ice cylinder using a phone camera 

with a resolution of 1920x1080 at 30fps to correlate the peaks in the force/time plots 

with the fracture events.  

Unless other values are specified, the velocity of the force probe is 10µm/s, and the 

ice block diameter is 8mm. 

4.1.8. Freezing delay experiments 

A Linkam stage (model T95-PE) was used to cool down the substrates, coupled 

with an IR camera (Optris PI, 80 Hz) placed on top to have an upper view of the 

freezing events. Five droplets of 10 μL at room temperature were deposited 
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simultaneously. The substrate was then cooled to -18 °C at 20 °C/min to observe 

the freezing events, at 50% relative humidity. The freezing delay was calculated from 

the instant in which −18 °C is reached on the surface until the droplet starts freezing. 

The freezing delays measured for 20 droplets were averaged, and standard deviations 

were calculated. 
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5. Results and analysis:  Rigid 

materials 

5.1. Surface topography 

The functionalization procedures allowed to enhance the hydrophobic 

performance of glass slides. In Figure 15, the morphology of the samples is visualized 

by different techniques, and the estimated roughness is reported, confirming the 

smoothness of the bare glass (Figure 15a).  

The protocol explained in the section 4.1.1.1 allows the obtention of essentially 

smooth fluorinated SAM, as is evident in Figure 15b, e and h, with estimated 

roughness of some nanometers. Samples obtained by this procedure will be named 

F-SAM from here and on. Meanwhile, the procedures detailed in the section 4.1.1.2 

using Methyl tri chlorosilane gives siloxanes structures at the nano-(Figure 15c,f) and 

micrometric (Figure 15d, g) scales, referred to as M-nano or M-micro respectively. 

Figure 15h and i, show the optical transparency of the F-SAM and M-nano coatings, 

whereas the coating M-micro looks completely white and opaque (Figure 15j).   

The thickness of the F-SAM was not measured, whereas the thickness of the M-

Nano was estimated to be on the scale of the feature’s height, and the thickness of 

the M-Micro coatings is 126,4 ±25μm measured by side view in SEM.  
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Figure 15. Morphology of the samples and estimated roughness. a, b, and c are AFM 

images whereas d, e, f, and g, are SEM images and h, i, and j, show the optical images of the 

functionalized glass. 

The CVD process conducted inside the reaction chamber allows the obtention 

of different morphologies at the nano-scale depending on the relative humidity. In  

Figure 16 are presented the SEM images of different experiments. When the 

relative humidity is low (Figure 16a and 13b), the polymer grows in shape of 

nanofilaments. At RH=20% nanofilaments with average diameter of 20 nm are 

obtained, while at RH=30% the filaments are thicker, reaching 50nm diameter. On 

the other hand, when the ambient humidity reaches 80%, cylinders with 

homogeneous wall thickness (around 75nm) of different dimensions in the 

nanometer range are obtained (Figure 16.).  The histogram presented in Figure 17 

shows the frequency of the diameter of the cylinders, obtained from an image where 

112 cylinders were observed. The most common diameter is in the range from 400-

800nm.  
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Figure 16. CVD deposition of M-nano by DAGS at different RH 

 

Figure 17.  Histogram of cylinder's diameter obtained through CVD deposition of M-

Silane 

Aiming to measure the height of the structures, topography images were taken by 

AFM on samples obtained at 80% RH. A profile extraction was made on the images 

presented in Figure 18a, which indicated that the height of the structures varies in 

the range of 50-300nm in the same sample depending on the analyzed area, indeed, 

Figure 18b include some irregularities found by SEM, where even a nanometric spiral 

was visible, evidencing the variety of structures that can be obtained in one single 

experiment.  
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Figure 18. a) AFM and b) SEM images of M-nano, revealing non-homogeneous coated 

areas on the same sample 

 

As expected by the DAGS theory, the size of the droplets during the process 

determine the dimensions and the morphology of the obtained structures. The 

dimensions of the ones presented here resemble the ones obtained using trichloro 

ethyl silane at high RH, that was kept stable by constant air flushing[120]. 

In our case, the chamber remained sealed until the end of the experiments. At the 

beginning, the equilibrium conditions are reached, and the reaction proceeds through 

DAGS, however, in a later stage, the solution vapor saturation is reached and non-

homogeneous droplets of silane precursor solution condensates in different regions, 

provoking that the cylindrical structures connect through filaments. The average 

mean roughness (Sa) of this set of samples did not exceed 40nm, even in the most 

inhomogeneous regions.  

The third category of samples was obtained through direct deposition of the pure 

methyl trichloro silane. It allowed the rapid self-condensation at the interface. Since 

the system was not isolated, the polymeric structures obtained depends a lot on the 

environmental conditions beyond than on the RH, like the air flow under the hood. 
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In Figure 19a and b, for example, the same method was performed at similar RH 

differing only in the coverage of the container, giving different structures that 

combine spheres and filaments. However, the samples included in this category have 

in common voids in the micrometer range covered by nanometric roughness. The 

dispersion of the incident light makes them look visually opaque, like in the inset of 

Figure 15j. The average roughness calculated using Laser Confocal Microscopy in an 

area of 500x724µm gave a Sa roughness of around 21µm.  

 

 

Figure 19. Structures obtained on M-micro by following the same procedure at similar RH 

but slightly different experimental setup a) Covered b) Uncovered 

 

5.2. Wetting properties 

The wettability analysis through the sessile drop method is summarized in Figure 

20. For F-SAM the results were consistent for immersion times longer than 

20minutes, the reproducible θA=113, θR=95 and, ΔH=18 indicates a homogeneous 

layer formed.  

On the other hand, the M-nano functionalization increased the contact angle 

compared to the bare glass, but, due to the inhomogeneous roughness, the hysteresis 



5. Results and analysis:  Rigid materials 

 

63 
 

was high, indicating an increased drop adhesion. Moreover, the standard deviation 

of θA and θR was the highest, because of the non-uniform coverage of the substrate.  

Lastly, the M-micro samples show an average θA=162, and a ΔH <10, thus, 

superhydrophobic performance was obtained promoted by the dual scale roughness 

that allows the air cushion to isolate the water droplets, inducing a Cassie-Baxter 

state (Figure 2).  

 

Figure 20. Wettability analyzed by sessile drop method of the functionalized glass 

 

Regarding the dynamic wettability, the results of representative drop impact test 

performed on the different samples as depicted in section 4.1.4.2 are detailed below. 

In Figure 21, the selected frames of experiments at We=11,  are grouped in five 

different stages, the initial frame in the first column shows the drop impacting the 

surface, the second one, shows the spreading phase when the drop is wetting the 

surface, the third column shows the frame in which the maximum diameter is 

reached, whereas the next shows the recoiling phase and the last one display the final 

behavior of the drop.  

It can be seen that the spreading phase is similar due to the hydrophobic character 

of the samples; the main difference appears in the recoiling and final stages, where 

the F-SAM and M-nano samples present a similar behavior in which the primary 

drop (i.e. excluding the secondary drop ejected by collapse of the rim during drop 
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recoil) remained deposited on the surface, without rebounding. Differently, the M-

micro samples showed a high contact angle while recoiling, promoting the water 

drop full rebound. This agrees to previous studies[144], showing that a drop can 

rebound when θR>100°.For M-micro samples, the value of θR is well above the 

threshold.  

 

Figure 21. Stages of the drop impact experiments for the different samples at We=11. The 

diameter of the initial drop is 2.1mm and the velocity is 0,6m/s. 

 

The wetting performance in dynamic conditions of M-micro samples present a 

promissory potential to avoid the liquid water accumulation in systems subject to 

vibrations. Therefore, experiments at higher We number (from 11 to 170) were 

made, those are summarized in Figure 22, where the frame at which the main drop 

detaches from the surface is shown, corresponding to ≈15ms after impact. At 

We<100 there is a complete rebound since the total mass is separated from the 

surface (see Figure 22), characteristic of a system in the Cassie-Baxter state, where 
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air pockets trapped between the liquid and the surface, avoid the complete wetting. 

As the We increases, there is a fragmentation of the drop after the impact, this leads 

the expelling of one secondary drop. However, at We>100, the fragmentation gives 

several secondary drops, and, in the recoiling phase, θR is lower than 90°, thus, the 

drop does not detach completely, giving only a partial rebound, with a smaller drop 

stuck at the end (see Figure 22, We=170). This is an evidence of the transition from 

Cassie-Baxter to Wenzel wetting regime, when the impact pressure of the liquid is 

enough to penetrate the cavities at the surface, causing the droplet impalement.   

 

 

Figure 22. Experiments at We=11, 24, 47, 80, 100 and 170 on M-micro samples at around 

15ms after impact. 

 

5.3. Icephobic performance 

The icephobicity of the functionalized glass was evaluated by following the protocol 

detailed in section 4.1.7 with ice blocks of 8mm diameter. The representative force 

curves are shown on Figure 23a, there, different detachment mechanisms are 

evidenced. Besides, the ice adhesion strength calculated as Fmax/A is computed on 

Figure 23b.  
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Figure 23. Results of the ice adhesion tests for rigid materials. a) Force curves b) Ice 

adhesion strength 

For glass, and the M-nano and M-micro samples, the force initially increases until a 

maximum is reached, which decreases rapidly to zero when the ice block is 

completely detached. The deicing mechanism is different for the F-SAM 

functionalized glass, where, after a maximum is reached, the ice slides at a constant 

average force close to 20N (Figure 23).  

However, in the ice adhesion tests performed on the bare glass, the ice was broken, 

and a portion remain adhered to the glass at the end of the experiment, indicating a 

cohesive fracture of the ice rather an actual detachment. On the other hand, and 

especially visible for M-micro sample, after the ice is removed, some of the coating 

remained adhered to the ice, indicating a cohesive fracture of the coating, which may 

compromise the durability of the surface morphology. 

Although commonly used, the report of 𝜏𝑖𝑐𝑒 and ARF ignore the different driving 

mechanism of the icephobic performance improvement, such as the cohesive 

fracture of the coating on M-modified samples or the remaining adhesion after the 

initial detachment on F-SAM.  

 

The data presented on Figure 23a are individual measurements out of 6 

independent experiments, in Figure 23b, the average of them is presented. The local 

variations in surface structure at the interface in the M-micro samples evidence an 

average performance comparable to the glass. To check the durability of the 
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structures on the M-nano samples (Figure 18), AFM microscopy was assessed after 

the ice adhesion tests. The images are shown on Figure 24 evidence that the 

structures are still present, but in this case, the average height registered did not 

exceed 160nm. Although it could be a local effect, the maximum average height was 

reduced around 50%, suggesting a possible break of the structures during the de-

icing tests.  

 

Figure 24. AFM microscopies of Nano M-Silane samples after the ice adhesion tests 

 

However, the ARF calculated as 𝜏𝑖𝑐𝑒−𝑏𝑎𝑟𝑒 /𝜏𝑖𝑐𝑒−𝑐𝑜𝑎𝑡𝑒𝑑 is larger than 1, evidencing 

that surface modifications were successful to improve the icephobic behavior of the 

glass. 

By analyzing the chemical nature of each functionalization on Figure 10, it should 

be noted that the polymeric structures contain siloxane bonds, which have been said 

to be flexible groups that could induce a liquid-like behavior. However, the tri-

chlorine substituted precursor on M-coatings gives a high crosslinked network 

instead of a polymer brush configuration, that restricts the mobility and ensures the 

performance as a rigid material. On the other hand, the F-SAM schematized on 

Figure 10, is attached to the glass through siloxane bonds and present low surface 

energy fluorine atoms, the combination of those characteristics allows the sliding of 

the ice block. This sliding has not been previously reported on alkyl-silane-based 

SAM, where the deicing mechanism is not described [145,146], neither in fluorinated 
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SAM obtained by thiol chemistry, where the complete detachment is presented as an 

evidence of the rigid-like performance[71].  

A possible explanation for the sliding ice on F-SAM is the possibility of alkyl 

trifunctional silanes to undergo intermolecular condensation growing further 

siloxane chains [76]. Promoted by the presence of water in the hexane precursor 

solution, lateral fluorinated siloxane chains could grow under the right kinetic 

conditions, giving a combination of structures as schematized in Figure 25a, which 

could give an optimal grafting density to induce the liquid-like behavior.  

Other authors proposed the possibility to form multilayered system when long 

alkyl silane chain is present [145], such arrangements could add mobility to the grown 

multilayered F-SAM, giving a particular liquid-like icephobic performance. 

  

Figure 25. Alternative reaction among silane precursor molecules. a) Intermolecular 

condensation of trifunctional silanes. b) Multilayered system model for long alkyl silanes, 

adapted from [145].  

It is worth to mention that the performance of the F-SAM was maintained after 

several de-icing tests and the thoroughly cleaning with ethanol, showing an excellent 

durability, making more feasible the possibility presented on Figure 25a, that include 

covalent bonds rather than Van der Waals interactions in Figure 25b. As a further 

perspective, the study of the velocity dependence of this sliding behavior would be 

interesting to confirm the liquid-like performance of the samples.  
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Moreover, the differences in θR among the samples were not adequate to predict 

the icephobic behavior by using the equation 5, since the reduced hysteresis was 

roughness induced, the water could fill the cavities and promote a mechanical 

crosslinking among the coating and the ice, increasing the ice adhesion values 

expected according to the model.  
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6. Results and analysis: Soft 

materials  

The soft PDMS coatings containing different lubricant content obtained by the 

procedures on section 4.1.2 are shown on Figure 26a, together with the 

correspondent SEM images of dry, pristine and lubricated samples (Figure 26b, c 

and d respectively).  There, it is possible to observe that the surfaces are visually 

smooth, with and estimated roughness of 20nm reported previously for material with 

similar composition and fabrication methods [147,148].  

 

Figure 26.  a) Optical images of Dry, Pristine and Lubricated samples (from left to right) 

and SEM microscopies of b) Dry c) Pristine and c) Lubricated samples. This figure is 

reproduced from [149]. 
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To provide a complete mechanical characterization, contact angle, AFM 

indentation and rheology tests were performed on the different samples. The 

schematic representation and the outcome of those experiments are shown in Figure 

27, a summary of the results is also presented in Table 1. 

 

Figure 27. Characterization performed on PDMS samples. Dark green represents the dry, 

light green the pristine, and, blue the lubricated sample. (a) Contact angle in a sessile drop 

experiment. (b) Nanoindentation graphs using an Atomic Force Microscope with a contact 

mode tip of 10 nm radius. Force curves were visually similar for all three samples; the curve 

for the Pristine sample is shown as reference. (c) Rheology experiments in frequency sweep 

tests: the continuous line represents the storage G’, and, the dashed line is the loss modulus 

G’’. This figure is reproduced from [149]. 

Table 1. Data from sessile drop experiments and mechanical properties (AFM indentation 

and rheology) for the three samples: dry, pristine, and lubricated PDMS. 

 

 Contact angles 
AFM 

indentation 
Rheology 

 θA(°) θR(°) ΔH (°) 
E 

(kPa) 
G* 

(kPa) 
tan δ 

Dry 117±1 74±2 43±2 3060±660 477±94 0.16±0.002 

Pristine 109±3 91±1 18±3 2983±560 171±16 0.13±0.005 

Lubricated 107±2 96±1 11±2 2508±620 146±12 0.11±0.002 
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6.1. Wetting properties 

The wetting properties of the PDMS samples were characterized by measuring the 

θA and θR using the sessile drop method depicted in section 4.1.4.1. The evolution of 

contact angle during the inflation and deflation cycle is shown on Figure 27a. It can 

be noticed that the three samples show different behavior. The dry sample (dark 

green line in Figure 27a) exhibit a constant θA =117° during the complete infusing 

cycle, and the contact line, which is initially pinned starts to recede at a θR =74°, 

showing a relatively high ΔH=43°. The lubricated sample (blue line in Figure 27a) 

show also a constant θA =107°, but in this case, the hysteresis decreases significantly, 

as the θR =96°, gives a ΔH=11°. On the other hand, the pristine sample (light green 

line in Figure 27a) present an intermediate behavior, evidencing a clear transition of 

its wetting during the experiment. At the beginning, the contact angle is 117°, which 

corresponds with that θA of the dry sample, nevertheless, after ~ 40 seconds from 

the beginning of the experiment, the contact angle decreases to reach a value of θA 

=109, similar to that θA of the lubricated sample. This performance has previously 

explained by the migration of uncrosslinked chains from the bulk to the interface 

with water. The phenomenon has been called “adaptive wetting”[28] and result in 

the macroscopic modification of the wetting behavior. During volume deflation, the 

contact line, which is initially pinned, starts receding at θR =91°, slightly lower than 

the lubricated PDMS.  

For convenience, the contact angles and the calculated hysteresis for the different 

samples are summarized in Table 1.  Considering the ice adhesion tests protocol, 

where the liquid water is deposited and allowed to stabilize for some minutes before 

freezing occurs, the θA reported for the pristine material is 109°, that correspond s 

to the water-adapted value, once the mobile chains of lubricants have migrated to 

the interface.  

The wetting experiments showed a decrease in ΔH when increasing the lubricant 

content, an indication of the presence of a movable layer at the interface. The 
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experiments presented here evidenced that the mobile units at the surface of the 

PDMS reorganize upon contact with water, exposing the dangling ends to the 

interface, and affecting its wetting properties, depending on the previous contact 

with water, which may affect the mechanical and therefore, the icephobic properties.  

6.2. Mechanical properties 

The mechanical properties were assessed by AFM nanoindentation and rheology 

experiments, which were tested avoiding any pre-wetting treatment of the samples 

to elude surface reorganization due to the previously verified adaptive wetting 

behavior that may affect the mechanical performance of the samples.  

The indentation tests evidenced a similar mechanical response of the three 

different samples, represented by the black line in Figure 27b, therefore, they present 

similar Young moduli, E, in the range 2.5-3.1MPa (see Table 1), since the differences 

are not statistically significant using a t-test distribution with 95% of confidence, 

there is no effect of the lubricant content in E values.  

The mechanical behavior when shear stress is applied, similar as in the ice 

adhesion tests, was assessed by oscillatory rheology tests, by measuring the storage, 

G’, and loss, G’’ moduli, as a function of the angular frequency, ω. The results are 

illustrated in Figure 27c, where the dry, pristine and lubricated samples are 

represented by the dark green, light green and blue lines respectively. The results 

indicate a predominant elastic response (G’>G’’) in the frequency range considered. 

The ability to store and dissipate energy can be assessed by calculating the complex 

shear modulus, 𝐆∗ = √𝑮′𝟐
+ 𝑮′′𝟐

, which considers the combined contribution of 

elastic and viscous response. Moreover, the ratio of the viscous to elastic effects is 

usually represented as the tangent of the phase angle, δ, with tanδ=G’’/G’. G* and 

tanδ values calculated for ω=100rad/s are reported on  Table 1. The complex shear 

modulus decreases strikingly due to the inclusion of lubricants, from G* =477 ± 94 

kPa for the dry sample, which contains no lubricants to values of 171 ± 16 and 146 
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± 12 kPa for pristine and lubricated PDMS containing 4 and 12% of lubricants 

respectively.  

Regarding tanδ, they are all in the range 0.11-0.16, well below 1, confirming that 

the PDMS response is primarily elastic. Notably, G* is an order of magnitude smaller 

than E. As discussed in the section 2.2.2, those values are in line with previous 

observations for PDMS with similar composition, where E values are in the range 

of thousands of kPa [23,84,88–91] and G* is in the range of some hundreds of kPa 

[82,91–93].  

The study of the mechanical properties of the PDMS may suggest a possible 

phase segmentation that affects the isotropic character of the samples. The 

experimental evidence makes it worth considering the possible segmented structure 

of the lubricant dispersed in discrete agglomerates within the elastomeric 

network[22,150], that can store energy and avoid its dissipation in the material bulk. 

6.3. Icephobic performance 

The ice adhesion tests were performed by following the protocol on section 4.1.7. 

The time evolution of the force curves is registered whereas the top-view video 

recording allows the visualization of the simultaneous ice detachment from the 

substrate and its development at the ice-PDMS interface, enabling to correlate the 

fracture propagation with the force measurements.  

A preliminary screening of pushing velocity has been done for the samples and 

the force curves for pristine material are shown on Figure 28. Similar behaviour is 

observed for dry and lubricated samples.  In all the cases, the force initially increases 

and the shear stress is accumulated at the interface until reaching a maximum, where 

a drop in the force is observed. It can be noted how the maximum force necessary 

for the ice detachment increase when increasing velocity. This can be expected when 

the material has viscoelastic properties[71]: specifically, PDMS soft coatings shows 

this behaviour in the shear ice adhesion tests due to its low Tg.  
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Moreover, the detachment mechanism is changed, when increasing the pushing 

velocity, visible from the different shape in the force curves on Figure 28, therefore, 

to simulate a quasi-static response and avoid the velocity effects, 10 μm/s is chosen 

for the next experiments.  

 

Figure 28 . Ice adhesion test of Pristine material (4% of Lubricant) at different velocities 

using a 14mm diameter ice block 

It is worth noticing that the force peaks present a rounded shape, different from 

rigid surfaces, where is typically observed a sharp peak detachment (see Figure 23a), 

and the fracture propagates in the order of milliseconds[40]. The round-shaped peaks 

indicate that some of the energy liberated in the initial detachment is absorbed by 

the material and used for its lateral deformation before the fracture grows [93], 

slowing down the crack speed, when compared to rigid materials [34,90], hence, for 

soft materials, the fracture propagation occurs in the range of seconds, so it can be 

thus visualized with a standard camera.  

Then, different ice adhesion experiments varying the ice block diameter were 

performed, allowing to identify different detachment mechanisms depending on the 

dimensions of the ice blocks and the lubricant content on the samples. The 

representative force curves out of six independent measurements are shown in 

Figure 29, they have in common the initial force increase while the shear stress is 

accumulated at the interface until reaching a maximum, however, after this maximum 

is reached, different scenarios are observed both in the evolution of the push force 

and by the visualization of fracture events, thus, three different ice detachment 
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mechanisms are identified: (i) single detachment, (ii) stick-slip and (iii) interfacial 

slippage (Figure 29b). A schematic representation of its visualization in the 

experiment’s videos is shown in Figure 30. 

Figure 29. a) Force vs time curves of the ice adhesion tests for PDMS samples with different 

lubricant content varying the size of the ice block. Three different detachment mechanisms 

are identified in the experiments. At small sizes, the ice detaches in a single event (blue box). 

When using larger ice blocks, the experiment takes longer because reattachment occurs 

giving different scenarios: The stick-slip, in the orange box and interfacial slippage, in the 

yellow box. b) Schematic representation of the three different detachment mechanisms 

identified in the experiments.  

 

Single detachment occurs with ice block of 8 and 10mm diameter. (see Figure 29, 

blue box). It is characterized by the existence of only one force peak. As soon as the 



6. Results and analysis: Soft materials 

 

77 
 

maximum force Fmax (represented as a black arrow in Figure 29a) is reached, the 

fracture grows at the interface in the direction of the applied effort (Figure 30a) and 

the force curve reduces to zero, revealing a complete adhesive failure between ice 

and PDMS.  

 

Figure 30. Schematic representation of the three different mechanism observed in top view 

recording of the experiments. The whitish areas represent the separation of the ice-coating 

interface observed in the videos. a) Single detachment observed in the dry sample. b) Stick-

slip observed in the Pristine sample. c) Interfacial slippage observed in the lubricated 

sample.  

For larger dimensions, when using ice blocks of 12 and 14mm diameter, two ice 

detachment phases can be identified: In the first “static” phase, the force reaches a 

peak (Fmax) and in the second “dynamic” phase,  the ice moves along the interface, 

while still partially adhered (Figure 30b and c),  with the force oscillating around an 

average value Fs, represented as an orange line in Figure 29a.  Figure 31a) and d) 

graphically summarizes the values of Fmax and Fs averaged values from Figure 29a for 

the three different samples.  
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Figure 31. Results of ice adhesion tests for samples with different lubrication degrees and 

different ice dimensions. Dark green corresponds to dry, light green to pristine, and blue to 

lubricated PDMS samples. a) Average measured force for initial detachment 𝐹𝑚𝑎𝑥. b) Ice 

adhesion strength 𝝉𝑖𝑐𝑒 (F/A) for initial detachment. c) F/D for initial detachment. d) 

Average force for sliding, 𝐹𝑠. e) Ice adhesion strength for sliding (𝐹𝑠/A). f) Sliding force 

divided by the diameter (𝐹𝑠/D). 

The stick-slip mechanism is characterized by a high initial peak force Fmax followed 

by a dynamic regime consisting on a regular pattern of fracture propagation ((Figure 
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30b) in which the force oscillates around Fs. (see Figure 29a, orange box). The 

presence of uncrosslinked chains in the pristine PDMS promotes continuous sliding 

compared to the dry PDMS, where the force eventually decreases to zero (Figure 

29a). When the maximum deformation of the coating is reached, the ice separates 

from the substrate and, due to the elastic recovery of the material and the dangling 

ends at the interface, it re-attaches while moving from its original position, generating 

a cyclic fracture propagation [151], identified in the bibliography as a separation pulse 

[152]. When the attachment-detachment or stick-slip cycles [93], present a regular 

pattern, the adhesion energy and the ability to store elastic energy are comparable, 

and the velocity of the crack opening edge and the velocity of the crack closing edge 

are equal to each other [153]. 

The lubricated PDMS shows instead interfacial slippage: after reaching the first 

peak, the force oscillates around this value, i.e. Fmax≈Fs. As it can be seen in the Figure 

30c, the separation pulses generated at the interface overlap with irregular slip pulses, 

in which the material slides without a clear interface separation pattern [152]. The 

mechanical instabilities promote the release of shear energy, where a part of the 

substrate is detached from the ice but sticks again after some time. This creates a 

non-contact region at the interface that is propagated in the direction of the applied 

force, giving a non-regular pattern in the force curves (see Figure 29a, yellow box) 

For dry and pristine samples, the crosslinking density is maintained constant, 

whereas for the lubricated sample, the non-reactive chains of the silicone oil, added 

before the thermal curing, may decrease the crosslinking density [154]. By increasing 

the lubricant content and decreasing the crosslinking density, the interfacial slippage 

is enabled in the lubricated sample, and ice can slide over the sample without proper 

detachment from the load-bearing chains [27], because they present relative motion 

compared to the static bulk solid. 

The regular way to evaluate the icephobic performance, which relies only on the 

comparison of Fmax, ignores the fact that after an initial detachment, the ice can 

reattach and remain adhered, as it is the case for ice diameters larger than 10mm, 
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where the reattachment is promoted, giving different mechanisms depending on the 

lubricant content. It makes it worth considering not only the first peak but also the 

secondary peaks, that reveal different mechanism among samples with different 

lubricant contents.  

On Figure 31b) and Figure 31e) 𝜏𝑖𝑐𝑒 is calculated using Fmax and Fs. In the latter, there 

is no data for 8 and 10mm diameter ice blocks because in those cases the ice 

presented a single detachment. 

In Figure 31a) it is evident how the lubricant content plays an important role in 

decreasing ice adhesion. Therefore, the lubrication effect in icephobic performance 

cannot be neglected. Nevertheless, this decrease cannot be explained by considering 

only the wetting properties with Equation 5, since the pristine and lubricated samples 

present similar 𝜃𝑅 , however, the ice adhesion results show different behavior. 

Consequently, the wetting properties, represented by the receding contact angle, are 

not sufficient to predict the ice adhesion strength of soft materials with different 

lubrication degree [27]. 

However, the lubricated sample, with lower shear modulus and likely lower 

crosslinking density has the lowest ice adhesion values, irrespective of the dimension 

of the ice block. 

The Fmax trend in Figure 31a) indicates an effect of the size of the ice block. The 

calculation of 𝜏𝑖𝑐𝑒 considers the size effects dividing by the total area in contact. Data 

in Figure 31b) suggest that 𝜏𝑖𝑐𝑒 is approximately constant only on the lubricated 

PDMS. On dry and pristine PDMS, the maximum force does not scale with the area 

(A∝D2). This has important consequences, as it means that 𝜏𝑖𝑐𝑒 is not an intrinsic 

material property, since it depends on the experimental conditions, i.e. the ice block 

size in our test. In Figure 31c, aiming to identify the change in the mechanical fracture 

mechanism where the force becomes independent of the ice dimensions [41], we 

reported the F/D trend, which is also not constant, as it increases slightly with D. 

Indeed, data fitting with the power law F∝Dα, for dry and pristine PDMS gives 
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values of α in the range 1.3–1.6, but a more accurate estimate would require testing 

of ice blocks with larger diameters, which are beyond the size that can be tested on 

our setup. 

In this regard, based on classical fracture theory for rigid materials, it has been 

recently highlighted that 𝜏𝑖𝑐𝑒, has to be measured in the correct conditions since 

strength controls detachment for small ice block sizes (with dimension L < Lc, a 

critical length) and toughness controls detachment for large ice block sizes (L > Lc). 

For hard surfaces, interfacial toughness Γ can be estimated assuming only the 

elasticity of ice, as Γ ≈  𝜏2𝐿𝑐
2/2𝐸𝑖𝑐𝑒ℎ, where 𝜏 is the adhesion strength, Eice is the 

modulus of ice, h the ice block thickness, and Lc is measured from experiments 

[40,41]. As observed in [41], where rectangular ice blocks with fixed width were used, 

in a toughness-dominated regime, above a critical length scale, the force becomes 

independent from the ice block length: this is because the force is needed to trigger 

an initial crack, that then propagates over the full ice block length. For soft polymers, 

the use of the above equation for interfacial toughness is questionable, as it does not 

account for substrate elasticity. 

Moreover, in our set of experimental data, we see no transition from one regime to 

the other in the ice block dimension considered, indicating that the toughness-

mediated fracture is not reached since the energy released in the fracture cannot 

extend over the whole ice length. Instead, this energy is absorbed by the coating and 

used for its deformation [155]. Therefore, the classical mechanical fracture models 

for hard materials cannot be directly applied to systems that include a soft 

deformable material. This issue helps to understand the strong scattering reported in 

the literature in terms of average ice adhesion strength, 𝜏𝑖𝑐𝑒, for the same material, 

in addition to the different ice accretion conditions [23].  

On the other hand, in the dynamic regime, for bigger ice blocks in Figure 31d, e and 

f), it can be noticed that Fs values are very similar irrespective of the dimensions of 

the ice blocks or the loaded lubricant content. Due to the uniformity of the 

component nature in the different materials, the dynamic regime would depend more 
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on the viscosity of the lubricant and its internal friction in the crosslinked network. 

The results suggest that in conditions where the dynamic phase occurs, it is not 

possible to further reduce Fmax below Fs, since it is the characteristic frictional force 

in the elastomeric network [27,90,154].  
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7. Soft material coated with a rigid 

polymer layer: wrinkling and its 

effect on icephobicity  

Exploiting the elasticity of the coatings, the samples with different lubricant 

content, were stretched at 10% of their length and the deposition of pPFDA was 

performed on them, obtaining ordered wrinkles at the surface once the tension was 

released.  pPFDA thickness control is possible by following the deposited film in a 

silicon wafer reference during the reaction, as shown in Figure 13.  

7.1. Surface topography 

In Figure 32, the AFM topography of the different surfaces depending on the 

pPFDA thickness and the lubricant content of the substrate are shown. The first 

thing to be noted is that as the thickness of the elastic film increase, a secondary 

wavelength is more evident, spacing the distance among consecutive wrinkles, as 

shown in the Figure 33a, which agrees with previously reported results [141], and 

appears irrespective of the amount of lubricant.  
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Figure 32. Morphology of the different surfaces depending on the PFDA thickness and the 

lubricant content on the PDMS substrate. 

The AFM images from Figure 32, were analyzed by Fourier Transformation (FT) 

to study more precisely the wrinkles. In Figure 33b, the wrinkle height  

(corresponding to 2A, where A is the amplitude of a the sinusoidal function) is 

plotted, and the computed short and long wavelengths of the surface morphology 

are shown in Figure 33c and Figure 33d.  

When the viscoelastic properties of the substrate are considered, the wrinkling 

phenomena is seen as a compromise between elastic energy as a driving force, and 

the viscous flow as a kinetic process. Regarding the mechanical-driven forces, a 

tradeoff between the elastic character of the deposited film, represented as a high 
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film modulus 𝐸𝑓, and the deformability the substrate represented as a low substrate 

modulus  𝐸𝑠, defines the optimum wavelength of the wrinkles, represented by the 

Equation 7[156]. However, the theoretical model that predict the wrinkles 

wavelength in Equation (7) and (8) are developed for linearly elastic materials where 

Poisson’s ratio can be used to estimate the deformation from Young modulus, and 

it does not consider a secondary wave entity.  

 

Figure 33. a. Different wavelength visualized in the coatings. b. Maximum height of the 

wrinkles c. Short wavelength and d. Long wavelength computed for the different 

experiments. The legend corresponds to the pPFDA coating deposited on the different 

samples: Dry, Pristine and lubricated indicated as D, P and L. Red dotted lines correspond 

to 418nm, blue and yellow dashed line corresponds to 253 and 233nm and the gray 

continuous line to samples with pPFDA coating of 198nm. 

The appearance of wrinkles with different wavelengths affects more importantly 

viscoelastic materials, as it has been reported previously in experiments where the 

time and temperature evolution are studied [139,156–158]. In viscoelastic materials, 
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the initial wrinkles are kinetically constrained, and, as time evolves, secondary 

wrinkles of larger wavelengths appear to reach a lower energy configuration.  

For the studied substrates, the use of Poisson’s ratio is not accurate, as analyzed 

in section 6.2. When considering  𝐺𝑓
∗ instead of  𝐸𝑓, the expected trend of decreasing 

wavelength with the increase in mechanical properties of the substrate is observed 

mainly for the short wavelength below 253nm of pPFDA (Figure 33c). 

In Figure 33b, the increase in amplitude when increasing the thickness of the 

pPFDA layer is consistent with the expected behavior. According to Equation (8), 

an increase in thickness generate higher compression on the compliant surface, 

causing larger out of plane bending that increase the amplitude of the wrinkles. 

On the other hand, when the deposited layer is 417nm, the behavior of the 

wrinkles is particular: the material with no lubricants, that present the highest 

mechanical properties (G*=477 kPa) show the largest wavelength, and as the 

mechanical properties are reduced because of the increasing amount of lubricants, 

the wrinkles get closer to each other, reducing their short and long wavelength at the 

same time.  

For the studied system, as the thickness of the film is increased beyond a critical 

value (253nm in our case), the non-elastic performance of the film becomes 

predominant, favoring wrinkles with a larger wavelength. However, as the 

mechanical properties of the substrate are reduced, the highly compressive 

conditions could induce substrates instabilities due to a viscous flow, promoting 

increased amplitude and shorter wavelengths, opposite to the trend predicted by the 

models for elastic materials. 

The experimental evidence and the numerical simulations found in the literature 

of viscoelastic materials, reveal rich dynamics of the wrinkling 

process[135,139,140,157,158], that requires the use lubrication theory, considering a 

viscous flow for the substrate[140], depending on specific parameters of each 

experiment.  
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7.2. Wetting properties 

The wettability of the soft substrates covered by a pPFDA film lower than 250nm 

thickness was assessed by the sessile drop method and roll-off angles tests. They are 

summarized in Figure 34, where the values for the uncoated substrates are also 

provided for comparison.  The reported data includes a minimum three independent 

measurements. 

Figure 34. a. θA, b. ΔH, c. Roll of angle of the different samples below 250nm thickness of 

PFDA. 

In Figure 34a, there is a clear increase in the hydrophobic performance of the 

substrates after the coating process. However, the samples with different lubricant 

content present similar 𝜃𝐴 a because their identical surface composition and similar 

wrinkling pattern, with 𝜆 below 4μm.  

On the other hand, the results in Figure 34b, present the values of hysteresis 

calculated with the maximum receding contact angle that could be measured. The 

increased values of hysteresis respect to the uncoated samples indicates that the air 

pockets of the wrinkled surface were not sufficiently large to show a macroscopic 

evidence of de wetting, therefore the homogeneous lubricant layer at the surface is a 

better strategy to decrease the drop adhesion in sessile drop experiments.  

The adhesion in dynamic conditions of the droplets was tested by a roll-off angle 

test with drops of 15μL, selected after testing smaller droplets that did not slide. The 
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continuous color of the bars in Figure 34c indicates that although the drop slowly 

moves from the original position, it remained in the visualization area (i.e its 

displacement in not larger than 4μm), once the experiment has finished at 90° of 

inclination, as in Figure 35b.  

The lines in the bars in Figure 34c for the coated samples indicate the direction 

in which the stage was inclined. In those cases, the drop is initially pinned, but once 

the stage is sufficiently inclined, the drop moves away of the visualization area very 

fast, and the roll of angle registered coincides with the last frame in which de drop is 

visible in the visualized area, as in Figure 35d.  

 

Figure 35. Representative frames in a roll of angle experiment. a. Initial and b. Final frame 

of the experiment in uncoated samples.  c. Initial and d. Final frame of the experiment in 

coated samples. 

It is worth to mention that in our experiments, the hysteresis value calculated in 

the sessile drop experiments does not account for the increased mobility of the drops 

upon inclination of the sample. The reason could be that the gravity force helps to 

overcome the pinning of the droplets at the top of the wrinkles, whereas the air 

among the coating and the water (visible in Errore. L'origine riferimento non è 

stata trovata.d) suggests a partial Cassie-Baxter regime that favors the mobility when 
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compared to the purely Wenzel regime of the droplet in the non-coated and smooth 

surfaces.  

The possible anisotropy effect of the sliding drops is not very evident in the 

results, due to the smaller dimension of the wrinkles (1μm) compared to the 

dimension of the 15μl drop (around 2mm). The analyzed samples were then used to 

test the freezing delay and the ice adhesion.  

7.3. Icephobic performance 

7.3.1. Freezing delay 

The water droplets deposited on each surface were recorded from top using an 

infrared camera while the temperature of the surface is reduced until -18°C. In Figure 

36a and b, the dark purple color corresponds to a lower temperature and the bright 

yellow to a higher temperature. As the sample surface cool down, the phase change 

events can be visualized due to the increase in temperature originated from the latent 

heat released in the phase change from liquid to solid, some of this heat release is 

observed as a visible a sudden change in brightness. The freezing delays measured 

for 20 droplets were averaged, and standard deviations were calculated. 

At the beginning of the tests, the area among the droplets is initially dry, but as 

the temperature decrease, the water from ambient humidity condensates in form of 

micro droplets, allowing to study the freezing propagation mechanism. For the non-

coated samples (Figure 36a), the frost front is discontinuous, showing a fractal like 

propagation limited by formation of ice-bridges among the condensed droplets in 

the surface. In the coated samples, the condensed droplets cannot be easily visualized 

due to their small size (Figure 36b), instead, the freezing events are pin pointed 

isolated in dendritic shapes, therefore, the freezing mechanism is limited by the water 

condensation droplets, rather than by the ice-bridge formation[99].  
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Figure 36. Snapshots of freezing propagation on a. Uncoated and b. Coated surfaces. c. 

Freezing delay results for the different samples. 

The time at which the big deposited droplets freeze, evidenced by an abrupt 

temperature increase (bright yellow droplets on Figure 36a and b) is registered and 

reported on Figure 36c. Despite that the ice nucleation was heterogeneous, starting 

from the top of the droplet in most of the cases, the graph shows an averaged longer 

freezing delay for the coated and wrinkled samples. Their increased hydrophobic 

character, reduce the ice formation due to the small contact area between the water 

and the substrate[63], arising from a combination of the surface composition and 

texture, generate condensed droplets of smaller sizes, slowing down water 

condensation and ice nucleation rate. 
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7.3.2. Ice adhesion tests 

7.3.2.1. Effect of ice dimensions on samples with 

narrow wrinkles distribution 

The ice adhesion tests were performed as depicted in section 4.1.7. First, the 

surfaces coated with pPFDA thickness below 250nm were tested. In this case, the 

ice was pushed in direction perpendicular to the wrinkle’s arrangement, as indicated 

in Figure 37.  

 

 

Figure 37. Schematic of the side view and top vie of the ice adhesion tests 

The effect of the ice dimension was studied by testing the icephobicity with ice 

blocks of 8 and 14mm diameter on wrinkled surfaces, shown in Figure 38c and 

Figure 38d, respectively, where the data on non-coated surfaces from the previous 

chapter is also shown for comparison (Figure 38a and Figure 38b). For small ice 

blocks (8mm diameter), the Fmax necessary to initiate the detachment (Figure 38b) is 

similar than for non-coated samples (Figure 38a), and the ice detachment mechanism 

does not seem affected by the pPFDA coating. This is an indication of the more 

relevant character of the bulk than the surface composition when considering the 

initial detachment of ice.  However, when larger ice blocks are used (14mm), the 

deicing mechanism changes from stick-slip to a single detachment-like event, where 

again, the Fmax present similar magnitude to the non-coated samples, but the fracture 
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grows in larger dimensions, avoiding the reattachment of the ice block and reducing 

the residual Fs due to lower friction among ice and the fluorinated coating, when 

compared to the non-coated samples. This evidences that the ice adhesion in 

dynamic conditions depends more on the surface composition and its surface energy 

than on the bulk properties.  

 

Figure 38. Force vs time curves of a. Non-coated samples with 8mm diameter ice. b. Non-

coated samples with 14mm diameter ice. d. Coated samples with narrow wrinkles 

distribution using 8mm diameter ice. d. Coated samples with narrow wrinkles distribution 

using 14mm diameter ice. 

The durability of the icephobic properties was investigated doing several 

measurements using 8mm diameter ice block on the same position and then 

analyzing the surface morphology by AFM. In Figure 39 it can be noticed how the 

surface wrinkles disappeared after the intensive testing, evidencing of the poor the 

mechanical durability of the deposited coating.  
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Figure 39. AFM images of the coated samples before and after intensive testing. 

7.3.2.2. Isotropic icephobic properties 

To study the isotropic effect of the icephobic properties, ice adhesion tests were 

performed on the surfaces coated with pPFDA of 417nm, those where the secondary 

wavelength was more evident (see Figure 32). The samples were positioned in the 

stage varying the direction of the wrinkles arrangement as shown in Figure 40a. The 

results in Figure 40b evidence an interesting performance: the orientation of the 

wrinkles plays a relevant role in the ice adhesion. When the ice is pushed parallel to 

the to the wrinkling pattern, the ice adhesion strength is reduced 38% compared to 

when the ice is pushed perpendicular to the wrinkling pattern, evidencing that when 

the surface present sufficiently spaced wrinkles, the ice adhesion can be reduced by 

modifying the orientation of the applied force. 

Moreover, it seems that the samples show a similar trend, except for the case of 

the lubricated sample, where an unusual high force is necessary to detach the ice 

perpendicular to the wrinkles. In this case it should be noticed that the known 

scattering in the ice adhesion results, requires a larger number of tests, which was 
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not possible to achieve because the mechanical durability of the coatings is affected 

after each ice test, therefore, a more statistically representative study would be 

necessary to confirm this trend.  

 

Figure 40. a. Schematic of the orientation of the wrinkles in the ice adhesion tests. b) 

Results of the ice adhesion tests performed at different wrinkles orientation 

7.4. Summary and conclusions of the 

chapter 

The iCVD deposition of a rigid polymer on soft substrates is a successful 

alternative to modify morphology and the surface energy of materials with different 

lubrication degree. The stretching of the substrates during the deposition gave 
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ordered structures aligned perpendicular to the direction of the applied stretching. 

The parameters of the wrinkles follow the models developed for elastic materials 

until a critical thickness of the deposited film is reached (250nm for the studied 

systems). However, if the thickness is further increased, it is necessary to consider 

the viscous component of the substrate, that affects wrinkling parameters, differently 

from purely elastic materials.  

The surface modification of the soft substrates improves the hydrophobicity 

inducing a partial Cassie-Baxter state, seen as an increase of the contact angle and a 

decrease in the roll off angle, however, the drop adhesion in sessile drop experiments 

is not macroscopically reduced.   

The low temperature tests showed an increased freezing delay for the coated 

samples while the re-attachment of big ice block was prevented on the ice adhesion 

tests. Although the durability of the deposited coating is compromised after each 

test, the wrinkles orientation can be exploited to further reduce the ice adhesion 

without modifying the substrate composition.   

 

 

 

 



8.Summary and conclusions 

8. Summary and conclusions 

In this study, the surface and mechanical properties of rigid and deformable 

materials have been assessed and their role on the icephobic behavior have been 

investigated. On one hand, rigid materials were functionalized, obtaining different 

morphologies at the nano and micro scales, depending on the experimental 

parameters, allowing to enhance the hydrophobic performance of glass slides.  

The surface morphology of methyl trichloro silane-based coatings can be 

controlled by tuning the size of reaction vessels, whereas the direct deposition 

method allows the rapid self-condensation at the interface giving a dual-scale 

morphology, that, although it is more difficult to control, promotes the 

superhydrophobic performance of the functionalized glass, evidencing a promissory 

alternative to avoid the liquid water accumulation in systems subject to dynamic 

conditions at We<100. 

The traditional icephobic characterization using 𝜏𝑖𝑐𝑒 and ARF suggest the 

improvement of the performance compared to the bare glass, with ARF>1 in all the 

cases. However, this value does not represent the actual performance, as it may be 

achieved due to the cohesive fracture of the coating or the ice could remain adhered 

after the initial detachment. 

In the ice adhesion tests, rigid coatings present the characteristic sharp 

detachment, whereas the fluorine-functionalized samples, present the sliding of the 

ice block that has not been previously reported. A possible explanation is proposed, 
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consisting on the formation of lateral fluorinated siloxane chains, which could give 

an optimal grafting density to induce a liquid-like behavior.  

On the other hand, soft substrates were studied, focusing on the contribution of 

lubrication. The time-dependency of the contact angle, previously reported in soft 

polymers [28,29] was confirmed. Also, this study evidenced that the mechanical 

properties of the PDMS allows to identify the material as a viscoelastic non-ideal 

rubber[95], affecting their properties beyond the classical relation for elastic materials 

where the Poisson ratio can be used to estimate Young’s or shear modulus. These 

facts suggest that time and humidity- dependent mechanical and wetting properties 

need to be considered when investigating soft material icephobicity. 

Moreover, the ice adhesion tests on soft materials allowed to distinguish three 

different ice detachment mechanisms: (i) single detachment, (ii) stick-slip, and (iii) 

interfacial slippage. A corresponding map has been established, where the parameters 

controlling the detachment mechanisms are both the degree of lubrication and the 

ice block size. It was found that the higher lubricant content in soft materials 

promotes a decrease in the shear modulus and, similar to previous studies [84–86] a 

decrease in the force necessary for the initial ice detachment, which is an advantage 

in a single detachment regime, where the small ice blocks are completely separated 

at the end of the experiments. When bigger ice blocks are tested, the reattachment 

of the ice block is promoted, leading to a stick–slip regime for dry and pristine 

PDMS; differently, an interfacial slippage regime is observed for lubricated PDMS. 

Our study on soft materials confirms that the wetting properties, primarily 

represented by the receding contact angle [50] in the context of ice adhesion tests for 

rigid surfaces, are not able to explain and predict the icephobic behavior of soft 

polymers, as previously shown [27].  

 

Considering the tests performed on the different substrates, it was found that the 

wetting properties could reduce the ice accretion and may be suitable for anti-icing 

substrates, but once the ice is formed at the substrate, the differences in mechanical 
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properties are more relevant to understand the de-icing mechanism. Particularly, 

rigid materials accumulate the excess of energy at the surface and promotes the crack 

initiation, while deformable materials can absorb that energy and show low ice 

adhesion force while continuing adhered, reaching a slippage limit, depending on the 

viscous component of the surface. To further reduce this limit, composite materials 

can be designed, including surface inhomogeneities, that promotes stress 

concentration sites.  

Furthermore, this study confirms that 𝜏𝑖𝑐𝑒  is not an absolute value, since it relies 

on experimental conditions: as such, it cannot be considered an intrinsic material 

property and can only be used for a relative comparison, making essential to fully 

describe the testing system and the de-icing mechanism, together with F and 𝜏𝑖𝑐𝑒 

values, to allow the comparison among different materials.  

From the presented data, it is possible to state that the currently available models 

that explain the icephobic behavior based on the work of adhesion on liquid water-

substrate interaction and on the mechanical properties of the elastic materials need 

to be reconsidered, to also include the relevance of adaptive wetting and the non-

ideally elastic character of a wider range of materials.  

As a future perspective, it will be interesting to further confirm the existence of 

the liquid-like performance in the ice adhesion tests, or to explore the orientation of 

the surface roughness respect to the direction of de-icing force, since they can be 

powerful alternatives to design materials with durable icephobic properties. 



 

Appendix A: Discontinuity-enhanced 

icephobic surfaces for low ice 

adhesion 

The following section includes results from a recently published paper [159] titled as 

this appendix, where I collaborated to design the sample preparation protocol and 

assisted the ice adhesion experiments. Numerical simulations were conducted by 

Luca Stendardo and are included here for convenience, as they complement 

experimental results. 

A.1 Introduction 

In the literature, the wetting surface discontinuities demonstrated to contribute 

to the icephobic performance when considering ice nucleation from condensing 

water. On the other hand, the effect of discontinuous mechanical properties in ice 

adhesion results have been reported in most cases as a justification based on previous 

bibliography results instead of direct observation or own analysis. 

Aiming to confirm if discontinuities in mechanical properties could reduce the 

adhesion of ice blocks, a patterned surface containing rigid and solid fractions was 

designed. The study also included the numerical simulation of the ice-substrate 
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interface stress by using a finite-element method, that helped to understand the 

driving forces in the de-icing mechanism.  

A.2 Experimental and characterization 

methods  

A.2.1 Samples characterization 

A.2.1.1 Wetting performance, elastic modulus and 

roughness 

The wetting properties were characterized for the two materials, resin and PDMS 

as depicted in section 4.1.4.1, but with a bigger droplet of 15 μL, using constant rate 

of 10μL/min for inflation ang deflation stages.  

This process was recorded at 2 fps with a resolution of 640×408 pixels. The θA and 

θR were obtained from the analysis of the images (over 300 for each experiment) 

using Dropen [160].  

The elastic modulus of the PDMS was calculated from the indentation experiment 

explained in section 4.1.6.1. For the resin, the elastic modulus was calculated using 

the 3-point bending test using rectangular slabs of 20.4×10.0×2.1 mm. The E was 

calculated with the expression 𝐸 = 𝐿3𝐹/4𝑤ℎ3𝑑, where L is the distance between 

supports (18.0 ± 0.05 mm), w and h are the width and thickness of the sample, and 

F/d is the slope of the loading point force vs. displacement curve. 

The morphology at the surface was studied using a white light confocal 

microscope (PLµ 2300, Sensofar). The measurements were acquired using 50× lenses, 

with a scanned area of 285.38×209.62 µm2 and a vertical step of 0.2 µm. A total of 4 

measurements allowed to calculate the arithmetic mean roughness (Ra) in the 

different regions.  
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A.2.1.2 Ice adhesion test 

The ice adhesion performance was evaluated on the different substrates using the 

horizontal shear tests previously described in section 4.1.7. In this case the cylindrical 

nylon mold of 12mm diameter was placed on the sample and filled with the necessary 

amount of water to exceed the pushing height of 3mm. After reducing the 

temperature to -10°C and wait the stabilization time, the ice was pushed with a 

velocity of 0.01 mm/s until total detachment. The ice adhesion tests were repeated 

8 times in each sample, with the ice block randomly placed over the surface.  The ice 

detachment process was recorded from top through the clear ice using a phone 

camera and some of the experiments were recorded using a high-speed camera 

(Photron, Fastcam Nova S6) at 1000 or 2000 fps with a resolution of 1024 × 1024 

pixels. 

A.3 Numerical simulation 

The ice-substrate interface stresses are computed with a finite element method 

(FEM) numerical simulation. The model consists of a complex rigid-soft surface, an 

ice column, and a nylon mold, which mimic the experimental setup. A similar 

numerical model has been utilized previously elsewhere [40,161]. 

The force application on the outside of the mold is simulated by imposing the 

displacement of an area of 1 × 1 mm2. This area corresponds to the estimated contact 

surface between the force application rod and the nylon mold in the experimental 

case. The materials used in the simulation were modeled as isotropic elastic 

considering the density, elastic modulus and Poisson’s ratio of each one. 

The interface stresses are computed by static structural analysis (Ansys Mechanical 

2020 R1). After the analysis and comparison of the interface stresses of different 

surface geometries under an arbitrary, constant displacement value, the configuration 

that leads to the highest stress concentrations is identified. More details on the 

numerical simulations can be found on [159].  
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A.4 Results and discussion 

The results of the mechanical and wetting properties, as well as the mean roughness 

of each component is summarized on Table 2.   

Table 2. Properties of the rigid and soft components of the discontinuous surface 

 Rigid part Soft part 

E(MPa) 1150 ± 80 1.7 ± 0.4 

θA (°) 83 ± 4 109± 2 

θR (°) 39 ± 4 78 ± 3 

Ra (nm) 224 ± 20 32 ± 3 

 

To test the hypothesis that the surface elasticity discontinuities can promote the ice 

crack initiation, the discontinuous model surfaces containing similar rigid fraction 

(11% and 25%) but different discontinuity line density (expressed dimensionally as 

cm/cm2) were tested.  In case discontinuities play no effect, the ice adhesion force 

would result in a weighted average between the ice adhesion on the rigid area, (F/A)r 

= 610 ± 140 kPa, and the soft area, (F/A)s = 82 ± 6 kPa , and would be independent 

of the pillars dimension. In this scenario, it may be possible to express adhesion as a 

weighted average, e.g. 𝜏𝑖𝑐𝑒 = 𝑓𝑟(F/A)𝑟 +  𝑓𝑠(F/A)𝑠, based on the rigid and soft 

fractions, 𝑓𝑟  and 𝑓𝑠 (represented as green and blue lines in the Figure 41a). In 

contrast, if discontinuities promote interfacial cracks, ice adhesion force should 

decrease with longer DL, i.e. on surfaces with smaller pillars. 

The results on Figure 41a and b present a clear trend, with the ice adhesion reducing 

for decreasing pillar width; a similar trend is observed for both rigid fractions (11 % 

and 25 %). For the largest pillar width, 2 mm, the adhesion value is higher than the 

weighted average. However, the adhesion is lower for the rest of the samples. Most 

interestingly, the ice adhesion on the sample with 𝑓𝑟  = 11% and the longest DL equals 

the value of pure soft material (PDMS).   
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Figure 41. a. Comparison of 𝜏𝑖𝑐𝑒 of surfaces with different rigid fraction and DL density vs 

pristine rigid and soft materials. The blue and green horizontal lines correspond to the 

weighted averages based on the rigid fraction. b. Ice adhesion as a function of the 

discontinuity line density (DL/A). The figures are selected from [159] 

To understand the working principle of these surfaces, the ice-substrate interface 

was recorded. Since the crack propagation is slower and more visible on rough 

surfaces due to optical contrast, the surfaces were abraded to study the detachment 

process. The image sequence in Figure 42a is representative of an ice detachment 

process, with top-view perspective through the transparent ice. The whitish color 

that indicates the ice-substrate interface separation propagates to the back of the ice 

block (front-to-back). Moreover, the detachment occurs in two stages: first the ice 

detaches from the rigid pillars, and then from the soft areas.  

Since ice adhesion should be higher on the rigid areas, as they also have higher 

surface energy (lower contact angle values) and it is known that low elastic modulus 

and low surface energy facilitates ice detachment, looking at Table 2, it is surprising 

the fact that the ice detach first from rigid areas. However, on rigid materials, the ice 

detachment occurs at lower strains than on soft materials, which explains the 

particular performance of the discontinuous surfaces.  
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Figure 42. a. Fracture propagation at the macroscale. The green lines and arrows indicate 

the propagation direction (front-to-back). The green circle shows a soft area just detached 

(lighter red color compared to previous frame). b. Fracture propagation at the pillar scale: 

on the individual pillar, the crack is initiated on the discontinuity; but counterintuitively, 

the crack starts at the back edge of the pillar, and then propagates over the pillar to the 

front side, with a crack propagation opposite to the force application (back-to-front). The 

figures are reproduced from [159] 

Moreover, when the fracture on the individual pillars is observed closely (Figure 

42b), it reveals a crack propagation opposite to the direction of the macroscopic 

fracture. The crack propagation on the individual pillar is initiated on the 

discontinuity line at the back edge of the pillar and then propagates over the pillar to 

the front side (back-to-front).  

To understand this behavior, numerical simulations using Finite Element Method 

were performed to map the interfacial stress distribution on the pillars. The stress 

map distribution (shown in Figure 43) reveals that on pillars located close to the 

force application point, the stress peak is slightly higher on the back edge. 

High stress concentrations are located close to the pillar edges, where discontinuities 

are located, at the transition between rigid and soft areas. This stress distribution 

explains why at the macroscale the crack propagates front-to-back among pillars, but 

on the individual pillar the propagation is back-to-front (Figure 41). 

 



Appendix A: Discontinuity-enhanced icephobic surfaces for low ice adhesion 

 

105 
 

 

Figure 43. a. Stress distribution and crack propagation direction on discontinuity-enhanced 
icephobic surfaces. A) Shear stress distribution at the ice-substrate interface, as obtained by 
numerical simulations (sample: 25 %-950 μm). B) Stress level comparison for for the three 
pillar geometries, taken from their respective first row of pillars. The values are shown as 
non-dimensional values τ/τmax (τmax is the maximum stress among the three considered 

cases). The figures are selected from [159]. 
 

From the numerical model, it is noticed that the rigid fraction plays a major role in 

the stress concentration magnitude, which promotes the crack initiation, however, it 

cannot fully predict the experimental results specially for samples with larger 

discontinuity line. Since the deterministic numerical model does not consider the 

availability of potential crack initiation sites promoted by an increased DL density, it 

is found that, additional to the rigid fraction, the stress concentration sites play an 

important role in decreasing the ice adhesion.  

A.5  Appendix Conclusions 

The results of the ice adhesion tests and the simulations evidenced that reducing the 

rigid fraction improves the icephobic performance, moreover, by increasing the 

discontinuity line density, the ice adhesion is further reduced. This suggest the 

possibility to obtain even better performance by optimizing the design of the 
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discontinuous surface.  Based on the studied detachment mechanism, there are three 

parameter modifications that could be exploited to further reduce ice adhesion:  

1. Reducing the rigid fraction (𝑓𝑟  ) by increasing the distance between pillars, this 

approach would lead to an increase of the stress concentrated on the pillar edges, 

promoting the crack initiation.  

2. Second, increasing the DL length, i.e. reducing the pillars size, while preserving 

the rigid fraction; based on our results, this should induce more crack initiation 

sites.  

3. Increasing the elastic modulus of the rigid areas. A larger mismatch between 

materials deformability may increase the stress concentration. 

From the recompilation of bibliography [14,18,23–28,45] and our results, we 

observe a tendency where if both materials are deformable, cracks are more likely to 

appear in the softer material. Opposite, when one of the materials is rigid, as on our 

surfaces, cracks may generate on the harder material. 

 



 

Appendix B:  Beyond solids and 

liquids: the science of slime 

 

Throughout this thesis, the transition among solid and liquid behavior has been 

explored, particularly in the discussion of the liquid-like characteristics of rigid and 

soft surfaces. Parallel to the scientific study, it is worthwhile to examine these terms, 

which, although commonly used in the every-day language, are often difficult to 

define.  This appendix details our efforts to disseminate these concepts to a broader 

audience through educational and outreach activities, as a way to introduce the 

concept of viscoelasticity. 

 

In the common language, concepts as solid or liquid, are frequently over 

simplified, if ones consider the definition of the three states of matter, where it is 

generally accepted that solids have fixed shapes and liquids flow. However, upon 

observation it is noticed that some materials present liquid-like characteristic when 

subjected to sufficient external stress, while if the stress is insufficient, they will retain 

their shape. Therefore, there is a need to evidence the complex mechanical 

performance that different material can undergo, which is key parameter for 

determining its suitability in different technological applications.  

 



Appendix B:  Beyond solids and liquids: the science of slime 

 

108 
 

The framework for the science communication and educational activity was a call 

from the European Union, dedicated to Marie Curie researchers to interactively 

showcase their research topics through hands-on experiments at the Science is 

Wonderful fair. Participation in the 2023 edition required the collaboration with a 

teacher to help in framing the topic of the activities within the school program and 

align it with student’s ages. After a selection process, our proposal titled: “Is it a solid 

or a liquid?” was invited to host a stand in the two-day event held in Brussels, which, 

open and free of charge, attracted around 4000 participants from across Europe.  In 

such intercultural event, interpreters were available to facilitate communication 

among the researchers and participants who spoke German, Dutch, French, Italian 

or Spanish.  

The proposal was a collaboration with Viviana Ospina and Navid Mostofi Sarkari 

from the University of Piemonte Orientale and KU Leuven respectively, along with 

the Nina Zupanc, a school teacher from Slovenia. The idea was to provide the 

participants with different hard, fluffy, stretchable, flowing or bouncing materials, 

and prompt them to question the traditional classification of matter in three states: 

solid, liquid and gas. Then, a simple experiment using scholar glue was performed, 

allowing to obtain a popular dough, commonly known as slime. With the material in 

hands, the idea of classifying materials according to their response to stress forces is 

introduced, as an alternative to the classification into just one category.  This 

experience allowed attendees to discover the variety of tunable properties that 

polymers can offer and their possible applications in different fields. Moreover, given 

the success of our stand during the fair, we were also invited to the “EU open days”, 

another great opportunity to refine our communication skills with the general public 

using an intercultural approach. In Figure 44, some images from those experiences 

are collected. The advertising poster, carefully designed to give a schematic of the 

scientific concepts to tackle can be seen in Figure 44a, whereas in Figure 44b and c 

it is seen the setting in which the activities were performed. 
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The approach to public of different ages, interests and background, make us 

notice the importance of designing a strategy that responds to the appealing and 

curiosity of each societal group to effectively conveying our message. Additionally, 

the requirement of a more detailed explanation and longer discussion time was 

noticed during the events, where the short and intense interaction were not enough 

to introduce properly complex concepts, such as the viscoelastic behavior, that was 

the original idea.  

 

Figure 44. Dissemination events assisted. a) Poster and b) Presentation during "Science is 

Wonderful" event. c) Photo during the "EU Open days" event.   

Therefore, using the prototype experiment developed during the fairs, a protocol 

was designed to introduce material science concepts such as polymers, mechanical 

properties, viscoelasticity and chemical reactions in a classroom environment. It has 

been published in the educational journal “Science in school” as an article titled “Beyond 

solids and liquids: the science of slime” [162]. It consists in three consecutive 

activities that can be followed by students of different ages.  

Activity 1 encourages students to explore the different stress responses of 

materials such as: wood, metal, glue, ketchup, polystyrene, plasticine, playdough, 

squeezy rubber balls, gummy sweets, jelly, bubble gum, foam, sponge, toothpaste, 

and so on. Here, students use a materials assessment chart to determine whether the 



Appendix B:  Beyond solids and liquids: the science of slime 

 

110 
 

objects can be classified as solid or liquid by touching, stretching, and trying to 

deform them. At the end of the first activity, a discussion is guided through questions 

that can be adapted for different academic levels, aiming to evidence that, based on 

the observable properties, some materials seem to have properties of solid and 

liquids under different conditions. The discussion frames the context to introduce 

the concepts of elastic and viscous behavior, the components of the complex 

viscoelastic performance of materials, which is indeed, a more accurate way to 

describe the materials properties than the traditional “states-of-matter” approach.  

In Activity 2, students, organized in groups obtain slime by using school glue, 

sodium bicarbonate, and contact lenses solution. The chemical reaction among the 

components: polyvinyl acetate, borate and bicarbonate ions in aqueous media, that 

allows the crosslinking of the polymeric chains is schematically explained (Figure 45). 

Moreover, a variation on the proportion of the reagents is given to obtain materials 

with different behavior from viscous-liquid to elastic-solid. The discussion is then 

followed on how the proportion of the components affect the mobility and hardness 

of the materials.  This activity provides an opportunity to present topics as chemical 

reactions, polymers, mechanical characterization and/or structure-property 

relationships depending on the school grade.  

Activity 3 presents a team challenge, where students need to tailor their polymer 

to a particular application. After the experience acquired on synthesizing and testing 

different formulations in the previous activity, students over 12 years old are 

challenged to design a slime material with a particular balance between viscous and 

elastic properties that makes it suitable for two proposed applications: jelly sauce or 

bouncing ball. With enough students, the activity can include a competition to select 

the most appropriate formulation for each purpose. The discussion is then guided to 

describe the viscoelastic properties of everyday materials.  
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Figure 45. Graphics from the educational article "Beyond solids and liquids: The science of 

slime" 

This protocol, together with a video produced in collaboration with the EU 

Commission in a segment called “Creation corner” [163], compose the didactical 

proposal designed for school teachers, aimed to explore topics in the field of 

materials science, such as polymers and viscoelasticity, concepts that material 

scientists consider to tune the performance of materials through chemical reactions, 

making them functional for different needs by modifying their composition, 

arrangement, and polymer interactions. Moreover, it sets opportunity to use the 

scientific method, designing experiments, changing one variable at a time, and 

defining tests for relevant properties. 

 

Last but not least, the preparation of this material allowed the better 

comprehension of concepts such as the solid or liquid nature of materials, which—

as explored in the thesis—requires an understanding of the time scales at which these 

materials are evaluated. With this effort, we aimed to bring the public closer to 

scientific discussions that are often seen as abstract or complex.  
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