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Abstract 

Liquid-infused polymeric surfaces have demonstrated promising icephobicity. However, the 

capability to maintain the icephobic performance after material damage has been a challenge, 

both in terms of conserving a smoother surface and the replenishment of infused liquid. Cetacean 

skin possesses a microscopically smooth texture in the form of cells lubricated with lipid proteins 

and consists of structural fibres that ensure durability. Concerning the structure of cetacean skin, 

glycerol infused fibre-reinforced polyurethane coatings (GIFRP) were proposed. Instead of 

hosting the lipid proteins, the coatings were infused with glycerol, a known cryoprotectant to 

induce the supercooling of water, a strategy inspired by wood frogs and red flat dark beetles to 

prevent freezing. The inclusion of glycerol delayed water droplet freezing duration by 659%, 

while negligible frost accumulated on the fabricated coatings during anti-icing tests. The 

reinforcement of fibres was effective and the surface damage was reduced by a factor of 4, 

compared to the pure polyurethane coatings under erosion impact. The incorporation of fibres 

has proven to be beneficial for infused-liquid replenishment and the slow-releasing capabilities 

of GIFRP coatings. Minimised surface deterioration and the continued presence of glycerol on 

GIFRP coatings demonstrated a small increase in ice adhesion from 0.22 kPa to 0.77 kPa after 

the erosion tests, one of the lowest values reported in the literature after substantial surface 

damage. The concept inspired by cetacean skin and the cryoprotective features of chionophiles 

was instrumental in keeping the ice adhesion under 1 kPa after erosion impact. 
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1 Introduction 

Frost formation has been a costly inconvenience to engineering applications and considerable 

energy resources are required to de-ice, making many applications complicated and inefficient. 

Over the last few decades, passive de-icing has been a growing research topic and it has been 

suggested that inspiration could come from nature to develop a bio-inspired design to 

mitigate/resist ice formation (anti-icing) and/or to remove the formed ice easily (de-icing). 

Several bionic ideas inspired by mussels1 and skin2 were put to test to aid icephobicity and 

promising results were reported. Biomimetic designs were also inspired by fish proteins, such as 

the use of anti-freezing proteins (AFPs) to reduce the supercooling point and delay the ice 

nucleation process over the surfaces. Two typical approaches were used: directly grafting AFPs 

on functionalized surfaces3-4 and mimicking the ice depressing effect of AFPs using a direct 

infusion of cryoprotectants on low-surface energy functionalized surfaces5-6. The direct role of 

AFPs on ice nucleation or ice adhesion is questionable as hydrophobicity-induced icephobicity7-9 

and solid/liquid interfaces3-4 play an influential part.  

Apart from bio-inspired concepts, slippery liquid-infused coatings/surfaces have gained 

significant popularity among the research community10-12. The fabrication of slippery surfaces 

can be achieved by either a physical infusion of liquids in the polymeric matrix or by 

impregnating the surface asperities. In both cases, the infused liquid works by either delaying the 

ice formation or by forming more loosely bonded ice on the surface. The formation of loosely 

anchored ice on the surface could be attributed to the reduction in the number of available 

surface cavities since these are levelled due to liquid impregnation; this may hinder the 

anchoring of ice in the surface asperities. Furthermore, the use of a smoother morphology has 

been advised in the literature to create low ice adhesion surfaces13-14.  
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The use of AFPs-inspired coatings or liquid infused coatings poses performance challenges such 

as coating durability and liquid retention within a material matrix. For example, several studies 

indicated the depletion of infused liquid after several cyclic de-icing tests or during mechanical 

durability tests15-18. Thus, there is a need for an effective material system or mechanism that 

could work to provide the necessary durability, help with liquid replenishment, and maintain a 

soft and smooth surface to induce interfacial cavitation/anchor-free ice18-19.  

In nature, cetacean skin is characterised by a number of microscopic qualities such as 

smoothness, the lack of hair follicles, and lipid-infused surfaces, which emits oil to improve 

hydrodynamics. On top of these qualities, the skin consists of keratins, collagen and elastin fibres 

that work to provide mechanical strength and elasticity to the skin. These fibres make the skin 

more adaptable to repetitive loads (without undergoing a plastic deformation). The concept of 

fibre reinforcement, mimicking collagen fibres, could also be used for icephobic surfaces to 

improve their structural and mechanical response. Furthermore, a microscopically smooth 

surface could be beneficial for anchor-free ice nucleation and if a weaker or reduced number of 

ice anchors do occur, then the softer or flexible material could induce interfacial cavitation to 

pave the easy path for ice to release18-19. The concept of lipid droplets, hosted in cetacean skin, 

can be further mimicked, such as the infusion of a liquid in the flexible material matrix and the 

selection of liquid can be specifically made to reduce the supercooling point, like chionophiles 

which emit a cryoprotectant to depress the ice nucleation. Hence, the idea of combining an 

infused ice-depressing liquid in a reinforced polymer composite could significantly weaken or 

even inhibit the ice/solid interfaces, whereas the reinforcements could provide necessary 

durability to maintain the icephobic performance. 
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In this study, our proposed design concept is inspired by the anatomy of cetacean skin and the 

coatings mimicked the structure of the skin. A polyurethane (PU) matrix was used to produce a 

smooth and soft surface, with the matrix infused by a cryoprotectant, glycerol, to reduce the 

supercooling point and provide a flexible surface. Carbon fibres were incorporated, along with 

the infused liquid, to provide strength and mimicking collagen fibres in the skin. The icephobic 

performance of formulated glycerol-infused fibre-reinforced polyurethane (GIFRP) icephobic 

coatings was evaluated using established de-icing and custom-built anti-icing tests, and the tests 

were repeated after silicon carbide-based water suspension erosion and overnight water 

immersion, respectively, to determine the longevity of the coatings.  

2 Design of chionopile-inspired cetacean-skin mimicked icephobic coatings 

Cetacean skin is an elastic material20 and consists of three layers: the epidermis (top exposed 

layer), dermis (intermediate thick layer), and endodermis (blubber)21. However, the typical 

distinction between dermis and epidermis is not as noticeable in cetacean skin. The typical 

anatomy of cetacean skin is shown in figure 1a.  All three layers of the skin consist primarily of 

collagen and elastin fibres surrounded by the keratins scleroproteins22. Most of the skin 

mechanical structure, strength, and stiffness comes from collagen fibres and keratins, and the 

elastin fibres, as the name suggests, provide elasticity and extensibility to the skin20. Keratins are 

insoluble, chemically unreactive fibrous macromolecules and they create very tough disulfide 

cross-linkages across the epidermis22. The proposed GIFRP coatings involve two different types 

of biomimicry: one aspect to mimic cetacean skin and another to mimic chionophiles. 

In the proposed coating design, carbon fibres were incorporated in the PU matrix to resemble 

collagen fibres interwoven in elastin fibres and keratins. In cetacean skin, elastin fibres and 

keratins are typically interwoven or arranged in a branching pattern in a collagen fibre matrix as 
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shown in figure 1a, to prevent tearing and limit dispensability. The elastomeric matrix is 

interlinked by stretchable chains (resembling elastin fibres), which could provide the necessary 

elasticity, and are connected by strong chemical bonds (for example, vulcanization)23. The 

collagen fibres have high tensile strength (500-1000 kg/cm2, higher than steel)24 and the carbon 

fibres also possess high tensile strength values (35140-35560 kg/cm2). In other words, the skin is 

a composite where strong collagen fibres are embedded in a tough elastic elastin fibre matrix, 

providing the necessary structural strength. Collagen breaks into small segments under load and 

the fibres disperse the energy along the length of the fibre and prevent the stress from 

concentrating in one area or transmitting to another fibre segment23. Interestingly, fibre-

reinforced polymeric coatings also exhibit similar behaviour under load, dispersing the energy 

along the fibre length and fibre breakage under the erosion impacts25. The impacts on the 

polymeric matrix result in chipping and fracture of fibres instead of material fractures, thus, the 

composite ability to withstand repetitive impact loads is greatly enhanced.  

The top exposed layer of cetacean skin epidermis provides an elastic and relatively smooth 

surface. This kind of skin completely lacks hair follicles which would otherwise increase drag in 

the water. Another important epidermal relationship for cetacea lies in the variable elasticity of 

the skin itself which could be attributed to the high ratio of elastin fibres in the dermis22. 

Smoother surface or lower elastic modulus in elastomeric coatings could be utilized for easy 

release of ice18-19, whereas the lack of surface anomalies, like the absence of hair follicles in 

cetacean skin, means that ice is hard to anchor or discouraged towards heterogeneous ice 

nucleation. 
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Figure 1: The microstructural design of the developed coatings, mimicked by the anatomy of a 

cetacean mammal skin and inspired by the cryoprotective properties of wood frog and red flat 

dark beetles (a), the microstructural images of GIFRP coatings and the same coating after the 

erosion tests, including a 3D picture (b), and the sectional view of PU-20gly coatings (after it is 

cut) and their 3D profile (c) (created using Biorender.com) 
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Interestingly, the cetacean skin structure also hosts phospholipid-rich cornified layers in the form 

of lipid droplets26. The presence of these lipid droplets in cetacean skin improves hydrodynamics 

by continually exuding oil droplets which help to lubricate the skin allowing the water to pass 

more smoothly. Similar to the diffusion of oil droplets in cetacean skin, the proposed GIFRP 

coating will host a number of glycerol droplets as shown in figure 1a and these droplets could be 

slowly diffused on the surface to impart and maintain icephobicity. Glycerol is categorized as a 

cryoprotectant and is known to repress the freezing point of water and enhance supercooling27. 

Thus, the presence of glycerol on the surface may weaken the ice/surface interfaces, which could 

reduce ice adhesion strength. The inclusion of glycerol is inspired by chionophiles such as the 

wood frog and red flat dark beetles that use polyhydric alcohols to prevent extracellular ice 

formations by a colligative action of cryoprotectants and regulate the freeze concentration of 

cells from reaching an injurious level28. For example, the beetles produce antifreeze glycolipids 

and proteins and lower the supercooling point. They go into diapause and inhibit the ice 

nucleation by producing multimolar concentration glycerol that protects them from freezing29. 

The presence of glycerol on the proposed surface is intended to repress the ice nucleation as 

glycerol forms stronger hydrogen bonds with water molecules and works to disrupt the ice 

crystal lattice formation by competing with water-to-water hydrogen bonding unless the 

temperature is significantly lowered30. However, hosting glycerol droplets may result in some 

degree of coating dissolution over time and the supercooling effect induced by glycerol relies on 

effectual miscibility with water31. Thus, uniform distribution and continued replenishment of 

glycerol are necessary to repress the ice nucleation. The presence of glycerol to impart 
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icephobicity is ensured by a uniform distribution of glycerol pockets in the coating matrix and 

slow diffusion of glycerol on the surface. 

To summarize, carbon fibres were incorporated in a PU matrix to mimic cetacean skin anatomy 

and the infusion of glycerol was inspired by chionophiles as illustrated in figure 1a. The fibre-

reinforced polymers impart overall durability and the infusion of glycerol is intended to create 

supercooling conditions that may inhibit/resist ice nucleation and may work to form weaker 

ice/solid interfaces. 

3 Results and discussion 

The coatings discussed in this section are pure PU, 20 wt% infusion of glycerol in PU matrix 

(PU-20gly), 20 wt% incorporation of carbon fibres in PU matrix (PU-20CF), and 20 wt% 

infusion of glycerol and 20 wt% incorporation of carbon fibres in PU matrix (GIFRP) coatings. 

3.1 Microstructure and Shore hardness analysis 

The surface roughness (Ra) on pure PU coating was measured at 0.08 ± 0.01 µm. The inclusion 

of glycerol generated liquid pockets in the polyurethane matrix and the surface roughness 

changed to 3.20 ± 0.07 µm. The surface roughness excluding the glycerol pockets was measured 

at 0.14 ± 0.05 µm and including glycerol pockets at 3.20 ± 0.07 µm. To understand the 

uniformity of the glycerol pockets in PU-20gly coatings, free-standing layers of similar thickness 

(4 mm) were fabricated. These layers were then bifurcated using a sharp blade and the glycerol 

infusion through the coating thickness was observed via a scanning electron microscope (SEM) 

system. The sectional view of PU-20gly coatings is shown in figure 1c. The figure clearly 

indicates that the glycerol was uniformly distributed and the coating capability to retain the 

liquid inside the polyurethane matrix. 
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Figure 1b illustrates the microstructural image of GIFRP coatings. The observation of figure 1b 

indicates that the uniformity of carbon fibres throughout the polymeric matrix and the glycerol 

pockets are in sizes of 0.1  2 µm. The sectional uniformity of glycerol pockets distribution 

observed on PU-20gly coatings could be assumed for GIFRP coatings as there was no disparity 

in coating application methods. The surface roughness (Ra) of 0.12 ± 0.03 µm was measured on 

PU-CF20 coatings and 0.22 ± 0.04 µm on GIFRP coatings. As-received aluminium substrates 

(Al2024) were also used for a comparative purpose and the microstructural image of the 

aluminium is shown in figure S1. The surface roughness (Ra) of 0.90 ± 0.01 µm was measured 

on the aluminium substrates, a higher magnitude of surface roughness as compared to all the 

polymeric samples used in this study. The microstructural images of other polymeric coatings are 

shown in figure S2. Shore hardness measurement conducted on the coatings showed that the 

hardness on pure PU coatings decreased from 40D to 33D after the inclusion of glycerol, 

whereas on fibre-reinforced coatings, it decreased from 65D to 54D. Thus, the hardness of the 

coatings decreased with the liquid infusion and the hardness values obtained on the fibre-

reinforced coatings are higher than those of pure PU or PU-20gly coatings.  

3.2 Surface analysis after erosion 

The surface morphology of the developed coatings is shown in figure 1 and can be explained in 

two distinctive properties: change in surface roughness and glycerol retention after erosion tests. 

The erosion test setup is described in the experimental section. Firstly, the surface roughness (Ra) 

on pure PU coatings changed from 0.08 ± 0.01 µm to 0.45 ± 0.05 µm after WIETs and from 0.14 

± 0.05 µm to 0.70 ± 0.10 µm on PU-20gly coatings. As compared to pure PU coatings, the 

change in surface roughness (Ra) after erosion attack was greatly reduced on fibre-reinforced 

coatings, indicating the incorporation of fibres mitigated the erosion impact. The microstructural 
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image of GIFRP coatings and the same coating after the erosion tests are shown in figure 1b.  

The surface roughness of PU-20CF coatings changed from 0.12 ± 0.03 µm to 0.15 ± 0.02 µm 

after WIETs. Whereas on bio-inspired GIFRP coatings, surface roughness increased from 0.22 ± 

0.04 µm to 0.32 ± 0.04 µm after WIETs. It is imperative to mention that the infused liquid seems 

to have been retained on GIFRP coatings after the erosion tests, observed in figure 1b. The 

coatings could have either exposed the infused glycerol after the erosion or furnished it via a 

slow-releasing mechanism.  

3.3 Icephobic performance of the GIFRP coatings 

3.3.1 Evaluation of static anti-icing properties 

Static water droplet icing delay was measured on all the studied polymeric coatings including on 

the aluminium substrates and the results are summarised in figure 2a. Distilled water droplets 

froze in ~7 seconds on the aluminium substrates, whereas the droplets took 44~49 seconds to 

freeze on pure PU and PU-20CF coatings. The freezing time was significantly delayed on PU-

20gly and GIFRP coatings to ~364-372 seconds and the inclusion of glycerol resulted in a 

~659% increase in water droplet icing delays as compared to that of pure PU coatings. The 

incorporation of fibres enhanced the water droplet freezing delay time by ~11% in the case of 

pure PU coatings and ~2% in the case of the glycerol infused PU coatings. 
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Figure 2: Water droplet icing delay (a) and de-icing results before and after the erosion tests (b) 

on developed and the aluminium samples 

Static frost accumulation tests were also conducted on the studied samples with and without the 

inclusion of glycerol. The test duration was one hour for both the static and dynamic frost 

accumulation tests and the nebulised water aerosols were maintained throughout the tests and the 

volume of nebulised water was monitored. In comparison to the aluminium substrates, PU and 

PU-20CF coatings demonstrated a lower frost accumulation. Both polymeric coatings 

accumulated ~35-36 mg of frost as compared to 76 mg on the aluminium substrates. The 

glycerol infused coatings weighed heavier after the anti-icing tests as compared to the dry PU 

coatings and resulted in a similar weight as the aluminium substrates. Visual inspection of 

GIFRP coatings in figure 3a suggests that the frost accumulation was more like condensate 

accumulation and the coatings accumulated negligible frost during the test duration. The 

increased mass could be justified due to the hydrophilic nature of the infused PU coatings as 

compared to that of the dry PU coatings and the hygroscopic nature of glycerol, which collected 

the condensed water, mainly during the frost accumulation tests. Figure 3a also shows 

accumulated frost on the exposed metal side, signifying the ice depressing role of the fabricated 

coatings. The glycerol infused polyurethane coatings demonstrated promising anti-icing 
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performance in the static anti-icing tests and the coatings were successful in resisting the frost 

accumulation/ice nucleation on the coating surface. 

3.3.2 Dynamic frost formation 

Dynamic anti-icing tests were performed via a custom-made rotatable apparatus at the rotational 

speeds of 30 rpm and 300 rpm. The speeds of the rotatable sample holder were selected to 

simulate near-static and dynamic conditions and to minimise the effect of enhanced air 

circulation on frost accumulation. The major difference between the static and dynamic anti-

icing tests was the relative movement of samples. In the static test, the samples were placed 

stationary; whereas in the dynamic test, the samples were mounted on a rotatable sample holder. 

The results of dynamic frost accumulation tests on the metallic substrates and substrates with PU 

coatings are summarized in figure 3b. On average, the dynamic anti-icing tests generated ~565% 

more frost at 300 rpm as compared to the tests conducted at 30 rpm. The enhanced frost 

accumulation could be due to higher air circulation in the chamber as the rotation may influence 

the airflow and result in higher accumulations. The frost accumulation did not change 

significantly on the surfaces at 30 rpm, however, correlated with the results obtained at 300 rpm 

as shown in figure 3c. At 300 rpm speed, a similar magnitude of frost formation of ~210 mg and 

~219 mg were observed on PU and PU-20CF coatings, respectively. The metallic substrates 

accumulated ~301 mg of frost at a similar speed. Once again, the glycerol-infused polyurethane 

coatings were significantly heavier as compared to that of pure PU coatings and ~293 mg and 

~374 mg of frost/condensate were accumulated on PU-20gly and GIFRP coatings, respectively.  
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Figure 3: The accumulative data on static frost accumulation before and after 24 hours of the 

overnight water impression tests (experimental details are provided at the end), together with the 

photos of samples during the tests (a), the dynamic frost accumulation measurements at 30 rpm 

speeds and the relevant pictures of samples before and after the OWI tests (b), the distinctions 

drawn between the dynamic frost accumulations tests at two rotational speeds and a comparison 

is made with static frost accumulations tests (c) 

Visual inspection of the glycerol-infused coatings indicated a similar observation as the static 

anti-icing tests and the coatings resisted the frost accumulation and accumulated condensate 

instead. The coatings after the dynamic tests are shown in figure 3b. The frost formation was 
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evident on the aluminium substrates and PU-20CF coatings, whereas negligible frost formation 

was observed on GIFRP coatings. Larger chunks of frost lie on the surface of GIFRP coatings 

and these frost chunks might have come from the frost collected by the fan in the chamber.  

Similar larger chunks of frost ice are also indicated on the icing plate shown in figure 3b, which 

might have sprinkled due to the centrifugal action of fan blades. The results, in correlation with 

the static anti-icing tests, suggest that skin-inspired GIFRP coatings were effective in resisting 

the frost formation/ice nucleation on the surfaces and were mostly kept ice-free for the duration 

of tests as compared to the dry polyurethane coatings and metallic substrates. 

3.3.3 Effect of overnight water immersion on anti-icing properties 

The initial results on GIFRP coatings suggested promising anti-icing performance, both in terms 

of static and dynamic anti-icing tests. The GIFRP coatings were immersed in distilled water for 

24 hours and the static and dynamic anti-icing tests were repeated on the coatings. Overnight 

immersion of the glycerol-infused coatings in water could have an effect on the retention of 

glycerol in the polyurethane matrix and anti-icing performance might be hampered. Repeated 

test results are illustrated in figure 3a (static tests) and figure 3b (dynamic tests). The static frost 

accumulation tests on water-immersed PU-20CF and GIFRP coatings resulted in a similar 

magnitude of frost, indicating the effect of glycerol on anti-icing performance was nullified after 

the overnight water immersion. A similar outcome was observed on the dynamic anti-icing tests 

as well. The nullified anti-icing performance of water immersed GIFRP coatings as compared to 

that of PU-20CF coatings is shown in figure 3a. The figure indicated no difference in frost 

accumulations on the glycerol-infused coating as compared to the dry coatings. To ascertain the 

obtained results, the anti-icing tests were again repeated after 24 hours of initial overnight water 

immersion. The anti-icing performance of GIFRP coatings was restored and the coatings again 
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started to resist the frost accumulation. The 24-hours post-water immersion surface of GIFRP is 

shown in figure 3b. These tests suggest that the GIFRP coatings may possess the capability to 

self-heal or the coatings could release the infused liquid slowly to maintain icephobic 

performance. In either case, the coatings regained the icephobic performance after 24 hours of 

the overnight water immersion tests. It is imperative to mention that both tests were conducted at 

the intervals of 24 hours each and durability studies with time can be studied in the future. 

3.3.4 Impact of erosion on de-icing properties  

Ice adhesion strength tests were conducted on all the studied polyurethane coatings and as-

received aluminium substrates. The centrifugal method to evaluate the ice adhesion strength in 

this work had been previously applied by many researchers32-34, and a recent comparative study 

indicated its compatibility with the other widely used methods such as the horizontal force 

transducer method35. However, on bulk ice formations, a systematically higher shear strength 

was observed on the push methods as compared with that of the centrifugal methods.  The ice 

adhesion results before and after WIETs are summarised in figure 2b. The ice adhesion on the 

aluminium substrates was ~145 kPa and ~2.6 kPa on pure PU coatings, a ~56-fold reduction in 

ice adhesion on pure PU surfaces. The incorporation of 20 wt% carbon fibres in the polyurethane 

matrix increased the ice adhesion by ~2 fold to 5.8 kPa as compared to that of pure PU coatings. 

The infusion of glycerol in pure PU and PU fibre-reinforced coatings resulted in ice adhesion of 

0.15 kPa and 0.32 kPa, respectively. Pure PU coatings exacerbated the ice adhesion after the 

erosion tests to 83.1 kPa, a ~32 fold increase. Similarly, ice adhesion on PU-20gly coatings 

increased by ~37 fold after the erosion tests. These steep increase in ice adhesions may suggest a 

greater number of possible ice anchoring points (surface cavities) generated by the impinging 

particles as indicated from the increase of the surface roughness of the samples. 
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The incorporation of carbon fibres was successful in restricting the morphological damages 

caused by the impacting droplets/sand particles on the surfaces, which could be supported by 

figure S2. The ice adhesion of PU-20CF coatings increased by a mere ~1.5 fold after the erosion 

tests, as compared to a ~32-fold increase on pure PU coatings. The impinged PU-20gly coatings 

indicated a higher change in surface roughness as compared to that of PU and PU-20CF coatings, 

however, resulted in a lower ice adhesion. This reduction on PU-20gly coatings gives the idea 

that glycerol was still suppressing a stronger interaction between the ice and the surface even 

after the erosion tests. The results obtained on GIFRP coatings were most promising and the ice 

adhesion increased from 0.22 kPa to 0.77 kPa after the erosion tests. These values are one of the 

lowest ice adhesion strengths reported in the literature after the coatings have been damaged and 

table S2 is provided in the supplementary information to compare the ice adhesion strength and 

durability evaluation of the recent icephobic coatings from literature. A surface is believed to be 

icephobic if the ice adhesion is maintained below 10 kPa and ice adhesion on the hybrid GIFRP 

coatings was kept below 1 kPa after the erosion tests. 

3.4 Durability enhancement and liquid retention mechanisms 

The impinging droplets/sand particles create multiple stress waves on the impact zone and these 

stress waves consist of three multidirectional waves36. These stress waves are detrimental to the 

durability of coatings and may impart structural abnormalities, especially on the surface, if the 

stress waves exceed the dynamic fracture strength of the target material37. The effect of these 

waves are often connected with the fatigue properties as the material experience repetitive loads 

and the fractures caused by the erosion may lead to a fatigue failure38. However, Alder et al.39 

indicated that fatigue plays a secondary role, and concluded that the topological changes 

(microstructural discontinuities) or stress concentrations on the cracks during the incubation 
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period are the main factors that accelerate the erosion rate. Thus, minimising the surface damage 

is the key to achieving the lasting icephobic performance, as it will mitigate the erosion rate, as 

well as provide a minimal number of possible ice anchoring points40. In this paper, the 

impingement test consists of a mixture of water with hard SiC particles, and the particles could 

inflict more damage as compared to that of water droplets. The results conducted in this work 

indicate that the crack initiations to be a lead factor as the reinforced fibre composites 

demonstrated fewer surface anomalies after the erosion tests. The incorporation of fibres in the 

matrices results in better loading transfer and the increase of coating toughness. Thus, the 

capability of composite to withstand repetitive impact loads is greatly enhanced.  

Additionally, high erosion resistance on elastomers, like the one used in this paper, is linked to 

their viscoelastic behaviour and low modulus enables elastomers to dissipate the impact energy 

and prevents the pressure buildup, thus avoiding the stress concentrations across the surface41. 

Likewise, a low modulus elastomer could also provide a path for easy release of ice (low ice 

adhesion) due to a mismatch in strain under stress and large moduli difference between soft and 

ice surfaces18-19. On the other hand, the fibre structure in the polyurethane matrix could 

effectively withstand the impacting energy by distributing the kinetic energy of water 

droplet/sand particles across the discontinuous fibre structure without causing any significant 

damage. In the structure of the skin, the response of the discontinuous collagen fibrils to an 

external loading could effectively prompt stress redistribution and prevent the stress 

concentration in one area, leading to substantial energy dissipation23. The fibre-reinforced 

coatings studied in this paper were incorporated with milled carbon fibres, instead of typical long 

fibres to produce an isotropic response to the impacting particles and also providing a 

discontinuous path for impacting energies. However, the introduction of milled carbon fibres 
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came with a trade-off of using a lower aspect ratio (length/depth) of the fibres and higher aspect 

ratios are indicated to have greater fatigue resistance42. Generally, the erosion process on fibre-

reinforced elastomeric composite seems to take place in two modes25. Firstly, the local resin 

removal results in exposure of fibres to the erosive environment, as shown in the 3D profile in 

figure 1c. Secondly, a possible breakage of fibres as a result of direct impingement (as a result of 

plastic deformation) and the cracks start to form around the fibre interface. 

Another important aspect is the liquid retention in the polyurethane matrix. Most of the slippery 

or liquid infused coatings are faced with existential problems such as poor durability and the 

depletion of infused liquid over time or due to material damage. With each frosting/defrosting 

cycle, a portion of the lubricant was lost either via wicking away or evaporation43-46.  

 

Figure 4: Liquid replenishment process on GIFRP coatings via diffusion after the glycerol 

pockets were wicked away (created using Biorender.com) 

The infused glycerol in the polyurethane matrix could be supplemented through the diffusion on 

the surface, like the cetacean skin type lipid droplets emit oil to improve hydrodynamics, mainly 

due to capillary wick action, where the fluidic nature of the infused liquid spontaneously refills 

the physical voids47. The inclusion of glycerol could also be used to resemble the lipid droplets 

in a cetacean skin type, providing a flexible liquid-like interface that may act as a squeezable 
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temporary refuge to store the elastic potential energy until the load is transferred to the collagen 

fibres and/or the tissues to dissipate the energy48. The glycerol forms a quasi-liquid layer on the 

surface and when the surfaces are impacted using the erosion technique or the glycerol is wicked 

away, the coating squeezes glycerol on the surface via capillary wicking to maintain a quasi-

liquid layer until equilibrium is reached as shown in figure 4. The diffusion of glycerol may not 

be affected by the erosion damage as the glycerol reservoirs are uniformly distributed across the 

coating matrix. The long-term stability and resilience of infused liquid coatings are further 

associated with low viscosity liquids and using a working liquid with different surface tension 

than that of interacting liquids47, 49. Glycerol satisfies both conditions and the viscosity is likely 

to decrease with sub-zero temperatures50. However, the studies concerning the stability of 

infused liquids are limited to fluorinated, silicon, and minerals oils47, 51. Sun et al.2 conducted a 

similar study, like the one debated in this paper, using propylene glycol and reported promising 

stability of the infused liquid over a variety of anti-icing analyses. The design of GIRRP coatings 

enables the effective retention of the infused liquid within the fibrous structure. This strategy 

offers an alternative promising design as compared to other liquid-infused surfaces, which use 

either porous or textured impregnated surfaces to ensure the stability of the infused liquid, rather 

than reinforcing the matrix materials. It is imperative to mention that some degree of dissolution 

is inevitable as glycerol is highly miscible with water, however, the solubility of glycerol could 

be considered in other beneficial factors. Firstly, the solubility of glycerol during the 

crystallisation process creates a misfit between the water molecules, which results in ice not 

being strongly adhered to the polyurethane surface. The presence of glycerol in the water 

droplets also works to disrupt the ice crystal lattice formation by forming stronger hydrogen 

bonds with water molecules and competing against the water-water hydrogen bonding30, which 
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could be the case for the anti-icing results, when mainly the condensate was accumulated on the 

surface (resisting frosting) and the surface was majorly frost-free. Secondly, the glycerol-water 

miscibility was investigated at a range of salinities and temperature levels52, which offers a 

promising potential of icephobic performance for offshore and aerospace applications.   

Additionally, the infusion of glycerol also does not pose any environmental challenges as the 

infused liquid is a natural alcohol and is not as toxic as many fluorinated infusions studied in the 

literature53-55. 

The synergetic effect of ice depression induced by the infusion of glycerol and structural strength 

properties and crack inhibition capabilities provided by the incorporation of carbon fibres in the 

polyurethane matrix imparted continued icephobic performance after the erosion impacts. A 

layer of infused glycerol (in form of liquid pockets) was present on the surface even after the 

severe erosion damages and the incorporation of fibres could be the reason behind the retention 

of infused liquid in the polyurethane matrix.  

4 Conclusions 

The development of erosion-resistant glycerol-infused fibre-reinforced polyurethane (GIFRP) 

coatings was carried out by mimicking the surface structure of the cetacean skin. On the other 

hand, the supercooling point was reduced with the infusion of glycerol, inspired by chionophiles 

such as wood frogs and red flat dark beetles. The main aspirations behind the coating design 

were to address the performance challenges of liquid-infused icephobic coatings, such as coating 

durability, the depletion of infused or impregnated liquid, and the inability to maintain a 

smoother morphology after material/surface damage. 
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An effective and sustained presence of glycerol was instrumental to the surface being virtually 

ice/frost-free for the duration of static and dynamic anti-icing tests. The infusion of glycerol 

assisted by delaying water droplet freezing time to ~364-372 seconds, a 659% increase in 

freezing delays as compared to that of aluminium substrates. At the same time, the adaptation of 

the fibrous structure in the coatings helped in two distinctive ways. Firstly, the fibre network was 

efficient in retaining the infused liquid inside the polyurethane matrix after surface damages and 

the replenishment was possible due to the diffusion of infused liquid. Secondly, the restriction of 

surface damage caused the ice adhesion to reduce to 0.77 kPa on the GIFRP coatings, as 

compared to that of 83.1 kPa on pure PU coatings after the erosion tests. Thus, the synthesised 

bio-inspired coatings not only reduced the ice adhesion magnitude by a ~107 fold after the 

erosion tests but also maintained the ice adhesion strength of less than 1 kPa. 

5 Experimental details 

Four types of PU coatings were formulated in this study, and each coating was characterised and 

compared in terms of surface roughness, morphology, and ice adhesion strength before and after 

the erosion test. Error bars were calculated based on a standard deviation of the measured values. 

5.1 Substrates and raw materials 

Aluminium 2024-T4 plates with a size of 50 mm x 20 mm x 1 mm were used as substrates. Two-

part thermoset polyurethane resin namely PMC-790 (PU) was purchased from Smooth-on 

(USA). Carbiso Mil 100µ (milled carbon fibres, 80-100 µm average length) was obtained from 

Easy Composites Ltd (UK). Silicon carbide particles (SC224 600 mesh) for the water impinging 

erosion test were supplied from Simba Materials (UK). Triton X-100 was purchased from 

Sigma-Aldrich (UK). 
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5.2 Preparation of coatings 

All aluminium plates were sandblasted to enhance the coating adhesion, using a Guyson F1200 

sandblaster with 180-220 µm alumina particles. The substrates were then washed with ethanol 

and deionized water thrice and dried using compressed air before the coating application. 

PU solutions were magnetically stirred at a Part A : Part B ratio of 2 : 1 by weight. Carbon fibres 

and/or glycerol were gradually introduced and mixed in the resin solution during the stirring. The 

PU resins were then ultrasonically mixed for a further 30 minutes, and brush coated on the 

sandblasted aluminium substrates. The PU (with/without the infusion of glycerol) coatings were 

cured at 25 oC for 48 hours and the PU coatings without glycerol infusion were followed with 

post-treatment at 65 oC for 4 hours. The prepared liquid-infused coatings were dry to touch. 

5.3 Surface characterisation 

A Zeta-20 non-contact optical profiler was used to evaluate the surface roughness. The schematic 

diagram of the profiler is depicted in figure S3a. The reported roughness values were the average 

of a minimum of 30 measurements and the standard deviation of these measurements was 

adapted as error limits. Ra was measured over a line stretching across the observed surface. The 

same system was also used to observe topographical changes after erosion. An FEI Quanta 650 

ESEM (environmental scanning electron microscope) was used to acquire microstructural 

images and morphological damages on the eroded coatings. 

Shore hardness was measured using a SAUTER durometer having Shore hardness A and D 

scales. The durometer was attached to SAUTER test stands TI-AO and TI-D for Shore hardness 

A and D scales, respectively. The hardness studied were an average penetration (Shore) value 

based on 10 separate measurement.  
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5.4 Evaluation of hydrophobicity 

The sessile drop technique was used to measure water contact angles (WCAs) using an FTÅ200 

goniometer and 5 µl of a controlled volume of water drop was analysed. The schematic diagram 

of the goniometer is shown in figure S3b. The tests were conducted at room temperature. 

5.5 Ice adhesion strength tests 

A MOOG G403-2053A servo motor was used to measure the ice adhesion strength tests via a 

centrifugal method and the test was performed in an environmental chamber (ALPHA 1550-

40H) to simulate the freezing conditions. The ice adhesion test was conducted at a temperature of 

-10 oC. 

The ice adhesion force F (N) is determined using, 

𝐹 = 𝑚𝑟𝜔2                                                                        (1) 

Where ω (rad/s) is the rotational speed at the point of ice removal, r (m) is the rotor length, and 

m (kg) is the mass of ice. The ice (shear) adhesion strength ice can then be calculated as,  

𝜏𝑖𝑐𝑒 = 𝐹
𝐴⁄                                                                                 (2) 

Where A (m2) is the substrate/ice contact area. 

The static and dynamic water contact angles (WCAs), including advancing WCAs (AWCAs), 

receding WCAs (RWCAs), contact angle hysteresis (CAH), and ice adhesion strength 

measurements are summarized in table S1. 

5.6 Anti-icing tests 

All the anti-icing tests were conducted in a custom-built chamber located on RZ Medizintechnik 

GmbH Peltier cooling plate. The temperature around the testing area was monitored using an 
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open K-type thermocouple which was placed near the samples during the tests. In all the tests, a 

fan, circulating the airflow at ~3.8 m/s (or ~32 CFM), was operational to ensure temperature 

consistency in the chamber.  

5.6.1 Water droplet freezing delay test 

The ambient temperature was set at -11 oC for water droplet freezing delays tests. The surface 

temperature was monitored using a high-temperature type K surface probe and maintained at -10 

oC. The figure depicting the system is shown in figure S4. A controlled volume, 5 µl, was 

dispensed using a syringe pump on ten different spots of the samples and an average of the 

freezing delays was calculated.  

5.6.2 Static anti-icing tests 

The samples were placed at 45o angle against a metal stand and facing nebulised water aerosols. 

The nebulised water aerosols were generated using Omron Ultrasonic Nebulizer NE-U17. A total 

of 20 ± 2 ml of aerosol was fed into the system to encourage condensation/frosting and simulate 

stormy icing conditions. The nebulised water aerosols were maintained throughout the tests and 

the volume was monitored. The schematic diagram of the system is shown in figure 5. The 

ambient temperature of around -14 oC was maintained throughout the tests (measured through an 

open K-type thermocouple) and the surface temperature (of Peltier cooling plate) was set at -15 

oC. The test duration was one hour and the weight of frost accumulated was measured.  Each test 

was repeated three times and an average was calculated. The surface was pictured via a high 

definition camera thrice during the ice accumulation process to understand the ice nucleation 

over the different surfaces. 
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Figure 5: A depiction of static anti-icing test setup (created using biorender.com) 

5.6.3 Rotary dynamic anti-icing tests 

A custom-built metal rotor with 6 seats for samples was used for rotary tests. The samples were 

fastened by means of a screw and the rotor was spun at 30 rpm in similar humid conditions as 

static anti-icing tests. The system is visualised in figure 6. To ensure repeatability and to expose 

the coated surface only, the backside or metallic side of the samples were covered by peel-able 

tape and the tape was peeled after the tests. The ice accumulation was measured after an hour of 

test and an average of three tests was calculated. The samples were also pictured after the tests 

and a sample test is visualized in video S1. 

 

Figure 6: A depiction of rotary dynamic anti-icing test setup (created using biorender.com) 
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5.6.4 Anti-icing test after an overnight water immersion   

The technique was deployed to understand the retention and influence of glycerol on anti-icing 

performance. The technique involved submerging the samples in distilled water for 24 hours and 

the static and dynamic anti-icing tests were repeated on GIFRP coatings. Furthermore, anti-icing 

tests were again repeated on water-immersed coatings after 24 hours of first testing to ascertain 

the obtained results. In total, there were two tests conducted in 48 hours. The tests were carried 

along PU-20CF coatings to compare the GIFRP coatings in similar environments and conditions. 

5.7 Water impinging erosion tests (WIETs) 

To evaluate the coating durability, a silicon carbide suspension based erosion test was carried 

out. The silicon carbide suspension was prepared using 1 wt% silicon carbide microparticles and 

was suspended using 0.1 wt% of Triton X-100. The suspension was magnetically stirred for 4 

hours. During the test, the suspension was pressurized through a PNR ultrasonic atomiser nozzle 

(MAD 0331 B1BB) using compressed gas and the micro-droplets impinged onto the coated 

specimen. The schematic diagram of the impingement system is shown in figure 7. The system 

was kept and maintained at a liquid flow rate of 1.2 mL/s, the distance between the nozzle and a 

specimen of 4 cm and a duration of 90 min. The surface morphology, surface roughness, and ice 

adhesion strength of the coatings were measured before and after the erosion tests. 
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Figure 7: A depiction of water impinging erosion test setup (created using biorender.com) 
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