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Abstract 

In cold regions, icing is a serious challenge that people face daily. Ice accretion on bridge 

cables, wind turbines and ship hulls are only a few examples of where icing can have fatal 

effect. Much research has been done to overcome this problem using various solutions such as 

producing surfaces that delay ice formation or preventing ice accumulation using coatings 

exhibiting low adhesion to ice. Among these, elastomeric materials have repeatedly been 

reported as successful coatings with ultra-low adhesion values to ice, arising from an interfacial 

instability which was recently proposed as the underlying phenomena. This instability, 

interfacial cavitation, occurs when tensile forces are indirectly generated at the ice/substrate 

interface during shear. Most research has focused on studying, measuring, and manipulating 

ice adhesion of surfaces by shear forces. In this work, a high throughput, low-cost apparatus 

was designed and benchmarked to measure the tensile ice adhesion strength of various 

surfaces. The performance and precision of the setup was verified using experimental trials 

and the effect of various parameters such as temperature, pull-off speed, substrate thickness, 

and ice/substrate interfacial area were characterized. 

We then delved deeper in the ice adhesion behavior of polydimethylsiloxane (PDMS), a 

commonly used elastomeric ice phobic coating, comparing its pure tensile adhesive fracture to 

its typical shear adhesion behavior. It was found that tensile ice adhesion strength of PDMS is 

usually higher than the shear ice adhesion strength. Also, all parameters (such as thickness, 

elastic modulus, and probe speed) affected the tensile ice adhesion strength in the same manner 

they did with the shear ice adhesion strength, except roughness. When roughness of the PDMS 

surface was increased to up to an Sq = 32 ɛm, the shear ice adhesion strength remained almost 
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constant. We also developed a superhydrophobic PDMS that maintained the low tensile and 

shear ice adhesion value of ůice= 11.2 kPa and Űice= 8.6 after harsh abrasion periods. This work 

elucidates tensile ice/elastomer adhesion mechanisms and behavior, which is crucial for 

designing future elastomeric coatings that facilitate ice removal through interfacial 

instabilities. 
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Lay Summary 

Rubbery coatings have proven to be an advantageous choice as ice repellent coatings because 

of their incredibly low adhesion to ice. This low ice adhesion strength occurs because of the 

coexistence of both shear and tensile stresses. In this work a high throughput tensile ice 

adhesion measurement system was designed and benchmarked. Further, the pure tensile 

adhesion strength of ice to a soft substrate, comparison of ice adhesion behavior of soft 

substrates under shear and tensile, and various parameters affecting the ice adhesion of rubbers, 

are comprehensively studied.  
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Chapter 1: Introduction  

Ice accumulation on surfaces has always been a challenging problem that brings risk and 

difficulty both on an industrial level and to peopleôs everyday lives. Ice buildup on snowy days 

on the windshield of vehicles is a palpable example of it affecting daily activities during winter. 

Furthermore, ice accretion on top of bridges1, tall buildings2 and airplane parts3 may cause 

severe hazards. There were a total of 258 icing and inflight icing accidents reported between 

2006 to 2010, in the National Transportation Safety Board and Aviation Safety Reporting 

System, one of which killed 4 crew members, 45 passengers and 1 person on the ground4. On 

an industrial level, icing can negatively affect the efficiency of a wind turbine by changing the 

aerodynamic of the blades5. The government of Canada reported that each year around $113 

million dollars was lost between 2010-2016, because of the loss of wind energy production in 

cold regions as a consequence of icing of blades6.  Researchers have come up with several 

ideas to avoid the difficulties brought by the icing of surfaces. Most common solutions to the 

problem include preventing or delaying the formation of ice on surfaces, or producing coatings 

that lower a surfaceôs adhesion strength to ice. Ice formation happens in two steps: nucleation 

and growth 7. If at least one of these steps is hindered, the ice formation process either stops or 

slows down. For example, on surfaces with roughness values less than the critical nucleation 

radius of ice, ice formation is greatly delayed because of nucleation hinderance. Surfaces with 

such low roughness values are identified as smooth surfaces 8. Highly structured surfaces 

however, trap air pockets which delay the heat transfer between a water droplet and the 

substrate, and can decelerate the growth process 9.  
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A considerable number of studies have focused on producing surfaces with low adhesion to 

ice utilizing different methods and materials 10ï16. The accreted ice on a surface with low 

adhesion strength to ice can easily be removed by a small amount of force which in some cases 

may be as low as the weight of the formed ice, which results in passive ice shedding. Among 

them, elastomers have revealed to possess some of the lowest ice adhesion values 15ï18. The 

low ice adhesion of elastomers is enabled by a surface instability known as interfacial 

cavitation, which is a tension-driven phenomenon19. However, most ice adhesion measurement 

devices used in prior studies can only measure the shear ice adhesion strength of surfaces 20,21. 

Few studies have utilized devices and methods that measure the adhesion of ice by applying a 

tensile force 22ï38
 and there is no standard or high throughput system readily available. In this 

work a reliable and high throughput tensile ice adhesion measurement device was designed, 

and the performance was investigated. The designed tensile ice adhesion setup (Figure 1.1a) 

and a conventional shear ice adhesion setup (Figure 1.1b) were then used to carefully study 

and compare the shear and tensile ice adhesion strength of a polydimethylsiloxane (PDMS) 

based elastomer. Finally, a PDMS based superhydrophobic surface was developed with lasting 

low adhesion to ice. Studying surfaces such as elastomers under pure tensile force helps to 

better understand the underlying fracture phenomena and provides an overview when 

fabricating elastomeric-based ice phobic coatings, which exhibit low shear ice adhesion 

strength because of the incorporation of a tensile component.  
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Figure 1.1. Ice adhesion measurement devices used, (a) designed tensile ice adhesion 

measurement apparatus, (b) shear ice adhesion measurement device 

1.1 Background 

1.1.1 Wettability  

Accumulated ice on surfaces forms when liquid water such as rain droplets or melted snow, 

comes in contact with a solid surface at sub-zero temperatures. Therefore, the way water 

interacts with the surface may directly affect the ice/substrate interface interactions and 

conformation. The water/solid surface interaction is comprehended as wettability 

characteristics of the substrate.  
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1.1.1.1 Youngôs and static contact angles 

Consider a liquid droplet resting on a smooth solid surface. The line where the liquid (l), vapor 

(v), and solid (s) phase meet is called the triple-phase contact line. The angle that the droplet 

makes with the surface at any point on the contact line is called the Youngôs contact angle (ɗ). 

In general, the angle that a liquid makes with a solid surface could be calculated using Youngôs 

equation:                                      

 ὧέί—
‎  ‎

‎
 (1.1) 

where ɔsl, ɔlv, and ɔsv are solid/liquid free interfacial energy, liquid surface tension, and solid 

surface free energy, respectively. This equation is a thermodynamic equilibrium and indicates 

that the angle a liquid makes while resting on a solid surface is the result of a balance between 

the tendency of the liquid to spread on the solid and keep its spherical shape. Lower surface 

tension leads to higher tendency to spread and wet a solid surface which results in lower contact 

angles.  

However, Youngôs equation is based on some assumptions that may not be the case in real 

scenarios. For example, the surface should be smooth and chemically homogenous without 

any kind of contaminants. The gas environment around the droplet should be 100% saturated 

with the vapor of the liquid. The solid surface should be rigid and should not interact with the 

liquid in any other way such as swelling, etc. In real life with non-ideal surfaces, violation of 

the assumptions results in inaccurate Youngôs contact angle measurements. The contact angle 

of a static droplet measured on a surface is called the static contact angle (ɗs). The static contact 
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angle and the Youngôs contact angle may or may not be equal, depending on how ideal the 

surface is and if any of the assumptions are violated.  

1.1.1.2 Advancing, receding and contact angle hysteresis 

One way to determine the wetting properties of a non-ideal surface is by measuring the 

dynamic contact angles. By steadily adding more water to a static water droplet, the droplet 

volume and the water contact angle will increase without moving the contact line until the 

angle is large enough that the droplet moves further out, making a larger contact line with the 

same static contact angle. The angle observed just before or after the droplet advances along 

the dry surface is called the advancing contact angle (ɗadv). By removing water from a static 

water droplet, on the other hand, the volume and the water contact angle will decrease without 

moving the contact line until the angle is low enough that water recedes, making a contact line 

shorter in length. The water contact angle just before or after the droplet de-wets the surface is 

called the receding contact angle (ɗrec). The difference between the advancing and receding 

contact angle is called the contact angle hysteresis. Contact angle hysteresis (CAH) is a 

measure of surface homogeneity and perfection. High CAH on a surface means lower mobility 

of the droplet which is pinned on the surface in some parts of the contact line. Two main 

reasons for high CAH include chemical heterogeneity and surface roughness. Recalling the 

assumptions in Youngôs equation, an ideal surface should have a contact angle hysteresis of 

0ę. 

 ὅὃὌ— —  (1.2) 
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Surfaces are categorized in a range of superhydrophilic to superhydrophobic based on their 

water contact angle and contact angle hysteresis. Surfaces with ɗ < 90ę are considered 

hydrophilic surfaces. Surfaces that make contact angles with water as low as 0ę < ɗ < 5ę are 

considered superhydrophilic surfaces. If ɗ > 90ę, the surface is considered a hydrophobic 

surface. Superhydrophobic surfaces make a water contact angle of ɗ > 150ę and a CAH < 5ę. 

1.1.1.3 Wenzel and Cassie-Baxter states 

On a rough surface, a water droplet can adopt two configurations. The Wenzel state happens 

when the droplet completely penetrates the surface texture, wetting the whole surface (Figure 

1.1a.) In this case the total water/solid interfacial area, and the triple contact line length, will 

increase. The contact angle of a liquid on such surface can be calculated using the Wenzel 

equation (Eq. 1.3): 

 ÃÏÓ—ᶻ ὶÃÏÓ— (1.3) 

where ɗ* is the apparent contact angle and r is the surface area of the rough surface, divided by 

the projected surface area, which is called the Wenzel roughness. Therefore, Wenzel roughness 

is always r Ó 1. If the contact angle of a liquid on a smooth surface is below 90ę, by roughening 

the surface the apparent contact angle will decrease. In contrast, if a droplet exhibits a contact 

angle higher than 90ę, roughening the surface will result in an increase in the apparent contact 

angle of the liquid. In other words, by roughening a smooth surface that is chemically 

hydrophobic, such as silicone, the contact angle will increase. After a certain increase in 

roughness, wetting the surface is not energetically favorable. In this case the water droplet will 
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rest on air pockets that are trapped in the grooves on the surface, shown in Figure 1.1b. The 

contact line will partially touch the surface and partially touch air. The apparent contact angle 

is described by the Cassie-Baxter model (Eq. 1.4): 

 ÃÏÓ—ᶻ ὪÃÏÓ— ὪÃÏÓ— (1.4) 

Where Ὢ and Ὢ are the solid surface fraction and vapor surface fraction, respectively. Because 

the vapor surrounding a droplet in most cases is air, — is considered as 180ę. The Cassie-

Baxter equation shows that the apparent contact angle will increase when the droplet is in 

contact with more air rather than the solid surface. 

 

Figure 1.2. Possible liquid/solid configurations, (a) Wenzel state, (b) Cassie-Baxter state 

1.1.2 Ice adhesion strength 

Consider a water droplet sitting on a surface. The work required to detach the water droplet 

from the substrate at the interface without deforming the surface is called the thermodynamic 

work of adhesion (Wa). Here detachment refers to completely eliminating the in-common area 

of the two materials and producing two new surfaces. In the case of a solid and a liquid, the 
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thermodynamic work of adhesion is ὡ ‎ ‎ ‎  39. The Young-Dupre equation was 

derived by coupling this formulation with Youngôs equation40: 

 ὡ  ‎ ρ ÃÏÓ— (1.5) 

This equation explains that the thermodynamic work of adhesion depends on the surface 

tension of the liquid and its Youngôs contact angle on the surface. However, the wetted surface 

area for rough surfaces could be totally different than the wetted area on an ideal surface with 

the same chemistry. The work of adhesion for a droplet that is in the Wenzel state on a 

hydrophilic surface is greater than the ideal smooth surface because the droplet is in contact 

with a greater area of the hydrophilic solid; meaning that more liquid-solid bonds need to be 

broken for detachment. On the other hand, a droplet on a superhydrophobic surface which is 

in the Cassie-Baxter state wets a portion of the surface, making smaller liquid-solid interface. 

Relatively similar chemical interactions exist between ice and substrates because it is the solid 

form of water. The configuration that a frozen droplet adopts on a surface may or may not be 

the same as the configuration of the droplet before freezing depending on the environmental 

conditions such as humidity. However, it is still bound by complete Wenzel or complete 

Cassie-Baxter state and the laws hold for both41. Ice detachment physically happens when a 

crack is formed from an applied force and propagates across the interface. Accordingly, 

characterizing surfaces by the ice adhesion strength, which is the maximum force required to 

mechanically detach ice from a surface, is preferred 42. The shear stress (Űice) required to de-

bond ice from an elastomeric film, is given by:15,43 
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† ͯ

ὡ‘

Ὤ
Ⱦ  

(1.6) 

This equation indicates that the shear ice adhesion strength on a surface depends on the shear 

modulus (µ) and thickness (h), as well as the wettability characteristics of the material (Wa). If 

a surface can repel ice with shear stresses Űice Ò 100 kPa, it is called an icephobic surface. 

Now consider a rigid stud such as ice on an elastomeric film which is being pushed off by 

applying a distributed shear force at a line above the plane of the interface (Figure 1.3.). An 

elastic instability at the interface of the rigid/soft materials results in emerging air bubbles at 

the interface which produce vertical displacement. Before the shear stress is high enough to 

detach the ice from the surface, the ice will compress the elastomeric film at the front edge of 

the ice because of the torque generated, as shown in Figure 1.2. Simultaneously, a normal force 

will be generated at the rear end of the ice, which opens a cavity at the rear end of the interface. 

In other words, the discrepancy between the elastic modulus of the rigid ice stud and the soft 

substrate results in the instability of interfacial cavitation. This phenomena can be explained 

from a fracture mechanics point of view, formulated below:44,45 

 
†

Ὁᶻ‎

“ὰɤ
Ⱦ  

(1.7) 

where E* is the apparent elastic modulus, lc is the length of crack and ȿ is a non-dimensional 

constant determined by the geometric configuration of the crack. Based on this equation, a 

lower ice adhesion strength can be obtained by increasing the maximum crack length, 
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decreasing the elastic modulus, or decreasing the surface energy of the material. Surfaces with 

lower energy result in weaker bonds with the ice. Also, the number of probable crack initiation 

sites on a surface with ice in the Cassie-Baxter state is higher than for a smooth surface46. 

Cracks act as stress concentration sites and increase the efficiency of ice removal 44.  

 However, an exclusive, detailed study on pure tensile ice adhesion of soft substrates has often 

been neglected and there are only few studies that have reported tensile ice adhesion values or 

utilized related methods 22ï38. This triggered our motivation to dig deeper into the ice adhesion 

strength of elastomeric coatings under tensile forces. 

 

Figure 1.3. Schematic illustration of the tensile force generated at the rear edge of an ice 

cube when a shear force is being applied at a height above its interfacial plane. 

1.2 Existing Techniques 

1.2.1 Ice adhesion and wettability 

Recall that wettability characteristics of a surface, and the icephobicity, are mainly affected by 

the chemistry and roughness properties of the surface. In other words, the water contact angle 
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in Eq. 1.5, which affects the ice adhesion of the surface, depends on the molecular interactions 

at the interface and the roughness of the surface. The highest water contact angle on a smooth 

surface is 120ę and is observed Perfluorinated compounds (PFC) which exhibit the lowest 

surface energy due to the high percentage of the -CF3 groups on their surfaces. Therefore, 

many studies have focused on preparing surfaces with low surface energy chemistries to study 

the relationship between wettability and ice adhesion and achieve ice-phobic properties. 

Meuler et al. coated bare steel samples with various polymers to achieve smooth surfaces with 

a range of wettabilities and measured their shear ice adhesion strength. They found that the ice 

adhesion strength decreases linearly with increasing the receding contact angle with a scaling 

parameter of a [1 + cos ɗrec]. Based on this correlation, they claimed that they have achieved 

the lowest ice adhesion possible for a smooth surface, by obtaining the highest receding contact 

angle reachable on a smooth surface of 118.2 ±2.4ę 47.  

By adding micro- and nano-textures on hydrophobic chemistries, superhydrophobic surfaces 

with water contact angles as high as å180ę and contact angle hysteresis less than 5ę can be 

achieved. Researchers expected even lower ice adhesion values on superhydrophobic materials 

compared to the smooth material with the same chemistry, because of the decreased solid-

liquid interface due to the initial water droplet being in the Cassie-Baxter state. Ozbay et al. 

measured the ice adhesion strength of various materials with a range of surface free energies, 

between 21.8 mN/m for polytetrafluoroethylene (PTFE) and 39.2 mN/m for copper. The ice 

adhesion strength increased 4.5 fold with increasing surface free energy 48. Arianpour et al. 

prepared surfaces with varied contact angles and contact angle hysteresis by adding 

nanoparticles to a silicon rubber matrix. They found that droplets on the superhydrophobic 



12 

 

surfaces rolled off easier because of having low CAH. The ones that remained on the surface 

froze after a longer time because the droplets were resting on air pockets that reduced heat 

transfer in the Cassie-Baxter state. Also, the shear ice adhesion strength of the surface reduced 

significantly which was believed to be because of the low CAH. Arianpour et al. reported their 

surface as an attractive icephobic candidate because of its anti-icing and ice repellency 

properties49. Kulinich and Farzaneh coated aluminum (Al ) substrates with a 

nanoparticle/fluoropolymer suspension and measured the ice adhesion strength on the samples. 

Their results revealed that the ice adhesion directly correlates with the contact angle hysteresis 

of the surface and it is believed to be because of the higher interfacial area on substrates with 

high CAH50. They argued that previous conclusions, indicating that the ice adhesion strength 

on rough surfaces depends on the water contact angle51, only holds when the contact angle 

hysteresis on the surface is low.  

Many studies argue that superhydrophobicity does not necessarily make a surface capable of 

repelling ice with low forces. Meuler et al. explain that adding topographical features alone is 

not enough for achieving low ice adhesion strength values in every environmental condition. 

They suggest that a superhydrophobic surface that does not hold a droplet on the air pockets 

after freezing, i.e. does not produce Cassie-Baxter ice, would not be promising as a durable ice 

phobic surface52. Cui et al. prepared hydrophobic and superhydrophobic surfaces with a variety 

of roughness, wettability, and surface energy. They showed that on rough superhydrophobic 

surfaces in rose petal or lotus model, the contest between mechanical interlocking and stress 

concentration determines the ice adhesion strength on the surface53. Maghsoudi et al. prepared 

superhydrophobic silicone rubber surfaces by two different methods, resulting in different 
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roughness values, and measured their shear ice adhesion strength. They revealed that on 

surfaces constructed of micro/nano textures, lower ice adhesion is achieved on surfaces with 

lower roughness54. 

1.2.2 Ice adhesion and elastic modulus 

In previous sections it was explained how a surfaceôs ice adhesion strength is related to the 

work of adhesion, elastic modulus, and thickness, and we particularly focused on work of 

adhesion. In this section, we reflect on the elastic modulus, specifically soft elastomeric 

substrates such as PDMS. As explained earlier in Figure 1.2, when a shear force is applied to 

an ice at a height above the interfacial plane of the ice/soft substrate, a moment will form. A 

sufficient moment will generate a tensile force at the rear end of the ice that is large enough to 

separate the ice from the soft substrate, initiating crack formation. The constantly applied shear 

stress and the low modulus of the substrate all together progress the crack propagation. The 

addition of a tensile stress to the applied shear stress, results in a lower shear force needed for 

complete detachment43,55. Beemer et al. prepared PDMS gels and varied their elastic moduli 

by adding plasticizers and manipulating the cross-link density. They studied the effect of 

elastic modulus and film thickness on ice adhesion by applying a shear force. They showed 

that the shear ice adhesion decreased with an increase in the thickness of the film, up to 1.4 

mm following Equation (6), and remain constant thereafter. The elastic modulus, on the other 

hand, had a direct relation with the ice adhesion strength43. In another work, Wang et al. 

observed that by increasing the height of the applied shear force above the interfacial plane, 

the critical force of detachment of poly methyl methacrylate (PMMA) decreased because a 

tensile/shear mode emerged56. Golovin et al. studied the shear ice adhesion dependence on 
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elastic modulus by tailoring the cross-link density of various elastomers. In addition, they 

facilitated interfacial slippage by adding different oils. They revealed that for soft surfaces, 

cross-link density and interfacial slippage independently dictate the shear ice adhesion 

strength, rather than the wettability characteristics of the surface. Their results precisely 

matched the governing equations15.  Zhuo et al. prepared a PDMS coating with slidable 

crosslinks and investigated the shear ice adhesion. They suggested that besides the 

hydrophobic nature of PDMS, the slidable crosslinks were responsible for the low ice adhesion 

not only because of a decreased the elastic modulus, but also enabling interfacial slippage57. 

He et al. were able to decrease the shear ice adhesion strength of PDMS surfaces by introducing 

macro-cracks in the form of holes that diminished the stiffness homogeneity. They found that 

increasing the diameter of the holes decreases the ice adhesion strength by enabling and 

improving crack initiation and propagation. However, the effect of hole diameter on stiffness 

inhomogeneity became less distinct with increasing the film thickness44. A year later, they 

fabricated a sandwich-like PDMS sponge and tuned the elastic modulus by modulating the 

weight ratio the prepolymer and curing agent. They indicated that the facilitated crack 

initiation, the low elastic modulus, and the inherent low surface energy of their surfaces 

resulted in shear ice adhesion values as low as Űice = 0.9 kPa58.  

1.2.3 Tensile ice adhesion 

As discussed in the previous section, soft elastomers such as PDMS have been suggested 

widely to be used as ice-phobic coatings. Interfacial cavitation, one of the governing 

mechanisms responsible for the low shear ice adhesion strength of rubbers, is a tension-driven 

phenomenon. However, measurements of pure tensile ice adhesion strengths (ůice) of such 
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surfaces, along with a comparison to their shear ice adhesion strengths, are rare. In 2013, Ruan 

et al. studied the anti-icing behavior of superhydrophobic Al , prepared by etching and chemical 

methods. In their paper, they briefly explained that they used a dynamometer to pull-off frozen 

water droplets from the surface via a hairline through the droplet34. Based on the images 

published in the paper, the hairline begins trapped in the frozen droplet. However, this is not 

an accurate and repeatable method of tensile adhesion measurement for many reasons. First, 

there is no control over the wetted/iced area when a droplet is deposited on the surface. Second, 

the hairline that is used to pull the ice off, is not attached to a fixed position, and passes through 

the bulk of ice. This would result in inconsistent stress distribution at the interface for different 

measurements, limiting the repeatability of the method. 

 In 2013, Wang et al. characterized the ice adhesion of etched aluminum (Al)  surfaces. They 

performed the ice adhesion measurements using a pulley-like device. They explain that they 

had to move frozen samples from a freezer to the test device. The tensile ice adhesion 

measurement was also done by gradually adding weight to the driving arm36. In 2018, Work 

et al. reviewed the ice adhesion measurement techniques and pointed out that they could not 

find any paper on a tension test device that analyses the stress distribution and standardizes the 

method59. Davis et al. used the blister method to measure the tensile ice adhesion of their rough 

surfaces. In this method, a tensile force was applied at the ice/substrate interface by pumping 

pressurized air through the cylindrical cracks at the interface60. Loho et al. introduced a new 

device measures the tensile ice adhesion of samples by pulling off the samples from a bulk-ice 

formed beneath61. The devices that Davis et al.60 and Loho et al.61 used had the advantage of 

in situ ice formation compared to previously explained techniques were the iced surface was 
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transferred to the measurement stage from a freezer. However, only one ice/substrate interface 

could be prepared and tested at a time. 

  Murase et al. measured the tensile and shear ice adhesion strength of 22 polymers with 

different works of adhesion, glass transition temperatures, dispersion and hydrogen bond and 

viscoelastic behavior. They found that work of adhesion is affected by mobility of the chains. 

Therefore, any physical property that alters the chain mobility will also influence the shear and 

tensile ice adhesion strength62. Wang et al. characterized the anti/de-icing of their Al  substrate 

using tensile ice adhesion strength measurements. They prepared a superhydrophobic surface 

by etching Al  and then coating it with 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PTES), 

generating air pockets that lead to a reduction in the tensile ice adhesion63. Zhu et al. measured 

the tensile and shear ice adhesion of bare, PDMS coated, and silicone oil infused, PDMS coated 

Al . Their results showed an overall reduction in both tensile and shear adhesion strength with 

an increase in the oil content38.  

In a different work, Yang et al. 64 measured the tensile and shear adhesion strength of fluoro-

based coatings on Al  substrates. The lowest shear and tensile adhesion belonged to the pristine 

polytetrafluoroethylene (PTFE), a low surface energy, smooth surface. Adding sub-

micrometer texture to their surfaces resulted in improving the hydrophobicity but the shear and 

tensile ice adhesion was increased due to mechanical interlocking. The increase in interfacial 

chemical interactions also lead to an increase in the tensile ice adhesion on smooth surfaces. 

In 2019, Gao et al. fabricated metal-organic framework (MOF) coatings with micro-nano 

texture and infused them with silicone oils in a way that kept the texture of the surface. They 

investigated the anti-icing as well as the de-icing of their surfaces under a tensile force. The 
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tensile ice adhesion value of the micro-nano textured oil infused MOF was reported to be less 

than 20 kPa, which was around 10 times lower than that of nano texture MOF surfaces. They 

also showed that the viscosity and amount of the oil added to the texture did not have a 

significant effect on the tensile ice adhesion of their surface35. Maeno et al. studied ice-ice 

friction coefficient dependence on sliding velocity, temperature, and normal stress65. Dan et 

al. investigated the tensile and shear adhesion of ice to asphalt pavement at different 

temperatures and roughness. Their results showed that both tensile and shear adhesion increase 

with decreasing temperature and increasing roughness66. Peng et al. also used hydrophobic 

coatings on asphalt pavement and measured the tensile and shear ice adhesion strength of their 

samples67.  The above studies are the only ones that have took into consideration the 

importance of tensile ice adhesion measurements, to the best of our knowledge. Among them, 

only a few have utilized tensile ice adhesion measurements to characterize the icephobicity of 

elastomeric surfaces.  

1.3 Motivation  

The advantageous influence of interfacial tensile forces on the shear ice adhesion strength of a 

soft surface has been strongly supported by theories. However, few experimental studies have 

focused on or measured the tensile ice adhesion strength of soft surfaces and compared it to 

the relative shear ice adhesion strength. When it comes to superhydrophobic, ice-phobic 

surfaces, maintaining the icephobicity and durable ice repellency is a big challenge.  Further, 

comparisons between different surfaces are difficult as there is no standard technique of 

measurement for tensile ice adhesion. Accordingly, we designed a high throughput tensile ice 

adhesion measurement system, which: (1) enabled cooling and adhesion measurement on the 
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same stage, (2) provided space for several samples to be tested at a single run. The design and 

construction of the tensile ice adhesion measurement is presented in Chapter 2, along with the 

reasoning for the design decisions. The performance of the setup is characterized using 

experimental trials varying parameters such as temperature, pull-off speed, thickness of the 

substrate, and ice/substrate interfacial area, to verify the precision of the measurements. We 

then study the tensile and shear ice adhesion strengths of PDMS surfaces in Chapter 3, varying 

different parameters such as PDMS film thickness, elastic modulus, roughness, and the speed 

of the applied force. We further compare the tensile adhesion strength of the PDMS, which is 

a single value, to shear adhesion values measured by applying the shear force at different 

heights above the iced interface. Our findings enabled us to fabricate a superhydrophobic, 

durable icephobic PDMS surface (ůice= 4.2 kPa and Űice= 7.3) that maintained the low tensile 

and shear ice adhesion strength after 20 minutes of abrasion (ůice= 11.2 kPa and Űice= 8.6), even 

when mechanical interlocking occurred. 

1.4 Objectives and outline 

Objective 1: Designing an accurate and efficient tensile ice adhesion measurement apparatus 

and verifying the performance of the device by comparing the measurements with known laws 

of fracture mechanics. 

Hypothesis: By using well-designed ice holders that uniformly distribute force, a cold stage 

on which many holders could fit, and an adjustable measurement system we can achieve 

consistent, repeatable tensile ice adhesion measurements. 
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Tasks: 

¶ Design and build the measurement system  

¶ Investigate the stress distribution of the ice/substrate interface when using various 

designs of ice holders 

¶ Study the effect of various parameters on tensile ice adhesion of at least two substrates 

¶ Validate the performance of the apparatus by comparing the results with literature 

values and theoretical trends 

Objective 2: Achieve a comprehensive understanding of the ice adhesion strength of soft 

elastomeric materials under shear and tensile forces. 

Hypothesis: Tensile ice adhesion strength of a surface is lower than its shear ice adhesion 

strength, and by increasing the tensile force component on a surface with mixed shear/tensile 

mode, the ice adhesion strength will decrease and approach the pure tensile ice adhesion 

strength. Tensile and shear ice adhesion strengths decrease with decreasing the modulus and 

force speed, and increasing the thickness. Roughness could either decrease or increase both 

tensile and shear ice adhesion strength based on the wettability characteristics that it provides.   

Tasks: 

¶ Measure the tensile and shear ice adhesion strength of soft, PDMS-based elastomers 

while varying different parameters such as modulus, thickness, roughness, and force 

speed 
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¶ Compare the tensile ice adhesion strength with shear ice adhesion strength while 

triggering interfacial cavitation by applying the shear force at different heights 
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Chapter 2: A High Throughput Tensile Ice Adhesion Measurement System 

2.1 Overview 

Herein, the design and construction of a tensile ice adhesion measurement device is discussed 

which exhibits many advantages over previous measurement systems. The benchtop system 

has a small footprint (overall dimensions of 26 cm × 33 cm × 70 cm, length × width × height) 

and is simple to construct and operate. The device mainly consists of a motor, force gauge, 

cold stage, ice holders, chiller, and Al  framing which provides mechanical support to the 

structure. A thermocouple and a PID controller control the temperature of the Peltier stage 

where measurement takes place. Various experimental test parameters, such as temperature, 

speed of applied force, iced area, and thickness of the test material can be varied independently. 

2.2 Description of the System 

Unlike a typical uniaxial tension setup, our tensile ice adhesion setup includes a Peltier stage 

with an area of 12 cm × 6 cm, which also serves as the measurement stage. Larger Peltier 

stages could be substituted to allow for a greater number of tested samples per freeze cycle. 

The temperature of the stage is tunable in the range of 0 °C to -25 °C using a thermocouple 

and a cold-water circulation system. This makes it possible to measure the tensile adhesion of 

ice to substrates at different temperatures. The size of the ice holder affects the number of 

measurements per freeze cycle. For example, the ice holder that was used to verify the 

operation of the setup under different temperatures, pull-off speeds, and thicknesses had an 

outer radius of 6 mm, allowing for 6 tensile ice adhesion measurements during each freeze 
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cycle. Making several measurements during a single freeze cycle decreases the risk of errors 

due to varied testing conditions, resulting in more precise and consistent values. 

Unlike previous tensile measurement systems 29,30,68, the freezing cycle and the tensile 

measurement occur on the same stage. This means that the ice/substrate sample does not need 

to be carried to the measurement stage. Environmental errors such as ice surface melting are 

avoided. The apparatus allows for three degrees of freedom in the x-, y-, and z-directions. The 

x- and y- translation enables the operator to freely position the force gauge hook directly above 

an ice holder. The z-direction translation, which is essential for the tensile force measurement, 

is enabled by mounting the force gauge on a linear motion stage connected to a motor. The 

force gauge can be easily and quickly replaced by another with a larger or smaller load cell, 

such that surfaces with vastly different adhesion values may be investigated. To control the 

iced area, holders with specific internal surface areas were designed. The geometry and shape 

of the holders were optimized to achieve a uniform stress distribution at the interface. The ice 

holders are one the most influential elements that govern the precision of the measurements. 

Accordingly, the design and optimization of the ice holder is discussed, in detail. 

This device: 

¶ Measures the tensile force needed to detach ice from a substrate 

¶ Is an inexpensive and simple setup to build 

¶ Can measure several samples during a single freeze cycle 

¶ Was verified and the measurements matched known laws of fracture mechanics 
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2.2.1 Design and Optimization of the Ice Holder 

Unlike shear-based methods, the design of the ice holder was more complex as tension must 

be applied normal to the interfacial plane. An ice holder was designed and analyzed using finite 

element modeling (Abaqus) in order to minimize stress concentration and avoid any induced 

bending moment. In contrast to the push-off shear ice adhesion test method, where uniform 

compression is applied on the lateral side of the ice cube holder, a pull-off method was 

simulated in order to investigate ice adhesion in Mode I fracture (tensile detachment). 

Uniformity in the stress distribution at the interface was considered in the optimized design of 

the ice holder, along with a methodology for easily and repeatedly applying tension. The 

deformable solid parts of the ice holder, cylindrical ice, and an Al  substrate were modeled. In 

these simulations, the ice holder (made of polylactic acid, PLA, a common 3D-printing resin) 

was placed on an Al  sheet with dimensions L = 60 mm, W = 60 mm, and t = 0.5 mm. The 

elastic moduli of Al , PLA, and ice were set to 70, 3.5, and 8.5 GPa, respectively, with Poisson 

ratios of 0.3, 0.33, and 0.3, respectively. The static analysis step was defined as ósolverô for all 

numerical simulations. After several iterations, the ice holder with the geometry shown in 

Figure. 2.1 was selected.  
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Figure 2.1.Tensile adhesion ice holder. (a) Isometric view of the designed ice holder. (b) 

Sectioning a quarter of the model reveals the cylindrical ice inside the holder. (c) Two-

dimensional top view of the ice holder. (d) Drawing of designed ice holder (front view). 

The dimensions are in mm. (e) Assembly model of the Mode I ice adhesion test 

A concentrated force was applied to the connection points of the beam connectors via a high-

strength cord, and the stress was transferred uniformly to the ice holder and ice adhered to the 

Al  sheet as shown in Figure 2.2. 

   

Figure 2.2.Stress distribution within the Al  sheet. (a)first increment of analysis. (b) 

second increment (before separation) of the analysis. 
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Interfacial fracture was modeled by applying a cohesive zone model to the ice/ Al  interface69. 

The values of the cohesive zone parameters obtained by Chen et al.27 were utilized (Table 2.1). 

The interaction between the ice and ice holder was considered as a tie constraint to stipulate 

deformation continuity at the interfacial plane. The designed ice holder could effectively 

transfer the concentrated external force uniformly over the top surface of the cylindrical ice 

due to the chosen geometry (Figure 2.1b). Undeformable beam connector elements were 

selected for the connection between the ice holder and loading points (Figure 2.1e). These 

elements transferred the applied force between the components with a constrained component 

of relative motion (CORM) of the translational and rotational displacements in all three 

directions. 

In order to optimize the element size in the numerical simulations, mesh convergence was 

studied. 14,400, 9,724 and 33,086 elements with type C3D8R, consisting of an 8-node linear 

brick with reduced integration, were used for the sheet, ice cube, and ice holder models, 

respectively. No significant variation in the maximum stress was observed in the Al  sheet for 

a larger number of elements, and the optimum element size of 0.5 mm was selected. Overall, 

the relatively uniform stress distribution at the ice/ Al  interface (Figure 2.1a,b) indicated that 

the designed ice holder should exhibit consistent tensile ice adhesion measurements. 
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Table 2.1. Cohesive zone model parameters used in the numerical simulations27. 

Parameter Values 

Normal cohesive stiffness (Kn) 1×106 N/mm3 

Shear cohesive stiffness (Kt) 1×106 N/mm3 

Normal mode fracture energy (Gcn) 1×10-3 N/mm 

Shear mode fracture energy (Gct) 1×10-3 N/mm 

Normal cohesive traction (Tn
Max) 0.8 MPa 

Shear cohesive traction (Tt
Max) 0.8 MPa 

2.2.2 Device Structure  

This device consists of four major components (Figure 2.3): (1) The stationary structure on 

which the electronics are attached and which provides the mechanical support of the 

system. (2) The movable structure which is fixed to the stationary structure while having 

the freedom to move in both x- and y- directions. (3) The crosshead, which is mainly 

comprised of a motor and a force gauge with a freedom of movement in the z-direction, 

due to the linear motion stage. The crosshead is held and supported by the movable 

structure. The attachment of these two parts together enables the whole part to have a 

freedom of movement in all three directions. (4) The Peltier stage which is fixed on the 

stationary structure and is responsible for the cooling. Below, step-by-step build 
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instructions are given along with figures with numbers for easy understanding. Table 2.2 

includes the number directory of the pieces including all needed dimensions. 

 

 

Figure 2.3.Tensile ice adhesion measurement system break-down into four main 

structures 
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2.2.3 Build instructions 

2.2.3.1 Structural instructions  

Cut and drill the Al  sheets (9), (13), and (26) with respect to the dimensions depicted in 

Figure 2.4. 

 

Figure 2.4.Dimensions and specifications of the Al  sheets. a, part (13) b, part (26) c, part 

(9). The dimensions are in mm. 

Phase 1 (see Figure 2.5): 

1. Slide two T-nuts (5) into a T-slotted profile (2). Do the same for another T-slotted 

profile (2). 
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2. Use corner concealed brackets (4) to attach the T-slotted profiles (1), (2) and (3) to each 

other as shown in Figure 2.5. Ensure that the profiles from Step 1 are placed at the back 

end). 

 

Figure 2.5. Movable structure framing completed view and exploded view (numbered 

parts are specified in Table 2.2). 

Phase 2 (see Figure 2.6): 

3. Attach the motor (6) to the Z axis CNC slide (7) using four steel socket head screws 

(8). 

4. Attach the Z axis CNC slide (7) from Step 3 to the Al  sheet (9) using four pairs of steel 

socket head screws (10) and locknuts (11). 

5. Fix the force gauge (12) to the Al  sheet (13) using two steel socket head screws (14) 
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6. Attach the Al  sheet (13) from Step 5 to the Z axis CNC slide (7) from Step 4 using four 

pairs of steel socket head screws (10) and locknuts (11). 

 

Figure 2.6. Crosshead assembly completed view and exploded view (numbered parts are 

specified in Table 2.2). 

Phase 3 (see Figure 2.7): 

7. Slide three T-nuts (5) into the outer slot and one into the top slot of two T-slotted 

profiles (15). 

8. Slide one T-nut (5) to each of the vertical T-slotted profiles (1) from Phase 1, as 

illustrated in Figure 2.7. 
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9. Attach T-slotted profiles (15) from Step 7 to the Phase 1 structure from Step 8 using 

two corner brackets (16), two 90 degree angled flat plates (17) and twelve Flanged 

Button Head Socket Cap Screws (FBHSCS) (18). 

Note: The structure from Phase 1 should be able to slide freely on T-slotted profiles 

(15) at this point. 

10. Use four FBHSCS (18) and the previously inserted T-nuts in Step 1 to attach the final 

structure from Phase 2 to structure from Step 9. 

11. Insert four corner concealed brackets (4) to the bottom slots of the T-slotted profiles 

(15). 

 

Figure 2.7. Crosshead assembly fixed on the movable structure, both completed view and 

exploded view (numbered parts are specified in Table 2.2). 
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Phase 4 (see Figure 2.8): 

12. Begin from the bottom of the structure. 

13. Slide T-nuts (5) in the slots of the T-slotted profiles as illustrated in Figure 2.8. 

14. Insert all corner concealed brackets (4) as illustrated in Figure 2.8. 

15. Use two T-slotted profiles (2) and two T-slotted profiles (15) to form a frame around 

the MDF Sheet 4 (23). The MDF sheet should be inserted within the slots of the T-

slotted profiles. 

16. Slide two horizontal T-slotted profiles (2) into the slots of the two vertically standing 

T-slotted profiles (19) from the bottom (let them be loose). 

17. Slide one T-slotted profile (2) horizontally into the two shorter vertically standing T-

slotted profiles (2) from the bottom (let them be loose). 

18. Use two T-slotted profiles (15) and corner concealed brackets (4) to connect the tall 

(19) and short (2) T-slotted profiles. 

19. Use the corner concealed brackets (4) to fix the vertically standing T-slotted profiles 

(2) and (19) in the slots of the bottom structure from Step 14. 

20. Insert MDF Sheets 3 (22) and 5 (24) into the slots of the vertically standing T-slotted 

profiles as shown in Fig. 7. 

21. Insert the MDF sheets from the top with the horizontal T-slotted profiles inserted in 

previous steps and fix the structure. 

22. Insert the MDF Sheet 2 (21) into the slots of the tall T-slotted profiles (19), but below 

the second horizontal T-slotted profile (2). 
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23. Fix the second horizontal T-slotted profile (2) on top of the MDF sheet by inserting the 

sheet into the slots. 

24. Slide MDF Sheet 1 (20) into the slots of the tall T-slotted profiles (19). 

25. Fix a T-slotted frame (2) on top MDF Sheet 1 using corner concealed brackets (4). 

26. Fix the whole structure from two sides using 90 degree angled flat plate (17) and 

FBHSCS (18). 

Note: Now all the components of this structure may be strongly tightened and should be 

without any free movement. 

 

Figure 2.8. Crosshead assembly fixed on the movable structure, both completed view and 

exploded view (numbered parts are specified in Table 2.2). 
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Phase 5 (see Figure 2.9): 

27. Use screws (37) and (34) and nuts (39) and (35) to attach the electronics to the MDF 

sheets of the structure from Phase 4, as illustrated in Figure 2.9. 

28. Attach PID controller (30) to MDF Sheet 5 (24). 

29. Attach the LCD shield for Arduino (31) to the housing (32). 

30. Glue the housing to the MDF Sheet 5.  

 

Figure 2.9. Installation of the electronics on the stationary structure (numbered parts are 

specified in Table 2.2). 

STOP! At this point the user may want to skip to the Electronics Instructions below, as 

at this point there is maximum access to all mounted electronics components. 

Phase 6 (see Figure. 2.10): 

31. Attach Nylon single barbed tube adapter (28) to the Peltier plate (27). 
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32. Use eight FBHSCS (18) and the T-nuts inserted in Step 13 to fix Al  sheet (26) as shown 

in Figure 2.10. 

33. Remove the 3 internal screws on the bottom of the Peltier plate (27). Fix the Peltier 

plate (27) on the Al  sheet (26) by re-inserting its three internal screws into the 3 central 

holes of (26). 

34. Attach the PVC tubes (29) to the Nylon single barbed tube adapter (28). 

 

Figure 2.10. Peltier plate stage assembly, both completed view and exploded view. Note 

that (27) comes with 3 internal screws that are removed and re-attached to fix (27) onto 

(26) (numbered parts are specified in Table 2.2). 

35. Attach and fix the movable structure to the stationary structure now containing the 

Peltier assembly, as shown in Figure 2.11. 
















































































