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ABSTRACT 

The adhesion of ice to external surfaces is an important challenge in many industries. This has 

sparked much research into fabricating surfaces with low ice adhesion strengths. Our novel 

approach to designing ice-shedding surfaces leverages the dynamics of water solidification to 

induce beneficial stress concentrations throughout the iced interface. We have chosen a bare 

woven metal wire cloth substrate to demonstrate these principles. The pore geometries of the wire 

cloths lead to stress concentrations upon freezing and expansion of the water/ice, while their 

microstructural topography allows for facile crack opening. We have discovered that by leveraging 

knowledge of the underlying physical processes involved in ice formation and delamination, we 

can engineer a robust metal surface to have extremely low ice adhesion strength (12.5 kPa) without 

using chemical coatings. 
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INTRODUCTION 

The adhesion of ice to external surfaces has been a persistent engineering challenge which ranges 

from a mere nuisance to a severe safety concern [1]. This includes the adhesion of ice to metallic 

structures such as the wings and fuselages of aircraft [2]. There has, therefore, been much research 

published on surfaces which more easily shed bound ice. The typical benchmark used to classify 

surfaces as “pagophobic” (icephobic) is an ice adhesion strength τice < 100 kPa [3, 4]. However, 

some have noted that passive removal of ice will only occur when τice < 20 kPa [5] while others 

set the benchmark even lower at τice < 0.1 kPa [6]. For context, flat, rigid metals typically present 

with ice adhesion strengths on the order of 1000 kPa [7]. 

To date there have broadly been two prevailing paradigms for the engineering of low ice 

adhesion strength surfaces, both of which attempt to tune the work of adhesion. The first method 

is to apply a low surface energy coating or an infused sacrificial lubricating film to the surface [5, 

8-11]. While these additional coatings on top of the substrate material have yielded exceptionally 

low ice adhesion strengths, in many cases they have been shown to lack robustness even in 

laboratory testing [12, 13]. The second prevailing research paradigm has been to leverage 

knowledge of superhydrophobic surface engineering, where favourable topographies are 

employed to trap air between asperities – limiting water-solid (and, in theory, ice-solid) contact 

area [10, 14-19]. These results have been overall mixed; there is a growing consensus that 

hydrophobicity does not naturally lead to pagophobicity. The first consideration is that wettability 

is typically measured on a goniometer using water droplets of approximately 5 µl compared to the 

much smaller 5x10-6 µl droplets typically found in clouds [20]. The second consideration is that 

as temperatures are decreased past the dew point, water molecules from humid air will adsorb onto 
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cold surfaces, regardless of intrinsic wettability [21]. This adsorption of water effectively renders 

the surface hydrophilic and the air trapping effect of superhydrophobic surfaces is lost, with water 

infiltrating the asperities before solidification to ice occurs. The result is often higher ice adhesion 

strengths measured on superhydrophobic surfaces than smooth surfaces of the same material due 

to increased ice-substrate interlocking [1, 14, 19]. 

While the tuning of the work of adhesion has been broadly studied, what has been largely lacking 

in pagophobic surface engineering research is a consideration of the actual mechanics of the ice-

substrate bond failure. Practically speaking, for solid ice to be delaminated from a substrate when 

a force is applied, (i) cracks must initiate; and (ii) these cracks must advance across the length of 

the iced area. The aim for an ice-shedding surface is that crack initiation and advancement occurs 

with minimal energy, and exclusively at the ice-solid interface – leading to adhesional failure. The 

importance of crack initiation/advancement consideration is demonstrated by the work of Golovin 

et al. (2019) who tested the force required to dislodge ice of varying bonded lengths. It was shown 

that dislodging force does not scale continuously with bonded area, but rather an asymptotic force 

is reached at a critical bonded length. The shear strength of the ice-solid interface controls 

delamination when the length of the interface is relatively small; propagation of the interfacial 

crack controls delamination when the length of the interface is relatively large [22]. Recently, Al-

rich quasicrystalline alloys have been shown to have a low interfacial toughness with bonded ice, 

leading to shear strengths of approximately 30 kPa when the bonded length is 20 cm [23]. 

There have been a few recent studies which try to directly manipulate ice crack initiation and 

propagation on elastomers. Golovin et al. (2016) altered the crosslink density of 

polydimethylsiloxane (PDMS) samples, with the goal of increasing material compliance and 

inducing cavitation at the ice-solid interface [24]. However, low values of shear modulus lead to 
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low mechanical durability. Irajizad et al. (2019) attempted to overcome these limitations by 

creating a silicone elastomer material consisting of a low-modulus phase within a high-modulus 

matrix. As force is applied to adhered ice, stress is localized at the regions containing the low-

modulus phase, leading to crack initiation and a reduction in ice adhesion strength by a factor of 

800 compared to an aluminum control sample [25]. Similarly, Sivakumar et al. (2021) have 

recently published their work on incorporating a polyurethane elastomer into grooves machined 

onto the surface of aluminum. The compliant elastomer fraction of the surface aids in ice shedding, 

while the aluminum fraction increases wear resistance [26]. He et al. have published extensively 

on the initiation of macro-scale cracks at the interface between ice and their PDMS substrates. 

These macro-crack initiation sites originate from an inhomogeneity in the stiffness of the substrate 

and adhered ice [27]. Their engineering of hollow structures within the PDMS results in greater 

deformation/buckling of the substrate once a shear force is applied to the adhered ice while 

avoiding any interlocking between the ice and the surface. These hollow sub-surface structures 

present with ice adhesion strengths about half of what is measured on flat monolithic PDMS [27-

30]. 

There has been recent progress towards fabricating ice crack inducing surfaces out of bare 

metals. Specifically, Zarasvand et al. (2021) have fabricated ice-shedding surfaces from thin metal 

sheets which are suspended using narrow strips of double-sided tape to allow them to deform in a 

manner similar to elastomeric systems [31]. And previous work from our laboratory by Ling et al. 

(2016) showed that woven wire cloths present with exceptionally low ice adhesion strengths [14]. 

In this work, we intend to show that a robust ice-shedding surface can be made exclusively of 

bare metal by leveraging knowledge of water solidification dynamics to induce cracks at the ice-

substrate interface. That is, favourable surface structures can be engineered to both form stress 
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concentration sites throughout the iced interface, and to offer an energetically favourable path for 

cracks to follow to completely delaminate the bonded ice. 

EXPERIMENTAL PROCEDURE 

Metal Substrate Preparation 

Ultra-fine 316 stainless-steel Dutch twill weave wire cloths, typically used as filtration media, 

served as the substrate in this study (Dorstener Wire Tech., Inc., Spring, TX, United States). As 

shown in the rendering of Figure 1, these cloths are composed of warp wires running the width of 

the material and perpendicular weft wires woven above and below every second warp wire. 

Differing diameter of wires results in a differing number of warp and weft wires per unit area – 

the mesh number. In the present work, we tested cloths of three different imperial mesh numbers: 

200x1400, 325x2300, and 400x2800. Additionally, 0.036"-thick 316 stainless-steel sheets with a 

mirror-like #8 finish were purchased to serve as the control surface in the experiments (McMaster-

Carr Supply Co., Elmhurst, Il, United States). All substrates were cleaned in a 4-step process before 

ice adhesion experiments took place. First, the materials were ultrasonically cleaned in acetone for 

5 minutes to remove foreign particles. Second, the materials were ultrasonically cleaned in a lactic 

acid-based detergent, CLR (Jelmar, LLC., Skokie, Il, United States) for 45 minutes to remove any 

weaving or polishing oils. The metal was then generously rinsed with reverse-osmosis water. 

Finally, the materials were ultrasonically cleaned once more in acetone for 5 minutes to ensure full 

removal of the detergent. 
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Figure 1. Rendering of the woven wire cloth substrates tested in this work for their ice-shedding 

properties. Warp wires run the width of the cloth while perpendicular weft wires run the length, 

weaving above and below every second warp wire. 

 

Polymer Replica Preparation 

To obtain a negative template, we cast Sylgard 184 polydimethylsiloxane (PDMS, Dow Chemical 

Co., Midland, MI, United States) in the standard 10:1 weight ratio of monomer to crosslinker over 

our wire cloth samples and degassed this assembly in a vacuum chamber for 1 hour to remove air 

bubbles. Next, we cured the PDMS in a 60 ºC oven overnight, then peeled off the PDMS, rinsed 

it with ethanol and dried it at room temperature before use. 

Positive polymer replicas were in turn cast by filling this PDMS mold with polypropylene co-

polymer (Total Petrochemicals & Refining, Inc., Houston, TX, United States) which was 

cryomilled into a powder. The filled mold was placed in a 200 ºC vacuum oven for two hours. The 

mold was removed from the oven, allowed to cool, and peeled from the polymer replica. A flat, 

smooth coupon of the same polypropylene material was obtained by injection molding to serve as 
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a control sample. The polypropylene substrates were ultrasonically cleaned in ethanol for 5 

minutes before any ice adhesion experiments took place. 

 

Fs-Laser Hole Percussion Drilling 

A coupon of the 0.036”-thick stainless-steel sheet was machined with a pattern of through holes 

via fs-laser micromachining. The cleaned coupon was irradiated using a Carbide laser system 

(Light Conversion, UAB, Vilnius, Lithuania) with a wavelength of 1064 nm, pulse duration of 

1 ps, and a repetition rate of 20 kHz. The laser beam was focused onto the surface of the coupon 

using a 100 mm plano-convex lens. Using a pulse energy of 100 μJ, each though hole was 

percussion-drilled using 160000 pulses. The percussion-drilled holes were arranged in the same 

layout as the pores of the 200x1400 wire cloth using XY linear translation stages actuated by a 

XPS universal high-performance motion/driver controller (Newport Corp. Irvine, CA, United 

States). The machined coupon was cleaned by ultrasonicating in reverse osmosis water for 30 

minutes, and stored in reverse osmosis water to maintain hydrophilic surface chemistry.  

 

Sample Characterization 

The wire cloth and polymer replica substrates described in the previous sections were imaged using 

a Quanta 450 scanning electron microscope (ThermoFisher, Inc., Waltham, MA, United States) 

both before any ice adhesion experiments took place and after all ice adhesion experiments were 

completed. An accelerating voltage of 5.0 kV and spot size of 2.5 nm were used to image the 

stainless-steel samples. Micro-tomography analyses of the three wire cloth substrates were 

performed using a Xradia Versa 520 3D X-ray microscope (Carl Zeiss, AG., Jena, TH, Germany). 

The collected image slices were reconstructed and segmented using Dragonfly (Object Research 
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Systems, Inc., Montréal, QC, Canada) to visualize the 3D-microstructural networks and extract 

their total surface areas. 

 

McGill Benchtop Ice Adhesion Testing 

The benchtop apparatus used to measure the ice adhesion strengths of the surfaces in this study 

has been described extensively in previous publications [14, 32]. In brief, the apparatus consists 

of a CP-200TT air-cooled thermoelectric Peltier cooling unit (TE Technology, Inc., Traverse City, 

MI, United States) which is maintained at a desired cold side temperature setpoint using a 

proportional-integral control scheme. All the experiments described in the present work were 

carried out at a setpoint of -15 ºC. The apparatus has been modified since our previous reports to 

include a custom-built syringe pump, allowing the water to be introduced to the system in a more 

controlled manner - leading to more consistent results. A schematic of the ice adhesion apparatus 

is presented in Figure 2. 
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Figure 2. Rendering of the ice adhesion strength testing rig with cutout to show the experimental 

section. (1) Air-cooled thermoelectric Peltier unit; (2) Insulation of the experimental section; 

(3) Aluminum base plate; (4) Studied surface; (5) Aluminum sample clamp; (6) Glass tube; 

(7) Syringe pump; (8) Water/ice column; (9) Motorized linear translation stage; (10) Digital force 

gauge. 

 

Ice adhesion strength experiments are carried out as follows. First, the studied surface is clamped 

along two edges to an aluminum base plate sitting on the cold side of the Peltier cooling unit using 

aluminum bars. A custom-made borosilicate glass tube (Pegasus Industrial Specialties, Inc., 

Cambridge, ON, Canada) with an outer diameter of 15.9 mm, wall thickness of 2.4 mm, height of 
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50 mm and fire polished edges is placed onto the studied surface. The thermoelectric cooling unit 

is then powered on and set to the -15 ºC cold side setpoint; the system is allowed to cool for 30 

minutes. Next, a 10 ml syringe equipped with a 23-gauge tip is automatically lowered into the 

glass tube without touching its wall to dispense, dropwise, 400 μl of chilled reverse osmosis water 

(-5 - 0 ºC). The syringe is retracted, and the unit is left for 15 minutes. The process is repeated, 

adding another 400 μl of chilled RO water to the glass tube, creating an ice seal to prevent leakage 

of water from beneath the tube due to hydrostatic pressure. After an additional 15 minutes, 1700 

μl of chilled RO water is added to the glass tube (for a total of 2500 μl) and the experiment is left 

to freeze undisturbed for 2 hours. 

The ice adhesion strengths of the studied substrates were evaluated as the shear stress required 

to dislodge the ice column from their surfaces. A ZPS-DPU-22 digital force gauge (Imada, Inc., 

Northbrook, Il, United States), mounted onto a T-LSR075B motorized linear translation stage 

(Zaber Technologies, Inc., Vancouver, BC, Canada), is driven into the ice column at a rate of 

0.5 mm/s. The height of the linear translation stage is adjusted such that the force probe is no more 

than 1 mm above the specimen to minimize torque. The ice adhesion stress, τice, is obtained by 

dividing the peak force measured when dislodging the ice column by the surface area of the 

substrate in contact with the ice column. Images were also captured of the tested substrate, 

underlying aluminum base plate, and ice column interface upon ice dislodging to visualize the 

contact area of the ice. Ice adhesion tests were repeated 5 – 6 times per substrate (with the exception 

of the 200x1400 wire cloth which was tested a total of 15 cycles) in the exact same location on 

their surface, to elucidate any trends with repeated icing cycles. 

 

NRC Altitude Icing Wind Tunnel Experiments 
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The National Research Council of Canada (NRC) Altitude Icing Wind Tunnel (AIWT) is a closed-

loop low-speed wind tunnel oriented in the vertical plane. The AIWT is calibrated according to 

the SAE ARP 5905 “Calibration and Acceptance of Icing Wind Tunnels". It is used to simulate 

in-flight atmospheric icing conditions. The full test section has a cross-section of 57 × 57 cm, 

where air speeds up to 100 m/s can be reached. For these experiments, a spin rig is installed in the 

test section which uses cylindrical test probes at the end of 185 mm-long retaining arms attached 

to a rotating hub (Figure 3 A). The samples are both exposed to the icing cloud and accelerated 

within the test section, avoiding transfer from one facility to another, and improving experimental 

repeatability. 

 

 

 

Figure 3. (A) Rendering of the Altitude Icing Wind Tunnel spin rig. (1) Motor; (2) Rotating hub; 

(3) Retaining arm; (4) Test probe. (B) Rendering of the test probes which consist of a 3D-printed 

backbone with their faces covered in the wire cloths. The top view illustrates the wedge shape of 

the test probes which avoids bridging of ice between the arm and the sample. 
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The cylindrical test probes have a wedge shape which serves to prevent the bridging of ice 

between the arm and the sample (Figure 3 B). The control test probe was machined from a solid 

316 stainless-steel rod (McMaster-Carr) which was then electrochemically polished to a smooth 

finish. The wire cloth test probes consisted of a 3D-printed backbone with the cloth mounted to its 

face. The wire cloths were held taut on the surface of the test probes with a bead of epoxy only on 

the leeward area of the face (i.e. no epoxy was present in the area of the test probe's face where ice 

accumulated). 

The ice adhesion spin rig testing in the NRC AIWT was carried out at the following conditions, 

simulating a “worst case" in-flight icing condition: static air temperature = -20 ºC, true airspeed at 

sea level = 80 m/s, median droplet volume diameter = 20 μm, and the liquid water content (LWC) 

= 0.2 g/m3. The LWC at the sample locations is verified at the start of the test using a rotating 

cylinder, which is the standard method used for baseline calibrations at the AIWT. Ice is accreted 

onto the samples by exposing the slowing-spinning rig (30 RPM) to the super-cooled droplet cloud 

for 800 s. The droplet cloud is turned off, the air speed is reduced to 20 m/s, and the spin rig is 

accelerated at 100 RPM/s until accelerometers on the test section walls detect a shed event. The 

experiments were repeated 6 – 7 times per wire cloth sample. Note that due to COVID-19 related 

time constraints, the monolithic control sample was only tested twice in the wind tunnel. 

The force, 𝐹, and shear stress, 𝜏, required to shed ice from a sample are then calculated using 

Equations (1) and (2): 

𝐹shed = (
2𝜋

60
RPMshed)

2

∙ 𝑀ice ∙ 𝑟arm 
(1) 
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𝜏shed =
𝐹shed

𝐴ice

 
(2) 

The mass, 𝑀, and contact area, 𝐴, of the accumulated ice are determined in preliminary 

experiments where ice is accreted in the same manner, followed by weighing of the test probe and 

measuring of its iced interface. The amount of ice accumulated in a given exposure time in the 

icing cloud has been shown to be very repeatable. 

 

RESULTS AND DISCUSSION 

Wire Cloths as Ice-Shedding Surfaces 

Woven wire cloth substrates were chosen for this study because the 3-dimensional woven wire 

matrix imparts two important characteristics: (i) pores are formed throughout the ice—stainless-

steel interface; and (ii) the morphology present at the ice—stainless-steel interface is composed of 

smooth weft wires. It is hypothesized that the combination of these two properties will lead to 

facile shedding of adhered ice through the induction and advancement of cracks at the ice-cloth 

interface. As shown in Table 1, differing combinations of warp and weft wire diameters lead to 

substrates of differing imperial mesh numbers and different warp wire spacings, pore diameters, 

and number of pores per unit area. However, interestingly our microCT analyses of these three 

materials show that they possess very similar total surface areas. As such, we can logically 

compare the ice shedding properties of the cloths through the measured peak dislodging force 

normalized to the geometric surface area of the ice column (i.e. their ice adhesion strengths). 
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Table 1. Geometric properties of the woven wire cloths tested in this study 

Mesh 

Number 

Warp 

Diameter 

[µm] 

Weft 

Diameter 

[µm] 

Warp 

Spacing 

[µm] 

Equivalent 

Pore Diameter 

[µm] 

Total Area 

vs. Geometric 

[µm/µm] 

Number of 

Pores 

[pores/mm2] 

200x1400 71 41 145 15 3.71 213 

325x2300 36 25 80 9 3.79 513 

400x2800 25 20 68 7 3.7 750 

 

As shown in Figure 4 A, the mean ice adhesion strengths measured on the woven wire cloths are 

indeed significantly lower than those measured on the monolithic, rigid stainless-steel control 

sample. This is true whether the ice adhesion test was performed using the benchtop thermoelectric 

rig, or within the altitude icing wind tunnel. The coarsest (i.e. 200x1400) cloth presents with the 

most dramatic reduction in ice adhesion strengths, where a 95% reduction is measured versus the 

control. In fact, the 12 ± 3 kPa ice adhesion strength measured on the 200x1400 cloth within the 

wind tunnel is well below the threshold quoted by some for passive ice removal. These results 

follow well what has been reported by Ling et al. [14]. Figure S1 presents exemplar force-versus-

time graphs for the monolithic control sample and the 200x1400 wire cloth substrates. 

Superimposed on these graphs are still images of overhead videos we took during the tests which 

confirm that the low ice adhesion strengths measured are not the result of an induced bending 

moment in the ice column. 
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Figure 4. (A) Average measured ice adhesion strength on the woven stainless-steel wire cloths in 

comparison with a polished control sample. The data is presented for the experiments performed 

on the benchtop thermoelectric plate and in the altitude icing wind tunnel (AIWT). Error bars 

represent 95% confidence intervals on the mean. (B) Photograph of the 200x1400 wire cloth 

immediately after having dislodged an ice column. No remnants of ice are visible on the surface. 

(C) Photograph of the shed ice interface. Despite some melting, a distinct negative impression of 

the wire cloth is left behind. (D) Photograph of the thermoelectric plate after removing an iced 

wire cloth wherein a faint ring imprint shows that water/ice penetrates the 3d microstructural 

network completely. 
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Figure 4 B presents a high-magnification photograph of the 200x1400 cloth immediately after 

having dislodged an ice column on the benchtop setup. This exemplar photo shows that ice cleanly 

sheds from the wire cloths, with no ice remnants left on the wires. Furthermore, great care was 

taken to photograph the interface of the ice column in a timely manner after dislodging it from the 

200x1400 cloth. As shown in Figure 4 C, despite some melting which occurred before the photo 

could be captured, a perfect negative impression of the wire cloth interface is left in the ice. Figure 

4 B and C together show that it is largely adhesional failure at the ice—stainless-steel wire interface 

which occurs when the ice is shed.  

 

The ice-shedding properties exhibited by the woven wire cloths is particularly interesting in that 

their surface areas are substantially higher than the polished, flat control sample. Indeed, an 

exemplar photograph in Figure 4 D taken of the aluminum plate on which the wire cloths were 

clamped for the ice adhesion tests reveals that water completely penetrates the 3D-microstructural 

wire network. This photograph, taken immediately after the ice column is dislodged, shows a 

perfect circular impression of ice left underneath the column’s footprint. We can conclude that 

there is no air-trapping effect which is leading to the low ice adhesion strengths measured; the ice 

is in direct contact with the wire cloths’ surface area, which is nearly four times the surface area 

of the polished, monolithic control sample. Thus, without doubt there is ice present within the 

pores of the wire mesh which had cohesively failed from the bulk ice in the dislodged column. 

However, we conjecture that this cohesive failure within the pores formed by the woven wires is 

an integral component of the low-strength ice-shedding process. 
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Mechanism of Ice-Shedding from Woven Wire Cloths 

Our hypothesis has been that the exceptional ice-shedding property of the bare stainless-steel wire 

cloths stems from the interaction of the forming ice and the morphologies of the 3D-

microstructural networks. To this end, we collected microCT data of the wire cloths to exactly 

visualize the pores formed by the woven wires, and thus the 3-dimensional space occupied by 

water then ice. Figure 5 A presents a cropped sequence of image slices from the scan of the 

200x1400 wire cloth. This sequence shows the morphology of a single pore which is formed 

between adjacent warp wires and the weft wires woven around them. An animation of this 

sequence is included as supplementary information. Visualizing the woven wire network in this 

manner allows us to see that the pores have triangular openings which are bound by three wires: 

(i) a warp wire, (ii) weft wire 1 woven above one warp wire and below another, and (iii) weft wire 

2 running above two warp wires. As we move further into the pore, this triangular cross-section 

gives way to a larger area underneath weft wire 2 above and the crossing weft wires  

2 and 3 below. Further into the sequence, weft wires 2 and 3 have crossed, and a triangular opening 

is formed at the opposite end. The re-entrant morphology of the woven wire cloths’ pores (that is, 

smaller cross-sections at the openings than in the bulk) is important in the context of water 

completely infiltrating the network and freezing. The hypothesized process by which ice forms 

around the wire cloths is presented in Figure 5 B. The woven wire cloths’ morphology and the re-

entrant nature of their pores create two different areas of ice growth with two different rates: the 

faces of the cloth and within the network. 
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Figure 5. (A) Sequential microCT slices of a pore within the 200x1400 wire cloth showing that 

the pore openings have a smaller dimension than the cross-sections of the bulk pore – a re-entrant 

structure. (B) Proposed mechanism for the ice-shedding properties exhibited by the woven wire 

cloths. Freezing of water within the 3D network of the wire cloths results in stresses in each pore 

and thus the induction of cracks at the ice—stainless-steel interface. 

 

Ice formation begins with nucleation once some supercooling of the water has occurred below 

the equilibrium melting temperature and some nucleation time has passed such that a critical 

embryo radius is achieved [33]. As shown in Figure 5 B, nucleation of this new thermodynamic 

phase will preferentially occur heterogeneously on the surface of the cold stainless-steel wires. 

The free energy barrier for the formation of stable nuclei is lowest within the pores where wires 

meet, and interfacial area is the highest [34-36]. Here the degree of requisite undercooling is the 
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lowest. Nucleation of stable nuclei on the surface of the weft wires making up the face of the wire 

cloth will occur after further undercooling of the water, when the free energy barrier is sufficiently 

reduced.  

Once a critical size of ice embryo has been reached, it is thermodynamically favourable for their 

size to increase and thus the growth phase is started. Figure 5 B shows schematically that the 

continued growth of the ice phase requires continued transfer of the heat of fusion away from the 

growth front [34]. The latent heat generated is removed more quickly from the ridges formed by 

the weft wires than in the valleys between [37-39]. As such, even though nucleation will begin in 

the pores, the rate of growth will be highest from the weft wires on the face of the wire cloth. A 

cap of ice would be expected to form across the face of the cloth before complete icing of the 

volume between weft wires or within pores [39]. We expect that the water within the re-entrant 

pores will be the last to freeze, as the latent heat of fusion generated within them is slowly removed 

once the pore openings freeze closed. 

 

We hypothesize that it is this final delayed freezing of segregated water within the wire cloth 

pores that is partly responsible for the low ice adhesion strengths which are manifested. As 

demonstrated in Figure 5 B, the ice region surrounding the isolated water will be subjected to very 

large circumferential tensile stresses due to the expansion produced by the progressive freezing of 

the water [40]. Inclusions formed in the ice within the pores of the woven wire cloths would act as 

crack nucleation sites [41]. That is, once an external force is applied to the adhered ice, the resulting 

stress is distributed throughout the material, apart from areas with defects, such as those inclusions 

formed within the cloth pores. These defective areas act as local stress concentrators, from whence 

crack nucleation will preferentially occur [7, 14, 42]. A major portion of the induced elastic energy 
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around these defects leads to the opening of the cracks, with the weft wires offering an easy path 

to follow at the ice-substrate interface. We explicitly note here an important difference between 

our hypothesized mechanism for the shedding of ice from the woven wire cloth substrates and the 

mechanisms presented in prior works for the shedding of ice from elastomeric (or elastomer-like 

metal) substrates. Here, cracks are initiated during the ice formation process, and are then opened 

once an external force is applied. We see no evidence of macro-scale surface deformation during 

these steps (Figure S1). In the case of elastomers, the interfacial cracks are induced and opened 

through a mismatch in stiffness between the adhered ice and substrate, with a higher degree of 

substrate deformation leading to reduced ice adhesion strengths [24, 25, 27, 31]. Moreover, it is 

important to note that with the hypothesized introduction of crack nucleation sites at each pore in 

the wire cloth, each initiated crack needs only propagate the distance to the next warp wire – where 

the next crack was initiated – to completely de-laminate the adhered ice. 

 

Effect of Surface Material of Construction 

We began to test our hypothesis that it is the 3D-microstructural network formed by the woven 

wires which is imparting the observed ice-shedding properties by fabricating substrates with 

different metallic surfaces. We used electron beam deposition to coat our materials with 5–10 nm 

of copper, aluminum, and titanium. In doing so, we were able to create two sets of substrates – 

derived from either the flat polished stainless-steel coupon, or 200x1400 stainless-steel wire cloth 

backbone – with consistent surface morphology and crack nucleation sites, while varying the 

surface chemistry on the top face of the substrates. 

Indeed, as shown in Figure 6 the average ice adhesion strength measured on these coated 

substrates fall into two sets: the polished monolithic coupons, and the porous wire cloths. Based 
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on the thermodynamic work of ice adhesion, one would expect some difference between the ice 

adhesion strengths exhibited by the different polished metals [43]. Nonetheless, there is no 

statistically-significant difference in the stress required to shed ice from any of the monolithic 

coupons – regardless of the metallic surface coating. Similarly, all the 200x1400 cloth substrates 

present with statistically equivalent ice adhesion strengths, albeit drastically lower than the 

monolithic samples. These results begin to show that the properties of the surface structure – such 

as beneficial porosity and morphology – are the key to realizing ice-shedding surfaces. 

 

 

Figure 6. Average ice adhesion strength measured on 200x1400 woven wire cloths and monolithic 

polished coupons with: stainless-steel, copper, aluminum, and titanium surfaces reveal ice-

shedding properties present regardless of metallic surface. Error bars represent 95% confidence 

intervals on the mean. 

 

 

The role of crack nucleation and opening in ice shedding  

We next sought to isolate the effects of the pores from the topography of the woven wire cloth 

substrates. The first way in which we isolated these effects was by creating a negative of the 
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200x1400 wire cloth via PDMS soft lithography from which we molded polypropylene positive 

replicas (Figure 7 B-C). In doing so, we have fabricated substrates which possess the same gently 

curving topography of the wire cloths, while eliminating the pores formed at each weaving point 

of the stainless-steel wires. We added a metallic interface to one of these molded substrates by 

depositing 5-10 nm of Ti. We measured the average ice adhesion stress on these replica surfaces 

in comparison with monolithic, polished samples of the same materials and 200x1400 wire cloths 

of the same metallic interfaces. 

 

Figure 7. (A) Average ice adhesion strength measured on polypropylene (PP) surfaces which were 

replica molded from the 200x1400 wire cloth in comparison with smooth samples of the same 

materials show that ice shedding properties of the wire cloths are lost when the pores are removed. 

Error bars represent 95% confidence intervals on the mean. (B)-(C) Scanning electron micrographs 
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of the 200x1400 wire cloth and the replica molded polypropylene substrate. (D) Photograph of ice 

interface shed from replica molded polymer substrate. Despite lack of crack nucleation sites, 

topography results in adhesional failure at the ice-substrate interface. (E) Scanning electron 

micrograph of the laser percussion drilled monolithic sample with through holes in the same layout 

as the pores of the 200x1400 wire cloth. 

 

 

 

Interestingly, as shown in Figure 7 A, elimination of the pores from the titanium-coated substrate 

has removed with it any ice-shedding characteristics. The replica molded sample coated with 

titanium (PP+Ti, orange cross-hatch bar) presents with an ice adhesion strength which is 

statistically equivalent to that measured on the polished monolithic sample coated with titanium 

(Ti, solid orange bar). We see a similar result on the bare polypropylene replica (PP, pink cross-

hatch bar) which analogously presents with equivalent ice adhesion strengths to a polished 

monolithic polypropylene surface (PP, solid pink bar). These results show the importance of the 

pores in shedding ice from the woven wire cloths. Without pores, the interfacial cracks are initiated 

exclusively at the periphery of the bonded area, therefore cracks must open along the entire bonded 

length for de-lamination to occur. 

A final interesting observation was made during testing of the polymer replicas. We noted that, 

notwithstanding the increased ice adhesion strength versus the stainless-steel wire cloths, ice was 

indeed cleanly shed from the polymer replicas. An exemplar high-magnification photograph in 

Figure 7 D of the ice interface immediately after having been dislodged reveals a perfect 

impression of the replica’s surface topography. That is, the ice-substrate bond has still undergone 

a majority adhesional failure. This is, perhaps, an important reminder that the opening crack will 
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follow a path of least-resistance [44]. A topography such as the one formed by the gently curving 

wires of the wire cloths is devoid of sharp corners, where a crack can propagate along the interface 

without having to deflect to a large degree, avoiding any ice-substrate interlocking effects. The 

choice of topography, alongside our hypothesis of crack-nucleating pores combine to result in a 

surface which cleanly sheds ice. 

 

 

The second way in which we isolated the effects of the pores in ice shedding was by laser 

percussion drilling holes through a coupon of the polished monolithic stainless-steel material. As 

shown in Figure 7 E, the holes were micromachined in the same layout as the pores of the 

200x1400 wire cloth. Figure S2 provides a micrograph of the backside of this sample which clearly 

shows that these pores are indeed through holes. As presented in Figure 7 A, this laser 

micromachined substrate does not shed ice. Figure S3 presents photographs of cobalt chloride test 

paper laid behind the drilled hole sample during one of the ice adhesion tests. The blue-to-pink 

colour change of the test paper confirms that water/ice has penetrated the pores machined in the 

stainless-steel coupon, much like the behaviour on the woven wire cloths. However, this surface 

is lacking the necessary features to induce interfacial cracks; the surface does not have a 

morphology which leads to beneficial stress concentration in the pores upon freezing of the 

infiltrated water. Rather, pores such as these lead to interlocking of the ice with the substrate. In 

fact, the exemplar photograph of Figure S4 reveals that the ice breaks rather cohesively from the 

drilled hole coupon, leaving behind many ice remnants on the surface. 
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Effect of repeated icings 

Heretofore the repeated testing of ice shedding from the woven wire cloth materials involved 

warming the substrates to room temperature, and completely drying them between cycles. As tests, 

we wanted to see how the woven wire cloths would perform against repeated cycles of icing, 

without removing any embedded ice. We tested this in two ways. The first, which we call “pre-

iced” was to mount the 200x1400 wire cloth onto the benchtop ice adhesion rig, completely flood 

the substrate with water and allow the system to freeze. We removed any ice on the face of the 

cloth before proceeding to grow an ice column and measure the ice adhesion strength. Once such 

an experiment was concluded, we warmed the substrate to room temperature and dried the cloth 

before proceeding to the next replicate (5 in total). As shown in Figure 8, the surfaces treated in 

this manner present with statistically equivalent ice adhesion strengths as the standard test. 
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Figure 8. Average ice adhesion strength measured on the 200x1400 wire cloth with embedded ice 

already present in the microstructural wire network. Error bars represent 95% confidence intervals 

on the mean. The presence of ice in the pores of the cloth does not lead to increased ice adhesion 

strengths.  

The second way in which we tested the effect of ice already being present in the pores was to 

immediately proceed with growing a new ice column on the same location of the cloth where the 

last column was just removed, which we call “re-icing”. We performed the standard test followed 

by three re-icings (and each of these in five replicates). Like the results for pre-icing, Figure 8 

shows that re-icing the surface does not lead to a statistically significant increase in the measured 

ice adhesion strength. We do note that there does, however, appear to be a slight increasing trend 

in the mean of the measured data with continued re-icing. A fact that warrants further testing.  

 

We hypothesize that the lack of increased ice adhesion strength in the pre-icing and re-icing 

results are due to localized melting within the pores with each cycle of the experiment. That is, 

any ice left embedded in the pores after the dislodging of the bulk ice column is melted and must 

re-freeze with the water added in the next cycle of the experiment. As such, our hypothesized 
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mechanism for freezing within and around the wire networks restarts and crack nucleating sites 

are in turn re-formed at each pore. We note that the benchtop rig has a few experimental 

limitations. The first is that a top cover must be removed to add water to the system/dislodge the 

ice columns with the force probe. The system is invariably exposed to warm lab air during these 

steps, and this may be the time when melting can occur within the pores. The second limitation is 

the manner in which water is added to the system. Supercooled water is picked up by a syringe, 

mounted into a syringe pump and then added dropwise to the glass mold. The water undoubtedly 

warms during these steps, and this also may be the time when melting occurs within the pores.  

 

Nonetheless, the pre-icing and re-icing experiments are interesting in that they show that with 

only minimal energy input, surfaces such as the woven wire cloths can be made to shed ice over 

multiple cycles. One can envision a semi-active system which only requires localized melting of 

pores to de-ice a surface rather than large scale heating of an interface. 

 

 

 

CONCLUSIONS 

In this work we have moved away from the current research paradigms to develop a novel approach 

to engineering ice-shedding surfaces. Instead of focusing immediately on low surface energy 

coatings to lower the thermodynamic work of ice adhesion or imparting a high degree of surface 

roughness to limit ice-substrate contact area, we have viewed the basic problem of ice adhesion 

through the practical lens of how ice forms, and how this can be manipulated to increase fracturing 
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at the ice-substrate interface. Our work with bare metallic substrates has shown that surfaces which 

are engineered to promote stress concentrations throughout the iced interface, and therefore 

nucleate cracks, can lead to extremely low ice adhesion strengths – fulfilling the requirements for 

passive ice removal. Furthermore, we have shown that this ice-shedding phenomenon is sustained 

over multiple cycles with only minimal melting required within the pores to re-initialize the crack 

nucleating process. Starting first with this solidification dynamics approach to ice-shedding 

surface engineering and only then tuning the surface chemistry, we may see new benchmarks set 

for low ice adhesion strength surfaces. 

 

Supporting Information 

Exemplar force-versus-time graphs for the dislodging of ice from stainless-steel and polypropylene 

samples. Scanning electron micrograph of the backside of the percussion drilled stainless-steel 

coupon. Photographs of the cobalt chloride ice penetration tests on the percussion drilled sample. 

Exemplar photograph of the percussion drilled surface after dislodging ice. (.pdf) Animated walk-

throughs of wire cloth micro CT, sliced in XY and YZ planes (.gif). 
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