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Abstract: Fabrics treated to repel water, superhydrophobic, and water and oil, superamphiphobic,
have numerous industrial and consumer-level benefits. These coatings are typically non-permanent.
This is largely due to chemical or physical changes of the coating to prolonged exposure to relatively
harsh environments. To develop more durable fabric treatments for specific applications, it is
necessary to measure the extent to which the treated fabrics retain their low-wettability after being
subjected to controlled aggressive environmental conditions. In this study, plain weave fabrics
made from polyester filaments and coated with silicone nanofilaments in-solution were exposed to
aerodynamic icing conditions. The coated fabrics showed superhydrophobic behavior, or
superamphiphobic for those that were fluorinated. The wettability of the fabrics was progressively
evaluated by contact angle and roll-off-angle measurements. The fabrics were able to maintain their
low-wettability characteristics after exposure to water droplet clouds at airspeeds up to 120 m/s,
despite damage to the silicone nanofilaments, visible through scanning electron microscopy.
Keywords: Superhydrophobicity, superamphiphobicity, aerospace, atmospheric icing, durability,
ultra-light aircraft.
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1. Introduction
Fabric aircraft skins have been historically important in aviation. A fabric taught over rigid wing
spars provides a smooth aerodynamic surface with minimal weight, ideal for small and ultralight
aircraft. Because of its low cost and light weight, this concept is still being used to this day on some
small aircraft. Although more robust light aircraft are built using carbon fiber composites, many
recent home-built or experimental aircraft make use of fabric-covered wings [1]. These small aircraft
typically fly at airspeeds not exceeding 80 m/s [2,3].
At comparatively low speeds and altitudes, contamination of aircraft surfaces is at best an
inconvenience and at worst a serious safety concern. A common in-flight external surface
contamination is due to insect impact. Another more severe but less frequent source of damage comes
from atmospheric icing experienced, e.g., during flight. It is also known as impact icing. This term
refers to the impact of supercooled water droplets which freeze when they collide with the surface of
an aircraft. Aircraft icing does not occur during a typical cruise phase of flight, but is common enough
after take-off and before landing to be of great concern for pilots and flight planners. If ignored, ice
accretion on aerodynamic surfaces can lead to loss of aircraft control. Fabric covered aircraft typically
do not have the energy resources for ice contamination prevention typically used on metal-skin
airframes with larger on-board power plants. For example, for the prevention of icing, most metalskin airframes use some form of heating on critical surfaces to evaporate impacting supercooled
droplets. Others use a pneumatic boot, which once inflated, stresses accreted ice to the point of
breaking, relieving the surface of ice contamination [4]. Insect contamination and frost are typically
washed off when the aircraft is on-ground. The use of excessive pressure during washing can be
problematic for fabric-skin aircraft due to a risk of piercing the skin. An easy-to-clean,
superamphiphobic fabric would reduce the pressure needed to remove contamination from a fabricskin aircraft. It could potentially reduce the risk posed by icing contamination by reducing the
adhesion strength to ice, or slowing the accretion of ice entirely.
On the ground, at high altitudes such as in mountainous regions, and at sea [5], icing similar to that
seen in-flight can degrade the performance of signal transmission equipment [6], and greatly increase
safety hazards. Ice accumulated on such equipment is often removed by hand, meaning physically
removing the ice using a hand-tool. One solution that has been proposed to ease the removal of ice is
to loosely cover the equipment with some fabric before ice begins to form [7]. The flexible nature of
the fabric means it is easy to bend and therefore break ice apart. It logically follows that a fabric with
an icephobic or even hydrophobic coating would further ease that process.
A staggering number of hydrophobic technologies and processes has been published in recent years
[8,9]. The general weakness of these coatings is in durability, especially when met with restrictive
aerospace standards [10]. Hydrophobicity is dependent on the microstructure, nanostructure, and
chemistry of a surface [11]. On a superhydrophobic or superamphiphobic surface, the droplet
partially rests on an air cushion. The reduced contact area helps to support and repel droplets [12].
To design superhydrophobic or superamphiphobic surfaces, the coatings needs to have a low surface
free energy. The surface energy is a measure for the amount of energy needed for a fluid (air or liquid)
to form an interface with the surface [15]. A microstructure can decrease the contact area that a liquid
has with a surface if air cushions are formed between asperities. The droplet is in the so termed Cassie
state. A deposited droplet rolls off if the surface is tilted by a few degrees. However, the large spacing
between asperities cannot prevent wetting of the surface at high impact velocities. To increase the
energy barrier against wetting of the surface by impacting droplets, a nanostructured surface is more
favorable. The so termed Cassie-to-Wenzel transition is prevented or delayed [13]. Additionally,
droplets are less likely to be pinned to nanostructures than to microstructures, thus greatly increasing
their mobility on a surface [14]. However, microstructures are the most mechanically robust
mechanisms for achieving superhydrophobicity or superamphiphobicity. Nanostructures can be
easily eroded. They have poor mechanical durability due to their small cross-sections which induce
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higher stress for a given force. Surface chemistry modifications conceptually do not fail mechanically,
but rather from exposure to corrosive chemicals, extreme temperatures, or certain wavelengths of
radiation such as UV.
Coatings composed of silicone nanofilaments (SNF) have shown superhydrophobicity [16], and
durable superamphiphobicity [17]. They are chemically inert so they do not decompose in harsh
chemical environments, nor do they degrade from exposure to UV [18]. On flat glass plates, low
mechanical stability of SNF coatings has been reported [19]. Abrasive tests showed that skin friction
can be sufficient to damage or remove the coating. Enhanced durability has been achieved using
fabric substrates instead of flat glass [20]. Fibers and weaves provide a microstructure to the SNF
which protects the sides not facing the shear stress from abrasion, conserving superamphiphobicity.
The sponginess of fabrics effectively reduces contact pressure with SNF, reducing the likelihood of
them being abraded.
The durability of superamphiphobic fabrics has been evaluated by prolonged chemical exposure, and
by exposure to an urban external environment on the outside of a car. The car was driven at speeds
up to 120 km/h (33 m/s) and traveled a distance of more than 5,000 km. The most severely damaged
fabric suffered a water roll-off-angle increase of 20° (from 5° to 25°) and hexadecane roll-off-angle
increase of 40° (from 10° to 50°). Despite its degraded performance, SNF remained attached to the
polyester fibers after the 257 days of exposure [17].
The goal of the study was to determine whether superamphiphobic fabrics based on SNF were
mechanically durable enough for typical flight conditions, including atmospheric icing conditions,
experienced by low-speed aircraft. We investigate whether the covalent bond between SNF coatings
and a polyester fabric substrate is higher than aerodynamic shear forces for airspeeds up to 120 m/s
(430 km/h). Aerodynamic friction can be considerable, especially at high Reynolds numbers. On
textured surfaces, such as fabrics, boundary layers become turbulent rather early on. The wear due
to aerodynamic friction depends also on parameters such as angle of attack and air temperature. We
introduce a cloud of micrometric water droplets to simulate flying into a cloud. This impacting spray
is analogous to fog and to sea spray but with non-salinized water. Above freezing temperatures,
impacting droplets can induce liquid-particle erosion. At sub-zero temperatures these water droplets
are supercooled and freeze on impact, simulating in-flight impact icing. Compared to most drop
impact experiments, the median volumetric diameter of the particles is 20 µm, smaller than the mean
spacing between fiber bundles. That means that droplets can potentially penetrate through the fabric,
affecting non-superficial polyester fibers. We demonstrate that the coated fabrics can withstand
impact of supercooled water droplets up to 120 m/s for several minutes. The duration greatly
increases with reduced impact velocities. Thus, the coating can delay contamination of the wings of
small aircraft.
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2. Materials and Methods
Commercial fabrics were coated using a well-documented technique. The main steps are discussed
below [21]. The coated fabrics were exposed to controlled environmental conditions in a small-scale
icing wind tunnel and thereafter characterized by wettability to water and oil, and by scanning electron
microscopy. For readers unfamiliar with the terminology used in aerodynamics, the terms found in this
study have been concisely defined in Appendix B.
2.1. Substrate Preparation
Plain weave polyester fabrics (poly(ethylene terephthalate) or PET), purchased from Karstadt,
Germany, were immersed in an aqueous solution of trichloromethylsilane (Sigma-Aldrich) in toluene
(Fisher Chemical) containing water at 150 ppm, with a concentration of 0.4% vol. for 3 hours (1-step).
To increase the thickness of the coating, the reaction solution was exchanged and replaced by a fresh
solution (2-step). In the following we refer to them as 1-step and 2-step procedure. Upon removal from
the solution, they were rinsed with n-hexane (Fisher Chemical) and dried with nitrogen. This process
was used to grow a SNF network on the fabrics, making them superhydrophobic,.
Superamphiphobicity was achieved by binding fluorine groups to the surface of the SNF. Therefore,
coated fabrics were cleaned in an oxygen plasma chamber (Diener Electronic Femto, 120 W) for 2
minutes. They were then immersed in a solution of 1H,1H,2H,2H-perfluorodecyltrichlorosilane
(PFDTS) in n-hexane with a concentration of 0.05% vol. for 20 minutes. Upon removal, they were rinsed
in n-hexane and dried with nitrogen gas. The procedure has been detailed in [17,21]. For comparison
we coated the SNF with a nanometer thin PDMS film, because of the superior environmental
friendliness of PDMS compared to fluorine. To synthesize PDMS brushes, 0.43 mL (8.0 mmol, 1 wt. %)
of sulfuric acid (H2SO4, 95- 97 %) 8.9 ml of dimethoxydimethylsilane (65 mmol, 10 wt. %) were added
to 100 ml 2-propanol. The reaction mixture was stirred for 30 s and allowed to be stagnant for 30
minutes at room temperature.
Superhydrophobic fabrics from SNF coating were treated by oxygen plasma (2 min, 120 W) and dipcoated in the reaction mixture for 15 s. The excess solution was removed with a paper towel and the
sample was placed in a desiccator for 20 min. The humidity inside the desiccator was adjusted
between 50 and 70% by passing a nitrogen stream through a washing bottle containing milli-Q water.
After 20 min, the sample was removed and washed with toluene, 2-propanol, and water respectively,
and dried under a nitrogen stream. After coating with PDMS, the surface was superhydrophobic.
The fabrics were imaged before and after coating by scanning electron microscopy (SEM), Figure 1.
SEM images were taken with a Zeiss LEO 1530 Gemini SEM at gun voltages of 3 kV using the in-lens
detector. To avoid charging, samples were sputtered with Pt before measurement using a BalTec
MED 020 modular high vacuum coating system (with an argon pressure of 2∙10−5 bar and a current

The bare fibers in the fabric were smooth with frequent but random minor
defects. The fabrics that were coated once (1-step) show a slightly more uniform coverage of
SNF on the fibers than those coated twice. The average thickness of the coating increases from
approximately 1.5 µm after the first step to approximately 2.5 µm after the second step. No
change of the morphology could be detected after fluorination of coating with PDMS.
of 30 mA, 7 nm Pt).
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Figure 1. SEM images of polyester fibers before coating, after a single coating process (1-step), and
after a double coating process (2-step), each shown at two magnifications.

2.2. Icing Wind Tunnel Testing
The icing and contamination research facility (iCORE) is a closed-loop wind tunnel equipped with a
test section 100 mm wide and 150 mm high. The wind tunnel is fitted with an additional cooling section
and spray section, Figure 2. The coolant flowing through the heat exchanger in the cooling section is
pressurized by three compressors, one of which with variable power, allowing the air in the wind
tunnel to reach temperatures as low as -40°C. The spray section, upstream of the test section, includes
three horizontally aligned, internal mix, air atomizing nozzles capable of producing water droplet
clouds with a median volumetric droplet diameter (MVD) of 20 µm, and a resulting liquid water
content (LWC) of up to 2.0 g/m³ in the test section. The air in the icing wind tunnel is driven by a fan
which can force air into the tests section up to a speed of 140 m/s. Further details on the icing wind
tunnel and its calibration have been presented by Hauk et al. [22].

Figure 2. Icing wind tunnel.

The superamphiphobic fabrics were mounted in the icing wind tunnel test section in two different
configurations: on the leading edge of an airfoil (Figure 3), and on the top of an inclined flat plate
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(Figure 4). The airfoil profile provided a more realistic aerodynamic shape, giving insight into the
specific wear conditions that the fabrics would see in-flight. The NACA 0012 shape was chosen because
it is a relatively simple shape without camber, making it easy to manufacture and analyze [23–25]. The
flat plate configuration was useful for studying relatively uniform wear conditions and controlling the
angle of attack.
A NACA 0012 shape was used for exploring the effect of different pressure sites, such as stagnation,
suction, and pressure. This configuration was tested only in a 0°-angle of attack, and the absence of any
camber meant the pressure and suction sides were not effective as such; they were just for designation
and labeling. Fabrics were placed mid-span of the airfoil and covered up to the 45-mm chord-wise
position. Three identical superamphiphobic fabrics were tested in this configuration, illustrated in
Figure 3.

Figure 3. Diagram of the NACA0012 support with 180 mm-chord length and labels for positions on
the fabrics. LE: leading edge, or stagnation line; S1, S2: suction side; P1, P2: pressure side.

Polyester fabrics were coated as square sheets with a side length of 100 mm. To fit the flat plate substrate
holder, the corners of the sheets were cut as shown in Figure A1a. An aluminum plate (50 mm x 50 mm
x 2 mm) was used as the core support for the fabric. The effective area of the fabric was placed on one
face of the aluminum plate and the side flaps were folded over to the back (Figure A1b), where they
were held in place using adhesive tape. Two fabric-covered plates were tested simultaneously side-byside in the icing wind tunnel (IWT) as illustrated in Figure 4a. One superamphiphobic and one
superhydrophobic fabric were exposed to airflow simultaneously. Figure 4b is a side-view diagram of
the flat-plate configuration showing direction of airflow and the AoA. A total of 14 superhydrophobic
and 14 superamphiphobic fabrics were tested in this configuration, each one exposed to a single
combination of airspeed, temperature and angle of attack.

(a)

(b)

Figure 4. Configuration of fabric mounted to a flat plate sample holder in the icing wind tunnel test
section. (a) Side-by-side arrangement of fabrics in the flat plate substrate holder. (b) Side view of the
configuration in the test section showing the direction of airflow, top and bottom test section walls,
and the two tested angles of the sample holder.
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The environmental conditions that the fabrics were exposed to are listed in Table 1. For the two used
configurations, above freezing and below freezing air temperatures were tested. Airspeeds ranged from
20 to 120 m/s for the airfoil, and from 90 to 120 m/s for the flat plate. The airfoil was tested at a single
0°-angle of attack. The airfoil shape made it such that the fabric’s effective incident angle with air ranged
from 0° at the maximum airfoil thickness, to 90° at the stagnation line. The flat plate was placed in either
one of two angles of attack: 20° or 45°. The sample holder was in-fact a rectangular prism rather than a
thin plate (leading edge flat face was 15 mm thick) so a minimum angle of attack of 20° was needed to
prevent flow separation on the top surface [26] and to ensure interaction of the fabric with impacting
water droplets. A 45°-angle of attack provided more direct exposure to the droplets and raised the
stagnation line above the bottom edge of the fabric. The total duration of exposure was kept constant at
10 consecutive minutes for the flat plate configuration to allow for a higher number of test conditions,
whereas on the airfoil configuration, cumulative exposure time ranged until 50 minutes. Instead of
using a fixed liquid water content (conventional metric for the concentration of water droplets in
clouds), a fixed volume flow rate of water of 10 cm³/min. was introduced into the air through the air
atomizing nozzles. In doing so, the resulting mass impingement rate of water droplets remained
constant despite variations in airspeed. The difference in droplet impact rate between a constant liquid
water content and constant feed rate is subtle for the range of conditions tested (liquid water content
was between 0.25 and 0.36 g/m³).

Table 1. List of conditions used for icing wind tunnel durability testing.

Configuration

Total Air
Temperature
[°C]

Velocity
[m/s]

Airfoil

+20
+20
-3

20-120
95
50

Flat Plate

+12.5
-5

90-120

Duration of
Cycle
[min.]

Total
Duration of
Exposure
[min.]

Volume
Flow Rate
Water
[cm³/min.]

0±2

10

50
50
40

10

20 ± 1
45 ± 1

3-10

10

10

Angle of
Attack [°]

2.3. Characterization
A Krüss DSA 30 contact angle measuring device with an automatic tilting axis was used for the
measurements of the equilibrium contact angle and roll-off-angle. Milli-Q water droplets were 6 µL
in volume and oil droplets (sunflower oil, Thomy, Switzerland) were 10 µL. The stage was tilted at a
rate of 1.5°/s and recorded at 1 frame per second, resulting in a minimum measurement uncertainty
of 1.5°. The Young Laplace fitting method was used to calculate the water contact angle, and the
ellipse fitting was used for that of oil. The accuracy of the measurement was decreased by the optical
nature of the fabrics, which made it difficult to measure the three phase contact line for angles above
160°. Visible bumps and lack of reflectivity made it difficult to accurately define a baseline. The water
contact angle of pristinely coated fabrics has been measured previously using confocal microscopy
[21].
Following icing wind tunnel and wetting properties tests, a circular punch was used to cut 5 mmdiameter circular samples from each fabric. The samples were taken near the center of the fabric.
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Samples were then coated with 5 nm platinum using BalTec MED 020 modular high vacuum coating
system. Scanning electron microscopy, SEM, images were taken using a Zeiss LEO 1530 Gemini SEM.
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3. Results and Discussion
Wetting properties were the main evaluation criteria for the durability of the superamphiphobic and
superhydrophobic fabrics exposed to high aerodynamic shear and multiphase flow. The water
contact angle and water roll-off angle are presented for both the airfoil configuration and for the
hydrophobic fabrics in the flat plate configuration. The oil contact angle and roll-off angle are
presented for the superamphiphobic fabrics in the flat plate configuration. Error bars represent one
standard deviation in the population of measurements taken for each point. The values shown are an
average of at least three measurements at different positions. Roll-off angle values plotted as 90°
represent the case of complete pinning where gravitational force was insufficient to overcome
adhesion of the liquid droplet to the fabric surface.
3.1. Airfoil Configuration
The wetting properties of superamphiphobic fabrics measured following exposure to a warm cloud
at airspeeds up to 120 m/s on a NACA0012 profile are plotted in Figure 5a. The water contact angle
remained constant within experimental accuracy the range of 20-100 m/s. At the highest airspeed, 120
m/s, contact angle on the suction side and leading edge decreased sharply to ~130° whereas the
pressure side continued on the flat trend to ~160°. Within experimental accuracy, the water roll-off
angle was almost constant until 100 m/s, after which complete pinning (represented by 90°) was
observed. The roll-off angle slightly increased near 100 m/s. The sudden decrease in contact angle
and increase in roll-of angle indicate significant damage to the coating on the fabric, mainly on the
suction side and stagnation line of the airfoil. Further evidence of this damage is given by the SEM
image of Figure 5c. The coating was finally damaged after exposure to 120 m/s but for a cumulative
duration of 50 minutes, since a single fabric was used for testing the progressive airspeed exposure.
The angle of attack of the airfoil was meant to be at 0° (Figure B1a), however, contact angle
measurements presented in Figure 5a suggest that tests were done at a non-zero angle of attack. The
pressure-side boundary layer and suction-side boundary layer create different wall friction stresses.
Direct numerical flow simulations (DNS) of a NACA 0012 profile at an angle of attack of 5° and Re =
5 x 104 showed that the coefficient of pressure along the airfoil suction side is higher in magnitude
near the leading edge than that on the pressure side [27]. Wall friction shear forces are dependent on
the flow velocity, and since the flow is faster over the suction side, the wall shear stresses are higher.
The more intense of the stresses was evidently on the suction side, where flow separation is likely to
occur (Figure B1c and Figure B1e). It is believed that the pressure difference between the bottom and
the top of the airfoil was due to a small angle of attack tolerance during installation of the profile in
the test section, and due to manufacturing imperfections which led to a slightly shorter bottom side.
These small tolerances were amplified by the high Reynolds number 1 at 120 m/s (1.6 x 106) which
forced the airfoil to pitch upwards slightly. The only resistance to this pitching was contact friction
with the test section walls, governed by the hand-tightness of the screws used to fasten the airfoil
along a single axis. A small angle of attack at such high Reynolds numbers can lead to wall shear
stress differences over the top and bottom surfaces (~8 Pa difference, calculations shown in Appendix
B), and flow instabilities [24], especially in a straight, fixed-size test section. According to [27], the
skin friction coefficient along the airfoil peaks near the leading edge and decreases rapidly toward
the trailing edge.
To isolate duration of exposure from airspeed, separate tests were done at a constant speed but
increasing exposure time (Figure 5b). An airspeed of 95 m/s was used since it was suspected that the
same damage seen at 120 m/s could be done at a slightly lower speed, but with longer exposure time.
Contact angle measurements appeared to be constant at 165° ± 3° for the entire 50 minutes showing
no measurable change with increasing exposure time. Roll-off angle measurements appeared to
increase after the first 10 minutes of exposure, and then remained constant at 22° ± 5° indicating that
1

Reynolds number (Re) is the ratio between inertial forces and viscous forces of a fluid in motion.
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the full damage occurred within the first 10 minutes of testing, and did not increase with increasing
exposure time. This result suggests that SNF are removed or broken when wall shear stresses exceed
their tensile strength. The absence of time-dependent damage suggests that they did not show signs
of creep for the durations tested. Cloud exposures were in 10-minute intervals, and the SNF had time
to re-settle between exposure sessions. The main knowledge gained here is that maximum damage
at a certain airspeed occurred within the first 10 minutes of exposure and that the coating was
removed only beyond a critical shear stress threshold – independently of exposure time.
The state of the superamphiphobic coating following exposure to harsh aerodynamic conditions
while on a NACA0012 profile is shown by SEM images in Figure 5c. The fabric whose wetting
properties measurement showed full pinning in Figure 5a is shown in Figure 5c. The image shows
two smooth PET fibre surfaces with well-defined boundaries. An image of a fibre on the fabric tested
in icing conditions was captured in Figure 5c. It appears to have a porous surface with filamentous
features sizing an order of magnitude less than the scale bar of 1 µm. The SEM image of the fabric
after exposure to 120 m/s in Figure 5c is validation that the coating was removed from some the top
and side faces of the polyester fibers, creating pinning sites during contact angle and roll-off angle
measurements.
Wetting properties of a superamphiphobic fabric on an airfoil exposed to icing conditions at -3°C and
an airspeed of 50 m/s are plotted in Figure 5d. The water contact angle was constant at approximately
165° for the full 40 minutes of exposure. The water roll-off angle of the pressure and suction side
increased steadily to 40° after 20 minutes of exposure after which it remained constant, whereas the
leading edge roll-off angle increased steadily to 15° after which it remained constant. Therefore, ice
accretion caused damage to areas subjected to aerodynamic shear, but not on the stagnation line. The
ice grains that formed on the stagnation line were densely packed, forming a solid block of ice that
protected a small area of the fabric from airflow and direct impact of droplets (experiment image in
Figure A2 and pathline illustration in Figure B1g). A few millimeters downstream along the chordlength, ice grains were more dispersed. Boundary layer air could flow between ice grains, pulling
them away from their anchor-point on the fabric. This pulling was most probably the main wear
mechanism causing damage to the SNF coating (illustrated in Figure 9 and explained in greater detail
below). Since the angle of attack of the airfoil was null, the wear on the suction and pressure side
were observably equal in icing. For the icing conditions tested, the peak skin friction stress would be
on the order of 10 Pa and located at 0.027 mm from the leading edge (example calculation in
Appendix B, and based on data from [28]).
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Figure 5. Wetting properties of the superamphiphobic fabric exposed to aerodynamic wear
conditions. Pressure side “P2” (hollow square), pressure side “P1” (filled square), stagnation line “LE”
(concentric triangles), suction side “S1” (filled circle), suction side “S2” (hollow circle) positions,
equilibrium contact angle averaged over all positions (flat bar), and roll-off angle averaged over all
positions (cross). (a) After 10 minutes of exposure to a warm droplet cloud at speeds from 20 to 120
m/s. (b) After exposure to a warm droplet cloud at 90 m/s for up to 50 minutes. (c) SEM images of
polyester fibers on fabrics exposed to 120 m/s for 10 minutes (top) and 50 m/s for 3 icing cycles
(bottom). (d) After exposure to 3 icing cycles at 50 m/s. Lines are shown as a guide for the eye.

3.2. Flat Plate Configuration
Given that the wetting properties measurement showed droplets were completely pinned to the
fabric exposed to 120 m/s airflow on an airfoil, but not at 95 m/s, we wanted to study the transition
region between these conditions. The flat plate fabrics were therefore exposed to airspeeds between
90 m/s and 120 m/s. The durability of the fabrics tested on a flat-plate are presented with respect to
airspeed of exposure. They are divided primarily by treatment (non-fluorinated or fluorinated),
secondarily by temperature of exposure (+12.5°C for warm cloud or -5°C for icing), and tertiary in
each chart by angle of attack (20° or 45°).
3.2.1 Superhydrophobic Fabrics
The water wetting properties of superhydrophobic fabrics exposed to a water droplet cloud at
airspeeds of 90-120 m/s, at freezing and non-freezing temperatures, and on a flat plate at two constant
angles of attack are plotted in Figure 6a and Figure 6b. Figure 6a represents fabrics tested in a warm
cloud at 12.5°C, which apparently had a negligible effect on their wetting properties. The water
contact angle in Figure 6a, appears to be constant at 170° for both angles of attack across all speeds
presented. The same can be said for the roll-off angle although the standard deviation increases with
increasing airspeed. Their water contact angle above 150° and water roll-off-angle below 15° means
they retained their superhydrophobic properties. Figure 6b represents fabrics tested in a supercooled
droplet cloud at -5°C. The contact angle in Figure 6b shows stagnant behavior for the 45° angle of
attack, but that of the 20° angle of attack increases with increasing airspeed after 100 m/s. The roll-off
angle is constant for the 45° angle of attack, but is steadily decreasing for the 20° angle of attack, along
with the standard deviation.
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The maximum speed tested in the flat plate configuration did not fully remove the top part of the
coating as in the airfoil configuration. Figure 5a shows that the suction side portion of the fabric saw
a greater reduction in water contact angle than the pressure side did. In the flat plate test, the fabric
was placed on the pressure side. Flow separation on an inclined rectangular block2 occurs at angles
of attack lower than 10°, meaning the suction side would not be exposed to high flow velocities or
droplet impacts. To ensure that the fabrics would be exposed to high speed airflow and droplet
impacts, it was placed only on the pressure side. Superhydrophobic fabrics saw the most damage at
lower speeds and shallower angles of attack while in icing conditions. Figure 6b reveals that
increasing airspeed in icing conditions did not proportionately affect the wetting properties of the
superhydrophobic fabrics.
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Figure 6. Wetting properties of fabrics exposed to cloud conditions for 10 minutes at increasing speeds
while on a flat plate at an angle of attack of 20° (horizontal dash) and 45° (cross). (a) Water droplets
on a superhydrophobic fabric after exposure at +12.5°C. (b) Water droplets on a superhydrophobic
fabric after exposure at -5°C. (c) Oil droplets on a superamphiphobic fabric after exposure at +12.5°C
(d) Oil droplets on a superamphiphobic fabric after exposure at -5°C.

2

The stall behavior of a rectangular block is the opposite of an airfoil. An airfoil approaches stall (flow

separation) as the AoA increases, whereas the rectangular block sees flow separation starting from 0° (Figure
B1b) and transitions to a fully connected boundary layer between 10° and 20° (Figure B1d, Figure B1f) [26].
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3.1.2. Superamphiphobic Fabrics
The oil wetting properties of superamphiphobic fabrics exposed to a water droplet cloud at airspeeds
of 90-120 m/s, at freezing and non-freezing temperatures, and on a flat plate at two constant angles
of attack are plotted in Figure 6c and Figure 6d. Figure 6c represents fabrics tested in a warm cloud
at 12.5°C. It shows that the oil contact angle remained between 140°-160° and oil roll-off angle below
50°. The higher wear at an angle of attack of 45° is fairly intuitive since at that angle there was more
direct exposure to droplets and air than at 20°. It was expected that the superhydrophobic fabrics
would show the same trend, however that was not the case. The difference is believed to stem from
the fact that the superamphiphobic fabrics at 45° were coated twice. Additionally, oil has a lower
surface tension than water and the differences between their wettability could lie in the sensitivity to
the testing liquid. In general, the optical nature of the fabric (macroscopically visible roughness and
lack of reflectivity), made it difficult to obtain an accurate mathematical fit with the oil droplets,
resulting in a higher standard deviation than on the superhydrophobic fabrics.
Figure 6d represents fabrics tested in a supercooled droplet cloud at -5°C. The oil contact angle was
constant at 140° for both angles of attack across all speeds presented. The oil droplet roll-off angle
was constant at 16° for the 20°-angle of attack, but steadily increased for the 45°-angle of attack to 45°.
Similar to superhydrophobic fabrics, the superamphiphobic fabrics only showed pinning after
exposure to the lowest airspeed and angle of attack, and not at higher airspeeds or angle of attack. At
the shallow angle of 20°, most supercooled droplets impacted the leading edge of the substrate holder
rather than the fabric. That means that ice grew faster on the leading edge of the sample holder than
on the fabric.
An ice accretion at the corner of the sample holder has a two-fold effect: protection of the upper
surface of the sample holder (and therefore the fabric) from impacting supercooled water droplets,
and separation of the aerodynamic boundary layer from the top surface of the sample holder. The
contribution to wear of the fabric from the first effect is fairly straightforward. At an angle of attack
of 45°, impacting supercooled droplets quickly formed a relatively flat ice layer covering the entire
surface of the fabric (illustrated in Figure B1h). The dense ice layer protected the fabric from further
impacts. The result of this type of icing encounter was negligible on the wetting properties of the
fabrics. At an angle of attack of 20°, the duration of direct droplet impact was shortened by the sample
holder-born ice accretion.
The micro- and nanostructure of the superamphiphobic fabrics tested at an angle of attack of 20° in
icing conditions are shown by SEM images in Figure 7. Four rows of images correspond to the four
airspeeds tested in that configuration. The three columns are arranged in order of increasing
magnification. The inset in each row shows the respective oil droplet at the highest tilt angle before
shedding during roll-off angle measurements. The 90 m/s images show a PET fibre with filamentous
nanostructures on its side which decrease in size and length leading to a smooth area on the top of
the fibre. The smooth area does not cover the entire length of the fibre. The inset for that speed shows
an oil droplet with high contact angle hysteresis. The higher speeds show a similar gradient in length
but they do not reduce to a completely smooth surface, only to a slightly less structured one. The
insets for these speeds show oil droplets with low contact angle hysteresis.
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Figure 7: SEM images of superamphiphobic fabrics tested in a flat plate configuration at an angle of
attack of 20° and in icing conditions. Each row consists of increasing magnification of a single fabric
tested at the airspeed indicated on the left. The inset images are 10 µL oil droplets on the respective
fabric sample following durability testing and tilted at the angle specified beside the image.

In dry airflow, at a 20°-angle of attack, the upper surface of a rectangular block is near to flow
separation [26]. With ice forming on the leading corner, it is fairly certain that the flow was separated
over at least a portion of the fabric. Separated flow can reattach to the wall after a certain chordlength. The more ice accreted, the further the reattachment point would be (see Figure 8). The fabrics
in icing conditions at 20°-angle of attack and in 90 m/s airflow were subjected to one continuous icing
cycle for 10 minutes, and were therefore subjected to the most intense back-flow for the longest time.
For fabrics in the same conditions at 100 and 110 m/s, the ice accretion was removed after 3 minutes
of icing, and they went through 3 icing cycles. For 120 m/s, the ice accretion was removed after 5
minutes of icing and 2 cycles were completed. The short cycle duration, despite higher speeds, meant
that the effect of flow separation was smaller than at 90 m/s, and resulted in less severe damage to
the SNF.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 September 2020

Figure 8. Sketch of air pathlines over a rectangular body after 3 minutes and 10 minutes of icing.

The mechanism of SNF damage is debatable, but the authors believe it is due to two major
contributors illustrated in Figure 9. The first is that aerodynamic wall shear stress caused a
detachment of isolated feathery ice grains by cantilever loading and pulled on slender SNF. And the
second was the impact of these detached ice grains on the fabric surface caused by aerodynamic
backflow.
Isolated feathery ice grains generally grew along the airflow freestream velocity directions. The
average momentum of supercooled droplets is usually enough to penetrate the aerodynamic
boundary layer [29]. A laminar aerodynamic boundary layer flows parallel to a wall, and the
direction of a turbulent boundary layer, which is likely the case here, flows more chaotically but on
average also in the direction parallel to the wall. Thus, the boundary layer airflow causes a drag
force 3 , in the order of 25 – 150 µN, on isolated feathery ice grains with a component which is
perpendicular to their direction of growth (details of calculations included in Appendix B). With this
force system in mind, it is logical to envision how these ice grains could be pulled off the surface of
the fabrics as observed during the experiments.
Supercooled droplets exist in a metastable state. Once the nucleation of solidification begins in a
supercooled droplet, it propagates quickly throughout the droplet. The phase change releases heat
and increases the droplet temperature to 0°C momentarily before decreasing again to the
environmental temperature. This latent heat of fusion can warm and even melt already formed ice.
It is plausible that droplets impacted the base of isolated feathery ice grains, partially melting their
base and weakening their interface with the fabric. This occurrence would have contributed to the
frequency of separation of ice grains from the fabric.
The separation of isolated feathery ice grains from the fabric could have caused more harm than good.
The advantageous part is that an icephobic surface typically has low adhesion strength to ice, and if
ice grains fly off, then large ice accretions are less likely to grow. The disadvantage of that is when
the ice grains cause damage downstream, or remain suspended in recirculated flow. Ice grains act as
solid particles, and appeared to cause erosive damage to exposed portions of SNF on superficial
polyester fibers when they were recirculated in the separated backflow above the fabric.
SNF were clearly shortened after durability tests (Figure 7). Since they were covalently bonded to the
polyester fibers, a base layer always remained. This base layer of silicone provided a hydrophobic
surface chemistry on top of the microstructure given by the polyester fiber weave. The surface
chemistry and microstructure were not changed by the cloud and ice exposure, resulting in only very

3

Assuming a small cylindrical feature at a small angle from parallel to the airflow.
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subtle changes in contact angle measurement. The evidence suggests that low roll-off angles were
mainly attributable to the nanoscopic form factor and aspect ratio of the network of long SNF.

Figure 9. Sketch of two envisioned damage mechanisms of the flat plate configuration. (left) One
being the weakening of an isolated feather ice grain bond with the fabric surface due to melting
resulting from impacting supercooled water droplets. (right) The second being after breakage of
the feathery ice grain, it being carried, by separated backflow of air, away from the surface and
then back towards it, causing erosive or scratching damage to surface nanofilaments. The insets
are SEM images of either pulling or erosive damage that was observed from experiments.
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5. Summary and Conclusions
The superamphiphobic fabrics kept their favorable wetting properties after exposure to a range of
aerodynamic multiphase conditions, including those conducive to icing. When they were damaged,
they retained their high contact angle and much of their droplet mobility. The water contact angle
remained nearly constant, because only the nanostructure changed but their chemistry and
microstructure remained intact. Notably, exposure to high speed airflow, water droplet clouds, and
icing conditions in a laboratory icing wind tunnel appeared to be less damaging than extended
exposure on a car [17]. When exposed to external environments, the conditions are much less
controlled, impact can occur from different types of particles (rocks, sand, hail, insects) and exposure
to UV radiation can be source of chemical degradation 4. The results of this study show that exposure
to small water droplets, even supercooled ones at speeds up to 430 km/h, and only slightly degraded
the performance of a superamphiphobic fabric on a flat plate.
Complete failure only occurred at Reynolds numbers > 1.4 x 106 (speed of 120 m/s on a NACA 0012
airfoil) and mostly on the suction side. Thus, the fabrics may not be durable enough for forward
facing surfaces of single-engine propeller aircraft that operate at that or higher speeds. For low speed
aircraft such as for urban air mobility, experimental aircraft, drones or gliders, aerodynamic shear on
its own does not appear to be aggressive enough to remove the SNF coating. For cases where icing
occurs over long periods of time and at relatively low speeds, such as for telecommunication
antennae or oil rigs at sea, the first layer of ice build-up would protect the fabric from damage,
meaning the icing conditions there would not cause significant damage to the superamphiphobic
coating.

4

SNF characteristically do not deteriorate from UV exposure, however the fluorinating compound used was an

organic molecule whose carbon back-bone could be damaged by UV.
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Appendix A

(a)

(b)

Figure A1. Preparation of fabrics for the flat plate configuration. (a) The exposed portion of fabric
tested with respect to its original size. (b) Placement of the fabric on a rigid backing plate indicating
the folding style of the flaps.

Figure A2. Ice formation on the fabric mounted on a NACA 0012 airfoil showing isolated feathery
ice grains near the top side (circled) which become more dense and homogenous approaching the
stagnation line.
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Appendix B: Aerodynamic Figures, Definitions, and Calculations

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure B1. Pathlines over NACA 0012 and flat-plate sample holders at various angles of attack and
with an arbitrarily low Reynolds Number. (a) Airfoil at 0° AoA showing symmetric pathlines without
flow separation. (b) Block holder at 0° AoA showing symmetric pathlines with flow separation and
reattachment. (c) Airfoil at 3° AoA showing slightly asymmetric pathlines and flow separation at the
trailing edge on the suction side. (d) Block holder at 20° AoA showing stagnation at the leading corner,
and attached flow along the top side. (e) Airfoil at 10° AoA showing asymmetric pathlines and flow
separation along the entire suction side. (f) Block holder at 45° AoA showing an elevated stagnation
point and attached flow on the top side. (g) Iced airfoil at 3° AoA showing slightly asymmetric
pathlines with small flow separations immediately downstream of the ice. (h) Iced block holder at 45°
AoA showing uneven ice with complete coverage of the top side and a series of small flow
detachments due to the ice shape. (a),(c),(e), and (g) are based on [30]. (b),(d), and (f) are reproduced
from [26].
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Terminology Related to Aerodynamics:
Leading Edge: The first point of contact of a fluid in motion with a solid body.
Trailing Edge: The furthest point on a body in a moving fluid from the leading edge.
Chord: The distance between the leading edge and the trailing edge.
Span: The out-of-plane size of an object in a 2-dimensional airflow.
Camber: Asymmetry between the top and bottom surfaces of an airfoil.
NACA 0012: An airfoil shape described by the National Advisory Committee for Aeronautics (NACA, now
NASA) with a 4-digit system. The digits, “00,” signify a symmetric airfoil, without camber. The digits, “12,”
signify that the maximum airfoil thickness is 12% of the chord-length.
Stagnation Line/Point: In a 2-dimensional airflow, the stagnation point is the location where a streamline
theoretically stops. The stagnation line in the out-of-plane extension of the stagnation point, and runs along the
span of an object.
Suction / Pressure Side: Air along a symmetric airfoil (without camber), travels the same distance over the top
side and the bottom side of the airfoil, and therefore with the same static and dynamic pressure. If the symmetric
airfoil is tilted, the position of the stagnation point is no longer exactly at the leading edge of the airfoil. In this
orientation, air must travel a longer distance over one side than the other side. To maintain continuity, air on the
longer side travels faster than on the shorter side. The result is higher dynamic pressure on the longer side and
lower static pressure; hence the term, suction side. The pressure side intuitively is so-called due to the higher
static pressure. Note that the pressure difference between two sides of an airfoil generates a force called lift, and
it is that which makes flight possible.
Reynold’s Number: A dimensionless number that represents the ratio of inertial to viscous forces in the motion
of a fluid or gas. It is the most common ratio used to describe flow regimes.
Boundary Layer: A common assumption in fluid dynamics is the “no-slip condition” where the velocity of a
fluid in motion is null at the interface with a solid body. The flow approaches its freestream velocity with
increasing distance from the interface. The distance between the interface and the freestream velocity is the
thickness of the boundary layer.
Flow Separation: When a boundary layer flow becomes reversed with respect to the freestream flow direction
or when it can no longer remain attached to a body. In aerodynamics, flow separation causes a loss of lift.

Difference between pressure and suction side wall shear stress:
The local wall shear stress along a plane can be calculated using a form of the Blasius equation [28]:

𝜏 = 0.332

𝜇𝑈
𝑥

(B-1)

√𝑅𝑒.

Where 𝜏 is the wall shear stress, 𝜇 is the viscosity of air, 𝑈 is the velocity of air outside the boundary layer, 𝑥
is the distance along the plane, and 𝑅𝑒 is the Reynolds number based on the freestream airflow. The velocity
outside the boundary layer is given by the coefficient of pressure along the airfoil, the chordwise position, and
the freestream velocity, 𝑈∞ :

𝐶𝑃 = 1 − (

𝑈
𝑈∞

2

) .

(B-2)
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For a small angle of attack of 5° and Reynolds number of 5 x104, the 𝐶𝑃 along a NACA 0012 profile has been
simulated [27]. At 20% of the chord-length, the 𝐶𝑃 was -0.8 on the upper surface and close to 0 on the lower
surface. Typically, the coefficient of lift does not vary significantly for high Reynolds numbers in comparison to
angle of attack [28], therefore, we use the same values of 𝐶𝑃 for our calculation, despite a Reynolds number of
1.4 x 106. The resulting local velocities are 161 m/s and 120 m/s on the suction and pressure side respectively.
Entering these values into the previous equation yields wall shear stresses of 32 Pa and 24 Pa respectively.

Drag force on an isolated feathery ice grain:
Assume that the feathery ice grain takes the shape of a cylindrical feature grown in the direction of the freestream
airflow with a small relative angle. The drag force on the ice grain can be estimated by:
2,
𝐷 = 𝐶𝐷 × 𝐴 × 12𝜌𝑈∞

(B-1)

where 𝐷 is the drag force, 𝐶𝐷 is the coefficient of drag of a cylinder, 𝐴 is the cross-sectional area facing the
flow, and the last component is the kinetic energy of the airflow including air density, 𝜌, and free stream
velocity,𝑈∞ . For a circular cylinder and a Re of 106, 𝐶𝐷 ≅ 0.3 [31]. If the cylinder is 3 mm long, 0.5 mm in
diameter, with an angle of 5° with respect to the airflow, then the drag force is between 25 – 150 µN for airspeeds
between 50 – 120 m/s respectively.

