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Insect residue adhesion to moving surfaces such as turbine blades and aircraft not only causes surface
contamination problems but also increases drag on these surfaces. Insect fouling during takeoff,

climb and landing can result in increased drag and fuel consumption for aircraft with laminar-flow
surfaces. Hence, certain topographical and chemical features of non-wettable surfaces need to be
designed properly for preventing insect residue accumulation on surfaces. In this work, we developed

a superhydrophobic coating that is able to maintain negligible levels of insect residue after 100 high
speed (50 m/s) insect impact events produced in a wind tunnel. The coating comprises alternating layers
of a hydrophobic, perfluorinated acrylic copolymer and hydrophobic surface functional silicon dioxide
nanoparticles that are infused into one another by successive thermal treatments. The design of this
coating was achieved as a result of various experiments conducted in the wind tunnel by using a series
of superhydrophobic surfaces made by the combination of the same polymer and nanoparticles in the
form of nanocomposites with varying surface texture and self-cleaning hydrophobicity properties.
Moreover, the coating demonstrated acceptable levels of wear abrasion and substrate adhesion
resistance against pencil hardness, dry/wet scribed tape peel adhesion and 17.5 kPa Taber linear abraser
tests.

One of the most common examples of insect residue is the car windshield contamination due to insect collisions
on the highway'. Although this is mostly an annoyance for drivers, avoiding insect residue accumulation due to
collisions with moving surfaces has many important technological implications®. In aerodynamic architectures
such as wings or turbine blades, performance levels are closely related to the airflow boundary layer attached
to the airfoil section where turbulent flow has a higher drag than laminar flow®. For instance, for wind turbines
installed in warm and humid climates, insect collisions with the blades can foul blade surfaces leading to a marked
increase in skin drag and reducing power production by as much as 50%*. In aircraft flight, surface contamination
due to insect impact on wing leading edge surfaces may cause the boundary layer to prematurely transition to
turbulent flow, resulting in a potential increase in flow drag and fuel consumption®'°. As such, designing new
surfaces or coatings for aerodynamic architectures that can resist insect fouling may reduce operational costs!!-1%,
At high speeds, insect collisions result in debris accumulation in the form of biological body and tissue frag-
ments as well as fluids. Early solutions proposed injection of liquids or surfactants and even anti-icing fluids onto

. the leading edge'>-?° but this proved not to be practical. With the recent advances in liquid repellent surfaces,
: there has been renewed interest in the general problem of self-cleaning and easy cleaning coatings and in particu-
lar, surface treatments or coatings that can also withstand insect fouling?*2. However, outcome of insect impact
on surfaces is complicated and cannot be simply associated or modelled with the dynamics of liquid droplet
impact and bounce-back over a non-wettable surface as many different types of biological tissues and fluids are
involved®. Consequently, the use of coatings to mitigate insect residue adhesion requires more attention and
detailed investigation. The most general approach includes physicochemical processes to modify a surface to
provide reduced adhesion properties to mitigate insect residue adhesion. This can be achieved by topographically
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and chemically modifying the surface with a low surface energy coating. Whether the treatment is made by physi-
cal and chemical modification of metal surfaces or by means of a non-wettable coating, the most important aspect
of the coating is the texture and the associated roughness levels>?. The most general term for a non-wettable
coating is superhydrophobicity. Superhydrophobic coatings generally display static water contact angles greater
than 150° and with very low droplet roll-off angles?® (upon tiling) preferably below 5°. Coatings that also repel
other liquids such as oils and hydrocarbon liquids are known as superoleophobic?’. As shown in this work a
superoleophobic surface or coating may not be absolutely essential for insect impact repellency.

There are a number of recent works which looked at different types of hydrophobic and superhydrophobic
surfaces in reducing insect impact residues. The leading work was done at NASA with fruit flies on a variety of low
surface energy coatings®®. NASA researchers evaluated a range of surfaces including commercial siliconized and
fluorinated coatings developed for the protection of electronic circuit boards and found that a rougher surface
influences the spreading mechanism of the hemolymph, such that a rough low surface energy coating could be
used to inhibit the hemolymph from spreading upon impact with the surface. A low surface energy, hydrophobic
surface, is imperative as a liquid spreading on a rough surface with high surface energy would essentially spread
out (under the Wenzel wetting regime)®, whereas a liquid spreading on a rough surface with low energy would
resist spreading adopting a Cassie-Baxter wetting state®’. NASA researchers verified this implication by examin-
ing the results obtained using the superhydrophobic surfaces (polymeric and titanium nanotube surfaces)®'~*. It
was found that the superhydrophobic surfaces did not necessarily mitigate insect residue adhesion and that the
performance of some superhydrophobic coatings (ranked by residual area measurement) was similar to that of
smoother hydrophobic coatings like Teflon and that increased performance tended towards submicron scale sur-
face roughness. Optimization of a surface, both chemically (to obtain a low surface energy) and topographically,
is therefore necessary to reduce insect residue adhesion®. Consequently, investigation of the optimum topogra-
phy (i.e. roughness) still remains necessary to ensure design of surfaces or coatings with complete mitigation of
insect residue adhesion®* while not being too rough to inherently produce turbulent flow. To achieve this, we
created the required surface texture by anchoring superhydrophobic nanoparticle films on a hydrophobic ther-
moplastic polymer surface. This was accomplished by developing a thermal, alternating polymer nano-composite
(TAPNC) coating. The superhydrophobic nanoparticle film is in fact the outermost layer of the TAPNC coating
made by subsequent spray painting of alternating layers of polymer and nanoparticle solutions and thermally
treating each applied layer afterwards.

Experimental

Materials and Methods. Capstone ST-100 was purchased from DuPont; it is an aqueous dispersion of per-
fluoroalkyl methacrylic copolymer (PMC), containing 74-81% water and 19-26% of PMC. Initial tests revealed
that the as-received dispersion cannot be used to create the layer-by-layer coatings due to surfactants used to
maintain stable polymer dispersion in water. It was therefore desired to precipitate the PMC and re-disperse it
in other solvents in an effort to find a solvent for PMC such that the solution was capable of being spray painted.
Therefore, PMC was precipitated from the original aqueous dispersion by mixing equal volumes of Capstone
ST-100 and trifluoroacetic acid (Sigma-Aldrich), disrupting colloidal stability. Upon precipitation, the super-
natant was decanted and the polymer precipitate (in the form of a rubbery state) was washed several times with
water and ethanol and dried in a plastic desiccator®’. Acetone was found to be a suitable solvent for PMC, and
was able to produce uniform coatings. It should be noted that adding other co-solvents with higher boiling points
helped in spraying more uniform polymer films. The most suitable solvents were tetrahydrofuran, THF, and
methyl ethyl ketone, MEK. Solutions with concentrations from 15 to 30 wt% of PMC in acetone were prepared
in increments of 5%. To prepare the polymer/nanoparticle composites or just the nanoparticle films, commer-
cially available hydrophobic fumed silica nanoparticles (Aerosil R812, Evonik) were either dispersed in the PMC/
acetone solutions or separately dispersed in chloroform. Polymer/nanoparticle solutions were sonicated in an
ultrasonic bath for 30 minutes before spray coating. Polymer, polymer/nanoparticle and nanoparticle solutions
were sprayed onto aluminum substrates using an internal mix, double-action airbrush atomizer (model VL-SET,
Paasche). The thickness of the polymer or nanoparticle films can be tuned independent from one another by
spraying from solutions that are more or less concentrated in polymer and/or nanoparticles, as well as by applying
few or more spray passes.

The coatings for insect impact experiments were prepared on aluminum surfaces by spray painting alternating
layers of PMC and silica (SiO,) nanoparticles as shown in Fig. 1. The thickness of the polymer layer, once dry, was
kept around 8-10 pm. After a number of preliminary tests, the optimum final nanoparticle layer thickness was
determined to be 300 nm or less. As many as 6 alternating layers can be applied and a minimum of 4 layers per-
formed the best in repelling impacting fruit flies. Between each step thermal treatment (melting) of the thermo-
plastic polymer was performed to ensure that portion of the nanoparticle film can be embedded into the polymer
matrix. Figure 1 schematically describes this process.

The morphology of the produced coatings was characterized by two different scanning electron microscopes
(SEM): JEOL JSM-6490LA and JEOL 6700F FESEM microscopes working in high-vacuum mode, with an accel-
erating voltage of 10-20kV. For scanning electron microscopy measurements, samples were coated with a 12nm
thick layer of Au/Pd to reduce surface charging. Where necessary, samples were tilted at various angles to bring
out differences in morphology. Transmission electron microscopy (TEM) was performed with a JEOL JEM-
1011 under an accelerating voltage of 100kV. All the samples for TEM analysis were prepared by immersing
carbon-coated 200 mesh, 50 pm copper grids in the nanoparticle dispersions, and then allowing to dry overnight
under inert atmosphere. A representative TEM image of the silica nanoparticles is given in Fig. 2.

Atomic force microscopy (AFM) measurements were performed with a Park Systems XE-100 in noncontact
mode in order to measure the surface roughness of the coating before installing in the wind tunnel. At least three
different zones were chosen on each sample to extract the average roughness values and at least three different
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Figure 1. Schematic representation of sequential spray coating process and heating of alternating layers
of polymer coating and nanoparticle film. A final thermal annealing is required once the desired layer of
alternating coatings is complete (not necessarily three as shown schematically above).

samples were measured. Acquired AFM topography images were processed by public domain software known as
WS x M developed for data acquisition and processing in scanning probe microscopy.

To measure the contact angle, roll-off angle, and contact angle hysteresis of the coatings, solutions were spray
painted on 25 x 50 mm pieces of 25 pum thick aluminum. Five contact angle measurements were taken on ran-
dom locations of the coatings with 10 uL deionized water droplets using a contact angle goniometer (OCA 20,
Dataphysics) equipped with a charge-coupled device (CCD) camera and image processing software. Reported
contact angle measurements were averages of five measurements on each sample. Roll-off angle and contact angle
hysteresis were measured five times at random locations, and their average, minimum, and maximum values are
reported.

Linear abrasion experiments were conducted with a Taber Linear Abraser 5750. The applied weight was
0.35kg with stroke length of ~5cm and stroke speed of 15 cycles/min. The abradant used was Calibrase Disk
(CS-10F) with a base diameter of approximately 1.5 cm. It is a resilient disk composed of a binder and aluminum
oxide abrasive particles that offers a mild abrading action, designed to operate under loads of 0.25 to 0.5kg, cor-
responding to roughly 13kPa to 29 kPa abrasion pressures, respectively. The CS-10F abradant is typically used to
test safety glazing materials and transparent plastics against abrasion induced transparency losses. In this work,
the corresponding abrasion pressure is 17.5kPa under 0.35kg of applied weight.

The experimental setup for insect impact outcome analysis used in this study is shown in Fig. 3 and consists
of a wind tunnel, airfoil, high-speed camera (Photron SA4, USA running at 3600 fps or higher when necessary),
light source and injection tube. A symmetric modified NACA0038 airfoil with a chord length of 21 cm and lead-
ing edge radius (R) of 4.0 cm was used in this study. The wind tunnel cross section was 31 cm x 31 cm.

Based on previous studies, flightless fruit flies of the order Diptera were chosen as a representative insect.
The flightless fruit flies were obtained from a local pet store and had an average mass of 0.7 mg. Approximating
these fruit flies as ellipsoids, the fruit flies were measured to have axis diameters of d1 =2.01 mm (length-wise),
d2=0.92mm (span-wise) and d3 =0.85mm (height-wise). This gives an equivalent volumetric diameter (d) of
1.16 mm. The density of the fruit fly was calculated to be 850 kg/m?. The fruit flies were fed upstream of the wind
tunnel inlet into a clear Tygon® tube with outer diameter of 9.5 mm. Compressed air was employed using a
Venturi nozzle so that the insects reached a velocity of 47 m/s in the test section (obtained from high-speed video
analysis), a speed which corresponded to the test section air flow speed. The injection tube exit was placed 18.5cm

SCIENTIFICREPORTS | 6:38459 | DOI: 10.1038/srep38459 3



www.nature.com/scientificreports/

ect injectiorkms

Figure 3. Experimental wind tunnel. (a) Photograph of the wind tunnel and the test section with transparent
side windows and (b) side view close-up of the injection tube in the wind tunnel. On the right the airfoil and the
coating are visible.

away (~90 body lengths) from the stagnation point of the airfoil. This distance minimized the wake effects arising
from the injection tube itself. The insects were released in batches of 5 at a time until a total insect release of 50
(i.e. 10 batches of 5 fruit flies) or until a congested strike zone was observed on the coating. A congested strike
zone is defined as enough visible insect residues on the coating where an additional impact may have a significant
likelihood of occurring on top of a pre-existing residue instead of the coating. This was done so that all impacts
occurred on the uncontaminated portion of the coating as opposed to a pre-existing residue since the goal of the
study was to quantify the effectiveness of the coating. At least two similarly prepared replicates (two sheets cut
from a larger piece) of each coating were tested in the wind tunnel for consistency in the results. After the first 50
insects were released, the coated surface was removed from the wind tunnel and optically analyzed. Afterwards
another set of 50 insects were impacted on an identical surface in the wind tunnel. In total 100 insect impact
events were allowed on each surface. The insect residues accumulated on the surfaces were characterized using a
Hirox KH-7700 digital microscope.

Screening experiments prior to the development of the TAPNC coating. The present TAPNC
coating was designed as a result of performance experiments conducted on various types of PMC-silica nano-
composites with varying polymer-to-nanoparticle filler ratios. In our earlier works, we have prepared superhydro-
phobic and oleophobic polymer nanocomposites by blending various fumed silica nanoparticles with PMC used
in the present study as the intermediate layer. Although, these coatings performed very well in repelling water
and a large number of other liquids including oils and edible sauces and juices, they featured micro-textured (tens
of microns) surface topography. They displayed wear abrasion resistance performance similar to that reported
by Milionis et al.* but did not perform well in the wind tunnel tests with significant amount of insect residue
accumulation. In order to reduce the roughness features to sub-micro textured (~1 micron) levels, co-solvents
were introduced in order to control the evaporation of the spray mist droplets. As such, the “wetness” of the
spray deposited film or composites could be adjusted. In general, polymer nanocomposites that are deposited
from rapidly evaporating solvents such as acetone or chloroform result in formation of very dry and flaky coating
structures. Wet coatings on the other hand allow a certain degree of self-assembly that can favor lower surface
roughness values or much narrow surface roughness distribution®. However, an unacceptable level of insect
residue accumulation was still detected as seen in Fig. 4. Oil infused micro-textured surfaces fabricated according
to reported recipes in the literature was also tested but many exoskeleton attachments were observed on these
surfaces®.

Results and Discussion
In order to render the nanoparticle coating stable against mechanical abrasion, the durability of the makecoat (the
first polymeric layer) is very important. It can be a thermoplastic polymer or a heat activated adhesive. The PMC
polymer used in this study displayed can be melted and cooled repeatedly as well as demonstrating good adhesion
to the substrate. The thermal characteristics of the polymer is presented in a previous work in which electrospun
fibers of PMC were melted in order to form oleophobic coatings on aluminum?®**!. The adhesion strength of
the polymer to steel was previously reported to be approximately 1750 N/m based on 90° tape peel tests*2. The
nanoparticle film must be applied while the makecoat is melted or in a semi-solid state so that a layer of nano-
particles can be embedded into this polymer layer. Figure 5 shows SEM images of multilayer coatings fabricated
both by micron sized particles (Fig. 5a) and nanoparticles (Fig. 5b). As mentioned earlier, the thickness of the
nanoparticle film can be adjusted by either changing the concertation of the nanoparticles in the spray solution or
by decreasing the number of spray passes over the surface during coating application. Spray application and the
solution concentration were adjusted such that coatings made by six or more alternating layers featured a total
thickness of 30-50 pm. In the example of Fig. 5b, the coating has a net thickness of 30 pm.

Figure 6a demonstrates the surface morphology of the outmost layer of a hydrophobic silica layer just after
it was spray deposited and before thermal treatment. If no thermal treatment is used, this nanoparticle film
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Figure 4. (a) SEM image of PMC/silica nanocomposite coating with ~25% nanoparticle concentration (dry
basis). The inset is a photograph of water drops on the coating. (b) Optical microscope image of a fruit fly
residue on the same surface. The scale bar is 1 mm.
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Figure 5. Examples of sequential polymer-micro/nanoparticle film layers forming a composite coating.
(a) SEM image of multilayer polymer-micro-particle coating and (b) SEM image of a multilayer polymer

nanoparticle film coating.

Figure 6. SEM images of nanoparticle film surface morphology. (a) As sprayed micron scale surface
topography of the outermost layer of a multilayer coating and (b) micron scale surface topography of the
outermost layer of a multilayer coating after thermal annealing that is able to minimize and mitigate insect
residue accumulation.

could be easily removed from the surface. Upon thermal treatment and removal of the non-stick portion of the
nanoparticles by pressure dust gun, the morphology of the nanoparticle film changes drastically as shown in
Fig. 6b. After the final thermal treatment just before installing in the wind tunnel for insect impact experiments,

SCIENTIFICREPORTS | 6:38459 | DOI: 10.1038/srep38459



www.nature.com/scientificreports/

1000
800/

_ I

= 600f

=, L

@

S 400

o e

O
" m H
0 mull"“ll“w | | WI{MI"m"l||llmllnw .

0 02 04 06 08 1

Roughness (pum)

Figure 7. Top: Representative 3D AFM topography image of the superhydrophobic coating before testing
(without insect residue). The bottom graph represents the roughness histogram obtained from the topography
image above. Corresponding median roughness of ~500 nm was determined.

the average surface roughness of the superhydrophobic coatings was determined to be around 500 nm by AFM
measurements.

Figure 7 demonstrates the surface topography of the superhydrophobic coatings that were used for insect
impact experiments in the wind tunnel.

Both the topography feature and the average roughness values are displayed. Based on several AFM meas-
urements on different surfaces produced by the same fabrication process, the average surface roughness was
determined to be approximately 500 nm.

Durability screening against abrasion wear, adhesion and water soaking. The mechanical dura-
bility of the present multilayer coatings was evaluated using dry pencil hardness test, dry and wet tape adhesion,
and by Taber linear abraser. The target was to develop a coating with minimum 2B pencil hardness and a tape
adhesion rating above 4B. According to ASTM D3363% pencil hardness test method, a pencil with quantified
hardness is dragged on the surface to be tested. Generally, the pencil is held in a carriage that is 45° and is pressed
firmly on the surface while moving along it at a constant speed (Fig. 8a). The maximum pencil hardness that the
surface can withstand before the pencil leaves a permanent mark is associated with its mechanical durability. The
pencil hardness scale ranges from 10B (softest) to 10H (hardest). However, in general for testing the scale from
6B to 9H is used (Fig. 8a).

In Fig. 8b, SEM image of the surface is shown after testing the coating with a 5B pencil. No wear or scratch
mark was visible and the multi-layer coatings remained superhydrophobic. A test using a 4B pencil (Fig. 8c)
results in disruption of the initial surface morphology. However, the resultant surface features are sufficient to
maintain a superhydrophobic state. Application of a 3B pencil on the multi-scale surface results in a similar
morphology shown in Fig. 8c. However, the same experiment with a 2B pencil causes substantial removal of the
nanoparticle layer and exposure of the underlying polymer coating (Fig. 8d). Hence, the multi-layer coatings can
withstand up to 2B hardness while maintaining hydrophobicity with negligible contact angle hysteresis. In other
words, zones damaged by the 2B pencil abrasion lost their superhydrophobic state (static water contact angles
were reduced to 140-145°), but nonetheless, 10 pL droplets still slid off these damaged surfaces with negligible
contact angle hysteresis at tilt angles close to 40°. Such kind of self-cleaning hydrophobic surfaces (slippery hydro-
phobic surfaces) exist in nature such as the skin of Nabib beetle (stenocara gracilipes) that recently inspired the
design fog harvesting surfaces**.

Next, the tape peeling test was applied according to ASTM D3359 Method B*. Although the tape peel test was
designed to test overall adhesion to the substrate for coatings, tape removal on superhydrophobic surfaces can also
lead to partial destruction of the micro/nano-scale topography and thus the wetting properties are evaluated after
each peeling cycle. In that sense, this test evaluates both adhesion to the substrate and cohesive adhesion. Tapes are
classified according to the values of adhesion force to a reference substrate, reported as adhesion to steel in N/m.
As this parameter (force/distance) increases, the tape peeling test becomes more destructive to the coating under
investigation. In summary, the present coatings are first scratched with pencils of various hardness, then tested for
dry tape peel adhesion and then soaked in water for one day and tape peel tests then repeated (see Fig. 9).
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Figure 8. Pencil scratch tests. (a) Schematic representation of pencil scratch test along with the softness-
hardness scale. (b) SEM image of the surface morphology of the TAPNC coating after 5B pencil harness test.
(c) SEM image of the surface morphology of the TAPNC coating after 4B pencil harness test. (d) SEM image of
the surface morphology of the TAPNC coating after 2B pencil harness test. Flattening of the surface features is
clearly visible.

Approximately, 20% of the crosshatch patterns made by the 2B pencil were picked up by the tape peel action
as seen in the top panel of Fig. 9. The rest of the crosshatch zone was undamaged as shown in the microscope
images in Fig. 9 (bottom panel). Over the undamaged zones, no debris was detected after the tape peel action.
Hence, in terms of adhesion strength to the metallic substrate (aluminum), the TAPNC coatings can be classified
as rated 2B.

Next, we investigate the wear abrasion resistance of the TAPNC coatings under linear wear cycles. One of the
most common durability testing methods for superhydrophobic coatings is cyclic wear abrasion tests*’~%°. The test
is made by attaching a selected sandpaper grade at the bottom of a metallic weight (or vice versa) and by pulling
this weight along the non-wetting surface (or vice versa) for a certain distance and repeat this in cycles. Wear
abrasion resistance depends on the type of the abradant (sandpaper, cloth etc.) and the weight or applied pressure
used for the testing. Figure 10 shows static water contact angle changes as well as water droplet roll-off angles as a
function of number of linear wear cycles up to 15 cycles under 17.5kPa load.

Although, a number of wear marks was observed at the end of the 15t cycle on the surface, the scratched sur-
face remained superhydrophobic. However, droplet roll-off angles increased close to 20°, indicating considerable
decline in droplet mobility over the surface®. Compared to other reported works*~#**!, wear abrasion resistance
of the TAPNC coatings will need to be improved further without forfeiting on the insect impact repellent prop-
erties. Further work will involve improving coating durability by designing a coating featuring a concept known
as wear independent similarity performance®. Wear independent similarity requires that the coating retains its
chemical properties and roughness geometry as outer surface material is removed under wear abrasion. The new
exposed layers should have the required roughness as well as chemistry in order to be classified as coatings with
wear independent similarity. They should also resist smoothing due to abrasion®.

Three types of insect residues were observed from the wind tunnel testing. Those are identified as i) exo-
skeleton, ii) hemolymph and iii) red residue as shown Fig. 11 below. In Fig. 12, two photographs are presented
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Figure 9. Top: Adhesion tests conducted on TAPNC coatings over aluminum substrates with their ratings
according to the ASTM D3359. An adhesive tape is applied on the coating at a 45° angle relative to the cross-
hatch cuts. After about one minute, the tape is peeled off and the sample is inspected. Middle: Indicative chart
with damaged zone schematics, after the adhesion test, with their corresponding ratings according to the
ASTM D3359. Bottom: (A) Optical microscope image of the scratch line before tape peel test. (B) Optical
microscope image of the undamaged scratch line after tape peel test conforming to 2B Rating. The inset shows
the undamaged edge details after tape peel.
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Figure 10. Changes in static water contact angle and water roll-off angles. (a) As the number of cycles
approach 15, water droplet mobility on the surface declines, which is an indication of 17.5kPa wear abrasion. The
inset shows a photograph of the abrasion arm of the tester at the tip of which an abrading cylinder is mounted.
(b) A representative SEM image showing appearance of wear marks at the end of 15 cycles under 17.5kPa.
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Figure 12. Photographs comparing the state of the surfaces after the wind tunnel experiments; (a) bare
aluminum surface has many residues such as exoskeletons, hemolymph and red fluid stains whereas (b) the
TAPNC coating only has a few hemolympbh stains.

comparing the resultant residue distribution on bare aluminum and the TAPNC coating. The photographs were
taken after wind tunnel experiments in which 50 flightless fruit flies were released upstream and impacted the
surfaces at 40-50 m/s. On average, of the 50 flies released per coupon, about 40 of these strike the airfoil cylindri-
cal leading edge.

As clearly seen in Fig. 12b, TAPNC coating features no exoskeleton residue compared to the baseline alumi-
num surface (Fig. 12a). Only a few hemolymph fluid stains can be seen on the superhydrophobic surface, TAPNC.
A comparative quantitative residue analysis between the surfaces photographed in Fig. 12 is depicted in Fig. 13.
The number of residues collected on both surfaces is plotted in Fig. 13a. As baseline two aluminum surfaces were
tested and as superhydrophobic coatings, two separately fabricated TAPNC coatings were tested. As mentioned
above, for each surfaces 50 insects were allowed to impinge on the surfaces at velocities close to 50 m/s.

On TAPNC surfaces only fluid residue in the form of non-exoskeleton is noticed. Moreover, the area associ-
ated with accumulated residue is drastically less on the TAPNC coatings as seen in Fig. 13b and is only made up
of hemolymph with no exoskeleton. Furthermore, due to the contamination of the surfaces by insect residue, the
surface roughness increases. This can be quantified and compared by calculating the top 20% residue height for
both aluminum and TAPNC coatings as depicted in Fig. 13c.

The summary of data collected from Fig. 13 is shown in Table 1 which compares the performance of the
coatings tested against a bare aluminum surface. The table shows the total number of residues collected on both
surfaces. The total residue is made up of hemolymph, red residue and exoskeleton. As clearly seen, TAPNC has
no exoskeleton attachment but some hemolymph fluid stains. The total area associated with residues and fluid
stains are twenty times less on the TAPNC coating. The table also shows that for the residues that make up of the
top 20% highest roughness height, the TAPNC coating has only 20 um; whereas on aluminum surface this height
exceeds 1 mm. This clearly indicates a two orders of magnitude reduction in the roughness caused by insect
impact on the surfaces.
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Figure 13. (a) Number of insect residues plotted versus aluminum (baseline) and TAPNC coating.

(b) Residue area plotted versus aluminum (baseline) and TAPNC coating. (c) A plot showing the residues

that make up of the top 20% highest roughness height versus aluminum (baseline) and TAPNC coating. Two
separate experimental data are presented in which 50 flightless fruit flies were released upstream and impacted
the surfaces at 40-50 m/s. On average, of the 50 flies released per coupon, about 40 of these strike the airfoil
cylindrical leading edge.

Aluminum 25.5 12 42 28 1240
TAPNC 3 0 2 0 20

Table 1. Insect impact residue statistics on aluminum compared to TAPNC surfaces.

The residue accumulation can be regarded as an additional undesired roughness, which may be measured as
individual residue heights. Collectively, the resultant residue height can be quantified in several different ways
such as the average residue height on each surface. However, since the amount of residue and number of insect
impacts can vary from experiment to flight test, a scalable quantitative way was sought that would make the
reported residue height more relevant to future flight tests where the number of insect impacts is not closely
controlled. Figure 14 depicts residue heights (k) on two different surfaces, namely aluminum and TAPNC coating
as a function arc angle (®) from stagnation line on leading edge radius (see Fig. 3). As can be seen in the figure,
compared to the aluminum surface insect residue heights are much lower on the TAPNC surface, on average
below 200 microns. Moreover, on the aluminum surface, for small arc angles (<5°) that are typically associated
with the leading edge, there is a considerable amount of insect residue accumulation. In the case of TAPNC, the
reductions are especially profound near the leading edge, where exoskeletons are most likely to occur in typical
flight conditions. For arc angles exceeding 10°, insect residue on the TAPNC coating is also much less in terms of
both heights and frequency.
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Figure 14. Insect residue heights as a function of ® arc angle from stagnation line on leading edge
radius. Red/blue circles represent residue accumulated on bare aluminum surface and orange/red diamonds
represent residue on the TAPNC coating. The results indicate strong reduction in residue height and residue
concentration (each symbol represent a single exoskeleton residue) for the TAPNC surface. The reductions
are especially profound near the leading edge, where exoskeletons are most likely to occur in typical flight
conditions.

Conclusions

A new thermal alternating polymer nano-composite (TAPNC) coating has been developed that can repel high
speed (50 m/s) insect impacts. The coatings also demonstrated 2B dry pencil hardness resistance and passed a
scribe tape adhesion after a one day soak in water. Wear abrasion resistance was characterized as resilient under
17.5kPa up to 15 linear abrasion cycles. Not all the superhydrophobic surfaces can repel insect residue under the
wind tunnel experimental conditions studied herein. In fact, depending on their surface chemistry and surface
texture, they can accumulate large amounts of insect residue on their surfaces. This superhydrophobic nanoparticle
film however, is able to eliminate this residual accumulation due to the combination of its hydrophobicity and
its relatively low average surface roughness which is not more than 500 nm. In order to give the coatings a pencil
hardness of at least 2B, a minimum of six polymer-nanoparticle layer-by-layer coatings need to be applied. Melting
of the polymer layer supporting the nanoparticle film is essential in order to mechanically attain the nanoparticles
on the surface similar to a sand paper concept. While the performance in these simple lab durability tests is highly
encouraging, advanced durability experiments specifically developed for aerospace coatings are needed in order to
investigate the potential suitability of this thermal alternating polymer nanocomposite coating for realistic appli-
cations such as wind turbine blades or laminar flow airplane wings. Furthermore, the insect impact studies should
be extended to flight conditions where a wide array of species and impact conditions can occur.
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