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Fouling of surfaces in prolonged contact with liquid often leads to detrimen-
tal alteration of material properties and performance. A wide range of factors
which include mass transport, surface properties and surface interactions
dictate whether foulants are able to adhere to a surface. Passive means of
foulant rejection, such as the microscopic patterns, have been known to
develop in nature. In this work, we investigate the anti-fouling behaviour
of animal fur and its apparent passive resistance to fouling. We compare
the fouling performance of several categories of natural and manufactured
fibres, and present correlations between contamination susceptibility and
physio-mechanical properties of the fibre and its environment. Lastly, we
present a correlation between the fouling intensity of a fibre and the cumu-
lative impact of multiple interacting factors declared in the form of a
dimensionless group. Artificial and natural hair strands exhibit comparable
anti-fouling behaviour in flow, however, the absence of flow improves the
performance of some artificial fibres. Among the plethora of factors affecting
the fouling of fur hair, the dimensionless groups we present herein provide
the best demarcation between fibres of different origin.

1. Introduction

Submerged or frequently wetted surfaces are susceptible to rapid accumulation
of foreign matter in a process known as fouling. Fouling can be caused by inor-
ganic matter [1], non-living organic matter [2] or living matter as is the case
with biofouling. Fouling is a widespread phenomenon, present in a variety of
industries and engineered systems: potable water supply [3,4], waste water
treatment [5], medical devices [6,7], dental care [8], food processing [9],
marine transport [10], and heat transfer devices [11], to mention but a few. Foul-
ing is predominately adverse, impacting the performance, cost, and reliability of
fouled systems and processes [11,12], although fouling can provide practical
benefits in limited cases [13,14].

The fouling process is influenced by a large number of factors: physico-chemi-
cal, mechanical, and stochastic factors, temporal changes, and in case of
biofouling, genotypic factors and deterministic phenomena [15]. The particle
deposition rate onto a submerged stratum is impacted by a particle’s shape and
orientation [16], inertial force of the particle, gravity, Brownian and turbulent dif-
fusion [17], particle size, substrate topography, surface interactions such as van
der Waals forces, electrostatic double-layer forces and other charge-related inter-
action forces [11]. Adhesion depends on colloidal behaviour of particles, and
inorganic particles larger than approximately 1 m will be carried away from the
surface by gravity or momentum. Larger contact area, available to non-spherical
particles or particles matching the size of the surface roughness features, increases
particle retention. Other surface interaction phenomena may exist depending on
the environmental conditions, such as the electrostatic double-layer repulsion in
high pH liquids. The probability of detachment is related to conditions within
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the laminar boundary layer. Viscous flow, Brownian motion
and hydrodynamic stresses determine whether pivotal move-
ment and lifting forces necessary to remove the particle can
overcome attractive forces [11]. An extensive review of flow
and topography governance over the inorganic fouling process
can be found in Melo et. al [11] and the biofouling process in
Krsmanovic et. al [18].

A variety of active and passive measures have been devel-
oped to counteract the impact of fouling [19-23]. In nature,
compounds produced by marine microorganisms have been
shown to possess anti-fouling properties [24,25]. Investi-
gation of terrestrial mammal fur demonstrated similar
resistance to biofouling [26]. It has been noted, however,
that semi-aquatic mammals” grooming habits serve the main-
tenance of the insulating layer of trapped air in the fur, rather
than the removal of foulants [27]. Only several anecdotal
observations of foulant growth on semi-aquatic mammals
have been made in case of wild sea otters or polar bears mon-
itored in environments with elevated temperatures [28-31].
Fur does not release toxins, and is neither superhydrophobic
nor superhydrophilic [32]. Therefore, some other passive
anti-fouling mechanisms appear to be critical for furry mam-
mal’s ability to remain clean. However, the physical
mechanisms underlying fur’s resistance to foulants is largely
unknown. Gaining insight into the intricacies of the passive
anti-fouling defences of fur could enable mimicry within
manufactured structures that are chemical-free and do not
rely on coatings needing replenishment.

As a part of a broader effort to investigate the ability of
passive, physiological properties of fur—surface structure,
deformation and aggregate behaviour—to resist fouling, we
expose animal and artificial fibres to liquid flow rich in inor-
ganic fouling particles. Flow is an apparent critical factor for
success of a fouling process as static environments both
reduce the chance of foulant encounters with the stratum
[33-37], and the rate of bio-foulants’ proliferation once the
attachment occurs [38,39]. Another physiological factor, sur-
face features—characterized by overall roughness—critically
affects the ability of a substrate to arrest or release a particle
[39-43]. Surface interactions, foremost driven by the surface
free energy, dictate the probability of initiation of the fouling
process [44-50]. For a given liquid and surface topography,
surface interactions are driven by the choice of the stratum
material. We compare the combined impact of several critical
factors—flow, surface topology and surface topography—on
the success of the fouling process across several types of
fibres, representing different materials and surface topogra-
phies. We present our experimental methods in §2, our
results in §3, a dimensional analysis of our results is given
in §4, and our work is discussed in §5.

2. Material and experimental methods
2.1. Materials

Six furs are selected to represent both semi-aquatic and terres-
trial mammal orders: American beaver (Castor canadensis),
muskrat (Ondatra zibethicus), sea otter (Enhydra lutris),
coyote (Canis latrans), springbok (Antidorcas marsupialis) and
muskox (Ovibos moschatus). The orders are selected to rep-
resent various natural habitats and a range of body masses
spanning two orders of magnitude, who together influence
the necessity for—and the ability of—an animal to dry itself

[51]. While nearly all animal pelts used in experimentation
are tanned, no distinguishable structural changes of hair sur-
faces is observed. The strands are harvested using stainless
steel forceps and disposable carbon steel surgical blades.
The follicles are manipulated delicately to minimize the
strain, contamination, or other alteration of physical proper-
ties. In the case of species whose fur is comprised of guard
hair and underfur, guard hair is used. Cross-sections are pre-
pared for SEM imaging using epoxy compound coating
(Marine-Tex) which maintained the fur strand shape intact
as it is sheared on a polisher (Allied High Tech Products).
An overview of the fibre surface topographies and cross-
sections has been provided in figure 1.

An 80 pm thick polypropylene (PP) monofilament fibre
(Textile Development Associates, Inc.), comparable in diam-
eter to those of the selected natural fibres, is employed as a
control. The same type of fibre, coated with stock liquid
latex is used as a second control. Latex is chosen based on
the substantial susceptibility to biological fouling [52]. The
PP strand is coated by repeated rapid submersion in liquid
latex, which allowed formation of a relatively thin and uni-
form coating, approximately 500 um thick. Additional latex
flat coupons, approximately 2.1 x4.6mm in size and
0.25mm thick, are used to asses the deposition of particles
on a flat surface located in the liquid.

A suspension of titanium dioxide (TiO,) in distilled water
is selected as our experimental fouler based on the authors’
previous work [53], where fouling of the flow system is
observed as a side-effect of TiO, use. Foulant deposition in
flow systems with TiO, concentrations as low as 0.2 mg 17" is
observable by the naked eye in less than an hour. Conduits
take on the appearance of fine particulate, cloudy deposition.
This experiment used a suspension with TiO, concentration
of 0.4 mg ™", Viscosity measurements of the TiO, suspension
is carried out using the spindle type viscometer (Brookefield,
model LV). Constant dynamic viscosity of u=0.94+0.02 cP
is measured for several different shear rates, indicating that
the suspension is Newtonian.

The number of particles in suspensions with different con-
centrations of TiO, is determined using a spectrophotometer
(BIO-RAD, model SmartSpec Plus) and a Neubauer double
cell 0.1 mm haemocytometer (EMS). Optical density measure-
ments at a wavelength of 600 nm (ODgo) have been carried
out for 15 samples with different TiO, concentrations. Optical
density ODgg proved the most suitable for the whole range of
measured values in the preliminary tests. The number of par-
ticles per unit volume of the suspension is counted for the
same samples using the haemocytometer, which allowed the
establishment of the second degree polynomial curve fit

N = —0.0186 - ODgy, + 0.1169 - ODggo + 0.0009,  (2.1)

where N is the number of particles per millilitre of water. The
method used to form equation (2.1) is provided in electronic
supplementary material, figure S1.

The TiO, manufacturer (Pantai USA) specifies that the dry
TiO, powder has 0.05% residues on a 45 um sieve, measured
as per ISO 787-18 standard [54]. The specified sieved material
size is approximately O(2) larger compared to the particle
diameter of the conventional TiO, nanoparticle [55-58]. To
determine the particulate aggreagtion size distribution in sus-
pension, we sampled liquid from the experimental flow
system—described in §2.2-running for 12h. Three 0.2mm
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Figure 1. SEM images of fibre surface topographies and cross-sections. A pair of panels depicts a side view and a cross-sectional view. (a—b) Synthetic fibres: (a)
polypropylene monofilament, (b) latex coated polypropylene monofilament. (c—e) Semi-aquatic mammals: (c) American beaver, (d) muskrat, (e) sea otter. (f —h)
Terrestrial mammals: (f) coyote, (g) springbok, (h) muskox. Arrows indicate fibre boundaries. Scale bars represent 20 um.

samples are observed under the microscope (Keyence, model
VHX-900), using glass cover slides and cover slips (AmScope).
Microscope images are processed using FIJI imaging software
to identify the clustered TiO, particles. Approximately 74% of
clumps have a projected area of <5 um? Clump sizing meth-
odology and the frequency of clump sizes, as measured by
projected area, are shown in electronic supplementary
material, figures 52 and S3.

2.2. Flow system

Fur fibres are held in the liquid stream using a custom made
mount. The hair mount (1), shown in figure 2 inset, is
designed to serve a dual purpose of sample support and as
the conduit connector. We note in §1 that the velocity field
critically influences fouling. An efficient fur mount design
allows testing of fibres in both laminar flow and near-
stagnant liquid. Manufactured polylactide (PLA) connectors
are designed to achieve a smooth transition from a circular
to rectangular conduit, thus minimizing the flow disruption.
Smooth expansion and contraction allows for formation of
corner zones where the flow is near-stagnant. One of the
two connectors is made with four 0.25 mm deep indentations
on the contact face to accommodate four fibre samples (inset).

The fibres are aligned in the same plane, all perpendicular to
the flow, in order to avoid the wake effects from other
strands. An additional connector variant is made with a
coupon-shaped indentation in the zone where the flow is
nearly stagnant (inset). Test samples are held in place using
UV-activated adhesive (RapidFix) so there is no adhesive
contamination of samples” wet surfaces. The adhesive affixes
the two connector halves, and acts as a sealant. The hair
mount is mounted vertically to the backboard with straight
conduit runs up- and downstream, as shown in figure 2.
Omission of elbows at the pump’s discharge together with
zip-tie anchors holding the mount in vertical position mini-
mizes periodic displacement of the mount during pumping.

Buffer reservoirs adapted from stock plastic containers,
shown in figure 2 (2), are kept on magnetic stirrers (3) (Chem-
glass Life Sciences, model OptiCHEM) set to maintain a
rotation of approximately 300 revolutions per minute. The
buffers are used to absorb potential hydraulic anomalies in
the displacement volume pumping system, to provide
additional liquid volume in case of liquid loss, and to
ensure proper mixing of the TiO, particles in the suspension.
The total volume of liquid in each system is approximately
150 mm. After each filling, the reservoirs are covered to
minimize evaporation. The flow system operates at room
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Figure 2. Experimental flow system. The inset shows the details of fur and coupons mounting connectors. (1) Fur mounting connectors, (2) reservoir, (3) magnetic

stirring plate, (4) tubing and (5) peristaltic pump.

temperature of 23°C, and the stirrer plate reaches a maximum
temperature of 26°C during the operation due to stirring. All
elements of the system are connected by flexible conduits (4):
vinyl main flow lines, and food grade silicone tubes in the
pump. Large radius tube paths are used to reduce the
pressure drop and the chance of excessive TiO, deposition.
Peristaltic pumps (5) (GOSO and Atlas Scientific) main-
tain the foulant stream circulation in the flow system, and
are chosen because they contain no parts in contact with
the foulant stream. Pump speed is controlled either by a pro-
grammable controller (Arduino, model UNO) or directly by
varying the supply voltage from a bench-top DC power
supply (Yescom, model DCP305D). The flow rate is set to
40 ml min~". The pumps are calibrated within the experimen-
tal system by measuring weight of the pumped liquid using a
digital scale (MyWeigh, model iBALANCE i1200). The two
pumps used in this experiment deliver the identical volu-
metric flow rate of 40 ml min~' through conduits of the
identical size, thus, the foulant stream average velocities are
equal between the two flow systems. However, due to differ-
ence in control sequences, we observe two significantly
different instantaneous velocity profiles. We inject air bubbles
into the flow system conduits and use high speed cameras
(Photron, model FASTCAM Mini AX200) to monitor the
instantaneous velocity of the foulant stream. We observe
the differences in both the magnitude of the instantaneous
velocity, and the duration of the displacement cycle period.
Most notably, the programmable control pump experiences
a 0.1 s flow reversal every period caused by the pump’s inter-
mittent rest; liquid rebounds from the rollers” sudden stop.
The change in flow direction, and the greater pumping
cycle frequency for the programmable control pump flow

system imply the longer particle residence time in the vicinity
of the fibre. However, we are not able to demonstrate any dis-
cernible trends in terms of measured ODgyy values between
the two systems. The differences in particle residence time
and the differences in the instantaneous velocity profiles do
not critically affect the probability of TiO, particle attach-
ment. Similar behaviour is observed in the case of
biofouling, where immobile microorganisms crucially rely
on the presence of flow to be able to attach to a structure
and start the proliferation [33-37]. Pump flow profiles and
the demarcation of measurements for each pumping system
are provided in electronic supplementary material, figures
54 and S5.

Flow profiles in the vicinity of the fibres are determined
by a computational fluid dynamics (CFD) simulation using
the Autodesk CFD software suite and assume unidirectional
flow only. The three-dimensional model geometry is discre-
tized into a tetrahedral cell mesh, with a resolution of 20
cells per feature. Both mesh and equation discretization
orders are first order, which is deemed suitable for our appli-
cation: non-transient bulk flow, with relatively simple
geometry, low velocity and pressure, and no moving parts
or shock events. The boundary layer is described by three
wall layers, with a layer height multiplication factor of 1.2.
The final height of each layer is then determined by multiply-
ing the local isotropic length scale for the wall surface by the
layer factor [59]. Wall roughness of the fibre is approximated
as the mean arithmetic roughness of the human hair, R, =
1 um [60], which is not dissimilar to the apparent roughness
of the animal fibres as measured on the SEM images from §4.
In the absence of a manufacturer’s specification, wall
roughness of PLA surfaces is taken as a conservative value
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Figure 3. Selected heat map views of the CFD simulation results. (a) Cross-sectional overview of the velocity field in the mounting connector. (b—c) Cross-sectional
views of the foulant stream across the fibres. (b) Enlarged view of the fibres, local velocity heat map and directional vectors. (c—f) Enlarged heat map views for
individual fibres, left to right: (c) velocity, (d) shear stress for the fibres next to the long axis, and (e) velocity, (f) shear stress for the fibres in the stagnant corner
zones. Flow direction is from top to bottom. Velocity magnitude scale bar is shown on the bottom left, shear stress magnitude scale bar on the bottom right.

of R, =1 um, based on the data available in the literature [61].
Boundary conditions are set with a volumetric flow rate of
40 ml min~" at the inlet, and relative static pressure of 0 Pa
at the outlet. A converging solution is obtained by automated
mesh adaptation, through an initial and three additional
simulation cycles, where the number of cycles is determined
by the approach to full independence of the solution from the
mesh. Solution independence from the mesh reached 99.92%
for bulk pressure and 99.33% for bulk velocity. CFD results
are presented in figure 3. We observe two distinct flow pro-
files around the fibres: unidirectional uniform flow across
the two fibres closer to the long axis—region (i)—and the
near-stagnant, circulating backflow in the two corner
zones—region (ii). The simulated velocity profile around
the fibre, figure 3¢, reveals the anticipated laminar flow with-
out separation, but also the near zero velocity condition
outside of the flow core. The surface shear stress on the
fibre, shown in figure 3d, reaches the value of 4.9 Pa. The
two fibres located in the stagnant parts of the liquid
volume outside the core, are exposed to effectively no vel-
ocity and shear stress. We observe significantly reduced
flow velocities near all fibres, in both locations, however the
causes for flow slowing down are fundamentally different.
Fibres near the centre of the conduit obstruct the flow causing
the friction and inertial deceleration in the thin boundary
layer, while the fibres at the far ends experience a simple
deceleration of the flow due to the increase in net free flow
area. The differences between regions (i) and (ii) is evident
from the comparison of wall shear stress profiles (figure 3d,f).

2.3. Fouling experiments

Water is circulated in a closed-loop flow system for 24 h,
exposing four fibres of the same type to the foulant stream.
Each type of fibre is tested at least three times, where # is

the number of tests. Fur strands are cut at one end using a
separate, clean surgical blade. The other end of the hair is
detached together with the adhesive using the forceps. The
portion of the sample that is exposed to the flow is then sep-
arated using curved stainless steel scissors. In case of the latex
coupons, the edges are trimmed using the surgical blade to
eliminate adhesive contamination. The samples are then
placed in a semi-micro 3 ml cuvette (BrandTech), filled with
1ml of distilled water to completely cover the samples. An
adjustable volume pipette dispenser (Fisherbrand, model
Elite) is used to transfer liquid.

The cuvette is sealed using a custom-made PLA lid and
placed in the ultrasonic cleaner (ISONIC). A fabricated PLA
holder keeps the cuvette in an upright position in the middle
of the bath filled with distilled water. The bath water level is
kept higher than the level of liquid in the cuvette but below
the cuvette’s top edge to prevent bath water ingress. A clean-
ing cycle is selected as recommended by the manufacturer for
the case of an enclosed container in the bath. Typical fur
samples before and after cleaning are shown in figure 4. Fol-
lowing cleaning, the cuvette is removed from the ultrasonic
bath using the forceps and dried with Kimwipes. Another cuv-
ette, filled with distilled water but holding no samples, is used
for spectrometer blanking. Once the blank reading is taken, the
cuvette holding ultrasonically cleaned samples is placed in the
spectrophotometer. At least 20 consecutive readings are taken
for each set of samples.

3. Experimental results

We expose individual synthetic fibres, and fur strands from
three terrestrial mammal orders and three semi-aquatic
mammal orders to a pulsatile colloid flow carrying TiO, par-
ticles. An overview of mean ODg values as measured in our
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Figure 4. Fouled fibres before and after ultrasonic cleaning. (a) American
beaver fur and (b) coyote fur. Scale bar represents 1 mm and is common
for all panels.

tests is presented in table 1. Control trials performed without
TiO, present for PP, beaver and coyote strands produced
ODgqp values that are functionally zero. Distilled water con-
trol trials indicate that TiO,rich flow ODgyy readings
indeed originate from the TiO, particles, and not from the
impurities in the flow system.

We estimate a Reynolds number for flow over a 100 pm cir-
cular cylinder to be Rep = pUD/u ~ 10, indicating laminar flow
with two attached standing eddies [62]. Here, p is the density
of liquid, U is the bulk flow velocity, D is the diameter of fila-
ment and u is the dynamic viscosity of water. Approximating
the average-sized clump of TiO, as a sphere, our estimate for
the mean Stokes number is St = ppD§U/(18 wl) = 0.0015,
with St <0.1 for more than 99.9% of the TiO, clumps, which
indicates that the particles faithfully follow the instantaneous
velocity field. Here, p, is the density of TiO,, D, is the diameter
of clump and L is the characteristic dimension—in this case,
the diameter of a hair fibre.

The ODgyy readings are translated into numbers of
attached TiO, particles, N, using the fit curve defined in
equation (2.1). Considering that removal of the particles from
the hair in the ultrasonic cleaner is comprehensive, N, rep-
resents the ability of the fibre to attract and retain particles

during the fouling process. As evident from table 1, fibres in
region (ii) attract more particles, the latex fibre being an excep-
tion. Latex and muskox fibres are the outliers in the flow and
the near-quiescent liquid groups, respectively, attracting
significantly more particles than other fibres. Different instan-
taneous velocity profiles of the two pumps—discussed in §2.2,
and depicted in electronic supplementary material, figures S4
and S5—produced a consistent total number of attached par-
ticles, N, between the two pumping systems, and over the
period of 24 h. The consistent results indicate that long-term
exposure to particles outweighs any short-term effects of the
pumps’ instantaneous velocity profile.

The value of Ny, ignores the significant difference in aver-
age diameters of experimental fibres and thus, the surface
area exposed to the foulant stream. Therefore, we reduce the
total number of particles, N, by the surface area in contact
with the foulant stream, Ag, to obtain the surface-normalized
number of arrested particles, N]’;, as a measure of the anti-foul-
ing performance of an individual fibre. We calculate Ag using
the average diameter of the fibre, D and the cumulative length
of the fibres, L, as: As = DxL. The means of Npand N}’f, are pre-
sented in table 1 and the full distribution in figure 5. Our
reading of surface-normalized values Ny suggests that the
anti-fouling performance of a fibre is not a characteristic
inherent to a class of fibres, as evident from table 1.

In order to carry out a more rigorous comparison and
establish the degree of correlation between the fibre samples,
we perform a Kruskal-Wallis statistical test, a one-way analy-
sis of variance on ranks. Our statistical approach is chosen
because the samples are independent and the normality
assumption cannot be verified. Our study reveals statistically
significant differences between the fibres with respect to the
normalized number of attached TiO, particles, both in
region (i), x*=352.273, p=0.000 and region (i), y*=
382.907, p=0.000. However, we also observe pairs of fibres
from different groups exhibiting significant similarities in
the anti-fouling performance. Fibres exhibiting a high
degree of agreement in N include beaver-muskox (p=
0.772), springbok-sea otter (p =0.0669) and coyote-muskrat
(p=0.202) fibre pairs in flow, and polypropylene-sea otter
(p=0.800), coyote-muskrat (p=0.677) and springbok-
muskox (p = 0.325) fibre pairs for the near-quiescent environ-
ment. Therefore, statistical analysis confirms similarity of
behaviour between different groups as suggested by the
tabulated data.

Due to the absence of the distinction in anti-fouling be-
haviour between different fibre materials we turn our
attention to shape. Latex, tested in filamentous form, also
offers the opportunity to be tested in the planar form. We
expose latex coupons to liquid in the two disparate
regimes—flow and near-quiescent. We establish the fouling
intensity performance in relation to two seemingly obvious
cardinal number candidates: exposed surface area of the
samples Ag, and the Reynolds number Rep, in case of fibres,
or Re;, in case of coupons. The results, as shown in
figure 6a,b, indicate that coupons foul more than fibres in
both flow environments. However, the flat samples” apparent
trendline changes the sign of the slope between the two plots.
The increase in Ag is expected to facilitate deposition [11], but
we find that fouling intensity does not strongly correlate with
absolute surface area exposed for all types of samples. This
includes both flat and cylindrical specimens. Surprisingly,
for a given surface area, neither class of fibre shows any
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Table 1. Experimental fibre types and fouling metrics.

hydraulic diameter

material (pm)

. flow—two fibres in region (i) and two in region (i)

OD 6007
clean water

0Dgoo, Ti0,

Csynthetic s~~~ polypropylene 847 0.041 0004  1M29(n=3) 442
latex 208.7 0.192 — 4549 (n=3) 7.055
sem|aquat|cmammalsseaotter s e '(n=4) e
beaver 118.3 0.052 0.003 139.0 (n=4) 3.79%
muskrat 70.8 0.055 — 146.0 (n=3) 6.662

— v vsp‘r'invgbovkw e ot o (n:4) s
muskox 115.6 0.055 — 1454 (n=4) 3.869
coyote 109.6 0.092 0.006 2314 (n=4) 6.755
eSO nearqmescent—two S reg|on(||) T
synthetic fibres polypropylene 912 S04 — 2569 (1=3) 9.440
latex 198.2 0.049 — 1323 (n=4) 2.305
sem'i-a'q'uatic' mammal§ ' sea otter' ' ”57.6 0.053 - 1422 (n =4) 9.318
beaver 128.0 0.080 — 203.8 (n=4) 5.437
muskrat 82.4 0.063 — 164.5 (n=3) 7.563
terrestnalmammalsspnngbok e e e (n=3) 0o
muskox 1413 0.206 — 484.2 (n=3) 17.299
coyote 131 0.096 — 239.0 (n=4) 7.256

correlation in fouling intensity with Reynold’s number. How-
ever, it is clear that flat topography is more prone to foul
under flow. Such results highlight the complex interactions
between factors affecting the deposition, as noted in §1, and
indicate that N is governed by more than one parameter.

We repeat the correlation analysis for all fibre materials,
and for the variety of the cardinal variables related to the prop-
erties of the samples and the flow: exposed surface area of the
samples Ag, fibre scale length L, scale projected ridge length
Lg, curvature radius 1/R, and Reynolds numbers Rep and
Rep. We present the plots in the electronic supplementary
material. This extended analysis again shows inconsistent
trends when N is correlated to the individual properties.
Between different body shape, surface topography and flow
parameters, there is no individual factor dominantly guiding
the anti-fouling performance of the fibres.

The fouling of fibres is heavily dependent on the presence
of flow, as described in §3 and shown in figure 5. For
example, latex fibres exposed to flow foul approximately
3.1 x more compared to the fibres in region (ii) alone. There-
fore, the two fibres located in region (i) must attract
proportionally more particles per surface area, N, for the
measurements to result in mean values as depicted on
figure 5b. The anti-fouling performance further deteriorates
in case of flat coupons that experience the same absence of
flow and wall shear stresses as the two remote fibres.

4. Analysis of results with dimensionless groups

In order to understand the interactions of a variety of flow-
and shape-related factors affecting the deposition, we
employ the Buckingham-II theorem to establish dimension-
less groups from cardinal variables. We consider the

following flow and shape parameters as relevant to the par-
ticle deposition on a wetted filamentous object

— N;j, the surface-normalized number of attached particles;

— 1/R, surface curvature radius;

— t, cumulative time of sample exposure to the foulant
stream;

— ¢, concentration of particles in the liquid;

— U, bulk velocity upstream of the fibre;

— 1, dynamic viscosity;

— p, liquid density;

— O, non-dimensional circularity parameter;

— €, non-dimensional surface features factor;

— 1, surface shear stress.

Surface curvature radius, 1/R, is selected not only to
describe the roundness of the surface but also as a proxy
for the exposed surface area Ag which, as previously noted,
is expected to have a positive correlation with the indepen-
dent parameter N;. Time f and the concentration of the
particles ¢ are two additional factors expected to maintain a
similar trend. We consider the bulk velocity of the foulant
stream U together with the physical properties of the
liquid, ¢ and p, to account for momentum. In order to sim-
plify the complex influence of the various factors, U is
restricted to two discrete values, as explained in §2, while ¢
and c are kept constant in our experiments. Such an approach
allows us to focus on the characteristics of fibres and the
interactions in the vicinity of the surface.

Typically, a scaling analysis will assume an identical, circu-
lar, cross-sectional shape across different length scales, which
is not true in the case of natural fibres. Fibre cross-sections are
non-circular, and vary significantly between different fibre
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Figure 5. Surface-normalized number of attached TiO, particles, N, per sample type: (a) in flow and (b) in near-quiescent liquid.

types as shown in figure 1. In order to account for the devi-
ation from the circular cross-sectional shape, we introduce
the non-dimensional circularity parameter, o. Circularity is
defined as: = 4wA/P?, where A is the cross-sectional area
and P is the perimeter length of the cross-section. An overview
of circularity for different fibres is given in figure 7.

A radial view of an average fibre, figure 8, reveals insig-
nificant protrusion length of surface scales when compared
with the diameter of the fibre, the length of the scale ridges
Lg and the scale length Lg. The conventional definition of sur-
face roughness as the mean deviation of the profile or contour
[63] is typically used to determine the friction factor and
accompanying flow drag across curved surfaces [64]. In the
case of the animal hair, the scales’ low profile and similarity
in height across various fibres do not permit such differen-
tiation between the species. Furthermore, the description of
friction by means of the one-dimensional surface roughness
factor does not describe the unique profile of scales and
ridges or the different fur types. Fibre surface features
aiding the lodging of particles are therefore more accurately

described by the length and the density of the crevices
formed by hair scales. We describe unique features of the cre-
vices via the non-dimensional ratio € = Lg - Lg/ Ay, where Ay
represents the fibre surface projected unit area.

The remaining parameter, wall shear stress 7., is selected
to describe the behaviour of flow in the vicinity of the surface
and the influence of the boundary layer [11]. To estimate the
magnitude of 7,, we use the potential flow velocity
components [65]

RZ
U = {1 - 72} U cos(6),
R? .
Uy = — {l + r_z} U sin(6),

0 (uf\ 10u,| 4
W = —|— ) +=55| =5 ulsin(6). 4.1
T #{rar(r)+r80} rRM sin(6) (41)
Parameters p, U and 1/R have units comprised of the
three primary dimensions: mass, length or time, and cannot
be combined into another non-dimensional parameter—
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Figure 6. Latex samples surface-normalized number of attached Ti0, particles, N, in relation to (a) exposed sample area As and (b) Reynolds number Rey,.

Figure 7. Examples of fibre circularity parameter @. (a—b) Synthetic fibres: (a) polypropylene monofilament, (b) latex coated polypropylene monofilament. (c—e)
Semi-aquatic mammals: (c) American beaver, (d) muskrat, () sea otter. (f —h) Terrestrial mammals: (f) coyote, (g) springbok, (h) muskox. The white line follows
the shape of the fibre as embedded in the epoxy resin. The green line represents the circle of the same cross-sectional area A as the area enclosed by the white line.

therefore, we consider them as repeating parameters. We
derive the general form of II-terms equation

1\ 72 1 1 c 7
() =fla— u(s )t — 06 42
Np <R) N Rex U(R> v | 42

(&)

Next, we anticipate the fouling intensity trend for a
change in each contributing non-dimensional parameter.
For the parameters as listed in equation (4.2), we predict
that N increases with the increase in: 4, f, ¢, 8, € and 7y,
and decreases with the rise of: p, U and R. Distributing
the variables based on this prediction, we propose the

relationship

such that,

I'~ IT. (4.4)

The plots of non-dimensional term I are presented in
figures 9 and 10. Bivariate correlation statistical test shows
a strong positive relationship for the results obtained in the
near-quiescent liquid region, region (ii), 7(560) =0.751, ~p =
0.000, and the results obtained for the flowing region,
region (i), if the latex outlier is excluded, r(520)=0.716, p =
0.000. The correlation for the complete set of samples in
region (i) is weak, as expected by looking at the plot, with
negative slope and significantly low weight, (580) = —0.210,
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Figure 8. Non-dimensional roughness parameter €, shown here on the example of coyote fur. (a) Scale ridge projected length, Lg. (b) Average distance between the
ridges is defined by scale length, L, highlighted here for fibre projected unit area Ay, T mm long. Lg is shown as white dashed line. Ay of the fibre is outlined by

green centreline. Scale bar represents 20 pm.
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Figure 9. Non-dimensional II-term correlation for fibres in region (i). The dashed line designates the trendline for the complete set of samples, while the solid line

shows the trend for fibres sans latex.

~p=0.000. It is apparent that fouling of latex fibre is flow-
dependent, and that anti-fouling performance degrades as
the flow accelerates. When natural fibres alone are con-
sidered, the correlations are: 1(460)=0.747, p=0.000, for
region (i), and r(420) = 0.863, p =0.000, for region (ii).

5. Discussion and conclusion

Submerged fibres of synthetic and natural origin exhibit simi-
lar anti-fouling behaviour when exposed to a suspension of
inorganic particles. This absence of anti-fouling trends is
maintained for the different flow regimes. The averages of
the total number of attached particles Nj, and the surface nor-
malized number of the attached particles N (table 1) indicate
no inherent differences in susceptibility to fouling between
the different fibre groups. The results raise a question if the

anti-fouling behaviour of fur is a targeted evolutionary
advantage. Tropical and arctic animals alike grow fur that
provides approximately the same thermal insulation cover-
age per body surface area [66] which suggests that
insulation is one of the main factors driving the evolution
of fur. Resistance to fouling, as anecdotally observed in
nature, may simply be a fortuitous by-product inherent to
fur morphology, rather than a targeted characteristic unique
to any specific mammalian order.

The deposition of particles carried by a liquid is governed
by a plethora of factors and their complex interactions, some
of which are still unknown. The results presented in §3 corrobo-
rate such a notion, and indicate strong positive correlations
between fouling intensity characterized by a non-dimensional
parameter I, which incorporates: the flow regime, sample
exposure time, concentration of particles in the liquid, sample
area, circularity shape factor, roughness factor and viscous
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Figure 10. Non-dimensional II-terms correlation for fibres in region (ii). The dashed line designates the trendline for the complete set of samples.

shear stress at the surface, characterized by a non-dimensional
parameter IIr. No individual form or flow factor appears to
dominate 1\7}’;, as shown in electronic supplementary material,
figures S6-523. However, the non-dimensionalized combi-
nation of factors presented in equation (4.3) reveals a strong
correlation between I" and It for both flow regimes, with the
exception of the clear outlier, the latex fibre in flow. Our tests
with latex confirm the findings that latex has extraordinary sus-
ceptibility to fouling [52], albeit we show that the susceptibility
is strongly affected by the flow regime of the surrounding sus-
pension. The effect of flow on anti-fouling behaviour is evident
in the comparison of the effects of II+ on I" between the two
flow conditions, figures 9 and 10. An increase in Il of several
orders of magnitude for the moving suspension produces a
similar fouling intensity to that of the near-static environment,
and even then, the rate of change of I" with Il is noticeably
slower in flow. Estimates of the average river velocities [67]
indicate that a fur-like filament in a river is exposed to two adja-
cent tiers of flow regimes: Rep <40, the laminar flow with
attached vortices, as studied in this work, or 40 < Rep < 60—
100, the transitional flow between laminar and turbulent
regime characterized by the so-called von Karman vortex
street [62]. Thus, semi-aquatic animals face a choice between
increased fur fouling in quiet waters and cleaner fur at the
expense of an increased energy expenditure required to
endure fiercer currents. The fur of terrestrial mammals exhibits
the same anti-fouling behaviour as the fur of semi-aquatic
mammals, figures 9 and 10. The terrestrial mammal samples
we tested represent animals inhabiting diverse landscapes
and experiencing various degrees of water exposure: from
arid environments to climates with heavy rain and snow. It is
highly unlikely for the anti-fouling properties of fur to, at the
same time, be the main evolutionary target of a follicle’s

development, and remain so consistent across vastly different
climates. Finally, we note that contrary to all the individual fac-
tors, shown in the electronic supplementary material, figures
56-523, it is only the I' — IIr relationship that shows a demar-
cation between the semi-aquatic and the terrestrial furs
(figures 9 and 10).

In our experiments, we focus on factors that allow us to
carry out non-dimensional parameters analysis such as
flow, fibre shape and surface topography, rather than chemi-
cal, biological, surface or other interactions. We further
reduce the complexity of interactions of the different factors
by fixing the type of the foulant, time period ¢, concentration
¢, volumetric flow rate Q, and liquid properties 4 and p to a
single or only a couple of discrete values. However, our
non-dimensional parameter analysis is unable to capture all
the aforementioned complex factors and their interactions,
such as surface forces, for example. The outlier case of latex
fibres may be a result of a synergistic effect of such an
additional factor, the effect being amplified in flow. The com-
parison between latex fibres and coupons suggests that flat
surfaces foul more than the filamentous structures, at least
in case of one material. Again, it is not clear if this behaviour
is due to surface interactions, shape factor or some other
factor. The combined effects that the different surface, chemi-
cal or even biological interactions may have on our results
present an opportunity for future investigations.

The experiments presented here are carried out on taut
fibres fixed at both ends, in an effort to limit the already sig-
nificant number of individual variables affecting fouling. The
natural behaviour of fur anchored only at one end is such that
the tip can move freely, and can do so in concert with sur-
rounding strands. Simple models of flexing scale-covered
filaments indicate that particle attachment rate varies based
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on a change in radius, and the direction of the fibre curvature
[18]. On the macroscopic level, hair strands rub against each
other in flow and during locomotion, thus imposing mechan-
ical stresses across the surface of the fibres which we expect to
at least partially remove deposited foulants. Very dense pelts
of some semi-aquatic mammals maintain a layer of air adja-
cent to the skin during swimming. Trapped air drastically
reduces the heat transfer [68,69], and also renders the inner
layers of fur less hospitable or inaccessible to potential fou-
lers. It is known that hair-like randomly patterned surfaces
reduce the drag [70], which in turn, improves the anti-fouling
characteristics of the stratum exposed to flow [12]. Our exper-
iments are conducted on singular furs and it is possible that
aggregate anti-fouling is enhanced by the flow in ways not
captured by this study. The absence of distinctions in anti-
fouling between natural and synthetic fibres, or between
the tested natural fibres alone, suggests that simple slender-
ness may dominate fur’s anti-fouling characteristics, or that
by limiting deformation we have muted more complex vari-
able interactions. It is not yet fully known how multiple
phenomena combine to govern the fouling of a flexing aggre-
gated structure, and is a fertile area for future work.
Specifically, fibres anchored at an attack angle other than
90°, fibres anchored at only one end, and fibre aggregates
deserve investigation.

In this study, we provide a foundation for understanding
of fur anti-fouling behaviour. Our study is based on consider-
ation of factors limited in number to control the daunting
complexity of natural systems. Fur anti-fouling behaviour
presents an enticing research opportunity, with anticipated
practical benefits. Nature has developed a plethora of mech-
anisms to combat fouling [12]. Anti-fouling strategies include
self-cleaning surfaces, hydrophobicity, chemical secretions,
bacteria message manipulation in flora, micro-textured skin,

drag reduction and flexion of scales, hydrophobic feathers,
wax coatings, and mushroom-shaped spines found in
fauna, and eyelid wipers and red blood cell phospholipid
membranes in humans. Mammalian fur appears to have its
own anti-fouling mechanisms, which may work in concert,
but it is not yet known how such mechanisms function.
Human-developed anti-fouling techniques typically rely on
either active, energy consuming measures: contact pressure,
steam, hot air, radiation, ultrasonic and ultraviolet light ster-
ilization, or chemical treatment, such as the use of toxins and
disinfectants [12]. Understanding the passive mechanism of
fur anti-fouling could permit its replication in the form of sur-
faces, structures, or coatings lacking the drawbacks of the
current cleaning methods.
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