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Role of the Setae in an Ectoparasitic Seal Louse in Reducing
Surface Drag: Numerical Modeling Approach

Anika Preuss,* Stanislav N. Gorb, Alexander Kovalev, and Alexander E. Filippov

Echinophthirius horridus, an ectoparasitic seal louse adapted for living on
diving wildlife in the marine environment, exhibits unique cuticular
morphology with dense body coverage of characteristically-shaped setae. This
study investigates their potential role in reducing drag during the host’s
diving activities. Scanning electron microscopy (SEM) and confocal laser
scanning microscopy (CLSM) examines E. horridus setae morphology,
revealing stair-like elevations and gradual sclerotization increase from base to
tip. Numerical simulations using movable cellular automata (MCA)
demonstrate that optimal inclination of surface protrusions leads to vortex
formation, potentially reducing friction and energy losses. Vertical protrusions
cause stronger flow perturbations and higher energy dissipation compared to
natural inclination. Over time, as flow self-organizes, total power losses
decrease, suggesting natural selection optimized surface structure inclination
and spacing to minimize friction and energy losses. Comparisons with shark
scales reveal morphological similarities but different drag reduction
mechanisms, with seal louse setae utilizing a “ball-bearing” effect and shark
scales relying on a “riblet effect.” This study provides insights into surface
topography’s influence on fluid dynamics at small scales, with potential
applications in understanding biological surfaces and designing reduced
surface drag artificial surfaces.

1. Introduction

Insects have colonized almost every available habitat – whether
air, water or land. With their incredible diversity and numbers,
they are therefore the most successful animal group in terms of
habitat diversity and number of species.[1] Their ability to thrive
in different environments is largely due to specialized surface
morphology, which has been shown to play an essential role in
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attachment, locomotion, and respiration.[2]

Similar adaptations can also be found in
other animal groups, such as fish, partic-
ularly sharks.[3–5] These surface structures
have evolved to fulfill various biological
functions, enhancing survival in specific
ecological niches.
In sharks, scales are known as dermal

denticles or placoid scales, which possess
a tooth-like structure with a hard enamel-
like outer layer and an inner core of
pulp.[6,7] These scales provide several ad-
vantages, including protection by forming a
tough, armored exterior that shields sharks
from predators and physical damage,[4,8]

defense against parasites and bacteria by
making it difficult for them to attach to
the shark’s skin,[9,10] and improved hydro-
dynamic efficiency by reducing drag and
turbulence, allowing sharks to swim more
efficiently.[4] Insects, on the other hand, ex-
hibit an even greater variety of surface struc-
tures, each adapted to fulfill specific func-
tional roles. These structures contribute
to coloration and patterning, as seen in
the vibrant colors and intricate wing pat-
terns of butterflies and moths, which aid
in camouflage or mate attraction.[11,12] The

microscopic architecture of the insect cuticle can create super-
hydrophobic surfaces, preventing water accumulation and en-
suring dry respiratory openings.[13,14] Many insect surface struc-
tures also serve protective functions, forming physical barriers
against environmental factors and potential predators.[15–18] Ad-
ditionally, specialized setae act as mechanoreceptors, detecting
air currents, vibrations, and physical contact, which are essen-
tial for navigation, predator avoidance, and food detection.[19,20]

In some species, hair-like structures help regulate body tempera-
ture by trapping air close to the body,[21] while in pollinators like
bees, specialized hairs aid in pollen collection and transport.[22,23]

Furthermore, insects utilize hair-like structures on their feet for
adhesion to smooth surfaces, improving locomotion,[24,25] and
surface microstructures on wings influence aerodynamics, po-
tentially enhancing flight efficiency.[26–28]

A rarer function of surface outgrowths in insects is the sup-
ply of air under water. While many insects rely on gills,[29–32]

skin respiration,[33,34] siphons[35] or compressible gas gills,[29,36]

a few insect species breathe under water via a so-called plas-
tron. A plastron is a structure with a constant volume formed
by a dense layer of superhydrophobic microstructures in various
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Figure 1. Outer morphology of seal louse setae and scales in comparison to porbeagle shark scales. A) Light photography of E. horridus. B–E) Scanning
Electron Microscopy images of different surface structures of E. horridus: B) Different setae lengths on the dorsal side of the abdomen of E. horridus; C)
Close-up of setae with stair-like elevations on their dorsal side; D) Cross-section through the cuticle and setae of E. horridus from lateral view; E) Top view
on the dorsal abdominal scales of E. horridus. F) Confocal Laser Scanning Microscopy images of the setae and the cuticle of E. horridus. G,H) Scanning
Electron Microscopy images of scales of L. nasus. G) Topview on scales from the lateral side of the shark; H) Lateral view on scales from the lateral side
of the shark. Abbreviations: sksc (shark scale); slse (seal louse setae); slsc (seal louse scale).

forms, including small cuticle protrusions (microtrichia).[36–39]

These structures typically possess bent tips and occur at densi-
ties sometimes exceeding 6 million cuticular protuberances per
mm2.[35] The superhydrophobic nature of these structures mini-
mizes surface wettability, ensuring that the setal base and insect
cuticle remain dry. This arrangement allows the insect’s spiracles
to maintain direct contact with the air film, facilitating continu-
ous oxygen extraction from the water. Consequently, insects can
remain submerged for extended periods.[38,40]

In the case of the seal louse, Echinophthirius horridus
(Anoplura: Insecta), which parasites true seals (Phocidae), such
as harbor seals (Phoca vitulina) and grey seals (Halichoerus gry-
phus), dense surface protuberances were also found on the
cuticle.[41–44] It was assumed that these are either used for ther-
mal insulation,[45] to hook into the fur of the seals[25,44] or could
enable a plastron function.[36,46] It is therefore questionable what
function dominates in surface microstructures of the seal louse.
To address this question, this study aims to (i) describe the

general morphology of the setae and scales of E. horridus using
imaging methods, such as SEM and CLSM, (ii) compare these
with shark scales and (iii) analyze the turbulences at the cuticle

surface covered by setae as a function of the inclination of the
surface structure protrusions, when exposed to a constant flow
using numerical modeling based on movable cellular automata
(MCA).
This study provides insights into how surface topography

influences fluid dynamics at small scales, with potential im-
plications in understanding functional mechanisms of biologi-
cal surfaces and designing artificial surfaces with efficient drag
reduction.

2. Results

2.1. Outer Morphology

The body of the seal louse is largely covered with setae and scales
(Figure 1A–F). Following Preuss et al. 2025 (under review), these
setae have different lengths distributed over the body of the louse:
in the middle of the individual abdominal segments, the setae
are about 25 μm long, while at the transition points between the
segments, they are up to 120 μm long and thus protrude beyond
the grooves between individual segments. They form an angle of
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Figure 2. Typical instant configuration of the movable automata caused by motion of the rigid profile in horizontal direction. It is a snapshot of the
self-organized stationary process, which appears after a transient process reproduced in the attached illustrative Movie S1, Supporting Information.
Presence and absence of effective potential caused by the limited substrate is depicted by different background colors (deep and light blue) in the
subplot (a). Green line shows current position of the surface. The same configuration in the subplot (b) shows scatter plot of automata colorized by
absolute velocities of the particles. Standard MatLab “jet” colormap is used with deep red and blue colors for large and small values, respectively. Short
parts of the automata trajectories are plotted by gray lines as "comet tails".

about 48° to the body surface of the lice and usually show three
stair-like elevations on their dorsal side. The histological sections
show that their anchoring extends far into the cuticle and also has
a straight base. The setae exhibit a gradient of autofluorescence,
transitioning from yellowish/orange at the base to greenish at the
tip, indicating a gradual decrease in sclerotization. When exam-
ined in cross-section, the setae appear to be entirely composed of
cuticle material, without internal spaces.
Echinophthirius horridus exhibits a distinctive scale-like pattern

on its cuticle surface (Figure 1E), presenting the appearance of
a body covered in plate-like protrusions resembling scales due
to their orientation. Both cross-sectional and lateral views reveal
that these “scales” do not actually overlap and the cuticle predom-
inantly exhibits strong blue autofluorescence, suggesting them
less sclerotized and relatively flexible.
In comparison, the placoid scales of the porbeagle shark, L.

nasus, overlap considerably, so that almost half of each individual
scale is covered by the previous one (Figure 1G,H). Each individ-
ual scale has the shape of a trident with groove-like substructures
(ridges), each of which runs into a prong of this scale. Overall,
however, the scales in lateral view with their straight base and
their 30–35° angle to the body surface are strongly reminiscent
of the shape of the setae in seal lice.

2.2. Numerical Simulation

With account of the dissipative term, the equations of motion as-
sume the following form:

m
𝜕vi
𝜕t

= f ri − 𝜂f vi − 𝛾vi + 𝜉(t, ri) (1)

These equations were integrated using velocity Verlet’s
method, which conserves the energy of the system at each time
step, provided no energy is supplied externally through the me-
chanical work or temperature variation. All the results obtained
from the model are accumulated in Figures 2–8 and attached
to the manuscript Movies S1–S7, Supporting Information. They
are in details described below and briefly repeated in the cap-
tions to these figures, as well as in the descriptions to the
movies.
Typical realization of an initial (transient) run and instant mo-

ment of systemmotion in the frames of discrete model is shown
in Figure 2. Upper subplot (a) in this figure reproduces cur-
rent positions of movable automata (yellow points) plotted to-
gether with boundary surface (shortly “substrate”) depicted by
bold green line. Tomake it possible, to simulatemotion of the au-
tomata interacting with the substrate represented by multivalued
function and having in some places negative inclination instead
of the formal analytical funtion Zdown = zdown(x), we used an ef-
fective boundary condition generated by a potential relief which
exponentially grows inside the substrate.
It imposes some limitation on a size of the system used for the

simulations. In Figure 2, this limitation is reporduced by differ-
ent color of the background (deep and light blue). It means that
particles outside of the deep blue region move without interac-
tion with the substrate. It causes some boundary effects which,
however, should exist for real system as well. To elucidate motion
of the liquid particles in static picture, we use also short parts of
their trajectories reproduced by means of so-called “comet tails”.
These tails are clearly seen in the subplot (b), as well as in the
illustrative Movie S1, Supporting Information.
Let us mention also rather general tool, which was applied

here, to visualize dynamics in the static pictures. The automata
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Figure 3. Two neighboring setae simulated with application of the "cylinder boundary conditions". The colorization in the subplots (a)–(c) corresponds
to the values of local circulation, local divergence and horizontal velocity, respectively. Inclination angle: 48°.

moving in the model can be associated with their different phys-
ical properties simultaneously. Namely the same particle can be
described by its vertical, horizontal and absolute velocity, can in-
teract with the substrate and all other particles at once, as well
as participate in the dissipation processes due to mutual ex-
change by their velocities and exchange by the energy with the
thermostat.
All of these parameters are instantly visualized using standard

MatLab “jet” colormap, colorized respectively to a particular value
used for the colorization. In particular, such a colorization by
absolute velocity of the particles is used in the conceptual plot
shown in Figure 2. From this plot, one can directly see that par-
ticles moving with the velocities close to the velocity of trans-
porting them substrate have higher absolute velocities (shown
by deep red color) than the same particles, which practically do
not move due to their location rather far from the substrate (deep
blue ones).
One can note that sufficiently far from both (left and right)

ends of the system, particles demonstrate more or less periodic
behavior and their trajectories practically repeat the same pat-
terns in different parts of the sufficiently long system. It allows
us to cut out a short (repeated) internal part of the system and

extend it periodically with a help of so-called “cylinder bound-
ary conditions” and to simulate its behavior independently. This
mathematical approach is well accepted in many theoretical and
numerical investigations of friction considering particles placed
on sufficiently long substrates (see for example Denisov et al.,
2004, Filippov et al., 2023, 2024, Filippov and Gorb, 2020, Filip-
pov and Estrin, 2023 and literature cited in them) andwas applied
in the present paper. It allowed us, to strongly reduce time con-
sumption for the simulations and separate general results from
the boundary effects, which are sometimes important but will be
omitted here.
One has to note that such different motion velocities of differ-

ent layers in the system under shear being accompanied by the
viscosity (mutual friction between the particles of different veloc-
ity) is normally responsible for a generation of the vortices in the
system.[62–68] In its turn, such vortices can lower integral friction
and energy loses in the system, causing a kind of “ball-bearing”
in it. One can expect that due to biological adaptation a substrate
inclination and distance between the asperities can be properly
adjusted to the typical velocities appearing in the system under
consideration to lead to a minimization of the energy loses and
drag.

Figure 4. The same system as in Figure 3 with optimal inclination of the boundary structures. Inclination angle: 65°.

Adv. Theory Simul. 2025, 8, e00429 e00429 (4 of 11) © 2025 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 5. The same system as in Figure 3 with the vertically placed protrusions. Inclination angle: 90°.

Two spatial periods of qualitatively the same system simulated
with application of the cylinder boundary conditions as the pe-
riodic (quasi-infinite) are shown in Figure 3. This simulation is
done at small inclination of the setae relative to the substrate,
which is smaller than actually observed in real (supposed to be
optimal) system. The results are reproduced in convenient for the
numerical simulation, so-called “following” system of the coordi-

nates. It is associated with rigid substrate which remains immo-
bile in these coordinates. The colorization in the subplots (a)-(c)
corresponds to the values of local circulation (rotation in clock-
wise or opposite direction), local divergence (expansion or con-
vergence of the flow lines) and horizontal velocity, respectively.
In particular, it is seen that liquid quickly flows far from the sub-
strate and almost stops near to the surface boundary.

Figure 6. Local density of the power produced and consumed in the systems with different inclinations of setae. Inclination angles are shown above the
graphs.

Adv. Theory Simul. 2025, 8, e00429 e00429 (5 of 11) © 2025 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 7. Time depending normalized total power in the four systems shown in Figure 6. Inclination angles are shown above the graphs.

Two setae with optimal inclination are shown in Figure 4. One
can notice obvious difference with the previous figure. Clearly
seen vortices are formed here between the protrusions of the sur-
face. They are associated with the circular red spots in the rotor

Figure 8. Averaged total power values for the systems with different incli-
nations shown in Figures 6 and 7 averaged over the intervals 10 < t < 20
(after transient period has been passed). Inclination angles are shown
above the graphs.

scatter plot depicted in the subplot (a). Corresponding rotation
is also confirmed by the particle trajectories shown by gray lines.
One can also see a correlation between the regions of rotation and
density waves colorized by the divergence in the subplot (b). It is
important to note that practically laminar flow conserves in the
liquidmoving above these structures, which separated by smooth
boundary between them and outer region of the system in the
subplot (c).
A simulation for the two setae artificially placed vertically in

periodic boundary conditions are reproduced in Figure 5. The re-
gions of the rotation are shifted here closer to the tops of the struc-
ture asperities. They cause stronger perturbations above them
and, as expected, lead to the higher relative dissipation of dy-
namic energy in the system (Figure 6).
The results obtained for local density of the power produced

and consumed in the systems with different inclinations of the
substrate structure are summarized in Figure 6. These patterns
of dissipation densities appear as self-organized ones at station-
ary stage of system evolution. They fluctuate with time and more
or less regularly reproduced in dynamics of this turbulent sys-
tem.Watching corresponding dynamics, one can visually observe
that turbulent tails of the fluctuations are relatively smaller for
the optimal inclination (b) than for the other ones (Supplemen-
tary Movie S7).
To support this quantitatively, we calculated normalized bal-

ance of total power in the system (Figure 7). Time depending
normalized total power in all the four systems shown in Figure 6
is reproduced in corresponding subplots of Figure 7. It is clearly
seen that in all the cases total energy loses in the system decrease
in average with the time during transient self-organization pro-
cess, but still continue to fluctuate. To compare the difference be-
tween total power in the above cases, we calculated averaged total
power values for the systems with different setae inclinations av-
eraged over sufficiently long-time intervals (after transient period

Adv. Theory Simul. 2025, 8, e00429 e00429 (6 of 11) © 2025 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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has been passed). The resulting bar plot shows typical values of
total power calculated for sufficiently long run and averaged over
mentioned fluctuations along time intervals 10 < t < 20 in the
subplots, where the process can be treated as almost stationary
one (Figure 8). These results are shown below in the correspond-
ing subplots of Figures 7 and 8.

3. Discussion

Seal lice have setae showing a very special shape and it has long
been assumed that they either serve for thermal insulation,[45]

for stronger adhesion to the seal’s fur[25,44] and for facilitation of
plastron breathing under water.[36,46] However, another function
is also conceivable: the hairs could reduce drag, to which the lice
are exposed during their hosts’ dives.[70] Through our numerical
simulations performed using digital automata model, we were
able to demonstrate that the fluid flow over the setae creates vor-
tices on the surface of the lice cuticle that promote a so-called
“ball-bearing” effect, thereby lowering integral friction (drag) and
energy loses in the system (Figure 2). As part of our morphologi-
cal investigations, we recognized tear-like substructures that ap-
parently “trap” these vortices and prevent them from dissolving
prematurely (Figure 1C). The effect depends on the angle of the
seta, with the optimal angle corresponding to the natural incli-
nation of lice setae. This inclination is likely influenced by the
resilin-containing socket at the base of each seta, which allows
the setae to automatically adjust the angle, when exposed to the
fluid drag (Figure 6). The experimentally observed spacing be-
tween the protrusions, as well as their inclination, both appear
to be fine-tuned by natural selection to minimize surface drag,
turbulence, and energy loss in the system.
At first glance, the shape of the setae resembles the scales

of a shark, so that one might initially assume that it is a con-
vergent development of similar mechanism of drag reduction
(Figure 1G,H). However, a closer look at the shark scales reveals
that they overlap considerably and that the physical effect in re-
ducing the flow resistance is different and the “ball-bearing” ef-
fect observed in lice cannot take place in sharks. In sharks, the
reduction in flow resistance is rather based on a collective riblet
effect: the tiny longitudinal ridges on the scales of sharks that
swim at high speeds function by hindering the lateral movement
of longitudinal vortices within the viscous sublayer,[71] thereby
resulting in a drag reduction of about 10% compared to smooth
surfaces[71–76] and enhanced hydrodynamic performance in sep-
arating flows.[77,78] Therefore, in sharks, drag reduction primar-
ily relies on the overlapping ridged scales, which generate lam-
inar flow in the direction of swimming[79] (Figure 1G,H). Con-
versely, sea lice exhibit a “ball-bearing” effect observable at the
gaps between individual seta, as these structures do not overlap
(Figure 2).
If one compares the aquatic seal lice with terrestrial lice from

the same order Anoplura, such as the human head louse Pedicu-
lus humanus capitis, the body louse Pediculus humanus humanus,
the pubic louse Pthirus pubis or the cattle louse Solenoptes capil-
latus, a strong difference in the setal coverage of the bodies be-
comes visible: while the seal lice have an extremely dense cover-
age of 400 setae per squaremillimeter with different setal lengths
depending on the body region,[80] only a few setae can be found
on terrestrial louse species.[81–84] These are also primarily found

in the antennal regions and the legs, so that it can be assumed
that these setae have mainly a sensory function.[85,86] In addi-
tion, it can be deduced that the high density of setal distribu-
tion of seal lice could be an adaptation to their aquatic lifestyle
and thus their habitat, as these are present in similar densities in
all echinopthiriid taxa.[84,87] This supports our hypothesis that it
is possibly an adaptation to the increased flow resistance under
water.
In our calculations, we assumed that seal lice are fully ex-

posed to the ambient flow. However, in reality, they are embed-
ded within the seal’s fur,[70] which offers some protection from
the current and would consequently reduce the effective flow
forces compared to our unprotected model scenario. This sim-
plification may result in an overestimation of the actual flow re-
sistance. Nonetheless, seal lice typically inhabit particularly ex-
posed regions of the seal’s body, such as the flippers and the
head,[88–90] where fur coverage is sparser and local flow velocities
remain relatively high. In these areas, adaptations to minimize
flow resistance are especially crucial. Therefore, while our model
represents an idealized scenario, it effectively captures the func-
tional implications of surface topography under conditions likely
pertinent to the natural habitat of the lice.
As can be seen from our SEM images, the setae of the seal

lice have a specific orientation, in that they always point in a pos-
terior direction (Figure 1B). Accordingly, it would be extremely
disadvantageous from a fluid dynamics point of view, if the lice
were positioned with their heads against the direction of flow,
as this would create a “braking effect” through the setae and the
vortices could not be built up. In previous studies, however, we
have already observed that the seal lice on the seals always orient
themselves with their heads toward the root of the seal hair when
clinging to it.[70] The fact that the seal hair is naturally pressed flat
against the seal body during the swimming process and the louse
thus points its head in the direction of swimmingmeans that the
vortices can be built up and the flow resistance acting on the louse
can be reduced. Thus, the orientation on the seal hair also creates
more favorable flow conditions to the lice.[70,80] Additionally, the
louse remains closer to the host surface with its mouthparts and
does not have to reorient itself on the seal hair for the sucking
process.[91,92]

It is questionable what influence a plastron would have on the
flow resistance, if it could be built on the louse body, thanks to
the setae.[80] Previous studies on air layers, which are found on
biological or artificial systems under water, have already clearly
shown that air layers on these surfaces act as a slip agent un-
der water: when we consider solid surfaces, the flow velocity of
the water directly on the surface is zero based on the friction be-
tween the water molecules and the solid surface.[93] If there is
a layer of air between the water and the solid surface, the water
simply flows over this air film. The viscosity of air is 55 times
lower than that of water, so the air film can act as a slip agent and
reduce drag.[93,94] Flow experiments have shown that the dorsal
swimmer bug, Notonecta glauca, for example, uses an air film for
drag reduction, which ismade possible by the double structure of
specifically-shaped setae and microtrichia, and that this remains
stable even at higher flow velocities of up to 4.5 m s−1.[39,93,95–97]

The so-called “Salvinia Effect” of the superhydrophobic float-
ing fern (Salvinia natans) has already found various technical
applications in the coating of ship hulls. Salvinia natans has a

Adv. Theory Simul. 2025, 8, e00429 e00429 (7 of 11) © 2025 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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surface covered by trichomes and can therefore build up an air
film that can reduce drag in contact with water.[93,98] Therefore,
such a plastron-like system would indeed contribute to drag re-
duction in the seal lice. However, previous studies have already
shown that such a plastron does not exist in the seal lice, as the
setal density of the lice is not sufficient and the shape of the se-
tae is unsuitable for holding a plastron,[80] the plastron would no
longer be stable above a diving depth of 30 m[99–101] and the lice
apparently consume oxygen under water.[80] Accordingly, we can
assume that the drag reduction, as shown in our simulations and
calculations, is primarily based on the formation of vortices be-
tween the individual setae of the lice (Figure 2).
In summary, the unique shape and arrangement of the se-

tae in the seal lice suggests that they are an adaptation to their
extreme living environment. Our simulations have shown that
the optimal inclination of surface protrusions (setae) leads to for-
mation of vortices that may reduce drag and energy losses in
an aquatic environment. Furthermore, the vertical protrusions
cause stronger flow perturbations and likely higher energy dis-
sipation and the total power losses in the system decrease over
time as the flow self-organizes. This suggests that natural selec-
tion may have optimized surface structure inclination and spac-
ing, to minimize drag and energy losses in the seal lice. Finally,
this study provides insights into surface topographies that influ-
ence fluid dynamics at small scales with potential implication to
understanding biological surfaces on one side and to designing
drag-reducing biomimetic surfaces.

4. Experimental Section
Samples: For morphological analysis, seal lice specimens were col-

lected from harbor seals at the Seal Centre Friedrichskoog between June
and September 2023. This facility is the sole authorized institution in
Schleswig Holstein for the admission, rearing, and rehabilitation of aban-
doned and ill seals. The collection of seal lice at the center was conducted
using non-invasive methods, specifically lice combs and forceps, during
routine medical procedures. This methodology was selected to minimize
stress and reduce unnecessary handling time for the seals. Subsequently,
the collected seal lice specimens were preserved in 70% ethanol solution.
Shark skin (Lamna nasus) was kept in a dried state in the specimen collec-
tion of Zoological Institute at the CAU Kiel.

Confocal Laser Scanning Microscopy: For CLSM analysis, seal lice were
immersed in glycerine (≥99.5%) and covered with a precision cover slip
(thickness= 0.170± 0.005mm, refractive index= 1.52550± 0.00015, Carl
Zeiss Microscopy GmbH, Jena, Germany) prior to scanning. Autofluores-
cence of the specimens was examined using a CLSM Zeiss LSM 700 cou-
pled to an upright Zeiss Axio Imager microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany). The examination employed four solid-state lasers
(wavelengths 405, 488, 555, and 639 nm) and their corresponding emis-
sion filters (BP420–480, LP490, LP560, LP640 nm). Following the method-
ology described byMichels &Gorb (2012), the 405 nm excitation and 420–
480 nm emission filter highlighted less sclerotized cuticle, potentially rich
in resilin. Regions of higher sclerotization were detected using 488 nm
and 555 nm laser excitations with filters that permitted emission light
above 490 and 560 nm, respectively. The 639 nm laser excitation with
a 640 nm long-path emission filter captured extended autofluorescence.
Images taken at different settings were superimposed using ZEN 2008
software (www.zeiss.de/mikroskopie) and Adobe Photoshop CS6 (Adobe
Photoshop CS, San José, USA) for qualitative, but not quantitative, as-
sessment of cuticle composition.[47–51] In the autofluorescence images,
specific colors correspond to particular material properties:[49] Reddish
autofluorescence indicates highly sclerotized cuticle, with more intense

red hues denoting greater degrees of sclerotization. Greenish autofluo-
rescence suggests relatively resilient cuticle with high chitin content, while
bluish autofluorescence signifies softer, less-sclerotized cuticle regions, of-
ten containing rubber-like protein resilin.

Scanning Electron Microscopy: Mature seal lice (n = 4) underwent de-
hydration utilizing a series of increasing alcohol concentrations, followed
by critical point drying in a Leica EM CPD300 (Leica, Wetzlar, Germany)
automated system. The specimens and pieces of dried shark skin were
subsequently sputter-coated with a 10 nm layer of gold-palladium us-
ing a Leica Bal-TEC SCD500. Samples were examined from different an-
gles of view using a Hitachi TM3000 (Hitachi Ltd., Tokyo, Japan) with a
rotatable sample holder at 15 kV acceleration voltage.[52] To investigate
the surface morphology in detail in freshly-killed lice, cryo-scanning elec-
tron microscopy (SEM) was employed. Lice were frozen in a cryo stage
preparation chamber at −140 °C (Gatan ALTO 2500 cryo preparation sys-
tem, Gatan Inc., Abingdon, UK). The frozen specimens were then sputter-
coated with a 6 nm layer of gold-palladium and observed using a SEM
Hitachi S-4800 (Hitachi Ltd., Tokyo, Japan) at 3 kV accelerating voltage
and −120 °C cryostage temperature. The resulting images were enhanced
utilizing Adobe Photoshop CS6 (Adobe Photoshop CS, San José, USA) and
Affinity Photo 1.10.6 (Serif Ltd, Nottingham, UK).

Numerical Model: Dynamic behavior of the fluids moving in contact
with rigid surfaces having various spatial profiles can be simulated by
the method of movable cellular automata (MCA). Depending on chemi-
cal composition and temperature this substance can be gaseous, liquid
or even solid (particulate). MCA approach was well established to present
time and was relatively simple. Inmajority of practically important cases, it
was proven to be less time consuming than other calculationmethods and
rather universal. It was useable in different systems at changeable condi-
tions which even pass from some initial physical states to new ones. The
model structure in the present paper generally repeats analogous models
already used in large number of previous works.[53–69] Thus, for details of
the numerical approach this work can address the reader to the previous
works, but will reproduce the model briefly, only for a convenience of the
reading.

In movable automata approach, one deals with a system of Nmovable
objects (effective "particles"). As usually in dynamics, they a represented
by the vector radius ri, the momentum pi, and the interaction potential
U(|ri − rj|) corresponding to the following Hamiltonian (see for example
Landau and Lifshitz, 1976):

H(ri, pi) =
N∑
i=1

p2i ∕2m +
N∑

i,j=1
U(|ri−rj|)∕2 (2)

The main idea is to simulate liquid (gas) using simple interaction po-
tential defined by a pair of the Gauss potentials:

U(|ri − rj|) = Cij exp{−[(ri − rj)∕cij]2} − Dij exp{−[(ri − rj)∕dij]2} (3)

where Cij and Dij define the magnitude, while cij and dij the radii of at-
traction and repulsion, and relation between the parameters: Cij >> Dij,
cij < dij. The equations of motion have the following form:

m𝜕vi∕𝜕t = −𝜕H(ri, pi)∕𝜕ri + f i (4)

vi is the velocity of the i-th particle, are the forces f i will be explained further.
All the unknown or stochastic influences inherent in any biological sys-

tem should be incorporated according to fluctuation-dissipation theorem
with effective temperature Teff . As usually, it was simulated by random 𝛿-
correlated Langevin forces, having the correlators:

⟨
𝜉(t, ri)𝜉(t

′, rj)
⟩
= D𝛿(t − t′)𝛿i j (5)

where ⟨𝜉(t, ri)⟩ = 0 and diffusion coefficient is proportional to temperature
D ∼ T.
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For the particular study, it was important to note that by varying inten-
sity of noise at fixed interactions or vice versa, the system could represent
different states: from gaseous to liquid and solid ones[1–7] Below, this work
will always suppose that this relation is chosen to simulate liquid.

There were different options to simulate numerically the liquid motion
near to solid interfaces. For example, in the simplest case, the liquid can
be confined between two planar rigid repulsing planes: z = zdown (lower
plane) and z = zup ≡ Lz (upper plane). Numerically, it can be done by
means of reflecting boundary conditions with sharp repulsing potentials
exponensially growing inside the boundary walls:

Uup = C exp[(z − Lz)∕c] andUdown = C exp[(zdown − z) ∕c] (6)

Here the constants C and c without indices denote repulsion from the
boundaries, different from the repulsion between the particles described
by the values Cij and cij. To simulate rigid contact surfaces, one needs to
apply strong inequalities C >> Cij and c << cij.

In more general case of the profiled substrates, the planes should be
substituted by some functions Zup = fup(z) and Zdown = fdown(z). Let us
consider the upper boundary here as a formal planar boundary with po-
tential Uup = C exp[(z − Lz)∕c]. One can treat the automata at the upper
bondary (that are rather far from the movable substrate) as practicaly im-
mobile vx(y = Lz) ≈ 0. It was aplicable in the case, when the systemwas ac-
tually open (infinite) perpendicular to the fluid flow. It meant that this work
ajusted a height of the liquid layer to keepmean density of the liquid< 𝜌 >

inside the layer Ω (approximately) fixed < 𝜌 >≈ const. The higher upper
boundry was placed (formally Lz → ∞), the better model reproduces real-
ity (Figure 2).

The particular configuration, which this work will study below, in-
volved lower boundary surface with different and even negative inclina-
tion (Figure 2). Since the lower boundary was a multivalued function of
coordinate x, it was not possible to describe the boundary using an analyt-
ical funtion Zdown(x) = zdown(x) and a special procedure described further
was applied for the boundary condition. An effective boundary, determined
by 2D potential relief U = udown(x, z), which exponentially tended to infin-
ity inside the lower substrate z = zdown(x) and fell down to zero outside
the substrate, defines the boundary by itself by a contour udown(x, z) = +0.
Such a contour was always used in the figures below, to depict profiled
rigid down surface udown(x, z) = +0.

As a result, the movable automata (“particles”) naturally repulse from
such a “surface” in correct direction independently on the surface incli-
nation. It happened due to the simultaneous action of both vector com-
ponents of the gradient: 𝜕U∕𝜕x and 𝜕U∕𝜕z. The only sufficiently sharp 2D
potential (exponentially growing inside the lower substrate) was nesessary
to reproduce rather relistic dynamics of the system.

This work used two types of bondary conditions in x-drection: 1) the liq-
uid was either confined inside a box, sufficiently long to include complete
system inside (with sufficiently large amount of liquid around, to repro-
duce the system realistically), or 2) the system was periodically extended
along horizontal coordinate. Such an extension can simulate quasi-infinite
space as well.

In a case of horizontally long system without periodic extension
the above-mentioned boundary conditions should repulse the particles
by left and right boundaries of an imaginary box Uleft∕right = C exp{[x −
(Lx∕2 ± lx)]∕c}, where characteristic width of the surface structures is
much smaller than the system size Lx >> lx (Figure 2). In periodically con-
tinued system, the particles were forced to “return back” to other side of
the box each time, when they leave it, and continue their motion in the
same direction. Besides, the particles close to one side not only interact
with surrounding particles, they also interact with the “images” of the par-
ticles on opposite side of the box. This was an implementation of so-called
“cylinder boundary conditions” which normally used in literature to simu-
late an “infinte system”. Below this work applied both variants to illustrate
a role of the liquid boundaries in the first case, and in the second case to
simulate an internal behaviour of the system in the regions situated dis-
tantly from the boundaries, where the system can be approxiately treated
as practically “endless”.

A dissipation channel of the interaction between particles was certainly
important in any simulation of liquid as well. Normally it tended to equi-
librate the relative velocities of the particles. This work introduced such
dissipation into the model with some characteristic interaction distance
cv comparable with effective size of the particles (their repuslion cores,
cv ≃ cij. Technically, in the frames of the movable automata approach, it
was done by including a velocity-dependent additional force:

f vi = 𝜂

N∑
j=1

{(vi − vj)exp[−[((ri − rj))∕cv]2]

+viexp[−(zi∕cv)2] + (vi − vup)exp[−[((zi − zup))∕cv]2]} (7)

acting on the i-th particle, with yet another dissipation constant 𝜂.
When some automata appear close in phase space (coordinates and

velocities), they can aggregate one with another for a while into effective
drops. This aggregation was caused by a balance between repulsing and
attracting forces, which tends to conserve mutual distance between the
particles close to aminimumof total potential determined by combination
of the attracting

Uattract(|ri − rj|) = −Dij exp{−[(ri − rj)∕dij]2} (8)

and repulsing

Urepulse(|ri − rj|) = Cij exp{−[(ri − rj)∕cij]2} (9)

components of the potential U(|ri − rj|). It leads to a collective behaviour
responsible for the formation of vortices, turbulence and total loses in the
system, discussed in the next section of the paper.

Numerical simulations were performed in MatLab (MathWorks).
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