Tribology Letters (2024) 72:11
https://doi.org/10.1007/511249-023-01815-3

ORIGINAL PAPER q

Check for
updates

Bio-bearings: Numerical Model of the Solid Lubricant in the Leg Joints
of Insects

Alexander E. Filippov' - Konstantin Nadein'® - Stanislav N. Gorb'® - Alexander Kovalev'

Received: 8 September 2023 / Accepted: 22 November 2023 / Published online: 12 December 2023
© The Author(s) 2023

Abstract

The proposed model describes the behavior of the lubricant particles at the interface between two surfaces for a group of
cylindrical semi-solid lubricant fragments observed in a real beetle leg joint. It is shown that the lubricant particles may
maintain a gap between joint surfaces at load. At the regular shear motion, such randomly oriented particles are reorienting
perpendicular to the shear and function as a rolling bearing: the system demonstrates the lowest energy loss and lowest fric-
tion. At an increased load, the friction non-linearly increases, because of an increase of the particles’ eccentricity. Finally,
at some load, the particle rotation stops, friction switches from the rolling to the sliding regime and increases significantly.

Keywords Tribology - Rolling friction - Interface - Load

1 Introduction

Biological locomotion systems are extremely diverse and are
represented by many levels of organization, ranging from the
mechanisms of movement of flagella in unicellular organ-
isms to complex forms of locomotion such as flight [1, 2].
In this regard, mechanisms of biolocomotion are of signifi-
cant applied interest, serving as a source for bioinspired and
biomimetic approaches, e.g., in the fields of robotics and
development of micro-electro-mechanical systems [3-5].
Actively moving animals use internal or external skel-
etons to maintain the shape of the body and limbs. The lat-
ter, as a rule, are composite and consist of several segments
interacting through the joints. Thus, the joints are a key ele-
ment in active locomotion, providing mechanical support
and mobility to the limb. The limb joint in the simplest case
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consists of two contact surfaces moving relatively to each
other by sliding or rolling. This interaction between the con-
tacting surfaces is the subject of study in biotribology, where
proper friction control plays a decisive role in the energeti-
cally effective motion and prevention of wear and fatigue.

The most common friction control strategy is lubrication,
which is rather diverse in biological systems [6]. Lubrica-
tion-based friction control is the most extensively and thor-
oughly investigated for the vertebrate articular joints [7—10].
Having internal exoskeleton, the joints of vertebrates are
encapsulated into isolated chamber filled out with synovial
fluid and the friction minimization is based on the bound-
ary lubrication that works synergistically with other mech-
anisms, such as pressurization-driven elastohydrodynamic
lubrication [11]. This approach is highly effective, allowing
friction coefficient to be reduced to extremely low values,
reaching 0.02 for a stifle-joint in horses [12] and even an
order of magnitude lower, from 0.005 to 0.023 for human
joints [13, 14].

Arthropods, an enormously large group of animals, in
contrast to vertebrates possess an external exoskeleton.
Integument of joints comprises of fibrous-composite mate-
rial called cuticle and, due to the fact that joints of arthro-
pods are open to the environment and are not enchambered
[15], the friction minimization for them is a challenge. Fluid-
based lubrication, as in vertebrates, would not be effective in
this case, due to the constant lubricant evaporation and to the
high energy required for its producing. To cope with friction
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in leg joints, some arthropods developed a unique approach
based on the solid or viscous-solid lubricants [16, 17].

As it is exemplified by the femoro-tibial joint in the dar-
kling beetle Zophobas morio (Fig. 1a), the lubricant is rep-
resented by numerous particles in the form of short cylin-
ders about 1 pm in diameter, unevenly covering the contact
surfaces and emerging from the pore openings in the cuticle
[16]. The lubricant material is protein-based and its tribo-
logical properties have been experimentally examined and
reduced sliding friction to the value of 0.13 in the tribosys-
tem ‘glass/lubricant/glass’ has been demonstrated [16].

Based on the scanning electron microscopy analysis, a
speculative model of the lubrication has been proposed [16].
Two possible mechanisms, which may be responsible for the
friction reduction with solid lubricant, have been proposed.
(1) Cylindrical fragments of lubricant may experience roll-
ing at the lower loads, when the gap between contacting
surfaces is not smaller than 1 pm (a diameter of a lubricant
fragment). (2) At the higher loads and when the gap between
contacting surfaces is smaller than diameter of the lubricant
fragments, the latter start experiencing plastic deformations
and spreading over the surface preventing direct physical
contact between joint surfaces. Thus, the minimization of a
friction occurs both due to rolling (the friction in this regime
is lower than sliding friction) and due to the creation of a
layer separating the contact surfaces.

Direct experimental verification of this hypothesis in vivo
seems to be rather difficult task, due to the very small size of
the joints and even smaller lubricant particles themselves.
At the same time, it seems possible to perform numerical
simulation of the lubricant behavior and in this way to study
its properties in contact. In particular, the rolling friction of

tibial
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Fig. 1 The object of research, darkling beetle Zophobas morio and
its femoro-tibial joint. a general appearance of Zophobas morio; b
femoral counterpart, sagittal section, SEM micrograph; ¢ tibial coun-
terpart, lateral view, SEM micrograph; d femoro-tibial joint, view
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cylindrical fragments may be modeled, which is presented
in this paper.

2 Materials and Methods
2.1 Study Objects

Specimens of adult beetles of Zophobas morio (Coleoptera:
Tenebrionidae) were taken from the colony keeping in the
insectarium at the laboratory of Functional Morphology and
Biomechanics at the Kiel University, Germany.

2.2 Scanning Electron Microscopy (SEM)

The observations were made at 3 kV using a Hitachi S4800
scanning electron microscope (Hitachi High-Technologies
Corp., Japan). Legs from a freshly CO,-anesthetized individ-
ual were cut off and dissected by razor blade in two halves in
sagittal plane through a femoro-tibial joint, then dried out at
the room temperature, glued to SEM stubs and subsequently
coated with 10 nm gold—palladium layer using a Leica EM
SCD500 sputter coater (Leica Microsystems GmbH, Wet-
zlar, Germany).

2.3 Micro-Computed X-ray Tomography (Micro-CT)

The scanning of the dry fore legs was carried out by a Sky-
Scan 1172 (Bruker Corp., Billerica, USA) at 40 kV and 250
HA, with the camera pixel size of 8.8 um and the image pixel
size of 2.0 um. 1573 projections were recorded over the 180°
rotation. For 3D reconstruction, the graphic segmentation

femoral
condyle

femur\

tibial
concavity

through femur, micro-CT volume reconstruction; e the same, sagittal
section, micro-CT volume reconstruction. Scale bar: a 0.5 cm; b, ¢
200 um (Color figure online)
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tool software Amira® 6.2 (FEI Company, Visage Imaging,
Germany) was used.

2.4 Numerical Simulation

Numerical simulations were performed in MatLab
(MathWorks).

3 Results and Discussion

3.1 Structure of the Femoro-Tibial Joint
of the Darkling Beetle Zophobas morio

The structure of the femoro-tibial joint has been previ-
ously described in details [16, 17]. Briefly the joint can be
described as follows. Two counterparts are represented by
the femur and tibia, respectively (Fig. 1b, c¢). The femoral
counterpart bears two symmetrically placed condyles of
semicircular shape, while the tibial counterpart possesses
two invaginations called here tibial concavities. Correspond-
ingly, the tibial concavities serve as sockets for the femoral
condyles (Fig. 1d, e) and both counterparts are connected
by tendons. The joint is uniaxial allowing rotation in only
one plane defined by the surfaces of the femoral condyle and
tibial concavities.

!cubricant =
ragment§ lubricant
' .} fragments

Fig.2 Lubricant in the femoro-tibial joint of Zophobas morio, SEM
micrographs. a lubricant coming out from pore openings; b, ¢, d
assemblages of lubricant fragments over the contacting surfaces
on the femoral counterpart; e large lubricant assemblages of vari-

lubricant
fragments

3.2 Lubricant

Lubricant material (Fig. 2) is represented by cylindrical
fragments of various length (from about 1 um to dozens
of micrometers) resembling toothpaste. The diameter of
the fragment is about 1 um corresponding to that of the
pores (Fig. 2a). The latter cover nearly the entire cuticle
surface of the joint cavity and are counted to hundreds of
individual pores. Lubricant fragments are often represented
by comparatively short fragments of about 2-5 um length
(Fig. 2b—d) that can be arranged in regular groups forming
a monolayer (Fig. 2b, c) or sometimes less arranged groups
forming somewhat thicker layers (Fig. 2d). Such groups may
cover large contacting surface area (Fig. 2e). Lubricants
on the contacting surfaces (such as smooth surface of the
femoral condyle and tibial concavity) are often represented
by deformed flattened fragments spread over the surface

(Fig. 2f).

3.3 Numerical Model of Lubricant in Femoro-Tibial
Joint of Zophobas morio

Here we introduce a numerical simulation model, which
geometry is based on our SEM observations. Generally
speaking, behavior of the solid lubricant between con-
tact surfaces can be simulated by the so-called “movable
automata” confined between two moving rigid surfaces in
3D space. Main features of the system, which have to be

" lubricant

74
fragments pote

lubricant

/fragments

ous thickness covering contacting surfaces; f femoral condyle cov-
ered with lubricant fragments at various stages of deformation from
weakly deformed to spread over the surface as a thin layer. Scale bars:
a, b, c 10 um; d, f 15 pm; e 20 pm
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reproduced in the model frames, should include an external
(e.g., gravitation) force acting on one of the surfaces (called
“upper” below; the “lower” surface remains static) and shear
force caused by motion of this (“upper”) surface. Certainly,
such a combination represents a standard tribological situ-
ation, which should be adapted to this specific biological
case.

In particular, the system under consideration differs
from many other ones by the time-dependent amount of the
lubricant, which is gradually added into the space between
the surfaces through the pores and redistributed in the gap
between the surfaces in the course of some transient process,
while a balance between the external pressure and bearing
force, caused by the lubricant particles, will be reached. The
lubricant particles combine the ability of irreversible plastic
deformation and transverse stiffness which allows them to
support upper surface against external pressure.

Such kind of particles was recently simulated in [18, 19].
The model used there describes a system of N particles rep-
resented by the vector radius r;, the momentum p;, and the
interaction potential U(|r; — r;|) corresponding to the fol-
lowing Hamiltonian:

N N
H(r,p) = Y p}/2m+ Y U(r—r;)/2 (1
i=1

ij=1

Technically it is convenient to represent the interaction
potential by a pair of the Gauss potentials:

U(Ir; = x;]) = Cyexp{~[(r; — r})/c;]*} — Dyexp{—[(r; — r,)/d;]’}

@)
where C[j and Dij define the magnitude, while o and dij the
radii of attraction and repulsion, respectively. The minimi-
zation condition corresponding to an equilibrium reads as
follows:

Cij >> Dij, ¢;j < d,-j 3)

The lubricant particles are confined between two planes:
z =0 (lower plane) and z = L (upper plane) with reflect-
ing boundary conditions: U, = Cexpl(z—L,)/c] and
Ugown = Cexpl—z/c]. The stronger the inequalities C >> C;;
and ¢ << ¢, the more rigid and sharp are the “joint sur-
faces” in relation to other forces and lengths relevant to the
system. Since the parameters Cij,Dij, Ci» and dij form arrays
covering all possible combinations, it can be said without
loss of generality that the Hamiltonian given by Eq. (1)
describes systems with any number of components.

The equations of motion have the following form:
m;0v;/ot = —0H(x;,p;)/op; = f; “4)

L

where v; is the velocity of the i-th particle. All the uncon-
trollable influences, which normally exist in any biological
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system, should be incorporated according to fluctuation—dis-
sipation theorem. It supposes an effective temperature 7,
which includes both real thermal bath and other stochastic
random influences. It has to be included through random
o-correlated Langevin forces [20]. having the following
correlators:

(&(r.x3:)&(7 . x;.3;) ) = Do (= ') 6 and (£(2x.3,) ) =0
&)
where D = 2ykzTm/dt, kg is the Boltzmann constant, y is a
dissipation constant, and dft is the discrete time step.
Interacting lubricant particles exchange momentum
mutually and with both upper (up) and lower surfaces.
Hence, a dissipation channel acting to equilibrate the
relative velocities of particles, that happen to be within
the distance c, close to the equilibrium, needs to be intro-
duced. This was done by including an additive force

03 oy [l )]

I :; ("i‘V/)BXP[‘[(rt‘rj)/Cv]z] ©
+(vi— vup)exp[—[(z,- - zup)/cv]z] + viexp[—(zi/cv)Q]

on the i-th particle, with yet another dissipation constant #.
As a result, the equations of motion assume the following
form:

ov;

Mi~sr =ff=nf —yv;+&@r) 2

They 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 mechanical work or temperature variation.

In numerical experiments, particles are randomly pro-
duced inside a “cylindrical pore” of a radius R >> ¢; at
some rate. It is supposed that this cylindrical pore is ori-
ented in z- direction (vertically). The lubricant particles
being produced inside the cylindrical pore and extruded
from it by a pressure, caused by the repulsion from par-
ticles produced later, went into the space between upper
and lower planes. Here lubricant particles move confined
between two horizontal planes separated by equilibrium
width. This equilibrium width is determined by a balance
of the external pressure (caused by a weight of an animal
and other forces appearing due to the animal’s motion). It
is impossible experimentally determine the correct bal-
ance. Therefore, the typical scenario of the simulation was
organized as follows.
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1. At the beginning, the distance between planes was cho-
sen sufficiently large to not hinder an initial lubricant
generation;

2. When generation starts, an external pressure is applied
to the upper plane along z-direction.

3. With arelatively short delay, we switch to the horizontal
shear motion of the upper plane along y- direction;

4. Normally, the shear stress caused by this horizontal
motion bends a column of the lubricant extruded to this
moment and presses it down to the substrate, where the
pore is situated. This process strongly reminds experi-
mentally observed bended lubricant strands (see for
example photo in Fig. 2a, ¢);

5. Due to limited transversal and longitudinal rigidities
of the viscous lubricant material, the strand splits into
shorter fragments. Being split, the lubricant pieces move
separately. They bend, interact one with another, and
reorder. At some conditions, they even collide and build
larger pieces of quite general form and split into pieces
again. The form, size and other properties of these clots
are determined by a balance between all the forces in the
system under consideration.

Such possibility is naturally incorporated into the model
using ‘movable automata’ Eqgs. 1-3 (see also the paper [21]
and book [22]). This approach has been applied here to the
system under consideration. We have simulated rather real-
istic configurations of the present system, which incorpo-
rates (1) the continuous lubricant production, (2) vertical
and tangential motions of all the system components, (3) as
well as dynamically established and permanently maintained
further self-consistent dynamic balance for all the forces of
the system under consideration. The results of the prelimi-
nary simulations are briefly summarized in the Supplemen-
tary Movie 1. It reproduces well the majority of the system
properties of the real observed biological joints presented
in the Introduction.

In particular, a flux of the lubricant substance, which is
continuously generated from the pore, is well seen in the
movie. The lubricant substance spontaneously forms “cyl-
inders” and “knots,” which slide, rotate and either collide
and build larger ones or become smeared into wider patches
under external pressure acting on the upper surface. Besides,
one can notice in the movie some “channels” on the surface,
which affect all the mentioned processes and may favor opti-
mal regulation of the friction in the system. Despite of the
rather realistic behavior achieved using ‘movable automata’
approach mentioned above, it is sufficiently time-consuming
and needs a long-time runs to perform all necessary studies
at different regimes and parameter combinations.

One has to note also that in general case the contact sur-
faces are not ideally planar. However, as it was experimen-
tally shown, they are structured and this structuring might

have a biological importance. Numerical experiments dem-
onstrate that, if the surfaces are not structured, at periodic
oscillations of the upper surface, the lubricant produced
from a local pore moves along the same trajectories and
accumulates into large snowballs (sometimes spherical,
sometimes cylindrical, or even formless). Surface channels,
which do not cross the holes directly, are not parallel to the
motion direction of the upper surface and due to the properly
adjusted depth, help for better separation of the lubricant
material into relatively short and more or less cylindrical
regularly rotating fragments.

In other words, the rotation of quasi-cylindrical pieces
of the lubricant is important component of their motion.
This observation let us simplify the model and significantly
reduce the time necessary for simulations. Further, we
describe how the simplified version of the model was con-
structed and utilized in the present study.

First, the cylindrical particle agglomerates were modeled
as tubes. In the simplified version of the model the initial
distribution of the tubes was simulated by the lubricant
secretion process as follows: at the beginning, one elastic
tube is produced from a pore in the lower surface. After the
extruded tube reaches a specified length, it splits into a num-
ber of the separate tubes, when vertical pressure and shear
force caused by horizontally pulled upper surface exceed
some critical threshold. Later on, the individual tubes can-
not be split in the framework of the simplified model. They
move quasi-independently, but interact and collide one with
another as well as with both surfaces. Due to all of these
interactions, the tubes order themselves with their main axes
perpendicular to the motion direction of the upper plane and
their own motion, and (more or less efficiently) rotate around
their main axes. As a result, the whole system acts as a kind
of “friction bearing.” Moreover, the case presented in the
simplified model could be also observed in the real beetle
leg joint at the high stress and small gap between upper and
lower surfaces (as in Fig. 2b, c¢). One can expect that such
an effect plays some role in a reduction of the friction in real
insect joints.

Conceptual structure of the model is reproduced in
Fig. 3. To simulate flexible lubricant particles, we con-
structed them as follows. Basically, we apply the same
equations of motion, boundary and initial conditions as
described above (see Eqs. 1-7). However, instead of mod-
eling of the interacting lubricant particles, we modeled the
motion of independent tubes from the very beginning.
Each tube is generated by an elastic cylindrical surface
formed in 3d space by folding of the planar rectangular
grid (mesh) of the connected segments. Each node of the
grid interacts with other ones by a nonlinear elastic force
which tends to conserve initial distance between the nodes
in originally constructed structure. It means that instead
the simple combination of the attracting and repulsion

@ Springer
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Fig.3 Early stages of the numerical experiment. Subplot a repro-
duces solitary long tube, growing from a pore (is not shown in the
picture) pressed and sheared by the motion of the upper surface
(shown by a part of semi-transparent plane above the tube). b The
same tube being split into a number of the moving short pieces. Here
and below all the movable surfaces are colored in standard MatLab
‘jet’ colormap according to the difference between instant spatially

components of the potential
U(Ir; = ;1) = Cjexp {—[(r,. _r/)/cii]Z} ~ Dyexp {_[("i - r./')/dt.'/']z} ’
which guarantees quasi equilibrium distance between ran-
domly moving lubricant particles only in average, we
maintain the distances between the particles in the origi-
nally prescribed tubes:

Va1, = 11) = Kyexp { = [(r, =)/} [1 = [(,- 1) /a] "}
®)

This potential automatically keeps the nodes inside every
tube always connected one with another with a characteristic
constant close to an “equilibrium distance” a. Such interac-
tion provides the stability for each separate tube, and imparts
them effective longitudinal and lateral stiffness. As a result,
the tubes can move stably, collide one with another, rotate
as mesoscopic “bodies” having correct shape and stiffness,
but cannot disappear or irreversibly deform.

@ Springer

Colorized by E kin—U

distributed kinetic Ej;,(F,r) and potential U(F,7) energies (which

make visible position height z of each surface segment and its' defor-

mation amplitude). Time depending vertical position of the upper sur-
N

face Z(t) as a balance between the vertical forces P(r) and Y fz’ ¥, 1),
J=1

corresponding to the depicted here initial stage of the process, are

shown in the subplots (c) and (d), respectively (Color figure online)

This modification of the model strongly reduces compu-
tational time, because one should not calculate interactions
of every particle inside a tube with all the other particles, but
only with some limited number of them formally describing
the surfaces via interacting nodes. In some sense, we deal
here with interacting “empty tubes” having effective param-
eters which mimic properties of the real cylindrical particles’
agglomerates. Effective stiffness of the tubes, automatically
appearing in such a model plays very important role in sepa-
ration of the upper and lower surfaces at an external pressure
due to the tubes’ stiffness.

All the features of the process found during typical simu-
lation scenarios are summarized in the Supplementary Mov-
ies 2 and 3. In particular, Supplementary Movie 2 repro-
duces generation of a long flexible tube, which starts to grow
vertically from a pore in the lower surface. To get correct
(initially unknown) equilibrium position of the upper sur-
face we start its motion rather far away from the lower one.
The upper surface moves down, until it will be stopped by a
resistance of the lubricant between the surfaces. In turn, the
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Typical tube (a)

Fig.4 Typical intermediate stage of the numerical experiment.
Majority of the tubes are squeezed between the upper and lower sur-
faces and tend to become more or less parallel one to another being
oriented along x- axis (perpendicular to the shear, which is for defi-
niteness directed along y- axis with velocity V). Originally, all the
tubes are supposed to be perfect cylinders, £(r = 0) = 1. Some of the
tubes become deformed by mutual interactions and all of them are
deformed by vertical pressure. Typical deformed tube is shown in the

surfaces interact with the lubricant tubes and influence their
positions. Balance of the interactions stops vertical motion
of the upper surface and holds it in instant equilibrium. At
the same time, interaction with both surfaces force the tube
splitting into a number of short fragments. The patterns
observed during the splitting process correspond qualita-
tively well to the images observed experimentally Figs. 3,
4, and 5.

In the static form, different stages of the simulated pro-
cess are reproduced in Figs. 3, 4, 5, 6, 7, and 8. Initial for-
mation of the lubricant tube, extruded from a pore in the
lower surface, is reproduced in the subplot (a) of Fig. 3.
In this subplot, one can see a solitary long tube extruded
almost vertically. Here and below, we associate this direc-
tion with z-axis. The pore producing the lubricant is not
shown in the picture and it is not incorporated directly to

Colorized by E kin—U

Nominal eccentricity

1.5

(b)

200

subplot (a). In general case, the vertical pressure causes a decrease of
the eccentricity €4, (f) of the tube cross section. Due to random
orientation, they typically have an elongated projection along y-axis.
Thus, formally calculated €, (f) varies with the time. The family
of such time dependencies is plotted in the subplot (b). Instant config-
uration of the tube ensemble is reproduced in the subplot (c¢) (Color
figure online)

the model. Technically, the generation of lubricant is simu-
lated by adding of new segments of the tube with the time
t. For a simplicity, the generation in the framework of the
model continues up to some moment #, > 0. Then, the gen-
eration is formally stopped and only horizontal motion of
the upper surface serves as a source of the energy for the
mobility of the system elements. Additionally, for a defi-
niteness and simplicity, a constant vertical force (external
pressure P = —F, ) acts during the whole process. It also
causes generation of a kinetic energy in the system, which
is basically produced up to some moment, when a balance
between the vertical forces is established.

The creation of new segments of the lubricant tube (and
consequently increasing number of separate lubricant tubes
later on after fragmentation of the original one) leads to a

@ Springer
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Colorized by v /V
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Fig.5 The phase portrait for all the nodes in the system, projected to
the plane {z —z,,y —y.}, is shown in the subplot (a). Arrays {z.,y.}
are defined here by the centers of mass for each tube. The vector field
of the node velocities is accompanied by the scatter plot of the node
positions colored by the value of an individual velocity. Blue color
corresponds to the almost zero velocities of the nodes close to the

Colorized by v /V
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N 5r ° ..
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v /V
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Ffrlc
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Fig.6 Friction reduction due to the rotation of tubes. All the tube
nodes (for many tubes) are shown by their projection into the plane
{z,v, / V,}in the subplot (a). They are colored in the same manner as
in the Fig. 5. Time dependence of the total friction, which is calcu-
lated by accumulation of the total losses in the system (see main text),
is plotted as blue solid line in the subplot (b). Formally calculated
friction of the system, which slides without rotation with the veloc-
ity of the center of mass marked by vertical line in the subplot (a) is
presented in the subplot (b) by the dotted black line for a comparison
(Color figure online)
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Trajectories in x-y plane

180} (b)

0 50 100 150 200

motionless lower surface. Red one corresponds to the nodes, which
are close to the upper surface and move with the shear velocity V.
Due to the interactions one with another and with the surfaces, the
tubes gradually line up along the direction x. This process is illus-
trated in the subplot (b) by the families of the comet-tails showing
short parts of the segment trajectories (Color figure online)

N
grow of the collective force F* = Y f7, which approximately
=1

balances the external pressure F,, ~ kgl f atlater stationary
stage of the process t >> t,. However, strictly speaking this
N

balance never reaches the equilibrium F,, = »’ f7. It is
k=1

always maintained only approximately by the creation of
new segments, collisions between existing tubes, and by
their deformations. Certainly, the perturbations are stronger
pronounced at early stages. General tendency leads to a
minimization of these fluctuations accompanied by ordering
of the interacting tubes into more or less parallel set, which
stationary rotates. In this limit, the tubes are mainly ordering
perpendicularly to the shear direction, and distributing in
one thin layer (without large deformations and multilayer
packaging).

Such a behavior perfectly matches to that seen in micro-
scopic observations of beetle joints. Below we show that
analogous behavior is rather naturally reproduced by the
model. In turn, such agreement between the model and
observations allows applying our model to study other fea-
tures of the real system, which either cannot be directly
measured or even observed at the current state of experi-
mental technology.

In Fig. 3a, the movable upper surface is shown by a part
of semi-transparent plane above the growing tube. When a
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Colorized by v /V
vy

Fig. 7 The phase portrait for all the nodes in the system, projected to
the plane {z —z.,y — .}, is shown in the subplot (a). This plot is the
same as in Fig. 5, but obtained at late, almost stationary stage of the
process, when all tubes are aligned along x-axis. The phase portrait of
all the tubes together, shown in the subplot (a), has well defined hole
in the projection to the plane {z —z.,y —y.}. The vector field of the

stress, caused by combined forces of vertical pressure and
horizontal motion of the surface, exceeds some threshold,
originally solitary tube splits into a number of the (quasi-)
independently moving relatively short pieces. Here and
below all the movable surfaces are colorized in standard
MatLab ‘jet’ colormap according to the difference between
instant local kinetic Ey;, (¥, t) and potential U(¥, r) energies.
Besides, all such particle surfaces are semi-transparent. It
allows us making visible different features of this (com-
binatorially) complex system simultaneously. In particu-
lar, the difference between kinetic and potential energies
allows visualizing both: the height (z) of every surface
segment, its velocity and amplitude of the local deforma-
tion. To illustrate this, we spatially magnify one of the
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velocities is almost perfectly circular. Comet tails in the subplot (b)
are practically parallel one to another. It means that the majority of
the tubes spin in parallel in the direction of the external velocity V.
Instant picture of such almost ideal motion in 3D space is reproduced
in the subplot (¢) (Color figure online)

arbitrary chosen separate tubes in the subplot (a) of Fig. 4.
One can follow the deformations of the tube and corre-
sponding variations of the colors in the Supplementary
Movie 2.

Time depending vertical position of the upper sulrvface Z(1)

as a balance between the vertical forces P(z) and ) fz’ (¥, 1),
=1
corresponding to the depicted here initial stage (;f the pro-
cess, are shown in the subplots (c) and (d) of Fig. 3, respec-
tively. As intuitively expected, the vertical pressure leads to
a gradual lowering of the upper surface. In average, it is
monotonous up to the establishing of the approximate equi-
librium. However, due to the random impacts from plenty of
the interacting subsystems, seen in the subplot (d) rather
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Fig.8 The deformed phase portrait (a) and curves family of time-dependent eccentricity (b) found in the case of a strong vertical pressure. The
difference with almost ideal circular rotation at small pressure, reproduced in the previous Fig. 7 is seen directly (Color figure online)

pronounced fluctuations of the height with time are seen as
well.

At the first glance, these fluctuations of the clearance
between the surfaces have only academic meaning. One can
expect that if the lubricant volume (number of the tubes)
is large enough, the fluctuations should become negli-
gibly small. However, it seems that in reality the amount
of lubricant (density of local spots of it) is not so high. In
some places, or at some time intervals, this amount can be
extremely small and intermediate supporting layer between
rough hard surfaces can practically disappear. This effect can
play a very important role in such cases. Thus, it is impor-
tant to take into account the mentioned fluctuations of an
unevenly distributed substance in the model consideration.

Independent problem of the static visualization of
expected and practically useful results of numerical experi-
ments is caused by a combination of uneven tube distri-
bution and interaction between tubes. Direct observation
of the rotation and ordering of the tubes can be statically
analyzed by projecting of all their nodes into projection on
some hyperplanes (phase portraits). For example, one can
accumulate the nodes coordinates relative to the center of
mass for each tube in one phase portrait. Such phase portrait
for all the nodes of the system, in the projection to the plane
{z—2z,y—Y.} is presented in Fig. 5a. Here, array {z.,y,}
represents the coordinates of the centers of mass of each
tube. One can project also all the velocities into the same
plane. It gives a vector field of the velocities of the nodes.
Besides, the information about the value of node veloci-
ties can be integrated in the same plot by color. In the sub-
plot (a), blue color of the nodes corresponds to minimal
(almost zero) velocities, which are normally situated close
to the motionless lower surface. Red color corresponds to

@ Springer

the quickly moving nodes which, as a rule, are closer to the
uppers surface. They move at almost shear velocity V.

Interactions between the tubes and between the tubes
and the surfaces lead to the tube reorientation. The tubes
gradually line up along direction x perpendicular to V. This
biologically important effect is illustrated in Fig. 5b by the
families of the comet-tails showing short parts of the seg-
ment trajectories. Such parallel reorientation is observed in
SEM images of the lubricant (Fig. 2). Such reorientation
might favor to the work of the joint system with lubricant as
an effective “friction bearing.”

The friction reduction due to the rotation of the lubri-
cation tubes is illustrated in Fig. 6. As above, all the tube
nodes (for many tubes) are situated in one hyperplane of
the system. For demonstration of the friction reduction,
it is reasonable to represent the nodes in the phase space
{z,v,/V,} (Fig, 6a). The node projections are colored in the
same manner as in Fig. 5. The friction in the system can be
calculated by accumulation of the total energy loss. To do
this, we calculate the work produced by the forces acting
on each particle of the system or the corresponding power
p; = f;v,. Summation over all nodes yields the total power:

N
VFfriction(t) = P(t) = Z fivi (9)
i=1

extended by an external friction force to maintain the motion
of the boundary surfaces with a constant velocity, V = const.
This yields the total force,Fy; iy, (7).

Total friction force shown as blue solid line in Fig. 6b
demonstrates a sharp maximum, which corresponds to
the “static friction” observed at the beginning of the shear
motion of the upper surface. It gradually reduces, when
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the majority of tubes aligns perpendicularly to the shear
direction and starts to rotate. In stationary process, the seg-
ments of the tubes, situated close to both surfaces, mainly
move with the velocity close to the particular surface and
the losses are minimal. For a comparison, the friction is
formally calculated for the frictional system, which slides
without rotation with the velocity of the center of mass
(marked by vertical line in Fig. 6a). The result of this cal-
culation is presented in the subplot (b) by the dotted black
line. Frictional force in this case (dotted black curve) is obvi-
ously higher than in the case of the rotating tubes (solid blue
curve) (Fig. 6b).

Basically, the difference between the forces for scenarios
with and without rotation originates from the spatial distri-
bution of the velocity in the presence of rotation. In both
cases, the tube moves with an average velocity of all its nods
close to a half of the velocity of the upper surface. However,
energy loses due to the friction appear from the difference
between the velocity of the surface and the local velocity
of the tube nodes near to the contact of the tube with the
surface. When the rotation is undisturbed, this local veloc-
ity almost coincides with the surface velocity and the fric-
tion formally tends to zero. In opposite limit, when the tube
slides, this difference is maximal. In all realistic intermediate
cases, the friction is different, but in any case, it is generally
lower than at pure sliding.

Small separate tubes continue their motion under hori-
zontal shear force caused by the motion of the upper sur-
face relatively to the lower one. Physically, this force results
from the local friction between every node of the tubes situ-
ated close to the surface and the surface itself. Phenomeno-
logically, that is why the friction velocity of the lubricant
particles near the surface tends to be equal to the surface
velocity. The interaction between every node of the tube and
closest point of the surface exponentially decreases with the
distance.

The most remarkable and biologically important side of
this phenomenon is that the friction force turns the tubes into
rotational motion and alignment. In general case, especially
at an intermediate stage of the process, the tubes do not
lie in the plane parallel to the surfaces. In principle, they
can rotate around any arbitrary chosen axis in 3D space.
Instantly, some of the tubes even tumble around their short
axis. However, the tumbling is typically just decent and slow
reorientation of the longest axis of all tubes perpendicular
to the direction of the upper surface sliding takes place. To
visualize this reorientation in the static pictures, we have
plotted short parts (so-called comet tails) of the trajecto-
ries of the seams coming along each tube. Such comet tails,
and the reorientation of the tube seams perpendicular to the
shear direction are seen in Fig. 7.

Despite of the correct direction of the lubricant tubes in
stationary configuration, their rotation and corresponding

minimization of the friction still has to be proven in numer-
ical experiments. As mentioned above, the equilibrium
position of the upper surface is determined by a balance
between external forces and lubricant stiffness. The tubes
are deformed under the pressure and in general case change
their form. Eccentricity of their cross-section under pressure
may serve as a measure for such deformation. The further
the cross section deviates from the ideal circle, the more
energy is required for the tube spin, the higher is the friction.
Deformed phase portrait and curves family of the eccen-
tricity time dependence shown in Fig. 8 (subplots (a) and
(b), respectively) are observed in the case of strong vertical
pressure. The difference with almost ideal circular rotation
at small pressure is well reproduced above by the model.

4 Conclusion

The proposed model in a simplified form describes and sim-
ulates the state of the tribosystem of the leg joint, in which
the contact surfaces are separated by lubricant fragments.
It is shown that when surfaces move relative to each other,
lubricant fragments can change their orientation to a more
ordered one. In conditions where the distance between the
contact surfaces is close to the size of the cylindrical lubri-
cant fragments, the latter may experience rolling motion.
Larger conglomerates of lubricant fragments can roll in a
similar manner. In general, the presence of spacers (lubri-
cant in the present case) between the contacting surfaces and
their rolling allows the tribosystem to significantly reduce
friction due to the predominance of rolling friction, as is the
case in bearings. At the same time, the model demonstrates
the possibility of other states of the tribosystem, in which
fragments can experience plastic deformation and sliding
friction becomes the predominant type of friction.

The presented model shows significant similarities
between the results of numerical simulation and observa-
tional data obtained from studying a real leg joint, for exam-
ple in the presence of an ordered orientation of individual
lubricant fragments. The proposed model can claim to be a
fruitful and promising approach to describe the tribosystem
of a real leg joint in insects under conditions of dry friction
and solid—solid contact. Also, the modeling results allow us
to take an optimistic approach to assessing the previously
proposed hypothesis about the mechanism for reducing fric-
tion in the joints of the legs due to the rolling of lubricant
fragments as one of the cases occurring in this tribosystem
[16]. Notably, the idea of using micro-fragments (essen-
tially micro-bearings) to simulate rolling motion between
contacting surfaces is being actively explored and showing
promising results, such as in a study on micro-spheres as an
additive to liquid lubricants [23]. Complemented by data
from the study of biological tribosystems, as in the case of
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the insect leg joint, such researches may stimulate further
efforts in the fields of biomimetics and materials science,
with particular benefit for the development of micro-electro-
mechanical devices and micro-joints for robotics.
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