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The dynamics of a certain density of interacting atoms arranged on a two-dimensional square lattice, which is

made to slide over a two-dimensional periodic substrate potential with also the quare lattice symmetry, in the presence

of dissipation, by an externally applied driving force, is studied. By rotating the misfit angle θ, the dynamical behaviour

displays two different tribological regimes: one is smooth, the other becomes intermittent. We comment both on the

nature of the atomic dynamics in the locked-to-sliding transition, and on the dynamical states displayed during the

atom motion at different values of the driving force. In tribological applications, we also investigate how the main model

parameters such as the stiffness strength and the magnitude of the adhesive force affect the static friction of the system.

In particular, our simulation indicates that the superlubricity will appear.
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1. Introduction

Driven dynamics of a system of interacting atoms
is an interesting physical problem. It has important
applications in mass and charge transport phenom-
ena in solids and crystal surfaces. One of the im-
portant applications has emerged in tribology studies,
where a thin atomic layer is confined to appear be-
tween two substrates which move with respect to one
another.[1,2] Fundamental understanding of friction is
vitally important in many areas of science and tech-
nology, ranging from nanotribology to crack propaga-
tion to earthquake dynamics.[3] Progress has also been
made on how to tune the intrinsic frictional forces be-
tween a sliding object and the underlying substrate,
through interface modification down to the molecular
or atom scale.[4−6] Such an important understanding
at the microscopic level, in turn, is expected to serve
as important guidance in the design of smart mate-
rials with desirable lubricant properties for industrial
and biomedical applications.[3,7]

Shinjo and Hirano[8] and Hirano[9,10] predicted
the existence of a state of extremely low friction be-

tween two solids in contact at the beginning of the
last decade. This state was named superlubricity. In
these studies, it was argued that when mechanical con-
tact took place between two incommensurate crystals,
the forces lying in the contact plane are likely to be
cancelled in a systematic fashion. Such a cancellation
results in an adiabatic motion of the atoms in contact.
If the above condition holds, friction is always zero in
the limit of zero sliding velocity. The phenomenon
of superlubricity started to receive increasing atten-
tion after a series of experiments had reported that
friction coefficients could be reduced below a reso-
lution of 10−3, which were 3–4 orders of magnitude
smaller than that previously measured. Recently, mo-
tivated by the potential technological applications of
superlubricity in microelectromechanical systems, a
large new set of theoretical[11−14] and experimental
studies[15−19] have been conducted.

Two of the experimental studies showed how to
switch between a superlubric regime and a finite fric-
tion regime.[16,17] It was reported by Dienwiebel et
al.[16] that such a transition could be realized after
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rotating a graphite flake attached to a tungsten tip
with respect to a graphite surface under dry con-
tact condition. A second group of experiments fo-
cused on diamond-like carbon films and hydrogen-
terminated diamond surfaces.[15,18,20,21] Hydrogen-
terminated carbon films appear as the most promising
candidates of superlubric materials for industrial pur-
poses. Because hydrogen treatment effectively reduces
or eliminates sigma bonds, these compounds have very
smooth and nonreactive surfaces. Moreover, the prop-
erty of such a compound to form layered structures
appear to be a key ingredient in achieving ultralow
friction.

Theoretically, special attention has been paid
to understanding the roles of the surface roughness
and the dimensionality in superlubricity or ultralow
friction.[12,13,22,23] There are many processes that can
break the superlubric regime, including plastic defor-
mation, adsorbed layers, and cold welding.[24,25] Al-
though slight plastic deformation and surface contam-
ination are unavoidable in the majority of the cases,
frequently it is assumed that the aforementioned fric-
tion mechanisms can be neglected. This leaves the
competition between elastic interactions and interfa-
cial forces as the a main source of friction induction.

One of the explanations for how this competi-
tion can produce friction at low velocity is given
by the Frenkel–Kontorava (FK) model. In its sim-
plest form, the standard FK model consists of a one-
dimensional(1D) chain of atoms coupled by a har-
monic nearest neighbour interaction under the influ-
ence of an external spatially periodic potential.[9,10,26]

The essential physical feature of the model consists in
the competition between these two types of interac-
tions: one is to favour a uniform separation among
particles, the others is to tend to pin the atom posi-
tions to the bottom of the substrate wells. This com-
petition results in a rich complexity of spatially modu-
lated structure.[27] Some important generalizations of
1D FK model have already been carried out by study-
ing more general types of substrate potentials, as well
as anharmonic interactions in the chain.[28,29]

The simple 1D FK model, being very useful
in understanding many physical aspects of friction,
has been qualitatively explained.[10,30−32] However, in
practice, the friction is sensitively dependent on the
atomic structure of the mating interface. In order to
reproduce this feature more adequately and to include
subtler details which can be realized in experiments,
it is necessary to generalize this model to the two-

dimensional (2D) case, where it would be possible for
the sliding particles to avoid passing over a highest
barrier in the substrate potential, which they has to
overcome in the 1D case.

The aim of the present work is to perform a de-
tailed study of quantities of relevant physical interest
such as the average mean (centre of mass) velocity and
frictional force in an underdamped 2D FK model with
a square substrate potential. Transitions between the
different dynamical states are studied and related to
the details of motion of atoms. Our results are es-
pecially important for tribological systems, where the
mechanism of the locked-to-sliding transition deter-
mines frictional properties of a lubricant film.[33,34]

The remainder of the present paper is organized
as follows. In Section 2, technical details enclosed
within the implementation of the model are reviewed.
Simulation results are presented in Section 3. Finally,
conclusions are drawn in Section 4.

2. Methodology

In this paper, to model more real physical sys-
tems, we consider that a certain density of interact-
ing atoms arranged on a 2D square lattice (the upper
layer), is made to slide over a 2D periodic substrate
potential (the lower layer) with also the square lat-
tice symmetry,[35] in the presence of dissipation, by
an external applied force. For simplicity, the substrate
potential is taken as a sinusoidal function,

V =
f

2π

[
cos

2πx′

b
+ cos

2πy′

b

]
,

where f is the magnitude of the adhesive force between
the two layers, and the length b determines the shape
of the substrate potential. In order to investigate the
general case of the system, in which the orientations
of the two layers of lattices do not match, we rotate
one of the two layers with respect to the remaining
one by an arbitrary misfit angle θ. This must satisfy,

x′ = x cos(θ)− y sin(θ),

y′ = x sin(θ) + y cos(θ).

Considering that an arbitrary atom, for example the
(n,m)th atom, that interacts only with the nearest
and next nearest neighbours, the interatomic interac-
tion is chosen to be of the simple harmonic form

U =
∑

i,j

K

2
[(xi,j − xn,m − l)2 + (yi,j − yn,m − l)2],
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with a stiffness strength K, a natural equilibrium
spacing l = a between the nearest neighbour atoms,
l =

√
2a between the next nearest neighbour atoms

of the upper lattice, and the position vector of the
(n,m)th atom being expressed as rn,m = (xn,m, yn,m).

Thus, the displacement vector rn,m of the
(n,m)th atom satisfies the following equation of mo-
tion:

r̈n,m + γṙn,m +
∂(U + V )

∂rn,m
= Fext, (1)

where Fext = (Fext cos α, Fext sinα) is the external
driving force, with α being the angle between Fext

and the unit vector of x axis; γ is a phenomenological
viscous damping coefficient and chosen such that it is
in the damped regime, and can be thought of as degree
of freedom in real physical systems which are not ex-
plicitly included in our model (e.g., vibrational or elec-
tronic excitations in the substrate). The damping co-
efficient used in our simulations is γ = 0.7. Through-
out the paper we use dimensionless system of units,
where identical mass m = 1 is assigned to each atom,
the natural equilibrium spacing a = 1. The frequen-
cies of atomic vibrations at the minima of the sub-
strate potential are isotropic, i.e., ωx = ωy =

√
2πf/b,

the characteristic time scale that we use in the model
is determined in terms of the oscillation period of an
atom in the substrate potential, τ0 =

√
2πb/f .

A fourth-order Runge–Kutta algorithm[31,35] is
adopted to solve numerically Eq. (1). The atoms
are fixed at the minima of the substrate potential,
then the force Fext is increased adiabatically in steps
of dFext = 0.005, allowing a sufficiently long time
t = 300 (time step dt = 0.006) to equilibrate at
each new value of Fext. In order to discuss the mo-
bility of the system, the averaged velocity is defined
as V = (1/N ×M)

∑i=N,j=M
i=1,j=1 〈ṙi,j〉, where 〈 〉 de-

notes the time average. The interparticle equilibrium
length a, not entering explicitly Eq. (1), appears only
via the boundary condition, xN+1 = x1 + Na and
yM+1 = y1 + Ma (N and M are integers), to enforce
a fixed density condition for the system.[31,32,35]

3. Results and discussion

In the following, restricting the system to the
atomic layer N ×M = 12× 12 atoms placed, we anal-
yse the behaviour of the system motion for the differ-
ent values of model parameters such as misfit angle
θ, direction angle of external driving force α, mag-
nitude of the adhesive force f and stiffness strength

K, commenting both on the nature of the atomic dy-
namics in the locked-to-sliding transition, and on the
dynamical states displayed during the atom motion at
different values of the driving force. In this way, to al-
low the identification of the scenario of the transition,
the atomic trajectories are examined.

The most relevant concept of the FK model is
the so-called commensurability. Namely, the period-
icity of the substrate potential b coincides with the
natural equilibrium distance between the atoms a. In
such a case, we model the sliding between two identi-
cal perfectly aligned crystalline workpieces. Figure 1
shows the corresponding mapping of the average mean
system velocity as a function of external driving force
Fext.

Fig. 1. Corresponding mappings of average mean system

velocity V , each as a function of the external driving force

Fext, for f = 1, a = b = 1, K = 1 and two values of the

misfit angle θ: (a) θ = 0◦ and (b) θ = 40◦.

As force Fext increases, in the case of perfect
matching of the two layers, i.e., the misfit angle θ = 0◦

(see Fig. 1(a)), the system undergoes a sharp tran-
sition from the locked phase to the moving crystal
phase. For example, when the system is dragged along
the direction α = 25◦, the system transfers directly
from the locked state to the sliding state without pass-
ing through any intermediate steady-state regimes.[34]

At a fixed value of driving force that corresponds to
the critical depinning force Fext = 1.105, we observe
the whole process of transition. The system is pinned
by the substrate and begins to move when the external
driving force Fext exceeds the critical value. The tran-
sition, occurring at the critical depinning force, from
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a pinned state with zero velocity to a moving state
with nonzero velocity is called the locked-to-sliding
transition. From the examination of the atomic tra-
jectories (shown in Fig. 2(a)), one can see that in the
locked state, almost all atoms lie nearly at the sub-
strate potential minimum, where they are trapped due
to the stronger interatomic interaction with respect
to the substrate potential. Starting from the locked

state, as the driving force Fext increases, the system
spreads mainly in the x axis direction (see Fig. 2(b)).
Finally, under the larger driving force, for example
Fext = 2.46, one can observe from Fig. 2(c) that the
atomic structure in the moving regions becomes more
and more crystalline. The ordering spreads over the
whole lattice and the system reaches the higher sliding
state of a moving crystal.

Fig. 2. Atomic trajectories with θ = 0◦ under different values of force Fext = 0.8 (a), 1.37 (b) and 2.46 (c). Panel

(d) shows angle a′ as a function of driving force. Other parameters are the same as those in Fig. 1.

For the better identification of the differences be-
tween the direction of the external driving force and
the direction of motion of the centre of mass, we de-
fine a parameter α′ to represent the angle between the
direction of motion of the centre of mass and the unit
vector of the x axis. The dependency of α′ with Fext

for θ = 0◦ is displayed in Fig. 2(d).
As one can see from Fig. 2(d), in the locked state,

the direction of motion of the centre of mass is always
consistent with the direction of α′ = 45◦ for different
values of angle α. Things become more interesting
once the system transfers sharply to the sliding state.
As shown in Fig. 2(d), the direction of the motion of
the centre of mass is aligned with the direction of the
external driving force for the cases α = 0◦, 45◦ and
90◦. However, in the cases of α = 25◦ and α = 65◦, for
example, the motion starts first in the x and the y di-
rections, respectively, and then broadens gradually in

the direction of the driving force. It is also noted that
due to the symmetry of the system, α′ is symmetric
about α′ = 45◦.

In order to produce the orientations of the two
layers latices which do not match, one of the layers is
rotated with respect to the remaining one by an arbi-
trary misfit angle θ. The dependency of the average
mean system velocity with the external driving force
Fext for the misfit angle θ = 40◦ is shown in Fig. 1(b).

On the contrary to the case θ = 0◦, within our
simulations (see Fig. 1(b)), note that the change of
the misfit angle θ can produce a series of dynamical
mode-locking phases. Tekic et al.[34] have also shown
a similar behaviour for the 2D triangular substrate
potential. Moreover, a remarkable difference between
misfit angles θ = 40◦ and θ = 0◦ is that the critical
depinning force may be reduced. For example, in the
case of misfit angle θ = 40◦, when the external driving
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force is in the direction α = 25◦, as far as the locked-
to-sliding transition is concerned, there exists a lower
critical depinning force Fext = 0.28. Below the criti-
cal value, the external driving force is too low and the
atoms, trapped by the external substrate potential,
do not move. The system is in the locked (or pinned)

state with a zero mobility. The atomic structure in
this state is shown in Fig. 3(a). As observed, when
the system lies in the locked state, e.g., Fext = 0.1, all
atoms are trapped near the minimum of the substrate
potential.

Fig. 3. Atomic trajectories with θ = 40◦ under the values of force: Fext = 0.1 (a), 0.3 (b), 1.5 (c) and 1.84 (d).

Above the critical value, the spontaneous square
symmetry will be broken, and the various dynamical
behaviours may be observed during the system mo-
tion. These regimes correspond to rearrangements of
atomic configurations (spatial inhomogeneities) with
distinct periodicities and amplitudes.

As one can see from Fig. 1(b), in the case of
α = 25◦, staring from the locked phases, as the force
varies in a range 0.28 < Fext < 0.8, the system trans-
fers smoothly. The atomic trajectory configuration for
Fext = 0.3 is shown in Fig. 3(b). Note that different
portions of the upper layer are moving along differ-
ent directions, or some are moving while the others
remain pinned. Meanwhile, the motion starts via the
formation of a small number of isolated, narrow de-
fects (kinks) on the edge of the system. In the context
of tribological process, the most important object in
the FK model is the kink excitation. The kink de-

scribes a configuration with one extra atom inserted
into the system.[27] Each run of the kink through the
system results in the shift of the whole system. In
the case of the finite system, the onset of sliding is
initiated by the creation of a local compression zone
at the boundary of the system. Physically, the rea-
son why kinks are so important is that they can move
along the system much easily than the atoms them-
selves. The activation energy for kink motion is always
smaller or much smaller than the amplitude value of
the substrate potential. Because the kinks correspond
to extra atoms, their motion provides a mechanism for
mass transport along the system.

The number of these kinks grows and spreads
gradually in the driving direction α = 25◦ (shown in
Fig. 3(c)) as the driving force increases, until they
begin to overlap. The phenomena, combined with
Fig. 1(b), reflects the fact that the higher the concen-
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tration of kinks is, the higher will the average mean
system velocity V become. All of these states corre-
spond to an intermediate sliding regime. In the rear-
rangement of atomic configurations, the more detailed
study of the atom trajectories indicates a stick-slip be-
haviour. That is, from the viewpoint of total potential
energy (the harmonic interaction and the substrate
potential), under the low driving force Fext ≥ 2.8, the
potential energy landscape is characterized by differ-
ent metastable positions, giving rise to the stick-slip
behaviour.[36] The energy of the mobile atoms dissi-
pates via the damping γ-term in Eq. (1). Then, they
rapidly drop to the next nearest meta stable minimum,
where they are locked again. Contrary to the mobile
atoms, the immobile atoms are locked in their minima
of the potential energy until the barrier is overcome.

Finally, under a higher driving force, the system
dynamics changes to a high driving regime and kinks
disappear. In this case, the flow of the system becomes
more and more ordered and its structure with the
square symmetry is preserved during motion. All the
atoms slide almost uniformly over the substrate po-
tential. Hence, the state corresponding to crystalline
flow of atoms (shown in Fig. 3(d)), is characterized by
the largest average sliding velocity γV = Fext.

It is also worthwhile to investigate how the vari-
ations of misfit angle θ in different states affect the
direction of the centre of mess. Figure 4 exhibits the
dependency of α′ varying with Fext for θ = 40◦. A
comparison between Fig. 4 and Fig. 2(d) shows that
in the case of the misfit angle θ = 40◦ the symmetry
of α′ is broken as Fext increases, the direction of the
motion of the centre of mass tends to the direction of
driving force.

Fig. 4. Angle α′ between the direction of motion of the

centre of the mass and unit vector of x axis as a func-

tion of the magnitude of the external driving force Fext

for θ = 40◦.

In the following paragraphs, we may gain an in-
sight into the fundamental tribological concept, the
static friction which is probably already encountered
in some early stage during courses on classical me-
chanics or general physics and defined as the minimal
threshold force needed to drive the relative motion.
On the other hand, in numerous experimental and the-
oretical studies, it was found that the static friction
of the system depends strongly on the main model
parameters such as the stiffness strength K, the mag-
nitude of the adhesive force f and the effective elastic
constant geff = a2V ′′

int(r0)/πf ,[34] where r0 = a (or√
2a). This single dimensionless number gives an in-

dication of the strength of the elastic constant of the
atomic layer relative to the strength of the substrate
potential f and the stiffness strength K. A value of
geff ≤ 1 indicates a relatively weakly coupled layer (or
a very strong pinning potential of the substrate). This
scenario may correspond, for example, to a monolayer
adsorbed on a crystal surface. On the contrary, a value
geff > 1 describes a stiff atomic layer. For example,
the case of dry friction between two blocks of mate-
rial corresponds to this limit. Also we study how the
variations in the magnitude of the adhesive of force
and the stiffness strength affect the static friction of
the system, in particular, whether the superlubricity
appears.

As observed in Fig. 1, variations in the direction
of driving force α, affect the critical depinning force
(known as the static friction Fs in tribology), from
which we have determined the static fiction from our
simulation as the external driving force at which the
system first has nonzero velocity. The Fs(α) depen-
dencies are plotted in Fig. 5 for the different vales of
misfit angle θ and the model parameters.

As clearly shown in Fig. 5(a), the static friction,
Fs, in the case of θ 6= 0◦, is much less than that in
the case θ = 0◦. Especially, note that the case of
θ = 0◦ and α = 0◦ corresponds strictly to 1D case. It
suggests that there are great differences between 1D
case and 2D case. The reason for this may be as fol-
lows: the magnitude of static friction Fs depends on
the atomic arrangement of the two solid layers that are
in contact with each other. For the 1D commensurate
case where θ = 0◦ and α = 0◦, the contact between
the two layers where their lattice spacing ratio is an
rational number (β = b/a = 1) and the magnitudes
of the force received by atoms, namely, the friction
forces are not zero. In order to make the upper layer
slide, all atoms must climb over the potential peak of
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the other solid simultaneously. We can compare this
situation to a tug-of-war between many atoms and an
external driving force. Hence, each atom receives a
force, i.e., resistance to motion, in the direction op-
posite to the external driving force. In order to make
all of the atoms move together in this situation, the
external driving force must be larger than the total
sum of resistance forces of atom. This mechanism is
one source of friction and called atomistic locking.[10]

In contrast, for the 2D case of θ 6= 0◦, the directions
of the forces received by atoms do not line along the
direction of sliding at all. Thus, for an infinite system,
the sum of the forces received by the atoms may be
much smaller than of the case of θ = 0◦ and α = 0◦,
or even zero, in which case superlubricity takes place.

Fig. 5. Static frictions, as a function of α for different vales

of misfit angle θ, with the parameters being (a) f = 1,

K = 1 and β = 1; (b) f = 0.25, K = 1 and β = 1;

(c) f = 1, K = 10 and β = 1. The solid lines are the

analytical results of Eqs. (2) and (3).

In addition, the case of θ = 0◦ in Fig. 5 grabs our
attention. Note that the curves are symmetric about
α = 45◦. Meanwhile, the maximum static frictions
are reached when α = 45◦. They are consequences of
the symmetry of the system. Particularly, in the case
of θ = 0◦, the variation in stiffness strength K can-
not affect the static friction (comparing Fig. 5(a) with
Fig. 5(c)). We have also carried out more simulations
for other choices of the stiffness strength K. All our
simulations are in accordance with the regulation. To
further understand how the particular feature arises in
our system, a more detailed explanation is discussed
in the next paragraph.

We sum over all N × M atoms in the sys-
tem from Eq. (1) when the system is pinned.∑n=N,m=M

n=1,m=1 ∂Vsub/∂rn,m = (N ×M)Fext. For a large
enough K, the atoms are nearly equally separated,
i.e., xn,m = na + ∆x, and yn,m = ma + ∆y, where
| ∆x |< a and | ∆y |< a are uniform shifts for all
atoms. If θ 6= 0◦, for most choices of the parameters,
the sums above will be zero valued for large enough N

and M , i.e., for a classical finite area of the layer. So
there is no possible stable solution for Fext > 0 and
the static friction will vanish. However, when θ = 0◦,
then sum will not vanish and a nonzero static friction
will appear. As a result, for the case of θ = 0◦, the
static friction is obtained as follows:

Fs = f
√

1 + tan2 α (2)

for 0◦ ≤ α ≤ 45◦, and

Fs = f
√

1 + tan2(45◦ − α) (3)

for 45◦ ≤ α ≤ 90◦.
As a final remark, note that from Eqs. (2) and (3),

in the locked state, the static friction Fs is essentially
relevant to the magnitude of the adhesive force f and
angle α. The trend is clear according to the above dis-
cussion. Consequently, the simple analysis, combined
with the simulation results, points out that the theo-
retical analytical results are in good agreement with
numerical ones (see Fig. 5). By the way, based on a
simple mechanical model called the 1D FKT model,
which combines the FK model with Tomlinson model,
Weiss and Elmer[37] also pointed out that in the com-
mensurate case, zero kinetic friction does not imply
zero static friction. Furthermore, they also found out
that the static friction Fs is always unequal to zero in
the commensurate structure.

Comparing Figs. 5(a) and 5(b), one can see that
the static friction for the case of f = 0.25 is smaller
than that the case of f = 1. It is also noted that ex-
cept for the case of θ = 0◦, the static friction for the
case of the smaller f is very small (∼ 10−2) or even
zero, in which case superlubricity may take place. A
few earlier experiments provided indications of super-
lubricity. Hirano et al.[38] found a modest reduction
in friction between two mica sheets from 8 × 10−4 to
2 × 10−4 N, caused by rotating the two sheets with
respect to each other. By the calculation of the de-
pendency Fs in a higher value of K = 10 (shown in
Fig. 5(c)), we find that the static friction Fs decreases
with the increase of interatomic strength K. Espe-
cially, the choice for θ 6= 0◦ can also give rise to super-
lubricity. A similar phenomenon can be obtained in
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the pioneering work.[31,32,37] In a word, the two afore-
mentioned phenomena are explained as follows. For
a very stiff layer, for example f = 0.25, β = 1, and
K = 1 (or f = 1, β = 1, and K = 10), the system
is unpinned and begins to slide under a small driving
force.

In conclusion, variations in the magnitude of the
adhesive force f and stiffness constant K affect the
system dynamics. Especially, for a very stiff atomic
layer, the superlubricity will appear.

4. Conclusions

We have presented a detailed numerical study of
the locked-to-sliding transition in the underdamped
2D FK model with a square substrate potential for an
arbitrary misfit θ. Our results show that the system
parameters, particularly misfit angle θ, stiffness con-
stant K, adhesive force f , direction of driving force α

and geometry of the substrate each play a crucial role
in the scenario of the locked-to-sliding transition and
the determination of the structure of the sliding state.

In the case of sliding between two identical per-
fectly aligned crystalline workpieces (i.e., β = 1), by
rotating a misfit angle θ, the dynamical behaviour
displays two different tribological regimes. At high
rates(larger values of the mean velocity or of the ex-
ternal driving force Fext), the system slides smoothly.

In contrast, at low rates the motion becomes inter-
mittent, with the system alternately sticking and slip-
ping forward. In this situation, energy is stored, while
atoms are trapped in metastable states (sticking), and
it is converted into kinetic energy as the atoms pop in
the next metastable state (slipping). Moreover, the
locked-to-sliding transition, observed during the adi-
abatic increase of the external driving fore Fext, is
driven by the moving topological local compression
(kinks), leading to the growth of a domain of running
atoms, finally bringing the system to a running state.
On the other hand, investigating frictional processes
on the atomic scale, our simulations show that when
the two contact solids are not matched with each other
(the misfit angle θ 6= 0◦), the static friction of the sys-
tem can also be reduced which is similar to the result
in Ref. [37], in particular, for very stiff layers, superlu-
bricity can arise. Our simulations can provide quan-
titative interpretations of the underlying tribological
processes.[37−40]

As a final statement, it is important to stress that
the study on the mechanism of the locked-to-sliding
transition could make a great contribution to the un-
derstanding of the phenomena of friction and lubri-
cation between two flat macroscopic surfaces on the
atomic scale. Since the microscopic friction began to
be investigated only recently, new experimental and
theoretical studies need to be conducted in order to
further understand the relevant phenomena.
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