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Abstract: We report the results of atomistic simulations of friction between two-dimensional titanium
carbide Ti2C (MXene) and a silver nanoparticle located on its surface. Numerical experiments were
performed within classical molecular dynamics methods using a previously developed scheme for
simulations of interactions between MXenes and metal nanoparticles. In the computer experiments
performed, both tangential and shear forces were applied to the Ag nanoparticle to initiate its sliding
on the surface of the Ti2C MXene. During the simulations, the nanotribological parameters of the
studied system, such as the friction force, contact area, friction coefficient, and tangential shear,
were computed. It is shown that, for the studied system, the friction coefficient does not depend on
the velocity of nanoparticle movement or the contact area. Additionally, the sliding friction of the
nanoparticle on the flexible substrate was considered. The latter case is characterized by a larger
friction coefficient and contact area due to the formation of wrinkles on the surface of the substrate.

Keywords: nanoparticle; 2D crystal; MXene; molecular dynamics; simulations; friction coefficient;
contact area

1. Introduction

Studying friction and wear at an atomic scale is one of the most popular topics of research
among various scientific groups working in the field of nanotechnologies [1–3]. Understanding
interatomic friction became especially important for the design and technological application
of various nanoelectromechanical systems (NEMSs) with moving components, as it may help
to significantly increase their reliability and ensure proper functioning [4–8].

Besides technological nanodevices, understanding friction at an atomic scale is also
important for the fabrication of various hybrid nanomaterials, especially for the decoration
of two-dimensional (2D) crystals with nanoparticles (NPs) [9,10]. Such composites are
created to improve the performance of 2D materials and for further use as components
of nanoelectronics and various NEMS devices. As expected, the most intensively studied
2D material for such hybrids is graphene. Various examples of chemical modification
of graphene with metal nanoparticles exist in the literature. For instance, the decoration
of single-layer graphene sheets with nickel nanoparticles demonstrated an enhanced ad-
sorption of molecular hydrogen [11], and gold-nanoparticle-decorated graphene is used
for efficient NO2 gas sensing [12] and surface-enhanced Raman scattering (SERS) [13].
Compositions of graphene and silver nanoparticles are typically used in (but not limited
to) nanoelectronics and various biomedical applications [14,15].

Moreover, composites of nanoparticles and other 2D materials, aside from graphene, are
also fabricated and studied intensively. In particular, hybrids of noble metal nanoparticles
and two-dimensional titanium carbides, so-called MXenes, were produced recently [16,17].
MXenes are transition-metal carbides and nitrides that have thicknesses from three to seven
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atomic planes with extraordinary physical and electrochemical properties, which, together
with their unique two-dimensional structure, make them promising materials for various
nanotechnological applications [16–20]. Thus, Ref. [16] reports on the production of MX-
ene/Ag composites for lithium-ion batteries, which demonstrate an increased charge rate
and number of charge/discharge cycles, while in [17], the authors created hybrid samples
of MXenes decorated with silver, gold, or palladium nanoparticles for surface-enhanced
Raman spectroscopy.

Naturally, syntheses of hybrid nanomaterials based on noble metal nanoparticles
and two-dimensional crystals, including MXenes, have encouraged further studies of
adhesion and friction between these nanostructures. It is worth mentioning that the
experimental investigation of nanotribological systems may become a hard challenge due
to the small sizes of the studied objects and the magnitudes of the friction forces that may
appear in the system. Typically, such experiments require special laboratory equipment,
such as an atomic force microscope (AFM) [3], a surface force apparatus (SFA) [21], a
special type of tribometer, and others. Nevertheless, the number of studies on the friction
properties of 2D MXenes reported in the literature is rapidly increasing (see [22] and
related references). In addition, nanotribological systems are also intensively studied by
various theoretical and computational methods [2,23]. One of the most popular numerical
approaches for studying friction during mechanical contacts at the atomistic level is classical
molecular dynamics (MD) simulations [24]. In recent years, this approach has been adopted
by numerous scientific groups for studying friction between 2D graphene sheets and
nanoparticles [25–29]. In the proposed study, we report the results of computer experiments
concerning sliding friction between a silver nanoparticle and a two-dimensional Ti2C sheet
performed within the classical MD technique using an adopted numerical scheme that was
proposed earlier to study friction between 2D graphene and metal nanoparticles [30].

2. Materials and Methods

In this study, we considered a nanotribological system, which consisted of a silver
nanoparticle with a diameter of approximately 2 nm located at the surface of a Ti2C
substrate with lateral sizes of 17 × 39 nm. The snapshots of the initial configuration of
the studied system are shown in Figure 1 (all snapshots of atomistic configurations were
prepared with the Visual molecular dynamics (VMD) software [31]). The number of Ag
atoms in the NP was 512, while the total number of particles involved in the simulation
was ~25 × 103. A previously developed approach based on a combination of interatomic
potentials was used for the calculation of interactional forces between carbon and titanium
atoms within a Ti2C sample [32]. Namely, a combination of Lennard–Jones (LJ) and Axilrod–
Teller [33–35] potentials was used to describe the interaction between titanium and carbon
atoms within the Ti2C sample, while Ti-Ti interactions within the substrate as well as Ag-Ag
interactions in the silver nanoparticle were described within the embedded atom method
(EAM) [36]. The forces between the nanoparticle and the substrate were also calculated
from the LJ potential [30,37]. A description of the used potentials and numerical values
of its parameters are specified in Supplementary file Data S3. We used in-house code that
was implemented using the NVIDIA CUDA platform [38,39] for parallel computing on the
GPU. Equations of motion were integrated using the velocity Verlet algorithm with a time
step of dt = 0.2 fs. A description of the model for the interaction between Ag atoms and
MXene, as well as other details of the simulation setup, can be found in [10].

We used the model sample of silver NP that was obtained by the deposition of Ag
atoms onto the surface of Ti2C MXene. Details of simulations of the deposition process and
a description of the nanoparticle formation can be found in [10]. The obtained silver NP
was placed onto the surface of a large MXene nanosheet that was previously relaxed. In
our experiments, we considered two separate cases with different constraints. In the first
case, periodic and free boundary conditions were applied to the system in the xy plane
and z direction, respectively (see Figure 1). At the same time, Ti atoms in the bottom Ti
plane of the Ti2C sheet were not allowed to move in the z direction, while relaxation in
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the xy plane was allowed. These conditions prevented the system from shifting in the
normal direction and related to experiments with a rigid substrate. In another case, all the
atoms in the studied systems were allowed to move in any direction, with periodic and
free boundary conditions in the xy plane and z direction, respectively, as in the first case.
The system temperature was maintained at 300 K by a Berendsen thermostat [40] in both
considered cases.
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Figure 1. Snapshots (top and perspective view) of the initial configuration of the studied system that
consisted of a 2D Ti2C substrate with Ag nanoparticle on its surface. Right panel of the figure shows
the enlarged silver nanoparticle without a substrate. Here and below, Ag atoms are shown in green
color, while Ti at C atoms are shown in blue and orange, respectively.

It is worth mentioning that the preliminary study of the interactions between Ag
nanoparticles and Ti2C MXene were also performed in [10]. However, the mentioned study
focuses on the deposition process and formation of Ag nanoparticles and nanoislands on
the surface of the Ti2C substrate as well as on measuring the adhesion forces between the
NP and substrate in the static case. In addition, the application of an external force to the
NP and its sliding were considered for a relatively short time interval due to the small
size of the substrate and with a single magnitude of the velocity of the NP’s movement.
Moreover, the performed experiment was affected by the curved shape of the MXene
sheet, which was deformed during the deposition process [10]. Therefore, additional
experiments with different magnitudes of the external force applied in the normal and
tangential directions were necessary for the fundamental understanding of the friction
between the Ag nanoparticle and Ti2C MXene.

In the performed studies, we adopted a numerical algorithm that imitates standard
experiments on sliding friction with a tribometer [41]. According to the common method
for tribological experiments with bulk materials, the friction force was measured by a force
sensor through the application of an external load to the sample in both the normal and
tangential directions. Similarly, we performed a series of computer experiments, where
normal and tangential forces of different magnitudes were applied to the silver nanoparticle
located at the surface of the 2D MXene sheet, according to algorithm described in [10].
Namely, after calculating the interatomic forces between all the atoms in the system from the
MD potentials, additional constant values were added to either the z or x component of the
acceleration of the Ag atoms in the nanoparticle for a normal or tangential load, respectively.
The computer experiments were performed as follows. After the initial relaxation of the
studied system, an external force in the –z direction (see Figure 1) was applied to the silver
nanoparticle for 5 × 105 time steps to let the Ag atoms reach a stationary configuration.
The normal load applied to the Ag atoms resulted in the slight compression of the NP
and an increase in the contact area between the NP and the substrate. It is worth noting
that in molecular dynamics simulations, it is convenient to use rescaled units for physical
quantities instead of SI units; therefore, we plotted some measured parameters in MD units
for an appropriate appearance. Four different magnitudes of the external normal load were
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considered in the experiments. For every subsequent experiment, its value was increased
by a factor of 2, i.e., FN = F0, 2F0, 4F0, and 8F0, where F0 is the total force that was added
to all the Ag atoms in the NP, approximately equivalent to a 5 nN external load. The time
dependencies of an average normal coordinate of the nanoparticle during the compression
under the external load are shown in Figure 2a.
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Figure 2. (a) Time dependencies of the average z coordinate of the nanoparticle during application
of the external normal load in –z direction. Different colors denote four different magnitudes of
the external force (values are shown in the figure). (b) Snapshots of atomistic configurations of the
system under external load at the end of each experiment; snapshots from top to bottom are related
to final point t = 500 × 103 of dependencies FN = F0, 2F0, 4F0, and 8F0 in panel (a), respectively.
(c) Time dependencies of the normal force acting on the nanoparticle from the substrate during the
external load for all experiments. (d) Related time dependencies of the contact area between the
nanoparticle and the substrate. Legend and coloring are the same for all panels. Supplementary
Video S1 is available.

As it follows from the figure, the largest deformation ∆z ≈ 0.5 nm was observed
for the maximal applied normal load 8F0. Figure 2b shows snapshots of the atomistic
configurations of the nanoparticle under different magnitudes of the normal load at the end
of each experiment. Namely, each snapshot from top to bottom relates to the experiment
with FN = F0, 2F0, 4F0, and 8F0 , respectively, and it was taken at the point t = 500 × 103

from the dependencies shown in Figure 2a (see also Figure 2c,d). It is clearly visible that
under the external load, the Ag atoms in the nanoparticle rearranged from their stationary
positions, and the NP obtained a more flattered shape compared to its initial configuration.
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Figure 2c shows the time dependencies of the z component of the force that acted from
the substrate to the NP during the application of the external force to the NP. After an initial
short drop to negative values, which was related to attraction between the NP and the
substrate, the magnitude of the acting Fz force was always positive, i.e., the force is directed
towards the NP in the +z direction. All the presented Fz(t) curves have a typical form, with
initial rapid growth and subsequent fluctuations around stationary values. Such behavior
relates to the initial compression of the NP and the subsequent relaxation of the Ag atoms
to the stationary positions. The height of the initial peak and the growth rate of all the
presented dependencies were proportional to the magnitude of the applied external load.
As mentioned above, the applied load was multiplied by a factor of 2 in each subsequent
experiment; correspondingly, the stationary values of the response from the substrate also
approximately differed by a factor of 2. However, in the simulations, the measured reaction
from the substrate was not exactly equal to the force applied to the NP due to the boundary
constraints in the z direction and the applied thermostat algorithm. Nevertheless, such an
approach for measuring forces that act in the system is qualitatively correct and commonly
used in simulations [30].

The application of the external force to the nanoparticle also caused a growth in the
contact area between the nanoparticle and the substrate. In our simulations, we measured
the size of the contact area as the number of atoms in the top plane of the Ti2C substrate
that were in direct contact with the Ag atoms in the nanoparticle (substrate and NP atoms
were considered to be in direct contact if the distance between them was within 4 Å). Even
though number of atoms in the contact can be transferred to standard m2, such a measuring
unit is more convenient and was appropriate to use in the simulations, as we did not aim
to obtain exact values of the numerical parameters of the system but rather to obtain a
qualitative picture of the physical processes that appeared on an atomistic level. It is also
worth noting that the contact area in MD simulations can be defined in an alternative
way, for example, using the lateral dimensions of the nanoparticle and approximating it
with ellipse (see [30]). Figure 2d shows the time dependencies of the contact area size
during the compression. The presented dependencies were similar to the corresponding
Fz(t) curves and were characterized by fast initial growth and subsequent fluctuations
around stationary values. As expected, the increment in the size of the contact area by the
end of the experiments was proportional to the magnitude of the applied normal load,
which was also confirmed by the visual analysis of the snapshots shown in Figure 2b and
Supplementary Video S1.

After reaching the stationary state under the normal load, the tangential force in the
+x direction, to which we will also refer as a shear force, was applied to the NP via the
same algorithm as the normal force. During the simulation, the friction force, position,
and velocities of the NP as well as the size of the contact area between the NP and the
substrate were computed. The results of performed experiments are presented in the
following section.

3. Results and Discussion

As mentioned above, we conducted a series of tribological experiments with different
magnitudes of the external load. Hence, we performed simulations where tangential
external forces of the same magnitude were applied to the NP in the +x direction together
with four different magnitudes of the normal load, as described in the previous section.
For every experiment with the shear force, the starting point of the system was related to
the final point (5 × 105 time steps) after the compression procedure (see Figure 2), with the
same value of the external normal force acting on the nanoparticle. The application of the
external tangential force resulted in translational motion of the nanoparticle. During the
NP motion in the +x direction, its x coordinate was recorded as an average value of all the x
coordinates of the Ag atoms. Further, the velocity of the nanoparticle motion was calculated
as the derivative of its coordinate with respect to time. The obtained dependencies are
shown in Figure 3a,b respectively.



Crystals 2024, 14, 272 6 of 14

Figure 3. (a) Time dependencies of the average x coordinate of the nanoparticle during application
of the external shear force in +x direction. Different colors denote four different magnitudes of the
external load (values are shown in the figure). (b) Time dependencies of the x components of the
NP velocities obtained from the time dependencies of coordinates from panel (a). (c,d) Related time
dependencies of the normal Fz and tangential Fx forces acting on the nanoparticle from the substrate.
Legend and coloring are the same for all panels.

As follows from the presented data, the velocity of the NP motion almost did not
depend on the normal load. Also, the acceleration of the nanoparticle continued for
approximately half of the simulation time, and after this, the velocity of the NP did not
increase monotonically, while it continued to fluctuate around its stationary value. During
the sliding of the nanoparticle, we recorded the normal components of the forces that acted
on the NP from the substrate, which were necessary for the determination of the friction
coefficient. The time dependencies of these forces are shown in Figure 2c. As can be seen
in the figure, the normal response from the substrate generally preserved its initial value
that was acting in the system before the application of the shear force. However, the Fz(t)
dependencies fluctuated around these values with an almost constant amplitude for each
case during the whole experiment. In addition, we computed the friction force between
the nanoparticle and the substrate. In our experiments, we defined the friction force as
the x component of the total force that acted from the substrate to the Ag atoms in the
nanoparticle [30]. The obtained dependencies are shown in Figure 3d. All the presented
curves are characterized by a sharp drop to negative values at the start of simulation, when
the external shear force appeared in the system, which was related to a prompt increase in
the friction with the beginning of the NP’s motion (since the NP moved in the +x direction,
the friction force was negative, i.e., Fx < 0). As was reported in our previous study [10],
translational motion of the silver nanoparticle on the surface of the MXene substrate began
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when a certain critical value of the shear force Fc was applied to the NP. The magnitude
of this critical force depends on the particular configuration of the studied system. Here,
we only considered shear force values that were greater than the critical value, as our aim
was to study sliding friction of the NP. Thus, the interaction force between the NP and
the substrate reached its maximal value just before the NP began to slide continuously on
the substrate. However, according to Figure 3a,b, the average x coordinate of the NP and
the related velocity may already have had nonzero values before the actual motion of the
NP due to the shift in some Ag atoms within the nanoparticle without the movement of
the NP as whole. The amplitude of the opening peak in the Fx(t) dependencies, which is
related to the static friction force, may be considered as a critical shear force that is needed
to initiate the NP’s motion. This situation is typical for different tribological systems [42,43]
and is qualitatively correct. As follows from the obtained data, the critical value of the shear
force varied for each experiment and increased with the growth of the external normal
load. In general, within MD simulations, static friction may also depend on the particular
atomistic configuration of the system and the number of contacting atoms. After the initial
peak, the Fx(t) dependencies relaxed to a certain magnitude, that is, Fx < 0, and continued
to fluctuate around these values. Such fluctuations in the force between the NP and the
substrate during sliding may be caused by motion within the periodic potential due the
arrangement of the substrate atoms into a crystal lattice [30]. Examples of the evolution
of the atomistic configuration of the system and the contact area under shear force are
presented in Supplementary Video S2.

To study the properties of the system at different velocities of movement, we also
performed experiments with different magnitudes of the shear force while a constant
normal load FN = F0 was applied to the nanoparticle. The results of the performed
experiments are shown in Figure 4. As follows from the figure, the time dependencies
of the x coordinates and the velocities of the NP (Figure 4a,b) had a similar form to the
previous case with different normal load magnitudes (see Figure 3a,b). At the same time,
each magnitude of the applied shear force resulted in a different stationary value of the
established velocity of the NP. It is worth noting that the top curves in Figure 2a,b end
earlier than the bottom dependencies. This situation was caused by the fact that the
Fs = 20F0 curves are related to the maximal observed velocity of the NP, and in this case,
the nanoparticle reached the end of the substrate before the final time of the experiment
(earlier 106 time steps). The time dependencies of the normal force acting on the NP from
the substrate, as shown in Figure 4c, were equivalent due to the same magnitude of the
normal load applied to the nanoparticle. At the same time, the measured friction force also
did not depend on the nanoparticle velocity, as follows from the overlapping dependencies
Fx(t) for different shear forces, as shown in Figure 4c.

To obtain the quantitative characteristics of the studied system, we also computed the
friction coefficients for all the considered cases according to standard definition µ = Fx/Fz
from the data shown in Figures 3 and 4. It is worth noting that the time dependencies of the
normal and tangential forces presented above were characterized by the presence of strong
fluctuations and relatively close magnitudes, which made it difficult to distinguish the data
from the separate experiments. To make the obtained dependencies more apparent, we
calculated the average values of the friction coefficients using a moving average filter. The
results of these calculations are presented in Figure 5. The obtained dependencies were
similar for all the considered cases, with an initial relaxation and subsequent fluctuations
around stationary values in the range µ = 0.02–0.05.
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Figure 5. (a) Average friction coefficients calculated for experiments with different magnitudes of the
normal load FN = F0, 2F0, 4F0, and 8F0. (b) Average friction coefficients calculated for experiments
with different shear forces Fs = 10F0, 15F0, and 20F0 (magnitudes of the external forces are shown in
the figures).
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In addition, to investigate how the flexibility of the substrate affected the tribological
properties of the system, we performed two experiments with different boundary condi-
tions. Namely, Ti atoms in the bottom plane of the MXene were also allowed to move along
the z axis. In this case, the application of the external load to the silver nanoparticle in
the –z direction together with the growth in the contact area also led to a vertical shift in
the NP and a corresponding local deflection of the substrate. Figure 6a shows the time
dependencies of the calculated size of the contact area under the external load and the cor-
responding time dependence of the average z coordinate of the Ag nanoparticle. Snapshots
of the atomistic configuration of the system that demonstrate the local deflection of the
substrate and the vertical shift in the nanoparticle are presented in Figure 6b.
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Figure 6. (a) Time dependence of the contact area between nanoparticle and the flexible substrate
during the application of external load in normal direction (inset shows related time dependence of
the average z coordinate of the NP). (b) Snapshots of the atomistic configurations of the system taken
at the beginning of experiment (t = 0), at the end of first part (t = 106 time steps), and at the end of
second part (t = 2 × 106 time steps) from top to bottom. Dependencies related to the first and second
parts of the experiment are denoted by different colors.

The size of the contact area increased fast during the first 7 × 105 time steps and
changed insignificantly during the remaining time of the experiment. At the same time,
as follows from the z(t) dependence and the atomistic configurations of the system, de-
flection of the substrate and shifting of the nanoparticle were observed during the whole
simulation time.

In the experiments concerning the sliding friction on the flexible substrate, two initial
configurations of the system were considered, namely, after the external normal load was
applied to the NP for 106 and 2 × 106 time steps. The selected configurations were related
to the magnitudes of the vertical shift in the NP of 8 Å and 12 Å (see Figure 6). Different
initial configurations were chosen to investigate how the initial deflection of the substrate
affected the friction processes in the system. After the application of the normal load for a
selected period of time, an external shear force Fs = 15F0 was applied to the nanoparticle.

In contrast to the previous cases with a rigid substrate, sliding of the NP caused
folding of the MXene ahead of the moving nanoparticle and the formation of wrinkles on
its surface. Snapshots of the atomistic configurations that illustrate the described process in
the experiment with the first initial configuration (with a smaller vertical shift in the NP)
are shown in Figure 7.
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Figure 7. Snapshots of the atomistic configuration of the system during the sliding of the nanoparticle
under external normal and shear forces on the flexible substrate.

The calculated time dependencies of the normal and tangential components of the
forces acting on the nanoparticle from the substrate, the size of the contact areas, and the
averaged friction coefficients for both the performed experiments are shown in Figure 8.
As follows from the presented data, the time dependencies of the calculated friction force
almost overlapped in the opening and final part of the experiment. However, the case with
a smaller initial deflection of the substrate was characterized by lower magnitudes of both
the friction force and the response from the substrate in the range of 2 × 105–6 × 105 time
steps (see Figure 8a,b). During this time period, the difference between sizes of the contact
area was also larger than in the opening and final parts of the experiment (Figure 8c). The
calculated average values of the friction coefficient, shown in Figure 8d, exhibited similar
behavior to the dependencies shown in Figure 8c, where the curve related to a smaller
initial deflection reached its minimum at around t = 6 × 105 time steps.
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from the flexible substrate during the external load calculated in experiments with different initial
indentation depths of D1 = 8Å and D2 = 12Å. (c,d) Time dependencies of the contact area size and
friction coefficient between the NP and the substrate during sliding. Legend and coloring are the
same for all panels.

4. Conclusions

We reported the results of computer experiments concerning the sliding of a silver
nanoparticle on the surface of a Ti2C substrate that were performed within classical molec-
ular dynamics methods. Similar to typical experiments on friction performed with classic
tribometers, we measured the friction force that occurred in the system under an external
load. As follows from the data presented in the previous section, the experiments with
different magnitudes of the normal and shear external force performed with rigid substrate
were characterized by close values of the average friction coefficients. This property of
the system, where the friction force is proportional to the applied load and is independent
of the size of the contact area and sliding velocity, is known as the Amontons–Coulomb
laws of friction. Thus, we may conclude that the performed simulations were physically
correct and recreated basic tribological properties. Moreover, as follows from the data
presented in Figure 8, the tribological properties of the system also slightly depended on
the initial deflection of the substrate before the start of the motion of the nanoparticle.
However, the friction coefficients calculated for friction of the NP on a flexible substrate
exceeded the values obtained in the experiments with a rigid substrate by almost 10 times
(see Figures 5 and 8d). Such a significant difference may be explained by the presence of
wrinkles and folds on the surface in the first case. These formations on the surface of the
substrate acted as additional obstacles that could hinder the motion of the nanoparticle, re-
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sulting in greater interactions forces between the NP and the substrate and a corresponding
growth of the friction coefficients.

It is worth noting that as we used empirically defined parameters of the interatomic
potentials, the computed characteristics of the system may only be considered as qualitative
rather than quantitative, and the obtained numerical data require further experimental
and theoretical verification. Nevertheless, the calculated average values of the friction
coefficients, µ, were within the range of approximately 0.02–0.05 (see Figure 5), which is
close to the value of µ = 0.065 measured in experiments between MXene/graphene oxide
nanocomposites and rough steel surfaces reported in [44]. At the same time, the friction
coefficient between MXenes and other two-dimensional materials are significantly lower
(µ < 0.01) [45]. Moreover, as was reported in [46], it is possible to achieve a superlubric
regime for Ti3C2 MXene in a dry nitrogen environment. However, molecular dynamics
simulations do not necessarily reproduce exact numerical parameters of the studied system;
therefore, the obtained values can be only considered as approximate values that are
valid for the particular studied system. Nevertheless, the performed experiment provides
qualitative insights into the processes that occur at an atomistic level during friction between
nanomaterials and may become useful in further studies in various areas of nanotribology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst14030272/s1, Video S1: Animation of the nanoparticle
behavior under the external normal load. Top panels show evolution of the atomistic configuration
of the NP (top left) and contact area (top right) under normal load (substrate atoms that are in
contact are shown in red color). Bottom panels show corresponding time dependencies of the normal
force acting from the substrate to the NP (bottom left) and contact area (bottom right). Presented
animation is related to the dependencies FN = 4F0 in Figure 2. Video S2: Animation of the nanoparticle
behavior under the external normal load and shear force. Top panels show evolution of the atomistic
configuration of the NP (top left) and contact area (top right) under normal load and shear force
(substrate atoms that are in contact are shown in red color). Bottom panels show related time
dependencies of the NP velocity (bottom left) and contact area (bottom right). Presented animation
is related to the dependencies FN = 4F0 in Figures 3 and 5. Data S3: Description of the interatomic
potentials used in simulations.
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