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ability and applied normal force
are coupled to change nanoscale friction

Zhaoyang Yu, a Mengyuan Huang*ab and Xianren Zhang*a

Amonton's law of friction states that the friction force is proportional to the normal force in magnitude, and

the slope gives a constant friction coefficient. In this work, with molecular dynamics simulation, we study

how the kinetic friction at the nanoscale deviates qualitatively from the relation. Our simulation

demonstrates that the friction behavior between a nanoscale AFM tip and an elastic graphene surface is

regulated by the coupling of the applied normal force and the substrate deformability. First, it is found

that the normal load-induced substrate deformation could lower friction at low load while increasing it

at high load. In addition, when the applied force exceeds a certain threshold another abrupt change in

friction behavior is observed, i.e., the stick–slip friction changes to the paired stick–slip friction. The

unexpected change in friction behavior is then ascribed to the change of the microscopic contact states

between the two surfaces: the increase in normal force and the substrate deformability together lead to

a change in the energy landscape experienced by the tip. Finally, the Prandtl–Tomlinson model also

validates that the change in friction behavior can be interpreted in terms of the energy landscape.
Introduction

Friction is a primary source of energy dissipation.1,2 How to
control the friction behavior of interfaces has always been one
of the major concerns in modern engineering.3–6 At a given
normal force (pressure), relative parallel motion between the
surfaces would generate friction, which acts parallel to the
interface of two contacting surfaces. However, it is still chal-
lenging to quantitatively predict the amount of friction for
a specic pair of interfaces.7–9

Amonton's law of friction states that the friction force is
proportional to the magnitude of the normal force. The slope
gives the coefficient of friction (COF), which is independent of
the applied normal force, the contact area, the surface rough-
ness, and the sliding velocity. Actually, the relation is only
a rst-order approximation of how friction works. Modern
studies indicate that the kinetic friction also sensitively
depends on the sliding velocity10–13 and small and even atomic
scale defects.14–16 These studies have deepened our under-
standing of friction: friction is a complex interaction between
surfaces that depends on the intrinsic properties of the con-
tacting surfaces.17–20

Numerous experimental and theoretical data show non-
linear dependence of friction with respect to the normal force.
Atomic force microscopy (AFM),21–23 molecular dynamics (MD)
omposites, Beijing University of Chemical
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rum Dresden-Rossendorf, 01328 Dresden,

2–4931
simulations24–26 and DFT27–29 are commonly used to study the
friction phenomenon at the nano-scale. When the scale of
contacting surfaces decreases towards the nanoscale, the
pressure-dependent friction shows qualitative deviations from
Amonton's law and a diversity of unusual friction behaviors was
observed.30–39 First principles calculation by Li et al.40 demon-
strated the non-monotonic changes in interface friction with
normal pressure of various two-dimensional layered materials.
Vu et al.41 found a weak correlation between the friction coef-
cient and normal pressure of graphite under incommensurate
friction. Calculations with density functional theory (DFT)42

showed that silicon carbide could produce interlayer covalent
bonds under high normal pressure to increase friction. Despite
the insightful studies mentioned above, we still have a rather
limited understanding of why and how friction relates to
normal force, particularly on the molecular scale.

In addition to the effects of exerted normal force, the
investigation of friction between two-dimensional materials
and the emergence of puckering effects have demonstrated the
importance of substrate deformability in predicting friction
forces.43–45 Experimental studies based on atomic force
microscopy have also highlighted the impact of substrate
deformability on nanoscale friction forces.32,46 In this work, in
addition to the separate effect of pressure and deformation on
friction, we will demonstrate that the two factors are in fact
coupled in changing the friction behavior.

In this work, with molecular dynamics simulations we study
the kinetic friction between a nanoscale AFM and an elastic
graphene surface under different normal forces. First, we
demonstrate separately the effect of pressure and deformation
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4na00252k&domain=pdf&date_stamp=2024-09-21
http://orcid.org/0009-0006-2849-2424
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00252k
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA006019


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/2
4/

20
26

 7
:5

5:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
on the resulting friction. Furthermore, we found that the fric-
tion is regulated by the coupling of the applied normal force
and the substrate deformability. The change in friction
behavior is ascribed to the change of the microscopic contact
states between the two surfaces: the increase in normal force
and the substrate deformability together lead to a change in the
energy landscape experienced by the tip, which serves as an
indicator of microscopic contact states.
Models and simulation methods

To mimic actual AFM friction experiments, we carried out
molecular simulations on the sliding friction between a rigid
spherical AFM tip and a 4-layer graphene surface. Fig. 1a shows
the molecular model of the graphite AFM tip and that of the
graphene substrate. The schematic diagram of the corre-
sponding physical model for the kinetic friction between them
is presented in Fig. 1b. The graphene substrate is composed of 4
layers, each having a size of 20 nm × 20 nm. The Z coordinates
of the atoms in the bottom graphene layer were xed, namely it
is assumed to be rigid in the Z-direction, while the other layers
are deformable under pressure. For the top layer, the atoms in
the Y-boundary were xed in the X direction, to keep the system
stationary. The rigid tip is 7 nm in radius and 2 nm in height,
with the bottom layer (the contacting layer) composed of 25
atoms.

To simulate the AFM cantilever pulling the probe, a spring
force was applied to the probe in the X-direction (motion
direction). To prevent the probe from random movement in the
Y-direction, a spring was xed to a virtual wall along the y-
direction. The stiffness coefficients for both spring forces were
Fig. 1 Setup of the simulationmodel. (a) A spherical tip with a radius of
7 nm and a thickness of 2 nm (red atoms) on a 4-layer graphene
substrate (blue, green, and yellow atoms). (b) Schematic diagram of the
simulation method.

© 2024 The Author(s). Published by the Royal Society of Chemistry
set to kX = kY = 11.2 N m−1. For the interaction between
different beads, the C–C interaction within the graphene layer
and within the graphite layer is described by the Tersoff
potential,47 and the interlayer C–C interaction is given by the
typical 6–12 Lennard Jones (LJ) potential with the LJ potential
parameters 3 = 3.73 meV and s = 0.335 nm.

In this work, we investigated the resulting friction force of
the probe under different normal forces Fn. In practice, the
simulation was performed in two steps. First, a given normal
force was applied to the probe for 1 ns, during which the system
temperature was gradually increased from an initial tempera-
ture of 10 K to 298.15 K. In the second step the tip was pulled in
the X direction at a constant spring speed of 5 m s−1 under the
given normal force. The resulting friction force is measured
aer the motion of the probe reaches a quasi-stationary state. As
shown before, the manner in which the thermostat is applied
has a signicant effect48 and therefore, in our simulations, the
Langevin hot bath was used for the third layer of atoms on the
bottom plate, while the Nose–Hoover thermostat was used for
the remaining atoms. We used the LAMMPS code49 for calcu-
lations and Ovito50 for visualization.

Results and discussion
Normal force-dependent change in the coefficient of friction
and the transition of friction modes

Our simulations show that at a given normal force, relative
motion between the tip and the substrate would generate
kinetic friction, which acts parallel to the interface of two con-
tacting surfaces. Based on the simulation data, the friction force
f and the coefficient of friction (COF) can be determined. The
friction force f can be obtained by averaging the instantaneous
friction force using f ¼ Sifi. The instantaneous friction force at
a given moment can be taken as the instant spring force with fi
= Fspring = kX(vt − X), or alternatively, as the reaction force
received by the probe against the substrate. The coefficient of
friction can then be determined using m = f/Fn.

The calculated friction force and corresponding friction
coefficient as a function of the normal pressure are shown in
Fig. 2. The two methods give slightly different friction forces,
but the same trend of the friction changing with the normal
force is observed. This is because the force (spring force) acting
on the probe is not strictly equal to the reaction force, and in
general the reaction force acting on the tip caused by friction
features large uctuations. This phenomenon can be attributed
to the fact that in comparison to the directed reaction, the
exerted spring force is able to reduce the signicant instanta-
neous friction force through storing spring potential energy.
Fig. 2 also shows roughly how the friction coefficient (m = f/Fn)
changes with the normal force. It indicates that when Fn < 150
nN, the friction coefficient remained roughly constant or even
decreased with an increase in normal load. As soon as Fn
exceeded 150 nN, the friction coefficient clearly showed a posi-
tive correlation with the normal force.

Fig. 3 shows temporal evolution of the resulting friction
force. The gure reveals that at small normal forces (Fn < 300
nN), the friction follows a stick–slip behavior (Fig. 3a and b) as
Nanoscale Adv., 2024, 6, 4922–4931 | 4923
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Fig. 2 The predicted friction (left, dark and solid) and COF (right, red
and open) as a function of the given normal force, where squares and
circles represent the results obtained by the method of spring force
and the method of square force, respectively. The figure reveals
a change in COF with the normal force.
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expected,39 although the stick–slip behavior is smeared when Fn
< 150 nN. However, as the pressure (or equivalently, the normal
force) increases to 300 nN, the friction force–time (f–t) curve
shows a “bimodal” behavior, namely a stick–slip process seems
Fig. 3 Friction force F varies with time under different normal forces,
respectively. For Fn= 200 nN, several stick–slip cycles (see these enclose
(e). In the picture several typical configurations are chosen and represen
Fig. 4. For Fn = 300 nN, similarly, a particular paired stick–slip cycle is sh
symbol circles of distinct colors.

4924 | Nanoscale Adv., 2024, 6, 4922–4931
to split into a paired stick–slip process (Fig. 3c and d). The
appearance of the paired stick–slip behavior coincides with the
sudden increase in COF when Fn reaches 300 nN (see Fig. 2).
Note that such paired stick–slip behavior cannot be clearly
observed in the friction force–displacement (f–X) curve (see
Fig. 4). This is because the paired stick-slip behavior featured
a lengthened stick stage, which cannot be distinguished by the
tip displacement. The two different stick–slip behaviors will be
discussed in detail below.
The difference in the spatial and temporal features between
the stick–slip and the paired stick–slip friction behaviors

The corresponding friction force–displacement curves are
shown in Fig. 4a and d for Fn= 200 nN and 300 nN, respectively.
The curves display similar shapes, and as expected the friction
increases as the load increases to Fn = 300 nN. We recorded
trajectories for Fn = 200 nN and 300 nN that range from t = 0 ns
to 1 ns, with equal time intervals. In Fig. 4b and e we provide
these trajectories respectively, using the variation of color to
denote the time evolution that is shown in Fig. 3. In the gures
the trajectory of the probe is denoted with small dots, which
represent the projections of the center of mass position of the
probe on the X–Y plane, while the large dots stand for the
neighboring atoms of the substrate. Since the substrate atoms
Fn = 100 (a), 200 (b), 300 (c), and 400 nN (d) from top to bottom,
d by the gray dashed lines) are chosen and shown in amagnified picture
ted by the symbol circles of various colors, which will be discussed in
own in picture (f), in which several configurations are denoted by the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a and d) Friction force vs. displacement. (b and e) The trajectory of the tip (rainbow color) and corresponding substrate atom (black). The
colors of trajectory points represent the simulation time. The area surrounded by dashed lines was amplified and presented in (c and f). (a–c)
Results of Fn = 200 nN and (d–f) of Fn = 300 nN. The colored dots in (c) and (f) correspond to those shown in Fig. 3e and f, one by one. Note that
the region enclosed by grey dashed lines in figure represents the same range of data as that in Fig. 3, which are however visualized in different
ways.
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also move slightly during the simulation, we averaged the
coordinates of the substrate atoms over time, with the proce-
dure as follows. First, we selected the six substrate atoms that
are closest to the center of mass of the probe (graphite plane
structure) and recorded their coordinates sequentially during
the whole stick stage. Then, for each substrate atom, its position
that appeared in Fig. 4 was determined by averaging all recor-
ded positions.

At the smaller load (Fn = 200 nN), the stick–slip behavior in
Fig. 3b corresponds to the particular type of trajectory evolution
shown in Fig. 4b, in which the trajectory points are nearly evenly
distributed, revealing that time and displacement evolve almost
linearly. At Fn = 300 nN, however, the bimodal behavior
appears, and the trajectory points show uneven distributions,
demonstrating that not only the tip tends to stick at certain
positions (Fig. 4e), but also the stick stage lasts a longer time. It
is this long-term stick stage that causes the paired stick–slip
(see Fig. 3f). The difference between the stick–slip behavior and
the paired stick–slip behavior is clearly shown in Fig. 4c and f,
which are the zoomed-in results from Fig. 4b and e, demon-
strating that the paired stick–slip featured the lengthened stick
stage. In the following, we will explain the origin of the
pressure-driven transition in friction mode by analyzing three
plausible reasons: the change of the actual contact area with the
pressure, the pressure-induced substrate deformation, and the
variation of the energy landscape detected by the tip due to
coupling of the pressure and substrate deformability.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The microscopic mechanisms for the transition of friction
modes

(a) Pressure-induced change of the actual contact area. We
then discuss in detail three possible microscopic mechanisms
that may cause such a transition in stick–slip behavior. The rst
possible mechanism is related to the change of the actual
contact area with the load. As is well known, the friction force is
proportional to the real, but not apparent, area of contact. As
the load increases, the real area of contact may increase non-
linearly, and this could lead to a transition in friction behaviors
(Fig. 2 and 3).

However, we nd that the number of atoms in contact, and
hence the real contact area, hardly change during the whole
friction process, partly because of the exerted normal force.
Here, we used a simplied criterion to determine whether the
tip and substrate atoms are in contact: when a probe atom is
embedded within the given region that encloses a substrate
atom (see the orange area shown in Fig. 5b), they are considered
to be in contact; otherwise, they are not in contact. Fig. 5a shows
that there is no signicant difference in the number of con-
tacting atoms between the cases of Fn = 200 nN and Fn = 300
nN, which disproves the assumption that the contacting area
changes with the load.

(b) Pressure-induced substrate deformation. The second
possible reason is attributed to the surface deformation: the
graphene substrate in our study is deformable under the exer-
ted normal force. Our simulation indicates that a shallow pit is
formed under the tip even when a large normal force is exerted.
Nanoscale Adv., 2024, 6, 4922–4931 | 4925
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Fig. 5 (a) Temporal evolution of the number of contact atoms in the tip (left, black line) and friction force (right, red line) for Fn= 200 nN (top) and
Fn= 300 nN (bottom). (b) An illustration of howwe count the number of contacting atoms between a tip atom (red) and its surrounding substrate
atoms (blue). If the tip atom is inside the orange region of a substrate atom, it is taken into account as the contacting atom of the substrate atom.
In contrast, the region in which the tip atom is not in contact with the surrounding substrate atoms is represented by the white area.
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However, in our simulation the deformation is relatively weak,
without inducing the puckering effect. To clarify the effect of
substrate deformation on the friction behavior, we quantify the
substrate deformation as shown in Fig. 6. The substrate indeed
shows a load-dependent deformation (see Fig. 6a or b), with the
Fig. 6 Substrate deformation along (a) x direction and (b) y direction as a f
regions. (c) Depth of themaximum substrate deformation along the Z dire
(Z= 0) represents the initial position of the top sheet of the substrate. (d) T
= f− frigid. In this figure, the friction (and thus the ratio of friction change)
line) and the spring force approach (red line).

4926 | Nanoscale Adv., 2024, 6, 4922–4931
largest deformation comparable to the size of a carbon atom. As
the normal force increases, the “pit” on the graphene surface
caused by the tip becomes deeper, and consequently, the pit
walls surrounding the pit would change the friction. This load-
dependent deformation is more clearly shown in Fig. 6c, in
unction of the normal force. Inset: an enlarged picture of the deformed
ction as a function of the applied pressure. In this figure the dashed line
he ratio of friction change due to the substrate deformation, fd/f, with fd
is obtained by two different methods: the reaction force approach (dark

© 2024 The Author(s). Published by the Royal Society of Chemistry
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which the maximum substrate deformation is measured as
a function of the exerted normal load. The gure indicates that
the deformation changes within the range of atom size (at most
4 angstrom).

To investigate the effect of substrate deformation on the
friction in more detail, we also simulated the friction between
the AFM tip and a rigid substrate. In this set of simulation runs,
other variables and parameters are the same as before except
that the substrate was set to be rigid. The resulting friction frigid
was again determined as a function of the normal force exerted.
Through comparison with the friction from the elastic substrate
f, the effect of substrate deformation on sliding friction can be
described by fd = f − frigid. In Fig. 6d, we present fd/f as a func-
tion of the load. Overall, substrate deformability plays an
important role in friction: the resulting ratio of friction change
due to substrate deformation, fd/f, changes suddenly from
−50% to 30% at Fn = 150 nN and then increases to ∼50% at Fn
= 300 nN. The gure clearly indicates that at low load (Fn < 150
nN) the friction decreases as the substrate becomes deformable,
but at high load (Fn $ 150 nN) the friction is enhanced by the
substrate soness. This observation is consistent with the
change in the friction coefficient with the increase in load
(Fig. 2), namely, the friction coefficient remained roughly
constant or even decreased when Fn < 150 nN, while it increased
for Fn $ 150 nN.

The respective positive and negative contributions of
substrate soness to the resulting friction can be interpreted as
follows. Compared to the rigid substrate, the rather weak
deformation of the so substrates at low pressure would
decrease the resistance to sliding and thus reduce the friction.
At high pressure, however, the large deformation enhances and
can reach a size comparable to that of the substrate atoms. The
deformation zone thus makes the relative movement between
the two surfaces more difficult. In this case, the net effect of
surface deformation is thus to prevent, in a muchmore effective
way, the two surfaces from relative movement.

However, substrate deformation seems not to be the deter-
mining factor causing the change in friction mode. This is
because the abrupt change of the positive contribution of
substrate deformation to a negative contribution occurs at
a load of 150 nN, much less than the threshold needed for the
transition in friction mode (Fn z 300 nN).

Finally, we come to the third mechanism, namely the
increase in normal force enables the tip to detect different
energy landscapes of the substrate. This mechanism assumes
that the tip will experience a different potential landscape when
the normal force increases to a certain value, i.e., 300 nN in our
case.

(c) Energy landscape detected by the AFM tip varies with
the applied normal force. In the following, the unusual friction
behavior observed here is explained with regard to the change
in the energy landscape detected by the tip with the exerted
pressure. The potential energy landscape of a tip near the
substrate is determined as follows. We perform additional
simulations, where the center of mass (COM) of the tip is set to
given positions that are distributed uniformly in the region of
© 2024 The Author(s). Published by the Royal Society of Chemistry
fðx; yÞj x˛ð0; 4sÞ; y˛ð0; 2
ffiffiffi
3

p
sÞg. In total, 35 × 35 positions

in the region were chosen. For each position where the x- and y-
coordinates of the tip COM were xed, an independent simu-
lation run was performed, in which the tip moved slowly
towards the substrate, until the equilibrium state of the whole
system was reached at the given normal force Fn. In this process,
the Nose Hoover thermostat was used for both the tip and the
substrate at 0 K. Aer the tip reached its equilibrium position,
we recorded the total interaction potential of the substrate
exerted by the tip. Aer the potentials have been obtained for
different positions at the given normal force, the relative
potential energy landscape felt by the tip can be summarized.

Fig. 7d–f show the relative potential energy landscape felt by
the tip under different normal forces, in the presence of both
potential wells and potential barriers. As expected, we nd that
as the load increases, the depth of potential wells also increases.
More interestingly, the shape of the energy landscape surface
also changes when the normal force Fn increases from 200 nN to
300 nN. The gure shows that the position denoted by the pink

square symbol, with a coordinate of ð ffiffiffi
3

p
s; 2sÞ, is originally

a potential well at a low pressure of 200 nN, but becomes
a potential barrier at high pressures of 300 nN and 500 nN. In
addition, all the positions atop the six substrate atoms (denoted
by the star symbols that are located around the pink square
symbol) correspond to potential barriers at low pressure, but
three of them change to potential wells at higher pressures. The
change in the energy landscape enhances the possibility of the
tip sticking at certain positions as observed in Fig. 4f, which
further leads to the occurrence of the paired stick–slip behavior
and increases the friction coefficient.

(d) Change in the energy landscape requires both high
normal force and substrate deformability. Above we show that
for elastic substrates, a high pressure of Fn $ 300 nN could lead
to a change in the energy landscape. Here, we further demon-
strate that such a change in the energy landscape will not take
place if the substrate becomes rigid. We perform additional
simulations for calculating the total interaction potential of the
rigid substrate exerted by the tip, and the obtained energy
landscape is given in Fig. 7a–c. The gure clearly shows that
unlike the elastic substrate, the obtained energy landscape of
the rigid substrate keeps it shape even at a high pressure of 500
nN. Therefore, the change in the energy landscape requires
both high normal force and substrate deformability.

In summary, the consistency in the transition of the friction
mode and the energy landscape at 300 nN demonstrates that
the change in the potential energy surface causes the change in
the friction mode, which further leads to the varied coefficient
of friction itself. Compared to cases under small pressure, the
strong normal force compacts the contact between the tip and
the deformable substrate, creating a more effective microscopic
contact state. Therefore, it is the different contacting states that
lead to the transition in the friction mode from the stick–slip
behavior to paired stick–slip behavior. Importantly, the change
in the energy landscape requires both high normal force and
substrate deformability.
Nanoscale Adv., 2024, 6, 4922–4931 | 4927
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Fig. 7 Energy landscape detected by the tip under different loads of Fn = 100 nN, 300 nN and 500 nN for a completely rigid (a–c) or deformable
substrate (d–f). For the elastic substrate (d–f), when the exerted normal force increases from 200 nN to 300 nN, a different type of landscape
appears, corresponding to the occurrence of the bimodal friction mode observed in Fig. 3. However, for a completely rigid substrate such
a change in the energy landscape disappears. In this figure black stars represent the positions of substrate atoms and the pink square illustrates
the center of the region enclosed by the six substrate atoms.
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We note that the double stick–slip behavior may be
a particular feature of the specic tip-sample system we studied,
rather than a universal feature of nanoscale friction. However,
its occurrence indeed indicates a shi in friction mechanisms:
the synergistic effect between pressure and deformation alters
the energy surface landscape, changes the contact state, and
results in a transition in the friction mechanism.
Prandtl–Tomlinson model validates the load-induced change
in the friction coefficient

To further validate the change in friction due to this energy
surface change, we alternatively used the Prandtl–Tomlinson
(PT) model51 to describe the friction behavior for the system we
studied. Our total system energy Utot can then be written as

Utot ¼ EðX ;Y Þ þ 1

2
kðvt� rÞ2 (1)

where r is the coordinate of the probe (X,Y). E(X,Y) is the
potential energy felt by the probe and we directly used the
potential energy surfaces that were obtained from MD calcula-
tions (see e.g., Fig. 7a–c), instead of the simple functional form
used in the literature.

In this work we employed the two-dimensional PT model by
Dong et al.,52 in which the kinetic equations of the probe on
a graphene substrate can be described by the Langevin
equation,

m
d2r

dt2
þmg

dr

dt
¼ �vUtot

vr
þ xðtÞ (2)

in which m is the probe mass, g is the damping coefficient and

is set to 2
ffiffiffiffiffiffiffiffiffi
k=m

p
,53–56 and x(t) is the thermal uctuation. To
4928 | Nanoscale Adv., 2024, 6, 4922–4931
calculate the friction within the framework of the PTmodel, eqn
(2) was solved in the procedure mentioned in ref. 41. First, we
extracted the few major frequency basis functions from the
discrete data obtained from the MD-determined E with the 2D
Fourier transform. The basis functions corresponding to the
rst n terms of 3i are then summed to obtain a continuous
energy surface function E(X,Y) of the following form:

EðX ;Y Þ ¼
Xn

i

3i cos
�
u1;iX þ 41;i

�
cos

�
u2;iY þ 42;i

�
(3)

where 3i is the energy amplitude in the same unit as the energy
unit in the LAMMPS calculation of the energy surface (eV), u1,i

and u2,i are the eigen-size frequencies in the X,Y directions in
Å−1, and 41,i and 42,i are the phases corresponding to the
frequency basis functions in the X,Y directions, respectively. In
this way, we obtained a reliable t of the original discrete data
E(X,Y).

Finally, with the tted E(X,Y) we solved eqn (2) using the 4th
order Runge–Kutta algorithm. With the obtained X(t) and Y(t),
the friction is determined in a same way as in the molecular
simulation. Fig. 8b and c give two typical f–t (v= 5 m s−1) curves
calculated with the PT model, corresponding respectively to Fn
= 200 nN and Fn = 500 nN. As expected, the typical stick–slip
behavior is observed in both cases. From Fig. 8b and c we can
see that the f–t (v= 5m s−1) curve calculated using the PTmodel
indeed changes as the pressure increases. Here, the case of Fn =
500 nN does not show the paired stick–slip phenomenon as in
Fig. 3, and this may be due to the absence of the deformation of
the bottom plate57,58 under friction in the PT model.

The calculated friction as a function of pressure is summa-
rized in Fig. 8a. As a comparison, the frictions from MD
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Friction predicted by molecular dynamics simulation (black squares) vs. that predicted with the PT (red circles) model. The MD data
here are the friction for the tip on the rigid substrate that was determined with the spring force method (the same data as in Fig. 6d). (b and c) The
friction from the PT model as a function of displacement at (b) Fn = 200 nN and (c) Fn = 500 nN.
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simulations are also shown in the gure. The comparison
shows that although the two different methods give different
friction forces, they predict a similar trend in load-dependent
friction: the friction keeps almost constant at #200 nN, while
the friction increases with pressure at higher load. This simi-
larity indicates that the change in the friction behavior can
indeed be interpreted in terms of the energy state. The deviation
between the two methods (MD and PT model) shown in Fig. 8a
may originate from the fact that in the PT model the friction is
predicted based on the energy landscape surface obtained from
the equilibrium MD calculations, e.g., Fig. 7, although the
friction is non-equilibrium in nature. This could be the reason
why the prediction of the PT model differs from that of the non-
equilibrium MD simulations shown in Fig. 6d.
Conclusions

In this study, we performed MD simulations to investigate the
molecular mechanism of pressure-driven change in kinetic
friction at the nanoscale. To mimic the actual AFM friction
experiments, we developed a molecular dynamics model for the
friction between a nanoscale AFM tip and a smooth but elastic
substrate formed by four graphene layers. Our simulation
shows that the load-induced substrate deformation could lower
friction at low load while increasing the friction at high load. In
addition, a transition in the friction mode is observed from our
simulation study as the normal force increases: aer the exerted
normal force reaches a threshold, the stick–slip friction
abruptly changes to the paired stick–slip friction, accompanied
by an increase in the coefficient of friction. The microscopic
mechanism for such a transition, namely how it happens at the
microscopic level, is discussed in detail.

We analyzed the reasons for the increase in the friction
coefficient and the transition in the friction model, from the
perspective of the changes induced by enhanced pressure: the
actual contact area, the substrate deformation and the energy
landscape experienced by the tip. Our results show that the
coupling of the applied normal force and the substrate
deformability changes the microscopic contact states between
© 2024 The Author(s). Published by the Royal Society of Chemistry
the two nanoscale surfaces. In our case, when the applied force
exceeds a certain threshold, the tip would experience a different
energy landscape if the substrate is deformable, which thus
leads to the change in friction mode. Finally, the Prandtl–
Tomlinson model is used to validate the change in the friction
coefficient, conrming that the change in the friction behavior
can be interpreted in terms of the energy landscape. The
molecular-scale insights from this study not only provide a new
synergy mechanism to tune the nanoscale friction, but also
provide the connection between friction behaviors and fric-
tional contact states, which has the potential to be applied in
various friction scenarios.
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