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The evolving quality of frictional contact  
with graphene
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Graphite and other lamellar materials are used as dry lubricants 
for macroscale metallic sliding components and high-pressure 
contacts. It has been shown experimentally that monolayer 
graphene exhibits higher friction than multilayer graphene and 
graphite, and that this friction increases with continued sliding, 
but the mechanism behind this remains subject to debate. It has 
long been conjectured that the true contact area between two 
rough bodies controls interfacial friction1. The true contact 
area, defined for example by the number of atoms within the 
range of interatomic forces, is difficult to visualize directly but 
characterizes the quantity of contact. However, there is emerging 
evidence that, for a given pair of materials, the quality of the 
contact can change, and that this can also strongly affect interfacial 
friction2–7. Recently, it has been found that the frictional behaviour 
of two-dimensional materials exhibits traits8–13 unlike those of 
conventional bulk materials. This includes the abovementioned 
finding that for few-layer two-dimensional materials the static 
friction force gradually strengthens for a few initial atomic periods 
before reaching a constant value. Such transient behaviour, and the 
associated enhancement of steady-state friction, diminishes as the 
number of two-dimensional layers increases, and was observed 
only when the two-dimensional material was loosely adhering 
to a substrate8. This layer-dependent transient phenomenon has 
not been captured by any simulations14,15. Here, using atomistic 
simulations, we reproduce the experimental observations of layer-
dependent friction and transient frictional strengthening on 
graphene. Atomic force analysis reveals that the evolution of static 
friction is a manifestation of the natural tendency for thinner and 
less-constrained graphene to re-adjust its configuration as a direct 
consequence of its greater flexibility. That is, the tip atoms become 
more strongly pinned, and show greater synchrony in their stick–
slip behaviour. While the quantity of atomic-scale contacts (true 
contact area) evolves, the quality (in this case, the local pinning 
state of individual atoms and the overall commensurability) also 
evolves in frictional sliding on graphene. Moreover, the effects can 
be tuned by pre-wrinkling. The evolving contact quality is critical 
for explaining the time-dependent friction of configurationally 
flexible interfaces.

We conducted molecular dynamics simulations by sliding a  silicon 
tip over graphene supported on an amorphous Si (a-Si) substrate  
(see Methods). Substrate–graphene adhesion was modelled as a van der 
Waals interaction with an effective work of adhesion of  approximately 
0.1 J m−2, based on experimental values16. Figure 1a shows the relaxed 
system consisting of a-Si and a monolayer of graphene at 300 K. As 
in experiments16, the modelled surface morphology of graphene 
conformed well to the a-Si substrate (Fig. 1b and c). A rigid round 

〈001〉-oriented crystalline silicon tip with a radius of 16.3 nm was 
placed in contact with graphene (Fig. 1d) and equilibrated for  
2 ns (Fig. 1e and f). Graphene’s high out-of-plane flexibility coupled 
with tip–graphene adhesion causes local puckering near the contact 
edge (Fig. 1e, arrow). A similar puckering phenomenon was also  
found for the multilayer graphene systems (see Supplementary 
Discussion 1).

We then applied an external normal load of 0.8 nN to the tip and 
 further relaxed the whole system. After relaxation, we displaced a 
 harmonic spring laterally coupled to the tip at 2 m s−1. It is noted that the 
normal load was stably maintained at 0.8 nN during the  friction simula-
tion (see Supplementary Discussion 2). As the tip slid on graphene (with 
layer numbers N = 1–4), clear stick–slip motion with two distinct stages 
was observed in all cases (Fig. 1g), in contrast to conventional atomic 
stick–slip on bulk graphite17. Initially, the local peaks of the  lateral force 
(that is, the static friction force, when slip initiates) increased progres-
sively with each slip. After a few periods, the  behaviour became  regular, 
and the peak forces remained  constant. The slip distance in each stick–
slip event is approximately 2.5 Å,  equivalent to the lattice spacing of 
graphene. The simulations consistently  reproduce, for the first time, the 
two-stage friction behaviour observed in experiments8.

Our simulations also show layer-dependent friction8, that is, the 
strengthening effect became weaker and the frictional force reduced 
as sample thickness increased; the strengthening almost vanished 
once the thickness reached four layers. To check that two-stage fric-
tion was not a dynamic effect caused by the high sliding speed, we first 
reduced the speed to 1 m s−1 and 0.5 m s−1 and found that there is only 
a weak dependence of the frictional strengthening on sliding speed (see 
Supplementary Discussion 3). In addition, we performed quasi-static 
calculations5,18 and found that the two-stage friction trait was retained 
(see Supplementary Discussion 4). Finally, we computed the energy 
barriers for stick–slip motion, and confirmed that the stick–slip event is 
not driven primarily by thermal fluctuations at experimental time and 
force scales, but primarily by the external forcing (see Supplementary 
Discussion 5).

Early studies attributed the friction enhancement for thinner two- 
dimensional samples to puckering8,14,19, where the sliding tip induces 
more out-of-plane deformation for thinner samples, leading to a larger 
true contact area and thereby a larger friction. Here, we also observed 
noticeable puckering (Fig. 1e, Supplementary Video) and found that 
the puckered configuration evolved as the tip moved forward. Figure 1h  
shows the average friction force together with the contact area in the 
constant static friction force regime (that is, beyond the initial strength-
ening regime) for different layered graphene samples. The simulations 
show that a larger contact area corresponded to larger friction, and was 
correlated with increased puckering. However, the friction increase  
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(an 80% increase for monolayer versus four-layer graphene, 
 consistent with experiments) was substantially larger than the change 
in contact area (14%). Therefore, the true contact area (which by 
 definition is geometric and additive) change caused by the puckering  
of graphene alone cannot account for the large increase in friction. This 
strongly suggests the existence of additional mechanisms contributing 
to the layer dependence of friction and the transient strengthening.

To trace the physical processes at play, we analysed the distribution  
of atomistic interaction forces at the interface. For the tip, the net  
lateral interaction force from graphene, Finteract, is the sum of  
the x components of all atomic forces exerted by graphene, =Finteract   
∑ =∑ −f f x f( ( ) (0))i i i i i

friction
spr , where f x( )i spr  is the x component  

of the graphene–tip interaction force for tip atom i when the spring 
moves a distance xspr, and fi(0) is the interaction force before sliding. 
To highlight the resultant forces due to sliding, we considered only  
the incremental interfacial forces with respect to the initial state (see 
Supplementary Discussion 6).

We first performed interfacial force analysis for monolayer graphene. 
Figure 2a–d shows the f i

friction distributions at four moments, each  
when the lateral force reached its local peak values during the stick–slip  
friction, marked i, ii, iii and iv in Fig. 1g. Owing to the crystallographic  
and geometrical differences between graphene and silicon, f i

friction  
values at all four moments exhibited a seemingly random distribution; the 
total sum in each case was negative (thus producing frictional resistance). 
The f i

friction distribution clearly evolved from points i to iii (Fig. 2a–c) and 
was almost unchanged between points iii and iv (Fig. 2c and d).

We individually followed f i
friction of a few tip atoms that were acting as 

pinning sites or ‘traps’ (see Supplementary Discussion 7). For some of 
these atoms, the absolute value of f i

friction increased in the  strengthening 

stage and then saturated. This indicates that pinning gets progressively 
stronger at these sites with each slip. These atoms apparently provide a 
substantial contribution to frictional strengthening. For most atoms, 
the variation of f i

friction was steady, indicating no pinning enhancement. 
These atoms contribute to the overall friction, but not to the initial 
transient strengthening by local trap deepening.

Further inspection shows that the variation of the interfacial force 
is closely related to the local configuration of the contacting graphene. 
If the environment near a tip atom allows the graphene to locally 
adjust its atomic configuration, the interfacial force will exhibit an  
evolution effect. However, the detailed local contact environment varies 
from atom to atom owing to complex tip, graphene and rough substrate 
configurations. We cannot tell beforehand how an individual tip atom 
and its surrounding would evolve, because they not only depend on the 
initial configuration but also depend on the randomly rough surface and 
the complicated deformation history (for example, the statistical features 
of the final configuration depend on the entire sliding path, and not 
just on the initial and final tip locations). Nevertheless, our simulations 
clearly demonstrate that the interface tends to evolve towards a more 
commensurate (that is, with more atomic alignment at the interface) and 
better-pinned state (that is, it finds a deeper energy trap).

To quantify this, we plotted the histogram of the atomic interac-
tion forces at these four moments in Fig. 2e. All four histograms have 
larger populations at low-magnitude interaction forces and much lower 
populations at high magnitude. However, these histograms were all 
skewed negatively because the overall net force was negative. More 
importantly, as indicated by the insets of Fig. 2e, the range of the  
distribution increased appreciably from points i to iv (for example, the 
maximum forces are around ±0.6 nN at point i, but increase to ±0.8 nN 

Figure 1 | Model setup and frictional behaviour for a Si tip sliding over 
a graphene/a-Si substrate system at 300 K. a, Graphene adhering to the 
a-Si substrate. b, c, Surface morphology of monolayer graphene (b) and 
the substrate (c). d, A rigid Si tip is placed in contact with graphene for the 
friction tests. e, f, Morphology of monolayer graphene (e) and substrate (f) 
in the presence of the tip after 2 ns. The lateral dimensions of the substrate 
and graphene are 43.4 nm × 43.4 nm and 38.5 nm × 38.6 nm, respectively. 
g, Force traces showing stick–slip behaviour on single (1L) and multilayer 

(2L–4L) graphene/a-Si substrates. h, Variations of averaged friction (black) 
and contact area (grey) with number of layers of graphene. The black, red 
and gold atoms in a and d refer to the a-Si substrate, graphene and the tip, 
respectively; atoms in b, c, e and f are coloured according to the height 
amplitude along the y direction. The tip–graphene contact area is taken 
to be ms, where m is the number of graphene atoms that are in intimate 
contact with the tip atoms and s (2.77 Å2 per atom) is the atomic area of 
graphene (see Methods for details).
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at points iii and iv). This local force enhancement is consistent with the 
higher contrast of interfacial forces shown in Fig. 2a–d, which confirms 
the abovementioned local trap deepening. In addition, geometrical 
analysis also suggests that the tip–graphene interface evolved through 
small atomic shifts to produce more intimate atomic contact as the tip 
was displaced forward, providing more atomic pinning sites for lateral 
sliding (see Supplementary Discussion 8).

We further analysed the evolving commensurability of the interface. 
A less structured contact interface should have a unimodal force 

 distribution, similar to a Gaussian or even a uniform distribution.  
A very effective parameter with which to describe the deviation from 
a unimodal distribution (see Supplementary Discussion 9) is the 
 kurtosis µ σ= /K 4

4 , where μ4 is the fourth moment about the mean 
value and σ is the standard deviation of the distribution (see Methods). 
The larger K, the more structured the distribution becomes, and the 
more commensurate the interface. Figure 2f show the kurtosis values 
for points i to iv. The kurtosis increased from point i to point iii and 
was almost unchanged between points iii and iv. This provides an 

Figure 2 | Evolution of the atomic-level forces contributing to friction 
on a monolayer graphene/a-Si substrate. a–d, Corresponding f i

friction 
distribution at the four moments marked in Fig. 1g. The sites with positive 
magnitude of f i

friction (red colour) are the local pushing points that help the 
tip slip forward (to the right), while the sites with negative magnitude of 
f i

friction (blue colour) are the local pinning points that produce lateral 
resistance. e, The histogram of f n( )friction  at each of the four moments.  

The histogram is obtained by dividing the range of interfacial forces into 
twenty bins and plotting the number of tip atoms with interaction forces 
within each bin. The insets provide a magnified view of the distribution  
in the tails. f, The kurtosis value for the four force distributions at the  
four moments. The inset shows the force distributions that were used to 
calculate kurtosis. ρ(n) is the normalized atom number in each 
corresponding bin of interfacial forces.
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three samples. c, Variation of tip–graphene contact area during sliding.
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indication that the tip–graphene interface became slightly more 
 commensurate with each slip initially, and finally reached a stable value.

The simulations unambiguously show that the friction strengthening  
originates from two key mechanisms: enhancement of the local  
pinning (some individual atoms becoming more strongly pinned), 
and an increase in the interfacial commensurability (an increase in 
the number of atoms that are pinned in perfect synchrony). This is, to 
some extent, consistent with simulations of three-dimensional mate-
rials showing that interfacial commensurability, either through lattice 
matching20 or through interaction-enhancing contaminant species, 
greatly increases static friction21. However, the evolution of interfacial 
friction and contact quality here is a result of high configurational free-
dom of graphene owing to its bending flexibility.

We then performed similar force analysis for multilayer (N = 2–4) 
graphene systems (see Supplementary Discussion 10) and found that 
the variation of the interfacial pinning and overall commensurability 
also contributed greatly to the layer dependence of friction, explaining 
the large quantitative disparity between the friction enhancement and 
true contact area increase in Fig. 1h. However, in the multilayer cases, 
the top graphene layer forms a perfect AB stacking with respect to the 
lower graphene layer. As observed in several experiments2,22, perfectly 
aligned stacking can strongly constrain the relative lateral movement 
of graphene layers. This enhanced constraint reduces the ability of 
graphene to adjust its configuration during the sliding process.

Since the contact interface with graphene can be affected by pre- 
existing wrinkles14, we speculate that regulating the degree of wrinkling23  
may offer an effective means of tuning friction. To test this, we studied 
a model system by sliding a tip over freely suspended graphene with 
various degrees of pre-existing wrinkling (Fig. 3a), formed by applying 
different amounts of bi-axial compressive strain (εxx and εzz). Three 
samples G1, G2 and G3 with 0%, −0.2%, and −0.5% pre-compressive 
strain were studied in the simulations. As expected, the relaxation state 
of graphene profoundly affects its friction (Fig. 3b). Compared to G1, 
relaxed samples G2 and G3 exhibited substantially enhanced static 
friction (up to about 300%), although the increase in true contact  
area was much smaller (up to about 1.5%, see Fig. 3c). The f i

friction 
 distributions at the local force peaks of these three samples (Fig. 4a–c) 

and their histograms (Fig. 4d) indicate that, as pre-compressive strain 
increased, stronger pinning sites with higher local interfacial forces 
appeared. Furthermore, the kurtosis analysis shows that the interfacial 
force distribution increasingly deviates from a unimodel Gaussian 
distribution from G1 to G3 (Fig. 4e), indica ting a more commensurate 
interface with increasing pre-compressive strain.

As confirmed by the simulations, friction on suspended graphene 
can be effectively tuned by pre-compression and the ‘quality’ of the 
interfacial contact. But unlike the supported cases, the interface reached 
its steady configuration immediately after the tip made contact, because 
of larger excess area and resultant higher configurational flexibility. 
Thus, no frictional strengthening was observed in these simulations, 
consistent with the observations of Deng et al.11. We also performed 
simulations for graphene strongly bound to a flat surface. Owing to 
the much reduced freedom for graphene to configurationally evolve, 
no frictional strengthening or layer dependence occurred in this case 
either (see Supplementary Discussion 11), consistent with experimental 
measurements of strongly bound graphene8,24.

In conclusion, we have identified a complementary aspect to the 
concept of true contact area governing friction on two-dimensional  
materials, related to evolving configurational relaxations that exploit 
out-of-plane floppiness. There is a general tendency for configuration-
ally flexible systems to attain progressively deeper energy traps despite 
mechanical work being done to the system, improving the quality of 
contact. Imposing pre-compression on suspended graphene (to pro-
duce wrinkles) increased the total friction force several times with little 
change in the true contact area. This suggests a means of controlling 
friction of two-dimensional materials via strain engineering.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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