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Recent studies have proved the usefulness of macroscopic surface patterning for the improvement of tribo-
logical performances of sliding contacts. Here we investigate the effects of scaling down the texturing dimen-
sions to the nanoscale. By means of classical molecular dynamics simulations, we show that the sliding
frictional properties of a thin lubricant film are significantly affected by the presence of nanoscale superficial
patterning of the moving confining walls, leading to a “mitigation” of the so-called stick-slip regime and to a
consequent reduction of friction. We believe these findings to be relevant for nanotechnology applications.
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I. INTRODUCTION

Due to continuing device miniaturization, friction im-
poses serious constraints and limitations on the performance
and lifetime of advanced technological microdevices. Du-
rable low-friction surfaces and suitable liquid or solid lubri-
cants are increasingly in demand in hi-tech applications such
as magnetic storage systems, microelectromechanical de-
vices �mems�, and aerospace components. The difficulty of
tribological problems is related to their complexity, namely
dealing with systems under a strict size confinement that
leaves very limited access to the interface itself.

Introduction of specific microtextures onto a sliding sur-
face, comprising smooth, flat regions interrupted by local
depressions, is an often-used approach to improve tribologi-
cal properties of mechanical sliding contacts.1,2 One of the
roles of these depressions is to trap wear particles. The elimi-
nation of wear debris from the mating interface reduces the
ploughing component of friction. Besides, another important
function of the surface dimples is to act as reservoir for lu-
bricants capable of feeding the lubricating fluid directly be-
tween the two contacting surfaces.3,4

Advanced experimental techniques, such as for example
focused ion-beam �FIB� milling5,6 or electron-beam lithogra-
phy �EBL�,7 allow us nowadays to build and control surface
structures and morphology with high spatial resolution down
to the nanometer scale. This observation raises an interesting
question in the context of nanolubrication and friction. Does
the tribological response of a sliding interface change in
presence of nanoscale textures in boundary lubricated re-
gime?

Numerical molecular dynamics simulations and simplified
theoretical approaches have revealed themselves to be ex-
tremely useful in giving deeper insights into the nature of
friction and tribological processes at the nanoscale. Nu-
merical modeling, even if often idealized, can reproduce
most experimental observations such as stick-slip, nature
of static friction, dependencies of observations on tem-
perature and other external parameters. But what is even
more important and promising is that in many cases pre-
dictions made by means of simplified tribological models
have been confirmed experimentally.8,9 It has recently been

shown10 how, in presence of textured surfaces, the concerted
effect of wetting properties and surface roughness may
considerably reduce friction of a thick fluid lubricant past
the boundaries. Under a certain pressure PN, the micro-
scopic patterning reduces the wettability of the substrate
which is only weakly coupled to the liquid lubricant:
momentum transfer parallel to the interface is strongly re-
duced.

When a confined lubricant is characterized by a large
surface-to-volume ratio, the surface properties strongly affect
its tribological properties. If the width of the lubricant film is
reduced to a few atomic layers, e.g., because of the squeez-
ing of the lubricant out of the contact region due to high load
when the interface sliding stops, the atoms in the film are
ordered into layers parallel to the bounding walls, although
this behavior is less pronounced for branched molecules.11,12

Both numerical simulations13 and experiments14 generally
conclude that, in this regime of boundary lubrication, the
film behaves like a solid �at least in the mechanical sense that
static friction is observed�, even at temperatures significantly
higher than its bulk melting temperature. At low driving rela-
tive velocity of the confining walls, the motion in such a
system corresponds to the highly dissipative stick-slip dy-
namics, which is explained by means of the melting-freezing
mechanism;13 the film melts during slip and solidifies at
stick.

In this paper, we investigate the effects of surface nano-
patterning on the tribological performances of sliding con-
tacts in the regime of boundary lubrication. The mesoscopic
frictional response of the driven top plate is analyzed in
terms of the detailed microscopic dynamics and structural
rearrangements of the confined lubricant layers under shear.
In Sec. II, we present the model used for molecular dynamics
simulations, elucidating some computational details. Section
III is devoted to show the results of the calculated friction
force obtained by varying the model parameters over a wide
range of values; the tribological behavior being related to the
atomistic dynamics and structure of the embedded lubricant
film. In Sec. IV, we examine the role of the pattern density
and, finally, we draw conclusions and some perspectives in
Sec. V.
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II. MODEL AND SIMULATION DETAILS

We consider here the regime of boundary lubrication,
where the sliding surfaces are separated by only a few layers
of lubricant molecules, as sketched in Fig. 1. We study a
two-dimensional system consisting of a rigid, patterned sub-
strate, a rigid driven top plate and nl lubricant particles con-
fined in between. Our simulations are mainly carried out for
the case of three embedded lubricant layers; by increasing
the lubricant width �while remaining always in the regime of
boundary lubrication�, the static friction force needed to ini-
tiate the sliding decreases approximately exponentially.15

The driven top plate and the bottom substrate are made up of
nt and nb particles, respectively, having a constant lattice
separation as=1. We use dimensionless units with top, bot-
tom, and lubricant atoms all of mass m=1. The top plate of
mass Mtop=m ·nt is pulled through a spring, of elastic con-
stant K, connected to a stage which moves along the hori-
zontal x direction with constant velocity Vext. A loading force

L� is applied to the top plate along the negative vertical y
direction. Due to the vertical confinement, periodic boundary
conditions are applied only along the x direction.

All atoms interact via a 6–12 Lennard-Jones pairwise po-
tential

U����r� = U����� r���

r
�12

− 2� r���

r
�6�

�,�� = l,t,b �1�

where l, t, b, refer to lubricant, top, and bottom particles,
respectively. The parameters of the potential �1� are chosen
to be equal for all atoms, Ull=Utl=Ubl=U0=1 and rll=rtl

=rbl=r0=1, namely we study the tribological response in the
perfectly commensurate case and in an “intermediate” inter-
action range with respect to those considered in Ref. 16 �nei-
ther “soft” nor “hard” lubricant�. No direct interaction be-
tween the top and bottom substrates is taken into account.
The cutoff radius for interactions is r�=2.5r0.

The dynamics of the top plate with coordinates �Xtop ,Y top�
satisfies the equations
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The equations of motion for the displacement vectors ri
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the nl lubricant atoms are given by
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where ui=xi
l or yi

l. To simulate finite temperature in this
driven model, we use a standard implementation of the
Nosé-Hoover thermostat chain �N.H.C.�,17,18 rescaling par-
ticle velocities with respect to the instantaneous lubricant
center of mass velocity. The thermostat chain acts equally on
all lubricant particles j=1, . . .nl. The equations of motion are
integrated using the standard fourth-order Runge-Kutta algo-
rithm with time step �t=0.005. All units are expressed in LJ
units U0, r0 and mass m0 of the individual atoms. We can
take as reference units the interaction parameters between
two Xe atoms: U0=19.83 meV �corresponding to a tempera-
ture of 230 K�, r0=4.055 Å and the mass m0=2.16
�10−22 g, whence the unit of time is t0= �m0r0

2 /U0�1/2

=3.345 ps. The other units can be derived and we have for
the force F0=7.8 pN, for the velocity V0=1.7�102 m /s.
The value of elastic constant K=7, used in all simulations,
corresponds to 1.34�10−1 N /m.

The shape of the pattern groove in the bottom substrate is
modeled by means of the Peyrard–Remoissenet function19

UPR�x� =
d

2

�1 + s�2�1 − cos� 2�
w x��

1 + s2 − 2s cos� 2�
w x� , �s� � 1. �4�

The parameter s in Eq. �4� characterizes different shapes of
the groove, ranging from spiky to flat, large pattern �Fig. 2�,
while the parameters d and w define its depth and width,
respectively. In the present paper, we focus on the simulation
results for a specific, even though not too restrictive, case
	s=0.1, w=20, d=14 �Fig. 2�c�
. A detailed analysis of the
tribological response dependence upon the pattern shape
�groove geometry, depth and width� is going to be addressed
in a more systematic numerical investigation.

In Fig. 1, we show the system after relaxation. At the
beginning of the simulation, the groove is empty and the
particles, confined between the top and bottom substrates,
are ordered in layers and placed at a uniform wide separa-
tion. Due to the applied load, the lubricant particles begin to

FIG. 1. �Color online� Sketch of the system. The lubricant is
confined between the top driven plate and the patterned substrate.
Here, the system size in the x direction is 60 �L-J units�
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FIG. 2. Different shapes of the bottom substrate obtained for
four distinct values of the parameter s.
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fill up the available void space. After a time interval 	t1,
although the groove is not yet completely filled, the oscilla-
tions of the top plate have been considerably damped. At this
time, the stage attached to the top substrate through the
spring K begins to move at the constant velocity Vext. A
subsequent time interval 	t2 is necessary to reach the station-
ary sliding state: the bottom groove is filled and three layers
form between the top plate and the bottom terraces. We start
then to calculate and record the system characteristics of rel-
evant physical interest. From a computational point of view,
in order to mimic reasonably the physical behavior of a sta-
tionary moving state in a boundary lubricated interface, it is
important to choose a suitable number of lubricant particles
in such a way that the groove fills up and an integer number
of film layers �e.g., three in our case� is formed with particles
uniformly distributed and no intrinsic defects. nl=290 has
been actually taken as the largest number for which the film
thickness �between the top plate and the bottom terraces�
remains equal to three full layers, the addition of extra par-
ticles resulting in an unstable situation with thickness irregu-
larly oscillating between three and four layers.

In our system, the spring elongation of the driving appa-
ratus, �Xtop�t�−Vextt�, gives a direct measure of the lateral
force FL acting at time t on the moving top plate. Once
stationarity is achieved, we calculate the friction force Ffric as
the lateral force averaged over a sufficiently long-time inter-
val

Ffric = �FL� = K�Xtop�t� − Vextt� , �5�

where � � stands for time average. In this work, we focus on
the case of commensurability among the three inherent sys-
tem “lengths” rll ,rtl ,rbl. Experimentally, commensurability is
not a common situation and can only be achieved under
well-controlled operating conditions.20 However, our model-
ing could represent the physical situation in which two lubri-
cant layers stick to the confining substrates and become
“rigid.” Commensurability means optimal structural match
between the crystalline lubricant and the confining walls.
This structural interlocking enhances the ordering tendency
which also results from entropy reduction of the disordered
molecules near the walls.21 In our case, this increased order-
ing tendency competes with the disorder effect due to the
presence of grooves.

In order to highlight the possible effectiveness of sub-
strate nanopatterning, aiming at improving tribological prop-
erties of mechanical sliding contacts, simulations have been
done in the range of model parameters where the high dissi-
pative stick-slip dynamics takes place. We have observed
stick-slip regimes for a large interval of increasing velocities,
until suppression. Thus, we focused on the behavior of the
system for velocities Vext such that stick-slip is not sup-
pressed but its period is sufficiently small �the faster the
stage velocity, the smaller the stick-slip period�. Taking care
of this, the lateral force can be correctly averaged on the time
interval accessible by the numerical simulation.

III. RESULTS

We have studied the system response by mainly varying

three significant physical parameters: the load L� , the stage

velocity Vext, and the temperature T. This has required to
perform a large number of simulations with a sufficiently
small time step suitable for atomistic calculations. In pres-
ence of patterned substrates, for a large range of applied load
and temperature values, we have found a substantial reduc-
tion of the tribological undesirable stick-slip regime, with a
consequent drop in the sliding friction values.

Figure 3 shows the curves representing the top plate co-
ordinate Xtop �upper panels� and the corresponding lateral
force FL=K	Xtop�t�−Vextt
 �lower panels� as a function of
time in the flat �left� and patterned �right� case. The left
lower panel clearly displays the typical saw-tooth depen-
dence of FL, the hallmark of stick-slip motion. Stick-slip as a
phenomenon is quite general and extremely well known. It
has been observed in many simulations of microscopic fric-
tion, as well as in the tip dynamics of atomic force micros-
copy and in surface force apparatus experiments of confined
lubricants under shear �see, e.g., Ref. 22 and references
therein�. Energy is stored in the springs while atoms are
trapped in a metastable state �sticking�, and it is converted to
kinetic energy as the atoms pop to the next metastable state
�slipping�. This time dependence of FL is reflected in the
corresponding staircase temporal behavior of the top plate
coordinate Xtop �left upper panel�. The value of the spatial
distance covered during the slip events and the regular-
periodic or intermittent-chaotic temporal alternation between
stick and slip can be affected by several factors: the intrinsic
periodicity of the lattices defining the substrate potentials,
the potential energy landscape of accessible metastable
states, the specific features of imposing driving, etc. As dis-
played in the right panels of Fig. 3, substrate patterning leads
to a mitigation of the stick-slip regime with a consequent
reduction of the time-averaged lateral force �FL� �dash-dotted
lines in lower panels�.

In Fig. 4, the friction force Ffric is shown as a function of
system temperature T, at fixed load L and external driving
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FIG. 3. �Color online� Comparison between the stick-slip behav-
ior in the case of flat substrate �left panels� and patterned substrate
�right panels�. Notice the mitigation of the stick-slip regime with
consequent reduction of the friction force. Here nl=290 and 180, in
the patterned and the flat case, T=0.6, K=7, Vext=0.1, L=60. �L-J
units�.
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velocity Vext, for perfect crystalline substrates �solid curves�.
Friction is significantly reduced by patterning for tempera-
tures below T0.7. Above T0.7, both in the flat and pat-
terned case, the structure of the lubricant is typical of a high-
temperature liquid, as it can be seen from the radial
distribution function g�r� shown in Fig. 5. In these condi-
tions the patterning seems to be ineffective.

Weakening the commensurability constraint between lu-
bricant and confining walls, we have proved that our numeri-
cal results hold true also in the presence of “irregular” �e.g.,
quenched disordered� substrates. By randomly displacing the
atomic positions in the two substrates �even up to %10 of
lattice equilibrium spacing�, along both the horizontal and
the vertical axes, we have obtained very similar qualitative
results as shown by the two dotted curves in Fig. 4. Next, we
have investigated the dependence of Ffric as a function of the
applied load, at fixed temperature and external velocity �Fig.
6�. At low loads, the lubricant is liquid �with a radial distri-
bution function pretty similar to that of Fig. 5�; at higher
loads �above L50�, the confining pressure is sufficient to
induce a “solidlike” phase in the film layers, making the

nanopatterned substrate tribologically more favorable. Oper-
ating at higher values of temperature leads, as expected, to an
increase in the threshold value of the loading force �diamond
curve in Fig. 6�. Last, the behavior of Ffric as a function of
the external stage velocity Vext is shown in Fig. 7, keeping
the remaining physical parameters unchanged. Over the wide
range of external velocities investigated, comparing the sys-
tem frictional response to that for flat substrates, a significant
decrease of Ffric has always been observed in presence of
nanopatterning. Besides, by increasing Vext, the system dy-
namics becomes unstable for the flat geometry interface: the
lubricant passes intermittently from a three to a four-layer
state and vice versa. The transition from three to four layers
is accompanied by an increase of the y coordinate of the top
plate and a decrease of friction.

We want now to investigate which are the lubricant fea-
tures in the regime of “reduced friction” �for suitable applied
L, T and Vext� due to nanopatterned substrates. Since our
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FIG. 4. �Color online� Friction force as a function of tempera-
ture for a flat �squares� and a patterned �triangles� substrate. Solid
line: perfectly crystalline substrates. Dotted line: disordered sub-
strates. There is an appreciable reduction of the friction force only
below the threshold temperature T=0.7. For higher temperatures,
the lubricant is liquid. Here L=60, Vext=0.1.
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FIG. 5. �Color online� Comparison between the g�r� calculated
in the patterned and flat case at T=1.1 �above the threshold tem-
perature T0.7�, showing the typical trend of a liquid.
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FIG. 6. �Color online� Friction as a function of load in the case
of a flat �squares� and a patterned �triangles� substrate. There is an
appreciable reduction of the friction force above the threshold L
=40. For lower loads, the lubricant is liquid. Here T=0.6, Vext
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of a flat �squares� and a patterned �triangles� substrate. In the flat
case and for velocities above Vext=0.1 the lubricant is unstable and
passes continuously from a three to a four-layer state and vice
versa. The stars represent Ffric �in the flat case� calculated only over
the time intervals where the lubricant is in the three-layer state.
Here T=0.6, L=60 �L-J units�.
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system shows an alternation of a static and dynamical phase
�stick-slip�, it turns out to be convenient to distinguish be-
tween the stick and slip phase. As displayed in Fig. 8 for flat
substrates, in the stick phase the radial distribution function
presents the typical peak features of an hexagonal solidlike
structure, whereas in the slip phase g�r� shows a more liq-
uidlike profile. This behavior is related to the well-known
stick-slip melting-freezing mechanism of the embedded
lubricant.13 Before analyzing the g�r� in the patterned case,
we consider Fig. 9 which reports the trajectories of lubricant
particles in the flat �upper panel� and patterned �lower panel�
case over a time interval 	t=200 of the dynamics, compris-
ing both stick and slip phases. Each point represents the po-
sition of a single particle at a given instant of time t. This
figure clearly displays how the structure of the lubricant in
the groove is much more disordered than over the terraces.
At the center of the groove the hexagonal structure, typical
of a solid lubricant, is lost.

Here, as shown in Fig. 10�a�, the lubricant is always liq-
uidlike, irrespective of the stick and slip phase. This disorder,
even if certainly less pronounced, shows as well over the

terraces, where we never find a solidlike structure, neither in
the stick nor in the slip case 	Fig. 10�b�
: even at stick the
radial distribution g�r� is clearly different from 0 at r1.5.

In literature, confinement-induced liquid-solid transitions
have been reported.14 By reducing the distance between the
two confining flat walls to few atomic lubricant layers, it is
possible to induce layering phenomena and, often, solidifica-
tion: the confinement decreases the entropy of the film and
shifts the bulk melting transition to higher temperatures and
lower pressures. Referring to this, in our system we could
expect a solidlike �or “more ordered”� phase of the thin film
nearby the terraces and a liquid one in the groove, where the
lubricant particles are far apart from the substrates.

A system of molecules confined between two smooth
walls was previously studied21 by means of a mean-field
theory for confinement-induced phase transition based on a
Ginzburg-Landau expression for the free energy. A surface-
ordered phase was shown to exist in presence of a large
enough reduction of the surface free energy achieved by sur-
face ordering. The phase diagram includes this additional
region in which the layers adjacent to the walls are crystal-
line but, at the center, the ordering almost vanishes. In our
model, the structural matching, due to perfect commensura-
bility between lubricant and substrates, should enhance the
surface ordering. A very limited diffusive tendency, visible in
the upper panel of Fig. 9 �points between layers� for flat
substrates, does not contrast with this hypothesis; experimen-
tal studies23 have in fact proved that the observed
confinement-induced “solidification” does not correspond to
a perfect crystallized structure but that a small diffusion is
always present.

Substrate patterning destroys the horizontal ordering gen-
erated by the confining flat walls, inducing a molten zone
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FIG. 8. �Color online� g�r� calculation at T=0.6 in the case of
flat substrate in the stick �triangles� and slip phase �solid line�. In
the stick phase, the peaks are typical of an hexagonal structure.
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time interval 	t=200. Top� Flat substrate. Bottom� Patterned sub-
strate. The loss of the hexagonal structure at the center of the
groove is clearly visible. The points between layers indicate par-
ticles passing from one layer to another. Here T=0.6, Vext=0.1, L
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FIG. 10. �Color online� �a� g�r� calculation for the particles in
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particles in the terraces in the stick and slip phase. The trend indi-
cates a ’more ordered’ lubricant structure in the terraces than in the
groove. Here T=0.6, Vext=0.1, L=60 �L-J units�.
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nearby the grooves. However, as stated before, this pattern-
ing disorder effect extends beyond the groove itself and the
radial distribution function, contrary to the flat interface �Fig.
8�, never vanishes �for r
r0� even over the flat terraces 	Fig.
10�b�
. This is also reflected in Fig. 9 �lower panel�, showing
the occurrence of a visible interlayer mixing mechanism in
the groove as well as over the terraces; we have noted that
the diffusion turns to be particularly visible to the left of the
groove, that is, shifted toward the opposite direction of the
top driven motion.

To quantify this interlayer diffusion, we have also calcu-
lated np��t��, the average number of particles that, after a
given reference time �t�, passes from one layer to another.
We found for �t�=10� time-step that np��t��=0.01 in the flat
case and 0.34 in the patterned case. The value of np strongly
depends on the temperature and increases linearly with �t�.
The strong increase of the interlayer mixing is clearly visible
from Fig. 11, representing the projection of the phase space
on the �Vx ,y� plane in the flat �upper panel� and patterned
�lower panel� case for a time interval 	t=200 �Vx is the x
component of the velocity of the particles�. The three sepa-
rated spots indicate the spatial particle separation �along the
vertical y direction� of the three formed lubricant layers. Also
in this case, the points in between represent particles migrat-
ing from one layer to another. For flat substrates, the lubri-
cant exhibits a layer over layer sliding with strong one-

dimensional order within the shearing layers of atoms, where
each layer moves as a whole. In the patterned case, due to the
increased diffusion, this layer over layer structure is not so
evident. We have evaluated the layer drift velocities defining
its x component at time t is as:

VJ,x�t� =
1

NJ�t�
�
i=1

NJ�t�

vi,x�t� �6�

where NJ�t� is the number of particles in the layer J at time t
and vi,x�t� is the velocity x component of particle i in the
layer J at time t. For the flat geometry, the time-averaged
layer velocities are �V1,x�=0.0078, �V2,x�=0.042, �V3,x�
=0.085, while for the patterned interface �V1,x�=0.014,
�V2,x�=0.062, �V3,x�=0.094. In this last case, the velocity of
the first layer �the one in contact with the immobile bottom
substrate� is strongly increased. This enhanced film mobility,
at the lubricant-substrate interface, favors the observed stick-
slip reduction shown in Fig. 3.

IV. DENSITY OF THE GROOVES

By varying the separation between the grooves, we have
also investigated the behavior of Ffric as a function of the
pattern density. Keeping the groove shape unchanged
�Peyrard–Remoissenet geometry with s=0.1, w=20 and d
=14�, we have increased the size of the simulation box �size�
enlarging the flat terraces at both of its sides. In particular we
have analyzed systems 3/2, 2, 5/2, and 3 times larger than the
original one displayed in Fig. 1. The results have been com-
pared to those for flat substrates of equal size. The simulation
data displayed in the Fig. 12 have been obtained by keeping
the pressure �L/size� constant. The plot shows a linear pro-
portionality of Ffric to the system size, both for the flat and
the patterned substrate, highlighting a linearity dependence
on the actual “contact area” �line of contact�. The slope of
the two lines is approximately the same, with that of the
patterned case �triangles� just shifted down with respect to
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the one of the flat case �squares�. As already stated, the
groove creates a disturbance region in the confined lubricant,
with a consequent reduction of the effective contact area re-
sponsible for the geometrical interlocking. Directly from the
fitted curves of Fig. 12, it is possible to estimate the extent ld
of the disturbance region as the distance between the two
intersection points of these curves with the horizontal axis.
This evaluation gives ld�29, which is indeed larger than the
width of the groove but smaller than the separation between
two successive grooves; thus, in our simulations, even if no
significant “interaction” occurs between successive grooves,
the pattern-produced disorder does propagate also over the
flat terraces.

V. CONCLUSIONS

The above analysis and numerical results have shown
how the frictional behavior of a lubricant film in boundary-
lubricated regime is significantly affected by the presence of
nanoscale superficial patterning of the moving confining
walls. The main effect of the nanopatterning is the mitigation
of the high dissipative stick-slip regime with a consequent
drop of sliding friction. This mitigation is due to the local
melting of the lubricant in correspondence of the groove and
to an increasing interdiffusive behavior between the layers.
As previously reported,21 solidification may be induced by
wall confinement. The presence of patterned substrates is
disadvantageous to the formation of a solidlike phase, favor-
ing disorder and preventing possible geometrical interlock-
ing. Weakening the commensurability constraint between lu-

bricant and confining walls, we have proved that our
conclusions about nanopatterning effectiveness hold true also
in the presence of disordered substrates. Preliminary numeri-
cal simulations seem to show that even the presence of swell-
ing at the substrate patterned area �typical of FIB
nanofabrication5,6� does not affect much the qualitative pic-
ture.

Besides, the shape of the groove can play an important
role in the tribological response of the sliding system. During
motion, the lubricant molecules closer to the rigid walls tend
to align following the shape of the walls themselves. This
can create different ordering tendency and important geo-
metrical mismatch to increase lubricant disorder and favor
melting. Optimization of the pattern geometry can therefore
reduce the sliding friction further, surely deserving future
investigations.
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