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A novel method is proposed for controlling and reducing friction in thin-film boundary lubricated junctions,
through coupling of small amplitude (of the order of 1 Å) directional mechanical oscillations of the confining
boundaries to the molecular degrees of freedom of the sheared interfacial lubricating fluid. Extensive grand-
canonical molecular dynamics simulations revealed the nature of dynamical states of confined sheared molecular
films, their structural characteristics, and the molecular scale mechanisms underlying transitions between
them. Control of friction in the lubricated junction is demonstrated, with a transition from a high-friction
stick-slip shear dynamics of the lubricant to an ultralow kinetic friction state (termed as a superkinetic friction
regime), occurring for Deborah number valuesDe ) τf/τosc> 1, whereτosc is the time constant of the boundary
mechanical oscillations normal to the shear plane andτf is the characteristic relaxation time for molecular
flow and ordering processes in the confined region. A rate and state model generalized to include the effects
of such oscillations is introduced, yielding results in close correspondence with the predictions of the atomistic
simulations.

Understanding the atomic-scale origins of the mechanical and
rheological properties of boundary lubricating thin molecular
films, confined between closely spaced solid boundaries, is of
fundamental and technological interest, aiming at molecular
design of lubricants for use under extreme conditions of high
loads and shear rates.1-3 Confined fluids have been observed
experimentally and theoretically to exhibit unique structural,
dynamical, mechanical, and rheological properties, different
from those of the bulk and dependent on the degree of
confinement (load), operational conditions (e.g., shear rate and
temperature), and nature of the fluid (e.g., molecular shape, size,
and complexity) and its interactions with the boundaries (e.g.,
chemical or physical binding).1-12 These properties include
organization of interfacial films into layered structures charac-
terized by load-sustaining capacity portrayed in oscillatory
solvation forces between the confining surfaces as the gap width
between them is varied, and confinement-induced dynamical
rheological response characteristics such as long-relaxation
times, the development of shear yield stresses (static friction),
and the occurrence of classes of shear motion (e.g., stick-slip
and a transition to a steady sliding state and to an eventual state
of ultralow kinetic friction (termed the superkinetic regime13)
for shear velocities exceeding a critical value,Vc).

Here we investigate, through molecular dynamics (MD)
simulations, novel mechanisms for modifying, controlling, and
reducing frictional resistance in thin-film boundary lubrication,
through dynamical directional coupling to the sheared fluid of
small-amplitude mechanical oscillatory motion of the confining
surfaces, applied normal to the shear plane.

Underlying the aforementioned properties of confined mo-
lecular films and their tribological response are microscopic
momentum and energy transfer mechanisms governed by
couplings between the lubricating film molecules and the
(mechanical) motion of the shearing boundaries, as well as
between intra- and intermolecular degrees of freedom. Associ-
ated with such couplings is a spectrum of characteristic times
(τr) (materials, temperature, and load dependent) for dynamic

structural (and conformational) relaxations and energy redis-
tribution and dissipation, as well as system characteristic times
(operationally dependent) such as the mechanical drive timeτdrive

) λ/V, which is the time for driving the systems at a velocityV
a characteristic distanceλ. The ratioDe ) τr/τdrive is defined
as the Deborah number,14 and it is expected that different
regimes of rheological response correspond to different values
of De, which may be accessed for a given lubricant (as well as
given temperature and load) through control ofτdrive. Thus, it
is expected that dissipation will be maximal forDe ∼ 1, and
otherwise reduced friction will occur.15

The MD simulations were performed using our recently
developed grand-canonical MD (GCMD) method.12 In this
method, which models the configuration used in the surface
force apparatus (SFA)1,4 and tip-based1,3 experiments, the
periodically replicated simulation cell contains two opposing
solid blocks with a gapD between them (along thez-direction
normal to the solid surfaces) immersed in a liquid, such that
the liquid in the confined region is at dynamic equilibrium with
the surrounding liquid. The solid blocks are of finite size in
thex-direction and extend over the length of the simulation cell
in they-direction. The size of the cell in thex-direction,Hx, is
taken to be sufficiently large so that the molecules outside the
confinement can exhibit bulk liquid behavior and the lengthHx

varies dynamically using constant pressure MD (withPx
ext ) 1

atm). The geometrical parameters used in the simulations are
given in ref 12b.

In the simulations of shear the direction of sliding is along
the y-axis. In these simulations the upper solid block is
connected to a horizontal (y) spring (spring constantks ) 0.8
N/m), which is pulled at a constant velocityVs. To model
constant load conditions, the center of mass of the block in the
z-direction,zcm, varies dynamically in response to the balance
between an externally applied load,Pz

ext and thez-component
of the internal stress exerted by the liquid molecules on the
upper block,σint

zz, i.e., (M/A)Z̈cm ) Pext
z - σint

zz(t), whereM is the
mass of the block andA is its area. In addition, simulations
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were preformed where the gap width was modulated periodically
in time using a triangular drive (modeling a time-varying
externally applied load).

The fluid (spherical) molecules were treated dynamically
using 6-12 Lennard-Jones (LJ) interactions, withε and σ
parameters as described in ref 12b, corresponding to a com-
mensurate solid-liquid system;16 i.e., fcc solid blocks17 with a
lattice constanta ) 5.798 Å, exposing (111) surfaces, were
used in conjunction with a liquid whose LJ parameters were
taken asε/kB ) 119.8 K andσ ) 3.405 Å, corresponding to
the solid and bulk liquid having the same density at the
temperature of the simulations,kBT ) 0.835ε (above the melting
temperature of the bulk LJ material atP ) 1 atm).

For gap widthsD e 30 Å, the confined liquid organizes into
layered structures normal to the boundaries.12b The degree of
ordering into such layers depends onD, and it originates12b from
variations in the internal energy and entropic contributions to
the free energy which oscillates (as well as the corresponding
solvation forces) as a function ofD. Well-formed layers (i.e.,
states of maximum sharpness of the oscillations of the density
profiles,F(z), across the film, which are characterized by minima
of the in-layer diffusion12b), occur with a period of about the
molecular width (∼4 Å). As elaborated by us previously,12b

transitions between such well-formed equilibrium layered states
(occurring here forDnL ) 26, 22, 18, 15, 12, and 9 Å,
corresponding tonL ) 7, 6, 5, 4, 3, and 2 layers, see Figures 1
and 2 in ref 12b), are associated with expulsion of about a layer-
worth of molecules from the confined region. Most important
here is the observation12 that such molecular expulsion transi-
tions occur (for globular molecules and straight-chain alkanes)
discontinuously (reflected in a steplike drop pattern in the
number of confined molecules,nc, as a function ofD), and they
are caused by a relatively small reduction of the gap width (δ
∼ 1 Å). Further reduction of the gap width in the intervalDnL

- DnL-1 - δ occurs for an almost constant number of molecules
in the confinement and is accompanied by enhancement of the
interlayer (and intralayer) order in the resulting (nL -1)-layered
film.

Results of constant load (Pext
z ) 73 MPa) shear simulations

of an equilibrated four-layer liquid film (with∼150 molecules
per layer) for three spring-pulling velocitiesVs are shown in
Figure 1. A characteristic stick-slip sliding motion is found
for the lower velocity (1 m/s), approaching a steady sliding state
for Vs ) 20 m/s correlated with a notable decrease in the friction
force (panels b in Figure 1); from these observations we
conclude that the critical velocityVc > 20 m/s. Accompanying
the stick-slip motion are sharp variations in the number of
confined molecules, as well as small dilations of the gap width.
On the other hand, the approach of the steady sliding regime is
signaled by a sharp drop innc (see Figure 1d forVs ) 20 m/s)
with subsequent variations in the gap width andnc being small
and erratic. Similar simulations for an external load of 132
MPa (corresponding also to a four-layer film, but now in its
optimally structured well-layered configuration) resulted also
in stick-slip motion forVs ) 1 m/s. However, for sliding with
Vs ) 10 m/s the confined film collapsed to a three-layer structure
via expulsion of a layer worth of molecules during a brief
interval following a slip stage in the stick-slip cycle (Figure
2). The transition to a three-layer film is seen to be accompanied
by increased (static) friction. Such shear-induced transitions
in film thickness have indeed been observed experimentally.5,9b

The two stages in the stick-slip cycles and the transition
between them are accompanied by structural changes in the film.
Thus, while the film in the stick stages exhibits a dynamical

phase characterized by a layered structure with high degree of
intralayer order (both in the interfacial layers and inside the
film), the transition to a slip stage is signaled by structural
transformation of the interior layers in the film (which continues
to maintain a rather distinct layered structure) into a dynamical
phase with the intralayer order in these layers characterized by
regions of a highly dislocated two-dimensional (2D) defective
solid coexisting with 2D ordered (close-packed) islands (these
islands appear to nucleate ordering of the layers18 when a
subsequent stick stage develops). The latter dynamical phase
appears to be distinct from the less ordered (“fluidized”10a)
phases that are found during the steady-sliding and superkinetic
regimes. In this context we remark that in simulations employ-
ing a stiff pulling spring (i.e.,ks f ∞) atomic-scale stick-slip
processes were found (with a slip length corresponding to the
in-layer intermolecular distance in the slip direction), but with
no accompanying intralayer disordering; instead the stick-slip
dynamics occurred here via a sequence of intralayer-registry-
change transitions (intralayer shuffle), each involving collective
motion of the (ordered) interior layers past one another.

The central issue that we would like to address now is whether
the friction in such boundary lubricated systems can be
controlled. For example, can a transition to the ultralow-friction
superkinetic regime be induced by other means, without having
to slide the system with high velocities,V > Vc (i.e., larger than
20 m/s in our case)? To this aim, a novel method for accessing
low friction states of the confined lubricant is suggested by the
aforementioned observations,12 obtained from simulations of
equilibrium states of the system, pertaining to the nature of
transitions between equilibrium layered states of the film that

Figure 1. (a) Position of the center of mass of the spring-pulled upper
solid block (ycm, solid line), (b) sliding-spring force (Fs), (c) height
variations of top block (∆zcm), and (d) number of molecules in the
confinement (nc), plotted versus time (t), obtained from GCMD
simulations of a four-layer junction under constant external loadPz

ext

)73 MPa, sheared with spring velocities ofVs ) 1, 10, and 20 m/s as
indicated. The dashed line in (a) depictsVst. Note the stick-slip
dynamics forVs )1 m/s, decreasing forVs ) 10 m/s and further reduced
for Vs ) 20 m/s (approaching the steady-sliding regime). In the inset
in the top panels forVs ) 20 m/s we display the time evolution ofnc(t)
following a sudden cut (denoted here ast ) 0) of the sliding spring
during the steady-sliding. This information was used to estimate the
molecular flow relaxation time,τf (the dashed line indicates an
exponential fit withτf ) 300 ps). Distances, force, and time in units of
Å, nN, and ps, respectively.
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are initiated by small (∼1 Å) variation in the gap width. In
this method dynamic controlled coupling is established between
the molecular and flow degrees of freedom of the sheared
lubricant and a mechanically driven mode. Here this method
of friction control takes the form of applied directional small-
amplitude oscillatory variations of the gap width.

Prior to exploring the effect of oscillations of the confining
gap on sliding friction, we apply to the layer-ordered system
periodic oscillations of the gap width and allow the system to
evolve until a steady state is achieved;19 an illustration of the
change in the degree of order in a four-layer confined film
caused by such oscillations (with an amplitude of 1.5 Å) is
shown in Figure 3. Results of sliding simulations are shown
in Figure 4, confirming our expectations pertaining to the
influence of directional oscillations of the confining boundaries
on the sliding dynamics and friction in the lubricated junction.
In particular, small-amplitude (1.5 Å) periodic variations
(triangular drive with a velocityVosc) 15 m/s) of the gap width
for the four-layer film result (for a sliding velocityVs ) 1 m/s)
in a most significant reduction of the frictional resistance and
obliteration of the stick-slip dynamics, that is, transition to an
ultralow friction state, i.e., the superkinetic regime (compare
the left column in Figure 4a,b to the corresponding oscillation-
free case shown forVs ) 1 m/s in Figure 1a,b). This transition
is accompanied by a precipitous decrease innc and the normal

component of the internal stress on the boundaries,σint
zz. Since

the transition to the superkinetic regime occurred under the
influence of the out-of-plane oscillations already at a spring

Figure 2. Same as Figure 1, but for a well-formed four-layer system
sheared withVs ) 10 m/s under a constant loadPz

ext ) 132 MPa. Note
the sharp collapse of the confined film at t= 500 ps fromnL ) 4 to
nL ) 3, accompanied by a decrease in the gap width (c), expulsion of
a layer-worth of confined molecules (d), and a pronounced increase in
the static friction (peaks of the stick-slip cycles depicted by Fs (in
(b)).

Figure 3. Atomic configurations obtained from grand canonical
molecular dynamics simulations of a fluid lubricating the gap between
opposing solid boundaries (yellow spheres). The upper equilibrium
configuration was recorded for a gap width of 15.25 Å showing
organization of the confined fluid molecules (in purple) into four ordered
layers; the liquid molecules outside the confinement are depicted in
green. The bottom figure, recorded during a small-amplitude (1.5 Å)
oscillation of the gap width, illustrates disordering of the layered
structure in the confinement accompanied by flow of molecules in and
out of the confined region.

Figure 4. Same as Figure 1 withVs ) 1 m/s, but under directional
oscillations of the top solid block along thez-axis (normal to the shear
plane), using a triangular waveform with an amplitude of 1.5 Å and
velocitiesVosc ) 15, 1.5, and 0.3 m/s, as indicated. In panels (c) we
display the time variations of the normal component of the internal
stress on the confining boundaries,σint

zz (in units of MPa). Note the
transition to a superkinetic regime for the highest oscillation velocity
and the intermittent well-defined stick-slip and superkinetic dynamics
for the lowest one.
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sliding velocityVs ) 1 m/s, while for the oscillation-free case
such transition requires velocities larger than 20 m/s, the effect
of the oscillations may be interpreted as effectively lowering
the critical velocityVc in a most significant way. On the other
hand, under directional oscillations at a lower frequency (Vosc

) 1.5 m/s) a somewhat frustrated form of stick-slip dynamics
is maintained (compare middle column in Figure 4a,b with the
left column in Figure 1a,b), while oscillations at an even lower
frequency (Vosc ) 0.3 m/s) result in intermittent stick-slip
(characterized by pronounced high static friction peaks, Figure
4b) and short periods of close to superkinetic sliding, ac-
companied by large variations innc andσint

zz (with low values
during the superkinetic intervals).

To understand and optimize the frequency dependence of the
applied mechanical directional oscillatory coupling to the
molecular shear flow motion, we suggest that the dominant
operative relaxation time is that pertaining to molecular flow
in-and-out of the confined zone, denoted byτf; other relaxation
processes, such as layering of the film, intralayer ordering, and
the time for restoration of stick-slip dynamics after interruption
of the directional oscillatory variation of the gap width while
in the superkinetic state, are related toτf. To estimateτf we
have cut the pulling spring during sliding in the superkinetic
regime under constant load (seeVs ) 20 m/s in Figure 1) and
recorded the time evolutions ofnc(t) (see inset in Figure 1).
Fitting the increase in the number of confined molecules by an
exponential form yieldsτf

nL)4 ∼ 300 ps. We now may
estimate the Deborah numbersDe ) τf/τosc (whereτf andτosc

are taken as the operative relaxation and drive times, respec-
tively) with τosc ) 6 × 10-10 m/Vosc, yielding forVosc ) 15 m/s
(i.e., τosc ) 40 ps),De ) 7.5; that is, in this regime the system
is driven out of dynamic equilibrium conditions, resulting in
reduced frictional resistance (superkinetic regime), as observed
in the simulations (Figure 4a,b forVosc) 15 m/s). On the other
hand, forVosc ) 1.5 m/s (i.e.,τosc ) 400 ps),De ) 0.75 and a
somewhat “mixed” stick-slip dynamics occurs reflecting the
ability of the confined molecular system to only partially relax
and explore its intrinsic dynamical states at any value of the
externally applied gap variations, while forVosc) 0.3 m/s (i.e.,
τosc) 2000 ps),De ) 0.15 resulting in intermittent well-defined
stick-slip and steady-sliding intervals.20 In fact, in the latter
two cases other molecular relaxations and drive characteristic
times (such as the one associated with the sliding spring-driven
motion) may become operative, and they, together withτf,
should be considered in estimating the effectiveDe.

It is of some interest to model the above findings obtained
via atomistic simulations by a generalization of a phenomeno-
logical rate and state (RS) approach21 for boundary lubrication
proposed recently22 by Carlson and Batista (CB). In this model
the friction forceF0(y̆cm, θ(t)) is taken to depend on the center
of mass velocity,y̆cm, of the block (of massM) pulled by the
spring, and on a state variableθ(t), representing the state of the
lubricant. The state variable (order parameter) is constrained
to vary dynamically between a maximum valueθmax (ordered
state) and a minimum valueθmin (disordered state), satisfying
the equation

with the ordering rate proportional toτ-1 and 1/R playing the
role of a characteristic disordering distance.22 In the original
CB model, and for the oscillation-free case,m(t) ≡ 1.

As discussed above,12 we have found from the simulations
that small-amplitude variations of the width of the confining

gap from a well-formed layered state cause significant changes
in the structural, dynamic, and rheological properties of the
lubricant. To model such effects, caused by an applied
oscillatory variation with a frequencyωosc ) 2π/τosc, rate and
state models can be generalized by relating some of the model
parameters, specifying the state and/or properties of the
lubricant, to external control variables. We present here one
simple example of such a generalization, where we use a
modulation function (i.e.,m(t) in eq 1) to represent direct
external control of the state of the lubricant; here we takem(t)
) 1 - Am sin2 (ωosct/2). The time-dependent modulation
(control) of the extremal values (θmax and θmin) of the order
parameter models here states of the lubricant, accessed via an
external oscillatory drive, which are characterized by maximal
and minimal values of the order parameter that are smaller than
in the absence of such imposed oscillations.

To complete the model the equation of motion for the spring-
pulled block and the expression for the friction forceF0 are
taken after CB (see eqs 1 and 2 in ref 22). It is convenient
now to rescale variablesθ′ ) (θ - θmin)/(θmax - θmin), andθ0

) θmin/∆θ, θ1 ) θmax/∆θ, andτ′ ) τ/∆θ, where∆θ ) θmax -
θmin, as well as denoten(t) ) 1 - m(t) ) Am sin2(ωosct/2). With
this rescaling (dropping the primes) and notations the equations
of the generalized rate and state (GRS) model are

Note that whenn(t) ≡ 0 the oscillation-free CB model is
recovered. The first term in eq 2 is the (experimentally
measured) spring force,Fs, and from eq 3 it is seen that in a
more ordered state (larger value of the dynamical state variable
θ, e.g.,θ ∼ 1) the friction force is larger than in a disordered
state (e.g.,θ ∼ 0).

To compare the results of the model to our simulations, we
useks ) 0.8 nN (as in the simulations) andM ) 24 450 amu
(the combined mass of the sliding block and half of the confined
lubricant used in the simulations23). For the extremal values
of the order parameter we takeθmax ) 0.8 nN andθmin ) 0.19
nN, guided by the variations of the spring force in the
oscillation-free simulations atVs ) 1 m/s (seeFs in the left
column in Figure 1b), and for the amplitude we takeAm ) 0.9.
The other parameters of the model (R ) 0.5 Å-1, â ) 0.2
nN‚ps/Å, andτ ) 7.55 ps) were determined by attempting to
reproduce the general behavior (frequency of stick-slip events
and their amplitudes) for the oscillation-free cases (Figure 1b).
The results of the model displayed in Figure 5 for oscillation-
free sliding (i.e.,n(t) ≡ 0 in eq 4) atVs ) 1, 10, and 20 m/s
exhibit rather adequate correspondence with those predicted
through the MD simulations (compare to Figure 1).

Most remarkable is the correspondence between results of
the MD simulations (Figure 4) and the model results shown in
Figure 6 for sliding withVs ) 1 m/s and for three oscillation
periods (τosc ) 40, 400, and 2000 ps), which are the same as
those used in the corresponding MD simulations. In the latter
a saw-tooth drive was employed, while for convenience in
displaying the model equations we used sinusoidal oscillations;
we note here that very similar results are obtained by integrating
eqs 2-4 with the modulating function taking the form of a saw-
tooth pattern. While refinements and/or alternative ways of
incorporating the effect of external drives in rate and state
models are certainly possible (and are being explored by us),

θ̇ )
(θ-m(t)θmin)(m(t)θmax-θ)

τ
- R(θ-m(t)θmin)y̆cm (1)

Mÿcm ) -ks(ycm - Vst) - F0 (2)

F0 ) θmin + (θmax - θmin)θ + ây̆cm (3)

θ̇ ) (θ + θ0n(t))(1 - θ - θ1n(t))/τ - R(θ + θ0n(t))y̆cm (4)
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our present approach, consisting of modulation of the extremal
values of the order parameter, captures many of the essential
features revealed by the MD simulations.

In summary, in this study we proposed and demonstrated
through GCMD simulations a novel method for controlling the
shear dynamics and friction in thin-film boundary lubrication,
through directional coupling of small-amplitude (of the order
of 1 Å) oscillations of the solid boundary (normal to the shear
plane) to the transverse shear flow of the film molecules. The
directional oscillations frustrate ordering in the film, maintaining
it in a nonequilibrium dynamic state, and their effect can be
controlled through selection of the oscillation periodτosc, with
the control parameter beingDe ) τf/τosc, where τf is a
characteristic time for molecular relaxation flow in-and-out of
the oscillating confined junction, though other characteristic
structural relaxations may also be operative under other
circumstances. Finally, a generalized rate and state model was
introduced, yielding results in close correspondence with those

predicted by the atomistic simulations. Experimental observa-
tions pertaining to control of friction through directional
coupling have been most recently made.24-26
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