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Abstract: Detailed behaviors of nanoscale textured surfaces during the reciprocating sliding contacts are still unknown although they
are widely used in mechanical components to improve tribological characteristics. The current research of sliding contacts of textured
surfaces mainly focuses on the experimental studies, while the cost is too high. Molecular dynamics(MD) simulation is widely used in
the studies of nanoscale single-pass sliding contacts, but the CPU cost of MD simulation is also too high to simulate the reciprocating
sliding contacts. In this paper, employing multiscale method which couples molecular dynamics simulation and finite element method,
two dimensional nanoscale reciprocating sliding contacts of textured surfaces are investigated. Four textured surfaces with different
texture shapes are designed, and a rigid cylindrical tip is used to slide on these textured surfaces. For different textured surfaces, average
potential energies and average friction forces of the corresponding sliding processes are analyzed. The analyzing results show that
“running-in” stages are different for each texture, and steady friction processes are discovered for textured surfaces II, III and IV.
Texture shape and sliding direction play important roles in reciprocating sliding contacts, which influence average friction forces greatly.

This research can help to design textured surfaces to improve tribological behaviors in nanoscale reciprocating sliding contacts.
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1 Introduction

Textured surfaces in sliding contacts play important roles
in many mechanical components'' ! as it can improve
tribological characteristics. With the development of
micro/nanoelectro mechanical systems, the sizes of
components come to micro/nano scale, and textures will
influence real contact areas to affect the friction process
further. MITCHELL, et al, investigated single and
reciprocating friction behaviors of micropatterned surfaces.
For single-pass testing, lower coefficients of friction (COFs)
were obtained with larger depression sizes and larger pillar
sizes. They also pointed out that the single-pass COF
measurements were not good predictions of the steady state
COF values measured. The studies of SINGH, et al®
showed that at both nano- and micro-scales, the modified Si
(1 0 0) surfaces exhibited enhanced friction behaviors when
compared with bare Si (1 0 0) surfaces. Furthermore, wear
was observed in the test samples, which influenced their
friction properties. The wear particles are trapped by the
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texture or act as lubricant, which will further influence the
sequent sliding process. Understanding detailed behaviors
of textured surfaces during the reciprocating sliding
contacts will help to achieve desired friction characteristics.

Great efforts have been made to investigate the effects of
textured surfaces on friction properties in reciprocating
sliding contacts. MENEZES, et all”! used pins made of
Al-4Mg alloys to slide against steel plates at various
numbers of cycles through a pin-on-plate reciprocating
sliding tester. Three different surface textures including
unidirectional, 8-ground, and random were created on the
plates. For the unidirectional and 8-ground textures, COFs
decreased with the number of cycles, while the random
texture showed opposite trend. Choosing stainless steel
AISI 416 pin, pin-on-plate reciprocating tests on
tribological behaviors of laser-textured NiCrBSi coatings
were performed by GARRIDO, et al'®. The results showed
that textured surfaces with smaller dimple diameters could
improve the tribological behaviors. Incorrect dimple
density values led to disruptive behaviors due to both high
and low dimple ratios. CHOUQUET, et al®®, made cavities
on a DLC layer and investigated the tribological properties
of the DLC/steel lubricated sliding contact by using a
ball-on-disk apparatus. They found that the DLC layer with
small and shallow cavities allowed a significant reduction
of COF of a DLC/steel contact compared with a system
with non-textured DLC film. Furthermore, wear rates of the
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steel balls were significantly reduced in case of balls used
as mating materials against textured DLC coating
compared with the ball used against the reference
non-textured coating. DENG, et al"® made micro-holes on
the surface of WC/TIC/Co carbide tool. Reciprocating
sliding tests and dry cutting tests were carried out with the
carbide tool. Compared with non-textured surfaces, the tool
with textured surface showed a great decrease in cutting
forces and COFs at the tool-chip interface for the case of
low speed cutting, while for high speed the difference was
light. PODGORNIK, et all'l investigated the role of
textured surfaces under different lubrication regimes by
combining experimental and numerical analysis. For
starved lubrication, textured surfaces resisted sliding and
resulted in increased friction. In boundary lubrication,
textured surfaces with smaller dimples and lower dimple
densities led to reduced levels of friction. When
approaching to full-film lubrication, textured surfaces with
the largest dimple depth showed less friction. RAMESH, et
al'"?, performed experimental and numerical investigations
on friction characteristics of microtextured surfaces. Under
hydrodynamic lubricated reciprocating sliding conditions,
the friction of textured surfaces showed as much as 80%
lower than the untextured surfaces. The investigation of
KOVALCHENKO, et al”! found that although laser
surface texturing(LST) provided tribological benefits in
terms of friction reduction in conformal and relatively
low-pressure lubricated contacts, the LST increased wear of
the counterface for the case of non-conformal and relatively
high-pressure lubricated reciprocating sliding contacts.
ACHANTA, et al'"¥, carried out reciprocating sliding tests
with a modular microtribometer to study friction and
nanowear of hard coatings. They discovered that wear
particles were filled into the spacings between asperities.
Therefore, the structure and distribution of asperities played
key roles in affecting local stresses and thereby friction and
wear resistance. PETTERSSON, et all'®!, created parallel
grooves and crossed grooves with different spacings on the
piston surfaces. Reciprocating sliding tests showed that all
the textures could obtain lower COFs at the initial stage,
while the difference between COFs became little soon. The
experimental studies obtained so many valuable results in
spite of high cost for equipments or samples. Numerical
approaches can help to discover the underlying phenomena
in the contacting bodies and save the experimental cost,
which become more and more important.

From the experimental literatures above, we can see that

parameters of textured surfaces!”” ' sliding speed”,
lubricating  conditions!"' "%, applied load""), wear
particles” or cycle numbers!™ all influence the

reciprocating sliding processes. For numerical studies,
molecular dynamics(MD) simulations were widely used in
the studies of nanoscale single-pass sliding contacts, and
lots of factors were also found to influence the sliding
processes. In many numerical simulations, surface roughness
influenced friction characteristics dramatically!'® 2" which

indicated that textured surfaces would always affect the
sliding process by changing surface roughness. Besides,
some other factors, such as indentation depthm’zz],
temperature[23], sliding Velocity[zz’m, tip radius®> 24,
sliding direction" %', applied load"* **! all contributed to
the sliding process, which agreed with the experimental
results. Furthermore, chips were discovered in Ref. [21]
due to atoms near the interface accumulated in front of the
slider. According to Ref. [26], the contribution of the chip
could not be neglected. Textured surfaces can trap the chip
to further influence the consequent sliding process.
Moreover, rough surfaces become flat rapidly due to
repetitive sliding!'®, which indicated that reciprocating
sliding contacts were quite different from single-pass
sliding contacts. However, there are few studies on the
reciprocating sliding contacts of textured surfaces by
numerical methods due to extremely high cost of CPU time.
A hybrid method”! which could save much computation
time was applied to two dimensional nanoscale contact
problems, and the similar methods were used to study two
dimensional nanoscale sliding contacts!*?! or
nanoscratching  problems®),  which  showed the
applicability of these methods. Therefore, in this work, we
will introduce the hybrid method to the simulation of
reciprocating sliding contacts of textured surfaces.

Employing multiscale method which couples molecular
dynamics simulation and finite element method, two
dimensional nanoscale reciprocating sliding contacts of
textured surfaces are investigated in this paper. Four
textured surfaces with different texture shapes are designed,
and a rigid cylindrical tip is used to slide on these textured
surfaces. Average potential energies and average friction
forces of each sliding process are analyzed. The effects of
textured surfaces on the “running-in” stages and steady
state are discussed.

2 Model Descriptions

As shown in Fig. 1, a multiscale model is used to
investigate two dimensional nanoscale reciprocating sliding
contacts between a rigid cylindrical tip and textured
surfaces. The rigid cylindrical tip consists of 4 layers with
120 atoms, and its radius is R=30r (», is the Lennard-Jones
parameter, 79=0.227 7 nm'**) here). The substrate is divided
to two parts: MD region and finite element (FE) region. For
the MD region, there are 31 layers in y direction and 113
atoms per layer in x direction besides the textures. Defining
the distance between two adjacent atoms is d, (dx:2”6r0) in
x direction, and d, (dy:3”2/2 xd,) represents the distance
between two adjacent layers in y direction, the dimension
of the MD region is 112.5d,x30.0d,. Triangular finite
elements are used to discretize the FE region, and there are
102 nodes and 162 elements totally. The dimension of the
FE region is 112.5d,x56.0d,, and the overlap region
between the MD region and the FE region is 112.5d,x6.0d,.
Therefore, the dimension of the whole model is
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112.5d,x80.0d, (corresponding to 113 atoms/layerx81
layers for full MD model). Initial gap between the tip and
substrate is d,=2.5r). Textures on the substrate are named
as the “Ist texture”, “2nd texture”, ..., “7th texture”.
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Fig. 1. Nanoscale reciprocating sliding contact model
between a rigid cylindrical tip and a textured surface

Four textured surfaces are designed in this paper. The
parameters of the textured surfaces in this work are
designed as width a=8d,, spacing b=7d,, and height as
h=4d,. The four textured surfaces are shown in Fig. 2 with
different texture shapes, and named as surface I, II, III and
IV, respectively. For surface I, the number of atoms in each
layer of a single texture is, ma=9. For surface II, the
number of atoms from bottom layer to top layer of each
single texture is changed from, m,=9, to 8, 7 and 6, etc.
The numbers are 9, 9, 8 and 8 for the textures of surfaces
IIT and IV. The number of textures for these four textured
surfaces is n,=7.

m A:9

Surfaces I
Surfaces II
17 max ) min=
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Fig. 2. Topographies of textured surfaces

Multiscale method*” is used to simulate this reciprocating
sliding contact problem. Lennard-Jones (L-J) potential is
employed to describe interactions between all the atoms:

U(’”ij) =4e
T T

12 6
I I
_0] _[_0] s qu grg) (1)

where 7; =||ri —rj",denotes the distance between atoms i
and j, ¢ and r, are the L-J parameters. For FCC Cu,
£=6.648x107" J 10=0.227 7 nm™™). The relationships
between the reduced units and the Systeme International
(SI) units used in this paper are same as Ref. [22]. The
cut-off radius, r.=2.2ry according to Ref. [30] here. Fixed
boundary conditions are applied along the left and right
boundaries of the MD region. The force that atom j exerts
on atom i can be obtained as follows:

0 T

14 8
48¢ ||| r; 1|~
F(nj)z—VU<nj)=[—2] [—° ——[—”] Fp 7y ST (2)

Velocity-Verlet algorithm®!! is used to calculate

coordinates, velocities, and accelerations of all the atoms:

r(t+At) = r(t) +v(t)At + %a(z)Atz,

v [t + ﬁ] =v(t)+ la(t)At,
2 2 3)
a(t+At) = fiVU(r(t + At)),
m

v(it+At)=v [t —l—%] —|—%a(t + At)At,

where At is time step, r is coordinate vector, v is velocity
vector, a is acceleration vector, and m is mass of an atom.

FE calculations are carried out through linear triangular
elements. Considering that displacement of the FE region is
very small comparing with those in the MD region,
quasi-static  elastic  constitutive  relationship  and
Newton-Raphs on iteration are employed during
calculations of the FE region. The coupling process is
achieved through the overlap region. MD region is relaxed
to reach its minimum energy configuration. After the
relaxation, FE calculations will take on once when MD
takes on 50 time steps, and the displacements of FE nodes
are calculated through the displacements of atoms around
them. According to the positions of atoms on the bottom
and the displacements of FE nodes, the displacements of
the bottom atoms can be obtained by FE interpolation.
Then, a new MD model whose atoms positions are
relocated is achieved, and one can repeat the process above
to perform the multiscale method.

3 Results and Discussion

For MD simulations in this paper, velocity-Verlet
algorithm is carried out with a fixed time step, At = 0.95 fs.
Initially, velocities of atoms except fixed boundary ones are
set with random Gaussian distribution under an equivalent
temperature 7=300 K. Before loading, the system is
relaxed to reach its minimum energy configuration. Then,
the tip moves to the substrate with a displacement
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increment As =0.057, and indentation speed keeps at
v=2.0 m/s in y direction. The indentation depth is d=2.5r,.
As the indentation finishes, the tip slides along x direction,
and sliding speed is also v=2.0 m/s. According to Ref. [32],
high sliding speed may induce biased results, so the sliding
speed is chosen as v=2.0 m/s here. The tip moves to the
right (forward sliding, corresponding to odd sliding
numbers) for 320As, and then it moves to the left
(backward sliding, corresponding to even sliding numbers)
for 320As. The forward and backward sliding processes are
carried out for 10 times.

3.1 Reciprocating sliding contacts between the tip and
surface I

For surface I, Fig. 3 gives average potential energies and
average friction forces corresponding to every sliding
process. The average potential energies do not reach stable
values during the whole sliding process, and the average
friction forces do not show stable values either. According
to the video of the sliding process of surface I, one can find
that atoms on the surface of the substrate are moved by the
tip all the time, and the profile of the current surface I does
not keep stable, which indicate that the sliding contacts
between the tip and surface I still stay at “running-in” stage.
During the sliding processes, atoms of the substrate are
scratched by the tip or adhere to the tip, and then they are
accumulated together or fracture occurs accompanied by
accumulation or release of energies, which result in
fluctuations of the average potential energies.
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Fig. 3. Average potential energies and average friction forces

for every sliding process (surface I)

If one does not consider textures on the substrate, friction
force can be written as®:
F= Fploughing + Fadhesion > (4)

where F is total friction force. Fiioughing aNd Fadhesion are

ploughing component and adhesion component,
respectively. Considering the textures on the substrate in
this work, attractive forces from the textures which do not
contact with the tip are acting on the tip, and the friction
force can be rewritten as:

F= Fploughing + F;idhesion + Fattracling ’

®)
where Firacting 18 attracting component. Furthermore, due to
the scratch between the tip and textures, chip component
Feip should also be considered™ and the friction force is
finally written as:

F= Fploughing + F;dhesion + F;ttracting —+ Fchip' (6)

When the 3rd sliding process finishes, a big texture
composed of two layers atoms is formed on the substrate,
and one layer atoms adhere to the surface of the tip. During
the following sliding processes, the tip takes some atoms to
slide on the big texture, and scratches also occur. Therefore,
the four components in Eq. (6) attribute to the total friction
force at the same time to make the variation of every
sliding process. Some atoms accumulate on the 6th texture
gradually, and Fyacine mainly comes from the 6th texture.
When the 18th sliding process finishes, atoms accumulated
on the 6th texture are more than the other sliding process.
As the 19th sliding process going on, Fygracing acts in the
same direction as the sliding direction, and more atoms
results in higher Fiymcing. That is why the average friction
force of the 19th sliding process shows the lowest value.
For the 20th sliding process, Figracing from the 6th texture
gets opposite direction to the sliding direction, and the
average friction force increase to higher value.

It is interesting to note that the average friction forces
have a trend that they decrease as sliding numbers increase
although they fluctuate in these 20 sliding processes.
During all these sliding processes, the 4th and Sth textures
are scratched and flattened by the tip, so the ploughing
component Fyjoughing becomes lower as the sliding going on.
Besides, atoms of the textures are scratched to fill into the
spacings, which makes the chip component F, also
decrease gradually.

3.2 Reciprocating sliding contacts between the tip and
surface II

Fig. 4 shows average potential energies and average
friction forces for the case of reciprocating sliding contacts
between the tip and surface 1. Average friction forces in the
steady state are quite different from the cases of
“running-in” stage, which is similar to Ref. [5]. Besides,
the phenomenon agrees with the traditional friction trends.
According the video of the sliding processes, stable surface
structure is formed after the 10th sliding process. From the
11th sliding process, the tip takes some atoms to slide
smoothly on a big texture formed by atoms of original
textures, and the average potential energies are stable.
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Atoms do not accumulate on the 6th texture due to that one
single texture of surface II gets fewer atoms than surface I.
Therefore, attracting component Fyypcing from the 6th
texture is small and its contribution to the total friction
force is slight. Besides, the ploughing component,
Fioughing=0, and the chip component, F,=0 due to
smooth sliding contacts after the 10th sliding process.
Adhesion component Fghesion 1S the main contributor to the
total friction force during the stable sliding stages.
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Fig. 4. Average potential energies and average friction forces

for every sliding process (surface II)

Atoms of one single texture of surface II are so few that
the spacing between the 4th and 5th textures can not be
filled to form a big flat texture. The big texture can be
divided to two parts: left part and right part, and the
adhesion component can also be divided to left component
F o (adhesive force between the tip and the left part of
the big texture) and right component F,, .. (adhesive
force between the tip and the right part of the big texture).
The left part of the big texture consists of two layers atoms
and the right part gets one layer atoms, so F, ... plays
the main role in the total friction force. The direction of
Flion 18 Opposite to the sliding direction for odd sliding
processes (slides to the right), while these two directions
are the same for even sliding processes (slides to the left),
which are the reasons for the difference between the
average friction forces in the steady state. The reciprocating
sliding process reaches steady state since the 11th sliding,
and the “running-in” stage is shorter than the case of
surface I, which can be beneficial to reduce friction.

3.3 Reciprocating sliding contacts between the tip and
surface I11

Fig. 5 gives average potential energies and average

friction forces for every sliding process for the case of

surface III. From the 13th sliding process, the average

potential energies are stable, and the average friction forces

fluctuate regularly, which indicate that the sliding contacts
come to steady state. It should be noted that, the average
friction forces for odd sliding number are lower, while for
even sliding number are higher except for the 1st and 2nd
sliding process. During the 1st sliding process, the 4th
texture is compressed to 3 layers and the tip scratches the
5th texture, which induce large contact area and high
ploughing component corresponding to high Fyghesion and
Fioughing- Therefore, the average friction force of the 1st
sliding process gets a high value. From the 3rd sliding
process, the tip takes many atoms from the textures, and
few atoms accumulate to form the chip, so the chip
component Fep, is small. The current 4th and 5th textures
only have two layers, and rare scratch between the tip and
textures occurs to result in low ploughing component
Floughing.  Aftracting component Fipcing and adhesion
component Fygesion play the main roles in the following
sliding processes. For odd sliding number, the tip takes
atoms to slide to the right, and the direction of Fiacting
from the 6th texture is same as the sliding direction, so the
average friction forces are lower. On the contrary, the two
directions are opposite to each other to make higher
average friction forces for the even sliding processes.
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Fig. 5. Average potential energies and average friction forces

for every sliding process (surface III)

During the stable sliding processes, the big texture
consists of 2 layers atoms and the tip slides smoothly, so
the ploughing component, Fpiouening=0, and the chip
component, Fj,=0. The stable average friction forces are
reduced slightly compared with the 1st sliding process, and
they are higher than the case of surface II, which indicates
that surface III is worse than surface II to reduce friction
forces in reciprocating sliding contacts.

3.4 Reciprocating sliding contacts between the tip and
surface IV
The average potential energies and average friction
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forces of every sliding process for the case of surface IV
are shown in Fig. 6. The “running-in” stage of surface IV
only keeps 8 sliding processes, which is shorter than the
other cases. The “running-in” stage also indicates that
surface IV is better than other cases to reach stable friction
state. In the 1st sliding process, the tip takes the 4th texture
to slide towards the 5th texture and scratches the 5th texture
at the same time. At the end of this sliding process, the 4th
texture connects to the 5th texture to form a big texture
which contains 3 layers atoms. Combination of high
ploughing component Fyjouening: high adhesion component
Fladnesion and low chip component Fp, results in the highest
average friction force. During the following sliding
processes, Fyioughing=0 due to that the big texture is already
formed, and Fgpesion plays the main role. Some atoms of the
substrate adhere to the tip and are taken by the tip to slide
together. More and more atoms are taken by the tip until the
big texture consists of 2 layers, and the sliding processes
come to steady state. From the 9th sliding process, the
adhesion component F,gnesion and attracting component
Fltracting determine the friction forces. For odd sliding
processes, the tip takes atoms to slide to the 6th texture, and
the atoms taken by the tip connect to the 6th texture. The
direction of Firaciing from the 6th texture is same as the
sliding direction, so the average friction forces are lower.
When the tip slides to left, it must overcome Fiygacting in the
opposite direction, and the tip need to break the connection
at the same time. Therefore, the average friction forces for
the even sliding numbers are higher.
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Fig. 6. Average potential energies and average friction forces
for every sliding process (surface IV)

Similar to the cases of surfaces I and II, the average
friction forces have a trend that they decrease as sliding
numbers increase. Most textured surfaces in this work are
rearranged during the sliding processes and induce lower
average friction forces finally.

3.5 Discussion of the friction mechanism

For these four textured surfaces, when the sliding
processes come to the final stage, the tip takes some atoms
to slide on a big texture, and these big textures all contains
two layers atoms. Besides, part of the surface of the tip is
covered by one layer atoms. This phenomenon is caused by
the indentation depth d, the radius of the tip R and the
structure of these textured surfaces. When the indentation
process finishes, the tip would be located at the position
where the bottom layer of the tip and the topmost layer of
the 4th texture overlap if we do not consider the
movements of the substrate atoms, as shown in Fig. 7(a)
(we choose surface III for an example here). Actually, the
overlap phenomenon can not happen, instead the 4th
texture is compressed as shown in Fig. 7(b). At the
beginning of the sliding process, the tip takes some atoms
to slide together or scratches some atoms to fill into the
right spacing. Furthermore, some atoms will adhere to the
tip and form one layer atoms to cover the surface of the tip
finally, which is shown in Fig. 7(c). As the sliding going on,
the spacing between the 4th and 5th textures is filled to be a
flat texture with two layers atoms. Then a big texture which
includes the filled spacing and the bottom two layers of the
4th and 5th textures is formed as shown in Fig. 7(c). The
formation of the big texture should be a necessary
condition that the sliding processes reach steady state,
because the distance between the tip and the adhered layer
is d, in y direction, and the distance between the adhered
layer and the topmost layer of the current texture is also d,
in y direction. Therefore, the indentation depth d is one of
the factors that determine the height of the big texture and
thereby the sliding process.

» 2

(a) Overlap (b) Actual (c) Atoms
distribution without distribution distribution after
considering considering the formation of
deformation of deformation of the big texture
substrate substrate

Fig. 7. Atoms distributions during the sliding
process (surface III)

The radius of the tip R is another factor which influences
the sliding process. When the indentation finishes, the tip
only interacts with the 4th texture, and the contact forces
Fy are shown in Fig. 8 (we also choose surface III for an
example here). For the tip radius R=30r, contact forces on
the surface of the 3rd and the 5th texture are all zero, so the
tip only takes atoms from the 4th texture at the beginning
of sliding process. In Ref. [22], when R=100r,, the tip
interacts with these 3 textures, and the friction forces and
potential energies are all higher than the case of R=30r.
Therefore, different tip radii will result in different sliding
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processes, and the final structures of the big textures are
also different.

8.0
T
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& 40t
; |
=}
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Q 3rd texture dthtexture  5th texture
—4.0 I | 1 1 | ]
-30.0 —20.0 —10.0 0 10.0 20.0 30.0
Horizontal coordinate of substrate atoms x/#;
Fig. 8. Contact forces distribution on the three

textures (surface II1, d=2.5r)

The structures of the textured surfaces in this work help
to form the big textures. The spacing between two textures
is properly big enough, so the atoms scratched by the tip
can fill the spacing and form a big flat texture during the
sliding process.

Compared Figs. 5 and 6, one can find an interesting
phenomenon that the average friction forces of textured
surface III are much higher than the case of textured
surface IV although a single texture of these two textured
surfaces contains the same number of atoms. This
phenomenon can be explained from the sliding processes:
for the case of textured surface IV, when the sliding
processes come to steady state, the atoms adhered to the tip
are divided to two parts which are named as left part and
right part. The left part does not contact with the big texture,
and the force between the right part plays the main role,
which causes lower average friction forces for textured
surface I'V. For textured surface III, the adhered atoms form
a whole layer on the tip that interacts with the big texture,
and more atoms’ interactions produce higher average
friction forces. The steady states of surfaces III and IV get
the same trends that the average friction forces for the even
sliding processes are higher than the case of odd sliding
processes, which are caused by the attracting components
Flattracting. The different behaviors of textured surfaces III and
IV also indicate the important role of sliding direction.

In view of these, we can conclude that the reciprocating
sliding contacts of textured surfaces are influenced by
many factors, and a tiny variation of the textured surfaces
can cause severe effects on the friction characteristics.

4 Conclusions

A study on two dimensional nanoscale reciprocating
sliding contacts between a rigid cylindrical tip and an
elastic substrate with textured surfaces is presented. Four
textured surfaces with different texture shapes are designed.
The average potential energies and average friction forces
for these textured surfaces are investigated. The factors

which influence the sliding processes are also discussed.
Under the initial conditions and the textured surfaces
chosen in this paper, some conclusions are drawn as
follows.

(1) Textured surfaces influence the reciprocating sliding
contacts characteristics significantly. For textured surfaces
IL, III and IV, the sliding processes come to the steady state,
while textured surface I does not show stable sliding
process in this study.

(2) Sliding direction will also affect the friction
characteristics in reciprocating sliding contacts: the average
potential energies get a single stable value as the sliding
processes come to steady state, while the average friction
forces are different for right and left sliding directions.
Furthermore, the markedly different sliding contact
behaviors between textured surfaces III and IV show the
importance of sliding direction.

(3) Considering the different texture shapes in this work,
if one wants to reduce friction forces and reach steady state
quickly during the sliding process, textured surface IV
should be a better choice.

(4) The indentation depth, the radius of the tip and the
structures of textures will affect the sliding contact
characteristics synthetically. These parameters determine
the height of the big texture, the atoms adhered to the tip,
and the number of textures which interact with the tip.
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