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Abstract
In this study, the tribological behavior of macro-grooved textures were studied using a cylinder-on-plate contact config-

uration (line contact) under lubrication condition. The effects of actual contact line length and groove distribution on the

coefficient of friction (CoF) were investigated. The experimental results exhibited a reduction in the CoF for all of the

textured samples. An increase in the number of grooves resulted into a reduction in CoF. At a sliding speed of 10 mm/s,

the CoF of the textured sample with four grooves reaches a minimum value of 0.15. Compared with the smooth one, the

decreasing amplitude was 7.7%. While for the same total contact length, the more dispersed groove distribution may also

lead to the more remarkable friction reduction. Simulation analysis revealed that the primary mechanism for friction

reduction was the improved oil supply at the contact line, coupled with a decrease in the shear stress exerted by the

fluid domain on the surface. An increase in groove number results in a rise in contact stress, whereas the effect of groove

distribution is insignificant.
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Introduction

It is estimated that among the total global energy con-
sumption, about 20% is consumed to overcome friction.1

Reducing friction and wear is the eternal pursuit for
human beings. Earlier, the direct method consisted of
smoothing contact surfaces, along with the application
of lubricants to weaken solid-solid contact. However,
recent work has confirmed that the tribopairs with high
smoothness is not always the best. On the contrary, the
presence of artificial micro-pattens can greatly influence
tribological performance of lubricated surfaces.

Actually, as early as 1966, Hamilton et al.2 first reported
that irregular cavities on rubbing surfaces could generate
additional load-carrying capacity and thereby reduce the
coefficient of friction (CoF). These ‘irregular cavities’
represent the embryonic form of surface texture.
Nowadays, the surface texture, such as micro-dimples or
grooves, has been awell-known approach to improve tribo-
logical performances of sliding surfaces. Several mechan-
isms have been proposed to explain the principle of
friction reduction. First, the texture can capture the wear
debris generated during friction.3–6 Second, the dimples
may store extra lubricating oil7–9 for secondary lubrica-
tion.10,11 Third, because the texture area has the

opportunity to produce cavitation effect,12,13 which can
generate an additional hydrodynamic pressure.

Currently, surface texture has been successfully
applied in various mechanical components, such as bear-
ings,14–16 gears,17,18 piston rings19–21 and even human
joints.22–25 Schnell et al.15 used a femtosecond laser to
create V-shaped texture on a bearing surface, with the
width of 20 µm and length of 80 µm. Results revealed
that the symmetrical texture can significantly reduce fric-
tion under both boundary and mixed lubrication condi-
tions. Vladescu et al.21 conducted reciprocating sliding
tests on groove-textured samples with the groove width
of 60 µm to simulate the automotive piston ring-liner
contact. It was found that the micro-grooves improve
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friction performance over the entire stroke length in thin-
film lubrication. Dong et al.22 fabricated micro-groove
with the widths ranging from 55 µm to 190 µm, on
CoCrMo femoral heads. The results obtained from
pin-on-disc device showed that the CoF of the textured
samples got reduced by 20%, when compared with the
smooth surface. Braun et al.26 fabricated pits with dia-
meters ranging from 15 to 800 µm at the surface of C85
steel and employed a pin-on-disc tribo-tester to investi-
gate the effect of texture at different temperatures. The
results indicated that the pit diameter of 40 µm was
optimal at 100 °C and 200 µm at 50 °C. Yin et al.27 estab-
lished CFD model of double-layer composite microtex-
tures and found that wing shape texture had superior
friction behavior. Hao et al.28 analysed a control model
of the micro-textured surface and investigated the oil
supply mechanism. Zheng et al.29 studied the mechanisms
of surface-textured graphite under water lubrication and
found that water molecules trapped in the dimple-type
textures can generate additional hydrostatic pressure.

Taking account of the contact configurations, it can be
found that the popular studies of surface texturing have
focused on the point contact and face-to-face contact,
while only a few investigations have been carried out
for the line contact. Lu et al.30 conducted line contact
reciprocating experiments on triangular textured samples
with a length of side of 250 μm. The results indicated
that a peak in the friction force occurs at the boundary
of the pits, when the contact region begins to detach.
Zhao et al.18 conducted fluid simulations on textured
gears and analyzed the oil film pressure on the tooth
surface. The results showed that the CoF of the crescent
texture was reduced by over 30%.

Besides the contact configuration, the geometric dimen-
sion of the texture is another interesting topic. Recent
studies have shown that, not only micron-scale textures,
but the textures with the centimeter scale also present the
friction-reducingproperties.Yin et al.20 conducted recipro-
cating friction tests to evaluate the effect of grooveswith the
width of 2 mm. The results showed that under lubrication
conditions, the grooved texture exhibits the lowest
average CoF, compared to the pit texture. Wang et al.31

simulated the rotation bearings using computational fluid
dynamics (CFD) method and it was found that the load-
bearing capacity decreased by 0.3% and 25.3% corre-
sponding to the width of the squared textures of 1 mm
and 2 mm. It was suggested that the significant reduction
of contact area may contribute to the friction reduction in
face-to-face contact.16,30,32,33 And how about the micro
textures under the line contact condition? There is little
knowledge about it.

In this paper, different macro grooves were created on
the surface of 45 steel. The reciprocating frictional tests
were conducted between cylindrical roller and the
grooved surfaces. The actual contact length between the
tribopairs was controlled by varying the geometric para-
meters of the grooves. To analyse the friction reduction
mechanism, the contact stress and the distribution of the
flow field were also considered. Such an assessment

may produce a guideline and better understanding for
the application of macro textures to various tribological
components.

Methodology

Experimentation
Rectangular samples were machined from 45 steel
sheet having length and thickness of 20 mm and 5 mm,
respectively. The ultraviolet laser marking machine was
used to generate the grooves on the surface of these
samples as shown in Figure 1. The applied machine para-
meters were: power= 4.5 W, current= 1 A, frequency=
40 kHz, and speed= 100 mm/s. The laser pulse generated
by fiber laser irradiates on the sample surface and liquid
and vapor phases appear in the heated zone. The desired
groove textures were formed after the removal of metal
and resolidification of the liquid phase. Later, sand
paper was used to remove the recast layer and each
sample was polished to a surface roughness of Ra
0.2 μm. Finally, the samples were ultrasonically cleaned
using absolute ethanol solution. It can be found that the
bottom of th groovs is relatively flat and the walls are
almost vertical.

Figure 2 presents the geometric parameters and 3D
profile of the five types of textured samples, prepared in
this study. The depth of each groove was fixed at
40 μm. These samples were divided into two groups: (1)
first group was used to explore the actual contact length
effect with different groove numbers, and it consisted of
samples G1-1, G1-2 and G1-4, having 1, 2 and 4
grooves, respectively. The width and inter-spacing
between these grooves were 1 mm. (2) second group
was used to figure out the groove distribution effect
with the same actual contact length, and it consisted of
samples G1-4, G2-2 and G4-l, having the same total
groove width of 4 mm. Sample G2-2 consisted of two
grooves with the width of 2 mm and groove space of l
mm. Sample G4-1 consisted of only one groove with
the width of 4 mm. For each of the tests, the smooth
sample was used for reference and comparison.

The tribological behavior ofmacro-textured and smooth
surfaces was evaluated using a reciprocating tribometer
(Type 32 Surface Property Tester, Shinto Scientific Co.,
Ltd). And Figure 3 shows the sketch map with a
cylinder-on-plate contact configuration (line contact).
The GCr15 cylinder with the diameter of 10 mm and
length of 8 mm was selected as the upper counter part
and it was fixed in a cylindrical holder. The lower
grooved specimen was fixed at a reciprocating platform.
AeroShell Turbine Oil 555 with the viscosity of
23.3 mPa·s was used as lubricant. Prior to the test,
100 μL of lubricant oil was added to the contact area by
using a pipette. Experiments were conducted under a load
of 10 N, with the sliding speeds of 1 mm/s, 2 mm/s,
3 mm/s, 5 mm/s and 10 mm/s, respectively. The stroke
length was set at 20 mm. Before acquisition of the friction
force, an 8-min running-in was conducted to achieve the
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stableconditions.Eachsamplewas testedat thesefivespeeds,
by increasing the speed after every two minutes. To ensure
accuracy, each experiment was repeated three times.

Numerical simulations
To analyze the effect of grooves on contact stress and
deformation, a 3D solid model was established using
the standard finite element analysis (FEA) software
Abaqus, as shown in Figure 4. And it was discretized
using a hexahedral mesh, with refinement applied to the
contact area. Considering both computational time and
accuracy, the core area was set to have a minimum
mesh size of 0.017 mm. The boundary conditions are spe-
cified as follows: the cylinder had vertical degree of
freedom only and was subjected to a concentrated force
of 10 N in the downward direction, while the lower
sample moved horizontally at 10 mm/s. The CoF was
set as a constant value of 0.2 based on the experiment.

Figure 1. Schematic diagram of material removal by laser processing and final 3D image of the sample.

Figure 2. Geometric parameters and three-dimensional morphology of the groove textured samples.

Figure 3. Schematic diagram demonstrating the construction

of the reciprocating tribometer and experimental conditions.
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According to Hertz line contact theory, the maximum
Hertz contact stress on the contact surface under a 10 N
load was calculated to be 94.21 MPa. While the simula-
tion result predicted a contact stress of 96.52 MPa, with
an absolute error of 2.4%. Such result confirms the cred-
ibility of the simulation.

The influence of macro-texture on lubricant flow was
investigated by establishing a finite element model,
using Fluent software. Following assumptions were
made: (1) The density and dynamic viscosity of the lubri-
cating oil remained constant as 875 kg/m3 and
23.3 mPa·s, respectively; (2) Gravity was ignored; (3)
The contact model was simplified to a smooth surface.
The characteristic length of the lubricating oil was
1 mm based on the groove width. The corresponding
Reynolds number was determined by equation (1):

Re = ρud

μ
(1)

where Re is the Reynolds number; ρ is the fluid density; u
is the fluid velocity; d is the characteristic length and μ is
the fluid dynamic viscosity. The calculated Reynolds
number was 3.755, which is much lower than 2000.34,35

Therefore, the fluid flow was considered to be laminar
flow.

As shown in Figure 5(a), the length L and width W of
the fluid domain were 1 cm and 8 cm, respectively. R is
the radius of the cylinder. According to Ref.,17,36 the oil
film thickness h0 was set as a fixed value of 1 μm. The
thickness of the groove (h1) was 40 μm. Total oil film
thickness within the grooved area is the sum of the two
values. Figure 5(b) shows the meshed fluid domain.
Figure 5(c) presents the mesh sensitivity analysis. With
mesh refinement, the maximum and minimum pressures
on the upper surface gradually converge. Grid independ-
ence verification confirmed that this grid size satisfies

the required accuracy. Considering both accuracy and
computational efficiency, a mesh count of 218,868 ele-
ments was adopted, the minimum grid size was set to
1 µm.

For the fluid domain boundary, following specific
boundary conditions were applied27,34:

1. The upper surface of the fluid domain is defined as a
stationary wall, corresponding to the fixed upper
sample. The lower surface is set as a moving wall,
sliding in the positive x-direction at a constant speed
of 10 mm/s17 to match the motion of the lower sample.

2. The inlet and outlet boundaries were the inlet and the
outlet pressure boundaries, respectively. Based on
the actual experimental conditions, the gauge pressure
at both boundaries is set to zero.

3. All other walls were considered to be stationary.

According to the law of conservation of mass, the
increased fluid mass per unit time is equal to the net
mass flowing into the unit at the same time, which can
be expressed by equation (2):

∂ρ
∂t

+ ∇ · (ρV ) = 0 (2)

where ρ is the density of the lubricant, t is the time, and V
is the velocity vector.

In this study, the lubricant is considered to be an
incompressible fluid with a constant viscosity. The
Navier-Stokes (N-S) equation can be expressed as equa-
tion (3):

∂V
∂t

+ (V ·∇)V = f − 1

ρ
∇p+ μ

ρ
∇2V (3)

where f is the unit volume force vector acting on the lubri-
cant, p is the pressure on the fluid element.

Figure 4. Details of the Abaqus simulation. (a) Abaqus meshing contact model; (b) constraint conditions of the cylinder-on-plate

model.
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Results and discussion

Tribological behavior of the macro grooved surfaces
Figure 6 presents a comparison of CoF observed for the
grooved sample (G1-4) and a smooth surface, over mul-
tiple cycles at a speed of 1 mm/s. The sliding distance
in a half cycle was 20 mm, which corresponds to the
total length of the sample, while the groove (having a
length of 10 mm) occppied quarter of the cycle. CoF
was observed to remain stable at a value of about 0.2
for the smooth sample, in each cycle. While for the tex-
tured sample, the CoF exhibited a value of 0.2 at the
beginning of the cycle as the cylinder slides over the
smooth surface. While it reduced to 0.17 when the cylin-
der sliding over the groove. This behavior is consistent
with the Zimmer’s experimental results,32 which pre-
sented that the grooves may act to increase oil entrainment
into the rubbing surface, and hence reduces asperity
contact. After that, the CoF again increased to a value
of 0.2 as it sliding out of the grooved area. And the incre-
ment in CoF can be attributed to the lubricant film being
steadily squeezed out of the contact area. This phenom-
enon repeats periodically within multiple cycles motion.
Such results preliminarily demonstrate that the macro-
scale texture does present the friction reduction effect.

To gain a further insight into this phenomenon and to
explore the effect of total groove width spaned by the
contact line on the CoF, tribological tests were carried
out using the following four samples: a smooth sample,
G1-1, G1-2, and G1-4.

Figure 7 shows the variations in CoF for the four
samples, sliding in a half-cycle at different speeds.
Generally, as the cylinder entered the grooved area, a
reduction in CoF was observed for all of the tested condi-
tions. The contact line length of the friction pair for the
smooth sample equals to the length of the cylinder,
which is 8 mm. The contact line lengths of the three
grooved samples, G1-1, G1-2, and G1-4, are 7 mm,
6 mm, and 4 mm, respectively. CoF was observed to

decrease with a decrease in actual contact line of the tribo-
pair.30 According to the value of the CoF, the friction may
run at boundary and mixed lubrication regimes. Due to
the insufficient lubricant entrainment, the CoF may be
dominated by the asperity contact. With the increase in
the groove number, the actual contact line between the tri-
bopairs decreases. As a result, the shorter of the contact
line, the less contact of the asperity. In addition, the
decrease of the contact line may also lead to the increase
of the stress and deformation. Therefore, more lubricant
may flow into the contact area due to the squeeze film
effect.21 Secondary lubrication acts under mixed lubrica-
tion conditions.19 The oil reserved in the grooves is a sec-
ondary source of lubricant, helping to reduce frictional
resistance. Thus, the sample (G1-4) presented the lowest
average CoF during the half-cycle, while the smooth
sample exhibited a relatively stable CoF throughout the
half-cycle.

To investigate the effect of groove distribution with the
same contact line length on the CoF, samples G1-4, G2-2,

Figure 5. Details of the CFD simulation. (a) schematic diagram of the three-dimensional flow domain model and boundary conditions;

(b) mesh independence test results; (c) computational mesh of the fluid domain.

Figure 6. Comparison of CoF observed in smooth sample and

textured sample (G1-4), over multiple cycles.
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and G4-1 were applied with the same total groove width
(4 mm). Figure 8 shows the CoF over half cycle under dif-
ferent speed conditions. The three groove distributions
demonstrated positive friction reduction benefits, ranked
as G1-4, G2-2, and G4-1 based on the magnitude of fric-
tion reduction.

As shown in Figure 8, compared to the smooth surface,
all three macro-textures caused a reduction in the CoF.
The three types of groove distribution exhibited varying
friction reduction capabilities under each speed condition.
For the same sample, the CoF decreases as the speed
increases. Hence, the distribution of macro-textures sig-
nificantly influences the CoF. For the same contact line
length, as the groove becomes more dispersed, the CoF
decreases accordingly.

Figure 9 illustrates the summary of the CoF for varying
contact line lengths and distributions at different sliding
speeds. In general, the CoF reduces with a decreasing of
actual contact line length and it decreases as the groove
distribution becomes more dispersed. In addition, the
trend in the CoF variation aligns with the mixed lubrica-
tion section of the Stribeck curve, where the CoF
decreases with the increasing speed. Hence it was con-
cluded that macro-textures may reduce the CoF in line
contact under low-speed conditions.

Contact stress and deformation in line contact
To investigate the effect of grooves on the contact stress
and deformation, a simulation model was established.

Figure 10 presents the contact stress and deformation
along the contact line direction. It is known that the exist-
ence of textures can notably increase the contact stress
between friction pair.18 As expected, stress concentrations
occur on both sides of the grooves, as shown in
Figure 10(a) and (b). Meanwhile, the corresponding
deformations also increased as presented in Figure 10(c)
and (d). The areas of stress concentration aligns with the
location of maximum local deformation. The friction
reduction is likely due to the combined effects of deform-
ation and friction as the cylinder sliding over the groove
area. The local deformation may facilitate lubricant flow
from the groove to the contact area. In the groove
region where the cylinder slides, the recovery of local
deformation helps retain the lubricant on the surface, as
pointed in Ref.9 Thus, the more lubricant may maintain
on the sliding surface to decrease the friction due to the
squeezing effect.

As shown in Figure 10(a), with the increase of the
groove numbers, locations and values of the stress con-
centration increase. Therefore, the oil supply points in
the contact region also enhance. In addition, the higher
of the deformation (Figure 10(c)), the larger of the oil
mass supply. In this case, more lubricant overflows in
the contact area and the lubrication mechanism of the
groove is more likely to exhibit a secondary lubrication
effect.19,37 Thus, the decrease of the actual contact line
length lead to the reduction of CoF.

Figure 10(b) and (d) present the stress and deformation
results for different groove distributions with the same

Figure 7. Cof in the half-cycle for different contact line lengths at various sliding speeds.
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contact line length. It seems that with the decrease of
groove number, local contact stress and deformation
increase. Sample G1-4 exhibits the lowest stress and deo-
formation with more even distribution. Compared with
the result in Figure 10(c), the deformation of the three
types of groove distribution is relative close. Based on
the the experimental results, it can be deduced that com-
pared with the deformation, the oil supply points along
the contact line may play as the dominated effect.

Therefore, sample G1-4 expresses the best tribological
behavior.

Flow field in line contact
To figure out the effect of grooves on the flow of lubrica-
tion, the fluid simulation was carried out. According to the
geometric model (shown in Figure 5), the oil film thick-
ness in the textured region of the fluid domain increased

Figure 8. Cof in the half-cycle for different groove distributions at various sliding speeds.

Figure 9. Summary of CoF for (a) varying contact line lengths and (b) varying groove distributions at different sliding speeds.

Li et al. 7



from h0 to h0 + h1. As pointed in Ref.,38 shear stress (τ)
can be defined as τ ≈ ηV / (h0 + h1). The reduction in τ
took place within the grooved region, leading to a reduc-
tion in the CoF. Consequently, the velocity and pressure
gradients along the oil film thickness direction in the
grooved region were minimal. This implies that the area
available for lubricant shear got reduced, resulting in
decreased contact frictional force.32

Figure 11 presents the horizontal section of the fluid
domain. The pressure in the groove area lies between
the high and low pressure regions. These pressure varia-
tions were primarily caused by the oil first entering the
convergent wedge region. The oil film thickness
reduced, while the pressure increased rapidly, thus creat-
ing the high-pressure region. Later, the oil flows into the
divergent wedge region, where the oil film thickened

Figure 10. Effect of grooves on stress and deformation. (a) contact stress with varying contact line lengths; (b) contact stress with

different grooves distribution; (c) deformation with varying contact line lengths; (d) deformation with different grooves distribution.

Figure 11. The pressure distribution and local velocity vector diagrams for varying contact line lengths and distributions. (a) sample

with varying contact line lengths; (b) sample with different groove distributions.
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and the pressure decreased. The oil flows from the high-
pressure region to the low-pressure region. As shown in
Figure 11, lubricating oil followed arcuate paths on both
sides of the groove. Over the slided area, the oil on both
sides of the groove first flowed inward, while ahead the
contact aera, the oil inside the groove flowed outward.
Therefore, the grooved texture helped to supply additional
oil to the contact line.

As shown in Figure 11(a), with the decreasing of the
actual contact length, more locations for oil supply were
created, leading to a decrease in the CoF. Besides, based
on the simulation result, for each grooved sample, the
flow velocity of the lubricant in z-axis direction is independ-
ent of the groove numbers. It means that increasing of the
groove number may also improve the ability of oil
supply. Figure 11(b) shows the simulation results with dif-
ferent groove distributions. The lubricating oil followed
arcuate paths on both sides of the groove. Despite the
same contact length, the different groove distribution
increased the number of oil supply positions from 2 to 8,
enhancing the oil supply and thus reducing the CoF.

Conclusions

This study combined experimental and numerical simula-
tion methods to investigate the impact of macro-textures
on the CoF in line contact, and to examine the variations
in the actual contact line and their influence on friction.
Based on the findings, the following conclusions can be
drawn:

1. An increase in the number of groove textures results
into a decrease in CoF. In addition, the CoF of all
grooved samples shows a general decreasing trend
with increasing sliding speed. In particular, the
sample with four grooves (G1-4) exhibits the lowest
CoF of 0.15 at a sliding speed of 10 mm/s, which is
7.7% lower than that of the smooth one. At low
speed of 1 mm/s, G1-4 still shows the highest friction
reduction of 14.8%, compared with smooth surface.

2. For the same contact line length, the more dispersed dis-
tribution of grooves presents the better tribological per-
formance. Among three textured samples G1-4, G2-2,
and G4-4, the sample with four grooves (G1-4) exhib-
ited the lowest CoF. Similarly, the CoF of all the
samples decreases as the sliding speed increases.

3. The numerical simulation also predicted that under line
contact conditions, the primary mechanism for friction
reduction is the supply of lubricant in the deformed
contact area and the arcuate flow induced by the pres-
sure gradient. Ideally, macro-textures should be more
widely distributed with multiple grooves to achieve a
lower CoF.
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