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Abstract
Surface texturing in general and laser surface texturing (LST) in particular has emerged in recent 
years as a potential new technology to reduce friction in a diesel engine. In this paper, the 
mathematical model of the hydrodynamic pressure for different morphologies dimples are 
developed to analyze the relevant mechanism for the effect of surface texturing on reducing 
friction. The simulation results show that surface texturing is important for reducing friction 
and texturing surface with spherical cap dimple has the highest hydrodynamic pressure 
Microstructure of dimple for the sample surface is changed by LST, in order to change lubrication 
regime of surface. An experimental study was carried out to investigate the tribological 
performance of micro-dimple, for use in a liner. Compared to non-textured surfaces, the 
texturing surface with dimple shows significant tribological improvement.
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parts in a diesel engine. Particularly the friction 
of the piston and cylinder liner was the focus of 
more study work.

The previous literatures [4-9] studied that 
the change and attribute of the film thickness 
between the piston and cylinder liner system 
based on the smooth surfaces. That hypothesis 
leads to do not match between the calculation 
results and test results. From the study results 
of a great deal of relevant literatures, the proper 
lubrication and surface texturing are key factors 
to reduce friction in a piston. Surface texturing, 
namely the processing of micro-dimple or mi-

Introduction
It is so critical that the tribological properties 

of mechanical systems to improve their load car-
rying capacity and Service life. By reducing fric-
tion and wear has become an urgent need to im-
prove efficiency and protective environment in 
the field of diesel engine [1,2]. About 40 percent 
of whole energy from a diesel engine is consumed 
by the engine friction [3]. Approximately 50% of 
all the friction losses in a diesel engine are due to 
the piston and cylinder system. Hence the efforts 
are from researchers of all over the world, to re-
duce the friction between the all kinds of moving 
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cro-grooves of a certain size and arrangement is 
produced on the surface of the moving part, has 
proven to be an effective method to improve the 
tribological properties of the surface [10]. The 
principle of this way is to reduce the friction and 
improve surface bearing capacity which depends 
on the lubricating effect of fluid dynamic pres-
sure that generated by the micro-groove or mi-
cro-dimple. The laser surface texturing (LST) as 
a useful means to enhance tribological proper-
ties of mechanical components in a diesel engine 
is received more attention for many years. The 
design idea of improving tribological properties 
based on the surface texturing was formed in the 
1960s. Hamilton, et al. [11] proposed the idea to 
generate additional lubrication effects of dynam-
ic pressure. Subsequently, most scholars have 
conducted a large number of theoretical and ex-
perimental studies. Various forms and geometric 
features of surface texturing for tribological appli-
cations are widely performed [12,13]. The litera-
tures [14,15] show that the structure of texturing 
can act as a micro-reservoir for lubricants, there-
by reducing friction and extending the service 
life of moving surfaces. The optimized design of 
the surface texturing is an important part of the 

surface texturing technology. The study results 
indicate that the effect of surface texturing to re-
duce the friction was considerably depended on 
the geometric shape, size, distribution density, 
and pattern of dimples [16,17] and the suitable 
selection of surface texturing parameters can 
achieve the optimal tribological properties of the 
texturing surface. Etsion [18] indicated that par-
tial LST piston rings could consume up to 4% less 
fuel compared with non-textured conventional 
barrel-shaped rings. However, the study results 
from different researchers are not an agreement 
in terms of the choice of texturing geometry pa-
rameters. At present, there is no guiding surface 
texturing design method and theory yet. There-
fore, the research in this field needs to be further 
strengthened.

Analysis Model
The aim in this paper is to study the basic theo-

retical research on the lubrication performance of 
micro-dimples. For the convenience of research, it 
is assumed that a plane friction pair consists of two 
surfaces in relative motion. The upper and lower 
contact surfaces are considered to constitute the 
non-textured surface and textured surface, respec-

 
Figure 1: Schematic of two contacting surfaces with relative sliding velocity. 
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Where x and y are the Cartesian coordinates; 
( , , )h x y t  is the thickness of oil film at any point on 

the surface; Ω  the region of all laser micro-dim-
ples; ph  is the depth of dimple; pr  is the radius of 
dimple.

Considering that different surface morpholo-
gy of micro-dimple could affect the hydrodynamic 
pressure of oil, three different kinds of morphol-
ogies for dimples are chosen to obtain the film 
pressure between the two contact surfaces. Rea-
sonable boundary conditions must be set during 
the solution process. According to the formation 
theory of fluid lubrication film, the cavitation 
phenomenon does not cause the entire fluid film 
to cancel out the positive and negative pressures 
and lose the load carrying capacity. Therefore, 
the appropriate cavitation boundary conditions 
must be selected in the solution process to ob-
tain a more approximate numerical solution. The 
film’s load carrying capacity is calculated using 
Half-Sommerfeld boundary condition; specifical-
ly, the negative pressure of the obtained pres-
sure distribution area will be considered as zero, 
and only the positive pressure will be used to cal-
culate the average pressure.

Based on the above boundary conditions and 
combination of Eqs. (1) and (2), the film pressure 
of single micro-dimple with different surface mor-
phologies between the two contact surfaces can be 
calculated and will be used to explain the mecha-
nism responsible for reducing the friction with sur-
face texturing in the next section.

Numerical Calculation and Result Analysis
In order to compare the oil film pressure 

change of micro-dimple structure with different 
morphologies, only the dynamic pressure chang-
es of a single dimple are considered based on 
the mathematical models which are proposed in 
this paper. Assuming that the rotation speed of 
a diesel engine is 1000 R/Min, the lubricating oil 
has a dynamic viscosity of 0.06 Pa.s; all the dim-
ples with different morphologies have the same 
diameter of 40 um, and the depth of 20 um. The 
normal average thickness of the oil film on the 
sliding contact surface is set to 5 um. The pres-
sure change of the oil film for each micro-dim-
ple is chosen as an index to evaluate the effect 
of the hydrodynamic pressure lubrication on the 
textured surface. The results of calculation could 

tively, and are separated by a fluid with a uniform 
thickness. The schematic of the two contacting sur-
faces and the textured micro-dimple is presented 
in Figure 1. The textured surface shows regular 
distribution of micro-dimple. For each dimple with 
a diameter d, depth h is located in an imaginary 
square control unit with its length is L.

The following assumptions apply:
(1) The friction pair is in a full oil film lubri-

cation state. That is, the surfaces of the friction 
pair are separated by a constant thickness of 
lubricating film, and the thickness is h0. (2) Due 
to the thickness of the lubricating film h0 is ex-
tremely small, it can be considered that the film 
pressure of the lubricating film does not change 
with the film thickness direction; (3) The lubri-
cant is a Newtonian fluid, the volume force and 
the inertia force are neglected. The equation, 
with pressure control of the incompressible flu-
id under steady laminar flow conditions, can be 
obtained.

3 3

 = 
6 6
h p h p hU

x x y y xη η
   ∂ ∂ ∂ ∂ ∂

+   ∂ ∂ ∂ ∂ ∂   
                        (1)

Where p is lubricating film pressure; h is the film 
thickness; η  is fluid’s dynamic viscosity; U is the 
sliding velocity.

The two items on the left side of equation (1) 
represent the lubricant flow due to the pressure 
gradient, and the right one of the equal sign rep-
resents the lubricant flow due to the relative ve-
locity. When the surface roughness is not con-
sidered, the thickness of the lubricating film at 
any point between the two sliding surfaces of the 
friction pair can be expressed by the following 
equations:

The thickness of film equation for an elliptical la-
ser micro-dimple on the surface is 

0
2 2
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The thickness of film equation for a spherical 
cap laser micro-dimple on the surface is

0
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The thickness of film equation for a conical la-
ser micro-dimple on the surface is
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be used to compare the fact that which morphol-
ogy structure of dimple is the better to achieve 
the aim of reducing friction. The Figure 2 shows 
the pressure distribution on the cross sections 
of elliptical dimple, conical dimple and spherical 
cap dimple, respectively. It can be seen that the 
pressure of elliptical dimple reaches a minimum 
at the inlet, and the pressure increases gradually 
until the maximum at the exit. It is shown that 
only the positive pressure zone, is formed in the 
micro-dimple with the shape appearance, which 
generate a positive pressure and provide a cer-
tain load capacity of oil film by the lubricating oil 
film in the elliptical micro-dimple. The spherical 
cap dimple has the highest hydrodynamic pres-
sure and produces the oil film bearing capacity 
which is the largest. It can be seen from the Fig-
ure 2 that the spherical dimple has the best lu-
brication effect when analyzing the morphology 

of different single micro-dimple under the same 
conditions.

Femtosecond Laser Ablation and Test
Nowadays, micro scale machining based on the 

femtosecond laser is more and more applied in the 
field of research and engineering on a textured sur-
face to achieve the purpose for reducing friction. 
It realizes that the micro-dimple morphologies are 
generated easily and effectively by femtosecond 
laser tool based on the results of numerical calcu-
lation, which becomes more and more important. 
In general, the shape of micro-dimple by the fem-
tosecond laser ablation at a fixed focal position is 
mostly a tapered hole, which is a "V" shape. There-
fore, it is difficult to machine a non-tapered struc-
ture on the surface of the sample by the fixed-point 
laser unless by using the moving scanning method 
to process the complicated structure of morphol-
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Figure 2: Schematic of oil film pressure for single dimple with different morphologies.
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laser power. The laser power and scanning velocity 
have significant influences on ablation depth and 
the step distance only presents its obvious effects 
on ablation depth when the laser power is high.

On the basis of mastering the laser parame-
ters and their laws affecting the size and shape 
of the ablation process, precise control of the mi-
cromachining size can be achieved. For elliptical 
dimple, conical dimple and spherical cap dimple, 
the moving scanning method can be used to try 
to machine those. The moving scanning meth-
od is that the motion platform of femtosecond 
laser machining center continuously shifts the 

ogy. Based on the previous study [19] of process 
attributes by femtosecond laser, more experiment 
researches were taken out further for the laws of 
ablation by the main laser parameters in the fem-
tosecond laser machining center, as shown in Fig-
ure 3. The influence factors of shape and depth are 
studied by various combinations of the laser pow-
er, scanning velocity and step distance, which is 
concluded by some groups of microchannels were 
ablated under different ablation parameters. In 
summarizing of the results in Table 1, the ablation 
depth is reduced with the increase of scanning ve-
locity or the step distance and it increases with the 

 
Figure 3: The machining center of femtosecond laser and ablated silicon wafer.

Table 1: The experimental data of laser ablation depth.

Energy (mW) Step distance (um) Scanning velocity (mm/s) Scanning times Ablation depth (mm)
10 2 0.4 4 0.096
10 2 1.2 6 0.062
10 4 0.8 2 0.014
10 6 0.4 4 0.083
10 6 1.2 2 0.014
30 2 0.8 4 0.113
30 4 0.4 4 0.127
30 4 1.2 10 0.096
30 6 0.8 4 0.047
40 4 2 2 0.056
40 4 2 4 0.148
40 4 2 6 0.198
50 2 0.4 2 0.163
50 2 1.2 2 0.061
50 4 0.8 4 0.104
50 6 0.4 4 0.173
50 6 1.2 4 0.049
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theoretical and simulation results of micro-dimple 
based on the Reynolds equation were developed. 
The results indicate that the surface texturing is 
important in reducing friction and the generation 
of hydrodynamic pressure is the responsible for re-
ducing the friction with surface texturing. Among 
the three kinds of different morphologies of dim-
ples, the spherical dimple has the best lubrication 
effect of hydrodynamic pressure In comparison to 
non-textured surfaces, the textured dimples were 
machined on the method of moving scanning by 
femtosecond laser, which displays the better hy-
drodynamic pressure in tests and the textured 
structure can reduce friction 15%, is identified in 
the tests.
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