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Abstract: Textured surfaces offer the potential to promote friction and wear reduction by increasing the 

hydrodynamic pressure, fluid uptake, or acting as oil or debris reservoirs. However, texturing techniques 

often require additional manufacturing steps and costs, thus frequently being not economically feasible 

for real engineering applications. This experimental study aims at applying a fast laser texturing 

technique on curved surfaces for obtaining superior tribological performances. A femtosecond pulsed 

laser (Ti:Sapphire) and direct laser interference patterning (with a solid-state Nd:YAG laser) were used 

for manufacturing dimple and groove patterns on curved steel surfaces (ball samples). Tribological tests 

were carried out under elasto-hydrodynamic lubricated contact conditions varying slide-roll ratio using a 

ball-on-disk configuration. Furthermore, a specific interferometry technique for rough surfaces was used 

to measure the film thickness of smooth and textured surfaces. Smooth steel samples were used to obtain 

data for the reference surface. The results showed that dimples promoted friction reduction (up to 20%) 

compared to the reference smooth specimens, whereas grooves generally caused less beneficial or 

detrimental effects. In addition, dimples promoted the formation of full film lubrication conditions at 

lower speeds. This study demonstrates how fast texturing techniques could potentially be used for 

improving the tribological performance of bearings as well as other mechanical components utilised in 

several engineering applications. 
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1  Introduction 

Surface modifications for improving tribological 

performances of machine elements have been used 

since the 1950s [1]. The introduction of cross-patterns 

in cylinder liners could improve lubrication and 

prevent seizure, especially in diesel engines [2].  

Additionally, surface texturing was used for preventing 

adhesion in manufacturing operations [3], and 

more recently, it was extensively applied for 

improving lubricant load-carrying capacity [4–6]. 

The tribological effects of surface texturing are still 

a common research topic scrutinised by many 

scientists, and the number of papers related to this 
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topic has recently risen significantly [7]. Some 

authors even ventured to apply machine learning 

tools for predicting the coefficient of friction on 

textured surfaces [8].  

Generally, surface textures can be applied by 

material removal, addition, or plastic deformation [9]. 

Most common techniques for tribological applications 

are based on removing material since surface cavities 

could behave as debris traps for wear reduction 

[10–12] and oil reservoirs for improving lubrication 

[13, 14]. Divergent and convergent regions of 

surface features could increment lubricant load- 

carrying capacity due to the inlet suction [5, 15] and 

micro-hydrodynamic bearing mechanisms [16–19]. 

Furthermore, cavities offer the advantage of reducing 

the lubricant shear-strain rate and the contact 

pressures over the cavities, thus improving the 

wear and friction behaviour in comparison with 

protruding surface features [20]. However, shallow 

texture configurations could wear out during operation 

and consequently lose their beneficial tribological 

effects. Additional manufacturing steps and costs 

also preclude the application of surface textures in 

some real applications. 

Laser texturing is the most successful texturing 

technique to create surface cavities [21]. It is commonly 

applied nowadays for designing complex and precise 

geometries through material ablation. The use of a 

high-frequency laser with pulse durations in the 

femtosecond regime permitted to reduce bulges 

around surface feature edges, improving lubrication 

conditions. However, precisely tailored features 

generally require additional processes and costs, 

restraining the large-scale manufacturing of textured 

components. For these reasons, the use of fast 

texturing techniques could significantly decrease the 

manufacturing costs, favouring the use of texturing 

techniques in real machine elements. One technique, 

which can meet these requirements, is Direct Laser 

Interference Patterning (DLIP). In DLIP, the standing 

wave pattern created by overlapping two or more 

laser beams is used to alter the surface topography 

of different materials periodically. In contrast to 

conventional laser writing systems where every 

surface feature has to be created individually, DLIP 

allows generating a pattern with one single laser 

pulse. This leads to a significant increase in production 

speed, allowing to process of materials with speed 

as high as 1 m2/min [22]. 

Additionally, recent developments in the DLIP 

technique allow the fabrication of surface textures 

with feature sizes in the nanometre scale (< 100 nm) 

[22]. A drawback of DLIP is the shape of the patterns 

since they are generally defined in a long-range 

order [22]. Even though by changing the number 

of interfering beams and their angle to each other, 

a wide variety of different shapes and periodicities 

can be created, the degree of freedom is limited 

compared to laser writing processes. Additionally, 

the laser textures might show deviations from a 

perfect geometry, especially for tiny texture features 

due to the occurrence of melt and a non-perfect 

overlapping of individual laser spots [23]. 

Texture performance depends on a wide range 

of parameters related to the arrangement and 

geometrical characteristics of features, as well as to 

operational and environmental conditions. Therefore, 

it is challenging to design a surface texture configuration 

that optimizes tribological performance under different 

working conditions [24]. For these reasons, several 

researchers strived to create guidelines for designing 

new texture configurations [7, 9, 25, 26]. One major 

factor influencing the optimum texture design is 

the acting lubrication regime. For elasto-hydrodynamic 

lubrication (EHL), there have been several studies 

focusing on surface textures. For instance, the effect of 

transversal ridges and the lubricant mechanism 

involved under sliding/rolling conditions were 

studied in Refs. [27, 28]. Ehret et al. [29] also 

scrutinised the effect of surface waviness orientation 

on film formation. The authors demonstrated that 

transverse grooves generally improve lubrication, 

whereas more longitudinal oriented waviness 

decreases the film thickness. Marian et al. [30] 

stressed the importance of the relative position 

between an individual dimple and the direction of 

the rubbing surface, considering both experimental 

and numerical approaches. Despite design guidelines 

for surface texturing and the increased popularity 

of laser texturing, there are still some aspects 

regarding their tribological behaviour that have 

not been deeply understood, such as those related 
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to EHL conditions [31–34]. 

Laser texturing is easily applied on flat and smooth 

surfaces [10, 11, 35] since it is possible to control 

the texture depth and their spatial distribution 

precisely. However, several mechanical components 

in real applications present curved geometries, 

such as journal and rolling element bearings, gears, 

and cam-tappets, among others. In this study, the 

possibility of applying surface texturing to curved 

surfaces using femtosecond pulse laser and DLIP 

methods was explored to evaluate the feasibility of 

using these techniques in real engineering components. 

The scope of this study was to assess the quality of the 

textured surfaces generated with different techniques 

and their effect on the overall performance of textured 

components. In terms of ball rolling elements, it is 

known that the presence of surface textures may 

significantly decrease their fatigue life, especially in 

highly loaded configurations, since textured micro- 

geometries can potentially act as stress concentrators 

[26]. However, this paper focuses on the application 

of surface texturing on curved geometries, in 

components subjected to relatively low EHL contact 

conditions, and its influence on the frictional and 

film thickness aspects rather than fatigue life. 

This investigation exploits the possibility of 

using a fast texturing technique (i.e., DLIP) on steel 

balls, used here to simulate a prototypical contact 

involving curved surfaces and standard materials 

encountered in engineering applications (i.e., ball 

bearings), to obtain superior tribological performance. 

The tribological effects of surface texture were 

scrutinised under lubricated point contact varying 

entrainment speed and sliding-rolling ratio to study 

different EHL regimes and operational conditions. 

Furthermore, an interferometry technique designed 

to measure film thickness in rough surfaces was 

used for evaluating film thickness on textured 

curved surfaces.  

2  Materials and methods 

2.1  Sample materials 

Chromium hardened steel (AISI 52100) ball and 

disk-shaped specimens were used for the tribological 

tests. Drilled balls were 19.05 mm in diameter and 

disks were 6 mm in thickness and 46 mm in diameter. 

The samples had a smooth surface with a roughness 

of Sa = 6 nm and Sq = 20 nm. Both disk and ball 

were purchased from the tribometer manufacturer 

(PCS Instruments); thus, they presented standard 

controlled dimensions and surface conditions (polished). 

The surface texture was applied on steel ball samples 

in the configuration of dimples and longitudinal 

and perpendicular grooves. Details of the texturing 

technique used can be found in the next section. 

An untextured ball and disk pair was utilised as a 

reference, and it is defined here as Normal Production 

(NP). 

Synthetic base oil (PAO 6) was used for all 

tribological tests. Main lubricant properties are 

summarised in Table 1. 

2.2  Texturing manufacturing technique 

Dimple and groove patterns were textured on ball 

samples. Thereby, the grooves were arranged either 

longitudinally or perpendicularly to the sliding direction, 

resulting in four different texture configurations, 

see Fig. 1. The acronyms FL and FP stand for Full 

Longitudinal and Full Perpendicular, highlighting 

the feature orientation related to the relative motion 

of the ball and the disk. The surface textures were 

designed based on the most promising solutions 

suggested in Refs. [7, 9, 24–26], considering the 

configurations and dimensions that could potentially 

improve tribological performance in EHL contacts. 

However, when using fast texturing techniques, a 

compromise between optimal and suitable configuration 

for both reducing manufacturing time and obtaining 

superior tribological performance was assumed. 

For the tribological tests, different surface textures 

were designed to investigate the effect of the texture 

geometry and manufacturing process. Therefore, 

two laser systems were used: an Nd : YAG laser 
 

Table 1  Density and kinematic viscosity of lubricant PAO 6 
at 40 and 100 ℃. 

Lubricant
Temperature 

(℃) 
Kinematic  

viscosity (mm2/s) 
Density 
(g/cm3) 

40 31 0.81 
PAO 6 

100 6 0.77 
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Fig. 1  Texturing configurations manufactured on smooth balls. Ue represents the entrainment speed. 

 

(Quanta Ray Pro 290, Newport Spectra Physics) 

with a pulse duration of 10 ns and a Ti:Sapphire 

laser with a pulse duration of 100 fs. The textures 

were applied to the curved surface of steel balls. 

Here, the laser process offers the advantage of easily 

applying textures on curved surfaces. The only 

requirement is to integrate a rotation motor into 

the experimental setup which rotates the sample 

and therefore allows scanning the laser beam over 

the surface. 

To create grooves (samples FL and FP in Fig. 1) with 

small periodicity, i.e., the distance from groove to 

groove, DLIP was employed. The primary nanosecond 

pulsed laser beam from Nd:YAG laser was split 

into two beams by a beam splitter. The laser had a 

wavelength of 355 nm and a repetition rate of 10 Hz. 

The beam was overlapped by an optical setup on 

the ball surface where the two beams interfered 

with each other and thereby formed a sinusoidal 

line-like intensity distribution. The periodicity of 

the pattern is defined by the laser wavelength and 

the angle between the two interfering beams. The 

material was locally heated by local photo-thermal 

interaction between laser and metal. Material removal 

occurred at the intensity maxima positions of the 

interference pattern, creating the negative shape of 

the intensity distribution on the sample. The laser 

fluence was kept constant at 1.29 J/cm2 for all 

experiments. Further details related to DLIP and 

the optical setup can be found in Refs. [36–38]. 

To create dimples as well as grooves with greater 

width and periodicity (samples Dimples and Grooves 

in Fig. 1) compared to the DLIP samples, a passively 

mode-locked ultrashort-pulsed Ti:Sapphire laser 

(Spitfire Pro XP, Newport Spectra Physics) was 

used. The laser had a repetition rate of 1 kHz and a 

wavelength of 800 nm. By using a lens (focal length 

of 100 mm), the laser beam was focused on the 

surface of the ball. The desired texture pattern was 

created by moving the ball sample using a rotation 

stage. In the case of dimple texture, the distance 

between individual dimples was determined by 

the rotational velocity of the stage, whereas for the 

groove textures, the rotational speed had to be 

adapted to produce homogenous grooves [39]. In 

this context, in case of the groove pattern, individual 

laser spots with a diameter of 35 μm were placed 

at a distance of 7 μm. The accumulated laser fluencies 

were 3.87 and 5.57 J/cm2 for the dimples and the 

grooves, respectively. 

The texturing speed in this laboratory environment 

depends on both the repetition rate of the laser 

and on the speed of the sample movement. For the 

samples FL and FP, the combination of the two 

parameters resulted in a texturing time of 12.0 s 

per sample. The texturing speed for the samples 

Dimples and Grooves was limited by the rotational 

speed of the rotation motor (maximum speed: 

10 (°)/s), resulting in a texturing time of 218.9 s per 

samples with dimples and grooves. For higher 

rotational speed, the minimum texturing time of 

7.2 and 89.7 s could be reached for the samples 
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with dimples and grooves, respectively. However, 

it is worth mentioning that in industry, lasers with 

a much greater repetition rate and much higher 

speeds are realisable [40–42], which results in a 

considerable reduction of the texturing time.  

2.3  Tribological apparatus and test conditions 

Tribological tests were carried out using two different 

test rigs, being one for friction measurements 

(MTM2 rig) and another for film thickness evaluation 

(EHD rig). Both test rigs were purchased from PCS 

Instruments London. 

The Mini Traction Machine (MTM2 rig) tribometer 

was used in the ball-on-disk configuration. A rotating 

ball is loaded against a rotating disk, in a temperature- 

controlled pot filled with lubricant, see Fig. 2(a). 

The ball and the disk are driven by two independent 

motors for continuous variation of speed and slide- 

roll ratio. The SRR is defined as 

 


   


Disk Ball s

Disk Ball e

100 100
( ) / 2

U U U
SRR

U U U
  (1) 

where Us is the sliding speed and Ue is the 

entrainment (or rolling) speed. The SRR ranges 

from pure sliding (SRR 200%) to pure rolling (SRR 

0%). 

The tests were performed varying both the 

entrainment speed and sliding-rolling conditions 

to study a wide range of lubrication regimes and 

operational conditions. The test parameters are 

shown in Table 2. The maximum Hertzian contact 

pressure and the lubricant bath temperature were 

maintained constant during the tests at 0.6 GPa 

and 40 ℃, respectively. 

Film thickness was measured by optical interfero-

metry, using an EHD rig. A steel ball is loaded 

against a coated glass disk, and white light is emitted 

on the contact between the bodies, see Fig. 2(b). 

The ball could be driven by the disk (pure rolling 

conditions) or by a shaft to permit continuous SRR 

variations. Part of the light passing through the 

glass disk is reflected by a thin Cr layer at the 

bottom of the disk and another part is reflected by 

the steel ball after passing through the SiO2 spacer 

layer and the thin lubricant film. The two light 

beams are then recombined using a beam splitter, 

focused on a spectrometer, and captured by a 

white Charged Coupled Device (CCD) camera. It 

is possible to determine the central film thickness 

by measuring the light wavelength using the 

spectrometer [43–45]. Additionally, an RGB (red, 

green, and blue) colour camera could be utilised to 

 

 
 

Fig. 2  Schematic representation of tribometers for (a) friction and (b) film thickness measurements.  
 

Table 2  Test parameters adopted for friction (MTM2 rig) and film thickness (EHD rig) measurements. Note entrainment 
speed in descending order according to the sequence used in the experiments. 

  Entrainment speed Ue (mm/s) SRR (%) Temperature (℃)
Contact 

pressure (GPa) 
Lubricant

MTM2 2,000–10 5–20–50–80–100–120–150–180 40 0.6 PAO 6 

EHD 2,200–20 0 40 0.6 PAO 6 
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capture high-resolution images of the whole contact. 

This technique is named Spacer Layer Imaging 

Method (SLIM). A software is used to calibrate the 

system and produce a film thickness map of the 

whole contact. The EHD tribometer uses a white 

light source for the SLIM; however, brighter light 

is necessary for rough surfaces, as explained by 

Guégan et al. [46–48]. The authors proposed the 

use of two led sources (green and red) and the 

utilisation of a custom-made MatLab code to obtain 

the friction map over the whole contact area. 

Furthermore, this code determines the minimum 

and maximum film thickness as well as the amount 

of asperity contact (solid-to-solid contact) in case 

the system operates in mixed lubrication. Values of 

minimum film thickness are also used for evaluating 

the lift-off speed, defined as the minimum speed 

that promotes full surface separation, and consequently, 

the transition from mixed to full film lubrication 

regime [49]. Note that the high-speed camera takes 

the images at the same ball position using an 

encoder [46–48] for always analysing the same 

surface profile of the ball. This novel technique 

was applied to rough surfaces produced by lathe 

machining in Refs. [47, 48], and it is now applied 

for the first time in the available literature to 

textured samples in this contribution. The reader  

is referred to Refs. [46–48] for a detailed description 

of the technique. 

The EHD tests were conducted using constant 

maximum Hertzian contact pressure (0.6 GPa) and 

temperature (40 ℃) under pure rolling conditions 

(SRR 0%) varying the entrainment speed with logarithm 

increments to explore different lubrication regimes, 

see Table 2. Only pure rolling conditions were 

studied since the variation of sliding speed did not 

influence film thickness results significantly, as 

shown in Refs. [47, 48, 50]. 

3  Results  

3.1  Surface texture characterisation  

As mentioned in Section 2.2, the texture configurations 

named Dimples and Grooves were produced using 

the Ti:Sapphire laser, whereas the smaller grooves 

geometries FL and FP by Nd:YAG laser with the 

DLIP technique. The geometrical dimensions of 

surface textures were evaluated through a 3D optical 

profiler, and the main results are summarised in 

Table 3. 

Note that the features produced by DLIP (Nd : 

YAG laser) presented a periodic pattern on almost 

half of the surface (f ≈ 50%), see Table 3. On the 

 
Table 3  Measured texture geometrical characteristics and laser parameters utilised for ball texturing. 

  Dimples Grooves 

    Longitudinal Perpendicular 

Texture profile 

  
Texture name Dimples Grooves FL FP 

Features width (µm) 50 ± 2 35 ± 2 7 ± 1 7 ± 1 

Features depth (µm) 0.1 ± 0.02 0.1 ± 0.02 0.4±0.02 0.4±0.02 

Spacing, p (µm) 200 ± 5 200 ± 5 15 ± 2 15 ± 2 

Area coverage, f (%) 14 ± 1 21 ± 1 47 ± 2 47 ± 2 

R = depth/width 0.002 0.003 0.06 0.06 

Laser Ti:Sapphire Ti:Sapphire Nd:YAG Nd:YAG 

Pulse duration  100 fs 100 fs 10 ns 10 ns 

Laser fluence (J/cm2) 3.87 5.57 1.29 1.29 
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contrary, textures produced by Ti:Sapphire laser 

covered less area (f  <  20%) and they were very shallow 

(depth ≈ 0.1 μm). Furthermore, features made with 

these fast laser techniques were not geometrically 

precise, especially for dimple configuration. 

3.2  Friction results 

The friction response measured using the MTM2 

rig was plotted varying the entrainment speed Ue 

for fixed values of sliding-rolling, see Fig. 3. Four 

main SRR conditions were selected, ranging from 

low (SRR 20%) to high (SRR 180%) sliding rates. 

The texture configurations designed were not 

effective under full film condition, since all samples 

behaved similarly at high-speed conditions (Ue > 

600 mm/s), maintaining the coefficient of friction 

(COF) around 0.03, see Fig. 3. The differences in 

the frictional behaviour became more relevant for 

lower entrainment speeds under mixed and boundary 

lubrication (Ue < 600 mm/s). In this region, the 

samples with longitudinal grooves increased friction 

compared to the smooth NP sample at different 

SRRs, especially the configuration with a lower 

area coverage manufactured by Ti:Sapphire laser 

(Grooves), see Table 3 and Fig. 3. Perpendicular  

features (FP) improved tribological performance 

compared to longitudinal ones (Grooves and FL). 

However, they generally presented friction values 

close to reference smooth material (NP). Lastly, 

Dimples improved the tribological properties presenting 

the lowest frictional response in most configurations 

for low entrainment speeds. 

In order to highlight the relative benefits (or 

lack thereof) in terms of performance obtained 

using different textured surfaces, the friction response 

of smooth surfaces (NP) was used as a reference to 

provide a direct comparison between the samples 

in terms of relative differences in COF. These 

values defined as Delta friction were obtained with 

the following expression: 

 
 

   
 

Texture NP

NP

COF COF
(%) 100

COF
Delta friction  (2) 

where COFTexture is the friction coefficient of 

textured surfaces (Dimples, Grooves, FP, and FL). 

Note that Delta friction assumes positive values for COF 

increment and negatives for COF reduction. COF 

results were plotted using percentage differences 

(Delta friction, %) for each entrainment speed in Fig. 4. 

Every graph has different vertical axis ranges to 

 

  
Fig. 3  COF vs. Ue using (a) SRR 20%, (b) SRR 50%, (c) SRR 100%, and (d) SRR 180%. The horizontal axis is in logarithmic 
scale. 
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highlight the COF differences between texture 

configurations at fixed SRR values rather than 

differences between SRRs, see Fig. 4. 

As stated before, less dense longitudinal grooves 

(Grooves) presented worse results, increasing friction 

up to almost 60% for low entrainment speeds (Ue < 

600 mm/s). In comparison, more dense longitudinal 

grooves (FL), see Table 3, performed slightly better 

than Grooves, presenting an increase of approximately 

20% compared to NP reference material. This behaviour 

is expected as already discussed in more detail in 

previous experimental and numerical studies [19, 

51–53] carried out to compare the performance of 

different surface textures. In these cases, longitudinal 

pockets are shown to draw fluid from the contact 

rather than providing more fluid to increase the load 

support and reduce friction [19, 51–53]. Perpendicular 

grooves (FP) slightly decreased friction (≈ 10%) 

for low slide-roll ratio (SRR 20%) and presented an 

increment in friction (≈ 10%) for harsh sliding 

conditions (SRR 180%). For mild sliding conditions 

(SRR 50% and 100%), FP and NP samples exhibited a 

similar response. Dimples reduced friction (10%– 

20%) for all SRRs, especially for entrainment speeds 

below 100 mm/s. The reasons for these trends in  

the frictional performance are discussed in the next 

session, together with the film thickness results. 

3.3  Film thickness results 

To further investigate the tribological performance 

and the transition between lubrication regimes, the 

evolution of film thickness for textured and NP 

samples were evaluated for increasing entrainment 

speeds, ranging from 20 to 2,200 mm/s using the 

described interferometry technique, see interferograms 

Fig. 5. Note that the lubricant flow direction is 

from left to right for each interferogram. Colour 

variations in the interferograms represent film 

thickness changes [43–45].  

The classical EHL film thickness distribution 

(flat central area with the horse-shoe shape at high 

entrainment speeds [44]) could easily be detected 

for NP and textured samples with less dense texture 

configurations (Dimples and Grooves). On the 

contrary, the horse-shoe formation is only visible 

at high entrainment speeds (2,200 mm/s) for surface 

textures manufactured by DLIP (FL and FP), probably 

due to rougher surfaces caused by dense texture 

configuration (f ≈ 47%, see Table 3). 

 

  

Fig. 4  Percentage differences in friction plotted as a function of Ue using (a) SRR 20%, (b) SRR 50%, (c) SRR 100%, and (d) 
SRR 180%. The horizontal axis is in logarithmic scale. 
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Fig. 5   Interferograms of NP and textured balls using different entrainment speeds under pure rolling conditions. 

 

It should be noted from the results shown in 

Fig. 5 that, although the mounting of the ball was 

optimised, the direction of the Grooves, FL, and FP 

patterns is not perfectly longitudinal or perpendicular 

to the flow direction. This is due to small errors in 

the specimen assembling when the textures were 

manufactured; however, this is deemed to have a 

negligible effect on the results. 

The minimum film thickness in the central 

region of each interferogram was measured by the 

custom-made MatLab routine designed for rough 

surfaces [46], see Fig. 5. In this case, minimum film 

thickness between surface asperities represents a 

key factor, since it is possible to identify the 

minimum speed for achieving full film conditions 

(lift-off speed). The variation of minimum film 

thickness at different entrainment speeds and lift- 

off values for textured and NP balls are depicted 

in Fig. 6. 

Dimples promoted beneficial hydrodynamic 

conditions for lower speed (lift-off ≈ 311mm/s), 

whereas perpendicular grooves (FP) presented similar 

behaviour of NP (lift-off ≈  400 mm/s). Higher 

speeds (≈ 600 mm/s) are necessary for full film 

lubrication conditions when using both longitudinal 

grooves (Grooves and FL) configurations. Note 

that minimum film thickness and friction values 

followed the same trend.  

4  Discussion  

According to the previous results, only Dimples  
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Fig. 6  (a) Measured minimum film thickness for NP and 
textured balls varying entrainment speed. (b) Details of the 
low-speed region (< 800 mm/s) and lift-off speed values 
(vertical dashed lines). 

 

seemed to present positive micro-hydrodynamic 

bearing effects [13, 16, 51], showing lower values 

of friction and promoting full film condition at 

lower speeds than smooth surfaces, see Figs. 4 and 6. 

Load-carrying capacity of the lubricating oil film is 

enhanced due to local changes in fluid flow and 

cavitation, as well as hydrodynamic pressure 

increments near the dimple and shear forces reduction 

over the textures. These effects are caused by elastic 

deformation and speed differences between bodies 

in EHL contact, as explained in Refs. [30, 32, 54]. 

This behaviour is particularly important for promoting 

wear reduction in real applications. In this context,  

the use of a textured surface with dimples could 

reduce asperity contacts between the rubbing surfaces 

compared to the untextured condition and, consequently, 

reducing wear and increasing component lifecycle 

[19, 52]. 

Perpendicular grooves (FP), even when designed 

using similar dimensional characteristics of Dimples 

(see Table 3), were not as effective since they 

generally showed similar results to the untextured 

surfaces (NP), see Figs. 4 and 6. The scarce 

micro-hydrodynamic benefits of FP could be 

justified by the much higher dimensions of the 

transversal grooves ( ≈  1 mm) relative to the 

contact diameter (≈  170 μm). Therefore, more 

lubricant could flow transversally within the grooves, 

thus affecting the fluid pressure built-up close to 

the surface features, see Fig. 7(b). As mentioned 

above, this detrimental effect is generally evident 

for longitudinal configurations [9, 19], where features 

and entrainment speeds have the same direction and 

hence lubricant can more easily flow out of the 

contact zone through the grooves, see Fig. 7(c). For 

the Dimples configuration, besides the asymmetrical 

convergent-divergent geometry of the texture, the 

occurrence of the micro-hydrodynamic bearing 

mechanism is plausible since the dimple diameter 

is smaller than the contact area and, consequently, 

more lubricant can be retained in the interface, see 

Fig. 7(a).  

The amount of asperity contact (solid-to-solid %) 

was also measured using interferograms and analysed 

with a custom-made MatLab program [46], see Fig. 8. 

Longitudinal grooves (Grooves and FL) showed 

more contacting asperities in the mixed lubrication 

regime than perpendicular ones (FP) and Dimples. 

Not surprisingly, the proportion of solid-to-solid 
 

   

Dimples Perpendicular grooves Longitudinal grooves 
 

Fig. 7  Schematic representation of lubricant behaviour for (a) dimples, (b) perpendicular, and (c) longitudinal groove texture 
configurations. 

(b) (c) (a) 
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Fig. 8  Solid-to-solid contact (%) of textured balls. f indicates 
the texture area coverage parameter. 

 
contact followed the same trend as the COF results 

and the measurements of the minimum film thickness, 

see Figs. 4, 6, and 8. In order to better understand 

the mechanisms involved, these results were 

evaluated also considering area coverage of 

textures (f), see Table 3. 

Considering longitudinal grooves (Grooves and 

FL), the amount of asperity contact for Grooves was 

higher than for FL, due to a smaller area coverage 

for Grooves (f = 21% compared to 47%) and 

consequently a higher real contact area and more 

solid-to-solid contact. Both grooves manufactured 

by the Nd:YAG laser (FP and FL) covered almost 

half of the surface (f = 47%). However, perpendicular 

configuration FP offered less solid contact than FL, 

confirming more lubricant flow in the longitudinal 

direction compared to the transversal direction. 

This behaviour yielded a smaller load-carrying 

capacity and thus a smaller film thickness as well 

as a higher solid-to-solid contact, as shown in Figs. 

7(b) and 7(c). 

Dimples presented a lower solid-to-solid contact 

and consequently lower COF (see Figs. 4 and 6), 

even if the dimpled surface theoretically offered a 

higher real contact area (lowest values of f, see Table 

3). These findings confirm the micro-hydrodynamic 

bearing effect of dimples in the mixed lubrication 

regime, by which the surfaces are separated further 

from each other, leading to smaller solid-to-solid 

contact and causing friction reduction while promoting 

full film conditions for lower speeds. 

5  Conclusions 

The tribological performance of curved surfaces, 

which were textured using fast laser techniques, 

has been evaluated. Friction and film thickness 

were measured by varying entrainment speed to 

scrutinise surface texture effects under different 

lubrication regimes. From the experimental results 

and the texture configurations studied, the following 

conclusions could be drawn: 

The surface textures studied influenced the response 

of the system in mixed lubrication (below entrainment 

speed of 600 mm/s), whereas the full film lubrication 

regime was not affected. 

Perpendicular features did not bring significant 

tribological benefit, probably due to their excessive 

transversal dimensions. The lubricant was able to flow 

within the grooves preventing a local hydrodynamic 

pressure increment and the consequent increase in 

load-carrying capacity. 

Longitudinal grooves brought drawbacks to the 

performance of the curved surfaces compared to 

untextured, generally increasing solid-to-solid contact 

and friction. The lubricant could easily flow within 

the grooves since they are oriented in the same 

direction as the entrainment speed; therefore, local 

lubricant pressure built-up was obstructed. 

It was shown that fast texturing techniques could 

be used effectively for improving the frictional 

performance of textured surfaces, as long as their 

design is linked to a clear understanding of the 

mechanisms responsible for such improvements. 

The accuracy of the textures’ geometry does not 

constitute a crucial factor in this context. 
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