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Abstract: Despite numerous experimental and theoretical studies reported in the literature, surface micro-texturing 

to control friction and wear in lubricated tribo-contacts is still in the trial-and-error phase. The tribological 

behaviour and advantageous micro-texture geometries and arrangements largely depend on the contact type 

and the operating conditions. Industrial scale implementation is hampered by the complexity of numerical 

approaches. This substantiates the urgent need to numerically design and optimize micro-textures for specific 

conditions. Since these aspects have not been covered by other review articles yet, we aim at summarizing the 

existing state-of-the art regarding optimization strategies for micro-textures applied in hydrodynamically and 

elastohydrodynamically lubricated contacts. Our analysis demonstrates the great potential of optimization 

strategies to further tailor micro-textures with the overall aim to reduce friction and wear, thus contributing 

toward an improved energy efficiency and sustainability. 
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1 Introduction 

As early as the mid-1960s, Hamilton et al. [1] verified 

an additional hydrodynamic pressure build-up by 

micrometre-scale irregularities on rotary shaft seals, 

thus enabling an additional load-carrying capacity. 

For face seals and thrust bearings, Anno et al. [2, 3] 

showed that surface textures can improve the resulting 

lubrication conditions. In commercial applications, 

stochastic textures were implemented early on by 

honing the cylinder liner raceways. Depending on the 

configuration and/or operating conditions, stochastic 

textures are capable of enhancing lubrication and 

serving as pockets to store lubricant and wear debris, 

even though this is conversely discussed in the 

literature [4, 5]. In the mid-1990s, surface texturing 

experienced a renaissance in magnetic storage devices 

[6] and mechanical seals under relatively extreme [7] 

due to the development of more efficient laser surface 

texturing (LST). Afterwards, tremendous research 

progress with numerous studies published has been 

made. The results of a comprehensive literature 

analysis including more than 1,400 Scopus-listed 

publications on surface texturing for tribological 

contacts in the past 30 years are summarized in Fig. 1. 

The procedure and Prisma flow chart for the systematic 

literature analysis are documented in the Appendix. 

The dimensions of the surface textures considered 

can be assigned to the transition between the material 

microstructure and typical length scales in machine 

elements. Micro-textures are usually deeper compared 

with the roughness induced by finishing processes 

(fine turning, grinding, or polishing). Moreover, the 

lateral texture dimensions are at least one order of  
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magnitude larger than roughness features. The focus 

of this article is on discrete and geometrically well- 

defined micro-textures and not on directly influencing 

the surface topography in a stochastic way (roughness) 

[4] (“lower limit”) nor on micro-cavities with depths 

and lengths/widths in the same order of magnitude 

[8] (“upper limit”), which frequently is incorrectly 

assigned to micro-texturing [9]. The publications 

were classified by the year of publication (Fig. 1(a)) and 

type of investigations into experimental, theoretical, 

combined, and review articles (Fig. 1(b)). Moreover, 

they were categorized by the scope of investigation 

according to the lubrication regime (Fig. 1(c) and 1(d)) 

into dry/boundary, hydrodynamic, elastohydrodynamic 

lubrication or several regimes (e.g., study of dry and 

lubricated contacts in one article). Within the scope 

of this article, the distinction between hydrodynamic 

lubrication (HL) and elastohydrodynamic lubrication 

(EHL) is based on the fundamental geometric and 

kinematic principles, while mixed lubrication or 

thermal effects may be involved in both. Thereby, HL 

refers to parallel, converging, or conformal contacts 

as found in thrust or journal bearings and explicitly 

includes potential load- or temperature-induced 

macro- elastic deformations. EHL relates to concentrated 

contacts with local elastic deformations in rolling 

bearings, gears, or cam-follower pairings. Most 

publications have been published in the last ten years, 

with a still increasing tendency each year. Experimental 

studies account for about 69% of the published articles, 

while 19% are based upon theoretical or numerical 

approaches and only 8% aim at combining numerical 

and experimental work. Furthermore, a large part of 

the studies deals with full-film HL, while significantly 

fewer studies address contacts in boundary lubrication 

or EHL. Only 6% include several types of contact 

conditions. Various comprehensive review articles 

from Gropper et al. [6] (HL contact modelling), 

Sudeep et al. [7] (concentrated contacts), Gachot et al. 

[10] (boundary, mixed, HL, and EHL), Rosenkranz 

et al. [11] (applied to machine elements), Grützmacher 

et al. [12] (multi-scale textures), Lu and Wood [13] 

(mechanical applications), Rosenkranz et al. [14] 

(synergetic effects with solid lubricants) as well as 

Allen and Raeymaekers [15] (hip implants) report the 

most important findings on surface textures in different 

tribological contacts/systems. 

Regarding dry or boundary lubricated contacts, 

 

Fig. 1 Annual number of publications on surface texturing in tribology and classification by (a, b) type and (c, d) scope of 
investigations (as of December 2021). 
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surface textures improve friction and wear by reducing 

adhesion and the contact area as well as trapping wear 

debris. However, the influence on the tribological 

performance and the most beneficial texture geometry 

parameters strongly depend on the testing conditions, 

changes of the material microstructure, and surface 

chemistry during texturing [10, 14]. Consequently, 

textures can also increase friction or wear, and positive 

effects could hardly be demonstrated in higher 

category test methods (component or aggregate tests). 

Moreover, a reliable, theoretical design or even 

numerical optimization for surface textures under 

these conditions is yet to be developed. 

Regarding lubricated conditions, there are numerous 

successful examples of the use of surface textures. 

Many experimental and numerical studies have been 

carried out on the effects of surface textures on the 

tribological behaviour under HL (Table 1). In this 

context, the governing effects regarding film formation 

and friction reduction are largely understood. The 

existing literature clearly shows that texture parameters 

must be designed mainly regarding the demands of 

the respective application. Experimental trial-and- 

error effort can be greatly reduced by using robust 

simulation models. These models have been developed 

comparatively far but are relatively complex due to 

the numerical challenges and the included phenomena, 

such as cavitation, thermal and non-Newtonian effects, 

solid asperity contact, and elastic deformation. The lack 

of commercial solutions or detailed recommendations 

for the implementation of contact simulation and 

texture optimization makes it difficult to implement 

them in an industrial context. 

The use of surface textures in EHL has been 

discussed more controversially in the literature, and 

the underlying mechanisms are yet to be fully explored. 

The investigations carried out are summarized in 

Table 2. Surface texturing helps to increase the lubricant 

film under certain circumstances, resulting in potential 

friction savings. Like HL, the geometric texture 

parameters must be designed for the demands of the 

respective application. The low number of successful, 

application-oriented investigations and the high 

proportion of trial-and-error studies using basic 

laboratory test-rigs relate to the lack of suitable and 

available approaches for simulating these complex  

 
Table 1 Overview of relevant studies conducted for HL contacts 
summarizing the observed effects and beneficial micro-textures. 

Parallel [16–70] 

Converging [71–77] 
Contact 

geometry
Conformal [78–88] 

Full film [16–20, 23–27, 29–60, 62, 63, 66–71, 
73–89] Lubrication

conditions
Mixed lubrication [22, 28, 44, 52–65, 84] 

Model test [28, 29, 55–59, 72, 89] 

Specimen test [25–27, 31, 36, 44, 50–52, 69] 

Mechanical seals [17–20, 70] 

Cylinder liner [62–65] 

Thrust bearings [23–27, 30–36, 
40–44, 47, 48, 68, 69] 

Component test

Journal bearings [84–88] 

Test 
category

Aggregate test [54] 

Friction reduction [16–19, 28, 31–33, 46, 50–52, 
58–63, 68, 69, 78, 79, 84] 

Increasing the load-carrying capacity [20, 23, 24, 
26, 27, 30, 31, 35, 46, 66, 68, 69, 75, 76, 88–90] 

Enlargement of lubricant gap [57–60] 

A shift of the Stribeck curve [44, 84] 

Main 
effects 

Friction increase [21, 58–60, 78, 79, 90] 

Dimples [17–20, 31, 35–38, 50–
54, 66, 67, 89–91] 

Chevrons [49, 61, 64, 65, 68, 
70, 90] 

Closed 
geometries 

Grooves [75, 76, 90] 

Orientation Perpendicular to sliding direction 
[45–48, 75, 76, 90] 

Texture density 10%–100% (pocket) [4, 10, 17, 34,
35, 44, 66, 90–93] 

Texture length 40%–90% [35] 

Texture width 70%–90% of bearing width [35, 
90, 94] 

6%–10% of the texture width 
[10, 18, 55, 90, 93] 

Beneficial
micro- 

textures

Texture depth 
40%–80% of film height [6, 32–34,
37, 38]  

 

contacts, which holds especially true for mixed 

lubrication. 

Despite numerous experimental and numerical 

studies for HL and EHL contacts, surface texturing 

still largely relies on trial-and-error testing. Although 

some general design recommendations have been  
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Table 2 Overview of relevant studies conducted for EHL contacts, 
observed effects, and beneficial micro-textures. 

Concentrated [95–140] Contact  
geometry Conformal [141–152] 

Point contact [95–105, 107–118, 131, 133, 138–140]

Elliptical contact [124, 127] Contact  
form 

Line contact [106, 119–123, 126, 128–130, 134–
137, 140] 

Continuous [95–100, 112, 116, 118]
Sliding 

Reciprocal [111, 113–115, 117, 133]

Rolling Continuous [95–100, 103, 106, 120]

Continuous [95–103, 105–108, 126, 
134, 135, 137–140] 

Kinematics 

Sliding– 
rolling 

Reciprocal [108, 109] 

Full film [95–100, 107, 108, 111, 119–122, 126, 
127, 136] Lubrication 

conditions Mixed lubrication [101–106, 109, 111–118, 123, 
125, 126, 128, 129, 133–135, 137, 140, 150] 

Model test [95–109, 111–121, 123, 125, 131, 133, 
138–140] 

Specimen test [149] 

Rolling bearings [128, 153] 

Gears [123, 130] 

Cam/tappet contacts [126, 134, 135, 
137, 140] 

Rotary shaft seals [145, 146] 

Component 
test 

Hip implants [140, 147, 152] 

Test  
category 

Aggregate test [129] 

Enlargement of lubricant gap [99–103, 105–110, 
125, 126, 140] 

Deterioration of lubricant gap [95–98, 101–103, 
106–109, 124, 126] 

Friction reduction [107, 108, 111, 112, 116–118, 
121, 123, 125, 126, 131, 133–135, 137, 138, 140,
147, 148] 

Friction increase [121, 123, 140] 

Main  
effects 

Wear increase [118, 134] 

Dimples [99–103, 105–109, 133, 134, 
138, 140, 141] Closed 

geometries 
Grooves [107, 108, 111, 126, 129, 135]

Orientation Perpendicular to sliding direction 
[107, 126, 127, 134, 135, 137, 140]

Texture 
density 10%–20% [112, 116, 126] 

Texture 
width < contact area [107, 112, 133, 140]

Beneficial 
micro- 

textures 

Texture 
depth 

< 10 µm [99, 100, 116, 133, 140, 
154]  

derived in literature, their introduction into industrial 

applications is hampered by the fact that the tribological 

performance mostly depends on the respective contact 

and operating conditions. Therefore, surface textures 

always must be designed for the underlying kinematics, 

stresses, and contact situations. Suitable simulation 

approaches can serve as a numerical zoom into the 

tribological contact, thus contributing toward the 

design of surface textures with reduced experimental 

effort. However, the requirements for numerical 

modelling are complex due to the involved physical 

phenomena and multi-scale domains. Consequently, 

the practical feasibility in an industrial context has 

been hampered by the lack of publicly available source 

codes, commercial software solutions and/or detailed 

recommendations for the consideration of relevant 

phenomena as well as the lack of a methodology for 

efficient optimization. These aspects, with a strong 

focus on numerical modelling of both HL and   

EHL contacts, as well as the involved optimization 

approaches have not yet been addressed by other 

articles reviewing the state-of-the-art in surface micro- 

texturing. Therefore, this article aims at shedding 

some light on numerical modelling and optimization 

approaches. Numerical fundamentals required to 

simulate and optimize micro-textured HL and EHL 

contacts will be introduced in Section 2. Subsequently, 

the underlying mechanisms and influences of micro- 

textures in various parallel or convergent/conformal 

HL, as well as hard and soft EHL applications, are 

critically discussed in Section 3. Finally, current 

challenges and future research directions are derived 

in Section 4. 

2 Modelling and simulation in lubrication 

This section presents a short introduction of the 

general numerical background for modelling HL 

(Section 2.1) and EHL (Section 2.2) contacts as well 

as optimization strategies (Section 2.3). 

2.1 Modelling of textured HL contacts 

By combining the Navier–Stokes equations with 

thermodynamic state equations and thermal energy 

conservation, the flow in HL contacts can be simulated 

using purpose-built solvers or commercial computational 
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fluid dynamics (CFD) software. However, this still 

requires comparatively high and time-consuming 

computational efforts, especially for textured contacts 

due to the required fine meshing, possible time- 

dependent effects, and numerical instability. With 

assumptions and simplifications, it is possible to 

derive differential equations that can be solved with 

less computational effort while maintaining sufficient 

accuracy for thin-film lubrication problems. The 

Reynolds equation was originally derived assuming 

that the lubricant is incompressible and iso-viscous 

[155], while the ratio of the gap height to lateral 

contact dimensions is vanishingly small. Constraints 

regarding incompressible and Newtonian fluids were 

not necessary since a derivation from the compressible 

Navier–Stokes equations and the compressible con-

tinuity equation while considering Newtonian or 

non-Newtonian fluids was later shown to be possible. 

Variants of the generalized Reynolds equation were 

presented by Dowson [156] for Newtonian fluids or 

Najji et al. [157] (isothermal) or Yang and Wen [158] 

(thermal) for non-Newtonian fluids. Some of the 

remaining assumptions, however, have different 

implications regarding the applicability of the Reynolds 

equation at larger Reynolds numbers (Re), for which 

the texture height (ht) to length (lt) (in direction of 

motion) ratio is not sufficiently small to be neglected. 

There are many studies verifying the importance of 

including the terms in the Navier–Stokes equations 

governing inertia. Arghir et al. [9] and Sahlin et al. 

[159] showed that the inertia-based contributions   

in the Navier–Stokes equations (not present in the 

Reynolds equation) generate a net pressure build-up 

and load-carrying capacity for parallel surfaces with 

a single macro-cavity. Despite Dobrica and Fillon [8] 

obtained a similar tendency for the first dimple, they 

showed that the inertia effects decrease the pressure 

for the following ones in the partially textured zone, 

thus reducing the maximum pressure and the pressure 

in the non-textured zone. The main result was that 

the inertia effects decrease the load-carrying capacity 

in partially textured sliding bearings. However, for 

sufficiently small Re as well as for small ratios of 

texture height to length, i.e. (ht/lt)² << 1, a rather small 

error can be expected [160, 161]. This was supported 

by studies presented from Van Odyck and Venner 

[162] as well as Wen et al. [163]. As pointed out by 

Feldman et al. [164], the Reynolds equation can be 

considered a conservative estimation even in case of 

unfavourable texture dimensions. Therefore, Etsion 

[165]–despite not providing verifiable evidence–rated 

the accuracy of the Reynolds equation as sufficient 

for typical micro-textures generated by LST. 

For numerical flow simulations, either the whole 

contact area of the respective application can be solved, 

or mirror and rotational symmetry can be utilized to 

simplify and reduce the problem to cells with periodic 

boundary conditions. The computational domain is 

discretized into a finite number of sub-regions or 

volumes. The finite difference method (FDM) solves 

the equations in differential form, while the support 

points are located at the corners of the volume elements. 

The finite volume method (FVM) establishes solutions 

of the sought variables by integration of the differential 

equations at the centres of the control volumes. Both 

methods are well suited for the simulation of HL 

contacts. Moreover, the finite element method (FEM) 

can be used, where the basic idea is to fit the solution 

for the nodal points of the finite elements to 

mathematical shape functions, thus generating a 

piecewise composite approximation of the overall 

solution. 

The first numerical solution of the Reynolds equation 

goes back to Sommerfeld [166], who employed 

trigonometric substitution without the consideration 

of cavitation. This results in a point-symmetric 

pressure profile, and the maximum positive pressure 

corresponds to the minimum negative pressure. 

However, the lubricant film ruptures due to the 

limited ability to transmit tensile stresses and gas or 

vapour bubbles are formed (cavitation). This results 

in a two-phase flow of lubricant and gas or vapour in 

the cavitation area. Various numerical approaches 

have been developed for the numerical consideration 

of cavitation (Table 3). Non-mass conserving models 

lead to a discontinuity at the transition between the 

pressure and cavitation regions and contradict the 

continuity equation (conservation of mass). Despite 

errors in the computational results due to the 

violation of the continuity equation at film cavitation 

and reformation [167], non-mass-conserving cavitation 

models are widely used in the literature due to their 
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comparatively simple implementation [168]. However, 

a cavitation algorithm applicable to study hydrodynamic 

flows between textured surfaces must be mass- 

conserving to obtain reliable predictions [6, 23, 169]. 

The solution of the Reynolds equation requires 

knowledge of the lubricant film height (distance 

between both surfaces). The lubricant gap equation is 

thus composed of the rigid distance between the 

undeformed bodies, their macroscopic geometries, 

the surface topography on different scales, and 

possible elastic or elasto-plastic deformations. Load- 

independent relationships can be formulated for the 

undeformed macro- and micro-geometry. The hydro-

dynamic pressure development in lubricated contacts 

is substantially influenced by the micro-geometry. 

Depending on the characteristics and structure of the 

surface topography, the macro-hydrodynamic pressure 

development can be reduced or increased. These 

micro-hydrodynamic influences can be considered in 

a direct (deterministic) or indirect (stochastic) way. 

For the deterministic coupling of micro- and macro- 

hydrodynamics, the surface topography is mathema-

tically described in the lubricant gap equation. This 

requires fine meshing, which is associated with long 

computation times. Therefore, indirect coupling based 

on stochastic approaches and an averaged form of 

the Reynolds equation has been developed [192, 193]. 

Using flow factors according to Patir and Cheng [194, 

195], the mean volume flow between two rough 

surfaces in a control volume is balanced directionally 

for a given mean gap height with defined boundary 

conditions. Flow factors for the pressure flow and the 

shear flow describe the difference between rough and 

smooth gaps, thus being included in the Poiseuille and 

Couette terms of the Reynolds equation, respectively. 

For engineering surfaces, a distinction can be made 

between two micro-geometric scales. On the one 

hand, this is the roughness determined by machining 

processes, which can be stochastic, irregular, or 

partially directional. On the other hand, there are 

discrete and intentionally produced surface textures, 

which are one or more orders of magnitude larger  

in depth as well as lateral dimensions than typical 

roughness features. Flow factors and homogenization 

approaches may also be used to efficiently investigate 

contacts with discrete textures [196–208]. However, 

larger deviations are expected due to the validity 

only for nominally constant (parallel) lubricant film 

heights and larger lateral dimensions of the texture 

elements. Therefore, a semi-deterministic approach is 

advisable, which deterministically considers the micro- 

textures while the surface roughness, if necessary,    

Table 3 Overview of the established cavitation models. 

Category Approach Characteristics Ref. 

Gümbel/half-Sommerfeld 
solution 

Setting negative pressures to zero. [170] 

Swift–Stieber/Reynolds 
boundary condition 

Setting negative pressures to zero and ensures zero pressure gradient at 
the transition from pressure to cavitation region. 

[171–173] 

Gauss–Seidel iteration Iterative calculation of the location of the cavitation region. Setting 
negative pressures to zero during the calculation. Applicable to FDM. 

[174] 

Non-mass- 
conserving 

Murty algorithm/penalty 
method 

Setting negative pressures to zero during the calculation by a penalty 
term added to the Reynolds equation. Applicable to FEM. 

[175, 176] 

Jacobson, Floberg, 
Olsson (JFO) boundary 

condition 

Consideration of fluid transport between the resulting gas and vapour 
bubbles as well as fluid film reformation. Numerically complex dynamic 
boundary conditions. 

[177–179] 

Elrod algorithm 

Switch function to consider the cavitated phase as compressible based 
on the pressure–density relation with constant bulk modulus. Applicable 
to FDM and FVM. Later extended to account for compressible lubricant 
in liquid and cavitated phase. 

[180–184] 

Complementarity- 
based methods 

Generalized complementarity problem formulation of the switch-function- 
based approaches. Applicable to FDM and FEM. Later extended to 
account for compressible fluids and EHL conjunctions 

[185–188] 

Mass-conserving 

Variational inequality Variational inequality formulation. Applicable to FEM. [169, 189–191] 
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is stochastically considered [12, 209]. Depending on 

whether the micro-textures are quasi-stationary in 

the contact area, or whether they move through it  

in a time-transient manner, and whether there are 

non-stationary operating conditions, time-dependent 

squeeze effects can be neglected or need to be 

considered [210]. For HL contacts, however, texturing 

the stationary surface can yield better results than 

texturing moving parts [39]. 

For mixed lubrication, there is a superposition of 

the hydrodynamic [194, 195] and solid–solid asperity 

due to contacting surface roughness. For the deter-

mination of the real contact area and the pressures, 

different approaches can be coupled directly 

(deterministically) or indirectly (stochastically) with 

hydrodynamic approaches. Regarding latter, the 

load-carrying capacity of the surface roughness can 

be incorporated as a function of the mean fluid film 

height by integral solid asperity contact pressure 

curves. For given surface pairings, these can be 

calculated with simple models assuming idealized 

roughness geometries and statistical averaging. An 

analytically solvable approach to estimate the carried 

load between an elastic rough surface and a rigid 

smooth plane based on the deformation of asperities 

following the Hertzian theory was proposed by 

Greenwood and Williamson [211]. This was extended 

by the consideration of curved surfaces [212], elliptic 

parabolic asperities [213], anisotropic surfaces [214], 

and two rough surfaces [215]. Various authors 

developed analytically solvable approaches to account 

for elastic, elasto-plastic, or plastic material properties 

[216–219]. Furthermore, there are more complex 

models based on the elastic half-space theory or FEM 

[220–229], which allow for the consideration of three- 

dimensional (3D) contact conditions, deformative 

interactions, elasto-plastic effects, and real (measured) 

surfaces. 

Frictional heating due to the internal shear resistance 

of the lubricant or solid asperity contact leads to the 

formation of temperature distributions. The calculation 

of the temperature distribution in the lubricant is 

based on the energy conservation and the first law of 

thermodynamics for an open system. By neglecting 

thermal radiation, chemical reactions, gravity, and 

anisotropic thermal fluid properties, the heat 

equilibrium can be determined by calculating the 

heat conduction and convection in the lubricant gap 

as well as in the contacting bodies with heat sources 

for lubricant compression/expansion and shearing 

[230]. For mixed lubrication, these heat sources also 

arise from contacting asperities (flash temperatures). 

Since convection does not occur in solids, the energy 

balance at the volume element is based on the first 

law of thermodynamics for a closed system [230]. By 

simplifying and neglecting temperature- and pressure- 

dependent density changes of the solid, the Fourier’s 

differential equation of the transient heat conduction 

can be obtained [230]. The latter can be solved 

numerically or analytically [231–235] by means of a 

Laplace transformation [230]. 

Despite the parallel or conformal contact geometry, 

higher external and inertial forces as well as hydro-

dynamic pressures and temperatures lead to macro- 

deformations, which directly influence the geometry 

of the lubricant gap and the pressure development 

[230]. Although being often referred to as EHL, we 

assign these contacts to HL in this contribution. The 

coupling between the lubricant’s hydrodynamics and 

the calculation of the deformation can be done in a 

quasi-static or dynamic way. Regarding quasi-static 

calculations, the hydrodynamics can be coupled directly 

with FEM models or elastic half-space approaches 

[230]. Besides that, a compliance (influence number) 

matrix can be derived from a one-time FEM simulation 

during pre-processing. Subsequently, the HL simulation 

is coupled with the compliance matrix to determine the 

purely linear-elastic deformation at each node [230]. 

If influences due to inertia of moving components 

on the gap deformation must be considered, 

hydrodynamics and deformation need to be coupled 

dynamically. This is usually done within elastic 

multibody simulations (MBS), in which the Newton’s 

equation of motion is solved. In this regard, each 

component can be represented by a full FEM model. 

However, this usually involves high computational 

costs due to the required time integration and the 

large number of degrees of freedom [230]. Therefore, 

reduction methods provide higher efficiency by 

extracting the essential information on the deformation 

behaviour from the FEM as well as the dominating 

inherent frequencies or mode shapes (eigenmodes)  

[236]. For untextured HL contacts such as thrust 

slider bearings, mechanical and thermal deformations 



8 Friction  

 | https://mc03.manuscriptcentral.com/friction 

 

may even contribute to the load-carrying capacity [237]. 

Regarding micro-textured HL contacts, Chalkiopoulos 

et al. [238] reported that mechanically and thermally 

induced deformations led to a substantial alteration 

of the fluid film geometry in thrust pad bearings, while 

generating a converging and a diverging region in 

flow direction. This reduced the hydrodynamic effect 

of the textures, thus diminishing the load-carrying 

capacity and increasing the frictional torque. Similarly, 

Henry et al. [44] experimentally observed that 

temperature gradients led to an expansion of the 

pads, which favoured a convergent gap zone at the 

leading edge and a diverging gap at the pad’s end. 

Consequently, the hydrodynamic pressure build-up 

effect of the textures became insignificant compared to 

that of the convergent gap. In this sense, the potential 

influence of mechanical and thermal deformations 

should be considered when designing micro-textures 

for HL contacts. 

2.2 Modelling of textured EHL contacts 

EHL contacts are characterized by the lubricant’s 

hydrodynamics and elastic deformations of the con-

tacting bodies. Coupled solutions with an equilibrium 

of forces (load balance) including fluid and solid 

domains are required (fluid-structure interaction (FSI) 

to be considered). CFD approaches such as those in 

Refs. [239–241] do not allow for an efficient solution  

of micro-textured EHL contacts, since the mostly 

prevailing rolling–sliding conditions with micro- 

textures traveling through the contact area require 

the consideration of time-transient effects. Therefore, 

the modelling of hydrodynamics is usually based  

on the Reynolds equation. Like HL contacts, the 

consideration of micro-textures in EHL contacts leads 

to a violation of the assumptions in the derivation of 

the Reynolds equation. However, Almqvist et al. [242] 

showed that small ratios of amplitude to wavelength 

of a single elevation (essentially the opposite of     

a micro-texture) led to only small deviations under 

EHL conditions. Due to the higher viscosity and 

thinner fluid film as well as the resulting low Re in 

combination with the typically flat micro-texture 

geometry, Reynolds-based approaches can be considered 

as appropriate. Therefore, the extra computational 

cost associated with CFD does not justify the use as  

a replacement to the much less computationally 

demanding Reynolds-based approaches. Considering 

weak coupling, the hydrodynamic pressure and the 

elastic deformation are sequentially/iteratively solved 

until a defined convergence criterion is reached. Initial 

solutions of the EHL problem were based on the 

inverse method, for which the Reynolds equation is 

solved for the lubricant gap at the given pressure 

[243–245]. In contrast, the direct method solves the 

differential form of the Reynolds equation for the 

pressure at a given lubricant film height [246–249]. 

Based on the leading work of Lubrecht and Venner 

using FDM for hydrodynamics and an elastic 

half-space approach for the elastic deformation in 

conjunction with multigrid (MG) [250] and multilevel 

multi-integration (MLMI) methods [251, 252] as well 

as suitable relaxation methods [253], this is still the 

most widely used approach to solve the EHL problem. 

Even under severe conditions, the solution convergence 

and stability could be further improved by a fast Fourier 

transformation (FFT) solution of the half-space contact 

mechanics [254–257]. This is contrasted to the strong 

coupling of hydrodynamics and elastic deformation, 

which are numerically based on a Newton method 

[258–260]. However, the use of a half-space approach 

results in a fully occupied matrix in the system of 

equations to be solved, which leads to high com-

putational effort and memory requirements. Ultimately, 

Habchi et al. [261] suggested a FEM formulation for 

the elastic deformation and the discretization of the 

Reynolds equation by an FEM approach to obtain   

a sparse matrix. This leads to a good convergence 

behaviour and enables the use of commercial software 

solvers [262–264]. 

Due to the characteristic behaviour of the EHL 

contact and the complex numerical formulation along 

the necessity to solve the energy equations across the 

fluid film, the thermal influence has been given limited 

attention. For isothermal cases, the differences between 

non- and mass-conserving cavitation models are 

marginal [136]. For higher loaded EHL contacts with 

elevated sliding velocities and/or substantial slip, shear- 

thinning and thermal effects may significantly influence 

the lubrication behaviour. Generally, non-Newtonian  

and thermal effects due to lubricant shearing and 

compression moderately affect the film thickness 
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since the latter is largely driven through the fluid 

viscosity at the contact inlet. However, the fluid 

traction can be notably influenced. Furthermore, the 

lubricant film thickness can be overestimated when 

solved by non-mass-conserving cavitation models 

[265]. Numerically, the isothermal EHL and thermal 

problem are commonly solved separately and an 

iterative procedure weakly couples their solution until 

reaching convergence [263, 266, 267]. Usually, this is 

associated with a loss of information and slower 

solution compared to fully coupled approaches [264]. 

Regarding micro-textured EHL contacts, Weschta 

[126] and Tremmel et al. [268] studied the influence 

of shear-thinning and thermal effects by applying a 

generalized Reynolds equation, which was strongly 

and weakly coupled with the elastic deformation and 

the thermal equations, respectively [158]. It was shown 

that there is a shift of the lubrication gap level to 

smaller values and a damping of the textured-induced 

pressure peaks due to lowered viscosities compared 

to an isothermal and Newtonian calculation. 

Similar to HL contacts, mixed lubrication and the 

load-carrying proportion due to solid asperity contact 

can be treated deterministically [256, 269, 270] or 

stochastically [271–277]. Since micro-textures in full- 

film EHL contacts tend to increase the fluid traction 

[135] and positive effects can be rather expected in 

mixed lubrication, the consideration of solid asperity 

effects is crucial [140]. 

2.3 Micro-texture parametrization and optimization 

strategies 

Numerical work to study the influence and design of 

micro-textures is based on a variation of geometric 

parameters. The design space depends to some 

extent on the fabrication processes. Following  

Costa and Hutchings [278], these can be categorized 

in chemical [279–282] or physical [283–289] addition, 

thermal [290–296], chemical etching [297–301], 

mechanical [302–305] removal or movement (direct 

laser interference patterning [306–309], and forming 

[137, 310–314]) of material. All processes have in 

common that they have been adapted or newly 

developed for the fabrication of discrete micro-texture 

elements. A comparison of the design possibilities in 

terms of texture and component surface as well as 

materials of various processes frequently employed 

in the field of tribology is shown in Table 4. The 

realization of a successful industrial implementation 

also depends on the possibility to implement a cost- 

efficient texturing, in already optimized production 

chains. The geometric resolution and production speed 

are frequently found to oppose each other, with the 

advantages of single-step processes prevailing from 

an economic point of view. In case of material- 

removing processes (laser texturing or micro-milling), 

the required process time tends to increase with the 

textured area. The advantages of material-moving 

processes are particularly beneficial with respect to 

the high variability, high throughput, design freedom, 

and accuracy of laser interference texturing or micro- 

coining. 

For simulation and optimization, the depth profile 

of the micro-textures must be described in the lubricant 

gap equation by means of a parametrized mathematical 

formulation. As illustrated in Fig. 2, different base and  

Table 4 Overview of the possibilities and limitations of various micro-texturing processes in extension to Ref. [278]. 

  LST Chemical etching 
with masking 

Chemical etching 
without masking 

Laser interference 
texturing 

Micro-coining

Lateral > 5 μm > 20 μm > 150 μm > 1 μm > 5 μm Geometrical 
resolution Depth > 1 μm > 2 μm > 5 μm > 1 μm > 1 μm 

Flat ✓ ✓ ✓ ✓ ✓ 

Curved ✓ ✓ ✓ ✓ ✓ 
Component 

surface 
Cylindric ✓ ✓ ✗ ✓ ✓ 

Metals ✓ ✓ ✓ ✓ ✓ 

Ceramics ✓ ✓ ✓ ✓ ✗ 
Component 

material 
Polymers ✓ ✗ ✗ ✓ ✓ 
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bottom shapes are conceivable. Although circular and 

rectangular or grooved textures with spherical or flat 

bottom shapes represent the most studied geometries 

so far, today’s manufacturing techniques are capable 

of fabricating all kinds of complex textures and texture 

combinations [8]. Apart from the base shape and 

bottom profile, individual textures are characterized 

by their lateral dimensions and depth as well as 

orientation with respect to the sliding direction. 

Texture patterns are described by the overall extension 

and position of the textured area as well as the 

lateral/circumferential distances or angular/radial 

offset between the individual texture elements. In 

many studies, the aspect ratio, texture density and 

relative texture depth are given to describe the used 

texture. As pointed out by Etsion [165], it is essential 

that the different texture geometries and patterns are 

optimized separately before deriving optima from 

all geometric variations since it is not meaningful 

to compare different base geometries with similar 

dimensions. 

Beneficial combinations of texture parameters have 

been mostly identified based upon “simple” parameter 

studies. Partially, this is accomplished by means of  

a statistical design of experiments (DoEs) to ensure 

sufficient significance with minimum computational 

effort. The most basic form relates to full factorial DoEs, 

for which all the possible discrete combinations of the 

considered input variables (factors) are tested. With 

alternative forms, e.g. partial factorial designs, central 

composite designs (CCD), or Box-Behnken designs, 

the increase of the necessary number of simulations 

with the rising number of factors can be kept com-

paratively low while maintaining a good predictive 

capability [315].  

In considerably fewer studies on micro-textures, 

numerical optimization algorithms were employed. 

This can be done directly [49], i.e., based entirely on 

HL or EHL tribo-simulations, or indirectly by surrogate, 

approximation, or meta-models [316, 317]. Meta-models 

range from simple linear or quadratic regressions to 

more complex approaches such as polynomial 

regression, moving least squares (MLS), or Gaussian 

process regression (GPR) as well as methods of 

machine learning (ML) or artificial intelligence (AI) 

approaches, such as support vector machines (SVM) 

or artificial neural networks (ANNs) [318, 319]. Thereby, 

experimental designs adapted to the properties of the 

numerical simulation and statistical modelling can be 

used. To generate a broad spectrum of approximation 

or meta-models, a so-called Latin hypercube design 

(LHD) or Latin hypercube sampling (LHS) from the 

group of equally distributed test fields is particularly 

suitable [315, 320]. The test data are distributed to 

fill the factor space as evenly as possible and provide 

information about almost every area with little 

computational effort [321]. Suitable algorithms based 

on tribo-simulations or meta-models can then be 

used to determine the global optimum of geometric 

micro-texture parameters with respect to the objectives 

relevant for the respective application. In principle, 

gradient-based [322], response surface [323, 324],  

and nature-inspired methods such as particle swarm 

optimization (PSO) [325] or evolutionary/genetic 

algorithms (EA/GA) [326, 327] can be employed for this 

purpose. The latter usually represents an efficient 

 

Fig. 2 Selection of different (a) micro-texture base shapes and (b) bottom profiles. Reproduced with permission from Ref. [6], 
© The Authors 2015. 
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and flexible way to optimize an unknown problem. 

The sequential quadratic programming (SQP) method 

is another efficient approach for constraint non-linear 

optimization problems [322, 328, 329]. Furthermore, 

topology optimization [330] is of interest in the 

context of tailoring the topography of tribo-contacts. 

This involves the optimization of material layout 

within a given design space, for a given boundary 

conditions and constraints. The design is optimized 

with respect to the system performance using either 

gradient-based mathematical programming techniques 

such as the optimality criteria algorithm and the method 

of moving asymptotes [331, 332] or non-gradient-based 

algorithms such as EA. The advantage lies in the 

geometric versatility exceeding the design freedom of 

conventional parametric approaches. 

3 Micro-texture mechanisms and optimi-

zation 

This section presents a detailed overview and critical 

discussion of the insights deduced from numerical 

modelling and optimization for HL (Section 3.1) and 

EHL (Section 3.2) contacts. 

3.1 HL contacts 

A prerequisite for the hydrodynamic pressure build-up 

and separation of relatively moving surfaces in the 

presence of a lubricant is a converging fluid film gap. 

The distribution of the hydrodynamic pressure as 

well as the cavitated region for a parabolic slider 

geometry is exemplarily illustrated in Fig. 3(a)). The 

results for an infinite two-dimensional (2D) slider 

bearing (velocity u = 1 m/s, isoviscous fluid viscosity 

η = 0.01 Pa·s) presented in Fig. 3 were calculated 

based upon FDM by means of a pivoting algorithm 

that solved a linear complementary problem (LCP) 

formulation of the Reynolds equation in a mass- 

conserving way [185, 333]. In plain bearings, the 

pressure build-up is typically realized by a tilt (Fig. 3(b)) 

or step (Fig. 3(c)) in one of the surfaces. At the trailing 

edge, pockets or micro-textures can also act as a 

converging wedge or step and thus as a local hydro-

dynamic bearing. As pressure increases in the 

converging region, it theoretically decreases to the 

same extent in the diverging region. However, negative 

pressures are limited by the restricted possibilities of 

the lubricant to transmit tensile stresses and resulting  

 

Fig. 3 Exemplary lubricant gap, pressure, and fractional film content distribution in a 2D HL contact with (a) a parabolic or (b) converging
geometry, (c) a step, (d) a pocket as well as (e) several micro-textures that are equally distributed, or (f) concentrated to the contact inlet. 
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cavitation [25, 334]. This yields asymmetric pressure 

profiles [16] (Fig. 3(d)), and the negative pressure   

in the cavitation region can additionally lead to inlet- 

suction of lubricant [335, 336]. However, if the pressure 

gradient is not sufficiently high, e.g. the supply 

pressure and cavitation pressure are equal, there will 

be an insufficient lubricant supply to the texture  

and no sufficient pressure build-up. If the supply 

pressure is too high, no cavitation occurs, and the 

pressure decrease compensates for the pressure 

increase [8]. Through a suitable design of one or more 

micro-textures (Figs. 3(d) and 3(f)), the positive aspects 

(hydrodynamic pressure build-up) may balance or 

even outweigh the negative effects (cavitation effects 

and pressure drop). Thus, a substantial load-carrying 

capacity can be attained even in a nominally parallel 

lubricant gap [337]. In addition, micro-textures can 

shift the Stribeck curve toward lower film heights [19] 

and under mixed lubrication, and serve as a lubricant 

reservoir as well as trap wear particles [17, 91]. 

These effects are complex and partly superimposed 

phenomena, which strongly depend on the respective 

contact situation and the dimensions of the test set-up 

or application. Hence, in the following, the research on 

the influence of micro-textures and the optimization 

of geometrical parameters in HL contacts will be 

discussed structured by the tribological system. 

3.1.1 Parallel HL contacts 

(1) Mechanical seals 

Pioneering work in the field of textured tribological 

systems with parallel surfaces goes back to the studies 

on mechanical seals from Etsion et al. In several 

Reynolds-based studies on cup-shaped textures, a 

significant enhancement of the sealing behaviour, 

service life, and friction performance was verified 

[16, 17]. Parametric studies revealed a smaller influence 

of the texture geometry, but a dependency on the 

aspect ratio and the area coverage was verified [19]. 

Both parameters need to be optimized for the 

respective operating conditions, and the area coverage 

should be below 20% [91]. Furthermore, it was 

shown that partial instead of full texturing is more 

advantageous [18]. In numerical investigations using 

a mass-conserving cavitation model, Meng et al. [21] 

verified an improved sealing behaviour, while only 

partially demonstrating an improved load-carrying 

capacity for micro-textured surfaces. Brunetière and 

Tournerie [22] simulated textured sealing surfaces 

using the Reynolds equation with a mass-conserving 

cavitation and a deterministic mixed lubrication model. 

It was shown that textures only led to the formation 

of a load-carrying capacity when surface roughness 

was considered. For ideally smooth surfaces with 

surface textures, no beneficial effects regarding load- 

carrying capacity were verified. This is contradictory 

to most previous theoretical investigations and can 

be attributed in particular to the use of the mass- 

conserving cavitation model [168]. Wang et al. [70] 

solved the two-dimensional Reynolds equation for 

the conditions of rotational gas face seals and applied 

an non-dominate sorting genetic algorithm (NSGA) 

for Pareto-optimizing the micro-texture geometry to 

simultaneously maximize the load-carrying capacity 

while minimizing leakage. Thereby, asymmetric 

V-shaped textures were found to be superior to regular 

shapes (circle, ellipse, square, and triangle), especially 

under high-speed conditions. 

(2) Parallel thrust bearings 

Qiu and Khonsari [23–25] numerically and exper-

imentally showed for fully textured rotating thrust 

bearings that a non-mass-conserving consideration  

of cavitation leads to an overestimation of the load- 

carrying capacity. Additionally, they verified that the 

formation of the cavitation region depended on the 

rotational speed. By properly designing the aspect ratio 

and area coverage for the respective sliding speed, 

friction was reduced, which aligns well [26, 27]. 

Zhang et al. [28] demonstrated improved friction for 

laboratory experiments with textured disks in contact 

with a flat pin under mixed lubrication. By numerical 

calculations based on the Reynolds equation with 

flow factors, a mass-conserving cavitation model, and 

a stochastic asperity contact model, they revealed 

fluctuations in the calculated friction, which was 

attributed to the alternating sliding over of areas with 

higher and lower pressures. Codrignani et al. [89] 

applied the adjoint optimization technique (Fig. 4(a)) 

to determine optimal surface topographies in a crowned 

pin-on-disk setup by solving the Reynolds equation 

with a mass-conserving cavitation model. Although 

considering a concentrated contact, elastic deformations  
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were neglected. This optimization approach tailored 

the entire gap height distribution point by point, thus 

enabling a free-form optimization in a more efficient 

way than traditional optimization approaches and 

parametric studies. It was reported that the traditional 

approach to texture the full front of the pin did not lead 

to an ideal increase in load-carrying capacity. Instead, 

it was beneficial to texture only part of the front 

portion of the pin (Figs. 4(b) and 4(c)). Optimizations 

were further conducted as a function of operating 

conditions, indicating a linear relationship between 

the gap height and optimal texture depth. However, 

for the chosen operating parameters and geometry, 

the absolute improvement in load-carrying capacity 

was fairly small compared to a Rayleigh step bearing 

irrespective of the optimization techniques (Fig. 4(c)). 

Numerical studies performed by Brizmer et al. [30, 

31] using the Reynolds equation showed a significant 

increase in load-carrying capacity for partial texturing 

of parallel thrust bearings with linear motion. A ratio 

of texture depth to lubricant film height of 1.25 and a 

lateral texture length in the sliding direction of 65% 

were found to be favourable. This was confirmed by 

a tripling of the bearing clearance and a friction 

reduction of 50% [31]. Rahmani et al. [32] performed 

numerical parameter studies for the simplified case 

of the one-dimensional (1D) Reynolds differential 

equation (infinite linear sliding bearing) and non-mass- 

conserving cavitation model to find advantageous 

micro-textures. Using dimensionless parameters and 

analytical correlations, a genetic algorithm allowed 

for the optimization regarding load-carrying capacity  

 

Fig. 4 (a) Optimized textures and sensitivity of the pin surface and (b) resulting pressure (P). (c) Comparison of the load-carrying 
capacity (FN) of the reference and optimized textures by parametric studies and the adjoint method. Reproduced with permission 
from Ref. [89], © The Authors 2020. 
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and friction. Rectangular textures with a maximum 

surface coverage and a ratio of texture depth to 

lubricant film height of about 0.6 proved to be 

favourable. Although special care should be given due 

to the used simplifications, the derived recommendations 

were in good agreement with parametric studies 

from Pascovici et al. [34]. Comprehensive parametric 

numerical studies on finite linear sliding bearings 

were carried out by Dobrica et al. [35]. These were 

based on the 2D Reynolds equation and a mass- 

conserving cavitation model. They showed that partial 

texturing, especially in the contact inlet, significantly 

enhances the load-carrying capacity if the oil pressure 

in the inflow is sufficiently high. However, this also 

leads to a larger lubricant film height and thus to a 

higher oil demand. Moreover, it was shown that the 

load-carrying capacity maximizes for the highest 

possible area coverage, which would correspond to  

a step bearing. These predictions were confirmed  

by Marian et al. [36] and Guzek et al. [37, 38]. By 

numerically optimizing the load-carrying capacity, 

the latter derived ratios of texture depth to lubricant 

film height between 0.7 to 0.9 as well as 1.0 to 1.2 for 

rectangular and elliptical textures, respectively. With 

the objective of friction reduction, optimal values 

ranged between 0.8 and 1.2. While these investigations 

were restricted to quasi-stationary conditions (textured 

stationary body), Gherca et al. [39] investigated the 

influence of the choice of the surfaces to be textured 

on the load-carrying capacity. Despite squeezing 

and displacement effects at the contact inlet, micro- 

textures on the stationary surface proved to be more 

effective. However, texturing both surfaces resulted 

in additional improvement. Based on CFD approaches 

by solving the Navier–Stokes equations as well as the 

energy equation in the fluid and heat transfer equation 

in the pads, Papadopoulos et al. [40–43] showed a 

considerable increase of the load-carrying capacity 

only for lower to moderate sliding velocities, while 

the improvement was reduced for higher velocities. 

However, the partially textured linear plain bearing 

exhibited lower friction due to the lower lubricant 

film height. For reciprocal sliding motion, Yu et al. 

[45, 46] showed that the dimensions of different 

texture geometries can be optimized for the respective 

conditions. Elliptical textures having their long 

semi-axis perpendicular to the sliding direction are 

particularly suitable. Similar conclusions were drawn 

by Qiu et al. [47, 48]. Shen and Khonsari [49] employed 

the SQP method coupled with a FDM model solving 

the Reynolds equation with a non-mass-conserving 

cavitation model to optimize the geometry of single 

micro-textures. The latter was described by a series of 

horizontal lines that evenly divided an arbitrary 

texture geometry in Y direction. The SQP began with 

an initial guess of the design variables and evaluated 

the objective function at the starting point. Afterward, 

it solved the quadratic programming sub-problems 

to obtain the search direction and construct a better 

estimate. This process was iterated until the algorithm 

converged to an optimal solution. Consequently, they 

investigated textured parallel contact cells with periodic 

boundaries and found different optima for uni- and 

bi-directional sliding in the form of chevron-shaped 

and trapezoidal texture elements, respectively. Fixing 

the area density to 30%, the authors [49] verified that 

the newly obtained geometries resulted in higher peak 

pressures and load-carrying capacity over a wide range 

of operating conditions compared to conventional 

geometries (circles, ellipses, squares, hexagons, or 

diamonds). Similarly, Wang et al. [68, 69] used a 

FDM model to solve the Reynolds equation with a 

mass-conserving Elrod cavitation model and applied 

a hybrid GA–SQP approach to optimize the texture 

geometry for a rotating thrust bearing. Thereby, the 

advantages of the GA as a global optimization 

algorithm with smaller local accuracy and the SQP 

method as a local optimization technique, which is 

rather sensitive to initial values, were combined  

(Fig. 5(a)). It was reported that small-angle chevrons 

(Fig. 5(b)) quite similar to those suggested in Ref. [49] 

for unidirectional sliding were superior compared to 

straight grooves and large-angle chevrons. Accordingly, 

lower friction was experimentally verified over a large 

range of rotational speeds (Fig. 5(c)). 

In the series of papers, Kalliorinne et al. [338–340] 

adapted and applied the globally convergent method 

of moving asymptotes (GC–MMA) optimisation 

methodology to optimise the geometry of HL bearings. 

They used the film thickness as control variable and 

considered the load-carrying capacity, the coefficient 

of friction, and the frictional torque as the optimised  
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targets. The methodology was verified through 

comparison with the Rayleigh step-bearing [341] and 

successors [342–350]. One important result they found, 

was that increasing the mesh resolution unravelled 

features contributes to the increased load-carrying 

capacity and decreased friction [339, 340]. Other 

results of interest are the outstanding performance 

and topographies of the optimised thrust bearings 

and washers (Fig. 6). 

(3) Piston liner/ring-contacts 

Based on theoretical considerations, Etsion et al. 

[50–54] verified a friction reduction of 30% and 45% 

for full and partial texturing, respectively. A significant 

contribution to the understanding of laser textured 

piston rings was made by Vlădescu et al. [55–58]. 

In model tests, they showed that micro-textures led 

to a friction increase in the centre of the stroke 

(full-film lubrication), but to a reduction in friction of 

up to 55% in the region of mixed or boundary friction 

during the reversal points. This was attributed to an 

increase in lubricant film height and reduced asperity 

solid contact and later substantiated by the numerical 

studies of Profito et al. [59, 60]. Following the numerical 

studies from Checo et al. [66], friction-reducing effects 

can also be achieved with textured cylinder liners 

and, above all, with piston ring surfaces that are as flat 

as possible with no or only slight crowning. Based on  

 

Fig. 6 (a–d) Optimal bearing geometries, (e) load-carrying capacity, 
and (f) frictional torque for different segmentations of the thrust 
pad bearing. Note that the normalized lubricant gap (the control 
variable) within the white areas in (a–d) saturates at the value 
specified as the upper limit, which in this case is 100. Reproduced 
with permission from Ref. [340], © IMechE 2020. 

 

Fig. 5 (a) Flow chart of the hybrid GA–SQP method, (b) optimal shape evolution process for a texture over the radius r and the angle θ, 
and (c) experimentally measured coefficient of friction vs. rotating speed for smooth references as well as textured samples with straight
grooves, large-angle chevron, and optimized small-angle chevron. Reproduced with permission from Ref. [68], © The Authors 2018. 
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a solution of the Reynolds equation with non-mass 

conserving cavitation model, Zhou et al. [67] finally 

proposed varying texture parameters over the cylinder 

bore by designing the lateral dimensions of cup-shaped 

texture elements as a function of the respective sliding 

speeds. This allowed higher film thickness and load- 

carrying capacity than that with invariable texture 

parameters over the whole surface. 

3.1.2 Converging or conformal HL contacts 

(1) Tilting pad bearings 

There are considerably less studies for the more 

complex case of non-parallel contacts. In these contacts, 

the macroscopic wedge shape often predominates 

over effects induced by micro-textures. According to 

Cupillard et al. [71], appropriately designed micro- 

textures can improve the tribological behaviour for 

lower convergence angles. By solving the Navier–Stokes 

equations using FVM without the consideration of 

cavitation, backflow effects for larger convergence 

angles and textures with a certain depth were verified, 

thus reducing the load-carrying capacity. Parametric 

study by Dobrica et al. [35] based on the 2D Reynolds 

equation and a mass-conserving cavitation algorithm 

confirmed a dependence of the load-carrying capacity 

and the friction reduction on the convergence angle. 

Furthermore, positive effects were found only for 

partial and not for complete texturing. In contrast, 

Tønder [73, 74] numerically showed better friction, 

damping, and stiffness properties for a fully textured 

tilting pad bearing. However, this was based on a 

non-mass-conserving cavitation model. Using 3D CFD 

simulations, Papadopoulos et al. [75, 76] performed 

an optimization of groove-shaped textures in a 

converging thrust bearing using a genetic algorithm, 

achieving an increase in load-carrying capacity of 

up to 7.5%. Thereby, a pressure build-up was even 

verified for diverging surfaces. Likewise, numerical 

optimization for bearings with respect to lubricant 

film height, friction, and temperature was performed 

by Gropper et al. [77] based on a FVM solution of 

the Reynolds equation as well as an interior-point 

algorithm and forward finite difference estimates. 

Optima were found to be independent of speed but 

dependent on load and optimization objective (Fig. 7). 

The results suggest that the gains in the bearing 

performance through micro-texturing are rather limited 

for tilting pad bearings [75–77]. In fact, tilting bearings 

operate under optimal conditions by design, which 

makes it difficult to improve their performance. This 

questions the usefulness of surface texturing, especially 

when considering increased manufacturing costs 

compared to untextured tilting pad bearings. 

(2) Journal bearings 

Initial works on radial journal bearings, for which 

the lubricant film height in the circumferential direction 

corresponds to a converging lubrication gap, go back 

to Tala-Ighil et al. [78, 79]. They solved the 2D Reynolds 

equation with a non-mass-conserving cavitation model 

based on the FDM. They demonstrated that micro- 

textures could have both a positive and a negative 

influence on lubricant film height, load-carrying 

capacity, axial flow rate, and frictional torque depending 

on geometry, dimensions, and arrangement. Partial 

texturing, especially of the area affected by pressure 

drop, proved to be beneficial. Ausas et al. [190] 

reported a small increase in the minimum lubricant 

film height and the frictional torque by full texturing 

and pointed out the relevance of mass-conserving 

cavitation models. Based on CFD simulations, Cupillard 

et al. [80] recommended smaller textures in the 

region of the maximum lubricant film height for low 

eccentricities and larger textures in the region of 

maximum pressure for higher eccentricities to minimize 

the frictional torque. However, the load carrying 

capacity was always worse for the textured con-

figurations. Moreover, they showed that the influence 

of textures is more pronounced at lower eccentricities 

and beneficial texture parameters depend on the 

operating conditions. Similar observations were also 

made by Brizmer and Kligerman [81], Zhang et al. 

[88], and Kango et al. [82, 83]. The latter authors 

performed numerical simulations for different 

geometrical configurations of textured journal bearings, 

which can serve as an example of the fact that    

the constraints of the simulations are important when 

optimizing target variables not to derive invalid 

conclusions. Frequently, numerical work investigates 

the influence of micro-textures on the load-carrying 

capacity as derived by integrating over the pressure 

distribution and/or fluid friction. In case of radial 

journal bearings, however, the eccentricity and the 

attitude angle may not be assumed as fix but must be 

determined from the equilibrium of forces. Otherwise,   
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Fig. 7 (a) Micro-textured tilting pad bearing, (b) flow chart of the texture design optimization, (c) optimum relative texture depth, and
(d) optimum circumferential and (e) radial texture extent at different area densities when optimizing for the minimum lubricant gap, the
frictional torque, or the maximum temperature. Reproduced with permission from Ref. [77], © The Authors 2018. 
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it is not possible to compare the results between 

different textures. For instance, Cupillard et al. [80] 

compared friction for the same constant load. Yamada 

et al. [86, 87] demonstrated that the load-carrying 

capacity decreased for a fully textured bushing, i.e. 

the minimum film thickness was lowered compared 

to the reference state (untextured bushing). However, 

they demonstrated that, for given operating conditions, 

the higher resulting eccentricity and smaller attitude 

angle allowed to improve the dynamic properties of 

textured journal bearings. These findings confirm that 

the load-carrying capacity is downgraded for fully 

textured bushings, thus agreeing well with Refs. [78, 

79] since improvements of partially textured journal 

bearing are obtained for specific operating conditions 

(low eccentricity, i.e. lower-loaded bearings) or specific 

textured configurations (textured zone at the beginning 

of the cavitation region). 

3.2 EHL contacts 

The effects of micro-textures on the tribological 

behaviour of EHL contacts have been much less 

studied and are not yet fully understood [10]. This can 

be traced back to the comparatively small, lubricated 

conjunction between the elastically deformed contact 

surfaces. Too large texture elements due to manu-

facturing limitations allow the lubricant to flow out of 

the contact area [90, 104]. Furthermore, the forming 

lubricant gap is several times smaller than that in 

sliding contacts without elastic deformation, which 

implies that the effects of the surface topography   

or even single micro-texture elements are more 

pronounced. The formation of a load-carrying fluid 

film in EHL contacts is due to the pressure-induced 

increase in viscosity, which can be reduced by deep 

textures [100]. It is often considered that the surfaces of 

rolling contacts subjected to higher loads should be as 

smooth as possible to avoid fatigue damage. However, 

some studies proved that micro-textures can also 

improve the tribological behaviour of EHL rolling– 

sliding contacts. Various experimental investigations 

based on optical interferometry and artificially created 

regular surface topographies as well as numerical work 

indicated that grooves or ribs arranged perpendicular 

to the direction of motion can increase the lubricant 

film height in EHL point contacts. Parallel elements 

showed rather negative effects on the lubricant film 

formation [351, 352].  

3.2.1 Hard EHL contacts 

Initial experimental studies on discrete micro-textures 

in hard EHL point contacts were realized by Cusano 

and Wedeven [95, 96]. It was demonstrated that the 

lubricant gap was reduced in the area around the 

depressions, which was more pronounced at the 

leading edge and for elongated textures in rolling 

direction. With increasing slip, however, there was an 

additional, local widening in the fluid film height in 

front of or behind the texture, depending on whether 

the untextured or textured body was moving faster. 

Similarly, Dumont et al. [110] numerically demonstrated 

for a point contact under full and starved lubrication 

that the volume of the texture elements was reduced 

by elastic deformation during the traversal of the 

contact area, thus releasing additional fluid and 

increasing the lubricant gap. Using optical inter-

ferometry and numerical EHL modelling with an MG 

solver, Mourier et al. [99, 100] verified that deeper 

textures reduced the fluid film height, while shallow 

ones tended to increase the lubricant gap. This was 

attributed to the highly viscous lubricant, which was 

drawn out of the micro-depression due to shear 

effects, leading to additional local elastic deformation. 

Furthermore, it was shown that the compressed 

lubricant was not dragged out until the entire texture 

was within the contact area. This suggested that 

optimal texture parameters do exist for widening the 

lubricant gap. It is important to mention that less 

beneficial or even detrimental effects occur when 

exceeding or surpassing these values. Křupka et al. 

[101–103, 105, 109] confirmed the decisive role of the 

fluid viscosity and velocity differences of the contacting 

bodies (slip) as well as flat textures. Well-designed 

micro-textures in very thin film EHL contacts reduced 

the interactions of surface roughness/solid asperities 

and friction. The basic mechanisms are exemplified 

in Fig. 8 for the passage of a single micro-texture 

through a point contact under pure sliding and mixed 

lubrication conditions (load parameter M = 185, viscosity 

parameter L = 13, slide-to-roll-ratio SRR = −2). The 

results shown were obtained from a transient thermo- 

elastohydrodynamic lubrication (TEHL) simulation  



Friction 19 

www.Springer.com/journal/40544 | Friction 
 

model based upon the FEM full system approach with 

a stochastic mixed friction and a mass-conserving 

cavitation model [133, 136, 140]. 

Wang et al. [125] carried out ball-on-disk experiments 

and numerical investigations based upon the Reynolds 

equation with a mass-conserving cavitation model 

including mixed friction, thus correlating the lubricant 

film enlargement with the friction reduction. Elongated 

textures oriented transversely to the motion with a 

triangular cross-section were deduced to be beneficial. 

Marian et al. [133, 140] employed a meta-model of 

optimal prognosis (MOP) [353, 354] to study the 

influence of depth and diameter of a single cup- 

shaped micro-texture. Non-significant variables were 

first filtered before various meta-models, such as 

polynomial regression, MLS, and kriging, were trained. 

The most suitable approach was then automatically 

selected using a coefficient of prognosis, and the 

response surfaces (Fig. 9) were used for optimization 

by an EA with the goal of minimizing solid state 

friction. With boundary conditions against excessive 

wear/fatigue (limiting the minimum lubricant film 

height and maximum pressure), flat textures with 

depths of a few microns and lateral dimensions close 

to the elastically deformed contact area were identified 

as optimal and robust. Although only a single texture 

was optimized, the authors point out that the methods 

can also be used to effectively tailor textures [133]. 

 

Fig. 8 Lubricant gap and total pressure distribution over the normalized contact length (X) and width (Y) as well as fluid film height, 
fractional film content, temperature, total, hydrodynamic, and asperity contact pressure in the Y = 0 cross-section: (a) without micro-texture,
(b) with a single micro-texturing when entering, and (c) in the middle as well as (d) when leaving the contact area. Reproduced with
permission from Ref. [140], © The Authors 2021. 
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Besides EHL simulation, numerical optimization 

has been carried out using experimental data. De La 

Guerra Ochoa et al. [138] used friction results from a 

mini traction machine (ball-on-disk) with different 

cup-shape textures under various operating conditions 

to train an ANN. Generally, textures were able to 

reduce friction especially at low sliding speeds and a 

small texture radius with a rather high area density was 

reported to be most beneficial. Boidi et al. [139, 355] 

employed a Hardy multiquadric radial base function 

to predict the wear behaviour of sintered components 

under varying operating conditions in a ball-on-disk 

setup (mini-traction machine and lubricant film thick-

ness measurements based on optical interferometry) 

as well as geometric or statistical characteristics of the 

dimples, grooves, and pores. 

Furthermore, model-level investigations have 

been performed on micro-textures in line or elliptical 

EHL contacts. Numerical work from Zhai et al. [120] 

considering surface roughness indicates that micro- 

dents in highly-loaded line contacts under almost 

pure rolling did not induce an improved fatigue life. 

In numerical studies on the start-up behaviour of line 

contacts and stationary textures, Zhao and Sadeghi 

[122] showed the earlier build-up of a separating 

lubricating film. In experiments with crowned, textured 

disc surfaces and numerical studies based on the 

Reynolds equation and elastic half-space, Pausch [124] 

showed a widening of the lubricant behind the texture 

as well as a reduction at the rear and lateral edges, 

which could fall below the constriction of the smooth 

contact. This was more pronounced for discontinuous 

cross sections and deep textures than for continuous 

and shallow ones. 

Due to the scarcely improved or even degraded fluid 

film formation by micro-textures in EHL contacts,  

 

Fig. 9 (a) Framework and response surfaces of a MOP for the maximum changes of (b) minimum lubricant gap, (c) maximum contact 
pressure, and (d) solid friction force dependent on micro-texture depth and diameter. The result of a multi-objective optimization by an
EA is indicated by a star. Reproduced with permission from Ref. [133], © Elsevier Ltd. 2019; Ref. [140], © The Authors 2021; Ref. [318], 
© The Authors 2020. 
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there are only a few successful, application-oriented 

investigations on highly-loaded machine elements under 

rolling conditions, e.g. rolling bearings. Particularly 

for the latter, the surface roughness or topography 

has a decisive influence on rolling fatigue [356] as a 

result of cyclically induced pressure and stress peaks 

[357, 358]. However, Vrbka et al. [359] suggested that 

depressions may act as fluid reservoirs, especially at 

smaller film heights, which allowed the lubricant to be 

supplied to the contact after all. An increase in fatigue 

life was attributed to reduced material shear stress 

due to lower friction [11]. According to numerical 

investigations on radial ball bearings by Shi et al. [127], 

even small slip states tend to increase the formed 

lubricant film height by hydrodynamic effects, thus 

enhancing the fatigue life. 

For tooth flank contacts of gears, there is also a 

general trend toward superfinished [360] or coated 

[361, 362] surfaces to increase energy efficiency and 

prevent component failure by pitting or fretting. 

Generally, the contact is characterized by higher loads, 

low lubricant film heights, and varying sliding/rolling 

conditions along the line of contact [130]. Because of 

these harsh conditions, only a few works have dealt 

with the texturing of tooth flanks, indicating that 

the tribological behaviour can rather be improved for 

low speed and mixed friction only [123].  

The cam/tappet contact of the valve train is another 

tribological system subject to high loads and sliding 

portions. Frequently, the surfaces are mirror-polished 

and/or coated [363–365]. However, Gangopadhyay 

and McWatt [129] determined up to 35% lower friction 

in tests on a dragged cylinder head for V-shaped 

textures compared to isotropically polished cup tappets. 

Kang et al. [132] demonstrated 34% reduced stroke 

losses and reduced wear after 300 h of operation for a 

cam with textured flanks in contact with the roller cam 

follower of a single-cylinder diesel engine. Recently, 

Marian et al. [134] showed a friction reduction of up 

to 13% on a component test-rig operating under mixed 

lubrication by introducing line-shaped textures with 

an orientation perpendicular to the sliding direction 

on bucket tappet surfaces. Furthermore, long-term 

tests revealed that deeper micro-textures with smaller 

lateral distances featured higher wear, which was 

ascribed to the intensified edge effects around the 

textures and an additional necking in the lubricant film 

height. Marian et al. [137, 140] employed a MOP and 

an EA to optimize the micro-texture dimensions. Flat 

textures with lateral dimensions close to the elastically 

deformed contact were found to be most beneficial 

for reducing asperity contact and solid friction. The 

distance of the textures in sliding directions had to be 

designed in such a way that trailing texture elements 

did not influence the drag effects of the leading ones. 

Moreover, no friction-reducing effects were determined 

for higher rotational speeds (only slight mixed or 

even full-film lubrication). The trailing effects induced 

by the micro-textures, which lead to the local fluid 

film enlargement, were accompanied by an increase in 

lubricant viscosity due to the build-up of additional 

hydrodynamic pressure and thus an increase in the 

fluid traction [135]. 

3.2.2 Soft EHL contacts 

Some studies have focused on micro-textures in 

lower-loaded contacts with at least one soft material 

and thus elastic deformation. The elastic deformation 

and surface topography have also a substantial 

influence on the resulting tribological behaviour  

[366, 367]. Hadinata and Stephens [141] developed 

a Reynolds-based simulation model for the contact 

of textured shaft with a smooth elastomer rotary seal, 

and thus demonstrated an increased load-carrying 

capacity and reduced friction. For similar conditions, 

Shinkarenko et al. [142–144] numerically verified the 

validity of the assumption of linear elastic material 

behaviour, thus deriving the optimal texture parameters. 

Depending on the material properties, area coverages 

between 30% and 50% as well as aspect ratios between 

0.05 and 0.1 proved to be advantageous. Moreover, 

texturing the elastomer seal instead of the shaft was 

suggested due to the smaller surface area. Warren and 

Stephen [145] and Li et al. [146] compared experimental 

investigations with numerical results based on the 

Reynolds equation with mass-conserving cavitation 

model and under consideration of nonlinear material 

behaviour. In good qualitative agreement, it could be 

shown that micro-elevations increased the load-bearing 

capacity more than depressions.  

Furthermore, various studies on micro-textures 

have been carried out in the field of biomaterials and 

medical technology, e.g. load-bearing artificial implants 

[15, 368–370]. For instance, Dougherty et al. [151] 
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numerically modelled the contact between a micro- 

textured ultra-high molecular weight polyethylene 

(UHMWPE) disc with a steel pin under water 

lubrication and reported a shift in the Stribeck curve 

as well as a friction reduction of up to 50%. Chyr et al. 

[148] studied a conformal pairing of UHMWPE shell 

and textured cobalt–chromium (CoCr) alloy cylinder 

under pivoting motion and used a rather simple 

numerical model that solved the Reynolds equation 

while neglecting elastic deformations to trace friction 

reduction back to an increase in the load-carrying 

capacity. Gao et al. [150] established a simulation model 

of artificial knee implants based on the Reynolds 

equation and the MG method as well as FFT into 

spherical coordinates, which was coupled with an 

adapted Archard wear formula. Although the underlying 

mechanism was not addressed, it was reported that 

cup-shaped textures improved the lubrication con-

ditions and wear behaviour in lateral contact, while 

no beneficial effects were found on the medial side. 

Recently, Marian et al. [140, 371, 372] used a full-system 

FEM-based model considering mass-conserving 

cavitation and mixed lubrication to study the influence 

of micro-textures on the performance of total knee 

replacements. Despite velocity differences of the 

contacting partners and textures experiencing con-

siderable elastic deformation, only rather minor edge 

and the drag effects appeared in comparison with 

the hard EHL contacts considered in the previous 

section. For the systematic analysis of the influence 

as well as for the optimization of depth, diameter, 

and separation of the texture elements, a MOP was 

generated from a LHS database. While small texture 

distances and deep textures led to an increased solid 

friction, pronounced minima were found for rather 

flat textures with either a very small or large diameter. 

It was concluded that an optimization of the macro- 

geometry, e.g. the conformity of femoral and tibial 

components, may have a higher influence on the 

lubrication conditions and the wear of the femur than 

modifying the micro-topography. 

4 Challenges, opportunities, and concluding 

remarks 

Nature provides numerous examples of surface 

topographies tailored for specific conditions. Inspired 

by that, micro-textures applied to rubbing surfaces in 

hydro- or elastohydrodynamically lubricated contacts 

can reduce energy losses by reducing friction and/or 

wear. Although this approach has already received 

considerable attention over decades, quantitative 

conclusions are not readily available, and surface 

texturing is still in the trial-and-error-phase. To reduce 

this trial-and-error approach, there is an urgent need 

for further numerical optimization to predict the best 

texture parameters and arrangements for specific 

applications. In this regard, comparatively few works 

successfully applied numerical optimization strategies 

going beyond simple parametric studies. Existing 

state-of-the-art studies are summarized in Table 5 and 

serve as frameworks to tailor micro-textures dependent 

on the respective contact type and the operating 

conditions, which may promote their industrial scale 

implementation in various applications. 

Based upon our analysis, the main findings can be 

summarized as follows: 

1) For parallel HL contacts, such as mechanical seals, 

thrust bearings, or piston-liner contacts, full surface 

texturing leads to a slight improvement in the 

load-bearing capacity and the frictional behaviour. 

More significant effects can be achieved by partially 

texturing the contact inlet or reversal points of 

motion. In case of rotating parallel contacts, optimal 

texture parameters can be found, especially aspect  

Table 5 Numerical optimization approaches to tailor micro- 
textures. 

Lubrication regime 
and application Optimization approach Ref. 

NSGA (direct) [70] 

Adjoint optimization 
technique (direct) [89] 

GA (direct) [32, 33]

SQP (direct) [49] 

GA–SQP (direct) [68, 69]

Parallel HL  
contacts 

GC–MMA (direct) [338–340]

GA (direct) [75, 76]

Interior-point algorithm (direct) [77] 
Converging HL 

contacts 
PSO (direct) [88] 

MOP + GA (indirect) [133, 137]
EHL contacts 

ANN (indirect) [138]  
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ratio and area coverage ratio. However, in contrast 

to linear sliding parallel contacts, the optima strongly 

depend on the operating conditions. For application- 

related conditions, the design of micro-textures for 

specific load cases or situations usually represents a 

compromise regarding the entire stress spectrum. 

To fully exploit the energy-saving effects of surface 

micro-textures, they need to be optimized locally for 

the respective regions of the components’ surfaces. 

Moreover, the geometries of the micro-textures can be 

described more flexibly to optimize different cross- 

sectional geometries or even surface topographies at 

different scales. This may allow even more substantial 

friction-reductions and energy-savings than achieved 

by deterministic, single-scale textures. Direct optimiza-

tion methods such as GA or SQP are of special interest. 

By combining both approaches, synergistic effects 

between global and local optimization algorithms can 

be achieved, thus leading to more accurate predictions. 

Furthermore, topology optimization methods offer 

design options with a very high degree of geometric 

freedom. In the future, methods for turning the 

obtained optima to dimensionable and manufacturable 

geometries could become relevant. 

2) For converging or conformal HL contacts (tilting 

pad or radial journal bearings), the influence of micro- 

textures and favourable geometric parameters of the 

textures depends on the operating conditions. For 

lower-loaded applications, notable improvements for 

load-carrying capacity and friction can be achieved. 

In contrast, the load-carrying capacity improvement 

is either very limited or impossible while an impro-

vement in friction and/or dynamic performance can 

be obtained for severe conditions with pronounced 

convergence ratios of thrust bearings and sliders or 

high eccentricities for journal bearings. For these 

configurations, achievable improvements are generally 

smaller than for (almost) parallel surfaces, while partial 

texturing is often preferable. Unfavourably designed 

textures result in downgraded frictional properties. 

Therefore, numerical optimization is of essential 

importance. Occasionally, studies with contradicting 

results regarding the boundary conditions of the 

tribo-simulation and the target variables of the 

optimization (comparison of friction at different  

load cases) can be found in literature. Therefore, 

we emphasize that the boundary conditions of the 

simulations, on which the optimization is based, must 

be appropriately selected to generate meaningful 

predictions. The aforementioned methods of direct 

optimization can also be employed, e.g. GA, SQP, or 

topology optimization.  

3) For EHL contacts, such as rolling bearings, gears, 

and cam-followers, well-designed micro-textures can 

reduce friction and/or wear, which holds especially 

true for a sufficient amount of slip and mixed 

lubrication due to reduced solid asperity contact.  

The application of surface textures in pure rolling  

of high load conditions has rather negative effects. 

Flat textures oriented transversely to the direction  

of motion with lateral dimensions smaller than the 

elastically deformed contact area proved to be 

beneficial. The spacing between textures needs to 

be optimized that edge effects originating from the 

trailing texture elements do not negatively affect the 

drag effects of the leading ones. Due to the higher 

computational costs and the necessity to consider 

time-transient effects, indirect approaches with 

intermediate surrogate or meta-models that were 

trained within DoEs are particularly suitable for 

optimizing micro-textures in EHL contacts. In the 

future, these methods can also be extended to design 

multiscale textures by a freer parameterization and 

to adapt them locally on the surfaces of gear tooth 

flanks, tappets, or implants. Thus, areas that generally 

experience full film lubrication can be left untextured, 

and only regions with mixed friction conditions and 

sufficiently high sliding portions can be provided with 

optimal textures. 

4) Most of the numerical modelling and optimization 

approaches that can be found in literature focus   

on improving the energy efficiency in terms of 

maximizing the load-carrying capacity to prevent 

wear or minimizing frictional losses. This implies that 

numerical modelling of the involved wear processes 

in micro-textured contacts under mixed lubrication is 

considered as a highly promising and challenging 

future research direction. 

5) Most of the applications with HL and EHL 

contacts do not operate under steady state conditions, 

and the optimization of surface micro-textures always 

represents a certain trade-off or compromise. By means  
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of optimization algorithms, micro-textures should  

be designed in a robust way to be resilient against 

inaccurate load or kinematic assumptions, manufac-

turing deviations of the micro-texture geometries or 

component misalignment. In this context, multi-scale 

textures can potentially be designed in such a way 

that positive effects are achieved for a variety of loads 

or even under more extreme conditions. In the future, 

ML/AI approaches will gain in importance, especially 

due to the complexity of the optimization tasks and 

the associated computational effort. 

6) Surface micro-textures represent an important 

trend to tailor friction and/or wear. In the future, 

synergistic effects with lubricant rheology and other 

surface modification approach, such as the application 

of thin coatings, will come more into focus. 

Appendix Prisma flowchart of the systematic 

literature review 
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