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Abstract: Surface textures with micro-scale feature dimensions still hold great potential to enhance the frictional 

performance of tribological systems. Apart from the ability of surface texturing to reduce friction, surface 

textures can also be used to intentionally increase friction in various applications that rely on friction for their 

adequate functioning. Therefore, this review aims at presenting the state-of-the-art regarding textured surfaces 

for high-friction purposes. After a brief general introduction, the recent trends and future paths in laser surface 

texturing are summarized. Then, the potential of surface textures to increase friction in different applications 

including adhesion, movement transmission and control, biomimetic applications, and road-tire contacts is 

critically discussed. Special emphasis in this section is laid on the involved mechanisms responsible for friction 

increase. Finally, current short-comings and future research directions are pointed out thus emphasizing the 

great potential of (laser-based) surface texturing methods for innovations in modern surface engineering. 
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1 Introduction 

Important aspects of our daily life are governed    

by tribological phenomena and processes involving 

friction, wear, and lubrication. Tribology is a rather 

broad and multi-disciplinary topic, spreading from 

traditional engineering applications to modern aspects 

of biotribology. More traditional areas of tribological 

research often relate to mechanical components (gears, 

bearings, brakes, piston rings, tires, among others) 

and their energy efficiency [1–5]. Modern tribological 

research fields are connected to nanotechnology [6–9] 

and/or biotribology [10–13], which deals, for instance, 

with the application of lipstick [14, 15], the usage of 

contact lenses [16, 17], skin comfort during shaving 

[18], tactile perception [19, 20], the proper functioning 

of artificial knee and hip implants [21–24], or oral 

tribology, which assesses the perceptions of sensations/ 

feelings induced through the interaction of food 

and beverages with the mouth’s components and 

saliva [25–27].  

Scientists around the globe explore new ways to 

reduce friction and wear as a key strategy to increase 

the resulting energy efficiency. While friction directly 

correlates with the resulting mechanical and energy 

losses and, therefore, energy consumption, the 

reduction of wear is essential to ensure long-lasting 

components, which do not lose their function during 

use [3, 4]. To reduce friction and wear, the tribological 

interface, which consists of two counter-bodies rubbing 

against each other under a certain load and velocity, 

needs to be considered. Different approaches can be 

pursued to optimize and tailor the tribological response 

of a system. In this regard, lubrication strategies 

based upon new lubricants such as water [28–30] or 

ionic liquids [31, 32], tailored additives [33–35] or 

even solid lubrication [36–39] are subject of ongoing 

research activities. Moreover, the deposition of low  
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shear-strength coatings, particularly by physical or 

chemical vapor deposition [40], has been proven to 

be an efficient way to control friction and wear. Due 

to the direct contact of both rubbing surfaces through 

their surface micro-asperities, the generation of surface 

textures/patterns thus modifying the involved surface 

topography is another powerful approach to reduce 

friction and wear. 

The first studies in this context date back to Hamilton 

[41] and Anno [42], who demonstrated beneficial effects 

when using surface textures in mechanical seals. The 

overall topic experienced a renaissance in the 90s by 

the works of Etsion and his co-workers, who ultimately 

verified that laser surface texturing (LST) is an excellent 

method to improve the tribological performance of 

different mechanical components [43–45]. This led to 

tremendous subsequent attention in the tribological 

community, with numerous contributions across all 

lubrication regimes ranging from dry friction [46, 47] 

over boundary [48, 49] and mixed lubrication [50–52] to 

elastohydrodynamic [53–55] and full-film hydrodynamic 

lubrication [56, 57], as well as under starved conditions 

of lubricant supply [58, 59]. Today, the effects of 

surface textures on the tribological performance under 

different lubrication regimes and working conditions 

are reasonably well explored and understood. For 

dry conditions, surface textures help to reduce the 

real area of contact and stiction as well as offer the 

possibility to store wear debris [46, 47, 60–63]. Under 

boundary lubrication, surface textures additionally 

act as a secondary oil source [64] and may help to 

generate beneficial boundary layers (pressure-induced 

tribo-layer formation) [65–67]. In the case of mixed 

lubrication, surface textures store oil and wear debris 

as well as help to build up an additional hydrodynamic 

pressure [50–52]. Concerning elastohydrodynamic 

and hydrodynamic lubrication, surface textures build 

up pronounced additional pressures, which help to 

separate both rubbing surfaces [56, 57]. In addition, 

textures may beneficially influence cavitation thus 

improving the frictional characteristics [68, 69]. A 

number of review papers, which describe how surface 

textures reduce friction and wear and summarize 

the underlying mechanisms, have been published 

[43, 70–74]. Although having different scopes, all these 

reviews have in common that they mainly assess the 

textures’ ability to reduce friction and wear. 

Despite the general paradigm that friction is an 

aspect to be reduced, a careful consideration of the 

working principle of different machine components 

makes evident that friction is essential for different 

machine components and frequently needed to induce 

and/or maintain certain functionalities. In a world 

without friction, humans would not be able to walk 

or, once in motion, they would not be able to slow 

down and stop their movement. A closer look into 

brakes [75, 76] and clutches [77, 78] reveals that they 

rely on friction; a certain value of the acting coefficient 

of friction (COF) must be achieved to ensure their 

proper function. When aiming at improving their 

performance, the COF rather needs to be increased, 

which demonstrates that it can be partially beneficial 

to intentionally increase friction. To achieve this goal, 

the control of the involved surface topography may 

be considered as a key route. For example, for elastic 

surfaces, rationally designed surface textures may 

increase the real area of contact and, therefore, the 

adhesion component of friction [79]. This would 

increase the overall COF. In plastic contacts, a rougher 

topography may increase the deformation component 

of friction [80]. Moreover, by designing and aligning 

the surface topography of both surfaces, mechanical 

interlocking can be achieved thus increasing static as 

well as kinetic friction [46].  

Without any doubt, significantly more research work 

has been addressing the effect of surface textures 

with the overall intention to reduce friction and wear. 

This may relate to the functions of the produced 

surface textures including the reduction of the real 

area of contact, the storage of wear debris and oil as 

well as the additional pressure build-up, which all aim 

at reducing friction and/or wear. Limited research has 

dealt with the possibility of intentionally increasing 

friction by surface texturing while maintaining wear 

at a low level. Especially, the combination of surfaces 

enabling high friction and low wear (durability) is 

tricky but bears tremendous potential in different 

high-friction machine components. Therefore, this 

review article aims to summarize the existing state- 

of-the art on surface texturing for high-friction purposes 

with a particular emphasis on the involved mechanisms. 

Afterwards, we derive the current shortcomings  



Friction 10(9): 1285–1304 (2022) 1287 

www.Springer.com/journal/40544 | Friction 
 

and future research trends before presenting some 

concluding remarks. 

2 Recent trends in laser surface texturing 

Although many techniques have been used to texture 

surfaces [81], laser surface texturing (LST) undoubtedly 

presents the most widespread use in real practice with 

many successful applications. The dimensions of the 

textures range from nanometer (nm) to micrometer 

(μm) thus providing the ability to tailor and control 

the characteristic micro-topography but also physico-

chemical properties of solid surfaces. So far, LST has 

been used for functional enhancement concerning, i.e., 

self-cleaning [82], anti-icing [83], or anti-bacterial [84] 

surfaces. Actually, there is an ongoing trend for 

mimicking natural concepts by LST with great potential 

to be used for biomimetic surface functionalities, 

interfaces and products [85]. It has been experimentally 

validated that ripples can function as grating structure 

diffracting light for optical effects (Fig. 1(a)) [86]. 

Multi-scale laser textures can induce water-repellent 

and self-cleaning behavior (Fig. 1(b)) [86], while rib- 

shaped groove structures (Riblet, Fig. 1(c)) [86] are 

beneficial to reduce wall shear stress and skin friction 

drag on solid surfaces in turbulent flows. A recent 

study reports on improving boiling heat transfer for 

laser-textured surfaces (Fig. 1(d)) [87].  

The described examples have in common the use of 

ultrashort pulsed (USP) laser systems. In addition to 

efficient material removal, their main advantage is 

the reduced thermal load to the substrates allowing 

for the fabrication of (almost) melt-free microscale 

surface structures. In this regard, surface textures such 

as grooves and micro holes/dimples can be produced 

by direct laser ablation. Moreover, rather (sub-) 

micrometer features (laser induced periodical surface 

structures (LIPSS) [88–90] or cone-like protrusions (CLP) 

[86, 91–93]) can be created from self-reorganizing and 

surface feedback driven processes. Two different types 

of LIPSS have been reported [90, 93]: (1) classical 

ripples or rather low-spatial-frequency LIPSS (LSFL) 

with a spatial period close to the wavelength (LSFL  

λ) and, in most cases, perpendicularly oriented to the  

 

Fig. 1 LST for surface functionalization: (a) optical effects by ripple texture for diffracting light [86], (b) multi-scale surface texture 
for water-repellent hydrophobic surface conditions [86], (c) shark-skin inspired Riblet texture to reduce skin friction drag on surfaces in 
turbulent flows [86], (d) laser textures for improving boiling heat transfer [87], (e) dimples for static friction increase [100], (f) U-shaped 
Riblet produced by high-speed scanning a 3 kW CW laser beam. Reproduced with permission from Ref. [86], © The Authors 2020; 
Ref. [87], © ASME 2018; Ref. [100], © The Authors 2014. 
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polarization of the laser radiation, and (2) high- 

spatial-frequency LIPSS (HSFL) with a spatial period 

considerably smaller than the wavelength (HSFL < λ/2) 

and parallel oriented to the polarization of the 

incoming laser beam. The characteristic feature 

topography can be controlled by the laser processing 

conditions, i.e., wavelength, fluence, spatial pulse 

overlap, number of scan crossings, angle of incidence, 

among others [94–99].  

In many studies, the applied average laser power 

was relatively low (about a few Watts), which limited 

the achievable processing speed and throughput. 

Typically, the processing speed was in the range    

of mm·s-1 and thus the laser texturing of areas in the 

range of cm2 for functional testing required hours to 

days, which is a clear drawback to bring the promising 

LST technology to industrial production. However, 

the amazing progress of the USP laser technology 

reaching kilo Watt class level [101, 102] in combination 

with innovative processing strategies will allow 

unprecedented production rates in the range of m2·min-1 

in near future [86, 92, 103, 104]. 

Nanosecond pulsed (ns-pulsed) and continuous 

wave (CW) lasers are an alternative to USP lasers, 

which can supply higher laser powers at cheaper 

investment costs. However, when compared with USP 

laser, their great drawback is the need for higher optical 

energy for material ablation thus causing a much 

stronger heat impact to the substrates, accompanied 

by material melting and enlarged heat affected zones. 

This considerably reduces the microstructural resolution 

and quality of the surface textures, thus hindering an 

extensive implementation of ns-pulsed and CW lasers 

in micro-machining and LST. However, a number of 

papers report on dimples fabricated by pulsed lasers 

surrounded by molten walls, (Fig. 1(e)) [100], which 

have been found beneficial for increasing static 

friction of tribological systems [100]. For micro-scale 

grooves, the highest processing speed was achieved 

so far by using a single-mode CW fiber laser in 

combination with polygon scanner-based laser beam 

deflection. Therewith, even in case of extremely high 

3 kW CW laser powers applied in micro-processing, 

the thermal load to the material was reduced by 

distributing the irradiated optical power over large 

areas by ultrafast, in fact several hundreds of meters 

per second, laser beam moving. A potential application 

for high-power CW lasers in LST has been validated by 

the fabrication of U-shaped Riblet structures (Fig. 1(f)). 

3 Tailored surface textures to increase 

friction 

3.1 Laser surface texturing of fairly hard tribological 

contacts 

Tribological tests of textured surfaces almost always 

intend to evaluate their ability to reduce friction. Only 

a few studies report that friction increase due to 

surface texturing could be desirable. Xing et al. [105] 

laser-textured an Al2O3/TiC ceramic composite aiming 

to increase friction and reduce wear. They generated 

straight and zig-zag groove-like textures on Al2O3/TiC 

ceramics with variable periodicities while keeping the 

widths and depths constant (40–50 μm). Irrespective 

of the sliding speed and the grooves’ periodicity as 

well as geometry, textures increased the resulting COF 

and simultaneously maintained wear at an acceptably 

low level. With respect to the groove geometry, 

zig-zag textures with smaller periodicities induced the 

greatest increase of the resulting COF. The increase  

in friction was attributed to the roughening of the 

ceramic specimens with surface texturing, leading  

to micro-cutting of the groove edges, while the 

entrapment of wear debris within the grooves was 

responsible for reducing wear [105]. Similar effects of 

increased friction due to increased roughness induced 

by texturing have also been observed for other 

materials. Surface texturing by maskless electrochemical 

texturing has resulted in roughening of steel specimens, 

leading to higher friction under boundary lubrication 

conditions. In addition, the entrapment of wear debris 

within the textures was verified, reducing the wear 

rates by around 39% [48].  

Numerous studies have addressed the possibility to 

increase friction using LIPSS fabricated by ultra-short 

pulse laser processing on various substrate materials. 

Eichstädt et al. [106] studied laser processing 

parameters such as number of pulses, repetition rate, 

and pulse energy to fabricate homogeneous, large- 

scale LIPSS on a flat single-crystalline silicon mirror 

substrate. Ball-on-disk experiments with low normal 

loads up to 25 mN (ball’s sliding direction perpendicular 

to the LIPSS) verified a maximum friction increase by 



Friction 10(9): 1285–1304 (2022) 1289 

www.Springer.com/journal/40544 | Friction 
 

a factor of 1.6. This was traced back to the changed 

surface topography and potential changes in the 

underlying surface chemistry/crystalline state. Rung 

et al. [107] produced low frequency LIPSS and micro- 

channels fabricated by ultra-short pulse laser processing 

on 100Cr6 steel (Figs. 2(a)–2(d)). Tribological experiments 

were parallel and perpendicular with respect to the 

grooves’ direction (Figs. 2(e) and 2(f)). Under dry 

sliding, LIPSS induced higher friction irrespective 

of orientation and counter material used. Since no 

detailed explanation has been given by the authors, 

we can just hypothesize that the increased surface 

roughness of the low-frequency LIPSS was responsible 

for this frictional increase. However, this assumption 

needs to be backed up with further tribological testing 

and materials characterization. Nevertheless, ultra- 

short laser processing is an interesting approach to 

tune/increase friction due to the achievable aspect 

ratio between the depth and width of the textures of 

about 1:1.  

Van der Poel et al. [108] fabricated single-scale and 

multi-scale grooves on CoCrMo alloys. By changing 

the polarization of the laser beam, they generated 

triangular nano-pillars. Compared to the polished 

reference, all textured surface increased friction. The 

most pronounced effects were found for the single- 

and multi-scale grooves. The authors explained the 

observed frictional behavior by the modified surface 

topography. Alves-Lopes et al. [109] fabricated LIPPS 

in silicon by direct femtosecond laser writing. The 

reference showed a stable COF of about 0.12–0.14 

without pronounced running-in and wear features, 

which was traced back to the absence of plastic 

deformation, adhesive marks, and ploughing (mild 

oxidative wear). In contrast, LIPSS demonstrated a 

3.5-fold increase in friction with slightly higher values 

for the perpendicular direction. This experimental 

trend was explained by the considerably rougher LIPSS 

and their structural degradation during running-in, 

which went hand in hand with plastic deformation 

and ploughing marks. Moreover, a higher degree of 

oxidation was verified for the LIPSS by comparing the 

content of oxygen present for the laser textured and 

untreated surfaces, which explains, together with the 

other observed wear features, the increased COF values 

[109]. These studies evidence that for applications 

aiming to increase friction while maintaining low 

wear LIPSS stands out as a particularly suited texturing 

technique. Table 1 summarizes the texture geometries, 

sliding conditions and levels of friction increase 

achieved in basic laboratory tests of LIPSS as friction- 

increasing strategy.  

 

Fig. 2 (a, b) Ultra-short pulse laser texturing strategies to fabricate (c) low frequency LIPSS and (d) micro-channels on 100Cr6 steel. 
(e, f) Temporal evolution of the COF for low frequency LIPSS and micro-channels depending on the sliding direction for an applied 
normal load of (e) 50 and (f) 200 mN, respectively. In this regard, 0 reflects a sliding direction parallel to the LIPSS and groves, while 
90 indicate the perpendicular sliding direction. The abbreviation “LSFL” stands for the low frequency LIPSS, whereas “LBIA” refers to
the micro-channels. Reproduced with permission from Ref. [107], © The Author(s) 2019. 
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Apart from LIPSS, Wang et al. [110] fabricated 

micro-grooves with variable periodicity by fem-

tosecond laser processing in steel, while keeping the 

groove width and depth constant. Compared to the 

untreated reference, the COF increased for small 

groove periodicities (15 and 25 μm) before showing 

a decreasing tendency with substantially lower COF 

values for spacings larger than 50 μm. The increased 

COF for the smallest periods was correlated with a 

reduced ability to store produced wear debris and 

an enlarged contact area due to the contact with more 

individual grooves.  

Dunn et al. [100] investigated to possibility to 

generate high friction surfaces (COF > 0.6) on steel by 

pursuing different texturing strategies thus varying 

pulse overlap and pulse energy (Fig. 3(a)). To verify 

the effect of the produced surface texturing on the 

resulting static friction, the specimens were clamped 

into a hydraulic press and friction was measured 

when applied a normal load to induce motion. While 

the static COF for the untreated reference was about 

0.22, surface texturing increased the static COF 

irrespective of the used pulse energy and pulse overlap. 

The greatest increase in friction was observed for a 

pulse energy of 0.8 mJ and overlaps between 50 

and 95% thus leading to an increase by a factor of 4   

(Fig. 3(b)). A detailed study of the resulting surface 

hardness after surface texturing also verified a 1.5-fold 

increase of the resulting hardness, which was mainly 

traced back to the formation of oxides. The authors 

demonstrated that the increase in static friction 

correlated well with the resulting surface hardness. 

Schille et al. [111] laser-textured 42CrMo4 steel 

surfaces with hemispherical textures and deep welding 

dots using q-switched nanosecond and continuous 

wave (CW) laser processing, respectively. Hemispherical 

dimples (Fig. 4(a)) increased the resulting frictional 

torque by a factor of 1.8. This has been validated by  

a shaft-hub connection as a first real-life technical 

application (Fig. 4(b)) [111]. For welding dots with 

diameter of 330 μm and height of 70 μm (Fig. 4(c)), 

a maximum kinetic COF of about 0.8 was verified, 

Table 1 Summary of the conducted LIPSS studies with the type of texture and structural dimensions (periodicity and depth) leading 
the maximum increase of friction.  

Material Type of texture Periodicity  
(nm) 

Depth 
(nm) 

Tribological 
testing 

Sliding  
direction 

Friction increase 
factor  

Reference

Crystalline silicon Periodic grooves 750 150 ± 50 Ball-on-disk Perpendicular to 
LIPSS Max. 1.6 [106] 

100Cr6 steel Periodic grooves 900 200 ± 30 Ball-on-disk Perpendicular to 
LIPSS Max. 4 [107] 

CoCrMo alloy Single- and multi- 
scale grooves 

800  Ball-on-disk Perpendicular to 
LIPSS 

Max. 3 [108] 

111  single crystal 
silicon (p-doped)  Periodic grooves 730 230 Ball-on-disk Perpendicular to 

LIPSS Max. 3.5 [109] 

 

 

Fig. 3 (a) Texturing strategy with variable pulse overlap and pulse energy. (b) Resulting COF versus pulse overlap for nanosecond laser
pulses of 0.4 and 0.8 mJ optical energy irradiated to steel, respectively. Reproduced with permission from Ref. [100], © The Author(s) 2014.
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which represented an increase by a factor of 2. 

Regarding lubricated, non-conformal point contacts, 

Joshi et al. [112] studied hemispherical dimples in 

hexagonal and triangular arrangement as well as 

rectangular structures in stainless steel (1.4112). When 

properly matching the contact/working conditions 

with the lateral textures’ dimensions, surface textures 

were capable to tune the resulting frictional per-

formance under boundary and mixed lubrication, 

thus intentionally increasing or decreasing friction, 

depending on the adjusted area density. For the precise 

adjustment of the resulting frictional properties, they 

identified two competing factors. On the one hand, 

surface textures may induce pronounced edge effects 

and stress raisers, thus increasing wear and, therefore, 

friction. On the other hand, surface textures help to 

store produced wear debris, thus removing it from the 

tribological contact zone and reducing abrasion. 

3.2 Surface texturing for increased adhesion 

Animals such as insects, spiders, and lizards have  

the surfaces of their attachment pads covered by fine 

patterns of protuberances. Their remarkable adhesion 

has been inspiring the development of artificially 

textured polymers with super-adhesive characteristics. 

The working principle is based on the idea of contact 

splitting, creating a large number of small contacts 

rather than a small number of large contacts [113]. 

To understand this working principle, Arzt et al. [114] 

have proposed that the terminations of the setose or 

hairy systems could be considered hemispherical to 

use the Hertzian theory to estimate the diameter of 

the contact area. Including surface attraction effects 

in the Hertzian theory, Johnson et al. [79], predicted a 

finite pull-off force between a hemispherical tip and a 

flat contacting surface (Pc) as 


c

3
π

2
P R                  (1) 

for which R is the radius of the hemispherical tip 

and γ is the adhesion energy per area. 

Animals take advantage of the fact that the adhesion 

force is proportional to a linear dimension of the 

contact in Eq. (1) [114]. This means that by splitting 

up the contact into n smaller contacts (setae), each 

with radius equals to nR, the total adhesion force 

increases to 

 
c c

P nP                  (2) 

For geckos, the surface structure is hierarchical and 

highly anisotropic. The setose structures are relatively 

hard (β-keratin, E ~ 1–2 GPa), combined with compliant 

pads. This combination enables intimate contact of 

the setae and spatula pads with opposing surfaces, 

maximizing the weak van der Waals forces, thus 

adhesion and friction [115]. Similarly, newts can also 

move on wet and almost vertical glass surface without 

slipping. Their hierarchical surface structure consists 

of polygonal cells (30 μm) separated by narrow grooves 

(0.5 μm), where each cell contains much smaller 

hemispheric bulges (300 nm) and channels [116]. Tree 

frogs also show a similar hierarchical structure of 

hexagonal cells with arrays of nanopillars (300–400 nm), 

separated by channels filled with mucous [117]. It is 

believed that an additional mechanism that allows 

high friction under wet conditions involves the liquid 

stored in the channels, forming capillary bridges that 

increase adhesion [116]. Moreover, the channels enable  

Fig. 4 (a) Hemispherical textures made by ns-pulsed LST; (b) hemispherical textures on a shaft-hub connection; (c) deep-welding dots 
produced by CW laser irradiations. Reproduced with permission from Ref. [111], © The Author(s) 2015. 
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a draining effect by expelling the fluid out of the 

contact layer to achieve high frictional forces. Finally, 

chemical components present in the secretions emitted 

by frogs may play a role on their friction [117].  

Inspired by nature, surface texturing has been 

used in many engineering applications to create 

high-adhesion biomimetic surfaces. For biomimetic 

compliant surfaces, instead of laser texturing, the 

main technique involves producing a patterned mold 

(often a silicon wafer) by photolithography, where a 

polymeric resin is poured and then cured to form a 

textured compliant surface.  

Using the concept of contact splitting, elastomeric 

surfaces were patterned with micropillars of different 

shapes and dimensions. The adhesion of the patterned 

polymers was assessed from load-displacement curves 

obtained from instrumented indentation tests using a 

spherical sapphire tip (Fig. 5). Comparing pillars with 

flat, spherical, concave, mushroom-type, and spatular 

tips, the pull-off force (Pć) of spatular (Fig. 5(c)) and 

mushroom-like (Fig. 5(d)) patterns was 30 times 

higher than for the untextured surface (Pc). However, 

 

Fig. 5 Effects of surface texturing on pull-off force for different texture patterns: (a) flat pillars; (b) spherical pillars; (c) spatular pillars;
(d) mushroom-like pillars; (e) flat with round edges; (f) concave pillars. Reproduced with permission from Ref. [113], © American 
Chemical Society 2007. 
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for spherical (Fig. 5(b)), rounded edge (Fig. 5(e)) and 

concave (Fig. 5(f)) tips, P ć was lower than Pc, which 

was attributed to the loss of real contact area in the 

patterned cases, which probably could not be com-

pensated by the increase in adhesion force due to 

contact splitting [113]. 

Jin et al. [115] used a patterned silicon mold to create 

an inverse polydimethylsiloxane (PDMS) replica, 

where then polyurethane (PU) was poured to fabricate 

a two-level hierarchical PU-based dry adhesive with 

biomimetic gecko-like surface structure. In experimental 

measurements against a glass surface, they found 

high friction and adhesion forces in the gripping 

direction, attributed to the large contact area generated 

between the adhesive pads and the glass surface [115]. 

A similar approach was used to produce newt-like 

surface structures in PDMS. Pin-on-disk tests showed 

an increase in friction force superior to one order of 

magnitude [116].  

Besides soft compliant surfaces, rigid surfaces have 

also been textured to increase their adhesion. Kang  

et al. [118] systematically investigated the resulting 

adhesional and friction behavior of micro- and nano- 

textured aluminum surfaces compared to a smooth 

reference substrate. In this context, micro-dome 

textures with diameter and height of 3 and 1.5 μm, 

respectively, were fabricated using a polymer reflow 

technique coupled with an etching process, while the 

nano-textures (diameter of 250 nm) were generated 

by anodic aluminum oxidation. For dry conditions, the 

micro- and nano-textures demonstrated an increased 

work of adhesion, which also induced a notably 

increased COF. The greatest effect was verified for 

the nano-textured samples with an increase by a 

factor of 2.7. 

Another important point regarding the control of 

adhesion by surface texturing is the true area of contact 

since the strength of van-der-Waals forces greatly 

decreases when the distance between the surfaces 

increases. Although the surface area increases with 

surface texturing, more elastic strain energy is needed 

for the adhesion structure to conform to the texture, 

making contact. Only very compliant materials can 

adhere well on hard rough surfaces, since the energy 

stored during elastic deformation is low compared to 

the energy gained by forming a contact. The work of 

adhesion should control attachment and detachment. 

Cañas et al. [119] have proposed design guidelines 

for surface texturing to increase adhesion depending 

on the material´s physical and mechanical properties. 

For a textured rigid surface in contact with a flat 

compliant surface, dimples should be shallow and 

small to promote intimate contact of the adhering 

surfaces thus increasing adhesion. If the dimple is 

deep and large and the deformable surface is rigid, a 

gap will be formed between both surfaces, reducing 

adhesion [119].  

Bonding between surfaces can also be improved 

by increasing the real contact area. Textured bonded 

joints have gained increased attention. Laser texturing 

has been used in bonded joints made in carbon 

fiber reinforced polymers (CFRP) and epoxy adhesive. 

Dimples were laser textured on the adherend surfaces 

for area coverages of 13%, 20%, and 35%, and 

adherence was evaluated using end-notched flexure 

tests. Untextured specimens showed unstable crack 

propagation, while texturing improved the tackiness 

of the substrate with the adhesive used. The highest 

bonding resistance was observed for laser treated 

surfaces of 13% area coverage [120]. 

The mechanism of interlocking between surface 

irregularities can also improve bonding between 

surfaces [121]. Laser texturing of an aluminum alloy 

improved bonding with a polymeric surface during 

friction stir welding, producing joints with higher 

resistance. The bonding mechanism caused by the 

textured grooves was attributed to mechanical 

interlocking [122]. A similar mechanism of mechanical 

interlocking with surface texturing has been proposed 

for other joining techniques and materials, such as 

adhesive bonding of PEEK-carbon fiber composites 

[123], and hot-pressing joining of carbon fiber reinforced 

polymers with titanium alloys [124]. 

Surface texturing can also help the bonding 

between a coating and the substrate via a variety of 

mechanisms, since texturing increases the true area 

of contact, raises the substrate’s surface energy, and 

reduces property gradient between substrate and 

coating. For instance, for a bilayer coating of soft WS2 

coating deposited onto a hard TiAlN coating, plasma- 

assisted laser texturing of the TiAlN surface prior to 

WS2 deposition was used and the adhesive strength  
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of WS2/TiAlN coatings was measured by the critical 

load to induce peel-off load in scratch tests. Plasma- 

assisted surface texturing increased the critical load, 

as well as the coatings’ wear life. The authors attributed 

this improvement to a series of possibly combined 

mechanisms: (1) high compressive stresses induced 

on the TiAlN surface helped to inhibit the initiation 

and propagation of cracks during deposition of the 

WS2 coating; (2) the increase in surface energy with 

surface texturing triggered covalent chemical bonds 

between TiAlN and the subsequent WS2 coating, 

increasing adhesion; and (3) during deposition, capillary 

condensation adsorption occurred in the textures, 

improving adsorption capacity and thus benefitting 

coating nucleation [125]. For hard DLC coating onto 

a soft carbon steel substrate, laser texturing using 

different textures were used prior to deposition of a 

multilayer Cr/CrN/DLC film, improving adhesion 

measured by scratch tests. It was hypothesized that 

laser texturing hindered the continuous propagation of 

cracks due to stress release during the DLC deposition. 

Moreover, the resulting wear tracks were smoother 

for the textured DLC compared to the untextured DLC, 

with debris filling the textures [126]. However, for DLC 

deposition onto much softer poly-ether-ether-ketone 

(PEEK), laser texturing did not improve the adhesion 

between the DLC coating and the PEEK substrate, 

probably because the differences in mechanical 

properties between the coating and the substrate 

were too large and could not be alleviated by surface 

texturing [127]. 

3.3 Surface texturing of systems for movement 

transmission and control 

Increase of friction can be fundamental to control some 

mechanical transmission systems such as ultrasonic 

motors (USMs) and continuously variable transmissions 

(CVTs), opening an important route for the use surface 

texturing as a technique to improve the performance 

of such systems. USMs use the reverse piezoelectric 

effect to drive the stator vibration in the ultrasonic 

frequency band. Under the action of an electric field, 

the stator surface experiences an elliptical movement, 

but if a normal load is applied to the rotor, frictional 

force transforms the elliptical motion into rotary 

motion. Therefore, the COF dictates the output torque 

of USMs. Liu et al. [128] used nanosecond laser 

texturing to produce different textures on polyimide 

plates used as friction material in USMs. They verified 

the highest COF for dimples with a diameter of   

300 μm and area coverage of around 7%. Moreover, 

the untextured polyimide surfaces showed severe 

abrasive wear, which was not observed with texturing, 

attributed to the entrapment of wear debris within 

the textures. In another work, they measured the 

rotational speed and output power of the USMs using 

textured and untextured friction plates [128]. The 

rotational speed of the USM was higher (faster motor) 

for the textured than for the untextured plates and a 

clear improvement in the output torque was observed 

with surface texturing [128]. 

Surface texturing can also affect the performance  

of CVTs. CVTs transmit torque between two sets of 

conical pulleys by means of friction between a metal 

push-belt and the pulley surface. On the one hand, 

reducing friction losses at the belt-pulley contact 

improves the CVT efficiency. On the other hand, high 

circumferential frictional forces on the pulleys are 

needed for good torque transmission efficiency. This 

implies that different frictional characteristics are 

required in different directions. The use of surface 

texturing has been proposed to create friction anisotropy 

at the belt-pulley contact in CVT systems. The 

generation of friction anisotropy by surface texturing 

could potentially optimize friction characteristics of 

the belt/pulley contact. To investigate this aspect, 

different laser textures were tested in four different 

directions under lubricated conditions. Friction 

anisotropy was observed for textures with parallel 

grooves and dotted-line grooves, with highest friction 

in the direction parallel to the grooves, which gradually 

decreased until the sliding direction was perpendicular 

to the grooves. It was hypothesized that for groove- 

type textures both the lubricant supply and the 

amount of plateaus for contact vary with the sliding 

direction [129]. 

For systems that rely on high friction to control the 

movement between surfaces such as clutches and 

brakes, surface texturing has also been explored. 

Braking performance of textured braking discs using 

magnetorheological fluid brake has been investigated 

in a specially-designed prototype. Dimples produced  
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by laser texturing increased the friction coefficient 

of a brake system, as well as helped to resist the 

heat fade phenomenon by reducing the interface 

temperature of the brake disc [130].  

Another example of laser texturing increasing the 

efficiency of mechanical systems for movement control 

involves solar panels of a space satellite. During 

integration, the solar panel is fixed close to the satellite 

body in its closed position using a locking system 

and surface texturing could help interlocking. This 

was achieved by deep laser-textured grooves. On the 

other hand, during deployment, the panel must be 

able to slip open, but a textured surface would stick. 

To overcome this, the textured surface was subsequently 

coated with DLC, to prevent the occurrence of cold 

welding. However, it needs to be pointed out that the 

COF was measured only in a static condition [131].  

3.4 Friction anisotropy in biomimetic applications 

In many biological systems, evolution has developed 

surfaces with anisotropic friction where COFs 

depending on the sliding direction enable complex 

functionalities. Inspired by such systems, mechanical 

systems for which surface texturing could lead to 

anisotropic friction have been widely proposed and 

investigated in recent years. For instance, anisotropic 

friction enables limbless motion in snakes and could 

be used to help developing locomotion systems such 

as snake-type soft robots [132]. Sánchez et al. [133] 

performed a thorough characterization of snake skins 

in terms of chemical composition, surface morphology 

and topography, mechanical properties, and friction. 

The outer skin was found to be rigid with anisotropic 

surface morphology, on a significantly more compliant  

inner skin. When dry friction of the snake skin was 

measured by pin-on-disc tests against balsa wood in 

two opposing directions (head-to-tail and tail-to-head), 

anisotropic friction was identified. Friction in the 

head-to-tail direction was lower than in the tail-to-head 

direction since interlocking with the fibrils of the skin 

was more significant in that direction. Then, the 

authors textured AISI 52100 specimens with patterns 

miming the texture the snake skin, consisting of rather 

elongated elliptical dimples, also finding anisotropic 

friction [133]. 

In bio-implants, bioinspired hierarchical morphologies 

have been used for titanium alloy screws, aiming to 

reduce friction when screwing in and increasing friction 

when screwing out. In this regard, laser texturing was 

used to produce patterns consisting of stacked rings 

to reduce friction along the stacked ring direction and 

increase it in the other directions. The hierarchical 

morphology is presented in Fig. 6(a) and the different 

relative sliding directions are schematized in Fig. 6(b). 

For lubricated experiments using simulated body 

fluids, the COF was found to be reduced in the 

stacked ring direction (0.20) when compared with an 

untextured surface (0.24), while friction increased in 

the other directions, achieving 0.34 in the direction 

perpendicular to the stacked rings (Fig. 6(c)) [134]. 

During in-vitro tests, the stacked rings provided more 

sites for apatite deposition, improving the friction 

stability of the implant surface [135]. The observed 

effects were traced back to different aspects involving 

the respective surface topography/roughness, which 

modifies the textures’ ability to store wear debris as 

well as tailors the real area of contact. In case of the 

textures with micro-bulges, the existence of the micro- 

 

Fig. 6 Analysis of friction anisotropy under lubricated sliding using a simulated body fluid: (a) pattern of the hierarchical texture;
(b) sliding directions; (c) average friction results. Reproduced with permission from Ref. [134], © Elsevier Ltd. 2019.  
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bulges notably reduced the real area of contact thus  

increasing the coefficient of friction. However, the 

ring-like texture effectively stored the produced wear 

debris, which helped to lower wear thus enabling to 

combine high friction with low wear. 

3.5 Surface texturing of the road/tire system 

In the road/tire system, skid resistance is a key issue 

to ensure human safety since the risk of overrun 

increases tenfold when the road is covered by water. 

The importance of friction control and measurement 

in the road/tire system has been under focus for over 

60 years. For instance, in runways for aircraft landing, 

friction measuring devices positioned in the ground 

devices are used by pilots to estimate the landing 

distance of the aircraft [136].  

Under wet conditions, friction between tire and 

road can be divided in two components. The first is 

the adhesion in the localized regions where dry contact 

occurs. The second is the deformation component at 

the surface of the tire tread in contact with the hard 

asperities on the road surface. The relative contribution 

of each component depends on the interaction between 

the topographic features of both the tire and road. 

Moreover, the effectiveness of the adhesion component 

depends on how the water is drained by through the 

topographies of the tire and road [137].  

Therefore, surface texturing can be used to control 

the topography and thus friction from both the tire and 

the road perspective. Regarding the tire topography, 

the tire tread can be represented as a series of 

elastic brush elements. The tire/road contact can be 

decomposed into an adhesion zone and a sliding zone. 

The water in front of the tire creates a hydrodynamic 

force that lifts the tire from the road, reducing the 

adhesion region [136]. Tread grooves in the tire favor 

water drainage and provide space for temporary water 

storage, increasing the tire/road-ground contact to 

improve gripping and skid resistance [138]. Many 

different groove patterns have been proposed to 

optimize the tire topography, such as honeycomb 

patterns [139] and V-shaped groove patterns [140]. 

More recently, Mao et al. [138] have proposed the use 

of patterns containing convex hull in different spatial 

arrangements. To achieve this morphology, they used 

two types of tire tread compounds with different 

wear resistances (Ax and By, Fig. 7(a)), so that convex 

hulls of tire tread were naturally formed after abrasion 

of the tires. The spatial arrangements of the harder 

treads varied forming triangles, squares, pentagons, 

and hexagons. Therefore, the tire had a hierarchical 

morphology, consisting of both grooves and the 

convex-hull morphology (Fig. 7(b)). Under wet con-

ditions, the hierarchical surface with convex hull 

morphology increased the surface roughness, COF 

and skid resistance when compared with tires only 

presenting conventional grooves [138]. 

Regarding the road topography, concrete tends to 

exhibit low adhesion since it is rigid and often too 

smooth and compact, therefore presenting low skid 

resistance. Different textures can have significant 

impact on the skid resistance of roads since they 

affect the adhesion coefficient between the tire and 

the pavement surface. The wet resistance of roads 

with four types of grooves was measured: transverse  

 

Fig. 7 Hierarchical texture in tires: (a) arrangement of treads with different mechanical properties to form convex hulls; (b) patterns
with arrangement of convex hulls and grooves. Reproduced with permission from Ref. [138], © John Wiley & Sons, Inc. 2021. 
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equidistant grooves, longitudinal equidistant grooves, 

transverse unequal spacing grooves, and longitudinal 

and transverse combined grooves. The evaluation 

consisted of measurements of sideway force coefficient 

and road roughness in actual roads inside tunnels. 

Among all the groove textures, longitudinal equidistant 

grooves for groove width and depth of 5 mm and 

spacing of 250 mm resulted in the highest wet 

resistance [141]. Gerthoffert et al. [136] used an IMAG 

(Instrument de Mesure Automatique de Glissance) 

to obtain COF values in real roads. In this regard, 

the force required to tow a braked and loaded wheel 

at a constant speed measured the friction force at the 

tire/road interface. COF values were measured under 

wet conditions for seven surfaces with different 

characteristics in terms of macro-texture (types of 

asphalt)- and micro-texture (paint containing glass 

beads of different average sizes). The road with the 

roughest micro-texture showed the highest friction. 

They also developed an analytical model to estimate 

friction at the tire/road contact, by representing the 

tire tread as a series of elastic brush elements. The 

forces acting on each brush element were considered 

as an elastic force in the adhesion zone or a friction 

force in the sliding zone. Under wet conditions, 

the hydrodynamic force reduced the length of the 

tire/runway contact area, but this effect was reduced 

by the micro-texture. Very good agreement was found 

between their model and experiments, reinforcing the 

proposed mechanism [136]. When the road surface 

texture is deteriorated by wear, skid resistance has 

been shown to drastically reduce [142]. 

In metro railways, the rubber tire rolls over a steel 

track. Different macro textures have been produced 

on a steel track. A laboratory pendulum friction tester 

measured higher friction for the tracks containing 

grooves than a smooth track, which was attributed  

to water channeling out on both sides of the steel 

track [143]. 

4 Current short-comings, future research 

directions, and concluding remarks 

An overview of the use of surface texturing to 

intentionally increase friction has been presented. 

Although surface texturing has been one of the most  

investigated areas in the last few decades (61,342 

documents found for “surface texturing” in Web of 

Science), the aim of the technique in tribological 

applications is almost always to reduce friction. The 

number of works found for friction increase due to 

surface texturing reported as a desired feature was 

only 62. Despite this, the vast majority of the works 

measuring friction of textured surfaces report at least 

some condition where friction increased with surface 

texturing. Although they were treated as unwanted 

conditions, they have shaped the framework for the 

design of high-friction functional surfaces. This review 

identified some main areas that have benefitted from 

high-friction surfaces produced by surface texturing: 

high-performance adhesives [113, 114, 119] composite 

bonding [120, 123], adhesion of coatings [125–127], 

friction welding [122], bioimplants [108, 134, 135], 

manufacturing [105, 121, 124], mechanical transmission 

systems [128, 129], brakes [130], movement control 

[131, 133], robotics [132], and the road-tire contact 

[136–143]. 

Although many strategies have been used to produce 

surface textures for increased friction, laser texturing 

was by far the most used technique. This review 

identified the main current trends in laser texturing. 

The use of USP laser systems is an important route  

to reduce the thermal impact on the substrates, 

reducing melting at the microscale to negligible levels. 

Alternatives to USP lasers at cheaper investment 

costs are ns-pulsed and continuous wave, which can 

supply high laser powers in a more cost-efficient 

manner. To produce sub-micrometric textures, laser 

induced periodical surface structures (LIPSS) have 

been shown to be a fast and efficient approach for 

increasing COF´s at lower loads. A recent innovation 

involves the combination of diffractive optical elements 

for multi-beams with ultrafast scanning systems, 

consolidating high-rate LST as a key technology in 

modern surface engineering.  

Other applications can be envisaged for high-friction 

textured surfaces, such as clutches and sensory 

systems. When a surface is touched, surface textures 

have a crucial effect on tactile perception, mainly due 

to differences in friction between the finger and the 

surface, as well as the deformation of the skin [144]. 

The penetration of the fingertip between raised texture 

elements, and the respective interlocking with these 

elements, among other phenomena, govern tactile  
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perception [145]. When an object is manipulated, the 

generated forces provide sensory cues for the nervous 

system, enabling the qualities of the object’s surface 

to be identified [146]. Therefore, a frictional increase 

may help either the development of artificial sensors 

to implement artificial haptic systems, including 

reality-augmented haptic systems [147] or the design 

of artificial surfaces that can mimic the human feel 

of natural surfaces. This area has been identified as a 

hotspot with large research potential for high-friction 

textured surfaces [20]. 

The ability to tune friction to higher or lower values 

is another emerging topic. This has been proved 

possible for directional textures, where friction can 

be low in one direction and high in another direction, 

giving different functionalities to components such 

as implants [134, 135] and robots [132]. However, one 

fairly unexplored path is anisotropic friction depending 

on operational conditions, where friction for textured 

surfaces could be higher or lower depending on 

conditions such as load, speed, temperature and 

environment, thus creating smart textured surfaces. 

The main mechanisms involved in friction increase 

due to surface texturing related to the increase in the 

real contact area [110, 118, 135], particularly when at 

least one of the surfaces was compliant [119, 120, 136], 

to contact splitting [113, 114], to the increase of the 

deformation component of friction [106, 109], to 

mechanical interlocking [121–124, 131], to stress con-

centration with possible micro-cutting at the texture 

edges [105, 112], to changes in surface chemistry [106, 

125], to tribo-chemical surface reactions [100, 109], to 

surficial phase transitions [106], to stress release [126] 

or the induction of compressive stresses in coated 

systems [125], to an increase of deposition nucleation 

rate [125, 135], and to water channeling for skid 

resistance [136–143]. An important feature found  

in many works was that although surface texturing 

increased friction, the surfaces did not necessarily show 

more wear. This was mostly attributed to the removal 

of wear debris from the contact by the textures [48, 

105, 112, 128, 135]. In some works, more efficient heat 

transfer with textures helped to reduce wear [108, 130]. 

It is worth pointing out that most of the work 

found was experimental, often using trial-and-error 

approaches. In order to optimize functionalization of 

high-friction surfaces via surface texturing, analytical 

and numerical modelling approaches are urgently 

needed. Numerical modelling has already been 

successfully used to predict the tribological performance 

of surface textures under hydrodynamic [57, 70, 68, 

69, 148, 149] and elastohydrodynamic conditions 

[150–154]. Significant research progress has been also 

made related to the numerical prediction of mixed 

lubrication [59, 155, 156]. In this regard, we anticipate 

that similar approaches can be used to predict the 

behavior of surface textures with the overall aim to 

intentionally increase friction. Another approach with 

great potential in this area involves machine learning 

techniques, particularly in areas that already have 

a substantial amount of data, such as the tire-road 

system, bioimplants and brake systems. 
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