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Abstract: Surface texturing is one of the surface modification techniques which deliberately change the
texture of the surface, in order to improve, among other things, its tribological performance. This is
obtained through different patterns, which can be on micro or nano scale, created on the contact surfaces.
The performance of a textured surface depends on the shape, geometry and pattern of the surface texture
and the operating condition of the components in contact. There is a number of various techniques for
surface texturing, among which laser surface texturing is most often used. The different surface texture
shapes, different textured area ratios and patterns, different lubrication regimes with different contact
geometries and materials have been subject of theoretical and experimental research for many years. This
paper reviews the state-of-the-art of researches that consider various surface texturing for tribological
application, as well as its effect on performance enhancement. Conclusions of this paper may provide
guidance for optimal design of surface textures in practical engineering applications.
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1. INTRODUCTION which are intentionally made in order to
improve the performance”. It can be performed
Surface texturing can be defined in several either as a micro and nano asperities

ways. In a broad sense, it can be defined as any (protrusions) or micro and nano holes (dimples),
process that artificially changes the texture of Fig. 1, with the latter being more popular.

the surface. In many cases these changes are
inspired by nature [1]. Defined like this, surface
texturing can be obtained through some

coating deposition (adding of the material) or L \\ —— : |
e . . Protrusion Dimple

some surface modification (without adding of ——— ‘

the material) technique [2]. In the present N TN /‘A Nl NN\

review, the surface texturing will be defined as |
“any surface modification process that produce
multiple engineered surface features of
appropriate shape, geometry and pattern,

Figure 1. Different principle of intentionally made
surface texturing with some surface modification
technique
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The earliest known commercial application
of surface texturing for tribological
applications is the honing of the cylinder liner
[3]. Surface texturing is also known to be used
in magnetic storage devices [4], as well as in
MEMS devices [5] for overcoming adhesion
and stiction. Surface texture in the automotive
applications is mainly applied in reciprocating
sliding surfaces and piston/cylinder
arrangements [6,7]. This idea is also promoted
in mechanical seals and sliding bearings [8-11].
Surface texturing is one of the most effective
methods for tool wear reduction and
improvement of tool life in the modern
machining process, and thus enhancing the
final product quality [12]. Biomedicine is the
latest field in which surface texturing is
implemented. The laser texture presents
excellent results for adaptations to the

biological performance of biomedical polymers.

Improvement of the cellular activity on the
implant surface constitutes the primary
objective of the surface texture technique in
biomedical applications [13].

2. SURFACE TEXTURING TECHNIQUES

The development of advanced engineering
materials and precise design requirements
limits the use of conventional processing
methods, so the nonconventional machining
processes, also known as advanced machining
processes were developed. A variety of these
process is being used in the industry, such as

chemical, electrochemical and electro
discharge machining, abrasive jet and
abrasive water jet machining, ultrasonic

machining, laser beam, electron beam, ion
beam and plasma beam machining, each of
them having their own limitations [14]. Some
of these machining techniques are
successfully applied in surface texturing for
tribological applications. Surface modification
techniques used to enhance tribological
performance, through surface texturing,
covers: removing material technologies,
material displacement technologies, and self-
forming methods, all being well described
and reviewed by Coblas et al. [15].

Various techniques of surface texturing
were developed over the years for enhancing
tribological performance. The most promising
and the most frequently used technique seems
to be laser surface texturing. Its principle can
be explained as a removal of material by an
ablation process, i.e. by an excessive heating,
melting and evaporation or sublimation of the
substrate material in contact with laser beam
[16]. Desired texture geometry can be
obtained by utilizing the scanning optical
systems so as to position the laser beam on the
workpiece along a predefined trajectory. The
laser surface texturing owes its effectiveness
and efficiency to the laser technology utilised,
due to it being rapid and permitting shorter
processing times. Furthermore it is eco-friendly
and due to its excellent accuracy permits strict
control of the shape and size of the micro-
dimples, allowing realization of optimum
designs. Its ability to control energy density
enables the laser to safely process hardened
steels, ceramics, and polymers as well as
crystalline structures [9,16].

There are also other techniques of surface
texturing, and some of them are suitable for
mass production, but they usually require
large, expensive facilities, can show process-
related draw-backs, and are not always
suitable for flexible production. One of them is
vibrorolling technique recommendable as a
substitute for a variety of conventional,
environmentally harmful techniques [17]. The
vibrorolling principle is based on the transfer
of hard indenter shape (pattering) on the work
piece surface, by plastic deformation. Other
techniques include lithography and anisotropic
etching [18], photochemical etching (masking
by photolithography followed by chemical
etching) [19], photolithography combined with
electrolytic etching process [20], focused ion
beam milling [21] and abrasive jet machining
[22], etc. The frequency of laser surface
texturing usage compared to others
techniques is presented in Table 1. It also
shows the frequency of other research
conditions in 40 papers, published in the last
20 years, whose research topic was surface
texturing for tribological applications.
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Table 1. Review of the research conditions and their representation in the surface texturing for tribological

application literature

Research condition Reference Total %
number
Laser surface [6], [7], [8], [10], [23], [24], [25], [26], [27], [28], [29], [30], 23
Surface texturing [31], [32], [33], [34], [35], [36], [37], [38], [39), [40], [41]
textur'lng Other
technique techniques [18],[19], [20], [21], [22], [42], [43], [44], [45], [46], [47] 11
Conformal (6], [7), 18], [10], [20), [21], (25, [26], [27], [28], [29], [33],
T ‘ (lower kinematic pairs) [34], [35], [36], [38], [40], [41], [43], [44], [45], [47], [48], 26
Nonconformal [6], [18], [19], [22], [23], [24], [27], [30], [31], [32], [37], 17
(higher kinematic pairs) [39], [40], [42], [46], [52], [53]
Unlubricated
conditions [21],[22],[30], [31], [39], [42] 6
Lubrication  |Boundary and [6], [7], [10], [18], [23], [24], [26], [28], [29], [30], [32], 2
regime mixed lubrication [33], [34], [35], [36], [37], [40], [41], [43], [44], [47], [51]
Full fluid-film [8], [19], [20], [25], [27], [28], [34], [36], [38], [40], [43], 18
lubrication [45], [46], [48], [49], [50], [52], [53]
Theoretical researches
and simulations [8], [45], [48], [49], [50], [51] [52], [53] 8
Methodology
of research . |Exoerimental (61, [7), [8], [10], [18], [19], [20], [21], [22], [23], [24], [25],
P h [26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], 34
researches [37], [38], [39], [40], [41], [42], [43], [44], [45], [46], [47]

*Total number of references in each group of research conditions differs from 40 because in some
references more than one research condition of the same group is investigated. In addition, references with
simulations usually do not have the surface texturing technique defined

3. INFLUENCE OF SURFACE TEXTURING ON
TRIBOLOGICAL PROPERTIES

A large number of studies have shown that
the presence of artificial texturing on the
surface of the kinematic pair improves their
tribological properties, i.e. decrease the friction
and increase the wear resistance. Among these
two characteristics, the coefficient of friction is
the object of interest in almost all of the
studies, while the wear is investigated in only
few studies. As already emphasized texturing
effects are mainly beneficial, but there are
studies which show the increase of coefficient
of friction [6,35,43] or wear [18,54]. As an
example, shot peening process leading to the
creation of surface textures can cause the
reduction in fatigue life of rolling/sliding
concentrated contacts under mixed lubrication
[55]. However, shot peening treatment
followed by polishing can increase the film

thickness during the start-up add reduce the
asperity interactions. Further attempts have
been also made to understand the effects of
modified surface topography on the fatigue life
of heavily loaded concentrated contacts [56].
The analysis of the Table 1 shows that the
majority of surface texturing techniques use
laser beam, and that most of the studies from
Table 1 are experimental. The latter one can be
attributed to the complexity of the phenomena
and the inability of analytically describing them
in many instances. However, it has been shown
that the virtual texturing process and
simulations [52] and theoretical mathematical
models [57] can be considered as a tool for

designing textured surfaces. In addition,
optimization of testing conditions, such as
surface texture geometrical parameters,

through the design of experiments (DoE)
approach [35] is also used in studies in order to
reduce the necessary testing time.
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The frequency of conformal (plane contact)
or nonconformal (point and line contact) type
of contact in reviewed papers is similar,
although the conformal type of contact is
more frequent (Table 1). Tribological system
with nonconformal contact enable reduction
of friction due to a fact that initial wear
generation allows a transition of lubricated
conditions from the high friction boundary
lubrication to the lower friction mixed
lubrication regime. The above-mentioned
phenomenon is beneficial assuming that the
potential of accelerated wear is acceptable in
that application [11]. The regime of lubrication
and the method of surface texturing highly
influence the tribological behaviours of
textured concentrated contacts [58,59].

A review of surface texturing on various
tribological pairs has revealed that most of the
studies were conducted under the boundary
or mixed lubrication conditions (Table 1). The
frequency of full fluid-film lubrication
conditions is little bit smaller, while the
unlubricated contacts were investigated in
only few studies. It was shown that in full fluid-
film and mixed lubrication regime, surface
textures can serve as storage pockets for
lubricant, generating additional  micro-
hydrodynamic pressure and thus reducing the
contact between the surfaces. In addition,
wear debris can be trapped in the artificially
made dimples, reducing the effect of three-
body abrasion, especially under boundary
lubrication or in unlubricated conditions [11].

Influence of surface texturing on
tribological properties is analysed through the
influence of texture shape, texture geometry
and texture pattern. It is also important to
realise that this influence sometimes is not the
same with conformal and nonconformal
contacts or with full fluid-film lubricated,
mixed or boundary lubricated or unlubricated
conditions. The preview of the used texture
shapes, their orientations and arrangements
(arrays) and other research conditions of the
selected experimental literature published in
the last 20 years, whose research topic was
surface texturing for tribological applications,
is presented in Table 2.

3.1 Influence of surface texture shape

The mostly used texture shape is circular
dimple, but hemispherical, elliptical, ellipsoidal,
triangular, square and rectangular dimples, as
well as different grooves are also applied and
investigated. Some of them are presented in
Figure 2.
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SN
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Figure 2. Representation of two different laser
surface texture shapes, i.e. elliptical and rectangular
dimple; high magnification SEM images [33]

The effect of the texture shapes is relatively
complex to investigate, since the shapes
should have similar ratio between surface
dimensions and depth of the dimple/groove
(aspect ratio), as well as similar area under the
texture (texture density). For this reason,
there are only few papers that review the
effect of texture shape on tribological
properties in experimental conditions. All of
them are in full fluid-film or boundary/mixed
lubrication conditions. Qiu and Khonsari [10]
tested laser surface textured system with
conformal contact and in unidirectional sliding
and mainly boundary lubrication conditions.
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They investigated the influence of circular and
elliptical (longitudinally and transversally
oriented) dimples on the coefficient of friction
under variable loads and speeds. All dimpled
surfaces had texture density of 40 %, and
dimples aspect ratio around 0.1. The results
show that the longitudinally oriented (same as
the sliding direction) elliptical dimples provide
a significantly lower coefficient of friction
compared to the circular dimple, especially
under higher load.

Somehow similar  conclusions  were
obtained by Yu et al. [45]. They investigated
the influence of circular, square and elliptical
dimples on the coefficient of friction of the
system  with  conformal contact, in
reciprocating sliding and full fluid-film
lubrication conditions. The texturing method
was photoelectrolytic etching, i.e. masking by
photolithography followed by electrolytic
etching. Mean contact pressure was from 0.5
to 1.0 MPa, and a maximum sliding speed was
within a stroke of 0.21-2.1 m/s. Lubricant
was commercial engine oil. All textures had
two variants of texture density, i.e. 2.6 and
10.4 %. It was found that the elliptical dimples
provide the lowest coefficient of friction, but
in this case the orientation of the elliptical
dimples was transversal, i.e. opposite to the
sliding direction. The difference of the
coefficient of friction values between square
dimples and circular dimples is not obvious
and it can also be seen that as the test load
increases, the differences between all three
dimple shapes become smaller. In addition,
the influence between texture shapes is
noticed only in the variant of texture density
of 10.4 %. Samples with texture density of
2.6 %, regardless of the shape of the texture,
showed similar coefficient of friction values.

In the study by Costa and Hutchings [19], it
was also showed that the shape of the texture
has very small influence on the maximum film
thickness values in the full fluid-film
lubrication conditions. They investigated three
different shapes with different orientation, i.e.
grooves (longitudinally, inclined and
transversally oriented) and circular and
chevron (longitudinally and transversally

oriented) dimples. The texturing method was
photochemical etching, i.e. masking by
photolithography followed by chemical
etching. Reciprocating sliding tests were
carried out in nonconformal (cylinder-on-
plate) contact and full fluid-film lubrication
conditions. Lubricant was base lubricating oil
(without additives), and Hertz contact
pressure was from 9 to 24 MPa.

3.2 Influence of surface texture geometry

Texture geometry influence is mainly
analysed through the dimensions and texture
density, i.e. through two dimensionless
parameters:

e aspect ratio € = hy/2r,, where h, is

dimple depth and r, is dimple radius,

e texture density S, = Si/S, where S; is the
total textured area and S is the total
surface area

There are a large number of studies that
investigate the influence of surface texture
geometry on tribological properties, so only
the experimental studies were reviewed. The
majority of them are in full fluid-film or
boundary/mixed lubrication conditions. Only
two of them were in unlubricated contact
conditions, which was insufficient to make
some general conclusions.

As far as aspect ratio is concerned, there is
agreement in the literature that an optimum
can be found around 0.1 [6,10,34], even
though there are examples in which aspect
ratio influence is dependent on operation
conditions. As example, Yuan et al. [20]
investigated the influence of grooves depth on
the coefficient of friction of the system with
conformal contact, in reciprocating sliding and
full  fluid-film lubrication conditions. The
texturing method was lithography combined
with electrolytic etching. Three different
contact pressures were used, i.e. 0.12, 0.25
and 0.5 MPa, and a maximum sliding speed
was within a stroke of 0.21 — 2.1 m/s. Lubricant
was commercial engine oil. All specimens were
textured with grooves of the same width of
100 mm, and the same texture density of 10 %,
but with two different depths (7 and 19 um). It
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was found that under low contact pressure, the
grooves with the depth of 7 um show lower
coefficient of friction values than those with
the depth of 19 um. On the other hand, under
higher contact pressure the relation is opposite,
i.e. the grooves with the depth of 19 um show
lower coefficient of friction values than those
with the depth of 7 um.

There are also studies which show that the
aspect ratio does not have significant influence
on tribological properties. In the previously
described study by Yu et al. [45], it was
showed that, in conformal contact and full
fluid-film lubrication conditions, texture
densities in the range from 2.6 to 22.9 % and
aspect ratios in the range from 0.02 to 0.08,
regardless the shape of the texture (elliptical,
square and circular dimples), do not have
noticeable influence on the coefficient of
friction values. Somehow similar conclusions
were obtained by Costa and Hutchings [19],
also previously described. Results of their
study showed that, in nonconformal contact
and full fluid-film lubrication conditions,
texture densities in the range from 2 to 24 %
and aspect ratios in the range from 0.02 to 0.1,
regardless the shape of the texture (grooves,
and circular and chevron dimples) or its
orientation  (longitudinal, inclined and
transversal orientation), had very little effect
on the coefficient of friction values, as well as
on the maximum film thickness values.

Another important parameter whose
influence in improving tribological properties
is also often analysed is the texture density.
Some studies show that the tribological
properties are improved as the texture
density increase [10,27], while the other
show that the influence is opposite [25,26],
i.e. that the tribological properties are
improved as the texture density decrease. Qiu
and Khonsari [10] tested a system with
conformal contact and mainly under
boundary lubrication conditions. They
investigated three texture densities (26, 41
and 58 %) of the circular dimples with an
aspect ratio of approximately 0.1, and
showed that the lowest coefficient of friction
is obtained with texture density of 58 %.

Similarly to this, Segu et al. [27] tested a
system with conformal contact and mainly
under full fluid-film lubrication conditions.
They investigated four texture densities (5, 7,
12 and 20 %) of the circular and elliptical
dimples combination with aspect ratio of
approximately 0.02, and showed that the
lowest coefficient of friction is obtained with
a texture density of 20 %. On the other hand,
Wang et al. [25] tested a system with
conformal contact and under full fluid-film
lubrication conditions. They investigated four
texture densities (2.8, 4.9, 8.7 and 11 %) of
the circular dimples with aspect ratio of
approximately 0.06, and showed that the lowest
coefficient of friction is obtained with a texture
density of 2.8 %. Similarly to this, Hu and Hu [26]
tested a system with conformal contact and
mainly under mixed lubrication conditions. They
investigated three texture densities (8.5, 17 and
35 %) of the circular dimples with aspect ratio of
approximately 0.3, and showed that the lowest
coefficient of friction is obtained with a texture
density of 8.5 %.

There are also studies which show that
there is always an optimal value of the texture
density, regarding its influence on tribological
properties. Schneider et al. [34] investigated
the system with conformal contact, in
unidirectional sliding and under two lubricated
conditions (full fluid-film lubrication and mixed
lubrication conditions). The texturing method
was laser surface texturing. A normal contact
pressure of 3 MPa was applied, and a sliding
speed was varied from 0.04 to 2 m/s. Lubricant
was commercial synthetic lubricating oil. They
investigated four texture densities (5, 10, 20
and 30%) of the hexagonally oriented
hemispherical dimples with aspect ratio of 0.1,
and showed that the lowest coefficient of
friction is obtained with a texture density of
10 %. Similarly to this, Li et al. [29] tested
system with conformal contact and under
mixed and boundary lubrication conditions.
They investigated three texture densities (5,
13 and 35%) of the hemispherical dimples
with aspect ratio of 0.01, and showed that the
lowest coefficient of friction is obtained with a
texture density of 13 %.
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3.3 Influence of surface texture pattern

Texture pattern used in the reviewed
papers differ in orientation and in
arrangement (array). Orientation is consider
in relation to the sliding direction, so we
have: longitudinal orientation (same as the
sliding direction), transversal orientation
(opposite to the sliding direction), and
inclined orientation (inclined to the sliding
direction). Arrangement is generally: square,
hexagonal or random array (Fig. 3). Similarly
to the previous two influences, only
experimental studies were reviewed.

Pettersson and Jacobson [18] investigated the
influence of grooves and square dimples
orientation on the coefficient of friction and wear
of the system with nonconformal contact, in
reciprocating sliding and under mixed lubrication
conditions. The texturing method was
lithography combined with anisotropic etching. A
normal load of 5 N was applied, resulting to a
Hertzian pressure of around 680 MPa. Lubricant
was base lubricating oil (without additives). The
samples that were compared were textured with
grooves and square dimples of the same width of
20 um, depth of 5 um, and a texture density of
25%. Grooves were tested in two sliding
orientations, i.e. longitudinal and transversal
orientation, as well as square dimples, i.e.
longitudinal and 30° inclined orientation. It was
found that grooves with transversal orientation
show better friction and wear behaviour than the
grooves with longitudinal orientation, i.e. low
and stable coefficient of friction of around 0.05 is
achieved, while there was no noticeable wear on
textured surface or on the counter-body. Similar

behaviour was noticed for the square dimples, i.e.

when the square dimples pattern was inclined by
30° from the sliding direction, the coefficient of

friction also became very stable and low (around
0.05), while the wear was negligible.

The positive influence of the transversal
orientation of the grooves over the longitudinal
orientation is also shown in the investigation
performed by Wang et al. [30]. They
investigated the influence of groove’s
orientation (longitudinal or transversal) on the
coefficient of friction and wear of the system
with nonconformal contact, in reciprocating
sliding and under two lubricated conditions
(unlubricated and mixed lubrication). The
texturing method was laser surface texturing. A
normal load of 2 N was applied, and a sliding
speed was 5 mm/s. Lubricant was commercial
synthetic lubricating oil. All samples were
textured with grooves of the same width and
depth of approximately 0.2 um. The texture
density was approximately 40 %. In both testing
conditions (unlubricated and mixed lubrication),
it was found that grooves with transversal
orientation give lower coefficient of friction
values than the grooves with longitudinal
orientation. In unlubricated contact conditions,
the average coefficient of friction values were
0.34, 0.33 and 0.29 for untextured, longitudinal
grooves and transversal grooves, respectively.
The average value for the transversal grooves
represents a reduction of 14.9 % compared to
the untextured surface. In addition, in
unlubricated contact conditions, wear of this
sample was lower than the wear of other two
samples. In mixed lubrication conditions,
average coefficient of friction values were 0.13,
0.09 and 0.08 for untextured, longitudinal
grooves and transversal grooves, respectively.
The average value for the textured surface
presents a reduction of 33 % (for longitudinal
grooves) or 38% (for transversal groove)
compared to the untextured surface.

Figure 3. Representation of three different laser surface texture arrangements, i.e. square, hexagonal and
random arrangement; SEM images [34]
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The effect of orientation is not always so
unambiguous and there are cases in which
longitudinal grooves are better than transversal
grooves, or in which the orientation has no
effect on tribological characteristics. Results of
the previously described study of Yuan et al.
[20] showed that, in conformal contact and full
fluid-film lubrication conditions, the
transversally oriented grooves provided lower
coefficient of friction values than the inclined or
longitudinally oriented grooves only at lower
loads and for grooves with lower depth of 7 um.
On the other hand, under higher contact
pressure, longitudinally oriented grooves with
the higher depth of 19 um, provided lower
coefficient of friction values than the inclined or
transversally oriented grooves. Similarly to this,
results of the previously described study of Qiu
and Khonsari [10] showed that, in conformal
contact and boundary lubrication conditions,
the longitudinally oriented elliptical dimples
provided a lower coefficient of friction than the
transversally oriented.

On the other hand, Costa and Hutchings
[19] showed that, in nonconformal contact
and full fluid-film lubrication conditions,
orientation (longitudinal, inclined or
transversal) of the grooves and chevron
dimples did not have noticeable influence on
the maximum film thickness values. Nakano et
al. [43] also showed that there is no influence
of the grooves orientation on the coefficient of
friction values. They investigated the influence
of grooves of longitudinal and transversal
orientation in a system with conformal contact,
in reciprocating sliding under two lubricated
conditions (full fluid-film lubrication and mixed
lubrication). The texturing methods were
milling and shot blasting combined with
photolithography. Two different contact
pressures was used, i.e. 1 and 6 MPa, and
average sliding speed was within a range of
0.08—1 m/s. Lubricant was commercial
lubricating oil. Two types of grooves were
textured. The first group was grooves of 500
pum width, 45—-50 um depth and texture
density of 50 %, and the second group was
grooves of 60 um width, 6 — 10 um depth and
texture density of approximately 67 %.

Similarly to the orientation influence, the
different arrangements can also have some
influence on tribological properties or that
influence can be rather negligible. As an
example, Schneider et al. [34], in the previously
described study, investigated the influence of
hemispherical dimples arrangement (square,
hexagonal and random) on the coefficient of
friction of the system with conformal contact,
in unidirectional sliding and under two
lubricated conditions (full fluid-film lubrication
and mixed lubrication). The dimples aspect
ratio was 0.1 and texture density was 10 %. It
was shown that, among the dimple
arrangements tested, the hexagonal one
resulted in the largest reduction in coefficient
of friction values compared to the untextured
surface. The other two arrangements (square
and random) show similar coefficient of friction
values. On the other hand, Nakano et al. [43], in
the previously described study, showed that
there is no difference between square and
hexagonal arrangements of the circular dimples.
Dimples had diameter of 60 um, depth of 6 — 10
pum and texture density of approximately 35 %.

4. CONCLUSIONS

Surface texturing is widely used in recent
years in the process of improving the
tribological properties of materials. This paper
reviews the state-of-the-art of researches that
consider various surface texturing for
tribological applications, as well as its effect on
performance  enhancement. The  most
frequently used technique of surface texturing
for enhancing tribological performance is laser
surface texturing, and the majority of the
researches were experimental.

Influence of surface texturing on
tribological properties in most cases is
analysed through the influence of texture
shape, texture geometry and texture pattern
in various research conditions, such as type of
contact (conformal and nonconformal),
lubrication regime (full fluid-film lubricated,
mixed or boundary lubricated or unlubricated),
normal load, sliding speed, temperature,
lubricant type and viscosity, etc.
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It was shown that in full fluid-film and mixed
lubrication regime, surface textures can serve
as storage pockets for lubricant, generating
additional micro-hydrodynamic pressure and

thus reducing the contact between the surfaces.

On the other hand, under boundary lubrication
or in unlubricated conditions, wear debris can
be trapped in the artificially made dimples,
reducing the effect of three-body abrasion.

Surface texture shape can have a significant
influence on tribological properties, but there
are also situations in which texture shape does
not have any influence. Similar conclusions can
be made for the influence of surface texture
geometry and texture pattern. Therefore, it is
evident that in many cases the surface
texturing benefits may be better utilised when
the design of surface texturing is optimised
and applied to specific contact pairs. Design of
experiments (DoE) approach offer such a
possibility to optimise the testing condition
and to reduce the necessary testing time.
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