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Abstract: Mathematical modelling of surface roughness is of significant interest for a variety of
modern applications, including, but not limited to, tribology and optics. The most popular approaches
to modelling rough surfaces are reviewed and critically examined. By providing counterexamples, it
is shown that approaches based solely on the use of the fractal geometry or power spectral density
have many drawbacks. It is recommended to avoid these approaches. It is argued that the surfaces
that cannot be distinguished from the original rough surfaces can be synthesised by employing the
concept of the representative elementary pattern of roughness (REPR), i.e., the smallest interval (or
area) of a rough surface that statistically represents the whole surface. The REPR may be extracted
from surface measurement data by the use of the “moving window” technique in combination with
the Kolmogorov-Smirnov statistic.
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1. Introduction

Tribology is the science devoted to studies of the interactions between rubbing surfaces.
It includes contact mechanics and research on friction, wear, and lubrication. Studies of
contact interactions between elastic solids started from the classic works of Hertz [1,2]
and Boussinesq [3]. They considered problems for solids having ideal canonical shapes,
e.g., elliptical paraboloids, spheres, cones, and flat-ended cylinders. However, it was
realised soon that the topography of surfaces may have a great influence on the resulting
stress—strain fields, while all engineering surfaces possesses some roughness, regardless
of their preparation method. The surface roughness and asperity deformations have very
significant influences on friction, wear, energy dissipation during the relative sliding of
surfaces, and other processes of tribology. For example, it was shown that the fatigue lives
of gears with superfinished teeth, i.e., whose average roughness was reduced by a factor
of 5, were about four-times greater than the lives of gears without the improved surface
finish [4].

The competition “Contact Mechanics Challenge” [5] was dedicated to celebrate 50 years
of the Greenwood and Williamson (GW) model [6]. This research competition was designed
to test various approximate methods for solving the problem of an elastic contact between
the mathematically defined fractal rough surfaces under small adhesion [5]. Although
12 international groups took part in this “contact sport of rough surfaces”, the results were
not very impressive. The formulation of the task and the outcomes of the competition raise
doubts about their correctness: “this is disappointing as friction has been studied since the
times of Leonardo and in 500 years, no predictive model has emerged, nor any significant
improvement from rough contact models” [7]. Thus, although no convincing models so far
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have been presented, the international scientific community realises that proper statistical
approaches to surface roughness and modelling of contact between the surfaces are of
great practical interest, not only for the dry friction phenomenon, but also for almost all
areas of modern tribology. Here, we discuss various attempts to characterise real surfaces
by some statistical parameters or by various statistical models of rough surfaces. We also
discuss some standard parameters of roughness, surfaces having a Gaussian distribution of
asperity heights, along with models that are based on the fractal assumptions or attempts
to model rough surfaces by their power spectral density (PSD). As Carpick has correctly
noted, “For more realistic rough surfaces, the problem becomes a multiscale exercise in
surface-height statistics, even before including complex phenomena such as adhesion,
plasticity, and fracture” [8].

The term multiscale analysis has many rather different meanings. Usually, multiscale
asymptotic analysis is applied to systems that may be separated to subsystems whose
components have specific features at multiple temporary and/or spatial scales. If the
components or variables of the systems vary on different time or space scales, then it
is often convenient to introduce the so-called fast-slow or large—small variables. The
introduction of such variables enables the researchers to reduce the problem formulation
to problems for two or more subsystems. The multiscale analysis in application to some
physical problems is often treated as the renormalisation group method, which reduces
a difficult problem for a system to a sequence of simpler problems for separated scales.
Multiscale approaches are used in many branches of science ranging from Kolmogorov’s
multiscale approach to turbulent eddy cascade [9] to asymptotic analysis of space-periodic
steady convective magnetic dynamos in a rotating layer of incompressible electrically
conducting fluid [10]. As A. Chorin wrote in his Foreword to Barenblatt’s book [9], “We
are at the beginning of the age of multiscale science and multiscale computation, with a
growing need to understand not only phenomena on each of many scales but also the
interaction between phenomena at very different scales”.

Here, the term “scale” is related to the capabilities of the system to involve a differ-
ent physical/chemical mechanism of interaction between surfaces at each specific scale.
The model scale depends on the characteristic length under investigation, and it depends
also on the processes involved in interactions between surfaces. For example, the atomic
scale is responsible for chemical interactions (if any), the nanoscale asperities are mainly
responsible for molecular adhesion, and the microscale asperities are related to the mechan-
ical interlocking of surface protuberances and their plastic deformations. If two or more
mechanisms of interaction are involved in the model, then the model is a multiscale one.
This review does not intend to describe only recent results in the field of the analysis of
rough surfaces, but rather, it intends to provide a critical evaluation of key papers having a
crucial influence on engineers working in the area of tribology. We present a new look at
the papers that are customarily considered as the classic ones. We critically analysed these
papers and analysed some of the common misinterpretations of these paper that may be
considered as myths. Therefore, we refer to the original papers and not to recent papers,
which just repeat the common mistakes.

2. Preliminaries, Scales, and Levels of Surface Roughness

Questions related to the modelling of rough surfaces have been intensively studied; see,
e.g., the fundamental monograph by Whitehouse [11] and the references therein. In spite of
many attempts to involve surface topography in the problems of tribology, up to now, there
is no clear understanding of how roughness affects contact and dry friction phenomena.

The scale of consideration of any tribological problem is very important. For example,
further development of micro-/nanotechnologies requires studies of surfaces whose asperi-
ties are at the nano-/molecular scale. Roughness has a crucial influence on the dry friction
phenomenon when liquid lubricants are not used, e.g., for nano-/microscale devices and
devices used in a vacuum environment. The tribological properties of macro-mechanical
objects may differ by many orders of magnitude from the properties of nanoscale objects.
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The following distinctions between the scales I may be introduced [12]: (i) the atomic
scale reflects the phenomena specific to the characteristic length I < 1 nm, in particular
chemical interactions between surfaces; (ii) the nanoscale reflects phenomena specific to
the characteristic length 1 nm <[ < 1 um, mainly the van der Waals interaction between
surfaces; (iii) the microscale is specific to the characteristic length 1 um < I <1 mm, namely
the mechanical interlocking of asperities or their plastic deformations.

The nanoscale has several specific features. For example, studying the asperities of
crystalline materials, one has to take into account the Polonsky-Keer effect: “when asperity
size decreases and becomes comparable to the characteristic microstructural length, contact
plastic deformation becomes increasingly difficult, and finally impossible”. Hence, “below
a certain threshold asperity size, the microcontact response becomes purely elastic” [13,14].

Another very importance feature of real surface roughness is its multilevel nature.
In 1957, Archard argued that real roughness has a hierarchical multilevel structure and
presented an iterative procedure of the model construction [15]. In fact, he considered a
spherical punch of radius Ry that was covered by small spherical asperities of radius R
superimposed on the initial sphere. In turn, the latter set of asperities was covered by the
next generation of spherical protuberances of radius Ry, and so on. Note that the Archard
construction leads to a number of overlapping regions, and hence, it was noted [16] that
the Archard profile is not a self-similar fractal, contrary to the statement of Greenwood and
Wu [17].

Let us specify our terms. The model is hierarchical if its vertical construction consists
of several generations of asperities. The question of whether a surface topography may
be specified as multilevel is related to the surface structure and to whether the asperities
of the m-th generation are located at the same height or not. If all asperities of the same
generation are located at the same height, then it is a single-level model, even if it was a
multiscale model, i.e., the configuration of the model would allow the single-level asperities
to be engaged in the mechanisms of the interactions between surfaces specific to at least
two length scales. If the location heights of the same-generation asperities vary, then it is a
multilevel model. For example, the Cp profile introduced by one of the authors (EB.) [16,18]
and some modifications of the profile (see, e.g., [19-21]) are single-level models, while the
profile introduced by Borodich and Onishchenko [22,23] is a multilevel model.

It is interesting to note that, although the statement that the roughness or attachment
devices of animals exhibit a multilevel hierarchical structure is currently widely accepted,
and it is attributed to the findings by S. Gorb (Kiel University) and his colleagues [24],
along with other experts in the biology of animals [25], the Archard concept of a hierarchi-
cal multilevel “bump on bump” or “protuberances on protuberances on protuberances”
structure of surface roughness remained largely undeveloped until 1993 when Borodich
and Onishchenko [22] introduced the multilevel hierarchical model of roughness.

The Archard concept was employed in numerical simulations of friction between a
rough surface and a nominally flat slider that was represented as a multiscale, hierarchical
system of connected deformable components [12]. The friction force has been calculated as
the ratio between dissipated energy Uyissipates and sliding distance x. The assumption of the
vacuum environment allowed reducing the energy dissipation to three sources: (i) breaking
of metallic bonds, which corresponds to the atomic scale (Ujemicar); (ii) breaking of van der
Waals bonds, which corresponds to the nanoscale (U, ); and (iii) mechanical interlocking
of asperities at the microscale (U echanical), i-€.s

Ff _ uchemical + uvdW + umechanical
X

In this case, the friction coefficient y can then be expressed as = Ugissipatea/ (P + A), and it
can be split into several components attributed to the mechanism of energy dissipation [26].
Here, P is the normal force and A is the force of adhesion.

Because the elastic components of the slider of different scales are coupled, a de-
formation of any asperity of the model causes deformations of the whole system, i.e.,
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the assumptions that the asperities act independently was not used. In this model, the
Polonsky—Keer effect [13,14] was taken into account in application to nanoscale asperities
for the first time. This effect is the reason that the atomic-/nanoscale asperities do not have
plastic deformations even under very high pressure.

3. Early Methods of Roughness Characterisation and Contact Problems for Rough Surfaces

Let us consider a solid that nominally occupies a negative half-space z < 0. We use the
Cartesian x, y, z coordinates. The solid is bounded by a nominally flat rough surface. Take
a plane y = 0 perpendicular to such a surface, then the cross-section between the surface
and the plane is referred to as a surface profile or a roughness profile z(x). The origin (O)
of the Cartesian coordinates x, y is at the point of initial contact between the Atomic Force
Microscope (AFM) or the stylus probe and the surface. We will consider profiles of nominal
length L or 2L.

Let zZ denote the mean profile line, i.e.,

L
% /_L[z(x) —zldx =0,

where 2L is the nominal length of the profile, i.e., the length of projection of the profile on
the boundary plane.

In practice, we measure the roughness at equidistant points x1,xy,...,x,, where
x1 = 0. Evidently, Z = 0 due to the choice of the origin of the coordinate system.

3.1. Some Popular Statistical Parameters of Roughness

Let us introduce the density probability function ¢(z), which shows the probability
that the height z(x) at a surface point x is between z and z + dz. The right-tailed cumulative
distribution function of the surface heights ®(z) is defined as

®(z) = /Z°° ¢ (t) dt.

In 1933, Abbott and Firestone [27] suggested to calculate the total length of the slice of
the profile above the level z = h and equating this length to ®(h). Apparently, this was the
first use of statistical tools in application to surface roughness. In tribology, this function is
called the Abbott-Firestone, Abbott, or bearing area curve.

After the Abbott-Firestone curve was introduced, there was a period that was charac-
terised by Whitehouse [28] as, “the parameter rash”, because a huge number of statistical
parameters of roughness were introduced. These characteristics were related to the vertical
distribution of heights, the horizontal distribution of the rough profiles, and the shapes
of asperities [29]. Apparently, the most popular height parameter is the maximum height
Rinax of the profile z(x) defined on an interval [—L, L], which is defined as

Rypax = max  z(x).
x€[—L,L]

The arithmetical mean deviation of the surface R, and the root-mean-squared (rms) height
Ry are also very popular parameters of surface roughness:

1 L n : 1 L 1/2
R, = ZLL j2(x)] dx ~ Tz 12001 Lz(x I Ry = {ZL /L[z(x)]zdx] :

where 7 is the number of points of measurements on the interval and z(x;) is the measured
height at the interval point x;. Note that Ry is the square root of the mean-squared deviation
with respect to the mean profile line Z = 0.

More than 30 statistical parameters of roughness are currently in use [29]. In spite
of these attempts, there is no clear understanding of how these parameters affect contact
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and friction. This situation may confuse practical engineers because the engineers should
follow the standards, while the European and British standard [30] contains over 20 surface
and profile parameters. The situation is worse in the American standard [31] because
the local engineers followed the fashion to use the so-called fractal terminology and they
included in the standard not only all parameters of the European standard, but also many
additional parameters, including procedures for the evaluation of surface topography using
the fractal parameters.

Although some statistical parameters of roughness, e.g., the Abbott-Firestone curve,
may be quite useful for specific engineering purposes, most of them are rather useless [28].

3.2. Contact Problems for a Thin Elastic Layer

The Abbott-Firestone curve is a quite useful parameter that may be correlated with
the contact properties of the rough surfaces. For example, consider a rough punch that
contacts a soft thin elastic coating on a hard elastic half-space. It is known (see, e.g., [32,33]
and the references therein) that, if the characteristic size of the contact region is larger than
the layer thickness, then the leading term of the asymptotic solution may be represented
as the contact between the punch and the Fuss—-Winkler foundation, which is also known
as the spring bed mattress elastic foundation [34]. If the half-space is rigid and E and v
denote, respectively, the elastic modulus and Poisson’s ratio of the layer, then the spring
constant k of the Winkler-Fuss spring layer is

E(1—-v)

= AT va—20)

In this case, the compressing force is
P(3) = kv (9),
where V() is the volume of the body under the cross-section of height z = 4.

3.3. Zhuravlev and Kragelsky Models of Contact between Rough Elastic Surfaces

In 1940, Zhuravlev presented a statistical model of contact between rough
surfaces [35,36]. It was assumed that spherical asperities of the same radius R have
various heights, and therefore, their number at a specific height ¢ increases as the level of
consideration goes deeper into the rough surface.

Assuming the distribution of the summits of the asperities at various levels ¢ of a
surface element are characterised by a function ¢(¢) (the same for both surfaces) and
employing the Hertz contact model for each asperity, he wrote the general relation between
the contact force P and the area A of true contact

x/2 prx/2
P :3\7:;17?\7/0 /0 [x = (&1 + 81?9 (81)9(82)d1dE2,

x/2 rx/2
K e @ ooz )

where x is the relative compressing displacement of contacting surfaces, N is the total
number of asperity summits situated at various levels of the nominal unit element of
contacting surfaces from the highest summit to the level of depth x, k; = (1 —v?)/nE, v is
the Poisson ratio, and E is the Young modulus of the material. It was shown that, if ¢(¢) is
linear, then analytical integration of the expressions (1) is quite easy and A ~ P10/11,

In 1948, Kragelsky [37] developed the statistical approach of Zhuravlev and modelled
contact and friction between two surfaces having different roughness. Instead of spherical
asperities, he considered asperities as a number of rods at various heights based on a rigid
plane. He argued that his model gives qualitatively the same results as the Zhuravlev one.
He noted that roughness may have a Gaussian distribution of heights; however, the use of
this distribution would necessarily lead to numerical integration of general expressions.
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Hence, for the demonstration of the model applications, he used only linear function ¢(z),
as Zhuravlev did.

3.4. The Greenwood and Williamson Contact Model

The Greenwood and Williamson (GW) model [6] is based on the same assumptions as
the Zhuravlev one; however, they developed the model considerably by studying also plas-
tic deformations of asperities. In addition, as Greenwood noted [38], the Greenwood and
Williamson model, “improves on Zhuravlev by assuming a Gaussian height distribution
(still of identical spherical caps)”. In fact, the calculations were performed not for a Gaussian
height distribution, but rather, for an exponential distribution of the sphere summits.

We need to comment that, for processes at the nanoscale, the improvements of the Zhu-
ravlev model by Greenwood and Williamson are rather imaginary. Indeed, the nanoscale
asperities do not deform plastically due to the Polonsky—Keer effect, while the height
distribution of asperities is often non-Gaussian.

The use of the Zhuravlev—Greenwood—Williamson-type models assumes that the
radius of the summits of surface asperities is known. If the roughness is isotropic, then
the surface roughness z(x, y) is characterised by just a profile z(x). If the profile heights
zm = z(x;,) are measured with a regular stylus or AFM step T, i.e., one observes z,, then
the curvature (x) of a protuberance z;, can be defined as

K= —(Zm-1+ Zme1 — 22m) /T
where z,,_1,Zy+1 < zp [39]. Whitehouse and Archard [40] found that different sampling in-
tervals gave different mean curvature, i.e., the mean curvature is a scale-dependent parameter.

4. Surface Topography as a Realisation of a Gaussian Process

In addition to attempts to characterise the roughness of nominally flat surfaces by
the selection of several roughness parameters, there are very popular models of surface
topography as realisations of random processes. A core assumption underlying most of
these models is the normality (Gaussian distribution) of asperity heights, either explicitly
stated or implied.

Models considering roughness as realisations of Gaussian (normal) processes are
well established. The vast majority of research employing statistical methods for surface
roughness description relies on the assumption that asperity heights follow a Gaussian
distribution. A Gaussian surface is completely defined by two parameters, a mean and a
covariance function K () [40,41]:

K(¢) = lim — / z(x +90) — z][z(x) — z] dx = ([z(x 4+ J) — 2][z(x) — Z]).
T—o0 2T

The function K(J) measures the statistical dependence of the height values of roughness at
two points separated by the distance 6 and, therefore, influences the horizontal distribution
of the asperities of a rough surface profile. Indeed, one needs to specify both the vertical
and horizontal distributions because, as was clearly formulated by Maugis [42], two profiles
may have the same height and peak height (local extrema) distributions, but they may
differ in the horizontal behaviour. Instead of K(4), one can use its Fourier transform, the
power spectral density (PSD) G(w) of the signal frequency w:

G(w) = E/ K(6) cos wé dé.
7T Jo
The idea to model rough surfaces as such surfaces may be traced back to Linnik and
Khusu [43,44] and Whitehouse and Archard [40]. In fact, Linnik and Khusu suggested to
describe surface roughness using graphs of a stationary Gaussian random process having a
covariance function [43]:
K(x) = K(0) - eI,
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where K(0) and « are the parameters of the roughness.

Various mathematical properties of Gaussian (normal) surfaces were intensively stud-
ied (see, e.g., [41,45] and the references therein). Many researchers studied non-adhesive
contact problems for surfaces having Gaussian roughness (see, e.g., [42,46,47]), while sev-
eral models of adhesive contact between such surfaces were developed by Fuller, Tabor,
and Galanov [48-51]. However, to use these models, one needs to demonstrate that the
surface roughness follows a Gaussian distribution. Unfortunately, the tools developed for
Gaussian surfaces are often used without proper justification in application to surfaces
whose height distribution is non-normal.

There exist various tests of normality of experimental data [52]. The most popular
tests of normality are the Kolmogorov-Smirnov (KS), Lilliefors (LF), Shapiro-Wilk (SW),
Anderson—Darling (AD), Cramer-von Mises (CVM), Pearson, and Shapiro-Francia (SF)
ones. Our statistical analysis of grinding surface roughness showed that the distribution
is not normal, either at the micro- or nanoscale [53]. The height distribution is normal for
polishing papers with nominal asperity sizes of 0.3, 1, 3, 9, and 12 um [54]. The roughness
of carbon-based coatings deposited by direct current pulsed magnetron sputtering was
normal at the microscale and at the nanometre scale, when AFM measurements were taken
with 117 nm steps, while the same surface measured with the 10 nm AFM steps showed
that the roughness of the non-biased sample was not normal [55]. Thus, there are many
cases when the models developed for Gaussian surfaces are not applicable.

5. Models of Roughness Based on the Use of Fractal or PSD Concepts

The concept of “fractals” is often used in various applications. Many researchers
believe that they understand the concept very well. However, their belief is usually based
on the consideration of self-similar sets such as the von Koch curve, the Sierpinski carpet, or
the Cantor discontinuum, i.e., the sets that are described in the book for Russian teenagers
published by Vilenkin in 1965 [56]. The difficulty of studying fractals is caused by the
rather vague description of the subject introduced by Mandelbrot [57]. As Greenwood
commented on the situation: “Mandelbrot is somewhat reluctant to define ’fractals’” or
‘fractal dimension’ preferring to offer examples” [39]. This is true (see, e.g., [58]). The lack of
established definitions has led to the situation that the papers dedicated to fractal analysis
of applied problems are often based on the repetition of common myths about fractals,
which are uncritically reported in a number of papers. As we have mentioned earlier [59],
the state-of-the-art approach is replaced by the state of-the-street one or, in another words,
by the vulgar fractal approach.

There are many papers trying to model roughness using fractal language. It is argued
here that the researchers should avoid the fractal approaches at least in application to
problems of tribology because these approaches do not have rigorous mathematical support
and they suffer from the lack of clear definitions of the main concepts. In addition, during
the last couple of decades, many papers have been published that tried to model rough
surfaces by their power spectral density (PSD). Unfortunately, the overwhelming majority
of these papers are just some interpretations of the fractal approaches. Hence, papers based
on the employment of fractal or PSD approaches are considered together here because they
share the same drawbacks.

5.1. The Weierstrass—Mandelbrot Function

The use of fractal concepts in tribology is due to the comment of Berry and Hannay [60]
on the results by Sayles and Thomas [61], who observed the power-law behaviour of the
scaled PSD of many real surfaces. Later, Berry and Lewis published a very popular pa-
per [62], where they studied in detail the Weierstrass function modified by Mandelbrot [57].
They called this function W of complex variable t:

Wtp)= Y pP "1 e, 1<D<2, p>1,

n=—oo
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the Weierstrass-Mandelbrot (W-M) function. Here, p is a parameter and ¢, are arbitrary
phases that can be chosen so that W exhibits either deterministic or stochastic behaviour. D
is equal to the box-counting (fractal) dimension of the graph of W(t). They also considered
the real part of the W-M function with ¢, = 0:

Wi (x;p) = Z p(D*Z)”(l —cosp")x, (2)

n=—oo

A paper by Majumdar and Bhushan [63], which had a big impact on the tribology
community, suggested to measure the PSD of a real rough surface and replace studying the
surface by studying a truncated W-M function:

Wi(x;p) = AP Y pP- 2t cosompy, 1<D<2, p>1, 3)

n=nq

having the same PSD. The integer number 17 corresponds to the low cut-off frequency of
the profile, and A is the so-called characteristic length scale of the profile.

The first papers where contact problems were studied for fractal-shaped indenters
were published in 1991 [18,64]. In [18], the Cp profile was introduced, and the model
has been discussed above. The model of elastic—plastic contact presented by Majumdar
and Bhushan (M-B) employed the fractal W-M function (3). Borodich argued that the
M-B model’s assumptions are controversial and the M-B model exhibits inherent flaws.
Indeed, the model employs of superposition of the solutions of the nonlinear Hertz-type
contact problems with non-fixed contact regions. Evidently, one cannot decompose the
W-M function and use such superposition; nevertheless, it was used by many authors (see,
e.g., [64,65]). In addition, the Hertz approach is not applicable to their model because the
ratio of the contact radius to the radius of the asperity goes to infinity as the number of
generations of the prefractal increases [66]. Although this M-B model was withdrawn by
Bhushan, who wrote that, he, “now finds that any fractal characterisation model including
M-B model does not give unique values of fractal parameters” for roughness [67] and “the
fractal approach is not practical for engineering surfaces” [68], it is still very popular and it
is discussed by many researchers.

5.2. Mathematical and Physical Fractals

Studying fractal approaches to solid mechanics, one of the authors (F.B.) realised that
one should clearly distinguish mathematical and physical fractals [69]. Although both kinds
of fractals use the concept of a cover of the object (surface) by cubes or spheres of some size
0, they are fundamentally different. Indeed, mathematical fractals are studied considering
limits for § — 0, while physical fractals have to demonstrate a kind of power-law behaviour
in some interval between the lower J, and upper A, cut-offs.

5.2.1. Some Features of Mathematical Fractals

Graphs of mathematical fractal curves are nowhere differentiable. Any part of a rough
profile modelled as a mathematical fractal has infinite length. Hence, one cannot use such
concepts as the surface energy or work of adhesion, and one can only use the concept of
the energy attributed to a unit of fractal measure [70].

One cannot use the concepts of tangential and normal vectors for a solid having a
fractal boundary. Even to formulate and prove the Gauss—Ostrogradsky theorem, one
needs to use quite sophisticated mathematical tools [71].

It has been proven that the box-counting (Minkowski) fractal dimension of the W-M
function graph (2) is equal, D, while nobody could calculate the Hausdorff (Hausdorff-
Besicovitch) dimension of the graph. Hence, it is difficult to understand the statement [72]
that” “for the Gaussian-based models that we have in mind, all the common definitions are
applicable, and all produce the same numerical value for the dimension”.
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Thus, modelling of surface roughness by a mathematical fractal translates the difficult
problem of tribology to the more difficult problem of mathematical physics.

5.2.2. Limits of Physical Fractal Description of Roughness

Although it was often claimed that the fractal dimension is a scale-independent
or scale-invariant parameter of roughness (see, e.g., [18,64]), this is not true. A research
group from the Hebrew University of Jerusalem analysed data published in Physical Reviews
journals. They showed that the so-called fractal behaviour spreads usually for just 1.5 orders
of magnitude [73,74]. Mandelbrot disagreed with the conclusion of the Jerusalem group;
he said that the prevalence of published examples demonstrating power-law correlations
in tribology research might be attributable, in part, to an over-enthusiasm for the PSD
approach, potentially exacerbated by limitations in the peer-review process [75]. However,
the group insisted that limited-range relations for physical fractals dominate observations
in Nature [76]. If the FD value remains stable for less than two or three orders of magnitude,
the fractal approach becomes impractical, as Whitehouse pointed out [77]. Indeed, in
this case, if the lower cut-off of the observed power-law behaviour of roughness is, say,
0« = 10 nm, then the upper cut-off is just A, = 310 nm, and one needs to use another model
for microscale roughness.

5.3. Parametric—Homogeneous Rough Surfaces

One can understand better the properties of the W-M function employing the theory of
parametric-homogeneous (PH) functions introduced and developed by Borodich [78-80].
In fact, applications of the concept to contact problems was discussed at ICTAM in Haifa
in 1992 [81]. In particular, the concept includes PH and parametric-quasi-homogeneous
(PQH) functions. They are defined in the following way. The function B; : R" — R is
called a PQH function of degree d and parameter p with weights & = (ay,...,a,) if there
exists a positive parameter p, p # 1 such that it satisfies the following identity:

Bi(p"™1xq, ..., p" " xy; p) = pmdBd(x;p), m € Z.

The PH functions B; are the particular case of PQH functions when a1 = ... = a,.

From the definition of the PQH function, one can obtain the following properties. Any
PQH function of zero degree By : R! — R is an automorphic function with respect to a
discrete group of quasi-homogeneous dilations I'pan, where T panx = (p"*1xq, ..., p"* xy).

For each B; : R"! — R, there exists a homogeneous function of degree d H, : R", — R
and a PQH function of zero degree By : R", — R such that

By(x;p) = Ha(x)Bo(x; p)-

In fractal geometry, the quasi-homogeneous dilations of coordinates are usually called
the self-affine dilations. The graphs of PH functions can be smooth, e.g., the log-periodic
sinus functions, or they can be nowhere differentiable, in particular fractal. It can be shown
that such base sets used in fractal geometry as the von Koch curve, the W-M function, and
the Cantor staircase are examples of PH sets. However, in general, the fractal properties of
a curve and the PH property are independent of each other.

The W-M function is a PH function of degree d = (2—-D) and parameter p; hence,
the graph of W (x; p) has a specific trend that can be described as x*~P. The function is
a particular example of a fractal PH function, and it cannot be considered as the general
fractal model of rough surfaces.

5.4. PSD Approach to Rough Surfaces

Over the past two decades, the PSD approach has gained significant traction within
the tribology community (see, e.g., [82,83]). In fact, the authors of the papers have focused
solely on the PSD to characterise rough surfaces in tribology.
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It was noted that quantities varying with time have often fractal graphs, and one way
in which their fractal nature is manifested is by a power-law behaviour of the covariance
function K(x) [84]. This note was misinterpreted in many papers, which assumed that, if
K(x) and, respectively, G(w) have power-law behaviour, then the graph or profile is fractal.
For example, Persson [83] states that the power spectrum of a self-affine fractal surface is
G(w) ~ w 2H+1) where H is the Hurst exponent and H is related to the fractal dimension
asD =3—-H.

Actually, one can find the last statement in many other papers, i.e., it is often assumed
that the scaling properties of rough surfaces are defined by the exponent H (the Hurst
exponent), and the fractal dimension D of the surface or a profile can be calculated as
H = E — D. Here, E is the Euclidean dimension of the space: E = 3 for a surface and E = 2
for a curve. This is usually explained by an example saying that, under quasi-homogeneous
scaling of coordinates x — A;x and y — Ay, the fractal surfaces appear as approximately
the same or

x = Ax; z(x) — Afz(x).

Here, A\; = A > 0 and A, = AH are scaling factors. Using the above-mentioned properties
of PQH and PH functions, one can construct a function having an arbitrarily given box-
counting fractal dimension D and an arbitrarily given trend x*, H > 0 (see the examples
in [78,79]). Hence, the term Hurst exponent is ill-defined and the statement that the fractal
dimension D = E — H is not correct.

5.5. Some Counterexamples to Popular Statements of Fractal and PSD Approaches
5.5.1. PSD of Some Smooth PH Functions

Let us show that the connections of the fractal dimension and the slopes of PSD func-
tions in logarithmic coordinates are meaningless. Let us show that some functions having
smooth graphs may have a power-law PSD. Consider a smooth PH unction, namely a sin
log-periodic function. Figure 1 shows the power spectra for z(x) = sin(27rIn(x)/ In(p))
with x € [0.0001, 1].

-
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Figure 1. The power spectra of the profile z(x) = sin(2rIn(x)/ In(p)) for x € [0.0001, 1] with p = 3.5
(black), p = 2.5 (red), and p = 1.5 (blue).

Although the function itself is not fractal, its power spectrum exhibits a linear trend
on a logarithmic scale within a specific range.

5.5.2. PSD Does Not Describe the Contact Properties of Surfaces

Using rather vague arguments, Persson represented the diffusion of stress fields in
a solid contacting with a rough counterpart using the diffusion equation [85]. Criticising
the Persson approach [85], Borodich [86] wrote that two punches with identical fractal
surface textures can exhibit distinct asymptotic behaviours in their load—displacement
relationships, depending on whether they are positioned above or below the surface. Then,
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it was shown [53] that any surface and its replica have the same PSD; therefore, it is not
sufficient on its own to fully characterise the contact properties of rough surfaces. In spite
of this critique, this erroneous approach has been multiplied in a number of papers; see,
e.g., [87].

Let us demonstrate this by simple examples. A rough surface has asperities and
valleys that can be schematically considered as pins whose tips are directed up and down
(Figure 2a). If the surface was polished, then the asperities (the pins whose tips are directed
up) were removed (Figure 2b).

| J |
. AR e 2 S S S
e 9T

(a) (b)

Figure 2. Schematic representations of surfaces: (a) up (asperities) and down (valleys) pins; (b) down
pins (asperities were removed).

Now, let us consider a solid that is described by the fractal Mandelbrot function. It is
evident that, for the tribological effect of contact between the solid and the intact rough
surface having sharp asperities, the pins whose tips are directed up (Figure 3a) and the
polished surface that is the replica of the former one (Figure 3b) will be rather different.
However, the PSD of the former and the latter surfaces are the same. As a Russian poet
S. Marshak wrote ironically about a philosopher [88], “The world,” he taught, “is my
representation!”. When his son stuck a pin under the seat of his chair, he cried out, “Horror!
How terrible is my representation!” Thus, the rough surfaces cannot be represented solely
by the PSD.

-7 T -
\ \ \ 1

(a) (b)

Figure 3. Schematic representations of contact between a fractal solid and two surfaces: (a) up and

i ," | f
- T s e

down pins; (b) down pins (a polished surface).

5.5.3. PSD of Truncated Weierstrass—-Mandelbrot Functions
Now, we demonstrate that the slopes of the PSD for different truncated Weierstrass—

Mandelbrot functions are almost the same.
Let us consider two truncated Weierstrass—-Mandelbrot functions:

N

N
Cixip)= ), p @A —cos(p™x), Alxip)= ) (=1)"p~ 2 Psin(p"x),
n=—N n=—N
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where N is a large natural number, p > 1, and D € (1,2). In addition, let us consider a
function xP~2C;(x; p). If N — oo, then C;(x; p) — C(x; p) and D is their box dimension;
however, they have different trends.

Let us fix the values p = 1.6 and D = 1.6 and vary N. The PSDs for these functions
can be calculated numerically and are presented in logarithmic coordinates in Figure 4.
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Figure 4. The power spectra of the profile C(x; p) (black) and the profile x?~2C;(x; p) (red) for
x € [0,1] with p = 1.6, D = 1.6, and N = 10, 25,50, 100.

One can see that the average PSDs are approximately the same, while the functions
are rather different.

Now, let us fix the values p = 1.6 and N = 100, vary D, and numerically calculate
the PSD for the obtained functions. The results are presented in logarithmic coordinates in
Figure 5.

p=1.6 D=1.3 N=100

p=1.6 D=1.8 N=100

log G(w)
log G(w)
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log & log w

Figure 5. The power spectra of the profile C;(x; p) (black) and the profile x?~2C;(x; p) (red) for
x € [0,1] with p = 1.6 and N = 100 for D = 1.3 (left) and D = 1.8 (right).

Note that, for N = 100, the graphs of C;(x; p) and x?~2C;(x; p) are very close to the
graphs of the PH functions of degrees d = 2 — D and d = 0, respectively. We know that
these functions have the same D and different trends (see the discussion above), while the
slopes of their PSDs are almost equal.

The same procedure we have outlined can be directly applied to analyse A(x; p) and
xP~2A(x; p). The PSDs for these profiles are shown in Figure 6.
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p=16 D=1.3 N=100 B p=1.6 D=1.8 N=100

log G(w)
log G(w)
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log @ log w
Figure 6. The power spectra of the profile A(x;p) (black) and the profile xP~2A(x; p) (red) for
x € [0,1] for x € [0,1] with p = 1.6 and N = 100 for D = 1.3 (left) and D = 1.8 (right).

We see that to the same conclusion holds as above.

5.5.4. PSD of Polished Surfaces

As has been mentioned, enhancing the surface finish can significantly extend the
lifespan of gears [4]. Considering the roughness of polished parts, Chen et al. [89] argued
that, after vibratory polishing, some elements of the topography of the initial surface
and the topography of the polished parts coexist in the final topography. To model the
topography obtained, they discussed the Pawlus superposition method [90] and the Tang
method [91]. Let us use some ideas of the Pawlus superposition method. Let an intact
surface be described by a realisation f(x) of a Gaussian process. Let us assume that
the topography of polished parts is described by 0.1f,(x), where the profile f>(x) is a
realisation of another Gaussian process. Hence, the fully polished surface is described by
f3(x) = min[f;(x),0.1f,(x)], shown in Figure 7.

-05 0.0
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Figure 7. The “polished” profile f3(x) = min[f;(x),0.1f2(x)], where the profiles f1(x) and f,(x) are
realisations of independent Gaussian processes.

Figure 8 shows the power spectra for the profile f;(x) (black), the profile f,(x) (red),
and the “polished” profile f3(x) = min[f;(x),0.1f2(x)] (blue).
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Figure 8. The power spectra for the profile f(x) (black), the profile f,(x) (red), and the “polished”
profile f3(x) = min[fj(x),0.1f2(x)] (blue).
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These three surface profiles, despite exhibiting distinct appearances and tribologi-
cal properties, surprisingly share the same exponent of 1.95 in their power spectra, i.e.,
G(w)~1/w'®. Thus, the slope of the power spectral density alone is not sufficient to
characterise the tribological properties of polished surfaces.

6. Statistically Justified Descriptions of Surface Roughness

The process of mimicking a real surface in order to create a synthetic surface is
called the surface synthesis. Synthesised surfaces offer tremendous value to tribology
researchers. By enabling the creation of surfaces with controlled properties, they allow for
the modelling and investigation of various tribological phenomena, such as friction, wear,
etc. [92]. It is assumed usually that some characteristics of synthetic roughness are the same
as the characteristics of the original surface. The chosen characteristics may be taken as
some characteristics from the international standards [30,31], the fractal dimension of the
roughness, or its PSD function. It can be also assumed that the roughness may be described
by some random process, e.g., the Gaussian process. However, one has to justify that a new
surface has the same statistical properties as the original one. As has been demonstrated
above, these methods of surface synthesis have various drawbacks, and usually, they do
give a solid statistical support. Therefore, we will discuss a statistical approach to problems
related to the synthesis of rough surfaces of solids introduced by two of the authors (E.B.
and A.P).

Similar to the notion of the representative elementary volume used in the mechanics of
random inhomogeneous materials, we introduce the notion of the representative elementary
pattern of roughness (REPR) and the statistically representative pattern of surface roughness
(SRPSR). The REPR is the smallest interval (or area) of a rough surface that statistically
represents the whole surface. Hence, from a statistical point of view, the REPR cannot
be distinguished from the original rough surface. For patterns smaller than the REPR,
a representative property cannot be obtained. Indeed, the Kolmogorov-Smirnov (K-S)
statistic is a nonparametric goodness-of-fit test, which may be used to determine whether
two distributions differ, i.e., the K-S statistic may test whether a given set of data (its
empirical distribution) deviates significantly from a hypothesised reference distribution or
another set of data. The K-S statistic provides a solid statistical support to the described
method and enabled us to extract the REPR of the surfaces. This will enable us to synthesise
simpler surfaces with equivalent roughness in terms of the height distribution.

The employment of some statistical techniques of time series analysis, e.g., the moving
window technique, may be effectively used for the extraction of the REPR from the experi-
mental data [93]. The moving window techniques are novel only for their use in tribology;
however, these techniques are used in many methods of time series analysis, in particular
in Singular Spectrum Analysis (SSA) methods [94]. It is known that the SSA methods may
be effectively used in many areas of applied statistics, and they are not computationally
demanding [95,96]. The presented algorithm for the determination of the REPR is even
simpler than the SSA algorithm. The REPR algorithm has been described by the authors
elsewhere [97]. It should be applied to representative sets of roughness profiles.

For the sake of simplicity, we describe it here just for one profile, which is described as
heights z1,z5, ..., zN.

Take the moving window of length N;, where Ns < N, and slide it along the profile.
Specifically, for the starting point i, 0 < i < N — N, take a subset series of heights within
the sliding window (z;11,zi42, .. - ZitN,)-

Compute the similarity between the long series z1, 2y, ..., zy of the profile and the
subset sample with the shift i using the Kolmogorov-Smirnov statistic:

D N,:i = sup |Fn(z) — Fn,.i(2)|,
X

where Fy(z) and Fyi(z) are the cumulative distribution functions for two samples, respectively.
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For the fixed window of length N, define a subset sample that minimises the
Kolmogorov-Smirnov statistic with respect to the shift i. Also, we consider the KS-based
distance measure defined by

Dn(Ns) = on DN Ng:i
as a function N.

Choose N; such that the measure Dy (N5) is close to zero and N; is not big, e.g., take
Nj as the smallest integer such that Dy (Ns) < 0.05.

Let us consider an example. From real profilometer measurements of a cooper engi-
neering surface of length N = 668, one can obtain the REPR of length N; = 52, as is shown
in Figure 9. As one can see, this REPR does not behave like a fractal or a realisation of a
Gaussian process.

0.5 T T T T T T T

640 650 660 670 680 690 700

Figure 9. The REPR for the roughness data obtained by a profilometer; N = 668, Ns = 52, and
i =423.

However, we need to find the size of the moving window and its location such that
the appropriate pattern (the SRPSR) satisfies not only the condition that it is entirely
typical of the whole surface, but also it satisfies some additional conditions depending
on the contact problem formulation and the numerical solver used. For example, the
synthesised surface may be used by the Polonsky—Keer solver of contact problems for
rough surfaces [98,99] based on the use a Fast Fourier Transform (FFT). It is known that
the Fourier Transform converts a signal or a graph of a function to the frequency domain.
In the case of measurements of roughness, one needs to use a discrete Fourier Transform,
which is a rather slow process having complexity O(n?), where n is the number of discrete
measurements. The Fast Fourier Transform (FFT) may greatly reduce the complexity of
computation to O(nlogn). However, the classic realisations of the FFT algorithm, e.g., the
Cooley—Tukey algorithm, are usually restricted to power-of-two sizes. Hence, if the the
Cooley-Tukey or a similar FFT algorithm is employed in the contact solver, then the REPR
should be extended to 2" points.

Another restriction is that the direct employment of the REPR for the synthesis of a
surface may cause artificial stress singularities. For example, for a profile (i.e., in the 2D
problem), to avoid stress singularities, one can request that the heights at the first point
and at the last point are the same.

It is assumed that the synthetic surfaces based on the described REPR techniques will
be used within the framework of various contact solvers. For example, the REPR-based
method may be combined with the Polonsky—Keer algorithm, which has demonstrated
its effectiveness for solving various problems of contact between rough surfaces (see,
e.g., [100]).

7. Conclusions

Enhancing engineers’ ability to predict real-world tribological behaviour requires
modelling the key features of rough surfaces across various roughness scales. The multiscale
approach is crucial for accurately capturing the complex interactions that occur between
contacting surfaces. If a tribological problem under consideration is governed by both
atomic/nano- and microscale phenomena, then the synthesis of surfaces should be based
on data obtained by a stylus, or white light interferometry (at the microscale) and AFM, or
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confocal microscopy (at the atomic/nanoscale). The REPRs should be obtained for both
sets of measurements.

Using examples, it was demonstrated that the many common statements about fractal
or power spectral density function are wrong or just meaningless. Some terms are ill-
defined, and papers based on the employment of the PSD and their applications to rough
surfaces create just “new clothes” for the vulgar fractal approach.

It is argued that the use of two new concepts, namely the representative elementary
pattern of roughness (REPR), i.e., the smallest interval (or area) of a rough surface that
statistically represents the whole surface, and the statistically representative pattern of
surface roughness (SRPSR) enabled us to synthesise surfaces that cannot be distinguished
statistically from the original rough surfaces. To extract the REPR from the experimental
data, one can use some modified statistical techniques of time series analysis, e.g., the
moving window technique. Using the Kolmogorov-Smirnov statistic, one can prove that
the surfaces consisting of the REPRs are statistically the same as the original surfaces.
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