
25 July 2026

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Automatic detection and segmentation of indentations and tribological marks by traceable machine vision system /
Genta, G., Maculotti, G., Perrone, M., Galetto, M.. - 138:(2026), pp. 1145-1150. (18th CIRP International Conference on
Intelligent Computation in Manufacturing Engineering, CIRP ICME 2024 ita 2024) [10.1016/j.procir.2026.01.197].

Original

Automatic detection and segmentation of indentations and tribological marks by traceable machine
vision system

Publisher:

Published
DOI:10.1016/j.procir.2026.01.197

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/3011174 since: 2026-05-21T11:52:52Z

Elsevier B.V.



ScienceDirect

Available online at www.sciencedirect.com

Procedia CIRP 138 (2026) 1145–1150

2212-8271 © 2025 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 18th CIRP Conference on Intelligent Computation in Manufacturing Engineering (CIRP ICME ‘24)
10.1016/j.procir.2026.01.197

© 2025 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 18th CIRP Conference on Intelligent Computation in Manufacturing 
Engineering (CIRP ICME ‘24)

18th CIRP Conference on Intelligent Computation in Manufacturing Engineering

Keywords: Wear; Indentation; Machine vision

1. Introduction

Hardness and tribological tests, both the conventional model 
ones for testing materials (e.g., pin-on-disc), as well as bench 
tests for real components, e.g., splines and gears, are essential 
to investigate the mechanical and wear response of the materials 
to estimate energy consumption, creation of polluting 
particulates, and the fatigue life of the components [1–3]. To 
this end, it is necessary to identify in an accurate and repeatable 
manner the residual indentation, and the wear through 
topographical or gravimetric measurements, in terms of the 
volume of worn material [4]. The identification of the residual 
indentation is essential for conventional hardness tests, e.g. 
Brinell and Vickers [5], but accurate determination of the edges
is affected by indentation-edge localized plasticity generating 
phenomena of pile-up, liable of biasing the result [6–8]. Thus, 
not only it is necessary to accurately measure the indentation 
extent, but it is also necessary to identify plastically displaced 
volume of material above the reference surface.

Similarly, the determination of the wear volume, in terms of 
material removed or plastically displaced, allows for the study 
of the resistance of different materials and coatings subjected to 
mechanical contact stresses [9,10]. This is particularly 
important for the selection and optimization of the materials 
used in the manufacturing of heavily stressed mechanical 
components such as gears, bearings, and bushings [11,12]. 
Moreover, the ability to distinguish between the different wear 
components is essential depending on the application cases. In
fact, the study of materials or components for brake discs, 
clutch discs, or brake pads focuses on material loss [13,14].
Conversely, the study of plastically displaced material and in 
general of total damage (removed material and plastically 
displaced material) is essential in applications with very tight 
tolerances on shape, e.g., gears and mechanical couplings [15–
17]. Measuring the wear volume also allows quantifying the 
wear rate and the wear coefficient of the material (Archard's 
equation) which is used in numerical models for the simulation 
of wear damage [18,19].
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Therefore, measuring residual indentations and the wear 
volume is essential, while allowing the distinction between the 
various components. Today, the most cutting-edge applications 
prefer, both to address technical limits and for greater simplicity 
and informativeness, topographical measurements [4,8,20,21]. 
These, once the measurement is taken, firstly require the 
identification of the indentation or the wear track, if localized 
as in the case of pin-on-disc tests [22]. Secondly, they require 
distinguishing between the different components of plastic 
deformation and wear, such as the material removed and that 
displaced or plastically or by redeposition phenomena, and then 
evaluating their volume [8,23–26]. These components, 
morphologically, appear, respectively, as valleys of a more or 
less known shape, continuous and homogeneous (depending on 
the tribological test considered) and hills at the edge of the 
valleys themselves. The evaluations of the material volume are 
mostly carried out through the analysis of the cumulative
probability distribution of the measured surface heights h, i.e., 
the material ratio curve (𝑀𝑀𝑟𝑟(ℎ)) [27] (also improperly known 
as Abbot-Firestone 𝒜𝒜ℱ(ℎ) curve). The literature [28,29]
typically analyses such a curve, and, by identifying a threshold 
value of heights (h*), evaluates a pair of topographic 
parameters: the material volume (Vm) and the void volume (Vv)
[27], see Fig.  1. They represent, respectively, the volume of 
material between the plane described by the threshold h* and 
the measured topography, and the volume of missing material 
between said plane and topography, which respond to the needs 
of tribological characterization.

Fig.  1 (a) Example of wear track with removed material (red) and plastically 
displaced (galling) material (green) and relationship with (b) material ratio 
curve, indicating relevant surface topography volume parameters.

It is evident that the choice of h* significantly influences the 
outcome, and the automation of the selection criterion is 
essential to guarantee the metrological properties of accuracy 
and precision necessary for the results of tribological tests and 
wear analysis. This work in Section 2 will discuss limitations 

of currently available approaches, and will present an 
innovative approach aimed at automatically determining such 
value h* through a numerical approximation algorithm, in 
Section 3 will demonstrate the proposed methodology on real 
case studies of indentations and pin-on-disc wear tracks and, 
finally, in Section 4 will draw conclusions.

2. Methodology

2.1. Proposed method

Let us consider any surface with topography 𝑍𝑍(𝑥𝑥, 𝑦𝑦). This 
can be modelled as a Gaussian Process (GP) [30,31]:

𝑍𝑍(𝑥𝑥, 𝑦𝑦) = 𝑆𝑆(𝑥𝑥, 𝑦𝑦) + 𝜁𝜁 (1.1)
𝜁𝜁~𝑁𝑁(µ, 𝜎𝜎2) (1.2),

where 𝑆𝑆(𝑥𝑥, 𝑦𝑦) is the shape, or form, of the topography, and 
𝜁𝜁 is the stochastic component of the topography, normally 
distributed with average µ and variance 𝜎𝜎2 . The GP model 
allows thanks to the spatial correlation to include and model in 
the normally distributed process different length scales, i.e. 
roughness, texture and waviness. The cumulative distribution 
function (cdf) of the surface heights z is the material ratio curve 
𝑀𝑀𝑟𝑟(𝑧𝑧). This can be split in five regions, i.e. peaks, valleys, 
plateau and transition zones from the formers to the latter.

Let us now suppose to perform any manufacturing process 
entailing a surface modification, which in particular can be a 
tribological or hardness test process. This surface modification 
entails a change of the topography, resulting in a texturing 
related to the manufacturing signature, e.g. in the case of 
surface manufacturing or finishing such as machining, 
grinding, honing [32–35], to the tribological process [20]
resulting in wear and plastic displacement, or the residual 
indentation. If the process is localized and does not alter the 
surface shape, then, the modification can alter the form while
introducing a meso-scale texture, and change the random 
component of the topography through the different 
topographical scales, i.e. roughness and waviness, such that:

𝑍𝑍𝑝𝑝(𝑥𝑥, 𝑦𝑦) = 𝑆𝑆(𝑥𝑥, 𝑦𝑦) + 𝑆𝑆𝑝𝑝(𝑥𝑥, 𝑦𝑦) + 𝜁𝜁𝑝𝑝 (2).
If the surface topography is measured both before and after 

the surface modification, e.g. the tribological process, 
indentation, and the surfaces are aligned, e.g. by means of 
machine vision algorithms [20], the difference between the two 
surfaces can be evaluated as:
𝐷𝐷 = 𝑍𝑍𝑝𝑝 − 𝑍𝑍 = 𝑆𝑆 + 𝑆𝑆𝑝𝑝 + 𝜁𝜁𝑝𝑝 − 𝑆𝑆 − 𝜁𝜁 = 0 + 𝑆𝑆𝑝𝑝 + 𝜁𝜁2 (3).

Thus, the difference has eliminated the original shape 
leaving a surface topography with the nominal shape of an 
horizontal plane through 0, surface large scale modifications 
due to texturing, wear, and plastic displacement (𝑆𝑆𝑝𝑝 ) and a 
stochastic contribution due to the surface modification
normally distributed, i.e. 𝜁𝜁2 = 𝜁𝜁𝑝𝑝 − 𝜁𝜁.

For sake of discussion, let us assume that the original surface 
is flat, such that 𝑆𝑆(𝑥𝑥, 𝑦𝑦) = 𝑤𝑤, where w is a real constant, i.e. 
𝑍𝑍𝑤𝑤(𝑥𝑥, 𝑦𝑦) = 𝑤𝑤 + 𝜁𝜁. Let us also remember that for unimodal, as 
Gamma, normal and t-Student, distributions, the cdf is 
monotonic, S-shaped with one flex point coincident with the 
mode of the distribution [36]. In particular, for a Normal 
distribution, as the one of 𝑍𝑍𝑤𝑤~𝑁𝑁(𝑤𝑤 + µ, 𝜎𝜎2), the flex of the cdf 
will also be equal to the mean and the median. Therefore, for 
the considered flat surface, the flex will be at 𝑧𝑧∗ = 𝑤𝑤 + 𝜇𝜇. This 
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particular condition is realized by the difference operation, 
which allows to evaluate 𝑤𝑤 = 0. In such a situation, the flex 𝑧𝑧∗
allows to easily distinguish positive and negative features, thus 
representing the threshold ℎ∗.

However, 𝑆𝑆𝑝𝑝 introduces peaks and valleys, thus severely 
modifying the shape of the 𝑀𝑀𝑟𝑟(𝑧𝑧), polarizing the tails effect 
and possibly introducing a strong skewness. Consequently, the 
difference surface 𝐷𝐷 will be no more normally distributed. In 
particular, the 𝑀𝑀𝑟𝑟 will present only three relevant portions 
thanks to the difference operation, i.e. peaks, valleys and a large 
plateau. The plateau will have a normal distribution due to 
measurement and registration errors and roughness 
modifications due to the surface process. However, if the 
measured surface is significantly larger than the
technologically modified surface area, the distribution will be 
still unimodal, with a 𝑀𝑀𝑟𝑟 with only one flex point.

Accordingly, once registered the surfaces, and evaluated the 
differences, it is possible to evaluate the flex ℎ∗ by means of a 
numerical approximation, e.g.:

1. Define the mode 𝑧̃𝑧
2. Define a neighbourhood 𝐼𝐼𝑧𝑧 = {0.9𝑧̃𝑧, 1.1𝑧̃𝑧}
3. Given the inverse relationship 𝑧𝑧 = 𝑀𝑀𝑟𝑟

−1, compute 
the first 𝑧𝑧′ and second 𝑧𝑧′′ derivative by means of 
numerical weighted partial differences [37]

4. ℎ∗ = min{|𝑧𝑧′′|} , 𝑧𝑧 ∈ 𝐼𝐼𝑧𝑧.
Such numerical procedure allows to avoid severe distortions

of the empirical computation of the mode due to the presence 
of debris and dirt on the surface.

2.2. Advantages with respect to literature approaches

Several approaches have been proposed in the literature to 
evaluate volume of material of surfaces undergone to 
tribological processes. Disregarding gravimetric approaches 
which cannot distinguish components due to galling and wear 
[4,22], the discussion will be limited to topographical 
approaches. The first, it is relevant to notice that no work 
stressed the relevance of measuring the surface both before and 
after the surface modification. Although this is not always 
possible and indeed increase the cost of the procedure, working 
on the modified surface could be a tolerable approximation 
when dealing with polished surfaces, or whenever the average 
roughness 𝑆𝑆𝑆𝑆 is significantly smaller than the height range and 
dispersion of the modified surfaces.

Waterworth [28,38] suggests to fit the central part of the 𝑀𝑀𝑟𝑟
curve by means of a conic equation, i.e. a second order 
regression. The intersection of the asymptotes of the conic 
equation identifies the threshold point h*. Thus, the threshold is 
not sought as the flex.

Michalski [39,40] suggests to identify the threshold as the 
flex of the 𝑀𝑀𝑟𝑟 either as the point of the plateau with the 
maximum curvature, by means of quadratic regressions, or 
seeking a point with a given slope by means of linear 
regressions. These methods, however, operates on the 𝑀𝑀𝑟𝑟 , 
constraining some mathematical properties to the flex point,
and not on the derivatives, by means of least-square 
regressions, which cannot guarantee any property of the 
derivative [37].

As far as these approaches are concerned, it is worth 
noticing that they constraint the 𝑀𝑀𝑟𝑟 to a specific trend modelled 
as piecewise linear or quadratic, considering a large section of 
the 𝑀𝑀𝑟𝑟 plateau. However, even if the shape of the distribution 
is known, e.g. normal or Gamma, the cdf would be an 
exponential and the proposed approaches applied higher order 
regression to non-negligible length portions of the 𝑀𝑀𝑟𝑟 , thus 
infringing Taylor approximation. Although, the methods have 
been demonstrated for cylindrical surfaces, they do not have 
any general applicability. Conversely, the proposed approach, 
by relying on the registration and difference, allows to
inherently remove significant underlying distortions of the 
distribution, thus approaching a well-known distribution; 
furthermore, by identifying the flex working on derivatives by 
means of numerical approaches, it dismisses any additional 
hypotheses on the distribution of the difference surface.
Furthermore, the cumbersome definitions of the approaches 
and the iterative nature concatenating multiple regression steps
would result in an increase of the measurement uncertainty.

Indeed, other works [29] suggests arbitrary thresholding, 
which have clear lack of generality and are strongly operator 
dependent. Similarly, other automatic numerical methods [41]
define the threshold as a polynomial fit of the surface, highly 
sensitive to geometric singularities and local features, which 
are highly likely to be present. Alternatively they segment the 
surface in several profiles thresholding positive and negative 
features through the average profile height, which is liable of 
distorting the results and sensitive to the segmentation direction 
[4,20].

3. Case Studies

The previous discussion and the literature have shown that 
operating on the material ratio curve produces significantly 
more accurate and less uncertain, up to one order of magnitude, 
results [4,20,22]. Section 2.1 has proposed a methodology to 
automate and increase the robustness of such approach, while 
providing proof of the need of evaluating, on a nominally flat 
surface (which can be in general obtained through the 
difference method) the threshold to distinguish protruding and 
recessing features as the flex of the material ratio curve. In the 
following, the methodology will be tested on some industrially 
relevant case studies. In particular, it will focus on the 
capability of segmenting localized features, e.g. pin-on-disc 
tracks and indentations.

3.1. Experimental set-up

The proposed approach is tested and demonstrated on: plane 
surfaces undergone tribological tests by linear alternating pin-
on-disc (track length of 4 mm) on Aluminium, and circular pin-
on-disc (track radius of 5 mm) on PTFE with a load of 5 N, an 
average speed of 0.05 m/s and a test length of 50 m [4,22]. Both 
the samples were measured with a Zygo NewView900 
coherence scanning interferometer (CSI) with an objective lens 
Michelson with 5.5× magnification (Numerical Aperture of 
0.15 and square Field of View with side of 1.53 mm). Also, a 
Berkovich micro indentation performed on stainless steel
samples with a maximum load of 23 N by means of an Anton 
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Paar MCT3 indenter was measured with the same CSI equipped 
with a Mirau 50× magnification objective (Numerical Aperture
of 0.55 and square Field of View with side of 0.17 mm) [8,42].

Measurements were performed in the metrological room of 
the Mind4Lab at the Department of Management and 
Production Engineering of the Politecnico di Torino. Analyses 
are performed coupling an in-house developed MATLAB code 
implementing the workflow outlined in Section 2.1 with 
MountainsMap 8.2.

3.2. Results and Discussion

Figures 2 to 4 show the result of the method application to 
segment localized wear track by pin-on-disc and indentations.
As it can be appreciated, the surface resulting from the 
registration and difference of measurement carried before and 
after the surface modification phenomenon, presents flat, with 
no texture and with a negligible roughness, see Fig. 2-4(a). The 
related material ratio curve is evaluated, and the histogram of 
the probability density overlaid. As it can be clearly appreciated 
in Fig. 2-4(b) the probability density, i.e. the histograms, 
although severely different from the normal distribution ζ, are 
still unimodal, which guarantees the presence of the flex in the 
neighbourhood of the mode. The detected threshold allows 
segmenting the surface as shown in Fig. 2-4(c) and the resulting 
partitions identify the hills, i.e. protruding features shown in 
Fig. 2-4(d), and the valleys, i.e. the negative features shown in 
Fig. 2-4(e). 

Fig.  2 Circular pin-on-disc on PTFE. (a) Difference surface, (b) material ratio 
curve with indication of the detected threshold, (c) segmentation based on the 
evaluated threshold and segmented topography: (d) reference surface, notice 
the lack of plastically displaced positive features and (e) wear track.

Fig.  3 Linear alternating pin-on-disc on Aluminuim. (a) Difference surface, 
(b) material ratio curve with indication of the detected threshold, (c) 
segmentation based on the evaluated threshold and segmented topography: (d) 
reference surface, with galling, i.e. plastically displaced positive features at the 
track edge, and (e) wear track.

Fig.  4 Berkovich indentation on Stainless Steel. (a) Difference surface, (b) 
material ratio curve with indication of the detected threshold, (c) segmentation 
based on the evaluated threshold and segmented topography: (d) reference 
surface, with pile up, i.e. plastically displaced positive features at the track 
edge, and (e) residual indentation.

In the case at hand, negative features are related the core 
surface process resulting in wear (for the pin-on-disc in Fig. 2 
and Fig. 3) or plastic deformation (for the indentation in Fig. 
4). Depending on the mechanical properties and the grain 
structure of the material, positive plastic deformations may 
occur. In the case of wear this is galling, while in the case of 
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indentation it is pile-up. The latter is particularly critical for it 
biases hardness and Young modulus evaluation obtained from 
hardness tests. The proposed method, successfully achieved a 
segmentation of the pile-up material, which could be then
exploited to correct bias according to the associated volume or 
area of contact.

4. Conclusions

This work proposed an algorithm to automatically segment 
localized wear tracks and indentation. The algorithm allows 
distinguishing contribution to wear and indentation, separating, 
removed material and galling, and indentation from pile-up. 
The algorithm proposed here requires to measure the surface 
undergone a surface modification process before and after said 
process, evaluate the difference surface and compute the related 
material ratio curve. Thanks to its automatic and closed form 
nature guaranteeing unimodality and searching for the flex of 
the material ratio curve, compared to other methods currently 
available, when applied to wear evaluation or pile-up correction 
it will be able to i) reduce measurement uncertainty, and thus 
improving precision, ii) ensure accurate measurements, iii) 
guarantee speed of inspection and measurement, iv) provide an 
automatic measurement method that v) is not sensitive to 
arbitrary choices of the operator, and thus robust. Future works 
will focus on industrial large scale applications of the method 
to model pile-up and sink-in behaviours of materials during 
indentation hardness tests.
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