
Tribology International 165 (2022) 107260

Available online 8 September 2021
0301-679X/© 2021 Elsevier Ltd. All rights reserved.

Uncertainty-based comparison of conventional and surface 
topography-based methods for wear volume evaluation in pin-on-disc 
tribological test 

Giacomo Maculotti a,*, Edoardo Goti b, Gianfranco Genta a, Luigi Mazza b, Maurizio Galetto a 

a Department of Management and Production Engineering, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Turin, Italy 
b Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Turin, Italy   

A R T I C L E  I N F O   

Keywords: 
Wear testing 
Surface topography 
Uncertainty 
Pin-on-disc 

A B S T R A C T   

Precise wear evaluation is essential to develop prediction models, applied to design materials, components and to 
optimise new manufacturing processes. Pin-on-disc is a widespread standardised conventional sliding wear test. 
Conventional characterisation of resulting wear exploits gravimetric or profilometric techniques. These have 
inadequate precision and accuracy for applications characterised by low-wear and uneven morphology and are 
being replaced with high-resolution and information-rich inspections to measure surface topography. Metro
logical characterisation of topography-based methods still lacks in literature, which prevents the performance 
comparison with conventional techniques. This paper develops a framework to evaluate topography-based 
methods’ measurement uncertainty and compare methods’ performances accordingly on experimental wear 
data on PTFE and Aluminium. Results show that topographic methods improve pin-on-disc characterisation’s 
reliability.   

1. Introduction 

All the mechanical components in machines experience wear that, 
together with corrosion and fatigue failure, is one of the primary reasons 
for engineering systems malfunctions, reduced operational efficiency 
and components replacement [1]. 

Sliding wear is closely related to friction, which in turn affects the 
efficiency of machines, responsible for both energetic and economic 
losses related to maintenance and parts replacements. However, the 
impact of wear and friction goes far beyond mere cost reduction; the 
definitive improvement in energy efficiency and environmental foot
print is also a stimulating goal for the industry. The study of wear 
phenomena and the quantification of the amount of wear play a crucial 
role in applying the modern principles of Industry 4.0 and circular 
economy, potentially to any industrial process. Huge efforts have been 
made to broaden the understanding of tribological problems to achieve a 
more profound knowledge of wear causes and phenomena to relieve its 
effect [2]. In this scenario, wear control is becoming an urgent need and 
the precise evaluation of wear damage is crucial to develop prediction 
models for components and systems design and to support industrial 
process optimisation [3]. 

Wear phenomena are complex to investigate. Thus, several standards 
and custom tribo-tests are currently exploited [4,5]. Identifying and 
quantifying the effect of each possible influence factor is, if ever 
possible, extremely demanding [5,6]; consequently, different types of 
tribo-tests include the ones most relevant, based on the specific purpose 
of the investigation. Model tests, because of the high reproducibility of 
test parameters and, hence, of the results, are the most widely used in 
laboratory studies and research for materials science, where compara
tive analysis of results in standard conditions are relevant. Model tests 
simplify the contact condition (including geometry) with respect to the 
application they are aimed at, thus limiting their representativeness of 
actual applications. However, their role in mechanics is crucial, for they 
provide guidelines for further experimental testing on components and 
in support of numerical investigations [7]. 

Amongst the other model tests, pin-on-disc is a well-established and 
widespread wear test for research purposes [4]. The test consists of 
applying a known force orthogonally to the surface of a rotating sample 
by means of a pin at a certain radius R from the rotation axis [8]. Fig. 1 
shows the schematic of the test setup. The sample rotates for a certain 
number of cycles; wear is generated because of the interaction with the 
loaded pin against the disc. 

The pin-on-disc method is extensively used in many leading research 
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fields thanks to its flexibility and simple setup and control of test pa
rameters. The test is exploited to support aerospace [9], automotive and 
aeronautical applications of new low-density and high strength alloys 
[10], composite materials, e.g. Al-Metal Matrix Composites [11], and 
coatings [12]. Literature reports applications aimed to explore the 
tribological properties of innovative 2D-coatings, e.g. graphene and 
graphite-based coatings [13–15], to characterise green manufacturing 
processes, e.g. dry machining [16], to analyse the performance of coated 
tools [17,18], and to investigate the wear behaviour of components by 
additive manufacturing processes [19,20]. Also, lubricants and 
lubrication-related issues can be effectively investigated by pin-on-disc 
[21–24]. 

The measurement of the damage brought about by wear is the ulti
mate goal of any wear testing. Two standard techniques to measure wear 
in pin-on-disc tests are suggested by ASTM G99–17: precision weighing 
of samples (referred to as gravimetric method) and stylus-profilometry 
of the wear traces (referred to as volumetric method) [25]. However, 
technology offers today much more advanced and information-rich in
spection techniques, featuring higher resolution and based on the 
measurement of surface topography. Nowadays, these methods are 
resorted to by an increasing number of laboratories because their cost 
has become affordable [26–36]. Nonetheless, tribological standards 
have not incorporated them yet, and a rigorous metrological charac
terisation, necessary to evaluate their uncertainties, is still lacking in the 
scientific literature. 

This paper aims to develop a framework for evaluating the mea
surement uncertainty for surface-topography-based methods to enable 
and carry out a performance comparison with respect to the stand
ardised approaches in quantifying wear in pin-on-disc tests. The authors 

have chosen to focus on the issues related to the measurement of disk 
wear, according to ASTM G99 that suggests reporting wear measure
ments separately for the pin and the disk, rather than as one value 
comprehensive of both contributions. 

The paper is structured as follows. Section 2 discusses the state-of- 
the-art methods available in standards and the literature to evaluate 
the wear volume in a pin-on-disc test. Section 3 addresses the evaluation 
of measurement uncertainties for the procedures outlined in Section 2, 
formerly missing in the literature. Section 4 describes the experimental 
setup by which results are obtained. Section 5 discusses results: the 
evaluation in Section 3 enables performance comparison of the consid
ered methods within a metrological framework. Section 6 finally draws 
conclusions. 

2. Methods for wear quantification in pin-on-disc tribological 
test 

It is worth to recall some exact terminology from ASTM G40 [37] and 
consider the outcome of a pin-on-disc test to outline some practical as
pects related to the measurand identification for wear measurements in 
pin-on-disc tests:  

• Galling = a form of surface damage arising between sliding solids, 
distinguished by macroscopic, usually localised, roughening, and the 
creation of protrusions above the original surface; it is characterised 
by plastic flow and may involve a material transfer.  

• Wear ¼ alteration of a solid surface by progressive loss or progressive 
displacement of material due to relative motion between that surface 
and a contacting substance or substances. 

Nomenclature 

CS contact stylus instrument (contact profilometer) 
CSI coherence scanning interferometer 
d pixel dimension 
dx lateral sampling step along the x-axis 
dy lateral sampling step along the y-axis 
GPS Geometrical Product Specifications 
GUM Guide to the expression of Uncertainty in Measurement 
k coverage factor (to calculate expanded uncertainty) 
K units conversion factor for the relative volume (area of the 

projected surface topography) 
M number of points in a measured profile 
mr material ratio 
MCs Metrological Characteristics as per ISO 25178–600:2019 
N number of measured profiles 
nx number of measured pixels along the x-direction 
ny number of measured pixels along the y-direction 
P confidence level 
R average radius of the circular wear track on the disc 
Rj measured radius of the circular wear track on the disc of 

the j-th position 
Rnom nominal radius of the circular wear track on the disc 
ROI region of interest 
S average cross-section area of the wear track on the disc 
Sj cross-section area of the wear track on the disc at the j-th 

position 
Smc inverse of the areal material ratio function 
Smr areal material ratio function 
u(x) standard uncertainty for the x-axis 
u(y) standard uncertainty for the y-axis 
u(z) standard uncertainty for the z-axis 

u2(g) variance of the dependent quantity g 

u2
(

VISO

)
variance of the standardised volumetric method 

u2
(

VISO,Rnom

)
variance of the standardised volumetric method with 

nominal track radius 

u2
(

VISO,R

)
variance of the standardised volumetric method with 

average track radius 

u2
(

Vprof , alt

)
variance of the alternative method to compute the 

mean wear volume 
u2(Vaut) variance of the automatic surface topography-based 

method 
Vaut volume measured on surface topography measurement by 

automatic function of commercial software 
Vdamage volume corresponding to the total damage related to the 

mechanical interaction at the interface 
Vgalling volume attributed to plastic flow or debris deposition 
Vm material volume 
Vv void volume 
VVP volume measured on surface topography measurement by 

the surface topography parameter-based method 
Vwear volume attributed to material loss 
VISO volume measured as per tribological standards (by 2D 

profilometry) 
Vprof , alt volume measured through 2D profilometry with an 

alternative calculation method 
xi coordinate of the measured point at the i-th sampling 

position along the x-axis 
yi coordinate of the measured point at the i-th sampling 

position along the y-axis 
zi value of profile or surface height at the i-th sampling 

position  
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Fig. 2 shows the cross-section appearance of a typical disc wear track 
after a pin-on-disc test. It is straightforward to infer that the green part of 
the section above the reference line represents the volume attributed to 
either plastic flow or debris deposition, i.e. galling. On the other hand, 

the red region under the reference line is mainly the footprint left by 
material loss, i.e. wear according to the standard. While clear guidance is 
unreported in ASTM G99–17 on what after-tests measurements should 
cover, both wear and galling will be considered in this investigation, as 
well as the sum of these two quantities, which constitutes the (cumu
lative) surface damage due to mechanical actions: 

Vdamage = Vwear +Vgalling (1) 

Although some authors in the literature argue that while ‘wear’ is 
regarded as synonymous with material loss, material loss is only one 
facet of a more comprehensive definition of wear [38]. Any progressive 
change to a part involving relative motion with respect to another 
substance and that adversely affects its interface’s performance should 
fall within the concept of wear [39]. In other words, wear is damage that 
seriously “disturbs” interface surfaces [42] and makes the contact loses 
its function [40,41]. 

As anticipated in the introduction, two standardised approaches are 
available to measure wear: the gravimetric and the volumetric ap
proaches; they both achieve a characterisation of wear in terms of vol
ume of material loss [25] but have very different descriptive qualities of 
the phenomenon. 

The gravimetric approach achieves the estimation of wear by 
measuring the mass loss resulting from wear phenomena and is 
frequently used to measure wear because of the relative measurement 
simplicity [39]. However, it is insensible to damages related to plastic 
effects, and its result is altered by transferred material which binds to the 
surface and cannot be removed by simply cleaning the surfaces. More
over, the gravimetric method is sensitive enough only if the wear is 
relatively large with respect to the mass of the body, thus being an 
inappropriate low-wear phenomenon analysis approach [39]. The res
olution value of industrial precision balances is a percentage of their 
maximum capacity so that the required resolution cannot be easily 
achieved as the sample own weight would saturate the whole measuring 
capacity of the balance. Furthermore, to comply with the definition of 
wear, the measurand density must be known accurately, limiting the 
application of this method only to homogeneous materials with confi
dence [40]. In fact, multi-phase and layered materials may yield sub
stantial errors in the estimation of wear since it is impossible to know the 
mass loss to be attributed to each phase separately [43,44]. As to coat
ings, density varies significantly according to the deposition method 
(due to porosity) and therefore may not be easily determined. 

The volumetric approaches directly consider the volume of the sur
face damage as a measure of wear, with the measurand being the 
amount of material that has undergone modifications during the inter
action (removed or displaced). The volumetric approaches are unaf
fected by the inhomogeneity of materials and can provide an accurate 
indication of wear in the presence of different phases. Moreover, these 
methods often can distinguish between the contribution coming from 
material displacement and material loss, and sometimes even between 
material loss and transfer phenomena [39]. Therefore, the volumetric 
methods are more flexible because they allow considering only the 
damage contribution relevant to the application. For instance, material 
loss is relevant when testing materials for brake pads or clutches. 
Conversely, the total damage may be preferred if the accumulation of 
transferred material on the surface is relevant, which is typical for ap
plications where profile shape and tolerances are of paramount impor
tance, e.g. in gears [45], couplings in general, and in the study of 
alteration of lubrication regimes by wear effects. Topography-based 
volumetric methods take further advantage by the reconstruction of 
worn surfaces, giving extended characterisations capabilities. The 
quantitative analysis is enriched with visual information on how the 
worn topography looks, which may definitively help recognise the 
various contributions to the total damage (loss, transfer, etc.). 

In the following, the gravimetric method will be disregarded due to 
the above-mentioned limitations. The analysis will focus on the different 
interpretations of the volumetric method to assess the damage on the 

Fig. 1. Scheme of pin-on-disc. F is the applied force, on a rotating disc at speed 
ω, at a distance R from the rotation axis. 

Fig. 2. Typical pin-on-disc wear track profile. In red, volume due to wear; in 
green, volume due to galling. The blue line is the reference to distinguish wear 
and galling; it is computed fitting profile in the yellow zones. 
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disc resulting from a pin-on-disc test. These approaches, which can 
either rely upon standardised profilometric measurements or upon 
surface topography measurements, are discussed in the following sec
tions and are preliminarily summarised in Table 1. 

It is worth recalling here that pin-on-disc approach conventionality 
hinders its application if a significant amount of transferred material 
grows welded into the wear track [25]. In fact, in such cases, mea
surements (regardless if by gravimetric or volumetric methods) are 
affected by a non-quantifiable systematic error, limiting the method’s 
representativeness [39]. The limitations of the gravimetric approach 
were formerly discussed. On the other hand, the volumetric method is 
unsuited if a third-body-based wear definition is considered [37]. In fact, 
the end-of-the-test wear tracks analysis alone would not provide any 
information on the volume of third-body particles ejected outside of the 
contact during the test [41] unless specific experimental protocols are 
established. 

2.1. Standardised volumetric methods 

According to ISO 18535:2016 [46] and ASTM G99–17 [25] the 
amount of disc wear resulting from a pin-on-disc test can be evaluated by 
Guldino’s theorem: 

VISO =
2π
N

R
∑N≥4

j=1
Sj (2.1)  

where R is the radius of the wear track and Sj the cross-section area of the 
wear track at the j-th location, see Fig. 3. 

The standard volumetric method requires to extract N cross-section 
profiles; the wear track radius can be set to either the nominal track 

radius, Rnom, or the average radius of the extracted profiles, R =
∑N≥4

j=1
Rj

N . 
Though, the standards do not specify which of the two is to prefer. 
Recalling that the profiles are heights z as a function of the lateral 
displacement, the lateral scanning along x-axis, z(x) (as shown in  
Fig. 4a), one way to compute the cross-section area, Sj, is the rectangle 
method, depicted in Fig. 4b: 

Sj = dx

∑M

i=1
|zi| (2.2)  

where M is the number of sampled points in the profile and dx is the 
lateral sampling step, i.e. the lateral resolution along the x-axis. 

The dependence on an average value in Eq. (2.1) is made explicit in 
Eq. (2.2), which points out that the standard volumetric method eval
uates the average wear volume of the track because it considers the 
average cross-section area S. 

VISO =
2π
N

R
∑N≥4

j=1
Sj = 2πRS = VISO (3) 

The average volume evaluation is inherent in the definition and the 
limited representativeness of the approach. The extraction of few pro
files, e.g. N = 4, cannot robustly represent the phenomenon when the 
track is highly irregular either along the circumferential wear path or 
across it. Colbert et al. [48] showed that, for reasonably regular tracks, a 
suggested threshold to reduce the approximation errors is N = 8. 

An alternative to this method, hereby proposed, consists of consid

ering the average of the volumes that would result considering N cross- 
sections and the corresponding apparent track radii Rj, rather than the 
mean volume evaluated by multiplying a given (nominal or average) 
track radius by the average cross-section: 

Vprof , alt =
2π
N

∑N≥4

j=1
RjSj (4) 

All equations introduced thus far are general and refer to the eval
uation of the Vdamage, see Eq. (1). It is necessary to evaluate a reference 
line with respect to which to compute the heights and, most importantly, 
separate contributions for the computations to distinguish between 
volumes due to wear and galling. The reference line is typically 
computed by linearly least-square fitting the profile heights outside a 
specific region of interest of the profile, e.g. the unworn yellow regions 
in Fig. 2. 

Even though standards are conceived for the application of the 
volumetric methods by contact stylus (CS) instruments, e.g. contact 
profilometers, literature reports several implementations of the standard 
volumetric methods based on surface topography measurements, e.g. 
coherence scanning interferometers (CSI), confocal microscopes (CM) 
by the software extraction of profiles from the measured surface [26, 
28–30,32,48–50]. 

Table 1 
Considered methods for volumetric wear measurement in this paper.  

Measurement 
method 

Profilometry Surface topography 

Method 
interpretation 

As per 
standard 

Alternative Automatic Parameter- 
based 

Symbol used VISO  Vprof, alt  Vaut  VVP   

Fig. 3. Scheme of volumetric wear measurement as per ISO 18535:2016.  

Fig. 4. (a) profile heights z as function of lateral scanning step x. (b) rectangle 
method for area evaluation. 
Adapted from [47]. 
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2.2. Volumetric methods based on surface topography measurements 

The application of areal-topography measurement methods to sim
ply extract profiles generates a significant data loss and yields no sig
nificant practical advantages in representativeness [51]. As pointed out 
in the former subsection, volumetric methods based on profiles allows 
evaluating the mean wear volume only. Therefore, the latest scientific 
literature reports introducing methods that fully exploit topography for 
wear volume characterisation. 

Two main approaches can be distinguished: a numerical one, which 
still relies upon profile extraction, and an alternate one based on surface 
texture parameters. 

In both cases, some preliminary operations are necessary. First, 
standard S- and F-operators to get the scale-limited S-F surface must be 
applied [52,53], i.e. the surface after the removal of the noise content 
and the underlying shape; then the identification of the wear track 
should be carried out to extract a region of interest (ROI). The track 
identification can either be done manually or by exploiting segmenta
tion methods [44]. The extraction of the ROI is necessary to exclude 
from the following computations the effect of roughness and topo
graphical features that are not related to the tribological test. Even if 
extremely computationally demanding, an effective way consists of 
measuring the tested surface before and after the test and evaluating the 
worn surface by subtraction of the two, provided a preliminary regis
tration step of the two measurements [33,54–57]. 

The first topographical method herein described is entirely auto
matic; it is implemented in several commercial software for surface 
topography characterisation, e.g. MountainsMap®. It requires to extract 
a series of several (N) profiles z(x) along the direction orthogonal to the 
profile scanning, i.e. the y-axis being the x-axis the profile scanning di
rection, and to compute the (total) damage volume as: 

Vaut = dy

∑N− 1

j=2
Sj +

dy

2
(S1 + SN) (5)  

where dy is the sampling distance along the y-axis [49,58,59] and Sj is 
the cross-section area, defined in Eq. (3). The evaluation of a reference 
surface height by plane-least square fitting of the topography outside the 
ROI allows distinguishing between the wear and galling contribution to 
the damage. 

The second approach is based on volume parameters [47,60,61] and 
allows to compute the total damage as: 

VVP = Vm(mr)+Vv(mr) (6.1)  

Vm(mr) = K
∫ mr

0%
(Smc(p) − Smc(mr) ) dp (6.2)  

Vv(mr) = K
∫ 100%

mr

(Smc(mr) − Smc(p) ) dp (6.3)  

where, VVP is the damage volume evaluated as per the volume param
eters topographic method, Vm and Vv are the material volume and the 
void volume, respectively. Smc is the inverse of the areal material ratio 
function (Smr), i.e. the cumulative probability distribution of the surface 
heights. K is a factor to convert the relative volume into the most 
appropriate unit and represents the area of the projected surface 
topography on a horizontal plane. Given a specific horizontal section 
plane whose height is h0 = Smc(mr), Vm represents the volume of material 
enclosed below the measured surface and above this plane, whilst Vv is 
the volume of missing material above the surface and below this plane.  
Fig. 5 represents these two parameters graphically in relationship to the 
Smr curve. 

Here, the relevance of appropriately choosing the reference height, 
mr, is even more apparent, and the Abbott-Firestone curve is an effective 
tool to identify it. Therefore, the following relationship between Eqs. (1) 

and (6) can be stated: 
{

Vgalling = Vm(mr)

Vwear = Vv(mr)

}

(7)  

3. Uncertainty evaluation of volumetric wear measurements 

Evaluating the different volumetric wear measurement methods’ 
measurement uncertainty is necessary to enable the methods’ perfor
mance comparison. The Guide to the expression of uncertainty in mea
surement (GUM) [62] establishes the methods for computing it. In the 
case a known mathematical model can be explicitly written between the 
measurand (dependent) quantity g and the independent quantity x, the 
former can be written as: 

G = f (X), G ∈ R1,X ∈ Rn,1 (8) 

If this model is linearisable, the variance of the dependent quantity 
u2(g) can be computed according to the equation: 

u2(g) = cT VCVc =
∑n

a=1

∑n

b=1
cacbVCVab (9)  

where c ∈ Rn,1 is the vector of sensitivity coefficients, i.e. the partial 
derivatives, so that ca =

∂f
∂xa 

and VCV ∈ Rn,n is the variance-covariance 
matrix of the independent quantities, where VCVab = Cov(xa, xb). Eq. 
(9) is the law of uncertainty propagation, which is a particular case of 
the law of variance propagation. In the case of uncorrelated independent 
quantities, Eq. (9) can be rewritten as: 

u2(g) =
∑n

a=1

(
∂f
∂xa

)2

u2(xa) =
∑n

a=1
u2

a(g) (10)  

where u2(xa) is the variance of the a-th influence factor and can be either 
statistically or non-statistically evaluated, depending on whether it is a 
type A contribution or a type B contribution, respectively. 

It is reasonable in most practical cases to assume that G distributes 
normally, i.e. G ∼ N(E[G],Var[G] ). Its (expanded) uncertainty U(g) is: 

U(g) = k∙u(g) (11.1)  

k = t− 1
ν, P (11.2)  

Fig. 5. Void and Material volume parameters 
Adapted from [52]. 
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ν =

⎢
⎢
⎢
⎢
⎢
⎣

u4(g)
∑u4

a(g)
νa

⎥
⎥
⎥
⎥
⎥
⎦ (11.3)  

where k is the coverage factor computed as the quantile of a t-Student 
distribution with ν degrees of freedom at a certain confidence interval P. 
The degrees of freedom are computed according to the Welch- 
Satterthwaite formula in Eq. (11.3) as a function of the degrees of 
freedom with whom each individual contribution is estimated. 

In the following, results will be provided in terms of variances for the 
sake of compactness. 

In literature, despite the common application of volumetric methods 
to assess wear in pin-on-disc test, measurement uncertainty evaluations 
are either unreported, as in the case of surface topography-base 
methods, or do not rely upon ISO 25178–600:2019 [63], the latest 
standard for surface topography measuring instruments belonging to the 
Geometrical Product Specifications (GPS) framework. This standard 
introduces the concept of Metrological Characteristics (MCs), i.e. char
acteristics of the measuring equipment, which may influence the result of 
measurement, may require calibration and have an immediate contribution to 
measurement uncertainty. 

The measurement uncertainty of a surface inspection instrument is 
influenced by several factors, such as environmental, mechanical and 
electrical noise, optical aberrations and mathematical algorithms. 
Assessing the contribution of each individual factor would be time- 
consuming and often unnecessary for the end-user. Thus, an input- 
output model has been introduced to account for the influence factors 
by few synthetic indicators [64], i.e. the MCs. These are seven and can 
be traced back to the typical measurement error contribution listed in  
Table 2. 

The methods to evaluate the MCs have been defined by Giusca and 
colleagues [65–67], with the sole exception of TFI that is still unreported 
[68]. They are applied for several technologies, e.g. CS, CSI and CM 
[65–67], focus variation microscopes [69,70] and point autofocus in
struments [71,72]. According to their definition, MCs directly 
contribute to the measurement uncertainty. The resulting standard un
certainties are summarised in Table 3 and are combined as standard 
uncertainties of the axes as in Eq. (12) [65–67]. 

u(z) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

u2
NM

+ u2
zFLT

+ u2
z + u2

TFI

√

(12.1)  

u(x) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

u2
WR

+ u2
x

√

(12.2)  

u(y) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

u2
WR

+ u2
y

√

(12.3) 

Colbert et al. [48] developed the computation for the wear volume 
measurement according to the standard. However, in their paper, the 
metrological characteristics of the measuring instruments were not 
considered. According to the current standard framework of ISO 25178, 
MCs are supposed to support and simplify the propagation of the mea
surement uncertainty; therefore, the computation by Colbert will be 
revised in paragraph 3.1 to comply with ISO 25178 in the hypothesis of 
uncorrelated independent variables. Moreover, evaluating the mea
surement uncertainty for the surface topography-based methods, which 
is still lacking in the literature, will be formulated within this same 
framework in the following paragraphs. Influence factors will be dis
cussed and final results reported; computation details are reported for 
readability in Annex A. 

3.1. Standard method 

Recombining Eqs. (2.1) and (3), it follows: 

VISO =
2π
N

dxR
∑N≥4

j=1

∑M

i=1

⃒
⃒zji
⃒
⃒ (13)  

that highlights the measured independent quantities. These are sum
marised in Table 4, which also reports their variability contribution, i.e. 
their measurement uncertainties evaluated according to Eq.(11) to cater 
for the metrological characteristics. 

The variance due to the pixel size, d, according to Giusca and Leach 
[67], can be associated with a triangular distribution with half-range 
d so that u2(d) = d2

6 . The contribution u(R) due to the track radius R 
depends on the choice of R between Rnom and R. In the first case, u(Rnom) 
can be estimated according to the P.U.Ma. method as two units of the 
Least Significant Digit (LSD) of the mean value, 2∙LSD, and associating 
to this half range of a uniform distribution [62]; otherwise, the law of 
variance propagation is required to be invoked, proceeding based on the 

definition of R =

∑N≥4
j

Rj

N . 
The variance of the standardised volumetric method for the mean 

wear volume measurement can be computed taking into account its 
definition in Eq. (2.2) and the contribution from the area of the average 
cross-section and the track radius, for which two alternatives are 
possible: 

u2
(

VISO

)
= 4π2

(
S2u2(R)+ R2u2

(
S
))

(14)  

which can be rewritten by outlining the two possible ways of handling R 
explicitly: 

u2
(

VISO,Rnom

)
= 4π2

(

S2u2(Rnom)+ Rnom
2E
[
u2
(
Sj
) ]

N

)

(15)  

u2
(

VISO,R

)
=

4π2

N

(
S2

E
[
u2( Rj

) ]
+ R2

E
[
u2( Sj

) ] )
(16)  

3.2. Alternative method based on profile extraction 

As discussed in Section 3.1, a possible alternative to the computation 
of the mean wear volume based on the average cross-section consists of 
averaging the volumes resulting when considering N cross-sections and 
their corresponding track radii per Eq. (4). Vprof ,alt can be simplified as: 

Vprof ,alt =
2π
N
∑N≥4

j
RjSj = 2πRS (17) 

The evaluation of the variance of the mean volume exploits previous 
intermediate computations carried out to obtain Eq. (14) in Section 4.1 
and reported in Annex A.1, being the influence factors Rj and Sj defined 

in the same way, from which u2
(

RS
)

is computed, that allows writing 

the wanted result: 

Table 2 
ISO 25178–600:2019 Metrological Characteristics of surface topography 
measuring instruments.  

Metrological 
characteristic 

Symbol Main potential 
error direction 

Error type 

Amplification 
coefficient 

αx, αy, αz, x, y, z Systematic 

Linearity deviation lx, ly, lz, x, y, z Systematic 
Flatness deviation zFLT z Reproducibility and 

systematic error due to 
system reference 

Measurement 
noise 

NM z Repeatability 

Topographic 
spatial 
resolution 

WR z Resolution 

x-y mapping 
deviation 

∆x(x,y), 
∆y(x,y) 

x, y Systematic 

Topography 
fidelity 

TFI x, y, z Systematic  

G. Maculotti et al.                                                                                                                                                                                                                              



Tribology International 165 (2022) 107260

7

u2
(

Vprof , alt

)
= 4π2u2

(
RS
)
= 4π2E

[
u2
(
RjSj

) ]

N
(18)  

3.3. Automatic surface topography-based method 

Although the scientific literature reports several applications of this 
method recently, to the authors’ best knowledge, no method for esti
mating its measurement uncertainty has been formulated so far. 

The definition in Eq. (5) highlights the influence factors, which are 
summarised in Table 5. 

Thus, the variance computation is carried out through the law of 
uncertainty propagation and relies on the evaluation of u2( Sj

)
: 

u2(Vaut) =
d2

y

4
(
u2(S1)+ u2(SN)

)
+ d2

y

×
∑N− 1

j=2
u2( Sj

)
+

(
∑N− 1

j=2
Sj +

S1 + SN

2

)2

u2(d) (19) 

It is mandatory to derive the uncertainty of the mean volume to 
compare this method with the standard one consistently. This can be 
done by exploiting the variance of the sample mean, considering that the 
sample includes N extracted profiles: 

u2
(

Vaut

)
=

u2(Vaut)

N
(20)  

3.4. Volume parameter method 

The measurement uncertainty for volume parameters is unreported 
in literature, to the best knowledge of the authors. This evaluation re
quires to move from the continuous definition, as in Section 3.2, to the 
discrete one: 

Vm(mr) = K
∫ mr

0%
(Smc(p) − Smc(mr) )dp ≈ K

∑B

j=1
∆zjmrj (21.1)  

Vv(mr)

= K
∫ 100%

mr
(Smc(mr) − Smc(p)) dp ≈ K

(

100%(zmax − h) −
∑Nbin

j=B+1
∆zj

mrj

)

(21.2)  

K = nxnyd2 (21.3)  

where h = Smc(mr), nx and ny are the number of measured pixels along 
the x- and y-axis, respectively, d is the pixel dimension in the hypothesis 
that dx = dy = d. It is necessary to approximate the material ratio curve 
by a histogram to work into the discrete domain. The histogram has Nbin 
bins so that h belongs to the B-th bin; the j-th bin is wide ∆zj and is 
associated with a material ratio of mrj. 

Under the assumption that the material ratio curve is computed 
exactly, i.e. the histogram is built exactly, mrj does not contribute to the 
measurement uncertainty and the only influence factors are the height 
and the pixel width, as summarised in Table 6. 

The variance of Vm, i.e. the Vgallling, Vv, i.e. the Vwear, and of the 
volume of the total damage are computed, applying the law of variance 
propagation: 

u2(Vm(mr) ) =

(
∑B

j=1
∆zjmr j

)2

u2(K)+ 2K2
∑B

j=1
mr

2
j u2(z) (22.1)  

u2(Vv(mr) ) =

(

(zmax − h) −
∑Nbin

j=B+1
∆zjmrj

)2

u2(K)+ 2K2

(

1+
∑Nbin

j=B+1
mr

2
j

)

u2(z)

(22.2)  

u2(VVP) =

[(
Vm(mr)

K

)2

+

(
Vv(mr)

K

)2
]

u2(K)+ 2K2

[

1+
∑Nbin

j=1
mr

2
j

]

u2(z)

(22.3) 

The variances of the mean volumes are now computed to compare 
with standard methods, as: 

u2
(

Vgalling

)
=

u2(Vm(mr) )

nxny
(23.1)  

u2
(

Vwear

)
=

u2(Vv(mr) )

nxny
(23.1)  

Table 3 
Contribution to measurement uncertainties of the metrological characteristics; α and ∆ are not present as they contribute to define l and their contribution is there 
included [66].  

Metrological characteristic Distribution of the MC Contribution to uncertainty 

NM Normal uNM = NM  

zFLT Uniform uzFLT =
zFLT
̅̅̅̅̅̅
12

√

lx, y, z Normal 
ux, y, z =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

lx, y, z

3

2
+ ureproducibility i

2 + urepeatability i
2 + ut i

2

√

WR Uniform uWR =
WR
̅̅̅
3

√

TFI Normal uTFI = TFI   

Table 4 
Influence factors to standardised wear volume evaluation.  

Influence factor Measured quantity Standard uncertainty 

Sj dx  u(d)
zij u(z) 

R R u(R)  

Table 5 
Influence factors to automatic wear volume evaluation based on surface 
topography.  

Influence factor Measured quantity Standard uncertainty 

Sj dx  u(d) 
zij u(z) 

dy  dy  u(d)  

Table 6 
Influence factors to wear volume evaluation based on volume areal field 
parameters.  

Influence factor Measured quantity Standard uncertainty 

∆zj  zi-zj 
̅̅̅
2

√
∙u(z)

h h u(z) 
K  d  u(d)
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u2
(

Vdamage

)
=

u2(VVP)

nxny
(23.1)  

4. Materials and methods 

The theoretical framework, formerly introduced, was applied to a 
simple case study to assess the performances of the available methods in 
estimating the wear volume in pin-on-disc tests. Tribological tests were 
performed using an Anton Paar TRB pin-on-disc tribometer (Laboratory 
of Mechanics, Politecnico di Torino, Italy). An Al-alloy sample and a 
PTFE sample were tested against an AISI 52100 (UNI 100Cr6) 6 mm 
diameter steel ball to generate wear tracks with different features and 
shape in similar testing conditions. One test with the same total sliding 
distance of 50 m was performed on each sample under 5 N load and 
linear speed of 0.05 m/s; the wear track radius was kept unchanged to 
ensure that the observed tribological phenomena are fully comparable, 
Rnom = 5 mm. Only one test per sample was deemed sufficient as the 
focus of this research work is on the wear volume measurement itself 
rather than its tribological meaning. Wear data from the pin-on-disc test 
with PTFE and Al-alloy are presented here with the purpose to exemplify 
two typical and extremely different worn region morphologies any 
researcher applying the pin-on-disc method may face with. The deep 
analysis of the wear mechanisms with these two materials under the 
specific testing conditions is beyond this investigation’s purpose, except 
that very different topographic features appear against the same coun
terpart. The topographic appearance may indeed affect the relative 
difference in the accuracy of the wear volume measurements. 

Fig. 6 shows the schematic of the pin-on-disc layout and the 
appearance of the surface damage on the two samples at the end of the 
tests. Aluminium is chemically compatible with steel and is expected to 
generate large debris due to strong adhesion. The test with this material 
shows a highly irregular track with deep valleys at a location where 
large chunks of material are released and mountains due to the localised 
plastic effect. On the contrary, PTFE typically features a smooth regular 

track against steel due to diffused ploughing effects with abrasive wear 
and limited galling at the wear track boundaries. 

Both samples were ground and polished before the test to improve 
the surface finish. Table 7 summarises the main topographical and 
mechanical properties of samples and ball material. 

At the end of the test, the samples were accurately cleaned with 
acetone to remove wear debris, and wear tracks were inspected to 
measure the surface damage volume. The wear damage on the spheric 
counterpart is negligible in this study because of the considered case 
studies. Similarly, the wear rate was not considered because the wear 
amount is the one quantity directly measured. 

Wear, galling and total damage volumes are measured exploiting the 
equations formerly introduced by considering 4 and 8 profiles for the 
methods based on profile measurements (this is to test the consistency of 
these results with previous literature [48]). Moreover, profile mea
surements were considered directly measured by a contact stylus (CS), 
an SM Instruments RTP-80, and extracted from a surface topography 
measurement performed by a coherence scanning interferometer (CSI), 
a Zygo NewView 9000. This instrument was also employed to apply the 
methods based on surface topography. Measurements by the CS were 
performed at the lowest speed, i.e. 0.5 mm/s; the vertical and the lateral 
resolution of the CS are 1 nm and 6.25 µm, respectively, and the tip is a 

Fig. 6. (a) Anton Paar TRB pin-on-disc tribometer at Laboratory of Mechanics; (b) the pin-on-disc testing layout; (c) wear track on the PTFE sample; (d) wear track 
appearance on the aluminium sample. 

Table 7 
Mechanical properties of tested samples and testing sphere. For the samples, λs is 
1 µm, and the F-operator is a 2nd order polynomial, to eliminate shape intro
duced by manual polishing; for the ball, λs is 2.5 µm and the F-operator a least- 
square fitted sphere [53]. Vickers scales have been chosen to test the same depth 
scale of the worn material during the pin-on-disc test, i.e., indentation depth is 
similar to the wear track’s depth; ball hardness specified by the manufacturer.  

Material Sa / µm Sq / µm Hardness 

AISI 52100 (ball)  0.13  0.22 60 HRC 
Aluminium (sample)  0.31  0.40 76.89 HV 0.2 
PTFE (sample)  0.34  0.48 2.95 HV 0.025  
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standardised conical tip with a radius of 2 µm and cone angle of 90◦. In 
the CSI case, two different measurement objectives were used to account 
for a possible effect of the lateral resolution: a Michelson 5.5×, with the 
numerical aperture of 0.15 and pixel size d of 1.56 µm and a Mirau 20×
with a digital zoom at 0.5× with a numerical aperture of 0.4 and d of 
0.87 µm. In both cases, stitching of several fields of view was necessary. 
The main benefit from the lower magnification is reducing the mea
surement time (about 15’ and 30’ respectively). 

The overview of the experimental setups and the volume measure
ment methods are summarised in Tables 8 and 9. 

Both instruments are hosted in the Technological Surface Metrology 
Laboratory at Politecnico di Torino, Italy. The contributions to the 
measurement uncertainty of their metrological characteristics are 
summarised in Table 10, estimated as type B contribution from the 
literature [65,66,73], and combined according to Eq.(12), yielding the 
values in Table 11. 

Systematic differences amongst the methods in terms of their capa
bility of estimating the average volume will be assessed by performing a 
hypothesis t-test at a confidence level of 95% on the difference of sample 
averages built as follow, considering two different average volume 
estimation by two different methods, i.e. VM1 and VM2, each related to a 

standard uncertainty u
(

VM1

)
and u

(
VM2

)
: 

H0:VM1 − VM2 = 0  

H1:VM1 − VM2 ∕= 0 

At a confidence level p of 95%, the null hypothesis H0 is rejected if 
(

VM1 − VM2

)
∕∈

[
t0.025,30s; t0.975,30s

]
,

with s = u
(

VM1 − VM2

)
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

u2
(

VM1

)
+ u2

(
VM2

)√

and the coverage fac

tor evaluated with 30 degrees of freedom according to the P.U.Ma 
method [62]. 

The same results can be obtained qualitatively by comparing the 
uncertainties bar: a systematic difference can be highlighted if they do 
not overlap. The surface topography-based methods are considered the 
benchmark to compare the other results: although they are nonstandard 
methods, the measuring methods’ greater representativeness provide 
the necessary confidence to support this choice. For their application, 
ROIs were extracted manually as the measured region hindered auto
matic identification techniques because of computational limits. 

5. Results discussion 

Fig. 7 shows the surface topographies of the two samples. As inten
ded, PTFE is characterised by a smooth and regular wear track, whilst 
Aluminium is highly uneven in-depth and shows craters and attached 
particles inside the track and severe galling at the edges. The black lines 
outline the cutting planes along which profile extraction was performed.  
Fig. 8 shows some examples of the pair of extracted profiles on both 
samples. 

The comparison of the methods is reported in Figs. 9 and 10, which 
show the total damage volume for PTFE and Aluminium, respectively. 
Error bars represent the expanded uncertainty at a confidence level of 

95% and 30 degrees of freedom, i.e. k = 2. 
The diagrams of total damage volumes show that no significant 

differences in accuracy exist for regular tracks, and differences among 
the average values are within 5%, as is the case with PTFE [74]. Profile 
methods improve their precision by increasing the number of measured 
or extracted profiles, consistently with the average volume computation 
and with the literature [48]. Surface topography-based methods are 
inherently the best choice for precision (expanded uncertainty smaller 
than 1%). 

In the case of Aluminium, characterised by a highly irregular track, 
the application of the standard profilometric methods based on very few 
extracted profiles shows poor accuracy. The surface topography-based 
methods are herein regarded as the most accurate, considering the 
greater representativeness of these measurements [52]. In some cases, 
the differences between the average values are up to 60% but improve 
by increasing the number of sampled profiles (again following [48]) 
[74]. The actual measurement of profiles by stylus profilometry (CS) 
significantly improves the accuracy; however, this effect can be ascribed 
to the worst lateral resolution, which tends to overestimate areas. Fig. 11 
provides a graphical depiction of this effect: that the approximation of 
the sampled signal by the blue rectangles is worse than by the yellow 
ones. 

Analysing the wear and galling volumes separately allows obtaining 
more insights into the performances. The wear volume measurement 
results are shown in Figs. 12 and 13 for the two samples, and similarly 
galling volumes in Figs. 14 and 15. For a regular wear track, in which 
wear is dominant over galling (Vwear is 95% of the Vdamage), the accuracy 
amongst the methods is still acceptable in terms of volume of worn-out 
material (differences are within 5%) [74]. However, profiles methods 
tend to overestimate wear slightly and underestimate the contribution 
due to galling significantly and systematically. This issue is due to the 
lower representativeness of the profile methods, limiting their capability 
to measure a small and localised phenomenon, as galling is in the PTFE 
case. Conversely, a severe underestimation of the wear volume results in 

Table 8 
Measurement setup for the comparison of wear volume measurement method 
based on profile.  

Profile-based method Standard Alternative 

R measurement Rnom R  Rj 

Number of profiles (N) 4 8 4 8 4 8 
Instrument setup CS, CSI 5.5 × , CSI 20 ×

Table 9 
Measurement setup for the comparison of wear volume measurement method 
based on surface topography.  

Surface topography-based 
method 

Automatic 
(MountainsMap®) 

Volume 
parameters 

Instrument setup CSI 5.5×, CSI 20×

Table 10 
Contribution to measurement uncertainties of metrological characteristics of 
considered instruments; uNF includes both uNM and uzFLT [65].   

CS CSI 

uNF / nm   35 1 
ux / nm   400 100 
uy / nm   400 100 
uz / nm   5 10 
uWR / nm   3608 902 (5.5×) 

600 (20×)  

Table 11 
Measurement uncertainty along the measuring axes of the considered 
instruments.   

CS CSI 

5.5× 20×

u(x) / nm   3630  908  608 
u(y) / nm   3630  908  608 
u(z) / nm   35  10  10  
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an uneven track in which galling is not negligible (Vwear is 88% of the 
Vdamage), as in the Aluminium case [74]. In a situation like this, the 
methods based on profiles extraction from topographical measurement 
can have up to 40% differences, which is partially compensated when a 

CS instrument is used due to the resolution effect. This affects the esti
mation of galling volume. The lateral resolution also impacts on the 
uncertainty as larger uncertainties are associated with coarser mea
surement methods. 

Fig. 7. Wear tracks of (a) PTFE and (b) Aluminium, measured with CSI.  

Fig. 8. Examples of measured profiles of (a) PTFE and (b) Aluminium. In red wear and in green galling volume contributions.  

Fig. 9. Volume of total damage for PTFE sam
ple (regular track). The legend reads according 
to Tables 8 and 9, where each legend entry 
specifies: the measurement method identifica
tion (ISO for standard profile-based method, 
Profile altern for alternative profile-based 
method, Surface aut. for automatic surface 
topography-based method implemented in 
MountainsMap, Volume param. for volume- 
parameters-based topographic method); the 
choice of the radius parameter (profile-based 
method only); the number of averaged profiles 
(profile-based method only); the overall in
strument set-up.   
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Fig. 10. Volume of total damage for 
Aluminium sample (uneven track). The legend 
reads according to Tables 8 and 9, where each 
legend entry specifies: the measurement 
method identification (ISO for standard profile- 
based method, Profile altern for alternative 
profile-based method, Surface aut. for automatic 
surface topography-based method implemented 
in MountainsMap, Volume param. for volume- 
parameters-based topographic method); the 
choice of the radius parameter (profile-based 
method only); the number of averaged profiles 
(profile-based method only); the overall in
strument set-up.   

Fig. 11. Effect of lateral sampling resolution on the estimation of area. Coarser resolution (blue) overestimates areas.  

Fig. 12. Volume of wear for PTFE sample 
(regular track). The legend reads according to 
Tables 8 and 9, where each legend entry spec
ifies: the measurement method identification 
(ISO for standard profile-based method, Profile 
altern for alternative profile-based method, 
Surface aut. for automatic surface topography- 
based method implemented in MountainsMap, 
Volume param. for volume-parameters-based 
topographic method); the choice of the radius 
parameter (profile-based method only); the 
number of averaged profiles (profile-based 
method only); the overall instrument set-up.   
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6. Conclusions 

This work addressed the challenge of measuring wear in pin-on-disc 
tribological test, specifically measuring the damage on the flat disc. 
Current standards propose characterisation methods based on the 
measurement of the weight loss or the extraction of profiles from the 
wear tracks, but additional methods based on surface topography 
measurements are already available in the scientific literature. Howev
er, their performances in terms of measurement uncertainties are still 
unreported, which hinders from comparing the methods properly and 
reporting uncertainty of measured quantities. This paper evaluated the 
measurement uncertainties based on the current standardised frame
work of the metrological characteristics of surface topography 
measuring instruments. The developed theoretical framework was then 
exploited to compare the available methods within a metrological 
framework through a practical case study. The main findings and con
clusions are summarised as follows: 

A state-of-the-art framework to evaluate the uncertainty of wear 
volume measurements in the pin-on-disc test was developed.  

- The method allows reporting the uncertainty of measured quantity, 
which is essential to compare the characterisation methods perfor
mances and to enable metrologically rigorous comparison of tested 
materials.  

- Surface topography-based methods provide a thorough description 
of the phenomenon; they are regarded as the most informative and 
resulted in being the most precise, and they can be considered the 
state-of-the-art approach to implement the volumetric method.  

- Standard methods based on sparse profiles measurement are affected 
by two issues. On the one hand, the measuring instrument’s lateral 
resolution introduces systematic differences in the measured volume 
so that coarser measurement methods, like CS, tend to overestimate 
the wear volume. On the other hand, the extraction of few profiles 
generates criticalities concerning the representativeness and limits 
the capability of dealing with irregular tracks and localised 
phenomena.  

- Contact Stylus measurement, i.e. the coarser measurement technique 
considered in this study, is not systematically different from other 
methods. i.e. its uncertainty bar overlaps to those of other methods, 
although at the cost of the worst measurement uncertainty. 

Fig. 13. Volume of wear for Aluminium sample 
(uneven track). The legend reads according to 
Tables 8 and 9, where each legend entry spec
ifies: the measurement method identification 
(ISO for standard profile-based method, Profile 
altern for alternative profile-based method, 
Surface aut. for automatic surface topography- 
based method implemented in MountainsMap, 
Volume param. for volume-parameters-based 
topographic method); the choice of the radius 
parameter (profile-based method only); the 
number of averaged profiles (profile-based 
method only); the overall instrument set-up.   

Fig. 14. Volume of galling for PTFE sample 
(regular track). The legend reads according to 
Tables 8 and 9, where each legend entry spec
ifies: the measurement method identification 
(ISO for standard profile-based method, Profile 
altern for alternative profile-based method, 
Surface aut. for automatic surface topography- 
based method implemented in MountainsMap, 
Volume param. for volume-parameters-based 
topographic method); the choice of the radius 
parameter (profile-based method only); the 
number of averaged profiles (profile-based 
method only); the overall instrument set-up.   
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- Provided the shown higher precision and the known higher infor
mativeness of surface topography-based methods, they shall be 
exploited to test calibration methods and performances of calibration 
materials for conventional model tests to establish a route for 
traceability for these wear measurement techniques.  

- Although accuracy can be stated only in relative terms (because a 
‘true value’ of wear volume is lacking), surface topography-based 
approaches were demonstrated to have the best metrological per
formances and robustness. If exploited for calibration, the surface 
topography-based methods will enable the evaluation of (absolute) 
accuracy of other characterisation approaches. 

- The informativeness of the measurement approach affects the dif
ference in accuracy amongst the characterisation methods. Sparser 
measurements, i.e. based on few profiles, are less representative of 
localised phenomena, e.g. galling in PTFE. In particular, this effect is 
dramatic for uneven wear tracks (Aluminium case), leading to dif
ferences between average values up to 60% in terms of total damage.  

- Based on what was stated before, extracting a limited set of profiles, 
if a complete topography dataset is available, negatively affects the 
results because of the significant information loss. This approach 
common in literature should be discouraged, and tribological stan
dards might consider including state-of-the-art surface topography 
measurement techniques. 

The relative high uncertainty, i.e. low precision, that characterises 
the standard methods pose some questions regarding their suitability to 
measure wear volumes, especially very low wear volumes, which 
nowadays are more and more common in many cutting-edge tribolog
ical, e.g. innovative coatings, composites with ceramic reinforcements 
and lubrication-associated wear problems. The performance comparison 
of the available methods showed a systematic difference in the resulting 
estimated volume and their uncertainties. These differences, solely due 

to wear measurement approaches, may induce severe errors in charac
terising wear modes of materials and hamper the detection of mean
ingful wear behaviour changes. 

Future works will exploit these results to improve the understanding 
of the main influence parameters on pin-on-disc wear measurements and 
may support the development of calibration standards and procedures to 
establish the traceability of the method. Future investigation will also 
address the challenges of the pin wear measurement through the 
developed methodology. 
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Annex A. 

This annex reports computation detail to estimate the measurement uncertainty of the different approaches discussed in this paper. 
A.1 Standard method 

VISO =
2π
N

dxR
∑N≥4

j=1

∑M

i=1

⃒
⃒zji
⃒
⃒ =

2π
N

R
∑N≥4

j=1
Sj = 2πRS (A.1) 

First, the variance u2(Sj) can be evaluated according to its definition in Eqs. (3) and (9): 

Fig. 15. Volume of galling for Aluminium 
sample (uneven track). The legend reads ac
cording to Tables 8 and 9, where each legend 
entry specifies: the measurement method iden
tification (ISO for standard profile-based 
method, Profile altern for alternative profile- 
based method, Surface aut. for automatic sur
face topography-based method implemented in 
MountainsMap, Volume param. for volume- 
parameters-based topographic method); the 
choice of the radius parameter (profile-based 
method only); the number of averaged profiles 
(profile-based method only); the overall in
strument set-up.   
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X =

⎡

⎣

dx
∑M

i
|zi|

⎤

⎥
⎦ (A.2.1)  

c =

⎡

⎣

∑M

i
|zi|

dx

⎤

⎦ (A.2.2)  

VCV =

⎡

⎢
⎣

u2(d) 0

0 u2

(
∑M

i
|zi|

)

⎤

⎥
⎦, u2

(
∑M

i
|zi|

)

= Mu2(z) (A.2.3)  

u2( Sj
)
=

(
∑M

i
|zi|

)2

u2(d)+ (dx)
2u2

(
∑M

i
|zi|

)

=

(
Sj

dx

)2

u2(d)+ dx
2Mu2(z) (A.2.4)  

from which the variance of the average cross-section follows: 

S =

∑N≥4
j=1 Sj

N
(A.3.1)  

u2
(

S
)
=

∑N≥4
j=1 u2

(
Sj
)

N2 =
E
[
u2
(
Sj
) ]

N
(A.3.2)  

which is different from the variance of the sample mean, despite the definition of S, because u2( Sj
)

depends on Sj (as shown in Eq.(A.2.4)). 
Then the contribution u(R) due to the track radius R can be assessed. It depends on the choice of R between Rnom and R. In the first case, u(Rnom) can 

be estimated according to the P.U.Ma. method as two units of the least significant digit of the mean value, 2∙LSD, and associating to this half range a 
uniform distribution [62], so that its equivalent variance results in: 

u2(Rnom) =
2∙LSD

3
(A.4) 

In the second case, the law of variance propagation has to be invoked, based on the definition of R =

∑N≥4
j

Rj

N . As shown in Fig. 3, profiles are 
typically extracted in pairs along a given radial direction r→. Each measured pair identifies an external diameter Dext and an internal diameter Din, so 
that: 

Rj =
1
2

(
Dext,j + Din,j

2

)

(A.5) 

Therefore, it is necessary to express the coordinate change from cartesian coordinates O(x,y) to polar coordinates O(r, θ): 
⎧
⎨

⎩

r = xcosϑ + ysinϑ

ϑ = tan− 1
(y

x

)

⎫
⎬

⎭
(A.6.1)  

x = rcosϑ (A.6.2)  

y = rsinϑ (A.6.3) 

Since diameters are extracted along r→, the variance of the length r due to the change of coordinates can be computed: 

X =

⎡

⎣
x
y
ϑ

⎤

⎦ (A.7.1)  

c =

⎡

⎣
cosϑ
sinϑ

− xsinϑ + ycosϑ

⎤

⎦ =

⎡

⎣
cosϑ
sinϑ

− rcosϑsinϑ + rsinϑcosϑ

⎤

⎦ =

⎡

⎣
cosϑ
sinϑ

0

⎤

⎦ (A.7.2)  

VCV =

⎡

⎣
u2(x) 0 0

0 u2(y) 0
0 0 u2(ϑ)

⎤

⎦ (A.7.3)  

u2(r) = u2(x)cosϑ2 + u2(y)sinϑ2 (A.7.4) 

Eq.(19.4) shows that the uncertainty of the length r along the direction ϑ depends on ϑ only and therefore u2(Dext) = u2(Din) = u2(D) because Dext 

and Din are measured along the same direction. It is thus possible to evaluate the variance of Rj, by the definition in Eq.(A.5): 

X =

[
Dext
Din

]

(A.8.1) 
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c =

[
1/4
1/4

]

(A.8.2)  

VCV =

[
u2(Dext) 0

0 u2(Din)

]

=

[
u2(D) 0

0 u2(D)

]

(A.8.3)  

u2( Rj
)
=

2
16
(
u2(x)cosϑ2 + u2(y)sinϑ2 ) =

1
8
(
u2(x)cosϑ2 + u2(y)sinϑ2 ) (A.8.4) 

The evaluation of the variance of the average radius is computed based on Eq.(A.8.4): 

R =

∑N≥4
j=1 Rj

N
(A.9.1)  

u2
(

R
)
=

∑N≥4
j=1 u2

(
Rj
)

N2 =
E
[
u2
(
Rj
) ]

N
(A.9.2)  

which is different from the variance of a sample mean because u2( Rj
)

depends on the extraction direction ϑ. 
Finally, the variance of the standardised volumetric method for the mean wear volume measurement can be computed taking into account its 

definition in Eq. (2.2) and the contribution from the area of the average cross-section, Eq.(A.3), and from the track radius, for which two alternatives 
are possible: 

X =

[
R
S

]

(A.10.1)  

c =

[
2πS
2πR

]

(A.10.2)  

VCV =

[
u2(R) 0

0 u2
(

S
)

]

(A.10.3)  

u2
(

VISO

)
= 4π2

(
S2u2(R)+ R2u2

(
S
))

(A.10.4) 

The latter equation can be rewritten by outlining explicitly the two possible way to handle R: 

u2
(

VISO,Rnom

)
= 4π2

(

S2u2(Rnom)+ Rnom
2E
[
u2
(
Sj
) ]

N

)

(A.11)  

u2
(

VISO,R

)
=

4π2

N

(
S2

E
[
u2( Rj

) ]
+ R2

E
[
u2( Sj

) ] )
(A.12) 

A.2 Alternative method based on profile extraction 

Vprof , alt =
2π
N

∑N≥4

j
RjSj = 2πRS (A.13) 

It is first estimated u2
(
RjSj

)
: 

X =

[
Rj
Sj

]

(A.14.1)  

c =

[
Sj
Rj

]

(A.14.2)  

VCV =

[
u2( Rj

)
0

0 u2( Sj
)

]

(A.14.3)  

u2( RjSj
)
= Sj

2u2( Rj
)
+Rj

2u2( Sj
)

(A.14.4)  

from which u2
(

RS
)

can now be written as: 

u2
(

RS
)
=

∑N≥4
j=1 u2

(
RjSj

)

N2 =
E
[
u2
(
RjSj

) ]

N
(A.15)  

that allows to write the wanted result: 

u2
(

Vprof , alt

)
= 4π2u2

(
RS
)
= 4π2E

[
u2
(
RjSj

) ]

N
(A.16) 

A.3 Automatic surface topography-based method 
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Vaut = dy

∑N− 1

j=2
Sj +

dy

2
(S1 + SN) (A.17) 

Provided the evaluation of u2
(
Sj
)

in Eq.(A.2.4), it can be written: 

X =

⎡

⎢
⎣

S1
SN
Sj
dy

⎤

⎥
⎦ (A.18.1)  

c =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

dy
/

2

dy
/

2

dy

∑N− 1

j=2
Sj +

S1 + SN

2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(A.18.2)  

VCV =

⎡

⎢
⎢
⎣

u2(S1) 0 0 0
0 u2(S2) 0 0
0 0 u2( Sj

)
0

0 0 0 u2(d)

⎤

⎥
⎥
⎦ (A.18.3)  

u2(Vaut) =
d2

y

4
(
u2(S1)+ u2(SN)

)
+ d2

y

∑N− 1

j=2
u2( Sj

)
+

(
∑N− 1

j=2
Sj +

S1 + SN

2

)2

u2(d) (A.18.4) 

A.4 Volume parameter method 

Vm(mr) = K
∑B

j=1
∆zjmr j (A.19.1)  

Vv(mr) = K

(

100%(zmax − h) −
∑Nbin

j=B+1
∆zjmrj

)

(A.19.2)  

K = nxnyd2 (A.19.3) 

First of all, the variance of K can be computed as: 

X = [d] (A.20.1)  

c =
[
2dnxny

]
(A.20.2)  

VCV =
[
u2(d)

]
(A.20.3)  

u2(K) = 4∙
(
nxny

)2∙d2∙u2(d) = 4Knxnyu2(d) (A.20.4) 

Then, the variance of Vm, i.e. the Vgallling, is computed: 

X =

[
K

∆zj

]

(A.21.1)  

c =

⎡

⎣

∑
B
j=1 ∆zj mr j

Kmrj

⎤

⎦ (A.21.2)  

VCV =

[
u2(K) 0

0 2u2(z)

]

(A.21.3)  

u2(Vm(mr) ) =

(
∑B

j=1
∆zjmrj

)2

u2(K)+ 2K2
∑B

j=1
mr

2
j u2(z) (A.21.4) 

Similarly, the variance of Vv, i.e. the Vwear, results from: 

X =

⎡

⎣
K

zmax − h
∆zj

⎤

⎦ (A.22.1)  
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c =

⎡

⎢
⎢
⎢
⎣

(

(zmax − h) −
∑

Nbin
j=B+1 ∆zj mrj

)

K

− Kmrj

⎤

⎥
⎥
⎥
⎦

(A.22.2)  

VCV =

⎡

⎣
u2(K) 0 0

0 2u2(z) 0
0 0 2u2(z)

⎤

⎦ (A.22.3)  

u2(Vv(mr) ) =

(

(zmax − h) −
∑Nbin

j=B+1
∆zjmrj

)2

u2(K)+ 2K2

(

1+
∑Nbin

j=B+1
mr

2
j

)

u2(z) (A.22.4) 

Last, if the total damage is of interest, and consequently its variance, the last two results can be combined so that it results: 

u2(VVP) = u2(Vm(mr) )+ u2(Vv(mr) ) (A.23.1)  

u2(VVP) =

[(
∑B

j=1
∆zjmrj

)2

+

(

(zmax − h) −
∑Nbin

j=B+1
∆zjmrj

)2 ]

u2(K)+ 2K2

[

1+
∑Nbin

j=1
mr

2
j

]

u2(z) (A.23.2)  

u2(VVP) =

[(
Vm(mr)

K

)2

+

(
Vv(mr)

K

)2
]

u2(K)+ 2K2

[

1+
∑Nbin

j=1
mr

2
j

]

u2(z) (A.23.3)  
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