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ABSTRACT

Accurate characterization of surface topography is essential for understanding and optimizing tribological processes. A wide range of tactile and optical measurement
techniques - such as stylus profilometry, scattered light sensors, white light interferometry, confocal microscopy, and focus variation - are available, each with
distinct advantages and inherent nonlinearities that may introduce method-specific artefacts. This study introduces a novel approach for mapping and assessing
surface topography using a phase-space representation that integrates both height and angular information and enables a joint analysis and fusion of both char-
acteristics. This exhibits potential for efficient and compact monitoring of tribological processes. We investigate the informational content and limitations of various
measurement techniques by surface texture and angular parameters, highlighting the differences and the impact of the statistics of a surface. Then, the overall height
and angular distributions of the measured topographies are compared. Angular representations offer an additional dimension of analysis, enhancing the robustness of
surface characterization. For the angular distribution, tactile and optical methods often yield differing results, particularly for complex surface features. A direct
angular measurement offers another perspective on the surface topography and the combination of height and angular information enables a more holistic surface
description. The proposed phase-space representation is exemplified through the analysis of cylinder liner surfaces, illustrating its potential to improve the accuracy
and interpretability of tribological assessments and demonstrating the potential of this representation to expose even slightest changes in the surface topography. The
fusion of the independent variables height and slope can allow a precise monitoring of tribological processes where only one of the two distributions may change and

thus allows a novel perspective on the tribological assessment of surfaces.

1. Introduction

When tribological processes like friction, wear, and lubrication are
examined, they are directly related to the microgeometry of the surface —
which is the boundary responsible for the interaction of a workpiece
with other objects or its environment [1]. A significant paradigm shift
has emerged: surfaces are now recognized as having functional re-
quirements that are intrinsically linked to their defined microstructures
[2].

Surface texture is assessed using specialized measuring instruments,
each designed to capture the actual surface characteristics with minimal
deviation. Despite the precision of modern surface texture measuring
instruments, each instrument introduces specific influences that affect
both the accuracy of the results and the nature of the information ob-
tained. These instrument-specific characteristics — ranging from reso-
lution limits to sensitivity with regard to certain surface features — can
lead to discrepancies in the interpretation of surface topography when
comparing different measuring instruments and/or principles. In this
paper, we investigate how such variations impact the characterization of
tribologically relevant surfaces. Furthermore, we explore the potential
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benefits of integrating multiple measurement representations, demon-
strating how using the analytical framework of a combined phase-space
approach can enhance the reliability and depth of surface analysis and
can lead to a more comprehensive tribological characterization of sur-
faces. The integration of height and angular data as statistically inde-
pendent variables and the resulting analytical framework can link the
morphology of a surface to its tribological behavior.

2. State of the art
2.1. Surface topography measurement

To assess whether a surface fulfills its intended functional charac-
teristics, surface texture is commonly measured by capturing the dis-
tance between the sensor and the workpiece. This measurement forms
the basis for reconstructing either a profile section or a full areal
topography, depending on the technique used. Such data is essential for
linking surface structure to performance, particularly in tribological
applications. The corresponding fundamental developments of the first
research projects in the surface topography assessment using areal
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techniques were described in the “Blue book™ [1], and “Green book” [3].
Additionally, Leach et al. [4] have also summarized case studies
regarding tribological systems including cylinder liners.

To establish a foundation for comparing different surface measure-
ment techniques, it is essential to examine the underlying physical
principles of tactile and optical methods: Tactile surface measurement is
based on the principles of contact mechanics. In this approach, a stylus
physically traverses the surface, and the recorded signal corresponds to
the trajectory of the center of the stylus tip — the mechanical profile can
thus be described as the path of a spherical body rolling over the surface
[5]. The resulting mechanical surface profile is inherently influenced by
mechanical material properties such as Young’s modulus and Poisson’s
ratio. The stylus-based measuring instrument, which remains the most
widely used method for industrial surface texture characterization,
captures profile measurements and has been in practical application for
approximately a century [3]. Its resolution capabilities and fidelity of
tactile measurements are determined by the morphological filtering by
the stylus tip geometry in the lateral direction, and Hertzian contact
stresses in the vertical direction [6].

Since the 1980s, optical surface topography measurement tech-
niques have gained increasing attention due to their ability to rapidly
acquire areal surface texture data in a single measurement [4].
Commonly employed optical methods include interferometric tech-
niques such as white-light interferometry, as well as confocal micro-
scopy and focus variation [4]. Optical surface texture measurement is
governed by electromagnetic theory, particularly Maxwell’s equations.
These methods rely on the interaction of light with the surface,
capturing what can be described as the electromagnetic surface. The
measurement outcome is shaped by the optical properties of the mate-
rial, such as dielectric constant, refractive index, and electrical con-
ductivity [7]. Optical resolution in surface texture measurement is
fundamentally limited by diffraction effects and the depth of field of the
optical system [7]. The considerations show that each technique is
subject to distinct physical constraints and interpretive models, which
must be carefully considered when comparing data across systems —
especially in tribological applications where surface function is closely
tied to microstructures.

Moreover, the data formats that are produced by these methods most
often differ significantly. Industrial tactile instruments typically
generate profile (“2D”) data, as they acquire a single trace across the
surface. Optical surface texture measuring instruments, on the other
hand, commonly produce areal data (“2.5D”), offering a more compre-
hensive and statistically reliable spatial representation of the surface
topography [4].

2.2. Surface topography evaluation

To ensure that the requirements, e.g. a defined behaviour in the
tribological scenarios of wear, lubrication or friction, are fulfilled by the
workpiece, a measurement of the surface topography is often required.
Quantitative methods for characterizing surface topography have been
in use since the early 20th century [3]. As surface texture parameters
began to emerge, it became evident by the 1940 s that relying solely on
parameters like R, and R; — which as mean value and span describe
characteristics of the overall height distribution — was insufficient,
prompting the search for more comprehensive alternatives [1]. Since the
amplitude-based parameters are easy and convenient to understand,
even though R, is “extremely limited in value” [3] it is still the most
common profile surface texture parameter, even in the context of sci-
entific functional characterization [8]. In the ensuing decades to the
1940s, numerous new parameters for evaluating surface texture were
introduced. However, in 1982, Whitehouse critically addressed this
proliferation in his influential publication titled “The parameter rash —is
there a cure?” [9]. Nonetheless, the 1980s also marked significant
progress in functional surface characterization. The development of the
Ry parameters — based on the Abbott-Firestone curve — enabled more
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targeted assessments of wear, lubrication, and friction, culminating in
the establishment of DIN 4776 in 1990 [10]. This category of function-
oriented parameters is often used for evaluating surfaces such as
plateau-honed textures, enabling the analysis of surface characteristics
related to the material ratio as a function of topography height — such as
oil retention volume — on both round- and sharp-ridged surfaces [10].
The associated international standard, ISO 13565-2 [11], was subse-
quently introduced. More recently, its parameters Ry, Rpk, Rvk, Mri, and
Mr, — designed to address certain limitations of previously applied
amplitude-based parameters — have also been incorporated into the new
standard for profile texture analysis ISO 21920-2 [12]. In parallel, an
approach to characterize functional surface properties based on height
distribution using the material probability curve was developed with the
parameters Rpg, Rmg, and Ryq — later standardized in ISO 13565-3 [13].
This group of parameters has also been incorporated into the latest
profile standardization of ISO 21920-2 [12].

With the advent of areal surface texture standardization, analogous
areal parameters: Sy, Spk, Svi Smrl, Smr2 Spgy Smg, and Syq were defined
in ISO 25178-2 [14]. The Ry and Sk parameters have gained broad in-
dustrial acceptance, particularly in Europe [15], which was also
confirmed by an industrial survey [16], while the Rq and S, parameters -
Rpg, Rmg, and Ryq and their areal equivalents - that were developed in the
United States, are more commonly applied there which was stated by
Pawlus both in the context of cylinder liners [17] and in the general
context of functional characterization [18].

The design and application of surfaces featuring defined functional
characteristics is an ongoing paradigm shift [2] and various applications
have been described in the literature: Pawlus et al. [18] reviewed the
historical development of functional surface texture parameters and
demonstrated their application through a series of four successive
honing processes used in the production of cylinder liners. The evalua-
tion of results was based on a truncation model [18]. It was demon-
strated that the ISO 13565-3 parameters feature a correlation to
manufacturing parameters, e.g. the grit size and plateau honing time
[17]. Volume-based analysis was shown to correlate with hill and dale
properties [19] and just as well as feature-based analysis can serve as an
alternative to functional surface texture parameters [20]. Also, param-
eters that assess the directionality have been correlated with functional
characteristics like wear [21] or plastic deformation [22]. Functional
surface texture parameters can be used for performance verification of
surface texture measuring instruments for both profile [23] and areal
applications [24].

Over the decades, more than 100 different profile surface texture
parameters have been described [3] which was criticized by Whitehouse
[9], but also alternative approaches for functional characterization have
been described: Neural networks were used for process classification and
surface texture parameter prediction [25] and the prediction of the
Abbott-Firestone-Curve using gray-scale images was examined [26].
Additionally, direct virtual testing regarding functional characteristics
has been proposed [27], as well as analyses using the discrete Fourier
transform [28], the auto-correlation function for the simulation of
ground or honed surfaces [29], and generically non-Gaussian surfaces
[30]. Applications of the equivalent in the frequency domain, the Power
Spectral Density (PSD), have also been examined for surface generation
[31], as well as for the assessment of quality [32], and the prediction of
tribological characteristics [33].

2.3. Comparisons of tactile and optical methods

It has been described that tactile and optical measurements show
limited comparability due to the different physical effects inherent in
their operating principles. When considering practical aspects, also
different perspectives can be established: when the common models of
signal processing are applied, surface texture measuring instruments can
generally be considered as low-pass filters, that feature a certain cut-off
frequency in their transmission behavior. Using e.g. a digital filter based
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on the auto-regressive moving average (ARMA) model, the transfer
behavior of stylus instruments, confocal microscopes, white-light in-
terferometers or chromatic confocal sensors can be approximated [34].
Empirical comparisons using material measures with well-defined
rectangular and sinusoidal surface structures demonstrated that this
linear model yields good agreement across various instrument types
[34]. The model can also be extended for certain measurement princi-
ples when non-linear effects are considered, as e.g. described for
confocal microscopes, where the model enables virtual measurement
[35].

The fact that these non-linear transfer effects are specific to the
measurement principle can again be reasoned with the physical differ-
ences — mostly the structures featuring large inclinations or curvatures
are challenging to measure for many optical surface texture measuring
instruments [36]. Since these structures often occur notably in func-
tionally relevant surfaces, differences in the transmission of e.g. valleys
can be observed when the distributions of their heights, widths and areas
are compared, as shown for the example of cylinder liners in [37]. In this
study based on a set of six cylinder liners that were measured at the same
location using a stylus instrument and confocal microscope, it could also
be shown that some functional surface texture parameters can differ
significantly between these methods [37].

For profile material measures as measuring objects, there have also
been several comparisons of the assessment of surface texture parame-
ters using tactile and optical surface topography measuring instruments:
A comparison of a sinusoidal geometry and a lapped surface showed
significant differences in 2002 [38]. At that time, one key reason for the
differences was identified with the missing calibration and standardi-
zation frameworks for optical surface topography measuring in-
struments [38]. Koenders et al. in contrast conducted step height
measurements using different measuring principles and concluded that a
“good agreement” of most results was achieved [39]. For other com-
parisons of the profile material measures of ISO 5436-1 the results often
highlighted differences in the transfer behavior between different
measuring instruments even when applying the identical measurement
principle: Doytchinov et al. applied several stylus instruments for step
height measurement, sinusoidal surfaces and profile roughness material
measures and could observe a good agreement [40], whereas a com-
parison between different atomic force microscopes (AFM) based on step
heights illustrated that parts of the instruments exhibited notable un-
certainties [41]. The last results were confirmed by another comparison
stating that even results generated by highly precise surface texture
measuring instruments should be “very carefully examined” in the
context of calibration [42]. Other comparisons based on profile material
measures showed either a “mixed” performance [43], “a relatively large
number of inconsistent results” [44] or in some cases also a relatively
good agreement even when different measuring principles were
considered [45] which illustrates the complexity and large number of
influencing factors on surface texture measurement.

Most surface texture parameters have the limitation that they are
only based on the statistical height distribution, even though not only
the occurrence of non-linear effects but also the functional characteris-
tics of surface structures are often not shaped by height values, but for
example the slope or curvature of the surface: Coulomb was among the
first to recognize that friction between contacting surfaces arises from
the mechanical interlocking of surface asperities [46]. This observation
underscores the critical role of surface topography in determining the
real contact area and, consequently, the frictional behavior. This
concept was further developed in the Greenwood-Williamson model,
which demonstrated that, in addition to material properties such as
hardness and Young’s modulus, the microtopography of the contacting
surfaces significantly influences the elastic and plastic deformation
within the contact area [47]. According to Greenwood and Williamson,
the transition between elastic and plastic deformation in surface contact
is primarily governed by the statistical properties of the surface topog-
raphy, particularly the mean squared height deviations and the radii of
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the contacting asperities [47]. Their model has been extensively studied
and applied across various domains, with significant attention given to
both its theoretical foundations and the determination of its input pa-
rameters, e.g. for the modelling of cylinder liners [48,49]. Numerous
approaches have been proposed and investigated for the determination
of the plasticity index, with a comprehensive overview provided by
Whitehouse ([50], p. 668 ff.). As an alternative to direct topographical
analysis, frequency-dependent methods have also been suggested for
estimating the contact area. One such approach involves the use of the
autocorrelation function, which captures spatial frequency characteris-
tics of the surface and offers insight into the distribution and interaction
of asperities [51]. Based on the different physics, the results of height
topography measurement depend on the measuring principle. However,
also the evaluation of other characteristics than the height distribution,
such as the angular distribution, can be useful for the characterization of
the functional behavior of a surface.

2.4. Direct angular measurement

Another surface parameter that has been shown to correlate strongly
with the real contact area is the surface gradient. Numerical simulations
have demonstrated a clear relationship between the gradient and the
extent of actual contact [52]. Popov further emphasized the relevance of
this parameter by identifying the surface gradient as one of the principal
descriptors in a generalized friction law for surfaces, highlighting its
importance in characterizing tribological behavior [53]. The determi-
nation of the surface gradient, obtained as the derivative of a measured
surface topography, presents significant challenges due to the high
sensitivity of numerical differentiation to the measurement uncertainty.
Even minor deviations in the measured height topography can lead to
substantial errors in the computed gradient, particularly in the case of
short-wavelength features, which are often represented by only a few
data points. This issue has been discussed by Whitehouse in the context
of hybrid surface texture parameters ([50], p. 15), highlighting the
limitations of gradient-based analyses in the presence of measurement
noise. As however the gradient and its associated parameters like Rqq
correlate with tribological characteristics like the friction on general
lapped or ground surfaces [54], or the friction coefficient of worm flanks
[55], other methods for a direct measurement have been developed e.g.
with angular-resolved scattering light measurement. This measurement
technique features potential for a functional characterization of surface
topography using the angular distribution and is well-suited for an inline
application [56]. It can be implemented using a traceability chain [57]
and the statistical parameters of the scattering light distribution can be
correlated with parameters of machining processes, illustrating its po-
tential for process monitoring, see. e.g. [58]. Since the height distribu-
tion and angular distribution of a surface topography are independent
statistical variables — e.g. by changing the order of the surface height
values the angular distribution can be altered without changing the
statistics of the heights — the distribution of heights and angles features
complementary information that can be used for the monitoring of
tribological processes. This independence was confirmed in a previous
study [59]. In the following, a study is presented to describe a combined
view on the surface using both the angular and height perspectives,
suggesting a more comprehensive approach for the monitoring of both
tribological processes and the state of a manufacturing processes.

3. Methodology
3.1. Samples

It has been shown that there are at last three different perspectives on
the surface: profile data using stylus instruments, areal data using op-
tical instruments, and angular data using scattering light measurement.
To examine the information content in the different representations and
to compare to what degree the combination of these different
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perspectives can provide a comprehensive view on the surface topog-
raphy and the associated functional characteristics of the surface, a case
study was conducted. For this case study a typical use-case with high
functional requirements was selected. 15 different cylinder liner sur-
faces that are representative for a workpiece with a high functional
relevance and high functional requirements were chosen so that
different roughness characteristics and amplitudes are represented. The
samples used in this study were selected from a larger collection of
cylinder liners and exhibit a broad range of surface characteristics.
These include pronounced plateau structures — either fine or coarse — as
well as distinct grooves, embedded particles, and varying degrees of
stochastic or deterministic surface features. Some examples are sum-
marized in Fig. 1 which shows examples for a plateau-based surface (CL
1), a stochastic surface (CL 3) and a surface featuring embedded parti-
cles (CL 4). The groove depths also differ significantly among the sam-
ples. Each specimen was characterized using multiple measurement
techniques, which are described in detail in the following.

3.2. Topography measurements

A multi-measurement approach provides enriched information on
surface morphology, thereby reinforcing the robustness of metrological
results. The feasibility and effectiveness of this general approach have
been validated. To establish a perspective onto the surface based on the
topography heights and angles, measurements were taken using three
different methods — the geometric relations are summarized in Fig. 2 and
the profile-based measurements were determined in direction of the
cylinder’s axis of rotation. It was not desired to perform the measure-
ments at the exact same positions but rather cover an area of each
sample as large as possible to receive a dataset that is representative for
the overall state of the surface and can describe its statistics. The
following methods were used:

(a) Profile measurement: Surface profile texture measurements were
conducted using the stylus-based instrument Hommel-Etamic
Nanoscan 855. For each specimen, a total of 25 individual pro-
files were recorded, spaced laterally at intervals of 0.5 mm to
ensure statistical representativeness of the surface characteristics.
Each profile extended over a minimum sampling length of 80
mm. Accounting for the filter’s running-in and running-out
lengths, five discrete evaluation segments of 12.5 mm each
were extracted from every profile, based on a standardized
segment length of 15 mm.

The data acquisition parameters were defined as follows: the sam-
pling interval was set to Ax = 0.5pm, and the scanning velocity was
maintained at 0.5mm/s to minimize dynamic effects and ensure a stable
interaction between stylus probe and workpiece. This results in an
overall measurement time of approximately 1.1 h per cylinder liner. The
stylus employed for measurement featured a tip radius of r, = 5Spm,
ensuring adequate resolution for capturing fine surface features. The
125 evaluation positions with a length of 12.5 mm each consist of 3.125
Mio. measured height values per cylinder liner.

(b) Areal measurement: Areal surface topographies were determined
using the confocal microscope NanoFocus pSurf, equipped with a
20x objective lens, yielding a field of view of 800 um x 800 pm.
To obtain a sufficiently large evaluation area, multiple adjacent
measurements were stitched together, resulting in a composite
surface map of approximately 0.7 mm x 18 mm highlighted in
Fig. 2b which takes about 20-30 min to measure per cylinder
liner.

The lateral spacing in both lateral directions is defined as Ax =
Ay = 1.57um, enabling the extraction of 400 individual profile datasets
with a lateral spacing of Ay from the areal dataset. For profile-based
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analysis, segments of 15 mm length were extracted from the central
region of each profile, allowing for an evaluation length of 12.5 mm
after accounting for filter running-in and running-out lengths. Conse-
quently, the central 15 mm of each of the 400 profiles within the stitched
areal dataset was utilized for detailed surface texture evaluation. The
400 evaluation positions with a length of 12.5 mm each consist of
approximately 3.185 Mio. height values per cylinder liner and therefore
a similar number as the tactile measurements.

c) Optical angular measurement: Surface measurements were con-
ducted using an angular-resolved scattering light (ARS) sensor of the
type OptoSurf OS 500. A lens capable of projecting surface angle in-
tensities within a £16° range onto the sensor array was employed. The
measurement setup is illustrated in Fig. 3. 50 profiles were scanned with
a length of 20 mm each. The profiles featured a lateral distance of 20 pm
between each other. 1,250 measurements per profile were conducted
with a spacing of Ax = 16um, leading to an overall number of 62,500
evaluations per cylinder liner within a measurement time of <2 min per
cylinder liner. The procedure was repeated for the two different light-
spot diameters 900 um and 30 um.

3.3. Topography evaluation

(a) Stylus instrument profile data: A total least squares straight line
fit was applied to the full >80 mm profile as a pre-processing step
prior to interpolation to an equidistant spacing of Ax = 0.5um.
Subsequently, the center of each of the 25 profiles was identified,
and five evaluation segments of 15mm each were symmetrically
extracted around this center, ensuring no overlap. This resulted in
a total evaluation length of 5 - 15 mm = 75 mm per profile used
for data analysis and 125 evaluation positions in total. For each
15 mm segment, the following pre-processing steps were applied
in accordance with ISO 21920-2 and since almost all cylinder
liners feature a relatively large roughness amplitude, the pa-
rameters of setting class (SC) 4 defined in ISO 21920-3 were
selected as follows:

(i) S-filtering was performed using a linear Gaussian filter in accor-
dance with ISO 16610-21, applying a nesting index of Nj; = 8um.

(ii) The F-operation was carried out by removing a fitted least
squares straight line from each profile. The straight line repre-
sents the nominal geometry since profiles in the direction of each
cylinder’s axis of rotation were evaluated.

(iii) Given the generally stratified nature of the examined surfaces, L-
filtering was performed using a robust Gaussian filter of second
order, in accordance with ISO 16610-31. A nesting index of N;; =
2.5mm was applied following the parameters for SC4 defined in
ISO 21920-3.

(iv) Each profile segment was cropped to an evaluation length of [, =

12.5mm.

The following surface texture parameters were evaluated for all

profile segments as defined by ISO 21920-2: Amplitude parame-

ters: R, (arithmetic mean height), Rq (root mean square height),

Rgk (skewness), Ry, (kurtosis), R; (total height), hybrid parame-

ters: Rqq (root mean square gradient), R4, (arithmetic mean of the

absolute gradient), Rg; (maximum absolute gradient), Rg

(developed length), parameters for stratified surfaces using the

material ratio curve: Ry (core height), Ry (reduced peak height),

Ry (reduced pit depth), attribute parameters based on peak

heights and pit depths: Rymax (maximum peak height), R, (mean

peak height), Rymax (maximum pit depth), R, (mean pit depth), R,

(maximum height), parameters based on profile elements: Rgy

(mean profile element spacing), R. (mean profile element height),

Remax (maximum profile element height), Rgy, count (no. of profile

elements). The parameters were determined using the algorithms

described in [60] and represent the most common groups of
surface texture parameters that are available in the international
standardization.

(v

—
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Fig. 1. Examples for different surface types present in the set of cylinder liners: stratified surface (CL 1), stochastic surface (CL 3), and surface featuring particles
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Fig. 2. Overview of measurement positions for the three applied methods [59]: (a) Tactile texture measurement: 25 profiles, each at least 80 mm in length. Every
profile was subdivided into five evaluation segments of 15 mm each. (b) Optical texture measurement: A stitched surface topography of approximately 18 mm in
length was acquired. From this, 400 central profiles were extracted, each evaluated using the central 15 mm. Between the profiles a spacing of 1.57 uym is present. (c)
ARS light scattering measurement: Scattered light distributions were recorded at 1250 positions along 50 profiles of 20 mm length each.
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Fig. 3. Scattering light measurement — OS500 scanning one of the cylinder
liners on an x-y table. [59].

(b) For the evaluation of the areal topography datasets obtained from
the confocal microscope, the 400 central profiles were extracted
and evaluated individually to achieve an identical data format as
for the tactile measurements. Non-measured points within these
profiles were interpolated. Even though each profile exceeded 15
mm in length, only one evaluation segment per profile was
available. Subsequently, the same preprocessing steps (i-iv) as
described in the previous section were applied to ensure consis-
tent determination of the profile surface texture parameters and
their statistical distribution.

(c) The ARS light distribution was recorded as intensity values along
the photodetector for all 62,500 measurement points per sample.
Each intensity distribution was normalized individually to
transform the physically measured reflectance data into a math-
ematical angle distribution I(¢') as a function of the angle ¢'". This
normalization effectively compensates for sample-specific mate-
rial influences. In accordance with VDA 2009 [61], the following
parameters were derived from the ARS light distributions to
characterize various surface properties within the illuminated
area: The M—value which represents the average gradient within
the lightspot is a macroscopic property that is calculated as the
center of gravity of the normalized intensity distribution H(¢')
and is directly connected to the macroscopic surface inclination
angle a [61]:

a tan(%), I= ZI((p’) (€]

M=) ¢H¢), H¢) = ZI)(I(/();)J')

To characterize the micro-geometric characteristics, i.e. roughness,
the stochastic moments of the angular distribution defined by VDA 2009
were evaluated, more particularly the variance Ay, skewness Ag and
kurtosis Ax, of ARS light distribution [61]:

Ag=k> (¢ —M)’H(g), @

As= () S0 - M)
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A = (Aiq) S (¢~ M)H ().

The correction factor k is used for the normalization and ensures that
a rectangular distribution within the angle range between the minimum
angle —a and the maximum angle +a equals to a value of A; = 100. For
industrial applications, M is often used to determine the macroscopic
angle and A, as a measure for the roughness within the light spot.

3.4. Analysis of height and angular distributions

In addition to the standardized surface parameters, the entire dis-
tributions of surface heights and surface angles were analyzed. The
distribution of surface heights forms the starting point for many texture
parameters, while the angular distribution can be derived from nu-
merical differentiation of the topography according to ISO 21920-2
[12]. This allows a direct comparison between angular distributions
obtained by ARS sensors and conventional surface texture measuring
instruments. The combination of these two sets of variables enables a
phase-space interpretation of the surface as proposed in [62]. Each
sampling point is characterized by a generalized coordinate g; (surface
height) and a generalized velocity g; (local slope or angle obtained from
finite differences). The ensemble of pairs (g;,q;) defines a topographic
state in a phase-space {(q,p). On this phase-space an energy-like state
functional that separates a load-dependent configurational term B from
a fluctuation term related to the angular statistics (K) can be defined.
Formally, this can be expressed as [62]:

N

ul 1 E1
B=¢) qax (K) = N_1 ZEinZ 3
Py i1

where N is the number of sampling points and Ax the lateral sampling
interval. The parameter ¢ denotes the applied load or nominal contact
pressure and m is a topographic scaling parameter chosen such that (K)
has the same physical units as B. In this interpretation,

e B acts as a configurational contribution, capturing how the external
load populates the height levels of the surface,

e (K) acts as a fluctuation contribution, encoding the variance of local
slopes and thus the “activity” of the roughness.

Treating the surface topography as a two-dimensional subsystem of
the bulk, an effective internal energy of the topographic ensemble is
defined as [62]:

Ur=(K)-B €]

Since the number of sampling points (or asperities) is fixed for a given
measurement, not any particle-number term in the energy balance is
introduced. Instead, the relevant additional state variable of the rough
surface is the void volume Vyuq provided by the roughness, i.e. the
geometrically defined volume of the valleys that remains available for
material or lubricant to be displaced into. In practice, Vyq can be ob-
tained from the height distribution as the complement of the bearing
volume at a given material ratio.

The conjugate generalized force to this void volume is the externally
applied pressure &, so that the mechanical work associated with closing
the multiscale voids of the roughness can be written as

oW = — £dViyoia. )

Formally, the differential of the effective internal energy of the
topographic subsystem can therefore be expressed as

dU = Tt dS — & dVioig, (6)

where S is an entropy measure of the phase-space occupation of height
and angle states, and Tt is an entropic temperature defined from the
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statistics of local slopes (for example via a maximum-entropy argument)
rather than from molecular kinetic energy.

With these definitions, the generalized coordinates g; and general-
ized velocities ¢; naturally enter a Lagrangian-type functional of the
surface state, which is used as a compact representation of the balance
between fluctuation and configurational contributions in the topo-
graphic ensemble. Differentiation of Lr with respect to the generalized
velocities yields a generalized momentum field

_ 6LT
- 04,

= mqn 7

i

and thus an energy-like state functional [62]:

N-1 1 N-1

1 .
T%LT:Nqui:NZPi ®

i=1 i=1
leading to a Hamiltonian function [62]:
H(p,q) =pig;—Ur = (K)+B 9

Each coordinate ¢; of the surface ensemble therefore occupies a well-
defined state in phase-space {(q, p) through its vertical displacement and
its gradient. This phase-space representation combines the information
from height and angular distributions in a single framework and pro-
vides a basis for linking topography-dependent state variables such as U,
S, and V4 to tribological performance. Since this phase-space repre-
sentation of a surface considers both the height and angular distribution,
it allows for a comprehensive analysis and combines different perspec-
tives on the surface that may lead to additional information for example
regarding the description of tribological processes. The evaluation and
comparison of both height distributions and angular distributions is
implemented as additional analysis just as well as the phase-space plot
showing the probabilities of the variable {(q,p).

4. Results
4.1. Topography measurements

Using the methodology described in Section 3, the topography of all
15 cylinder liners was measured by different measuring principles. The
resulting areal topographies measured by the Confocal Microscope (CM)
are shown in Figs. 4 and 5, which illustrate that the different cylinder
liners, even though they feature the same application, have surface to-
pographies with very different characters. The examined surfaces are
typical examples for surfaces that are subject to high functional re-
quirements e.g. regarding their tribological behavior.

The plots show the raw areal topography data of the 400 extracted
profiles —after areal alignment and without any further processing. A
visual comparison of these datasets highlights notable differences in
both height ranges and surface structure types. Many cylinder liners
exhibit the characteristic crossed groove patterns typical of the
commonly used honing process, while others, such as cylinder liner 1,
display more pronounced dales. These observations underscore the
complexity of the surface topographies, which are subject to high
functional demands in their respective applications. The comparison
reveals that some cylinder liners, such as numbers 1, 8, and 9, exhibit a
plateau-like stratified structure, while others - like CL 3 and 5 - display a
highly irregular profile. The largest amount of non-measured points in
the CM data was observed for CL 8 with a ratio of 0.28 %. Additionally,
certain CLs, such as number 4, incorporate embedded particle struc-
tures. The scale and frequency of the groove features also vary consid-
erably across the different profiles.

In addition to the areal plots, one representative evaluation position
of both the CM and the stylus instrument (SI) is shown after the pre-
processing — meaning as described in 3.3 the evaluation area has been
filtered, aligned and cropped, resulting in the R-profile as defined in ISO
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Fig. 4. Measured surface topographies of cylinder liners 1-9 — areal topographies measured by the confocal microscope, one exemplary profile of the areal dataset
(evaluation area of profile 200 of 400) and one exemplary evaluation position of the tactile data (third evaluation position of profile 13 of 25).
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Fig. 5. Measured surface topographies of cylinder liners 10-15 — areal topographies measured by the confocal microscope, one exemplary profile of the areal dataset
(evaluation area of profile 200 of 400) and one exemplary evaluation position of the tactile data (third evaluation position of profile 13 of 25).

21920-2. For the CM, the profile is shown as the evaluation area of the
central profile, i.e. the profile with the index 200 of 400. For the SI, the
profile of the 63rd evaluation is shown, i.e. the third evaluation position
of profile 13 of 25. Fig. 4 summarizes the results for CLs 1-9, Fig. 5 the
same results for the CLs 10-15. In the visual comparison of the tactile
measured and optically measured profiles it can be observed that the
surfaces have the same character, for some optically measured profiles e.
g. CL 5 and CL 6 it seems like the short wavelength roughness is less
pronounced than in the tactile data. Additionally for CL 11, there is a
long-wave component in the optically measured profile that is possibly
an artefact of the stitching process. Other than that, qualitatively, the
data from the two measuring principles seem comparable, even though
only one representative profile of each is displayed. To have a more
comprehensive insight into the character of the measured surface to-
pographies, subsequently a quantitative comparison of surface texture
parameters under the consideration of all evaluation positions is
described.

4.2. Surface texture parameters and angular parameters

After the described pre-processing, the profile surface texture pa-
rameters in accordance with the latest standardization of ISO 21920-2
were determined. Based on the measured areas that represent a statis-
tically representative subset of the entire surface topography, in case of
the optical measurement 400 parameter values each and for the tactile
measurement 125 parameter values each were determined. With this

evaluation it can be ensured that many surface height values are
considered leading to a representative assessment of each component.
The statistical distribution of the resulting surface texture parameters is
visualized using violin plots. All 95 % confidence intervals based on the
statistical distribution of all results can be found numerically in Ap-
pendix A.

Fig. 6 shows the distribution of the amplitude-based surface texture
parameters for both the optical and tactile profile evaluation of CL 1-15.
The numerical values can be found in Table 1 in Appendix A. When the
distributions of R, values are examined, it can be observed that there are
some cylinder liners where the parameter distribution agrees very well,
whereas for other cylinder liners there are major differences. One
explanation for this is the fact that certain structures are transferred
differently by the different measurement principles, meaning that the
combination of wavelength, amplitude, and slope can cause different
instrument responses and also a different degree of measurement un-
certainty or artefacts in the data. Some reasons for differences can be
found and explained by the metrological characteristics, e.g. a difference
in the noise level, resolution capabilities or a different extent of artefacts
in the data resulting in an instrument-specific topographic uncertainty.
In most scenarios the tactile measurement features systematically larger
values just as well as a larger scattering of the parameter values. This
scattering, however, cannot be assigned to the measurement uncertainty
but to a vast majority is connected to the statistics of the surface since
the distribution of all measured values is shaped by the different eval-
uation positions and not a repetition of the measurement. Since in many
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Fig. 6. Violin plot of the distribution of profile surface texture parameters. The distribution of all 400 evaluated profiles (optical) and 125 evaluated profiles (tactile)
are shown for the cylinder liners 1-15. The amplitude-based parameters Ry, Rq Rsiw Riw R; and attribute parameters based on peak heights and pit depths R,

are displayed.

cylinder liners there are very distinct features that can significantly in-
fluence the amplitude-based parameters there is a major scattering of
the values when different profiles are evaluated at different positions.
These statistics of the surface for example can lead to a value range in the
measurements of cylinder liner 8 between 0.5 and 1.8 ym R,. This
example shows the significant influence of these statistics of the surface
or more particularly the position of measurement and evaluation. The
effects of the statistics of a surface were e.g. described by Seewig [63].
The numerical values in the Appendix also show that the influence of
this effect is mostly larger than the systematic differences between the
two measuring principles.

The fact that the optical results scatter less pronounced in many cases
can lead to the assumption that some short wavelength features that
accord for a variation of the average roughness values are not trans-
mitted as pronounced as for the tactile measurement. The results of the
arithmetic mean height R, and the root mean square height R, are
similar even though for Ry also more scattering of the optical results can
be observed. When the maximum height R, is evaluated (labelled as R,
to highlight that the latest definition of ISO 21920-2 was used), the re-
sults of the two measuring principles are much more comparable
meaning that the overall measured amplitude distribution of the
extreme values is similar. The results indicate that the R, parameter is
inherently sensitive to the evaluation position and scatters due to the
statistical characteristics of the surface. Consequently, it can exhibit
substantial variability, such as ranging from approximately 4 um to 14
um for CL 1.This observation again confirms that an R, value does not
allow a representative characterization of a surface especially not
regarding its functional or tribological behavior. The same observation
can be made for the total height R;. For the analysis of the skewness Ry

there are also some surfaces where differences between the different
methods can be observed which shows that there may be variations in
the transmission behavior regarding either hills or dales when certain
features occur. For the kurtosis Ry, the largest scattering of the param-
eter values can be observed. Since extreme values contribute to the
power of four, outliers or artefacts in the data can significantly change
the result and for some cylinder liners a broad variation of the value can
be observed. Overall, the results of the amplitude-based parameters
show that in some scenarios similarities between the different amplitude
distributions can occur — however there are also differences between the
optical and tactile results that should be explored further.

Fig. 7 shows the same visualization of results for the hybrid param-
eters that are based on an angular evaluation. The results can also be
found in Table 2 in Appendix A. The slopes and curvatures were eval-
uated based on the numerical differentiation defined in ISO 21920-2. In
the angular-based evaluation, large differences between the two data-
sets can be exposed. This is explainable since based on the numerical
differentiation possible uncertainties are amplified resulting in a larger
uncertainty of angular-based parameters when determined using height
topography values. For the Rqq values it can be observed that the root
mean square gradient of the optical surface topography data is system-
atically larger for all evaluated cylinder liners. The degree of difference
depends on the character of the surface. One explanation for these are
outliers or artefacts in the optically measured data that lead to a local
increase of the surface gradient. For surfaces where a priori knowledge is
present, e.g. material measures applied in calibration measurements, the
removal of implausible points is possible based on the standardization
[64], however remains challenging for practical engineering surfaces.
For the maximum absolute gradient, i.e. R4; value, which describes the
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Fig. 7. Violin plot of the distribution of profile surface texture parameters. The distribution of all 400 evaluated profiles (optical) and 125 evaluated profiles (tactile)
are shown for the cylinder liners 1-15. The hybrid parameters Rqq, Rar, Rdi, Rda are displayed.

extreme value of the gradient, also systematically larger values tend to
occur for the optical measurement. The same is also true for the arith-
metic mean of the absolute gradient, the Ry, value, whose results
strongly correlate with Rqq. For the developed length Ry, the difference
between optical and tactile measurement is not as significant. Overall, it
can however be exposed that the distribution of surface slopes and
curvatures differs much more between the tactile and optical data than
the distribution of the height values. This confirms the observation made
in previous examinations that the variables are independent from each
other [59]. A central objective of this study is to demonstrate that,
although the results obtained by the two methods may differ, both ap-
proaches can enable reliable monitoring capabilities — particularly when
angular and height parameters are combined and relative changes in
these variables are monitored.

When the parameters based on profile elements and attribute pa-
rameters are examined as shown in Fig. 8, the following results can be
obtained: Both the Ry, count (no. of profile elements) and the mean
profile element spacing Rsy value are largely similar for the two

10

measuring principles; only the width of the distributions for the optical
and tactile measurements differs slightly in some cases. This shows that
the lateral dimensions of the individual profile elements are not signif-
icantly influenced by the measurement principle. The same is also true
for the values of the maximum profile element height Remax, maximum
peak height Rpyac and maximum pit depth Rypax. For the mean profile
element height R, some differences can be observed: in certain scenarios
the tactile measurements feature larger values, in others the optical
measurements — there is also no clear systematic trend. This shows that
the examined group of parameters features overall similar results for
both physical measuring principles. All results can also be found in
Table 3 in Appendix A.

Another interesting group of parameters is examined in Fig. 9 — the
function-oriented surface texture parameters for stratified surfaces, the
core height Ry, reduced peak height Ryx and reduced pit depth Ryx. Their
results can also be found in Table 4 in Appendix A. Since these param-
eters are commonly used in the assessment of tribological processes,
they can provide meaningful insights into the functionality of a
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workpiece even though one of their limitations is the fact that they are
also solely based on the height distribution. Similarly to the examination
of the amplitude-based parameters for the core roughness depth Ry it can
be observed that for some surfaces the tactile measurement leads to
larger values. Just the same observation can also be made for Ryk. This is
an agreement to previous observations where it was shown that deep
and wide dales could be scanned more accordingly using tactile
measuring instruments [37]. For Ry there is a better agreement of the
parameter distributions. This again supports the hypothesis that the
transfer behavior of hills and dales is influenced by different physical
effects of the applied measuring instruments. Overall, however, there is
no major difference between the two sets of parameters and most of the
distributions overlap. This illustrates that the height distributions are in
a better agreement than the angular distributions and that the statistics
of the surface is more significant for the parameter values than the
systematic influences of the measuring instruments.

To further examine this aspect, a comparison of mean peak height R,

11

and mean pit depth Ry, is shown in Fig. 10. The results can also be found
in Table 5 in Appendix A. In this analysis, the dales are the most sig-
nificant features for many of the examined cylinder liners and the wide
scattering of the Ry values throughout the evaluations demonstrates that
distinct features are present. It can also be confirmed that the R, values
agree better between the different measuring principles than the R,
values. This shows that the differences that are given in the set of
measured height values are mostly linked to the transmission of dales
whereas the measurement of hills is in better agreement between the
optical and tactile measurements.

As a last parameter evaluation, also the measurements of the
angular-resolved scattering light sensor are considered. The distribution
of the variance, skewness and kurtosis of the angular distributions is
summarized in Fig. 11. The results can also be found in Table 6 in Ap-
pendix A. Here, also the distributions of the parameters for the two
lightspot sizes are compared. Again, a significant impact of the statistics
of the surface — meaning the effect of the evaluation position — can be



M. Eifler and B. Brodmann

12

10

um

R/

&

_2Il|||
1.2 3 4 5

sldgaliid

! | 1 1 1 | 1 L | |

6 7 8 9 10 11 12 13 14 15
Cylinder liner No.

um

R/

Measurement 266 (2026) 120339

14

12r

\2

! ! L | L | 1 1 1 |

6 7 8 9 10 11 12 13 14 15
Cylinder liner No.

OIIIII
12 3 4 5

Fig. 10. Violin plot of the distribution of profile surface texture parameters. The distribution of all 400 evaluated profiles (optical) and 125 evaluated profiles
(tactile) are shown for the cylinder liners 1-15. The attribute parameters based on peak heights and pit depths: R, Ry are displayed.

300 6
900 pm lightspot
130 pm lightspot

200 -
150 I

S

I\
1001 |

o) | |
4\ % $§$é¢¢ &9

o

50

251

o

frbet

ku

<Z15F

A

w
@@QL@$¢ ”$$£$é

S}

sQl— 6l
172 3 4 5 6 7 8 9 10 11 12 13 14 15 1
Cylinder liner No.

2 3 4 5 6 7 8 9 1011 12 13 14 15 1
Cylinder liner No.

2 3 45 6 7 8 9 101112131415
Cylinder liner No.
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observed. For some cylinder liners the effect is more pronounced than
for others. The absolute value of for example the variance of the angles
Ag varies for the different cylinder liners showing the different degree of
roughness. The measurements of the two lightspot sizes are mostly in
good agreement. However, there are also some exceptions like for
example CL5. The different results for the two lightspot diameters show
that in this surface a larger extent of short wavelengths roughness is
present that is filtered by the larger lightspot. Otherwise, the systematic
results for the skewness Agx and kurtosis Ay, are mostly similar for both
light spot diameters. It can however be observed that in most scenarios
the values for the smaller lightspots scatter more significantly. This can
be explained by the extraction of a smaller sample size of the surface
leading to a larger influence of the statistics of the surface.

When in a previous study, surface texture parameters and the
angular parameters of the angular-resolved scattering light sensor were
compared, it could be shown that there were strong correlations be-
tween certain parameter sets whereas others did not exhibit a correla-
tion at all [59]. Based on this the conclusion was drawn that the two sets
of information height distribution and the directly measured angular
distribution provide a comprehensive set of information [59]. To further
explore this, subsequently the different height and angular distributions
of the various measuring principles are compared.

12

4.3. Height and angular distributions

4.3.1. Height distributions

Since it was shown that the parameters that are based on the height
values feature different properties than the ones based on the angular
distribution, the height and angular distributions are evaluated
comprehensively. For this process the frequency band of the height data
was adjusted with regard to the angular scattering light sensor to allow a
direct comparison. Based on the transfer behavior of the ARS sensor, a
nesting index of N, = 1.285mm was used assuming the lightspot
diameter of 900 ym and the transfer behavior as described by Seewig
et al. [56]. This means that a profile-based filtering using the robust
Gaussian filter as L-Filter with Ny, = 1.285mm was applied. As S-Filter,
the linear Gaussian filter was used to remove the instrument specific
characteristics from the data with a nesting index of N;; = 2.5um. The
resulting height distributions of all optical and tactile height topography
data are summarized in Figs. 12 and 13. In the direct comparison, it can
be verified that the qualitative distribution of height values is similar for
both measuring principles. Also, the optical measurements feature a
higher peak in probability around the height of zero — explaining the
mostly smaller R,-values in comparison to the tactile measurements.
Generally, however the distributions of height values have a similar
shape and no significant systematic differences in the transfer behavior
can be inferred based on the plots.
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Fig. 12. Height distributions of all optical confocal microscope (CM) and tactile stylus instrument (SI) height topography data. The topography data was processed
profile-wise with a linear S-filtering (ISO 16610-21) N;; = 2.5pm, a subtraction of a fitted least squares straight line and L-filtering with a robust Gaussian filter of
second order (ISO 16610-31), Ny, = 1.285mm. The data of cylinder liners 1-9 is summarized.
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Fig. 13. Height distributions of all optical confocal microscope (CM) and tactile stylus instrument (SI). The topography data was processed profile-wise with a linear
S-filtering (ISO 16610-21) N;; = 2.5um, a subtraction of a fitted least squares straight line and L-filtering with a robust Gaussian filter of second order (ISO 16610-31),

Ny = 1.285mm. The data of cylinder liners 10-15 is summarized.

4.3.2. Angular distributions

When the angular distributions of the same evaluated profiles are
compared, for CL 1-3 the distributions in Fig. 14 result. Fig. 15 shows
the same results for CL 4-6, Fig. 16 for CL 7-9 whereas all remaining
results can be found in Appendix B (Figs. 20 and 21). The angles of the
measured height topographies were determined using the numerical
differentiation described in ISO 21920-2. When the four different
measured distributions per cylinder liner are compared with each other,
clear differences can be observed. The ARS sensor allows a direct mea-
surement of the angular distribution without numerical differentiation
of the surface topography that can significantly increase the present
measurement uncertainties. For many surfaces the angular distributions
of the optical and tactile measurement differ significantly. This confirms
the previous observation within for example the Ryq comparison and
shows that the height and angular distributions of a surface should be
interpreted as independent variables that provide two different per-
spectives on the character and functionality of a surface.

For many surfaces e.g. CL 1 or 6, a good agreement between the
stylus instrument (SI) and the ARS sensor can be achieved. The confocal
microscope (CM) features a larger scattering of the angles and measures
a larger probability of higher angular values than the SI. The angular-
resolved scattering light sensor (ARS) sensor features a measurement

14

range which is limited to +£16° which can be a limitation for some very
rough surfaces, e.g. CLs 2 and 3. For CL2 also an insufficient reflectivity
can be assumed resulting in a significant scattering of the ARS results.
For the results of CL 7-9, which can be found in Fig. 16, the better
agreement between the tactile data and the directly measured angular
distribution can also be clearly observed. Similarly, the results of CL
10-15 in the Appendix confirm this effect. The conclusion can be drawn
that the larger scattering of angles in the optically measured height data
just as well as the occurrence of larger surface angles can be explained by
instrument specific effects or measurement artefacts. Because of the
better agreement between the SI and the ARS sensor it can be concluded
that this measurement principle provides better insights into the angular
distribution. For example, when CL 7 or 9 are considered, the CM dis-
tribution features a notably larger scattering of the angular distribution.

4.4. Phase-space representation

Already in previous studies it was observed that the height distri-
bution and angular distribution provide different insights into the
character or functionality of a surface. This was confirmed in the present
study where the height distributions and angular distributions feature
very different degrees of comparability between different measuring
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Fig. 14. Angular distributions of all optical confocal microscope (CM), tactile stylus instrument (SI) and angular-resolved scattering light measurement (ARS) data.
The topography data was processed profile-wise with a linear S-filtering (ISO 16610-21) N;; = 2.5um, a subtraction of a fitted least squares straight line and L-
filtering with a robust Gaussian filter of second order (ISO 16610-31), Ny = 1.285mm. Additionally, the directly measured angular distributions using the ARS light

sensor featuring lightspot diameters of 900 ym and 30 um are shown. The data of cylinder liners 1-3 is summarized.
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Fig. 15. Angular distributions of all optical confocal microscope (CM), tactile stylus instrument (SI) and angular-resolved scattering light measurement (ARS) data.

The topography data was processed profile-wise with a linear S-filtering (ISO 16610-21) N;; = 2.5um, a subtraction of a fitted least squares straight line and L-
filtering with a robust Gaussian filter of second order (ISO 16610-31), Nj, = 1.285mm. Additionally, the directly measured angular distributions using the ARS light
sensor featuring lightspot diameters of 900 um and 30 pm are shown. The data of cylinder liners 4-6 is summarized.
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Fig. 16. Angular distributions of all optical confocal microscope (CM), tactile stylus instrument (SI) and angular-resolved scattering light measurement (ARS) data.
The topography data was processed profile-wise with a linear S-filtering (ISO 16610-21) N;; = 2.5um, a subtraction of a fitted least squares straight line and L-
filtering with a robust Gaussian filter of second order (ISO 16610-31), Ny, = 1.285mm. Additionally, the directly measured angular distributions using the ARS light
sensor featuring lightspot diameters of 900 um and 30 pym are shown. The data of cylinder liners 7-9 is summarized.

principles. Thus, their combination can provide a more comprehensive
view on a workpiece than just having a look at one of those variables
which leads to the described phase-space representation of a surface as
previously derived in [62]. In this representation, the distribution of
heights and angles, which represent the first derivative of the surface
topography, are mapped in an x-y-diagram. These two variables are
imaged in coordinates p and g, and each coordinate ; of a topography
ensemble obtains now a defined position in the phase-space {(g,p). Each
element ¢; of a topography ensemble describes a defined position in the
phase-space defined by its height g; and its gradient p;, i.e. {; = {(q;,
pi) [62]. The statistical distribution of the different phase-space posi-
tions, references as classes, is illustrated using a discrete set of combi-
nations and a corresponding discretization must be defined.

Since in general surface topography features fractal dimensions, no
smooth manifold in the configuration space is given, but the definition
of a smallest representable wavelength allows for a physically mean-
ingful scale. To determine the differentials dq and dp of the two vari-
ables, the RMS values o4, 0, of the ensemble {y, which corresponds to Rq
in the roughness norm are considered for the variablesq = q;,i = 1,---,
NeM, p=p;,i=1,--,NeM when M profiles with N points each are

considered:
(@20, =/ (p?) -

0q = \/<q2> -

To determine the class width cw of the height and angular axis,
'Scott's Rule' is used, which minimizes the integrated mean squared error
(IMSE) for a sample size N with a standard deviation ¢ [65]:

(10)
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e represents a scaling factor with 3.49 for the normalized Gaussian
distribution, o, the RMS-value of g({n), and N the number of informa-
tion bearing coordinates which is chosen as the number of points in one
profile since this represents the statistical ensemble of one evaluation.
The basic assumption for randomly rough surfaces is a normal distri-
bution of heights values, so that ¢ is chosen as 3.49. The resulting class
widths cw are determined both for the height values and the angle
values, resulting in dg,dp. The probability of the plot is normalized.
The resulting phase-space representations map the relative proba-
bility of the occurrence of a value within a class p.g (cq, cp),cq =
min(q), min(q) +dp, ---, max(q), ¢, = min(p), min(p) +dgq, -+, max(p)
and the results of the cylinder liners are summarized in Fig. 17 for CL
1-6, whereas the remaining evaluations can be found in Appendix C
(Figs. 22-24). When e.g. CL1 is considered, clear differences of the plots
for the CM and SI can be identified, which based on the previous results
can be mostly assigned to the differences in the angular distributions
since it was shown that the surface texture parameters and the height
distributions were often comparable. The phase-space plot also allows
the visualization of even slight differences caused e.g. by optical arte-
facts that lead to large measured angles. For CL2 and 3, these results can
be confirmed: even though the height distributions are very comparable
for the optical and tactile measurement, based on the differences in the
angular transmission, significant differences in the phase-space repre-
sentation can be exposed. This is observed even though both
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Fig. 17. Phase-space plot of all optical confocal microscope (CM), and tactile stylus instrument (SI) height topography data. The topography data was processed
profile-wise with a linear S-filtering (ISO 16610-21) N;; = 2.5um, a subtraction of a fitted least squares straight line and L-filtering with a robust Gaussian filter of

second order (ISO 16610-31), Ny, = 1.285mm. The data of cylinder liners 1-6 is summarized.
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measurement approaches lead to similar surface texture parameters and
also mostly to similar distribution of height values. Again, the impact of
nonlinear transfer effects can be observed by the occurrence of larger
angle values in the optically measured data. The fact that these values
feature very small probability indicates that these values are strongly
influenced by outliers in the data. These observations clearly demon-
strate the differences between the transfer behavior of the two types of
instruments. When the remaining cylinder liners are evaluated, these
results can be achieved consistently. The phase-space diagram leads to
an effective representation that can already expose smaller differences
that cannot be uncovered using the distributions of either the angles or
the heights or height-based surface texture parameters. When the sur-
face texture parameters, including the function-oriented parameters like
Ry and Ry were compared, they could not expose the differences be-
tween transfer behaviors of the different measuring principles just as
well as the impact of possible nonlinear effects. These examples prove
that the phase-space representation provides a more comprehensive
representation of the surface than just focusing on either height-based or
angular-based parameters. For the assessment of tribological behavior of
a surface, a more comprehensive view on the surface topography should
be applied since also the angular distribution has a significant impact on
the behavior of the surface.

Since the determination of an angular distribution based on a height
measurement can lead to notable uncertainty, it is also explored to
combine the directly measured angular information of the ARS sensor
and the height distribution of the CM and SI measurements into a phase-
space representation. In doing so, the probability of height values h;(q),
i=1,2,,Ng resulting from the surface height measurement and the
probability of angular values g;(p),i = 1,2, -+, N, resulting from the ARS
light measurement are combined as follows to a superposed phase-space
representation:

H= h®1NP7G: 1Nq®g,§:H0G

Fig. 18 summarizes the results for CLs 1-3, the remaining results of
CLs 4-15 can be found in Appendix D (Figs. 25-28). The results confirm
again that the height distributions of the CM and SI measurements are
much more comparable than the angular distribution. This can be
inferred from the fact that the representations look much more com-
parable than before when the angular distributions calculated by the
height measurements were used for the phase-space plots. The plots also
illustrate that the lightspot diameter does not have a major influence on
the results since the representations are very similar for both diameters.
However, the wider scattering of the height axis that can be observed in
many CM measurements again leads to some changes of the phase-based
representation. These values can be assigned to outliers or artifacts in
the data as described above. Generally, the results are much more
comparable than when the angular distributions of the height mea-
surements are used. This shows that the combination of a direct mea-
surement of surface heights and angles can lead to a powerful and
comprehensive visualization and representation of the surface topog-
raphy which is already sensitive to small changes and thus allows has
significant potential for the monitoring of tribological processes. Thus, it
makes sense to combine the measurement of height topographies with
the direct measurement of the angular distribution using ARS sensors.

A direct angular measurement allows a more reliable determination
of the angular distribution in comparison to a numerical differentiation
of the height topography. For some CLs, like CLs 2, 3 and 4, differences
in the angular transmission of the ARS, SI and CM can be observed which
originate from the large slopes in the height data and the filter effect of
the topography measurement. For some ARS measurements an almost

(12)
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rectangular distribution of angles is measured. For other surfaces, like
CLs 6, 7 and 10-15 a much better agreement of the angular transmission
can be observed - also resulting in a good agreement between the
different phase-space representations. This illustrates again the fact that
the separate measurement of heights and angles provides a compre-
hensive perspective on the surface topography and the associated
functional characteristics.

4.5. Quantitative assessment of phase-space plots

To compare the different phase-space representations, quantitative
analysis was carried out. In doing so, the relative probability value of the
individual classes of the phase-space plot was imaged as a function of the
cumulative area A in the plot which is determined by the number of
classes that occur with at least a certain probability p”:

|{prel.i € Drel (Cq’ Cp) ‘prel.i > p } ‘

A(D") = cwyew, NN
oNp

(13)

In Appendix E, Tables 8 and 9, the results for A(p” = 107%),A(p" =
107*),A(p" = 1075),A(p" = 107°) - meaning the areas within the phase-
space plot that feature at least a probability of occurrence of 1073, 1074,
107°,107° are given for the six configurations for which the phase-space
plots have been generated: (i) CM measurement, (ii) SI measurement,
(iii) CM measurement vs. 30 pm ARS measurement, (iv) CM measure-
ment vs. 900 um ARS measurement, (v) SI measurement vs. 30 um ARS
measurement, (vi) SI measurement vs. 900 um ARS measurement. The
representation follows a similar concept to the Abbott-curve and various
numeric parameters can be generated to quantitatively assess and
compare the results in the phase-space representation. This approach
would also allow to use the representation for process monitoring.

The overall functions of A(p") are illustrated in Fig. 19 for the CLs
1-15. The relative area features the dimension yme’. In this represen-
tation, the previous observations can be confirmed on a quantitative
level: The applied lightspot diameter does not influence the results of the
measured angular distribution, the SI data is much closer to the ARS
angular data than the angles determined based on the CM measurement.
Additionally, the combination of height measurements of CM and SI
with ARS results makes the results significantly more comparable and
reproducible. From this, the conclusion can be drawn that a combination
of the two perspectives — heights and angles — is meaningful and pro-
vides more comprehensive insights than evaluating a phase-space only
based on height topography data since in the angular data of numerical
differentiation many instrument-specific characteristics are included
and enhanced. The ARS sensor allows a reliable and direct character-
ization of the angular distribution that can give additional insights into
the state of the surface. The suggested representation and the associated
parameters can serve as an approach for the tribological monitoring or
surfaces just as well as manufacturing processes, as they can quantita-
tively expose changes in the probability distribution shown in the phase-
space diagram.

5. Conclusion

The comparability of tactile and optical measurement methods is
inherently limited due to the fundamentally different physical principles
they rely on. This makes direct data comparison challenging, especially
when aiming for functional surface characterization and illustrates that
topography height information does depend on the characteristics of the
applied measuring principle and instrument. Thus, it was examined to
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Fig. 18. Phase-space plot of all optical confocal microscope (CM), and tactile stylus instrument (SI) height topography data combined with ARS light measurement
featuring 30 um and 900 pm lightspots. The topography data was processed profile-wise with a linear S-filtering (ISO 16610-21) N;; = 2.5um, a subtraction of a fitted
least squares straight line and L-filtering with a robust Gaussian filter of second order (ISO 16610-31), N;, = 1.285mm. The data of cylinder liners 1-3 is summarized.

what extent the fusion of height and angular information of surface a confocal microscope and an angular-resolved scattering light sensor
topography can provide improved insights into the functionality of were considered. In the evaluations, the following observations could be
workpieces. made:

To explore this, a case study involving 15 cylinder liners was con-
ducted, examining how each measurement method captures tribologi- (1) Generally, even though some features are transferred differently
cally relevant surface features. Measurements using a stylus instrument, and artefacts related to the physics of the measuring principles
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Fig. 19. Relative probability as function of the cumulative area in the phase-space diagram for different measuring principles and their combinations.
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occurred, in many cases similar height distributions and resulting
from that also similar surface texture parameters could be ob-
tained by both tactile and optical measurement. The reason is
that many parameters perform an averaging of the height dis-
tribution that can be robust to nonlinear effects, however also
results in the loss of information since the lateral scale is
neglected. This can in many circumstances reduce the informa-
tion content available in the height distribution or parameters
derived from it since with regard to the functional performance of
surfaces minor changes that can influence the tribological per-
formance not necessarily reflect in the height-based parameters.

(2) When the angular distributions and also the angular parameters
obtained by the stylus instrument and confocal microscope were
compared, more significant differences could be exposed as the
derivative is more sensitive with regard to minor changes in the
surface topography. Thus, often in functional characterization
the surface gradient or associated parameters are used for process
monitoring or comparison. When comparing the angular results
for the different applied measuring principles including a direct
measurement using the ARS sensor, it was shown that mostly, the
stylus measurement had a better agreement to the angular dis-
tributions measured by the ARS sensor.

(3) These findings suggest that for a meaningful functional evalua-
tion, it is beneficial to consider both the height and angular dis-
tribution of surface features. These two perspectives offer
complementary insights into how a surface behaves under
tribological stress.

(4) To better understand and model tribological processes, the use of
a phase-space representation was examined and recommended.
This approach allows to visualize and analyze the dynamic
interplay between surface geometry and functional behavior in a
more integrated and insightful way, also showing smaller de-
viations between different measurements, that for example many
surface texture parameters or a sole monitoring or comparison of
the height distribution cannot always expose. This visualization
of the probability of different classes in the phase-space demon-
strated that minor changes in both the height and angular dis-
tribution can be monitored and highlighted.

(5) Due to the challenges in numerical differentiation, it can also be
meaningful to combine the height distribution of a surface
topography measurement with the angular distribution of an ARS
light measurement into a multimodal phase-space representation
resulting in a better comparability and reproducibility of the
results.

(6) It could be illustrated that the phase-space representation can
expose changes in the state of the surface, that are also linked to
its tribological characteristics, using quantitative metrics that can
for example describe the area in the phase-space where a certain
probability value is exceeded. In future work, the quantitative

Appendix A. Profile surface texture parameters

Table 1
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correlation and connection to known tribological performance
metrics like friction coefficients will be examined.

The suggested phase-space representation introduces a novel visu-
alization that can represent minor changes in the height and angular
distribution in a compact diagram so that they can be detected easily. In
cases that only one of the distributions is affected in the context of a
tribological process, for example when the functionality changes, but
this is not reflected in the height distribution or its associated parame-
ters but only in the angular distribution, the fusion of information that is
inherent in this representation allows an efficient determination of a
change of state of the surface. The potential of this approach for the
monitoring of tribological processes will be explored further in future
work.
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95 % confidence intervals of profile surface texture parameters. The distributions of all 400 evaluated profiles (optical) and 125 evaluated profiles (tactile) are shown
for the cylinder liners 1-15. The amplitude-based parameters R,, Rq, Rsk, Riw Rt and attribute parameters based on peak heights and pit depths R, are displayed.

CL No. Ry/um CM Ry/um SI Rq/um CM Rq/pm SI Ryn/um CM Ryn/um SI Ry CM Ry SI Ryy Rxu Ry/um CM Ry/um SI
CcM SI

1 0.402 0.386 1.211 1.134 9.119 8.792 —5.816 —5.851 42.017 43.468 13.291 13.084

+ 0.158 +0.142 + 0.557 +0.477 +2.733 + 2.824 + 1.450 +1.721 + 24.288 + 28.905 + 4.878 + 5.409

2 1.229 1.411 1.657 1.864 10.779 12.236 0.597 —0.010 4.509 4.307 13.903 15.515

(continued on next page)
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Table 1 (continued)

CL No. Ry/um CM  Ry/umSI  Re/umCM  Rq/umSI  Ryn/umCM  Ry/umSI Ry CM Ry SI R R Ry/um CM  Ry/um SI
CM SI
+ 0.067 + 0.168 + 0.105 + 0.245 + 1.523 + 2.189 + 0.412 + 0.987 + 2.960 + 1.778 + 5.719 + 4.165
3 1.099 1.222 1.406 1.570 8.968 9.888 0.146 —0.440 3.542 4.567 11.103 12.956
+ 0.078 + 0.150 + 0.104 + 0.233 + 1.004 + 2.050 + 0.375 + 0.957 + 0.669 + 7.468 + 2.307 + 6.534
4 1.020 1.125 1.637 1.791 12.929 13.277 1.527 1.888 10.196 9.554 18.815 18.952
+ 0.231 + 0.182 + 0.372 + 0.333 + 2.758 + 2.530 + 1.130 + 1.068 + 10.539 + 4.706 + 6.086 + 5.836
5 0.397 0.397 0.521 0.522 3.584 3.908 -1.213 —-0.971 6.916 6.480 5.202 5.621
+0.022 +0.024 + 0.047 + 0.055 +0.924 +0.990 +1.256 +1.222 +19.383 +14.733 +3.511 + 3.262
6 0.599 0.623 0.940 0.930 6.540 6.037 —3.058 —2.640 16.574 14.091 9.599 8.914
+ 0.029 + 0.077 + 0.097 + 0.197 + 1.412 + 1.854 + 0.861 + 1.922 + 10.194 + 30.873 + 3.082 + 6.566
7 0.689 0.723 0.979 1.043 6.572 6.678 —2.224 —2.381 10.285 12.046 9.178 9.731
+ 0.032 + 0.065 + 0.101 + 0.198 +1.133 +2.126 + 1.194 +1.731 + 16.634 + 22.627 + 4.127 + 6.491
8 0.841 1.134 1.573 1.867 9.023 10.340 —3.055 —2.767 12.292 10.980 12.242 14.280
+ 0.063 + 0.442 + 0.156 + 0.377 + 2.295 + 3.006 + 0.514 + 0.958 + 5.369 +7.730 + 4.080 + 6.183
9 0.864 0.843 1.654 1.566 10.406 9.023 —4.147 —3.194 27.967 14.259 17.174 13.018
+ 0.088 + 0.190 + 0.355 + 0.310 + 3.778 + 2.420 + 2.427 + 1.017 + 42.307 + 12.235 + 10.817 + 6.084
10 0.738 0.855 1.308 1.432 7.055 7.670 —2.874 —2.743 10.887 10.136 9.257 10.059
+0.028 + 0.244 + 0.070 +0.237 +0.928 +1.365 +0.313 + 0.668 + 3.165 + 6.000 + 2.094 +3.173
11 0.293 0.236 0.412 0.451 3.314 4.304 —2.322 —5.058 16.770 47.913 5.259 6.851
+ 0.023 + 0.070 + 0.065 + 0.234 + 0.986 + 1.901 + 1.540 + 4.097 + 21.203 + 88.160 + 2.195 + 5.463
12 0.392 0.408 0.810 0.825 5.349 6.008 —4.144 —4.074 25.615 25.616 8.554 9.286
+ 0.035 + 0.073 + 0.191 + 0.272 + 1.629 + 2.158 + 2.251 + 2.253 + 40.845 + 37.166 + 6.625 + 6.784
13 0.415 0.571 0.899 1.306 6.468 8.623 —3.947 —4.447 22.036 28.802 9.401 14.033
+ 0.040 + 0.183 + 0.156 + 0.551 + 1.607 + 3.249 + 1.411 + 2176 + 24.174 + 31.150 + 4.544 + 8.728
14 0.468 0.475 0.956 1.019 6.299 7.328 -3.577 —4.166 16.811 26.014 8.675 11.418
+ 0.040 + 0.116 + 0.116 + 0.381 +1.117 + 3.238 + 0.670 + 1.993 + 9.913 + 30.131 + 3.318 + 7.881
15 0.382 0.436 0.569 0.647 4.556 5.158 -3.197 —2.818 31.995 20.703 8.295 8.139
+0.019 +0.038 +0.135 +0.148 +1.797 +1.673 + 4.274 + 2.952 + 86.722 + 51.046 +7.101 + 5.879
Table 2

95 % confidence intervals of profile surface texture parameters. The distributions of all 400 evaluated profiles (optical) and 125 evaluated profiles (tactile) are shown
for the cylinder liners 1-15. The hybrid parameters Rqq, Rdv, Rd, Rda are displayed.

CL No. Raq CM Raq SI R4 CM Rac ST Rai/um CM Ray/um ST Rga CM Raa SI
1 0.165 0.076 2.487 1.291 12,592 12,568 0.091 0.029
+0.050 +0.015 +1.254 +0.422 + 48 +26 +0.014 +0.004
2 0.284 0.179 1.615 1.335 12,804 12,880 0.260 0.096
+0.013 +0.016 +1.104 +0.297 +21 465 +0.009 +0.009
3 0.323 0.184 1.456 1.229 12,894 12,902 0.307 0.101
+0.010 +0.013 + 0.594 +0.274 +22 +55 +0.009 +0.007
4 0.201 0.112 2.097 1.340 12,649 12,649 0.161 0.054
+0.025 +0.009 +1.387 +0.300 +32 +22 +0.014 +0.004
5 0.120 0.072 0.727 0.678 12,557 12,564 0.106 0.037
+0.009 + 0.004 +0.518 +0.333 +8 +7 +0.008 +0.002
6 0.144 0.076 1.519 0.977 12,580 12,570 0.119 0.036
+0.014 +0.007 +0.995 +0.530 +12 +11 +0.005 +0.002
7 0.157 0.085 1.565 1.017 12,593 12,588 0.130 0.042
+0.015 +0.008 +1.086 +0.470 +13 +15 +0.007 +0.003
8 0.181 0.114 1.967 1.383 12,620 12,656 0.128 0.052
+0.024 +0.024 +1.149 +0.337 +25 + 64 +0.009 +0.013
9 0.219 0.100 3.086 1.283 12,661 12,620 0.160 0.045
+ 0.060 +0.012 +2.538 +0.333 +57 +26 +0.013 +0.006
10 0.165 0.101 1.413 1.124 12,602 12,623 0.118 0.045
+0.009 +0.016 + 0.605 +0.340 +10 +37 + 0.004 +0.010
11 0.100 0.058 0.806 0.823 12,539 12,542 0.087 0.029
+0.007 +0.011 +0.494 +0.498 +5 +15 +0.005 +0.004
12 0.125 0.072 1.486 1.066 12,558 12,564 0.091 0.033
+0.047 +0.010 +1.881 +0.425 +31 +16 +0.009 +0.003
13 0.141 0.095 1.530 1.290 12,574 12,607 0.092 0.038
+0.020 +0.015 +1.143 + 0.427 +16 +32 +0.005 +0.007
14 0.141 0.080 1.317 1.200 12,575 12,577 0.092 0.031
+0.011 +0.014 + 0.665 +0.513 +10 +26 + 0.006 +0.004
15 0.116 0.071 1.390 0.951 12,551 12,561 0.098 0.036
+0.023 + 0.006 +1.591 +0.520 +14 +10 +0.007 +0.002
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Table 3

95 % confidence intervals of profile surface texture parameters. The distributions of all 400 evaluated profiles (optical) and 125 evaluated profiles (tactile) are shown
for the cylinder liners 1-15. The parameters based on profile elements: R, count (no. of profile elements), Rsm, Re, Remax and the attribute parameters Rpmax, Rymax are
displayed.

CL Ry count Rgm count Rgm/pm Rgm/pm R/um Rc/pm Remax/1m Remax/um Rpmax/um Rpmax/um Rymax/um Rymax/um
No. CM SI CM SI CM SI CM SI CM SI CM SI
1 38.35 44.90 0.311 0.267 4.111 3.649 12.627 12.242 1.177 1.333 —12.103 -11.731
+ 10.68 +12.79 + 0.088 + 0.076 + 1.496 + 1.245 + 4.771 + 5.398 + 0.617 +0.911 + 4.798 + 5.410
2 155.43 167.38 0.079 0.074 4.319 4.749 10.945 12.378 7.741 7.289 —6.163 —8.225
+ 18.10 + 22.94 + 0.009 + 0.010 + 0.306 + 0.716 + 4.150 + 3.934 + 4.367 + 2.540 + 2.404 + 3.945
3 231.26 216.71 0.053 0.057 3.477 3.878 8.879 10.407 5.768 5.332 —5.334 —7.608
+ 28.30 + 28.10 + 0.007 + 0.007 + 0.248 + 0.523 + 2.065 + 6.042 + 1.859 + 1.769 + 1.422 +6.124
4 75.97 79.44 0.157 0.151 4.590 4.650 13.952 14.110 10.164 10.470 —8.652 —8.334
+ 15.16 +17.18 + 0.033 + 0.033 + 0.986 + 0.814 + 5.747 + 5.056 + 5.673 + 3.687 + 2.645 + 4.644
5 215.71 232.74 0.057 0.053 1.389 1.420 4.215 4.354 1.777 2.337 —3.425 —3.284
+ 24.49 + 29.07 + 0.007 + 0.007 + 0.135 + 0.135 + 3.429 + 2.885 + 0.859 + 1.804 + 3.421 + 2.641
6 109.38 129.80 0.111 0.095 2.320 2.260 8.882 8.223 1.396 1.318 —8.197 —7.539
+ 13.43 + 22.58 + 0.014 + 0.017 + 0.234 + 0.360 + 3.116 + 6.498 + 0.289 +0.277 + 2.927 + 6.486
7 126.62 137.02 0.097 0.090 2.448 2.515 8.215 8.965 1.689 1.649 —7.489 —8.079
+ 15.99 + 23.54 + 0.013 + 0.017 + 0.217 + 0.422 + 3.957 + 6.464 + 0.306 + 0.868 + 4.091 + 6.552
8 93.91 105.85 0.130 0.117 3.284 3.950 11.640 13.611 1.043 1.324 —11.199 —12.925
+ 13.08 + 19.50 + 0.019 + 0.022 + 0.493 + 1.035 + 4.021 + 6.017 + 0.623 + 1.332 + 4.018 + 5.844
9 96.58 102.03 0.128 0.121 3.451 3.282 16.600 12.382 1.259 0.988 —15.913 —11.937
+ 24.41 + 22.66 + 0.032 + 0.029 + 0.853 + 0.588 + 10.840 + 5.906 + 0.669 + 0.901 + 10.722 + 5.841
10 115.25 135.89 0.107 0.092 2.641 2.845 9.017 9.745 0.499 0.638 —8.758 —9.404
+12.45 + 29.02 + 0.011 + 0.020 + 0.215 + 0.417 + 2.108 + 3.036 + 0.258 + 0.823 + 2.107 + 2.989
11 147.80 173.90 0.084 0.078 1.058 1.159 4.479 6.084 1.294 1.172 —3.965 —5.674
+ 39.23 + 109.59 + 0.027 + 0.062 + 0.207 + 0.613 +2.113 + 5.388 + 0.383 + 0.898 + 2.130 + 5.364
12 98.06 114.02 0.125 0.108 1.934 2.033 8.047 8.604 0.859 1.068 —7.677 —8.218
+ 20.75 + 30.67 + 0.026 + 0.030 + 0.380 + 0.529 + 6.544 + 6.746 + 0.456 + 1.335 + 6.518 + 6.727
13 79.21 86.50 0.151 0.141 2.485 3.056 8.540 12.992 1.137 1.288 —8.244 —-12.690
+ 13.98 + 25.10 + 0.027 + 0.041 + 0.394 + 0.756 + 4.688 + 8.859 + 1.223 +1.781 + 4.695 + 8.828
14 70.18 67.84 0.172 0.178 2.689 2.930 7.876 10.403 1.083 1.213 —7.510 —10.005
+9.21 + 13.36 + 0.023 + 0.036 + 0.302 + 0.755 + 3.189 + 7.449 + 0.853 + 1.761 + 3.241 +7.371
15 159.81 162.42 0.078 0.077 1.452 1.658 7.314 7.223 1.625 1.591 —6.666 —6.545
+ 43.44 + 42.89 + 0.023 + 0.023 + 0.298 + 0.314 + 6.986 + 5.874 + 1.197 + 0.559 + 7.027 + 5.865
Table 4

95 % confidence intervals of profile surface texture parameters. The distributions of all 400 evaluated profiles (optical) and 125 evaluated profiles (tactile) are shown
for the cylinder liners 1-15. The parameters for stratified surfaces using the material ratio curve: Ry, Rpk, Ryk are displayed.

CL No. Ryx/um CM Ry/um SI Rpk/um CM Rpk/um SI Ry/pum CM Ryx/um SI
1 0.465 0.452 0.251 0.265 3.292 2.978
+0.034 + 0.062 + 0.057 + 0.100 +1.721 + 1.300
2 3.095 3.820 2.329 2.165 1.825 2.399
+0.275 + 0.652 + 0.309 + 0.396 + 0.296 + 0.809
3 3.419 3.822 1.551 1.432 1.426 1.834
+0.293 + 0.494 +0.310 + 0.441 +0.170 + 0.508
4 1.937 2.204 3.086 3.438 2.229 1.988
+0.290 +0.348 + 0.847 + 0.833 + 0.529 + 0.704
5 1.192 1.193 0.354 0.411 0.724 0.707
+ 0.097 + 0.081 + 0.068 +0.101 + 0.085 +0.130
6 1.476 1.557 0.341 0.300 1.807 1.705
+0.124 +0.192 + 0.084 + 0.093 +0.211 + 0.405
7 1.850 1.913 0.367 0.349 1.662 1.815
+0.150 +0.179 + 0.098 + 0.096 + 0.204 + 0.439
8 0.838 1.544 0.193 0.218 3.235 3.555
+0.072 +1.619 + 0.068 + 0.200 + 0.266 + 0.557
9 1.155 0.835 0.235 0.162 3.088 3.132
+ 0.087 + 0.242 + 0.047 +0.104 + 0.445 + 0.440
10 0.692 0.860 0.073 0.082 2.528 2.756
+0.083 + 0.537 + 0.022 + 0.098 + 0.130 + 0.399
11 0.860 0.542 0.270 0.204 0.613 0.906
+ 0.064 + 0.061 + 0.057 + 0.051 + 0.146 + 0.541
12 0.588 0.598 0.179 0.182 1.830 1.780
+ 0.047 + 0.068 + 0.062 + 0.075 + 0.235 + 0.413
13 0.463 0.480 0.191 0.221 2.083 2.643
+ 0.030 + 0.099 + 0.094 +0.183 + 0.257 + 0.747
14 0.598 0.536 0.218 0.215 2.207 2.145
+ 0.047 + 0.077 +0.129 + 0.237 + 0.242 + 0.580
15 1.046 1.182 0.311 0.331 0.946 1.120
+ 0.060 + 0.096 + 0.069 + 0.065 +0.184 + 0.276
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Table 5

95 % confidence intervals of profile surface texture parameters. The distributions of all 400 evaluated profiles (optical)
and 125 evaluated profiles (tactile) are shown for the cylinder liners 1-15. The attribute parameters based on peak
heights and pit depths Ry, Ry are displayed.

CL No. Ry/um CM Ry/pum ST Ry/um CM Ry/um SI
1 0.824 0.896 8.299 7.911
+0.239 +0.359 +2.708 +2.816
2 5.986 5.875 4.793 6.378
+1.212 +1.211 +0.724 +1.990
3 4.681 4.380 4.287 5.516
+0.956 +1.004 + 0.560 +1.609
4 7.237 7.783 5.693 5.524
+1.870 +1.939 +1.578 +1.822
5 1.360 1.631 2.226 2.277
+0.333 +0.472 +0.847 +0.809
6 1.200 1.130 5.375 4.908
+0.170 +0.144 v1.312 v1.842
7 1.442 1.395 5.140 5.285
+0.166 +0.221 +1.104 +2.133
8 0.745 1.061 8.284 9.286
+0.189 +0.967 +2.265 + 2.662
9 0.999 0.714 9.407 8.319
+0.216 +0.356 +3.786 +2.356
10 0.406 0.494 6.650 7.188
+0.077 +0.384 +0.936 1 1.241
11 1.044 0.826 2.276 3.484
+0.180 +0.267 +0.915 +1.873
12 0.665 0.713 4.684 5.303
+0.233 +0.323 +1.542 +2.147
13 0.655 0.690 5.817 7.949
+0.335 + 0.466 +1.661 +3.310
14 0.684 0.699 5.615 6.641
+0.265 +0.438 +1.124 +3.128
15 1.185 1.274 3.375 3.889
+0.316 +0.240 +1.732 +1.679

Table 6
95 % confidence intervals of angular ARS light parameters. The distributions of all 62,500 evaluation positions per cylinder liner are shown for the 900 pm lightspot
and 30 um lightspot each. The statistical moments variance, skewness and kurtosis of the angular distribution Ag, Agy, Ak, are shown.

CL No. Aq — 30 ym Aq — 900 um Ag — 30 ym Age — 900 pm Agy — 30 pm Aga — 900 pm
1 33.733 35.532 0.072 0.055 3.734 3.263
+ 22523 +3.111 +£0.778 +0.081 +2.107 +0.186
2 86.518 77.468 0.200 0.139 2.500 2.174
+71.004 +57.268 +1.392 +1.050 +2.713 +1.627
3 86.702 83.711 0.014 0.020 2.007 2.062
+16.378 +5.387 +0.310 +0.079 +0.328 +0.085
4 95.636 97.482 ~0.028 0.023 1.862 1.864
+10.181 +4.193 £0.191 +0.061 +0.163 +0.051
5 36.881 79.390 0.032 —0.407 3.309 2.160
+16.861 +18.261 +0.552 +0.307 +1.208 +0.448
6 34.300 35.173 0.077 0.021 3.574 3.332
+ 18.007 +2.524 +0.599 +0.065 +1.433 +0.159
7 40.301 40.886 0.101 0.046 3.101 3.003
+15.511 +4.195 +0.471 +0.092 +0.906 +0.196
8 56.250 56.618 ~0.070 ~0.079 2.607 2.502
+ 20.307 4 7.090 +0.572 +0.165 +0.886 +0.209
9 43.971 47.012 0.249 0.224 3.145 2.867
+20.339 +10.362 +0.481 +0.185 +1.218 +0.498
10 32.929 31.078 0.283 0.171 4518 4.056
+29.031 +7.083 +0.635 +0.076 +4.284 +0.705
11 49.913 54.542 0.284 0.235 2.834 2.581
+15.846 +12.053 +£0.358 +0.175 +0.719 +0.393
12 35.073 36.729 0.259 0.209 3.453 3.249
+ 8.802 + 4.642 +0.259 +0.106 +0.654 +0.276
13 38.963 41.028 0.131 0.068 3.326 3.065
+ 22,050 +9.574 +£0.513 +0.093 + 1.461 +0.443
14 28.288 29.428 0.231 0.140 3.823 3.645
+11.451 +4.796 +0.295 +0.098 +0.950 +0.339
15 42,540 45.548 0.249 0.167 3.196 2.845
+22.422 +5.853 +0.632 +0.108 +1.532 +0.252
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Appendix B. Additional angular distributions
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Fig. 20. Angular distributions of all optical confocal microscope (CM), and tactile stylus instrument (SI) height topography data. The topography data was processed
profile-wise with a linear S-filtering (ISO 16610-21) N;; = 2.5um, a subtraction of a fitted least squares straight line and L-filtering with a robust Gaussian filter of
second order (ISO 16610-31), Nj;, = 1.285mm. Additionally, the directly measured angular distributions using the ARS light sensor featuring lightspot diameters of

900 pym and 30 pym are shown. The data of cylinder liners 10-12 is summarized.
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Fig. 21. Angular distributions of all optical confocal microscope (CM), and tactile stylus instrument (SI) height topography data. The topography data was processed
profile-wise with a linear S-filtering (ISO 16610-21) N;; = 2.5um, a subtraction of a fitted least squares straight line and L-filtering with a robust Gaussian filter of
second order (ISO 16610-31), Ny, = 1.285mm. Additionally, the directly measured angular distributions using the ARS light sensor featuring lightspot diameters of

900 pym and 30 um are shown. The data of cylinder liners 13-15 is summarized.

Appendix C. Additional phase-space representations
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Cylinder liner 9 - CM
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Fig. 22. Phase-space plot of all optical confocal microscope (CM), and tactile stylus instrument (SI) height topography data. The topography data was processed
profile-wise with a linear S-filtering (ISO 16610-21) N;; = 2.5um, a subtraction of a fitted least squares straight line and L-filtering with a robust Gaussian filter of

second order (ISO 16610-31), Ny, = 1.285mm. The data of cylinder liners 7-9 is summarized.
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Fig. 23. Phase-space plot of all optical confocal microscope (CM), and tactile stylus instrument (SI) height topography data. The topography data was processed
profile-wise with a linear S-filtering (ISO 16610-21) N;; = 2.5pum, a subtraction of a fitted least squares straight line and L-filtering with a robust Gaussian filter of

second order (ISO 16610-31), Ny = 1.285mm. The data of cylinder liners 10-12 is summarized.
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Fig. 24. Phase-space plot of all optical confocal microscope (CM), and tactile stylus instrument (SI) height topography data. The topography data was processed
profile-wise with a linear S-filtering (ISO 16610-21) N;; = 2.5um, a subtraction of a fitted least squares straight line and L-filtering with a robust Gaussian filter of

second order (ISO 16610-31), Ny, = 1.285mm. The data of cylinder liners 13-15 is summarized.
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Appendix D. Additional phase-space representations under consideration of ARS measurements

CL4 - CM vs. ARS 900 ym

CL4 - Sl vs. ARS 30 pm
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Fig. 25. Phase-space plot of all optical confocal microscope (CM), and tactile stylus instrument (SI) height topography data combined with ARS light measurement
featuring 30 pm and 900 pm lightspots. The topography data was processed profile-wise with a linear S-filtering (ISO 16610-21) , a subtraction of a fitted least
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squares straight line and L-filtering with a robust Gaussian filter of second order (ISO 16610-31), . The data of cylinder liners 4-6 is summarized.
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Fig. 26. Phase-space plot of all optical confocal microscope (CM), and tactile stylus instrument (SI) height topography data combined with ARS light measurement
featuring 30 pm and 900 pm lightspots. The topography data was processed profile-wise with a linear S-filtering (ISO 16610-21) , a subtraction of a fitted least
squares straight line and L-filtering with a robust Gaussian filter of second order (ISO 16610-31), . The data of cylinder liners 7-9 is summarized.
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Fig. 27. Phase-space plot of all optical confocal microscope (CM), and tactile stylus instrument (SI) height topography data combined with ARS light measurement
featuring 30 pm and 900 pm lightspots. The topography data was processed profile-wise with a linear S-filtering (ISO 16610-21) , a subtraction of a fitted least
squares straight line and L-filtering with a robust Gaussian filter of second order (ISO 16610-31), . The data of cylinder liners 10-12 is summarized.
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Fig. 28. Phase-space plot of all optical confocal microscope (CM), and tactile stylus instrument (SI) height topography data combined with ARS light measurement
featuring 30 um and 900 pm lightspots. The topography data was processed profile-wise with a linear S-filtering (ISO 16610-21) , a subtraction of a fitted least
squares straight line and L-filtering with a robust Gaussian filter of second order (ISO 16610-31), . The data of cylinder liners 13-15 is summarized.
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Appendix E. Quantitative comparisons of phase-space representations

Table 7
Cumulative areas in the phase-space featuring a relative probability larger than 10" and 10 for the different types of phase-space plots — CM confocal measurement —
SI stylus instrument — CM vs. ARS 30 um, CM vs. ARS 900 um - height distribution of CM combined with ARS angular measurement, SI vs. ARS 30 um, SIvs. ARS 900 pm

— height distribution of SI combined with ARS angular measurement.

Measurement 266 (2026) 120339

CL App*=10%) App*=10%
No. CM SI CM vs. ARS CM vs. ARS SIvs. ARS SIvs. ARS CM SI CM vs. ARS CM vs. ARS SIvs. ARS SI'vs. ARS
30 um 900 pm 30 ym 900 um 30 um 900 pm 30 ym 900 um
1 65.2 17.3 41.5 42.3 23.0 22.8 332.6 58.0 158.7 159.5 77.4 77.7
2 577.6  230.0 163.4 133.0 104.6 85.5 1338.1 759.0 3824 330.8 296.5 256.5
3 647.1 2231 171.2 169.4 107.5 104.6 1359.2 630.6 335.3 336.6 241.6 242.8
4 270.6 94.1 127.6 128.1 78.2 78.5 948.0 374.7 367.4 365.0 249.6 249.1
5 87.8 27.1 44.5 57.6 25.5 325 241.0 95.2 111.9 120.5 74.6 81.0
6 159.7 32.7 62.9 62.3 36.9 36.9 424.3 127.4  160.1 160.9 112.9 113.1
7 201.0 433 80.0 79.1 43.0 42.9 489.1 159.2 1894 190.0 127.4 127.4
8 139.9 75.9 76.8 77.2 63.7 64.0 572.8 3235 2341 234.8 213.7 213.5
9 3148 57.5 97.9 101.6 51.1 51.7 825.5 247.3 2479 250.3 160.1 163.2
10 1331 51.7 61.3 64.1 41.1 42.6 497.9 2326 1825 187.0 137.5 141.3
11 63.2 18.0 38.3 39.6 19.6 20.3 227.4 50.8 92.3 94.1 48.3 48.6
12 65.0 20.8 41.1 41.6 23.0 23.3 273.1 99.3 128.3 129.8 78.6 79.7
13 41.9 24.7 33.4 33.9 30.1 30.3 251.5 178.7 117.3 119.9 115.6 118.6
14 50.3 18.6 38.4 39.2 24.0 24.1 321.3 1145 130.3 132.3 87.7 89.2
15 79.5 321 47.0 47.3 28.7 29.2 207.6 99.7 109.5 110.4 81.7 82.8
Table 8

Cumulative areas in the phase-space featuring a relative probability larger than 10> and 10°® for the different types of phase-space plots — CM confocal measurement —
SI stylus instrument — CM vs. ARS 30 um, CM vs. ARS 900 pm — height distribution of CM combined with ARS angular measurement, SI vs. ARS 30 um, SIvs. ARS 900
um — height distribution of SI combined with ARS angular measurement.

CL Ap*=10%) Ap*=10%)
No. CM SI CM vs. ARS CM vs. ARS SIvs. ARS SIvs. ARS CcM SI CM vs. ARS CM vs. ARS SIvs. ARS SIvs. ARS
30 ym 900 um 30 ym 900 um 30 um 900 um 30 um 900 pm

1 1666.8 380.7  448.0 450.7 245.4 247.0 3229.6 1035.1  719.2 719.6 446.4 446.4

2 2118.8 1363.0 5423 497.8 451.9 412.0 3441.0 20228 741.1 708.7 615.3 615.3

3 2044.8 1017.2 486.9 488.3 341.2 340.2 2812.2 1526.8 585.8 584.0 459.8 459.8

4 2376.8 1012.7 725.6 725.1 488.5 488.5 4016.0 2091.3 919.6 917.2 776.9 776.9

5 443.1 1929 154.7 158.8 115.0 120.2 722.1 348.8  207.4 209.3 167.4 167.4

6 842.2 284.6 278.5 279.0 180.7 180.8 2023.6 545.5 474.1 476.5 272.7 272.7

7 1152.4 320.7 309.8 311.9 194.7 194.8 2049.2 612.4  455.6 457.5 285.0 285.0

8 1226.7 799.6  357.6 358.0 372.4 371.9 2328.8 1589.7  550.2 551.3 545.0 545.0

9 2064.6 616.1  460.0 467.4 295.4 297.8 4127.3 13099  828.1 830.9 470.0 470.0

10 1270.4 513.4 326.4 330.6 235.7 237.8 1947.9 900.7  458.7 462.2 328.9 328.9

11 505.1 149.6  157.8 158.4 114.8 116.8 863.8 371.5 2423 244.9 194.9 194.9

12 710.3 2745 2349 238.0 168.3 169.7 1392.4 602.9  383.3 387.4 274.5 274.5

13 780.2 486.9  255.5 258.3 241.9 243.8 1489.3 12355 385.2 387.0 493.9 493.9

14 887.7 379.8 2733 276.1 191.0 194.4 1496.4 849.0  390.3 392.8 353.5 353.5

15 407.0 2146 167.5 168.6 139.2 140.1 1052.4 479.9  302.0 304.1 230.3 230.3

Data availability [7] 1SO 25178-603: Geometrical product specifications (GPS) - Surface texture: Areal -
Part 603: Nominal characteristics of non-contact (phase-shifting interferometric
microscopy) instruments (ISO 25178-603:2013), 2013.

Data will be made available on request. [8] A. Walid, M. Eifler, Common Practices and Methodologies in scientific Functional
characterization of surface topography, Metrology 5 (2) (2025) 33, https://doi.
0rg/10.3390/metrology5020033.
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