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Abstract: There are many factors influencing the accuracy of surface topography measurement
results: one of them is the vibrations caused by the high-frequency noise occurrence. It is extremely
difficult to extract results defined as noise from the real measured data, especially the application of
various methods requiring skilled users and, additionally, the improper use of software may cause
errors in the data processing. Accordingly, various thresholding methods for the minimization of
errors in the raw surface topography data processing were proposed and compared with commonly
used (available in the commercial software) techniques. Applied procedures were used for the
minimization of errors in the surface topography parameters (from ISO 25178 standard) calculation
after the removal and reduction, respectively, of the high-frequency noise (S-filter). Methods were
applied for analysis of the laser-textured surfaces with a comparison of many regular methods,
proposed previously in the commercial measuring equipment. It was found that the application of
commonly used algorithms can be suitable for the processing of the measured data when selected
procedures are provided. Moreover, errors in both the measurement process and the data processing
can be reduced when thresholding methods support regular algorithms and procedures. From
applied, commonly used methods (regular Gaussian regression filter, robust Gaussian regression
filter, spline filter and fast Fourier transform filter), the most encouraging results were obtained for
high-frequency noise reduction in laser-textured details when the fast Fourier transform filter was
supported by a thresholding approach.

Keywords: laser texturing; surface texture; surface topography measurement; data analysis; data
processing errors; thresholding

1. Introduction

Currently, the mechanical behaviour of machined parts is often improved by different
manufacturing techniques. Much popular surface finishing uses laser-based methods,
and laser surface texturing (LST) is a common example. LST is a surface engineering
process used to improve tribological characteristics of materials, by creating patterned
microstructures on the mechanical contact surface [1]. LST by dimpling has been shown
analytically and experimentally to enhance the mixed, hydrodynamic, and hydrostatic
lubrication of conformal sliding components to improve their load-carrying capacity, higher
wear resistance, and lower friction coefficients; these were observed in LST mechanical
seals and thrust bearings and presented in many scientific works previously [2].

In general, when tribological issues are considered, the laser-textured surfaces showed
less friction than surfaces manufactured by conventional honing [3]. The introduction of
laser texturing caused lower engine oil consumption compared to conventional honed
structures [4]. Cylinder liners co-act with piston rings, and the benefits of applying LST to
piston ring surfaces were demonstrated theoretically and experimentally [5]. The results
of the work showed a reduction in friction force of about 30% by ring surface texturing
in comparison to untextured rings under lubrication conditions [6]. The potential of LST

Materials 2022, 15, 5137. https:/ /doi.org/10.3390/mal5155137

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma15155137
https://doi.org/10.3390/ma15155137
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-1699-3137
https://doi.org/10.3390/ma15155137
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma15155137?type=check_update&version=2

Materials 2022, 15, 5137

2 of 21

was also evaluated regarding surface wettability [7], superhydrophobicity [8] or achieving
extreme surface wetting behaviours [9]. The influences of preparation methods and texture
density on the tribological properties of coatings were also investigated, and research results
show that a thicker and denser coating has better adhesion with the textured steel substrate
when fabricated by this combination technology, which results in excellent tribological
properties [10]. A textured surface can improve anti-friction and anti-wear abilities [11].

In addition, laser-based additive manufacturing has attracted much attention as a
promising 3D printing method for metallic components in recent years. The surface
roughness of additive manufactured components has been considered a challenge to
achieve high performance [12]. The tribological performance of laser-textured aluminium
alloy was studied in unidirectional sliding tests under boundary lubrication; these showed
that the tribological property of aluminium alloy is critical for its reliable operation in
practical applications. It was found that the beneficial effects of LST are more pronounced
at higher speeds and loads with higher viscosity oil [13]. Generally, the potential of a
multi-dimple textured surface as a viable engineering surface for friction reduction and
extending wear life was improved in many previous studies [14].

Precise studies of the LST surface topography measurement process can influence
the tribological performance applications like friction [15], sealing [16], lubricant reten-
tion [17], wear [18] or wear resistance [19], corrosion [20], fatigue [21] or, generally, material
contact [22] and material properties. In general, the surface topography analysis can be
roughly divided into measurement and data analysis processes [23]. Each part of the
surface topography study, simultaneously, can be fraught with many factors influencing
the accuracy of the analysis. It was found that even when precise measurement techniques
(device) were applied, the processes of raw measured data were selected inappropriately
and the accuracy of the surface topography assessment was lost [24].

Generally, all of the measurement errors can be selected into those directly related to
the measuring methods [25], caused by the digitisation [26] or data processing [27], soft-
ware [28], object measuring [29] or other errors [30]. Furthermore, those errors found when
the measurement process occurs are defined as noise [31], or in particular, measurement
noise [32]. In general, measurement noise can be defined as the noise added to the output
signal when the normal use of the measuring instrument occurs [33]. There are many types
of measurement noise [34] in surface topography studies, considering both stylus and
non-contact techniques. It was found that various types of environmental disturbances can
introduce noise in different bandwidths [35]. One of the types of errors caused by the envi-
ronment of the measuring system is high-frequency noise (HFN) [36]; this can be caused
by instability of the mechanics with any influences from the environment or by internal
electrical noise, but in most cases the HFN is the result of vibration [37] and, simultaneously,
in real measurement, this can greatly affect the stability of slope estimation [38].

Some strategies were tried to reduce vibration noise by minimising vibration sources,
isolating those sources or, correspondingly, isolating the instrument [39], optimising the
mechanical structure of the instrument [40], and compensating for the vibrational effect,
like a piezoelectric transducer [41]. Moreover, some extensive studies of environmental
noise, such as thermal variation and vibration, in the definition of the accuracy of in-process
measurement results, seem to be challenging to develop [42]. However, considering the
measured data, it is extremely difficult to state that the received data is, in fact, raw [43].

Many research items have presented a comprehensive analysis of surface topography
and errors received when studying its properties. Parametric description [44] found a
wide range of applications in many studies, even if it requires mindful users. The power
spectral density (PSD) function is very useful in surface metrology. Even though this
technique contains plenty of limitations, many benefits belong to its application when
dry and MCQL processes are considered; it was found possible to characterize turning
regarding applied cooling methods, by qualitative and quantitative comparison of this
function for the inspected surface [45]. PSD characterisation can be especially useful when
a parametric description is ambiguous, like Rk (from ISO 13565-2) or Rq (ISO 13565-3)
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parameters, compared with considering their practical significance and sensitivity to mea-
surement errors [46]. Alternatively, for areal details, the Sk group parameters analysis can
be extremely useful for the description of the functional importance of surface topography
consideration [47], like in honed cylinder liner surface texture studies.

From the above, even in many published papers on surface topography measurement
and data analysis, there is a lack of full response on how to deal with the high-frequency
measurement noise when LST details are considered. Moreover, general, commonly used
algorithms and procedures (e.g., those from the commercial software) can be supported by
various thresholding methods, so consequently, guidance on how they should be applied is
also required.

For that matter, the main purpose of this paper is to select the appropriate, widely
available (e.g., in commercial software) procedure to reduce the influence of data processing
errors for surface topography analysis when high-frequency measurement noise is consid-
ered. Reduction in errors in received data studies can cause, correspondingly, an inaccurate
analysis of the surface tribological features. Moreover, detailed studies of high-frequency
errors were not previously provided for LST details.

2. Materials and Methods
2.1. Analysed Details

Reduction in the effect of data processing errors was considered for a laser-textured
surface. Surfaces with a different angle of laser texturing process were studied, e.g., 30°,
60°,90° and 120°. The average depth of the LST features was around 50 um for each type
of detail studied, and the distance between each of the LST features was around 0.5 mm,
on average. Examples of analysed surfaces were presented in Figure 1, where contour map
plots (a,d), isometric views (b,e) and material ratio curves (c,f) were introduced.
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Figure 1. Contour map plots: (a,d), isometric views; (b,e) and their material ratio curve graphs;
(c,f) of 30° (a—c) and 60° (d—f) LST; measured with a stylus equipment.
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All of the studied details were provided with an areal form removal process as a
preliminary data analysis. Types of procedures for the extraction of long-frequency com-
ponents (definition of an L-surface) from the raw measured data were widely studied in
previous papers [48], so they were not currently examined. The selection of a method
for defining an appropriate reference plane was already widely studied and presented,
by the author as well. Providing an areal form (shape and waviness) removal process
caused the studied details to be generally flat. Nevertheless, the accuracy of form and
waviness removal on the results obtained was not considered. If the surface contained
other measurement errors, like non-measured points [49] or spikes (individual peaks [50]),
they were extracted and, respectively, removed from the measured data.

More than 10 surfaces from each type of LST detail (with a different LST angle) were
measured and studied, but only some of them were presented in detail. Furthermore, all
the studies were substantially improved with modelled data and compared with those
measured to define some general guidance.

2.2. Measurement Process

Analysed details were measured by different techniques, stylus and optical. The first in-
strument was Talyscan 150 with a nominal tip radius of 2 um, containing a height resolution
of about 10 nm. The measured area was 5 by 5 mm with, respectively, 1000 x 1000 measured
points and the sampling interval equal to 5 pm. The measurement velocity was 1 mm/s
and so its influence on the results presented was not studied; that was carefully considered
in previous detailed studies and was not the subject of the current research.

The non-contact measurement device was a white light interferometer, Talysurf CCI
Lite with a height resolution equal to 0.01 nm. The measured area was 3.35 by 3.35 mm
with 1024 x 1024 measured points, proportionately, with a spacing equal to 3.27 pm. The
effect of both sampling and spacing on values of areal surface texture parameters was not
analysed in this paper.

2.3. Applied Methods

Generally, the approaches proposed in current studies can be divided according to
their performance that the process of reduction in the influence of an HFN can be separated
into processes of detection and reduction qualifications. From that fact, selected procedures
can be classified as those relevant in the detection operations and, simultaneously, those
providing accurate noise reduction results.

It was found in many previous studies that the application of both profile (2D) and
an areal (3D) analysis may provide more accurate results considering noise detection than
using them separately; profile estimation was more relevant for a honed cylinder liner
analysis when an HFN was separated.

The general purpose of the current study was to use commonly used, available com-
mercial software and techniques to detect and reduce the HFN and provide some guidance
for a regular user. Very valuable in an HFN analysis are power spectral density (PSD) and
autocorrelation function (ACF) techniques. PSD, in its two-dimensional form, has been des-
ignated as the preferred quantity for specifying surface roughness on a draft international
drawing standard for surface texture [51]. Generally, the PSD scheme, which is based on
Fourier analysis [52], was introduced to distinguish the scale-dependent smoothing effects,
resulting in a novel qualitative and quantitative description of surface topography [53].
Secondly, the ACF assessment provides practical advice regarding the autocorrelation
length and its properties as a function of surface irregularities. Comparatively, both ACF
and PSD are related to the frequency or, simplifying, spectral analysis; nevertheless, ACF
can be more relevant for the study of irregular textures and PSD for the analysis of periodic
surfaces [54].

Often used, nevertheless, are approaches based on the thresholding operations. A
typical example is a thresholding on heights which, due to their simplicity, become a
common method to obtain a segmentation of the surface topography. However, simple
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thresholding is not a stable method when surfaces have a stochastic content and can produce
many insignificant features that can cause problems for many characterisation parameters,
such as the number of defects and the density of features [55]. Alternatively, morphological
segmentation into hills or dales is the only partitioning operation currently endorsed by
the ISO specification standards on surface texture metrology [56]. More sophisticated
thresholding techniques may allow determination of valuable results of complex surfaces.
A height thresholding operation can be used to isolate the topmost regions of the filtered
topography, most likely belonging to protruded formations such as spatter and particles,
using different threshold values depending on surface orientation [57]. A multilevel surface
thresholding algorithm for enhancing the representation of topographic values by slicing
the 3D surface topography into cumulative levels about the characteristics of the in-control
surfaces was proposed previously, where the spatial and random properties of topographic
values were quantified at each surface level through the proposed spatial randomness
profile [58]. Some optical measurement errors, like spikes, can be also extracted and reduced
with relevant thresholding applications [50].

The thresholding process can be applied to the reduction in the length of profiles or
areas of the surface as well. It was found in previous studies that analysis of surface 3D
or 2D data can be improved for HFN detection when data excluding the deep and (or)
wide features are considered. This technique, shortly defined as out-of-dimple or, generally,
out-of-feature characterisation, can be valuable for details where the number of features
is relatively small, like plateau-honed cylinder liners with additionally burnished oil
pockets or turned topographies containing dimples with various (usually huge) sizes (depth
and width). LST can be classified as surfaces where the density of features (dimples) is
relatively large, so consequently, out-of-feature techniques may not provide relevant results.
Generally, when LST surfaces contain dimples, the detection of the HFN can be difficult
and may not allow for measurement error characterisation. In Figure 2 examples of a 3D
detection of an HFN are presented. It was found that when the surface contained dimples,
the detection of an HFN with PSD and ACF methods did not allow for receiving differences
or, correspondingly, they were negligible. Even though the ACF graph was studied with
a 3D or 2D (for extraction in the centre part of the graph) performance, it did not give a
valuable response if the HFN was present in the results of surface texture measurements.

As an alternative to the out-of-feature technique, the thresholding can be used in both
directions, height (amplitude) or length (width) of the profile or areal data. In Figure 3 the
example of the thresholding method of the LST profile is presented. It was found that if
data (profile in particular) contained dimples (b—d), created in the LST process, the process
of detection of the HFN was impossible with an application of commonly used procedures,
like PSD, and ACF techniques. Therefore, the measured data (a) were thresholded into
parts containing the plateau-part of profile and dimples (A1, A2, A3 and A4). In the next
step, dimple parts were removed from the data, and correspondingly only the plateau
parts were considered. When wide/deep dimples were removed (omitted) from the data,
the HFN detection was improved with the application of regular (available in commercial
software) methods, such as the PSD and ACF approaches.

The differences in PSD and ACF graphs were clearly visible in the example presented
in Figure 4 where two various (profile from surface where an HFN was not defined, a, and
the same surface where an HFN was observed, b) measurement results were introduced.
When measured data contained an HEN and the thresholding method was applied (g—s)
the differences in the PSD and ACF graphs were easily visible when the surface did not
contain (g-i and m—o) HEN against results where the noise was found (j-1 and p-r).
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Figure 2. Laser-textured surface topography: contour map plots (a,b); their PSDs (c,d); ACFs (e f);
and centre-extracted ACF profiles (g,h); measured (left column) and containing a high-frequency
measurement noise (right column).
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Figure 4. Extracted profiles (left), their PSDs (middle) and ACFs (right column) of the LST de-
tail: measured (a—c) and with high-frequency errors (d—f) and, respectively, after an application of
thresholding method (g-r).

Compared to the previously published results (papers), the thresholding methods can
give the advantage to analyse larger (longer) 3D details (2D profiles) than the out-of-dimple
technique. Moreover, the accuracy of the algorithm in selecting the data (points) as a
‘dimple point’, as it was proposed in the out-of-dimple method, does not influence the
final results. Classification of the ‘dimple point” as deep enough to be a dimple can be
also fraught with errors. Furthermore, the thresholding techniques can be more intuitive
than the out-of-dimples (or simplifying out-of-feature) technique. For that matter, even an
inexperienced user can apply this method instead of other, more complicated approaches.

3. Results

Analysis of data processing errors was divided into three main subsections. In the first
(Section 3.1) the problem in the definition (detection) of the high-frequency measurement
noise was considered. Secondly, (in Section 3.2) various regular (commonly available in the
commercial software) methods (filters) were compared with a specification of the high-frequency
measurement errors reduction. Finally, in the last (Section 3.3) subsection, all of the proposed
thresholding approaches were improved by analysis of the modelled data.
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3.1. Detection of the High-Frequency Errors from the Results of LST Measurement with a
Thresholding Approach

The process of detection (definition) of the HEN from the results of surface topography
measurements was, firstly, provided for areal (3D) data. As in previous studies, it was
found that the 3D surface topography HFN definition is difficult to provide in a conscious
way that, for both commonly used (available in commercial software) functions, PSD and
ACEF, differences against results without an HFN did not exist or, at least, are negligible
(Figure 5a—c). Moreover, when the surface contained some deep or wide dimples, like those
after laser treatment, the HFN detection with a profile exploration is also not convincing
(Figure 5d—f). Even where, in some cases, the PSD function could suggest the occurrence
of the HEN, the ACF was not modified against the surface where the HFN was not found.
Some encouraging results were received when a thresholding method was proposed where
both the PSD and ACF functions were modified (Figure 5g-i). From that point of view, the
2D (profile) detection of HFN with a thresholding approach was used and, simultaneously,
was suggested in further studies.
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Figure 5. Contour map plot (a), its PSD (b) and ACF (c) graphs, extracted profile (d) with PSD (e)
and ACEF (f) graphs and, respectively, profile defined with a thresholding method (g) with PSD (h)
and ACF (i) graphs, all defined for a laser-textured surface.

3.2. Comparison of Regular Filters for High-Frequency Measurement Noise Remouval

For removal (reduction) of the HEN from the results of laser-textured surface topogra-
phy measurements, the regular methods (available in commercial software), were proposed,
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like regular Gaussian regression (GF) or robust Gaussian regression (RGF) filters, regular
isotropic spline method (SF) and the Fast Fourier Transform approach (FFTF). The selection
of cut-off values was not provided in the paper that was studied previously by the author,
and consequently, the 0.025 mm bandwidth was suggested and applied.

It was found in previous studies that analysis of the high-frequency measurement
noise can be effectively performed by studies of the results of removed data, defined as
‘noise surface” (NS). From the commonly available (in the commercial software) procedures
and functions, except PSD and ACF, the texture direction (TD) graph can provide valuable
information about the properties of the measured data. The NS was expected to be isotropic,
or at least, not consist of one dominant direction. Generally, when NS was not isotropic and,
simultaneously, contained a dominant direction, this direction was equal to the direction
of dominant features like dimples or oil pockets. Usually, this property indicated that in
the removed noise data (NS) some features, not defined in the noise domain, could be
found. This would indicate that the used method (filter) for noise suppression was selected
inaccurately, and caused a distortion of the results obtained, with the accuracy in the whole
process of surface topography measurement lost as well.

From the above, LST details could be considered with the NS analysis method, where
this type of surface topography contains some features with directional performance. As the
NS should contain only high-frequency components, or at least, these components should
be dominant, the PSD characterisation can be useful. For each of the filtering methods (GF,
RGF, SF or FFTF), the high-frequency components were those dominant (Figure 6b,e,h,j);
nevertheless, this dominance was greater for some methods, e.g., FFTE, in contrast to the
other approaches.

A more confident result could be found when analyzing the TD graphs. For commonly
used schemes, GF, RGF and SF, the dominant direction was recognized, and this indicated
that NS was not isotropic (Figure 6¢,1,i, respectively). Contrary to those three filters, the
FFTF gave more confident results (Figure 61). Furthermore, when analysing the contour
map plots of NS for regular GF, RGF and SF methods, some non-noise data were visible,
indicating the traces of the LST process (Figure 6a,d,g). However, when using an FFTF
approach, those non-noise and non-required features on the NS were not observed, or at
least, were negligible. From the above, the conclusion that the application of the FFTF
method can be more valuable for an HEN reduction than regular GF, RGF or SF approaches,
can be proposed.

When analyzing profiles received from the NS data (Figure 7a,d,g,j), even the PSD graphs
present no different (or they are negligible), and some modifications can be defined with an
analysis of the ACF method. It was introduced in previous studies that if measured data
contain an HFN, the value of ACF increased more rapidly near the highest value (i.e. near the
value ‘1"). This property was found when SF (Figure 7i) and FFTF (Figure 71) were applied,
contrary to the Gaussian filters, GF (Figure 7c) or RGF (Figure 7f).

All of the results from the above profile studies can be significantly improved by the
analysis of the view of profiles (Figure 7a,d,g,j). Some non-noise features can be found
after the application of Gaussian filters (marked in Figure 7a,d). Furthermore, when closely
studying the profiles received after the application of SF, some non-noise components can
be also found (marked in Figure 7g).

Similar to the PSD, ACF and TD analysis, the most encouraging results from all four
methods were obtained when an FFTF approach was used. Reducing the occurrence of non-
noise features on the NS data can, simultaneously, reduce the errors in an HFN removal and
calculation of surface topography parameters and evaluation of its tribological performance.
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by application of GF (a—c), RGF (d—f), SF (g-i) and FFTF (j-1) method with the cutoff = 0.025 mm.
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3.3. Improving the Procedures for High-Frequency Measurement Noise Suppressions with Analysis
of Modelled Data

The validation of the proposed methods can be proposed:. firstly, the difference in
surface topography parameters can be considered; and secondly, the properties of an NS
can be evaluated.

From the ISO 25178 standard, the following surface topography parameters were
measured and analyzed: root mean square height Sq; skewness Ssk; kurtosis Sku; maximum
peak height Sp, maximum valley depth Sv, the maximum height of surface Sz, arithmetic
mean height Sa; auto-correlation length Sal; texture parameter Str; texture direction Std;
root mean square gradient Sdg; developed interfacial areal ratio Sdr; peak density Spd;
arithmetic mean peak curvature Spc; core roughness depth Sk; reduced summit height Spk;
reduced valley depth Svk; surface bearing index Sbi; core fluid retention index Sci; and
valley fluid retention index Svi.

For a 30° LST detail, it was found that the smallest differences between primary data
and the data received after the noise removal process (filtration by various methods) were
received after filtration by the FFTF method (Table 1). In some cases, parameters were
similar (or differences were smaller than 5%), like Ssk, Sku, Str, Std, Spk, Sbi, Svi or, what is
especially crucial, Sz, Sa, Sal and Spd. Generally, in some cases, when 60° LST (Table 2), 90°
LST or 120° LST (Table 3) were considered, an effective alternative to the fast Fourier (FFTF)
method can be spline (SF) filtration. However, when applying filters for HFN removal, the
differences in roughness parameters calculation, and consequently, evaluation, must be
provided in a required manner.

When studying the NS properties, for PSD and TD properties (dominant component
in a high-frequency domain and isotropic, respectively) consideration, the FFTF method
gave the most encouraging results (Figure 8). For studies of contour map plots, non-noise
features were not found for NS created by SF and FFTF filtrations. Analysis of ACF
(Figure 9) improved both mentioned approaches, SF and FFTF, that present the spline
techniques as an acceptable alternative.

Table 1. Values of surface topography parameters, from the ISO 25178 standard, defined for a primary
surface data (start data), containing an HFN (noise data) and after reduction in HFN by various
methods: GF, RGF, SF and FFTF, cut-off = 0.025 mm.

30° LST Detail Analysis after an HFN Removal by Various Methods

Start Data Noise Data GF RGF SF FFTF
5q, um 9.32 9.36 9.07 8.81 9.27 9.27
Ssk —2.65 —-2.61 —2.71 —291 —2.67 —2.66
Sku 11.5 11.3 11.6 12.2 11.6 11.5
Sp, pm 33.5 34.2 304 28.4 31.8 32.1
Su, um 51.8 54.6 514 51 52.6 53.1
Sz, um 85.3 88.8 81.7 79.4 84.3 85.2
Sa, um 5.49 5.52 5.33 5.23 5.45 5.45
Sal, mm 0.0563 0.0563 0.0585 0.0629 0.0576 0.0563
Str 0.661 0.661 0.68 0.733 0.677 0.661
Std, © 90 90 90 90 90 90
Sdq 0.465 0.614 0.39 0.387 0.419 0.427
Sdr, % 9.72 17.2 7 6.64 8 8.29
Spd, > 12.3 16.5 10.3 9.57 11.2 11.6
1/mm
Spc, 1/mm 0.211 0.306 0.0816 0.0927 0.096 0.0895
Sk, um 2.88 3.52 2.92 3.06 3.09 3.3
Spk, pm 8.93 8.4 8.38 7.1 8.84 8.99
Svk, pm 234 24.6 22.8 22.5 23.5 244
Sbi 0.354 0.346 0.384 0.398 0.375 0.37
Sci 0.494 0.495 0.468 0.424 0.484 0.48

Svi 0.304 0.296 0.301 0.306 0.301 0.301
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Table 2. Values of surface topography parameters, from ISO 25178 standard, defined for a primary
surface data (start data), containing an HFN (noise data) and after reduction in HFN by various
methods: GF, RGF, SF and FFTF, cut-off = 0.025 mm.

60° LST Detail Analysis after an HFN Removal by Various Methods

Start Data Noise Data GF RGF SF FFTF
Sq, um 9.55 9.56 9.28 9.09 9.5 9.5
Ssk —2.6 —2.59 —2.66 —-2.95 —2.62 —2.62
Sku 11.1 11 11.2 12.3 11.1 11.1
Sp, pm 31.7 32.3 27.5 24.2 29.7 29.4
Sv, um 51 52.2 49.9 50 51.3 53.7
Sz, um 82.8 84.5 77.3 74.2 81 83.1
Sa, um 5.71 5.71 5.53 5.36 5.66 5.67
Sal, mm 0.0591 0.0591 0.0613 0.0658 0.0591 0.0591
Str 0.691 0.692 0.711 0.78 0.691 0.691
Std, ° 30.7 30.7 30.5 176 30.5 30.5
Sdq 0.455 0.508 0.387 0.432 0.421 0.435
Sdr, % 9.44 11.9 6.99 7.96 8.2 8.67
Spd, 5 12.1 14.2 10.7 10.4 115 12.6
1/mm
Spc, 1/mm 0.196 0.238 0.0695 0.0915 0.0873 0.09
Sk, um 2.22 2.62 2.24 2.11 2.35 241
Spk, pm 8.46 8.37 8.2 5.86 8.38 8.31
Svk, um 26.3 26.6 25 25 26 26.4
Sbi 0.394 0.385 0.455 0.512 0.427 0.43
Sci 0.508 0.509 0.486 0.423 0.505 0.499
Svi 0.305 0.302 0.3 0.306 0.302 0.303

Table 3. Values of surface topography parameters, from ISO 25178 standard, defined for a primary
surface data (start data), containing an HFN (noise data) and after reduction in HFN by various
methods: GF, RGF, SF and FFTF, cut-off = 0.025 mm.

120° LST Detail Analysis after an HFN Removal by Various Methods

Start Data Noise Data GF RGF SF FFTF
Sq, um 9.65 9.67 9.38 9.2 9.6 9.6
Ssk —2.59 —2.58 —2.65 —2.92 —2.61 —2.6
Sku 10.9 10.9 11 12 11 11
Sp, um 31.7 31.4 27.6 24.4 29.6 29.5
Su, um 51 52.2 49.7 50 51.3 53.2
Sz, um 82.6 83.7 77.3 74.4 80.9 82.8
Sa, um 5.79 5.8 5.62 5.46 5.75 5.76
Sal, mm 0.0601 0.0601 0.0623 0.0662 0.0604 0.0601
Str 0.689 0.689 0.71 0.765 0.692 0.689
Std, ° 149 149 149 149 149 149
Sdq 0.458 0.511 0.39 0.438 0.424 0.438
Sdr, % 9.61 12 7.11 8.17 8.36 8.82
5pd, 5 12 14.1 10.2 9.91 115 12
1/mm
Spc, 1/mm 0.189 0.234 0.0702 0.0776 0.0882 0.0929
Sk, um 2.23 2.79 2.26 2.2 2.36 2.57
Spk, pm 8.32 8.67 7.88 6.02 8.31 8.63
Svk, um 25.4 26.2 24.3 24.4 252 259
Sbi 0.401 0.405 0.46 0.517 0.435 0.435
Sci 0.506 0.506 0.486 0.425 0.503 0.497

Svi 0.307 0.304 0.302 0.308 0.304 0.304
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Figure 8. Contour map plots (left column), their PSDs (middle) and ACFs (right column), of a NS received
by application of GF (a—c), RGF (d—f), SF (g-i) and FFTF (j-1) method with the cutoff = 0.025 mm.
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(middle) and enlarged (right column) centre parts, defined by application of GF (a—c), RGF (d—f), SF
(g-i) and FFTF (j-1) method with the cutoff = 0.025 mm.

The profiles (Figure 10) characteristics indicated that both SF and FFTF schemes can
be valuable in an HEN extraction from the measured data. All of the applied functions,
like PSD and ACEF, presented both methods as valuable in an HFN reduction; nevertheless,
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when SF was used some non-noise features were observed in a profile NS data-it was
indicated in Figure 10a,d,g by the highest features B1, B2 and B3, respectively. For that
matter, SF could distort the results of surface topography measurement when applied for
an HEN removal. From all of the above, FFTF can be significantly improved for a reduction
in an HEN from the results of surface topography measurements of LST details.
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Figure 10. Profiles (left column), their PSDs (middle) and ACFs (right column) received from the

NS created from 60° LST by application of GF (a—c), RGF (d-f), SF (g-i) and FFTF (j-1) method,
cutoff = 0.025 mm.
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4. The Outlook

Except for many studies provided for the surface topography measurements analysis,

there are still some crucial issues that require more sophisticated studies and must be
resolved in future. Of those the most significant are:

1.

The effect of size and density of features was not considered for the LST details.
In one of the previous studies by the author of this paper, various surface textures
were considered with this issue; nevertheless, those with laser texturing were not
comprehensively studied. From that issue, the effect of surface topography features
sizes and their densities on the process of detection and, respectively, reduction in
high-frequency noise should be widely considered;

The accuracy of the detection process of high-frequency measurement errors can be
strongly affected by the amplitude of the noise. Therefore, some improvements to the
proposed approaches must be included with different noise amplitude, which was not
analysed in the current paper;

The correlation between the amplitude of the high-frequency noise and the height
(amplitude) of the analysed detail were also not studied against their influence on the
process of noise detection, and correspondingly, reduction. From that point of view,
each of the filters, like Gaussian (regular and with robust performance), spline or fast
Fourier, can give different results and their validity can be also discussed;

Moreover, the influence of amplitude on the high-frequency measurement noise on
the results of proposed techniques was not considered in this paper. Furthermore,
the effect of the amplitude of high-frequency noise on the results of considered filters
application, and also on the results of the calculation of the surface topography pa-
rameters (e.g., those from the ISO 25178 standard) must be studied to provide more
surface functional advantages.

5. Conclusions

It is extremely difficult to propose appropriate procedures for accurate extraction

of the high-frequency measurement errors from raw measured surface topography data;
however, the following conclusions may be defined:

1.

In the process of detection of the high-frequency measurement noise from the results
of laser-textured surface measurements, profile (2D) characteristics may be more
convenient than those of areal (3D); however, each of the measured details must be
treated individually;

The application of PSD characteristics may be valuable in high-frequency noise de-
tection; nevertheless, other methods, like ACF or TD, can be required. The most
encouraging technique should be based on a few characteristics, using the PSD, ACF
and TD approaches simultaneously;

When detection of the high-frequency measurement noise is hampered by the occur-
rence of the deep/wide features, like treatment traces in the LST details, the application
of the thresholding method can provide positive results. When the surface contains
deep or wide features or their density is relatively large, the thresholding technique
removes those features from analysed detail (profile or areal data). Application of this
method with all of the commonly used algorithms, (e.g., PSD and ACF) can give more
accurate responses about the presence of high-frequency noise when a thresholding
method is applied;

Of four general, regular filters available in the commercial software that consider
Gaussian methods (regular regression or robust modifications), spline or fast Fourier
approaches, this last one can be classified as the most suitable for the reduction
in the influence of the high-frequency measurement noise on the results of surface
topography measurements. However, suitable application of digital filtering requires
careful use so that inappropriately used algorithms can remove necessary data from
those raw measurements;
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Generally, the functions available in the commercial software (like PSD, ACF, TD or
GF, RGF, SF and FFTF) can be suitable in the process of detection and, correspondingly,
reduction in the high-frequency measurement errors from the laser-textures topogra-
phies; nevertheless, the minimising of data processing errors must be classified as a
required issue.
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Parameters and Abbreviations

The following abbreviations and parameters are used in the manuscript:

ACF autocorrelation function
FFTF Fast Fourier Transform Filter
GF Gaussian filter
HFN high-frequency noise
L-surface  long-wavelength surface
LST laser surface texturing
NS noise surface
PSD power spectral density
RGF robust Gaussian filter
S-filter removes small-scale lateral components
SF spline filter
Sa arithmetic mean height Sa, um
Sal auto-correlation length, mm
Sbi surface bearing index
Sci core fluid retention index
Sdq root mean square gradient
Sdr developed interfacial areal ratio, %
Sk core roughness depth, um
Sku kurtosis
Sp maximum peak height, um
Spc arithmetic mean peak curvature, 1/mm
Spd peak density, 1/ mm?
Spk reduced summit height, um
Sq root mean square height, um
Ssk skewness
Std texture direction, °
Str texture parameter
Sv maximum valley depth, pm
Svi valley fluid retention index
Sovk reduced valley depth, um
Sz the maximum height of surface, um
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