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ARTICLE INFO ABSTRACT
Keywords: The precision of surface roughness determination using ISO 25178 parameters relies on various factors that
Surface topography directly impact the measurement process. In industry applications, the contactless roughness measurement re-

Surface texture
Roughness
Measurement noise

duces data collection time. However, it introduces several potential errors, including those stemming from the
environment. One of the main types of errors encountered during topography analysis is measurement noise,
Texture direction which arises from different external disturbances. High-frequency noise is particularly studied as a result of
Laser texturing vibration. In the present study, the laser-texture cross-hatched surface topographies were analysed using the
Cross-hatch texture results obtained from white light interference measurements. Measurement noise was defined based on noisy
data, also called noise surface, which is the result of filter decomposition methods. This data separation tech-
nique was supported with power spectral analysis, autocorrelation function applications and texture direction
characterisation. It was suggested to conduct a comprehensive study of the noisy data to enhance the under-
standing of texturing direction. Various data filtration techniques were studied, namely robust Gaussian, spline,
fast Fourier transform and morphological closing-opening filters. The results of the proposed procedure were
validated against variations in the values of ISO 25178 surface texture parameters. Validating the proposed
approach, the variations of noise-sensitive surface texture parameters were compared to the variations of the
same parameters but received by averaging three repeated measurements, as proposed by international stan-
dards. The main advantage of the proposed method against standards procedure was reducing the time of data
collection when the measurement must be repeated and averaged. In conclusion, a method for reducing high-
frequency measurement noise was introduced through the application of the proposed procedure.

Measurements of surface topography were found to be of great sig-
nificance in the characterisation of laser-textured surfaces, as reviewed

1. Introduction by Etison [10]. Patel et al. [11] studied the micro-texturing process of
Ti6Al4V material for various wetting times of the material surface.

Surface topography, which can be decomposed to the shape, wavi- Riveiro et al. [12] characterised polymers for biomedical applications
ness and roughness [1], is formed during the last stage of the machining based on an extensive analysis of laser surface texturing. Wahab et al.
process. A detailed analysis of this data can provide important and [13] reviewed different approaches to enhance the material perfor-
valuable information can be received, such as insights into lubricant mance during surface texturing, such as abrasive blasting, reactive-ion
retention [2] or friction behaviour [3] in tribological performance, etching, lithography, and mechanical machining. Fang et al. [14] ana-
damage of crystal materials [4], description of fatigue test results [5], lysed the use of ultra-short pulse laser treatments in honing applications.
cavitation erosion assessments [6], friction torque modelling [7] or Voevodin et al. [15] reduced friction and wear under variable envi-
surface properties prediction by data simulation [8]. When selecting a ronmental conditions using solid lubricant systems in precision laser
proper surface texture parameter, its study can deliver information on machining. Moreover, Lutey et al. [16] studied adhesion and wettability
which parameters should be monitored throughout the entire for pulsed laser machining based on areal surface roughness and

manufacturing process [9].
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Nomenclature

o cross-hatch angle

B1, P2, B3, B4 angles defined for the directions of profile extractions
ACF autocorrelation function

FFTF fast Fourier transform filter

LSPL least-square plane data levelling method
MOF morphological filter

NMPs non-measured points

NS noise surface, noisy data

PSD power spectral density

RGRF robust Gaussian regression filter
SF regular isotropic spline filter

TD texture direction

WLI white light interferometry

Sa arithmetic mean height, 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, pm

Sku kurtosis

Smc inverse areal material ratio, um

Smr areal material ratio, %

Sp maximum peak height, um
Sp/Sz emptiness coefficient

Spc arithmetic mean peak curvature, 1/mm
Spd peak density, 1/mm?

Spk reduced summit height, um

Sq root mean square height, um
Srl upper bearing area, %

Sr2 lower bearing area, %

Ssk skewness

Std texture direction, °

Str texture parameter

Sxp extreme peak height, ym

Sv maximum valley depth, ym

Svi valley fluid retention index

Svk reduced valley depth, pm

Sz the maximum height of the surface, um
Vm material volume, pm®/um?

Vmc core material volume, um?/um?
Vmp peak material volume, um®/um?
%% void volume, ym®/pm?

Vve core void volume, um?/um?

vy pit void volume, pm®/pm?

ablation depth.

Laser texturing of surfaces has tremendous potential in biomedical
applications [17]. Tiainen et al. [18] improved the primary stability and
the osseointegration process of dental implants using a novel laser
texturing method. Cunha et al. [19] demonstrated that surface modifi-
cation by laser irradiation of zirconia dental implants can enhance
surface topographic aspects. According to Khatami et al. [20], nanoscale
texturing can strengthen both the physical and chemical properties of
dental implants. Mukherjee et al. [21] explored the relationship be-
tween surface chemistry, laser-texturing topography and the behaviour
of the cells in pattern recognition and characterisation. The importance
of surface texturing for bone integration based on photolithography
studies was addressed by Hallgren et al. in [22]. Menci et al. [23] studied
the influence of variations in wavelength and pulse duration of the laser
texturing process on the characterisation of orthopaedic applications.

Considering a vast number of studies on surface laser treatment,
many advantages have been identified. However, an accurate descrip-
tion of the surface topography of textured surfaces depends on different
aspects. An important aspect is a measurement noise associated with a
specified frequency. Generally, the measurement noise is defined as an
additional noise in the output signal during normal use of the measuring
instrument [24]. In many cases, the characterisation of measurement
noise considers its bandwidth. Additionally, when studying ‘noise den-
sity’, a widely discussed issue is high-frequency errors [25].

Reduction in errors caused by measurement noise can be attained by
repeating the surface measuring process [26]. Although this is an
encouraging solution, industrial applications aim to reduce the
measuring time while controlling the manufacturing process [27]. To
meet these requirements, the characterisation of high-frequency noise
has been proposed through studies focused on ‘noisy data’, which en-
compasses the application of a digital filter to separate data based on its
frequency [28]. Gaussian filters are among the most commonly used,
especially for surface metrology analysis of additively manufactured
materials [29,30]. From a historical perspective, Gaussian filters have
been comprehensively studied and standardised over the years consid-
ering diverse metrological issues [31,32] and their functional appli-
ances. Advancements in surface filtering have been proposed with
robust modifications of the classical Gaussian approach [33] which was

more insensitive to outliers.

Another limitation in surface roughness data filtering is associated
with spline interpolation. Chen et al. [34] addressed different spline
interpolation approaches for modelling and simulating surface topog-
raphies in ball-end milling processes. Podulka [35] compared various
spline filtering techniques to reduce high-frequency errors in the eval-
uation of machined components. Janecki [36] studied the separation of
both areal surface topography waviness and roughness through a two-
dimensional isotropic spline filter with an improved response relative
to end effects. An areal spline filter with isotropy obtained by approxi-
mating the transmission characteristic of the Gaussian filter was used by
Tong et al. [37]. They proposed a weighting factor to mitigate end-effect
issues by employing new boundary conditions. Gogolewski [38] applied
fractional spline techniques for diagnosing surface texture in engineer-
ing materials fabricated by additive manufacturing and face milling.

He et al. [39] conducted an extensive analysis of the frequency
spectrum of topography data by fast Fourier transform to evaluate the
asperity radius of curvature and the asperity density. The measurement
of thin film surface roughness with optical appliances was also improved
using a fast Fourier transform, as demonstrated by Tien et al. [40]. Jiang
et al. [41] used a fast Fourier transform to quantify the similarity of
surface topographies, determining whether they were created from the
same measured data. Dong et al. [42] utilised a Wiener filter Fourier
transform to accurately reconstruct microstructures with a large slope
considering white light interference surface topography measurements.
Podulka [43] identified selected types of errors occurring in white light
interference measurements of plateau-honed cylinder liner surfaces.
Guo et al. [44] applied non-uniform fast Fourier transforms to determine
the optical homogeneity of parallel plates in interference metrology.

Relevant information on surface roughness was obtained via the
application of morphological filters, such as those described in the ISO
16610-85 standard [45]. Lou et al. [46] compared mean-line-based fil-
ters with morphological operations. They concluded that the former, as
functions-oriented, were more appropriate for functional prediction of
component performance [47]. The same authors improved the defini-
tion of true tribological contact through the characterisation of surface
topography using morphological methods [48]. Morphological dilation
and erosion were applied by Newton et al. [49] to improve segmentation
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in edge-data analysis. Lipinski et al. [50] utilised a structural disc-
shaped envelope opening method as a reconstruction operation to
detect abrasive grain tips. Podulka [51] compared envelope morpho-
logical filtration with regular algorithms and reported significant ad-
vantages in surface texture assessment.

Although there are numerous algorithms for filtration of surface
roughness, there are still several unsolved issues, such as errors caused
by vibrations. Thus, it is crucial to provide appropriate guidance on how
to apply digital noise-suppression filters, particularly considering the
high number of digital operations involved in typical roughness data
analysis processes, which include levelling, outliers removal and
reduction of measurement errors. High-frequency noise can significantly
influence the values of ISO 25178 surface texture parameters obtained
for laser-textured cross-hatched surfaces. In the present study, it is
proposed a procedure which incorporates autocorrelation, power spec-
tral and direction functions. The effectiveness of the proposed procedure
is validated by accounting for the variations of ISO 25178 surface
texture parameters.

Measurement 235 (2024) 114988

2. Materials and methods
2.1. Analysed surfaces

This study analyses laser-textured surfaces treated with cross-
hatching at various angles. The cross-hatching technique was found to
be crucial in addressing several tribological problems, such as starved
hydrodynamic linear contact mechanics [52]. A cross-hatch strategy
with angles ranging from 0 to 90 degrees was utilised by Ozan et al. [53]
for the characterisation of laser-textured alloys in biomedical applica-
tions. Guimaraes et al. [54] obtained micropatterns in WC-Co green
compacts with a contact angle of 30° which resulted in a 27 % reduction
in the wettability of the cutting tools.

Laser-textured surfaces with cross-hatch patterns can reduce friction
under lubricated conditions [55]. In Hank’s solution, the texturing with
crosshatching presented encouraged frictional characteristics once the
surfaces have undergone a running-in period. In addition, it facilitates
the removal of the bulges found in the vicinity of the laser traces,
particularly in dry conditions [56]. It was also hypothesized that the
formation of a thick resolidified passive oxide layer after laser-texturing
with cross-hatched paths contributed to the enhancement of corrosion

Fig. 1. Images of laser textured surfaces with a cross-hatch angle («) equal to: a = 30° (a), @ = 60° (b) and a = 120° (c).
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and tribocorrosion properties [57].

In the current research, the cross-hatch angle, represented by the a
value, was set to 30°, 60°, 90°, 120°, and 150°. The laser machining
involved using a 20 W ytterbium pulse device with energy and duration
equal to 1 mJ and 2 ns, respectively. The repetition rate was 1000 kHz,
the focal diameter was around 60 pm and the beam-driven path was
built on the mentioned cross-hatched angles, correspondingly. The
marking speed was 100 mm/s. The effect of main laser-texturing pa-
rameters on the tribological properties of coatings was widely studied by
Giorleo et al. [58].

More than 10 surfaces for each type of cross-hatch angle were
comprehensively studied. The differences in ISO 25178 surface texture
parameters were analysed and described with a relative difference for
each one of them. The results were also studied in terms of statistical
performance, and the final results were interpreted in the discussion
section considering the medium values.

Fig. 1 exhibits several examples of laser-textured surfaces with an o
value equal to 30° (a), 60° (b) and 120° (c). The cross-hatch angle o is
also schematised in Fig. 1(b).

2.2. Measurement process and surface texture parameters

The surface topography was obtained from the workpieces using a
contactless white light interference (WLI) instrument Talysurf CCI Lite.
The height resolution was 0.01 nm, and the measured area was 3.35 mm
x 3.35 mm, capturing 1024 x 1024 data points. The spacing between
the points was 3.27 pm and a Nikon (5x/0.13 TI) objective was used for
all measurements of the tested specimens. Around 20 topographies for
each cross-hatch angle (i.e., « = 30°, « = 60°, a = 90°, « = 120° and o =
150°) were studied. All of the measurements were repeated three times
to determine the mean value aiming to validate the procedure according
to the raw measured data.

The ISO 25178 surface texture parameters were calculated with
TalyMap Gold software from Digital Surf company. The same software
was utilised for the evaluation of power spectral density (PSD), auto-
correlation function (ACF) and texture direction (TD) graph, which were
considered for areal and profile performances.

The raw measured data were subjected to pre-processing, including
fulfilling non-measured points (NMPs), data levelling and outlier
removal. NMPs were fulfilled by using a smooth shape calculated from
the neighbouring points. Data levelling was carried out through the least
square plane (LSPL) method considering the evaluation of the entire
area. Finally, outliers were removed by employing the hard data
thresholding technique, with values defined in the interval 0.13 % —
99.87 %, as defined in previous studies [59]. The flow chart of the pre-

Measurement 235 (2024) 114988

processing procedure is presented in Fig. 2.

Fig. 3 exhibits different isometric views, surface texture parameters
and extracted random horizontal profiles of laser-textured surfaces with
cross-hatch angles (a) of 30° and 90°. The analysis encompassed
different groups of ISO 25178 surface texture parameters, namely height
(amplitude), functional, spatial, hybrid, volume functional, feature,
material ratio curves and functional indices. The variations in topog-
raphy parameters from the above-mentioned groups were studied to
better understand the reduction process of high-frequency measurement
noise.

2.3. Applied methods for the data processing and roughness evaluation
improvements

In order to improve the suppression of high-frequency measurement
errors, a detailed analysis of noise data was proposed. The noisy data
was defined as data removed after initial assessments as part of the pre-
processing of the raw measured data. This noisy data is generally called
noise surface (NS) [28]. This task aimed to separate high-frequency
components from the pre-processed data, ensuring that the removed
noisy data contained only the components of the desired frequency or, at
least, that this frequency is dominant. Fig. 4 presents several examples of
noisy data extraction (noise surface) with isometric views focused on
laser-textured cross-hatched surfaces with an angle of a = 60°. The
filtering process was carried out by applying a regular isotropic 5 ym
robust Gaussian regression filter.

In some cases, the selection of the filtering method for high-
frequency noise suppression was improved by thresholding the noisy
data [60]. Considering the isotropic properties of the NS, the noisy data
is more isotropic when it does not contain non-noise features. It was
found that the number of treatment traces on the NS decreased as the
isotropy of noisy data increased [61].

The detection of non-noise patterns on the NS was improved by both
thresholding of the noisy data and, additionally, by thresholding of the
ACF calculated for an NS. For the study of laser-textured cross-hatched
surfaces, it was found that thresholding of NS data did not always allow
restriction if the noisy data contained non-noise patterns. Fig. 5 shows
an example of NS thresholding along with a description of the value
selection (A1l and A2). Therefore, thresholding was used for ACF data, as
demonstrated in Fig. 6. The non-noise features were easily detected in
the thresholded ACF data.

Fig. 7 displays isometric views of a WLI-measured laser-textured
cross-hatched surface for a cross-hatch angle (a) of 60° after the appli-
cation of both 7.5 um robust Gaussian regression (a) and spline (b)
filtering approaches. A spectral analysis of the NS, as represented by the

WLI topography
measurement

A 4

Data pre-processingl
1

| nwps ruriing |

|

LSPL levelling

.

| Outliers removal |

Surface roughness
analysis

Fig. 2. The flow chart of the WLI raw measured data pre-processing procedure.
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a)
Sq = 1.4 um, Ssk = 0.00675, Sku = 2.56,
Sp =4.89 um, Sv =4.48 pm,
Sz=9.38 um, Sa=1.14 um,
Smr = 0.0890 %, Smc = 3.05 um,
Sxp =2.70 pm,
Sal = 0.0468 mm, Str = 0.281, Std = 76.0 °,
Sdq =0.0863, Sdr 0.372 %,
Vm = 0.0000575 mm3/mm?,
Vv =0.00190 mm?*/mm?,
Vmp = 0.0000575 mm3/mm?,
Vmc = 0.00133 mm?*/mm?2,
Vve =0.00175 mm3/mm2,
Vvv =0.000150 mm3/mm?,
Spd =71 1/mm?, Spc = 0.0363 1/mm,
Sk =3.85 pm, Spk=0.940 pm, Svk=1.06 um,
Srl = 8.44 %, Sr2 =90.2 %,
Sbi = 0.543, Sci = 1.56, Svi=0.107
)

um Length=3.2 mm Pt=7.85 pm Scale= 10 pm
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Sq=1.4 um, Ssk =0.03910, Sku = 2.56,
Sp=4.92 um, Sv=4.22 pm,
Sz=9.14 um, Sa=1.14 um,
Smr = 0.0684 %, Smc = 3.05 um,
Sxp =2.66 pm,
Sal = 0.0608 mm, Str = 0.832, Std = 47.9 °,
Sdq = 0.0869, Sdr = 0.377 %,
Vm = 0.000058 mm3/mm?,
Vv =10.00192 mm3/mm?,
Vmp = 0.0000580 mm?/mm?,
Vme = 0.00132 mm3/mm?,
Vvc =0.00178 mm3/mm?,
Vvv = 0.000148 mm?3/mm?,
Spd =52 1/mm?, Spc = 0.0354 1/mm,
Sk =3.98 um, Spk =0.937 pm, Svk =1.02 pm,
Srl =8.44 %, Sr2 = 91.0 %,
Sbi = 0.545, Sci =1.58, Svi=0.105
d)

um Length=2.83 mm Pt=7.16 pm Scale =10 pm

Eiﬂﬁﬁﬂjmﬂﬁﬂ
AR

Fig. 3. Isometric views of the laser-textured surfaces with cross-hatch angles («) of 30° (a) and 90° (b), their ISO 25178 texture parameters (c,d) and horizontal

profiles (e,f), respectively.

PSD function, showed that the implementation of the spline filter led to
more high-frequency components compared to the robust Gaussian
method. Moreover, the shape of the ACF function was also different,
indicating the dominant presence of high-frequency data, as compre-
hensively studied by Podulka et al. [60]. Comparing both filtering
methods, it was found that the most significant improvement was ob-
tained with a 0.13 % — 99.87 % thresholding of the ACF data.

When characterising surface topographies with specified patterns,
the direction of the machining traces can also be studied. Laser-textured
cross-hatched surfaces exhibit topographies with two directions of
treatment features, forming an angle o between them. Therefore, a
comprehensive study of the NS data in the direction of machining can
provide crucial insights into the isotropic properties of the noisy data.
Fig. 8 presents the TD maps for NSs obtained using Gussian (a) and
spline (b) filtering techniques, respectively. The isotropy, in both cases,
was similar, approximately equal to 70.7 %. However, the first, second
and third main directions of noisy data topographies were different.
When extracting profiles in the first direction, 66° after robust Gaussian
and 83° after spline filtering, considerable variations were obtained in

the PSDs and ACFs. In contrast to the results obtained with the regular
robust Gaussian filtering technique, the spline method emphasised the
dominant high-frequency nature of the NS resulting in a more rapid
increase of the maximum ACF value. Both the PSD and the ACF prop-
erties of the noisy data suggest that the spline filter is more effective
encouraging than the robust Gaussian approach.

2.4. Proposed procedure for reduction of errors in the roughness
characterisation

Fig. 9 presents the flow chart of the proposed procedure. Firstly, the
WLI-measured surface topography data is subjected to a 3-step pre-
processing procedure, described in the subsection devoted to the mea-
surement process. Secondly, the reduction of high-frequency measure-
ment noise is applied. In the last stage, the ISO surface texture
parameters for laser-textured cross-hatched surfaces are evaluated.

The main goal of the proposed procedure is to minimise the influence
of high-frequency errors through the analysis of noisy data, defined as
noise surface (NS). Considering the features of NS obtained by filtration
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WLI measured
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Fig. 4. Isometric view of the laser-textured surfaces with cross-hatch angle () of 60° subjected to the decomposition by using a 5 um robust Gaussian regres-

sion filter.

of high-frequency noise, it is important to ensure that it only contains
high-frequency components or, at least, they are predominant. It was
found that well-received NS often consist of high-frequency noisy data,
which can be characterised by the ower spectrum density function, often
referred to PSD [62]. Alcock et al. [63] found a PSD function suitable for
defining surface height error maps, particularly for optical surfaces.
However, relying only on a single function for characterisation can may
lack validation. Therefore, performing a simultaneous analysis of noisy
data using more functions can provide more robust insights. Similarly,
studying the shape of the ACF and ensuring that the NS exhibits isotropic
properties are also pivotal considerations.

Assuming that the shape of autocorrelated data can influence the
precision in generating of surface topography [64], the ACF has proven
to be an efficient tool in detecting high-frequency data [60]. From the
function characterisation, results show that the maximum value in-
creases more rapidly compared to results that did not contain high-
frequency components [65]. This property of ACF application can be
particularly valuable in the study of stratified surfaces [66] with
direction-oriented specifications. In addition to ensuring data isotropic
properties, the texture direction characterisation, represented by the TD
function, serves to validate if noisy data predominates in the direction of
the surface finishing path. Texture direction was often defined as the
‘level of isotropy’ of surface topography data [67].

Thus, in the first part of the procedure, it is analysed the PSD, ACF
and TD of the NS. Once the above conditions are met, profiles are
extracted from the noisy data and subjected to a comprehensive analysis
in the second part of the noise-removal approach. The analysis of the TD
function allows us to determine the first, second and third dominant
directions of the data. In the further surface assessments, the first di-
rection is considered and is equal to the direction of the profile extrac-
tion. The differences can vary based on the applied filtering method and
can help in the selection of the filtration algorithm and its bandwidth.
For the frequency studies of the extracted profile data, the PSD and ACF
characterisations are used, respectively.

The first dominant direction of noisy data should not align with the
orientation of the surface machining, which suggests the removal of non-
noise data components [60]. Revisiting the basis of the NS isotropic
properties, similarly, the dominant direction of noisy data should not
coincide with the orientation of the machining path, especially in laser-
texturing processes. Therefore, the validation of the procedure was
carried out with angles denoted as fi, P2, B3, and P4, and detailed

described in subsequent sections.

Finally, the frequency properties of extracted fi, 2, f3 and P4 di-
rection profiles are validated through the characterisation of the
composition of data frequencies using both PSD and ACF functions.
Upon confirming the adequacy of the direction, the filter selected and its
bandwidth were classified as the most effective, among those studied, to
reduce the high-frequency measurement noise.

3. Results and discussion

3.1. Application of texture direction function for the reduction of high-
frequency measurement errors

To enhance the reduction of high-frequency measurement errors,
PSD, ACF and TD functions were used simultaneously. The analysis of
the contour map plots of the NS filtered through various techniques
revealed the absence of non-noise patterns. Examples of the application
of RGRF (a,b), SF (c,d), FFTF (e,f) and MOF (g,h) filtering methods are
displayed in Fig. 10. As can be seen, there are visible differences asso-
ciated with the spectral analysis, see Fig. 11. In addition, PSDs of NSs
indicated encouraging results for the SF and FFTF approaches compared
to RGRF and MOF methods with SF and FFTF retained more high-
frequency data than other filtering schemes. The observation was bet-
ter substantiated through the examination of the ACF shape. The NS
values obtained by SF and FFTF methods increased more significantly
near the maximum value than the two other techniques.

Further improvements were observed in the other two filtering ap-
proaches for the contour map plots of the thresholded NS data, as pre-
sented in Fig. 12. However, in this case, SF gained some advantage over
NS created using FFTF filtering which allows the acquisition of noisy
data without non-noise features. For the NS obtained via FFTF filtering,
some directional patterns were recognized, as indicated by the arrows in
Fig. 12e.

A significant enhancement was visible in the characterisation of TD
graphs. The isotropy for the NS obtained by the FFTF filtering was
markedly smaller (equal to 0 %) than the isotropy for the NS obtained
with the SF filtering (equal to 70.7 %). The ratio of isotropy calculated
for NS filtered by SF was equal to the ratio received for the NS obtained
with the RGREF filtering. However, the NS filtered with RGRF contained
non-noise patterns, as evident in the thresholded noisy data.

In addition to the proposed TD characterisation, the first direction of
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Fig. 5. The isometric view of the NS obtained using a 7.5 um robust Gaussian regression filter (a), its PSD (b), application of thresholding technique (c) with Abbott-
Firestone curve analysis (d) and thresholded NS (e) with its PSD (f); received from WLI measured laser-textured cross-hatched surface with an angle (a) of 30°.
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Fig. 6. Contour map plots (a,c) and isometric views (b,d) of ACFs (a,b) and thresholded 0.13 % — 99.87 % ACFs (c,d) calculated for NSs obtained using a 7.5 um
robust Gaussian regression filtering of WLI measured laser-textured cross-hatched surface with an angle («) of 30°.

the NS data considered the dominant direction, was studied to validate
the isotropy properties of the noisy data. In Figs. 10 and 12, the direction
of the profile extraction was defined for NS and TD, respectively, with
the following angles: p; = 134° for RGRF, p2 = 107° for SF, 3 = 89° for
FFTF, and p4 = 45° for MOF techniques. Considering the profile analysis
presented in Fig. 13, the range of the noisy data varied from 0.422 ym to
1.12 pm for the RGRF and SF filtering methods, respectively. The dif-
ferences in NS profiles are also visible in visual inspection.

Since the NS filtered for the suppression of high-frequency compo-
nents (measurement noise in this context) should consist of high-
frequency data or those data should be dominant, the analysis of pro-
file PSD was conducted in Fig. 13. For the PSD calculated for the NS
profile filtered by the RGRF method, two of the three dominant fre-
quencies did not belong to the high-frequency domain. More encour-
aging results were obtained after FFTF filtration, as two of the three
dominant frequencies were within the required frequency range. On the
contrary, when applying a MOF technique, all of the first three dominant
frequencies were not located in the essential domain. From the four
filtering approaches studied, the most promising results were collected
when SF was used, with all three dominant frequencies found within the
necessary domain. The studied frequencies are indicated in Fig. 13 by
the arrows for all four filtering techniques.

The extraction of profiles from the NS in the direction of the domi-
nant frequencies obtained by the TD graph can provide valuable infor-
mation on the accuracy of the noise-suppression filtering method.

3.2. Justification of the proposed procedure with the characterisation of
variations in ISO 25178 parameters

In subsequent studies, the effectiveness of the proposed procedure
was validated by examining the variations of ISO 25178 surface texture
parameters, as presented in Table 1 and Table 2. Among the four pro-
posed filtering techniques, the FFTF method was not studied because the
isotropy of NS was equal to 0 % and significant errors were detected in
the edge areas of the analysed details.

The influence of the high-frequency errors was evaluated for various
types of surface topographies. These results showed similar variations in
specific groups of surface texture parameters [68]. The most susceptible
parameters to the presence of high-frequency noise were hybrid Sdq and
Sdr, feature Spc and Spd, and functional Smr and Sk [69,70]. The influ-
ence of the measurement settings on the results of the ISO 25178:600
noise definition [24] and calculation [71] was studied comprehensively
in many previous sources [72-75]. However, in our studies, all the ISO
25178 surface texture parameters were divided into two groups: (1)
indicators influenced by the presence of high-frequency noise, referred
to as ‘noise-sensitive’; and (2) parameters partially resilient to the
occurrence of the studied type of measurement errors, defined as ‘noise-
robust’. Previous studies have revealed that noise-sensitive parameters
can be distorted more than 100 % in the presence of high-frequency
noise while noise-robust parameters show differentiation of less than
5 %. Further studies aimed to compare the differences between these
two groups of parameters.
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Fig. 9. The flow chart of the proposed procedure.

From the filtering methods, SF gave the lowest values for the func-
tional parameters Smr and Sk for all four types of cross-hatched surfaces.
For the feature parameters, Spd and Spc, which characterise the peaks of
the surface, the differences were generally smaller than 1 %, making it
difficult to choose one filter over the others. The hybrid parameters, Sdq
and Sdr, were also minimised when the spline filtering method was used,
as opposed to robust Gaussian and morphological techniques.

The final results showed differences depending on the cross-hatch
angle value. For a = 30° or o = 60°, the advantage of the spline filter
over other methods, e.g. robust Gaussian and morphological, was most
pronounced. Nevertheless, when o increased, i.e. « = 120° or a = 150°,
the differences between the spline and robust Gaussian filters decreased
by approximately half. Simultaneously, advancements over other
methods, such as morphological and fast Fourier filters, increased twice.

Considering the ISO 25178 surface texture parameters, those not
classified as vulnerable to variations due to high-frequency measure-
ment noise did not vary more than 10 %, with differences generally
smaller than 5 %.

Studying various types of noise-suppression methods, it was pro-
posed to analyse if a particular filter caused variations in noise-sensitive
surface texture parameters while maintaining noise-robust parameters
unaltered. The application of SF led to the smallest variations in most of
the non-noise-sensitive ISO 25178 surface texture parameters.

Based on the findings presented, the SF was classified as the most
effective method for reducing high-frequency noise in the results of
laser-textured cross-hatched surface topography measurements,
considering commonly used filtering techniques, such as robust
Gaussian, fast Fourier transform and morphological approaches.

Comparing the proposed methodology to the international standards
[24] defining the measurement noise and calculating it with the mea-
surement repeatability [71], the validation was received with the

11

variations of (high-frequency) noise-sensitive ISO 25178 surface texture
parameters. The variations of noise-sensitive parameters received from
the ISO 25178-700 standard calculations were similar to the variations
of ISO 25178 noise-sensitive texture parameters received by the filtering
method (and its bandwidth) selected with a proposed methodology.

Due to the root mean square height (Sq) of the surface, which is
included in the measurement noise calculation formula, can vary
depending on the selected area studied, the main line of the method
verification was based on the noisy data evaluation, proposed with ACF,
PSD and TD characterisation, and study of noise-sensitive surface
texture parameters variance. When the measurement noise is known, a
proper filter can be applied [76].

From all of the procedures proposed by the ISO 25178-700 stan-
dards, the most common method is to repeat the measurement at the
same conditions and average the received results [77]. Therefore, ac-
cording to the validation of the proposal, the results obtained by the
application of the filter selected by the new procedure were compared to
the average results of three measurements accomplished in the same
conditions. The values of noise-sensitive ISO 25178 surface texture pa-
rameters were compared to the values of the same noise-sensitive pa-
rameters calculated to the average value of 3-time measurement
repetitions. The filter with the smallest variations against the averaged
results can be classified as the most suitable for the reduction of high-
frequency noise. Due to the S-filter proposed by the commercial soft-
ware, where the regular Gaussian regression filter is used, the new
methodology can provide an alternative method for the selection of the
high-frequency noise filtering techniques without repeating the mea-
surement process. The validation method for the proposed methodology
is presented in Fig. 14.

From the filtering techniques studied, the spline filter caused the
most similar variations of the high-frequency measurement noise-
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Fig. 10. Contour map plots (a,c,e,g) and isometric views (b,d,f,h) of NSs obtained by the application of RGRF (a,b), SF (c,d), FFTF (e,f) and MOF (g,h) methods for
pre-processed data of a WLI measured laser-textured cross-hatched surface with an angle () of 90° and cut-off of 7.5 pum; B, B2, B3 and P4 are the angles defined for
the direction of profile extraction presented in further studies.
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Fig. 11. PSDs (a,c,e,g) and centre-part profiles of ACFs (b,d,f,h) of NSs obtained by the application of RGRF (a,b), SF (c,d), FFTF (e,f) and MOF (g,h) methods for pre-
processed data of a WLI measured laser-textured cross-hatched surface with an angle (o) of 90° and cut-off of 7.5 um.
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The ISO 25178 surface texture parameters of WLI measured laser-textured cross-hatched surface, calculated for the pre-processed data and data after noise removal by

various techniques.

Groups and parameters Units o = 30° o = 60°
Pre- RGRF SF MOF Pre- RGRF SF MOF
processed processed
Height parameters Sq um 1.42 1.40 1.41 1.39 1.41 1.39 1.40 1.38
Ssk —0.0173 —0.0274 —0.0187 —0.0334 0.00958 0.00547 0.00901 0.00193
Sku 2.50 2.48 2.49 2.46 2.63 2.61 2.62 2.6
Sp um 4.88 4.33 4.66 4.02 4.99 4.80 4.87 4.54
Sv um 4.5 4.18 4.28 3.94 4.33 4.24 4.22 3.98
Sz um 9.38 8.51 8.94 7.96 9.32 9.04 9.09 8.53
Sa um 1.16 1.14 1.15 1.13 1.14 1.12 1.13 1.11
Functional parameters Smr % 0.0834 0.3870 0.1660 0.8400 0.137 0.269 0.141 0.295
Smc um 3.01 2.48 2.80 2.19 3.15 2.98 3.04 2.73
Spatial parameters Sal mm 0.0437 0.0437 0.0437 0.0437 0.0501 0.0501 0.0501 0.0501
Str 0.261 0.261 0.261 0.261 0.568 0.562 0.567 0.562
Std ° 76.0 75.9 76.0 76.0 63.5 63.5 63.5 63.5
Hybrid parameters Sdq 0.0967 0.0676 0.0608 0.0671 0.0956 0.0659 0.0602 0.0647
Sdr % 0.467 0.228 0.186 0.238 0.456 0.227 0.205 0.224
Functional parameters (volume) Vm mm®/ 0.0000543 0.0000517 0.0000534 0.0000509 0.0000593 0.0000570 0.0000589 0.0000560
2
mm
Vv mm?®/ 0.0019200 0.0019000  0.0019100  0.0018800  0.0019000 0.0018800  0.0018900  0.0018700
2
mm
Vmp mm®/ 0.0000543 0.0000517 0.0000534 0.0000509 0.0000593 0.0000570 0.0000589 0.0000560
2
mm
Vme  mm®/ 0.0013500 0.0013300  0.0013400  0.0013200  0.0013200 0.0013000  0.0013100  0.0013000
2
mm
Vve mm®/ 0.0017700 0.0017500  0.0017600  0.0017300  0.0017500 0.0017300  0.0017400  0.0017200
2
mm
Vvv mm®/ 0.0001520 0.0001510 0.0001510 0.0001500 0.0001540 0.0001510 0.0001530 0.0001500
mm?
Feature parameters Spd 1/mm? 91.5 53.8 53.7 55.8 73.0 43.3 43.0 43.6
Spc 1/mm 0.0382 0.0197 0.0183 0.0190 0.0382 0.0181 0.0180 0.0182
Functional parameters (stratified Sk um 3.94 3.87 3.24 3.84 3.81 3.75 3.69 3.71
surfaces)
Spk um 1.020 0.982 0.997 0.956 1.14 1.09 1.12 1.07
Svk um 1.09 1.07 1.08 1.06 1.14 1.11 1.13 1.11
Srl % 8.58 8.48 8.24 8.46 8.97 9.08 8.99 9.26
Sr2 % 90.7 90.5 90.6 90.3 90.1 90.0 90.0 90.0
Functional indices Sbi 0.551 0.675 0.594 0.779 0.525 0.546 0.542 0.598
Sci 1.53 1.53 1.53 1.52 1.55 1.55 1.55 1.54
Svi 0.107 0.108 0.107 0.108 0.109 0.109 0.109 0.109

sensitive ISO 25178 texture parameter comparing it to the variations
obtained with a calculation of ISO 25178-700 measurement noise with
three times of measurement repeatability.

Therefore, the above methodology can be proposed as an alternative
and reduce the time-consuming laser-textured surface topography
repeatable measurements due to all of the used functions being available
in the commercial software of the measuring instrument. Filter and its
bandwidth can be quickly selected by calculating the PSD, ACF and TD
graphs instead of measurement repetition and average value calculation.

4. Conclusions

Based on the studies presented above, the following conclusions can
be drawn:

1. The results of topography measurements of laser-textured cross-
hatched surfaces are susceptible to errors related to high-frequency
noise. The origin of this type of error is associated with vibrations

16

in the measuring system. Due to the origin of measurement noise in
the high-frequency domain is associated with the vibration of the
measuring system, the amplitude of the errors can be correlated with
the maximum height of the data roughness;

2. The presence of high-frequency errors can cause significant varia-
tions in selected ISO 25178 surface texture parameters, namely
hybrid root mean square gradient Sdq and developed interfacial areal
ratio Sdr, feature arithmetic mean peak curvature Spc and peak
density Spd, and functional areal material ratio Smr and core
roughness depth Sk. In some cases, variations in surface texture
parameter values exceeded 100 %;

3. For the characterisation of high-frequency measurement noise, the
autocorrelation function, power spectrum density and texture di-
rection methods can be employed. It was found that advantages in
high-frequency noise definition and reduction can be achieved
through both areal and profile analyses;

4. Selecting an appropriate filter and its bandwidth analysis for noisy
data, also defined as noise surface, being the data removed during
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Table 2
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The ISO 25178 surface texture parameters of WLI measured laser-textured cross-hatched surface, calculated for the pre-processed data and data after noise removal by

various techniques.

Groups and parameters Units o = 90° o =120°
Pre- RGRF SF MOF Pre- RGRF SF MOF
processed processed
Height parameters Sq um 1.45 1.43 1.44 1.42 1.4 1.37 1.39 1.36
Ssk 0.01860 0.01450 0.01820 0.00874 —0.00876 —0.01340 —0.00979 —0.01500
Sku 2.54 2.53 2.53 2.51 2.55 2.53 2.54 2.52
Sp pm 4.91 4.68 4.67 4.43 4.82 4.36 4.59 4.13
Sv um 4.23 3.81 4.02 3.64 4.09 4.04 4.00 3.57
Sz um 9.14 8.48 8.69 8.07 8.91 8.40 8.59 7.69
Sa pm 1.18 1.16 1.17 1.15 1.14 1.12 1.13 1.11
Functional parameters Smr % 0.114 0.171 0.138 0.335 0.0654 0.3470 0.1510 0.7180
Smc um 2.99 2.78 2.76 2.55 2.99 2.55 2.77 2.33
Spatial parameters Sal mm 0.0595 0.0595 0.0595 0.0595 0.0501 0.0501 0.0501 0.0501
Str 0.785 0.785 0.785 0.785 0.554 0.549 0.554 0.549
Std ° 137 137 137 137 154 154 154 154
Hybrid parameters Sdq 0.0961 0.0668 0.0680 0.0619 0.0952 0.0651 0.0666 0.0595
Sdr % 0.461 0.223 0.231 0.191 0.452 0.212 0.222 0.177
Functional parameters (volume) Vm mm®/ 0.0000586 0.0000569 0.0000579 0.0000558 0.0000564 0.0000546 0.0000557 0.0000536
mm
Vv mm?®/ 0.0019800 0.0019500  0.0019700  0.0019300  0.0018900 0.0018600  0.0018800  0.0018500
2
mm
Vmp mm®/ 0.0000586 0.0000569 0.0000579 0.0000558 0.0000564 0.0000546 0.0000557 0.0000536
2
mm
Vme  mm®/ 0.0013600 0.0013400  0.0013600  0.0013400  0.0013200 0.0013000  0.0013100  0.0012900
2
mm
Vve mm®/ 0.0018200 0.0018000  0.0018200  0.0017800  0.0017400 0.0017100  0.0017300  0.0017000
2
mm
Vvv mm®/ 0.0001540 0.0001520 0.0001520 0.0001510 0.0001510 0.0001490 0.0001500 0.0001470
mm?
Feature parameters Spd 1/mm? 58.6 37.2 37.5 39.6 76.2 41.7 41.8 42.9
Spc 1/mm 0.0402 0.0188 0.0190 0.0175 0.0397 0.0187 0.0187 0.0184
Functional parameters (stratified Sk um 3.98 3.95 3.95 3.89 3.81 3.75 3.80 3.71
surfaces)
Spk um 1.13 1.08 1.11 1.07 10.7 1.05 1.06 1.03
Svk pm 1.11 1.09 1.11 1.08 1.09 1.07 1.09 1.06
Srl % 9.27 8.81 9.25 9.07 8.96 8.87 8.69 8.86
Sr2 % 90.9 90.7 90.8 90.6 90.2 90.2 90.2 90.0
Functional indices Sbi 0.579 0.615 0.63 0.679 0.552 0.654 0.598 0.715
Sci 1.57 1.56 1.57 1.56 1.55 1.55 1.55 1.54
Svi 0.107 0.107 0.106 0.107 0.108 0.108 0.108 0.108

noise-suppression filtering, can be especially beneficial. It is crucial
that the noise surface is isotropic and does not contain non-noise
features;

5. Comprehensive studies of noise surfaces, particularly based on pro-
files extracted in the direction of the machining process, can enhance
the noise-removal procedure. It is recommended to use the dominant
direction calculated from the texture direction function for the
characterisation of noise surface properties. A suitable defined noise
surface, indicative of the application of a well-chosen filter and its
cut-off value, should contain profiles with a similar frequency
composition, as determined with a spectral analysis;

6. Errors in the calculation of ISO 25178 surface texture parameters
caused by the presence of high-frequency measurement noise, can be
reduced through data filtering using the proposed procedure. The
proposed procedure was validated from laser-textured surfaces with
varying cross-hatched angles equal to 30°, 60°, 90°, 120° and 150°;

7. For laser-textured cross-hatched surfaces, the 7.5 um regular
isotropic spline filter led to the most promising results considering all

17

the filtering methods studied. Variations in the values of surface
texture parameters susceptible to high-frequency noise were mini-
mised when compared to the application of robust Gaussian regres-
sion, fast Fourier transforms and envelope-closing-opening
morphological filters when the proposed procedure was applied.
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