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Abstract: The objective of this work was to study distortion of the 3D surface textures
measurement using the stylus tip technique. This distortion was simulated using a dilation
procedure. Topographies of many machined surfaces of various characters measured using
a white light interferometer were analysed. The growth in the tip of the radius of the stylus
produced larger changes in surface texture. Mechanical filtration by a stylus tip caused a
reduction in the amplitude parameters, hybrid parameters, and average radius of the peak
curvature. Variations in skewness (Ssk) and kurtosis (Sku) depended on the type of surface.
The depth and density of the furrows had a tendency to decrease. The measurement results
were more distorted for a higher roughness amplitude and a smaller main wavelength.
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1. Introduction

The surface topography consists of the error of form, waviness, and roughness. The
waviness and roughness together are called surface texture. Surface texture affects the
functional properties of machine elements such as contact, sealing, adhesion, friction, and
wear [1,2]. It is important in other scientific disciplines, such as medicine, including der-
matology [3-5]. Therefore, the accurate measurement of surface texture is very important.
Unfortunately, the measurement of surface topography is sensitive to errors [6]. These
errors depend on the measurement method. The stylus tip technique is the most typical
method of 2D profile measurement. This method used a stylus tip that motion is changed
into a signal versus horizontal position [7,8]. The tip of the stylus is typically made of
diamond or sapphire. These materials are chosen for their hardness, durability, and ability
to accurately trace the surface profile without causing damage. Recently, the measurement
of areal (3D) surface topography became popular and provides accurate information be-
cause the analysis of 2D profiles can lead to false results [9]. The first areal measurements
were performed using the stylus technique. An additional dimension was required in
the measurement system [10,11]. Recently, the measurement of areal surface topography
became more common using optical methods [12,13], mainly due to the much shorter
measurement time than the application of the stylus tip profilometer. Optical methods are
sensitive to measurement errors [14], caused by various sources, such as the occurrences
of non-measurement points [15,16], spikes [17], high-frequency noise [18,19], and surface

Materials 2025, 18, 2060

https://doi.org/10.3390/ma18092060


https://doi.org/10.3390/ma18092060
https://doi.org/10.3390/ma18092060
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/0000-0002-7642-1499
https://orcid.org/0000-0003-4545-1748
https://doi.org/10.3390/ma18092060
https://www.mdpi.com/article/10.3390/ma18092060?type=check_update&version=2

Materials 2025, 18, 2060

2 of 20

stitching [20]. However, for some types of surfaces, such as those with hard light-reflecting
characteristics, resulting in a high number of non-measured points, the application of a
stylus tip device is necessary. Because the measurement of the stylus tip is well known, it
can be used as a reference method for surface topography measurement. It is also used in
fields other than mechanical engineering. For example, the measurement of skin surface
replicas was performed using the stylus tip technique [21-25].

Errors in surface topography measurement using stylus devices are related to tip
velocity [1]. At high speeds, it is difficult to achieve contact between the surface and the
tip of the stylus because of the stylus flight. The possibility of stylus flight depends on the
construction of the pick-up, speed, force, and type of surface texture. The impact of the
stylus velocity was modelled in [26-28]. Arvinth Davinci [29], Pawlus and Smieszek [30],
and Pawlus et al. [31] analysed changes in areal (3D) surface topography parameters,
caused by an increase in the speed of the stylus tip.

The measurement of areal surface topography using a stylus tip device is time-
consuming. Changes in temperature affected the values of surface texture
parameters [32,33].

The most important problem is related to the effect of the size of the stylus tip on the
results of areal surface texture measurement. This effect is called mechanical filtration,
because it is similar to low-pass filtering. The finer surface details (low wavelengths) are
eliminated. This behaviour depends mainly on the radius of the stylus tip; in addition, the
impact of the cone angle is smaller. The stylus typically has a problem reaching the bottom
of the narrow valleys (Figure 1).

Stylus Stylus

path

Figure 1. Mechanical filtration of the stylus tip, in accordance with [6,34].

The smallest measured wavelength is close to the size of the stylus tip [35]. The tip
radius of 2 pm causes the low distortion of the profiles of machined surfaces [1,2]. However,
a stylus tip radii of 5 and 10 pm can also be used. Substantial distortions of profiles can
be found after the application of stylus tip radii of 5 [36] and 10 um [37]. The distortion
of two-process surfaces (having traces of two processes) is more complicated than that of
one-process surfaces (having traces of one process) [38]. The styli are often flattened during
wear, and their radii increase. Typical profile distortions were analysed, and an amplitude
decrease due to the increase in the stylus tip radius was found. Zahouani et al. [39] studied
the effect of the radius of the tip of the stylus on various areal parameters of surface texture
measurement. Lee [40] and Lee and Cho [41] proposed the radius of the tip of the stylus
based on surface characteristics consisting of the minimum wavelength and rms. height.

The radius of the tip of the stylus is related to the minimum sampling interval, which
should be higher than the size of the tip radius [1,42]. The selection of the sampling interval
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depends on the purpose of the investigations. Pawlus and Chetwynd [43] selected a
sampling interval to recognise honing valleys. Rosen and Garnier [44] chosen the sampling
interval taking into account changes in surface height. Thomas and Rosen [45] and Pawlus
and Zelasko [46] considered rough contact mechanics.

It is evident from the review of the literature that mainly the distortion of 2D profiles
due to mechanical filtration by a stylus tip was analysed; only in a few works were
distortions of 3D surface topography studied. In most cases, only changes in surface
amplitudes due to changes in the tip radii were analysed. This work tries to fill this gap. By
simulation, distortions of various machined surface textures due to increasing the stylus tip
radius were studied, and the effects of tip radius on various parameters (amplitude, spatial,
hybrid, and feature) were analysed.

2. Materials and Methods

The topographies of many (45) machined surfaces were measured using the Talysurf
CCI Lite white light interferometer, produced by Taylor Hobson (Leicester, UK). It applies
an innovative correlation algorithm to find the coherence peak and phase position of
an interference pattern produced by the precision optical scanning unit. Surfaces with
reflectivity between 0.3% and 100% can be measured using a single algorithm. A variety of
objectives are available. All types of materials are measurable. The vertical resolution is
0.01 nm and vertical range is 2.2 mm.

Surfaces were created using various processes such as milling, polishing, lapping,
grinding, one-process honing, plateau honing, abrasive blasting, abrasive blasting followed
by lapping, laser texturing, and texturing using burnishing. Surface textures were isotropic,
anisotropic, or mixed, after one or two processes (plateau honing, abrasive blasting followed
by lapping and texturing using laser and burnishing). Rectangular samples made of grey
cast iron after honing and texturing using burnishing (20 mm length, 12 mm width, and
4 mm thickness) were cut from cylinder liners of 130 mm diameter. The other circular
steel samples had diameter of 25 mm and thickness of 7.9 mm. This work was focused on
analysing the behaviour of very different surface types. The aim was to analyse surface
topographies with a high range of amplitudes. Therefore, surface assessed by rms. height
(5q) was between 0.01 and 6 um. Table 1 presents information on the measured samples.

Table 1. Specifications of measured samples.

Machining Process Material Number of Samples
grinding steel 4
milling steel 4
one-process honing grey cast iron 3
plateau honing grey cast iron 4
polishing steel 4
lapping steel 4
texturing using burnishing grey cast iron 3
laser texturing steel 4
vapour blasting steel 8
vapour blasting and lapping steel 7

In measurements, using a Talysurf CCI Lite white light interferometer, a 5x objective
lens was applied. The measuring area of 3.29 mm x 3.29 mm contained 1024 x 1024 data
points. The measured area is the consequence of used objective. Three measurements were
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taken for each individual sample. After measurements, flat surface topographies were
levelled, whereas for curved surfaces, forms were removed by the polynomial of the second
level. Then, the non-measured points were filled in. After measurements, the maximum
ratio of non-measured points was 15%. The spikes were removed by surface truncation to
material ratios between 0.13 and 99.87%. Digital filtration was not used.

The application of a tip radius of 2 um does not cause the distortion of the results of
surface topography measurements [1,2]. In workshops, the use of stylus tip radii of 5 um
and 10 um is common. The distortions surface texture using these radii can be high but
have not been examined comprehensively yet. The radius of the stylus tip cannot be smaller
than the sampling interval used (3.29 um). The application of a 5x objective lens allows
the measurement of a comparatively large surface area. Therefore, mechanical filtrations by
the stylus tip of radii 5 and 10 um were simulated using morphological dilation operations.
During a dilation, the structuring element, being a circular disc, is in contact with and
above the surface. This operation is equivalent to an envelope. The stylus tip material was
assumed to be rigid. The method of mechanical filtration simulation using the dilation
procedure was validated using surfaces with modelled triangular grooves [38].

The areal (3D) surface texture parameters were calculated using the TalyMap 6 soft-
ware program according to the ISO 25178:2 standard. The following height parameters were
used: arithmetical mean of absolute surface heights (Sa), rms. height (Sq), skewness (Ssk),
and kurtosis (Sku). Skewness and kurtosis were described in [47]. The following were also
analysed: spatial parameters (correlation length (Sal) and texture aspect ratio (Str)), hybrid
parameters (rms. slope (Sdq) and the developed interfacial areal ratio (Sdr)). Among the
features, peak density (Spd) and the mean peak curvature (Spc) were studied. Definitions
and interpretations of the parameters analysed are presented in References [48,49]. The
amplitude parameters often decide on tribological properties of machine parts; they are
also used in the quality assessment of machine elements. Skewness (Ssk) is also important
in tribological problems; its negative values are recommended because they lead to the
enhanced contact of surfaces and frequently to small wear and friction. The Sdr param-
eter is important in the creation of an adhesive joint, coating adhesion, and corrosion
protection [1,2,48]. The surface slope affects the tribological properties; it is also related to
light reflection. Spatial parameters are substantial in lubrication. Peak density and peak
curvature decide on the contact of rough surfaces [48].

In addition, three parameters related to furrows were analysed: maximum depth
of furrows, mean depth of furrows, and mean density of furrows. These parameters are
important in dermatology. The density of the furrows decreased with age [50], while the
depth of furrows increased with age [51,52]. The photoexposed sites showed more linear,
distant, and thin furrows than the photoprotected sites [53].

The number of parameters analysed was 13. Relative average and maximum parame-
ter changes calculated in relation to the results of surface topography measurement using a
white light interferometer after form removal, filling in non-measured points, and spike
removal will be presented.

A total of 15 surfaces were anisotropic (the texture aspect ratios (Str) were smaller than
0.15); 15 surfaces had a mixed character (the Str values were between 0.15 and 0.84); and
other surfaces were isotropic (the Str values were more than 0.84).

3. Results and Discussion

Anisotropic surfaces are characterised by very low Str parameter values. Two-directional
surfaces after grinding and milling and cross-hatched surfaces after one-process and
two-process honing (plateau honing) were analysed (15 surfaces). Table 2 presents the



Materials 2025, 18, 2060

50f 20

average and relative changes in the absolute values of the areal texture parameters of the
anisotropic surfaces.

Table 2. Average and relative changes in absolute values of texture parameters of anisotropic surfaces
caused by stylus tip radii of 5 and 10 um, mechanical filtration was simulated by dilation.

Parameter Stylus Tip Radius 5 um Stylus Tip Radius 10 um

Average Maximum Average Maximum
Changes, % Changes, % Changes, % Changes, %

Sq 0.9 2.4 27 8.7

Sa 0.8 2.4 2.6 6.7

Ssk 19 13.1 4.6 12.1

Sku 0.7 3.1 13 9.5

Str 22 18.1 3.3 19.1

Sal 0.4 1.5 1.6 5.8

Sdq 2.9 8.5 9.1 17.9

Sdr 5.8 171 15.3 33.6

Spd 0.3 1.3 4.8 14.3

Spc 6.6 39.1 18.2 63.3

Density of furrows 0.05 0.5 043 13

Maximum depth of furrows 0.54 2.1 21 6.8

Mean depth of furrows 0.9 35 2.7 13.1

The height parameters decreased due to mechanical filtration by a stylus tip, and the
changes in Sq were a little higher than those of Sa. Among parameters characterising the
shape of the ordinate distribution, the skewness (Ssk) typically increased, especially for the
surfaces of symmetric ordinate distributions, but no direct tendency of the Sku parameter
was found. The high relative changes in the Ssk parameter resulted from its value near zero.
The spatial parameters increased mainly as a result of mechanical filtration. Sometimes,
high changes in the Str parameter were related to very small values of this parameter of
anisotropic surfaces. Hybrid parameters decreased as a result of mechanical filtration by
the radius of the tip of the stylus. The decrease in the Sdr parameter caused by the increase
in the radius of the tip of the stylus was greater than that of the rms. slope (Sdq). High
relative changes in hybrid parameters were caused by the height decrease and increase
in the main wavelength, characterised by the correlation length (Sal). The peak density
(Spd) decreased, which is connected with the growth in the Sal parameter. The average
peak curvature (Spc) decreased, and its changes were comparatively high. The density and
depth of the furrows mainly decreased as the radius of the tip of the stylus increased. The
changes in the density of the furrows were the smallest.

The increase in the tip of the radius of the stylus caused higher errors in determining
surface texture parameters. Among the fundamental parameters (amplitude and spatial),
the mechanical filtration of the stylus tip typically led to a decrease in surface amplitude
and an increase in the spatial parameters Sal and Str. The growth in the Sal caused a
decrease in the peak density (Spd). These changes are typical for low-pass digital filtration.
They caused very high changes in the hybrid parameters Sdq and Sdr and the mean peak
curvature (Spc). Changes in parameters caused by the impact of the stylus tip radius were
smaller for lower amplitudes and higher main wavelengths. For the analysed anisotropic
textures, parameter changes caused by digital filtration were the smallest for surfaces
after fine milling. Mechanical filtration by the tip of the stylus caused small changes
in maximum amplitude. Scanning orientation does not play a role in the distortion of
anisotropic surfaces.

Figures 2—4 present changes in the contour plots, furrows, and parameters for surfaces
after grinding, milling, and plateau honing, respectively.
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$q=0.509 um
Sa=0.383 um
Ssk =-0.892
Sku =5.387
Sal =0.0188 mm
Str =0.0362
All furrows are displayed. Sdq=0.117
Sdr = 0.677%
Maximum depth of furrows : 3.02945 pm Spd =1169.3 1/mm?
Mean depth of furrows : 0.655648 pm Spc =75.1 1/mm
Mean density of furrows : 281.874 cm/cm?

(o)

Sq=0.507 um
Sa=0.382 um
Ssk =-0.855
Sku =5.221
Sal =0.0189 mm
Str =0.0363
Al furrows are displayed. Sdq=0.116
Sdr = 0.666%
Maximum depth of furrows : 3.02873 ym Spd =1168.9 1/mm?
Mean depth of furrows : 0.654336 um Spc=75.0 1/mm
Mean density of furrows : 281.791 cm/cm?

®

5q=0.483 um

Sa =0.367 um
Ssk =-0.706
Sku =4.841

Sal =0.0199 mm
Str = 0.0366
Sdq=0.109
Sdr=0.618%
Spd =1150.5 1/mm2

All furrows are displayed.

Maximum depth of furrows : 2.97899 pm

Mean depth of furrows : 0.634693 pm SPC =66.11/mm
Mean density of furrows : 284.708 cm/cm?
(8 () (@

Figure 2. Contour plots (a,d,g), view of furrows (b,e h) and texture parameters (c,f,i) of ground
surface after measurement (a—c), and simulated mechanical filtration by the tip of the stylus (by
dilation procedure) of radius 5 pm (d,e,g) and 10 um (g—i).

- Sq=1.208 pm
s Sa=0.982 um
Ssk =-1.082
4 Sku =3.228
3 Sal =0.057 mm
5 Str=0.0348
All furrows are displayed. Sdq =0.094%
1 Sdr =0.439%
0 Maximum depth of furrows : 4.92293 pm Spd =565.8 1/mm?
Mean depth of furrows : 1.42096 pm Spc =66.6 1/mm
Mean density of furrows : 307.007 cm/cm?
()
Sq=1.208 um
um Sa=0.981 pm
5 Ssk =-1.083
4 Sku =3.233
3 Sal =0.057 mm
2 Str =0.0348
Al furrows are displayed. Sdq=0.094
J Sdr =0.435%
0 Maximum depth of furrows : 4.92260 pm Spd =565.7 1/mm?
Mean depth of furrows : 1.42063 pm Spc=66.51/mm
Mean density of furrows : 307.015 cm/cm?
(e) ®
Sq=1.198 um
o Sa=0.971 pm
4 Ssk=-1.099
4 Sku =3.289
3 Sal =0.057 mm
2 Str =0.0348
Al furrows are displayed. Sdq=0.089
! Sdr =0.398%
0 Maximum depth of furrows : 4.82097 pm Spd =558.9 1/mm?
Mean depth of furrows : 1.39535 um Spc=60.61/mm
Mean density of furrows : 306.339 cm/cm?
(8) (h) (@

Figure 3. Contour plots (a,d,g), view of furrows (b,e,h) and texture parameters (c,f,i) of the milled
surface after measurement (a—c), and simulated mechanical filtration by the tip of the stylus (by
dilation procedure) of radius 5 pm (d,e,g) and 10 um (g—i).
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Sq=0.584 pm
0 1 2 3mm gm Sa=0.341 um
0 % Z Ssk=-3.3
3 ¢ Sku =18.051
15 B 3 o ' Sal =0.0194 mm
2 4 2 -2 Str=0.0118
25 —: g Al furrows are displayed. qu =0.103
3"'“]']"']'] ) Sdr=0.511%
- 0 Maximum depth of furrows : 4.22033 pm Spd =1016 1/mm?
Mean depth of furrows : 0.492126 pm
) Spc=61.81/mm
Mean density of furrows : 308.242 cm/cm?
(a) (0)
pm 5q=0.571 pm
" 0 1 2 3 mm 5 Sa=0.334 um
05 B : 4 Ssk =-3.36
1 3 Sku =18.1
15 4 3 Sal=0.0194 mm
2 2 Str=0.0118
25 All furrows are displayed. Sdq =0.099
3 1 Sdr = 0.485%
0 Maximum depth of furrows : 4.13852 um Spd =1016.1 1/mm?
mm Mean depth of furrows : 0.487422 pm Spc=61.6 1/mm
Mean density of furrows : 308.307 cm/cm?
(d) ()
Sq=0.532 um
g g Sa=0.314 ym
05 _: 4 Ssk =-3.391
1 Sku =19.08
15 2 Sal =0.0186 mm
2 7 2 Str=0.0118
2.5 7 1 All furrows are displayed. Sdq =0.093
3 S s 0 Sdr = 0.426%
Wil Maximum depth of furrows : 4.04977 pm Spd =1010.5 1/mm?
Mean depth of furrows : 0.468286 pm Spc=58.2 1/mm
Mean density of furrows : 308.224 cm/cm?
(8 (h) (i)

Figure 4. Contour plots (a,d,g), view of furrows (b,e h) and texture parameters (c,f,i) of plateau honed
surface after measurement (a—c), and simulated mechanical filtration by the stylus tip (by dilation
procedure) of radius 5 um (d,e,g) and 10 um (g-i).

The decreases in the amplitude parameters of the ground surface shown in Figure 2
were up to 5%. Skewness (Ssk) increased and kurtosis (Sku) decreased to 10%. Spatial
parameters increased (Sal to 6% and Str to 1%), and the peak density (Spd) decreased to
2%. The reductions in the hybrid parameters Sdq and Sdr and the peak density (Spc) were
up to 6, 9, and 12%, respectively. The decreases in the depths of the furrows caused by
changes in the tip radii were smaller than 3%, and the changes in the furrow density were
not higher than 5% due to the simulated mechanical filtration by the stylus tip.

The changes in the parameters of the milled surface shown in Figure 3 due to the
simulated mechanical filtration by the stylus tip were smaller compared to those of the
previously analysed ground surface (Figure 2) of similar maximum height. The maximum
reduction in the amplitude parameters was 1%; Sku increased to 2%; Sal increased to 5%;
Str was constant; the peak density decreased to 1%; and parameters Sdq, Sdr, and Spc
decreased to 5, 9, and 9%, respectively. The reductions in the depths of the furrows were
less than 2%, and the density of furrows decreased to 1%. These comparatively low changes
were probably caused by the higher correlation length (Sal) of the milled texture compared
to the ground surface, as shown in Figure 2.
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Changes in the parameters of the plateau-honed cylinder surface due to simulated
mechanical filtration with a stylus tip are shown in Figure 4. The amplitude parameters
decreased to 9%, the skewness decreased, and the kurtosis increased to 6%. Sal and Str
increased to 4 and 1%, respectively, and the peak density decreased to 0.5%. The maximum
decreases in parameters Sdq, Sdr, and Spc were 5, 16, and 7%, respectively. The depths of
the furrows decreased to 4%, and changes in the densities of the furrows were negligible.

Surfaces after polishing and lapping, as well as textured surfaces with isolated oil
pockets, belong to mixed textures. Dimples were created by burnishing or laser treatment,
and surface details between oil pockets were created by grinding or lapping. Table 3
presents the average and relative changes in the absolute values of texture parameters
of mixed 15 surfaces. The decreases in the amplitude parameters due to mechanical
filtration by a stylus tip were similar to anisotropic surfaces (Table 2). The changes in other
parameters of mixed surfaces were smaller than those of anisotropic textures. The small
average changes were due to the fact that impacts from stylus tips did not affect surfaces
after polishing, for which the maximum surface height was less than 1 pm. The smaller
relative changes in the Str and Ssk parameters were caused by the higher values of these
parameters of textured surfaces compared to those of anisotropic surfaces. Similarly to the
anisotropic surfaces, the highest changes in the Spc and Sdr parameters occurred among the
parameters analysed. These parameters decreased as a result of mechanical filtration. The
peak density (Spd) also decreased. The changes in the spatial parameters were smaller than
those in the amplitude parameters. In most cases, the skewness (Ssk) and the kurtosis (Sku)
increased. No clear tendencies of the changes in the Sal and Str parameters were found.
The mean depth of the furrows decreased owing to mechanical filtration; tendencies of
changes in other parameters characterising the furrows were not found. The increase in the
simulated tip radius caused greater changes in the surface texture parameters. Generally,
mixed textures showed a low sensitivity to tip radius despite their geometrical complexity
due to their comparatively small roughness height.

Table 3. Average and relative changes in absolute values of texture parameters of mixed surfaces
caused by stylus tip radii of 5 and 10 pm; mechanical filtration was simulated by dilation.

Parameter Stylus Tip Radius 5 pm Stylus Tip Radius 10 um

Average Maximum Average Maximum
Changes, % Changes, % Changes, % Changes, %

Sq 0.9 44 2.7 10.7

Sa 0.7 2.7 2.6 74

Ssk 0.5 2.1 14 5.1

Sku 0.9 45 2.6 10.5

Str 0.02 0.1 0.6 5.1

Sal 0.2 1.1 0.9 2.8

Sdq 0.7 2.4 4.9 14.8

Sdr 2.3 6.6 8.4 27.5

Spd 0.3 2.9 12 5.7

Spc 2.1 17.2 8.9 41.1

Density of furrows 0.07 0.4 0.16 0.7

Maximum depth of furrows 0.05 0.4 0.7 2.7

Mean depth of furrows 04 1.5 2.6 6.4

Figures 5-7 present changes in the contour plots, furrows, and parameters for surfaces
after lapping, texturing using burnishing, and laser texturing, respectively.

The effect of a stylus tip radius of 5 um caused a marginal decrease in the only Sdr
parameter of surface after lapping (Figure 5). The higher increase in the tip of the radius
of the stylus caused the highest decrease in the Sdr parameter (3.3%) followed by the Spc
parameter (2.5%). The relative changes in the parameters Ssk, Sku, and Sdq were between
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2 and 3%. The variations in other parameters were smaller. The low number of changes in
the parameters caused by mechanical filtration were caused by the low surface amplitude.

Sq=0.238 um
Sa=0.184 um
Ssk =-0.65
Sku=4.16
Sal =0.0297 mm
Str=0.147
All furrows are displayed. Sdq =0.06
Sdr=0.179%
Maximum depth of furrows : 1.29836 pm Spd =2017.1 1/mm?
Mean depth of furrows : 0.354051 um Spc=39.9 1/mm
Mean density of furrows : 314.145 cm/cm?
(c)
5q=0.238 um
Sa=0.184 pm
Ssk =-0.65
Sku=4.16
Sal =0.0297 mm
Str=0.147
All furrows are displayed. Sdq =0.06
Sdr=0.178%
Maximum depth of furrows : 1.29836 pm Spd =2017.1 1/mm?
Mean depth of furrows : 0.354061 pm Spc=39.9 1/mm
Mean density of furrows : 314.142 cm/cm?
()
S5q=0.236 pum
Sa=0.183 um
Ssk =-0.63
Sku =4.1
Sal =0.03 mm
Str=10.146
All furrows are displayed. Sdq =0.059
Sdr=0.173%
Maximum depth of furrows : 1.30994 ym Spd =2016.1 1/mm?
Mean depth of furrows : 0.353909 pm Spc=39.2 1/mm
Mean density of furrows : 314.044 cm/cm?
(8) (h) (i)

Figure 5. Contour plots (a,d,g), view of furrows (b,e,h) and texture parameters (c,f,i) of the lapped
surface after measurement (a—c), and simulated mechanical filtration by the tip of the stylus (by
dilation procedure) of radius 5 um (d,e,g) and 10 pm (g—i).

The relative changes in the parameters of the cylinder surface with oil pockets created
by the burnishing technique (Figure 6) were much higher than those of the lapped surface,
as shown in Figure 5. The largest change in the Sdr parameter of approximately 3% was
found for the application of a stylus tip radius of 5 um. Variations in other parameters
were less than 1%. Higher changes were obtained for a stylus tip radius of 10 um. The
highest decrease was found in the Sdr parameter (27%) followed by Spc and Sdq (15%).
The surface amplitude was reduced to 7%, while Ssk decreased and Sku increased to 4 and
8%, respectively. The spatial parameters Str and Sal increased to 3 and 5%, respectively. A
low reduction in the peak density (Spd) of approximately 1% was found. The maximum
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and mean depth of the furrows decreased by 3 and 5%, respectively. A negligible change in
the density of the furrows was found.

Similar changes occurred for other textured surfaces shown in Figure 7. The texturing
of the steel surface was performed using laser treatment. The tip radius of 5 um caused
the highest reduction in the Sdr parameter (4%) followed by Sdq (2%). When the radius
of the stylus tip increased to 10 um, the greatest reductions were found for parameters
Sdr and Spc (16) followed by Sdq (9%). The surface amplitude decreased to 3.5%, while
the skewness (Ssk) decreased and the kurtosis (Sku) increased to 2 and 4%, respectively.
The peak density (Spd) decreased to 4%, but the spatial parameters Str and Sal did not
change. The mean depth of furrows decreased to 3.5%, but the changes in other parameters
characterising furrows were negligible.

Sq=1.065 pum
s Sa=0.692 um
| Fs Ssk =—2.34
5 Sku =9.67
Sal =0.072 mm
4 Str=0.788
5 All furrows are displayed. sd q= 0.141
Maximum depth of furrows : 7.39720 um g
. Mean depth of furrows : 1.04910 ym Spd e
Mean density of furrows : 290.494 cm/cm? Spc=88.91/mm
(0)
S5q=1.06 um
ol Sa =0.689 um
P Ssk=-2433
5 Sku =9.68
Sal =0.073 mm
4 Str=0.793
5 All furrows are displayed. qu =0.139
Maximum depth of furrows : 7.39720 pm Sdr =0.954% 5
8 Mean depth of furrows : 1.04910 um Spd =DNG Y rivive
Mean density of furrows : 290.494 cm/cm? SPC =88.81/mm
(f)
Sq=1.016 um
Hm Sa =0.646 um
| Fs Ssk=-2.53
6 Sku =10.45
Sal =0.74 mm
4 Str=0.827
5 All furrows are displayed. qu =0.12
, Sdr =0.718%
0 Maximum depth of furrows : 7.39671 pm Spd <5108 1finim2

Mean depth of furrows : 1.04643 um
Mean density of furrows : 290.523 cm/cm?

(8) (h) (i)

Figure 6. Contour plots (a,d,g), view of furrows (b,e h) and texture parameters (c,f,i) of the textured

Spc=75.51/mm

surface using burnishing after measurement (a—c), and simulated mechanical filtration by the tip of
the stylus (by dilation procedure) of radius 5 um (d,e,g) and 10 um (g-i).
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Figure 7. Contour plots (a,d,g), view of the furrows (b,e h) and texture parameters (c,£,i) of the laser
textured surface after measurement (a—c), and simulated mechanical filtration by the tip of the stylus
(by dilation procedure) of radius 5 um (d,e,g) and 10 um (g-i).

Table 4 presents the average and relative changes in the absolute values of the parame-
ters of isotropic surfaces. One-process surfaces (with traces of one machining process, after
vapour blasting) and two-process surfaces (after vapour blasting followed by lapping) were
analysed. Two-process surfaces were characterised by smaller amplitudes and asymmetric
ordinate distributions, described by comparatively high negative values of skewness. Simi-
larly to the surfaces analysed above, the amplitudes of surface textures decreased due to the
mechanical filtration by the stylus tip. The changes in the mean amplitude parameters Sa
and Sq were similar. In most cases, the skewness (Ssk) decreased for two-process surfaces
and increased for one-process textures. The kurtosis (Sku) usually increases. The relative
changes in kurtosis were smaller than those in skewness. Mechanical filtration by the tip of
the stylus caused an increase in the correlation length Sal for all surfaces analysed. Growth
in the correlation length is related to reduction in the peak density (Spd). The changes
in amplitude and autocorrelation length were the highest for all surface types analysed.
The tendency of changes in the Str parameter was not clear. Comparatively small relative
deviations resulted from high values of this parameter for isotropic surfaces. The reduction
in amplitude and growth in the correlation length caused high decreases in the values of
hybrid parameters and the peak density (Spd). Similarly to other types of textures, the
changes in Sdr and Spc were greater than those in Sdq. The densities of the furrows and
mean depths of the furrows decreased, and relative changes in the average depths were
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higher than those of the densities. No clear trends of changes in maximum depth of the
furrows were found.

Table 4. Average and relative changes in absolute values of texture parameters of isotropic surfaces
caused by stylus tip radii of 5 and 10 um; mechanical filtration was simulated by dilation.

Parameter Stylus Tip Radius 5 um Stylus Tip Radius 10 um
Average Changes, Maximum Average Changes, Maximum
% Changes, % % Changes, %

Sq 5.9 9.6 13.7 17.5

Sa 5.7 89 13.4 18.3

Ssk 12.9 371 28.8 65.1

Sku 2.65 7.9 8.6 221

Str 1.15 2.8 131 43

Sal 4.38 13.7 12.2 39.7

Sdq 13.1 18.2 26.7 34.5

Sdr 21.7 36.1 423 53.1

Spd 2.53 3.9 17.1 30.3

Spc 21.5 43.1 432 63.1

Density of furrows 0.78 24 148 2.4

Maximum depth of furrows 1.44 49 2.12 54

Mean depth of furrows 2.6 6.4 7.3 17.8

Figure 8 presents changes in the contour plot, furrow, and parameters of surfaces after
the vapour blasting caused by the action of the stylus tip. Changes in parameters occurred
for both radii of the stylus tip. The decreases in the amplitude parameters were not greater
than 18%. Skewness (Ssk) increased and kurtosis decreased marginally. The correlation
length (Sal) increased to 35%, but the decrease in the (Str) parameter was much smaller.
The peak density (Spd) decreased to 8%. A high decrease in the hybrid parameters Sdq
and Sdr and the mean peak curvature (Spc) occurred, and the maximum changes were 30.5,
48, and 48%, respectively.

Sq=1.214 um
um Sa=0.839 um
i s ZS T 10 Ssk =-0.645
] 8 Sku =6.03
13 6 Sal =0.0086 mm
2 :: 4 Al furrows are displayed. Str=0.77
3 3 e ) Sdq=0.35
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iy 0 Mean depth of furrows : 1.89123 pm Spd = 1349 1/mm?
Mean density of furrows : 315.998 cm/cm? Spc=162.3 1/mm
(@) (9
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10 Sa=0.765 um
T . Ssk =—0.422
3 F Sku =6.02
' 6 Sal=0.0091 mm
2 : 4 All furrows are displayed. Str=0.76
3 4 i g Sdq=0.3
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mm 0 Mean depth of furrows : 1.86445 ym Spd =1322 1/mm?
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B F Sku=5.71
L= 6 Sal=0.0116 mm
2 : 4 All furrows are displayed. Str=0.75
3 F Sdq =0.243
SRl 2 Maximum depth of furrows : 7.44509 pm Sdr=2.82%
mm b Mean depth of furrows : 1.91101 pm Spd = 1236 1/mm?
Mean density of furrows : 314.914 cm/cm? SPC =84.51/mm
(8 (h) (@)

Figure 8. Contour plots (a,d,g), view of the furrows (b,e,h) and texture parameters (c,f,i) of the

vapour-blasted surface after measurement (a—c), and simulated mechanical filtration by the tip of the

stylus (by dilation procedure) of radius 5 um (d,e,g) and 10 um (g-i).



Materials 2025, 18, 2060

13 of 20

Changes in other surface texture after vapour blasting caused by the radii of the stylus
tip are presented in Figure 9. This surface is characterised by a higher amplitude and greater
correlation length than the surface shown in Figure 8. The changes in the parameters of
these two surfaces are similar. The surface amplitude shown in Figure 9 decreased by
not more than 11%. Skewness and kurtosis increased. Changes in kurtosis (Sku) were
approximately 5%. The correlation length (Sal) increased to 12%, and the Str parameter
increased marginally. The peak density (Spd) decreased to 28%. Parameters Sdq, Sdr, and
Spc were reduced, and their maximum changes were 29, 41, and 63%, respectively.
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g, BRI - Ssk =-0.38
i L 20 Sku =4.09
1 E 15 Sal =0.022 mm
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bB 2 Rl o g . Maximum depth of furrows : 20.5495 pm Sdr=15.3%
0 Mean depth of furrows : 5.91395 ym Spd =502.9 1/mm?
Mean density of furrows : 291.355 cm/cm? Spc=235.8 1/mm
(a) (0)
pm S5q=3.572 pm
Sa=2.71 pm
D o BRI 25 Ssk =-0.31
e 20 Sku =4.29
E. 15 Sal =0.024 mm
': E All furrows are displayed. Str=0.88
Feraus Rt " Sdq =0.544
Gaiaiioazes 5 Maximum depth of furrows : 20.8673 pm Sdr=12.1%
0 Mean depth of furrows : 5.79925 pm Spd =452.2 1/mm?
Mean density of furrows : 287.210 cm/cm? Spc=153.3 1/mm
(d) ()
pm Sq =3.349 um
Sa=2.537 um
D s £ T 25 Ssk =—0.14
S 20 Sku =4.31
E - Sal =0.025 mm
3 - Al furrows are displayed. Str=0.88
E Akl L Sdq = 0.445
SRR 5 Maximum depth of furrows : 20.8177 um Sdr =9.054%
b Mean depth of furrows : 5.68891 pym Spd =358.8 1/mm?
Mean density of furrows : 281.427 cm/cm? Spc=87.51/mm
(8) (h) (i)

Figure 9. Contour plots (a,d,g), view of the furrows (b,e,h) and texture parameters (¢ f,i) of vapour
blasted surface after measurement (a—c), and simulated mechanical filtration by the tip of the stylus
(by dilation procedure) of radius 5 um (d,e,g) and 10 um (g—i).

Figure 10 presents changes in the contour plot, the furrow, and the parameters of
two-process surfaces after a vapour blasting followed by lapping caused by simulated
application of the stylus tip. This type of surface is characterised by a negative skewness
value (smaller than —1). The amplitude parameters decreased to 17%. Skewness (Ssk)
decreased, which is a characteristic feature of the two-process surfaces. Kurtosis (Sku)
increased to 21%. Peak density (Spd) decreased to 2.5%. The hybrid parameters Sdq and
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mm

mm

Sdr decreased to 22 and 38%, respectively. The decrease in the mean peak curvature (Spc)

was comparatively small and amounted to 17%.
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Figure 10. Contour plots (a,d,g), view of furrows (b,e ,h) and texture parameters (c,f,i) of vapour
blasted and lapped surface after measurement (a—c), and simulated mechanical filtration by the tip of
the stylus (by dilation procedure) of radius 5 um (d,e,g) and 10 um (g-i).

The analysis of the stylus tip size impact was performed using simulation. The dilation
procedure was used. Simulation facilitates a decrease in the time and cost of experimental
investigations. It also eliminates the effects of other factors influencing measurement
errors, such as measurement speed, thermal disturbances, surface deformation, and high-
frequency noise [27-33]. The effect of mechanical filtration with the stylus tip on variations
in areal surface texture parameters was analysed for various types of surfaces (anisotropic,
mixed, or isotropic) to obtain the tendencies of surface texture parameter changes. This
study was conducted to eliminate other possible sources of deviations in the results,
for example, due to the sampling interval, measurement area, and reference element.
Typically, the effect of the size of the stylus tip on the changes in amplitude parameters
was studied [1,2,36-38]. However, not only the amplitude parameters can be changed due
to mechanical filtration. In this work, the effects of 5 and 10 pm radii were analysed. In
laboratory works, a tip radius of 2 pm is commonly used. However, radii of 5 and 10 pm
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are also admissible. Substantial distortions of smooth profiles can be high [36,37], but were
not examined comprehensively in three dimensions. In addition, the radius of the stylus
tip due to wear can be increased [1,2].

In this work, the relative changes in the selected surface texture parameters due to
mechanical filtration by the stylus tip were studied. These deviations depend on the values
of the parameters and can be high when these values are close to 0. This is particularly
important for Str and Ssk. The error in determining the Str parameter can be high for
anisotropic surfaces for which the Str parameter is close to 0. Similarly, the relative deviation
of the skewness (Ssk) can be great for a one-process surface of approximately symmetric
ordinate distribution, for which this parameter is close to 0.

Regardless of surface type, an increase in the radius of the stylus tip caused larger
changes in the areal surface texture. For all types of surfaces, mechanical filtration caused
reductions in the parameters Sa and Sq. A reduction in roughness height was also found in
References [36—41]. The changes in the parameters that describe the shape of the height
distribution, Ssk and Sku, depended on the type of surface. For a one-process surface
of an approximately symmetric shape to that of the ordinate distribution, the skewness
(Ssk) increased, but for two-process surfaces with initially negatively skewness, it typically
decreased as a result of mechanical filtration (Figures 5-7 and 10). For one-process textures,
perhaps the stylus tip did not touch the bottom of narrow valleys, so the skewness increased
as a result of mechanical filtration. However, deep valleys were wide, so their changes
were marginal due to mechanical filtration by the stylus tip, and therefore, only changes in
small (non-deep) valleys occurred and skewness decreased. The situation can be changed
for narrow deep valleys. For two-process surfaces, the kurtosis increased as a result
of mechanical filtration by a stylus tip. Typically, smaller values of negative skewness
correspond to higher values of kurtosis [47,48] (Figures 5-7 and 10). For one-process
surfaces, a non-clear tendency of kurtosis changes was found.

For anisotropic and isotropic surfaces, mechanical filtration by the stylus tip caused an
increase in the correlation length (Sal). Similar changes were also found in Reference [38].
When a stylus tip device is used, high-frequency components are filtered out [40,41]. No
clear changes in the correlation length were found for mixed surfaces with generated oil
pockets. However, for this type of surface, the oil pockets decided on the autocorrelation
function and consequently on the Sal parameter (these changes were very small). The
increase in the correlation length (Sal) resulted in a reduction in the peak density Spd. A
reduction in the peak density was also found for mixed surfaces with isolated oil pockets;
this observation suggests that the mean wavelength for the peak part also increased as a
result of mechanical filtration. The Str parameter of the anisotropic surfaces increased as a
result of mechanical filtration by the stylus tip. This behaviour resulted from the definition
of the Str parameter, which is the ratio of the smallest and highest correlation lengths. Due
to the impact of the radius of the stylus tip, the smallest correlation length (Sal) increased,
but the highest correlation length was constant; therefore, the Str parameter increased. For
other types of surfaces, no clear tendency of changes in the Str parameter due to mechanical
filtration was found.

In all cases analysed, the hybrid parameters Sdq and Sdr and the Spc feature param-
eter were reduced because of mechanical filtration. These reductions were the highest
for anisotropic and isotropic textures and resulted from the decrease in the roughness
amplitude and the growth in the correlation length (Sal). The changes in Sdr and Spc were
higher than those in Sdq. Decreases in hybrid parameters due to mechanical filtration were
also found in References [38,39]. The Sdr parameter is characterised by a high sensitivity to
measurement errors [6], so the Sdq parameter should be preferred over hybrid parameters.
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Changes in parameters that characterise furrows depend on the surface type. For
anisotropic surfaces, the density and depth of furrows typically decreased. The average
depth of the furrows was reduced when the mixed surfaces were mechanically filtered,
and changes in other parameters characterising the furrows were not clear. For isotropic
surfaces, densities of furrows and mean depths of furrows decreased, whereas non-clear
tendency of changes in maximum depth of furrows was obtained. For all types of surfaces,
the highest changes (reductions) occurred for the mean depth of the furrows. Generally,
the depth and density of the furrows had a tendency to decrease as a result of mechanical
filtration by the tip of the stylus.

The results of surface texture measurements were more distorted by mechanical filtra-
tion of the stylus tip for higher roughness amplitudes and shorter wavelengths. Typically,
smoother surfaces were characterised by smaller spatial parameters such as the correla-
tion length. However, in this research, no changes in parameters were found for smooth
polished and lapped surfaces. The ratio of the highest to smallest roughness amplitudes
determined by the Sq parameter was higher than the ratio of the largest and smallest corre-
lation lengths. Therefore, the impact of roughness height seemed to be greater than that of
the main wavelength. However, due to the sampling interval used and the optical method
of measurement, the minimum wavelengths of the smooth surfaces could be filtered out.

Figure 11 presents the extracted profiles and the removed profiles as the result of
mechanical filtration with a stylus tip of 10 um radius for the selected surface textures. The
change in surface texture after milling (Figure 3) is greater than that of the surface after
grinding (Figure 2) of similar maximum roughness height. This difference was caused by
the longer correlation length of the milled surface. This observation was confirmed by the
analysis of the profile changes shown in Figure 11a-d. The removed profile of the ground
surface (Figure 11b) contains more scratches than that of the milled surface (Figure 11d). An
analysis of Figure 11e,f confirmed small changes in surface texture after lapping, as shown
in Figure 5. The removed profile in Figure 11f contains only five valleys. Figure 11g—j
correspond to the surfaces after vapour blasting shown in Figures 8 and 9, respectively.
The surface texture in Figure 8 had a lower roughness height and a shorter correlation
length than the surface in Figure 9. Therefore, the changes in these surface textures due
to mechanical filtration by stylus tip were rather similar. This observation was confirmed
by the analysis of the profiles in Figure 11g—j. The removed profile shown in Figure 11h
is characterised by a smaller maximum amplitude but more dense valleys (smaller main
wavelength) than the profile in Figure 11j.

The results of simulated mechanical filtration by the stylus tip were dependent on the
method of spike removal. When it was not used, the relative changes in the amplitude
parameters, including the maximum roughness height, were higher compared to those
obtained after the elimination of the spikes.

For precise surface texture measurement in scientific applications, the radius of the
stylus tip should be smaller than 5 um. Due to possible wear, stylus tip radius should be
often checked. For comparative roughness measurement in industry applications, a 5 um
tip radius can be admitted.

This work focusses on the effect of mechanical filtration of the stylus tip on changes in
the areal parameter of surface texture measurement. However, other factors also caused er-
rors in texture measurement, such as thermal disturbances, high-frequency noise, scanning
speed, stylus tip wear, and the plastic deformation of the measured surface.
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Figure 11. Extracted profiles (a,c,e,g,i) and removed profiles as the result of simulated me-

chanical filtration with a stylus tip of a radius of 10 um radius (b,dfh,j) of surfaces shown

in Figures 2a, 3a, 5a, 8a and 9a.

4. Conclusions

1. The size of the stylus tip affects the results of areal surface texture measurement. This

influence is similar to low-pass filtering and is therefore called mechanical filtration.

The increase in the radius of the stylus tip caused greater changes in surface texture.



Materials 2025, 18, 2060

18 of 20

References

Regardless of the type of surface, mechanical filtration with a stylus tip caused
a reduction in the mean amplitude parameters Sa and Sq. The changes in these
two parameters were similar.

The changes in skewness (Ssk) and kurtosis (Sku) due to mechanical filtration by the
stylus tip depended on the type of surface. For one-process surfaces, the skewness
(Ssk) increased, but for two-process textures, it typically decreased as a result of
mechanical filtration. For two-process surfaces, the kurtosis (Sku) increased due to
mechanical filtration by a stylus tip. For one-process textures, no tendency of kurtosis
changes was found.

During mechanical filtration by the stylus tip, low wavelengths were filtered out. In
most cases, the correlation length increased. The increase in the correlation length
(Sal) resulted in a decrease in the peak density (Spd).

The Str values of anisotropic surfaces increased as a result of mechanical filtration,
which is related to the increase in the Sal parameter. For other types of surfaces, the
tendency of changes in the Str parameter was not found.

The hybrid parameters Sdq and Sdr decreased as a result of mechanical filtration by
a stylus tip. Changes in Sdr were higher than those of Sdq, and therefore, the Sdq
parameter is preferred. A comparative high decrease in the Spc parameter was also
found. Changes in the Sdq, Sdr, and Spc parameters were in most cases caused by
decreasing the amplitude and increasing the correlation length.

The depth and density of the furrows had a tendency to decrease as a result of
mechanical filtration by the stylus tip. The highest changes occurred for the mean
depth of furrows.

The results of surface texture measurement are more distorted during measurement
with a stylus tip device for higher roughness amplitude and a smaller main wave-
length. The impact of the roughness height was higher than that of the wavelength.
The proposed model of mechanical filtration by the stylus tip does not consider other
factors affecting the results of surface topography measurement such as scanning
speed, tip wear, surface deformation, thermal disturbances, and high-frequency noise.
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