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Abstract

Surface topography plays a critical role in the tribological behavior of interacting surfaces. In experimental studies, a con-
trolled variable strategy commonly relies on a limited number of parameters to characterize the state of a surface. However,
this approach is intrinsically limited because it reduces multiscale surface morphology to a few descriptors and assumes that
the remaining topographic features can be kept comparable. In practice, preparing surfaces that are similar across all length
scales is highly challenging. In this study, we established a customized radial grinding strategy to produce circumferential
tracks with closely comparable surface topographies at different radial positions on the same 100Cr6 steel disk. The topo-
graphic comparability of these tracks was verified across multiple length scales with both roughness parameters and power
spectral density (PSD). Lubricated ball-on-disk tests were then performed using 10 mm 100Cr6 steel balls, FVA 1 base oil,
a normal load of 2 N, and a multistep sliding speed protocol ranging from 50 mm/s to 600 mm/s. Angle-resolved friction
analysis showed that the main spatial distribution of friction was largely preserved among the different radii, although the
mean friction level between radii varied systematically with sliding speed. Despite the verified topographic comparability
and the similar spatial friction distribution, the resulting Stribeck type curves did not collapse under identical linear sliding
speeds. This deviation may arise from differences in angular velocity and/or from multiscale effects of surface topography
that are not fully captured by conventional statistical parameters.
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1 Introduction definitions, such as those given in ISO 21920-2:2021 [8].

However, surface topography is not merely a specimen

Surface topography is one of the primary boundary condi-
tions in tribological contacts because it influences real con-
tact area [1], local pressure generation [2], asperity interac-
tion [3, 4], lubricant entrainment [5], lubricant storage [6],
and wear evolution [7]. In surface preparation, parameters
such as R, and R are therefore commonly used as process
control and criteria to obtain a desired surface function,
with their evaluation relying on standardized parameter
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descriptor; it is a variable that governs frictional behavior
and lubrication state.

Recent topography studies further emphasize that tri-
bological behavior cannot generally be reduced to scalar
roughness parameters alone [9]. Although R, and R, are
useful when the measurement bandwidth and filtering pro-
cedure are clearly specified, they cannot capture the full
complexity of surface topography. Neglecting the lateral
length scale over which roughness is evaluated can lead to
substantial disagreement between measurements, whereas
scale-dependent descriptors provide a more robust basis
for comparing topography data, as shown in a recent multi-
laboratory surface topography challenge [9]. At the same
time, surface orientation [10], anisotropy [7], waviness
[11], spectral content [12, 13], and scale-dependent topog-
raphy may all affect friction and wear [14]. Together, these
studies make multiscale surface topography an important
consideration in tribology. One particular way to retain this
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scale information is the power spectral density (PSD), which
decomposes the surface profile into contributions from dif-
ferent wavelengths and therefore links roughness amplitude
to lateral length scale rather than compressing the surface
into a single scalar value [12, 13].

For experimental tribology, this creates two closely
related practical control problems. First, when surface
topography itself is the variable of interest, preparing nomi-
nally similar surfaces is already challenging, and indepen-
dently varying a selected topographic scale while keeping
the remaining scales unchanged is even more difficult. Sec-
ond, this lack of topographic reproducibility also affects
studies in which another parameter is intended to be iso-
lated. When the influence of load, lubricant, sliding speed,
material, texture design, or sliding radius is investigated,
the compared experiments should ideally differ only in that
single parameter. In practice, however, uncontrollable dif-
ferences in surface topography may introduce an additional
variable. Similar average scalar roughness values are there-
fore not sufficient; the compared specimens should also be
comparable in slope, spacing, orientation, waviness, and
multiscale spectral content.

Stribeck curve measurements provide a clear example
of this difficulty. Lubricated contacts are commonly inter-
preted through the Stribeck curve, which relates frictional
response to the transition between boundary, mixed, and full
film lubrication regimes [5, 15—17]. Because the transition
between regimes depends on the relation between lubricant
film thickness and surface topography, any uncontrolled dif-
ference in surface topography can shift the Stribeck response.
This sensitivity is reflected in classical A type descriptions
of mixed lubrication; the corresponding regime boundaries
are not universal once asperity interaction, roughness cor-
relation, and surface deformation are considered [4, 18]. In
particular, studies on randomly rough lubricated contacts
have shown that the mixed to elastohydrodynamic transi-
tion is sensitive to how surface roughness is characterized
across length scales [19], and that boundary friction reflects
the coupled influence of roughness and material properties
[20]. Therefore, comparing Stribeck curves across different
conditions requires topographic comparability, preferably
over multiple length scales, before changes in friction can
be confidently attributed to lubrication effects.

Recent studies further reveal why the preparation of com-
parable surfaces has become an urgent experimental need.
Li et al. showed that midscale surface morphology along
a sliding track can correlate with friction fluctuations and
uneven wear, and that mounting induced tilting or misalign-
ment can introduce systematic changes in friction and wear
even under nominally comparable test conditions [21, 22].
Yue et al. likewise examined lubricated pin-on-disk reliabil-
ity and showed that even a small pin inclination in a self-
aligning setup can strongly alter frictional behavior and shift
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the transition speed between lubrication regimes [23]. These
findings amplify the same requirement: if such mechanisms
are to be studied systematically, surface topography must
first be controlled across the compared experiments. Other-
wise, changes attributed to inclination, alignment, kinemat-
ics, or lubrication state may still be entangled with residual
differences in the surface.

Accordingly, this study makes two closely linked con-
tributions. First, we establish a customized radial grinding
strategy for producing circumferential tracks with closely
comparable surface topography at different radii on the same
disk and verify this comparability using directional profile
parameters, PSD-based spectral comparison, and whole
track angular surface profiles. Second, using this controlled
topography platform, we evaluate Stribeck type curves at
different sliding radii, providing a template for experimen-
tally studying the influence of multiscale surface topography.

2 Materials and Methods
2.1 Disk Preparation

The disks were prepared using a customized radial grinding
procedure to produce circumferential tracks with compara-
ble surface topographies at different radii. All disks were
ground on a cup grinding machine (G&N MPS 2 R300,
Erlangen, Germany) equipped with a corundum grinding
wheel (grit EK200), using a semi synthetic coolant. As
illustrated schematically in Fig. 1a, each disk was mounted
concentrically on a rotary table, while the rotating grinding
wheel was positioned eccentrically such that its edge passed
through the center of the disk. The corresponding grind-
ing kinematics in the top view are shown in Fig. 1b. Dur-
ing grinding, both the grinding wheel and the disk rotated

(a) (b)

Disk sample

Rotary table
Fig. 1 Schematic illustration of the customized radial grinding
strategy used to prepare the disk specimens. a Grinding configura-
tion with the disk mounted on a rotary table and the grinding wheel
positioned eccentrically. b Top view sketch showing how the contact

geometry generates a predominantly radial grinding direction on the
disk surface

~——

Disk rotation direction
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clockwise. Consequently, each point on the disk surface was
repeatedly swept by the wheel edge along a nominally radial
trajectory. Throughout the grinding process, the rotational
speeds of the grinding wheel and the disk were maintained
at approximately 2850 rpm and 2 rpm, respectively. The
grinding wheel was lowered stepwise by 2 pm after every
1.5 revolutions of the disk, resulting in a total down feed of
20 pm.

2.2 Surface Characterization

Surface topography was characterized by white light inter-
ferometry using a TopMap system (Micro.View*, Poly-
tec, Germany). Two topography datasets were used. First,
a locally stitched 10x lens topography map was acquired
over the 18-24 mm radial band of the disk. In the following,
"10x lens dataset" denotes this local high-resolution stitched
dataset; it covers approximately 6.0 mm in the radial direc-
tion and 0.69 mm along the sliding direction, with a lateral
sampling interval of approximately 0.578 um. This dataset
was used to extract the sliding direction profile parameters
and local PSDs. Second, a specially configured 0.6X lens
developed by Polytec was used for large area topography
acquisition. This configuration provided a measurement field
of 15.53 mm by 11.71 mm with a calculated lateral optical
resolution of 21.35 um, enabling large area characterization
of the whole 70 mm diameter disk while retaining substan-
tial topographic detail.

For a radius-resolved evaluation of the 0.6X lens large
area map, the measured surface map was transformed from
Cartesian to polar coordinates with respect to the center
of the measured area. Annular regions at the target radius
positions were extracted using a radial window of +0.1 mm,
corresponding to a total width of 0.2 mm. The angular coor-
dinate was then discretized into 1° bins over the full 0-360°
range. Within each annular region, all valid surface height
samples whose angular positions fell into the same bin were
grouped together, and their arithmetic mean was taken.

For the local surface comparison, four roughness param-
eters in the sliding direction were extracted from the 10X
lens. Namely, the root mean square roughness R, reduced
valley depth R,;, root mean square slope R,,, and mean
spacing of profile elements Ry, were selected to provide
complementary information on profile height amplitude,
valley characteristics potentially related to lubricant reten-
tion, local surface slope, and characteristic lateral feature
spacing, respectively. Their names and definitions follow
ISO 21920-2:2021 [8]. At each radius, the extracted local
field was treated as a stack of line profiles along the sliding
direction. The same profile extraction, leveling, and filter-
ing settings were applied to all radii before calculating the
profile parameters. Field leveling was applied consistently
across all retained profiles.

The surface profiles and their corresponding PSDs
were extracted along the local tangential direction at each
radial position, ensuring that the profile direction used for
the PSD analysis coincided with the actual sliding direc-
tion. The PSDs were calculated following the methodology
described by Jacobs et al. [10]. The same spectral procedure
was applied to both the raw 0.6X lens data and the stitched
10x local topography. For both datasets, sliding direction
profiles were extracted at each radius. Each profile was mean
removed, Hann windowed, and Fourier transformed. The
spatial frequency was converted to wavevector using g=2xf,
after which the spectra were averaged over all valid profiles
and logarithmically rebinned for plotting. The PSD from
the 0.6x lens, denoted C,4,(g), gives the low wavevector
macroscale roughness contribution, whereas the PSD from
the 10X lens provides the small-scale roughness information.

2.3 Tribological Experiments

Tribological tests were carried out in a ball-on-disk con-
figuration using as received 100Cr6 steel balls with a diam-
eter of 10 mm and a surface roughness of R, ~ 0.02 pm.
The ball (KGM, Fulda, Germany) and disk (Eisen Schmitt,
Karlsruhe, Germany) exhibited comparable hardness values
of approximately 800 HV. All experiments were performed
on a pin-on-disk tribometer (CSM Instruments, Peseux,
Switzerland; now Anton Paar). The test concept is shown
schematically in Fig. 2a. The sliding radius was varied by
adjusting the extension length of the ball holder cantilever,
and the tests were conducted at five radii: 19 mm, 20 mm,
21 mm, 22 mm, and 23 mm. The same disk was used for
all five positions, while a fresh ball was employed for each
measurement.

Under a normal load of 2 N, Hertzian contact theory
gives a contact diameter of 80.4 pm, with mean and maxi-
mum contact pressures of approximately 394 and 591 MPa,
respectively. FVA 1 base oil (Klueber Lubrication, Munich,
Germany), an additive free paraffinic mineral reference oil,
was used as the lubricant. Its manufacturer specified kin-
ematic viscosity is 14.5-15.3 mm?2/s at 40 °C; the dynamic
viscosity was 1,=0.066 Pa-s, measured at 24 °C with a
shearing rate of 500 s~!. To obtain Stribeck type data, a
stepwise multispeed sequence was applied over nine speed
levels between 50 mm/s and 600 mm/s, with a holding time
of 2 min at each level, as shown in Fig. 2b. The friction sig-
nal was recorded at 10 kHz. To enable a position-resolved
friction analysis, the tribometer was retrofitted with a custom
zero position trigger. The system consisted of a coaxially
mounted metal trigger element fixed to the rotating disk
cover and a capacitive sensor arranged in the same hori-
zontal plane. Once per revolution, this assembly defined the
angular zero position of the disk, allowing the friction sig-
nal to be referenced to a fixed circumferential location. The
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Fig.2 Schematic representation of the lubricated ball-on-disk test
protocol. a Test configuration showing the five investigated radii (19—
23 mm), the applied normal load, and the custom zero position trig-
ger used to define the angular reference for spatial friction analysis

period between consecutive trigger events was additionally
used to determine the actual sliding speed of the system.

2.4 Friction Signal Processing

The period between consecutive trigger events was used to
determine the experimentally realized rotational response
at each speed level. The actual sliding speed was then cal-
culated from the measured rotation period and the corre-
sponding test radius. For angle-resolved friction evaluation,
the trigger resets were further used to separate individual
revolutions, and the friction data at a given radius and speed
level were mapped onto a 1° angular grid over 0-360°. The
friction values in each angular bin were then averaged over
all revolutions to obtain the phase-averaged angular friction
curve u, (0). When Z-score maps or Z-score line plots are
shown, u, (6) was standardized as:

N

— 1

Hyy = N ; yr’v(ﬁi) 1)
1 N

sﬂ,rv = ]T] ;[ﬂr,\/(gi) - _r,v]2 (2)
/’lr,v(e) - ﬁr,v

ZyrO) = = 3)

TV

where N is the number of angular bins in the corresponding
friction curve.

2.5 Film Thickness and Multiscale Index

Following the classical film thickness framework introduced
by Dowson et al., the entrainment speed was defined as the
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and true speed determination. b Stepwise multispeed sequence used
in the Stribeck type measurements, with a holding time of 2 min at
each speed level

mean surface speed, U,=(u,,;+uzqu)/2 [18, 24]. Under the
present stationary ball and moving disk condition, u,,,;=0
and u,,=U,,,,, so that U =U,,, /2.

The reference film thickness scale was then estimated
with the Hamrock—Dowson point contact relation for the
minimum film thickness [24-27]. The dimensionless speed,
material, and load parameters were defined as U=n,U/
(E'R), G=ava’, and W=FN/(E'R2), respectively. Here,
1,=0.066 Pa-s is the measured lubricant dynamic viscosity,
U, is the entrainment speed, a,, is the pressure viscosity
coefficient, Fy is the normal load, R is the reduced radius
in the entrainment direction, and E' is the reduced modulus
given by I/E'=(1-Vyy” VEpu+(1-V gig’ VE i In the follow-
ing, h,,rdenotes minimum reference film thickness; it varies
with sliding speed but is taken as identical for all radius at
a given speed:

href — 3.63RU0'68 GO.49 W—O.073 (1 _ e—0.68k) (4)

where £ is the ellipticity parameter. The Hamrock—Dowson
expression was used as a fully flooded reference model, with
R=R,,,;; and k=1.

The quadratic mean surface roughness was written as:

+ R? 5)

— 2
Opase = R ¢,10x

q,ball
The corresponding lubrication index was then evaluated
as [4, 24]:

hre
ibase = ;ai (6)
Here, R, ,,;; Was kept constant at 0.02 um, while R ;9.
denotes the sliding direction profile RMS roughness from
the local 10X lens topography at the corresponding radius.
The multiscale index kept the same reference film thick-
ness and modified only the effective roughness in the
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denominator. The scale separation was made at the Hertz
contact diameter, taken here as 80.4 um. Since q was defined
as the angular wavevector, g=27/1, this length gives g.=2a/
(80.4 um)=0.078 um=".

The 10X lens data were used for surface feature wave-
lengths smaller than the contact diameter. Following the
standard PSD relation in which the integrated spectral den-
sity gives the height variance [10], the microscale contribu-
tion was extracted from the local 10X lens sliding direction
PSD over g>q.

Dmax

Cpiero = | q( Crox(@)dql'? )

Here, q,,, =m/Ax=>5.44 um~" is the Nyquist limit of the
stitched 10x lens topography, using the lateral sampling
interval of Ax=0.578 um.

The 0.6 lens data were used for surface feature wave-
lengths larger than the contact diameter. The macroscale
contribution was extracted from the raw annulus sliding
direction PSD described above, using only the low wavevec-
tor band:

Omacro = [ f C0.6x(q)dq]1/2 ®)
0<g<q.

To account for a possible speed dependent change in the
relevant topographic scale, we introduced a simple empirical
transition. This transition is based on the working hypothesis
that the surface scale most relevant to the friction response
varies with speed. Specifically, we assume that large-scale
height variations dominate at low speed, whereas increasing
entrainment speed and stronger hydrodynamic pressure gen-
eration progressively shift the relevant contribution toward
smaller roughness scales. The speed dependent weight was
defined as:

_ 1
W(Ue) - 1+(U€/UC)’" (9)

Here, U, is the entrainment speed, U =186 mm/s, and
m=10. When w is close to one, the 0.6X lens annular rough-
ness dominates; when w decreases, the PSD roughness
becomes dominant. The effective disk roughness was then
written as:

— 2 2
R‘I,eﬁ“ - \/WGmacro +(1 - W)O-micm (10)
The total effective composite roughness was:
— 2 2
Gtotul,eﬁ - Rq,ball + Rq,eﬁ‘ (1 1)

The ball roughness contributes only a minor fraction of
the total composite roughness and is combined only after
the effective disk roughness has been evaluated, consistent

with the as received ball surface finish of R, ;,,;,=0.02 um.
The corresponding multiscale mixed lubrication index was
evaluated as:

Bt

O-lotal,eﬁ"

Ays = 12)

2.6 Deviation Metrics

To compare the radius-dependent spread in friction and in
scale-resolved topography using the same metric, a normal-
ized mean pairwise deviation was used. For any radius-
dependent quantity x;(a) evaluated at condition a, the devia-
tion was defined as:

i i @)~ 5(@)

1 <N,
Fr Zizl xi(a)

D,(a) = 13)

where N =5 is the number of tested radius positions.

For the friction deviation, a is the sliding speed v and
x;(a)=p;(v), where u,(v) is the mean coefficient of friction
at radius 7 for that speed level. Thus, D,(v) quantifies the
relative separation of the Stribeck branches at each speed.

For the PSD-based topography deviation, the PSD was
divided into nonoverlapping logarithmic g bands. In each
band, the PSD roughness amplitude was calculated as:

a2
o:(q1.45) = [/ Ciq)dql'? (14)
9
where Cy(qg) is the sliding direction PSD at radius i and ¢;
and g, are the lower and upper wavevector limits of the band.
In Eq. 13, a=(q,,q,) and x,(a)=0/(q,,q,), giving a dimension-
less PSD-based topography deviation for each wavelength
band.

3 Results

3.1 Comparable Surface Topography at Different
Radii

To verify that the preparation method shown in Fig. 1
produced similar surface topography at different radii,
the precontact tracks were first characterized using pro-
file parameters defined in ISO 21920-2:2021 [8]. The
extracted local regions from the 10X lens stitched surface
topography are shown in Fig. 3a. With the sliding direction
oriented from top to bottom, similar grinding grooves were
observed at all investigated radius. As shown in Fig. 3b, R,
ranged from 0.31 to 0.33 ym and R, from 0.24 to 0.27 ym.
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Fig.3 Local surface topography comparison for the five tested radii.
a Extracted regions from the 10X lens stitched surface topography,
showing the similar sliding direction orientation across the selected
tracks. b Radius dependence of the profile RMS roughness R, and
reduced valley depth R, along the sliding direction. ¢ Radius depend-
ence of the RMS slope R, and the mean spacing of profile elements

Likewise, Fig. 3¢ shows narrow ranges for both qu, from
0.52 to 0.55, and Ry, from 6.15-6.53 um.

The relative deviation of each surface parameter from
its mean value across the five tracks is shown in Fig. 3d.
The deviations remained below approximately 6% for R,
13% for Ry, 6% for R,,, and 6% for Rg,,, without a mono-
tonic trend with sliding radius. One-dimensional power
spectral density (PSD) curves calculated along the sliding
direction at different radius positions are shown in Fig. 3e.
The curves exhibit comparable multiscale spectral content,
with only minor differences at low wavevectors and nearly
overlapping spectra at medium and high wavevectors. The
remaining spectral differences did not show a systematic
dependence on radius.

@ Springer

Wavevector ¢ [um~1]

R, along the sliding direction. d Relative deviation of the profile
parameters from their mean values. e One-dimensional power spec-
tral density (PSD) curves calculated along the sliding direction for the
tracks extracted at different radii in a, showing high spectral similar-
ity among the measured tracks. The dashed lines do not imply any
functional relationship

Using the Polytec 0.6 lens, the whole surface topog-
raphy of the precontact areas at different radii is shown in
Fig. 4. The top view of selected radius is shown in Fig. 4a,
while the optical microscope image in Fig. 4b illustrates
the nearly constant contact angle between the circumferen-
tial sliding direction and the radial grinding grooves across
different radii. The raw angular surface profiles in Fig. 4c
show that all five tested radii exhibited similar profiles.
Broad maxima appeared around approximately 100°—130°
and 290°-320°, while a pronounced minimum occurred
near 220°-240°. A sharp drop around 200° was also vis-
ible in all profiles. After normalization by the initial angular
position, shown in Fig. 4d, the overlap among the profiles
became clearer. Along each wear track at different radii, the
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Fig.4 The whole surface topography of the precontact areas at differ-
ent radii. a Top view of surface topography with the selected annular
tracks between 19 and 23 mm. b Optical microscope image illustrat-
ing the nearly constant contact angle between the circumferential
sliding direction and the radial grinding grooves. ¢ Angular surface
profiles. d Profiles normalized by the initial angular position. e One-

maximum height variation, over an average circumference
of 132 mm, was below 0.4 pm. The power spectral density
(PSD) curves were calculated from the Polytec 0.6X lens
raw data in Fig. 4a. Annular regions at the target radii were
extracted using a radial window of +0.1 mm, corresponding
to a total width of 0.2 mm. The PSD was calculated directly
from the raw annulus points. The spectra remained broadly
comparable across the five radii, with the largest visible dif-
ferences concentrated at the lowest wavevectors and much
closer overlap at intermediate and higher wavevectors.

3.2 Stribeck type Curves

After the topographic comparability of the selected tracks
had been established, the disk in Fig. 4 was used to test
whether constant sliding speed produces equivalent fric-
tional behavior at different radii. The linear speed was kept
as consistent as possible by controlling the angular veloc-
ity. As shown in Fig. 5a, the experimentally realized linear
speeds at the different radii were very close at each speed
step. In Fig. 5a, the five datasets do not collapse onto a sin-
gle curve at constant sliding speed; instead, they form a
family of systematically shifted branches. The separation

Angle [deg]

1' 2. T T T_. T
80 70 360 107 107 10 107"

Wavevector q [um~1]

dimensional power spectral density (PSD) curves calculated from the
Polytec 0.6x lens data in a. Annular regions at the target radii were
extracted using a radial window of +0.1 mm, corresponding to a total
width of 0.2 mm. The PSD was calculated directly from the raw lens
points

is most pronounced between approximately 50 mm/s and
200 mm/s. The tracks at larger radius, especially r=22 mm
and r=23 mm, generally occupy the upper part of the family.

Figure 5b replots the same measurements shown in
Fig. 5a, but with the horizontal axis changed from linear
speed to angular velocity. The five curves at different radii
in Fig. 5b become more closely grouped than in the sliding
speed representation in Fig. 5a. This convergence is most
evident at intermediate and high angular velocities, where
the separation between the curves is reduced. At lower angu-
lar velocities, the curves remain more clearly separated, with
the larger radius tracks still generally located toward the
upper part of the dataset.

Figure 5c shows the classical lambda ratio representa-
tion based on 4,,,, calculated from the Hamrock—-Dowson
minimum film thickness [25, 26] and the 10X lens profile
roughness R, ;o, along the sliding direction. For the pre-
sent test conditions, the reference film thickness ranged
from about 16 nm at 50 mm/s to about 86 nm at 600 mm/s.
Compared with Fig. 5a, the curves in Fig. 5c show only a
modest increase in grouping and no pronounced change in
their overall arrangement. The five radii-dependent curves
remain distinguishable, with the largest spread at low A, ..
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and closer grouping toward higher 4,,,,. Figure 5d plots
the same coefficient of friction data against the topography
multiscale lubrication index 4, calculated according to
Eq. 12. Among the four representations in Fig. 5a-(d), this
representation gives the closest grouping of the five radii-
specific branches. A residual separation is still visible at the
lowest 4,5 values, but the branch spacing is smaller than in
the sliding speed, angular velocity, and baseline 4, rep-
resentations. Quantitatively, the overall RMSE (root mean
square error) of the five radii-specific datasets relative to a
pooled reference fit is 1.95x107 for Ays» compared with
2.57x1072 for Ay,

3.3 Spatially Resolved Friction

Figure 6a shows the angle-resolved friction curves at a
representative radius of 21 mm. The absolute friction level
decreases with increasing sliding speed, while the overall
spatial friction trend remains similar. Across the differ-
ent sliding speeds, friction rises from the initial region to
a broad maximum around 90°—180°, decreases to a lower
friction region around 240°-320°, and then increases again
toward the end of the cycle.

This persistence becomes more apparent in the friction
Z-score representation in Fig. 6b. The Z-score quantifies
how strongly a local friction value deviates from the disk
averaged value relative to the overall data spread (defined
in Eq. 3). After removal of the mean friction level at each
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speed, the same positive and negative angular sectors remain
visible over nearly the entire speed range. The spatial fric-
tion Z-score maps in Fig. 6(c,d) show that this behavior is
retained at different radii, here exemplified by 21 mm and
22 mm (see Figure S1for 19 mm, 20 mm and 23 mm). A
positive band remains concentrated mainly between about
90° and 180°, indicating a tendency toward higher friction
across different sliding speeds, whereas at around 240°-320°
remains predominantly negative and corresponds to consist-
ently lower friction.

To verify whether the similarity of the spatial friction
distribution across different radius persists at both low
and high sliding speeds, two representative speeds were
selected: 60 mm/s in Fig. 7(a) and 200 mm/s in Fig. 7b.
At both speeds, the friction curves retain nearly the same
spatial distribution, while showing a clear separation in
absolute friction value. The tracks at larger radius gener-
ally lie above those at smaller radius, especially at the lower
speed, but the locations of the main high and low friction
regions remain aligned. The spatial friction Z-score maps
in Fig. 7(c,d) show that changing radius mainly affects the
mean level and amplitude of friction, rather than reorgan-
izing the spatial distribution.

Figure 8 provides a more direct comparison between
the spatial friction distribution and the precontact surface
topography at a sliding radius of 21 mm. At each investi-
gated sliding radius, higher friction occurs mainly between
90° and 180°, which coincides with an approximately 2 um
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Fig.6 Angle-resolved friction evolution with sliding speed. a Coef-
ficient of friction as a function of angular position at 21 mm. b Cor-
responding friction Z-score profiles at the same radius. c¢,d Spatial

protrusion in the whole track surface topography over the
132 mm circumferential track. In contrast, the topographic
peak around 300° does not correspond to a similarly high
friction region.

3.4 Friction and Surface Topography Deviation

Figure 9 summarizes the radius to radius difference in fric-
tion and in PSD-based surface roughness. The friction devia-
tion in Fig. 9a was calculated by comparing the mean coef-
ficient of friction of the five radii at each sliding speed. The
plotted friction deviation therefore describes the absolute
mean pairwise branch separation among the five radii at the
same speed. It decreases from about 5.1x107 at 50 mm/s
to about 2.4x107> at 600 mm/s, showing that the radius-
dependent branch separation becomes smaller at higher slid-
ing speed.

The PSD-based topography deviation in Fig. 9b
describes the relative radius to radius difference in
surface topography at a given wavevector band. For
each radius, 6,(q;,q,) was first obtained from Eq. 14 by

Sliding radius 21 mm

(b)

—
i

—_ 50mmis — 200 mm/s

AR

Friction Z-score [-]
o

=11 60mmis — 300 mmis i\
80 mm/s —— 400 mm/s
100 mm/s — 600 mm/s \Y/
=24 — 150 mm/s
0 90 180 270 360
Angle [deg]
(d) Sliding radius 22 mm
600 2
w| BRI .
w 300+ E1 o
£ ]
£.,200- 0 ?
N
¢ 100+ -18
80+ r
o), WW T, -2
0 90 180 270 360
Angle [deg]

friction Z-score maps at 21 mm and 22 mm (Spatial friction Z-score
maps for 19 mm, 20 mm, and 23 mm radii are in Figure S1), respec-
tively

integrating the PSD over the corresponding wavevector
band; this gives the RMS roughness amplitude within
that scale range. The five radii values were then com-
pared with Eq. 13. The PSD-based deviation is the larg-
est in the low wavevector range. It reaches approximately
0.28-0.30 around g~4x10~* um~"' and then decreases with
increasing wavevector to about 0.10 near g~107> ym™".
At higher wavevectors, from approximately g=10"" um~!
to g=1 um~!, the deviation fluctuates mostly between 0
and 0.10, with several local peaks around 0.08-0.11. This
indicates that the residual topographic differences between
tracks are most pronounced at the larger surface scales,
while the shorter-wavelength roughness is more compa-
rable but not completely identical.
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Fig.7 Spatial friction at five radii under two representative sliding speeds. a,b Coefficient of friction versus angular position at 60 mm/s and
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Fig.8 Spatial friction at different radii compared with whole track
surface topography at 60 mm/s. The friction curves for the five radii
are independently standardized using the Z-score to remove mean
branch offsets. The dashed black curve shows the normalized 0.6x
annular surface profile at 21 mm on the right axis
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4 Discussion

4.1 Topographical Comparability of the Prepared
Tracks

A central requirement for comparing Stribeck type responses
under different conditions is that surface topography should
not act as an uncontrolled hidden variable. In the present
work, the customized radial grinding strategy produced
circumferential tracks with a high degree of statistical and
spectral comparability. As shown in Fig. 3, the local pro-
file parameters varied only within narrow ranges across
the five investigated radii: R, ranged from 0.31 to 0.33 um,
R, ranged from 0.24 to 0.27 pm, R, ranged from 0.52 to
0.55, and Ry, ranged from 6.15 to 6.53 um. Their relative
deviations from the mean remained below approximately 6%
for R, 13% for R, 6% for Ry, and 6% for Ry, Moreover,
Fig. 3a shows that the texture orientation was also highly
similar for all tracks. In addition, the one-dimensional PSD
curves along the sliding direction in Fig. 4a largely over-
lapped at medium and high wavevectors, with only minor
residual differences at the lowest wavevectors. Thus, the
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selected tracks were comparable not only in terms of a single
scalar roughness value, but also with respect to amplitude,
slope, spacing, texture orientation, and multiscale spectral
content. The orientation of the grooves relative to the sliding
direction was also the same for all tracks at the same angular
position (Fig. 4b), so directional topography did not differ
between tracks.

This level of agreement is essential because surface func-
tionality cannot generally be reduced to scalar roughness
values such as R, or R; scale-dependent topographic fea-
tures can influence lubricant entrainment, asperity interac-
tion, and local pressure generation [1, 3, 9-12, 14, 28]. The
combined agreement in conventional profile parameters, tex-
ture orientation, and PSD-based descriptors demonstrates
that the present preparation route produced surfaces with
strong multiscale topographic similarity, thereby providing
not only a more reliable benchmark for Stribeck curve meas-
urements under different conditions, but also a solid experi-
mental basis for probing the multiscale effects of roughness
on friction.

4.2 Surface Topography and Spatial Friction
Distribution

The spatially resolved friction results in Figs. 6 and 7 show
that the topographic comparability achieved by the prepara-
tion route is reflected in the friction response. At both rep-
resentative sliding speeds in Fig. 7(a,b), the friction curves
measured at different radii exhibited different absolute fric-
tion levels, but retained a similar angular distribution. After
Z-score normalization in Fig. 6(b-d) and Fig. 7(c,d), this
similarity becomes even clearer: the main friction maxima
and minima remained spatially aligned across different radii
and sliding speeds. Thus, changes in sliding radius and slid-
ing speed change the absolute friction level and the ampli-
tude of the angular variation, but did not reorganize the spa-
tial friction distribution itself. In other words, the prepared
tracks generated comparable spatial friction patterns, even
though their absolute friction values were not identical.

Sliding speed [mm/s]

Wavevector q [um™]

In Fig. 8, the main high friction region appears pre-
dominantly between approximately 90° and 180°, where the
whole track surface topography contains an approximately
2 um protrusion over the 132 mm circumferential track. Such
a sensitivity is consistent with previous findings showing
that waviness features along a sliding track can substantially
alter local friction and wear [21]. However, the topographic
peak around 300° in Fig. 8 does not generate an equally
pronounced high friction region. The spatial friction dis-
tribution is therefore not a point-to-point mapping of local
height. Instead, the spatial friction distribution most likely
results from a coupled response involving large-scale surface
topography, local curvature, lubricant entrainment, transient
squeeze film effects, and contact mechanics. Recent work
on friction prediction across different lubrication condi-
tions likewise emphasizes that friction cannot be assigned
to a single roughness parameter alone, but depends on how
the surface and lubrication state interact [22]. The present
results are therefore consistent with the view that large-scale
surface topography provides a spatial template for friction,
while the final friction response and the absolute friction
value are determined by the coupled tribological system.

Consequently, the ability to create topographically com-
parable tracks provides a controlled baseline for tribologi-
cal testing, allowing friction responses at different radii and
speeds to be compared without conflating absolute friction
changes with changes in spatial friction distribution. This
makes the approach useful for Stribeck curve measurements,
lubricant or additive comparisons, and studies of replenish-
ment, running in, and wear evolution, because the initial sur-
face topography can be treated as a controlled experimental
variable rather than an uncontrolled source of scatter.

4.3 Stribeck Shifts

Despite topographic comparability, the Stribeck type curves
did not collapse into a single branch when plotted against
constant sliding speed in Fig. Sa. Instead, the five radius-
dependent datasets formed systematically shifted branches,
with the separation most pronounced between approximately
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50 mm/s and 200 mm/s. This result shows that constant
sliding speed alone is not sufficient to guarantee equivalent
lubrication conditions in rotational sliding. A similar radius
dependence under constant linear speed was observed by
Griitzmacher et al., who found that larger sliding radius led
to a substantially longer oil film lifetime in rotational sliding
and attributed this to reduced centrifugal removal of lubri-
cant at lower angular velocity [29].

When the same data were replotted against angular veloc-
ity in Fig. 5b, the branches became more closely grouped,
especially at intermediate and high angular velocities. This
suggests that angular velocity, and the associated lubricant
redistribution, replenishment, and centrifugal transport, may
contribute to the observed branch separation. Such an inter-
pretation is physically plausible because rotational sliding
introduces lubricant transport processes that are not fully
captured by sliding speed alone. Lubricant replenishment
can also strongly affect starved contacts because the avail-
able lubricant near the inlet depends on how quickly lubri-
cant returns to the contact track [30, 31].

A classical A representation based on the Hamrock—Dow-
son film thickness scale only modestly improved the group-
ing in Fig. 5¢ [25, 26]. This may be because the single local
roughness scale used in Egs. (5) and (6) does not capture the
multiscale influence of surface topography. The trends in
Fig. 9 therefore motivated the scale-dependent topography
hypothesis introduced in Eq. 12. In Fig. 9a, the friction devi-
ation among the five radii decreased from about 5.1x107>
at 50 mm/s to about 2.4x107> at 600 mm/s. Meanwhile, the
dimensionless PSD-based topography deviation in Fig. 9b
was the largest at low wavevectors, reaching approximately
0.28-0.30 around ga4x10~* um™!, then decreasing to about
0.10 near g~1072 yum~" and fluctuating mostly below 0.10
at higher wavevectors. The friction deviation is thus larg-
est at the lowest speeds, and the topography deviation is
largest at the largest scales. Laser surface texturing studies
have likewise shown that the dimple diameter most effective
in reducing friction depends on the local velocity gradient
rather than on a single fixed optimum [32]. We therefore
hypothesize that the surface scale most relevant to friction
varies with operating conditions: large-scale surface com-
ponents may dominate under thin film conditions, and their
influence diminishes as the hydrodynamic film builds up.
This scale-dependent picture is also consistent with multi-
scale contact mechanics theory, in which the length scales
that carry the contact depend on the resolution at which the
interface is examined [33, 34].

Based on this hypothesis, we introduce the topography
multiscale lubrication index 4,,;. The measured friction
deviations in Fig. 9a are compared directly with the topogra-
phy deviations in Fig. 9b to estimate the characteristic topo-
graphic scale associated with the residual branch separation
at each sliding speed. This follows a similar reasoning to the
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reversed comparison for rough anisotropic contacts, where
the active film controlling scale is inferred from friction
rather than imposed through a predefined A criterion [19].
With 4, the five branches group more closely in Fig. 5d;
the RMSE relative to the pooled reference fit is approxi-
mately 24% lower than for the classical A representation.
Although the present preparation route minimized topo-
graphic differences between sliding radii, residual differ-
ences still remained at certain length scales. Because these
multiscale topographic differences and the radius-dependent
angular velocity changes coexist, their individual contribu-
tions cannot be uniquely separated here. Further studies, for
example, with independent film thickness measurements
and direct characterization of lubricant supply near the inlet,
would be needed to distinguish changes in film formation
from changes in the effective roughness scale. In this sense,
Ays should be read as an empirical organizing parameter
and as an experimental attempt to incorporate multiscale
topographic considerations into lubricated friction analy-
sis, highlighting the need to move beyond single parameter
roughness descriptions in tribology [4, 9, 35, 36].

5 Conclusion

In this contribution, we proposed a radial grinding-based
preparation strategy to produce circumferential tracks with
closely comparable surface topography at different radii. The
prepared tracks showed strong similarity not only in conven-
tional profile parameters, but also in texture orientation and
PSD-based multiscale spectral characteristics. The spatially
resolved friction measurements further confirmed the effec-
tiveness of this controlled topography. Although the abso-
lute friction level varied with sliding radius and speed, the
normalized angular friction distribution remained broadly
consistent, indicating that the tracks generated comparable
spatial friction templates.

Despite this topographic comparability and similar spa-
tial friction distribution, the Stribeck type curves did not
collapse under constant linear sliding speed. By consider-
ing angular velocity and an assumed multiscale roughness
response, the Stribeck type curves obtained at different slid-
ing radius could be organized more consistently. Therefore,
the proposed approach provides a controlled basis for com-
paring lubricated friction responses and also offers an exper-
imental route to investigate multiscale topographic effects in
tribological systems. Building on the controlled topography
platform established here, future work can more clearly sep-
arate the influence of other factors, such as load, lubricant,
additives, or speed, on friction and wear, because surface
topography no longer acts as an uncontrolled hidden vari-
able. At the same time, the controlled surfaces themselves
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already offer an experimental route to probe how multiscale
topography affects tribological behavior.
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