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Abstract

Surface performance is critically influenced by topography in virtually all real-world applications. The current standard prac-
tice is to describe topography using one of a few industry-standard parameters. The most commonly reported number is Ra,
the average absolute deviation of the height from the mean line (at some, not necessarily known or specified, lateral length
scale). However, other parameters, particularly those that are scale-dependent, influence surface and interfacial properties;
for example the local surface slope is critical for visual appearance, friction, and wear. The present Surface-Topography
Challenge was launched to raise awareness for the need of a multi-scale description, but also to assess the reliability of dif-
ferent metrology techniques. In the resulting international collaborative effort, 153 scientists and engineers from 64 research
groups and companies across 20 countries characterized statistically equivalent samples from two different surfaces: a “rough”
and a “smooth” surface. The results of the 2088 measurements constitute the most comprehensive surface description ever
compiled. We find wide disagreement across measurements and techniques when the lateral scale of the measurement is
ignored. Consensus is established through scale-dependent parameters while removing data that violates an established
resolution criterion and deviates from the majority measurements at each length scale. Our findings suggest best practices
for characterizing and specifying topography. The public release of the accumulated data and presented analyses enables

global reuse for further scientific investigation and benchmarking.

Keywords Surface topography - Roughness metrics - Multi-scale topography - Challenge - Open Science

1 Introduction: The Purpose of this
Challenge

Surface topography critically influences surface perfor-
mance. Pioneering studies demonstrated its significance
for contact conductance [1] and adhesion [2]. Over time,
it has become evident that fatigue, fracture, fretting, fric-
tion, leakage, lubrication, the sound when sliding, tactile
feel, visual appearance, and wear—even biocompatibility
and mouthfeel—depend on surface topography as well.
We now know that relevant topography features span many
length scales [3-5], with the highest-bandwidth measure-
ments today covering up to nine decades in length [6-9].
Therefore, the question of “How should surface topography
be measured and characterized?” remains of daily relevance
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to product designers, manufacturers, and researchers, yet it
lacks a universally accepted answer.

At present, the most common approach for specifying
surface topography is to use a roughness parameter, as
computed by a surface-analysis software package, accord-
ing to international standards [10, 11]. Most commonly, this
is Ra — the average absolute deviation from the mean line
— but other parameters are also used, such as the root-mean-
square deviation Rq and the peak-to-valley height difference
Rz. These parameters are typically obtained from a single
topography measurement, most commonly using a stylus or
optical profilometer in manufacturing, or often an atomic
force microscope in research settings. In some cases, these
roughness metrics will correlate with a property of inter-
est, but frequently there is no simple relationship. This is
because surfaces contain features across a wide array of
length scales [3-9], and different properties are sensitive to
different scales. Examples of crude guidelines are that leak-
age is most affected by large-scale topography, adhesion by
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intermediate-scale roughness, and the contact area of soft,
elastic materials by small-scale surface slopes [12]. This
highlights the need to understand and characterize surface
topography as a scale-dependent property, which cannot be
captured by a single number. Yet, researchers and manufac-
turers often lack an effective, standardized way to measure,
report, and compare their topography data.

Among modelers and theoreticians, the understanding
of topography-dependent properties has developed tremen-
dously over the last 50 years, with roughly three categories
of models for mechanical properties: independent-asperity
models, like those by Greenwood-Williamson [13] and
Bush-Gibson-Thomas [14]; the multi-scale contact theory
developed by Persson [12, 15, 16]; and brute-force numeri-
cal approaches that solve the contact problem without mak-
ing assumptions about how to statistically represent the
rough topography [17-21]. In 2015, to help sort through
the wide array of computational approaches and validate
analytic theories, Martin Miiser launched the Contact
Mechanics Challenge [22], in which he publicly released
a computer-generated virtual surface, and then invited the
scientific community to compute its mechanical properties
in a way that enabled comparison across disparate strategies.
Although this prior Challenge was successful in its aims, it
started from the assumption of complete knowledge of the
topography of a surface, which is typically unavailable for
real-world surfaces.

From the preceding discussion, it is clear that high-fidel-
ity topography data are critical for predicting functional
properties of rough interfaces. The Surface-Topography
Challenge was launched to help address the lack of agree-
ment on how to measure, report, and compare topography.
Here, two distinct surfaces were chosen, and then hundreds
of nominally identical samples were created for each surface.
These samples were shipped free of charge to any group that
volunteered to measure them. The goals and objectives were
published in the original problem statement [23] and are
quoted, with only minor wording modifications, as follows:

The overall goal of the present Challenge is for our
community to move ourselves toward better under-
standing and agreement on how to measure, report,
and analyze surface topography. This goal will be
achieved through three objectives:

Objective 1: Compare the advantages and disad-
vantages of different techniques for measuring
surface topography. The measurement of a single
material using a wide variety of techniques and met-
rics enables the comparison and contrasting of results.
This in turn elucidates the strengths and limitations of
each technique.

Objective 2: Generate the single most comprehen-
sive description of a surface yet created. By combin-
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ing all results into a single statistical description of the
material’s surface topography, we attempt to overcome
the individual problems that are inherent to any single
technique, such as instrument artifacts, noise, and limi-
tations in scanning size or resolution. This fully compre-
hensive surface description provides a benchmark sur-
face and a publicly available real-world dataset that can
be used as an input to analytic or numerical calculations.
Objective 3: Aid the development of next-genera-
tion surface descriptors. Most of the commonly used
statistical descriptions of surface topography use sim-
plifying assumptions. For example, the distributions of
surface height or surface slope are often approximated
as Gaussian. By collecting and publishing the raw
topography data for an extremely well-characterized
surface, this Challenge enables the evaluation of the
accuracy of these assumptions and may facilitate the
generation of wholly new descriptors that more accu-
rately describe topography.

2 Methods for this Challenge: Creating
Samples and Collecting Results

To create a large number of nominally identical samples,
we leveraged techniques that are common in semiconductor
manufacturing. Like with microchips, the samples comprised
silicon wafers that were processed in a single large-scale batch
and then sectioned for distribution to many different recipi-
ents. As the material for study, we chose chromium nitride,
a wear- and corrosion-resistant coating material that is used
in the automotive industry, and is used to coat cutting tools,
molds, and dies across a wide range of metals manufactur-
ing [24-26]. Specifically, the CrN coating was deposited using
plasma-assisted magnetron sputtering. (Details of sample cre-
ation are described in Appendix A.) To minimize variation,
all samples were fabricated in the same chamber, in a single
processing step. Two different surfaces were created (Fig. 1):

e The “Smoother Surface”: a coating of CrN was depos-
ited on prime-grade polished silicon wafers.

e The “Rougher Surface”: the same coating of CrN was
deposited on the unpolished “backside” of other single-
side-polished silicon wafers, which had been subjected
to isotropic reactive-ion etching before deposition.

Once samples were created, we announced this Challenge
in a publication [23] and at various surface-focused confer-
ences. The sign-up opened in July of 2022, with an original
deadline for measurement submission of August of 2023 (later
extended to March 15, 2024). Two samples of each surface
were mailed to each participating group, and groups were
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Fig.1 Hundreds of statistically identical samples were created for
two surfaces. SEM image of a a polished silicon wafer, and b the
reactive-ion-etched backside of another wafer. Both the “Smoother
Surface” and the “Rougher Surface” were coated with CrN, a tech-
nologically relevant wear-resistant coating. For consistency, coatings
were deposited in a single batch onto a group of 10-cm silicon wafers.
¢ These wafers were sectioned into 1-cm samples, and given a unique
index for tracking. Incomplete samples with missing edges, as indi-
cated using red labels in Panel ¢, were excluded from distribution.
Finally, d samples of each surface were packed in plastic wafer boxes
and mailed out to participating groups

asked to measure the samples using any and all techniques
that they would commonly use in the course of their research
or manufacturing. Participants were asked to upload all raw
data taken on a particular sample as a single Digital Surface
Twin on the freely available, open-source topography-analysis
platform CONTACT.ENGINEERING [27]. This software platform
homogenizes analysis workflows and ensures that all data
were analyzed identically, removing user- and software-spe-
cific variations. Participants were also asked to submit a con-
cise description of the methods and results; in cases where a
report was submitted and consent was granted, these reports
are included in the data deposition (see Data Availability).
Later, they were asked to submit a supplementary-information
form with relevant information about their group. These self-
reported information forms are reproduced verbatim in the
Supplementary Material of this article.

3 Challenge Submissions: Measurements
of the Same Materials by 153 People

The submissions to this Challenge consist of 2088 individual
measurements, from 153 people, representing 64 different
companies and research groups around the world. Figure 2

shows illustrative examples of different techniques applied to
these samples. Individual measurements are categorized into
three groups: microscope-based techniques; contact-based
techniques; and cross-section-based techniques. Microscope-
based techniques are any that use visible light (or electrons
or x-rays or other) to analyze a surface from the top down
in a non-contact fashion. Contact-based techniques are any
that make (or get near to) physical contact with the sample in
order to measure it. Finally, cross-section techniques analyze
a surface using a profile view (or “side-view”) of the surface.

For those unfamiliar with any of the metrology techniques
employed for the present study, the following sections con-
tain a brief description of each. For clarity and specific-
ity, each section lists the specific instrument models that
participants reported for each technique. Of course a wide
variety of manufacturers and models exist and we intend
no endorsement of any kind. A brief name is given to each
technique, for use throughout the manuscript and in legends.
For easy reference, the start of each paragraph is formatted
as: “Brief name”: Full name.

3.1 Microscope-based Techniques

Microscopes use the interaction of light or electrons with
an interface to generate an image of it. While a traditional
optical microscope provides no topographic information in
its image, there are a variety of working principles that allow
the extraction of heights.

3.1.1 “3D microscopy”: Digital 3D Optical Microscopy,
or Focus-Variation Microscopy

Digital 3D microscopes use standard microscope optics
and compute the height at every pixel, most commonly
using focus variation or fringe projection. In focus-varia-
tion microscopy, a narrow depth of field is swept vertically
across the object, and a three-dimensional height map is
constructed by recording the vertical position at which
each pixel came into focus [28]. In fringe-projection pro-
filometry, a pattern of lines is projected onto the sample,
often with varying pitch and varying angle. Then, by ana-
lyzing the deformation of the projected lines on interaction
with the sample, the surface topography can be recon-
structed. The tools for 3D microscropy that were used in
this investigation are the Bruker Alicona and the Keyence
VR, VK, VKX, and VHX. The scan lengths for 3D micros-
copy range from approximately 100 pm to several centim-
eters. The maximum lateral resolution will vary with lens
configuration: it may be limited to tens of micrometers at
low resolution, while at the highest possible magnification,
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Fig.2 Illustrative examples are shown from each of the submitted Data Availability section. The techniques are grouped according to
techniques. Each pair of measurements shows the Rougher Surface the categories defined in the main text. The “short names” are used
(left) and the Smoother Surface (right). For visualization purposes, in order to correspond with legends, while the full name of each tech-
the height scale was limited to avoid an image being “washed out” nique can be found in Section 3

by a tall peak; however, all raw data are available as described in the
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it will be limited to a few micrometers. The vertical resolu-
tion is commonly on the order of 10 nm.

3.1.2 “Confocal microscopy”: Confocal Scanning
Microscopy, or Laser Scanning Confocal Microscopy

This technique is similar in concept to focus-variation
microscopy, but uses lasers and/or highly specialized optics
to significantly reduce the depth of field, thus improving
the vertical resolution. Most commonly, a single point is
illuminated, and this point is raster-scanned in the two lat-
eral dimensions while sweeping over the vertical dimen-
sion. These techniques are widely used and reviewed, see
for example Ref. [29] for best practices for this technique.
There were many different tools used for confocal micros-
copy in this Challenge: Keyence VK and VKX; CSM Con-
Scan; Zeiss Smartproof; Olympus LEXT OLS; LEICA LSM
and DCM; Sensofar Neox; Confovis TOOLinspect; RTEC
UP-Lamda; NanoFocus Microsurf. Scan lengths and lateral
resolution are similar to 3D microscopy (described above);
the vertical resolution is on the order of 1 nm.

3.1.3 “Interferometry”: Scanning white-light
Interferometry, or Phase-shifting Interferometry

Here, a beam of light is split into a reference beam, which
goes straight to the detector, and a sample beam, which
reflects off the sample and then goes to the detector [30].
The sample and reference beams will interfere with each
other constructively or destructively, thus indicating whether
the additional pathlength of the sample beam was an inte-
ger multiple of the wavelength of light. A single color (fre-
quency) of light can be used to measure relative differences
in height or, in white-light interferometry, a variety of colors
create a coherence envelope that uniquely specifies a single
height. To characterize a larger height variation, the sample
is commonly scanned vertically [31]. For optical interfer-
ometry, the tools used were: Bruker Contour and NPFLEX;
Filmetrics Profilm3D; RTEC MFT; Sensofar Neox; Polytec
TopMap; Veeco Wyko NT; Zygo New View, NexView, and
ZeGage. Scan lengths and lateral resolution will be similar
to 3D microscopy (above); the vertical resolution depends
on the mode, and can range from 1 A to tens of nanometers.

3.1.4 “Holography”: Digital Holographic Microscopy

A multi-wavelength digital holographic sensor recon-
structs the surface height using phase information of light
waves [32]. As in classic interferometric sensors, light is
separated into a reference and object beam. Here, temporal
phase-shifting is used to shift the phase of the reference or

object wave. The system captures three interferograms per
wavelength, reconstructing the complex object wave after
extraction of the actual phase steps and thus compensating
phase-shift deviations. Multi-wavelength digital holography
combines the phase information of different wavelengths to
achieve a large measurement range while maintaining pre-
cision [33]. The two reported tools for digital holographic
microscopy were the Fraunhofer HoloTop [34] and the
Lyncee Tec DHM. Lateral resolution will be similar to 3D
microscopy, while vertical resolution can be on the order of
single-digit nanometers.

3.1.5 “SEM reconstruction”: Scanning-electron-microscopy
Reconstruction, or Stereo-SEM

From two (or more) SEM images of the same surface at
different angles, the topography can be stereoscopically
reconstructed [35, 36], similar to the depth perception of the
human eyes. There are multiple ways of doing this, including
taking multiple sequential images at a variety of surface-
inclination angles, or taking simultaneous images using mul-
tiple detectors that have different orientations with respect
to the sample [37]. Either way, a variety of numerical tech-
niques can be applied to extract a three-dimensional topog-
raphy from the multiple two-dimensional images. Common
examples include standalone software packages that per-
form the calculations from SEM images, or 3D reconstruc-
tion packages offered by SEM manufacturers; the specific
instrument used in this investigation was a ThermoFisher
FEI Nova, coupled with a custom multi-detector analysis
routine. The scan length of SEM can range from 100 nm to
100 pm. The lateral resolution depends on the configuration
of the SEM, but can be as small as single-digit nanometers.
The vertical resolution is hard to determine, and may depend
on the angle separating the original images.

3.2 Contact-based Techniques

Contact-based instruments measure the vertical deflection
of a sharp needle that is scanned across the surface as a
function of its horizontal position. The scanning procedure
of contact-based techniques produces line scans, but 3D
topographic maps can be reconstructed from individual line
scans if their relative position is known. However, perpen-
dicular to the scan direction there are often artifacts associ-
ated with nonideal alignment of line scans. This group is
called “contact-based”—even though some subsets are con-
sidered “non-contact” (such as scanning tunneling micros-
copy)—because all take place in a near-to-contact regime
where there is a physical interaction between a tip and the
surface.
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3.2.1 “Stylus”: Stylus Profilometry, or Tactile Microscopy

Stylus profilometry employs sharp, needle-like tips with
radii in the range of 1-10 pm [38, 39]. Stylus profilometer
instruments used in this investigation were the Bruker Dek-
tak; Taylor Hobson TalySurf; Mitutoyo Surftest SJ; and
Jenoptik Hommel-Etamic Waveline. The scan lengths can
range from 100 pm up to centimeters. The lateral resolution
is limited by the end-radius of the scanning tip, which is
typically on the order of single-digit micrometers. The verti-
cal resolution is of order 1 nm.

3.2.2 “Indenter”: Scanning Nanoindenter

While nanoindenters are chiefly designed for measurements
of mechanical properties such as hardness or modulus, they
can be raster scanned to create a topographic image of the
indentation [40]. This same mode can be used to generate
topographic maps of any surface [41]. The scanning nanoin-
denter used in this investigation was the Bruker Hysitron
TriboIndenter. The scan length, lateral, and vertical reso-
lution are similar to stylus profilometry (described above);
however, the end-radius of indenter tips are commonly
larger.

3.2.3 “AFM”": Atomic Force Microscopy, or Scanning Probe
Microscopy

AFMs use extremely sharp tips (in the range of 10-100 nm)
combined with precise and rapid feedback about the tip
position [42]. A wide variety of different modes of AFM
exist, including contact mode (which is analogous to stylus
profilometry), tapping mode (where the tip oscillates and
makes only intermittent contact), and non-contact mode
(where the tip senses surface forces without making physical
contact) [43]. Many different AFM tools were used for this
investigation: Oxford Instruments Jupiter, WITech Alpha,
NanoWizard, and Asylum MFP3D and Cypher; Bruker
(formerly Digital Instruments and Veeco) Dimension Icon,
MultiMode, and Innova; Park Systems XE or NX; NT-MDT
NTEGRA; SIOS Nanopositioning and Nanomeasuring
Machine; NanoSurf Core and Drive; NanoTec Cervantes;
and CSI Instruments NanoObserver. Scan lengths range
from approximately 100 nm up to 10-100 pm. Specialty
designs, such as the Nanopositioning and Nanomeasure-
ment Machine [44], can have much larger scan ranges, up to
the cm scale. The lateral resolution can be limited by scan
parameters, such as scan speed and accuracy of the feedback
system; at best it is limited by tip-radius artifacts, and is
therefore of order 10 nm for surfaces that are not atomically
smooth. The vertical resolution is of order 1 A.
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3.3 Cross-section-based Techniques

Instead of using a profilometer or microscope to measure the
surface in a top-down configuration, it is possible to cross-
section the surface and take a side-view image. By digitizing
the contour of interest in the image, using edge-finding or
manual-point-selection software routines, a quantitative line
profile is extracted.

3.3.1 “Side-view SEM”: Scanning Electron Microscopy
in Profile

This technique uses a standard SEM, plus post-processing
image-analysis software, such as ImageJ or Matlab, to detect
the boundary of the material, which constitutes the topog-
raphy of the surface [45]. The three SEM tools used in this
investigation were the ThermoFisher FEI Nova, the JEOL
JIB, and the Zeiss Sigma. Scan lengths depend on SEM con-
figuration, but typically range from 100 nm to 100 pm. The
lateral resolution is commonly affected by charging effects at
the sharp corner of the cross-section, and therefore it is more
commonly limited to approximately 10 nm. Unlike many of
the techniques described above, the vertical resolution is
identical to the lateral resolution; thus the maximum vertical
resolution is 10 nm, but the resolution will be far coarser for
large scan-size images. A more comprehensive description
of the technique can be found in Ref. [46].

3.3.2 “Side-view TEM": Transmission Electron Microscopy
in Profile

This technique is similar to side-view SEM, but requires
more sample preparation due to the special requirements
of TEM [47]: The sample must be electron transparent
(< 100 nm in thickness) in the region of interest, and the
entire sample must fit between the electromagnetic lenses, a
gap on the order of 1 mm. A more thorough description can
be found in Ref. [48]. The only TEM used in this investiga-
tion was a JEOL 2100F. Typical scan lengths range from
10 nm to 10 pm. The lateral resolution depends on the lens
configuration, but can be as low as single-digit Angstroms
for high-resolution images. Once again, the vertical resolu-
tion is identical to the lateral resolution.

3.4 Scattering Techniques

Scattering techniques characterize topography by analyzing
the scattering of light or other types of waves off the surface.
Height fluctuations on a rough surface will cause second-
order scattering that will modify the reflected beam [49].
By varying the angle of the beam with respect to the surface
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normal, information can be gathered about a range of lateral
wavelengths of topography variation.

3.4.1 “XRR": X-ray Scattering

In XRR, X-rays are specularly reflected off of the surface,
because of the low-wavelength typically with a grazing
incidence angle. The intensity of the reflected beam is nor-
malized by incidence intensity and plotted as a function of
scattering angle. This technique is commonly used on multi-
layer films, simultaneously gathering information about each
layer’s thickness, roughness, and density [50]. Specifically,
the decay of intensity with angle can be modeled to extract
the topography. The only XRR measurements submitted to
this Challenge used a Malvern Panalytical Empyrean. Scan
lengths of XRR are limited by the beam size and can be in
the range of micrometers to millimeters. Lateral resolution
is limited in theory by the diffraction limit of the light used
(on the Angstrom-scale), but in practice is further limited by
the approximations of the models used.

3.4.2 “ARS”: Angle-Resolved Optical Scattering

In ARS, light is reflected off of a surface, typically with
perpendicular incidence. The sensor also captures the inten-
sity of the scattered light as a function of angle. All ARS
measurements in this Challenge were carried out with the
Optosurf OS 500 sensor [51] and a wavelength of incident
light of 670 nm. Scan lengths of ARS are limited by the
beam size and can be up to centimeters. The limit of lateral
resolution is the diffraction limit of light, around 1 pm.

More generally, we note that the classes of techniques
in the preceding three sub-sections, scattering techniques
do not yield a topographic map. Instead the reflected light
contains useful information characterizing the overall statis-
tics of the topography. However, as described in Ref. [49],
it is not straightforward to convert the measured data into
standard statistical representations, such as RMS height or
the power spectral density. For these reasons, scattering
techniques are not included in the bulk of the analysis of the
present paper, but are presented and discussed separately in
Appendix C.

3.5 File Formats

Participants were requested to submit data in the rawest form
possible, not using any post-processing or file conversion.
This resulted in submission in a variety of file formats, many
of them without open, publicly available documentation.
The platform CONTACT.ENGINEERING [27] implements support
for many of them, relying on the implicit documentation

available in the open-source code of the widely used tool
GwyDDION [52] for understanding some of these specific for-
mats. Around 1/3 of submissions were received in generic
text formats, as MATLAB files or as Gwyppion [52] data
files. There is at least one format that has been standard-
ized (X3P, whose metadata are described in ISO 5436-2
and ISO 25178), but it is not widely used. An overview of
all data formats from the present submissions are listed in
Appendix B. The organizers of this Challenge believe that
the inherent inaccessibility of topography data are holding
back more rapid progress in the field of surface metrology.
To promote accessibility and interoperability of file formats
in the spirit of the Open Science movement [53], we encour-
age manufacturers to more widely adopt open (non-binary),
well-documented formats. Additionally, we encourage sci-
entists and engineers to require such open file formats when
purchasing instruments, and to report out data in these stand-
ard formats.

4 Data Analysis and Discussion

The data were analyzed by the four main organizers of this
Challenge (A. Pradhan, M. H. Miiser, L. Pastewka and T. D.
B. Jacobs). In this analysis section, the word “we” refers to
these organizers. Because there are many ways to analyze
topography data, it is important to be specific about data-
analysis procedures (see Appendices D and E). Furthermore,
by reporting the raw data, it can be subsequently reanalyzed
with different sets of tools.

4.1 Preparing the Data: Removing Tilt
and Curvature

Our data analysis starts from the raw topographic data pro-
vided to us by participants. In most cases, this means we
are reading the instrument-native, binary data format (see
Appendix B). Exceptions are made for custom instrumen-
tations and a few cases where documentation or reverse-
engineering of the binary format was not possible. We
assume that the data provided to us is not preprocessed,
but we cannot exclude that some instruments apply filters
before writing topography information to a file. All sub-
mitted data provided is tilt- and curvature-corrected before
further analysis to account for tilt in the mounted samples
and curvature artifacts that can be added by piezoelectric
actuators and lens aberrations. Specifically, we subtracted
a curve of the form #(x) =z + ax + px? for line scans and
a respective quadratic function #(x, y) for area scans. More
details are given in Appendix D.

@ Springer



110 Page 8 of 26

Tribology Letters (2025) 73:110

4.2 Single-scale Parameters: Evaluating
the Root-mean-square Height

To reduce each measurement to a single number, we com-
pute the root-mean-square (RMS) height 4, (see Appen-
dix D for details). We chose RMS height, instead of mean
absolute deviation (Ra) or other parameters, because the
RMS height has useful advantages when describing a dis-
tribution, including maintaining the additive property of the
variance. We note that, for area maps, the RMS height can
differ when calculated for the entire area as compared to
a line-by-line calculation. Because many metrology tech-
niques produce only line scans, we carry out all analysis
on line scans. For area scans, we compute the statistical
parameter(s) of interest sequentially for each individual line
scan, and then report their average (see Appendix D). For

(a) RMS height as submitted

AFM measurements, the direction of analysis is the scanning
direction, also called the “fast-scan” direction. Scattering
techniques, which produced neither area scans nor line scans
were excluded from the present analysis, and are discussed
in Appendix C. Note that all the source-code to compute all
parameters is available open-source, see Ref. [27].

The raw RMS height values are shown in Fig. 3a, where
the box plot shows quartiles. There is a clear difference
between mean values for the Rougher Surface and the
Smoother Surface, yet this difference is overwhelmed by
the deviations within a single surface. In their as-submit-
ted state, the raw data for both surfaces yield RMS height
variations from below 100 pm to 10 pm, i.e., spanning six
orders of magnitude! To understand the extent of the varia-
tion, we plot the RMS height as a function of the size of the
measurement (Fig. 3b,,b,). The plots categorize the data by
technique, indicated by symbol and color.
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Fig.3 As-submitted, the values of the measured topography param-
eters for each surface spanned six orders of magnitude; much but not
all of which was attributable to scale-dependent variation. a The root-
mean-square height was calculated for each submission as submitted,
on both the Rougher Surface and the Smoother Surface. b In pre-
senting the data as a function of scan length, one significant source
of this variability is revealed. b; Shown here are the values for the

@ Springer

Scan length

Rougher Surface. b, A similar plot of the Smoother Surface shows
even greater variation at some key length scales. Throughout all fig-
ures, data points from microscope-based techniques will be presented
using colors in the red family and hollow symbols, contact-based data
appears in blues with solid symbols, and cross-section-based data
appears in greens with lined symbols
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The first source of deviation becomes immediately clear:
the magnitude of the topography variation depends on the
size of the measurement. A 1-mm measurement captures
larger height variations than a 1-uym scan. This finding will
not be surprising to the topography expert, but is worth
explicitly pointing out to the casual user of roughness param-
eters. This reflects the fact, well-known in the topography
community [3, 4], that topography is multi-scale, and should
be thought of as bumps on top of bumps on top of bumps.
Any statistical value extracted from a single measurement
has little relevance in isolation: The statement “This sample
has a roughness of 100 nm” is meaningless without specify-
ing the length scale over which it was measured or calcu-
lated, and may still be insufficient if topography on multiple
length scales is contributing to the property of interest.

4.3 Establishing Consensus: Including
only the Middle 50% of Measurements
from Each Technique

Significant differences in measured results persist, even
when the scale-dependence is taken into account. For exam-
ple, measurements of the Rougher Surface with scan lengths
of 10 pm show a 100-fold difference in RMS height; when
the smoother sample is measured with a lateral size of 1 mm,
the RMS height varies by a factor of 1000.

The significant variability in A, requires an objective
way to reflect the “consensus” view among the participants.
We sorted the data by technique, and then decided on a
purely statistical basis, with no inspection nor subjective
decision on individual measurements, to remove the top- and
bottom-25% of all measurements to find the representative
data for a given technique. This method removes all extreme
values and, unlike the moments of a distribution function,
it is insensitive to the specific values of these extremes; it
falls into the class of robust statistics [54]. By eliminating
all measurements that lie in the top 25% or bottom 25% of
all &, values for a specific technique, this leaves only meas-
urements within the interquartile range (IQR) in the dataset.

We carried out this elimination of outermost measure-
ments as a function of scale, by grouping all measurements
from a specific technique using log-spaced bins. As an
illustrative example, Fig. 4a shows the RMS height over
scan length for one technique (side-view SEM) applied to
one surface (the Rougher Surface). The smallest and larg-
est scans determine the x-axis limits, then this region was
divided into equispaced log bins (bounded by the dashed
black lines). Inevitably, a few data points lie close to a bin
boundary (within a relative tolerance < 0.01); in these cases
the bin boundary was shifted slightly to the right, as indi-
cated by the blue line. Fig. 4b shows box plots for each bin
with measurements outside the interquartile range indi-
cated by yellow symbols. For some measurements, there
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Fig.4 To establish consensus within each technique, the measure-
ments are grouped by scan length and data beyond the interquartile
range is removed. Panel a shows how the various measurements are
binned by scan length, with SEM data for the Rougher Surface shown
as an illustrative example. Log-spaced bins were created for each
technique, as indicated by black dashed lines; in cases where a bin
boundary coincides with one or more data points, then the bin bound-
ary was shifted slightly rightward, as shown by the blue line. Panel b
shows the same data, but now including box plots with median and
IQR (i.e., all data lying between the 25th and 75th percentile). Points
beyond the IQR are considered outermost values and denoted in yel-
low. For some bins, the number of measurements were less than five
data points; in these cases, the median and IQR were not calculated
(black data points)

are simply not enough data points within a bin to categorize
data as within the IQR; this limit was chosen as five data
points, and all data in length scales containing fewer data
points are indicated by black color. Overall, this method
allows us to find representative data within each technique
and to remove variations within a given scan length without
applying a subjective criterion.

Figure 5 shows the results of this analysis for all tech-
niques. Panels a; (Rougher Surface) and b, (Smoother Sur-
face) show all data points, highlighting median and IQR
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Fig.5 Large variation in data above and below the interquartile range
is removed to find the representative measurements for each tech-
nique. a The RMS height measurement for the Rougher Surface is
shown for the data as submitted. Plot a, includes box plots signify-
ing median and interquartile range, calculated by binning as shown in
Fig. 4. The inset in a; shows a zoomed-in view of RMS height from
100 pm to 500 pm of lateral scan length. Plot a, shows the Rougher

through solid lines and box plots. Figure 5a, and b, show the
median and IQR of the remaining data after removal of the
measurements with /4, in the top/bottom 25% of all points
for a specific technique.

4.4 Scale-dependent Parameters: The Power
Spectral Density Reveals Contributions
from Different Length Scales

While the RMS height is useful, it produces only a single
number for each measurement, and does not reveal the multi-
scale content that exists in each single measurement. The
power spectral density (PSD) yields a roughness amplitude
C(g) as a function of wavevector g. This spectral analysis
separates out contributions from different length scales,
as each wavevector corresponds to a different wavelength
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Surface after values beyond the IQR are removed. The variation in
RMS height is now more closely aligned with the uncertainty that is
inherent to each technique. b RMS height for the Smoother Surface
shown before b; and after b, removing data beyond the IQR. For
certain measurement techniques, there were insufficient data points
to calculate the IQR; these are indicated by black symbols. All data
points correspond to the legend shown in Fig. 3

A =2r/q. We here use the common convention of plotting
the PSD in terms of wavevectors g (with shortest wave-
length on the right-hand side of the plots), but note that
some authors plot the PSD in terms of the wavelength 4
rather than g [55-57]. To accommodate both perspectives,
the wavelength can be found on the top x-axis. The PSD
for all data are shown in Fig. 6a. The PSD shown here was
computed using the best practices described in Ref. [58],
more details are given in Appendix E. The PSDs show that,
overall, the two surfaces differ in roughness at large scales
but have similar roughness at small scales. However, there
was significant variation across submissions in the measured
values at any given length scale; at some scales they vary by
five orders of magnitude or more.

The first step in establishing consensus in the PSD was to
remove all measurements that lie outside of the IQR in RMS
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(a) PSD for data as submitted
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Fig.6 The power spectral density is used to eliminate unreliable
data from within a single measurement. a The power spectral density
(PSD) for the Rougher and Smoother Surfaces has large variation,
even for the “consensus” data (based on IQR analysis, see main text).
One reason for this is that plot (a) includes unreliable data beyond
the resolution limits of the measurements. b Distribution of resolu-
tion or tip-size values reported by participants. For groups that did
not report, we assigned values of 2 pm, 2 pm, and 20 nm for optical-

height, as defined in the previous sub-section. The second
step was to identify artifacts and eliminate data that may be
unreliable because of artifacts. This process is described in
the following sub-section.

4.5 Eliminating Unreliable Data from Each
Measurement: Accounting for Tip-based
Artifacts and Resolution Limits

It is widely understood that the accuracy of topographic
measurements is limited by the resolution of the technique.
Broadly, all microscope-based techniques will be limited
either by the diffraction limit of the imaging medium (visible

Wavevector g (m)

microscope resolution, stylus tip size, and AFM tip size, respectively.
For side-view SEM and TEM measurements, the resolution was esti-
mated and a maximum-size cutoff was imposed. We then removed
unreliable data from the PSD (see Appendix E) to produce ¢, d
resolution-corrected PSDs for the Rougher and Smoother Surfaces.
The solid black line is the median PSD from all the measurements
combined, and the dashed line represents the IQR. The insets in (c,d)
show examples of visible artifacts

light, electrons, etc.), or by the quality of the lenses [59,
60]. Likewise, all contact-based techniques will be limited
by the radius of the portion of the tip that interacts with
the sample [61, 62]. Any contributions to topography from
scales below these resolution limits must be artifacted and
therefore unreliable.

To account for these limitations, we removed unreli-
able data as follows: For microscope-based techniques,
we excluded all data above the critical wavevector corre-
sponding to the smallest discernible wavelength (sometimes
termed the “resolution” of the measurement). For contact-
based techniques, we used a tip-artifact-detection routine
described in Ref. [63] (and inspired by the seminal works
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of Refs. [61, 62]), which is implemented in the open-source
software platform CONTACT.ENGINEERING [27].

In order to apply these corrections, we asked each sub-
mitting group to estimate the maximum lateral resolution
of their instrument or the tip size of the probe. The dis-
tribution of reported values is shown in Fig. 6b. In cases
where participants estimated the tip radius for contact-based
techniques, we eliminated the unreliable data using this esti-
mate as described in Ref. [63]. However, some participants
did not report the tip size, due to the difficulty of measur-
ing it. In such instances, we assumed that their tip size was
equal to the average tip size from reporting groups (20 nm
for AFM and 2 pm for stylus profilometer and indenter
measurements).

There was a larger spread in the reported resolution for
microscope-based techniques as compared to contact-based
techniques. For example, participants using interferometry
reported lateral resolutions ranging from 100 pm to 5 pm.
However, it is known that optical microscopy techniques
cannot measure accurately at lateral resolutions below the
diffraction limit of visible light. Therefore, to be above this
limit, we imposed a uniform cutoff value of 2 pm for all
optical techniques.

Finally, a maximum-size cutoff was imposed for side-
view SEM and side-view TEM. As mentioned in the prior
section, the vertical and lateral resolution of surfaces using
these techniques are identical, therefore when a low magnifi-
cation is used to capture a large scan length, then the “verti-
cal” resolution (as defined relative to the original surface)
is significantly diminished. For this reason, a maximum
scan length of 500 pm was imposed for cross-section-based
techniques.

The resolution-corrected PSDs are shown in Fig. 6c¢,d for
the Rougher and Smoother Surface. After resolution correc-
tion, the measurements are combined into one PSD by com-
puting the median. The IQR range is shown by the shaded
ribbon. Instead of using the average value, the median is
chosen because it is a statistical parameter that is not as
sensitive to the outermost measurements. When using the
mean value, a single outlier datapoint varying by two orders
of magnitude above the others will overwhelm the other
values and unfairly draw the mean upward; however, when
using the median, the same outlier will have no such effect.
Therefore, we consider the median and IQR of the combina-
tion of PSDs more representative of the present surfaces as
compared to the mean and standard deviation.

4.6 Establishing a Single Descriptor for Each
Surface: Removing Disagreements Between
Techniques by a “Majority-rule” Approach

Finally, we attempted to extract a single description of
topography that describes each surface as accurately and as
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completely as possible. Even after the data-correction pro-
cedures in the prior sub-sections, cases remain where two
techniques simply disagree about the topography - as is evi-
dent in the real-space image, the RMS height, and the power
spectral density. In order to arrive at a single description, a
method was required to “break the tie” and remove one set
of data. While we acknowledge that experts would be able to
identify unreliable measurements from domain knowledge
about a specific technique, the organizers of this Challenge
did not wish to be in the position of determining whether
some measurements were “good” and others were “bad”. So
instead, we simply applied a majority-rule approach. There-
fore, when a certain scale was identified where a majority of
techniques yielded values with a certain PSD and a minority
of techniques yielded values differing by more than a factor
of two, then we simply removed the minority techniques. To
avoid subjectivity, we chose not to remove only the length-
scales where disagreement occurred, rather we removed the
entire technique from consideration of that particular sur-
face. These removals, along with some discussion of cause,
are described in the following paragraphs.

For the Rougher Surface, it is apparent that the SEM
reconstruction technique captures the details of the surface
as seen in Fig. 2 but measures an RMS height and PSD that
are higher than all other techniques at the same scale. In this
case, the disparity was traced back to an incorrect calibration
of height for the technique while combining images, which
was discovered by the submitting group because of compari-
son to other submissions in the present Challenge. The sub-
mitting group corrected their data, but only after the Chal-
lenge was closed, so the data included in this manuscript
is the original version. Similarly, holography is another
technique that had a very small sample size of 4 measure-
ments for the Rougher Surface. The present data deviated
from other measurements, but there were simply not enough
measurements to determine how successful it is at capturing
roughness. The other technique showing a significant differ-
ence from consensus is the confocal microscopy, with sig-
nificant deviations especially at large scan lengths (5X, 10X
magnification). The sides of the plateau-like features were
not accurately captured due to their high slopes, resulting in
a significant fraction of missing data. While many instru-
ments explicitly report which part of the data could not be
acquired and is “missing”, other instruments automatically
interpolate values between the plateaus. While many confo-
cal measurements, especially those at smaller scan lengths
agreed with consensus, the entire technique was removed
from consideration to avoid subjectivity of choices about
exclusion or inclusion.

For the Smoother Surface, a similar problem was
observed for confocal microscopy at the largest scan lengths,
and thus it was also removed. The Smoother Surface could
not be measured by the groups that used holography and
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SEM reconstruction techniques. In fact, all microscope-
based techniques including digital microscopy and interfer-
ometry deviated from the consensus, based on contact-based
and cross-section-based techniques. This deviation is mainly
attributed to the mismatch between the lateral and vertical
resolution of optical methods: While optical techniques are
capable of detecting height variations as small as 1 A on sur-
faces with steps and wide plateaus, these techniques are not
well suited to detecting height variations that occur within
the lateral size of a single pixel (of order 1 pm). While many
groups were able to accurately measure topography with
optical techniques, a sufficient number contained non-triv-
ial deviations that these entire techniques were removed in
order to eliminate subjectivity.

It is important to note that these choices about which
techniques to include or exclude in the final determination
are based solely on the submissions we received. In some
cases, there was only a single submission representing an
entire technique. Furthermore, it was common that some of
the submissions on a given surface were in agreement with
the majority opinion, while others were not. For all of these
reasons, this process should not be misconstrued as making
a judgement about the quality of a certain technique overall.
Instead, the purpose of this sub-section is purely to arrive
at a single, consensus topography for our two surfaces. The
final outcome of this procedure is shown and discussed in
the following section.

5 Lessons Learned

The collection, analysis, and harmonization of this large
number of measurements has demonstrated some of the
challenges associated with topography measurement. Three
lessons emerged from this two-year international collabo-
ration. Each of the three lessons can be associated with a
Topography Best Practice.

5.1 Lesson 1: Using Two or more
Surface-measurement Techniques Reveals
Inconsistencies Across Techniques

It is not always easy to recognize artifacts or problems with
our measurements. In this Challenge, we created a compre-
hensive statistical description of the surfaces by pooling
many measurements from diverse sources. This allows us
to use the IQR and majority-rule approach to determine the
most accurate measurement of the topography. Of course
when a user is characterizing a typical surface, there is a far
smaller number of measurements and it is unclear whether
the results would have fallen into the middle 50%. Therefore,
to generalize from this experience, we propose a strategy to
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Fig.7 Lesson 1. Using two or more surface-measurement tech-
niques reveals inconsistencies across techniques. a One group used
both confocal microscopy and stylus to measure the Rougher Sur-
face; both techniques produced similar values for the RMS height
(despite different scan lengths) and similar PSDs. This similarity can
be taken as evidence that the measured results are likely to be accu-
rate. b A different group repeated the same protocol; using confo-
cal microscopy and stylus to measure the Rougher Surface. However,
this second group measured two vastly different results with the two
different techniques. The inconsistency of their results can be taken
as evidence that at least one of their measurements is inaccurate. The
insets in a,b display the measurement data for the PSD correspond-
ing to (left) stylus profilometry and (right) confocal microscopy.
For reference, the “consensus” data from all groups is shown for the
Rougher Surface; the black dashed line represents the median PSD
and the gray ribbon indicates the interquartile range

minimize the risk of error: measure a surface using multiple
types of techniques.

For example, Fig. 7 compares two power spectral den-
sities measured by two different submitting groups, all
performed on the Rougher Surface. In one case (Fig. 7a),
stylus profilometry and confocal microscopy produce
near-identical results. In isolation, the person who meas-
ured this could not know that these measurements match
the consensus view; however, the agreement between two
disparate techniques would enable a high degree of confi-
dence in the results. By contrast, in Fig. 7b, the same pro-
cess was repeated by a different group: stylus and confocal
microscopy were applied to the Rougher Surface. For this
second group, the two techniques had virtually no agree-
ment between either their PSDs nor their root-mean-square
heights. While individual PSDs can vary due to local topog-
raphy, this cannot explain the order-of-magnitude difference
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observed here. In isolation, the person who measured this
could not have known which measurement would have
agreed with the “consensus” measurement (shown in gray),
but they would have understood that at least one of the meas-
urements was likely to be unreliable.

The particular causes of artifacts in each technique are
beyond the scope of this paper, but are discussed else-
where (see, for example, Refs. [43, 59, 64]). Furthermore,
while an expert user would sometimes be able to identify
a particular measurement as artifacted and eliminate it
from consideration, it is common to see artifacted meas-
urements published in otherwise high-quality scientific
articles. Therefore, it is clear that “expert knowledge”
is not always adequate to produce reliable topography
measurement. Instead, the agreement between two or
more techniques produces high confidence, because there
is a low probability that two unrelated measurements both
fall outside the IQR, by a similar amount, and in the same
direction.

5.1.1 Topography Best Practice 1: Combine Multiple Types
of Measurements of the Same Surface

At a minimum, repeat measurements multiple times in mul-
tiple locations and with multiple orientations on the same
sample, to understand the amount of fluctuation in results.

Better yet, vary the scan length and pixel size (and possibly
other parameters) of the measurement device. Better still
is to apply several different measurement techniques to the
same surface. All of these many measurements can be com-
bined, without any adjustable fitting parameters, using multi-
scale metrics. As shown in Fig. 7, the results immediately
reveal any regions of disparity, and also enable the calcula-
tion of the mean or median result along with the amount of
variation that is observed.

5.2 Lesson 2: A Consistent Statistical Description
Emerges when Lateral Length Scales
are Accounted for, and Each Technique
is Appropriately Corrected for Artifacts
and Resolution limits

Each individual measurement simultaneously contains both
reliable and unreliable data, as shown in Fig. 8. For example,
a stylus profilometer tool can be set to collect data with a
lateral point spacing of 10 nm, yet a 5-pm end-radius on the
needle will compromise some of the measured topography.
At the small length scale, the measured “topography” will
be dominated by instrument noise and also by “kinks” that
appear when the tip cannot descend all the way into a narrow
crevice. Therefore, while the lateral pixel spacing of the raw
image may be on the nanometer scale, the lateral resolution
is determined by the tip and is likely greater than 5 pm.
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Fig.8 Lesson 2. A consistent statistical description emerges when
lateral length scales are accounted for, and each technique is appro-
priately corrected for artifacts and resolution limits. Scale-dependent
parameters enable the explicit correction or removal of unreliable
portions of the topography, while leaving the reliable portions unal-
tered. When different techniques are corrected appropriately, then
a more accurate result emerges. In the top row, a visual example of
the technique is given for all three categories of techniques. a Micro-
scope-based measurements can include unreliable data due to reso-
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lution limits or other known artifacts specific to the technique, such
as diffraction effects near sharp edges of plateaus for interferometry.
b Contact-based techniques like AFM include, for example, well-
known rounding or apparent smoothening of topography features due
to wearing of tip. ¢ Similarly, for cross-section-based techniques such
as side-view SEM, the vertical resolution is reduced at low magni-
fication when the user is capturing a large scan length image of the
Smoother Surface, which has only nanometer-scale features. The
result is a pixelated trace of the surface profile
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Furthermore, this Challenge revealed that there appears
to be some confusion on what is meant by “resolution” of
a technique, as shown in Fig. 6b. Many groups reported
lateral resolution of optical techniques that is smaller than
the wavelength of the light used. This likely arises by quot-
ing the manufacturers’ maximum “resolution” of the tool,
which may be the vertical resolution, rather than the lateral
resolution.

Yet, instead of dismissing whole measurements because
of artifacts at certain scales, we can detect and eliminate
unreliable portions within a measurement. Based on a
metrology device’s physical principle, and the configuration
used, each measurement can have unreliable data filtered
out based on the estimated resolution of that measurement.
For instance, probe-based techniques (including stylus pro-
filometry and atomic force microscopy) can be corrected
using a criterion [27, 58, 61] or, more simply, just cut off
at the tip size. Microscope-based and cross-section-based
techniques can be cut off according to an estimate of resolu-
tion, such as the diffraction limit of the imaging medium or,
more accurately, a larger estimate based on the particular
lens configuration.

More generally, the lessons from these measurements can
be applied to standard roughness analysis, which already
includes filtering. For example, in ISO 21920, [11] the
S-filter removes smallest-scale “noise” by eliminating all
contributions to topography at length scales below a cutoff
set by the parameter A,. Also, for any reported roughness
parameter (or R-parameter), the L-filter removes larger-scale
“waviness” by eliminating all contributions to topography at
length scales above a cutoff set by the parameter 1.. How-
ever, this kind of one-size-fits-all filtering takes place in the
background, is typically not fully understood by users, and is
not customized to the measurement configuration. At a mini-
mum, these two filter sizes must be reported alongside any
reported roughness parameter. Better yet, those filter cutoffs
can be manipulated to align with the factors discussed here.
For example, A can be explicitly set to the resolution of the
instrument. In the same way, the RMS height reported in this
investigation would be equal to the standard parameter Rq if
A, were set equal to the total scan length of the measurement.
If filtering were to be used, then “filter length” would need
to replace “scan length,” for instance in Fig. 5. However, the
overall lessons and best-practices apply equally well when
filtering is used.

5.2.1 Topography Best Practice 2: Compute and Report
Scale-dependent Parameters

Ideally, surface topography would be expressed as a curve
instead of a single number. Multi-scale descriptors such as
the scale-dependent RMS height provide a fuller description
of the surface than any scalar value. They easily facilitate

the combination of multiple measurements into a single
descriptor of the surface, and they readily expose artifacts
within or between techniques, such as when topography is
being “measured” on scales below the resolution limit of
the instrument. The PSD and other scale-dependent param-
eters (such as the scale-dependent-roughness parameters
(SDRPs) [63] and the height-difference autocorrelation
function (ACF) [65]) also achieve these purposes. In cases
where a single number is still preferred over a curve then,
at a minimum, the relevant length-scale must be reported
alongside the roughness metric.

5.3 Lesson 3: A Single Number Cannot Describe
a Surface

By working together as a community, this international col-
laboration has achieved the most comprehensive topography
characterization ever performed. The complete and accurate
description of both surfaces is shown in Fig. 9, both in the
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Fig.9 Lesson 3: A single number cannot describe a surface. a Root-
mean-square height as a function of scan length. If filtering had been
used, then “filter length” would replace “scan length” on the x-axis
(as discussed in the main text). b Power spectral density (PSD) after
correcting for extreme values and instrumental artifacts. These two
plots enable scale-dependent comparisons between surfaces, which
yields far more insight than can be provided by any single roughness
metric
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form of scale-dependent RMS height, as well as the power
spectral density.

These complete surface measurements demonstrate that
the topography of a surface cannot meaningfully be cap-
tured by any single number. Figure 9 demonstrates that the
topography of the two samples differs at large scales, but that
they have identical topography at scales below roughly 3 pm.
In originally naming the surfaces, we designated them as
the “Rougher Surface” and the “Smoother Surface”, biased
by their visual appearance. On a lateral scale of 100 pm,
the Rougher Surface has an RMS height of 900 nm and the
Smoother Surface has an RMS height of 10.5 nm. How-
ever, on the scale of 1 pm, both the Rougher Surface and the
Smoother Surface have the same RMS height of 3 nm. This
is precisely to be expected, given how these surfaces were
made: the silicon wafers were intentionally varied in their
pre-coating (large-scale) topography, but then both were
coated with a thin layer of the identical CrN surface coating
(which defines topography at the small scale). This does not
imply that all surfaces are the same at small scales; indeed,
prior experience demonstrates that they are not.

This scale-dependent similarity and difference means that
these two surfaces will likely behave quite differently from
each other in applications where the large-scale topography
matters, such as sealing and leakage [66] or haptic proper-
ties [67, 68]. Yet they may behave identically in cases where
nanoscale topography primarily governs performance, for
example in certain biomedical applications [69]. In Fig. 9,
we have indicated representative length scales that matter
most for haptics [67, 68], visual appearance [70] and the true
area of elastic contact [19-21].

Furthermore, the computation of any parameter, even a
scale-dependent parameter, makes context-dependent and
sometimes empirical choices, such as the precise imputation
scheme for missing data (Appendix E2) or details on the
choice of windowing for Fourier analysis (Appendix E3).
While it is important to document the choices that were
made in any calculation, a more robust solution is to always
save and report the raw topography data. The raw data allows
subsequent context-dependent analyses to be performed with
differing methods, including corrections to errors made in
prior analyses. In this investigation, all raw topography data
has been shared and made publicly available, as described
in the Data Availability section.

5.3.1 Topography Best Practice 3: Save, Analyze,
and Report Raw Topography Measurements, not just
Computed Parameters

The most common current practice in describing surfaces is
to measure and report only roughness parameters; this inves-
tigation shows the value of saving, analyzing, and reporting
the raw topography data. The use of raw topography data
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ensures that measurements from different contexts and dif-
ferent instruments can be meaningfully compared using the
same analysis routines. When all of these disparate datasets
are combined together, as is done in Fig. 9, then they can
be used to reconstruct the true surface topography, in a way
that is more accurate and comprehensive than any individual
measurement or parameter can possibly be.

There are many ways to achieve these “Topography Best
Practices”. For convenience, all can be easily implemented
in the freely available, open-source, topography-analysis
platform CONTACT.ENGINEERING [27], which was used in the
present analysis. Here, many different measurements can be
combined into a single Digital Surface Twin that describes
a sample, which can be shared with collaborators and, if
desired, can also be published and referenced through a digi-
tal object identifier (DOI). This platform also implements
the topography analysis calculations described here, and
many others. Of course, these calculations can also be per-
formed using a variety of other commercial and open-source
software solutions, or manually calculated as described in
this paper and the relevant references.

6 Achievements and Outlook

This paper reports on what are possibly the two best-charac-
terized samples of two different surfaces yet. This may well
be an achievement in itself. The 153 authors on this paper
made 2088 measurements, allowing us to show how much
any individual measurement is prone to inconsistency and
artifacts. Yet, when all are looked at together, and corrected
accordingly, a consistent statistical picture of each surface
emerges — a statistical description of what might be called
the “true” topography.

The second achievement is the creation of a type of
roughness standard. We envision that these well-charac-
terized surfaces can be used, for example, in training, tool
assessment, or for future investigation into topography or
even surface properties. For anyone who measures surfaces
in their work, we will continue shipping out samples, at least
until the current supply is exhausted. Even those who did
not participate in this Challenge should feel free to request
samples at https://contact.engineering/challenge.

Finally, the lessons and best practices described in detail
in the previous section are a third achievement. In sum-
mary, these best practices are: (1) Combine multiple types
of measurements of the same surface. Even for a single sur-
face, there were orders-of-magnitude variations in calcu-
lated parameters; we showed that comparing techniques is
a robust way to catch and correct these. (2) Compute and
report scale-dependent parameters. At a minimum, meas-
urement and filter sizes should be reported alongside scalar
metrics like Ra; better yet, parameters should be presented
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as a function of scale, like the scale-dependent root-mean-
square height reported here (Fig. 9). (3) Save, analyze, and
report raw topography measurements, not just computed
parameters. It is commonplace to describe topography using
a single number; this investigation demonstrates the impor-
tance of saving, describing, and combining raw topography
measurements for a more complete description of surfaces.

We envision that by following the three best-practices
above for reporting topography, the community can move
faster towards improvements in surface performance. For
example, the move away from a simple value of Ra and
toward scale-dependent metrics will enable improved cor-
relations with performance, eventually leading to predictive
performance improvements. While we acknowledge that this
Challenge examined only a limited selection of materials
(CrN coated on rough and smooth wafers), we believe that
the insights generated will generalize to the characteriza-
tion of other hard-material surfaces. We hope that this addi-
tional knowledge and understanding about topography will
advance the state of the art in the science and engineering
of surfaces.

Appendix A: Sample Fabrication

All samples consisted of CrN deposited on two different
kinds of silicon wafers. To create samples of the Smoother
Surface, the CrN was deposited on prime-grade polished
silicon wafers. These were single-side-polished wafers, with
the coating applied to the polished side (often called the
“frontside”).

To create samples of the Rougher Surfaces, we applied
reactive-ion-etching to the unpolished “backsides” of a sepa-
rate set of single-side-polished wafers, and then applied the
same coating. The processing of the wafer backsides can
vary across manufacturers, but most commonly includes
grinding and lapping to reduce the marks from the wafer
saw, followed by isotropic etching. In our case, we subjected
the backside samples to an additional reactive-ion-etch (RIE)
step to impart extra topography to the ultra-flat plateaus of
the as-received samples. Specifically, the RIE was performed
in a Trion Phantom III LT reactive ion etcher on prime
single-side-polished Si wafers. The reaction chamber was
pumped down to 50 mTorr. The reaction mixture of 25 sccm
of oxygen (O,) and sulfur hexafluoride (SF) was introduced
into the chamber. An RF of 100 W was applied to the cham-
ber once the chamber pressure and gas flow rates stabilized.
The samples were exposed to the reaction mixture for 1 min,
at which point the chamber was back-filled with nitrogen
until it was returned to atmospheric pressure. The wafers
were etched two at a time, set in the center of the chamber.

The CrN was deposited with bipolar high-power impulse
magnetron sputtering (HiPIMS, performed by IBC Mate-
rials, Lebanon, IN). A 3-hour deposition was performed
in a single batch for all wafers, after a 15-min Cr-ion etch
to pre-treat the surface. The HiPIMS pulse was 100 ps at
265 Hz, followed by a 100-V positive pulse. The chamber
was maintained at a pressure of 8.5 mTorr, and the substrate
was biased with 50 V DC. The coating was deposited on all
wafers in a single processing batch to eliminate the potential
for batch-to-batch variation.

Appendix B: Data Formats

Of the ten different techniques that are shown in
Fig. 2, Fig. 10 shows the number of individual submissions
that were received for each type. Furthermore, Table 1 con-
tains a list of all of the different data formats in which we
received submissions. We attempted to parse the native
(often proprietary) format of the respective instrument, to
avoid post-processing by third-party software. The only
standardized format for topography data that we are aware
of is the XML surface profile (. x3p) whose metadata are
described in ISO 5436-2 [72]. For many formats, formal
documentation exists in instrument manuals. This is ben-
eficial, but often those manuals are not openly available to
the community and are typically distributed at the manufac-
turer’s discretion. In many cases, informal documentation
has been compiled by researchers, and there exist reference
implementations for readers. All of the readable formats sub-
mitted to the present Challenge are listed in Table 1.
Around one-third of submissions were received in generic
text formats, as MATLAB files or as Gwyddion [52] data
files. These generic formats were common for home-built
instruments, but also measurements with instruments
whose data files we could not read directly, and where
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Table 1 File formats of submitted datasets. 'Format has metadata in
some human-readable text format (including markup languages like
XML). *Format uses a documented self-describing container that
simplifies reading the data. >Text formats come in many flavors, some
including metadata in the header of the files. All listed formats can be

read by the open-source software packages GwyppioN (GPL license,
Ref. [52]) and SurracEToPOGRAPHY, Which is part of CoNTACT.ENGI-
NEERING (MIT license, Ref. [27]). Abbreviations: HDF5 — Hierarchi-
cal Data Format version 5; IBW — Igor Binary Wave; TIFF — Tagged
Image File Format; XML — Extensible Markup Language

Name File extensions Standardized Documented Human readable Submissions
Standardized formats

XML surface profile .x3p 1SO5436-2 Yes Yes 25
Accessible formats used by instrument manufacturers

Alicona Imaging .al3d No Yes No 6
Dektak OPDx .opdx No No No 337
Digital Instruments .001, .002, .spm No Partially Partially‘ 274
Digital Surf SUR .sur No Yes No 82
Igor binary wave .ibw IBW? Yes No 218
Image Metrology SPIP .bcr, .berf No Yes Partially' 150
JPK image scan .jpk TIFF? Yes No 40
Keyence VK3/4 .vk3, .vk4d No Partially No 64
Keyence VK6/7 .vké, .vk7 ZIP? Partially No 22
Keyence ZON .zon ZIp? No Partially (XML)! 4
Microprof FRT .frt No No No

Nanosurf easyScan .ezd, .nid No Yes Partially‘ 69
Olympus LEXT .lext TIFF? No Partially (XML)! 28
Olympus Packed OIR .poir ZIp? No Partially (XML)' 24
Park Systems TIFF Ltiff TIFF? Partially No 84
Sensorfar SPM .plu No Yes No 12
Sensorfar SPM XML .plux ZIp? Yes Partially (XML)' 12
WSxM .stp, .top No No No 20
Wyko OPD .opd No No No 154
Zygo DATX .datx HDF5? No Partially' 108
Zygo Metropro DAT .dat No Yes No 28
Generic formats

MATLAB .mat No Yes No 54
Numpy NPY .npy No Yes No 4
Text? .asc, .txt, .xyz - - Yes 380
Accessible formats used only by metrology software

Gwyddion .gwy No Yes No 227

manufacturers did not provide documentation upon request
(e.g., for Filmetrics’ native formats).

Overall, our impression is that more emphasis should be
placed on core principles of Open Science [53] in surface
metrology. We have implemented support for all file formats
in Table 1 for the Surface-Topography Challenge into CONTACT.
ENGINEERING [27]; however, this effort would not be required if
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topography measurements were interoperable. Such technical
hurdles to open and read data are binding valuable resources,
especially considering that the formats listed in Table 1 rep-
resent only a subset of the formats used by topography-meas-
urement instruments. We urge the community to agree on a
clearly standardized format for reporting topography data right
from the point of measurement, such as X3P, and to request
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Fig. 11 Results from scattering techniques. a For XRR, the raw
data consists of the intensity of the scattered light versus scattering
angle. b For ARS, the same plot is produced, but for a wider range
of scattering angles. The XRR measurement was only taken on the
Smoother Surface

such standardization in the procurement of instruments. An
intermediate solution is to agree on human-readable metadata
(JSON, XML) embedded in standardized container formats
(e.g., HDFS) that some of the more accessible formats in
Table 1 already use.

Appendix C: Results and Discussion
on Scattering Techniques

As described in the main text, scattering techniques cannot
produce a topographic map and therefore generate data
that is qualitatively different from all other submitted
measurements. The raw data for XRR and ARS is dis-
played in Fig. 11 and takes the form of intensity as meas-
ured at each scattering angle (which can be converted to a
scattering vector through the grating equation).

It is possible, though not straightforward, to extract
common roughness parameters such as the root-mean-
square height of the interface or the power spectral density
from the raw data. The most commonly applied formu-
lations are those of Rayleigh-Rice [70, 73-75] and Kir-
choff [76]. In general, the former is considered applicable
to smoother surfaces; the latter to rougher surfaces [49].

The group that submitted XRR data relied on the in-
built analysis models of the measuring instrument, which
reported an Rq of 4.386 nm. This can be compared with
the results of Fig. 9a, under the assumption of a “scan
length” corresponding to the whole sample, approxi-
mately 1 cm. This compares reasonably favorably with
the consensus value, of order 10 nm at this scan length.
However, the software reports this value as Rq, which
implies that it is a filtered parameter, and therefore it is
not necessarily equivalent to the RMS height reported in
this investigation.

The group that submitted ARS data provided an exam-
ple of using Rayleigh-Rice theory to compute the PSD, as
described in Ref. [77]. However, they acknowledged that the

computation of the PSD requires knowledge of the surface
polarization coefficient, and other material properties, many
of which are not known in many real-world cases of general
topography characterization. Furthermore, as discussed in
Ref. [49], it can be shown that multiple PSDs can produce
the same scattering profile, therefore it is not typically pos-
sible to extract precise values.

For these reasons, the ARS and XRR submissions were not
compared with other techniques, for instance in Fig. 9. How-
ever, these are important techniques in surface characteriza-
tion, and therefore merit inclusion in this investigation. They
are especially useful in cases where the material properties
of the measured surface are very well characterized, or for
relative comparisons across similar materials that vary only
in their topography.

Appendix D: Statistical Parameters
and Detrending

The simplest statistical roughness parameter is the root-mean-
square deviation ., of the height A(x) from some reference
line #(x),

rms

L
= /0 dr [A(x) — (@) = (i) — 11F)., (D)
where L is the scan length and (---), a short-hand for the
average over x in Eq. (D1). We interpret topographic maps
(area scans) as arrays of consecutive profiles; this enables
the identical analysis to be applied to data from instruments
that yield both line scans and those that yield area scans. If
evaluated on a discrete set of equally spaced grid points (see
inset to Fig. 3b), then interpreting the height as piecewise
constant yields

N
W= % 214 — 1)’ (D2)
where x, is the location of the k-th grid point and 4, the
(measured) height at that point. This is the expression also
found in standards for Rq [10, 11], but those standards often
mandate or recommend the application of filters, whereas
h,.. 1s computed on the unfiltered data. For line scans that
are measured on a nonuniform grid (as typically obtained
in cross-section-based techniques), we interpolate linearly
between grid points and compute the RMS height of this
interpolated profile using Eq. (D1).

Finding an optimal reference line #(x) to correct for mis-
alignment, instrument drift, and other undesired artifacts
remains a somewhat open question, as the best choice cer-
tainly depends on the nature of the artifact, the instrument,
and the roughness—e.g., whether or not it contains a deter-
ministic component. We chose #(x) to be the function that
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minimizes hrzms. Specifically, we use a quadratic function
1(x) = 7, + ax + px* and search for the parameters z,, @ and
f that minimize ... This procedure is commonly called
detrending or curvature correction. Note that for topographic
maps we detrend by minimzing 4> _computed for the map,

rms

G 2
Ro= /‘M/dymw—mw,
rms Lx Ly 0 0 [ ]

where #(x, y) = zy + a.x + a,y + f x> + B, )" + Xy is now
a trend plane and we again interpret a discrete data set as
piece-wise constant. The final &, values reported in this
paper are computed from averages of hfms over consecutive
lines in area scans. This is compatible with the computation
of the PSD (see next section) that is also carried out in a
line-by-line fashion.

We note that detrending introduces artifacts in scale-
dependent statistical measures, particularly in the PSD
described in Appendix E. The reference line #(x) removes
long-wavelength contributions to the topography, which can
cause a visible downtick in the PSD at small wavevectors.
We do not correct for these long-wavelength artifacts, but
they are visible in our PSDs (e.g., Fig. 9). More information
on this type of artifact can be found in Ref. [78].

Some measurements, mainly optical methods, can have
missing data. We simply exclude missing data points from
the averages that are described in Egs. (D1) to (D3).

(D3)

Appendix E: Power Spectral Density (PSD)

To characterize the scale-dependence of topographic fea-
tures within individual measurements we employ the PSD
C(q). The PSD is commonly used in surface metrology. C(q)
is often the direct input to analytic theories of contact, most
notably the theory of Persson for the probability distribution
of pressure in the contact [12, 15, 16]. Additionally, the PSD
allows various scalar roughness descriptors to be computed
from it, in particular the root-mean-square height of Appen-
dix D, but also RMS slope and RMS curvature (plus the
RMS of all higher-order derivatives), which should all be
regarded as explicitly depending on scale. Unfortunately, the
definition of C(g) is not unique, because the Fourier trans-
form, which is needed to define it, is itself defined only up
to a multiplicative factor that may or may not have a unit. As
a consequence, height or other spectra reported by different
groups cannot always be directly compared to each other.

1. Convention for Fourier Transforms and Sums

The prefactor in the definition of the Fourier transform is
arbitrary, except that it must differ from zero and when
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transforming back the original function must be restored
(which typically means a factor of 2z overall). In this work,
we use the convention

h(g,) = / h(x)e™"* dx, (ED)
L

where L is the domain of integration, g, = 2zn/L with
n € Z, while h(x) is the real-valued height function, already
containing the trend corrections described in Appendix D.
In the context of topography, the coordinate system should
be chosen such that the mean height k(x) vanishes, which
is always fulfilled after the detrending described in Appen-
dix D. In practice, A(x) is not known as a continuous func-
tion, but rather is defined on a grid with mesh-size Ax. In
this case, spatial integrals like that in Eq. (E1) are approxi-
mated with (Riemann) sums by replacing fL I(x)dx with
>, I(x,)Ax, where I(x) is the integrand and x,, = nAx.

The convention of Eq. (E1) yields the inverse Fourier
transform

[s9)

Ag - .
hx)y= Y 2—3h(q,,)e‘q"x (E2)

n=—oo

with Ag =2z /L and ¢, = nAq. Theoretical or analytical
treatments are mostly formulated in terms of Fourier inte-
grals rather than sums,

(s o]
M=i/mww¢ (E3)
27 J_o
where Ag/(2x) was substituted with dg/(2z) and where
h(q,) or rather the expectation value of its (square) magni-
tude is assumed to evolve smoothly (except at isolated points
such as wavevectors associated with cut-offs or roll-offs)
with the index n. We only describe one-dimensional trans-
forms here, as we interpret each area scan as a series of line
scans, such that they can be combined with data from instru-
ments that only measure line scans.

2. Imputation of missing data

While missing data can simply be ignored for the compu-
tation of hrzmS (which is the average square deviation from
the centerline #(x)), we cannot simply ignore missing data
in Eq. (E1) or its two-dimensional generalization. Ignoring
the respective term in Eq. (E1) amounts to setting the value
at h(x,) to zero, which has consequences for the spectrum.
There are two strategies to circumvent this problem: Filling-
in (imputation) of missing data points or computing the real-
space autocorrelation function [22] and converting it into a
PSD. We here use the former strategy, the latter is described
in detail in Ref. [79].
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We fill in missing data points using a method described
in Ref. [27]. Briefly, we solve the Laplace equation,
Vzhimp(x, y) = 0, within the missing region, subject to the
boundary condition that A, (x, y) = h(x, y) on the boundary,
using a canonical second-order central-differences scheme.
This fills each island of missing values with a harmonic
function, which has the property that the RMS gradient

g = /A dxdy | Va(x, y)I? (E4)
imp

is minimal over the filled-in region A;,,,. This construction
has the property that the mean of the interpolated field is
equal to the mean of the height over the edge (by virtue of
the mean value property of harmonic functions). For line
scans, this is simply a linear interpolation of missing data,
which means the imputation is exact for linear fields. For
area scans, this leads to well-behaved interpolations without
jumps, even in cases where large patches are missing

3. Windowing

Equation (E1) and its generalization to two spatial dimen-
sions should only be applied directly to periodically
repeated functions. For any non-periodic surface, caution
has to be taken, in particular when the height spectra that
are deduced from /(q) serve as input for further data pro-
cessing or modeling. The reason is that a representation
of a surface height in terms of a Fourier sum implicitly
treats the surfaces as periodic and continuously repeat-
ing. This makes h(x, y) discontinuous at the boundaries
between the original domain and its periodically repeated
neighbor. This discontinuity is artificial, and would not
have appeared if the height profile had been measured
over a larger domain. As a consequence, RMS gradients
or curvatures can be grossly exaggerated when Eq. (E1)
is used on experimental data without further process-
ing. The solution to this issue is well-studied by the sig-
nal processing community: A window function w(x) is
applied to the heights, such that the Fourier transform
is computed on the windowed function A (x) = w(x)h(x)
rather than the bare 4(x). We use a Hann window for all
PSDs reported in this paper.

Windowing changes the effective topography from £(x)
to h,,(x), but it should affect the deduced statistical prop-
erties of a stationary random process in the least possible
way. There is no unique way to achieve this, as the correc-
tion depends on which statistical property should remain
unaffected. We here require that the mean-square height
of the windowed topography

() = ((B0),), = ((W@F®),), @)

be equal to (hfms)e when averaged over (ideally infinitely)
many independent random realizations for h(x), some-
times called a disorder or ensemble average, here indicated
by (--+).. The idea is that this condition yields minimally
changed values for C(g). One way to achieve this is to nor-
malize the window function such that

<W2(x)>x = 1’

which ensures that (h*(x)), = (h%_).. Another way to keep
h,, unaffected by windowing is to apply a post-hoc correc-
tion to the amplitude of £,,(x). In all calculations reported in

the paper, we use the normalized window function.

(E6)

4. Power spectral density

We are now in a position to introduce the power spectral
density, which we define here using the most common
definition

c@ = 7(lal) (E7)

€
Note that the choice of the multiplicative factor in the Fou-
rier transform does affect the precise numerical values of
C(g). And correction factors may need to be applied when
comparing between calculations that use different conven-
tions. This topic is discussed further in Ref. [58]. Further-
more, as mentioned previously, the PSD of area scans is
computed using the disorder average (---), over all adjacent
horizontal lines ( e.g., the fast-scan direction for scanning
probe techniques).

One of the most common topography descriptors is the
mean-square height. It can be deduced from the PSD using

hos = (H*@)) = 1 / C(g)dg (ES)
7 Jo

assuming that the mean height vanishes. Note that a spatial
average in addition to a disorder average is assumed to be
taken in Eq. (E8).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11249-025-02014-y.

Acknowledgements The creation and organization of this Challenge
was supported by the National Science Foundation (CAREER-1844739
and CMMI-2400999), the Deutsche Forschungsgemeinschaft (DFG
grant EXC-2193/1-390951807) and the European Research Council
(StG 747343). Each individual submitting group has identified their
funding sources in the Supplemental Information. All data processing
occurred with the SURFACEToPoGRAPHY package, which is part of con-
TACT.ENGINEERING [27]. Some datasets were acquired with the WSxM

@ Springer


https://doi.org/10.1007/s11249-025-02014-y

110 Page 22 of 26

Tribology Letters (2025) 73:110

software [71]. All data are stored on the Baden-Wiirttemberg Storage
for Science (bwSFES) system (DFG grant INST 39/1099-1 FUGG).

Data Availability All data and analysis presented in this paper is avail-
able for download; we actively encourage its reuse and re-analysis. Spe-
cifically, we have created a repository containing all of the submitted
measurements, as well as the reports (described in Section 3) that were
submitted and where consent to publish was granted. This repository is
available as a standalone download via https://doi.org/10.5281/zenodo.
15341939. All data processing (such as tilt correction) and calculation
of parameters (such as RMS height and PSD) was performed using
CONTACT.ENGINEERING, Which can be accessed via web application at
https://contact.engineering or downloaded open-source and run locally.
In addition to the paper-wide data availability described above, each
submitting group was encouraged (but not required) to publish the
digital surface twin of their submissions on the website https://conta
ct.engineering. To be clear, each group was required to create private
digital surface twins and to share these with the organizers of this
Challenge — this was the mechanism of submission. However, they
were only encouraged to make these digital surface twins public. The
publication links to all of the individual submissions can be found at
https://contact.engineering/challenge.
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