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 A B S T R A C T

Friction between rubber and rough surfaces is a critical topic for vehicle safety, yet it remains unclear which 
roughness parameters govern it. While the power spectral density (PSD) describes the wavelength content of 
surface asperities, it is not known whether PSD alone predicts friction or if the height distribution (PDF) 
also plays a significant role. To address this, we performed dry-contact and boundary-lubricated friction 
tests on 3D-printed surfaces designed to share identical PSDs but different PDFs. This approach allowed us 
to isolate the effect of height distribution while keeping the spectral content constant. The tests revealed 
substantial differences in total friction despite identical PSDs, demonstrating that the PDF and related roughness 
parameters significantly influence rubber–road interaction. To support the interpretation of the experimental 
findings, the results were further compared with spectrum-based friction theories and qualitative Boundary 
Element Method (BEM) contact simulations. While PSD-based approaches correctly reproduced the hysteretic 
trends, the BEM analysis revealed systematic differences in contact-area evolution among surfaces sharing 
identical PSDs but different PDFs, showing qualitative consistency with the experimentally observed friction 
ranking. Direct measurements of the contact area using pressure-sensitive films further confirmed these 
differences, suggesting that contact-area evolution is the main mechanism underlying the observed dry-friction 
variability. These findings provide new experimental evidence beyond the PSD and have implications for tyre 
design and predictive friction models.
1. Introduction

The study of surface topography has a dramatic impact on the 
tribological field. When two bodies are in contact, their shape is really 
significant. Surface roughness affects how the parts interact with each 
other, how fluids or lubricants wet the parts, how friction affects the 
contact and the sliding, how heat is generated, and how the parts wear 
out. Therefore, accurately characterising and controlling these surface 
features is essential, especially as contact scales down to micro-levels. 
In fact, over the years, it has become necessary to measure the surfaces 
and look at the acquired profiles to obtain information from them [1].

The situation is no different in the automotive world, especially 
when we talk about the tyre-road interaction. Understanding how sur-
face roughness affects rubber-surface interaction is the challenge of sev-
eral researchers both to estimate friction and wear of compounds [2–8]. 
Moreover when it comes to motorsport, significant aspect of the contact 
is how the temperature increase at the interface among the rubber and 
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the surface and how its characteristics influence the rubber tempera-
ture, which in turn affects friction and wear of the tyre tread during 
their life [9–11].

These aspects turn into extremely important concepts for vehicle 
safety and for increasing the performance of racing cars [12–16], 
thus for these reasons, these fields are of particular interest to tyre 
and vehicle manufacturers, as estimating friction and wear before 
producing the final tyre could save time, money, and reduce particulate 
emissions [17–19]. It is well known that different contributions rule the 
friction coefficient between rubber and surface: Adhesive, hysteretic, 
fluid, and abrasive. The most relevant are the first two [4,20]. Some 
authors say that they are strictly connected, and they call it ‘‘Adhe-
sive hysteresis’’ [21–23]. This has led to the development of different 
friction and wear models, based on the knowledge about the two 
objects in contact, the viscoelastic part, and the road part. Using these, 
several attempts were made to predict the friction coefficient; whether 
the temperature contribution was taken into account depends on the 
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complexity of the models or on the type of experimental validation that 
was sought [3,20,24–27].

Many friction models attribute the prediction of friction at the road 
spectrum, and in particular, to the Power Spectral Density (PSD). But 
is the PSD sufficient on its own to describe rubber friction, or can 
additional roughness parameters play a complementary role?

In recent years, several theoretical approaches have attempted to 
relate rubber friction and contact mechanics predominantly to the 
spectral content of surface roughness. In particular, spectrum-based for-
mulations, such as Persson’s theory and related approaches, primarily 
describe frictional behaviour through the surface PSD and the viscoelas-
tic response of rubber [3,4,20]. However, the extent to which addi-
tional morphological descriptors associated with the statistical height 
distribution may influence friction and contact evolution remains not 
fully clarified.

Previous investigations, such as the work by Fortunato et al. [28], 
explored numerically generated rough surfaces with comparable power 
spectral densities but different skewness values, showing that vari-
ations in surface asymmetry can influence frictional behaviour. The 
present study instead advances a systematic and experimentally vali-
dated framework for analysing morphology-induced effects. Here, sur-
faces were not only numerically generated but also physically repro-
duced, verified, and tested, ensuring full repeatability and metrolog-
ical reliability. This approach extends the analysis from skewness to 
the entire probability density function (PDF), providing a robust and 
traceable methodology to quantify how height distribution influences 
friction once the spectral content (PSD) is fixed. To the best of our 
knowledge, no systematic studies have been conducted on surfaces 
specifically designed to share the same PSD while differing in their 
statistical morphology. The present work addresses this gap by intro-
ducing a controlled methodology that combines numerical generation, 
3D printing, and experimental validation to reliably assess how the 
height distribution influences rubber friction once the PSD is fixed and 
experimentally investigates whether the PDF of a rough surface plays 
a role in rubber friction.

It is common to observe how virtual modelling can recreate surfaces 
with different characteristics [29], and several approaches have been 
proposed in the literature, such as reproducing surfaces from the fast 
Fourier transformation or directly from the height distribution [30–32].

Building on these concepts, seven such surfaces were generated 
in this work, fabricated via 3D printing, and their topographies were 
validated. These specimens were then tested under both dry and lubri-
cated conditions, enabling the separation of the hysteretic component 
of friction.

Friction measurements carried out with a linear tester revealed 
that, despite having the same PSD, the surfaces exhibited different 
coefficients of friction. This result highlights that not only the spectral 
content but also the morphological characteristics of the surface, as 
captured by the PDF and related roughness parameters, significantly 
influence rubber friction. In addition, the experimental campaign al-
lowed us to evaluate how sliding velocity, lubrication state, nominal 
pressure, and compound formulation affect frictional behaviour. The 
results show that oil lubrication selectively suppresses adhesion, the 
variation of load influences contact saturation across surfaces, and 
different viscoelastic compounds respond distinctly to the same surface 
morphology.

To support the interpretation of the experimental observations, 
the results were further compared with spectrum-based friction the-
ories and with qualitative Boundary Element Method (BEM) contact 
simulations. This combined experimental–numerical approach made it 
possible to assess whether surfaces sharing the same PSD but different 
PDFs could exhibit different evolutions of the real contact area and 
contact saturation behaviour, thereby providing a physically consistent 
interpretation of the experimentally observed friction variability.
2 
Fig. 1. Analytic PSD with lower cutoff 𝑞𝑟, roll-off 𝑞𝐿, and upper cutoff 𝑞𝑠.

2. Power spectral density and friction models

The PSD is defined as the Fourier transform of the autocorrelation 
function of the surface signal, and it has been extensively discussed in 
the literature [33,34]. For this reason, we do not provide a rigorous 
definition here. Instead, we focus on the practical approach used to 
compute the PSD from surface topographies and, in the specific case of 
this work, on the form imposed to generate synthetic surfaces.

For self-affine surfaces, the PSD follows a power-law dependence 
that is truncated at both low and high spatial frequencies [35,36]. The 
PSD 𝐶(𝑞) represents the distribution of roughness amplitude as a func-
tion of the wavevector 𝑞 = 2𝜋∕𝜆, where 𝜆 is the spatial wavelength of 
the surface asperities: large values of 𝜆 correspond to long-wavelength 
features (macroscopic undulations), while small values of 𝜆 correspond 
to fine-scale roughness. 

𝐶(𝑞) = 𝐶0

{

𝑞−2−2𝐻𝐿 = const if 𝑞𝑟 ≤ 𝑞 < 𝑞𝐿
𝑞−2−2𝐻 if 𝑞𝐿 ≤ 𝑞 < 𝑞𝑠

(1)

where 𝐶0 is a normalisation constant that determines the overall am-
plitude of the spectrum, 𝑞𝑟 is the lower cutoff wavevector related to 
the largest wavelengths of the surface, 𝑞𝐿 is the roll-off wavevector 
below which the PSD becomes flat, 𝑞𝑠 is the upper cutoff wavevector 
associated with the smallest roughness scales, and 𝐻 is the Hurst 
exponent that governs the slope of the power-law regime. Larger values 
of 𝐻 correspond to smoother surfaces at small scales.

In this way, one can construct a spectrum with both a plateau and 
self-affine scaling, as illustrated in Fig.  1.

The PSD of the generated surfaces was computed using a numerical 
algorithm for the discrete Fourier transform, which is widely adopted 
in the literature [35,37].

Over the past decades, several tribological models have attempted 
to predict rubber–road friction, with many of them converging on 
the role of the PSD as a fundamental descriptor of surface rough-
ness [3,4,20,38,39]. The PSD provides the spectral distribution of the 
harmonic components that constitute the surface and has traditionally 
been regarded as the key parameter to correlate substrate morphology 
with the viscoelastic response of rubber within spectrum-based mod-
elling frameworks. For this reason, its determination has become a 
preliminary and necessary step in friction modelling and in the analysis 
of tyre–road interaction when the description is limited to spectral 
information [33,35,40–42].

A major limitation of this approach is that the PSD, being derived 
from the sum of harmonic components without phase information, 
carries no details about the surface height distribution [35]. As a 
result, it does not capture whether asperities are arranged symmetri-
cally, sharply peaked, flat or skewed, so that different surfaces may 
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exhibit identical PSDs but still differ significantly in their morphology, 
with distinct values of roughness parameters such as skewness and 
kurtosis [43].

This limitation becomes particularly relevant when analysing rough 
surfaces such as road pavements, where contact occurs only on the 
highest asperities. To overcome this, the concept of the Top PSD has 
been introduced in the literature, i.e., the PSD calculated only from the 
portion of the surface above the mean plane [44]. This representation 
is motivated by the fact that, when rubber slides on a rough surface, it 
interacts mainly with the asperities protruding above the mean plane. 
However, the actual penetration depth of the rubber under operating 
conditions remains uncertain [4], making it impossible to precisely 
determine which portion of the surface effectively contributes to the 
Top PSD.

This raises a fundamental question: if the PSD captures the spectral 
content of roughness but ignores the statistical distribution of heights, 
is it sufficient to describe rubber–road friction, or should it be com-
plemented by additional topographical descriptors? In other words, 
once the PSD is fixed, can the PDF of heights and related roughness 
parameters independently affect the frictional response?

The literature does not yet provide a conclusive answer to this 
question. Existing experimental validations of friction theories have 
typically been carried out on surfaces with different spectral con-
tents [36,45,46], making it difficult to isolate the role of the height 
distribution.

In this context, it is useful to briefly analyse how current spectrum-
based friction formulations interpret surfaces characterised by iden-
tical PSDs. Since the present experimental campaign was specifically 
designed to isolate the influence of the height distribution while pre-
serving the spectral content, this discussion provides an important 
theoretical reference framework for interpreting the experimental find-
ings.

Among the available spectrum-based approaches, Persson’s theory 
is one of the most widely adopted formulations for describing rubber 
friction on rough surfaces. In the present analysis, we focus on the 
hysteretic contribution to friction rather than on the total friction 
coefficient. As discussed by Genovese et al. [47], in Persson’s model, the 
adhesive contribution is typically determined through empirical fitting 
of experimental data. Consequently, its use for predictive comparisons 
between surfaces with different morphological features is limited.

Persson defines the ratio between the real contact area and the 
nominal contact area in his pioneering study [20] as: 

𝐴𝑐
𝐴𝟎
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where 𝐴𝑐 and 𝐴0 denote the real and nominal contact areas, respec-
tively. From Eq. (2), it is evident that the variation of this ratio 
depends on the wavevector 𝑞 and on the PSD 𝐶(𝑞). Since the investi-
gated surfaces were specifically generated to exhibit overlapping PSDs, 
the quantities entering the formulation remain essentially identical 
across the different surfaces once the testing conditions and the rubber 
compound are fixed.

Persson further introduces a correction factor to account for the fact 
that rubber does not fully penetrate the surface roughness: 
𝑆(𝑞) = 𝛾 + (1 − 𝛾)𝑃 2(𝑞) (3)

where 𝛾 = 1∕2 and 𝑃 (𝑞) = 𝐴𝑐∕𝐴0. Since 𝑃 (𝑞) remains essentially 
identical across the investigated surfaces, the correction factor 𝑆(𝑞) is 
also predicted to be nearly the same.

The hysteretic friction coefficient is then expressed as: 

𝜇ℎ𝑦𝑠 =
𝟏
∫

𝑞𝟏
𝑞𝟑𝐶 (𝑞)𝑆 (𝑞)𝑃 (𝑞)∫

𝟐𝜋
𝑐𝑜𝑠(𝜑)𝐼𝑚

(

𝐸 (𝑞𝑣𝑐𝑜𝑠 (𝜑))
(

𝟐
)

)

𝑑𝜑𝑑𝑞 (4)

𝟐 𝑞𝟎 𝟎 𝟏 − 𝜈 𝜎𝟎

3 
This expression again depends predominantly on the PSD and on the 
viscoelastic response of the rubber compound. Consequently, for sur-
faces sharing overlapping and indistinguishable PSDs, Persson’s model 
predicts no significant differences in the hysteretic friction contribution 
among the different surfaces. This outcome is fully consistent with the 
experimental results reported in Fig.  16, where the lubricated tests do 
not exhibit a clear surface-dependent ranking.

It is important to clarify that, in their current formulation, spectrum-
based theories such as Persson’s model do not explicitly account for 
the influence of the height distribution. Therefore, the absence of PDF 
effects in such models should not be interpreted as evidence that these 
effects are physically negligible, but rather as a limitation of the current 
theoretical framework.

It should also be noted that the present theoretical discussion in-
herits the simplifying assumptions of the adopted spectrum-based for-
mulation. In particular, the viscoelastic response is evaluated without 
explicitly accounting for frictional heating and flash-temperature ef-
fects [10], which may become increasingly relevant as sliding velocity 
increases. The objective of this comparison is therefore not to pro-
vide a fully predictive description of rubber friction, but rather to 
assess whether the spectral content alone is sufficient to explain the 
experimentally observed differences between surfaces sharing the same 
PSD. Since flash-temperature effects are not expected to depend on 
the surface PDF within the adopted framework, neglecting them does 
not alter the main conclusion of the present comparison, namely that 
current spectrum-based models cannot distinguish between surfaces 
having identical PSDs but different height distributions.

This aspect has already been discussed in contact-mechanics litera-
ture through extensions of Greenwood–Williamson-type approaches to 
non-Gaussian surfaces. McCool, for instance, introduced Weibull-type 
height distributions and showed that surfaces sharing the same RMS 
roughness but differing in skewness can develop significantly different 
real contact areas at the same nominal load [48]. Similar conclusions 
were drawn in later asymmetric and non-Gaussian extensions of GW-
type models [49–51], which demonstrated that skewness and kurtosis 
influence asperity activation, load sharing, and contact-area evolution.

Taken together, these studies suggest that surfaces with identical 
PSDs may still exhibit different contact mechanics behaviour due to 
differences in their statistical height distribution. This consideration 
represents the main motivation behind the experimental methodology 
adopted in the present work.

3. Algorithm for surface generation

The numerical generation of rough surfaces has been widely dis-
cussed in the literature [29], with several consolidated approaches. 
Among them, the method by Hu and Tonder is based on filtering and 
convolution applied to Gaussian surfaces generated via FFT [30,31]. 
While effective in producing non-Gaussian height distributions, this 
approach is relatively computationally demanding, as it requires mul-
tiple sequential steps and does not always converge efficiently towards 
surfaces with prescribed skewness and kurtosis values.

A more efficient alternative is the iterative scheme proposed by 
Almqvist [32], which progressively corrects both PSD and PDF through 
a ranking-order process. In this case, convergence is generally as-
sessed by combining PSD and PDF error metrics, without the need for 
additional filtering operations as in Hu’s method.

An interesting application of Almqvist’s method was presented 
in [52], where the authors reconstructed virtual road surfaces directly 
from experimental measurements. In this case, the measured PSD and 
the height distribution (PDF) were used as inputs to the algorithm, 
with an additional slope-correction step introduced to better reproduce 
the localised microscale roughness. This highlights how the iterative 
approach can be applied not only to artificial surface generation but 
also to the faithful reproduction of real road textures.



S. Avolio et al. Tribology International 226 (2027) 112518 
Fig. 2. Flowchart of the hybrid surface-generation algorithm combining Almqvist’s iterative PSD–PDF matching procedure with Johnson’s statistical transforma-
tion. The process iteratively corrects both the spectral and statistical properties of the surface until the desired PSD and PDF are simultaneously achieved.
In this work, a hybrid strategy was adopted, combining the effi-
ciency of Almqvist’s iterative procedure with the flexibility of Johnson’s 
family of distributions to impose specific skewness and kurtosis val-
ues, whose classification and selection were formalised by Slifker and 
Shapiro [53].

This approach enables the controlled generation of bell-shaped 
height distributions—particularly representative of real road surfaces—
while preserving the imposed spectral characteristics.

The workflow of the hybrid algorithm implemented in this study is 
illustrated in Fig.  2.

The practical innovation of this method lies in the ability to generate 
surfaces that are both spectrally accurate and morphologically realistic. 
This hybrid approach provides a versatile tool for reproducing surfaces 
with identical PSDs and controlled PDFs, suitable for 3D-printing and 
experimental friction testing—thus bridging the gap between numerical 
surface generation and physical validation.

4. Experimental setup

This algorithm has made it possible to generate surfaces with both a 
precise spectral content and a prescribed height distribution defined by 
skewness and kurtosis. In this way, we can artificially produce surfaces 
with identical PSDs but different PDFs configurations that do not occur 
in nature and could not be achieved using conventional methods. This 
capability is crucial, as it has so far been impossible to assess the 
independent influence of PDF on the friction coefficient, preventing a 
4 
Table 1
Combination of kurtosis and skewness for 
generated surfaces.
Kurtosis

Skewness 0 −1 −2

3 X X
5 X X X
7 X X

clear evaluation of whether spectrum-based and/or distribution-based 
models are truly reliable.

4.1. Surface generation

Seven surfaces have been generated based on different combinations 
of kurtosis and skewness, all sharing the same spectral content. The goal 
was to reproduce surfaces resembling road textures. For this reason, 
we started from a Gaussian surface with 𝑆𝑘𝑢 = 3 and 𝑆𝑠𝑘 = 0, and 
extended the range up to 𝑆𝑘𝑢 = 7 and 𝑆𝑠𝑘 = −2, values that are typically 
associated with worn road surfaces. Table  1 shows that the generated 
surfaces respect the prescribed parameters of kurtosis and skewness.

As shown in the table, the surface with 𝑆𝑘𝑢 = 3 - 𝑆𝑠𝑘 = −2 and 
𝑆𝑘𝑢 = 7 - 𝑆𝑠𝑘 = 0, are not generated for three reasons, the first one 
is that these seven surfaces are enough to show combined effects, the 
second is that 𝑆𝑘𝑢 = 7 - 𝑆𝑠𝑘 = 0 surface shown a shape very different 
from something real, with very high-sharp-isolated peaks, the third is 
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Fig. 3. Seven different radially averaged 2D PSD obtained as output from the 
seven virtual surfaces using analytical PSD as input (black line - M).

Fig. 4. PDFs obtained as output from the seven virtual surfaces generated via 
the algorithm.

that the iterative algorithm was not able to create a surface 𝑆𝑘𝑢 = 3
- 𝑆𝑠𝑘 = −2 with low value of kurtosis and high value of absolute 
skewness.

The surfaces have been generated imposing a specific spectrum and 
distribution, which are checked after creation. A slight simplification 
will be explained to make the ranking of the surface easier. For the 
values of kurtosis 3, 5, and 7, it will use the letters A, B, and C; 
for the values of skewness 0, −1, −2 it will use the absolute values, 
obtaining the surfaces A0, A1, B0, B1, B2, C1, C2. The spectrum and 
the distribution are shown respectively in Fig.  3 (Black line - M is the 
PSD input in the algorithm) and Fig.  4

After the surfaces were generated, several parameters were eval-
uated to assess their similarity or differences. As shown in Fig.  5, 
parameters like 𝑆𝑎 highlight variations in average roughness among the 
surfaces, while 𝑆𝑞 remains constant. This indicates that all distributions 
have the same standard deviation, and therefore the same area under 
the PSD curve [35].

The values of kurtosis and skewness are consistent with the target 
values. Specifically, the kurtosis matches the expected values up to one 
decimal place. Skewness values also agree well, except for surface B2, 
which yielded a skewness of −1.65 instead of the desired −2.00. This 
deviation was accepted because the primary aim of these surfaces is to 
explore the impact of the height distribution; kurtosis and skewness are 
simply input parameters used to guide the algorithm.
5 
Fig. 5. Roughness parameters obtained as output from the acquisition of the 
seven surfaces generated via the algorithm.

4.1.1. Surface printing
The following step is the surface 3D printing and the measure-

ment of their topography to check the consistency of the imposed 
surfaces and the roughness parameters. Other authors have followed 
this path [44,54], reproducing the spectral properties of rough surfaces 
but without addressing the statistical distribution of heights. As a result, 
the generated profiles are implicitly Gaussian, lacking control over 
non-Gaussian morphologies.

The generated surfaces are realisations of random fields in which 
both the spectral content (PSD) and the height distribution (PDF) are 
prescribed. The PSD is imposed through a superposition of harmonic 
components with random phases, while the PDF is matched using a 
statistical transformation based on the Johnson family of distributions. 
This method ensures that the surfaces exhibit random roughness while 
respecting the target statistical properties. Once the virtual surfaces 
were generated with the desired spectral and statistical characteristics, 
they were physically reproduced through 3D printing. This manufac-
turing step allows us to create realistic, controlled test surfaces for 
experimental validation. These were printed using a Form 3 Stere-
olithography (SLA) printer by Formlabs, selected for its high resolution. 
A material for the surface was Grey Pro Resin, a proprietary photopoly-
mer resin developed by Formlabs. This resin is specifically designed 
to provide high precision, good dimensional stability, and balanced 
mechanical properties suitable for engineering applications. Its main 
mechanical and thermal properties, measured on post-cured specimens, 
are summarised in Table  2.

The print path begins to give to the printer the .stl file. During 
printing, light selectively cures a liquid resin to create the shape of 
the surface. After the deposition of all layers, the parts are removed 
from the print platform and put in an automated washing in an agitated 
bath of solvent, eliminating uncured resin for a flawless surface finish. 
In the end, a curing process with exposure to heat and 405 nm light 
finalises part properties by completing the chemical reaction started 
during printing.

The overall dimensions of each printed plate were set to 405 × 40 mm
to fully utilise the Form 3’s 150 × 150 mm build platform: three tiles of 
135 × 40 mm (shown in Fig.  6) were printed simultaneously and then 
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Fig. 6. One tile for each of the seven generated surfaces.
Table 2
Mechanical and thermal properties of Grey pro resin (Formlabs).
 Property Value Standard  
 Ultimate tensile strength 61 MPa ASTM D638 
 Tensile modulus 2.6 GPa ASTM D638 
 Elongation at break 13% ASTM D638 
 Flexural stress at 5% strain 86 MPa ASTM D790 
 Flexural modulus 2.2 GPa ASTM D790 
 Notched Izod impact strength 18.7 J/m ASTM D256 
 Heat deflection temperature @1.8 MPa 62.4◦C ASTM D648 
 Heat deflection temperature @0.45 MPa 77.5◦C ASTM D648 
 Coefficient of thermal expansion 78.5 μm/m◦C ASTM E831 

glued together. This total length also ensured a sufficiently long contact 
path to explore high sliding velocities without edge effects. Although 
the printer’s native resolution is 25 μm in 𝑥, 𝑦, and 𝑧, we selected a 
resolution of 50 μm, twice the printer’s minimum, in order to satisfy 
the Nyquist sampling criterion for spatial frequencies while maintaining 
reasonable build times and part stability. The fidelity of the printed 
surfaces was then confirmed by re-measuring their topographies. In this 
way, excessive printing resolution was not used, leading to the printing 
lasting beyond 24 h without a real benefit on the final result.

4.1.2. Topographic verification of 3D-printed surfaces
The topography measure was performed directly on the tested 

surfaces. The instrument for the acquisition is a three-dimensional (3D) 
laser technology based on the principle of triangulation. Although opti-
cal topography measurements may present limitations when measuring 
very steep slopes or highly reflective surfaces [55,56], the present 
measurements were performed on specimens fabricated using the same 
resin, manufacturing process and acquisition conditions. Therefore, any 
systematic measurement bias is expected to be common to all the inves-
tigated surfaces and does not affect the comparative analysis carried out 
in this work. Surface data was processed under ISO 25178-2:2021 [57]. 
The spectra are obtained following ISO 8608:2016 [58].

Firstly, we checked the correspondence between the surfaces in 
terms of PSD and PDF. It is crucial that the surfaces exhibit identical 
spectra and different height distributions between them. It is also 
important to say that the values of kurtosis and skewness were used 
only to impose different distributions, and these are not quality-check 
parameters for the goodness of the printed surfaces.

Fig.  7 shows the PSDs measured from the printed surfaces, com-
pared with the target PSD (black line). All surfaces exhibit excellent 
agreement with the imposed spectral content across the entire relevant 
frequency range. This change in slope – from the linear imposed PSD – 
does not affect the analysis, as all PSDs share the same spectral shape 
within the range of interest e.i. until 𝑞1 = 106 m−1. This cut-off is given 
by [45] corresponding to a short distance cut-off length 𝑑 = 𝜋∕𝑞1 ≈
3 μm, which is a typical thickness for the wear layer. Although the 
nominal printing resolution was 50 μm, the surface topographies were 
experimentally measured with a lateral resolution allowing the PSD to 
be evaluated down to wavelengths of approximately 3 μm. Therefore, 
6 
Fig. 7. Radially averaged 2D PSDs measured from the surfaces through the 
use of a profilometer and imposed analytical PSD (black line - M) to compare 
the obtained to the imposed.

the spectral content relevant for friction modelling was directly verified 
on the printed specimens rather than inferred from the printing process. 
Roughness features below this measurement limit were not experimen-
tally resolved. Although unresolved roughness below the measurement 
cutoff may contribute to the absolute friction level, it is not expected to 
significantly affect the relative comparison among the specimens, since 
all surfaces were manufactured and post-processed under identical 
conditions. Furthermore, friction models require the use of real PSD 
without the need to use a linear analytical formulation. This means that 
although we deviate from having a self-affine surface, the important 
thing to make the comparison is that the PSDs overlap. The reason 
for the change in slope is dictated by the fact that as magnification 
increases, the chemical composition of the resin comes into play in the 
roughness.

Fig.  8 exhibits how the surfaces have different height distributions 
with good uniformity between all the surfaces.

This procedure produced seven distinct surfaces that share virtually 
identical PSDs, so much so that their PSD curves overlap almost per-
fectly and are indistinguishable, while exhibiting a wide range of height 
distributions (PDFs).

To probe the decisive role of surface morphology beyond the PSD, 
we therefore carried out a comprehensive test campaign on a high-
speed linear friction tester, measuring total and lubricated friction for 
each surface and thus delineating the limits of the PSD to describe 
rubber friction.

4.2. High speed linear friction tester

Friction rigs, how the Linear Friction Testers (LFT) have been used 
since the time of Leonardo Da Vinci [59] due to their capability to 
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Fig. 8. PDFs measured from the acquisition of the surfaces.

perform the test under controlled boundary conditions. Obviously, 
technology evolved over time, leading to having very efficient LFT 
able to make tests over rigid boundary conditions in terms of, sliding 
velocity, temperature, and contact pressures [60].

The boundary conditions adopted in this work were selected to en-
sure stable and comparable measurements across the different surfaces. 
The chosen pressure and velocity ranges are representative of typical 
tribological tests on rubber materials and allow differences arising from 
surface morphology to emerge clearly. Moreover, the combination of 
dry and lubricated conditions provides a practical way to suppress 
adhesion and highlight the role of hysteretic deformation.

To perform these measurements, we used the High-Speed Linear 
Friction Tester (HiLiTe) [61], shown in Fig.  9, an apparatus specifically 
designed to reproduce controlled sliding conditions representative of 
tyre–road interaction at laboratory scale.

The relative positioning of the surfaces with the sliding path is 
ensured by gluing them on a steel plate with the use of a jig to respect 
the distances by the edge of the plate. The gluing process is shown in 
Fig.  10.

Two printed surfaces were mounted side-by-side on a single steel 
plate. After completing tests on the first tile, we simply rotated the 
entire plate by 180◦, rather than re-aligning it, to bring the second tile 
into the sliding path, thereby preserving the exact relative positioning 
between the rubber specimen and the surface under test (Fig.  9).

A different jig was used to centre the sample on the steel plate, as 
shown in Fig.  11.

To avoid adhesion during sliding, Grosch proposed using magnesia 
powder [62], but this approach was primarily applied to sandpaper 
or glass. Using powders on rough surfaces may alter the topography 
itself, since the particles can clog micro-cavities. In contrast, a thin 
silicone oil film (3 cSt) and the flat-on-flat configuration avoid the 
crack opening process and thus suppress the molecular rubber-substrate 
adhesion [63], without modifying the surface roughness. In this con-
figuration, hysteretic deformation is preserved, while the adhesive 
contribution is eliminated. Nevertheless, it must be noted that the 
confined oil within the real contact regions may still undergo shear, 
introducing a minor viscous contribution. Therefore, the lubricated 
condition should be regarded as an effective way to suppress adhesion, 
while the measured friction may include both hysteretic and a small 
viscous component [64]. The respective components will be called 𝜇hyst
for the hysteretic part and 𝜇cont for the part without hysteresis.

Fixed all the boundary conditions and the requirements; the test 
path consists of the samples run-in and into the measures. Every sample 
is required to be conditioned on the appropriate surface where it will 
slide, for several repetitions, until the friction coefficient is stable and 
the surface loses its surface patina; the number of repetitions depends 
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on the reference surface. The sliding velocity is maintained at 1 m∕s, 
and the contact pressure is set appropriately for the measurement.

Knowing the working range of the rig, a test matrix was chosen to 
investigate the influence of road descriptors on friction in a controlled 
environment while varying those strategies for highlighting specific 
phenomena, particularly saturation effects and the influence of sliding 
speed on the contact area and friction.

5. Test plan & Procedure

This section describes the experimental activities performed to eval-
uate the effect of surface morphology on rubber friction. The following 
paragraphs present the testing procedure adopted for all trials and 
the specific operating conditions, including load, velocity, temperature, 
and lubrication state.

The rubber specimen was mounted beneath two load cells. This 
configuration was adopted to ensure measurement redundancy and to 
compensate for possible pitch or roll moments during the contact phase, 
thus providing a more stable and accurate assessment of both normal 
and tangential forces throughout the sliding path.

During each test, the specimen was first accelerated to the target 
velocity, while the incoming temperature was recorded by an infrared 
pyrometer. The sample was then gradually lowered onto the test sur-
face through a controlled ramp, ensuring a smooth engagement and 
minimising dynamic transients at contact initiation. The sliding stroke 
covered approximately 200 mm under constant nominal load. At the 
end of the track, a second ramp lifted the specimen progressively, 
preventing impact or shock at exit. The outgoing temperature was again 
measured by the pyrometer to quantify the thermal rise during the 
sliding motion. Each test sequence consisted of five consecutive runs 
under identical conditions (except the velocity), followed by surface 
cleaning to remove rubber residues.

To comprehensively characterise the frictional behaviour, the tests 
were carried out under controlled conditions, varying key parameters 
related to the material, load, sliding speed, and lubrication state, as 
detailed below.

• Compound and Size Selection: Each specimen had a square 
area of 900 mm2 and two model rubber compounds, based on 
carbon black, natural rubber, and emulsion-polymerised styrene-
butadiene rubber (ESBR), were specifically designed for this study 
to exhibit distinct viscoelastic modulus and hysteresis character-
istics.
Fig.  12 shows the viscoelastic characteristics of compounds A 
and B in terms of storage modulus (𝐺′) and loss factor (tan 𝛿), 
obtained from temperature sweep tests performed with a Me-
travib DMA+1000 in shear mode at a frequency of 10 Hz with a 
dynamic strain of 0.1%. All the shown results are dimensionless 
with respect to the maximum value of the storage modulus (a) 
and the loss factor (b) of the compound A.
Compound B exhibits both a higher storage modulus and a higher 
loss factor compared to compound A. This indicates that com-
pound B is simultaneously stiffer and more dissipative. Specifi-
cally, the higher storage modulus implies that compound B can 
store a greater amount of elastic energy during deformation, 
offering greater resistance to strain and exhibiting a more elastic 
and structurally solid behaviour than compound A. At the same 
time, the higher loss factor of compound B means that a larger 
fraction of the absorbed energy is dissipated as heat, resulting 
in an enhanced ability to dampen vibrations, impacts, or cyclic 
loads.

• Nominal Contact Pressures: Tests were conducted at two dif-
ferent nominal contact pressures (0.15 MPa and 0.30 MPa) to 
analyse the contribution of the various surfaces to the real contact 
area saturation.
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Fig. 9. High Speed Linear Friction Tester (HiLiTe) of Leibniz University of Hannover and its equipment.
Fig. 10. Procedure for gluing surfaces: (1) Jig positioning; (2) Gluing surfaces; (3) Jig remotion; (4) Final result.
Fig. 11. Procedure for gluing samples: (1) Rubber sample on first steel plate; 
(2) Jig positioning (front); (3) Jig positioning (rear); (4) Final result.

• Temperature: The temperature was fixed at 30◦C. This value was 
chosen to minimise variations due to the thermal behaviour of the 
compound, as the main focus of the study is not to delve into the 
temperature dependence of friction but rather to concentrate on 
the effects of road descriptors and contact conditions.

• Sliding Speed: The experimental matrix includes tests at seven 
different speeds (0.01, 0.03, 0.1, 0.3, 1, 2, and 5 m/s). This 
selection is based on theoretical and empirical models, which 
highlight how the contact area and the deformation mechanisms 
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(thus, friction generation) are strongly dependent on the sliding 
speed.

• Surface Conditions: Dry and Lubricated: Tests were performed 
in two modes: under dry conditions and under lubricated con-
ditions. The use of lubrication allows the elimination of the 
adhesive (or ‘‘sticky’’) component of the contact. By subtracting 
the contribution from the lubricated tests from the total friction, 
it is possible to isolate and analyse the actual adhesive portion.

Tests were conducted at different sliding speeds ranging from
0.01 m/s to 5 m/s. As expected, such conditions led to a certain degree 
of frictional heating. Nevertheless, the temperature rise was found to 
be very similar across all the investigated surfaces. The maximum 
deviation between the seven road samples did not exceed 15◦C at 
5 m/s. Although the heating effect becomes more pronounced at the 
highest sliding speeds, its magnitude was essentially consistent across 
all surfaces. Therefore, the results can be considered comparable, and 
the analysis remains focused on the influence of road surface roughness 
on frictional behaviour. Five repetitions were done for each condition. 
A new rubber sample was used every time the testing conditions 
and surfaces changed (except for the different velocities). For the 
lubricated test, all samples were conditioned together on dry surfaces 
and underwent five preparatory strokes under the same load and speed 
to fully recondition the rubber on the lubricated surface immediately 
before taking measurements.

Summarising the test matrix, the experiments covered seven 3D-
printed surfaces, two surface conditions, two rubber compounds, two 
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Fig. 12. Viscoelastic properties of compounds A and B: storage modulus 𝐺′ (a) and loss factor tan 𝛿 (b) as a function of temperature, measured in shear mode at 
10 Hz with a dynamic strain of 0.1%.
nominal contact pressures, and seven sliding velocities. This combina-
tion results in a total of 392 unique testing conditions. Considering the 
five repetitions performed for each condition, a total of 1960 individual 
friction measurements were collected during the campaign.

Following the tests, we considered that a comparison of the results 
with spectrum-based models could be of great interest and could lend 
greater significance to the tests themselves.

6. Results & Discussion

The following sections present the results obtained for each set 
of surfaces, exploring how surface morphology, lubricant, load, and 
velocity influence the overall frictional response. These complemen-
tary perspectives enable us to better understand the combined role of 
surface descriptors and contact mechanics in governing rubber–surface 
interaction before taking measurements.

6.1. Theoretical prediction & Simulation

To perform a meaningful comparison with theory, Persson’s model 
was implemented using the experimentally measured PSD and the vis-
coelastic properties of the tested compounds as input. Since spectrum-
based models require calibration of the contact-related (adhesive) con-
tribution through fitting procedures, a reference condition was selected.

The Gaussian surface A0 was chosen as the reference surface for 
calibration. This choice is motivated by the fact that classical contact 
and friction theories are typically formulated under the assumption 
of Gaussian roughness. Therefore, A0 represents the most theoreti-
cally consistent case for establishing a baseline comparison between 
experimental data and model predictions.

In Persson’s framework, the adhesive (or contact-related) contribu-
tion to friction is introduced through a phenomenological interfacial 
shear strength 𝜏𝑓 (𝑣), which depends on sliding velocity. The adhesive 
friction coefficient can be expressed as: 

𝜇adh =
𝜏𝑓 (𝑣)
𝜎0

𝐴𝑐
𝐴0

(5)

where 𝜎0 is the nominal contact pressure and 𝐴𝑐∕𝐴0 is the real-to-
nominal contact area ratio predicted by the contact mechanics formu-
lation discussed above.

The velocity-dependent shear strength 𝜏𝑓 (𝑣) is commonly described 
using a log-Gaussian (Gaussian-like in ln 𝑣) phenomenological expres-
sion: 

𝜏𝑓 (𝑣) = 𝜏𝑓0 exp

[

−𝑐
(

ln 𝑣
𝑣𝑐

)2
]

(6)

where:
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Table 3
Fitting parameters of the adhesive term identified on the Gaussian reference 
surface (A0).
 Compound 𝜏𝑓0 [MPa] 𝑐 𝑣𝑐 [m/s] 
 A 3.409 0.165 0.007  
 B 3.225 0.154 0.012  

• 𝜏𝑓0 is the maximum interfacial shear strength,
• 𝑣𝑐 is the characteristic velocity at which the adhesive contribution 
reaches its peak,

• 𝑐 is a parameter controlling the width of the Gaussian curve in 
logarithmic velocity space.

This formulation is consistent with the classical bell-shaped depen-
dence of friction on sliding velocity observed experimentally (e.g. Gr-
osch-type behaviour), and follows the same principles of time–temp-
erature superposition typically used in rubber friction analysis. 

In the present work, the fitting parameters 𝜏𝑓0, 𝑣𝑐 , and 𝑐 were iden-
tified using the experimental friction data obtained on the Gaussian ref-
erence surface (A0). It should be noted that the present implementation 
inherits the assumptions of the original spectrum-based formulation. In 
particular, the viscoelastic response is described through the measured 
linear viscoelastic properties of the compounds and does not explicitly 
account for thermo-mechanical phenomena such as frictional heating 
or flash-temperature effects. Consequently, the comparison is intended 
to assess the capability of the model to reproduce the relative influence 
of surface morphology rather than to provide a fully quantitative 
prediction of friction over the entire velocity range. Once calibrated, 
the same model formulation and fitted parameters were retained when 
evaluating the remaining non-Gaussian surfaces, without any further 
adjustment. In this way, any deviation between model predictions 
and experimental measurements for the non-Gaussian surfaces can be 
directly attributed to the influence of the height distribution (PDF), 
which is not explicitly accounted for in the current spectrum-based 
theoretical framework. The resulting model predictions are shown in 
Fig.  13.

The fitting parameters used in the adhesive contribution are re-
ported in Table  3. These parameters were identified using the exper-
imental data of the Gaussian reference surface (A0) at low pressure 
and subsequently kept constant for all other surfaces and operating 
conditions.

Fig.  13 shows the model predictions obtained for all seven surfaces 
within the same sliding velocity and load ranges explored experimen-
tally. It can be observed that the model returns almost overlapping 
friction curves for all surfaces, with only minor separations in specific 
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Fig. 13. Model predictions according to Persson’s theory against base-ten logarithm of velocity at the two nominal contact pressures 0.15 MPa (a & c) and 
0.30 MPa (b & d) and two different compounds, A (a & b) and B (c & d), for each surface (different colours), using fixed fitting parameters and varying the 
measured PSDs of the generated surfaces.
conditions. In particular, whenever a ranking between surfaces appears, 
it does not correspond to the ranking observed experimentally.

For compound A, a slight categorisation of the curves can be no-
ticed at lower sliding velocities. This behaviour is likely related to its 
lower storage modulus 𝐸′, which makes the material more sensitive 
to variations in the real-to-nominal contact area ratio 𝐴𝑐∕𝐴0 predicted 
by the model. However, no pronounced separation between the two 
nominal contact pressures is observed, even though the friction level 
is consistently lower at the higher load, as expected from contact 
saturation effects.

In contrast, compound B exhibits almost indistinguishable friction 
curves across the different surfaces. The predicted friction levels are 
overall lower at the higher nominal pressure, but the separation be-
tween surfaces is minimal. This reflects the reduced sensitivity of the 
stiffer compound to small variations in the predicted contact area, lead-
ing to nearly identical model responses for all PSD-identical surfaces.

6.2. Overall dry measure and the role of the surfaces

The overall results are presented as the friction coefficient plotted 
against the sliding velocity on a base-ten logarithmic scale, in line 
with the format typically used in the theoretical models [3,20]. Each 
friction value visible in the plots (circular markers) corresponds to a 
friction measurement. The experimental data were approximated using 
a smoothing spline, defined as the function that minimises a combina-
tion of the squared approximation error and the spline curvature, thus 
producing a smooth curve consistent with the overall data trend. These 
have been added to make the differences between the various surfaces 
more easily visible.
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To further assess the consistency between model and experiments, 
the previous model predictions (shown in black) are superimposed 
onto the experimental friction data in Fig.  14. It can be observed 
that, particularly for compound B, the fitted model curve closely fol-
lows the experimental points of the Gaussian reference surface A0, 
confirming the internal consistency of the fitting procedure. However, 
deviations become evident for the non-Gaussian surfaces, indicating 
that differences observed experimentally cannot be captured by spectral 
information alone.

Fig.  14 shows the measurements performed on dry surfaces for two 
contact pressures and seven different sliding velocities. Each colour in 
the legend represents a different surface.

As found in literature, velocity affects the viscoelastic response of 
rubber, influencing friction. Therefore, analysing its effect across all 
surfaces provides insights into how morphology interacts with rate-
dependent energy dissipation. As shown in Fig.  14, for each surface the 
friction coefficient generally decreases with increasing velocity. This 
observation is perfectly in line with the findings of Grosch [62] on sand-
paper, as well as with later studies on concrete and asphalt surfaces [36,
45], and is therefore confirmed also on resin-printed surfaces.

Regarding load effects, contact theories based on the surface power 
spectrum describe saturation phenomena as being governed by the 
spectral content of roughness [4,65]. Within these frameworks, the 
saturation behaviour is formulated as a function of the frequency distri-
bution of surface asperities, while the explicit role of height distribution 
is not accounted for. Consequently, when interpreted strictly within 
the assumptions of these models, surfaces sharing the same PSD are 
expected to exhibit similar trends in friction reduction with increasing 
nominal pressure.
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Fig. 14. Persson model predictions (black curves), calibrated on surface A0, superimposed on the Total dry friction against base-ten logarithm of velocity at the 
two nominal contact pressures 0.15 MPa (a & c) and 0.30 MPa (b & d) and two different compounds, A (a & b) and B (c & d) for each surface (different colours).
Despite sharing identical PSDs, the measured friction coefficients 
differ among the surfaces, indicating that additional roughness descrip-
tors play a role. The ranking of the surfaces for the two conditions 
of nominal contact pressure for the compound B is C2, B2, A1, B1, 
C1, A0, B0. Instead, for 0.30 MPa, there is an inversion between A0, 
B0, The same it is not possible to be said for compound A, which 
maintains the same ranking for surfaces C2, B2, and A1, while the 
other surfaces show crossovers at different speeds, indicating that speed 
has a strong influence on friction beyond simple roughness effects. At 
the nominal pressure of 0.30 MPa, however is evident that there is an 
overall decrease in the friction coefficient, but no significant differences 
between the surfaces can be observed, although it remains evident that 
for both compounds, the friction coefficients differ between various 
surfaces across the two nominal contact pressures, despite identical 
PSDs, highlights that additional descriptors beyond the PSD – such 
as the height distribution (PDF) and related roughness parameters – 
also contribute to the frictional response and may help explain the 
differences observed among the surfaces.

To further emphasise the relative differences among the surfaces, 
the total dry friction coefficients were normalised with respect to 
the Gaussian reference surface (A0). This representation allows a di-
rect comparison of how each non-Gaussian surface deviates from the 
Gaussian case under identical testing conditions (Fig.  15).

For each compound and nominal pressure, the friction values at a 
given sliding velocity were normalised with respect to the Gaussian 
reference surface (A0). At each velocity, the mean of the five A0 
repetitions was used as a reference, and all corresponding values were 
divided by it. As a result, A0 appears as a constant line equal to 1, 
while the other surfaces directly express their relative deviation from 
the Gaussian reference.
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Fig.  15 shows that the normalised friction response exhibits a 
strongly non-uniform dependence on the height distribution across 
operating conditions. For selected surface–compound–pressure combi-
nations, the curves closely follow the Gaussian reference (A0), whereas 
pronounced deviations occur in other cases, particularly at specific 
sliding velocities.

Under dry conditions, non-Gaussian surfaces can produce relative 
differences of up to approximately 80% with respect to the Gaussian 
baseline. This confirms that, despite identical PSDs by construction, the 
statistical height distribution alone can significantly affect the contact-
related contribution to friction within specific loading and velocity 
regimes.

6.3. Avoiding adhesion

Fig.  16 presents the friction results obtained under lubricated condi-
tions. In contrast to the dry case, no systematic ranking among surfaces 
is observed, neither at low nor at high nominal pressure, and the overall 
velocity dependence differs markedly from that reported in Fig.  14.

In the present work, lubrication was adopted as an experimental 
strategy to strongly reduce the contact-related contribution to friction, 
allowing the hysteretic component to become dominant. It should, how-
ever, be emphasised that this approach represents an approximation 
rather than a complete physical separation of the friction mecha-
nisms. Depending on the operating conditions, partial squeeze-out of 
the lubricant may occur at low sliding speeds, while hydrodynamic 
lift may develop at higher speeds. Furthermore, adhesive friction is 
known to include molecular bonding mechanisms in addition to crack-
opening processes. Consequently, the lubricated measurements should 
be interpreted as hysteresis-dominated conditions rather than as purely 
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Fig. 15. Normalised total dry friction coefficient with respect to the Gaussian reference surface A0 at the two nominal contact pressures 0.15 MPa (a & c) and 
0.30 MPa (b & d), and for the two rubber compounds, A (a & b) and B (c & d). Each colour represents a different surface.
hysteretic friction. Nevertheless, since all the investigated surfaces were 
tested using the same lubricant, under identical operating conditions 
and following the same experimental procedure, this approximation 
does not affect the comparative analysis carried out in the present work.

The experimental data exhibit a much closer agreement with spe-
ctrum-based model predictions, with friction coefficients that nearly 
overlap across all surfaces and follow a common trend. The maximum 
spread between minimum and maximum values is limited to 0.083 at 
low pressure and 0.094 at high pressure. These observations indicate 
that, once the contact-related contribution is substantially reduced, the 
remaining friction becomes much less sensitive to the imposed height 
distribution and is predominantly governed by the surface spectral 
content (PSD). Such qualitative behaviour is consistent with exist-
ing conceptual frameworks for smooth and weakly rough surfaces, 
where viscoelastic dissipation becomes the dominant mechanism, al-
though a comprehensive theoretical formulation of the contact-related 
contribution is still lacking [24,64].

To enable a direct comparison with the dry condition, the same nor-
malisation procedure adopted in Fig.  15 was applied to the lubricated 
data. For each sliding velocity, friction coefficients were normalised by 
the mean value measured on the Gaussian reference surface (A0) under 
identical compound and nominal pressure.

Fig.  17 reports the corresponding normalised friction coefficients. 
A clear difference with respect to the dry condition emerges: under 
lubricated conditions, relative deviations among surfaces are substan-
tially reduced. In most cases, the normalised values remain within 20% 
of the Gaussian reference, with only sporadic excursions approaching 
approximately 30% at isolated velocities.
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Unlike the dry case—where deviations reached significantly larger 
magnitudes—these variations do not exhibit any systematic depen-
dence on the imposed height distribution. Instead, the curves cluster 
closely around unity, indicating that once the contact-related contribu-
tion is substantially reduced under lubricated conditions, the influence 
of the height PDF becomes marginal.

These results confirm that the hysteretic component of friction is 
predominantly governed by the spectral content (PSD), whereas the 
height distribution primarily affects the contact-related contribution 
observed under dry conditions. The lubricated measurements therefore 
reinforce the interpretation that the PDF influences total friction mainly 
through its effect on real contact mechanics rather than on viscoelastic 
dissipation.

The ‘‘no hysteretic’’ part of friction [45] is obtained by subtracting 
the hysteretic contribution from the total friction coefficient [62] (see 
Fig.  18).

Subtraction of the hysteretic part does not change the ranking seen 
in the total friction coefficient; this confirms that the differences in 
the hysteretic component are negligible and that the PSD is indeed 
the dominant descriptor for hysteresis-driven friction. Consequently, 
the variations observed in the total coefficient must primarily origi-
nate from the contact-related contribution, which is sensitive to the 
statistical height distribution. This distinction not only highlights the 
importance of separating hysteretic and contact contributions but also 
provides the basis to explore how other factors, such as the applied 
load, further influence the frictional response. The same experimental 
dataset, therefore, allows us to assess how increasing the nominal 
pressure modifies the friction coefficient, offering additional insights 
into the mechanisms governing rubber–road interaction.
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Fig. 16. Friction measured under lubricated condition against base-ten logarithm of velocity at the two nominal contact pressures 0.15 MPa (a & c) and 0.30 MPa 
(b & d) and two different compounds, A (a & b) and B (c & d) for each surface (different colours).
Having experimentally reduced the contact-related contribution 
through the lubricated tests, the next step is to investigate how changes 
in mechanical loading affect the friction coefficient. The nominal 
pressure, in particular, governs the extent of real contact and provides 
key insights into the saturation behaviour of rubber–road interfaces.

6.4. The role of the load

Another important aspect that can be analysed from these measure-
ments is the effect of increasing the load on the friction coefficient. 
In this context, increasing the load corresponds to increasing the nom-
inal pressure, which in these experiments was set to 0.15 MPa and 
0.30 MPa.

It is well established that, in rubber–surface friction, a saturation 
effect of the maximum transferable traction force occurs, leading to 
a decrease in the friction coefficient. This phenomenon is observed 
both at the tyre scale [66] and at the scale of a single rubber block 
in contact with a generic rough surface [4,65]. The physical origin of 
this behaviour lies in the fact that, as the load increases, the real contact 
area also increases, but in a non-linear proportion with respect to the 
nominal load.

However, the experimental results show a different picture, as illus-
trated in Fig.  19. In these plots, the vertical axis reports the decrease 
of the friction coefficient, while the horizontal axis shows the seven 
generated surfaces. For each surface, results are presented for the 
three sliding speeds (lowest, middle, and highest). Previously, friction 
values were shown for each measurement; now each bar corresponds 
to the decrease calculated from the median of the five values for each 
condition (this statement applies to all subsequent bar plots).
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As shown in Fig.  19, under dry conditions, the reduction in the 
friction coefficient with increasing nominal pressure varies significantly 
across the tested surfaces, revealing the influence of height distribution 
and surface morphology on contact saturation. The effect is particularly 
pronounced for surfaces C1 and C2, which exhibit the largest decrease 
in friction. In contrast, under lubricated conditions, 𝛥𝜇 values are mini-
mal and almost identical for all surfaces, confirming that the hysteretic 
component remains primarily controlled by the PSD.

6.5. The role of compound

As mentioned in Section 5, two rubber compounds were tested, dif-
fering in viscoelastic moduli and hysteretic characteristics. It is evident 
from Fig.  12 that compound B exhibits both a higher storage modulus 
and a higher loss factor compared to material A. Therefore, we can state 
that compound B is overall stiffer and more dissipative. In other words, 
material B offers greater resistance to elastic deformation—showing 
a more solid-like structure—while also dissipating a larger portion of 
energy as heat, thus providing improved damping of vibrations and 
cyclic stresses.

From these considerations, it can be inferred that material B is 
expected to exhibit a higher hysteretic friction component than mate-
rial A, while the opposite should hold for the non-hysteretic or total 
friction.

The graphs compare the friction coefficients of the two compounds, 
focusing on only three reference sliding velocities—low, intermediate, 
and high—to avoid overloading the discussion.

In Fig.  20, plots show the differences in terms of friction between the 
compounds for both the nominal contact pressure and three velocities. 
At both low and high sliding speeds, compound A consistently exhibits 
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Fig. 17. Normalised lubricated friction coefficient with respect to the Gaussian reference surface A0, plotted against base-ten logarithm of velocity at the two 
nominal contact pressures 0.15 MPa (a & c) and 0.30 MPa (b & d) and for the two compounds A (a & b) and B (c & d).
higher friction coefficients than compound B. Despite identical spectral 
content, the seven printed surfaces show measurable differences in 
friction, demonstrating the role of surface morphology beyond the PSD. 
The overall decrease in friction with increasing speed aligns with the 
literature.

A very different trend is observed under lubricated conditions, 
shown in Fig.  21, which highlights only the hysteretic characteristics 
of the materials. As expected, the results are inverted compared to 
the dry tests: compound B now exhibits higher hysteretic friction 
than compound A. Under lubricated conditions, the friction coefficients 
are significantly lower than in dry contact, confirming the effective 
suppression of adhesive interactions. The results show no clear ranking 
among the surfaces, indicating that when adhesion is excluded, the PSD 
is the dominant descriptor governing hysteretic friction. Compound B 
consistently exhibits slightly higher friction values than compound A, 
consistent with its higher loss factor and energy dissipation capability. 
The increase in nominal pressure from 0.15 MPa to 0.30 MPa causes a 
modest overall reduction in friction, reflecting the expected saturation 
effect at higher loads.

An opposite behaviour is found for the non-hysteretic friction re-
sults, shown in Fig.  22. These findings are consistent with the vis-
coelastic characterisation of the two compounds: The stiffer and more 
dissipative compound B shows higher hysteretic friction, while com-
pound A- softer and less damped- exhibits higher total and contact 
friction. This confirms that the compound’s viscoelastic response mod-
ulates the relative contribution of hysteretic and contact components, 
even when the surface characteristics remain unchanged.

Overall, the comparison between the two compounds confirms that 
the relative magnitude of hysteretic and contact contributions depends 
14 
on the viscoelastic modulus and damping capacity of the material, 
consistently with their DMA characterisation.

A key outcome is that, for the same increase in nominal pressure 
(0.15→0.30 MPa), the reduction in friction is not universal across 
surfaces sharing the same PSD: it depends on the specific morphology 
(PDF) and on the rubber compound. In some cases the drop is larger 
for compound B than for A (e.g., surface A0, Fig.  23, a), in others 
the opposite holds (e.g., surface B0, Fig.  23, b), while for certain 
surfaces, the decrease is comparable for both compounds (e.g., surface 
C1, Fig.  23, c). This surface–compound interplay persists across the 
three reference speeds considered, even though the absolute magnitude 
of the reduction may vary. Hence, the load sensitivity of friction cannot 
be ascribed to spectral content alone: it emerges from the combined 
effect of surface height distribution and the viscoelastic response of the 
material.

The experimental results discussed in these sections showed that 
surfaces sharing identical PSDs may nevertheless exhibit significantly 
different dry-friction behaviour. In particular, the observed differences 
in friction saturation with increasing load suggest that the mecha-
nisms governing the evolution of the real contact area may not be 
fully described by the spectral content alone. Since the contact-related 
contribution is expected to dominate dry friction conditions, this ob-
servation led to the hypothesis that differences in the statistical height 
distribution (PDF) could induce different contact formation and contact 
saturation mechanisms, even for surfaces characterised by the same 
PSD.

To qualitatively investigate this hypothesis, a numerical contact-
mechanics analysis based on a Boundary Element Method (BEM) was 
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Fig. 18. No-hysteresis friction against base-ten logarithm of velocity at the two nominal contact pressures 0.15 MPa (a & c) and 0.30 MPa (b & d) and two 
different compounds, A (a & b) and B (c & d) for each surface (different colours).
introduced. The objective of this analysis is not the quantitative pre-
diction of friction coefficients, but rather the verification of whether 
surfaces sharing the same spectral content but different PDFs may ex-
hibit different evolutions of the real contact area under load. Although 
the adopted numerical framework relies on simplified assumptions, 
such as linear elasticity and frictionless normal contact, it provides a 
physically meaningful tool to qualitatively assess whether the exper-
imentally observed friction trends are consistent with differences in 
contact-area evolution induced by the surface height distribution.

7. Theoretical interpretation and qualitative consistency of exper-
imental results

The experimental results presented in the previous sections demon-
strate that surfaces sharing the same PSD may nevertheless exhibit 
markedly different dry-friction responses. This observation raises an im-
portant question regarding the origin of these differences and whether 
they can be reconciled with current spectrum-based friction theories. 
To address this point, the following analyses progressively examine 
the problem from three complementary perspectives: first, through the 
use of the Top PSD within Persson’s theoretical framework; second, 
through numerical contact-mechanics simulations based on the Bound-
ary Element Method (BEM); and finally through direct experimental 
measurements of the contact area.

7.1. Top PSD-based interpretation

The conventional PSD describes the spectral content of the entire 
surface topography, independently of whether all height levels are 
effectively involved in the rubber–surface interaction. Under finite 
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loading conditions, however, the rubber does not completely penetrate 
the roughness profile and contact is initially established through the 
highest asperities. For this reason, the Top PSD, obtained by retaining 
only the portion of the topography located above the mean plane, has 
been proposed as an approximate spectral representation of the surface 
region more likely to participate in contact [4,44].

It should be emphasised that the Top PSD does not provide an 
exact representation of the roughness effectively experienced by the 
rubber, since the actual penetration depth depends on load, compound 
properties, sliding velocity, and temperature. Nevertheless, it provides 
a useful intermediate descriptor for investigating whether the upper 
portion of surfaces sharing the same complete PSD contains sufficient 
morphological information to distinguish their frictional responses.

The radially averaged Top PSDs calculated for the seven printed 
surfaces are reported in Fig.  24. Unlike the complete PSDs, which are 
virtually indistinguishable, the Top PSDs exhibit a clear and systematic 
separation.

Considering their overall spectral level, the Top PSDs approximately 
follow the decreasing order
𝐵0, 𝐴0, 𝐶1, 𝐵1, 𝐴1, 𝐵2, 𝐶2.

This ranking indicates that the upper portions of the surfaces retain 
markedly different spectral characteristics, despite the complete PSDs 
being identical by construction. In particular, surfaces such as B0 and 
A0 exhibit comparatively higher Top PSD levels, whereas B2 and C2 
exhibit the lowest values over most of the investigated wavevector 
range.

To evaluate the consequences of these differences within a spec-
trum-based friction framework, Persson’s model was subsequently re-
calculated using the measured Top PSD of each surface as spectral 
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Fig. 19. Decrease of the friction coefficient with increasing nominal pressure, for dry (a & c) and lubricated (b & d) and two different compounds, A (a & b) 
and B (c & d), at low sliding speeds (different colours).
Fig. 20. Total friction coefficient comparison between two compounds A and B (different colours) for all surfaces at two nominal contact pressures: 0.15 MPa 
(a, c & e) and 0.30 MPa (b, d & f), at three sliding velocities, 0.01 m/s (a & b), 0.03 m/s (c & d), 0.10 m/s (e & f).
input. All other model inputs were kept unchanged. In particular, the 
same adhesive fitting parameters identified on the Gaussian reference 
surface and reported in Table  3 were retained, without any additional 
surface-specific calibration. Therefore, the separation among the re-
sulting curves originates exclusively from the use of the different Top 
PSDs.

Fig.  25 shows that replacing the complete PSD with the Top PSD 
produces a pronounced separation of the predicted friction curves. This 
result differs substantially from the predictions obtained using the com-
plete PSDs, for which the curves were almost indistinguishable. The Top 
PSD-based calculations therefore introduce a clear surface-dependent 
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categorisation without modifying either the compound properties or 
the fitted adhesive parameters.

The predicted ranking is broadly consistent with the experimental 
observations. Surfaces C2 and B2, characterised by the lowest Top PSD 
levels, generally exhibit the highest predicted friction, whereas A0 and 
B0 remain among the surfaces with the lowest friction. The resulting 
order is approximately

𝐶2, 𝐵2, 𝐴1, 𝐵1, 𝐶1, 𝐴0, 𝐵0,

which closely reflects the principal ranking observed experimentally 
under dry conditions.
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Fig. 21. Hysteretic friction coefficient comparison between two compounds A and B (different colours) for all surfaces at two nominal contact pressures: 0.15 MPa 
(a, c & e) and 0.30 MPa (b, d & f), at three sliding velocities, 0.01 m/s (a & b), 0.03 m/s (c & d), 0.10 m/s (e & f).
Fig. 22. Non-hysteretic friction coefficient comparison between two compounds A and B (different colours) for all surfaces at two nominal contact pressures: 
0.15 MPa (a, c & e) and 0.30 MPa (b, d & f), at three sliding velocities, 0.01 m/s (a & b), 0.03 m/s (c & d), 0.10 m/s (e & f).
Fig. 23. Surfaces A0 (a), B0 (b), and C1 (c) with identical PSDs exhibit different load-induced drops in friction for compounds A and B, revealing morphology-
dependent saturation.
The correspondence is particularly stable for Compound B, for 
which the relative order of the surfaces remains clearly distinguishable 
over most of the investigated velocity range at both nominal pres-
sures. For Compound A, the same general categorisation is observed at 
low and intermediate sliding velocities, although small inversions and 
progressive convergence of some curves occur as velocity increases.

The substantial improvement obtained by introducing the Top PSD 
is physically significant. It suggests that the experimentally observed 
surface ranking is associated with the portion of the morphology ef-
fectively involved in contact, rather than with the complete spec-
tral content considered without distinction between contacting and 
non-contacting regions.
17 
7.2. Numerical and experimental investigation of real contact area

The Top PSD analysis presented in the previous subsection suggests 
that surfaces sharing the same full-spectrum PSD may nevertheless 
differ in the portion of surface effectively involved in contact. Moti-
vated by this observation, the evolution of the real contact area was 
investigated through both numerical simulations and dedicated exper-
imental measurements. A qualitative contact mechanics analysis was 
first performed using a Boundary Element Method (BEM) implementa-
tion available within the open-source platform contact.engineering [67]. 
The numerical predictions were then compared with experimentally 
measured contact areas obtained using pressure-sensitive films under 
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Fig. 24. Radially averaged two-dimensional Top PSDs obtained by retaining 
the portion of each measured surface located above its mean plane. Although 
the complete PSDs overlap, the Top PSDs exhibit a clear surface-dependent 
ranking.

the same loading conditions adopted in the friction campaign and with 
the friction results at the lower sliding velocity.

7.2.1. Numerical contact mechanics
The BEM platform provides FFT-accelerated elastic contact simula-

tions for rough surfaces and implements numerical contact mechanics 
formulations extensively adopted in the tribology and rough-contact 
literature. In particular, the adopted solver computes the evolution of 
the contact area and pressure distribution under increasing nominal 
load for measured surface topographies.

The implemented approach models the contact between a rigid 
rough surface and an elastic half-space under frictionless normal load-
ing conditions. The elastic problem is solved through a Fourier-based 
Boundary Element Method (BEM), following formulations widely
adopted for rough-contact simulations [68–70]. The method assumes 
linear elastic behaviour and evaluates the normal displacement field 
induced by the surface pressure distribution.

In the present work, the simulations were not intended to quan-
titatively predict friction coefficients. Instead, they were employed 
as a qualitative tool to investigate whether surfaces characterised by 
identical PSDs but different height distributions (PDFs) could exhibit 
different evolutions of the real contact area with load.

This point is particularly relevant because classical spectrum-based 
approaches primarily relate contact mechanics quantities to the surface 
PSD, whereas the experimental results presented in this work sug-
gest that the statistical height distribution may additionally influence 
contact saturation and, consequently, the load sensitivity of friction.

The simulations were performed at the same nominal pressures 
adopted in the experimental campaign. The normalised pressure values 
𝑝∕𝐸∗ were computed using the nominal contact pressures and the 
reduced elastic modulus of each rubber compound evaluated at the 
test temperature and excitation frequency adopted in the viscoelastic 
characterisation.

For Compound B, the investigated normalised pressures correspond 
to 𝑝∕𝐸∗ = 0.0235 and 0.0470, whereas for Compound A the corre-
sponding values are 0.0980 and 0.1960. The large difference between 
the normalised pressures of the two compounds originates from their 
different reduced elastic modulus, reflecting the distinct viscoelastic 
stiffness of the investigated materials.

Fig.  26 shows the evolution of the normalised BEM-calculated con-
tact area as a function of normalised nominal pressure for the investi-
gated surfaces. Although all surfaces share the same PSD, the numerical 
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simulations reveal systematic differences in contact-area evolution and 
contact saturation behaviour.

In particular, some surfaces exhibit a faster increase of contact 
area at low loads and a stronger tendency towards contact saturation, 
whereas others maintain a more gradual contact evolution over the 
investigated pressure range. Importantly, these differences remain co-
herent and systematic across the entire loading range, suggesting that 
they originate from intrinsic morphological differences associated with 
the height distribution rather than from numerical scatter.

Although the simulations are purely elastic and do not include vis-
coelastic dissipation mechanisms, adhesion, sliding effects, or frictional 
heating (flash-temperature effects), the observed differences support 
the hypothesis that the statistical height distribution can influence the 
evolution of the contact area even when the spectral content remains 
unchanged. Consequently, the numerical results should be interpreted 
as a qualitative investigation of contact mechanics rather than as a 
quantitative prediction of rubber friction.

Overall, the BEM analysis provides numerical evidence supporting 
the hypothesis suggested by both the Top PSD analysis and the ex-
perimental friction measurements: surfaces sharing the same PSD but 
different PDFs may develop different real contact areas under identi-
cal loading conditions. Nevertheless, numerical predictions alone are 
insufficient to verify whether such differences effectively occur in real 
rubber–surface contact. For this reason, experimental measurements of 
the contact area were carried out using pressure-sensitive films under 
the same loading conditions adopted for the friction experiments.

7.2.2. Experimental contact area measurements
To experimentally verify whether surfaces sharing the same PSD 

develop different real contact areas under identical loading conditions, 
dedicated static contact measurements were carried out using Fuji 
Prescale pressure-sensitive films. The tests were performed using the 
GRIP test bench [71] located at the University of Naples ‘‘Federico II’’, 
operated in a static loading configuration. The rubber specimen was 
conditioned before each measurement and subsequently allowed to rest 
for 60 s. The nominal load was then applied for 60 s while maintaining 
the test temperature at 30◦C. The measurements were repeated for 
both rubber compounds, both nominal contact pressures (0.15 and 
0.30 MPa), and all seven investigated surfaces.

A Fuji Prescale Ultra Super Low Pressure (LLLW) film, characterised 
by an operating pressure range of approximately 0.2–0.6 MPa, was po-
sitioned between the rubber specimen and the investigated surface. The 
film consists of two pressure-sensitive layers containing microcapsules 
that rupture under compression, producing a coloured imprint propor-
tional to the local contact pressure. Fig.  27 illustrates the experimental 
procedure before and after the application of the nominal load.

After loading, the developed films were digitised under identi-
cal scanning conditions and processed through an automatic image-
analysis procedure. The contact regions were segmented using Otsu’s 
thresholding algorithm, allowing the real-to-nominal contact-area ratio 
𝐴𝑐∕𝐴0 to be calculated from the fraction of pixels belonging to the 
coloured imprint. The resulting value represents the apparent contact 
area developed during the prescribed static loading interval.

Fig.  28 reports the experimentally measured real contact-area ra-
tios for the two compounds and the two nominal contact pressures. 
Although all the investigated surfaces share the same complete PSD, 
systematic differences in the contact area are clearly observed under 
every testing condition.

For Compound A, the measured contact area varies substantially 
among the different surfaces, ranging from approximately 47% for 
surface B0 up to approximately 80% for surface C2 at the lower nominal 
pressure. Increasing the nominal pressure enlarges the contact area for 
all surfaces, although the magnitude of this increase depends on the 
surface morphology.

Compound B exhibits systematically smaller contact areas than 
Compound A, consistently with its higher stiffness. Nevertheless, the 
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Fig. 25. Friction predictions obtained using Persson’s model with the measured Top PSDs as spectral input and the same fitting parameters reported in Table 
3. Results are shown for Compound A at nominal pressures of 0.15 MPa (a) and 0.30 MPa (b), and for Compound B at nominal pressures of 0.15 MPa (c) and 
0.30 MPa (d).
Fig. 26. Evolution of the normalised contact area 𝐴𝑐∕𝐴0 as a function of nor-
malised nominal pressure 𝑝∕𝐸∗ for the investigated surfaces obtained through 
BEM simulations. Despite sharing the same PSD, the surfaces exhibit different 
contact-area evolution and different saturation tendencies with increasing load.

same morphology-dependent ranking is preserved: surfaces such as 
B2 and C2 develop the largest contact areas, whereas B0 and A0 
consistently exhibit the smallest values.

These measurements experimentally demonstrate that surfaces shar-
ing the same PSD do not necessarily develop the same real contact area. 
19 
Instead, the statistical height distribution influences both the extent of 
the contact area and its evolution with increasing nominal pressure.

Overall, the experimental measurements confirm that the inves-
tigated surfaces develop different real contact configurations despite 
sharing the same PSD. In the following subsection, these measurements 
are directly compared with the BEM predictions and with the experi-
mentally measured dry-friction response in order to assess the overall 
consistency among the three approaches.

7.2.3. Comparison between numerical predictions, experimental contact 
area and friction

The previous analyses independently showed that both the BEM 
simulations and the experimental measurements identify systematic 
differences in the contact area among surfaces sharing the same PSD. To 
assess whether these contact-mechanics differences are consistent with 
the experimentally observed friction behaviour, Fig.  29 directly com-
pares the normalised contact area predicted by the BEM, the normalised 
contact area measured using Fuji Prescale films, and the normalised 
dry-friction coefficient obtained from the tribological tests at the lowest 
sliding velocity (10 mm/s). For illustrative purposes, the comparison 
is reported for Compound A at a nominal pressure of 0.15 MPa. 
However, the same considerations and qualitative trends apply to all 
the other investigated operating conditions. Each quantity, namely 
the BEM contact area, the experimentally measured contact area, and 
the dry-friction coefficient, was independently normalised by dividing 
the seven surface values by the maximum value of the corresponding 
dataset. Consequently, the highest value is equal to one, while the re-
maining values represent the relative variation among the investigated 
surfaces. This normalisation removes differences in absolute scale and 
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Fig. 27. Experimental procedure adopted for the static contact measurements using Fuji Prescale Ultra Super Low Pressure (LLLW) film: (a) pressure-sensitive 
film before loading; (b) developed film after loading, where the coloured imprint identifies the regions involved in real contact.
Fig. 28. Experimentally measured real contact-area ratio after a conditioning procedure followed by a resting time of 60 s. Results are shown for Compound A 
at nominal pressures of (a) 0.15 MPa and (b) 0.30 MPa, and for Compound B at nominal pressures of (c) 0.15 MPa and (d) 0.30 MPa.
allows the comparison to focus exclusively on the relative ranking of 
the surfaces.

An overall qualitative consistency clearly emerges among the three 
independent datasets. Surfaces predicted by the BEM model to de-
velop larger contact areas generally also exhibit larger experimentally 
measured contact areas and, in turn, higher dry-friction coefficients. 
Likewise, surfaces characterised by smaller contact areas consistently 
produce lower friction levels. Although local deviations remain, the 
overall surface ranking is largely preserved across the numerical pre-
dictions, the experimental contact measurements, and the tribological 
results.
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It should be emphasised that the purpose of this comparison is not to 
establish a direct proportionality between friction and contact area, nor 
to quantitatively validate the BEM model. The numerical simulations 
describe frictionless contact between a rigid rough surface and a linear 
elastic half-space, whereas the experimental measurements involve 
finite film thickness, viscoelastic rubber deformation, stress relaxation, 
pressure-sensitive film response, and static loading. Furthermore, the 
friction measurements additionally include adhesion, viscoelastic dis-
sipation, sliding-induced deformation and frictional heating. Conse-
quently, quantitative agreement among the three quantities cannot be 
expected.
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Fig. 29. Comparison between the normalised contact area predicted by the 
BEM simulations, the normalised contact area experimentally measured using 
Fuji Prescale Ultra Super Low Pressure (LLLW) films, and the normalised dry-
friction coefficient for Compound A at the nominal pressure of 0.15 MPa and 
sliding velocity of 10 mm/s. All quantities were independently normalised with 
respect to the maximum value of the corresponding dataset.

Nevertheless, the fact that three completely independent approaches 
converge towards the same qualitative surface ranking provides strong 
physical support for the interpretation proposed throughout this work. 
The Top PSD analysis suggests that the effective roughness participating 
in contact differs among the investigated surfaces; the BEM simula-
tions predict different evolutions of the contact area despite identical 
PSDs; the pressure-sensitive measurements experimentally confirm that 
these surfaces indeed develop different contact configurations; and the 
friction measurements consistently follow the same tendency.

8. Conclusion

In this study, we experimentally compared rubber friction on sur-
faces sharing the same PSD but differing in their PDF to investigate 
the adequacy of spectrum-based descriptions of rubber friction. Using a 
hybrid generation method (FFT+Johnson), we produced seven samples 
with overlapping PSDs (Fig.  7) but varied kurtosis and skewness (Fig. 
8), thereby isolating the effect of asperity morphology independent of 
the spectral content.

Dry-contact tests revealed substantial variations in the total friction 
coefficient 𝜇tot among samples (Fig.  14), despite identical PSDs. When 
the data were normalised with respect to the Gaussian reference surface 
(A0) (Fig.  15), these differences became even more evident, demon-
strating that the statistical height distribution (PDF) plays a significant 
role in governing the overall frictional response in addition to the 
spectral content captured by the PSD.

Under boundary-lubricated conditions (Fig.  16), the friction coef-
ficients were nearly identical across all surfaces, confirming that the 
hysteretic contribution 𝜇hyst is predominantly governed by the spectral 
content (PSD). This behaviour is consistent with spectrum-based mod-
els, which predict that surfaces sharing the same PSD exhibit similar 
hysteretic losses. In contrast, as seen in the dry-contact results (Fig.  14), 
clear differences in the total friction coefficient 𝜇tot arise, indicating 
that the non-hysteretic (contact) component 𝜇cont is strongly affected 
by surface morphology and height distribution.

Taken together, the dry and lubricated experiments provide a co-
herent interpretation of the friction mechanisms. The hysteretic con-
tribution is satisfactorily described through the PSD alone, whereas the 
remaining differences observed under dry conditions originate from the 
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contact-related contribution, which is strongly influenced by the statis-
tical height distribution. These deviations are systematic and surface-
specific, indicating a genuine morphological effect rather than experi-
mental scatter.

The comparison with Persson’s theory further supports this inter-
pretation. When the model is calibrated on the Gaussian reference 
surface (A0) and subsequently applied without further adjustment to 
the remaining surfaces, it correctly reproduces the overall velocity 
dependence and predicts nearly identical hysteretic contributions for 
surfaces sharing the same PSD, but it fails to reproduce the experimen-
tally observed dry-friction ranking. The same theoretical framework 
was then implemented using the experimentally measured Top PSD. 
Although this approach introduces a surface-dependent categorisation 
that qualitatively follows the experimental ranking, its application 
requires an estimate of the portion of the surface roughness that is 
effectively involved in contact. This aspect is conceptually important, 
since the frictional response is governed not by the entire surface 
morphology, but by the subset of asperities that actually participate in 
the contact interaction. In the present analysis, this portion was approx-
imated using the mean plane as the selection criterion. The resulting 
Top PSD should therefore be interpreted as a physically motivated, first-
order representation of the effective contact morphology rather than as 
an exact reconstruction of the real contact interface.

To investigate the physical origin of these discrepancies, the the-
oretical analysis was complemented by numerical and experimental 
contact-mechanics investigations.

The qualitative Boundary Element Method (BEM) simulations fur-
ther reinforced this interpretation. Although the adopted formulation 
neglects viscoelastic dissipation, adhesion, sliding and flash-temper-
ature effects, it consistently predicted different evolutions of the real 
contact area for surfaces sharing identical PSDs but different height 
distributions. The simulations therefore demonstrate that the statistical 
distribution of surface heights alone is sufficient to generate different 
contact formation and saturation behaviours, even under identical 
loading conditions.

These numerical predictions were subsequently compared with di-
rect measurements of the contact area obtained using Fuji Prescale 
Ultra Super Low Pressure (LLLW) films. The experimental measure-
ments confirmed that the investigated surfaces develop systematically 
different contact areas depths despite sharing the same complete PSD. 
The experimentally observed ranking was found to be in good qual-
itative agreement with the BEM predictions, providing independent 
support for the proposed contact-mechanics interpretation.

Finally, the comparison between the experimentally measured con-
tact areas, the numerical BEM predictions and the dry-friction measure-
ments revealed a consistent qualitative correspondence among all three 
quantities. Although no direct proportionality is expected, because each 
approach relies on different simplifying assumptions and is subject to 
its own limitations of validity, they independently identify essentially 
the same surface-dependent trend. This convergence strongly supports 
the conclusion that the experimentally observed dry-friction variability 
originates from PDF-induced modifications of real contact formation 
and contact saturation, rather than from differences in spectral content 
alone.

Overall, the combined theoretical, numerical and experimental 
analyses establish a coherent physical framework linking surface mor-
phology to friction. The complete PSD correctly describes the viscoelas-
tic (hysteretic) contribution, the Top PSD provides a better approx-
imation of the portion of roughness effectively involved in contact, 
the BEM simulations predict different contact-area evolutions arising 
from different height distributions, and the pressure-sensitive film mea-
surements experimentally validate these differences. Taken together, 
these observations suggest that, under dry-contact conditions, the real 
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contact area—although intrinsically difficult to determine rigorously—
appears to be the primary parameter governing the experimentally 
observed friction ranking.
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