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A B S T R A C T

It is well-known that adhesion is strongly influenced by surface roughness. Nevertheless, the
literature currently contains an ongoing debate regarding which roughness scales are primarily
responsible for adhesion loss. In this study, we aim to contribute to this debate by conducting
numerical simulations on self-affine fractal profiles with varying fractal dimensions.

Our results reveal that the long-wavelength portion of the roughness spectrum plays a
crucial role in killing adhesion when considering profiles with Hurst exponent 𝐻 > 0.5.
Conversely, for profiles with 𝐻 < 0.5, results show a different trend, indicating that adhesive
stickiness is also influenced by short wavelength roughness. These findings are corroborated by
our recent experimental observations. In such case, adhesive hysteresis and pull-off force exhibit
a continuous decrease with increasing roughness scales. However, for 𝐻 > 0.5, the pull-off force
converges towards a finite value as the magnification increases.

. Introduction

Van der Waals interactions between surface atoms produce attractive tractions that are strong on a macroscopic scale (orders of
agnitude larger than atmospheric pressure (Pastewka and Robbins, 2014)), but we seldomly observe objects stick strongly together.
hat is the reason of this adhesion paradox? All surfaces that appear smooth at the macro and mesoscopic level always present a

ertain degree of roughness at the micro and nanoscopic level (Tiwari et al., 2020; Jacobs et al., 2013; Dalvi et al., 2019).
There is a large debate in the scientific community (Pastewka and Robbins, 2014; Violano et al., 2019a; Wang and Müser, 2022;

himons et al., 2021) on which roughness scales kill adhesion and which roughness parameters characterize the surface stickiness,
.e. ‘‘the possibility of sustaining macroscopic tensile pressures or else non-zero contact area without load’’ (Violano et al., 2021b).
he above questions are of great industrial interest, as adhesion-control with surface texturing and topography manipulation are
xploited, for example, in biomaterials (Xu and Siedlecki, 2012), microelectromechanical systems (DelRio et al., 2005; Komvopoulos,
003), coatings (Kromer et al., 2018), soft grippers (Tian et al., 2019).

In the first scientifically organized work aimed at studying the effect of surface roughness on adhesion, Fuller and Tabor (1975)
howed through experiments that small surface roughnesses can produce a large reduction in adhesion. Specifically, they found
dhesion is mainly impaired by long wavelength roughness, which is related to the RMS roughness amplitude ℎrms.

In theoretical–experimental investigations, Peressadko et al. (2005) found no specific relation between adhesion and RMS
mplitude ℎrms. On the contrary, they suggested the main roughness quantity affecting adhesion is the second moment of the
urface power spectral density (PSD), which is related to the RMS of the surface slopes ℎ′rms. Similar outcomings were found in
umerical studies by Pastewka & Robbins (PR) (Pastewka and Robbins, 2014) and Müser (2016), who identified local stickiness
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Fig. 1. The problem under investigation: a rigid randomly rough 1D profile is pressed into a linear elastic half-plane and then pulled apart from it.

criteria depending on the small scale roughnesses. Specifically, PR showed stickiness is met when the total adhesive force is larger
than the total repulsive one. However, such criterion is based on the assumption that interactions act as in single-asperity contacts
with long-range adhesion.

PR local stickiness criterion is clearly in contrast with FT findings that instead show adhesion is mainly affected by the RMS
mplitude of roughness. In this regard, recent theoretical works showed the pull-off force, i.e., the maximum tensile force required
o detach the surfaces, does not depend on local slopes and curvature (Ciavarella, 2018; Joe et al., 2017, 2018).

An advanced multiasperity approach has been developed by Violano & Afferrante (Violano and Afferrante, 2019b,a; Violano
t al., 2019b), who showed that the adhesive interactions are influenced only by ℎrms, while the RMS surface gradient ℎ′rms only

affects the non-adhesive contact force. On the basis of such findings, Violano et al. (2019a) derived a new stickiness criterion in the
framework of Persson & Scaraggi (PS) theory (Persson and Scaraggi, 2014). They showed that for self-affine fractal surfaces with
low fractal dimension (𝐷 < 2.5), stickiness depends on the low wavelength cut-off of roughness and RMS amplitude ℎrms, which are
well-defined global quantities. These results find confirmation in recent experimental investigations of Tiwari et al. (2020), which
show that ‘‘adhesion in most cases is killed by the longest-wavelength roughness’’.

Therefore, for rough surfaces with low fractal dimension 𝐷 (< 2.5 ), there is a certain agreement on the fact that stickiness is quite
independent of the upper truncation frequency of the roughness spectrum (Ciavarella, 2020), and hence of the local roughness
parameters. However, for high fractal dimension 𝐷 (> 2.5) less data are available in the literature.

In a recent theoretical work, Violano et al. (2021b) argued that for high 𝐷, ‘‘stickiness is more influenced by short wavelength rough-
ess with respect to the low 𝐷 case’’. This conclusion is not in contrast with the results reported in Salehani et al. (2020), where fully
umerical calculations, performed on 1D fractal profiles show that, for high 𝐷, the smaller wavelengths influence the adhesive
ehaviour as the real contact area decreases with increasing the fractal discretization and hence the RMS surface slope ℎ′rms.
oreover, recent experiments (Violano et al., 2023) have shown that, at high 𝐷, small wavelength roughness reduces adhesion.

Finally, in a recent work, Wang and Müser (2022) emphasized the importance of a global energy analysis for the assessment of
tickiness (Violano et al., 2019a; Ciavarella, 2020) over purely local stickiness criteria (Pastewka and Robbins, 2014; Müser, 2016).

Moving from the aforementioned context, we herein present a numerical model to perform adhesive contact simulations on 1D
elf-affine fractal rough profiles. We aim at investigating the effect of long and small scale roughness in the case of high and low
ractal dimensions. We discuss our findings in the light of experiments recently performed and reported in Violano et al. (2023).

. The model

The problem under investigation is sketched in Fig. 1, where a rigid randomly rough 1D profile is pressed into a linear elastic
alf-plane and then pulled apart from it. Investigating 1D profiles is effective as they can be considered a good approximation of the
nisotropic surfaces that are usually obtained after machine tooling (Thomas, 1998). Moreover, as shown in Scaraggi et al. (2013),
ne can use a simple criterion to make a 2D isotropic rough surface equivalent to a 1D one, from the point of view of contact area
nd separation, by replacing the power spectral density of the original 2D surface with an equivalent power spectral density of a
D rough profile. For this reason, analysing 1D profiles can be a profitable strategy to reduce the computational cost typical of 2D
ough surfaces.

The rough profile is assumed to be periodic with period 𝐿 to avoid size effects due to lateral boundaries. The quantities ℎ and
are respectively the heights distribution of the rough profile and the interfacial normal displacement of the elastic half-plane
2

ccurring when it is squeezed of 𝛥 by the rigid indenter.



Journal of the Mechanics and Physics of Solids 181 (2023) 105465L. Afferrante et al.

w

a
𝑞
t

w
n

a
a
T
t
2
L

a
e

b
t
1
d

a
p
i
c

c
t
2
e

s
i
t
o
o
e
t

To describe the rough profile, we adopt a self-affine fractal geometry with a power spectral density (PSD) which depends on the
avenumber 𝑞 according to

𝐶 (𝑞) = 𝐶0 for 𝑞𝐿 ≤ 𝑞 < 𝑞𝑟
𝐶 (𝑞) = 𝐶0

(

𝑞∕𝑞𝑟
)−(1+2𝐻) for 𝑞𝑟 ≤ 𝑞 < 𝑞𝑠 (1)

nd zero otherwise. We have denoted with 𝑞𝐿 = 2𝜋∕𝐿 and 𝑞𝑠 = 2𝜋∕𝜆𝑠 the short and long frequencies cut-off, respectively, while
𝑟 = 2𝜋∕𝜆𝑟 is the roll-off frequency. The parameter 𝐻 is the so-called Hurst exponent, which is related to the fractal dimension
hrough the relation 𝐷 = 2 −𝐻 .

The rough profile of the indenter is hence described by the Fourier series

ℎ (𝑥) =
𝑁
∑

𝑘=1
ℎ𝑘 cos

(

𝑘𝑞𝐿𝑥 + 𝜑𝑘
)

(2)

here the amplitudes ℎ𝑘 and phases 𝜑𝑘 are determined in such a way that the resulting profile is Gaussian (more details about the
umerical generation of the profile can be found in Putignano et al. (2012), Bottiglione and Carbone (2013)).

To study the above problem, a Finite Element (FE) model has been developed based on the approach presented in Afferrante
nd Violano (2022b,a). The adhesive interactions are modelled exploiting the Derjaguin approximation (Derjaguin, 1934), which
llows to calculate the force between two bodies of arbitrary shape from the interaction free energy between two planar surfaces.
herefore, ‘‘while the surface force between two planar half-spaces is by symmetry a normal traction, between curved surfaces it is necessary
o assume that the tractions are normal to the surface, or more specifically, that any tangential tractions have no effect ’’ (Greenwood,
009). Moreover, we make use of nonlinear spring elements with a traction–displacement relation based on the assumption that
ennard-Jones potential law defines the interaction between the molecules of the indenter and the half-plane,

𝜎 (𝑥) =
8𝛥𝛾
3𝜀

[

(

𝜀
𝑔 (𝑥)

)3
−
(

𝜀
𝑔 (𝑥)

)9
]

(3)

where 𝑔 (𝑥) is the interfacial gap, 𝛥𝛾 the surface energy of adhesion, and 𝜀 the range of action of van der Waals forces.
During the approach of the indenter, multiple snap-through events occur due to the attractive forces. To prevent instability

nd, hence, numerical convergence difficulties, the static problem is runned as a ‘‘slow dynamic’’ analysis with dashpot and mass
lements positioned at the interface (we used point masses of 10−5 kg and dashpots with a damping constant 1012 kg∕s). In addition,

proper time-integration parameters are used to prevent divergence (a time step increment 𝛥𝑡 = 0.1 s was used except in cases of
contact instability where the time step is reduced by up to 1000 times). Notice damping and inertia forces do not alter the contact
solution as they activate only during the snap-through events.

3. Results and discussion

All simulations have been carried out for a nearly incompressible elastic material (𝜈 = 0.49) with Young’s modulus 𝐸 ≃ 380
MPa and a surface energy 𝛥𝛾 = 0.05 J/m2. Also, we have considered self-affine profiles characterized by wavenumber cut-off
𝑞𝐿 = 2𝜋∕𝐿 ≈ 1.5708 × 106 m−1 and roll-off 𝑞𝑟 = 2𝜋∕𝜆𝑟 ≈ 3.1416 × 106 m−1 with RMS roughness amplitude ℎrms in the range 5 ÷ 50
nm. Moreover, profiles with magnifications (i.e., number of scales) 𝜁 ranging between 64 ÷ 256 (64 ÷ 2048 for ℎrms = 20 nm) have
een generated, being 𝜁 = 𝑞𝑠∕𝑞𝐿 and 𝑞𝑠 the wavenumber cut-off at high frequencies (small wavelengths). As a result, the RMS of
he surface slopes ℎ′rms ranges from a minimum of about 0.037 for 𝐻 = 0.8 and ℎrms = 5 nm with 𝜁 = 64, to a maximum of about
.8 for 𝐻 = 0.4 and ℎrms = 50 nm with 𝜁 = 256. Finally, we recall that, in the generation of the profiles the same random phase
istribution is maintained when the magnification is changed.

The curves of Fig. 2 show the area–load response obtained for various RMS roughness amplitude ℎrms, considering high (Fig. 2a)
nd low (Fig. 2b) fractal dimensions. In the present context, a rigorous definition of the contact area is not feasible due to the
resence of a non-zero gap at the interface. Consequently, the contact area is defined as the sum of the segments where the gap
s below a specified threshold, ensuring that the interactions between the surfaces, whether repulsive or attractive, fall within a
ertain tolerance. In the specific case, contact is assumed to occur when (𝑔 (𝑥) − 𝜖)∕𝜖 < 0.1.

Fig. 2 illustrates a loading–unloading cycle, where unloading always commences after achieving complete contact. In both
ases, for high and low fractal dimension, roughness-induced adhesive hysteresis is observed, as evidenced by the deviation of
he unloading path from the loading path. This observation aligns with previous numerical (Carbone et al., 2015; Medina and Dini,
014) and experimental studies (Dalvi et al., 2019). Additionally, it is noted that rough profiles with a lower fractal dimension
xhibit greater stickiness.

As expected, increasing the RMS roughness amplitude ℎrms requires higher loads to achieve the same contact area and the pull-off
tress 𝜎pull−off significantly reduces, eventually vanishing at higher RMS roughness amplitude. This behaviour is clearly illustrated
n Fig. 3, where 𝜎pull−off is plotted against ℎrms. Therefore, considering that ℎrms mainly depends on long wavelengths, we can state
hat the long scale roughness always suppresses adhesion. This result is not new and agrees with the pioneering experimental data
f Fuller and Tabor (1975), more recent studies of Tiwari et al. (2020), Violano et al. (2021a), and numerous theoretical works
n this topic (Violano et al., 2019a; Joe et al., 2017; Ciavarella, 2020; Salehani et al., 2020). Some exceptions have been observed
xperimentally for (sub)nanometric roughnesses (Deng and Kesari, 2019), where an optimal value of ℎrms may exist that maximizes
he pull-off force. This behaviour is also shown by Medina and Dini (2014), who performed numerical simulations on 2D contacts.
3
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H

Fig. 2. The normalized contact area 𝐴∕𝐿 as a function of the applied contact pressure 𝜎0∕𝐸∗ for different values of the RMS roughness amplitude ℎrms. Results
are given for self-affine fractal profiles with 𝜁 = 64 and Hurst exponent 𝐻 = 0.4 (Fig. 2a) and 𝐻 = 0.8 (Fig. 2b).

Fig. 3. The pull-off stress as a function of the RMS roughness amplitude ℎrms. Results are given for self-affine fractal profiles with magnification 𝜁 = 64 and
urst exponent 𝐻 = 0.4 and 𝐻 = 0.8.
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Fig. 4. The normalized contact area 𝐴∕𝐿 as a function of the applied contact pressure 𝜎0∕𝐸∗ for different values of the magnification 𝜁 . Results are given for
self-affine fractal profiles with RMS roughness amplitude ℎrms = 20 nm and Hurst exponent 𝐻 = 0.4 (Fig. 4a) and 𝐻 = 0.8 (Fig. 4b).

Fig. 5. The pull-off stress as a function of the magnification 𝜁 on a double logarithmic scale. Results are given for self-affine fractal profiles with RMS roughness
mplitude ℎrms = 20 nm and Hurst exponent 𝐻 = 0.4 and 𝐻 = 0.8.

hey explained that for (sub)nanometric roughness ‘‘the small amount of roughness causes a large region within the macro contact to
xperience a small degree of separation, where the adhesive force is maximum.’’ However, as the roughness further increases, ‘‘the majority
5

f the potential contact region is separated by greater distances and experiences low adhesive forces’’.
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Fig. 6. The experimental equipment used to perform JKR-like experiments (Violano et al. (2023)). Three PDMS indenters were used in the tests. Two samples
showed very similar values of Young’s moduli (E = 1.916 MPa and E = 1.903 MPa, respectively) and surface energies (𝛥𝛾 = 591 mJ/m2 and 𝛥𝛾 = 608 mJ/m2,
respectively). The third sample showed lower values (E = 1.746 MPa and 𝛥𝛾 = 382 mJ/m2) because of differences occurred during the components mixing and
casting. More details about the experimental set-up can be found in Violano et al. (2023).

More controversial is the question about the influence of small scale roughness on the adhesion. Therefore, to investigate the
effect of high spatial frequencies of roughness on adhesion, we conducted simulations on profiles with the same content of long
wavelength roughness (i.e., identical ℎrms), but different magnifications 𝜁 (corresponding to different ℎ′rms). The results are presented
in Fig. 4, where the relative contact area is plotted as a function of the applied pressure for ℎrms = 20 nm, various values of 𝜁 , and
𝐻 = 0.4 (Fig. 4a) and 𝐻 = 0.8 (Fig. 4b). Similar to Fig. 2, unloading always starts after achieving full contact.

For 𝐻 = 0.8 (𝐷 < 1.5), the loading curve is found to be independent of the fractal magnification, as reported in Salehani et al.
(2020). This independence also extends to the unloading path at higher magnifications, as the unloading curves tend to overlap for
𝜁 > 512. Hence, it can be concluded that the contact behaviour is essentially unaffected by the smallest wavelengths.

In contrast, for 𝐻 = 0.4 (𝐷 > 1.5), the contact behaviour undergoes significant changes and becomes highly dependent on the
smallest scale roughness. The contact area and the adhesive hysteresis increase with reducing 𝜁 , indicating that a smoother surface
exhibits stronger adhesion to the substrate.

Notably, for 𝐻 = 0.8, the pull-off force and energy hysteresis remain finite even at increased magnification. Conversely, for
𝐻 = 0.4, hysteresis and pull-off force decrease with the magnification. Consequently, in the latter case, the smallest wavelengths
have a pronounced impact on adhesion, demonstrating its dependence on local slopes and curvature.

In this regard, Fig. 5 illustrates the pull-off stress 𝜎pull−off as a function of the magnification 𝜁 on a double logarithmic scale at
fixed ℎrms = 20 nm and 𝐻 = 0.4, 0.8. While definitive conclusions cannot be drawn from the curves in Fig. 5, it appears that for
𝐻 = 0.8, 𝜎pull−off converges to a finite value, whereas it monotonically decreases with increasing 𝜁 for 𝐻 = 0.4. This behaviour
is in line with the recent findings of Wang and Müser (2022), who observed that the pull-off force decreases with the reduced
surface energy 𝛥𝛾̂ = 𝛥𝛾∕𝑈el,fc, where 𝑈el,fc denotes the elastic energy in full contact. Specifically, as for 𝜁 → ∞, 𝑈el,fc diverges when
𝐻 < 0.5, but converges to a finite value when 𝐻 > 0.5. In the former case, 𝛥𝛾̂ tends to zero, while in the latter case, it remains
finite. Consequently, a similar behaviour can be expected for the pull-off force since 𝜎pull−off is closely related to 𝛥𝛾̂.

Our conclusions are also consistent with our recent experimental findings reported in Violano et al. (2023), where JKR-like tests
were conducted on glass rough substrates, with a focus on high fractal dimension.

Fig. 6 shows the experimental set-up used in the tests. Specifically, Polydimethylsiloxane spherical indenters (PDMS, Sylgard
184, Dow Corning) with standard mixing ratio (10 : 1) of base and cross-linking agent were used in all the experiments. Adhesion
tests were carried out on four glass substrates (TECHSPEC-4 N-BK7 Precision Windows) with a thickness t = 4 mm, Young’s modulus
E = 82 GPa, and Poisson’s ratio 𝜈 = 0.206.

To examine the effects of topographical changes on adhesion, the surface roughness characteristics of the substrates were
conveniently modified. Thus, one specimen was left untreated, considered nominally smooth, while the surface roughness properties
6
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Fig. 7. The power spectral density C(q) of the surface height distribution for the glass substrates used in JKR-like experiments (Violano et al. (2023)).

Fig. 8. The pull-off force as a function of the (a) RMS roughness amplitude and (b) RMS surface slope. We show the average pull-off force obtained from the
tests performed in Violano et al. (2023). Error bars denote the range of the results obtained.

of the other specimens were modified as follows: (i) specimen 2 underwent manual sanding with sandpaper P400, (ii) specimen 3
underwent fluid polishing, and (iii) specimen 4 underwent sandblasting. The surface roughness was then characterized by using the
white light interferometer Wyko NT9100 - Veeco. Fig. 7 shows the power spectral density (PSD) for all rough substrates (specimens
7

2, 3, and 4), which present self-affine fractal surfaces with a Hurst exponent 𝐻 of about 0.4 (Violano et al., 2023).
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The results of the experiments, summarized in Fig. 8, confirm that adding roughness to a surface leads to a reduction in adhesion,
s smaller pull-off forces are required to detach two adherent surfaces. The pull-off force data 𝐹pull−off were calculated as the average

of values obtained from JKR-like tests performed with the three PDMS spherical samples on the four glass substrates.
Interestingly, in this case, the surface adhesion is influenced by the finest scale roughness. The observed reduction in 𝐹pull−off at

onstant ℎrms ∼ 0.55 μm is not attributed to the longest-wavelength roughness. Instead, this decrease in the pull-off force coincides
ith an increase in the small wavelength components of the roughness as ℎ′rms increases (see Fig. 8b). Consequently, for the high

ractal dimension investigated here (𝐻 = 0.4), the experimental data indicate that the small wavelength roughness kills adhesion
nd its influence is no longer negligible, which is in agreement with our numerical findings.

. Conclusions

Numerical simulations have been carried out on self-affine fractal profiles to explore the role of roughness in the adhesive
ehaviour of contacting bodies. The objective is to understand which roughness scales control the rupture of adhesive bonds.

The results show a strong dependence on the fractal dimension of the surfaces. Fractal profiles with Hurst exponent 𝐻 = 0.8
xhibit a negligible sensitivity to small-wavelength roughness, while profiles with Hurst exponent 𝐻 = 0.4 show that adhesive
tickiness is affected by the smallest scale roughness. These findings are consistent with recent experimental tests.

Our results suggest that, at high roughness scales, both hysteresis and pull-off force tend to converge to a finite value for surfaces
ith low fractal dimension (𝐷 < 1.5), in agreement with the stickiness criteria derived in Violano et al. (2019a), Wang and Müser

2022), Ciavarella (2020).
For surfaces with high fractal dimension (𝐷 > 1.5), adhesion hysteresis and pull-off force appear to decrease continuously with

he magnification, in agreement with the stickiness criteria proposed by Wang and Müser (2022) and Persson-Tosatti (Violano et al.,
021b), and in contrast with Ciavarella’s BAM theory, which predicts a finite value for the pull-off force (Violano et al., 2021b).
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