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 a b s t r a c t

We present an experimental and theoretical study of dry and glycerol-lubricated sliding for poly-
methyl methacrylate (PMMA) cylinders with different surface roughness levels sliding on poly-
dimethylsiloxane (PDMS) rubber. This system represents a hydrophobic soft contact, where ad-
hesion may persist even in the presence of the lubricant and thereby modify both the real contact 
area and the sliding response. Dry-friction measurements, combined with contact-area calcula-
tions that include adhesion, provide a baseline for the lubricated study. For the two sandblasted 
surfaces, the measured Stribeck curves are described reasonably well by a mean-field mixed-
lubrication theory with a fitted velocity-independent effective interfacial shear stress. In contrast, 
the smooth surface exhibits qualitatively different behavior. We attribute this to an adhesion-
controlled sliding mode involving macroscopic Schallamach-wave-like instabilities at low sliding 
speeds, which are progressively suppressed as the sliding speed increases and forced wetting re-
duces direct solid-solid contact. The results show that, for soft hydrophobic contacts, the Stribeck 
curve cannot always be understood from classical fluid flow and load sharing alone. For suffi-
ciently smooth and adhesive surfaces, adhesion changes not only the real contact area but also 
the sliding mode itself.

1.  Introduction

Understanding the nature of fluid flow at sliding interfaces is one of the central topics in tribology because of its practical impor-
tance (de Vicente et al., 2005; Spikes and Jie, 2014; Spikes, 2018; Dong et al., 2025, 2023). Of fundamental importance is the Stribeck 
curve, which shows how the friction in fluid-lubricated contacts depends on the sliding speed. The Stribeck curve depends nonlinearly 
on the contact load, the lubricant viscosity, and the lubricant entrainment speed. Of particular importance is the transition from fluid 
lubrication, which occurs at sufficiently high sliding speed when the local surface separation is everywhere larger than the amplitude 
of the surface roughness, to mixed lubrication and boundary lubrication, where direct solid-solid contact occurs.

The Stribeck curve for elastically stiff materials like steel at low sliding speed may involve asperity contact regions where the 
lubricant fluid is confined at very high pressures, making the pressure dependence of the fluid viscosity important. This is a very 
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Fig. 1. A rigid body is squeezed into contact with an elastic solid with a flat surface in a fluid. In the actual setup, the rough surface (upper) is 
stationary, and the substrate (lower) moves with speed 𝑣.

complex and not fully understood topic (Spikes, 2018). Here we are interested in contacts where at least one of the solids is elastically 
soft (Persson and Scaraggi, 2009; Scaraggi et al., 2018; Persson and Scaraggi, 2011; Persson, 2010; Miyashita and Persson, 2024; 
de Vicente et al., 2005; Bertin and Pouliquen, 2026). In this case, the pressure dependence of the fluid viscosity is unimportant. 
However, the shear rate may still be high, and the dependence of the viscosity on the shear rate may be relevant and typically 
results in shear thinning (Bair, 2019). Under such conditions, thermal effects may also become important, and the combined effect 
of shear thinning and thermal effects may contribute to the friction response (Xu et al., 2023). For molecularly thin films between 
locally smooth surfaces, the lubricants may also form layers parallel to the surfaces (Israelachvili, 2011), which influence the shear 
properties of the fluids (Persson, 2000). For very smooth surfaces and for lubricants interacting very weakly with the solid walls, wall 
slip may occur (Persson, 2000), which can have a large influence on the friction force (Rotella et al., 2020).

In this paper we present a detailed experimental and theoretical study of the Stribeck curves for polymethyl methacrylate (PMMA) 
cylinders with different surface roughness levels sliding on flat polydimethylsiloxane (PDMS) rubber surfaces lubricated by glycerol. 
For this system we find that treating glycerol as a Newtonian fluid results in good agreement between theory and experiment for 
the sandblasted surfaces. The main aim of this study is to examine to what extent the mixed-lubrication theory developed in Ref. 
Persson and Scaraggi (2011) can describe the Stribeck curves of hydrophobic soft contacts with different surface roughness levels. 
In addition, we present results for the sliding friction of dry PMMA-PDMS contacts. These dry-friction studies are important because 
they provide a baseline for the interfacial shear mechanism and for the interpretation of the lubricated friction data.

One “complication” with the PMMA-glycerol-PDMS system is that for stationary contact, the free energy is reduced when glycerol 
is removed from the solid contact area. We refer to this case as a hydrophobic interface with respect to glycerol. In this case, adhesion 
occurs between the contacting solid walls even when the solids are immersed in glycerol. This results in an adhesion-induced increase 
in the real contact area, which is not included in any elastohydrodynamic computer simulation software we are aware of. Thus, for 
this type of system, the central question is whether the Stribeck curve can still be understood within the standard mixed-lubrication 
framework, or whether adhesion changes not only the real contact area but also the sliding mechanism in a more fundamental way. 
In most practical applications, for lubricated interfaces, the fluid wets the solid walls, and a thin fluid film separates the surfaces 
unless the squeezing pressure is high enough. For such wetting systems, there is no adhesion between the solids in the fluid, and the 
contact mechanics is accurately described using, e.g., the Persson contact mechanics theory. However, here we focus mainly on the 
physically more interesting case of hydrophobic interfaces.

The paper is organized as follows. In Section 2, we present the basic equations used when calculating Stribeck curves. Section 3 
describes the different experimental setups used to study friction, adhesion, and surface topography. In Section 4, we present the 
power spectra of all surfaces and the calculated relative contact area as a function of the nominal contact pressure. Section 5 presents 
the results of the adhesion study for both dry and lubricated (with glycerol) contact between the silicone rubber and PMMA. In 
Section 6, we show the dependence of the friction coefficient on the sliding speed for dry contacts. In Section 7, we present the 
measured data for the Stribeck curve, which we compare with the theoretical predictions. The experimental and theoretical results 
are discussed in Section 8, and the summary and conclusions are given in Section 9. In Appendix A, we show the fluid flow and 
friction factors used in the calculations of the Stribeck curve, and in Appendix B, we show the fluid and contact pressure distributions 
and the surface separation as a function of the lateral coordinate 𝑥. Appendix C describes the procedure used to calculate the friction 
coefficients and their error bars from the raw force signals.

2.  Mean-field theory for mixed lubrication in rough soft contacts

The experimental sliding friction data will be analyzed using the theory developed in Ref. Persson and Scaraggi (2011), and here 
we review some of the basic equations. We consider a rigid body with surface roughness (PMMA cylinders) sliding on an elastic 
substrate (PDMS rubber) with a flat and smooth surface, lubricated by a Newtonian fluid (glycerol) with viscosity 𝜂, as shown in 
Fig. 1. The ensemble-averaged flow current can be written as

𝐉̄ = − 𝑢̄3

12𝜂
𝜙p(𝑢̄)∇𝑝̄f luid +

1
2
𝑢̄𝐯 + 1

2
ℎrms𝜙s(𝑢̄)𝐯

Here 𝑝̄f luid(𝐱) = ⟨𝑝f luid(𝐱)⟩ is the ensemble-averaged fluid pressure, and similarly for the surface separation 𝑢̄ and the flow current 𝐉̄. 
The surface root-mean-square roughness is denoted by ℎrms. The fluid pressure and shear flow factors (Patir, 1978; Patir and Cheng, 
1978) 𝜙p(𝑢̄) and 𝜙s(𝑢̄) depend on the surface separation 𝑢̄, and formally result when the surface roughness is “integrated out.” We are 
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interested in steady-state sliding, and since the fluid is assumed to be incompressible, the conservation of fluid volume gives
∇ ⋅ 𝐉̄ = 0

If we define the 𝑥 axis as the sliding direction and the 𝑦 axis as the orthogonal direction, then for cylinders, (2) reduces to 𝑑𝐽𝑥∕𝑑𝑥 = 0, 
or 𝐽𝑥 is a constant, which we denote by 𝑣𝑢∗∕2. Using this we can write (1) as

− 𝑢̄3

12𝜂
𝜙p(𝑢̄)

𝑑𝑝̄f luid
𝑑𝑥

+ 1
2
𝑢̄𝑣 + 1

2
ℎrms𝜙s(𝑢̄)𝑣 = 1

2
𝑣𝑢∗

For surfaces without roughness, the flow factors are 𝜙p = 1 and 𝜙s = 0. We calculate the flow factor 𝜙p using 𝜙p = 12𝜂𝜎eff∕𝑢̄3, where 
the fluid flow conductivity 𝜎eff  is obtained using the Bruggeman effective medium theory (Bruggeman, 1935), modified to give the 
correct percolation condition at the relative contact area 𝐴∕𝐴0 ≈ 0.42, as found in accurate numerical studies for randomly rough 
surfaces (see Ref. Dapp et al., 2012). For the fluid flow factor 𝜙s we use a formula that interpolates between the known results for 
large and small 𝑢̄ (see Ref. Persson and Scaraggi, 2011).

The friction coefficient is obtained by integrating the ensemble-averaged frictional shear stress, 𝜎̄(𝑥), over the surface area and 
dividing by the normal force (load). The ensemble-averaged frictional shear stress can be written as

𝜎̄ = (𝜙f + 𝜙fs)
𝜂𝑣
𝑢̄

+ 𝜙fp
1
2
𝑢̄∇𝑝̄ + 𝐴

𝐴0
𝜎f

The most important friction factor is 𝜙f = 𝑢̄⟨𝑢−1⟩, which can be obtained from the probability distribution of interfacial separation, 
𝑃 (𝑢), which we determine using the Persson contact mechanics theory. In Ref. Persson and Scaraggi (2011), it is shown how the other 
two friction factors, 𝜙fs and 𝜙fp, can be obtained approximately.

To calculate the Stribeck curve, the averaged fluid flow equation must be coupled to the contact mechanics relation between 
the mean interfacial separation and the contact pressure. In the present work, the Stribeck curve is obtained by solving the fluid 
flow and contact mechanics equations self-consistently within a mean-field-type framework. At each position, the applied normal 
pressure is shared between the fluid and the solid-solid contact. Thus, the ensemble-averaged pressure 𝑝̄ is written as the sum of the 
ensemble-averaged fluid pressure 𝑝̄f luid and the ensemble-averaged contact pressure 𝑝̄cont :

𝑝̄ = 𝑝̄f luid + 𝑝̄cont

The separation 𝑢̄ is related to the contact pressure 𝑝̄cont using the Persson contact mechanics theory.
The relative contact area 𝐴∕𝐴0 in (4) is given by

𝐴
𝐴0

= erf

(

1
2
√

𝐺

)

with

𝐺 =
(

𝐸∗

𝑝̄cont

)2 𝜋
4 ∫

𝑞1

𝑞0
𝑑𝑞 𝑞3 𝐶(𝑞)

Here, 𝑞0 and 𝑞1 are the long- and short-distance cutoff wavenumbers, which in the present case are 𝑞0 ∼ 𝜋∕𝑑0 and 𝑞1 ∼ 𝜋∕𝑑1, where 
𝑑0 is the width of the Hertz contact region and 𝑑1 ∼ 1 nm. 𝐸∗ = 𝐸∕(1 − 𝜈2), where 𝐸 and 𝜈 are the Young’s modulus and Poisson’s 
ratio of the considered material.

Using that erf(𝑥) ≈ 2𝑥∕
√

𝜋 for 𝑥 ≪ 1, equation (6) shows that as long as 𝑝̄cont is small, the area of real contact is proportional to 
𝑝̄cont , and we have

𝑝̄cont ≈ 𝛽𝐸∗𝑒−𝛼𝑢̄∕ℎrms

where 𝛼 and 𝛽 are determined by the surface roughness power spectrum, but typically 𝛼 ≈ 0.5 and 𝛽 ≈ 0.4𝑞rℎrms, where 𝑞r is the 
roll-off wavenumber of the surface roughness power spectrum. When the pressure is so high that the relative contact area is larger 
than ≈ 0.3, then (8) is not valid and the relation between 𝑝̄cont and 𝑢̄ must be determined numerically using the equations presented 
in Ref. Persson (2007), Yang and Persson (2008), Almqvist et al. (2011).

The pressure 𝑝̄(𝑥) deforms the rubber surface so that for the cylinder geometry, the surface separation is

𝑢̄(𝑥) = 𝑢̄0 +
𝑥2

2𝑅
− 2

𝜋𝐸∗ ∫

∞

−∞
𝑑𝑥′ 𝑝̄(𝑥′)ln

|

|

|

|

𝑥 − 𝑥′

𝑥′
|

|

|

|

The constant 𝑢0 is determined by the normalization condition

∫

∞

−∞
𝑑𝑥 𝑝̄(𝑥) =

𝐹N
𝐿

For the adhesion contribution discussed in Section 5, we also introduce the magnification-dependent apparent contact area. We 
define 𝑞 = 𝑞0𝜁 , where 𝜁 is the magnification. The apparent contact area when the interface is observed at the magnification 𝜁 is 
denoted by 𝐴(𝑞) and is obtained by replacing the upper integration limit 𝑞1 in (7) with 𝑞 = 𝑞0𝜁 . The magnification-dependent contact 
area enters the theory of adhesion, where we denote 𝐴(𝑞)∕𝐴0 by 𝑃 (𝑞), which is the probability that the surfaces make contact when 
the interface is observed at the magnification 𝜁 . The area 𝐴 in (4) is the true contact area, i.e., 𝐴(𝑞1), obtained when all surface 
roughness components with wavenumbers between 𝑞0 and 𝑞1 are included.
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Fig. 2. The thick lines show the measured surface roughness power spectra as a function of wavenumber (log-log scale) for Sb-S (blue line), Sb-R 
(red line), and the Smooth surface (green line). The thin lines indicate the extrapolated regions at small and large wavenumbers.

3.  Experimental setup and measurements

We measured the friction coefficient as a function of sliding speed (Stribeck curve) for three different PMMA cylinders sliding on 
a flat silicone rubber (PDMS) slab, both in dry conditions and in glycerol. The PMMA cylinders have radius 𝑅 = 7 cm and axial length 
𝐿 = 10 cm. The three cylinders were cut from the same tube but were subjected to different surface treatments, resulting in different 
roughness levels. One surface was sandblasted for 1min at an air pressure of 1 MPa and is denoted as sandblasted-rough (Sb-R), one 
was sandblasted for 0.5min at an air pressure of 0.5 MPa and is denoted as sandblasted-smooth (Sb-S), and one was left untreated 
and is denoted as Smooth.

The topography of all surfaces was measured using a Mitutoyo Portable Surface Roughness Measurement Surftest SJ-410 pro-
filometer equipped with a diamond tip having a radius of curvature of 2 μm, and with a tip-substrate loading force of 0.75 mN. The 
step length (pixel size) is 0.5 μm, the scan length is 25 mm, and the tip speed is 50 μm∕s. Assuming isotropic roughness, the 2D power 
spectra shown below were calculated from the 1D power spectra obtained by averaging over three profile measurements in the radial 
(sliding) direction on each surface (Rodriguez et al., 2025).

The silicone rubber was prepared from Sylgard 184, a two-component kit purchased from Dow Corning (Midland, MI), consisting 
of a base (vinyl-terminated polydimethylsiloxane) and a curing agent (methylhydrosiloxane-dimethylsiloxane copolymer) with a 
suitable catalyst. From these two components we prepared mixtures with a 1:10 ratio (cross-linker/base) by weight. The mixture was 
degassed and then cured in an aluminum container at room temperature for 3 days.

The sliding tests were performed using a linear friction slider at four normal forces: 𝐹N = 31, 91, 151, and 211 N. The corresponding 
forces per unit length are 𝐹N∕𝐿 = 310, 910, 1510, and 2110 N∕m, and, using the nominal contact area obtained from Hertzian dry line 
contact, the corresponding nominal contact pressures are 𝜎0 = 0.042, 0.072, 0.092, and 0.109 MPa. The aluminum box was attached 
to the machine table, which moved transversely using a servo drive via a gearbox. This setup allows precise control of the relative 
velocity between the rubber specimen and the PMMA cylinder. The sliding speed was varied from 𝑣 = 1 μm∕s to 1 cm∕s, while the 
force cell recorded the normal and friction forces. For each imposed sliding speed, the friction coefficient was extracted from the 
corresponding segment of the raw force signal. The detailed procedure used to calculate the reported friction coefficients and error 
bars is given in Appendix C.

Measurements were first performed in glycerol (purity 99.5%) with a sufficiently large film thickness (∼ 1 cm) to ensure fully 
flooded conditions. New glycerol was used for each measurement to avoid a reduction in fluid viscosity due to absorption of water 
from the atmosphere. After the lubricated tests, dry tests were performed.

4.  Surface topography and contact area

The thick solid lines in Fig. 2 show the 2D power spectra 𝐶(𝑞) calculated from the measured height profiles for the three PMMA 
cylinders: Sb-S (blue line), Sb-R (red line), and Smooth (green line). Note that the measured power spectra are extrapolated to larger 
and smaller wavenumbers to cover all relevant length scales (thinner lines in Fig. 2) and were used in the contact-mechanics and 
mixed-lubrication calculations. Including both the measured roughness components and the extrapolated parts of the power spectra 
at smaller and larger wavenumbers for Sb-S, Sb-R, and Smooth gives the root-mean-square (rms) roughness amplitudes ℎrms = 2.80, 
15.76, and 1.37 μm, respectively, with corresponding rms slopes of 0.480, 0.778, and 0.147.

Fig. 3 shows the relative contact area as a function of nominal pressure for Sb-S (blue line), Sb-R (red line), and Smooth (green 
line). The calculations assume no adhesion and use a Young’s modulus of 𝐸 = 1.5 MPa and a Poisson’s ratio of 𝜈 = 0.5 for PDMS 
rubber, while PMMA is treated as rigid. The vertical dashed lines indicate the average Hertzian line-contact pressures (nominal 
contact pressures) at the tested normal forces.
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Fig. 3. The relative contact area as a function of nominal pressure for Sb-S (blue line), Sb-R (red line), and the Smooth surface (green line). The 
dotted vertical lines indicate the average Hertzian line-contact pressures (nominal contact pressures) at the tested normal forces.

Fig. 4. The effective binding energy per unit surface area, 𝛾eff , as a function of magnification, normalized by 𝛾0, the binding energy for perfectly 
smooth surfaces. We used 𝛾0 = 64 and 51 mJ∕m2 for the dry contact and for the contact in glycerol, respectively.

For Hertzian line contact, the maximal pressure is a factor of 4∕𝜋 ≈ 1.27 larger than the average pressure. Hence, Fig. 3 shows 
that if adhesion is negligible for the two sandblasted surfaces (blue and red lines), we expect the contact area to be proportional to 
pressure and thus to the normal force acting on the cylinder for all studied normal forces. For the Smooth PMMA surface (green line), 
some nonlinearity in the dependence of contact area on normal force is expected.

5.  Adhesion enhances contact area

The results for the contact area presented in Fig. 3 assume negligible adhesion. For the Sb-S and Sb-R surfaces, when brought into 
contact with the dry PDMS surface, we do not observe any adherence during pull-off (the pull-off force vanishes). However, for the 
Smooth surface we obtain a nonzero pull-off force. These tests were performed manually rather than measured quantitatively, but 
the results agree qualitatively with the adhesion calculations presented below.

We calculated the effective work of adhesion 𝛾eff (𝑞) using the theory developed in Ref. Persson (2002):

𝛾eff (𝑞)𝑃 (𝑞) = 𝛾0
[

𝑃 (𝑞1)∫

∞

0
𝑑𝑥 (1 + 𝜉2𝑥)1∕2𝑒−𝑥

− 2𝜋
𝛿 ∫

𝑞1

𝑞
𝑑𝑞 𝑞2𝑃 (𝑞)𝑆(𝑞)𝐶(𝑞)

]

(11)

where 𝛿 = 4𝛾0∕𝐸∗ is the adhesion length, and

𝜉2 = 2𝜋 ∫

𝑞1

𝑞0
𝑑𝑞 𝑞3𝐶(𝑞)
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Fig. 5. The relative contact area 𝐴∕𝐴0 as a function of pressure for Smooth (green), Sb-S (blue), and Sb-R (red). The dashed lines represent the 
non-adhesive case, while the solid and dotted lines include adhesion in glycerol and in the dry state, respectively. Adhesion increases the contact 
area for all surfaces, with the strongest effect for Smooth.

Fig. 6. The calculated relative contact area 𝐴∕𝐴0 as a function of the short-wavelength cut-off wavenumber 𝑞1 for the Smooth (green), Sb-S (blue), 
and Sb-R (red) surfaces. The dashed and solid curves show the results without adhesion and with adhesion in the dry state, respectively. The 
calculations were performed at a contact pressure 𝑝cont = 0.1 MPa. For the adhesive case, a binding energy of 𝛾0 = 0.064 J∕m2 was used.

is the mean square surface slope. The function 𝑃 (𝑞) = 𝐴(𝑞)∕𝐴0 is the relative contact area when the interface is observed at the 
magnification 𝜁 = 𝑞∕𝑞0. For the non-adhesive case, 𝑃 (𝑞) is given by (6) and (7), where in (7) the upper limit of the 𝑞 integration is 𝑞
instead of 𝑞1. When adhesion is non-negligible, 𝑃 (𝑞) is determined by an integral equation as described in Ref. Persson (2002). The 
function 𝑆(𝑞) = 𝜅 + (1 − 𝜅)𝑃 2(𝑞), with 𝜅 ≈ 0.4, is an elastic energy reduction factor.

It is convenient to consider 𝛾eff (𝑞) as a function of the magnification 𝜁 = 𝑞∕𝑞0, and write it as 𝛾eff (𝜁 ) for simplicity. If the effective 
work of adhesion at the macroscale satisfies 𝛾eff (1) > 0, then the pull-off force 𝐹pull > 0 and the real contact area 𝐴 > 0 even when the 
applied pressure 𝑝 vanishes (Persson, 2002; Persson et al., 2008). However, if 𝛾eff (1) = 0, then 𝐹pull = 0, and 𝐴(𝑝) → 0 as 𝑝 → 0. Thus, 
for 𝑝 > 0, the contribution of adhesion accumulates through the magnification-dependent contact area and increases the real contact 
area, and the sliding friction force is always enhanced by adhesion even when the adhesion does not manifest itself as a macroscopic 
pull-off force (Tiwari et al., 2017).

In order to quantitatively study how adhesion depends on surface roughness, we need the interfacial binding energy per unit 
surface area for smooth surfaces, which we denote by 𝛾0. This is also the work of adhesion required to adiabatically (infinitely slowly) 
separate the surfaces. We are not aware of any measurements of this quantity for the dry and lubricated (with glycerol) PMMA-PDMS 
interface, and therefore estimate it for the dry contact using

𝛾dry = 𝛾12 ≈ 2
√

(𝛾1𝛾2)

where 𝛾1 and 𝛾2 are the surface energies of the PDMS and PMMA surfaces in the dry state.
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For the lubricated interface, we consider the change in free energy as the surfaces are separated in glycerol. The energy needed 
to break the bond between the surfaces is 𝛾dry, but after separation the surfaces bind to glycerol. Thus, the interfacial energy of a 
separated surface is not the solid-vapor energy 𝛾sv but the solid-liquid energy 𝛾sl. To account for this, we must subtract from 𝛾dry the 
difference 𝛾sv − 𝛾sl = 𝛾cos𝜃 for each surface, where we have used Young’s relation. Thus, we obtain the standard result

𝛾wet = 𝛾dry − 𝛾(cos𝜃1 + cos𝜃2)

where 𝜃1 and 𝜃2 are the (adiabatic or thermal-equilibrium) contact angles of glycerol on the PDMS and PMMA surfaces, respectively, 
and 𝛾 is the surface tension of glycerol.

Here we use the glycerol surface tension 𝛾 = 64 mJ∕m2, the surface energy of PDMS, 𝛾1 = 22 mJ∕m2, and the surface energy of 
PMMA, 𝛾2 = 46 mJ∕m2. For the contact angles of glycerol on PDMS and PMMA, we use 𝜃1 = 104◦ and 𝜃2 = 64◦, respectively.

We note that the literature values for all these quantities vary. For example, for PDMS we found surface energies in the range from 
19.4 to 24.3 mJ∕m2 (Vudayagiri et al., 2013), and for PMMA we found 33 mJ∕m2 (Abdel-Fattah, 2019), 40 mJ∕m2 (Cabanillas et al., 
2021), and 46 mJ∕m2 in Ref. Relyon Plasma (2024). For the contact angle of glycerol on PDMS, we found 104◦ (Zang et al., 2021) 
and 94 − 104◦ (Dong et al., 2025), while for glycerol on PMMA we found 𝜃2 = 68◦ (Abdel-Fattah, 2019), 58 − 66.8◦ (Yasuri, 2026), 
and 69◦ (Cabanillas et al., 2021).

Using the chosen values gives a work of adhesion for dry surfaces of 𝛾dry ≈ 2
√

(𝛾1𝛾2) ≈ 64 mJ∕m2, and a work of adhesion in glycerol 
of 𝛾wet = 𝛾dry − 𝛾[cos𝜃1 + cos𝜃2] ≈ 51 mJ∕m2. However, due to the uncertainty in 𝛾1, 𝛾2, 𝜃1, and 𝜃2, and due to the approximate nature 
of the relation 𝛾dry ≈ 2

√

(𝛾1𝛾2), the values of 𝛾dry and 𝛾wet are only approximate.
Fig. 4 shows the dependence of the normalized effective binding energy per unit surface area, 𝛾eff∕𝛾0, on magnification for the 

Smooth, Sb-S and Sb-R surfaces, calculated using the theory developed in Ref. Persson (2002), Persson et al. (2008). The solid lines 
are for the dry contact with 𝛾0 = 𝛾dry = 64 mJ∕m2, and the dotted lines are for the contact in glycerol with 𝛾0 = 𝛾wet = 51 mJ∕m2. Note 
that for Sb-S and Sb-R, the macroscopic work of adhesion vanishes, 𝛾eff (1) = 0. This is not the case for the Smooth surface, so for this 
surface the pull-off force is nonzero, as indeed observed.

Fig. 5 shows the dependence of the contact area on the applied pressure. The dashed lines represent the non-adhesive case, while 
the solid and dotted lines include adhesion in glycerol and in the dry state, respectively. For all three surfaces, adhesion increases the 
contact area at finite pressure. This increase is strongest for the Smooth surface, moderate for Sb-S, and weakest for Sb-R.

As expected, the contact area remains finite for the Smooth surface as 𝑝 → 0 both in the dry state and in glycerol. In contrast, 
for Sb-S and Sb-R, the contact area at 𝑝 = 0 vanishes in both the dry state and in glycerol. Nevertheless, for all surfaces, adhesion 
enhances the contact area at finite pressures (Persson, 2016).

This trend is confirmed by the contact areas at the lowest nominal contact pressure tested, 𝜎0 = 0.042 MPa. For the Smooth surface, 
the contact areas without adhesion, with adhesion in glycerol, and in the dry state are 𝐴∕𝐴0 = 0.224, 0.876, and 0.924, respectively. 
For Sb-S, the corresponding values are 𝐴∕𝐴0 = 0.069, 0.119, and 0.131, and for Sb-R, 𝐴∕𝐴0 = 0.043, 0.052, and 0.053.

The same figure also shows that for Sb-R the contact area in glycerol (solid red line) is nearly the same as in the dry state (dotted 
red line). For Sb-S (blue lines), the contact area in the dry state is about 10% larger than in glycerol. For all surfaces, the contact area, 
including adhesion, is considerably larger than that in the non-adhesive case (dashed lines).

Fig. 6 shows the relative contact area 𝐴∕𝐴0 as a function of the short-wavelength cut-off wavenumber 𝑞1 for the Smooth (green), 
Sb-S (blue), and Sb-R (red) surfaces. The dashed and solid curves show the results without adhesion and with adhesion in the dry 
state, respectively. The results are for a contact pressure of 0.1 MPa. For the Sb-R surface, the contact area becomes nearly independent 
of 𝑞1 for 𝑞1 > 𝑞∗1 = 6 × 105 m−1, while for the Sb-S and Smooth surfaces this saturation occurs at even smaller values of 𝑞1. This occurs 
because adhesion is sufficiently strong to pull the surfaces into complete contact within the apparent contact regions resolved at 𝑞∗1 . 
In the absence of adhesion, the contact area continues to decrease with increasing 𝑞1, although the decrease is relatively small. Thus, 
the linearly extrapolated high-wavenumber regions of the power spectra have only a minor influence on the calculated contact area.

We summarize the most important results related to adhesion:
(a) If 𝛾eff (1) > 0, adhesion will increase the size of the nominal contact region. In the present case of a cylinder-flat line contact, 

the half-width 𝑎 of the contact is determined by Chaudhury et al. (1996):
𝐹
𝐿

= 𝜋𝐸∗𝑎2

4𝑅
− (2𝐸∗𝜋𝑎𝑤)1∕2

where 𝑤 = 𝛾eff (1) is the macroscopic work of adhesion. For Sb-S and Sb-R, 𝑤 = 0, and the half-width 𝑎 is given by Hertz theory:

𝑎 =
( 4𝑅𝐹
𝜋𝐸∗𝐿

)1∕2

For the Smooth surface, 𝑤 > 0, but the effect of adhesion on the nominal contact width is small even for the smallest load 𝐹∕𝐿 =
310 N∕m, where 𝑎 increases only from 37 mm for 𝑤 = 0 to 40 mm for 𝑤 = 0.064 J∕m2.

(b) Adhesion always increases the relative contact area 𝐴∕𝐴0 inside the nominal contact area. This is the case even when 𝛾eff (1) = 0. 
Hence, adhesion will always increase the real contact area.

(c) If 𝛾eff (1) = 0, the pull-off force vanishes, while it is finite when 𝛾eff (1) > 0.
(d) If 𝛾eff (1) = 0, there can be no macroscopic elastic instabilities, i.e., no instabilities resulting from adhesion on the length scale 

of the linear size of the system, and hence no Schallamach waves (Schallamach, 1971). However, adhesion still acts at shorter length 
scales, so it is still possible that elastic instabilities occur at shorter length scales. One such process is the origin of the adhesive 
contribution to sliding friction, involving nanosized patches of the rubber binding to the counter surface and performing stick-slip-
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Fig. 7. The measured dry friction coefficient as a function of sliding speed for the Smooth, Sb-S, and Sb-R surfaces sliding on PDMS. In the 
experiments, the nominal contact pressure was 𝜎0 = 0.042 MPa.

Fig. 8. The real and imaginary parts of the viscoelastic modulus of the PDMS rubber as a function of angular frequency (log-log scale) at the 
temperature 𝑇 = 20◦C.

stick-type motion during sliding. This is the Schallamach mechanism (Schallamach, 1963) for the origin of the adhesive contribution 
to rubber friction, which was studied using a more realistic model by Persson and Volokitin (Persson and Volokitin, 2006).

6.  Dry friction and interfacial shear stress

The analysis above shows that the real contact area can be significantly increased by adhesion, especially for the Smooth surface. 
This has important consequences for the interpretation of friction measurements. If adhesion is not included explicitly in the friction 
model, then the frictional shear stress deduced from the measured friction force should be regarded as an effective shear stress, which 
is larger than the actual shear stress acting in the real contact area. Assuming that the adhesion-induced enhancement of the contact 
area is reasonably described by the static calculations presented above, one may estimate the actual shear stress by correcting for the 
increase in contact area.

With this in mind, we first analyze dry friction in order to identify the origin and relative magnitude of the interfacial shear stress 
before turning to the lubricated Stribeck curves.

The green, blue, and red squares in Fig. 7 show the measured dry friction coefficient as a function of sliding speed for the Smooth, 
Sb-S, and Sb-R surfaces, respectively. The results are for the normal load per unit length 𝐹N∕𝐿 = 310 N∕m, and the nominal contact 
pressure 𝜎0 = 0.042 MPa.

The viscoelastic contribution is calculated using the Persson rubber friction theory. We include the surface roughness on all length 
scales from ∼ 1 cm to ∼ 1 nm using the surface roughness power spectra shown in Fig. 2. In the calculations we use the measured 
viscoelastic modulus shown in Fig. 8. We note that, because of crystallization of the PDMS during cooling, it is nontrivial to determine 
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Fig. 9. The calculated viscoelastic contribution to the sliding friction coefficient for PDMS rubber sliding on the Smooth (green), Sb-S (blue), and 
Sb-R (red) surfaces. The solid lines are the results obtained without adhesion. The dashed green line is the friction coefficient for the Smooth surface 
assuming complete contact between the surfaces due to adhesion. The calculations are for the temperature 𝑇 = 20◦C and the nominal contact 
pressure 𝜎0 = 0.042 MPa.

Fig. 10. The effective frictional shear stress 𝜎f  in the dry state, calculated by assuming that the friction force satisfies 𝜎f𝐴 = 𝜇𝜎0𝐴0, where 𝜇 is given 
in Fig. 7, and using the dry contact areas at 𝜎0 = 0.042 MPa from Fig. 5: 𝐴∕𝐴0 ≈ 0.924 for the Smooth surface, ≈ 0.131 for Sb-S, and ≈ 0.053 for Sb-R.

the viscoelastic modulus over the full frequency range using the temperature-frequency shifting procedure, and the results shown in 
Fig. 8 were obtained by interpolating between the rubbery and glassy frequency regions as discussed in Ref. Tiwari et al. (2017).

Fig. 8 shows the real and imaginary parts of the viscoelastic modulus of the PDMS rubber as a function of angular frequency 
(log-log scale) at the temperature 𝑇 = 20◦C. Using this modulus and the surface roughness power spectra shown in Fig. 2, the solid 
lines in Fig. 9 show the calculated viscoelastic contribution to the sliding friction coefficient for PDMS rubber sliding on the Smooth 
surface and on the sandblasted PMMA surfaces Sb-S and Sb-R. The calculations do not include the increase in 𝐴∕𝐴0 due to adhesion.

As a simple estimate, we assume that the viscoelastic contribution is proportional to the contact area obtained in the static adhesion 
calculations. A more rigorous treatment would require including the adhesion-induced change in the relative contact area at each 
magnification, since different length scales contribute differently to the viscoelastic dissipation. The present estimate should therefore 
be regarded as an upper-bound estimate: scaling the viscoelastic friction with the adhesion-induced increase in the real contact area 
tends to overestimate the influence of adhesion, since the enhancement of the apparent contact area decreases as the magnification 
is reduced. With this linear scaling assumption, adhesion increases the viscoelastic friction by factors of ≈ 0.1313∕0.0692 ≈ 1.89 and 
0.0528∕0.0428 ≈ 1.23 for Sb-S and Sb-R, respectively. This would result in similar viscoelastic friction coefficients for both surfaces, 
𝜇visc ∼ 0.1, which is much smaller than observed. For the Smooth surface, the adhesion is so strong that it nearly pulls the surfaces 
into complete contact, and the dashed green line in Fig. 9 is obtained by assuming complete contact, 𝐴∕𝐴0 = 1. In this case as well, 
the viscoelastic contribution is at most ∼ 0.1. Hence, we conclude that the friction for PDMS sliding on all surfaces is mainly due to 
adhesive molecular interactions, i.e., the formation and breaking of adhesive bonds between the PMMA and the silicone rubber at 
the sliding interface. The weak dependence of friction on sliding speed shown in Fig. 9 indicates that thermal activation is not very 
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Fig. 11. Schematic illustration showing that the frictional shear stress in the real contact area may be larger for the surface with greater short-
wavelength roughness, because stronger bonds can form between nanosized rubber patches and the counter surface.

important for the bond-breaking (or bond-formation) process, which is expected if the energies involved are much larger than the 
thermal energy.

From the measured friction coefficients in Fig. 7, using 𝜎f𝐴 = 𝜇𝜎0𝐴0, we can estimate an effective frictional shear stress associated 
with the real contact area. Here 𝐴∕𝐴0 is the relative contact area including adhesion (see Fig. 5). The quantity 𝜎f  should be viewed as 
an effective interfacial shear stress which may include several dissipative contributions, such as molecular shear in the real contact 
area, dissipation near the edges of contact patches, and local stick-slip processes. For 𝜎0 = 0.042 MPa, we have 𝐴∕𝐴0 = 0.924, 0.131, 
and 0.053 for the Smooth surface, Sb-S, and Sb-R, respectively. Using this, we obtain the 𝜎f (𝑣) results shown in Fig. 10. This figure 
shows that the effective frictional shear stress for Sb-R is a factor of ∼ 1.5 larger than for Sb-S, and both are much larger than that 
for the Smooth surface. In particular, the much smaller 𝜎f  for the Smooth surface suggests that the sliding mode differs from that for 
Sb-S and Sb-R. Although the present experimental setup does not allow direct observation of the sliding interface, the friction traces 
provide indirect evidence for this difference.

The larger 𝜎f  for Sb-R than for Sb-S can be understood using the generalized Schallamach picture of the adhesive contribution to 
sliding friction (Schallamach, 1963; Persson and Volokitin, 2006). In this picture, friction results from nanosized patches of rubber at 
the interface performing stick-slip (binding-stretching-detachment-binding) motion. The larger short-wavelength roughness of Sb-R 
can make the real contact area more fragmented, with a larger number of smaller contact spots and contact edges, as indicated 
schematically in Fig. 11. This contact morphology may enhance dissipation associated with local stick-slip and with the edges of ad-
hesive contact patches. It may also increase local pinning barriers in the sliding direction. These effects provide a possible explanation 
for the larger effective interfacial shear stress observed for Sb-R than for Sb-S.

This interpretation is consistent with earlier observations by Chateauminois and Fretigny (Chateauminois and Fretigny, 2008) 
(see also Maksuta et al., 2022; Vorvolakos and Chaudhury, 2003). They measured the shear stress distribution at a frictional interface 
between a flat PDMS substrate and a glass lens. For a smooth glass lens (rms roughness less than 2nm), they found that the frictional 
shear stress in the nominal contact region is nearly constant, indicating that it does not depend on the local contact pressure when 
the contact is essentially complete and the pressure is not too high. For the same lens after sandblasting (rms roughness ∼ 1 μm over 
a 0.1 × 0.1 mm region), the shear stress in the central part of the Hertz-like contact remained independent of load, but its magnitude 
increased by about a factor of 2 compared to the smooth surface. In an outer annular region, however, the shear stress depended 
on the local contact pressure, indicating that the pressure there was not high enough to squeeze the rubber into complete contact 
with the glass lens and that only partial contact occurred. These observations support the idea that short-wavelength roughness can 
increase the local frictional shear stress.

Fig. 12 shows the ratio 𝜇 = 𝐹𝑥∕𝐹N as a function of sliding distance for the Smooth surface (upper two curves) and Sb-R (lower two 
curves) on the dry PDMS surface. The sliding speeds 𝑣 are 1 and 3 μm∕s, and the normal load is 𝐹N∕𝐿 = 310 N∕m. Note the stick-slip 
oscillations in the friction force for the Smooth surface. The friction curves for the Smooth surface are very similar at both velocities. 
These observations are consistent with the occurrence of an instability-mediated sliding mode for the Smooth surface. The physical 
origin of these differences will be discussed later.

7.  Stribeck curves: Experiment and theory

The dry friction results above provide a baseline for the interfacial shear mechanism. We now turn to the lubricated case, where 
this interfacial contribution is coupled to fluid flow and load sharing between the fluid and the solid-solid contact.

Fig. 13 shows the friction coefficient as a function of the logarithm of sliding speed for the two sandblasted PMMA cylinders. The 
fluid viscosity is 𝜂 = 1.4 Pa s, and the normal force per unit length of the cylinder is 𝐹N∕𝐿 = 310 N∕m. The blue and red squares are 
the measured results for Sb-S and Sb-R, respectively, and the solid lines are the calculated friction coefficients obtained by assuming 

Journal of the Mechanics and Physics of Solids 217 (2026) 106792 

10 



R. Xu et al.

Fig. 12. The ratio 𝜇 = 𝐹𝑥∕𝐹N as a function of sliding distance for the Smooth (upper two curves) and Sb-R (lower two curves) surfaces on the dry 
PDMS surface. The sliding speeds are 1 and 3 μm∕s, and the normal load is 𝐹N∕𝐿 = 310 N∕m. The green, blue, and purple curves are shifted vertically 
for clarity. Note the stick-slip oscillations in the friction force for the Smooth surface.

Fig. 13. The friction coefficient as a function of the logarithm of sliding speed for Sb-S and Sb-R. The square symbols and solid lines are the 
measured and calculated friction coefficients for glycerol-lubricated contacts, respectively, and the dashed lines are the corresponding dry-friction 
results (from Fig. 7). The calculations use a fluid viscosity 𝜂 = 1.4 Pa s, a cylinder radius 𝑅 = 7 cm, a normal force per unit length 𝐹N∕𝐿 = 310 N∕m, 
and fitted shear stresses 𝜎f = 0.84 and 1.08 MPa.

that a velocity-independent frictional shear stress 𝜎f  acts in the real contact area. For Sb-S and Sb-R we used fitted values of 𝜎f = 0.84
and 1.08 MPa, respectively.

Figs. 14 and 15 show the dependence of the Stribeck curve on the applied normal force. The square symbols are the measured 
friction coefficients as a function of the logarithm of sliding speed for the tested normal forces, and the lines are the corresponding 
calculated curves. For Sb-S, the fitted values of 𝜎f  for increasing load are 0.84, 0.78, 0.7, and 0.65 MPa, and for Sb-R they are 1.08, 
1.08, 1.0, and 0.98 MPa. These fitted shear stresses are plotted in Fig. 16 (open squares) as a function of normal load.

The fitted frictional shear stresses are systematically larger for Sb-R than for Sb-S. These values should be regarded as effective 
parameters within the present mixed-lubrication framework, since the calculations do not include the adhesion-induced increase 
in contact area and since the interfacial shear stress may include several dissipative contributions. The dry-friction results indicate 
that, for Sb-S and Sb-R, the effective interfacial shear stress may depend on sliding speed. In principle, these dry-friction values 
could be used in the boundary-lubrication regime after correcting for the adhesion-induced change in contact area. Here we use a 
velocity-independent 𝜎f  as a minimal effective parameter, representing an average shear stress over the velocity range where solid-
solid contact contributes to friction. Therefore, the fitted values are not expected to coincide quantitatively with the effective shear 
stresses inferred from the dry friction measurements. Nevertheless, the dry-friction results provide a useful baseline for the roughness 
dependence and order of magnitude of the interfacial shear contribution.
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Fig. 14. The friction coefficient as a function of the logarithm of sliding speed for Sb-S at different normal loads. The square symbols and lines are 
the measured and calculated results, respectively, for 𝐹N∕𝐿 = 310, 910, 1510, and 2110 N∕m. The corresponding fitted velocity-independent shear 
stresses for increasing load are 𝜎f = 0.84, 0.78, 0.7, and 0.65 MPa.

Fig. 15. The friction coefficient as a function of the logarithm of sliding speed for Sb-R at different normal loads. The square symbols and lines are 
the measured and calculated results, respectively, for 𝐹N∕𝐿 = 310, 910, 1510, and 2110 N∕m. The corresponding fitted velocity-independent shear 
stresses for increasing load are 𝜎f = 1.08, 1.08, 1.0, and 0.98 MPa.

For the static contacts in glycerol, the contact area for Sb-R is nearly the same as in the dry state and larger by a factor of 
0.127∕0.102 ≈ 1.25 than without adhesion. For Sb-S, the contact area in glycerol is slightly smaller than for the dry contact and about 
0.281∕0.165 ≈ 1.7 larger than without adhesion. Scaling the shear stress given by the open square symbols in Fig. 16 by the factors 
1∕1.25 for Sb-R and 1∕1.7 for Sb-S gives the filled square symbols in Fig. 16. The corrected ratio between the shear stresses for Sb-R 
and Sb-S varies slightly with load but remains between 1.75 and 1.95. This is somewhat larger than what was found for the dry contact, 
where it was ∼ 1.5, but the difference may reflect uncertainties in the adhesion calculation.

The frictional shear stresses 𝜎f  used to calculate the Stribeck curves in Figs. 13–15, and summarized in Fig. 16, were obtained by 
fitting the measured friction coefficients in the boundary-lubrication regime, where the externally applied load is carried predomi-
nantly by solid-solid contact. In the calculation we have used the surface roughness power spectra shown in Fig. 2, which includes 
linear extrapolations to 𝑞1 = 109 m−1. However, Fig. 6 shows that the calculated contact area depends only weakly on 𝑞1 in the ex-
trapolated region. We conclude that the frictional shear stress we determined by fitting the calculated Stribeck curve to the measured 
data is not very sensitive to the cut-off wavenumber 𝑞1 for the systems studied here.

We next consider the Smooth surface. The square symbols in Fig. 17 are the measured friction coefficients as a function of the 
logarithm of sliding speed. The green line is the calculated friction coefficient assuming a velocity-independent frictional shear stress 
𝜎f = 0.5 MPa and the load 𝐹N∕𝐿 = 310 N∕m. Since adhesion is not included in the calculation, the actual real contact area is larger 
than the calculated non-adhesive contact area, and the corresponding actual interfacial shear stress is therefore smaller. Assuming 
that the contact area is enhanced by a factor of 0.876∕0.224 ≈ 3.91, as predicted by the static adhesion calculation in Section 5, the 
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Fig. 16. The open squares are the frictional shear stress for Sb-S (blue squares) and Sb-R (red squares) as a function of normal load, obtained by 
fitting the measured friction coefficients to the calculated Stribeck curves in Figs. 14 and 15. The filled square symbols are the “corrected” shear 
stresses, which take into account the adhesion-induced increase in contact area. See the text for details.

Fig. 17. The square symbols are the measured friction coefficient as a function of the logarithm of sliding speed for the Smooth surface for the 
loads 𝐹N∕𝐿 = 310, 910, 1510, and 2110 N∕m. The green line is the friction coefficient calculated using 𝐹N∕𝐿 = 310 N∕m, 𝜂 = 1.4 Pa s, 𝑅 = 7 cm, and 
a velocity-independent frictional shear stress 𝜎f = 0.5 MPa.

actual shear stress becomes 𝜎f = 0.127 MPa, which is similar to what we found for the dry contact. The theory predicts that the 
boundary lubrication region is reached only at extremely low sliding speeds, below 10−9 m∕s, but the experiments show that the 
friction coefficient reaches a constant level (plateau) at much higher sliding speeds.

This discrepancy suggests a different sliding state for the Smooth surface at low sliding speeds, where direct solid-solid contact and 
adhesion are still important. As the sliding speed increases above 10 μm∕s, forced wetting occurs and a fluid film enters the nominal 
contact region between the rubber and the cylinder. The transition results from the competition between liquid invasion induced by 
shear and spontaneous dewetting of the liquid between nonwettable surfaces (Wu-Bavouzet et al., 2007; Martin et al., 2002).

Fig. 18 shows the measured ratio 𝜇 = 𝐹𝑥∕𝐹N as a function of sliding distance for the Smooth PMMA cylinder (upper two curves) 
and Sb-R (lower curve) on the PDMS surface lubricated by glycerol. The sliding speed is 𝑣 = 1 μm∕s for Sb-R and 𝑣 = 1 and 3 μm∕s for 
the Smooth surface, at the normal load of 𝐹N∕𝐿 = 310 N∕m. Note the stick-slip oscillations in the friction force for the Smooth surface. 
Compared to the dry contact, these oscillations have a longer wavelength and are more sinus-like than the abrupt stick-slip pattern 
observed in the dry case. We attribute this to the influence of glycerol on the formation and propagation of Schallamach waves. Note 
also that the stick-slip oscillations for the Smooth surface are much larger at the sliding speed 1 μm∕s than at 𝑣 = 3 μm∕s, which we 
attribute to forced wetting.
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Fig. 18. The ratio 𝜇 = 𝐹𝑥∕𝐹N as a function of sliding distance for the Smooth surface (upper two curves) and Sb-R (lower curve) on the PDMS 
surface lubricated by glycerol. The sliding speeds are 𝑣 = 1 and 3 μm∕s for the Smooth surface and 𝑣 = 1 μm∕s for Sb-R, and the normal load is 
𝐹N∕𝐿 = 310 N∕m. Note the stick-slip oscillations in the friction force for the Smooth surface. The green and blue curves are shifted vertically for 
clarity.

Fig. 19. Nucleation of a single Schallamach wave in the cylinder contact geometry. (a) The rigid cylinder moves with a constant velocity 𝑣. (b) 
Buckling results in a pronounced bulge on the free surface, with a corresponding surface depression between points A1 and A2. (c) The bulge 
eventually grows enough to attach to the indenter at point B. Adapted from Ref. Viswanathan and Chandrasekar (2022).

Fig. 20. The ratio 𝜇 = 𝐹𝑥∕𝐹N as a function of sliding distance for Sb-R in glycerol (red curve) and in the dry state (blue curve). The sliding speed is 
𝑣 = 1 μm∕s, and the normal load is 𝐹N∕𝐿 = 310 N∕m. Note the stick-slip oscillations in the friction force.

8.  Discussion

The dry and lubricated friction results together suggest that the effective interfacial shear stress is systematically larger for Sb-R 
than for Sb-S, while it is much smaller for the Smooth surface.

As discussed in Section 5, 𝛾eff (1) = 0 for Sb-S and Sb-R rules out macroscopic adhesion-driven Schallamach waves, but it does 
not exclude adhesive stick-slip processes at shorter length scales. As discussed in Section 6, the larger 𝜎f  for Sb-R than for Sb-S is 
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Fig. 21. The ratio 𝜇 = 𝐹𝑥∕𝐹N as a function of sliding distance for the Smooth surface in glycerol (red curve) and in the dry state (green curve). The 
blue curve is for Sb-R in glycerol. The sliding speed is 𝑣 = 1 μm∕s, and the normal load is 𝐹N∕𝐿 = 310 N∕m. Note the stick-slip oscillations in the 
friction force for the Smooth surface.

consistent with the larger short-wavelength roughness of Sb-R. This roughness can make the real contact area more fragmented, with 
a larger number of smaller contact spots and contact edges, and may therefore enhance local stick-slip, edge-related dissipation, and 
pinning in the sliding direction. Here we emphasize that the same trend is also found for the lubricated contacts, indicating that the 
interfacial shear mechanism identified from the dry-friction study remains relevant in the mixed-lubrication regime.

The Smooth surface is different because it is the only surface for which the macroscopic effective interfacial energy is nonzero. 
Adhesion can therefore act on the length scale of the nominal contact region and generate macroscopic elastic instabilities, which 
provides a possible explanation for the much smaller effective 𝜎f  inferred for this surface.

To see this, it is useful to consider what would happen if no Schallamach waves occurred on the Smooth surface. If sliding took 
place uniformly over the whole interface, and if the effective interfacial shear stress were similar to that for Sb-S, then the friction 
coefficient for the Smooth surface would become huge, of order 10, and the macroscopic shear stress would be of order 1 MPa. 
When the shear stress in the nominal contact region becomes of the order of the Young’s modulus, elastic instabilities may occur. 
In this case, detached surface regions may propagate through the contact as Schallamach waves (Viswanathan and Chandrasekar, 
2022), see Fig. 19. The motion is then not controlled by uniform interfacial slip over the whole nominal contact region, but by 
instability-mediated motion, which can lead to a much lower effective friction coefficient.

With the present experimental setup, we cannot directly observe what is happening at the buried interface. However, we do have 
indirect evidence for such instabilities at low sliding speeds, both in dry conditions and in glycerol. If such instabilities did not occur, 
the theory predicts friction levels much larger than those observed experimentally.

The dry friction traces provide the clearest evidence. Fig. 12 shows the ratio 𝜇 = 𝐹𝑥∕𝐹N as a function of sliding distance for the 
Smooth surface and Sb-R in the dry state. The Smooth surface exhibits pronounced stick-slip oscillations, whereas Sb-R does not. The 
increase in friction force before an abrupt drop may be due to the force required to compress the rubber at the leading edge of the 
contact, followed by a drop when the detached region enters the contact. When the adhesive bond forms at the leading edge (point 
B) in Fig. 19, the rubber may also exert an attractive force with a component in the forward sliding direction.

The lubricated friction traces show related but modified behavior. Fig. 20 shows that for Sb-R the fluctuations in glycerol and 
in the dry state are of similar magnitude, indicating that lubrication does not qualitatively change the sliding mode for the rougher 
surface. In contrast, Fig. 21 shows that the Smooth surface in glycerol still exhibits large oscillations, much larger than those for Sb-R 
in glycerol. This is consistent with the fact that adhesion between the rubber and the counter surface can still operate in glycerol for 
the Smooth surface.

At the same time, the oscillations for the Smooth surface differ between dry and lubricated conditions. In the dry state, they have 
the typical abrupt stick-slip character, with a nearly linear increase in friction followed by a sudden drop. In glycerol they become 
more sinus-like. The detailed origin of this difference is not yet clear, but it is likely related to damping by viscous dissipation in the 
liquid. Finally, the oscillation amplitude is much larger, and the oscillation frequency much lower, at 𝑣 = 1 μm∕s than at 𝑣 = 3 μm∕s. 
We attribute this to the transition toward a more lubricated interface as the sliding speed increases. This interpretation is consistent 
with the idea that at low sliding speed the Smooth surface still undergoes an adhesion-controlled sliding mode, whereas at higher 
sliding speed forced wetting allows a fluid film to enter the nominal contact region and progressively suppresses direct solid-solid 
contact. Thus, for hydrophobic soft contacts, the Stribeck curve reflects not only fluid flow and load sharing, but also changes in the 
sliding mechanism of the interface.
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9.  Summary and conclusions

In this paper, we have presented an experimental and theoretical study of dry and glycerol-lubricated sliding for PMMA cylinders 
with different surface roughness levels sliding on PDMS rubber. The PMMA-PDMS-glycerol system is of particular interest because it 
represents a hydrophobic lubricated interface, where adhesion may still occur between the solids even in the presence of the lubricant.

The surface roughness and the corresponding contact mechanics are first analyzed. When adhesion is included, the real contact 
area increases for all surfaces at finite pressure, but the effect is strongest for the Smooth surface and weaker for the two sandblasted 
surfaces, Sb-S and Sb-R. For the Smooth surface, the macroscopic effective work of adhesion remains nonzero, while for Sb-S and 
Sb-R it vanishes.

The dry friction measurements provide a useful baseline for the interfacial shear stress. The viscoelastic contribution to friction, 
calculated using the Persson rubber friction theory and the measured viscoelastic modulus of PDMS, is much smaller than the observed 
friction for all three surfaces. We therefore conclude that the dry friction is dominated mainly by adhesive molecular interactions 
at the interface, i.e., by the formation and breaking of adhesive bonds between PMMA and PDMS. By combining the measured dry 
friction coefficients with the calculated contact areas, we inferred the interfacial shear stress in the real contact area. This analysis 
shows that the shear stress is largest for Sb-R, smaller for Sb-S, and smallest for the Smooth surface.

For the two sandblasted surfaces, the measured Stribeck curves can be described reasonably well using the mean-field mixed-
lubrication theory with a fitted velocity-independent effective interfacial shear stress acting in the area of real contact. As in the 
dry condition, the values of this shear stress are systematically larger for Sb-R than for Sb-S. We attribute this to the larger short-
wavelength roughness of Sb-R, which may result in stronger local bonding and/or larger pinning barriers for nanosized rubber patches 
at the interface.

The Smooth surface behaves in a qualitatively different way. In this case, the mixed-lubrication theory predicts that the boundary-
lubrication regime should be reached only at extremely small sliding speeds, whereas the experiments show a friction plateau already 
at much higher sliding speeds. We attribute this discrepancy to a different sliding state involving adhesion-controlled elastic instabili-
ties, i.e., macroscopic Schallamach-wave-like motion. This interpretation is supported by the measured friction data at low velocities, 
which show pronounced stick-slip oscillations for the Smooth surface in both dry and lubricated conditions. In glycerol, these os-
cillations become more sinus-like, which is likely related to viscous damping from the liquid. As the sliding speed increases, forced 
wetting occurs and a fluid film enters the nominal contact region, which progressively suppresses direct solid-solid contact and the 
associated instability-mediated sliding mode.

One of the most important findings of this study is that the physics of the Stribeck curve for soft hydrophobic contacts cannot always 
be understood from the standard mixed-lubrication theory alone. For rough surfaces, the standard mixed-lubrication picture works 
reasonably well when combined with an effective interfacial shear stress. For sufficiently smooth and adhesive surfaces, however, 
adhesion changes not only the real contact area but also the sliding mode itself. In this case, the Stribeck curve reflects a competition 
of interfacial adhesion, instability-mediated sliding, and forced wetting.
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Appendix A.  Numerical results for flow and friction factors

Here we present the fluid flow and friction factors for all three surfaces studied in this paper. The analytical expressions for these 
factors were given in Ref. Persson and Scaraggi (2011) and formally result from integrating out the roughness in the determination 
of fluid flow.

Fig. A.1 shows the logarithm of the contact pressure 𝑝̄cont and the fluid flow factors 𝜙p and 𝜙s as functions of the surface separation 
𝑢̄ normalized by the rms roughness amplitude ℎrms. The green curves are for the Smooth surface with ℎrms = 1.372 μm, the blue lines 
are for Sb-S, with ℎrms = 2.798 μm, and the red lines are for Sb-R, with ℎrms = 15.76 μm. Note that the pressure flow factor vanishes 
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when the contact area percolates, which occurs when 𝑢̄ ≈ 0.2ℎrms for all three surfaces. The general shapes of the flow factor curves 
are similar to those obtained by Patir and Cheng (Patir, 1978; Patir and Cheng, 1978).

Fig. A.2 shows the friction factors 𝜙fp, 𝜙fs, and 𝜙f  as functions of the surface separation normalized by the rms roughness amplitude 
ℎrms. For the present systems and conditions, the friction factors have a negligible influence on the Stribeck curve for the Smooth 
surface and for Sb-S, while they result in a small modification of the Stribeck curve for Sb-R. This is illustrated in Fig. A.3 for Sb-R with 
the normal load 𝐹N∕𝐿 = 2110 N∕m. However, we showed in an earlier study that for other surfaces the friction factors, in particular 
𝜙f , can have a large influence on the Stribeck curve and can generate a local maximum in the 𝜇(𝑣) curve close to the velocity where 
the 𝜇(𝑣) curve without the friction factors would have a minimum (Persson and Scaraggi, 2011). Such a maximum was observed in 
the experiments reported in Ref. Scaraggi et al. (2011).

Fig. A.1. The logarithm of the contact pressure 𝑝̄cont and the fluid flow factors 𝜙p and 𝜙s as functions of the surface separation normalized by the rms 
roughness amplitude ℎrms. For the Smooth surface (green line, ℎrms = 1.372 μm), Sb-S (blue line, ℎrms = 2.798 μm), and Sb-R (red line, ℎrms = 15.76 μm).
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Fig. A.2. The friction factors 𝜙fp, 𝜙fs, and 𝜙f  as functions of the surface separation normalized by the rms roughness amplitude ℎrms. For the Smooth 
surface (green line, ℎrms = 1.372 μm), Sb-S (blue line, ℎrms = 2.798 μm), and Sb-R (red line, ℎrms = 15.76 μm).
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Fig. A.3. The friction coefficient as a function of the logarithm of sliding speed obtained with and without friction factors for Sb-R. The calculations 
use 𝐹N∕𝐿 = 2110 N∕m, 𝜂 = 1.4 Pa s, 𝑅 = 7 cm, and 𝜎f = 0.98 MPa. For Sb-S, the calculations with and without the friction factors are nearly identical 
and are therefore not shown.

Appendix B.  Numerical results for the fluid contact pressure and interfacial separation

Here we present results for the average surface separation and the contact pressure for Sb-S and Sb-R. We assume the normal load 
𝐹N∕𝐿 = 310 N∕m and consider a few different sliding speeds.

For a perfectly smooth surface at vanishing sliding speed, the contact pressure is Hertzian, with a maximum of 0.0531 MPa
and a contact width of ≈ 7.43 mm. For the rough surfaces, the width of the nominal contact region increases due to contact with 
“high” asperities outside the Hertzian contact, and the pressure distribution changes continuously from Hertzian-like to Gaussian-like 
(Johnson, 2012; Tiwari and Persson, 2021) with increasing roughness amplitude.

Fig. B.1 shows the surface separation 𝑢̄ and the contact pressure 𝑝cont as functions of the lateral coordinate 𝑥 for Sb-S. For 𝑣 = 0
the maximum contact pressure and the width of the pressure distribution are ≈ 0.0526 MPa and ≈ 8.34 mm, respectively.

Fig. B.2 shows the surface separation 𝑢̄ and the contact pressure 𝑝cont as functions of the lateral coordinate 𝑥 for Sb-R. For 𝑣 = 0
the maximum contact pressure and the width of the pressure distribution are ≈ 0.0507 MPa and ≈ 10.64 mm, respectively.

For both surfaces, the interfacial separation at “high” sliding speeds has the characteristic form expected from elastohydrodynam-
ics, with the minimum separation close to the exit of the nominal contact region. At the point where the separation is smallest, the 
contact pressure is, as expected, maximal.

Fig. B.3 shows the fluid pressure 𝑝̄f luid as a function of the lateral coordinate 𝑥 for Sb-S and Sb-R at different sliding speeds 𝑣. The 
fluid pressure profile is “tilted” toward the entrance side, and there are no negative pressures anywhere at the interface. We note 
that in the present calculations we include cavitation. For nearly rigid surfaces, cavitation is needed in order for the fluid-induced 
normal (load-bearing) force to be nonzero, because the pressure profile for rigid solids without cavitation is antisymmetric around 
the contact midpoint, and the fluid pressure integrated over 𝑥 vanishes. However, for elastically soft solids like the PDMS rubber used 
here, the friction force calculated with and without cavitation is nearly the same (see Ref. Persson and Scaraggi, 2009).
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Fig. B.1. The surface separation 𝑢̄ and the contact pressure 𝑝cont as functions of the lateral coordinate 𝑥 for Sb-S and the load 𝐹N∕𝐿 = 310 N∕m at 
different sliding speeds 𝑣.
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Fig. B.2. The surface separation 𝑢̄ and the contact pressure 𝑝cont as functions of the lateral coordinate 𝑥 for Sb-R and the load 𝐹N∕𝐿 = 310 N∕m at 
different sliding speeds 𝑣.

Journal of the Mechanics and Physics of Solids 217 (2026) 106792 

21 



R. Xu et al.

Fig. B.3. The fluid pressure 𝑝̄f luid as a function of the lateral coordinate 𝑥 for Sb-S and Sb-R and the load 𝐹N∕𝐿 = 310 N∕m at different sliding speeds 
𝑣.

Appendix C.  Calculation of friction coefficients with error bars

Here we describe how the friction coefficients shown in the main text were obtained from the raw data. We also present the 
corresponding standard-deviation error bars.

The friction coefficient was first calculated as 𝜇 = 𝐹𝑥∕𝐹N for each data point. For each imposed sliding speed, the corresponding 
constant-velocity segment was identified from the velocity signal. The first and final 10% of each segment were excluded to avoid the 
initial transient and the transition to the next velocity.

Fig. C.1 shows the same experimental data as in the main text, but with error bars indicating the standard deviation of the friction 
coefficient within the selected region.
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Fig. C.1. Friction coefficient as a function of the logarithm of sliding speed under glycerol-lubricated conditions for (a) Sb-S, (b) Sb-R, and (c) the 
Smooth surface. The error bars indicate the standard deviation of the friction coefficient within the selected region. The lines connecting the data 
points are only guides to the eye and do not represent theoretical fits.
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