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Experimental insights into adhesion 
and friction between nominally dry 
rough surfaces
Bart Weber,*  Julien Scheibert,  Maarten P. de Boer,  and Ali Dhinojwala 

Adhesion and friction between solids in ambient air control applications such as precision 
positioning and traction of tires. For all practical surfaces, the interfaces between solids are 
rough. Contact occurs at nano- or micro-contact junctions and the contact area of these 
junctions changes upon normal or shear loading and during sliding. The multiscale roughness, 
material parameters such as interfacial bonding, mechanical properties, sliding velocity, and 
normal load all contribute to adhesion and friction, resulting in diverse phenomena. Here, we 
highlight four recent advances relevant to materials ranging from ceramics to elastomers. They 
elucidate the importance of real contact area for soft and hard materials and of rate-state-
friction models for explaining the transition from stick–slip to steady sliding for hard contacts. 
We also outline some remaining open experimental challenges related to friction and adhesion 
of dry multi-contact interfaces.
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Introduction
Unlubricated rough contact interfaces are ubiquitous in nature 
and in industrial applications and involve a variety of materi-
als with different properties and length scales of roughness. 
For example, the “soft” finger-on-touchscreen contact through 
which we communicate with the digital world is controlled by 
the topography of our fingers and viscoelastic tissue mechan-
ics, under moderate few-MPa pressures.1–3 In contrast, the 
“hard” contacts that play a role in microelectromechanical 
systems (MEMS) involve few-GPa pressures and very small 
real contact area, as compared to the apparent contact area.4,5 
Understanding adhesion and friction of these complex inter-
faces remains a formidable challenge.6 However, this under-
standing will help design better traction for tires,7 reversible 
adhesives for biomedical applications inspired by geckos,8,9 
and can help in explaining how friction controls avalanches 
and earthquakes.10

Figure 1 shows a contact of two solid surfaces under an 
applied normal load, resulting in a multi-contact interface. For 
hard–hard surfaces the actual contact area is much smaller 
than the projected area and the true contact area increases 
slowly with normal load, due to elastoplastic deformation of 

contact junctions. In the case of soft materials, one can achieve 
near conformal contact using modest normal loads, leading to 
substantial adhesion and friction.

Although friction and adhesion both originate from the same 
intermolecular forces, no common framework is yet available 
to describe them at the macroscale. Initially driven by the earth-
quake science community, comprehensive, although empiri-
cal laws for macroscopic friction are now widely accepted. 
These constitute the so-called rate-and-state friction laws. 
As reviewed in Reference 11, they rely on a decomposition 
of the friction force as a product of the real contact area and 
the friction strength of the interface. The latter is expected to 
depend on the sliding velocity (rate effect), whereas the former 
incorporates not only the combined effects of normal load and 
surface roughness, but also the increase in area as contact time 
increases (aging/state effect). The detailed morphology of the 
real contact controls most macroscopic responses, including 
pull-off forces, dynamic and static friction forces, wear, thermal 
and electrical conductivity, and the ability to seal against leak-
age. The associated micro- or nano-junctions are the regions 
where all of the mechanical stress is concentrated and can lead 
to plastic deformation, physico-chemical aging,12,13 capillary 
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condensation,14 and tribo-chemical reactions.15,16 Thus, the 
macroscopic behavior of a rough contact can be seen as a 
complex sum over the micro- or nano-junctions, the weights 
of which are nontrivial due to possible interactions between 
junctions. Such upscaling models exist,17–20 but no definitive 
way of upscaling the micro-junction behavior to that at the 
macroscale has yet been identified. Hence, the nanometer-scale 
knowledge provided about individual junctions for instance by 
the field of nanotribology,21 with dedicated experimental tools, 
remains insufficient to understand the behavior of extended 
rough contacts; therefore larger-scale, multi-contact experi-
ments remain crucial in tribology.

The important key toward understanding macroscopic 
adhesion and friction is to measure the morphology of contact 
interfaces. Techniques such as frustrated total internal reflec-
tion,22 fluorescence,23 optical imaging,2,24–26 and infrared sum-
frequency-generation spectroscopy (SFG) in  dry27–30 and wet 
 environments31–34 are beginning to shed light on the contact 
morphology and in some cases during sliding and unloading in 
the presence of adhesion. In addition, the combination of sur-
face characterization techniques such as transmission electron 
microscopy (TEM), atomic force microscopy (AFM), and opti-
cal/stylus profilometry are providing a complete characterization 
of the power spectral density (PSD) of surface topography over 
a broad wavelength range from the millimeter to the nanometer 
length scale.35 The broad-spectrum measurement of the PSD has 
made it possible to directly compare models with experiments.

The scope of this article is 
to illustrate, through specific 
examples, some recent innova-
tive experiments performed on 
dry rough contact interfaces, and 
the insights they provided into 
the adhesion and friction of such 
systems. In the first case study, 
we present MEMS-based adhe-
sion and friction measurements 
at stiff interfaces, illustrating 
how rate-and-state friction phe-
nomenology can predict system 
response. Case studies 2 and 3 
probe rough interfaces directly to 
elucidate how the observed mac-
roscale friction behavior links to 
the detailed behavior of con-
tact junctions. Finally, in Case 
study 4, we present adhesion of 
soft elastomers in contact with 
rough low-energy diamond sur-
faces and how the elastic energy 
required to create conformal 
contact reduces adhesion.

Experimental methods
In multi-contact tribology experiments, macroscopic inter-
faces are externally loaded with normal and tangential forces. 
This typically involves a system centered about a block-on-
substrate interface as schematically illustrated in Figure 1. For 
friction measurements, the interface is loaded in the normal 
( FN ) and tangential ( FT ) directions through springs that repre-
sent the normal ( kN ) and tangential ( kT ) stiffness of the meas-
urement system. For adhesion measurements, only a normal, 
tensile, force ( FN ) is applied. To avoid alignment difficulties, 
the block typically takes on a curvature resulting in a circular 
contact zone. The apparatus, the associated spring stiffnesses 
and the multi-contact interface control the system response, 
which is measured by a force-sensing method, as in, for exam-
ple, References 36, 37. By applying suitable forces, velocities 
( vT , vN ) or displacements, the pull-off (adhesion) forces and 
friction coefficient (the ratio of friction force to normal force) 
can be measured. If the springs are much stiffer than the inter-
face, the interfacial stiffness can also be measured.

Importantly, in the last decades, the understanding of multi-
contact friction and adhesion has been aided by additional in 
situ/in operando measurements of the spatial distributions and 
time dynamics of quantities such as contact  area2,22–26 and 
morphology,2,23,24,26,38 the local interfacial gap,39,40 and the 
interfacial displacements and stresses.41 Such in situ meas-
urements sometimes impose experimental constraints, for 
instance transparency or smoothness of one of the solids.

Figure 1.  Block-on-substrate multi-contact interface. The tangential and normal stiffnesses of the 
measurement device are kN and kT, respectively. In friction measurements, the block is loaded tangen-
tially over the substrate with velocity vT, yielding a tangential force FT , while a constant normal force 
FN is applied. In adhesion measurements, only an upward motion at velocity vN is applied. Asperity 
contacts that sustain the forces are sketched in the insets to the left. For elastically stiff materials, real 
contact area is generally orders of magnitude smaller than the apparent contact area. For soft materials, 
it can approach and even exceed the apparent contact area.
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Case study 1: Rate‑and‑state friction in MEMS 
interfaces
In MEMS, polycrystalline silicon (polysilicon, a technical 
ceramic) is the most common structural material. Polysilicon 
contacts form opaque multi-contact interfaces. Calculations 
based on surface roughness measurements indicate that the 
asperities are subject to pressures approaching the hardness of 
silicon (~10  GPa42), and hence the loading is elastoplastic.43 
The asperity junction contact diameters are on the order of 
10 nm, making direct visualization of the interface difficult. 
Microinstruments co-fabricated adjacent to MEMS devices 
enable high-resolution tribological measurements. Although 
polysilicon is stiff (Young’s modulus E = 164  GPa44) and 
exhibits high tensile strength of 2–3 GPa,45 it is brittle and 
forms a hydrophilic native oxide. As such, polysilicon inter-
faces exhibit high adhesion, friction, and wear. In the absence 
of hydrophobic coatings, the interface is easily filled by con-
densed water because MEMS surface roughness is small, typi-
cally just a few nanometers. This results in strong capillary 
forces that enormously increase adhesion.46–48 A common 
method to reduce susceptibility to these issues is to apply 
organic monolayer coatings through  vapor49,50 or  liquid51 
processes. Such coatings reduce water adsorption, and liquid 
bridges do not form. The coatings also lower the shear strength 
between contacting asperities, and hence, lower friction and 
wear.

The rate-and-state friction framework incorporates the 
effects of time and velocity, and the associated propensity 
for stick–slip or steady sliding.52,53 It applies up to the scale 
of  earthquakes54,55 and down to microscale contacts.56 Two 
state variables, asperity contact time and block velocity (dis-
tinct from vT when stick–slip occurs), and their interactions 
with kT , FN , and vT , govern the system response. Parameters 

known as the aging and velocity-strengthening coefficients 
must be measured to fully describe the system. Well-defined 
tests, including the ability to change vT instantaneously, are 
needed to make these measurements.

Friction changes only gradually over decades of block 
velocity, but friction forces vary rapidly when transitioning 
from static to dynamic sliding. Inertial forces must then be 
taken into account as well. A stiff high-force actuator with a 
large vT range is needed to test whether rate-and-state fric-
tion applies at any given scale. In MEMS, iterative learning 
 control57 can be applied to a stiff thermal actuator to control 
velocity more than 4.5 decades from 0.1 to 3000 µm/s, and 
velocity can be changed instantaneously by a factor of 20 
using this method.58

Typical MEMS tribometers, consisting of comb-drive 
actuators and a multi-contact interface,59 have provided much 
useful information. One outstanding example is the ability of 
simple alcohols to form a protective layer via tribochemistry, 
essentially eliminating wear.60 However, such tribometers are 
limited to a small range of FT , and actuator velocity vT is not 
well controlled. A MEMS tribometer suitable for the full array 
of required test types is shown in Figure 2a. There, a thermal 
actuator pulls on a spring which in turn pulls the friction block. 
The spring constant is varied from one device to another by 
changing its beam lengths. Electrostatic force is applied to some 
regions of the friction block to apply FN , which is sustained at 
a frictional interface designed within it. The tests are run with 
computer control of thermal actuator signals and deflections are 
measured using a high-speed camera operating at up to 200,000 
frames per second. Further details are given in Reference 61.

Figure 2b shows a resulting friction phase diagram. For 
example, with kT = 10 N/m and constant thermal actua-
tor velocity, vT , the block experiences stick–slip at large FN 
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Figure 2.  (a) Microscale implementation of Figure 1 designed to measure rate-and-state friction parameters. Key components include a 
thermal actuator (TA), a spring, and a friction block constituting the multi-contact interface. (b) Friction phase diagram. Solid and dashed 
lines show derived predictions for bifurcation from stick–slip to steady sliding based on rate-state parameters and perturbation theory. 
Data points indicate measured bifurcations, which occur by changing thermal actuator velocity vT , or block normal load, FN . Reprinted 
with permission from Reference 62.
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(small 1/FN ). As FN decreases, the behavior transitions to 
steady sliding. If instead FN is held constant but vT increases, 
the behavior again transitions from stick–slip to steady slid-
ing. Values of measured rate-and-state parameters from five 
different types of tests are combined as input to perturbation 
 theory62 to derive the solid and dashed lines seen in Figure 2b. 
They predict the transition from stick–slip to steady sliding 
behavior for kT = 10 and 100 N/m. The modeled lines are 
independently verified by direct testing. That is, the data 
markers in Figure 2b indicate observed experimental values 
of vT and FN at which these transitions occur, either through 
decreasing FN or increasing vT . It is seen that the markers well 
follow the lines predicted by perturbation theory.

Within the stick–slip region, state-space simulations cap-
ture the amplitude of the oscillations.61 Hence, with a well-
designed in operando platform, many details of MEMS fric-
tional behavior can be learned. It is verified that rate-and-state 
friction phenomenology extends from the scale of earthquake 
faults as formed by rock gouge to interfaces in MEMS as 
formed by collections of nanometer-scale junctions.

Case study 2: Evolution of the real contact area 
in an elastomer under shear
The generic character of friction phenomenology (i.e., rate-
and-state friction) seen across many different systems and at 
different length scales is a strong motivator behind the detailed 
study of the interplay between the micro-junction response 
and macroscopic friction behavior in model systems. While 
the emergence of a collective behavior of micro-junctions 
cannot be directly observed in the case of MEMS, rough con-
tact morphology can be monitored in the case of polymers, 
because their relatively small Young’s modulus yields larger, 
more easily observable micro-junctions. Under pure normal 
load, polymer contact morphology can in particular be suc-
cessfully related to the normal force, surface topography, elas-
tic moduli, adhesion energy, or plastic yield stress.23,63 Recent 
experiments performed on elastomers (poly(dimethylsiloxane) 
(PDMS), E = 1.6 MPa) have shed light on the additional, 
unexpectedly large effect on contact morphology of a shear 
force applied on the interface.

Figure 3 shows a sketch of the rough elastomer/smooth-
glass experiment (panel A) and a typical picture of the con-
tact interface (panel B), where intimate contact zones appear 
as dark patches with dimensions on the order of 100 µm. 
Image analysis enables monitoring of the morphology of 
each individual micro-junction (inset of panel B), and its 
evolution as shear increases. The commonly accepted view 
is that the real contact area mainly depends on the normal 
load and age of the interface, so that the contact area would 
not change with shear loading and the interfacial shear stress 
would increase in direct proportionality with the tangential 
force. In contrast, the measurements reveal that the total 
contact area of the interface is, unexpectedly, a strongly 
decreasing function of the shear force.2 In those conditions, 
the interfacial shear stress increases faster than expected 

because the real contact area decreases at the same time as 
the tangential force increases. The area reduction is found to 
be quadratic with the shear force, with overall area reduc-
tions as large as 30% reached when the contact starts to slide. 
At that instant, the static friction force, FT,s , is proportional 
to the concurrent contact area, AR

s
 , through FT,s = σTA

R

s
 , 

where σT is the interfacial friction strength. It has been fur-
ther shown that the correlation lengths of the real contact 
evolve differently along directions parallel and perpendicular 
to the shear direction, indicating that an initially isotropic 
interface becomes more and more anisotropic as shear load-
ing increases.38 Those macroscopic observations demonstrate 
that the contact configuration at the onset of sliding is very 
different from that under pure normal loading, suggesting 
that the interface properties (see the “Introduction”) will also 
strongly evolve under shear.

Careful inspection of the contact images reveals that both 
area reduction and anisotropy growth originate at the micro-
junction level (inset of panel B, Figure 3). This observation 
prompted complementary experiments on single sphere/plane 
 contacts2,64 as proxies for individual micro-junctions, in order 
to identify the physical mechanisms underlying shear-induced 
morphology changes. The simple sphere/plane geometry 
enabled quantitative comparison with various models.64–67 
Taken collectively, those comparisons demonstrate that two 
main ingredients contribute to morphology changes. First, 
due to the large ratio of friction stress at the interface to the 
elastomer’s shear modulus, large strains develop and peel off 
the contact’s trailing edge,66 helping to explain the anisot-
ropy. Second, due to adhesion, a stress concentration exists at 
the contact edge, leading to a crack-like motion of the edge, 
enabled by the macroscopic shear loading.65 Although it is 
thought that adhesion and finite strains, respectively, domi-
nate in contact under smaller and larger normal loads,67 a 
clear description of the interplay between both effects is still 
lacking.

The rough-on-smooth contact case shown in Figure 3 is 
expected to involve the same two main ingredients, but with 
the additional complexity that, due to the random nature of 
the topography, each micro-junction is locally submitted to 
different normal and tangential loads. Although two models 
have attempted to reproduce shear-induced rough contact-
area reduction,68,69 none has fully managed to quantitatively 
match the experiments of Reference 2. Future success will 
likely employ a numerical model incorporating roughness, 
friction, adhesion, and finite strains, but such a tool remains 
to be developed.

Case study 3: Capillary adhesion and friction 
at ceramic interfaces
Area-controlled friction, in which the friction force is propor-
tional to the area of real contact, prevails at soft interfaces that 
experience strong adhesion and a relatively constant interfa-
cial shear strength, such as the PDMS-on-glass contacts high-
lighted in Case study 2: FT = σTA

R

S
 . (The subscript S in AR

S
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indicates that the area is taken at the static friction peak [i.e., 
at its minimum in elastomer contacts]; see Case study 2. In 
the following, this subscript is dropped because the interfaces 
are stiffer, leading to negligible shear-induced contact shrink-
ages.70) However, at interfaces between stiffer materials where 
the local contact pressures are high compared to the adhesive 
interactions, the interfacial shear strength, σT , is not necessar-
ily constant and independent of the local normal stress, that is, 
σT = σT(σN) . In fact, it has been  demonstrated71 that in so-
called “load-controlled friction” the interfacial shear stress is 
proportional to the interfacial normal stress, σT(σN) = µσN , 
with μ the ratio of the friction force to the normal force, render-
ing the friction force independent of the area of real contact: 
FT = σT(σN)A

R
= µσNFN/σN = µFN . In other words, dou-

bling the area of real contact while maintaining a constant nor-
mal force has no effect on the friction force in load-controlled 
friction. Experimentally observing load-controlled multi-contact 
interfaces is challenging, because stiff materials—as opposed 
to, for example, PDMS—yield small micro-junctions that are 
difficult to observe. Recent advances in in situ contact imag-
ing have enabled direct observation of nanoscale multi-contact 
deformation through the use of fluorescence microscopy.40,72,73 
This opens up the possibility of comparing model predictions 

of the rough-contact forma-
tion  process20 to detailed 
experimental observations. 
These studies have shown 
that although complex plastic 
deformation needs to be taken 
into account to accurately 
describe the rough contact 
mechanics of plastics such 
as polystyrene and PMMA,23 
stiffer ceramic materials with 
high hardness follow linearly 
elastic multi-contact deforma-
tion behavior.72

It is well known from ana-
lytical and numerical theory 
that for multi-contact inter-
faces governed by elastic 
deformations, the area of real 
contact is set by the surface 
topography: smoother sur-
faces create a larger area of 
real contact.74 The friction 
generated at very smooth 
linearly elastic ceramic 
multi-contact interfaces was 
recently shown to be insensi-
tive to the area of real contact 
(load  controlled72). The fric-
tion force scaled with the total 
repulsive force generated by 
the micro-contacts. For most 

multi-contact interfaces, the total repulsive force generated by 
the micro-contacts is given by the externally applied normal 
load. However, for interfaces at which the surface roughness 
is so low that a significant fraction of the interface is separated 
by gaps of nanometer-scale (i.e., MEMS), adhesion becomes 
an additional contributor to the interface load.75

Water capillary bridges, nucleated from ambient air or 
grown from pre-adsorbed water films on hydrophilic surfaces, 
can generate significant adhesion driven by the Laplace pres-
sure difference between the inside and outside of the nega-
tively curved capillaries.76 This capillary adhesion was quan-
tified in Reference 72 through a basic multi-contact model, 
based on equilibrium values for the range and strength of 
capillary adhesion. The model assumed that the friction force 
is increased due to capillary adhesion, simply because the 
capillary adhesion increases the total load while the load-
controlled friction coefficient is constant. Impressively, such 
model predictions—without adjustable parameters—success-
fully capture how the macroscopic SiN-on-sapphire friction 
coefficient measured in an ambient environment increased 
with decreasing surface roughness due to capillary adhesion 
(Figure 4). This conclusion was supported by the experimen-
tal observation that the influence of capillary adhesion on the 

a b

c

Figure 3.  (a) Schematic representation of the experiment. (b) Typical image of a rough elastomer contact. 
Scale bar = 1.87 mm. Inset: Zoom-in on a micro-junction. Red designates the outer contour of this contact 
patch for FT = 0; blue designates the contour of the same contact patch at FT= FT,s. Scale bar = 100 µm.  
(c) Typical concurrent evolution of the area of real contact (blue) and the tangential force (red), as a function 
of time. AR

0
 : initial area. AR

s  : area at static friction FT,s. Adapted from Reference 2.
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friction coefficient could be canceled by immersing the inter-
face in liquid water, thereby avoiding the formation of water 
capillary bridges.

Case study 4: Soft elastomer adhesion
Increasing surface roughness can reduce adhesion at stiff 
ceramic interfaces, but may have the opposite effect at soft 
interfaces because soft materials can fully conform to the 
surface roughness creating an increased area of real contact. 
Soft elastomer adhesion is important for technological applica-
tions, including tires, biomedical adhesives/bandages, haptics, 
and soft robotics. A seminal paper by Johnson, Kendall, and 
Roberts (JKR) provided a formulation to explain the increase 
in contact area compared to a nonadhesive Hertzian model.77 
Roughness influences adhesion in two important ways. First, 
the adhesion can increase because the real contact area can be 
larger than the apparent contact area due to roughness. Sec-
ond, adhesion can decrease due to the energy expended in 
creating conformal contact (Figure 5a). The Persson–Tosatti 
model predicts how elastic energy is determined using the 
power spectral density and the mechanical properties of the 
elastomer.78 The Persson–Tosatti model was tested recently 

by Dalvi et al.79 using 
rough diamond nanocrys-
talline films in contact with 
poly(d imethyls i loxane) 
(PDMS) elastomers similar 
to those used in Case study 
2. The experimental design 
incorporated low viscoelas-
ticity elastomers to reduce 
viscous dissipation, included 
complete characterization of 
the PSD, and used surfaces 
with low surface energy so 
that the adhesion would be 
dominated by dispersion 
interactions.

Figure 5b shows the con-
tact radius as a function of 
load during approach and 
retraction for four rough 
diamond surfaces using a 
PDMS hemispherical lens 
with 1.9 MPa modulus. The 
approach data (points shown 
with fitting curves) could be 
fitted using the JKR model 
(which i tself  does not 
account for surface rough-
ness), but the predicted 
apparent work of adhesion 
from this fit is lower than 
that expected from the ther-
modynamic work of adhe-

sion. Interestingly, the retraction data show hysteresis that 
increases with roughness, and the results cannot be mod-
eled using the JKR equation with a constant work of adhe-
sion. Although this large hysteresis is typically attributed to 
viscoelasticity, this explanation does not apply here. This 
investigation used PDMS specifically because it has low 
viscoelasticity, and experiments were conducted at a low 
retraction velocity of 60 nm/s to reduce viscoelastic con-
tributions. The apparent work of adhesion measured during 
approach is compared to predictions by the Persson–Tosatti 
model (Figure 5c). For this comparison, the Persson–Tosatti 
model was modified to include the increase in surface energy 
of PDMS to conform to the rough surfaces.79 The predicted 
value of the thermodynamic work of adhesion is close to that 
expected for PDMS in contact with low-energy surfaces.

The retraction data show significant pinning (regions 
where the contact radius does not decrease during the 
unloading cycle, Figure 5b) and the force–displacement 
data were analyzed to calculate the energy loss as a function 
of actual contact area (Figure 5d). Interestingly, the slope in 
Figure 5d is close to the work of adhesion during approach 
that was obtained using the modified Persson–Tosatti 

a b

Figure 4.  Coefficient of friction (CoF) as a function of root-mean-square surface slope and the effect of 
capillary adhesion. (a) A 3-mm SiN sphere-on-sapphire-wafer CoF (red square symbols) as measured using 
spheres with different topographies as a function of root-mean-square (RMS) surface slope (Sk) of sphere 
surfaces as measured by atomic force microscopy. The blue shaded area shows the CoF values predicted 
by a simple capillary adhesion model for relative humidities ranging from 20 to 50 percent. The black 
triangles indicate the CoF measured when the interface is immersed in water. The error bar covers the RMS 
variation between independent results. The inset illustrates the formation of the capillary bridges across 
gap w with negative curvature r2 at the multi-asperity interface. (b) Calculated contact areas at an externally 
applied normal force (Fex) of 35 mN for three different SiN spheres with RMS slopes ranging from 0.06 (top) 
to 0.45 (bottom). The red and gray patches indicate solid–solid contact area and capillary-wetted area, 
respectively. Scale bar = 2.5 μm. Figure reprinted from Reference 72.
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model. The validation of a Griffith-like model during 
retraction indicates that the stored elastic energy is dis-
sipated in creating new surfaces. Dalvi et al.79 used PDMS 
of moduli from 0.7 to 10 MPa and assumed conformal 
contact; this assumption is expected to be inapplicable for 
higher modulus materials, as the elastic energy to create 
conformal contact will exceed the energy gained by adhe-
sion. For underwater adhesion, we expect that hydrody-
namics will play an important role in restricting conformal 
contact, as water may remain trapped during evacuation.80 
In the future, understanding conformability and how these 
complex conditions influence actual contact will be impor-
tant for understanding real-life problems.

Perspective
Understanding frictional instabilities has always been challeng-
ing and Case study 1 describes the influence of system parame-
ters such as puller velocity, normal load, and apparatus stiffness 
on the transition from steady sliding to stick–slip sliding. The 

observation that the rate-and-state friction phenomenology 
captures tribological behavior at both the scale of earthquakes 
and the scale of MEMS suggests the existence of underlying 
fundamental and generic friction mechanisms responsible for 
the behavior of micro- or nano-junctions. The main obstacle 
to understand the influence of roughness on adhesion and fric-
tion is the changes at the micro-/nano-junctions during loading, 
sliding, and aging, and how this controls the overall friction and 
adhesion. One approach toward exposing such mechanisms is 
to conduct model experiments on specific, well-chosen inter-
faces that have the potential to reveal how asperity junctions 
are deforming or interacting to define the system response, as 
shown in Case studies 2, 3, and 4. Case study 2 highlighted 
the fact that contact morphology at the onset of sliding may 
be very different than the contact morphology under purely 
normal loading. This points to the need to directly measure 
the contact interface during loading and sliding. This is even 
more important in the presence of humidity because it leads 
to capillary condensation and influences both adhesion and 

a b

c d

Figure 5.  (a) The process to create conformal contact requires deformation of the PDMS elastomer and this requires change in 
surface area and energy expended in elastic deformation. (b) The Johnson, Kendall, and Roberts (JKR) measurements for a PDMS 
lens deforming during approach (open symbols) and during retraction (solid symbols). UNCD stands for ultrananocrystalline diamond, 
NCD for nanocrystalline diamond, and MCD for microcrystalline diamond. The different colors correspond to PDMS of different 
moduli. (c) The experimental apparent work of adhesion measured using the JKR model during approach with respect to the work of 
adhesion predicted using the Persson–Tosatti model. (d) The energy loss during the JKR loading and unloading cycle as a function of 
true contact area. The slope is equal to 46.9 mJ/m2. These results are reproduced from Reference 79.
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friction (Case study 3). For soft contacts, the model proposed 
by Persson and Tosatti provides the necessary framework to 
understand the drop in adhesion due to elastic energy stored 
when creating a rough but conformal contact (Case study 4). 
An open question is whether a similar energetic approach could 
be used to understand friction observations on the same materi-
als, like those of Case study 2. The friction for rough elasto-
meric sliding is complicated due to the influence of both the 
bulk viscoelastic properties and the energy spent in stretching 
of surface-attached polymer chains.81–86 This leads to complex 
dependence of friction on velocity and roughness, and requires 
rigorous experimental verifications of these models.86

As powerful in operando visualization methods con-
tinue to evolve, more progress will be made in linking indi-
vidual asperity deformations and their interactions to system 
response. Among the outstanding questions, addressable by 
careful experiments, are the following.

• What are the mechanisms underlying rate-and-state fric-
tion and are these mechanisms independent of the materi-
als —for example, stiff silicon and compliant PDMS— or 
simply characterized by laws fortuitously having similar 
functional forms?

• How do the rate-and-state-friction parameters connect to 
the multiscale topography of the contacting topographies?

• How do friction and adhesion stresses couple, both at the 
single-asperity and at the macroscopic scale, especially when 
realistic, complex contact kinematics involving simultaneous 
variations of normal and tangential forces are involved?

Models, for example, Reference 87, address these questions 
as well. On the experimental side conceptual progress may 
be made thanks to the use of carefully designed, simplified 
rough surfaces, in which the spectral contents of the topog-
raphy could be tuned, for instance by filtering out controlled 
amounts of the smallest wavelengths, those that are the hard-
est to accurately measure. This will progressively become a 
realistic strategy, thanks to progress in micro-/nanofabrication 
methods such as 3D printing, lithography, or laser texturing. 
Furthermore, by combining detailed measurement of specific 
randomly rough surfaces with adhesion and friction experi-
ments, generic links between topography and mechanics can 
be exposed, as illustrated by Case studies 3 and 4. Further-
more, progress in theoretical  descriptions88 and industrial 
needs require the inclusion into this framework of wear,89–91 
with its dynamically evolving surface topography. Future pro-
gress hinges on understanding the physio-chemical changes 
that may be taking place at asperity junctions and their rela-
tionship to friction for both hard- and soft-contact interfaces.
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