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Abstract

This review summarizes recent advances in the @fréidbology based on the outcome of a Lorentz
Center workshop surveying various physical, chems&a mechanical phenomena across scales.
Among the main themes discussed were those of reudglace representations, the breakdown of
continuum theories at the nano- and micro-scakesyadl as multiscale and multiphysics aspects for
analytical and computational models relevant toliegpons spanning a variety of sectors, from
automotive to biotribology and nanotechnology. 8igant effort is still required to account for
complementary nonlinear effects of plasticity, adbe, friction, wear, lubrication and surface
chemistry in tribological models. For each topie mropose some research directions.

Keywords: tribology, multiscale modeling, multiphysics model roughness, contact, friction,
adhesion, wear, lubrication, tribochemistry

1. Introduction

The word tribology introduced in the famous Jogtoré of 1966 [1] was apparently coined by David
Tabor and Peter Jost, deriving from the root trif@geektpifog, meaning “rubbing”) and the suffix -
logy (Greek koyia, meaning “the study of”). The Jost report suggesiat problems of lubrication in
engineering needed an interdisciplinary approacitlailing chemistry and materials science, solid
mechanics and physics. At that time, Jost suggehbtgdthe British industry could have saved £500
million a year “as a result of fewer breakdownsstag lost production; lower energy consumption;
reduced maintenance costs; and longer machiné Hkiéy years later, frictional losses are often
evaluated as costing more than 1 per cent of GQRuf2 tribology is therefore still flourishing.

There is no doubt that tribological interactionsdna profound impact on many areas of engineering
and everyday life. The widespread significancehee effects has been highlighted in many articles
and reports over the years, which, until recentlyehmainly focused on lubrication and friction and
wear-related energy and material losses for “ti@uht” industrial applications, such as manufactgri
and automotive. The reader is referred to receviewes, which have, for example, looked at the
development of solid lubricant coatings [3], lulation [4], and the interplay between surfaces and
lubricants [5]. Other works have focused on how rowpments in friction reduction technologies
could significantly reduce frictional energy lossaspassenger cars in the short, medium and long
term [6]. Reducing wear can also improve long-teefficiency and performance of moving
components, as well as reducing costs of maintenand/or improving quality of life. Accordingly,
much research into means of reducing friction arehnyvtogether with the development of new
additives, lubricants and functional materials tapiove the performance of interfaces, has taken
place, typically in the form of experimental stugi®or developing improved surface materials,
topography/textures or lubrication. Most of thestvéties have been supported and accompanied by
fundamental developments in contact mechanics,[88], as well as surface and material science,
e.g., [9]. This has in turn improved our undersitagdof how surface roughness and surface
modifications affect the response of componenisanous applications [10,11].

More recently, new areas of tribology have emergediding nanotribology, i.e. the study of friatio
wear and lubrication at the nanoscale as applmdexample, to micro- and nano-electromechanical
systems (MEMS/NEMS), e.g., [12,13], and magnetizegje, e.g., [14,15], and biotribology, which
deals with human joint prosthetics, dental matsyriakin, etc., and ecological aspects of friction,
lubrication and wear (tribology of clean energyrees, green lubricants, biomimetic tribology) [2,16
19]. Studies of superlubricity, i.e. the mechanisesponsible for extremely low friction [20-23],Jea
created great expectations of energy savings,l@dreation of graphene is also greatly promismng i
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this direction [24]. Insects' and reptile's adhegperformance inspired numerous studies on adhesive
contacts (e.g. [25-29]) and resulted in improvedaratanding and successful mimicking of Nature-
made feet [30-37]. Massive usage of tactile intm$atriggered multiple studies in understanding
sensing through contact and friction [38], and eéproducing interactive haptic feedback to moving
fingers [39-42]. In keeping up with and enablinglsuevelopments, new knowledge is necessary to
describe complex multiscale and multiphysical pmesioa within the context of tribology, both in the
modeling and experimental domains.

In this contribution, we aim to summarize the preatons and discussions that took place during a
Lorentz workshop on “Micro/Nanoscale Models forbifogy” in Leiden, the Netherlands, between
30 January and 3 February 2017. It was found timat of the key issues facing the tribology
community is the apparent disparity between thdddieof expertise relevant to such an
interdisciplinary topic, which leads to a lack @ihemunication between engineers, material scientists
applied physicists and chemists who work to solw@lar tribological problems: differences exist in
notation, language, methods, the way in which gnoisl are posed and how solutions are presented.
Another finding is that new analytical models aeeessary to understand the behavior at tribological
interfaces, partly to avoid that numerical simuat become “black boxes” where the nuances of the
phenomena involved are lost, and partly becauseduatputational models often require prohibitively
long computational times. At the same time, thaugty would benefit from lightweight analytical
models as long as those are sufficiently robustaiie to predict critical quantities of interestiwa
priori known precision. Further adding to theselleimges is the complexity of model validation: as
the contact interface in most cases is not acdedsildirect in situ observations, it is very difiit to
carry out experiments aiming to access local nedase states.

Difficulties are further enhanced by divisions beén modelers and experimentalists, as well as those
working on analytical versus computational methedsd also between the proponents and users of
different theories, computational methods and teasd depending on the research applications.
Since increased visibility and cooperation betwdghologists from different backgrounds is
necessary, the present review aims at providinguéirgg point for further collaboration and possibl
focal points for future interdisciplinary researichtribology. Accordingly, the paper is organizesl a
follows: various modeling methods and tools areculised in 82; research themes in tribology,
including multiphysical aspects, rough surface @spntations, scale effects and the breakdown of
continuum theories at the nano- and microscaletgemaamodels, normal contact, friction and other
phenomena, as well as interdisciplinary case ssudie biotribology are addressed in 83, and
conclusions are given in 84.

2. Tribological modeling methods

This section introduces the main tools currentlgdum tribological modeling, starting from analwic
models and discussing continuous and discrete maaiaand multiphysical methods suitable for
simulations characterized by different time- antgtd-scales (see Fig. 1 for a map of representative
tribological models built across the scales), ngniiglite and boundary element methods, discrete
dislocation dynamics and atomistic methods, as agethultiscale approaches.
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Fig. 1: A time- vs. length-scales map of models aligwed in tribology highlighting the intrinsic linbetween
multiscale/physics that needs to be captured twigeopredictive tools for engineering applicatiofifustrations from
simulations performed by the authors.

2.1. Analytical Methods

2.1.1. Contact mechanics: where we stand

A full overview of the field of contact mechanicedarelated developments that took place over the
last century or so is out of the scope of the eurmontribution, as this would require a devoted
review. For someone approaching this scientificaafer the first time, K.L. Johnson's Contact
Mechanics book [43] is still a very good startirgjr today. Later books and review papers, e.g. [44
49], have accounted for some of the progress mhde,the field continues to expand across
disciplines. The purpose of this sub-section ibriefly summarize some of the important milestones
in this field and provide pointers to the readetsriested in its different branches.

Starting from the mechanics of nominally smoothtaothproblems, the Hertzian theory, which solves
the problem of two non-conformal elastic bodiesnbesubjected to frictionless contact [50], is
considered as a cornerstone of contact mechanatdréoology. Many of the analytical solutions
available to practitioners and scientists have dmelding on Hertz; as is the case, for example, fo
two early models that constitute seminal advancesontact mechanics focused on the issue of
adhesion: the models by Johnson-Kendall-Robert®)JB1] and Derjaguin-Muller-Toporov (DMT)
[52]. While the JKR and DMT models, which describe adhesive contact between compliant or
hard spheres, respectively, are still very poputa,body of literature available on this topiovesy
substantial, especially given its relevance to,, dagpmimetic applications; adhesion is discussed i
detail in 83.7.

Remaining in the realm of smooth contact problelg, moving away from the Hertzian theory of
elastic contacting bodies and its limitations (oabcurate for small contact areas), progress has be
made in a number of other areas: these includesXample, layered and coated systems, also in the
presence of anisotropic and functionally gradedenias [53-61], contacts in the presence of sharp
edges [62-65] and conformal configurations [66]nétexamples of recent developments in the field
are the use of asymptotic analyses to study thessstfields and sliding behavior associated with
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different contact configurations [67-70], the studfy contact in the presence of anisotropic and
functionally graded materials, and varying frictiomefficient along the interface in sliding andtjzr

slip conditions [71]. In the case of the normal temh of inelastic solids, significant developments
have been made since Johnson’s core model of giksttic indentation based, for example, on the
progress of instrumented nanoindentation in thed8syears (see, e.g., [72-74]); issues of plagptici
and material models are discussed further in 8ofne progress has also been made on tangential
loading and cyclic contact with the generalizedusoh of contact problems characterized by time-
dependent stick-slip transitions at the macroscepade (see, e.g. [62,75-79]).

Somewhat in parallel to the above advances andestutiany developments in the study of nominally
smooth contacts in the presence of lubrication tese been made; these are discussed in 82.4 and
83.8.

On dynamic effects and impact, much work was pbblison the rate-and-state friction (RSF) law
(also discussed in 83.6.2) and Adams’ instabi&9-82], while impact remains a somewhat separate
and large research area, with applications in ifferesearch area and applications including powde
technology, manufacturing processes and balli$88s38]. Following the classical contributions by
J.R. Barber on both static and sliding contactaweid in Johnson’s book, new refined solutions and
finite element formulations have appeared on thetastic contact (see, e.g., recent contributions
[89,90] and further discussion in §2.6).

Moving on to applications strongly linked to thevd®pment of contact mechanics methodologies,
various advances have been made. An example idebhelopment of various techniques used to
individually or simultaneously study various aspgeof fretting fatigue, such as stress gradients,
fatigue, surface damage and wear [91-96]. Prodrasslso been made in the study of rolling contact
of elastic and inelastic (shakedown, ratchettiig.,) éodies and rolling contact fatigue (see, 49y
104]). Calendering, i.e. the elastic-plastic raliof strips have also seen some developments [105].

On the topic of contact mechanics of rough surfaitesseminal work by Greenwood and Williamson
(GW) [7] forms the basis for a number of multi-astyemodels (discussed critically in §2.1.2).
Among many subsequent analytical models, some weveloped based on the analysis of two or
more scales, adding for example the periodic meoogetry of multi-layered elastic or viscoelastic
half spaces to study normal contact and frictiothi presence of coatings [106,107] or adhesion and
lubrication [108,109]. Interestingly, one of the shpopular theories after the GW is that of Majumda
and Bhushan [110], where Korcak’s law was usedefind a power law distribution of contact spots,
a “bearing area” result very much in contrast wtith present understanding of the contact area being
formed by “resolution-dependent” contact spot siZéss view of “magnification-dependent” solution

is not too different from the original Archard modtEl1] of spheres sitting on top of spheres, orkvo
on fractal description based on a Weierstrasssseiithin the elasticity assumption to obtain thgute

that the contact area decreases without limit @sekolution (or magnification) is increased [112].

The alternative to the solutions proposed in théhoaologies to study rough contacts reviewed above
is Persson’s theory [8], which has become the bafsenother class of models, in which the stress
probability distribution is considered as a funatiof the surface resolution under examination. The
tribology community still uses both the GW and Bersapproaches to model rough contact based on
considerations of accuracy and simplicity which nvesll reflect the corresponding physics and
engineering perspectives. The GW and Persson matelsintroduced in more detail next; a
comparison between them in the context of the tecemtact-mechanics challenge [113] is given in
83.5, while the topic of roughness itself is ddsedi extensively in §3.2.



2.1.2. Multi-asperity models and Persson’s theoryan introduction

The nature and various representations of surfagghness, discussed in more detail in §83.2, have
been central to the prediction of tribological quigas ranging from the true area of contact —in
contrast to the apparent or effective area— tonthienal, friction and adhesion forces, as well as
phenomena such as electrical conductance and pgoeol Starting from the simplest problem
definition of normal contact between two rough aoés in the absence of other phenomena, two
seminal works have formed the backbone of researtihe field: the Greenwood-Williamson (GW)
model [7] and Persson’s theory [8]. These are thiced below, while the results of a recent contact-
mechanics challenge are summarized in §3.5, exigroityond predictions of the true contact area
and into more detailed metrics of normal contact.

Greenwood and Williamson conducted a pioneeringlysttargeted towards predicting the link
between the approach of nominally flat but rougtfames (quantified as the distance between their
mean planes) and the resulting force and true cbatea [7]. The GW and subsequent multi-asperity
models are based on the following assumptionshd effective rough surface (a superposition of two
rough profiles or surfaces) can be represented rbyerssemble of asperities (surface summits),
characterized by the vertical coordinate of theaipl its curvature(s); 2) these characteristics are
known in the statistical sense, for example, via gnobability density of the asperities' vertical
position; 3) the relation between penetration, daad the contact area follows the Hertzian thebry
contact; 4) the asperities of the effective rougtiexes coming into contact are separated in taeepl

by distances at which their mutual influence cameéeglected. In the original GW, all asperities are
approximated as parabolic with the same curvatadius, and an arbitrary height distribution is
assumed, contrary to numerous references in @@tiire erroneously stating that the GW model is
based on Gaussian distribution of asperity heidhdth Gaussian and exponential tails are considered
in the original paper.

Subsequent progress in statistical multi-asperibgeis was triggered by the seminal paper of Nayak
[114], which was in turn inspired by the works abriguet-Higgins who was the first to apply the
random process model for analysis of random susfacehe ocean [115,116]. Based on the same
assumption, i.e. that a rough surface can be repted as a two-dimensional isotropic Gaussian
process, Nayak obtained the relation between teetisp moments of the surface and the distribution
of asperities, their density, curvature, ellipticitetc. He also introduced a central quantity for
roughness description, a dimensionless combinatiothe zeroth, second and fourth momenta,
subsequently referred to as tNayak parameter that characterizes spectral breadth. Based onk$aya
statistical results, Bush, Gibson and Thomas (B@T)/] obtained a new approximation for the
dependence of the force density and contact aaetidn taking into account, among other of Nayak's
results, the ellipticity of asperity tips. Muchdat Greenwood [118] demonstrated that, according to
Nayak's theory, the ellipticity of asperities isher mild, and thus an approximate Hertzian equoatio
for the elliptic contact can be employed, which emkuse of the geometric mean value of two
principal asperity curvatures. This “simplifiediptic model” yields relatively simple equations for
force and area dependence as functions of the agpr(or separation). Among other interesting
results, Greenwood demonstrated that accordindhéorandom process model, the probability of
finding a spherical asperity is strictly zero.

Multi-asperity models predict asymptotic linearitgtween the contact area and the load with a factor
containing a proportionality coefficiemt and, in the denominator, a product of the effectastic
modulus and the root mean squared roughness gtddieequivalently, a square root of the doubled
second spectral moment). However, it is importanemark here that this proportionality holds only
for vanishingly small contact area intervals, whitdpend on the Nayak parameter: the higher this

6



parameter is, the smaller the region of validit§g4120]. In this light, the proportionality predick
between the load and the area remains a mathemalstaction and cannot be used directly in
engineering practice. However, the usage of mslbeaity models is not restricted to vanishingly
small areas, but can also be used for higher latddich the area evolves nonlinearly with the load
and strongly depends again on the Nayak param#&igr,120]: the higher the Nayak parameter, the
smaller the contact area. Comparison of multi-agpenodels with full numerical simulations of
rough contact (free of the multiple assumptionsnoiti-asperity models) demonstrated that, indeed,
the Nayak parameter plays an important role inawrdrea evolution, but its effect in multi-asperit
models is strongly exaggerated [121].

Further improvements in multi-asperity models afitad to incorporate elastic interaction between
asperities, based on the following motivation:rieasperity comes into contact and produces a,force
then the vertical position of all surrounding a#jges needs to be changed by, approximately, aevalu
proportional to this force and inversely proportbto the distance to its point of application (foe
precise formulations refer to [43]). Note that hesm of such a slow decay, this long-range elastic
interaction cannot be cutoff without considerableslin accuracy. Approximately, this interaction ca
be included in a statistical framework by assumingero-order approximation, i.e. the vertical
positions of all asperities are decreased by aevpfoportional to the product of a nominal pressure
and the contact area [122-124]. A further improvetria terms of elastic interaction relied on the
rejection of a purely statistical model and theorisg to deterministic models instead, taking into
account the in-plane positions of all asperities.this deterministic framework, not only elastic
interactions can be accurately accounted for [28],but so can the merging of contact areas ilate
to distinct close asperities [126].

In 2001, B.N.J. Persson suggested another andiytiodel for predicting the contact area and other
related quantities [8] that relies on completelffedent considerations and, therefore, does ndesuf
from the multiple assumptions inherent in multi- @y models (even though it introduces its own).
Persson’s theory is based on the following conatitam: let us assume contact between two flat
surfaces squeezed together by a nominal pregguseich that the probability density of interfacial
pressure is simply a Dirac delta-function centeatpl,. When new modes are progressively injected
into the spectrum of contacting surfaces, the spwwading pressure distribution function spreads out
as a Gaussian distribution. If the full contact pseserved, the link between the statistical
characteristics of the height distribution and iifateial pressure distribution can be easily essaleld:
the variance of the contact pressure is proportiemahe product of the variance of the surface
gradient and squared effective elastic modulus.eBasn these considerations, a diffusion-type
equation was formulated for the contact pressustiliition (acting as the concentration quantity),
with the pressure variance acting as the time haddcal pressure acting as the space coordinates
[8,127,128] considering, up to this point, onlyl fobntact. Since Gaussian support is infinite, itens
stresses will occur in the contact interface foadritrary finite external pressure. Persson inioadl

a boundary condition stating that the probabilignsity function of contact pressures vanishesrat ze
pressure. Indeed, this boundary condition seems reasonable if one thinks about the fact that, for
Hertzian contact, the pressure drops to zero atghtact edges with an infinite slope, thus resgltn

the linear growth of probability density near zgymessure. The main remaining assumption of
Persson's theory is the validity of the diffusi@uation for partial contact accounting for the fett

it was derived for full contact.

Apart from other quantities of interest, Persstinéory predicts that the contact area evolves as an
error function, from zero to full contact, which risached for infinite nominal pressure. Since the
Taylor expansion of the error function in the vitinof zero contains only odd powers, the contact
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area can be approximated with a high degree ofidamée by a linear function of nominal pressure
with a factor given by a proportionality coeffictedivided by the product of a root mean squared
roughness gradient and the effective elastic maddihe first difference between this prediction and
those of multi-asperity models is the proportiatydlactorx, which is approximately 1.60 in Persson's
theory and approximately 2.51 in multi-asperity misd The second crucial difference is that, cogtrar
to multi-asperity models, Persson's linearity iidvéor realistic area/pressure intervals. Finatlye
third difference is that the sole roughness parameteded for Persson's theory is the root mean
squared roughness gradient so that, contrary ta-asperity models, this theory has no dependence
on the Nayak parameter.

Numerous comparisons between complete numericalaimmns, multi-asperity models and Persson's
theory can be found in the literature [119-121,1247]. The rough conclusion of all these studie$ wit
respect to the contact area evolution can be fatedlas follows: Persson's model nicely predias th
qualitative growth of the contact area with incregshnominal pressure up to full contact [137]. For
moderate loads, the true contact area evolvestl§ligionlinearly and is below the asymptotic
prediction of multi-asperity models and above thedpction of Persson's theory. Meanwhile, an
improvement in Persson's theory was introducedake tinto account partial contacts in a more
rigorous way [142], yielding results that are muwbbser to numerical solutions. Very recent findings
demonstrate that the contact area growth is depéemde only on the root mean squared gradient but
also weakly on the Nayak parameter [121] whichbiseait in Persson's theory, but is inherent to multi
asperity models that, however, strongly overestntateffect.

2.2. Finite and Boundary Element Methods

Two major families of methods can be distinguisiedcontinuum mechanics: the Finite Element
Method (FEM) [143] and the Boundary Element MetkB&EM) [144]. The FEM is a versatile method
for solving boundary value problems in many fieddscience and technology [143,145,146]).

In the FEM, an explicit relation between the stré&and possibly strain rate and its history) and the
stress can be prescribed, either within infinitedior finite strain formulations, enabling this imed

to consider arbitrary constitutive material modgksiting from simple linear elasticity up to comple
crystal plasticity. The BEM uses in its formulati@n fundamental solution for the normal and
tangential point forces, which enables linking aog tractions with surface displacements.
Equivalently, to formulate a spectral version & BEM, a fundamental solution linking pressure and
vertical displacement for a combination of harmenic two orthogonal directions should be used
[147,148]. Such solutions exist for a limited numbgcases and mainly under the assumption that the
solid can be locally considered as a flat half-spddiese limitations imply a more restrictive fielfl
application for the BEM compared to the FEM, whisha versatile numerical method. It is worth
mentioning that, in general, contact problems awelinear even if frictionless and non-adhesive
contact is considered between linearly elasticdsoliThis is because the contact area is a priori
unknown, apart from simple cases such as the flgicstamp problem or the case of full contact. In
analogy, a full stick frictional condition (infirgtfriction) makes the frictional problem much easce
handle than a problem with a finite friction.

Detailed descriptions of numerical methods witlhie FEM formulation can be found in the literature,
e.g., [149-151], while details on the applicatidrite BEM in rough surface contact mechanics can be
found in a comparative analysis of BEM formulatigh§2]. There are also many instances in which
FEM and BEM can be coupled into FEM-BEM solvers tioe solution of three-dimensional contact
problems [153] or can be combined to achieve diffedevels of refinement in the solution to the
problem under investigation (see, e.g., [154]).



The application of the FEM to tribological problenmvolves the discretization of the volumes of

contacting bodies and an appropriate treatmentheir tcontact interaction. The arbitrariness of

material models, as well as the geometries of ctinta solids and their heterogeneity that can be
reached in the treatment of contact interfaces,emthis method a multipurpose engineering tool.
However, this is all at the cost of a higher comfiohal complexity than in the BEM, which has less

versatility but a much higher efficiency in theamment of interfacial problems, since it requires

solving the problem only for surface degrees cédie@n and does not require any discretization in the
volume. On the other hand, the BEM results in deyséems of linear algebraic equations, contrary to
the FEM, which renders sparse systems of equatidnss, the BEM has to rely on iterative solvers,

whereas the FEM can successfully use either iterair direct solvers based on the sparse matrix
storage.

When interested in near-surface stress fields, lwhie crucial in the reliable analysis of surface
deterioration (e.g., fretting fatigue and wear) amdroscopic contact at the roughness scale, ing@ec
integration and/or discretization may result in éugrrors in local fields and, thus, in realistic
estimations. To properly capture the stress fielthe vicinity of a contact zone, and especiallgimts
edges (which, in most problems, is unknown), rexguia very dense spatial discretization. The
accuracy of the integration technique is especmwilcial when a conformal mesh cannot be ensured
on the contacting parts (e.g., large-deformatiolae-sliding contact systems) and if two deforleab
solids of comparable stiffness are brought intotacty i.e., when one of the solids cannot be
considered as rigid. In addition, the path-depeodeuf frictional problems requires that the load
increment should be chosen properly, as the terhd@eretization plays a crucial role even in quasi
static problems: as an example, for the shearidrectin normal Hertzian cylindrical contact with
friction in the interface, the self-similar chamcof the solution, as argued by Spence [155],bEan
obtained with one hundred load steps with the disphent increment proportional to the time
squared, but not within one single load step.

In tribology, due to its computational cost, apalion of the FEM is justified if the problem at ldan
cannot be solved within the assumptions of the BEMnely the existence of a fundamental solution
and the local flatness of the surface (small slopd)road family of systems falls within this coxitte
large-deformation, large-sliding contact of sofdles, which can be observed in various biological
systems (oral food processing, contact of skin),ebut also in engineering applications (contdct o
tires, polymeric seals and many others) or contawtslving strongly nonlinear material behavior
which is hard to represent within the BEM framewaesrich as indentation involving strong finite-
strain plastic deformations or fracture in the iifgtee.

Concerning the applications to microcontacts ancraiiibology, both FE and BE methods are used
extensively. At the scale of roughness, the maopscshape of the contacting solids can be usually
neglected and, since the roughness slope is inrgerather small, the problem satisfies the main
assumption of the BEM, which can be successfulgdui®r its solution. The evolution of the true
contact area, interface permeability, electric mamal contact resistance can all be resolvetién t
framework of the BEM for linear material laws. Redjag material nonlinearities, elasto-plastic [156-
158] and viscoelastic [159,160] material behavian de incorporated in the BEM framework by
assuming that deformations and slopes remain sathywise an FEM would be needed [161,162]. It
should remarked that most contact systems involglagto-plastic materials operate mainly in the
elastic regime both at the micro- and macroscélesce, depending on the level of stress and thee typ
of loading, considering plastic deformation mayito@ortant during the first loading cycles but may
not be needed in subsequent ones. Furthermoreresplasticity is associated with wear and must



therefore be incorporated in the simulations, lmw lcan one explicitly model wear numerically (e.g.
using both BEM and FEM)? The issue of wear is patidcussed in §3.9.1.

The BEM framework can consider homogeneous norlimederial behavior, but can also account for
heterogeneous inclusions in the bulk, see e.g3][1¢hich is computationally much more expensive.
Accounting for heterogeneous materials is ofterticali for microscale analyses in which the
material’s microstructure might play an importanter This, for example, is the case in contact
problems involving functionally graded interfaced464], metallic polycrystalline [165] or
monocrystalline [166] microstructures, whose acmureieatment requires the FEM. Concerning
multiphysical (multi-field) problems, both methodse comparable at the scale of roughness, with the
same limitations and advantages: simple but fadiBiersus slow FEM but with capabilities to
account for arbitrary complexity. Examples of apations include: lubrication problems [167-169],
electro-elastic contact modeling [170,171], themmechanical coupling [172], and many others.
Using BEM-type formulations has also been used reatt elasto-dynamic frictional problems
[173,174], whereas complex geometries and boundamgitions would still require usage of FEM or
equivalent formulations [175,176].

In summary, both the FE and BE methods are weleld@ed and able to solve most micro-
tribological problems involving both material nordarities and multiphysical couplings with the
FEM being more versatile and more easily accesfibla general researcher and engineer (numerous
commercial and open software are available) butpeoationally costly, and the BEM being less
available and versatile, but still capable of sudvimost problems under reasonable assumptions and
for very moderate computational costs. The mainlehge here for the researchers and engineers
would be to promote both methods within the homaéogommunities and to enable them to use one
or the other based on the needs of the targetcapipin.

2.3. Crystal plasticity and Discrete Dislocation Dgamics

Crystal plasticity is a well-established constitatiframework for the modeling of elasto-plastic
deformations of metal crystals [177-180]. The eBakfeature of crystal plasticity is that plastic
deformation is assumed to result from plastic slip specified crystallographic slip systems. An
individual slip system is active when the sheaesstracting on it (called the resolved shear stress)
exceeds the corresponding critical resolved shgasss the latter being governed by an evolution
(hardening) law that is expressed in terms of iglips for all active slip systems. By considering t
crystallographic features of plastic deformatiotystal plasticity provides a physics-based contmuu
description of single crystals as well as of indisdl grains in polycrystalline aggregates [181,182]

Once combined with a suitable scale transition mehémean-field homogenization, Representative
Volume Element (RVE)-based computational homogédinizaetc.), crystal plasticity has proven to be
highly successful in predicting the effective etagtastic behavior of polycrystalline aggregatesg,,e
[183-185]. A notable example is the visco-plastlf-sonsistent (VPSC) model [186], which is widely
used for predicting hardening and texture evolutioplastic forming processes. The crystal plastici
framework has also been extended to include, impl$ied manner, other deformation mechanisms,
such as deformation twinning [187,188] and martenphase transformations [189,190].

Being a continuum theory, crystal plasticity is applicable at very small scales at which discrete
events, e.g., those related to the nucleation aogagation of dislocations, become important, and
other approaches, such as discrete dislocationndgsa(see below) and molecular dynamics (see
82.4), are then more appropriate. Even at high&lescimportant phenomena that accompany plastic
deformation, e.g., the formation of dislocatiorustures, deformation banding and grain refinement,
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are not captured by the available crystal plagticibdels, even though attempts in that directioreha
been made [191-194]. In general, plastic deformasdnhomogeneous at multiple scales, and crystal
plasticity is not capable of describing many of tekted phenomena.

Discrete Dislocation Dynamics (DDD) is a modelimghnique to study plasticity at the microscale
[195-200]. In DDD, the solid is modelled as a line&astic continuum, and the dislocations by means
of their linear elastic fields, which are accuratdside of the dislocation core. Atomistic aspests
included by means of constitutive rules that goveisiocation nucleation/annihilation, glide, and
interaction with obstacles and dislocations. Gitleat both the dislocations and the solid are deesdri
using linear elasticity, it is possible to solveuhdary value problems relying on the principle of
superposition. The solution to the boundary valugblem is given at each time increment and at
every material point as the sum of the dislocatields and their image fields. The image fields ban
calculated using finite elements, although, fortaoh problems, where rough surfaces need to be
described using a fine discretization, it is comagiohally more efficient to use other techniquesshs

as, for instance, Green’s Function Molecular Dyrean(GFMD) [201].

Important recent advances in this area includeegf@mple, the development of a formulation that
incorporates elastodynamic effects in the desomptf the interactions between dislocations. The
resulting methodology, Dynamic Discrete Dislocati@lasticity (D3P; see, e.g., [202]), allows the
treatment of problems characterized by high straia deformation such as shock waves [203] and
could be used to perform concurrent coupling (s26)8with atomistic simulations in order to avoid
issues with the transition between the atomistiticoum boundaries. Furthermore, concurrent
methodologies (also see §2.6) to directly coupystel plasticity and DDD have been also developed
[204,205] to take advantage of the fact that theDDDrmulation is only required in very small
regions in the presence of stress concentratioieh, &s cracks and indentation of asperity-to-agperi
interactions.

2.4. Modelling Methods for Lubrication, Solid/Fluid Interactions and Particle Dynamics

The computational methods introduced in the previtwo sections mainly cover formulations and
methodologies adopted to model individual dry conpoblems and focus on detailed descriptions of
solid deformations and stresses. However, othehnigues must be adopted when modelling
lubrication and solid/fluid interactions in the pesce of a fluid film interposed between contacting
bodies and when multiple contacts are generatedltsineously through the complex interactions
between many particles. In this sub-section, we gin overview of standard and advanced methods
developed over the last century to predict filnckhiess, friction, rheological response of fluidsl an
interactions between surfaces in lubricated coomti A brief summary of the techniques developed
to study interactions between particles in differemvironments and the dynamics of systems
involving multiple contacts is then provided.

Hydrodynamic Lubrication (HL) and Elasto-Hydrodyriarhubrication (EHL) are lubrication regimes
where a thin lubricant film is formed between twarfaces in relative motion. HL takes place in
conformal contacts, when low pressures are eshtedulibetween the two surfaces, while EHL takes
place when pressures are significant enough tcecemssiderable elastic deformation of the surfaces.
EHL usually occurs in non-conformal contacts andhyn@achine elements, including rolling bearings
and gears, rely on EHL in their operation. Existenta fluid film sufficient to separate two suréac
under hydrodynamic conditions, such as in a joupealking, has been known since the work of Tower
in 1883 [206]; however, it was not until 1949 ti@&tubin predicted that a thin fluid film can also
separate surfaces in high pressure, non-conforamhcts [207]. Formation of such a film is possible
due to high pressure having two beneficial effefatstly, it increases lubricant viscosity in thentact
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inlet and, secondly, it elastically deforms andtéas the contacting surfaces, hence the termoelast
hydrodynamic lubrication.

Classical solutions of HL and EHL contact problams the Reynolds’ equation [208] to describe the
behavior of the lubricant, while elastic deformatis traditionally calculated using Hertz theory of
elastic contact, although nowadays BEM or FEM sshae also routinely used. Reynolds's equation
is a simplification of full Navier-Stokes equatiorderived by assuming a Newtonian lubricant with
constant density and constant pressure and vigcasioss the film thickness. Cameron et al. [209]
developed the first Reynolds-based computerizedenigal solutions for hydrodynamic lubrication
and in 1959 Dowson and Higginson [210] produced fir& full humerical solution for EHL.
Subsequently, Dowson and co-workers, also proposg@ssion equations for prediction of the EHL
film thickness based on their numerical solutiond a number of other improvements including the
consideration of material properties and thermtédat$ (e.g., [211-213]. In the last fifty years,nya
numerical approaches [214-218] have been develtipaddress the solution of this set of equations:
nowadays, it is possible to account for a varietynon-Newtonian effects, ranging from piezo-
viscosity to shear thinning. The majority of theg®groaches uses a Finite Difference (FD) scheme,
although the use of the FEM and Finite Volume (FWgthodologies has recently been proposed
especially to overcome some of the limitations &f When dealing with complex domains in the
presence of micro-textured surfaces and cavitaiging mass-conserving algorithms [219-221], but
also to extend a Reynolds-type solver to full Cotapanal Fluid Dynamics (CFD) studies looking at
the fluid flow outside the contact, overcoming timgitations of the Reynolds’ assumptions in specifi
extreme contact conditions [222-225]. The develapmaf fully-coupled Solid/Fluid Interactions
(SFI) solvers [226] constitutes the new frontietho$ particular area of research, with the prortise
advances in computational power may lead to a ncoreprehensive study of the multiphysics
phenomena governing three-dimensional contact enablconsidering full field deformations, thermal
and multi-field effect, and the complex rheolog@sthe fluids and the solids under investigation.
Hybrid techniques (e.qg., the element-based finilerme method — EbFVM [227,228]) have also been
recently developed to combine the flexibility afife elements in terms of studying complex domains
and using unstructured meshes and the use of fiitemes to accurately solve the fluid-dynamic
problem at hand.

Another important area of interest, often to indabktapplications, is the solution of problems
involving particle interactions and multi-body caots, as many industrial and natural processes
involve granular systems. Diverse phenomena suevasnches, fluidized beds and asthma inhalers
all depend on assemblies of particles. The undaiitg of such systems is therefore of interest to a
number of scientific disciplines, as well as indysDue to their complexity, it is often very diffilt

to study such systems, in which large numbers gigbes interact, and macroscopic behavior depends
both on the physical properties of individual paes, and the interactions between them. The Oiscre
Element Method (DEM) is ideally placed to tackleegh contact configurations, as it allows the
description of the physical state of a system uaif@ge number of discrete elements. This approach
shares many similarities with atomistic simulati¢gese 82.5) where atoms are replaced by particles
that interact via constitutive equations rathemti@eraction potentials; however, depending on the
problem under investigation, the DEM requires citumste laws to describe individual interactions,
which often are obtained by adopting hierarchicalltnscale approaches (see 82.6). Noticeable
examples are studies of particle-particle intecadi to derive elastic, viscoelastic and plastic
constitutive laws that capture the right kinematthsing particle collisions [229-232] and the
integration of the effect of adhesion [233,234]tiocke shape [235,236] and roughness [237,238] into
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DEM codes. Recently this method has been alsotesstidy wear involving complex fragmentation,
but also problems affected by complex rheologicallar multi-physics behavior [239,240].

2.5. Atomistic methods

Molecular Dynamics (MD) was first developed to stube interaction of hard spheres [241] and, in
the following decades, has been expanded into rdstlamd tools suitable for investigations in a
number of physical, chemical and mechanical phemanheth for diagnostic [242-247] and predictive
purposes [248-257]. Classical MD essentially calmd the kinematics of atoms (or representative
“particles”) by solving their Newtonian (or Langayiequations of motion based on potentials that
describe the interactions between them. This tas applied to the study of tribological interfaces
especially in the high speed regime, which lensilfito the length and timescales of MD [258-261].
Other examples of studies include: elementary pmema such as the mechanical mixing between
two surfaces in contact [262]; different wear regan[263], plastic deformation [264,265]; the
tribology of Diamond-Like Carbon (DLC) coatings E6 the frictional behavior of self-assembled
layers formed from additives [267,268]; the rheglad lubricant films in contact in the EHL regime
[269,270]; and other tribological phenomena inahgdiriction, adhesion, and wear [271].

The classical MD framework can provide a descrippbthe dynamics at atomistic level, but without
explicitly modelling individual interactions in tes of surface reactivity, bond formation and
evolution of electronic structures, which can baldevith using first principles oab initio MD
techniques (examples of this include Car-Parringl® [272] and Tight-Binding Quantum Chemical
MD (TB-QCMD) [273] and will be discussed in moretaikat the end of this sub-section); hence, the
key ingredient of any classical MD simulation ig tihteraction potential (also referred to as thee€o
Field, FF). Even though the availability of suilmhteraction potentials is still a limiting factimr the
study of complex systems, several families of F&gehbeen presented in the literature (along with
their explicit parameterization), each of them dreed to capture the essential features of a diftere
type of material. The simpler functional forms df &re represented by pairwise interactions that
generally account for an attractive (describing dam dispersion forces) and a repulsive term
(originating from core-core repulsion). Probably tinost popular examples are the Lennard-Jones
(LJ) [274] and Morse potentials [275]. The numbér(foee) empirical parameters is kept at a
minimum (for each atomic species, this number is amd three for the LJ and Morse potentials,
respectively), as is the computational cost of &tions based on these FFs. It turns out that the L
and Morse potentials are not able to realisticadigcribe the behavior of many materials (for exampl
the LJ potential can accurately model noble gasdg.oNevertheless, the usage of the LJ potential
has produced fundamental results over the yearsyiased, for example, in the prediction of the
breakdown of continuum contact mechanics at theseale [276,277], discussed in more detail in
§3.3, and in Non-Equilibrium MD (NEMD) simulations shed light on the phase behavior of fluids
in confinement [278-280].

A class of potentials routinely used in tribologgncbe grouped into the family of non-reactive FFs
(see, e.g. [281-284]). This class of potentialsfisn employed to model intramolecular interactions
organic molecules and contains several two-, theewt four-body terms (usually including LJ,
electrostatics, bond stretching, angle bendingtarglonal parts). As already mentioned, despite the
simplicity and relatively low computational cost @ich non-reactive FFs, a fixed topology has to be
provided as an input for an MD simulation, thus verging the possibility of investigating
tribochemical reactions or events that requirebtteaking/formation of chemical bonds in general.

Metallic systems are more often (and more accylatielscribed by the family of the Embedded Atom
Method (EAM) potentials [285]. EAM potentials corge a pairwise repulsive term modeling the
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core-core interaction and a cohesive contributepresenting the energy that an ion core experiences
when it is “embedded” in the electron density araging from neighboring atoms. The use of these
many-body potentials overcomes intrinsic limitataf two-body potentials, which, for example, are
bound to satisfy the Cauchy relation, or lead tfecteenergies that correlate with cohesion energies
much more strongly than in real materials.. Exaspdé the application of the aforementioned
potentials in tribology are studies of the frici@bibehavior of an indenter tip against differentaiie
surfaces [286-289], or the interfacial friction cheteristics of different metal pairs [290]. Forlwan-
based (e.g., diamond, graphite/graphene, diamd&ed-toatings, nanotubes) and other covalent
systems, a series of FFs has been developed salll e the bond order concept originally formulated
by Pauling [291]. Examples include the Finnis-Sancl[292], Tersoff [293] and Brenner [294]
potentials, as well as more recent derivations siscthe Adaptive Intermolecular Reactive Empirical
Bond Order (AIREBO) [295] and ReaxFF [296] FFs. 3dall share the common assumption that it is
possible to properly model the strength of a chahtiond on the basis of the bonding environment,
thus considering the number of bonds and, if neegsbond lengths and bending angles. Such kinds
of potentials have been successfully used to ifgagstthe tribological properties of different gysis,
including the interaction between diamond samp®9{299], the frictional behavior of corrugated
nano-structured surfaces [300], the wear mechanintsngsten-carbon systems [301], friction and
adhesion properties of carbon nanotubes and po$y/f882,303], and tribochemical reactions on
silicon/ silicon oxide interfaces [304,305].

Classical MD —especially when calculating and tragkhe kinematics of all atoms (all-atom MD) as
opposed to aggregates of these (united-atom oseamained MD)- require significant computational
resources, meaning that the method is usuallyveddor systems of relatively small sizes (lessitha
cubic micrometer) studied for a short time (lessntta microsecond), even with today’s increased
capabilities. In what is essentially a boundarynaet method, Green’s Function MD (GFMD) [306]
integrates out “all internal (harmonic) modes ofedastic body, [...] leading to effective interactson
of those atoms whose degrees of freedom couple &xi@rnal force.” In this manner, “the full elasti
response of semi-infinite solids is incorporatedts only the surface atoms have to be considered
molecular dynamics simulations” [307]. GFMD is lgpinsed extensively in the study of tribological
systems, including in the recent contact-mechastielenge summarized in 8§3.5.

When modeling tribochemistry, MD techniques [2848,309] or quantum calculations (using Density
Functional Theory, DFT) [310] are used to studyratmotion during friction or chemical reactivity,
respectively. To combine both types of informatioeactive force-field MD [311], ab initio MD
techniques [272] or tight-binding coupled with MB1PR] techniques have also been used to extract in
situ information of interfacial material behaviér.deeper insight of the local electronic and geoimet
characteristics is required to capture subtletigst & molecular mechanical description cannot
represent. Indeed, quantum mechanical approaches leen used toward this aim, e.g., [313],
focusing on the theoretical modeling of a speciiwichiometry and chemical composition.
Tribochemistry is discussed in more detail in 83.9.

2.6. Multiscale modeling: concurrent and hierarchi@al schemes

By multiscale modeling, one refers to a techniqu&hich two (or more) different models related to
different scales (or different matter descriptiomggract, i.e. exchange data, in a way that erggnc
the information that can be obtained about the thedl@henomenon. Contact between rough surfaces
with geometrical features present on multiple sgaarting from the shape of contacting solidsmow
to the atomic fluctuating nature of the “surfacd”the nanoscale, is an example of a spatially
multiscale problem. Earthquakes, on the other haodstitute the most characteristic example of a
temporally multiscale problem, in which the strasbailding up in the earth’s crust for many years
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are released within seconds inside the fault zgiving rise to seismic waves. In general, spatially
multiscale problems are much more complicated tdehthan temporally multiscale ones, as time is
only a one-dimensional quantity. Consider, for eglana multiscale contact problem between rough
surfaces: this can be solved using either a clalssiodel (FEM, BEM and so on, as discussed in
82.2), e.g., as in [119], or a multiscale moded,,eas in [314]. In such a multiscale model of foug
contact, the upper scale model (e.g., treated thehFEM) determines the state (for example, the
contact pressure) for the microscale (e.g., treaitddthe BEM), whereas the microscale provides the
upper state with some properties of the contaetrfaate such as, for example, the contact stiffness,
contact area, friction, etc.

Having been generalized by many authors, the pmobliemultiscale rough contact inspired numerous
theoretical and computational studies aimed at nataieding the role of roughness at different scales
of observation; see, e.g., [112,314-317] among nwhgrs. Recently, the topic has gained renewed
interest with the increased potential of MD in stad nanoscale contact problems [263,276,318,319]
that unveil interesting mechanisms of contact adons occurring at the nanoscale. While the adven
of MD opened new challenges due to the still lichitene and size scales of the simulations that can
be performed with the aid of supercomputers, it &las revealed new opportunities for the use of
various multiscale approaches.

An important question in multiscale modeling is flelowing: how to identify which spatial and
temporal scales and mechanisms are relevant foerstahding the phenomena to be modelled? A
simple recipe would be to start with a simpler niptased on a single scale and uncoupled physical
processes, and then adaptively introduce additiscales to permit coupled multiscale-multiphysics
considerations, whenever and wherever these adedgentil the simplest possible model is obtained.
Scale, in this context, does not only refer to $ipatial and temporal dimensions, but also to the
different computational models relevant to différecales. Inevitably, some multiscale coupling also
implies multiphysical coupling as, for exampletlie case of coupling mechanical FEM with classical
MD in which thermal oscillations are inherent te tlmodel [320]. However, this simple recipe can be
often ineffective as it depends on the abilityfoeé tuser” to add the right details at the rightls@nd
may lead to the neglect of important informatiawflacross the scales.

In tribological models, key processes are usualtalized in a thin interface layer, but have impott
implications or can even fully control the macrgscobehavior of the system. In this light, the
interfacial laws of friction, wear, heat and elezt transfer, as well as other relevant phenonuama

be obtained with microscale models for use in nsaale ones. In terms of accuracy, one can
determine two levels in this hierarchical approaththe microscale model is assumed to not affect
the macroscale state, in which case the microstzblecan be obtained by simply post-processing the
macroscale results; 2) the microscale model affdf@smacroscale state and, thus, the constitutive
interface model has to be directly included in ldwter scale. For most applications in which scale
separation between the micro- and the macroscalests,e a hierarchical multiscale model is
acceptable and the relevant question would be: wiarid a finer and truly multiscale model —i.e.,
one which requires stronger scale coupling— be ed2dNormally, a finer model is required when no
scale separation exists, as is normally the caseudace roughness. Such models, dealing with
concurrent multiscale coupling are in general momre complex and can hardly be used to obtain
statistically meaningful results; see, e.g., [2@08;322]. At the same time, finer models can be used
for rare-event simulations and are of high imparearnn understanding the physics of certain
phenomena happening in contact interfaces sucks@aeation interaction with free surface in contact
interfaces [323,324], ballistic heat diffusion thgh small contact spots [320,325], partial slip
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conditions in lubrication at the molecular leve2§3, and so on. Most such phenomena can be studied
at a single relevant scale and integrated at aebiggple in a hierarchical manner.

In the case of plastic deformations occurring,ifietance, during sliding motion between two metalli
surfaces, many dislocations are nucleated at tfacgs and under maintained load may travel long
distances. In an MD simulation, the small size ke domain will artificially trap them and create
artificial hardening, which should occur in veryrtltoatings. In order to address this issue, adx@nc
concurrent coupling strategies are being develapieere dislocations can be passed to a continuum
representation [327,328]. In three dimensionspdaions are line networks, so that a dislocatiay m
cross the coupling interface. Such hybrid dislarati should behave as single dislocation structure,
which requires the use of reciprocal boundary dom@ and may significantly increase the
complexity of coupling strategies.

Another important aspect to consider is the polsilio perform concurrent coupled simulations
where atomistic and molecular details need to Iptuced near the wall in lubricated contacts when
the fluid film is larger than the Root Mean Squ&RMS) composite surface roughness; this is
particularly useful, for example, when slip at thall or atomistic details of the surface topography
must be explicitly modelled. In this case, MD-conotim coupling strategies involve the transfer of
information between MD and CFD, and particular camest be taken when the two descriptions
merge [329,330]; a number of schemes exist to aehlds [331-333].

Finally, comparison with experimental data is ofiaial importance for all types of models, and
multiscale ones are not an exception. Difficultiese arise from the fact that it is not always jies

to reproduce the relevant scales for the applinAtodel in the lab. For example, the friction otke

(as well as their fracture) is a very scale-depahghenomenon [334] that is intimately linked te th
probability of presence of critical defects in &eg volume. The related key question in this exampl
would be: what are the features of real earthqyakbi&h can be reproduced in the lab? Also, can
multiscale models tuned at the lab scale, e.g.][38bused at earthquake scales? Further research o
scale separation in contact interactions is reduie guide the choice of the most appropriate
computational method preserving the accuracy ofddexription of a given physical problem while
considering the effect of inherent uncertainties.

3. Research themes in tribology

The problem of normal contact between rough susfaes been studied extensively —for example, the
reader is referred to a recent paper on a contachamics challenge whose results are summarized in
83.5— and can be considered to be well understmatdalmost all other issues in tribology remain
open for future research. While different theorieghniques and models used to investigate these
issues were reviewed in 82, this section introdaatise topics for modeling research in tribologg.

a foreword, let us emphasize that, since the glfvaks acting on an interface are integral quiastit
along the interface (for example, the friction ®ie the integral of the shear stress over theacbnt
area), various models can predict rather similacef® using different assumptions. Comparisons of
models to experiments are therefore necessarygniptin terms of global forces but also in terms of
local measurements, for instance, of temperaturajns or the real area of contact. Multiple
successful examples of such comparisons can bedfdanthe literature [336-346]. Local
measurements become increasingly accessible daleetoniniaturization of local probes and the
development of full-field evaluation techniquesliRigital Image Correlation (DIC) [347] or infrared
imaging [348]. Imaging techniques are especialtgrigsting for performing local measurements at a
contact interface in a non-invasive way, but theiad of possible materials is limited as they nhest

16



transparent to the radiation used (e.g., visiblenfvared light). In this context, wherever reletjane
will also present experimental results that areraah&e to direct comparison with models.

3.1. Multiphysical phenomena in tribology

All tribological phenomena happening near interfabetween solids are determined by the atomic
interactions within and between solids, as welhase between atoms of the substances presemt at th
interface. Since these interactions give rise toua physics described at the macroscale by difiter
theories and models, the tribological interface lsarconsidered a “paradise” of Multiphysics (codple
multiple fields; see Fig. 2). The following typeSphenomena may take place in such an interface or
in its immediate vicinity: mechanical (solid andiifl), thermal, electro-magnetic, metallurgical,
gquantum and others.

mechanical loads @ thermal, °C %%%%% environment ‘4‘ electric |_||7

—=>

hase transformations uantum .. p— .
P oxidation | ‘ friction lubrication  ¢ontamination
. effects
< corrosion adhesion . wetting

Y

Yy A
3rd body electric current / Wear  cracking / plasticity frictional heat production /
Joule heating fretting  induced heat transfer
roughness (diffusive/balistic, convective

and radiative)

Fig. 2: A scheme representing the multiphysicalireabf tribological interactions: two different gt with rough surfaces
and relevant material microstructures are brougfiat inechanical contact and exposed to various ioadshanical, thermal,
electric, and environmental.

Mechanical phenomena can refer to the mechanidairdation of solids and their contact interaction
including adhesion and friction. The process ofanat removal or surface deterioration (micro-
cracking, abrasive and adhesive wear) can be atdodied within this type. Thermal phenomena are
related to heat transfer from one solid to anothsrwell as to heat generation due to interfacial
friction or due to dissipation in the bulk (viscasdicity, viscoelastoplasticity, damage accumulato
micro-fractures): heat exchange can be eitherdballor diffusive depending on the size of contact
spots [349-351], while radiative and convective theechange also contribute considerably to the
overall heat conductance [352]. The local heatihgantacting asperities up to the point of local
melting, recognized in early tribological studi&&53] and known as flash-heating, has important
implications for friction, especially in dry contad354,355]. Metallurgical phenomena happening in
near-interface layers span various microstructar@nges that are, either, triggered by changes in
temperature (e.g. because of Joule or frictionalting) or by severe deformations, and include
dynamic recrystallization and various phase tramsfdions; an example is the formation of the so-
called “white layer,” a fine-grained and rathetrttbei martensitic layer [356].

For materials experiencing glass transition, theallaise in temperature can be critical for their
mechanical performance [357]: in general, mechampcaperties are strongly dependent on the
temperature, thus making the thermo-mechanical lpmolone of the most natural and strongly
coupled multiphysical problems in tribology, esjdgi in dry contact or in the mixed lubrication
regime. Because of excessive local heating, thdsschn reach their melting or sublimation poind an
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experience phase transition [353]; thus, meltingyperation and sublimation appear to be important
phenomena in dry and lubricated micromechanicarawtions. More complicated physics emerge for
composite and porous materials; examples of theerlaare rocks experiencing chemical
decomposition, water evaporation, pressurization, 0 on [358,359]. A complex interaction of the
aforementioned physics with a fluid present inititerface is another strongly coupled multiphysical
problem, especially for EHL (see 82.4 and 83.83lisg applications and saturated fractured media
[360-362]. In most situations, the interfacial iflow can be considered as a thin flow that cars th
be properly described by the Reynolds equationibuhe case of the fluid viscosity depending om th
pressure (piezoviscosity) or temperature, a candistevelopment of the Navier-Stokes equations for
thin flow should be performed with a priori inclutipressure dependence in the original equation and
not directly into the Reynolds equation [363].

In addition, tribofilm formation and various tridoemical phenomena taking place at tribological
interfaces make them very challenging objects foltiphysical research [310,364]. At the same time,
to understand and model such a complex multiphlypicdblem as a tribological interface, one needs
to construct reliable multiphysical models and gesappropriate multiphysical tools. Some recent
examples of tribology-related modeling applicationgolving multiphysical coupling include, for
example, excitable biological cells (see §3.9.5¢akly coupled modeling of creeping fluid flow
through the contact interface between rough s¢8a8], and electro-mechanical coupling in contact
problems [170]. Because of the complexity of diqgberimental measurements and the inseparability
of various multiphysical mechanisms in real inteefs, a big challenge is to construct reliable and
precise multiphysical models having predictive powhile, at the same time, being verifiable and
sufficiently comprehensive.

3.2. Surface roughness

Real (engineering) surfaces brought into mechargoatact touch only over a number of discrete
contact spots forming the real or true contact,amsch, in general, is much smaller than the nain
contact area that can be computed for the caserf#qily smooth surfaces. Under increasing pressure
the true contact area grows towards the limit ef tlominal one that can be reached under relatively
high squeezing pressures. The integral true coataet, as well as the localization and morpholdgy o
the clusters of true contact, affect numerous koical mechanisms and thus present a topic of
intensive engineering and scientific research.drtigular, the following quantities are dependemt o
the true contact area: 1) the stress state neaotitact interface, which is proportional to thelagul
stress and inversely proportional to the true adrdisea; 2) friction, adhesion and adhesive wepar; 3
the transport of electric charge and/or heat thindhg contact interfaces; and, finally, 4) thedléiow
through the free volume of contact interfaces @ling problems. Apart from the phenomena affected
by the contact area, roughness is responsibldéadditional interface stiffness of contact iraeds,
which can be related to heat/electrical condugtif866]. To understand the effect of roughnessibn a
aforementioned phenomena, accurate mechanical mmadeheeded.

One of the fundamental issues in the modeling aitai between rough surfaces is the realistic
representation of roughness. As the roughnessabéngiineering surfaces spans multiple length scale
—whether measured experimentally or created ugimgenical methods, for example, via simulations
of sandblasting and shot peening [367], or througbrface randomization algorithms
[121,135,368,369]-, the question is essentially ciwhlength scales are relevant to a specific
tribological system or, alternatively, to what exteshould one implement accurate roughness
representations in a tribological model? The wealtharameters used in roughness characterization —
amplitude §,, Sq, Ssk» Sku), Spatial §4;, Sir, Stq) and hybrid parametersy,, S4,), or Abbott-
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Firestone (bearing area) curve-based paramelgrs,, Sy, material ratios, and volume parameters
for 3D measurements)— demonstrate the complexityeathing a universal description of surface
roughness; see, e.g. [370,371]. Indeed, most madelonly a small subset of those parameters, the
ones deemed necessary to describe a specificdancti

Representations based on concepts of self-affinite apparently introduced to tribology much more
recently, although Archard first introduced a cqotoef fractals already in 1957 [111] with his model
of spheres upon larger spheres upon larger spapptied to contact and friction. A key point is wha
was recognized into tribology with Whitehouse andchard [372]: they first introduced the
topography’s Autocorrelation Function (ACF), andatbthat the Fourier transform of the ACF, i.e.
the Power Spectrum Density (PSD), of their topoliesp was a power law at large wavevectors, as
Sayles and Thomas [373] would later confirm fouanber of surfaces. One implication of their work
was that between one-third and one-quarter ofhallsample points of their topography would be a
peak, regardless of the sampling interval they ehakile the mean peak curvature depended strongly
on the sampling interval. The tribology communityl slebates on the effect of the upper wavevector
truncation in the PSD, which significantly affectsntact area, rubber friction dissipation, and many
other physical properties. On the contrary, the that the lower wavevector determines the RMS
amplitude for non-stationary roughness has beeteciegl in later literature, since the time of highl
influential works on stationary roughness by Lortgdiggins [116] and later by Nayak [114] on
whose basis most multi-asperity models are constiiusee §2.1.2).

A very interesting finding of Whitehouse and Aratharzame when they measured the profile of a
rough surface along the same track, before andafgle passage of a lubricated slider. Thepdou
that, while the main scale roughness was stillggresall the fine scale roughness had been removed
[372], a finding which also tends to be neglectadthe literature. Keeping in mind the limited
metrology of the time, one could ask to what exteatshould measure or worry about the initial
roughness when irreversible deformations might reig? On the other hand it is known that, if a
metallic sample is heated after mechanical polghihe initial surface roughness might reappear on
its surface [374].

Much emphasis in modeling is placed today on nolyirfeat stationary self-affine fractals, while
very little work was performed on the macroscopbape” of surfaces —particularly in the presence of
adhesion—, where the basic contact problem of glr@phere remains incompletely understood. One
exception is a rather special case of roughnesthé&sphere (axisymmetric waviness) which can be
solved analytically [375]. Otherwise, numericalatdations are necessary and in this case it maf be
little interest to argue a priori on models desogishape and roughness assuming they consistyf ve
separate scales. Summarizing, most of the reatipghproblems remain unanswered: what is the real
contact area? How can it be estimated quantitgtieem “scale/magnification-dependent” quantities?
Which mechanisms (plasticity, failure processesheatn at small scales) does one need to
incorporate to converge to a well-defined value?

Following the introduction of fractal roughnessmarical models began to utilize the PSD to fully
define surface roughness. However, one has to ikeepnd that the PSD does not represent the full
information about topography: different realizasarf surfaces in real space are possible for thesa
PSD, depending on the phase associated to eackraspeamponent [376]. While the effect of
deviation from Gaussianity has limited effect ormsoquantities, it can be crucial for others. For
example, even small deviations from the ideal Ganseandom roughness case seem to lead to a
dramatic increase in adhesion for rough surfacestdua finite number of asperities or a finite tail
(unlike the infinite nominal Gaussian tail) in thsperities’ height distribution [377-381]. Furthems,
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as modern fractal parameters do not include suatitional ones as skewness, there might be an
advantage in using traditional characterizatioreshgps to augment fractal ones for non-Gaussian
surfaces, e.g. [382].

The perceived universality of the PSD in fully désiog surface roughness was demonstrated by
Persson who showed that a 1D line scan, a 2D Atdfoice Microscopy (AFM) scan and a 2D
Scanning Tunnel Microscopy (STM) scan all lie oa fame PSD plot for a grinded steel surface with
the fractal dimension beind; = 2.15 + 0.15 for many engineering surfaces [367]. At the saime t

however, and in the absence of random phases,fie @&D with a slope of-2 (as in the work of
Whitehouse and Archard) does not necessarily reptes rough surface, but can also be a square
wave (that has all phases equal to zero), whilepesof —3 may well correspond to semi-circles
nestling together. Also, having a Gaussian distigiouof heights does not automatically suggest
uncorrelated spectra. Higher order autocorrelatiorctions may be needed but the topic of non-
Gaussian fractal surfaces is not very developgutedent. It is worth mentioning here that, in many
practical applications, the surfaces in contactateially non-Gaussian: road surfaces, worn-out or
polished surfaces, blasted surfaces, etc. The ofaasisotropic rough surfaces, also very frequent
engineering, is also relatively unrepresented ideno modeling.

On the critical issue of the definition of the loand high-frequency cutoff values of the roughness
PSD, some macroscopic quantities, such as stiffredestrical and thermal conductance, are well
known to depend principally on the RMS amplitudeafghness, i.e. on the lower frequency contents
of the PSD, as demonstrated by Barber [366]. Cgoentities, like the real contact area or the RMS
slope of the topography depend on the higher fregyupart of the PSD. This suggests that attempts to
measure the real contact area with indirect metheds, measuring conductance, have the intrinsic
difficulty of measuring two quantities which depevety differently on the PSD content. The reader
should keep in mind that the high-frequency cutwffmore realistically, the requirement of surface
smoothness necessary in analytical and numericalel®ois not a well-defined quantity. The
roughness persists down to the atomistic scale, 8843 which is usually challenging to measure and
goes beyond the continuum description of matte6].27

The metrology of surface roughness measurementss @acrucial role in our understanding of
roughness as well. Abbott and Firestone measunddcguroughness by using a pen-recorder to draw
an amplified version of the motion of a “stylus” lfeoken razor blade) over a surface [385]. Since
then, a multitude of technigues have been developedlapted for measuring roughness: contact and
optical profilometry, stripe projection scanningzaining Probe Microscopy (SPM), Transmission
Electron Microscopy (TEM), etc. The scope heredstn give an extensive overview of those various
methods, which the reader can find for instanc8#2,386,387]. The main message to be conveyed
here is that these techniques, whether contactimpo-contacting, present a number of limitations
and artefacts that should be carefully taken ictmoant when interpreting the data (see e.g. [388] f
white light interferometry and [389,390] for scamgiforce microscopy). Knowledge of those artefacts
is particularly important when using contact meétsuor lubrication models based on topographical
features [391]. It is well known, for example, thla¢ stylus tip geometry filters the measured digna
while high contact stresses at the stylus tip ead ko significant deformations [392]. Post-prouess

is also critical in extracting roughness informatiwom raw data with a humber of aspects —shape
removal (tilt), the restoration of missing datadtforated” surface data) using built-in triangudatior
grid-fit routines, and the filter type and cut-¢éhgth (Gaussian versus Robust Gaussian Regressive
Filter, RGRF)— affecting the end result. Furthereyaartefacts may occur due to diffraction effects
around sharp edges caused by calibration grid heigps. In certain cases, results differ across
measurement methods: comparisons of contactinghanetontacting measurement techniques show
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large differences in predicted bearing curves, dgample, with confocal microscopy typically
yielding higher roughness values than atomic foneeroscopy [393].

3.3. Scale effects and the breakdown of continuurhéories

Contact between two bodies —perceived as contimuavell-defined and occurs when the distance
between them is zero; however, the same reasomingot be applied to the atomistic scale. Also,
experimentally atomistic contact area cannot besoread, even in the hypothetical case that the
instrument would allow such a resolution, sincenscave no well-defined boundaries. Luan and
Robbins numerically studied the contact betweelatasiirface and nanoscale indenters of different
structures (spherical crystalline, amorphous aedmd crystalline) and showed that the detailb®f t
atomic structure matter in the contact pressurtilgigion in adhesive versus non-adhesive contact
conditions [276,277]. Subsequent work by otherasgdegroups showed that the accurate calculation
of the contact area at a given length scale coidttl yeliable results [140,244,394,395], but this
requires careful post-processing and interpretatioatomistic results with appropriate definitionfs
criteria for contacting atoms and the “area of aontfor an atom.” For the latter, one method of
calculation involves the assumption that the reaftact area is the sum of the contact areas of each
atom determined to be in contact [244,396]. Buhis concept of contact area really meaningful for
atomistic models? Similarly to the notion of contdself, the contact area is a well-defined qugnti
only at low magnifications, i.e. at scales where dfiscrete nature of atoms is not relevant. Perhaps
extracting the pressure distribution over the faiex by looking at the distribution of forces [275/(]
may be more meaningful than attempting to meadueeréal contact area with indirect methods;
furthermore, the contact area is difficult to measexperimentally [343] since transparent materials
need to be used to image the interface, while foynmation can be obtained at scales below the pixel
size, which may yield errors in the real area oftaot of the order of 10% [397].

The concept of contact distance, defined as thardie between atoms at which contact occurs, is a
well-defined quantity only at low magnification. Twegin with, at the atomic scale the thermal
fluctuations of atoms need to be averaged over tiomestimate the contact area [318]. Even with
averaging, the distance between atoms at whichacbfbccurs” is not straightforward to calculate.
Researchers have used various methods in atonsiBtiolations using idealized materials and
introducing, for instance, potential energy- ort@mEe-based cutoffs for specific crystal or amogysho
material structures [396], but the situation isffam clear when real materials with multiple elerse

or alloys, inhomogeneities, impurities, and so are considered. Even in the ideal case where a
Lennard-Jones-type potential can be used to dedpelsion and adhesion between two particles (or
atoms) [398], contact and friction are actuallyatidsed to occur when the contact distance is nanzer

Mapping roughness parameters from continuum mddeldsscrete atomic systems is also challenging.
For instance, given a continuum function of positione can calculate the mean contact slope used,
for example, in Persson’s theory (see review il &2, but how should one proceed when the surface
is discrete? A viable option is to turn the diserstirface into a continuous surface, for instance b
means of bi-cubic splines to ensure that the RM@ignt and curvature are finite. Contact behavior i
atomistic simulations is known to depend on theceigerealizations of the system under study (see,
e.g., [399]). Questions then arise as to which réxitecal differences in atomistic structures might
affect the macroscopic picture. They seem to bevagit already at the microscale for percolation
problems, while statistical fluctuations seem toirbportant in cyclic loading (hysteresis). It aprea
that a roll-off or other robust sampling strategies required to model representative rough susfate
the various scales as well as a proper way to mentdies from one scale to another, both for
crystalline and amorphous surfaces.
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The breakdown of continuum at the atomistic scale &lso be observed in other phenomena. When
referring to Density Functional Theory (DFT), foxaenple, the work function of transition metals
(TM) becomes non-scalable when particle clustersedse in size, and the continuum model by
Smalley [400] breaks down. The transition betwdendcalable and non-scalable regimes is at around
100 atoms in the case of gold. An anti-correlat®ofound between the binding energy and the vértica
detachment energy, which may have important imptioa in relation to catalysis: e.g., while bulk
gold is inert, small gold clusters are reactiveld0he question that arises is whether rough metal
surfaces are more reactive than atomically smaatfases and, also, whether amorphous surfaces are
more reactive than crystalline surfaces, given thay contain more imperfections. To tackle these
guestions there is a need for accurate tight-badimd/or empirical models at the atomistic scale.

In the case of fluid lubricants, the breakdown afithuum is related to an increase in viscosity and
transition towards a solid-like state, accomparbgdstick-slip behavior. The increased viscosity is
non-scalable: when the lubricant film thicknessrdases down to a few nanometers, i.e. the size of
the lubricant molecules, there is a deviation friyypical bulk behavior as was observed in Surface
Force Apparatus (SFA) studies [402-404]; this titeors from ultra-thin lubrication to dry friction
under high pressure and shear has been studiegl MEI{405]. The presence of nanoscale roughness
frustrates the ordering of the fluid moleculesdieg to high friction states. Experimentally measur
viscosities were reported, for example, for pertymlyethelene (PFPE) molecularly thin films
deposited on the atomically rough substrates usedrid disk drives [406,407] and used in subsequent
analytical models to predict the tribological beioa\at the head-disk interface [408]. In the cake o
SFA-type experiments, analytical expressions ferrtrmal (e.g., Kapitza’s solution [409]) and shear
forces acting on a spherical probe sliding on atsate with a fluid film [410] should only hold up

the point where the film can be viewed as a contimuhowever, these are routinely used to extract
the complex viscosity from amplitude and phasermfition of the probe vibrations even in cases
when very few lubricant molecules exist at the rilatee [411]. After all, how many lubricant
molecules can be said to constitute a continuum?

Additional scale effects related to material moaeld plasticity are discussed in the next section.

3.4. Material models and plasticity

Crystal plasticity is the relevant constitutive frework when modeling rough surface contact and
whenever the size of contact spots is comparaltleetgrain size in a polycrystalline material. Thif
course, includes single crystals. It may seem gingr that only very few tribology-related
applications of crystal plasticity can be foundtle literature, apparently limited to the analysis
asperity flattening [412,413] and indentation hasn[166,414,415]. Although plasticity of crystals
exhibits strong anisotropy (captured by crystakiptdty), the elasto-plastic normal compliance of a
rough crystal surface is expected to only weaklgethel on crystal orientation as demonstrated by
instrumented spherical indentation and crystalti#g simulations, e.g., [416,417]. At the sanmmaei,
plastic anisotropy manifests itself in complex,eatation-dependent pile-up and sink-in patterns
[166,417,418]. The related effects may influenae ékrolution of real contact area in rough contacts,
but seem not to have been studied yet.

Nano-indentation tests have revealed another irmpbseffect, namely the increase of hardness with
decreasing indentation depth, which is referreéddahe indentation size effect [419,420]. Several
gradient crystal plasticity models have been depeddovith the aim to describe the related size &ffec
e.g., [421-424], accompanied by much more scameeitlimensional crystal-plasticity simulations of
the indentation size effect [425,426]. The relatédcts may also impact the elasto-plastic contéct
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rough surfaces. This has been illustrated usingraentional strain gradient plasticity model [427],
but the corresponding gradient crystal plastiditidies have not been reported so far.

An important cause of the indentation size-effectrietals is that the dislocations, which are the
carriers of plastic deformation, are discrete. @unim models, including crystal plasticity are lthse
on the assumption that plasticity can always o@tuany location, as long as a critical strength is
exceeded; however, in reality, dislocation avalighbis limited at the small scale. Upon contaatee

a very high local pressure might not induce su#fiti dislocation nucleation to sustain plastic
deformation. Thus, continuum plasticity modelsdontact and friction are expected to break down at
the (sub)micron scale, since they miss a lengtle segable of capturing size-dependence. Neglecting
the size-dependence of plasticity would lead to ghediction of an earlier onset of plasticity and
underestimate the amount of work hardening duridgstic deformation. This would have
consequences in the estimation of the evolutiothefcontact area. Size-dependent plasticity can,
however, be captured by DDD simulations (see 8§28),428], which can be coupled to MD
simulations to accurately capture the nucleatiodisibcation loops [324].

Contact between bodies with simple geometries leas Istudied using two-dimensional dislocation
dynamics, where edge dislocations glide on thré aleslip systems, e.g., [323]. Contact results in
highly fragmented contact areas due to the exidisiocations from free surfaces. This leads to a
serrated contact area and a peaky contact pressafile, with high localized pressure, very diffete
from what a continuum model would predict. A compan between contact pressure profiles
obtained using dislocation dynamics and crystastidly is presented in [429]. Komvopoulos et al.
[430] used two-dimensional DDD to model the indéotaof a flat crystal by means of a rigid rough
surface with multiscale roughness. Surface aspsmiere treated as a collection of Hertzian cositact
and dislocations could glide only on a single alysgraphic slip system. An interesting outcome of
this study is that, as the load increases, aspetiyactions emerge at different length scaled, sm
does the interaction between plastic zones. Thetarisstatic friction for a flat contact was pretszh

by Deshpande et al. [431], whose work points to ¢bepetition between plastic deformation —
dominant for larger contact areas— and loss of idhe-dominant when the contact is so small that
plasticity is limited. There is much room for adilital friction studies in the framework of discrete
dislocation plasticity.

A way to incorporate microscale size-dependenttipiys into contact models could be to fit the
dislocation dynamics results for the deformationaohon-local plasticity theory, such as strain
gradient plasticity or even include such effectsairstatistical model. The advantage of statistical
models, like the one recently developed by Songl.ef432], is their extremely low computational
cost, which would make them attractive for useh®yindustry. However, a statistical approach based
on the GW model, for example, would suffer from #aame limiting assumptions discussed earlier
(see 82.1.2) and may not be directly applicable#distic representations of roughness (see §3.2).

Plasticity is not only limited to dislocations, iagan also appear in the form of grain boundaidirsd
[433-435] when high strain rates are involved.his tase, even the material crystallographic strect
can change. During dry sliding, grain coarsenir@p]zas well as grain refinement and amorphization
have been observed [436]. As an example, Stoyanalv B801] show that tungsten carbide (WC) in a
frictional contact with tungsten (W) causes thestalline WC structure to turn into amorphous WC
with a dispersion of nano-diamonds. Some interfggi@nomena in metal sliding are related to near-
surface austenization induced by frictional heat ambsequent formation of fine-grained martensite
known as a white layer [437-439].
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3.5. Normal contact between rough surfaces: the ctatt-mechanics challenge

One of the few tribological problems that are iigkdy well understood (at least in theory) is nofrma
contact between rough surfaces. A comparison abwsrmodeling approaches in their ability to
properly solve a well-defined normal contact probldias been tackled in the recent contact-
mechanics challenge [113]. A surface height spectwas generated [367] featuring a roll-off and
power-law decay region, as was a realization of tiandomly rough surface in real space. The
following approximations were made: small surfatepss, linear elasticity, short-range adhesion
(based on the value of the local Tabor parametet 3, which was close to the JKR limit; see 83.7),
periodic boundary conditions, and a hard-wall conteonstraint. The problem setup results in
insignificant adhesive hysteresis up to moderatetad pressures. This information was made
available to researchers who were asked to comgnytevell-defined property ranging from spatially
resolved information, via distribution functionssifess and gaps, to compound properties like cbnta
area as a function of load. Specific metrics usetthé subsequent analysis included the gap anssstre
along a reference line; stress and contact pattiograms; and relative contact area and mean gap
values. Submitted solution methods could be caiegmrinto brute-force computing, where errors
could come from the discretization, and models rrappnto simpler equations using uncontrolled
approximations. More specifically, results utilizedact (boundary-value) methods, Persson theory
without adhesion, multi-asperity models that asslmeal constitutive relations without interaction
between contact patches (“bearing models”), as aglll-atom MD simulations, where the surface
size was scaled down by a factor of 100, and exyaris, where the surface size was scaled up by a
factor of 1000. The reference solution was caledatising GFMD (see 82 for a review of
computational methods and models).

Good agreement with the reference solution wasddan both experiments and all-atom MD; when
comparing the gap across the reference line, tleetedf removing the small-slope approximation
gave excellent agreement for all-atom MD. Expegtedhulti-asperity models were found to
overestimate the gap, while exact methods agreeuwbstl exactly at the greatest magnification;
however, results of the stress across the referlimeglocal zoom-in) showed great scatter. Stress
distribution histograms were almost Gaussian atpressive contacts, featuring a high adhesive peak
at zero pressures and a rapid decay to tensild¢iomac Multi-asperity models were found to
overestimate the stress while, in the presencelleésaion, when small patches become unlikely, these
models produced very similar trends for the paieb-distribution. Most solutions showed reasonable
agreement for the contact area as a function of, las well as for the mean gap as a function af.loa
The exception is models based on the geometricadlagy of rough surfaces whose results strongly
deviate from more accurate models (see [113] ftaildg.

In summary, very close agreement was observed batak systematic approaches with differences
becoming visible when quantities required high hagm. At the same time, these approaches showed
good agreement with experiments and all-atom M@gesting that common approximations might
be less problematic than believed. Reasonable ragrgewas found between the reference solution
and the non-adhesive Persson’s theory on all regpgmtoperties, while multi-asperity methods agreed
with each other but deviated from the referenceitgwi (it is worth mentioning that more recent
asperity models accounting, for example, for agpenteraction were not compared in this study).
Adhesive Persson's theory is compared with theacbhallenge’s results in [440]. It could therefor
be argued that the suitability of modeling methadd tools can be determined based on the properties
one would need to extract: for example, predictingtact area versus load or mean gap versus load
seems to be consistent across methods and, argtiablynost suitable model would be the simplest
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one. On the other hand, extracting local quantitieshigher resolution would require numerical
methods able to achieve sufficient discretization.

As soon as the contact is not only compressed satiso sheared, the real contact area of real
(frictional) rough interfaces has been measuredetolve significantly. In particular, recent
experiments [397] showed that for rough elastomeintact with smooth rigid substrates, the area
of real contact significantly drops during incipieshearing, well before macroscopic sliding. Simila
behavior has been suggested, from indirect measuntsito happen in sheared rough-on-rough rock
contacts [441]. We believe that such frictional teats under shear have not yet received sufficient
attention in the modeling literature. It should fmgted that this elastic behavior is different frtm
shape change observed in viscoelastic contading|[159].

3.6. Friction

Although normal contact between rough surfaces sarve as a reference situation in many
tribological systems, it is not a priori sufficiettt address issues related to moving surfacesrdlate
motion does involve fundamentally new phenomenéted, for example, to those occurring at
continuum scales: frictional heating, wear, anddtliody or shear-rate-induced dissipation (through
fluid lubrication or bulk viscoelasticity). Thosdfects need to be understood in order to assess the
origin of macroscopic friction and quantify it imrous tribological systems. The breadth of th&lfie
of friction is too large to attempt an extensivenswary here. Instead, the reader is referred to
reference books for an overview of the field, e[46,442]. While the question of the microscopic
origin of the friction force has already been addesl elsewhere, e.g., [176,443-445], in this sectio
we will take for granted that, at the micrometesleand above, i.e. at continuum scales involving a
large number of atoms or molecules, a friction éoexists. Furthermore, we will only address a few
recent advances made in the understanding of n@gisfriction, from its onset and transition from
static to kinetic values, to rubber friction inagbn to viscous bulk dissipation, through to pautel
surfaces.

3.6.1. Friction laws

As soon as any motion occurs at a macroscopicfamer a transition from stick to slip takes place,
either sharp [446,447] or smooth [448,449], and @®deed to incorporate a friction law accordingly.
The most classical and widely known friction lavthe one of Amontons-Coulomb (AC) [450], which
states that no sliding occurs as long as the witithe shear forc@® to the normal load® remains
below a certain threshold defined as the statatidm coefficient,u;. Maintaining a constant sliding
speed requires the application of a kinetic frictforce,F, = p, P, with y;, being the kinetic friction
coefficient which usually cannot excegd, with some exceptions reported in frictional ifdees
which are strengthening at high sliding veloci{#s1]. Note that, in the current acceptation of A
friction law, the friction coefficients are consrde constants for given materials in contact. Cap
actually, had already found that increases logarithmically with the contact timada;, depends
logarithmically on the sliding velocity [450,452[oday, laws incorporating those dependencies are
denoted as rate-and-state friction laws, as furttescribed below. The AC law, which has been
defined here from the global forces acting on titerface, is commonly used locally along extended
interfaces. In those cases, the friction coeffitdesre to be compared to the local ratio of shear t
normal stresg (x)/p (x), wherex is the coordinate along the interface. Practicalffundamental
guestion arises about the value to be used folota friction coefficients: should one use theuesd

of the corresponding global coefficients or shothése be different at the local contacts? As
demonstrated, e.g., in [176,453], assuming a sinA@lefriction at the interface may result in a
velocity-dependent macroscopic friction coefficient
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Whereas the global and local kinetic friction caséints are expected to be equal (in the quadistat
case), the situation is very different for statictfon coefficients. It has been shown experimiinta
that the static friction coefficient depends on shress distribution at the interface prior to ¢timset of
sliding [454], and thaf (x)/p (x) can exceed the macroscopic friction coefficientabiactor of two
[455]; these results have been reproduced in marfeteterogeneous frictional interfaces [456,457].
The fundamental reason behind this behavior istteaglobal and local static friction coefficiersiee
equal only if all points of the interface reachitr@ipping threshold at the very same instant.sThi
situation corresponds, for instance, to an idelatiynogeneous interface submitted to homogeneous
loading. In practice, this never happens: whenatlifhe interface becomes unstable, a large poofion
the interface is loaded below its threshold, sd tha total tangential load born by the interfase i
smaller than its theoretical maximum value. Theseguence is that, in general, the global static
friction coefficient is smaller than its local caarpart [447,458], and it is thus challenging tteira
local static friction coefficient from macroscopieasurements.

Although practically useful and rather easy to iempént in models, AC’s friction law, in its limited
current acceptation (see two paragraphs aboveppot@apture a series of effects repeatedly observed
in rough contacts (see, e.g., [459] or [460] fariews). First, the static friction coefficient,, slowly
increases with the time the interface spends atTess effect is interpreted as an increase ofaifea

of real contact over time through asperity creepeffect denoted ageometrical aging. Depending on
the material, creep can be of viscoplastic [339Yiecoelastic in nature [461]. Another cause far th
increase ofi, is the strengthening of the contact with time spraably due to relaxation of the glass-
like material forming the very interface [462], tor the formation of chemical bonds [463], an effect
denoted asstructural aging [459]. Secondly, the kinetic friction coefficiei steady sliding is
velocity-dependent, typically with a logarithmicleeity-weakening. This effect is partly due to an
intrinsic velocity-dependence of the interface’ahstrength, and partly to the time-dependence of
the real area of contact: slower sliding gives ntoree to the micro-contacts to grow in size before
they break and are replaced by fresh, smaller ndontacts. Those effects are taken into account in
rate-and-state friction laws, and apply to varibakls related to friction, in particular earthgea&nd
landslide science.

Despite its many successes, the rate-and-statioifritaw must also be used with caution. The
logarithmic velocity-weakening is based on obseovest at low slip-velocity, smaller than about
100 um/s. At higher slip rates, a velocity strengtheningimge due to viscous effects is also
expected, and is indeed generally observed beyomg srossover velocity [451]. Note that, in AFM
experiments, velocity-strengthening can also becofesl due to thermally activated breaking of
nanoscale junctions (see, e.g., [464]). At evehdrgelocities, in the range typical to unstabie sp

to a fewm/s, sliding is accompanied by significant temperatrise, possibly by several hundred
degrees. Such heating can induce transient phasges in the vicinity of the contact interface [#55
In these conditions, friction may not be controlaudy by a critical length scale (the average micro
contact size) but also by time scales [447,455htldan also favor chemical reactions, in particidar
tectonic faults with fluids and high pressure. Sveactions tend to self-lubricate the interfacethwi
low friction resistance at the highest slippingegaf465]. Such systems remain challenging to model,
due to the strong multiphysics coupling requireddpture the most salient controlling phenomena.

3.6.2. The relevance of space and time scales oe tinset of sliding

Apart from identifying and understanding new andcsfic mechanisms occurring at or close to the
contact interface, tribological models can be uaedquantitative tools to reproduce and interpret
experimental observations: this is especially tfae friction. Since most contact and friction
measurements are made at the system-size leve] {etgl normal and friction forces), models
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predicting system-size quantities could be denatetimacroscale models”, irrespective of the actual
length scale considered. As a provocative exanaphapdel of atomic force microscopy experiments
is a macroscale model if its aim is to predict tibial friction force that the tip experiences. Buhat
are the properties of models actually enabling suentitative comparisons?

A frictional interface can be modelled using a hgeweously loaded contact between elastic half-
spaces only in very specific instances; insteadstmeal contacts have complex geometries, boundary
conditions, and loading configurations leading tawpidable pressure and shear stress heterogeneitie
along the contact interface. Since friction lawed& couple both normal and shear stresses ticpred
where and when slip will occur, the stress distitou along the interface needs to be accurately
modelled. Although a large portion of friction-redd works deals with static or quasi-static situadi
most realistic contacts also experience transieahpmena: either the loading is unsteady (osciliati
contacts, impacts) or the interfacial responsessfitransient (instabilities). This is why, inder to
offer improved quantitative predictions of the dlibgical behavior of an interface, macroscale madel
need to account for the elasto-dynamics of the dsodln contact: the incorporation of temporal
phenomena, together with realistic boundary comatj into frictional models is essential.

As a practical example, one can consider how maalesnodels were progressively improved to
reproduce some aspects of the experimental regyitsted by the group of Fineberg about the onset
of sliding of extended interfacel840,446,454,455,466-469]Their main observation is that the
transition from static to kinetic friction is metka by the dynamic propagation of micro-slip fronts
along the interface: ahead of the front, the iaigafis still in its stuck state, while it is alrgalipping
behind it. Macroscopic sliding only occurs when tlent has spanned the whole interface [446]. In
this context, not all fronts lead to macroscopidisg. Precursors to sliding are sometimes observed
which correspond to fronts spanning only a fractibthe contact interface. These precursors manifes
themselves at macroscale as a series of dent® ilodlding curve, indicating partial load relaxation
[466]. Note that it is still an open question whatthose observations of slip fronts, which havenbe
made on polymers, might also be made on other raktdike metals. Part of the answer may be
related to the concept of elastic coherence lefil#70], i.e. the length scale below which a conta
interface can be considered as rigid. In the chsaetals, the elastic coherence length is expetcted
be excessively large [46], which may prevent theseobation of front propagation, at least on
decimetric samples such as those used for polymers.

The first models for the length of precursors wene-dimensional [456,471-475]. Although the ad-
hoc introduction of an initial shear stress fieldsamproving the results [473], none of these n®del
could be compared quantitatively with Fineberg pements, in which the height of the slider was
not negligible. Only with two-dimensional modelssbd on spring-block or FEM representations of
the elasto-dynamics of the slider [457,476-478] Idothe predictions quantitatively match the

observations. While the aforementioned models vioaged on the AC description of the frictional

interactions at the interface with static and kimdtiction coefficients, a recent fracture-based
description appears to provide equally good préuist of the precursor length [340,341],

strengthening the idea of an equivalence betweeiffrittion and fracture descriptions of the ondet o

sliding, often used in earthquake science [479drticular, the fracture-like stress field arouhd

tip of micro-slip fronts, measured through an arafyminiature strain gauges was captured by
analytical [468] and FEM models [469].

Although a velocity-independent AC friction lawssfficient to predict the precursor length and the
fact that front speed depends on the local pressuhear stress ratio [467], such a law fails to
explain the unexpectedly large range of front spealiserved [476,480]. While the fastest fronts,
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propagating at about the speed of sound in theactng materials, were expected from standard shear
fracture theory, abnormally slow fronts —slowerdsgers of magnitude—, were observed but remained
unexplained, while a single front could alternagéneen both types in a single event [446]. It stioul
be noted that slow fronts here are distinct froragipstatic fronts like those involved in the ongkt
sliding of sphere-on-plane contacts, the propagasizeed of which is proportional to the external
driving velocity [43,448,481]. Dynamic slow frontg&wve been obtained theoretically within a one-
dimensional model of the interface using an impdokate-and-state friction law featuring a velocity-
weakening-then-strengthening behavior. In this rhdte slow front speed is related to the veloaity
which the steady-state friction coefficient is minim [482,483], which is supported by observations
of slow rock friction [484].

Unfortunately, such an approach does not explain pbssible transition from fast to slow front
regimes observed within a single event; this waseaed using a multi-scale model [447,485] in
which a 2D model [476] is complemented by a mienoetion based description of the interface [486]
in which the loading/breaking/reformation cycleaafch junction is controlled by a time scale. This
time scale is inspired by the one identified expentally in [455], which was observed to contra th
transition from fast slip to slow slip when theerface starts to slide, and was argued to corresfmn
the cooling time of the interface after the rapgdihdeposition as the micro-junctions break upontfr
passage. Such heating is presumably responsibldar melting of the interface, a phenomenon
which is also clearly involved in seismology wheligling rocks melt and reform leaving fault veins.
The main implication of this time scale is thattie model, after a slip phase, the interface does
re-stick perfectly, but transiently allows for soffiugther, slow slipping. Thus, slow fronts are fi®n
that would arrest in the absence of this slow sigchanism, but can continue to propagate, much
more slowly, due to the slow slipping occurringtle broken part of the interface. It was also found
that the selection of the front type (fast or slasvhot only dependent on the shear to normal stres
ratio, but also on the local disorder in sheardersustained by the micro-junctions [447]. As alltes
local static friction is history-dependent, withtguatially a factor of two in the variation of the
coefficient of static friction due to the rupturistory of the interface [486]. All these resultgygast
that friction features multiscale aspects bothamdpatial and time domains that must be considared
models.

3.6.3. Rubber friction: Some open issues from mesade experiments on elastomers

Rubber friction has received much attention in lttezature, both because of its practical relevance
for instance to tire/road contact, and becausehef garticular way energy is dissipated through
friction. The seminal work of Grosch [487] has simotlat the temperature- and sliding velocity- (or
equivalently, frequency)-dependence of the frictoefficient closely follows that of the viscoelast
moduli of the rubber. His results suggest that bb#h surface and bulk dissipation during rubber
friction are of viscoelastic origin. As for the kuleach spatial frequency present in the surface
roughness is expected, through the sliding velpt¢dycorrespond to a temporal frequency for the
excitation of the viscoelastic material. Perss@081 multiscale theory of contact [8] was aimed at
clarifying the relationship between the continuum fiequencies within the roughness and the
dissipation caused by them. For a review of thesies the reader is referred to the following review
paper [488]. In the rest of the section, the foimumainly on the recent use of elastomers to gain
insights into specific frictional phenomena.

It has already been argued that new insights intidn can be reached by comparing model
predictions to experimental measurements made nigt @ the system-sized scale (macroscopic
loads) but also at local scales (ideally full figdaluations). In several aspects, elastomersa@rd g

model materials with which comparisons can be perénl. Due to their low elastic modulus, the
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amplitude of the interfacial displacements undiotogical solicitations is typically large enouth

be routinely monitored optically, using contact gimy techniques (see e.g., [489,490] for tire rupbe

In particular, polydimethylsiloxane (PDMS) is inasngly used for in situ measurements of
displacement fields (see e.g., [448,481,491-4FAPMS has the further advantages to have a low loss
modulus, and to fracture at extremely high strains|l beyond those associated with frictional
solicitations. Thus, its behavior can be compaoeeldstic models, sometimes incorporating nonlinear
elasticity at high strains [342].

Access to local displacement and stress at sudberuibterfaces enabled the identification of some
phenomena that are not yet satisfactorily incogaranto friction models. As a first example, rough
interfaces have finite normal and shear stiffnessnpared to the infinite stiffness of a complete
contact between smooth bodies) due to the com@iafh@ach individual micro-contact forming the
multi-contact interface. Although those stiffnesdues affect the behavior of contact interfacese (se
e.g., [494] for the role of the normal stiffnessl§448] for that of tangential stiffness on rougiinere-
on-plane contacts), most models consider, for dke f simplicity, perfectly smooth interfaces. Buc
models could be improved by including the effectaighness through effective boundary conditions
on smooth interfaces (as done, for example, in A34). As a second example, the contact
mechanics and frictional properties of elastomertacts are found to be affected by the value of a
pre-stretching applied to the rubber (see, e.87,@08]), due to a stretching-induced anisotropthef
interface. Keeping in mind that any contact loadiads to a non-vanishing field of in-plane tensile
strain, in particular near the contact edges,dtneg effects are expected to be involved in vityuall
tribological situations. Improved friction modelsoaild aim at incorporating those effects.

3.6.4. Dry friction between patterned surfaces

In many practical applications, the emergent ficsil behavior is not only determined by microscopic
degrees of freedom or surface roughness, but gisiher mesoscopic or macroscopic length scales
characterizing the material surfaces. The hieraattstructure of the gecko paw is one of the most
cited examples to illustrate the role of a comptextact structure, and many research efforts have
been devoted to understanding the origin of itsperoes of adhesion and friction [13,499-502]
(biotribology is further discussed in §3.9.3-5).general, many biological materials are charactdriz
by a non-uniform complex surface structure, eugsect legs [503], lotus leaves [504,505], nacre
[506], as well as animal [507-509] and human skibOF512], —whose hierarchical scheme of contact
splitting has been described as a way to optimizéase adaptability, self-cleaning abilities, anod t
avoid self-bunching [500]-, and are therefore diffi to model in a single framework. The
exceptional mechanical properties of these systeans attracted a lot of interest, and led to attemp
to reproduce their behaviors artificially with sgmcgeometric features of the surfaces. The main
focus of research in bio-inspired materials is ésign new materials by mimicking nature, aiming to
manipulate the mechanical properties of a systawugh a complex organization of microscopic
components rather than introducing new chemical@rysical features [31,513-517]. Understanding
and optimizing friction in these bio-inspired compkurfaces is an open challenge.

Recently, experimental results have been obtainedhi friction of specific textured surfaces, e.qg.
honeycomb structures [518,519kriodic regular grooves both in dry and wet ctods [38,520-
523], as well as pillars and dimples [524-527]. MDnulations (see 82.5) have been adopted to
investigate the effect of patterning in the presewnd lubricants [528], but the theoretical and
numerical modeling of dry friction in these systesiwres the difficulties inherent to that of the
friction of rough surfaces: how to take into acdowithin a unified framework concurrent length
scales spanning orders of magnitude and involviagyrphysical mechanisms. For this reason, much
work remains to be done on this topic. Some reddisee been obtained by means of a simplified
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approach based on numerical simulations of thenggriock model [529], aiming to investigate the
gualitative frictional behavior of patterned sudad530-533]. In order to study the role of specifi
surface structures, it is not necessary to inciottea model the details of all microscopic intei@ts,
since they can be taken into account with an e@¥ffeatescription at the mesoscale, where the system
is discretized into elementary components whossractions are described in terms of forces within
the framework of classical mechanics. Thus, surfsitactures are introduced by means of the
arrangement of elementary components, and theteftat the macroscopic friction coefficient are
deduced from the numerical solution of the oveesjuations of motion of the system. With this
procedure, some versions of the spring-block mddele been successfully used to model and
understand the existence of slow detachment fidAi471,480,485], crack-like precursors of sliding
[472-474,476], and stick-slip sliding [534,535], nststent with experimental observations
[446,455,466-468].

Thus, despite the approximations and apparent giitypdf the model, the spring-block approach can
provide a qualitative understanding of relevant madmena with computationally inexpensive
numerical simulations. The results of these studiesw how static friction can be tuned and
optimized by means of a specific arrangement ofaser structures. In particular, it has been
demonstrated that the static friction coefficienteduced by means of large surface grooves [580] a
that a hierarchical organization of grooves witFedent length scales can be used to tune it to a
desired value [531]. Also, it has been proved ghamarkable reduction of the global static frictaf

a surface can be obtained by means of a hieratamganization of regions with different local stat
friction coefficients [532]. Recently, a two-dimémsal version of the spring-block model has been
adopted to simulate the effect of surface pattékespillars or cavities [533]. A natural developme
based on this research is to improve the springkbioodel by relaxing some of its approximations,
for example, by simulating more realistic three-ditsional surfaces; furthermore, variations of the
surface roughness after the onset of sliding oerdting-term effects during the dynamic phase @n b
incorporated.

3.7. Adhesion

Research on adhesion in the field of contact mdchaaw significant progress only in the 1970s.
Any review of the literature on adhesive contacii start with the two analytical models developed
in this period, the JKR model [51] and the DMT mof&2]. These models considered adhesive
contact between a smooth sphere and a flat bodly,with different approaches and making
significantly different assumptions. They were shotw apply equally well to different contact
conditions by Tabor [536] who identified a charaistic parameter, now known as the Tabor
parameter, which can be systematically used totilgewhether short-range or long-range adhesion
dominates the contact interactions; in particutde JKR model captures mainly short-range
interactions, representative only for contacts véatharge value for the Tabor parameter (>2, soft
solids, small curvature, large adhesion), while DT model is valid for contacts with a small value
(<0.01, rigid solids, large curvature, weak adhes{d9]. Muller et al. [537] attempted to bridgesth
two models by removing the assumption that the Herbfile is not affected by adhesion and
developing a self-consistent analysis of adhesivgact between a sphere and a flat. Similar angalyse
to a higher level of accuracy were later perforrogdsreenwood [538]. It should be noted that, while
the variation of the contact area and approach ol are well predicted for large values of the
Tabor parameter, the hysteretic energy loss dugirgpntact separation cycle can be significantly
overestimated by the JKR theory [539] and a carretheory is needed to model the precise event of
“lump-in” and therefore the hysteresis loss. Howeaelvances have been made in this respect thanks
to the development of accurate numerical simulatias discussed below.
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Whilst later analyses by Muller et al. [537] ande@nwood [540] seem to provide the solution to
contact mechanics of smooth adhesive contactsr ttwnplexity and numerical basis hindered
exploitation until more recently, when alternatimedels were developed. Maugis applied a Dugdale-
type analysis (from fracture mechanics to contagthmanics) to the problem [541], replacing the true
adhesive forces with a constant adhesive forcagtietween the surfaces at all points separated les
than a critical distance. Greenwood and Johnsod asdouble-Hertz” analysis to similarly simplify
the solution and provide results suitable for atiedy manipulation [540]. These methods, while
offering a significant step forward in analyticapabilities, do not provide the same accuracy es th
Muller and Greenwood analyses, which are therefmngally selected as the starting point for the
development of newer deterministic formulations.r&oecently, finite element models for adhesive
contact problems have also been developed, whereottitact description obtained using the Lennard-
Jones potential is incorporated into the framewafrkonlinear continuum mechanics, e.g. [542] and
[543], also in the presence of plasticity [544] amithin the context of multi-scale simulations, .e.g
[277,545]. Alternative approaches have also beerldped based on the BEM, which incorporates
adhesion through energy minimization; see, e.g.wbrk presented in [546,547]. Attempts have also
been made to study the effect of indenter geonuetrthe macroscopic shape of the contacting region;
for example, Popov et al. [548] have provided nuoca¢rand experimental results for contacts of rigid
punches characterized by different shapes and d@orgea soft, adhesive counterpart, showing timat, i
some cases, pull-off may not be instantaneous atatlkiment fronts can propagate from sharp corners
and travel inwards, until the final configuratiair€ular for regular geometries) is reached.

Most of the models discussed above were developedif applied to smooth surface contact,
nominally between a sphere and a flat. A commotificestion for neglecting adhesive forces is the
existence of surface roughness and, starting ftam doint, an early and significant analysis was
carried out by Fuller and Tabor [549], who showat the adhesive influence could be described by
an “adhesion parameter,” which is, in effect, @oraf the adhesive force of “lower” asperities e t
elastic push of “higher” asperities. The theory i@asd to show reasonable agreement when fitted to
experimental results. Fuller and Tabor had usedi# model on an asperity level; Maugis repeated
the analysis using the DMT model and found thawdditional load would be caused by adhesive
forces around each asperity [550]. Further advarotsnwere made through the inclusion of an
elastic—plastic representation of the asperitiesetbaon the DMT model, e.g., [551]. Other attempts
have been recently made to incorporate the effetttio films [552], and to extend the validity dfd
maps proposed by Johnson and Greenwood [553] tmattor the strength limit [554].

Adhesion for rough surfaces is obviously an extigmieh problem. Simple theories, such as those
proposed by Rumpf [555] and Rabinowicz [556] hagerbdemonstrated to work well when studying
nanoscales effects for hard solids for the sphlegeametry. These show large reduction with RMS
amplitude of roughness and a limited dependencgapes or curvatures, as confirmed by extensive
experimental measurements performed by Jacobs. §6%1]. When looking at the influence of
roughness on the system response from atomic aiiongup to a few nanometers, the latter showed
that the measured work of adhesion decreases bg than an order of magnitude when the RMS
increases. Successful attempts have also beertlyecmde to estimate the effect of adhesion between
elastic (hard) rough solids with Gaussian multgtales of roughness [558] and to study the effect o
adhesion for sinusoidal contacts, e.g., [559].

Looking at other theoretical and non-deterministiodels of multi-asperity contacts, in some of the
early contributions, Persson and Tosatti considaddesion through a fractal representation of sarfa
roughness and showed that adhesion dropped smmifjcat higher fractal dimensions [560]. They
suggested that the simpler analysis of Fuller andorl and their adhesion parameter adequately
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described the full detachment stage of a partidlete recently, Persson and Scaraggi [561] used
Persson’s theory and a power spectrum represemtatithe contact roughness to introduce a Tabor
number that depends on the length scale or magtdit, and which gives information about the
nature of the adhesion at different length scalbey proposed the analytical study of the two limgjt
cases (JKR —see also Persson [562]- and DMT) fatoraly rough surfaces using the Persson contact
mechanics theory (see 82.1.2); it was shown thhesidn problems that are “JKR-like” for large
length scales and “DMT-like” for short length scalean be approximately treated using the theory
with different levels of approximations, which degeon how quickly the behavior transitions
between the two limits across the scales. Whilsgheugh surface models (or asperity models) are
limited to a stochastic description of the surfaee®l thus cannot provide a complete contact
mechanics solution for all surfaces, they may atnsta good approximation and provide a useful
design tool, especially when numerical simulatiomesy struggle or fail to produce fast and reliable
results. Extensions to include hysteretic effeatsitel be a very useful addition to the literature.

Deterministic adhesion models of contact in thes@nee of roughness are expected to provide an
accurate representation of the response of rea¢$adcontact. MD simulations of contacts (se©&g2.
can potentially provide an extremely accurate deitgistic description of adhesive forces in a contac
(see, e.g., [277,563,564]); however, the limitatiorierms of the number of atoms and system sizes
that can be included in MD simulations (at leasewislassical approaches are used and the simulated
degrees-of-freedom are atoms rather than coargeegdrantities, as is the case, for example, in
GFMD; see below) reduces the applicability of tmsthod to large-scale contacts. Given the advent
of new and improved numerical methodologies andei®ed computational power, there has been a
recent resurgence in the development of contachamcs models able to address contact between
surfaces of arbitrary shape and roughness, of andllarge scale, and capable of providing accurate
information for contact forces, surface displacet®@md hysteretic effects (where present) throughou
the contact. Many of these methodologies can be asBE methods (discussed in 82.2) relying on
different discretizations and numerical technigtesolve the contact problem using “brute force”
[113], and include GFMD [138,565], FFT-based (€[966,567]), and Multi-Level Multi-Integration
(MLMI)-based techniques [568]. These methods haenbshown to capture the response of rough
contact surfaces in the presence of adhesion iruraber of configurations and can be used
successfully to predict the scales and regimes lachwroughness will play a significant role in
adhesive contacts, as well as computing hysteledges. These models can also be applied all the
way down to the nanoscale as long as the surfamgaations are well captured and can be
approximated using simple Lennard-Jones potentidbractions [568]. Other examples of
implementation within the BEM framework include thecorporation of JKR adhesion, e.g.,
[569,570]. Recently, Rey et al. [571] suggestealéarnative approach to the adhesive BEM, which is
based on the minimization of the total energy.

An open question is whether or not adhesion dependthe topography’'s RMS amplitude: while
asperity theories predicted a strong influence MSRamplitude, Pastewka and Robbins [565]
formulated a criterion for “stickiness” by numeliadservation of the slope of the (repulsive) area-
load, which appears to be independent of the RM@8iarde. This is not necessarily a contradiction as
the proposed criterion studies only the existerfcnstabilities at the small scale, while it is the
magnitude of such instabilities that is heavilylJuehced by long-wavelength undulations. Discussion
about this issue is currently still active [377,5®]. Future perspectives also include the need fo
detailed investigations of the interplay betweehesibn and shear stresses/friction (see e.g. recent
contributions on this topic [397,573]) and the gregion of realistic adhesive interactions, which
describe the surface behavior accounting for chalmiteractions and bonding energies that go
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beyond van der Waals forces, into multiscale roegbnsimulations via MD-continuum coupling
strategies, which in principle allow for chemo-masital interactions to be more accurately captured.

3.8. Lubrication and viscoelasticity

Everyday experience shows that interposing a theitlveen two contacting bodies dramatically drops
the friction force. Lubrication has, then, a paramtoimportance in engineering and applied science
research since it is clearly related to an improesergy efficiency, to a better durability of
components and systems, and, ultimately, to ecanmavings. In this section, only full film
lubrication regimes are addressed. The effect bfidant additives under boundary lubrication
conditions are discussed in §3.9.2.

Theoretical investigations take their origin in thieneering studies made by Reynolds in the 19th
century [208]: Reynolds equations enable the arsalys terms of velocity and pressure distribution,
of a flow in the lubrication channel. In the latyfyears, a lot of approaches, mainly numeri@dy],
have been developed to address the solution obétisf equations: nowadays, it is even possible to
account for a variety of non-Newtonian effects,giag from piezo-viscosity to shear thinning. For a
more comprehensive overview the reader is alsaresfedo Hamrock’s classical book [216], while
modeling approaches are discussed in §2.4.

In recent years, textured surfaces for the optitiinaof hydrodynamically lubricated contacts have
been developed (see, e.g., [574], also inspireddtyre [575]). The main effect of the presence of
dimples, pockets or asperities is an increasedndad-carrying capacity of the bearing and evdiytua

a reduction in the coefficient of friction. The matchallenge in modeling the hydrodynamic
lubrication between textured surfaces remains tascription of the cavitation, for which many
models have been proposed (e.qg., finite differeaigerithms [576,577] based on the well-accepted
JFO boundary conditions [578,579]. In addition, tiphlase CFD simulations have been used to model
cavitation but, given the complexity of the problamd the coupling with the appropriate turbulence
models, it is still a challenging task [580]. Msltale approaches should be developed in order to
capture both the macroscopic tribological charssties of a lubricated contact and the micro-
hydrodynamics, with the related phenomena of roaghfinduced cavitation and turbulence.

Furthermore, in order to completely assess thel@nmobthe solution of the lubricant fluid dynamics
has to be coupled with the analysis of the comigcsiolids’ mechanics: in the so-called EHL regime
(also see 8§2.4), the fluid pressure is high endiogantail an elastic deformation of the lubricated
bodies. Consequently, the pressure field has tefgaat the same time, the Reynolds equations and
the elasticity constitutive relations. The intrigagf the problem surges when the roughness of the
contacting solids is accounted for. Indeed, thehemattical form of the problem does not change, but
the number of elements required to find a numescdlition and, in particular, to explicitly resolve
the effects of rough contact cannot be handled thiéhcomputational resources currently available.
Consequently, a deterministic approach which adsofor the contact interactions at all relevant
roughness scales is unfeasible; instead, variomsofenization methods have been developed to
overcome these limitations. The most commonly wgg@roach solves the Reynolds equation as if the
surfaces were smooth and uses “flow factors” asstatlly corrective terms for the surface roughnes
[581]. This approach was pioneered by Patir anchGe [582], and then further developed by Elrod
[583] and Tripp [584] to account for anisotropideets. Furthermore, recent investigations have
shown that more accurate estimations may be peefbioy employing, instead of scalar coefficients,
flow factor tensors, which are functions of theface roughness and, specifically, of the anisotropy
roughness tensor [585].
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When contact or environmental conditions do notpefluid film lubrication, e.g., when extreme
temperatures and/or pressures are present, agdapaee applications [586], solid lubricants are
generally employed. It should be noted that, inlitezature, a distinction is made between powder
and granular lubricants, on the basis of the partiharacteristics and the load-carrying capacity
generation mechanisms [587]. Many analytical modélsolid lubrication have been developed over
the years, starting from analogies with fluid metbs and the conservation laws for mass,
momentum and energy [588,589]. The kinetic thedrgases, instead, has been the basis for the
development of the granular kinetic lubricationdhe[590,591]. Both continuum and discrete models
are available for the description of solid lubricator, more in general, of third body friction §9
Continuum modeling approaches are based on rhealolgiws describing the third body, originally
introduced by Heshmat [593]. Discrete simulatianstead, allow the precise computation of particle
dynamics and taking into account individual paetphrticle and particle-wall interactions [594].
Solid lubrication is intrinsically a multiscale andultiphysics problem. Therefore, an effective
modeling approach should be able to include therastmpic physical (e.g., surface roughness),
chemical (e.g., tribo-corrosion [595]) and thernmatieractions, and to link them to the frictional
characteristics of the tribo-contact. Hence, digscepproaches and particle-based methods seem more
promising, despite necessitating further efforts make the micro-to-macro correlation. Novel
lubricants have been successfully developed, esyg additives to improve anti-wear properties,
allowing to extend the life of tribo-contacts. Narwricants, for instance, display exceptional tharm
and tribological properties and are obtained byiregldanometer-sized particles to a base fluid. The
development and study of the response that additiMecules and nanoparticles, and the effect they
have on friction reduction and boundary lubricatisnusually achieved through detailed modelling at
the atomistic scale, as discussed in 82.5. A @etal/erview of modelling methods used in this aea
provided in [596].

The lubrication problem becomes even more comgétarhen it involves the wide class of soft
materials. Given its practical interest —relatethi continuously increasing demand for new polgmer
[597,598], soft tissues [599], biomedical implaf®0], biomimetic solutions [565,601] and smart
materials [602]—, soft matter lubrication is a diekhich is currently attracting a variety of resgmar
contributions. The main challenge in these invesiigs is in dealing with the lubricated bodies’
rheology, which is usually not perfectly elastiodaon the contrary, is marked by nonlinear time-
dependent stress-strain constitutive laws. Indbggder-elasticity has been embedded in a number of
models (see e.g. [169]) and was shown to be reiperfer significant quantitative deviations from
the classical EHL theory. However, such a step matsbeen sufficient to explain a variety of
experimental observations involving soft materidlsese include, for example, film thickness maps
and contact patches whose shapes and values sepending on the flow speed, a marked shrinkage
at the flow outlet, thus looking very different fnoconventional Hertzian-like contact configurations
[603]. Another surprising experimental finding lekto the interplay between solids and fluids ift so
contact problems can be found in [604], where ghewn that the rupture of the fluid film occurs at
the flow inlet in lubricated interfaces in the prase of strongly viscoelastic solids: this is vieayd to
explain in the absence of strong time-independeforchations, and is unexpected in classical
lubrication. For these reasons, recently, new n®det two-dimensional [605] and full three-
dimensional interfaces [606] have been developedctmunt for the viscoelasticity of lubricated
solids. Specifically, in the latter case, when cd@sng a viscoelastic rheology, it is possible to
appreciate a dramatic deviation from classical Bhikory, both in terms of fluid pressure and film
thickness. Indeed, the film thickness has a madtethkage at the fluid outlet, so that the absolute
minimum of the film thickness can move from theafloutlet to the inlet and the pressure distribution
is peaked accordingly. All this has paramount ingroce when focusing on the friction developed in
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tribo-systems involving viscoelastic soft materidigdeed, the viscoelastic material hysteresistbas
be added to the fluid viscous losses, a trend widcFar from the classical EHL friction-speed
dependence and is consistent with very recent arpatal observations [607].

Beyond lubrication, the contact mechanics and loidpp of viscoelastic soft matter itself can be
studied via the BEM, which is significantly moresteffective in modeling rough surfaces than FEM
(see 82.2). In general, viscoelasticity causeskhge of the contact area for increasing speed].[159
For example, the contact behavior of a rigid splereciprocating sliding contact with a viscoelast
half-space ranges from the steady-state viscoelsgtition, with traction forces always opposing th
direction of the sliding rigid punch, to a multigdeed pressure distribution with tangential foraes i
the direction of the sliding punch. This behav®controlled by the size of the contact, the freqye
and amplitude of the reciprocating motion, andrédaxation time of the viscoelastic body [608].

The development of comprehensive tools is necegsasymultaneously manage surface roughness,
the complex rheology of lubricants and contactitglibs, surface effects linked to adhesion or the
presence of surface-active molecules, and the gepwiethe contacting bodies.

3.9. Other tribological phenomena and applications

3.9.1. Wear

Despite three centuries of scientific investigasioon wear mechanisms [609], which led to the
emergence of a myriad of empirical models (amomgdgth the ubiquitous Archard’'s wear law), by
and large, the dots remain unconnected and ouras@mpic engineering-scale understanding of wear
remains limited [610]. Wear processes emerge framhavariety of complex physical and chemical
mechanisms at disparate time and length scales.ttlee vastness of the literature, this brief and
incomplete overview is limited to dry adhesive siglwear focusing only on a few recent works in
the literature. A fairly complete synthesis of thasting empirical models can be found in [611].

Starting in the eighties with the advancement oMARribology has taken a turn towards identifying

molecular mechanisms behind friction [444,612]nbimg about the era of nanotribology. This has
naturally lead to uncovering three fundamental apkevel mechanisms behind wear: atom-by-atom
attrition [613-616], gradual smoothening by diskma plasticity [617-620] and amorphization [621],

as well as fracture-induced third body formatioBg4622,623].

Beside theoretical studies [624-627], numerical eliod of wear processes has appealed to many as it
opens the possibility to zoom in on an otherwiseidal contact interface; however, numerical
modeling comes with its share of difficulties. Tissdue, on one hand, to the challenge of the kengt
scales of wear processes (engineering wear deferisfeen orders of magnitude larger than the scale
of molecular processes that lead to them) and,henother hand, to the diversity of underlying
mechanisms (including plasticity, third body intrans, formation and propagation of cracks,
chemistry). For instance, third bodies can havaaificant effect on the frictional properties dfet
tribo-contact [628], sometimes even reducing theffagent of friction [629].

Wear modeling approaches can be decomposed intmgom and discrete types. Continuum models,
which include the popular finite element (FE) ammio (see §2.2), have the advantage of being
comparatively computationally affordable, whil@sitalso fairly easy to introduce material paranseter

within macroscopic constitutive laws [630-636]. @spondingly, DDD (see §2.3) has been recently
used as a mesoscale approach to investigate plastmon asperity collision [429,637,638]. Both

approaches are commonly used to study the onsetaf only, as they suffer in performance and
require adaptive meshing when intense deformatietd shearing occurs. In general, when debris
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are formed, it is best to use a discrete descrippfomatter. The most prominent discrete modeling
technique to model wear is classical MD (see 8ZT4)s is a very useful approach in particular
because it is relevant in scale to a large bodgxplerimental work in nanotribology [254,273,639-
646]. The quality of the results is very much iefhged by the care put into the choice of atomistic
potentials [263,647-649]. Naturally, classical Me dimited to sizes below microns, which are
relevant to nanotribology but not to a vast catggur engineering wear scenarios, i.e. with debris
sizes of the order of or above micrometers. Atalesabove, an interesting approach is the DEM (see
§2.4) [594,650,651]. In this method, numerical poiaim to represent an ensemble of particles, or a
grain, and the physical sizes of the model can hehntarger. Of course, this is at the expense of
material modeling accuracy, and the artificial fgngcale introduced when specifying a distance
between particles can influence the wear mechan@nashas to be carefully chosen.

A recent intermediate approach aims at coarseigmaisimple atomistic potentials. In particular, a
recently-developed coarse-grained atomistic pakrj263] (i.e. discrete particles are meant to
represent an ensemble of atoms) permits one toreagite formation of a steady-state debris particle
generated during an adhesive wear process. Stestdyirmplies here that the debris reaches a sate th
becomes eventually independent of time, and, i) that can be predicted at the asperity level [652
following a local Archard's law [653] (i.e. the d&bsize is dictated by the junction size) and@alo
Reye’s law [654] (i.e. the debris volume scalesiiictional work). Numerical evidence [263] shows
that there exists a critical length scale for jimttsize, above which surface asperities lead to
“fracture” and thus produce wear debris particlegiile smaller junctions exhibit “plastic”
deformation [263]. This concept might be appliedctmtact wear maps to analyze which micro
contacts lead to debris, and using probabilistguarents to deduce wear coefficients from first
principles, which to-date remain fully empiricalrpmeters.

Due to the complex multiscale and multiphysics reataf wear processes, there is need of more
systematic and multidisciplinary research to batteterstand the origins of wear at different scales
The recent advances summarized above give new &bpevisiting empirical engineering wear
models and promoting physics-based mechanistic medels at both the single and multiple-asperity
levels.

3.9.2. Tribochemistry

The control of friction and wear in a tribologigantact is known to be related to several parammeter
such as the nature of the rubbing surfaces (rowshnghysico-chemical composition, mechanical
properties), contact conditions (pressure, sheass)yt, temperature, environment, etc. In particular
cases, chemical reactions occurring during sliduitstrongly influence the tribological behaviof o
the interface through the generation of new comgseuifhese phenomena are studied in the field of
tribochemistry and are often observed in boundabyi¢ated contacts [442]: a characteristic example
is molybdenum dialkyldithiocarbamate (MoDTC) whigha well-known friction modifier additive
used in engine oil that is able to significantlgduee friction through the generation of molybdenum
disulfide (MoS) lamellar flakes in the contact [655,656]. Anothgpical example of lubricant
additives is zinc dialkyl dithiophosphate (ZDDP) iat is well known for its anti-wear properties
thanks to the generation of a sacrificial phospiatsed tribofilm on steel contact surfaces [65T T
classical approach to study such phenomena isaacterize surfaces by identifying new compounds
after tribological tests (post-mortem characteiimgt The thickness of the tribofilms usually raage
from few to several hundreds of nanometers. Su$aositive tools are so needed to physico-
chemically characterize surfaces over a depthfefvananometers. The analyzed area should also be
as small as possible in order to spatially resoleoscale features. Recently, more and more in-situ
experimental tools, coupling friction testing anekitu characterization, have been used to gaiesacc
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into interfacial material modifications during rubf [658-662]. Alternatively, tribochemistry is
studied with MD and quantum calculation tools, ssuksed in §2.5.

The activation of tribochemical reactions cannotibscribed with a universal mechanism but depends
on conditions at the interface. During severe adnttor example, a "new" (nascent) surface is
revealed, which reacts differently with the addiswor the chemical environment from the initial one
[663]. In the presence of insulating materials -tlgoander dry conditions—, studies suggest that
electrons and particles are emitted during slidthgt could influence tribochemical reactions
[664,665]. In general, the interface is at thernmadyical equilibrium when the temperature stays
constant in the contact, either, at very low slidapeeds when no significant increase of temperatur
is found, or at high sliding speeds when the mglgnint of the contacting material has been reached
In all other cases, the interface is not at thegmadhical equilibrium and its behavior becomes
significantly more complex [666]: For instance, antiigh-speed contact, the increase of temperature
could be important with the thermal energy pushihmqugh the energy barriers of chemical reactions.
In such a case, the tribochemical reaction maiolucs because of thermal energy generated in the
contact. Furthermore, in some cases, normal anar Steesses applied on the "interfacial material”
could promote a tribochemical reaction [659,667]668 this case, tribochemical reactions are
promoted by the mechanical energy, which helpsedese the energy barriers of the chemical reaction
pathway. Relevant models about these topics hase teviewed by Spikes and Tysoe [669].

3.9.3. Contact scale issues in experimental biototogy

Nanotribological experimental approaches have tmwployed for contact mechanics and friction
studies of biological tissues. Concerning the sjalgeint system, for example, the use of AFM has
given new insight on the frictional properties aftdage tissues [670-672] —including in the study
synovial joints [673]—, allowed for the detectioh different elasticity (stiffness) on the proximal
versus distal areas [674,675] and the identificatibmore compliant characteristics of the peridaf
matrix than territorial/ interterritorial matrices cartilage [676]. The distinction between healtingas
and enzymatically defected areas of cartilage issippbe exclusively with very sharp (nanometer-
sized) AFM probes [677], which led to the developtnef AFM-based arthroscopy [678].

A common observation is that the excellent lubnmgatcapabilities of cartilage tissues, reported by
many macroscale experimental studies [679], were faond at the small scale, not even on
experiments preformed on thin films prepared wihth individual constituents of cartilage [680-683].

In studies with sharp AFM tips the very small cantarea achieved by the AFM probe on the
cartilage surface is likely to inhibit the activatiof interstitial fluid pressurization. This maydicate

an intrinsic hurdle or, alternatively, a fundameéiwtaallenge in the usage of AFM for nanotribologica

studies of cartilage. When it comes to the frictiioproperties of cartilage tissues and model| tifrinsf

for small scale contact, computational modelingligtsi have been relatively scarce to date. Multéscal
and multiphysical tribological models are necessafyl this gap.

3.9.4. Skin tribology

The skin controls many types of exchanges betweeimaer and outside worlds which take the form
of mechanical, thermal, biological, chemical andctlbomagnetic processes [684]. These processes
concurrently operate as parts of a very dynamidesysfeaturing highly non-linear feedback
mechanisms [512,685,686] where mechanics is pivodal mounting evidence suggests, skin
microstructure can play a critical role in how n@smopic deformations are modulated at the
microscopic level [687]. These structural mechasisane also at the heart of skin tribology by
constituting and conditioning mechanical load traission [38,510-512,688-691].
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It is widely accepted that skin friction is made d#formation-induced and adhesion components
[511,692-695] but, up to now [512], adhesion-indlidection has been deemed to be the dominant
contributor to macroscopic friction. Applying a cpuatational homogenization procedure to a 2D
anatomically-based finite element multilayer modkethe skin, Leyva-Mendivil et al. [512] recently
showed that deformation-induced friction can beniicant when the skin surface is subjected to the
action of a single rigid indenter of sub-millimetgre. It was shown that the macroscopic coefficien
of friction between the skin and a rigid slider rimgyacross its surface is noticeably higher that th
local coefficient of friction applied as an inpuarpmeter to the finite element analyses [512]. [&mi
observations were reported in a 3D computationatasth homogenization study [696]: geometrical
effects alone can have a significant impact onntlaeroscopic frictional response of elastic contacts
These results support the idea that accountinghermicrostructure of biological tissues and the
heterogeneous nature of their mechanical propertiesld be critical in determining their
biotribological properties. Using their computatbrcontact homogenization modelling framework
[512], Leyva-Mendivil et al. [697] recently demoraded the pressure sensitivity of skin friction i

is strongly modulated by finite deformations ofrslgurface asperities. Similar observations were
made in an experimental context by Wolfram [6953jisThas important tribological consequences in
combination with the effect of relative humidity tme mechanics of the epidermis, particularly when
considering mechanically-induced skin wrinkles [698

To date, despite many experimental and modelingiegunvestigating shear stress at the surface of
the skin in relation to skin injuries and pressuieers [699-701], very little effort has been debto
develop methodologies to gain a more quantitativd mechanistic understanding of how shear
stresses are induced at the level of skin micriefrasperities, and how they propagate from tha ski
surface to the deeper layers where they are liketgechanically stress living cells [38].

Ultimately, excessive stress or strain can leacktbdamage and death, which, at a meso/macroscopic
level translates into tissue damage and loss dddiimal structural integrity. If one considers thadn-
withstanding the strong sensitivity of the skin floctuations in environmental conditions, (finite
strain) mechanics is typically coupled to biochdmgignd other physical processes such as thermal
transfer, it is clear that the formulation of agge of sufficiently descriptive contact theory bétskin

iS going to require substantial integrative effol@sie to the fibrous nature of their cytoskeletoel]s

also feature strongly anisotropic properties, whimbmbined with their extreme deformability, calls
for new contact theories of biological soft matfEhis presents numerous challenges at a theoretical
computational and experimental level but also mlesi outstanding opportunities to establish an
ambitious research roadmap to push further the demiss of our current knowledge and capabilities,
in biotribology and biological soft matter in geakrand in skin tribology in particular.

3.9.5. Cardiac dynamics: multiphysical biotribology

In the last few years, new perspectives for contaathanics research in biotribology are emerging as
far as the problem of contact interactions betwiielogical cells is concerned; see, for example, a
wide overview in [702-706]. In cardiac dynamics, aoytes, which are the fundamental cells
composing the cardiac tissue, interact in a vempalex way across their boundaries, transferring
physiological quantities, electric current, andoalsiechanical tractions [707]. Moreover, their
boundaries evolve in time, as a result of growdmadeling and aging effects [708]. From the
mathematical point of view, the complex myocyte ayiics and its electrophysiological behavior can
be described by a set of reaction-diffusion padifferential equations for the diffusive membrane
voltage and for the local electrophysiological ggtfields [709,710]. The nonlinear coupling between
electrophysiology and the hyperelastic materialpoase induced by the excitation-contraction
mechanisms is typically modelled via the multiplica decomposition of the deformation gradient
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into elastic and anelastic parts; see, for examplgl-713] for more details on theoretical and
computational aspects related to this modelingegdga Specifically, the inelastic active deformation
gradient can be provided by the subcellular caltraftage dynamics, while the elastic deformation
gradient is computed as customary [711].

Complementing these continuum mechanics formulatieith suitable interface constitutive relations
to address the problem of myocyte-myocyte intevaci$ an open problem, with preliminary attempts
to solve having already been proposed in [707,7M8chanical interactions should account for
adhesion and contact tractions dependent on thal loell-cell separation, to reproduce the
experimental evidence. Finally, as a further maohgrovement, the roughness of cell-cell interfaces
should be accounted for, leading to a distributbpartially insulated but still conductive spoéirer
than a fully conductive interface. In this regaitk fundamental discoveries in the field of elecamd
thermal contact problems in the presence of roughaee expected to be applicable and extendable
also to myocyte contacts. As proposed in [714]ntlyecyte interface can be modelled as an imperfect
zero-thickness boundary layer, whose response eagoterned by nonlinear constitutive relations
generalizing the popular cohesive zone models useftacture mechanics for pure mechanical
interactions. The mechanical field has to be calplgh other fields, such as the electric one,do b
transferred across the interface. Notably, theltegstablished in [366,715] are expected to play a
important role regarding the relation between elecurrent and voltage.

3.9.6. Industrial case studies: Steel forming prosses, wafer lithography and roller bearings
Controlling tribological properties in steel-makinqgocesses is necessary to improve quality and
increase the production rate. Undesirable phenormerhade temperature-dependent adhesive wear,
flaking and galling. The industry currently usetbdfogical models that are based on continuum
theories and incorporate limited microscale aspactd simplified roughness representations, or
phenomenological models that strongly rely on ewpee: e.g., the friction coefficient is varied
within a known range to predict process parametenflips Drachten, for example, currently uses a
micromechanics-based numerical model to predictidm coefficients that vary with local pressure,
strain and temperature [716]. Such models calcula¢eload-carrying capacity of lubricant-filled
cavities, where the Young's modulus and flow stagsmodelled as temperature-dependent. There is
a need for numerical models that satisfy certaiteria: they should use computationally-efficient
simulation strategies, be usable in automated abaytstems to allow in-line adjustment of process
settings based on (meta)data, and they should lestr@cross various processes and demonstrable
results at both ends of the dimensional range. &letitere is need for simple (perhaps, even,
analytical) but comprehensive predictive modeldrigtion as well as system-level simulations that
can incorporate tribological aspects into the miodedf multi-stage deformation processes.

While unanswered questions remain and improved la@ite needed in the “classical” manufacturing
world, tribological issues persist also for semahactor companies such as ASML that use fast
extreme ultraviolet (EUV) lithography on large tesfsmicrometers-thick wafers to manufacture
integrated circuits with positioning accuraciestoé order of nanometers. Physics and chemistry
guestions are relevant for such processes, focusingUV source, scanner, metrology and process
attributes. Current positioning methods involvectrtastatic forces used to fix the wafers onto bars
the substrate; improving and optimizing positionaxgruracy requires multiphysics modeling across
scales since wafer-support forces lead to wafdordisns and, in turn, to overlay and height (ofit o
focus) errors. Adhesion and friction play an impattrole in wafer support as does the contact and
clamping history: the order in which contact witidividual burls is established is different every
time. Furthermore, positioning is a dynamical cohfghenomenon that, at such small scales, results i
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accelerations of about 50g. One major advancehtirtdustry would be to realize switchable friction
without wear.

A final example of on industrial case study is teduction of friction in roller bearing. Having thas

the ultimate goal, researchers at SKF with acadgrartners performed non-equilibrium molecular
dynamics simulations of stearic acid adsorbed on surfaces with nanoscale roughness [717]. The
stearic acid films were found to be able to mam&®gparation of asperities on opposing surfaces due
to strong adsorption of the head groups, therelayedsing the friction coefficients and Derjaguin
offsets. These effects were negligibly affectedabyincrease in surface roughness. To tackle larger
size and time scales, multiscale methods are lik@hgdidates for future research. Of particularrage

are the quasi-continuum method [718], and the GBMary (http://cpl-library.org) [719], a recently
developed communication and topology managememersyfor coupling continuum fluid dynamics
to molecular dynamics. Other possible avenues tothér research are accelerated molecular
dynamics techniques.

4. Conclusions

One of the main outcomes of the Lorentz workshophicro/Nanoscale Models for Tribology” was
the realization that, despite the modeling comnylmitbility to address elastic problems of great
complexity at various scales, significant effortsifl required to account for effects like plagiic
adhesion, friction, wear, lubrication and surfat¢eroistry in tribological models. Although many
systems do involve two or more of those phenomena@ous scales, multiscale and multiphysics
models are still challenging to develop and usethey require multidisciplinary expertise and
collaborative effort. Nevertheless, a few succdsstamples are provided in the text. Breakthroughs
are thus expected from the future development ofatde and efficient multiscale/physics tools
dedicated to tribology. On the other hand, tribadtstill need to identify key elementary processe
specific to rough contacts under shear, and adedcidor example, to crack nucleation and
propagation, chemical reactions, or fluid-solidenaictions. In order to keep a clear physical
understanding of the outcome of complex modelsse¢harocesses will preferably be first studied on
their own, before introducing the related behau@ws in more comprehensive tools. Only by
pursuing simultaneously both research avenuestkglltribology community have a chance to (i)
advance on the fundamental understanding of frieficinterfaces and (ii) propose simple but
comprehensive models useful to optimize and comichistrial processes.

As a good way of improving existing models anditgshew ones, one agreement that was reached
among the participants of the workshop was the heedore exercises like the contact-mechanics
challenge described in §3.5. This is not a trivéak and no general consensus was reached about
what could be the best challenge to launch nexivd¥er, the need to propose tribology challenges for
guantities that can be also experimentally measurgdrallel was clearly expressed. In such a way,
challenges would not be mainly academic exerci$esmputing capabilities, but may help set up
realistic problems which can have reasonable exgerial counterparts. In this context, quantitative
comparison with experiments will naturally leaddansidering effects not taken into account in the
contact-mechanics challenge, such as plasticibg-fange adhesion, large deformations and friction.
Those effects could first be assessed separatelyhem simultaneously with an extensive range of
parameters and not just one precise choice. Thelafmnent of deterministic ways of preparing
surfaces (e.g. 3D printing, or micro-milling) opehe way for experimental assessment of the role of
various roughness scales on tribological propertigsadding more and more scales in the surface
topography.
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Considering the contrast between the convergendetarests among the workshop participants and
the diversity of cultures and modeling traditionstheir respective communities of origin, a need fo
collaborative platforms for tribologists has emetgé shared platform, organized via a dedicated
website, could include the following sections: dpen source software provided by research groups,
useful also for dissemination purposes; (ii) aemilbn of contact problem results, reporting, facte
case study, the surface topography used as an fopuhe simulation/experiment, the material
parameters and the constitutive model, and a geiweri of the assumptions of the computational
model used to obtain the contact response; (ilitaof simulation and testing facilities of resetar
groups working on contact mechanics, with links their websites and laboratories, organized
according to the major problems of industrial iat#r This collaborative platform is envisaged teeha
an important impact on the community to foster maweind robin campaigns like the challenges
mentioned in the previous paragraph, provide madtarseful for benchmark tests, increase the
awareness of companies in the applicability ofalolgy and contact mechanics research to solve
problems of industrial interest and ultimately decate tribological research in the interdisciptina
manner necessary to lead to breakthroughs in ek fi
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! Despite the fact that the task set by the chatlemgs well-defined in scope (only elastic
deformations, no shape but only a single realipatioa nominally flat infinite rough surface to cither, modest
adhesion, and well-detailed information includigre data files to start with), still Martin Mis@mnarked that
reaching the stage where different groups would#igeoresults in the same units, and putting togetie

amount of information obtained, was not an eady, tasolving more than 1,400 email exchanges.
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