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Characterization of Friction Force Dynamics

Behavior and modeling on micro and macro scales

Farid Al-Bender, Jan Swevers
farid.al-bender@mech.kuleuven.be

tel:+32/16/322480

Friction modeling has been steadily gaining in interestraye last two decades.
Despite persistent and painstaking efforts, however, tiefaatory, comprehensive, practica-
ble friction model that captures all of the experimentallyserved aspects of friction force
dynamics in one formulation is available. Friction compsisnultiscale processes requiring
multiscale theories [1]. Such theories are not fully depebh however, and the significance
of each theory at each level is not fully understood. Thusstnavailable friction models
are, in essence, empirical, that is, based on limited obiens and interpretations. In this
sense, the resulting models are valid only for the specifipes®f test conditions, such as
the level and type of excitation, used to obtain the data.@nother hand, the development
of simulation models and, where possible, predictive tlespmt scales from atomic, through
continuum, to useful engineering models, can fill gaps intttedboxes available to designers

and analysts.

This article presents an example of comprehensive modieliby, which starting



from the generic mechanisms behind friction, leads to thestraction of a model that
explains observed macroscopic friction behavior. Effecphysics-based models at multiple
scales can facilitate future work on the inter-relatiopshamong models by furthering the
understanding of emergent, collective frictional projsrt Moreover, predictive physical
models facilitate the derivation of simple models for cohfpurposes. An example is the

generalized Maxwell-slip model, which is discussed in tuiscle.

Considering friction as a mechanical system, a close exdimmaf the sliding process
reveals two friction regimes, namely, the pre-sliding negiand the gross sliding regime. In
the pre-sliding regime the adhesive forces owing to agpedhtacts are dominant, and thus
the friction force is primarily a function of displacemerdtimer than velocity. The reason
for this behavior is that the asperity junctions deform telgdastically, thus behaving as
nonlinear hysteretic springs. As the displacement in@gasore and more junctions break
and have less time to reform, resulting eventually in grdging. The sliding regime is,
thus, characterized by a continuous process of asperittipgmformation and breaking such
that the friction force becomes predominantly a functiorthe relative sliding velocity [2].
The transition from pre-sliding to gross sliding is a cality that depends on many factors

such as the relative velocity and acceleration of the giidibjects [3],[4].

Besides the field of tribology, where the origin of frictionagse of the main topics,
modeling and compensation of friction dynamics are treatedeveral other domains. In
the machining and assembly industry, the demand for higlacy positioning systems
and tracking systems is increasing. Research on controlezhamical systems with friction
is motivated by the increasing demand for these systemetidfrican severely deteriorate

control system performance in the form of higher trackingoes, larger settling times,



hunting, and stick-slip phenomena [5],[6]. In the domairsttictural dynamics the damping
of large space structures is of interest. This damping isedumainly by energy dissipation
due to the pre-sliding displacement in mechanical jointsy &nown as structural damping.
Geomechanics is concerned with the origin of earthquakbghnare stick-slip phenomena
owing to the interaction of friction between tectonic ptatén short, friction is one of the

main players in a wide variety of mechanical systems.

We divide approaches to friction modeling into two classeanely, analytical and
empirical. The physics-motivated approach starts at theravievel of asperity interaction,
with assumed physical phenomena governing the interaéticres, and synthesizes a me-
chanical system of friction. The resulting model can thervéefied by the macroscopically
observed friction force dynamics. Thus, while the basic ma@tsms responsible for friction
are phenomenological, that is, empirical, the resultingnescopic behavior can be seen as
an emergent behavior that varies qualitatively with theselmothe parameters of the micro-
process. The purpose of this modeling approach, which isilpopn tribology [7], atomic
friction [8], and geomechanics [9], is to gain insight inb@tmechanisms determining friction
behavior. For details on the various classes of this mogepproach, see “Physics-motivated
Friction Models”. Finally, the generic, physics-motivdtmodel outlined in the next section

belongs to this category.

In contrast, empirical models look at the process from withemd ask the following
qguestion: Which dynamical model can best account for obdemsacroscopic frictional
behavior, regardless of what the actual physics of the probight be? The purpose of
these models is then to capture as many friction propersegoasible in one formulation

with a minimum set of parameters, which remain to be detezthi©wing to their simplicity,



the resulting models are appropriate for quick simulatiorcantrol purposes. When their
complexity increases, empirical models can approach,rmdef predictive power, physics-
based models, as shown in [10]. Despite that fact, empimcalels do not predict the behavior
from the internal physics of the problem, but rather from ayical systems consideration.
Analysis of various empirical friction models reveals arderlying general model structure.
For details, see “Generalized Empirical Friction ModeluSture”. For an overview of the

development of empirical models, see “Empirically Mota@tFriction Models”.

The underlying aim of this article is to develop a link betwethe physics-based
and empirical approaches. In particular, we first presenemedc, physics-based friction
model, and then deduce a simple empirical formulation basetie results obtained from the
physics-based model. Finally, the simulation resultsiabthfrom both models are compared

with experimental observations.

A GENERIC FRICTION MODEL BASED ON PHYSICAL PHENOMENA

In order to formulate a generic friction model (GFM), we bedgy considering two
multiscale rough surfaces, belonging to two solid, elastidies, in contact with each other
without sliding and under a static compressive fof¢e Since the surfaces are not smooth,
contact occurs only at discrete points that sustain thd tapressive force. The spatial
randomness of the contact points corresponds to the natwsarface roughness, whereas
the different sizes of the contact spots are due to the nhellspales of roughness. For a
given load, the spot size depends on surface roughness amdethanical properties of the
contacting bodies. It is evident that even for a regularasef the shapes of the contact spots

are not homogeneous and can be irregular and complex.
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When two surfaces slide relative to each other, a tangentietioh force F is
experienced. This force is the result aflhesion and deformation arising from asperity
interactions. Adhesion refers to the tangential (that sas) surface forces arising from
various of sources when the surfaces are within a certairimpity of each other. Thus,
short range, metallic and covalent bonding forces are densd as well as long range
adhesion forces, such as van der Waals [11], [12]. Defoonatsses, in metals, are of
a rate-independent hysteretic nature [13], in the nedaseirmaterial, as a consequence of
geometrical deformation of asperities. Deformation lssiske place during interlocking of
asperities, and persist until after the asperities passeah other. This phenomenon is akin
to structural damping. A third fundamental mechanism, Whg more directly responsible
for friction dynamics, iscreep of the contact in the normal direction. This phenomenon is
best imagined as follows. Two rough surfaces that are loagethst each other tend to sink
into one another over time, leading to increased aspertrloctking and, thus, to higher
tangential forces upon sliding. These mechanisms comghesdirst category of ingredients

of the physics-based model.

The adhesion, deformation, and creep mechanisms may bredanteected with each
other to the degree that it is difficult to draw a clear bougdeatween the spheres of influence
of each. We assume a priori the existence of these mechareemsder them abstractly, and
lump adhesion and creep, expediently, into one paramdies.phrameter is a time-increasing
local adhesion coefficient. Deformation losses, on therdtla@d, are quantified by the loss
of stored elastic of the deforming asperities. Thus, by ivgryhe parameter responsible for

each mechanism, we can gain insight into its effect on thball&riction behavior.

The dynamic interaction of these three mechanisms with $pergy mass and stiff-



ness is responsible for the richly varied and complex beinaof the friction force. This
interaction is brought about mainly by the continually ojiaig contact topography, in
time and relative displacement. This category of ingretdiecalled theasperity interaction
scenario, is equally significant in determining the friction force mymics. This scenario
considers the normal and tangential deformation of aseeritf both surfaces as a function
of the relative tangential translation between the two disjewhile the normal distance
between remote points in the two objects remains constaatielhg the contact between
two rough elastic surfaces is often reduced to modeling thregact of one elastic surface,
having the equivalent roughness and elasticity of bothased, with a rigid perfectly flat
second surface [13], [14], [15]. While such a reduction iseptable when considering quasi-
stationary contact during pre-sliding, this approachsfalort of revealing the dynamics of
the nonstationary case, that is, sliding, since it masksnieelocking of asperities and gives
a false picture of the continually changing relative tomgdry and hence of the resulting
tangential forces. In practice, quantification of the twiss® ingredients for a given contact
may not be obvious. However, since we are concerned with tiaditgtive, model-structure

aspects of friction force dynamics, this issue is outsidedtope of this article.

Having identified the ingredients, the next step is to fortrila spatially distributed
model by applying these ingredients to a large populatiomdividual idealized asperities
that vary randomly. In particular, the contact surfacesvad blocks rubbing against each
other can be represented, after transformation, as follQmeg flexible surface, being chosen
for convenience to be the upper surface, containing allvedgmt asperities, each with its
own stiffness, mass, and shape, interacts with a rigid, rdtltat is non-flat) lower surface.
Thus, although both surfaces contain asperities, all ola8perity dynamics are assigned to

the upper surface.



Figure 1(a) depicts the life cycle of an upper-surface agpewvhere it is assumed
that the upper surface is moving from left to right with resp® the fixed lower surface.
Although topographical characteristics are assigned tio fuarfaces, the equivalent interaction
characteristics, namely, stiffness, mass, compressimhadhesion, are lumped into one point
on the upper surface. This point is initially moving freeltil it touches the lower rigid
surface. After sticking and slipping over the lower profitee asperity breaks completely
loose from the lower profile. In doing so, the asperity is asst to dissipate all of its
elastic energy through internal hysteresis losses. Fifj(bedepicts the tangential, hysteretic
deformations that the asperity undergoes. In case theigspmuches the lower surface, it
is said to be in aractive state. For the other cases, the asperityngtive. This scenario is
reminiscent of the Tomlinson-Prandtl atomic model [161;e¢t that our scenario accounts for
creep, adhesion, and loadcarrying, which are essentiaviealing friction force dynamics.

In this formulation, the possible vibration of an asperityridg contact is ignored.

From the moment the asperity becomes active, it begins towahe profile of the
lower surface, by deforming normally throughand tangentially througlg, resulting in

normal and tangential forces. The normal force is given by

Fu(t) = knC(1),

while the tangential force is given by

Fi(t) = ke(2),

wherek, andk; equal the normal and tangential stiffness of the equivadsperity, respec-
tively. The maximum tangential forcé),(¢) an asperity can sustain before slipping equals

the adhesion force, that is,



where the local adhesion coefficientt) is function of the contact time, owing to normal
creep. This behavior can be deduced from the relation betsic friction and dwell (rest)

time. Coulomb in 1785 [17] is probably the first to explore ttime dependence [18]. As a
rule, the static friction force’, increases with dwell. An overview of various formulae for

this time dependence is given in [11].

Thus, depending on the relative valueg pf:, k,,, andk;, the asperity tip initiallysticks
(case (ia) in Figure 1(b)) to the lower profileslips on the profile, and, finally, breaks loose
from the profile. Assuming, without loss of generality, Bmg¢angential and normal elasticity
of the upper asperity, the force initially increases limgavith the displacement until slip
occurs. In the meantimey(t) keeps increasing with contact time. Once the asperity lsreak
loose from the lower surface, its tip vibrates tangentialhd normally, thereby dissipating,
partially or fully, its elastic energy, through internal dtgresis, until it comes to rest or
comes in contact with the next surface profile. For low stidgpeeds and large separation
of consecutive asperities, as compared to asperity sizef #ie tangential elastic energy is
assumed to be lost. Besides the deformation and adhesior efjthvalent asperity, the mass
can contribute also to the friction force. When the equiviadesperity comes into contact with
the surface profile, the asperity undergoes an impulseltiregin an energy equal tew? /2,

with v the relative velocity of the equivalent asperity.

To investigate the various types of friction behavior thet GFM can simulate at the
macroscopic level, between 1000 and 4000 equivalent diggedre simulated. A rubbing
contact is modeled as that taking place between one flat tobjetered by a population of
mutually independent elastic point asperities with raniyazhosen constant heights masses

m , normal stiffnesseg,,, and tangential stiffnessés. On the other side, a rigid surface



having, for each asperity, a square wave profile (dasheddlirféigure 1(a)) with constant
height but randomly chosen wavelengths which are fixed during the lifetime of a single
asperity contact. The stochastic distribution functiohshe parameter#, m, k,,, k;, andw,

which depend on the actual contact considered, influencesthdting friction dynamics. The
mean ratio between the characteristic length of inactwitgt activity is given by a topography
factor o. The shape of the local adhesion coefficient is chosen to lexponential saturation

function, which is identical for all of the asperities.

As shown in Figure 1, the asperity can tilt so that its loatyeag capacity can also
vary as a function of the position of its tip relative to itsseaThis situation leads to normal-
force dynamics, called thkeft-up effect [7], which is not considered further in this article

owing to its lesser relevance.

TYPES OF FRICTION BEHAVIOR

We now consider the behavior of the GFM for several wellldghed characteristics
of dry friction. These characteristics are the pre-slidmgsteresis characteristic, velocity
weakening and strengthening, the dynamical behavior offribeon force in the velocity
during gross sliding, and the transition between pre+sfjdind gross sliding. The implemen-

tation of the model is discussed in [7].

To specify the contact considered, the user must provideegator the normal and
tangential stiffness of the population of asperities, rtheass distribution, the surface to-
pography parameters, and the local adhesion coefficiertiom As input to the sliding

case to be examined, the normal proximity between the sesfaad the tangential motion



trajectory must be given. The output of the model is then titién and normal forces,

whose dynamics are discussed in the following sections.

The parameters of the GFM used to simulate the macroscopivime are purpose-
fully chosen to be rather unrealistic in order to exaggettate effects for better visualization.
All of the results are expressed in normalized, dimensemlenits. This normalization is
performed with respect to a set of reference parameterseointieracting surfaces [7]. We
thus focus on the qualitative behavior of the friction. Tkalrscale of the figures, that is, the
guantitative behavior, depends on the material combinadiod surface topography, which

can be varied for the purpose of simulation.

Pre-diding behavior

At very small displacements, that is, in the pre-slidingimegy experiments reveal
a hysteretic displacement-dependent friction force [120], [21], [3]. Figure 2 shows the
results obtained by the GFM. The position signal is chosegetterate an inner loop within
the outer hysteresis loop. The resulting friction-positaurve is rate independent. In other
words, the friction-displacement curve is independenhefdpeed of the applied displacement
signal. This is one property of hysteresis. When the innep Isoclosed, the curve of the
outer loop is followed again until that is also closed. Thusyperty of hysteresis is known
as thenonlocal memory characteristic. Besides being experimentally demonstyaee, for
example, [3], this property can be shown, by theoreticalysng to hold for any contact
or phenomenon that is based on the Maxwell-slip model [22hvErsely, the Maxwell-slip
model represents an approximation to the physics of aniekasperity that slides on a plane

subject to the Coulomb friction law, see section "A reducectirn model for simulation and
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control”. Since the GFM approximates the Maxwell-slip mioide sufficiently small relative
displacements, it is natural to expect that the GFM alsafsasithe nonlocal memory property

for small displacements.

The shape of the hysteresis function is determined by thehiliton of the asperity
heights, the tangential stiffness, and the normal stiin@$is hysteresis behavior arises, in
the present simulation, primarily from micro-slip, that iee breaking of adhesive contacts,
just as in the Maxwell-slip model discussed below. The d¢bution of deformation losses,
which are hysteresis losses in the bulk materials, depemdseorelative value of this part as
compared to the adhesive part, as well as on the tangentiakss of the asperities, which

governs the extent of deformation before slip.

Gross diding

The asperity contacts are continually being created ankebrin the gross sliding
regime. Two main characteristics are of interest here. Thtid the steady-state friction force
behavior with increasing steady-state sliding velocjtgEnerally known as the Stribeck curve.
The second is the dynamic change of the friction force duelacation and deceleration,

known as thdriction lag or friction memory phenomenon.

Velocity weakening and strengthening in the Stribeck curve

When the friction force is measured at constant velocity esluhe resulting func-
tional relationship has a characteristic form. For inciregaselocities, the friction force
initially decreases to a minimumvdlocity weakening) and then increases agaiuelocity

11



strengthening). In lubricated sliding, this characteristic is known as ®tribeck curve,where
the velocity weakening arises from the initial buildup ofdhgdynamic pressure, while the
velocity strengthening is attributed to the viscous shédn®lubricating film. The same kind
of behavior holds true for dry friction, although the mecisam causing it is different from
the case of lubricated friction, which justifies using themeaname, that is, the Stribeck curve,
to describe it. In dry friction, velocity weakening is a cengsence of the fact that adhesion
has less time to build up when sliding velocity increases)emelocity strengthening arises
from asperity inertia effects, which increase with incregssliding velocity, see further
below. Thus, the actual form of the friction-velocity cungedetermined by various process
parameters, namely, the normal creep or, equivalentlytithe evolution of adhesion, the

surface topography, and the asperity parameters, pryrael tangential stiffness and inertia

[71.

Figure 3 shows the steady-state friction curve (cuiyethe Stribeck curve and
its splitting-up into different components, namely, a cam@nt due to deformation of the
asperities (curve), a component due to the adhesion forces (cuyeand a component
due to the impact of the asperity masses (cukverlhe first two components are decreasing

functions of the velocity, whereas the last component isxareasing function of the velocity.

It may be obvious that, based only on measured curves suchras t of Figure 3,
it is impossible to distinguish the various components frome another. The effect of each
component depends on the surface topography and the dyreespégity properties, that is

mass and stiffness.

Let us first examine the velocity weakening behavior. As shalove, this behavior

12



depends on the adhesion and deformation characteristittseofsperities. Figure 4 shows
the velocity-weakening curves for various mean tangestiffhess values, with the asperity
mass neglected. Decreasing friction force for increasielpoity is a consequence of the
rising local adhesion coefficient as a function of the contiace. However, the magnitude of
the friction force depends also on the elastic energy dissghby an asperity, which decreases
with increasing tangential asperity stiffness. This vdleweakening behavior is sometimes

termed theStribeck effect.

With regard to the origin of velocity weakening, a fundanaértorrelation exists
between the coefficient of static friction, plotted as a fior of the dwell time, and the
coefficient of steady sliding, that is, kinetic friction,ofled as a function of the sliding
speed [4], [23]. Taking the static-friction-versus-dwiathe behavior to be a measure of
the local-adhesion-coefficient-versus-time charadtesisthis correlation can be seen as the

transformation

(1) = CFy(0) 2 ),

Lstick
where i1, and i, are the static and the sliding friction coefficients, respety, F; is the
kinetic friction force,t;.. is the dwell time, and” is a constant. The process characteristic
number Dy is the creep length, anf), /v is the time needed to surpass an average asperity
contact. Figure 5 depicts the above-mentioned correlabetween the static and sliding
friction coefficients, as simulated by the GFM, comparedhvékperimental results. Note
that two sets of data are plotted on each subfigure, namgly; C'F; as a function ofv,

and i, which equals the local adhesion coefficigtit), as a function ofDy /¢ ;cx-

Figure 5(a) shows simulated results using an exponentgalldadhesion-coefficient

curve, whereas Figure 5(b) shows the simulated curves wsitogarithmic local adhesion
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coefficient curve. Figure 5(c) shows experimentally meadwurves from [4], correlating
the static and the sliding friction coefficients. In all castne static and sliding values of the
coefficient of friction lie approximately on the same curfAgures 5(b) and 5(c) represent a

special case, where the curve is a straight line for sevedairs of magnitude of the abscissa.

This discussion shows that velocity weakening will dependhe rate of change of
the sliding velocity, see next section. This dynamics inwelecity does not hold for velocity

strengthening to which we now turn.

In the above analysis, the mass of the equivalent asperdgssmed to be negligible.
When the asperity inertia is taken into account, an kinetergyn component is added to the
asperity dynamics. This energy yields a force that depdmalsltding velocity. Consequently,
this velocity strengthening, that is analogous to theéscous effect in lubricated friction, takes

place instantaneously with the velocity change as notegeabo

Friction lag

Friction lag, also called hysteresis in the velocity, octional memory, is manifested
by a lag in the friction force relative to the sliding velgcitThe origin of friction lag in
lubricated friction [24], relates to the time required to ahfg the lubricant film thickness,
which is known as thequeeze effect. Friction lag is also observed in dry friction experiments
[4], where lubrication is not used. The mechanism causiietjdn lag in dry sliding is similar
to that for lubricated friction, namely, that the local adio& coefficient increases with the
time of contact of two opposing asperities, owing to normaep. In other words, time is

required before the friction force changes with changindirgl velocity. Since the normal
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creep is caused by the sinking of the surfaces into each,dthiermechanism is akin to the

squeeze effect in lubricated friction.

Figure 6 shows the friction force as a function of the velpaising the GFM.
The applied velocity signal is sinusoidal, of various freqaies, plus a constant offset to
ensure unidirectional motion at all times. Figure 6 shovet the friction force is higher for
acceleration than for deceleration, so that the dynamitidn force curve circles around the
steady-state curve. Figure 6 shows, moreover, that thertdepdrom the steady-state curve

becomes more pronounced and qualitatively different abdrigicceleration levels.

A general empiricalate-state-dependent friction law is developed in [25] based on
experiments involving a suddenly imposed step change irvélhacity. The experiments in
[25] suggest that the friction force response to the vejosiep is a combination of an
instantaneous increase with the velocity and a first-olidlerdecay with the evolving state.
The first factor, namely, that the friction force increasesuitaneously with the suddenly
imposed increase of velocity, corresponds to the asperéytia, that is, the viscous effect.

The second factor results in a nonlinear lag response.

Using the GFM to simulate this behavior (see Figure 7(b)) tihee lag can be
approximated as a first-order system. However, the timetanohslepends not only on the
velocity step, but also on the initial steady-state velodiigure 7(a) shows the response
for the same velocity steps, when asperity inertia, thathis, viscous effect, is neglected.
Clearly, the friction lag effect is independent of the adgeimertia, which can be seen to
result in the instantaneous response of the friction fooceetocity change. For this reason,

the mass is neglected for the study of the friction lag in Feg@, as well as for the study
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of the transitional behavior from pre-sliding to gross islgd as discussed below.

Transitional behavior

Most continuum models, such as the rate-state model, cal@abtwith the behavior
at transition from pre-sliding to sliding and vice versa.isTlransition behavior can be
investigated by applying a periodic displacement signaiht® system. Figure 8 shows the
friction force as a function of a sinusoidal velocity extiba. Friction lag is evident in
Figure 8, as well as the crossover at velocity reversalssipgghrough pre-sliding. When
the velocity goes through zera)( the direction of motion is reversed, and all of the active
asperities are relaxed and reloaded in the new directionsplattement. The friction force
increases until it reaches a maximum valtg ¢alled the breakaway force, lying above the
steady-state curve. From the moment of breakaway, the tolgjean gross sliding, and the
friction force is attracted to the steady-state curve. Athincase of friction lag, the steady-
state curve lies between the curves of acceleratierc] and deceleratiorc(- d). The results
obtained by the GFM have the same qualitative behavior asxperimental results reported

in [26], [3].

Stick-dip behavior

Figure 9 schematically shows a commonly used setup for ingustick-slip motion.
This setup comprises a block in contact with a fixed surfade Block is connected to a
spring (and possibly a damper in parallel to it) whose fred sndriven with a constant
velocity vg. The stick-slip oscillation is influenced not only by the unat of the surfaces in
contact, but also by the dynamics of the mass-spring-dasystem as well as the driving

16



velocity vy. The negative slope in the friction-velocity curve is a resaey, but not sufficient,

condition for oscillation around steady sliding .

Figure 10 shows the stick-slip response when the GFM modedasl to simulate the
friction interaction. The stick and slip phases are visibld-igure 10(a), where the friction
force has the same time-dependent behavior as experityenitslerved in [3]. In particular,
the object sticks until the friction force equals the brewdkya force. The block then begins to
slide, and the increasing velocity results in a decreagiiegjdn force. At the same time, the
applied spring force decreases because the driving vglogis smaller than the velocity of
the block. The block accelerates until the friction forcaiag the spring force. From that
moment on, the block decelerates, resulting in a highetidricforce, which maintains this
process until the block sticks again. During the stickingiquk an oscillating behavior in
the pre-sliding regime occurs. The frequency of this oastidh is determined by the mass
of the moving object as well as the total stiffness of thergpind the contact stiffness in
the pre-sliding regime. The damping of the oscillation itedmined by the energy loss at
the asperity contacts, which is given by the area encloseatidyysteresis curve. Hysteretic

energy loss is known as structural damping.

Figure 11(a) shows the time history of the states duringksiip motion. The time
variable, which is represented by the angle coordinategated by the mean period of one

stick-slip cycle. Figure 11(b) is the corresponding phaserait of the limit cycle.
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Traction in rolling element systems

Most of the properties discussed above for gross slidingqually applicable to the
case of tractive rolling, that is, rolling with micro-slipVhen an elastic body of revolution
rolls over another, the traction field, that is, the tangdrgiress distribution, in the contact
patch, changes progressively, with the distance traverfseoh its initial, rest distribution
until it reaches a steady-state distribution. This distitm, which is independent of the
initial field prior to rolling, does not vary with further sidy-state rolling. This eventual
rolling regime is termedyross rolling; the time period building up to it, from commencemen
of rolling, is thepre-rolling regime. In the pre-rolling period, a region of micro-slippexds
itself over a portion of the contact patch. Since the medmsigoverning the slip region
are the same as those of sliding friction, the resultantitiagn this regime is characterized
by rate-independent hysteretic behavior with nonlocal mrgnas a function of the traversed
displacement. This type of pre-rolling behavior [22], [2128] is shown [29], [30], [31]
to have the characteristics of hysteresis with nonlocal orgniThe gross-rolling dynamics
show, however, only weak dependence on the velocity sine&thbeck curve is nearly flat

for the low-level micro-slip velocities.

A REDUCED FRICTION MODEL FOR SIMULATION AND CONTROL

The GFM, though capable of simulating the nuances of fiefarce dynamics, is
too complex for simulation, identification, and control gsgems with friction. In this sense,
well-constructed empirical models have the advantage mtiucing the basic characteristics of
behavior in simple, tractable formulations. Thus, basetherresults obtained from the GFM

and on the formulation of empirical friction models given (81) and (S2)) of “Generalized
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Empirical Friction Model Structure”, we formulate a redddeiction model appropriate for

quick simulation and control, named the generalized Makalgd (GMS) model [32].

Since the Maxwell-slip model is a convenient way to modelgirding [22], [27],
[28], [33], we use it as the starting point. The developed ehdsl based explicitly on three
friction properties, namely, a Stribeck curve for constalocities, a hysteresis function with
nonlocal memory in the pre-sliding regime, and friction lagthe sliding regime. Whereas
the Leuven model tries to fit the hysteresis property intordte-state sliding property, the
GMS model works the other way around. In line with the physitthe problem, the GMS
model imposes sliding dynamics onto the slip phase of thevithslip implementation of
the hysteresis. As in the standard Maxwell-slip model shawfig. 12, the GMS model
comprises a parallel connection &f single-state friction models, all having the same input
and the same dynamics model, but with different parameteesaEach single-state friction
model has a logic state that indicates whether the elemesticisng or slipping. Lettingy
be the velocity input to the system and(1 < i < N) thei — th component of the state

vectorz, the dynamics of each elementary model are determined bfollogving rules.

Rule 1: When the element sticks, the state equation is given by

dZ,L'

E =, (1)

and the element remains sticking unijl= s;(v).

Rule 2: When the element slips, the state equation is given by

dZZ' 2
i sgn(v)C; <1 - m) ; (2

and the element remains slipping until the velocity paskesugh zero. This form of the

19



state equation is obtained by considering best fits, of ategleclass of candidate forms, to

simulation runs of the GFM.

In (2), C; is the attraction parameter, which determines how fastonverges tcs;,
ands;(v) is the velocity-weakening Stribeck function foth element. When;(v) is replaced
by the constant valu#’/;, corresponding to Coulomb friction, the GMS model reducethéo

usual Maxwell-slip model.

The friction force of the GMS model is the sum of the outputshef N elementary
state models plus two extra terms to account for unmodeledtsf that is,
N
Fp(t) = (kizi(t) + 03z(t) + f(v).

=1

The termk;z;(t) is the elasto-sliding friction force, while;z;(¢) represents possible vis-
coelastic behavior. Finally;(v) is the velocity-strengthening, that is, the viscous congmbn

which is usually chosen to be proportional#@).

For identification based on the GMS model, the number of unknparameters
in the model depends on the number of Maxwell elements. Ebshest is characterized
by a stiffnessk;, a viscoelastic coefficient;, an attraction parameter;, and a velocity-
weakening functions;(v). The functions;(v) can be described by three parameters, in the
form s;(v) = s;(0) + (s;(0) — s;(00))(exp(—ayv) — 1), whereq; is the reciprocal of the
Stribeck velocity for the-th element . In this case, we thus need to identify six patarae
per element. However, we can reduce this number withouif&dg the essence of the model
by assuming a common form of the velocity weakening curveatbelements, specifically,
s; = v;S, wherey; is a scaling parameter an§l = S(v) is described by three or more

parameters. The same approach can be applied to the attrpetrameteC’; = v;,C in (2),
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see [34], and with regard to the viscoelastic coefficientWith this latter reduction, we
need to identify only two parameters per element, namehand »;, and five (common)

parameters for the system as a whole, namgly), s(oc), «, C, ando.

Finally, identification of the parameters of the GMS modei ba carried out by any
optimization method that is suitable for nonlinear probdersuch as the downhill-simplex
algorithm [35], [10]. The friction-displacement-time datised for identification must be
obtained in such a way as to encompass the effects of theugaftiction regimes. Using a
single common curves(v), it is shown in [10], [35] that as few as four Maxwell elements

can provide a good fit to the data.

Properties and characteristics of the GMS friction model

The GMS model satisfies standard properties that a wellMeeh&iction model is
expected to possess. These properties include contintiityedriction force as function of
time; boundedness of the nonviscous part of the frictiomddoy the static friction force;
and dissipativity [34]. When the friction behavior predittey the GMS model is compared
with that of LuGre model, Leuven model, and the GFM, in theoas regimes, namely, pre-
sliding, friction lag, transition between pre-sliding asidling, and the non-drifting property,
the GMS appears to be the only model that is consistent wgh@GRM in regard to all
properties [34]. The behavior of the GMS model shown in Fégl@. In particular, apart from
the GFM, the GMS model is the only one that renders the ndtirdyiproperty consistently

with experimental observation.

The GMS model can be used in motion control schemes in ordeongpensate for
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the undesirable friction effects on the accuracy of machiidée simplest and most obvious
way to do that is to include the GMS model in the feedforward p&athe control loop [35],

[36], [37].

COMPARISON BETWEEN MODELS AND EXPERIMENTAL OBSERVATIONS

Having presented a generic physics-based model, thatasGHM, on the one hand
and a empirically derived model, that is, the GMS model, andther, it may be pertinent
to wonder as to what extent either of these models is capdbtapiuring experimentally
observed friction behavior. We must remark, however, thahg to the fact that both models
contain a large number of unknown parameters, this congansust be viewed as being
gualitative rather than quantitative. The experimentaiadased in these comparisons is
obtained from friction force measurements carried out onb&meter, which is a test setup

for measuring friction, as described in [3].

With the foregoing remark in mind, three representative gansons, in addition to
the one presented in Figure 5, are now discussed. Figure didtslgre-sliding hysteresis
behavior as measured experimentally (Figure 14(a)) andradated by each model (figures
14(b) and 14(c)), with ad hoc tuning of the unknown paranset@ne external and two
internal loops are shown to demonstrate the nonlocal-mgrcioaracter of the hysteresis. If
desired, the unknown parameters can be tuned to achiewr hetntitative agreement with

the the form of the hysteresis loop.

Figure 15 compares results of friction force versus veypdivr periodic sliding,

showing the friction lag phenomenon. These results arearaaan the following way. First,
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a sinusoidal velocity command signal is input to the tribten¢dashed line of Figure 15(a),
left). The resulting velocity signal (solid line of Figurés(®), left) follows the command
except for two intervals, which correspond to transitiammirand to pre-sliding. This response
means that we are not able to obtain the behavior for puressidal motion. Finally, the
measured true velocity is plotted against the measuretiofidorce (Figure 15(a), right). In
order to effect a reasonable comparison with the modelsedkential parts of the tribometer
system (including the controller) are now simulated, in lslatsoftware, using each model
in turn to simulate the friction contact. Again, the tuninigtile model parameters is carried
out in an ad hoc manner, since mainly a qualitative behag@ought. Figures 15(b) and

15(c) show the resulting force-motion curves using the GFld @MS models, respectively.

A final comparison is afforded by Figure 16 concerning s8tR-behavior. Again,
the starting point is the experiment. The sliding mass isroanded to follow a ramp input,
subject to a low-gain controller. This situation resultsstick-slip motion (Figure 16(a)),
which is complex in behavioral detail. In particular, theisg force, which is erroneously
often used in experiments to gauge the friction force, is emial to the total force. The
qualitative and quantitative differences are due to thesquee of high-frequency inertia
forces of the moving mass during stick-slip vibrations. Tésults of simulation of the system
using the GFM and the GMS model in figures 16(b) and 16(c),eesgely, resemble the
experimental ones. These measurements and simulatioeal rihe intricate details of the
stick-slip phenomenon, especially the high frequency, midnvibrations superimposed on

the basic motion.

A more rigorous comparison can be obtained by tuning the inpalemeters for a

large set of experimental friction data, covering diffanegimes, which are obtained from the
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same contact configuration. The error residues, resultorg the fitting optimization process,
must then attain their minimal values for the same set of pa@meters, regardless of the
friction regime. This procedure is followed in [10], wherengde range of friction models,

including GMS, are compared for their modeling performance

CONCLUSIONS

This article discusses the two different approaches to tmgddriction dynamics,
namely, physics-motivated models and empirically mo#idamnodels, lays the link between
them, and presents novel versions of each type. The physieahanisms behind the generic
friction model (GFM) are explained and the different frigtal types of behavior are illus-
trated using the GFM. These types of behavior are the hystdrietion force as a function
of the displacement in pre-sliding regime, the velocity kexang and strengthening steady-
state friction curve in gross sliding regime, the lift-updalift-down effect, the friction lag
property, the transition behavior from pre-sliding to grefiding, and the modeling of stick-
slip. This article also discusses an empirically motivdtedion model, called the generalized
Maxwell-slip (GMS) friction model, which is derived from ¢hGFM. The resulting friction
dynamics, simulated by both models, corresponds quakdgitivell, in behavioral detail, with
the experimentally observed friction behavior. Thus, wéele that the presented models
provide a faithful description of friction force dynamias its broad lines. Finally, possible

refinement and extensions of the models have been outlined.
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® (ii) (iii)

asperity base

(iia) (iib)

spring /
extension

asperity tip

(a) (b)

Figure 1. Asperity contact scenario. (a) Life cycle of anrage asperity contact. The
asperity mass is lumped into one poim} éupported by tangential and normal springs. This
point is initially moving freely (i) until it touches the loer rigid surface (ii). After sticking
and slipping, it breaks completely loose from the lower peofiii). (b) depicts the force-
deformation diagram during a contact cycle; where (iia)his stick phase, (iib) is the slip
phase, and (iii) is free vibration after breaking loose frtima lower profile. Upon breaking
loose, the asperity is assumed to dissipate all of its elastergy through internal hysteresis

losses.
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Figure 2. Simulation results of the GFM in the pre-slidinginee. (a) and (b) show the
imposed displacement and the resulting force. (c) showsdhesponding rate-independent

hysteresis loops with nonlocal memory obtained by plotting force as a function of the

displacement.
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Figure 3. Friction force as function of the velocity. Theagtg-state friction-velocity curve,
that is, the Stribeck curve (curvig, and its various components. Cur2as the component
due to the deformation of the asperities. Cusvs the component due to the adhesion forces.
Curve4 is the component due to impact of the asperity masses. Curaesl 3 pertain to

velocity weakening, while curve 4 pertains to velocity sg#iening
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friction force [normalized]

velocity [normalized]

Figure 4. \elocity weakening in steady-state sliding, asutated by the GFM. These curves
illustrate the influence of the tangential stiffness of tkpaities on the velocity-weakening
behavior. Cases 1, 2, and 3 correspond to decreasing meantahgtiffness. An increase
in the tangential asperity stiffness results in a lower tedasnergy during deformation and

hence a lower friction level.
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Figure 5. Correlation of the local adhesion coefficient, asretion of time, with the sliding
coefficient of friction as a function of the velocity. (a) atlt) show simulation results using
the GFM with an exponential and a logarithmic local adhesioefficient curve, respectively.
The dots correspond to the normalized friction force (imictcoefficient) as a function of
the normalized velocity, the crosses correspond to the alred adhesion coefficient as a
function of rest (dwell) time. The solid line correspondsatditted logarithmic law of the

form A 4+ B log(v). (c) shows experimental results reproduced from [4].
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Figure 6. The friction force as a function of the velocity fleon-steady-state velocities.
The large dots represent the steady-state friction-uglqeieakening) curve. The friction-
lag behavior is shown by the loops a, b, ¢, d, and e, correspgrid the dimensionless
frequencies of).1, 0.25, 0.5, 1, and 5, respectively. For low frequencies, the loops remain

close to the steady-state curve; the departure becomes amorenore significant as the

frequency increases.
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Figure 7. The normalized friction force as a function of tleemalized time for two different
velocity step sizes, namely, a velocity step equal-to5 and a step equal te-2. (a) shows
the response without the asperity mass interaction, thawithout the viscous effect. (b)
shows the response with asperity mass interaction, thatdkiding the viscous effeciA F;
corresponds to the evolving friction change, whileF, corresponds to the instantaneous

friction change for a velocity step arising from the viscaffect.
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friction force [normalized]

velocity [normalized]

Figure 8. The friction force as a function of the relativeogly under sinusoidal excitation
using a low (solid line) and a high (dashed line) frequendye Tots correspond to the
velocity-weakening curve. Friction lag is observed, aslvesl the crossover at velocity
reversals, where the motion passes through pre-sliding.nWWhe velocity goes through
zero @), the direction of motion is reversed, and all of the actigpaaities are relaxed and
reloaded in the new direction of displacement. The frictiorce increases until it reaches
a maximum valuel), called the breakaway force, lying above the steady-statee. From
the moment of breakaway, the object is in gross sliding aedftilction force is attracted to
the steady-state curve. As in the case of friction lag, tkadt-state curve lies between the

curves of acceleratiorb - ¢) and decelerationc(— d).
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Figure 9. Schematic setup to investigate stick-slip. Tleells connected to a spring whose

free end is driven with a constant velocity.
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Figure 10. Stick-slip behavior. (a) shows the desired pos{idotted line), the actual position

(solid line), and the actual velocity (dashed line) as a fimmcof time. (b) shows the applied

force to the mass (dotted line) and the friction force (séih@) as a function of time. The

object sticks until the friction force equals the breaka@yge. As the block begins to slide,

the increasing velocity results in a decreasing frictiorcéo At the same time the applied

(spring) force also decreases because the desired veisdtyaller than the actual velocity

of the block. The block accelerates until the friction foreguals the spring force. From

that moment on, the block decelerates, resulting in a hifinetron force, which maintains

this process until the block sticks again. During the stiekigd a characteristic damped

oscillatory behavior in the pre-sliding regime occurs. Thstantaneous frequency of this

oscillation is determined by the mass of the moving objdw, tbtal stiffness of the spring,

and the contact stiffness in the pre-sliding regime.
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Figure 11. Phase plot representations of stick-slip mot{ah shows the time history of
the states (displacement and velocity) during stick-ghiletted in cylindrical coordinates,
with displacement as the radial axis, velocity as the lamiital axis, and time as the

circumferential coordinate. (b) The phase portrait cqoesling to (a).
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Figure 12. Representation of the Maxwell-slip friction mbdsing V elementary models,
which are friction blocks connected through linear sprifgach block is in a state of either
stick or slip depending on whether the spring forkg€ X — z;) exceeds the friction forc#;.
When the motion is reversed, each block sticks immediatelyemthe friction law during
slip is that of Coulomb, the classical Maxwell slip model istabed. When a rate-state

friction model is used, the generalized Maxwell slip (GMS)dual is obtained.
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Figure 13. The friction behavior of the GMS friction moded) Ehows the (rate-independent)
hysteresis with nonlocal memory in the pre-sliding. (b)wssdriction lag with increasing
acceleration (dashed = arbitrary datum value , solick ¥6, dotted =x100). (c) shows
periodic-motion friction with sliding, with the frequenahanging by a factor of 10 between
solid and dotted. (d) shows the non-drifting property, vihi the response to an oscillatory

force input, after sliding, whose amplitude remains unther hireakaway limit.
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Figure 14. Pre-sliding hysteresis behavior given by botlagsuoeement and simulation. (a)
shows pre-sliding hysteresis measured by means of a trifgontb) and (c) show simulated
pre-sliding hysteresis using the GFM and GMS models, résedc The measured behavior

and modeled behavior, using either the micro or macro madgke qualitatively.
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Figure 15. Periodic sliding behavior measurement and sitimn. (a) and (b) show
measurement from a tribometer tribometer, (a) is the medstglative velocity, while (b) is
the friction force plotted as a function of the relative \@tg. (c) and (d) show simulation
results using the GFM, (c) is the relative velocity, whilg {gl the friction force plotted as a
function of the relative velocity. (e) and (f) show simutatiresults using the GMS model,
(e) is the relative velocity, while (f) is the friction forgaotted as a function of the relative
velocity. The dashed curves in (a) and (c) represent thecigloommand, while the solid
lines are the actual velocity, which shows a departure frobexdommand around motion
reversal points owing to pre-sliding effects. The tuningtted model parameters is carried

out in a trial-and-error manner.
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Figure 16. Stick-slip behavior measurement and simulaiitve sliding mass is commanded
to follow a position ramp (constant velocity) input, sultj¢e a low-gain controller. This
situation results in stick-slip motion, (a) and (b),in tperiment as well as in the simulations,
where (c) and (d) show simulations using the GFM, and (e) Breh6w simulations using the
GMS model. The stick-slip motion is complex in behaviorataile In particular, the spring
force, represented by the dashed lines in figures (b), (d)(Bnas not equal to the total
force, plotted as solid lines on the same figures. The simulaésults qualitatively resemble
the experimental ones, especially the high frequency, e@dmbrations superimposed on the
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SIDEBAR S1: PHYSICS-MOTIVATED FRICTION MODELS

The various physics-motivated friction models analyzethaliterature can be divided
into three classes according to the scale of approagperity-scale models are common in
the control domain, whiléectonic-plate-scale and atomic-molecular-scale models belong to
the geophysics and nanotechnology communities, respéctiMowever, despite the wide

range of scales of approach, a similarity underlies allgloiasses.

According to [18], Coulomb is perhaps the first researchelffler an explanation for
the difference between static and kinetic friction by cdesing asperity interaction. Realizing
that surfaces are not ideally flat and are formed by asperitie reasons that the interlocking
of asperities can be a source of friction force as well as tkpadity between static and
kinetic friction forces. Recognizing the presence of assriand the existence of interfacial
forces, it is argued that adhesion occurs at asperity ssfaad that shearing occurs upon
translational motion [13]. This model explains the disfyabetween true area of contact and
apparent area of contact as well as the relation betweenithier force and load, since the

asperities and thus the true area of contact change with load

The dynamics of asperity interaction can also be consid&edace asperities can, in
principle, be likened to the bristles of a brush. When thetlessare endowed with physical
properties, dynamical friction models can be derived [§%E],[33]. Based on this idea,
[S1] develops a bristle model that tries to simulate frictia the pre-sliding as well as in
the sliding regime. The physical paradigm underlying thistler model is a pair of facing
surfaces with deformable bristles extending from eachasetfwhere the friction interaction

occurs at the bristle tips.
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In the geophysics community, at tectonic scale, it has baggested that earthquakes
might be caused by stick-slip instabilities in the relasliding of tectonic plates [S3]. The use
of computational simulation of earthquake activity as atsygy for understanding seismicity
began in 1967 [9], where a vertical strike-slip fault in tharta’s crust is modeled as a one-
dimensional string of sliding blocks with massesconnected to one another by springs with
stiffnessk. (see Figure S1). In this model, the buildup of tectonic fenserepresented by the
externally driven motion of a loader plate, which is conedcto the blocks through springs
k.. The main feature of the local friction functioF; is a sudden decrease as the velocity
deviates from zero such that the system is in a condition ofahic instability during the

shock.

Since the invention of the atomic force microscope, researc the physics behind
friction force at the atomic scale has intensified. The atatsnolecular and atomic models
are described in [S4], [S5]. The basic outline of the varimmlels and methods is straight-
forward. First, an interaction periodic potenti&};, such as the Lennard-Jones potential,
sine-wave potentials, or simple ideal springs, is defingds Ppotential produces forces on
the individual particles, typically atoms or molecules,osb dynamics are followed. Next,
the geometry and boundary conditions are specified, anglimibordinates and velocities
are given to each particle. The equations of motion for theighas are then integrated

numerically, stepping forward by discrete steps [S4].

Models that simulate wearless friction in low-dimensiosgstems include the Tom-
linson model [16], the Frenkel-Kontorova model [S6], [S[38], [S9], [S10], [S11], and
a combination of the models, known as the Frenkel-Kontofmalinson model [S12].

These models are similar to the Knopoff-Burridge model, whbe masses correspond with

a7



atoms or molecules. The main difference is that the phenotogital friction law for F is
replaced by an atomic realization [S13]. The original medek special cases of this model.
For example, Tomlinson’s atomic model [16] has no spring# ihterconnect the atoms
(k. = 0), while the Frenkel-Kontorova model has no springs coretetb the upper surface
(k; = 0) except the first spring. In [16] a dissipation mechanism efwess sliding friction
is advanced, based on one surface plucking the atoms oftiee sirface, thus causing them
to vibrate and dissipate energy through the bulk materiaé Uinderlying idea is in fact also
applicable to asperity interaction during sliding, in atlerds, on a scale that is larger than

the atomic. Two additional aspects must be included in thsecnamely, adhesion and creep.
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Figure S1. Schematic of the Burridge-Knopoff model. A vettistrike-slip fault in the
Earth’s crust is modeled as a one-dimensional string ofinglidlocks with massesn

connected to one another by springs with stiffnesand to the loader plate through springs

with stiffnessk;.

51



SIDEBAR S2: GENERALIZED EMPIRICAL FRICTION MODEL STRUCTURE

In the class of generalized empirical friction models, thetibn force F is a gener-
alized function of an internal state vectarthe relative-sliding velocity, and the position
x of the moving object, that is,

Fy=F(z,v,x). (S1)

The state equation that describes the dynamics of the altstate vector is a first-order

differential equation of the form

dz
E - g(za U,.Z‘). (82)
In (S1) and (S2),F(-) andG(-) are general nonlinear functions. In particulg(;) may be

discontinuous so that both pre-sliding and gross sliding lwa represented.

Reference [25] shows, in particular, thatz, v, ) = Fi(z,v,z)+ F2(v), whereF] is
responsible for the transient velocity response, accogritir the Stribeck effect and friction
lag, while F, represents the instantaneous response to velocity chathgess, the viscous
effect. However, this formulation corresponds to slidiagd thus does not allow for pre-

sliding or for passing through zero velocity.

The objective of empirical friction modeling is to find slbta expressions for the
generalized functionsF(-) and G(-), such that the resulting model faithfully simulates all

observed types of friction behavior.

Two generic considerations provide limiting conditions the functionsZ(-) and

G(-). First, for constant velocities, the steady-state/¢t = 0) friction force is a function of
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only the velocityv. Thus, if v is constant, then
G(z,v,2) =0 (S3)

and

F(z,v,x) = F(v) = s(v) + Fy(v), (S4)

where s(v) is the velocity-weakening curve, whil&,(v) is the viscous, that is, velocity-

strengthening curve.

The second condition on the general functions is determiyetie frictional behavior
in the pre-sliding regime at small displacements. The ifictforce is then a hysteresis

function of the position, with nonlocal memory charactees [19] given by

Fy = F(z,v,x) = Fp(x). (S5)
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SIDEBAR S3: EMPIRICALLY MOTIVATED FRICTION MODELS

Empirically motivated models are especially useful in tlmatcol domain. The re-
guirements for such models are threefold, namely, the modest be as simple as possible
to facilitate online use; it must be complex enough to déscall frictional properties that
are relevant for control; and the number of parameters maststsmall as possible and easy

to identify.

Numerous friction models have been developed for contesling from simple static
models to complex dynamic ones. The most elementary modelsha classical friction
models that describe the friction force as a function of theity only. An early attempt
to model the dynamic aspects of friction behavior by int@dg a time lag and an extra
equation in the case of pre-sliding displacement is madeSiy]. However, the transition
from one equation describing the sliding regime behavi@rother describing the pre-sliding

regime behavior is not obvious and is not incorporated ihtorhodel of [S14].

In the late 1960s, the Dahl model [S15] introduced the dewaknt of dynamic
friction models based on internal states. This model captonly an approximation of the
pre-sliding behavior, but it is the basis for more elaborat&lels, such as the Bliman-Sorine
model [S16] and the LuGre model [S2]. These integratedidnamnodels incorporate a variety
of phenomena into one formulation. The LuGre model is papsilace it is well suited for
use in theoretical calculations and it is easy to implembtdre elaborate models are the
elasto-plastic model [S17], the Leuven model [19], [33]d dhe generalized Maxwell-slip
friction model [32]. This last model is discussed in moreailéh a separate section of this

article.
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In the geomechanics community, a general empinatd-state friction-dynamics law
is developed, based on experiments involving a suddenlpseqh step change in the velocity
[25]. Such experiments suggest that the friction force @asp to this velocity step is a
combination of an instantaneous increase with the velomitypled with a first-order-like

decay with the evolving state.

Analysis of this class reveals that most of the availableigogb friction models that
are used for identification and control correspond to a gdized friction model structure,
see “Generalized Empirical Friction Model Structure”. hetfollowing, we show how these

empirical friction models relate to the generalized foatimodel.

Static friction models include the classical models oftfor, such as the Coulomb
model. Those models describe a static relationship betweefriction force and the velocity,
corresponding to (S1) and (S3), in other words, without destgquation or pre-sliding
behavior. Although such models suffice for some purposeghhiaccurate positioning, for
example, within the micrometer range in machine-tool agpions, requires more advanced

modeling.

The Dahl model [S18] provides an answer to the pre-slidirablem, which appears
only as a jump discontinuity in the Coulomb model. The Dahl elapproximates the pre-
sliding friction force by steady-state hysteresis loomsresponding to (S5). This relationship
is often formulated in differential form, as a first-ordeffeiiential equation in the force and
displacement, for the purpose of including additional dyits. The Dahl model does not,
however, incorporate nonlocal memory behavior, and thgsiitsble only for the analysis of

steady-state periodic motion with only two motion revesgaér cycle.

55



The LuGre model [S2] develops the Dahl equation into a dynatate equation (S2),
where the state corresponds to the average deformatioredutiace asperities or bristles,
and supplements it with the friction force equation (S1) invay that satisfies condition
(S3) but not condition (S5). Thus, when the Stribeck curviéals the dynamic state equation
reduces to the quasi-static Dahl equation, which has nagcovfor nonlocal memory effects,
as mentioned above. This shortcoming leads to the phenomenspurious drift when an

oscillatory force, smaller than the breakaway threshadypplied to a friction block.

Since neither the Dahl model nor the LuGre model can redtieenbndrifting property
in pre-sliding, an extension of the LuGre model that cagubat property is formulated in
[S17]. This elasto-plastic friction model introduces a mficdtion to the state equation of
the LuGre model, such that an amplitude- and rate-depertdemgition is effected, from
pure elastic bristle deformation to the plastic defornmatstate corresponding to the LuGre
model. Although this model ensures the elimination of spusidrift below a pre-sliding

displacement limit, it does not remedy the lack of nonlocaimory.

The integrated friction model described in [19], called tleiven model, elaborates
the LuGre model further by including pre-sliding hystesasith nonlocal memory explicitly
in the formulation. This type of hysteresis, which provesb® an essential behavioral
characteristic of friction, determines the model's perfance in nonperiodic pre-sliding.
However, incorporating the (analytic) hysteresis funttig, while maintaining the LuGre
formulation is not without implementation difficulties, weh makes the model less attractive.
To overcome those problems, the hysteresis funckiprs replaced by a Maxwell-slip model

representation in [33].
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Finally, the GFM model also shows that a systematic vamatirothe normal force
occurs with changing tangential relative motion. Thit-up effect entails at least one extra
state equation for the normal force, which is coupled to @1J (S2). Such a refinement of
the model structure can lead to complex dynamics, partigudpin the addition of an extra

degree of freedom.
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