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This article presents an overview of the acoustics of friction by covering friction sounds,
friction-induced vibrations and waves in solids, and descriptions of other frictional phenomena
related to acoustics. Friction, resulting from the sliding contact of solids, often gives rise to diverse
forms of waves and oscillations within solids which frequently lead to radiation of sound to the
surrounding media. Among the many everyday examples of friction sounds, violin music and brake
noise in automobiles represent the two extremes in terms of the sounds they produce and the
mechanisms by which they are generated. Of the multiple examples of friction sounds in nature,
insect sounds are prominent. Friction also provides a means by which energy dissipation takes place
at the interface of solids. Friction damping that develops between surfaces, such as joints and
connections, in some cases requires only microscopic motion to dissipate energy. Modeling of
friction-induced vibrations and friction damping in mechanical systems requires an accurate
description of friction for which only approximations exist. While many of the components that
contribute to friction can be modeled, computational requirements become prohibitive for their
contemporaneous calculation. Furthermore, quantification of friction at the atomic scale still
remains elusive. At the atomic scale, friction becomes a mechanism that converts the kinetic energy
associated with the relative motion of surfaces to thermal energy. However, the description of the
conversion to thermal energy represented by a disordered state of oscillations of atoms in a solid is
still not well understood. At the macroscopic level, friction interacts with the vibrations and waves
that it causes. Such interaction sets up a feedback between the friction force and waves at the
surfaces, thereby making friction and surface motion interdependent. Such interdependence forms
the basis for friction-induced motion as in the case of ultrasonic motors and other examples. Last,
when considered phenomenologically, friction and boundary layer turbulence exhibit analogous
properties and, when compared, each may provide clues to a better understanding of the
other. © 2002 Acoustical Society of AmericaDOI: 10.1121/1.1456514

PACS numbers: 43.10.Ln, 43.40.At, 43.40.3DP]

I. INTRODUCTION Examples of sounds that result from friction-excited vi-
brations and waves appear frequently. They include squeaks
Friction develops between sliding surfaces regardless aind squeals in the interior of automobiles, the squeal of
the magnitude of relative motion between them. Always actsneakers on parquet floors, the squeak of snow when walking
ing as a resistance to relative motion, friction fulfills a dualon it, door hinges, chalk on a blackboard, turkey friction
role by transmitting energy from one surface to the other andalls that hunters use, aircraft and automotive brake squeals,
by dissipating energy of relative motion. The physical pro-pelts on pulleys, rail-wheel noise, and retarders in rail yards.
cesses that contribute to friction have a wide range of lengtlThese and many others typify the annoying aspects of fric-
and time scales. At the length scale that corresponds to thgon sounds. String instruments exemplify the musical di-
interatomic distance in solids, which forms the upper limit of mensions of friction sounds.
acoustics, friction acts as a dissipation mechanism, convert- The acoustics of friction extends beyond noise and mu-
ing kinetic energy to thermal energy. This means of conversic and includes such phenomena as friction damping,
sion, arguably the most fundamental aspect of friction, is arriction-assisted assembly, and friction motion. Contact
acoustical process that involves oscillations of atoms andamping of inserted blades in gas turbines and braided wires
relates to the first principles. exemplify friction dampers. In manufacturing assembly pro-
In practice, at longer length scales, the dual roles otesses, friction has an important role, such as in vibratory
friction, both transmitting and dissipating energy, almost al-conveyors and in reducing friction during the cold drawing
ways coexist. The conditions under which friction providesof wires by vibrating them. Friction motion refers to vibro-
more energy to a system than that system can dissipate comotion devices such as the ultrasonic motor that relies on
stitute the basis for most of the instabilities observed inbending waves and friction to develop precise motion. A his-
friction-excited vibrations and a prime source of resultingtorical example demonstrated by Tyndashown in Fig. 1
sound radiation. suggests that rubbing a glass tube along its length can break
off rings at its free end(Admittedly, the author has been
3A portion of the contents of this article was presented as the 1999 Rayleigf’i"rlSUCC(ESSfUI trying ,to re-enact this experlm)emhgsg ex-
Lecture on 19 November 1999 at the International Mechanical Engineerin@Mples and others involve both acoustics and friction. This
Conference in Nashville, Tennessee. article considers acoustics
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vibrations to demonstrate friction-induced motion, followed
in Sec. IV by a description of friction-induced damping phe-
nomena. The paper then presents a brief review of the issues
pertinent to measuring and modeling of friction in dynamic
systems, followed by a description of friction and its compo-
nents which includes a description of friction dissipation in
terms of atomic oscillations. The final part of the paper
draws an analogy between two little-understood phenomena:
friction-excited vibrations in solid mechanics and boundary-
layer turbulence in fluid mechanics.

Il. FRICTION-EXCITED VIBRATIONS AND SOUNDS

The range of sounds a bow and a string can produce
bespeaks the extent of the many different forms friction
sounds may take. Friction sounds are rarely, if at all, ergodic
and stationary. Rather, they are mostly unsteady or transient.
Sounds emanate from either one or both components of the
friction pair or from other parts of the system to which the
friction pair transmits unsteady forces. In some cases, tran-
sient radiation originates from sudden deformation of the
surfaces near the contact areas, which may also be accompa-
nied by waves that develop within the components under
friction excitation. Rubbing of viscoelastic materials often
exhibits a transient sound radiation, as in the case of the heel
of a sneaker sliding on a polished parquet floor. Rubbing an
inflated balloon with a finger also produces a transient sound
from near the contact area, in this case, followed by a
pseudo-steady-state radiation. Similarly, rubbing the surface
FIG. 1. Tyndall's experiment breaking rings off a glass tube by friction. of a small @=1 cm) steel ball with a moist finger also
From Ref. 1. . .

demonstrates radiation from local acceleration near a contact.
Since the fundamental natural frequency of the ball is in the
and friction each in its broader meaning, rather than theiultrasonic range, the sound produced in the sonic range re-
conventional engineering implications, while keeping the fo-sults solely from the rapid movement of the contact area of
cus narrow to consider aspects of friction relevant to acousthe finger and rigid-body radiation of the ball.
tics. As such, the article leaves out many rigid-body oscilla-  Sliding, whether through a continuous or transient con-
tion problems associated with friction-induced instabilities. tact, is an unsteady process. Transient sliding, the source of

A major challenge in studying the acoustics of friction many squeaks and squeals, develops intermittently or cycli-
relates to the ability to predict sound and vibration responsesally, as inspiccatobowing of violin that requires a sliding
of systems subject to friction. The challenge rests with thestroke of a bow onto and off a string. Continuous sliding, on
modeling of friction as well as the modeling of real boundarythe other hand, can produce a broad range of responses in-
conditions that often involve friction. A friction force inter- cluding transient response, for example, by a slight variation
acts with and often depends on the response of the systeim the normal contact load.
within which it develops. Such interaction sets up a feedback For a particular friction pair, the differences in the
between the friction force and the waves on the surfacesounds they radiate, and their governing vibrations, largely
making them interdependent. In addition to such dynamiarise from the variation of contact forces at the interface
effects with short time scales, friction also undergoeswhere the sliding surfaces meet. In turn, contact forces de-
changes over a longer time that correspond to, for examplgaend on the interface properties and the external forces that
the deformation and wear of surfaces. Consequently, frictionmaintain the sliding contact. In cases where the friction pair
when acting on even a simple and an otherwise linear syds attached to other components, the response of the entire
tem, can still produce very complicated responses. system can also modify the interface behavior and thus the

This paper treats several aspects of the acoustics of fricesulting acoustic response.
tion. The next section describes friction-induced vibrations  The strength of contact governs the type of waves and
and sounds starting with several pedagogical examples toscillations that develop during sliding. Weak contacts, with
illustrate fundamental concepts. It follows these with de-effects localized to the interface region, produce response in
tailed descriptions of two engineering applications that in-each component at its own natural frequencies, nearly inde-
volve complex friction and vibration interaction, namely pendently of other components. Weak contacts that involve
bowed string and brake noise. The second section concludesugh surfaces can produce light impulses as asperities come
with examples of sounds in nature. The third section of thénto contact, and again produce a response at the natural
paper treats macroscopic interactions between friction anttequencies of each component. Such sliding conditions of-
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ten produce sounds, referred to here as roughness noise wherehy, py, andE, represent the thickness, density, and
surface noise. For example, two pieces of sandpaper, wheYoung’'s modulus of glass cylinder, respectively. Rubbing a
rubbed against each other, produce a random sound from tlggass around its perimeter can also excite the torsional oscil-
vibrating paper that results from the interaction among thdations of the wine glass about its axis of symmetry, but at a
granules on opposing surfaces. Another example of surfaceuch higher frequency than the bending natural
or roughness noise involves bending waves of a rod with drequencies.
rough surface when lightly rubbed against another rough sur- A different mechanism takes place when the rim of a
face. Similarly, corrugated surfaces sliding over each otheglass is gently rubbed in the radial direction by a dry finger.
under light normal loads produce impulsive contact forcesThis light radial application of friction to the edge of the
that develop at the “corrugation frequency” with compo- glass primarily excites the bending waves of the glass wall
nents in both tangential and normal directions to the interby light impulses. Impulses develop at a corrugation fre-
face. Such contact forces produce response in each directi@quency corresponding to the speed and the spacing between
at a combination of corrugation frequency and natural fretidges on the fingertip, and sometimes described as the
guencies of each component. “picket fence” or “washboard” effect. As illustrated in Fig.
When sliding takes place under strong contact condi2, such impulses excite the natural frequencies of the glass.
tions, the influence of the contact force reaches beyond the A more complex response results from exciting a wine-
interface and friction; the friction pair becomes a coupledglass with a violin bow applied radially to its rim. The re-
system and produces a more complex and often nonlineaponse usually, but not always, shows a dominance by only
response. Under such conditions, instabilities develop andne of the natural frequencies of the glass and its harmonics.
frequently lead to a condition called mode lock-in, where theFrequently, the first or the second mode appears depending
coupled system responds at one of its fundamental frequern the application of the bow. By imposing a nodal point on
cies and its harmonidsDevelopment of mode lock-in and the surface of the glass, for example with a finger tip, even
the selection of the mode at which the system responds de¢he third mode and its integer harmonics can result from a
pends on the normal load, sliding velocity, and the contacseemingly identical application of the bow. This behavior,
geometry. where the bow and the glass respond, in this case, at or near
The external normal force that maintains contact be-a particular natural frequency of the glass to the exclusion of
tween surfaces not only influences the strength of the conits other modes, illustrates the concept of mode lock-in de-
tact, and thus the friction force, but it can also modify thescribed earlief.
dynamic response of the components under friction. As dis- The presence of water in the glass helps demonstrate the
cussed later, the splitting of modes in beams and disks is buorresponding mode shapes of the glass, similar to Galileo’s
one example that also exhibits the influence of the normabbservation(cited in Ref. 7. Under high excitation ampli-
force. tudes, water in the glass shoots up, similar to the Chinese
sprouting fish basin, which consists of a pot, usually bronze,
that fountains the water it is filled with when rubbed at its
The following examples present a hierarchy of friction handles.
sounds that helps illustrate the fundamental concepts associ- )
ated with friction-excited vibrations and the ensuing sound?- Cantilever beam and plate
radiation described above. They start with the simple cases Another demonstration of mode lock-in results from ap-
involving only two components with distinctly different im- Plying a violin bow to the free edge of a cantilever beam or
pedances followed by those that have comparable imped Plate. Chladni also happened to demonstrate mode
ances. In the former cases, response of the system is closerl@sk-in®® when presenting the first visualization of mode
the component with “weaker” impedance, whereas in theshapes in 1787 by sprinkling sand on a plate and bowing its

latter, system response is different than that of either compdree edge to create different mode shapes.
nent. Similarly, bowing the free end of a cantilever beam can
also produce mode lock-in. Depending on the application of
the bow, the spectra of bending vibrations and radiated sound
1. Wineglass display either the first, the second, or even the third natural
frequency of the beam and its harmonics. In these experi-
ably with a moist finger, makes it radiate sound from itsments, only mfreguelntly doels more lthaﬂ oge natuc;alb fre-
bending waves at one of its natural frequencies and itquenpy appear.S|mutaneousy. Mos_ty, t_e ow and beam
o34 . ' Yok into a particular mode and oscillate in a rather stable
theigloggmj “an C:\S/EE ﬁf ﬁt“:iﬁl)iglaisfii:"tg g’:gursfr::! Ir;(')_manner. Because bow impedance in the direction of excita-
duces a sopun?j, Frictiog althou r? a Iiedgto the rim inpthetion differs significantly from that of the beam, the dynamics
circumferential .direction’ excitesg benpdﬁn waves. When aps fthe two does not critically interact, and the beam responds
. ) ' ) 9 ) Pat one of its natural frequencies with corresponding harmon-
proximated as a cylinder of height and radiusR that has a

rigid base, its fundamental vibration frequency is given as ics, as shown in the radiation spectrum given in Fig. 3.

A. Pedagogical examples

It is well-known that rubbing the rim of a glass, prefer-

1172 3. Cuica
" _hy 3B 1+ 4R o The cuica, the Brazilian friction drum, presents an ex-
°"R 5pgq 3\H ' ample of a friction system in which friction excitation takes
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FIG. 2. Demonstration of mode lock-in with a wine glass half-filled with wa@rFrequency responséh) response to excitation to a finger rubbed along
its edge;(c) excitation by dry finger across its rinig)—(f) response to excitation with a bowg)—(f) show the effect of placing a finger on different positions
on the glass to suppress the other modes thus creating a mode lock-in.

place away from the radiation source. The cuica consists of which a nail is extracted also affects the dynamic response,
cylindrical metal shell covered at one end with a membranebut probably because of the temperature effects. Rapid ex-
as in a drum. Inside the cylinder, a thin bamboo stick sustraction of a nail can easily char the adjacent surface of the
pends from the center of the membrane where one end of theood and change the characteristics of friction.

stick is tied with a knot. The player continuously strokes the

stick with a piece of moist cloth, thereby exciting the mem-

brane at its center with the resulting stick—slip motion. The5. Smooth versus corrugated surfaces

player produces music by controlling the radiation response

e . : 7 Two simple experiments using polished and corrugated
by judiciously placing a finger on various spots on the mem-
brane surfaces can demonstrate the effects of surface texture on

. . . ... sound radiation from friction excitation. Rubbing along the
Mechanically, the operation of the cuica has similarities . .
L ._“length of a steel bar with a smooth surface produces longi-
to that of a bowed string instrument. In the case of the cuic

the bamboo stick vibrates the membrane as a bow does Witudlnal vibrations and radiates sound at its fundamental fre-

. . uencies as determined by the position at which the bar is
a string, and the player’s finger on the membrane selects th . o . .
o . . . constrained. Friction dominates the dynamic component of
mode of vibration as does placing a finger on the string.

the contact force without a significant perturbation of its nor-
mal component. The friction force, in this case, travels along

4. Extraction of a nail from wood the rod and gives rise to longitudinal waves, modeled as
Extracting a nail from a plank of wood presents another 52U 2u 1
instructive example of friction, stick-and-slip, and friction - Ea_xz+pW: K,uFNé(x—Vt). 2

sounds. Pulling a nail exhibits stick—slip if it is extracted

from hard wood. Both the hardness of the wood and thélhe use of a smooth rod excited by friction dates back to
average diameter of the nail determines the pressure, ariB66, when it became the excitation source in what is now
thus the friction force, on the surface of the nail. Larger-sizeknown as the Kundt’s tube to measure the speed of sound. In
nails produce more friction force and sounds. Speed wittithat experiment, longitudinal waves in the stroked rod vi-
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FIG. 3. Demonstration of mode lock-in obtained by applying friction to a clamped—free beam using a violin bow. Response lock-in to each of the natural
frequencies separately, although higher modes require suppression of lower modes.

brates a disk attached to its end, which acts like a loudfod. Similarly, the bending vibrations of the rod can be de-
speaker inside a tube. scribed by
A rod with a corrugated surface, such as a threaded batr, P

2
when rubbed along its length with a rough surface, produceg| —4+pA(9 hd

7
both longitudinal and bending vibrations of the bar. Unlike at
the case for a smooth rod, forces that develop at the corru- n
gations have an impulsive character with components bothin = F.sing, ] [(nAx—Vt)/b]8(x—nAx), (4)
1

tangential and normal directions, thus simultaneously excit- n=

ing longitudinal and bending waves in the rod. Assumingwherep, E, |, andA represent the density, Young's modulus,

that impulsive contact forces dominate over friction forcesthe cross-sectional moment of inertia, and the cross-section
the longitudinal response of a rod with corrugatidnsapart

is governed by

Ea2u+ J%u

a2 P at?
1
A

21 F,coso, ] [(nAx—Vt)/b]S(x—nAx), (3)

area of the beam, respectively.

A reed rubbed along a guitar string presents another ex-
ample in which both bending and longitudinal vibrations are
excited. The contact force characteristics again involve pri-
marily the spatial period of the winding on the string and the
speed,V, with which the reed moves along the string

u &

Ju
—cﬁerW:FNé(x—nAx), (5)

where n=integer(L/Ax), and m represents the number of wheren=Integer{V-t/Ax) indicates the position of excita-
simultaneous contacts that have a lenpthraveling at a tion at timet, cs=\/T/p represents the speed of sound for a
sliding velocityV. The functionll[ (nAx—V1t)/b] represents string of densityp and under tensioif, and Fy=F; cos¢

a rectangle of widttb positioned anAx and traveling at a corresponds to the normal component of the contact force.
velocity V. F,, represents the discrete impulsive point forcesThis “picket-fence effect,” where the reed excites the string
that develop during motion at an angpewith the axis of the  with impulses at the corrugation frequency, has a similar
J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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mechanism as friction sounds from inse@sscribed later  rod primarily consists of axial vibrations. Thus, the partition-
but is a simpler form of what occurs among the asperitiesng of energy between bending and axial waves in the rod
between rough surfaces in sliding contact. In the latter caselepends on the texture of the rod and pulley surfaces as well
impulses arising from impacts of asperities have more comas the contact load in the normal direction.

plex spatial and temporal distributions. A rod in the V-grooves of a double-pulley system also
experiences torsional vibrations that result from the differ-
6. Rod on rotating pulleys ence in the friction it experiences at its contact areas on the

. walls of the V-grooves. In this case, sound radiation at tor-
A rod placed in the grooves of two pulleys, set apart a_. . . .

. ! . sional frequencies accompanies the rotation of the rod about
distance of 2 and rotating toward each other, oscillates

along its axis with a frequency that depends on the frictionitS axis.
coeffg?cient between theq ulle ﬁ and thg (6= ua/a. In Friction in the grooves also develops waves within the
putiey - mgra. dpulleys. However, in the absence of any coupling mecha-

gddmon to' thls. rlglgl—body response, the rod develops ben _nisms such as impacts due to asperities, these waves confine
ing and axial vibrations and radiates sound as the pulleys Sl'ﬁ]emselves to in-plane vibrations and produce very little

at their respective contacts with the rod. The average inten- d radiati | t svst h i h
sity of sound reaches a maximum as the oscillatory motionsf)un radiation. ‘n Mos’ systems, ROWEVer, coupling mecha-
S .~ nisms always exist as discussed in the next section.
of the rod on the pulleys diminishes and energy from slip-
ping pulleys feeds the rod vibrations. Sound from the rod ) .
radiates from its bending vibrations and from longitudinal B- B€am and rotating disk
vibrations through its flat ends. The fundamental longitudinal  Friction between the free end of a cantilever beam and a
natural frequency of the rod dominates the sound spectrunipotating disk provides an example that engenders the differ-
which indicates that, as described earlier, for smooth surfacesnt modes of friction behavior and system response, includ-
excitation is predominantly in a tangential direction. Theing mode lock-in and surface noise. Different configurations
spatial distribution of sound intensity has a peak along thef sliding contact between a beam and disk generate different
axis of the rod, in part, because it radiates from its ends dueombinations of waves within each. For instance, in the
to longitudinal vibrations. When any of its natural frequen-seemingly simple case where the flat tip of a beam rubs
cies in longitudinal and bending directions coincide, the cor-against a planar side of a rotating disk, the friction force,
responding modes readily couple thereby increasing soungkcting tangentially on the disk surface, excites the in-plane
radiation from bending waves of the rod. This result suggestwaves of the disk. Also, as expected, friction at its tip simul-
the significance of in-plane waves in rotating disks wheretaneously develops bending waves of the beam. As a result
they couple with and promote bending waves under tangeref these bending vibrations the beam undergoes, the contact
tial (friction) forces. force at the interface develops a fluctuating component nor-
As the rigid-body oscillations of the bar cease, its axialmal to the surface of the disk and easily excites the disk-
vibrations that develop from friction excitation at the two bending vibrations(The impulses due to the surface texture
supports can be described with discussed earlier further contribute to the bending wave ex-
2u 2u citation of the disk. This type of geometric coupling that
—E—>+p—= results from the dynamic response of the beam and disk, a
X at potential cause for instabilities, is exacerbated when the
=[Fn(Dp]_a8(x+a)—[Fn(t) ulsad(x—a), (6)  beam contacts the disk surface at an acute angle against the
direction of motion. Furthermore, should the disk have its
whereF (t) represents the normal component of the contacl, njane and bending vibration frequencies in close proxim-
force andu.., represent the coefficients of friction at the . “energy transfer through friction becomes enhanced, thus
contacts the rod makes with the pulleys. _ .. making it easier to generate bending waves. The examples
Although the nominal direction of friction excitation is jescrined below present evidence of different friction sounds
tangential(parallel to the rod axis surface roughness gives 4 can develop from the sliding contact of a beam tip and a

rise to transverse excitation of the rod due to light impactsyisy and the relationship such sounds have with the disk and
among the asperities on the surfaces, described by beam natural frequencies.

I*w I*w

El—7 + pA

W Fa(D(cta)—Fy(tox—a), (7 L Expenments

The demonstrations described here consist of a station-
where Fy(x,t) represent the impulsive normal forces thatary clamped beam with its free end in sliding contact with
develop where the rod rests on the pulleys. For elastic corthe flat surface of a rotating disk during which both the beam
tacts, Hertz formulation provides a convenient approximaand disk simultaneously respond to contact forces. Figures
tion for Fﬁ(t). 4(a) and(b) show a free vibration response of the beam and
As surface roughness increases, the transverse compdisk, respectively. Figure(d) shows the transfer function of

nent of the excitation also increases. Higher rotation speedbe disk when in stationary contact with the beam. Note the
often cause contact loss and exacerbate the development splitting of frequency that corresponds to tt@s2) mode of
impacts. On the other hand, high normal loads imposed othe disk when in contact with the beam. The spectrum of
the beam can inhibit its transverse motion while maintainingsound during sliding contact of the beam tip and disk, shown
tangential excitation. Under such conditions response of than Fig. 4(d), exhibits a mode lock-in at the higher of the split

otz
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aB tic instabiliies?*® and (iv) instabilities due to decreasing

50 1 a friction with increasing velocity. In the first two types of

30 - instabilities, friction has a passive role. For example, in geo-

10 1 metric instabilities, such as brush and commutator contact in

10 - —— ; O — ; electric motors, friction has a necessary but passivefole.
0.0 0.5 1.0 1.5 20 2.5 3.0 kHz Friction also has a passive role in instabilities caused by

system nonlinearities, e.g., in cases where material properties
dB exhibit nonlinear contact stress@sz., Refs. 14 and 15 On
Zg“ b the other hand, friction has an active role in instabilities

caused, for example, by a decreasing friction force with in-

_28 | creasing velocity that lead to mode lock?in.
-40 N s - : — , A thorough review of unstable vibrations of disks by
0.0 05 1.0 1.5 2.0 25 3.0 kHz frictional loading given by Mottershe&tiincludes an analy-
sis of instabilities due to frictional follower forces and
dB friction-induced parametric resonances, and their extension
40 c to the case with a negative friction-velocity slojfe??Using
28 M}M\/ a distributed frictional load, Mottershead and CHashowed
220 - that follower friction force led to flutter instability indicated
40— S - S by the coalescing of eigenvalues, and they compared their
0.0 05 1.0 15 2.0 25 3.0 kHz results with previous studies?* Mottersheadet al® also

investigated parametric resonances under a sector load with

friction rotating on an annular disk and identified combina-

d tion resonances and how they change when friction has a

negative slope with respect to velocity. Other studies also

address the propensity of a disk to generate noise when the

natural frequencies of in-plane and bending vibrations exist

close to each oth&2°~?%as well as self-excited vibrations of

a circular plate with friction forces acting on its edge to

FIG. 4. Development of mode lock-in between a beam and a(djskans- model Squeal in railway brakes and drum brakes in

fer function of disk(b) transfer function of beantc) transfer function of ~ automobiles*3 Studies addressing friction-induced rigid-

beam and disk in stationary conta@d) response during sliding contact. body instabilities, such as those encountered in braking sys-

tems, are adequately covered elsewh@ie, Refs. 7, 29—

frequencies, which represents the cosine mode, whereas tB8).

lower of the pair corresponds to the sine mode for which the  Because different configurations and operating condi-

beam contact takes place at its nodal line. tions of a clamped beam and a rotating disk can produce the
Figure 5 demonstrates the diversity of examples ofdifferent responses cited above, they provide a useful bench-

sound radiation from the same beam-disk system. The comnark for investigating friction sounds and vibrations. As de-

ditions that lead to sound spectra shown in Fidgs) &nd(b)  picted in Fig. 6, considering a beam that makes an apgle

differ from each other only by the direction of the disk rota- with the normal to the surface of the disk and neglecting the

tion and produce these very different sounds. Although ireffects of shear and rotatory inertia, its bending and longitu-

both cases the frequency of the second mode of the beadinal vibrations are governed ¥4

coincides with thg0,2) mode natural frequency of the disk,

the first one represents a mode lock-in, but the second does 4y, W ow

not. For cases shown in Figg.cband(d), the second natural ElI W + pAW + CE

frequency of the beam coincides with tt@&3) mode natural

frequency of the disk. The conditions that lead to the re-  =F(t)[ u(v,)cose+sing]d(x—L), (8

sponses shown in Figs(d& and (d) have very little differ-

70
dB

50
30 A

10 +——> Tt i .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 kHz

L s e e

ence between them except for a slight change in the normal 72 2
. u J°u Ju
pressure. Yet, one produces a pure mode lock-in, Fig, 5 EA— —pA—5—C'—
and the other, Fig.(8l) leads to beatéwhen observed over a X ot at
longer time than shown here =Fn()[— x(v,)sing+cose](x—L), (9)
2. Models

where the beam propertigs E, |, and A are as defined

In general, response of systems to friction, such as thoskeefore.C andC’ are representative damping constants pro-
illustrated above for a beam and disk, can be described g®ortional to bending and longitudinal vibration velocities, re-
forced vibrations, resonant vibrations, or instabilities. Insta-spectively. The contact force develops at the tip of the beam
bilities in the presence of friction usually develop throughof lengthL.
one of four mechanisms(i) geometric instabilities(viz,, Bending vibrations of a disk excited at a poimt, (6,)
Refs. 10 and 11t (ii) material nonlinearitiegjii ) thermoelas- on its flat surface are described by
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FIG. 5. Time history and spectrum for sounds generated by beam and disk friction. Beam let@tHin 200 mm, in(c)—(d) 135 mm.(a) CW rotation

shows mode lock-in of0,2) mode of disk;(b) CCW rotation does not generate a lock-ioy CW rotation lock-in to(0,3) mode of disk, but a slight change
of normal load shows beating ffdl).

n an Assuming that friction force can be represented with a
DV*7+pghg iz TC o0 = ~Fn()8(r—=ro) 66— o), constant coefficient(v,)Fy(t) represents the friction force
(10) as a function of the relative sliding velocity, , between the
_ 3 ) o disk and rod tip under a normal contact fofeg(t). The two
whereD = E4hg/12(1- v7) represents the bending rigidity of primary sources of nonlinearities in the equations given

the disk, anchy andpy are its thickness and density, respec- 5,46 come from the coefficient of friction expressions and
tively. C” represents an equivalent damping proportional the contact forces.

velocity.

3. Contact force

In the cases described in this section, the normal com-
ponent of the contact forces relates to the deformation of the
contact areas. For instance, in the case of a beam in contact
with a disk, the normal contact fordg,(t) can be expressed
as one that results from the combined deformatigrof the
beam and disk at the contact area, referred to as the ap-
proach. In addition to an initial approael, that results from
a static normal load applied to the beam—disk system, the
FIG. 6. Schematic of contact of a beam with a flat surface and depiction of@Mbined deformation between the bending and longitudinal
the magnified contact area. deformations of the beam and the bending deformation of the

CONTACT AREA
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disk gives rise to a fluctuating contact force that changesystem response and the development of instabilities. Nu-
with the vibration of the beam and disk. merically obtained results of the models described above
For example, in case of Eq$8)—(10), for perfectly = support the experimental observations, suggesting that at
smooth surfaces the combined approach can be expressedlight contact loads, sound sources are confined to the
surfaces®4%Other studies also relate sound radiation to the
ay=aptUucose—wsing+ 7. (11)  effects of surface roughnessz. Refs. 41-44.

Analyses of friction sounds that appear in other me-

In cases where surface has a texture that alters the contagianical systems present different challenges, as in the case
force, the approach can include an additional term that degf thermally induced noise in roof&:48 roller bearingé”‘so

scribes surface topography which considers both its rougt*gear nois&? belts®? and band brake®54 Adams®®>in a

ness and waviness. . series of studies that involved friction between elastic half-
The Hertz theory describes the contact foFgg(t) that  gpaces, discussed instability mechanisms between two half-
results from elastic deformation in terms of approach spaces and showed that the steady sliding generates self-
302 excited waves due to destabilization of slip waves. He also
Fn(t) =Koy (), (12

showed that, as a result of unstable sliding, the apparent co-
efficient of friction measured away from the interface can
differ from the interface friction coefficient. Similarly, Ruina
and Rice showed the existence of flutter instability during the

When C.VH<0' co_ntact ceases and the ensuing Imloac'[%teady sliding of surfaces where shear stress depends on slip
lead to a highly nonlinear behavior. A common approach t%elocityel

solving Eqs(8)—(10) assumes that contact is maintained be- The effort required to analyze response to friction in

tV.Ve.e“ the begm and the disk. Under conditions where thgimple systems described above increases with an increase in
friction force linearly depends on the normal load, but mde—,[he dimension of the system. The two examples reviewed
pendent of sliding velocity, the coupling of Eqe)—(10) below, bowed strings and brakésoth subjects of continuing

;allmlnatesﬂghe norfrp QI Iotad% 'fe?“;_'”g only its ratio tot ”'C‘T'zf‘ investigationg represent different but equally complex
orce, or the coefficient of friction, as a parameter. This .o of friction sounds.

model also permits the friction force to follow the displace-

ment and act as a follower force. However, as noted earlier,

a normal load more than only modifies the friction fofeg

Within certain regimes dfF ; /F |, modes of the system coa- C. Bowed string—violin sounds

lesce and develop instability. This particular type of instabil- A bowed string presents a particularly useful example

ity, sometimes referred to as a flutter instability, is one of theoecause of the seemingly simple configuration of a bow and

mechanisms that leads to mode lock-in described earlier. a string. Yet, its very complex dynamic response makes it a

~ Improvements to this model include consideration of the;ajienge to accurately predict sound radiation from a string

in-plane vibrations of the disk and an accurate model of the,qiment. Such predictions necessitate a high degree of ac-
friction force at contact. Just as in the case of IongltudlnalCuraCy because the narrow frequency intervals between mu-
and bending waves of a beam, in-plane natural frequencies Qfca| notegtones make errors as little as 1% unacceptdBle.

the disk can have a significant role, particularly when theYrnq tactors that contribute to the complexity of string dy-

fe_tII in the neighborhood of its bending wave natural frequen-,omics result from the combined interaction among the
cies.

- - , ) ) string, the(violin) structure, the bow, and the friction be-
A friction coefficient that increases with decreasing vVe-i,een the bow and string.

locity also produces instabilities that generate mode lock-in. A hondimensional coupling constant was shown to char-

Phenomenological expressions for a friction force lead 19, erize the classical stick—slip example that consists of a
qualitative results that help bring out the underlying physmalmass,m, restrained by a spring of constaabn a conveyor
phenomena, but not the accuracy required in some applicggt that moves at a spead?

tions. Such expressions take several forms, for exathple

where for a spherical surface, with radiasin contact with
a planar surface of similar materid,, = 2E \/a/3(1— ).

Folk

2
w(v,)=a18*r+asv,+ay, (13 N=—-—,
Vol(l)o

(15

v)=sgnv,)(1—e Aol 1+ (f, —1)e~wlvr],
Hod A e ] (14) where F, represents the maximum static friction force and

wo=vk/m. The larger the value df, the longer the sticking
whereaq, as, as, a,in EQ.(13) anda, andB, in (14) are  period of the mass and the longer the period of its oscillation.
constants with, representing the ratio of the static to kinetic However, since the frequency of vibration of a bowed string
friction coefficients. remains the same as for its free vibrations, the coupling func-

The foregoing equations follow the conventional ap-tion does not correctly describe the bowed-string oscilla-

proach which relies on representing friction as an externafions. As pointed out earlié? string, and by extension other
contact force. In most cases this approach gives satisfactofyiction-excited systems, should be considered not as having
answers, but not in all. Some cases require a more detailel single degree of freedom, but as continuum systems with
and more accurate representation of friction to better predianany degrees of freedom. Also, the mode lock-in seen in
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other examples is not so obvious in the case of a string, fo /* Caliper
harmonics of a string coincide with its natural frequencies.

The bowing action divides a string into two approxi- Piston
mately straight-line sections, on either side of the “corner,” ‘/H:l _——— Pressure
caused by the bow contact. During bowing, the string moves
with the bow until the tension in the string exceeds the fric- <

tion force, at which time the string separates from the bow’™ -E:,/‘ Chassils

until they reconnect. The corner travels along the string al

the transverse speed of string waves, and follows a paraboli

path between the two fixed ends of the string. This behaviol

of the string, named after Helmhoftz,who first studied it

prior to RamarP* describes the free vibrations of the string. \

At each instant, the string maintains the two approximately

straight-line segments between the corner and the fixed ends. FIG. 7. Components of an automotive brake.

Thus, the complete motion of the string during bowing con-

sists of the classic CirCUIating corner of the Helmholtz mO-noyance_ |ndustry sources Suggest that the Warranty costs in

tion, which is the homogeneous solution of the equations oforth America for brake noise, vibration, and harshness

motion, superposed on the particular integral that describes@aches one billion dollars each year.

stationary corner at the bow contact. Braking action in an automobile takes place between the
The structure of the violin often modifies the pure Helm- rotors and brake pads. A rotor or disk, attached to an axle and

holtz motion, i.e., the transverse motion of the string undeysually made of cast iron, carries the whégig. 7). Each

ideal conditions, through the compliance of pegs at one eng@rake pad, one on each side of a rotor, moves freely in a

and the triangular tailpiece at the other end. As the pegs anghliper and consists of a layer of friction material attached to

tailpiece deform, the tension and length of the string changg steel backplate. Braking takes place by pushing the pads

to make the string vibrations anharmonic. In addition to suchagainst the rotor under hydraulic pressure. A steering knuckle

nonlinearities, the torsional and |0ngitudinal vibrations of theattaches the Ca”per to the frame of the automobile and car-

string, as well as the vibration of the bow, also participate inries the torque.

the transmission of structure-borne sounds through the Braking converts most of the kinetic energy of a vehicle

bridge, thereby adding to the complexity of the problem.  to thermal energy primarily within the pads and rotdts.
An example of how sound quality depends on the interHowever, a small fraction of the energy finds its way to

action of friction and vibration appears in the phenomenonibrational energy within the braking system which can even

calleddouble slip Double slip occurs when the actual bow- travel to the suspension of the vehicle. The vibratory energy

ing force falls below the minimum bowing force necessaryfollows a complex path, and the resulting sound radiation

for “playability.” Double slip manifests itself by splitting the may involve any number of components of the brake system.

fundamental frequency and producing the “wolf ton&"®"  ajrcraft brakes tend to respond at lower frequencies. They
The difficulties associated with predicting sound radia-“walk” (5-20 H3, chatter(50—100 H2, and squea(100—

tion from musical instruments with bowed strings, particu-1000 H2, and sometimes the dynamic instabilities lead to a

larly the violin, fall beyond the scope of this paper. Studies“whirI” (200-300 Hz of the landing system. Automotive

continue to uncover the details of what makes one violinand rail brake noises often reach much higher frequencies. In

sound better than another. Additional references summarizzn effort to display the vibratory energy pa#mnd the types

ing some of the previous research can be foundin Refs.  of waves and radiationbraking produces, the following

68-79. summary presents the sound and vibration sources in a brake

in terms of a hierarchy of causes and effé¢t$®

Disc

D. Brake noise

Aircraft, rail, and automotive brakes have qualities op-1- Brake noise generation mechanisms
posite those of the violin in terms of their structures, pur- An idealized brake consists of a pair of pads that
poses, and, albeit unintentionally, the sounds they producegueezes a rotating disk with a constant friction coefficient,
Within brakes all possible vibrations and classes of wavesvith each component having perfect geometry and uniform
may develop through several instability mechanisms and thenaterial properties. Under such conditions, the rotor and the
forced vibrations described earlier. Responses range frompads experience normal and tangential forces at their inter-
roughness noise to mode lock-in, which on occasion develface. These forces, while uniformly distributed during sta-
ops with more than one fundamental frequency. Such a widdonary contact, develop a nonuniform distribution during
range of responses stems from the number of components felative motion.
a brake system, the range of braking conditions, and the large Under a constant normal load, tangential forces acting
amount of energy transmitted by friction, compared to a vio-on the surfaces of a rotor develop in-plane vibrations within
lin or a door hinge. it.22728A combination of in-plane vibrations, through con-

Records show that as early as 1930 brake noise emergegquent surface deformations, alters the contact area, thereby
as one of the top-10 noise problems in a survey conducted ichanging the presumed constant behavior of the friction
New York City, and it still continues to be a source of an-force. Even under assumed constant-friction properties at the
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thus suggesting that the pads do not act as constraints every-
where within their nominal contact areas. Mode shapes,
however, remain stationary with respect to the ground,
thereby indicating some constraining effect by the pads, al-
though not excessive enough to alter the mode shapes. Fur-
thermore, the spectra show one or more fundamental fre-
quencies closely associated with disk natural frequencies,
and their harmonics, whereby exhibiting the mode lock-in
phenomenon described earftéf?

10,000 Hz 3. Low-frequency squeal

A low-frequency squeal involves modes with 1, 2, 3, or
FIG. 8. Different brake noises and their approximate spectral contents. 4 nodal diameter¢ND) each with nodal spacing larger than
the pad length. Holograms of rotating disks show that squeal
interface, a friction force induces a moment arm about theé>ccurs at a frequency other than a natural frequency of the
supports of the pads that leads to oscillations of the padgotor. Furthermore, the displacement of the rotor has a fixed
Consequently, oscillatory normal force components alwayshape usually resembling a 2.5-ND mode shape with respect
accompany the friction force even in an otherwise ideal brakto the laboratory coordinates. Analyses show that this shape
ing system, and easily excite bending waves in the rotor ant$ comprised of first, second, third, and fourth modes, and the
pads. mode with 3 nodal diameters contributes the most at nearly
Geometric instabilities can result in cases where the con50%5>8%%
tact between pads and rotor is not uniform. These instabili-
ties usually lead to rigid-body oscillations of the pads, but4. Groan
they can also cause vibrations within the pads. Pad vibra- A typical groan has a spectrum between 10 to 30 Hz,
tions, in turn, can have sufficient energy to easily travel toyjth harmonics reaching 500 Hz. It occurs at low speeds and
the brake caliper and beyond, and cause caliper resonancegder moderate braking conditions. A groan appears to result
providing yet another source of excitation for the bendingfom a geometric instability of pads that gives rise to stick—
waves in the rotor. Rait~® and aircraft"*>**~**brakes  gjip which, in turn, excites the low-frequency resonances in a
have different but analogous designs that also yield geomeprake system. In particular, resonances of the rigid-body ro-
ric instabilities. tation mode of the caliper and the local suspension parts
In addition to the above, numerous other parameters aljevelop and radiate sound without the participation of the
ford an abundant set of possible sources for brake-noise gegytor. The position of the pads with respect to the rotor has a
eration. Examples include the time-dependent nature of fricsignificant role: the higher the relative tilt between them, the

tion properties, manufacturing tolerances with respect thigher the propensity for groan generatfgii?
flatness and parallelism of rotor surfaces, and variability of

material properties. These different noise sources manifes§ j,qqer
themselves by a variety of brake-noise types described be- . .
Judder develops from continuous pulsations between the

low. . . .
Twenty-five or so different designations describe auto-yotor and pads and manifests itself as a low-frequency vibra-

motive brake noise and vibrations. Some refer to their aI{!On ‘:\"th fredqu?lﬁles trrllatlar‘]e :jn(;cege{ mult||_3tltez (;Lthe LOtt"?;
leged mechanisms, and others describe the characteristics gf '& >P€€d Of the wheel. Judder, transmitied through the

the sounds. Figure 8 shows their approximate distribution irPrake to the chassis and steering, falls into the category of

the frequency spectrum. Grunt, hum, groan, and moan hav\gbratlon and harshness rather than noise. The conditions that

lower frequency content than the family of squeals. Not sur-Iead to judder generally result from nonuniform friction

prisingly, some of these sounds have similar generatiortuOrce between the rotor and pad_s. 'I_'he nonL_mlformlty may
mechanisms. For examplegueakdescribes a short-lived re§ult from any one or a compmatlon .Of. C|rcumfgrent|al
squeal,wire brushdescribes a randomly modulated squeal,th'c,kn,ess, variation, gn.evggscoatlng by friction material, and
and squelchdescribes an amplitude-modulated version ofvanation in surface finisfi>
squeak nois&® The following sections give synopses of a ) .
few of the brake-noise mechanisms. 6. Some solutions to brake noise

The engineering solutions to reduce brake noise de-
scribed below give a few examples that demonstrate methods
to prevent waves from developing within a rotor that make it

A high-frequency squeal typically involves the higher- unable to radiate sound. Each of these solutions, however,
order disk modes, with 5 to 10 nodal diameters. Their fre-has obvious drawbacks in terms of its implementation.
guencies range between 5-15 kHz. Nodal spacing between Radial slits in a rotor reduce its propensity to radiate
the excited modes is comparable to or less than the length sbund by preventing the circumferential waves from fully
brake pads. Holograms usually show unconstrained diskeveloping. In Fig. 9, the short solid lines on the disks indi-
mode shapes associated with high-frequency squeal soundste radial slits with numbers referring to the length of each

2. High-frequency squeal
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FIG. 9. Transfer functions of a typical automotive rotor with radial slits. The numbers next to lines describing slit locations indicate theiinéngfties.

slit. The corresponding transfer functions of the rotor show &. Friction sounds in nature

reduction of peak amplitudes with increasing slit length. Nature offers its own friction sounds that have devel-
The insertion of a metal piece into a radial slit nearly0

liminates the sh f th ks in the t tor functi ﬁfed through evolution, in this case, for the purpose of com-
eliminates the sharpness of the peaks in the transter Iunclig,  ,ication among the animals such as fish, crustacea, and

O.f the rotor, thus making it an effective method to reduceinsects. One of the mechanisms by which invertebrates, such
high-frequency squeal.

: . as crickets, locusts, and cicad4$® produce sounds is

The use of fing d"?‘mpers around the CIrcumfer'ence of ?hrough friction of differential parts, ordinarily termed stridu-
rotor, as shown in Fig. 10, can completely eliminate theation.
peaks in the bending-wave transfer function of a brake rotor.
Ring dampers reduce vibrations by means of friction be-
tween the ring and the rotdf. 1. Stridulatory sounds by insects
. The stridulatory apparatus of an insect body has two
parts as shown in Figs. 11 and 12. One part, naipec
_ ] stridens(or file), has a surface with ridges, the composition
& / and size of which varyhairs, spines, tubercles, teeth, ridges,
15 ribs, etc). The second part, called tipdectrum(scrapey, is a
hard ridge or a knob. Morphology and location pérs
stridens and plectrum differ widely with the insects. The

5 ] plectrum in some cases, is a protrusion with a sharp edge
i }J“_Ju,) while in others it_ i_s comppsed o_f the tapering edge of an
. : / appendage or a joint. Their locations may be just as varied,

’ - ‘°° « 1>t on the sides of their heads, under their torso, or at one of

many other places, depending on the type of insect.

Insects stridulate by rubbing the scragptectrum on
the file (pars strideng, or vice versa. Stridulation commonly
refers to sounds that result from the rubbing of two special
o bodily structures. However, in some cases, the mechanism by
which insects generate sounds may also be described as a
04 succession of impacts made by the rubbing of the scraper
and the file, not unlike sounds that result from friction be-
5 3 tween two periodically rough surfaces exhibiting the

o A “picket-fence effect.” As an insect draws the scraper across
‘3 00 P P 300 the file, each tooth impact produces a vibration of the body
12kHe surface, and generates percussive sounds. Such a series of

FIG. 10. Transfer function of a rotor with and without ring dampers. The mpact sounds almo§t always Conj[ams many frquenues
lower figures show the different types of ring cross sections that can be usetivith complex harmonics. However, in some spediasrid-
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PLECTRUM
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FIG. 12. Stridulatory ridges of a silken cocodtligma hypsoideswith
ridges(above and end of abdometbelow) [from P. T. HaskelRef. 97].

about 30-35-dB amplitude, whereas calling songs can reach
FIG. 11. Drawings that describe stridulatory components of an inssct. up to more than 50 dB. . o
adult larva;(b) modified hind legyc) pars stridenson the inner legfrom P. To generate sound, an insect moves its limbs back and
T. Haskell(Ref. 99. After G. C. Schiodte, Nat. Tidssk9, 227-376(1874].  forth. While observations suggest that sound radiation corre-
sponds to the closing movement, in some cases sound emis-
sion occurs in both directions. Some insects employ more
ids), sound emission evokes more of a rubbing sound than eomplex motions that involve rapid oscillations. It appears
succession of percussions. that no single law rules the sound emission procedure in
In insects with hard exoskeleton, a certain amount ofinsects, not unlike the case for other friction sounds.
vibrational energy will be transmitted to large resonant sur-  Similar sound generation mechanisms exist in ahts.
faces and radiated, even when the actual site of frictionabpiny lobsters, however, rub a soft-tissue plectrum over a
mechanisms is remote and localized, as in the case of insedif, generating a stick-and-slip motion, without the impacts
that produce sound by rubbing their antennae. This transmigssociated with the picket-fence or washboard action de-
sion is reminiscent of sounds from the cuica and some typegctibed above®
of brake noise discussed earlier. Different groups of fish generate sounds by using skel-
Some of the parameters that affect the emission of soun@t@! stridulatory mechanisms which are magnified by reso-
from insects are inherent in the physical nature of the stridud@nce of the air bladder. An example is stridulatiorpbf-
latory apparatus, for example the spatial distribution offyngeal teeth adjacent to the air bladder that amplifies the

ridges onpars stridensOthers concern more the manner by faint friction sounds. Other underwater insects, such as the
which the insect uses its apparatus: duration, speed of gigvater bug, have long been known to generate sounds through

placement of the parts, and differences in the spacing Osftridulation.l\“/licrgvelia di.|Uta’ for efample,. whe_n disturbed,
movements. During stridulation, the displacement of theprOduces a “shrill scraping sound” by stridulatigh.

point of contact between the file and the scraper excites and

produces resonance of various portions of the elytron2. Pleural and pericardial friction sounds

thereby modifying the frequency, intensity, modulation, and  Friction sounds also develop in humans. Two common
transients in the sounds insects produce. forms, pleural and pericardial friction sounds or friction rubs,
Frequency content of friction sounds in insects rangeesult from an inflammation of tissues that surround the
from 1-2 kHz up to 90-100 kHz. The breadth of the soundungs and the heart, respectively. Pleural friction sounds de-
spectrum for a given species is highly variable; for exampleyelop during respiration when inflamed visceral and pulmo-
some can cover 90 kHz while others are limited to 500 Hznary surfaces that cover the lungs and line the thoracic cavity
Often the lower end of the spectrum is used for calling, andcome together. Pericardial friction sounds or friction rubs are
the upper end is used for courtship. Warning songs haveaused by an inflammation in the pericardial space or peri-
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cardial sac, the fibroserous sac which surrounds the hear
that leads to the parietébuten and visceralinner) surfaces

of the roughened pericardium rubbing against each other. £
pericardial friction rub produces an extra cardiac sound with
both systolic and diastolic components. Up to three compo-
nents of a pericardial friction rub may be audible. Pericardial
friction sounds are said to resemble those of squeaky leather
and are often described as grating or scratching. track that cannot be explained with the conventional friction

moderle3—107

FIG. 13. Description of a flight-free motion of a mass on a beam.

B. Vibratory conveyance: An experiment
Ill. FRICTION AND MOTION

A simple laboratory demonstration of friction motion

Friction-induced motion, in this paper, refers to flight- consists of a mass that can move freely on an inclined beam
free transport of an object on a surface by means of inducingupported at both ends, and a shaker that vibrates the beam
vibrations to the surface and utilizing the friction betweenand its supports, as shown in Fig. 13. Under a suitable com-
the two. The examples described below represent two vergination of excitation frequency and amplitude, the mass can
different friction motion mechanisms. Flight-free motion, or move up or down the inclined beam without losing contact.
transportation of objects over a surface without losing con-The frequencies at which conveyance takes place correspond
tact, represents a useful example of friction-induced motiorto a natural frequency of the beam and its supports, Whereby
that involves oscillation of at least one of the surfaces. Aeach point on the beam surface follows an e|||pt|ca| trajec-
flight-free conveyance has uses in the transportation of fragory. During oscillations, the mass on the beam experiences a
ile materials and in motion control that requires accuracyjarger contact force, hence a larger friction force, during one-
such as a camera lens. Other forms of motion and forc@alf of the cycle. Such uneven friction forces during each
conveyance by friCtion, such as clutches and beltS, do not fal‘haﬁ of a Cyc|e of oscillations produce a nonzero average
within this Category, for they do not require vibration of their force on the mass a|ong the beam. This examp|e of f||ght-
components. free conveyance points to the significance of system dynam-

The essential elements of flight-free motion involve fric- jcs in friction problems and suggests a reconsideration of the
tion and oscillatory relative motion between the transportectiassical definition of the coefficient of friction which does
object and the platform. Motion results from a nonzero avnot account for the presence of vibrations within the system.
erage friction force that develops during oscillatory move-A similar demonstration shows a wheel in contact with the
ments. Such a force and the consequent motion develoeam rotating clockwise or counterclockwise as a result of
through either a rigid-body movement of the platform, orchanging the frequency of excitation that changes the direc-
track, or by means of traveling- or standing waves in it. Astion of the phasor of surface vibrations.
described below, many of the classical vibratory conveyors ,
rely on the first mechanism, and the ultrasonic motors rely orf+ Ultrasonic motors
the second. The principle of motion in ultrasonic motors also relies
on elliptical motion of each material point on the surface of
the driver that leads to a nonzero average friction force. Ul-

A simple vibratory conveyor consists of a planar plat- trasonic motors, whether linear or rotary, produce elliptical
form at an anglex with the horizontal and a mass placed  motion by utilizing either standing or traveling waves within
on it. For conveyance, a throw force vibrates the platform ingr on the surface of the driver. Those that rely on standing
a directiony to the axis of the platform at a frequenayand  waves require only one exciter, but without directional con-
amplitude¢,. Maintaining a positive contact fordé normal  trol, and operate similarly to the traditional vibratory convey-
to the track, or satisfying the conditiofyw?siny/gcosa  ors described abo@8—15
<1, ensures continuous contact or flight-free motion. Motion  Rotating ultrasonic motors normally use traveling bend-
of the mass along the track that results from the Combineq;hg waves in a circular driver. The method to generate trav-
vibration and friction force is governed by eling waves involves inducing two standing waves, of equal
(16) amplitude that differ in space and in time ky?2

w(r,8,t)=WyR(r)cosmé coswt,

A. Analysis of vibratory conveyance

mX+signX) uN=—mgsine,

wherex describes the relative displacement of the mass on

the track. Substituting in Eq16) for the normal force on the w(r,8,t)=WyR(r)cogmo— m/2)coq wt— 7/2),
- S o ) . ) _ _ _
mass N=m(g cosa—&a”sinwtsiny) explicitly describes \yhere the radial component of the displacement given by
the motion of the mass as R(r) represents Bessel functions afidescribes the circular
X=—gsina¥ u(gcosa— &w? sinwt siny), (17 coordinate. Two such standing waves combine to produce a

. . - . . Eraveling wave
where minus and plus signs indicate slip in the negative an
positive directions, respectively. During the stick phase the ~ W(r,6,t)=W,R(r)cogmé—coswt), (18)
particle, X will have a value between the two slip that travels at an angular speedwfm.
accelerationd®1%2 However, conveyors sometimes exhibit ~ The expression in Eq13) describes the motion of the
nonperiodic, and possibly chaotic, motion of the mass on aniddle plane of the driver disk in the normal direction. The
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actual displacement of a point on the surface of the diskSignificant structural damping can also result from friction at
follows an elliptical path in the—6 plane and can be ob- joints and connections as well as within braided wire ropes.
tained by projecting a surface pomt onto the m|dplane. A Granular materials
A rotor placed on such a driver that has traveling waves
described above rotates with a speed in the opposite direction Granular materials provide an effective mechanism of
to the bending wavé® vibration damping by dissipating energy primarily through
. inelastic collisions and friction among the granuté&sFor
0=—w(hg/2r)m[R(r)/r], (19 example, sard® and lead grains absorb energy largely
which differs from the speed of the traveling waves. By ap_through inelastic collisions among the grains. On the other
propriate choice of modes of vibration and disk geometryhand, low-density granular materials packed adjacent to
the ultrasonic motors rotate at much reduced sp&¥ds. beam or plate surfaces form a very effective dissipation
In advanced ultrasonic motors, excitation is usually pro-mechanism mostly due to friction among the particles to
vided by using an array of piezoelectric transducers distribwhich the bending waves of the structure provide the
uted near the perimeter of the disk with a spatial distributionmotion 4147
that matches the desired mode shape. Alternative methods Elastic granules, such as ball bearings, also absorb vi-
include use of two thin piezoelectric membranes below thédration energy but become effective only when exposed to a
disk, each excited at one of its own resonant frequencies. Vibration field collectively, as in beanbag absorbers. Al-
though each ball bearing may rebound upon impact, when
D. Granular flow collected in a flexible container such as a bag they behave
. - . ) inelastically, due to friction among them and due to diffusion
A different type of friction motion develops with granu- ¢ 40 girection of vibratory forces. This collective behavior
lar ma‘;enals when they behave like a liquid under V'pratorystrongly depends on the packing force that holds them to-
exc:|te_1t|on. F_or e.xample, g_lass granulles of 2-3-mm d""‘me'[eéether. If the packing force severely limits relative motion,
that fill a cylindrical container move in a regular and coher-darnping decreases.

ent manner When the container is v'ibrated vertically. The A yamonstration of applying friction damping to struc-
granular material flows downward adjacent to and near thg, .| yibrations by using granular media consists of a steel
wall of the cylindrical container and upward along its center \he welded to a beam, illustrated in Fig. 14. A spring-loaded
together forming a toroidal pattern with an axis that Com'cap adjusts the relative motion among the granules in the
cides with that of the cylinder. The flow originates at the Wa”tube. Thus, as illustrated in Fig. 15, by changing the pressure
of the container where, as a result of yvall friction, the gran-( acking force on the granules through the end cap, damp-
ules develop a nonzero average velocity. The downward flow, ;o ronerties can be adjusted as desired. In the experiments
at and near the Wal_l has a narrow thickness reminiscent of Bescribed here, granular materials reduce the response of
boundary layer. Obje_CtS buried among the granules come UWecond and higher mod&€ Experiments also show that the
to. the surface following the flow in the center of the con- amplitude of vibrations influences the dynamic behavior of
taln_er._But, they cannot fOHOW_ the boundary layer flow 'f_ the granules in the container, ranging from a collective plug-
their SIz€ exceeds the Iay_er th|9kness, a ph_eno_meno_n Wh'(m(e motion to a liquid-like flow. The different behaviors of
explains the reasons behind size segregation in Cy“ndr'cadranules produce different damping effects, thus making
containers(viz., Refs. 116—12B As discussed in the next granular damping nonlinear and amplitude dependfént.
section, the flow generated in a container of granular matép, ) hing properties of granules and optimum packing forces
rials can have a significant effect on their damping proper¢,, e evaluated directly by impact tests using a container
ties. described above. However, effective impact tests do not ad-
dress liquefaction that develops during continuous vibra-
tions.

Just as vibrations can loosen bolted joints, they can b%_ Conforming surfaces
used to reduce friction. For example, during the cold drawing
of wires, vibrations assist in reducing friction between the =~ Contacts that generate friction damping generally fall
wire and die. The underlying mechanism of friction reduc-into two groups:(a) contact between nominally conforming
tion is similar to friction-induced motion in the sense thatsurfaces that do not have a relative rigid-body motion be-
contact forces are manipulated to reduce the average frictiofween the surfaces as in the case of bolted or riveted joints,

E. Friction reduction by vibration

force during a cycle of oscillatiotf*~12° braided wire ropes, and gas turbine blades, @)dcontact-
ing surfaces that also have a relative whole-body motion as
IV. FRICTION DAMPING in the case of damper rings in gears and Lanchester dampers.

In the first case, relative motion, sometimes referred to as
micromotion, may not reach slip conditions, and friction re-

L . ¥nains in the “static” range associated with tangential stiff-
to thermal energy through friction between theviz., Refs. ness. In the second case, full slip can develop between the

127-148. Applications of friction damping range from surfaces
damper rings in gears to beanbag dampers consisting o# In any type of contact, friction damping has a preferred

Erant;}lar tma;erlalgg F#Ct'tc.) n Idam(s:)lng tdeylcesl S%Cht.as th ange of contact force within which it becomes most effec-
anchester damper efiectively reduce torsional vibrations. - e “ gelow such an optimum range, excess relative motion

Friction damping refers to the conversion of kinetic en-
ergy associated with the relative motion of vibrating surface
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response functions measured at the tip of the beam, shown in
Fig. 16, illustrate the effects of varying normal contact load.
The first figure displays the response without friction and
clearly shows the clamped—free vibration frequencies. With
increased normal load, amplitudes at these frequencies de-
crease, thus demonstrating damping due to friction. How-
ever, at higher normal loads, the response transitions to a
different set of frequencies than the clamped—free frequen-
cies and does so without the influence of friction damping.
The new frequencies correspond to the clamped—constrained
beam natural frequencies, illustrating that, beyond a critical
Z normal load, friction turns into a constraint. Between these
two extreme contact forces, the tip of the beam undergoes
stick—slip motion. In frequency-domain terms, during stick—
% slip, both clamped—free and clamped-constrained boundary
conditions coexist within each cycle of motion. Such time-
dependent boundary conditions form the basis of nonlineari-
ties in systems that involve frictioft?
FIG. 14. Granular material in a cylindrical container when oscillated verti- Using thin inserts in the contact area to alter friction
cally generates a flow within the container. makes it possible to isolate the influence of friction from that
of the system dynamics. Such inserts do not otherwise affect

at the interface develops without significant energy dissipathe system response. In Fig. 17, the measured responses
tion. Above it, excess pressure limits the development oflearly show the significance of friction, regardless of system
relative motion for friction to act as an effective damper. Dendynamics or normal load.
Hartog®! provided the case of a simple oscillator with a
friction damper solving mx+kx=F, coswt—uN sgn).
More on the specific mechanisms and models of frictionv' FRICTION MEASUREMENT AND IDENTIEICATION
damping can be found elsewhdrgez., Refs. 127-148

The transition from low to high contact forces and theA. Measurement of friction
corresponding changes in friction damping and system re- A friction force that results from the sliding contact of
sponse can be demonstrated with a simple setup that consig{gy syrfaces depends strongly upon the dynamics of the sys-
of a cantilever beam with its free end positioned against angem within which it develops. Since a friction force can only
other surface. Exciting bending vibrations of the beam with g,¢ inferred from measurements of its dynamic effects on a
shaker induces the relative motion between the free end @(ystem, the need to also consider the influence of other
the beam and the opposite surfdt®.The frequency- forces within the system becomes unavoidable. The simplest
case of friction force measurement involves an idealized
mass on a flat surface moved to and fro by a fdtcdJnder
such ideal conditions, the friction force becomes the differ-
ence between the force applied to the mass and the resulting
inertial force of the mass

60
dB

40

20

Fi=F—m% (20)

Friction force relates to a normal loal, through the

o a0 a0 1200 Hz 1600 conventional coefficient of friction that describes the average

friction characteristics of an interfacé;= uN. However, in

60 most dynamic systems contact parameters between two slid-
dB ing surfaces continually change, and the normal contact force
40 - does not stay constant. As a result, friction force becomes

time dependent, and its estimate requires detailed measure-
20 - ments of the system response and an understanding of the
system dynamics.

o Figure 18 displays a simple demonstration of friction
\j\ measurement in a dynamic system that uses a cantilever
p0INS N ‘ — beam excited harmonically by a shaker similar to that de-

0 400 800 1200 Hz 1600 scribed earlier. The free end of the beam rubs against the

FIG. 15. Transfer functions of a beam with a container carrying granularSphencal surface of a rlgld mass attached to a platform that

materials under different pressures show damping of higher frequencies ufan move freely. A force transducer placed between the rigid
der optimum pressure. mass and the freely moving platform measures the force on

-20
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FIG. 16. Transfer function of a
clamped—free beam subject to friction

-50 . ;
500 1000 1500 500 1000 1500 500 1000 1500 at its free end. As normal load in-
creases, response transitions from one
W=1000 gr W=5000 gr W=9280 gr of clamped—free to a damped beam
50 50 50
3 : : j : : : : and eventually to a clamped beam
' : with a constrained en¢Ref. 152.
f N
‘ ot
0 - afw - - - ey
W, M :
-50 -50
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the mass effected by friction. The sum of the measured forcessary to model system response. The use of the measure-
and the inertial force of the masgsbtained by measuring its ment technique described above provides a convenient

acceleratiopyields the friction force. method to characterize the friction force. As displayed in Fig.
19, an examination of the friction force with respect to time,
B. Identification of friction displacement, and velocity can lead to expressions that fully

. _ . Characterize it.
_Most analyses of dynamic systems represent friction  cqngjdering the change of friction with displacement in
with a constant coefficient or with a function that depends Ofkig. 19, the measurements show that the friction force re-
such parameters as velocity or, infrequently, temperaturéy,ing |argely constant during sliding, but changes with dis-

The use of such phenomenological expressions gives accepjrcement during each reversal of direction. The slope of the

able results, particularly when modeling a continuous reIa’change with displacement represents the tangential stiffness

tive motlon, asin rotatmg machinery. I.n cases of OS(?'Il""toryassociated with contact, usually represented by a constant in
relative motion, in particular those with small amplitudes, iction expressions

modeling requires further details of the friction force in
terms of its variation with both displacement and velocity. _
During an oscillatory motion, characteristics of friction = k(d¥Xo) £ N [k(X=Xo)[<uN
change, particularly where relative velocity at the extrema of uNsignv) otherwise
displacement vanishes. Specifically, in cases where relative

motion is very small, as in the contact dampers for turbinewhereX, is the maximum amplitude displacementeaches
blades, an accurate characterization of friction becomes neduring the oscillatory motion.

: (21)

Steel/Steel Rubber Wood
50 : : : 50 ‘ ; - 50

FIG. 17. Transfer functions of a

-50 : ‘ -50 ‘ : : -50 ‘ : ‘ clamped-free beam under a normal
500 1000 1500 500 1000 1500 500 1000 1500 load of N=9280 gr with different in-
Sandpaper Scotch Tape Paper serts at the contact area shows how

50 : - - 50 : - 50 : - - friction affects the dynamic response

of the beam(Ref. 152.

500 1000 1500 500 1000 1500 500 1000 1500
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ents of friction and relates some of the fundamental aspects
Accelerometer a,

of friction in terms of acoustical phenomena.

1U eiot m ll Ff
VI. FRICTION

Force
Transducer . ) o
TFT A closer look at a contact area, as depicted in Fig. 6,
shows that the true contact between the disk and beam con-
Fs ma, Fs sists of a distribution of small contacts that takes place be-
2 : 2 ; 2 : tween asperities of the surfaces. During motion, such true

contacts develop at different locations between new asperity
pairs, thus making the distribution of the contact area time
dependent. The nonuniformity and the resulting time depen-
: : : dence confound accurate modeling of friction. The computa-
2 Az % — tion of true contact between surfaces can be modeled through
direct numerical simulatiofiviz., Refs. 153 and 154 How-
FIG. 18. Description and results of friction measurements between the osever, such detailed simulations have prohibitive computa-
cillating tip of a cantilever beam and spherical surface attached to a rigichona] requirements, at least for no(/viz., Refs. 155 and
mass that can move freely. 156). In addition, friction still has aspects that require further
understanding before it can be modeled accurately. Conse-
Similarly, when examined with respect to relative veloc- quently, the unavailability of definitive friction models pre-
ity, the friction force remains unchanged during most of thevents accurate prediction of acoustic response of those
sliding regime, but it shows an exponential dependence oftiction-excited systems that are sensitive to friction param-
velocity during a reversal of its direction. This velocity de- eters.
pendence can be expressed as

— A= BlvxV H

Fi=uN[1-e / O‘]Slgdviv‘))’ @2 The chart in Fig. 20 describes the processes by which
whereV, represents the relative velocity at which the fric- “dc” kinetic energy of a relative motion converts into “ac”
tion force vanishes ang relates to the slope af,. oscillations that represent thermal energy that eventually dis-

The characteristic coefficients,and 8, that describe the  sipates to the surroundings. During sliding contact, part of
measurements shown here in a sense represent the numbetigd kinetic energy produces waves and oscillations in the
different processes that contribute to friction between twmodies, and part of it leads to plastic and anelastic deforma-
surfaces. The following brief review describes the constitution of asperity tips. Some energy expends through viscous
dissipation, and the balance through adhesion, fracture,
chemical reactions, and photoemission. Distribution of en-
ergy conversion through these processes varies for different
applications. Each of these processes provides a mechanism
for converting the original kinetic energy to an interim one in
the form of vibration and sound, deformation energy, surface
energy, tribo-chemical energy, and other tribo-emissions. In
the end, part of the initial energy remains stored as potential
t energy, and part of it converts to thermal energy, eventually
i dissipating to the surroundings. Thus, friction can be viewed
as a combination of processes that transforms ordered kinetic
energy into either potential energy or a disordered, or ther-
Ff ........... 2uN -1 k malized, state of kinetic energy. It then follows that the fric-

H tion force can be considered as a combination of forces that
L resist motion during each of these energy conversion pro-
cesses

A. Friction components

Ff: Felastic deformatior"" Fplastic deformatioﬁ" Ffracture

B + F adhesiont """ - (23

The schematic depiction in Fig. 21 summarizes contri-
butions to friction at different scales. The events that take
place at each scale and contribute to the unsteady nature of
friction require different models. The difficulty continues to
center around integration of these length scales, each of

v which, by necessity, requires expertise from different disci-
FIG. 19. Variation of a typical friction force with time, displacement, and Plines of science and engineering. However, each scale of
velocity that shows the constants that characterizBéf. 152. friction involves acoustics. Friction sounds and vibrations
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Ordered state of energy

KINETIC ENERGY A significant, but often overlooked, aspect of friction
A/‘/ l \4\‘ and the waves and oscillations it causes relates to the feed-
back relationship between friction and the resulting
Detommasion] |Datemation| | Diespation || Feacsre Fhoto- structure-borne acoustic field. During a sliding contact,
whether caused by friction or other forces, waves and oscil-
lations modify the distribution of the true contact areas. This
interaction of vibration and friction at the continuum scale
| Voroton | [ bt | [Peformer i |[Torgdremea | [[ e forms the basis for a feedback loop between friction and
o vibrations.
l l l Because friction is an intrinsic part of a dynamic system,
accurate models to describe friction-excited vibrations must
account for the coupling of system dynamics and the simul-
taneous development of friction during relative motion. One
approach that combines system dynamics with the develop-
ment of friction relates reactions at asperiti@®ntinuum
scalg to relative motion(engineering scajen terms of the
described earlier have engineering time and length scalegeformation of asperities and their resistance to
Near the interface, however, a continuum scale becomegdhesiort>’'*®Forces at each asperity contact depend on the
more suitable for modeling, and the corresponding acousticairea of that contact which, in turn, depends on the nominal
phenomena include, for example, ultrasonic emissions froneelative position of the surfaces. Such dependence between
contact areas. At the atomic scale, the primary issues relate tfe individual true contact areas and relative position of sur-
the dissipation and oscillation of atoms that describe thermahces relates friction to the motion of the surfaces. This ap-
energy, examined later in this section. proach also assumes that contacts take place at asperity
Many of the current efforts to model friction start at the slopes. Consequently, normal oscillations develop, even
continuum scale, relating surface roughness to friction,  though the nominal motion takes place in the tangential
Refs. 155-15) As depicted in Fig. 20, the obvious mecha- direction?***6°Considering the classical case of an oscillator
nisms that contribute to friction in such models includeon a conveyor, equations that describe its response in tangen-
elastic/plastic contacts, viscous dissipation, fracture, and adial and normal directions to the conveyor couple with equa-

hesion. Each of these processes develops at each true contaghs that, in this case, describe the true area of confact,
region between the surfaces. And, the true contacts tak@hich changes during sliding

place between asperities on the surfaces or on particles be-

tween them. Computational resources required to compute a mXx+cx+kx=F, my=—N+F,,
model that includes all the processes that contribute to fric-
tion at each asperity, for the time being, make it prohibitive.

Also, in cases where inertial effects and elastic waves may
not be ignored, the motion of the surfaces adds one more Aga)+gf(x,y,z,'z,v)Aga)zo_
complication to the modeling of friction.

B. Friction—vibration interaction

Vibration
Excitation

Chemical
Reactions

Deformation

| THERMAL ENERGY | \ POTENTIAL ENERGY |

Disordered state of energy

FIG. 20. A description of energy path during friction.

AV +G(x,y,2,2,0)A1=0,

The first two equations above describe the dynamics of a
simple oscillator on a conveyor configuration subject to tan-

g;zg‘:\ifg 0 Engineering Scale gential and normal forces#;,F,) that result from sliding
- Flatness 7 8;%,611‘2'5“ friction. Both components of the contact forces relate to the
« Parallelism

instantaneous properties of the footprint of the total true con-

- Thickne: H
* tact areaA,, on a plane parallel to the interfaté® The

Flatness W

- Dynamic geometry k\\\\\\\“"\@

* Hot spots, wear

: }\;/efnwfrgenemtion ;Am
Roughness %‘& \ﬁ

- Elastic deformation
+ Plastic deformation
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- Dislocations m N
- Slip lines b, \\\\
Chemistry
Surface Physics
+ Dissipation
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10-4-100s
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100 A - Imm
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Quantum Scale
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second set of equations, using functighend G’, describe
the variation of the true contact area as a function of the
motion of the system in both tangential and normal direc-
tions, relative velocity, average slopg of the asperities on
the surface, as well as time rate of change of sl@eThe
superscriptsr(,a) identify the slopes of asperities that resist
or assist sliding. Such an approach to modeling friction to-
gether with system response simultaneously yields the fric-
tion force and system response that affect each otfler.

One missing element in friction models relates to fric-
tion at the atomic level, sometimes referred to as microfric-
tion. Presently, efforts to simulate materials at the atomic
scale continue, but with a different emphasis than those pre-

FIG. 21. Length and time scales associated with friction and examples op€Nted here where the focus is on the oscillatory behavior of

different events that accompany each.
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C. Dissipation and atomic level friction VII. FRICTION AND BOUNDARY-LAYER TURBULENCE

Friction in its most fundamental form occurs at the The purpose of this section is to describe analogies be-
atomic level. During friction between two atomically flat sur- tween solid friction and boundary-layer turbulence. Although
faces, some of the kinetic energy associated with the relativériction and boundary-layer turbulence occur in dissimilar
motion propagate&@s phononsbeyond the surfaces into the continua, they possess notable phenomenological similarities
bodies and dissipates. Dissipation here refers to conversidmetween many of the attributes that describe them. The fol-
of kinetic energy to thermal energy. The same phenomenolowing analogies assume motion of a solid or a fluid con-
occurs during passage of a sound wave in a solid when somiuum over a semi-infinite solid bodyiz., Refs. 163—-16p6
of its energy converts to thermal energy. A Generation mechanisms

Thermal energy relates to the vibrations of atoms in a -~
solid. In solids atoms are held in equilibrium with respect to ~ Consider the boundary between the two media having a
each other by means of electrostatic forces or interatomiperfectly flat surface. In a flow over a smooth plane near the
potentials, often described as bonds between atoms. As eleading edge, a laminar boundary layer develops. At higher
ternal forces such as a sound wave or friction on a surfacepeeds and large distances downstream, after a region of
excite atoms, their energy levels increase as represented bynsition, a turbulent boundary layer fully developSuch
their vibration amplitudes. Models that study thermal energydevelopment depends on the Reynolds nuntBey and the
consider vibrations of atoms in a solid as an idealized lattic@mount of turbulence present in the free strdaiihile not
which has a periodic structure of identical mass-spring cellscommonly addressed, surface friction has a significant role in
In such a lattice, nonlinear springs link the masses togethethe development of boundary-layer turbulence, particularly

Proposed relationships between the kinetic energy of atover a perfectly flat surface. An analogous configuration for
oms and temperature in a solid assume that vibrations dfolids consists of friction between flat surfaces of half-spaces
atoms are in statisticdbr therma) equilibrium and that en- where interface or Stoneley waves develop. In cases of
ergy absorption is irreversible. Investigations of thermalizafinite-size bodies, the friction force leads to the development
tion in a lattice look for conditions leading to energy equi- of a moment and other types of vibratory behavior as a result
partitioning among its modes of vibration. Studies onof nonuniform contact force distribution.
deterministic models of lattice dynamics point to chaos, in-  For rough surfaces, the nature of contact of a fluid flow
stead of ergodicity as believed earlier, as an indicator of therever a surface differs from that between two solids. In solids,
malization and the means of energy equipartitioning. actual contact takes place at the true contact areas, usually

If the lattice does not respond chaotically, energy ab-between crests of waves or tips of asperities. At the fluid
sorbed by the system remains coherent, and periodically renterface, contact develops everywhere. In the case of solids
turns to the external source. Thus, chaotic behavior ensuregder light loads, stress waves develop locally around the
both equipartitioning and irreversibility of energy absorbedasperities. As long as the contact load stays light, stress dis-
by a lattice. Although a model based on first principles thatribution is confined to an area near the interface. At higher
describes the mechanism by which this conversion takesontact loads, the stress field around each true contact
place continues to be a research topic, a one-dimensionapreads and starts to interact with the stress fields of the other
array of atoms can help elucidate the behavior of the reeontacts, eventually developing into a full stress field in the
sponse of atoms. Considering an array of oscillators conbody. Because the system is dynamic, these contact stresses
nected with identical nonlinear springs with a spring constantead to waves in the bodies and transport some of the energy
away from the contact area@in some cases, the response

K(x)=2bD[e"?0# —e 20 a)], (24 can rigidly move the entire body.
which can be derived by representing the interatomic poten-  Fluid flow over a rough surface exhibits an analogous
tial between atoms by the Morse poterifial behavior where local pressure fields develop around the pro-
tuberancedasperities on a surface. At low Reynolds num-
V(x)=D[e 20(x~3) e~ b(x-a)], (25 pers, the influence of pressure fields remains local. As Re

The equations that describe the response of the array can B¥reases, the pressure field around each asperity spreads and
expressed as starts to interact with the pressure fields around the others.

In the case of solids, interactions between asperities of

m;=2bD[e™ 2°Xi7Xi-178) — P TXi-17a)] opposite surfaces generate waves which then transmit energy
2bD[e 260i+1% ) _g-blus15-a] (26 into the body of the solids. In _the case of a fluid, eddies
develop and carry momentum into the free-stream flow. In
wherei=1,... n—1. The equation describing the motion of both cases, the mean motion of the main body of the solid or
the atom at its free end is the fluid may be unaffected by its behavior at the boundary.

m%,=2b D[e 2P(n=n-173) — @by ~Xn-1-3)]+ A coswt. :
27 B. Analogies

Numerically solving these equations allows examination ofl- Dssipation

conditions under which energy becomes thermalized. A de- Analogous to friction, turbulent flows also have dual
tailed explanation of the conditions that lead to dissipation igoles. Turbulence transmits energy from the flow to the
given in Ref. 162. boundary as well as dissipates the kinetic energy of the tur-
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bulent flow as viscous shear stresses perform work increasource of resistance of flow in pipelines. It also increases
ing the internal energy of the fluid. Consequently, turbulenceanomentum transfer between winds and ocean waves.
needs a continuous supply of energy to make up for these During friction, momentum and heat transfer also take
viscous losses. Without a continuous energy supply, turbuplace. Equally important, friction generates heat.

lence decays rapidly. As proposed by Kolmogorov, and ex-

plained further by Bachelor, any large-scale individual mo-
tion in a fluid cannot persst as such mg]eﬂmtely, but sooner, dary layer turbulence and friction as features
or later breaks down into smaller eddies. However, as th%f system dynamics

energy progressively passes on to smaller length scales, Re
becomes too low to permit the formation of yet smaller ed-  Turbulence originates as an instability of laminar flow as
dies. The energy is then directly converted into heat as it ilRe becomes large. The instabilities stem from interactions of
absorbed into the random motion of the molecules by viscosviscous terms and the nonlinear inertia terms in the equations
ity. In summary, kinetic energy moves from the mean flowof motion. Thus, turbulence is a feature not of fluids but of
into the large, or energy-containing scales, and from thenfluid flows. Most of the dynamics of turbulence is common
into the next smaller eddies, and so on until it reaches théo all fluids if Re of turbulence is large enough. According to
scales at which dissipation takes place in terms of increaseelirrent thinking, molecular properties of the fluid in which
thermal energy. This process is reminiscent of what takeghe turbulence occurs do not control the major characteristics
place during solid friction. As discussed in the earlier sec-of turbulent flows. Since the equations of motion are nonlin-
tions, while friction also has the role of transferring energyear, each individual flow pattern has certain unique charac-
from one body to the other, it also dissipates energy. Unlesteristics associated with its initial and boundary conditions.
a constant source of energy makes up for the losses, the Analogously, friction is neither a property of a material

relative motion will not last. nor of a surface, but it is a property of a dynamic system.
The waves generated at the interface emanate from contact
2. Continuum areas into the solid bodies which then change the contact

onfiguration. Their wave numbers range from molecular
istance to correlation lengths between material impurities,

The equations of fluid mechanics govern turbulence asé
and to the size of the surface on which friction develops.

continuum phenomenon. Except in certain circumstance
even the smallest turbulent length scalése Kolmogorov
microscalg are very much larger than molecular scales. Fric-
tion, while commonly treated as a continuum concept, also

develops at the molecular scale. In this manner, friction dif-v||]. CONCLUDING REMARKS

fers from the current understanding of boundary layer turbu-

lence and suggests that turbulence may also have molecular This paper attempts to bring together acoustics and fric-

scale events, similar to friction. tion by exposing many of the topics that are common to both
fields. When treated as a tangential force acting on a surface,
3. Inertia versus stiffness friction becomes the source of all imaginable types of waves

within solids, the cause of music or noise, and the source of

Turbulence is an inertial phenomenon. It has statistically . S
P o - damping for resonant and unstable vibrations. Conversely,
indistinguishable characteristics on energy-containing scale,

in aases. liquids. slurries. foams. and man non-Newtoniat%rough the use of acoustic perturbations, the influence of
gases, 19 T ' ' . y n Biction can be modified, mostly to reduce friction and, when
media. These media have markedly different fine structures . . .
: . R .~ Tthanaged, to produce precisely controlled motion. The ulti-
and their mechanisms for dissipation of energy are quite dif- ; . o .
- X o : . _mate intersection of friction and acoustics takes place at the
ferent. Friction, in contrast, exhibits stiffness characteristics . - .
- : . o ._atomic level, where oscillations of atoms provide the mecha-
at low velocities and damping at higher velocities, as dis-_. ! s . : _
. nism by which the kinetic energy associated with friction
cussed earlier. .
converts to thermal energy. This paper excludes many other
topics related to the acoustics of friction, such as acoustic
_ . emission from contact regions and friction-excited rigid-
Irregularity and randomness that characterize turbulencgody behavior. However, the author hopes that this review
make deterministic approaches impossible and necessitagglequately covers the most common aspects of acoustics and
statistical methods. As pointed out earlier, due to the compufriction, and reaffirms that, like many other dynamic phe-
tational requirements required for deterministic simulationshnomena, even friction down to the atomic level has its foun-
of friction, statistical approaches are often used to describgation in acoustics.

such characteristics as surface roughness.

4. Irregularity

5. Diffusivity

Diffusivity, another important feature of turbulence,
causes rapid mixing and increased rates of momentum, heat, The author gratefully acknowledges the work of his cur-
and mass transfer. The diffusivity of turbulence preventsent and former students. Particular acknowledgement goes
boundary-layer separation on airfoils at large angles of atto Mr. Zhaoshun Xu for his contributions to our discoveries
tack. It increases heat transfer rates in machinery and thever the years. Special thanks go to the sponsors of the re-
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