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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 America.@DOI: 10.1121/1.1456514#

PACS numbers: 43.10.Ln, 43.40.At, 43.40.Ga@ADP#
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I. INTRODUCTION

Friction develops between sliding surfaces regardles
the magnitude of relative motion between them. Always a
ing as a resistance to relative motion, friction fulfills a du
role by transmitting energy from one surface to the other
by dissipating energy of relative motion. The physical p
cesses that contribute to friction have a wide range of len
and time scales. At the length scale that corresponds to
interatomic distance in solids, which forms the upper limit
acoustics, friction acts as a dissipation mechanism, conv
ing kinetic energy to thermal energy. This means of conv
sion, arguably the most fundamental aspect of friction, is
acoustical process that involves oscillations of atoms
relates to the first principles.

In practice, at longer length scales, the dual roles
friction, both transmitting and dissipating energy, almost
ways coexist. The conditions under which friction provid
more energy to a system than that system can dissipate
stitute the basis for most of the instabilities observed
friction-excited vibrations and a prime source of resulti
sound radiation.

a!A portion of the contents of this article was presented as the 1999 Ray
Lecture on 19 November 1999 at the International Mechanical Enginee
Conference in Nashville, Tennessee.
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Examples of sounds that result from friction-excited v
brations and waves appear frequently. They include sque
and squeals in the interior of automobiles, the squeal
sneakers on parquet floors, the squeak of snow when wal
on it, door hinges, chalk on a blackboard, turkey frictio
calls that hunters use, aircraft and automotive brake sque
belts on pulleys, rail-wheel noise, and retarders in rail yar
These and many others typify the annoying aspects of f
tion sounds. String instruments exemplify the musical
mensions of friction sounds.

The acoustics of friction extends beyond noise and m
sic and includes such phenomena as friction damp
friction-assisted assembly, and friction motion. Conta
damping of inserted blades in gas turbines and braided w
exemplify friction dampers. In manufacturing assembly p
cesses, friction has an important role, such as in vibrat
conveyors and in reducing friction during the cold drawi
of wires by vibrating them. Friction motion refers to vibro
motion devices such as the ultrasonic motor that relies
bending waves and friction to develop precise motion. A h
torical example demonstrated by Tyndall1 shown in Fig. 1
suggests that rubbing a glass tube along its length can b
off rings at its free end.~Admittedly, the author has bee
unsuccessful trying to re-enact this experiment.! These ex-
amples and others involve both acoustics and friction. T
article considers acoustics

gh
g

1525525/24/$19.00 © 2002 Acoustical Society of America



e
fo
u

lla
s.
n
se
th
ry
-
ste
ac
e

e
p
io
sy

fri
n
s
e
in
ly
ud
th
an

d
e-
sues
ic
o-
in
er
na:

ry-

uce
on
dic
ient.
the
e

ran-
the
mpa-
der
n

heel
an

und
a

ace
o
tact.
the

re-
of

n-
e of
cli-

on
s in-
ion

e
ely
ce
de-
that
air
ntire
the

nd
ith
e in
de-
lve
ome
tural
of-

n

and friction each in its broader meaning, rather than th
conventional engineering implications, while keeping the
cus narrow to consider aspects of friction relevant to aco
tics. As such, the article leaves out many rigid-body osci
tion problems associated with friction-induced instabilitie

A major challenge in studying the acoustics of frictio
relates to the ability to predict sound and vibration respon
of systems subject to friction. The challenge rests with
modeling of friction as well as the modeling of real bounda
conditions that often involve friction. A friction force inter
acts with and often depends on the response of the sy
within which it develops. Such interaction sets up a feedb
between the friction force and the waves on the surfac
making them interdependent. In addition to such dynam
effects with short time scales, friction also undergo
changes over a longer time that correspond to, for exam
the deformation and wear of surfaces. Consequently, frict
when acting on even a simple and an otherwise linear
tem, can still produce very complicated responses.

This paper treats several aspects of the acoustics of
tion. The next section describes friction-induced vibratio
and sounds starting with several pedagogical example
illustrate fundamental concepts. It follows these with d
tailed descriptions of two engineering applications that
volve complex friction and vibration interaction, name
bowed string and brake noise. The second section concl
with examples of sounds in nature. The third section of
paper treats macroscopic interactions between friction

FIG. 1. Tyndall’s experiment breaking rings off a glass tube by frictio
From Ref. 1.
1526 J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
ir
-
s-
-

s
e

m
k
s,
ic
s
le,
n,
s-

c-
s
to
-
-

es
e
d

vibrations to demonstrate friction-induced motion, followe
in Sec. IV by a description of friction-induced damping ph
nomena. The paper then presents a brief review of the is
pertinent to measuring and modeling of friction in dynam
systems, followed by a description of friction and its comp
nents which includes a description of friction dissipation
terms of atomic oscillations. The final part of the pap
draws an analogy between two little-understood phenome
friction-excited vibrations in solid mechanics and bounda
layer turbulence in fluid mechanics.

II. FRICTION-EXCITED VIBRATIONS AND SOUNDS

The range of sounds a bow and a string can prod
bespeaks the extent of the many different forms fricti
sounds may take. Friction sounds are rarely, if at all, ergo
and stationary. Rather, they are mostly unsteady or trans
Sounds emanate from either one or both components of
friction pair or from other parts of the system to which th
friction pair transmits unsteady forces. In some cases, t
sient radiation originates from sudden deformation of
surfaces near the contact areas, which may also be acco
nied by waves that develop within the components un
friction excitation. Rubbing of viscoelastic materials ofte
exhibits a transient sound radiation, as in the case of the
of a sneaker sliding on a polished parquet floor. Rubbing
inflated balloon with a finger also produces a transient so
from near the contact area, in this case, followed by
pseudo-steady-state radiation. Similarly, rubbing the surf
of a small (D51 cm) steel ball with a moist finger als
demonstrates radiation from local acceleration near a con
Since the fundamental natural frequency of the ball is in
ultrasonic range, the sound produced in the sonic range
sults solely from the rapid movement of the contact area
the finger and rigid-body radiation of the ball.

Sliding, whether through a continuous or transient co
tact, is an unsteady process. Transient sliding, the sourc
many squeaks and squeals, develops intermittently or cy
cally, as inspiccatobowing of violin that requires a sliding
stroke of a bow onto and off a string. Continuous sliding,
the other hand, can produce a broad range of response
cluding transient response, for example, by a slight variat
in the normal contact load.

For a particular friction pair, the differences in th
sounds they radiate, and their governing vibrations, larg
arise from the variation of contact forces at the interfa
where the sliding surfaces meet. In turn, contact forces
pend on the interface properties and the external forces
maintain the sliding contact. In cases where the friction p
is attached to other components, the response of the e
system can also modify the interface behavior and thus
resulting acoustic response.

The strength of contact governs the type of waves a
oscillations that develop during sliding. Weak contacts, w
effects localized to the interface region, produce respons
each component at its own natural frequencies, nearly in
pendently of other components. Weak contacts that invo
rough surfaces can produce light impulses as asperities c
into contact, and again produce a response at the na
frequencies of each component. Such sliding conditions

.
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ten produce sounds, referred to here as roughness noi
surface noise. For example, two pieces of sandpaper, w
rubbed against each other, produce a random sound from
vibrating paper that results from the interaction among
granules on opposing surfaces. Another example of sur
or roughness noise involves bending waves of a rod wit
rough surface when lightly rubbed against another rough
face. Similarly, corrugated surfaces sliding over each ot
under light normal loads produce impulsive contact forc
that develop at the ‘‘corrugation frequency’’ with comp
nents in both tangential and normal directions to the in
face. Such contact forces produce response in each dire
at a combination of corrugation frequency and natural f
quencies of each component.

When sliding takes place under strong contact con
tions, the influence of the contact force reaches beyond
interface and friction; the friction pair becomes a coup
system and produces a more complex and often nonlin
response. Under such conditions, instabilities develop
frequently lead to a condition called mode lock-in, where
coupled system responds at one of its fundamental freq
cies and its harmonics.2 Development of mode lock-in an
the selection of the mode at which the system responds
pends on the normal load, sliding velocity, and the cont
geometry.

The external normal force that maintains contact
tween surfaces not only influences the strength of the c
tact, and thus the friction force, but it can also modify t
dynamic response of the components under friction. As
cussed later, the splitting of modes in beams and disks is
one example that also exhibits the influence of the nor
force.

A. Pedagogical examples

The following examples present a hierarchy of frictio
sounds that helps illustrate the fundamental concepts as
ated with friction-excited vibrations and the ensuing sou
radiation described above. They start with the simple ca
involving only two components with distinctly different im
pedances followed by those that have comparable imp
ances. In the former cases, response of the system is clos
the component with ‘‘weaker’’ impedance, whereas in t
latter, system response is different than that of either com
nent.

1. Wineglass

It is well-known that rubbing the rim of a glass, prefe
ably with a moist finger, makes it radiate sound from
bending waves at one of its natural frequencies and
harmonics.3,4 In cases of crystal glasses with very small i
ternal damping, even light rubbing of the glass surface p
duces a sound. Friction, although applied to the rim in
circumferential direction, excites bending waves. When
proximated as a cylinder of heightH and radiusR that has a
rigid base, its fundamental vibration frequency is given a5

v05
hg

R
A3Eg

5rg
F11

4

3 S R

H D 4G1/2

, ~1!
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wherehg , rg , andEg represent the thickness, density, a
Young’s modulus of glass cylinder, respectively. Rubbing
glass around its perimeter can also excite the torsional o
lations of the wine glass about its axis of symmetry, but a
much higher frequency than the bending natu
frequencies.5

A different mechanism takes place when the rim of
glass is gently rubbed in the radial direction by a dry fing
This light radial application of friction to the edge of th
glass primarily excites the bending waves of the glass w
by light impulses. Impulses develop at a corrugation f
quency corresponding to the speed and the spacing betw
ridges on the fingertip, and sometimes described as
‘‘picket fence’’ or ‘‘washboard’’ effect. As illustrated in Fig.
2, such impulses excite the natural frequencies of the gla

A more complex response results from exciting a win
glass with a violin bow applied radially to its rim. The re
sponse usually, but not always, shows a dominance by o
one of the natural frequencies of the glass and its harmon
Frequently, the first or the second mode appears depen
on the application of the bow. By imposing a nodal point
the surface of the glass, for example with a finger tip, ev
the third mode and its integer harmonics can result from
seemingly identical application of the bow. This behavi
where the bow and the glass respond, in this case, at or
a particular natural frequency of the glass to the exclusion
its other modes, illustrates the concept of mode lock-in
scribed earlier.2

The presence of water in the glass helps demonstrate
corresponding mode shapes of the glass, similar to Galile
observations6 ~cited in Ref. 7!. Under high excitation ampli-
tudes, water in the glass shoots up, similar to the Chin
sprouting fish basin, which consists of a pot, usually bron
that fountains the water it is filled with when rubbed at
handles.

2. Cantilever beam and plate
Another demonstration of mode lock-in results from a

plying a violin bow to the free edge of a cantilever beam
a plate. Chladni also happened to demonstrate m
lock-in8,9 when presenting the first visualization of mod
shapes in 1787 by sprinkling sand on a plate and bowing
free edge to create different mode shapes.

Similarly, bowing the free end of a cantilever beam c
also produce mode lock-in. Depending on the application
the bow, the spectra of bending vibrations and radiated so
display either the first, the second, or even the third natu
frequency of the beam and its harmonics. In these exp
ments, only infrequently does more than one natural f
quency appear simultaneously. Mostly, the bow and be
lock into a particular mode and oscillate in a rather sta
manner. Because bow impedance in the direction of exc
tion differs significantly from that of the beam, the dynami
of the two does not critically interact, and the beam respo
at one of its natural frequencies with corresponding harm
ics, as shown in the radiation spectrum given in Fig. 3.

3. Cuica
The cuica, the Brazilian friction drum, presents an e

ample of a friction system in which friction excitation take
1527Adnan Akay: Tutorial Paper—Acoustics of friction
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FIG. 2. Demonstration of mode lock-in with a wine glass half-filled with water.~a! Frequency response;~b! response to excitation to a finger rubbed alo
its edge;~c! excitation by dry finger across its rim;~d!–~f! response to excitation with a bow;~e!–~f! show the effect of placing a finger on different position
on the glass to suppress the other modes thus creating a mode lock-in.
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place away from the radiation source. The cuica consists
cylindrical metal shell covered at one end with a membra
as in a drum. Inside the cylinder, a thin bamboo stick s
pends from the center of the membrane where one end o
stick is tied with a knot. The player continuously strokes t
stick with a piece of moist cloth, thereby exciting the me
brane at its center with the resulting stick–slip motion. T
player produces music by controlling the radiation respo
by judiciously placing a finger on various spots on the me
brane.

Mechanically, the operation of the cuica has similarit
to that of a bowed string instrument. In the case of the cu
the bamboo stick vibrates the membrane as a bow does
a string, and the player’s finger on the membrane selects
mode of vibration as does placing a finger on the string.

4. Extraction of a nail from wood

Extracting a nail from a plank of wood presents anoth
instructive example of friction, stick-and-slip, and frictio
sounds. Pulling a nail exhibits stick–slip if it is extracte
from hard wood. Both the hardness of the wood and
average diameter of the nail determines the pressure,
thus the friction force, on the surface of the nail. Larger-s
nails produce more friction force and sounds. Speed w
1528 J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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which a nail is extracted also affects the dynamic respon
but probably because of the temperature effects. Rapid
traction of a nail can easily char the adjacent surface of
wood and change the characteristics of friction.

5. Smooth versus corrugated surfaces

Two simple experiments using polished and corruga
surfaces can demonstrate the effects of surface texture
sound radiation from friction excitation. Rubbing along th
length of a steel bar with a smooth surface produces lon
tudinal vibrations and radiates sound at its fundamental
quencies as determined by the position at which the ba
constrained. Friction dominates the dynamic componen
the contact force without a significant perturbation of its n
mal component. The friction force, in this case, travels alo
the rod and gives rise to longitudinal waves, modeled as

2E
]2u

]x2 1r
]2u

]t2 5
1

A
mFNd~x2Vt!. ~2!

The use of a smooth rod excited by friction dates back
1866, when it became the excitation source in what is n
known as the Kundt’s tube to measure the speed of sound
that experiment, longitudinal waves in the stroked rod
Adnan Akay: Tutorial Paper—Acoustics of friction
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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 th
frequencies separately, although higher modes require suppression of lower modes.
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brates a disk attached to its end, which acts like a lo
speaker inside a tube.

A rod with a corrugated surface, such as a threaded
when rubbed along its length with a rough surface, produ
both longitudinal and bending vibrations of the bar. Unli
the case for a smooth rod, forces that develop at the co
gations have an impulsive character with components bot
tangential and normal directions, thus simultaneously ex
ing longitudinal and bending waves in the rod. Assumi
that impulsive contact forces dominate over friction forc
the longitudinal response of a rod with corrugationsDx apart
is governed by

2E
]2u

]x2 1r
]2u

]t2

5
1

A (
n51

m

Fn cosfn) @~nDx2Vt!/b#d~x2nDx!, ~3!

where n5 integer(L/Dx), and m represents the number o
simultaneous contacts that have a lengthb traveling at a
sliding velocityV. The function)@(nDx2Vt)/b# represents
a rectangle of widthb positioned atnDx and traveling at a
velocity V. Fn represents the discrete impulsive point forc
that develop during motion at an anglef with the axis of the
J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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rod. Similarly, the bending vibrations of the rod can be d
scribed by

EI
]4w

]x4 1rA
]2w

]t2

5 (
n51

n

Fn sinfn) @~nDx2Vt!/b#d~x2nDx!, ~4!

wherer, E, I , andA represent the density, Young’s modulu
the cross-sectional moment of inertia, and the cross-sec
area of the beam, respectively.

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

2cs
2 ]2u

]x2 1
]2u

]t2 5FNd~x2nDx!, ~5!

wheren5Integer(V•t/Dx) indicates the position of excita
tion at timet, cs5AT/r represents the speed of sound for
string of densityr and under tensionT, and FN5Fi cosf
corresponds to the normal component of the contact fo
This ‘‘picket-fence effect,’’ where the reed excites the stri
with impulses at the corrugation frequency, has a sim
1529Adnan Akay: Tutorial Paper—Acoustics of friction
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mechanism as friction sounds from insects~described later!,
but is a simpler form of what occurs among the asperi
between rough surfaces in sliding contact. In the latter c
impulses arising from impacts of asperities have more co
plex spatial and temporal distributions.

6. Rod on rotating pulleys

A rod placed in the grooves of two pulleys, set apar
distance of 2a and rotating toward each other, oscillat
along its axis with a frequency that depends on the frict
coefficient between the pulleys and the rod,V5Amg/a. In
addition to this rigid-body response, the rod develops be
ing and axial vibrations and radiates sound as the pulleys
at their respective contacts with the rod. The average in
sity of sound reaches a maximum as the oscillatory mo
of the rod on the pulleys diminishes and energy from s
ping pulleys feeds the rod vibrations. Sound from the r
radiates from its bending vibrations and from longitudin
vibrations through its flat ends. The fundamental longitudi
natural frequency of the rod dominates the sound spectr
which indicates that, as described earlier, for smooth surfa
excitation is predominantly in a tangential direction. T
spatial distribution of sound intensity has a peak along
axis of the rod, in part, because it radiates from its ends
to longitudinal vibrations. When any of its natural freque
cies in longitudinal and bending directions coincide, the c
responding modes readily couple thereby increasing so
radiation from bending waves of the rod. This result sugge
the significance of in-plane waves in rotating disks wh
they couple with and promote bending waves under tang
tial ~friction! forces.

As the rigid-body oscillations of the bar cease, its ax
vibrations that develop from friction excitation at the tw
supports can be described with

2E
]2u

]x2 1r
]2u

]t2

5@FN~ t !m#2ad~x1a!2@FN~ t !m#1ad~x2a!, ~6!

whereFN(t) represents the normal component of the cont
force andm6a represent the coefficients of friction at th
contacts the rod makes with the pulleys.

Although the nominal direction of friction excitation i
tangential~parallel to the rod axis!, surface roughness give
rise to transverse excitation of the rod due to light impa
among the asperities on the surfaces, described by

EI
]4w

]x4 1rA
]2w

]t2 5FN
2~ t !d~x1a!2FN

1~ t !d~x2a!, ~7!

where FN
6(x,t) represent the impulsive normal forces th

develop where the rod rests on the pulleys. For elastic c
tacts, Hertz formulation provides a convenient approxim
tion for FN

6(t).
As surface roughness increases, the transverse com

nent of the excitation also increases. Higher rotation spe
often cause contact loss and exacerbate the developme
impacts. On the other hand, high normal loads imposed
the beam can inhibit its transverse motion while maintain
tangential excitation. Under such conditions response of
1530 J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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rod primarily consists of axial vibrations. Thus, the partitio
ing of energy between bending and axial waves in the
depends on the texture of the rod and pulley surfaces as
as the contact load in the normal direction.

A rod in the V-grooves of a double-pulley system al
experiences torsional vibrations that result from the diff
ence in the friction it experiences at its contact areas on
walls of the V-grooves. In this case, sound radiation at t
sional frequencies accompanies the rotation of the rod ab
its axis.

Friction in the grooves also develops waves within t
pulleys. However, in the absence of any coupling mec
nisms such as impacts due to asperities, these waves co
themselves to in-plane vibrations and produce very li
sound radiation. In most systems, however, coupling mec
nisms always exist as discussed in the next section.

B. Beam and rotating disk

Friction between the free end of a cantilever beam an
rotating disk provides an example that engenders the dif
ent modes of friction behavior and system response, inc
ing mode lock-in and surface noise. Different configuratio
of sliding contact between a beam and disk generate diffe
combinations of waves within each. For instance, in
seemingly simple case where the flat tip of a beam r
against a planar side of a rotating disk, the friction forc
acting tangentially on the disk surface, excites the in-pla
waves of the disk. Also, as expected, friction at its tip sim
taneously develops bending waves of the beam. As a re
of these bending vibrations the beam undergoes, the con
force at the interface develops a fluctuating component n
mal to the surface of the disk and easily excites the di
bending vibrations.~The impulses due to the surface textu
discussed earlier further contribute to the bending wave
citation of the disk.! This type of geometric coupling tha
results from the dynamic response of the beam and dis
potential cause for instabilities, is exacerbated when
beam contacts the disk surface at an acute angle agains
direction of motion. Furthermore, should the disk have
in-plane and bending vibration frequencies in close prox
ity, energy transfer through friction becomes enhanced, t
making it easier to generate bending waves. The exam
described below present evidence of different friction sou
that can develop from the sliding contact of a beam tip an
disk and the relationship such sounds have with the disk
beam natural frequencies.

1. Experiments

The demonstrations described here consist of a stat
ary clamped beam with its free end in sliding contact w
the flat surface of a rotating disk during which both the be
and disk simultaneously respond to contact forces. Figu
4~a! and~b! show a free vibration response of the beam a
disk, respectively. Figure 4~c! shows the transfer function o
the disk when in stationary contact with the beam. Note
splitting of frequency that corresponds to the~0,2! mode of
the disk when in contact with the beam. The spectrum
sound during sliding contact of the beam tip and disk, sho
in Fig. 4~d!, exhibits a mode lock-in at the higher of the sp
Adnan Akay: Tutorial Paper—Acoustics of friction
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frequencies, which represents the cosine mode, wherea
lower of the pair corresponds to the sine mode for which
beam contact takes place at its nodal line.

Figure 5 demonstrates the diversity of examples
sound radiation from the same beam–disk system. The
ditions that lead to sound spectra shown in Figs. 5~a! and~b!
differ from each other only by the direction of the disk rot
tion and produce these very different sounds. Although
both cases the frequency of the second mode of the b
coincides with the~0,2! mode natural frequency of the disk
the first one represents a mode lock-in, but the second d
not. For cases shown in Figs. 5~c! and~d!, the second natura
frequency of the beam coincides with the~0,3! mode natural
frequency of the disk. The conditions that lead to the
sponses shown in Figs. 5~c! and ~d! have very little differ-
ence between them except for a slight change in the nor
pressure. Yet, one produces a pure mode lock-in, Fig. 5~c!,
and the other, Fig. 5~d! leads to beats~when observed over a
longer time than shown here!.

2. Models

In general, response of systems to friction, such as th
illustrated above for a beam and disk, can be describe
forced vibrations, resonant vibrations, or instabilities. Ins
bilities in the presence of friction usually develop throu
one of four mechanisms:~i! geometric instabilities~viz.,
Refs. 10 and 11!; ~ii ! material nonlinearities;~iii ! thermoelas-

FIG. 4. Development of mode lock-in between a beam and a disk~a! trans-
fer function of disk;~b! transfer function of beam;~c! transfer function of
beam and disk in stationary contact;~d! response during sliding contact.
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tic instabilities12,13 and ~iv! instabilities due to decreasin
friction with increasing velocity. In the first two types o
instabilities, friction has a passive role. For example, in g
metric instabilities, such as brush and commutator contac
electric motors, friction has a necessary but passive rol10

Friction also has a passive role in instabilities caused
system nonlinearities, e.g., in cases where material prope
exhibit nonlinear contact stresses~viz., Refs. 14 and 15!. On
the other hand, friction has an active role in instabiliti
caused, for example, by a decreasing friction force with
creasing velocity that lead to mode lock-in.2

A thorough review of unstable vibrations of disks b
frictional loading given by Mottershead16 includes an analy-
sis of instabilities due to frictional follower forces an
friction-induced parametric resonances, and their extens
to the case with a negative friction-velocity slope.17–22Using
a distributed frictional load, Mottershead and Chan17 showed
that follower friction force led to flutter instability indicate
by the coalescing of eigenvalues, and they compared t
results with previous studies.23,24 Mottersheadet al.18 also
investigated parametric resonances under a sector load
friction rotating on an annular disk and identified combin
tion resonances and how they change when friction ha
negative slope with respect to velocity. Other studies a
address the propensity of a disk to generate noise when
natural frequencies of in-plane and bending vibrations e
close to each other18,25–28as well as self-excited vibrations o
a circular plate with friction forces acting on its edge
model squeal in railway brakes and drum brakes
automobiles.34,35 Studies addressing friction-induced rigid
body instabilities, such as those encountered in braking
tems, are adequately covered elsewhere~viz., Refs. 7, 29–
33!.

Because different configurations and operating con
tions of a clamped beam and a rotating disk can produce
different responses cited above, they provide a useful ben
mark for investigating friction sounds and vibrations. As d
picted in Fig. 6, considering a beam that makes an anglw
with the normal to the surface of the disk and neglecting
effects of shear and rotatory inertia, its bending and long
dinal vibrations are governed by36–40

EI
]4w

]x4 1rA
]2w

]t2 1C
]w

]t

5FN~ t !@m~v r !cosw1sinw#d~x2L !, ~8!

EA
]2u

]x2 2rA
]2u

]t2 2C8
]u

]t

5FN~ t !@2m~v r !sinw1cosw#d~x2L !, ~9!

where the beam propertiesr, E, I , and A are as defined
before.C andC8 are representative damping constants p
portional to bending and longitudinal vibration velocities, r
spectively. The contact force develops at the tip of the be
of lengthL.

Bending vibrations of a disk excited at a point (r 0 ,u0)
on its flat surface are described by
1531Adnan Akay: Tutorial Paper—Acoustics of friction



FIG. 5. Time history and spectrum for sounds generated by beam and disk friction. Beam length in~a!–~b! 200 mm, in~c!–~d! 135 mm.~a! CW rotation
shows mode lock-in of~0,2! mode of disk;~b! CCW rotation does not generate a lock-in;~c! CW rotation lock-in to~0,3! mode of disk, but a slight change
of normal load shows beating in~d!.
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]t2 1C9
]h

]t
52FN~ t !d~r 2r 0!d~u2u0!,

~10!

whereD5Edhd
3/12(12n2) represents the bending rigidity o

the disk, andhd andrd are its thickness and density, respe
tively. C9 represents an equivalent damping proportiona
velocity.

FIG. 6. Schematic of contact of a beam with a flat surface and depictio
the magnified contact area.
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Assuming that friction force can be represented with
constant coefficient,m(v r)FN(t) represents the friction force
as a function of the relative sliding velocity,v r , between the
disk and rod tip under a normal contact forceFN(t). The two
primary sources of nonlinearities in the equations giv
above come from the coefficient of friction expressions a
the contact forces.

3. Contact force

In the cases described in this section, the normal co
ponent of the contact forces relates to the deformation of
contact areas. For instance, in the case of a beam in co
with a disk, the normal contact forceFN(t) can be expressed
as one that results from the combined deformation,a, of the
beam and disk at the contact area, referred to as the
proach. In addition to an initial approacha0 that results from
a static normal load applied to the beam–disk system,
combined deformation between the bending and longitud
deformations of the beam and the bending deformation of

of
Adnan Akay: Tutorial Paper—Acoustics of friction
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disk gives rise to a fluctuating contact force that chan
with the vibration of the beam and disk.

For example, in case of Eqs.~8!–~10!, for perfectly
smooth surfaces the combined approach can be express

aH5a01u cosw2w sinw1h. ~11!

In cases where surface has a texture that alters the co
force, the approach can include an additional term that
scribes surface topography which considers both its rou
ness and waviness.

The Hertz theory describes the contact forceFN(t) that
results from elastic deformation in terms of approacha

FN~ t !5kHaH
3/2~ t !, ~12!

where for a spherical surface, with radiusa, in contact with
a planar surface of similar material,kH52EAa/3(12n2).

When aH,0, contact ceases and the ensuing impa
lead to a highly nonlinear behavior. A common approach
solving Eqs.~8!–~10! assumes that contact is maintained b
tween the beam and the disk. Under conditions where
friction force linearly depends on the normal load, but ind
pendent of sliding velocity, the coupling of Eqs.~8!–~10!
eliminates the normal load, leaving only its ratio to frictio
force, or the coefficient of friction, as a parameter. Th
model also permits the friction force to follow the displac
ment and act as a follower force. However, as noted ear
a normal load more than only modifies the friction forceF f .
Within certain regimes ofuF f /FNu, modes of the system coa
lesce and develop instability. This particular type of instab
ity, sometimes referred to as a flutter instability, is one of
mechanisms that leads to mode lock-in described earlier

Improvements to this model include consideration of
in-plane vibrations of the disk and an accurate model of
friction force at contact. Just as in the case of longitudi
and bending waves of a beam, in-plane natural frequencie
the disk can have a significant role, particularly when th
fall in the neighborhood of its bending wave natural freque
cies.

A friction coefficient that increases with decreasing v
locity also produces instabilities that generate mode lock
Phenomenological expressions for a friction force lead
qualitative results that help bring out the underlying physi
phenomena, but not the accuracy required in some app
tions. Such expressions take several forms, for example36,2

m~v r !5a1ea2vr
2
1a3v r1a4 , ~13!

m~v r !5sgn~v r !~12e2bvuvr u!@11~ f r21!e2avuvr u#,
~14!

wherea1 , a2 , a3 , a4 in Eq. ~13! andav andbv in ~14! are
constants withf r representing the ratio of the static to kinet
friction coefficients.

The foregoing equations follow the conventional a
proach which relies on representing friction as an exter
contact force. In most cases this approach gives satisfac
answers, but not in all. Some cases require a more deta
and more accurate representation of friction to better pre
J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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system response and the development of instabilities.
merically obtained results of the models described ab
support the experimental observations, suggesting tha
light contact loads, sound sources are confined to
surfaces.36–40Other studies also relate sound radiation to
effects of surface roughness,viz., Refs. 41–44.

Analyses of friction sounds that appear in other m
chanical systems present different challenges, as in the
of thermally induced noise in roofs,45,46 roller bearings,47–50

gear noise,51 belts,52 and band brakes.53,54 Adams,55–60 in a
series of studies that involved friction between elastic ha
spaces, discussed instability mechanisms between two
spaces and showed that the steady sliding generates
excited waves due to destabilization of slip waves. He a
showed that, as a result of unstable sliding, the apparent
efficient of friction measured away from the interface c
differ from the interface friction coefficient. Similarly, Ruin
and Rice showed the existence of flutter instability during
steady sliding of surfaces where shear stress depends on
velocity.61

The effort required to analyze response to friction
simple systems described above increases with an increa
the dimension of the system. The two examples review
below, bowed strings and brakes~both subjects of continuing
investigations!, represent different but equally comple
sources of friction sounds.

C. Bowed string—violin sounds

A bowed string presents a particularly useful exam
because of the seemingly simple configuration of a bow
a string. Yet, its very complex dynamic response makes
challenge to accurately predict sound radiation from a str
instrument. Such predictions necessitate a high degree o
curacy because the narrow frequency intervals between
sical notes~tones! make errors as little as 1% unacceptable62

The factors that contribute to the complexity of string d
namics result from the combined interaction among
string, the~violin! structure, the bow, and the friction be
tween the bow and string.

A nondimensional coupling constant was shown to ch
acterize the classical stick–slip example that consists o
mass,m, restrained by a spring of constantk on a conveyor
belt that moves at a speedV62

G5
F0 /k

V0 /v0
, ~15!

whereF0 represents the maximum static friction force a
v05Ak/m. The larger the value ofG, the longer the sticking
period of the mass and the longer the period of its oscillati
However, since the frequency of vibration of a bowed stri
remains the same as for its free vibrations, the coupling fu
tion does not correctly describe the bowed-string osci
tions. As pointed out earlier,62 string, and by extension othe
friction-excited systems, should be considered not as hav
a single degree of freedom, but as continuum systems w
many degrees of freedom. Also, the mode lock-in seen
1533Adnan Akay: Tutorial Paper—Acoustics of friction
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other examples is not so obvious in the case of a string,
harmonics of a string coincide with its natural frequencie

The bowing action divides a string into two approx
mately straight-line sections, on either side of the ‘‘corne
caused by the bow contact. During bowing, the string mo
with the bow until the tension in the string exceeds the fr
tion force, at which time the string separates from the b
until they reconnect. The corner travels along the string
the transverse speed of string waves, and follows a parab
path between the two fixed ends of the string. This beha
of the string, named after Helmholtz,63 who first studied it
prior to Raman,64 describes the free vibrations of the strin
At each instant, the string maintains the two approximat
straight-line segments between the corner and the fixed e
Thus, the complete motion of the string during bowing co
sists of the classic circulating corner of the Helmholtz m
tion, which is the homogeneous solution of the equations
motion, superposed on the particular integral that describ
stationary corner at the bow contact.

The structure of the violin often modifies the pure Helm
holtz motion, i.e., the transverse motion of the string un
ideal conditions, through the compliance of pegs at one
and the triangular tailpiece at the other end. As the pegs
tailpiece deform, the tension and length of the string cha
to make the string vibrations anharmonic. In addition to su
nonlinearities, the torsional and longitudinal vibrations of t
string, as well as the vibration of the bow, also participate
the transmission of structure-borne sounds through
bridge, thereby adding to the complexity of the problem.

An example of how sound quality depends on the int
action of friction and vibration appears in the phenomen
calleddouble slip. Double slip occurs when the actual bow
ing force falls below the minimum bowing force necessa
for ‘‘playability.’’ Double slip manifests itself by splitting the
fundamental frequency and producing the ‘‘wolf tone.’’65–67

The difficulties associated with predicting sound rad
tion from musical instruments with bowed strings, partic
larly the violin, fall beyond the scope of this paper. Stud
continue to uncover the details of what makes one vio
sound better than another. Additional references summa
ing some of the previous research can be found inviz., Refs.
68–79.

D. Brake noise

Aircraft, rail, and automotive brakes have qualities o
posite those of the violin in terms of their structures, p
poses, and, albeit unintentionally, the sounds they prod
Within brakes all possible vibrations and classes of wa
may develop through several instability mechanisms and
forced vibrations described earlier. Responses range f
roughness noise to mode lock-in, which on occasion de
ops with more than one fundamental frequency. Such a w
range of responses stems from the number of componen
a brake system, the range of braking conditions, and the l
amount of energy transmitted by friction, compared to a v
lin or a door hinge.

Records show that as early as 1930 brake noise eme
as one of the top-10 noise problems in a survey conducte
New York City, and it still continues to be a source of a
1534 J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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noyance. Industry sources suggest that the warranty cos
North America for brake noise, vibration, and harshne
reaches one billion dollars each year.

Braking action in an automobile takes place between
rotors and brake pads. A rotor or disk, attached to an axle
usually made of cast iron, carries the wheel~Fig. 7!. Each
brake pad, one on each side of a rotor, moves freely i
caliper and consists of a layer of friction material attached
a steel backplate. Braking takes place by pushing the p
against the rotor under hydraulic pressure. A steering knuc
attaches the caliper to the frame of the automobile and
ries the torque.

Braking converts most of the kinetic energy of a vehic
to thermal energy primarily within the pads and rotors80

However, a small fraction of the energy finds its way
vibrational energy within the braking system which can ev
travel to the suspension of the vehicle. The vibratory ene
follows a complex path, and the resulting sound radiat
may involve any number of components of the brake syst
Aircraft brakes tend to respond at lower frequencies. Th
‘‘walk’’ ~5–20 Hz!, chatter~50–100 Hz!, and squeal~100–
1000 Hz!, and sometimes the dynamic instabilities lead to
‘‘whirl’’ ~200–300 Hz! of the landing system. Automotive
and rail brake noises often reach much higher frequencie
an effort to display the vibratory energy path~and the types
of waves and radiation! braking produces, the following
summary presents the sound and vibration sources in a b
in terms of a hierarchy of causes and effects.81–83

1. Brake noise generation mechanisms

An idealized brake consists of a pair of pads th
squeezes a rotating disk with a constant friction coefficie
with each component having perfect geometry and unifo
material properties. Under such conditions, the rotor and
pads experience normal and tangential forces at their in
face. These forces, while uniformly distributed during s
tionary contact, develop a nonuniform distribution durin
relative motion.

Under a constant normal load, tangential forces act
on the surfaces of a rotor develop in-plane vibrations wit
it.25,27,28A combination of in-plane vibrations, through con
sequent surface deformations, alters the contact area, the
changing the presumed constant behavior of the frict
force. Even under assumed constant-friction properties at

FIG. 7. Components of an automotive brake.
Adnan Akay: Tutorial Paper—Acoustics of friction
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interface, a friction force induces a moment arm about
supports of the pads that leads to oscillations of the pa
Consequently, oscillatory normal force components alw
accompany the friction force even in an otherwise ideal br
ing system, and easily excite bending waves in the rotor
pads.

Geometric instabilities can result in cases where the c
tact between pads and rotor is not uniform. These insta
ties usually lead to rigid-body oscillations of the pads, b
they can also cause vibrations within the pads. Pad vib
tions, in turn, can have sufficient energy to easily travel
the brake caliper and beyond, and cause caliper resona
providing yet another source of excitation for the bend
waves in the rotor. Rail84–88 and aircraft14,15,89–92 brakes
have different but analogous designs that also yield geom
ric instabilities.

In addition to the above, numerous other parameters
ford an abundant set of possible sources for brake-noise
eration. Examples include the time-dependent nature of f
tion properties, manufacturing tolerances with respect
flatness and parallelism of rotor surfaces, and variability
material properties. These different noise sources man
themselves by a variety of brake-noise types described
low.

Twenty-five or so different designations describe au
motive brake noise and vibrations. Some refer to their
leged mechanisms, and others describe the characteristi
the sounds. Figure 8 shows their approximate distribution
the frequency spectrum. Grunt, hum, groan, and moan h
lower frequency content than the family of squeals. Not s
prisingly, some of these sounds have similar genera
mechanisms. For example,squeakdescribes a short-lived
squeal,wire brushdescribes a randomly modulated sque
and squelchdescribes an amplitude-modulated version
squeak noise.83 The following sections give synopses of
few of the brake-noise mechanisms.

2. High-frequency squeal

A high-frequency squeal typically involves the highe
order disk modes, with 5 to 10 nodal diameters. Their f
quencies range between 5–15 kHz. Nodal spacing betw
the excited modes is comparable to or less than the leng
brake pads. Holograms usually show unconstrained d
mode shapes associated with high-frequency squeal sou

FIG. 8. Different brake noises and their approximate spectral conten
J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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thus suggesting that the pads do not act as constraints e
where within their nominal contact areas. Mode shap
however, remain stationary with respect to the grou
thereby indicating some constraining effect by the pads,
though not excessive enough to alter the mode shapes.
thermore, the spectra show one or more fundamental
quencies closely associated with disk natural frequenc
and their harmonics, whereby exhibiting the mode lock
phenomenon described earlier.82,83

3. Low-frequency squeal

A low-frequency squeal involves modes with 1, 2, 3,
4 nodal diameters~ND! each with nodal spacing larger tha
the pad length. Holograms of rotating disks show that squ
occurs at a frequency other than a natural frequency of
rotor. Furthermore, the displacement of the rotor has a fi
shape usually resembling a 2.5-ND mode shape with res
to the laboratory coordinates. Analyses show that this sh
is comprised of first, second, third, and fourth modes, and
mode with 3 nodal diameters contributes the most at ne
50%.82,83,93

4. Groan

A typical groan has a spectrum between 10 to 30 H
with harmonics reaching 500 Hz. It occurs at low speeds
under moderate braking conditions. A groan appears to re
from a geometric instability of pads that gives rise to stic
slip which, in turn, excites the low-frequency resonances i
brake system. In particular, resonances of the rigid-body
tation mode of the caliper and the local suspension p
develop and radiate sound without the participation of
rotor. The position of the pads with respect to the rotor ha
significant role: the higher the relative tilt between them, t
higher the propensity for groan generation.83,94

5. Judder

Judder develops from continuous pulsations between
rotor and pads and manifests itself as a low-frequency vib
tion with frequencies that are integer multiples of the ro
tional speed of the wheel. Judder, transmitted through
brake to the chassis and steering, falls into the categor
vibration and harshness rather than noise. The conditions
lead to judder generally result from nonuniform frictio
force between the rotor and pads. The nonuniformity m
result from any one or a combination of circumferent
thickness variation, uneven coating by friction material, a
variation in surface finish.95,83

6. Some solutions to brake noise

The engineering solutions to reduce brake noise
scribed below give a few examples that demonstrate meth
to prevent waves from developing within a rotor that make
unable to radiate sound. Each of these solutions, howe
has obvious drawbacks in terms of its implementation.

Radial slits in a rotor reduce its propensity to radia
sound by preventing the circumferential waves from fu
developing. In Fig. 9, the short solid lines on the disks in
cate radial slits with numbers referring to the length of ea
1535Adnan Akay: Tutorial Paper—Acoustics of friction



FIG. 9. Transfer functions of a typical automotive rotor with radial slits. The numbers next to lines describing slit locations indicate their lengths in inches.
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slit. The corresponding transfer functions of the rotor show
reduction of peak amplitudes with increasing slit length.

The insertion of a metal piece into a radial slit nea
eliminates the sharpness of the peaks in the transfer func
of the rotor, thus making it an effective method to redu
high-frequency squeal.

The use of ring dampers around the circumference o
rotor, as shown in Fig. 10, can completely eliminate t
peaks in the bending-wave transfer function of a brake ro
Ring dampers reduce vibrations by means of friction
tween the ring and the rotor.96

FIG. 10. Transfer function of a rotor with and without ring dampers. T
lower figures show the different types of ring cross sections that can be u
1536 J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
a

on
e

a
e
r.
-

E. Friction sounds in nature

Nature offers its own friction sounds that have dev
oped through evolution, in this case, for the purpose of co
munication among the animals such as fish, crustacea,
insects. One of the mechanisms by which invertebrates, s
as crickets, locusts, and cicadas,97,98 produce sounds is
through friction of differential parts, ordinarily termed stridu
lation.

1. Stridulatory sounds by insects

The stridulatory apparatus of an insect body has t
parts as shown in Figs. 11 and 12. One part, namedpars
stridens~or file!, has a surface with ridges, the compositi
and size of which vary~hairs, spines, tubercles, teeth, ridge
ribs, etc.!. The second part, called theplectrum~scraper!, is a
hard ridge or a knob. Morphology and location ofpars
stridens and plectrum differ widely with the insects. The
plectrum, in some cases, is a protrusion with a sharp ed
while in others it is composed of the tapering edge of
appendage or a joint. Their locations may be just as var
on the sides of their heads, under their torso, or at one
many other places, depending on the type of insect.

Insects stridulate by rubbing the scraper~plectrum! on
the file ~pars stridens!, or vice versa. Stridulation commonl
refers to sounds that result from the rubbing of two spec
bodily structures. However, in some cases, the mechanism
which insects generate sounds may also be described
succession of impacts made by the rubbing of the scra
and the file, not unlike sounds that result from friction b
tween two periodically rough surfaces exhibiting th
‘‘picket-fence effect.’’ As an insect draws the scraper acro
the file, each tooth impact produces a vibration of the bo
surface, and generates percussive sounds. Such a ser
impact sounds almost always contains many frequen
with complex harmonics. However, in some species~acrid-d.
Adnan Akay: Tutorial Paper—Acoustics of friction
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ids!, sound emission evokes more of a rubbing sound tha
succession of percussions.

In insects with hard exoskeleton, a certain amount
vibrational energy will be transmitted to large resonant s
faces and radiated, even when the actual site of frictio
mechanisms is remote and localized, as in the case of ins
that produce sound by rubbing their antennae. This trans
sion is reminiscent of sounds from the cuica and some ty
of brake noise discussed earlier.

Some of the parameters that affect the emission of so
from insects are inherent in the physical nature of the stri
latory apparatus, for example the spatial distribution
ridges onpars stridens. Others concern more the manner
which the insect uses its apparatus: duration, speed of
placement of the parts, and differences in the spacing
movements. During stridulation, the displacement of
point of contact between the file and the scraper excites
produces resonance of various portions of the elytr
thereby modifying the frequency, intensity, modulation, a
transients in the sounds insects produce.

Frequency content of friction sounds in insects ran
from 1–2 kHz up to 90–100 kHz. The breadth of the sou
spectrum for a given species is highly variable; for examp
some can cover 90 kHz while others are limited to 500 H
Often the lower end of the spectrum is used for calling, a
the upper end is used for courtship. Warning songs h

FIG. 11. Drawings that describe stridulatory components of an insect~a!
adult larva;~b! modified hind leg;~c! pars stridenson the inner leg@from P.
T. Haskell~Ref. 97!. After G. C. Schiodte, Nat. Tidsskr.9, 227–376~1874!#.
J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
a

f
r-
al
cts
is-
es

d
-
f

is-
of
e
nd
,

d

e
d
,
.
d
e

about 30–35-dB amplitude, whereas calling songs can re
up to more than 50 dB.

To generate sound, an insect moves its limbs back
forth. While observations suggest that sound radiation co
sponds to the closing movement, in some cases sound e
sion occurs in both directions. Some insects employ m
complex motions that involve rapid oscillations. It appea
that no single law rules the sound emission procedure
insects, not unlike the case for other friction sounds.

Similar sound generation mechanisms exist in ant99

Spiny lobsters, however, rub a soft-tissue plectrum ove
file, generating a stick-and-slip motion, without the impa
associated with the picket-fence or washboard action
scribed above.100

Different groups of fish generate sounds by using sk
etal stridulatory mechanisms which are magnified by re
nance of the air bladder. An example is stridulation ofpha-
ryngeal teeth adjacent to the air bladder that amplifies
faint friction sounds. Other underwater insects, such as
water bug, have long been known to generate sounds thro
stridulation.Microvelia diluta, for example, when disturbed
produces a ‘‘shrill scraping sound’’ by stridulation.98

2. Pleural and pericardial friction sounds

Friction sounds also develop in humans. Two comm
forms, pleural and pericardial friction sounds or friction rub
result from an inflammation of tissues that surround
lungs and the heart, respectively. Pleural friction sounds
velop during respiration when inflamed visceral and pulm
nary surfaces that cover the lungs and line the thoracic ca
come together. Pericardial friction sounds or friction rubs
caused by an inflammation in the pericardial space or p

FIG. 12. Stridulatory ridges of a silken cocoonEligma hypsoideswith
ridges~above! and end of abdomen~below! @from P. T. Haskel~Ref. 97!#.
1537Adnan Akay: Tutorial Paper—Acoustics of friction
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cardial sac, the fibroserous sac which surrounds the h
that leads to the parietal~outer! and visceral~inner! surfaces
of the roughened pericardium rubbing against each othe
pericardial friction rub produces an extra cardiac sound w
both systolic and diastolic components. Up to three com
nents of a pericardial friction rub may be audible. Pericard
friction sounds are said to resemble those of squeaky lea
and are often described as grating or scratching.

III. FRICTION AND MOTION

Friction-induced motion, in this paper, refers to fligh
free transport of an object on a surface by means of induc
vibrations to the surface and utilizing the friction betwe
the two. The examples described below represent two v
different friction motion mechanisms. Flight-free motion,
transportation of objects over a surface without losing c
tact, represents a useful example of friction-induced mot
that involves oscillation of at least one of the surfaces
flight-free conveyance has uses in the transportation of f
ile materials and in motion control that requires accura
such as a camera lens. Other forms of motion and fo
conveyance by friction, such as clutches and belts, do not
within this category, for they do not require vibration of the
components.

The essential elements of flight-free motion involve fr
tion and oscillatory relative motion between the transpor
object and the platform. Motion results from a nonzero a
erage friction force that develops during oscillatory mov
ments. Such a force and the consequent motion dev
through either a rigid-body movement of the platform,
track, or by means of traveling- or standing waves in it.
described below, many of the classical vibratory convey
rely on the first mechanism, and the ultrasonic motors rely
the second.

A. Analysis of vibratory conveyance

A simple vibratory conveyor consists of a planar pla
form at an anglea with the horizontal and a massm placed
on it. For conveyance, a throw force vibrates the platform
a directionc to the axis of the platform at a frequencyv and
amplitudej0 . Maintaining a positive contact forceN normal
to the track, or satisfying the conditionj0v2 sinc/gcosa
,1, ensures continuous contact or flight-free motion. Mot
of the mass along the track that results from the combi
vibration and friction force is governed by

mẍ1sign~ ẋ!mN52mgsina, ~16!

wherex describes the relative displacement of the mass
the track. Substituting in Eq.~16! for the normal force on the
mass N5m(g cosa2j0v

2 sinvt sinc) explicitly describes
the motion of the mass as

ẍ52g sina7m~g cosa2j0v2 sinvt sinc!, ~17!

where minus and plus signs indicate slip in the negative
positive directions, respectively. During the stick phase
particle, ẍ will have a value between the two sli
accelerations.101,102 However, conveyors sometimes exhib
nonperiodic, and possibly chaotic, motion of the mass o
1538 J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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track that cannot be explained with the conventional fricti
models.103–107

B. Vibratory conveyance: An experiment

A simple laboratory demonstration of friction motio
consists of a mass that can move freely on an inclined be
supported at both ends, and a shaker that vibrates the b
and its supports, as shown in Fig. 13. Under a suitable c
bination of excitation frequency and amplitude, the mass
move up or down the inclined beam without losing conta
The frequencies at which conveyance takes place corresp
to a natural frequency of the beam and its supports, wher
each point on the beam surface follows an elliptical traj
tory. During oscillations, the mass on the beam experienc
larger contact force, hence a larger friction force, during o
half of the cycle. Such uneven friction forces during ea
half of a cycle of oscillations produce a nonzero avera
force on the mass along the beam. This example of flig
free conveyance points to the significance of system dyn
ics in friction problems and suggests a reconsideration of
classical definition of the coefficient of friction which doe
not account for the presence of vibrations within the syste
A similar demonstration shows a wheel in contact with t
beam rotating clockwise or counterclockwise as a resul
changing the frequency of excitation that changes the di
tion of the phasor of surface vibrations.

C. Ultrasonic motors

The principle of motion in ultrasonic motors also relie
on elliptical motion of each material point on the surface
the driver that leads to a nonzero average friction force.
trasonic motors, whether linear or rotary, produce ellipti
motion by utilizing either standing or traveling waves with
or on the surface of the driver. Those that rely on stand
waves require only one exciter, but without directional co
trol, and operate similarly to the traditional vibratory conve
ors described above.108–115

Rotating ultrasonic motors normally use traveling ben
ing waves in a circular driver. The method to generate tr
eling waves involves inducing two standing waves, of eq
amplitude that differ in space and in time byp/2

w~r ,u,t !5W0R~r !cosmu cosvt,

w~r ,u,t !5W0R~r !cos~mu2p/2!cos~vt2p/2!,

where the radial component of the displacement given
R(r ) represents Bessel functions andu describes the circula
coordinate. Two such standing waves combine to produc
traveling wave

w~r ,u,t !5W0R~r !cos~mu2cosvt !, ~18!

that travels at an angular speed ofv/m.
The expression in Eq.~13! describes the motion of the

middle plane of the driver disk in the normal direction. Th

FIG. 13. Description of a flight-free motion of a mass on a beam.
Adnan Akay: Tutorial Paper—Acoustics of friction
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actual displacement of a point on the surface of the d
follows an elliptical path in thez–u plane and can be ob
tained by projecting a surface point onto the midplane.

A rotor placed on such a driver that has traveling wav
described above rotates with a speed in the opposite direc
to the bending waves108

u̇52v~hd/2r !m@R~r !/r #, ~19!

which differs from the speed of the traveling waves. By a
propriate choice of modes of vibration and disk geome
the ultrasonic motors rotate at much reduced speeds.108

In advanced ultrasonic motors, excitation is usually p
vided by using an array of piezoelectric transducers dist
uted near the perimeter of the disk with a spatial distribut
that matches the desired mode shape. Alternative meth
include use of two thin piezoelectric membranes below
disk, each excited at one of its own resonant frequencie

D. Granular flow

A different type of friction motion develops with granu
lar materials when they behave like a liquid under vibrato
excitation. For example, glass granules of 2–3-mm diam
that fill a cylindrical container move in a regular and coh
ent manner when the container is vibrated vertically. T
granular material flows downward adjacent to and near
wall of the cylindrical container and upward along its cent
together forming a toroidal pattern with an axis that co
cides with that of the cylinder. The flow originates at the w
of the container where, as a result of wall friction, the gra
ules develop a nonzero average velocity. The downward fl
at and near the wall has a narrow thickness reminiscent
boundary layer. Objects buried among the granules com
to the surface following the flow in the center of the co
tainer. But, they cannot follow the boundary layer flow
their size exceeds the layer thickness, a phenomenon w
explains the reasons behind size segregation in cylindr
containers~viz., Refs. 116–123!. As discussed in the nex
section, the flow generated in a container of granular m
rials can have a significant effect on their damping prop
ties.

E. Friction reduction by vibration

Just as vibrations can loosen bolted joints, they can
used to reduce friction. For example, during the cold draw
of wires, vibrations assist in reducing friction between t
wire and die. The underlying mechanism of friction redu
tion is similar to friction-induced motion in the sense th
contact forces are manipulated to reduce the average fric
force during a cycle of oscillation.124–126

IV. FRICTION DAMPING

Friction damping refers to the conversion of kinetic e
ergy associated with the relative motion of vibrating surfa
to thermal energy through friction between them~viz., Refs.
127–148!. Applications of friction damping range from
damper rings in gears to beanbag dampers consistin
granular materials. Friction damping devices such as
Lanchester damper149 effectively reduce torsional vibrations
J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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Significant structural damping can also result from friction
joints and connections as well as within braided wire rop

A. Granular materials

Granular materials provide an effective mechanism
vibration damping by dissipating energy primarily throug
inelastic collisions and friction among the granules.145 For
example, sand150 and lead grains absorb energy large
through inelastic collisions among the grains. On the ot
hand, low-density granular materials packed adjacent
beam or plate surfaces form a very effective dissipat
mechanism mostly due to friction among the particles
which the bending waves of the structure provide t
motion.146,147

Elastic granules, such as ball bearings, also absorb
bration energy but become effective only when exposed
vibration field collectively, as in beanbag absorbers. A
though each ball bearing may rebound upon impact, w
collected in a flexible container such as a bag they beh
inelastically, due to friction among them and due to diffusi
of the direction of vibratory forces. This collective behavi
strongly depends on the packing force that holds them
gether. If the packing force severely limits relative motio
damping decreases.

A demonstration of applying friction damping to stru
tural vibrations by using granular media consists of a st
tube welded to a beam, illustrated in Fig. 14. A spring-load
cap adjusts the relative motion among the granules in
tube. Thus, as illustrated in Fig. 15, by changing the press
~packing force! on the granules through the end cap, dam
ing properties can be adjusted as desired. In the experim
described here, granular materials reduce the respons
second and higher modes.146 Experiments also show that th
amplitude of vibrations influences the dynamic behavior
the granules in the container, ranging from a collective plu
like motion to a liquid-like flow. The different behaviors o
granules produce different damping effects, thus mak
granular damping nonlinear and amplitude dependen148

Damping properties of granules and optimum packing for
can be evaluated directly by impact tests using a conta
described above. However, effective impact tests do not
dress liquefaction that develops during continuous vib
tions.

B. Conforming surfaces

Contacts that generate friction damping generally f
into two groups:~a! contact between nominally conformin
surfaces that do not have a relative rigid-body motion
tween the surfaces as in the case of bolted or riveted joi
braided wire ropes, and gas turbine blades, and~b! contact-
ing surfaces that also have a relative whole-body motion
in the case of damper rings in gears and Lanchester dam
In the first case, relative motion, sometimes referred to
micromotion, may not reach slip conditions, and friction r
mains in the ‘‘static’’ range associated with tangential sti
ness. In the second case, full slip can develop between
surfaces.

In any type of contact, friction damping has a preferr
range of contact force within which it becomes most effe
tive. Below such an optimum range, excess relative mot
1539Adnan Akay: Tutorial Paper—Acoustics of friction
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at the interface develops without significant energy dissi
tion. Above it, excess pressure limits the development
relative motion for friction to act as an effective damper. D
Hartog151 provided the case of a simple oscillator with
friction damper solving mẍ1kx5F0 cosvt2mNsgn(ẋ).
More on the specific mechanisms and models of frict
damping can be found elsewhere~viz., Refs. 127–148!.

The transition from low to high contact forces and t
corresponding changes in friction damping and system
sponse can be demonstrated with a simple setup that con
of a cantilever beam with its free end positioned against
other surface. Exciting bending vibrations of the beam wit
shaker induces the relative motion between the free en
the beam and the opposite surface.152 The frequency-

FIG. 14. Granular material in a cylindrical container when oscillated ve
cally generates a flow within the container.

FIG. 15. Transfer functions of a beam with a container carrying gran
materials under different pressures show damping of higher frequencie
der optimum pressure.
1540 J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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response functions measured at the tip of the beam, show
Fig. 16, illustrate the effects of varying normal contact loa
The first figure displays the response without friction a
clearly shows the clamped–free vibration frequencies. W
increased normal load, amplitudes at these frequencies
crease, thus demonstrating damping due to friction. Ho
ever, at higher normal loads, the response transitions
different set of frequencies than the clamped–free frequ
cies and does so without the influence of friction dampin
The new frequencies correspond to the clamped–constra
beam natural frequencies, illustrating that, beyond a crit
normal load, friction turns into a constraint. Between the
two extreme contact forces, the tip of the beam underg
stick–slip motion. In frequency-domain terms, during stick
slip, both clamped–free and clamped–constrained bound
conditions coexist within each cycle of motion. Such tim
dependent boundary conditions form the basis of nonline
ties in systems that involve friction.152

Using thin inserts in the contact area to alter frictio
makes it possible to isolate the influence of friction from th
of the system dynamics. Such inserts do not otherwise af
the system response. In Fig. 17, the measured respo
clearly show the significance of friction, regardless of syst
dynamics or normal load.

V. FRICTION MEASUREMENT AND IDENTIFICATION

A. Measurement of friction

A friction force that results from the sliding contact o
two surfaces depends strongly upon the dynamics of the
tem within which it develops. Since a friction force can on
be inferred from measurements of its dynamic effects o
system, the need to also consider the influence of o
forces within the system becomes unavoidable. The simp
case of friction force measurement involves an idealiz
mass on a flat surface moved to and fro by a forceF. Under
such ideal conditions, the friction force becomes the diff
ence between the force applied to the mass and the resu
inertial force of the mass

F f5F2mẍ. ~20!

Friction force relates to a normal load,N, through the
conventional coefficient of friction that describes the avera
friction characteristics of an interface:F f5mN. However, in
most dynamic systems contact parameters between two
ing surfaces continually change, and the normal contact fo
does not stay constant. As a result, friction force becom
time dependent, and its estimate requires detailed meas
ments of the system response and an understanding o
system dynamics.

Figure 18 displays a simple demonstration of frictio
measurement in a dynamic system that uses a cantil
beam excited harmonically by a shaker similar to that
scribed earlier. The free end of the beam rubs against
spherical surface of a rigid mass attached to a platform
can move freely. A force transducer placed between the r
mass and the freely moving platform measures the force

-

r
n-
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FIG. 16. Transfer function of a
clamped–free beam subject to frictio
at its free end. As normal load in
creases, response transitions from o
of clamped–free to a damped bea
and eventually to a clamped beam
with a constrained end~Ref. 152!.
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the mass effected by friction. The sum of the measured fo
and the inertial force of the mass~obtained by measuring it
acceleration! yields the friction force.

B. Identification of friction

Most analyses of dynamic systems represent frict
with a constant coefficient or with a function that depends
such parameters as velocity or, infrequently, temperat
The use of such phenomenological expressions gives ac
able results, particularly when modeling a continuous re
tive motion, as in rotating machinery. In cases of oscillato
relative motion, in particular those with small amplitude
modeling requires further details of the friction force
terms of its variation with both displacement and veloci
During an oscillatory motion, characteristics of frictio
change, particularly where relative velocity at the extrema
displacement vanishes. Specifically, in cases where rela
motion is very small, as in the contact dampers for turb
blades, an accurate characterization of friction becomes
J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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essary to model system response. The use of the mea
ment technique described above provides a conven
method to characterize the friction force. As displayed in F
19, an examination of the friction force with respect to tim
displacement, and velocity can lead to expressions that f
characterize it.

Considering the change of friction with displacement
Fig. 19, the measurements show that the friction force
mains largely constant during sliding, but changes with d
placement during each reversal of direction. The slope of
change with displacement represents the tangential stiffn
associated with contact, usually represented by a consta
friction expressions

F f5H k~d7X0!6mN uk~x2X0!u,mN

mN sign~v ! otherwise
, ~21!

whereX0 is the maximum amplitude displacementx reaches
during the oscillatory motion.
al

w
e

FIG. 17. Transfer functions of a
clamped–free beam under a norm
load of N59280 gr with different in-
serts at the contact area shows ho
friction affects the dynamic respons
of the beam~Ref. 152!.
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Similarly, when examined with respect to relative velo
ity, the friction force remains unchanged during most of t
sliding regime, but it shows an exponential dependence
velocity during a reversal of its direction. This velocity d
pendence can be expressed as

F f5mN@12e2buv6V0u#sign~v6V0!, ~22!

whereV0 represents the relative velocity at which the fri
tion force vanishes andb relates to the slope atV0 .

The characteristic coefficients,k andb, that describe the
measurements shown here in a sense represent the num
different processes that contribute to friction between t
surfaces. The following brief review describes the const

FIG. 18. Description and results of friction measurements between the
cillating tip of a cantilever beam and spherical surface attached to a
mass that can move freely.

FIG. 19. Variation of a typical friction force with time, displacement, a
velocity that shows the constants that characterize it~Ref. 152!.
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ents of friction and relates some of the fundamental asp
of friction in terms of acoustical phenomena.

VI. FRICTION

A closer look at a contact area, as depicted in Fig.
shows that the true contact between the disk and beam
sists of a distribution of small contacts that takes place
tween asperities of the surfaces. During motion, such t
contacts develop at different locations between new aspe
pairs, thus making the distribution of the contact area ti
dependent. The nonuniformity and the resulting time dep
dence confound accurate modeling of friction. The compu
tion of true contact between surfaces can be modeled thro
direct numerical simulation~viz., Refs. 153 and 154!. How-
ever, such detailed simulations have prohibitive compu
tional requirements, at least for now~viz., Refs. 155 and
156!. In addition, friction still has aspects that require furth
understanding before it can be modeled accurately. Co
quently, the unavailability of definitive friction models pre
vents accurate prediction of acoustic response of th
friction-excited systems that are sensitive to friction para
eters.

A. Friction components

The chart in Fig. 20 describes the processes by wh
‘‘dc’’ kinetic energy of a relative motion converts into ‘‘ac’
oscillations that represent thermal energy that eventually
sipates to the surroundings. During sliding contact, part
the kinetic energy produces waves and oscillations in
bodies, and part of it leads to plastic and anelastic defor
tion of asperity tips. Some energy expends through visc
dissipation, and the balance through adhesion, fract
chemical reactions, and photoemission. Distribution of
ergy conversion through these processes varies for diffe
applications. Each of these processes provides a mecha
for converting the original kinetic energy to an interim one
the form of vibration and sound, deformation energy, surfa
energy, tribo-chemical energy, and other tribo-emissions
the end, part of the initial energy remains stored as poten
energy, and part of it converts to thermal energy, eventu
dissipating to the surroundings. Thus, friction can be view
as a combination of processes that transforms ordered kin
energy into either potential energy or a disordered, or th
malized, state of kinetic energy. It then follows that the fr
tion force can be considered as a combination of forces
resist motion during each of these energy conversion p
cesses

F f5Felastic deformation1Fplastic deformation1F fracture

1Fadhesion1¯ . ~23!

The schematic depiction in Fig. 21 summarizes con
butions to friction at different scales. The events that ta
place at each scale and contribute to the unsteady natu
friction require different models. The difficulty continues
center around integration of these length scales, each
which, by necessity, requires expertise from different dis
plines of science and engineering. However, each scal
friction involves acoustics. Friction sounds and vibratio

s-
id
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described earlier have engineering time and length sca
Near the interface, however, a continuum scale beco
more suitable for modeling, and the corresponding acous
phenomena include, for example, ultrasonic emissions f
contact areas. At the atomic scale, the primary issues rela
the dissipation and oscillation of atoms that describe ther
energy, examined later in this section.

Many of the current efforts to model friction start at th
continuum scale, relating surface roughness to friction~viz.,
Refs. 155–157!. As depicted in Fig. 20, the obvious mech
nisms that contribute to friction in such models inclu
elastic/plastic contacts, viscous dissipation, fracture, and
hesion. Each of these processes develops at each true co
region between the surfaces. And, the true contacts
place between asperities on the surfaces or on particles
tween them. Computational resources required to compu
model that includes all the processes that contribute to f
tion at each asperity, for the time being, make it prohibitiv
Also, in cases where inertial effects and elastic waves m
not be ignored, the motion of the surfaces adds one m
complication to the modeling of friction.

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

FIG. 21. Length and time scales associated with friction and example
different events that accompany each.
J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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B. Friction–vibration interaction

A significant, but often overlooked, aspect of frictio
and the waves and oscillations it causes relates to the f
back relationship between friction and the resulti
structure-borne acoustic field. During a sliding conta
whether caused by friction or other forces, waves and os
lations modify the distribution of the true contact areas. T
interaction of vibration and friction at the continuum sca
forms the basis for a feedback loop between friction a
vibrations.

Because friction is an intrinsic part of a dynamic syste
accurate models to describe friction-excited vibrations m
account for the coupling of system dynamics and the sim
taneous development of friction during relative motion. O
approach that combines system dynamics with the deve
ment of friction relates reactions at asperities~continuum
scale! to relative motion~engineering scale! in terms of the
deformation of asperities and their resistance
adhesion.157,158Forces at each asperity contact depend on
area of that contact which, in turn, depends on the nom
relative position of the surfaces. Such dependence betw
the individual true contact areas and relative position of s
faces relates friction to the motion of the surfaces. This
proach also assumes that contacts take place at asp
slopes. Consequently, normal oscillations develop, e
though the nominal motion takes place in the tangen
direction.159,160Considering the classical case of an oscilla
on a conveyor, equations that describe its response in tan
tial and normal directions to the conveyor couple with equ
tions that, in this case, describe the true area of contactA,
which changes during sliding

mẍ1cẋ1kx5Ft , mÿ52N1Fn ,

Ȧn
(r )1G~ ẋ,ẏ,Z,Ż,v !An

(r )50,

Ȧn
(a)1G8~ ẋ,ẏ,Z,Ż,v !An

(a)50.

The first two equations above describe the dynamics o
simple oscillator on a conveyor configuration subject to ta
gential and normal forces (Ft ,Fn) that result from sliding
friction. Both components of the contact forces relate to
instantaneous properties of the footprint of the total true c
tact area,An , on a plane parallel to the interface.2,158 The
second set of equations, using functionsG andG8, describe
the variation of the true contact area as a function of
motion of the system in both tangential and normal dire
tions, relative velocityv, average slopeZ of the asperities on
the surface, as well as time rate of change of slope,Ż. The
superscripts (r ,a) identify the slopes of asperities that res
or assist sliding. Such an approach to modeling friction
gether with system response simultaneously yields the f
tion force and system response that affect each other.158

One missing element in friction models relates to fr
tion at the atomic level, sometimes referred to as microfr
tion. Presently, efforts to simulate materials at the atom
scale continue, but with a different emphasis than those
sented here where the focus is on the oscillatory behavio
atoms.

of
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C. Dissipation and atomic level friction

Friction in its most fundamental form occurs at th
atomic level. During friction between two atomically flat su
faces, some of the kinetic energy associated with the rela
motion propagates~as phonons! beyond the surfaces into th
bodies and dissipates. Dissipation here refers to conver
of kinetic energy to thermal energy. The same phenome
occurs during passage of a sound wave in a solid when s
of its energy converts to thermal energy.

Thermal energy relates to the vibrations of atoms in
solid. In solids atoms are held in equilibrium with respect
each other by means of electrostatic forces or interato
potentials, often described as bonds between atoms. As
ternal forces such as a sound wave or friction on a surf
excite atoms, their energy levels increase as represente
their vibration amplitudes. Models that study thermal ene
consider vibrations of atoms in a solid as an idealized lat
which has a periodic structure of identical mass-spring ce
In such a lattice, nonlinear springs link the masses toget

Proposed relationships between the kinetic energy of
oms and temperature in a solid assume that vibrations
atoms are in statistical~or thermal! equilibrium and that en-
ergy absorption is irreversible. Investigations of thermali
tion in a lattice look for conditions leading to energy equ
partitioning among its modes of vibration. Studies
deterministic models of lattice dynamics point to chaos,
stead of ergodicity as believed earlier, as an indicator of th
malization and the means of energy equipartitioning.

If the lattice does not respond chaotically, energy a
sorbed by the system remains coherent, and periodically
turns to the external source. Thus, chaotic behavior ens
both equipartitioning and irreversibility of energy absorb
by a lattice. Although a model based on first principles t
describes the mechanism by which this conversion ta
place continues to be a research topic, a one-dimensi
array of atoms can help elucidate the behavior of the
sponse of atoms. Considering an array of oscillators c
nected with identical nonlinear springs with a spring const

K~x!52bD@e2b(x2a)2e22b(x2a)#, ~24!

which can be derived by representing the interatomic po
tial between atoms by the Morse potential161

V~x!5D@e22b(x2a)22e2b(x2a)#. ~25!

The equations that describe the response of the array ca
expressed as

mẍi52bD@e22b(xi2xi 212a)2e2b(xi2xi 212a)#

22bD@e22b(xi 112xi2a)2e2b(xi 112xi2a)#, ~26!

wherei 51, . . . ,n21. The equation describing the motion
the atom at its free end is

mẍn52bD@e22b(xn2xn212a)2e2b(xn2xn212a)#1A cosvt.
~27!

Numerically solving these equations allows examination
conditions under which energy becomes thermalized. A
tailed explanation of the conditions that lead to dissipation
given in Ref. 162.
1544 J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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VII. FRICTION AND BOUNDARY-LAYER TURBULENCE

The purpose of this section is to describe analogies
tween solid friction and boundary-layer turbulence. Althou
friction and boundary-layer turbulence occur in dissimi
continua, they possess notable phenomenological similar
between many of the attributes that describe them. The
lowing analogies assume motion of a solid or a fluid co
tinuum over a semi-infinite solid body~viz., Refs. 163–165!.

A. Generation mechanisms

Consider the boundary between the two media havin
perfectly flat surface. In a flow over a smooth plane near
leading edge, a laminar boundary layer develops. At hig
speeds and large distances downstream, after a regio
transition, a turbulent boundary layer fully develops.@Such
development depends on the Reynolds number~Re! and the
amount of turbulence present in the free stream.# While not
commonly addressed, surface friction has a significant rol
the development of boundary-layer turbulence, particula
over a perfectly flat surface. An analogous configuration
solids consists of friction between flat surfaces of half-spa
where interface or Stoneley waves develop. In cases
finite-size bodies, the friction force leads to the developm
of a moment and other types of vibratory behavior as a re
of nonuniform contact force distribution.

For rough surfaces, the nature of contact of a fluid flo
over a surface differs from that between two solids. In soli
actual contact takes place at the true contact areas, us
between crests of waves or tips of asperities. At the fl
interface, contact develops everywhere. In the case of so
under light loads, stress waves develop locally around
asperities. As long as the contact load stays light, stress
tribution is confined to an area near the interface. At hig
contact loads, the stress field around each true con
spreads and starts to interact with the stress fields of the o
contacts, eventually developing into a full stress field in t
body. Because the system is dynamic, these contact stre
lead to waves in the bodies and transport some of the en
away from the contact areas.~In some cases, the respon
can rigidly move the entire body.!

Fluid flow over a rough surface exhibits an analogo
behavior where local pressure fields develop around the
tuberances~asperities! on a surface. At low Reynolds num
bers, the influence of pressure fields remains local. As
increases, the pressure field around each asperity spread
starts to interact with the pressure fields around the othe

In the case of solids, interactions between asperities
opposite surfaces generate waves which then transmit en
into the body of the solids. In the case of a fluid, edd
develop and carry momentum into the free-stream flow.
both cases, the mean motion of the main body of the solid
the fluid may be unaffected by its behavior at the bounda

B. Analogies

1. Dissipation

Analogous to friction, turbulent flows also have du
roles. Turbulence transmits energy from the flow to t
boundary as well as dissipates the kinetic energy of the
Adnan Akay: Tutorial Paper—Acoustics of friction
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bulent flow as viscous shear stresses perform work incr
ing the internal energy of the fluid. Consequently, turbulen
needs a continuous supply of energy to make up for th
viscous losses. Without a continuous energy supply, tur
lence decays rapidly. As proposed by Kolmogorov, and
plained further by Bachelor, any large-scale individual m
tion in a fluid cannot persist as such indefinitely, but soo
or later breaks down into smaller eddies. However, as
energy progressively passes on to smaller length scales
becomes too low to permit the formation of yet smaller e
dies. The energy is then directly converted into heat as
absorbed into the random motion of the molecules by visc
ity. In summary, kinetic energy moves from the mean flo
into the large, or energy-containing scales, and from th
into the next smaller eddies, and so on until it reaches
scales at which dissipation takes place in terms of increa
thermal energy. This process is reminiscent of what ta
place during solid friction. As discussed in the earlier s
tions, while friction also has the role of transferring ener
from one body to the other, it also dissipates energy. Un
a constant source of energy makes up for the losses,
relative motion will not last.

2. Continuum

The equations of fluid mechanics govern turbulence a
continuum phenomenon. Except in certain circumstan
even the smallest turbulent length scales~the Kolmogorov
microscale! are very much larger than molecular scales. Fr
tion, while commonly treated as a continuum concept, a
develops at the molecular scale. In this manner, friction
fers from the current understanding of boundary layer tur
lence and suggests that turbulence may also have mole
scale events, similar to friction.

3. Inertia versus stiffness

Turbulence is an inertial phenomenon. It has statistica
indistinguishable characteristics on energy-containing sc
in gases, liquids, slurries, foams, and many non-Newton
media. These media have markedly different fine structu
and their mechanisms for dissipation of energy are quite
ferent. Friction, in contrast, exhibits stiffness characteris
at low velocities and damping at higher velocities, as d
cussed earlier.

4. Irregularity

Irregularity and randomness that characterize turbule
make deterministic approaches impossible and necess
statistical methods. As pointed out earlier, due to the com
tational requirements required for deterministic simulatio
of friction, statistical approaches are often used to desc
such characteristics as surface roughness.

5. Diffusivity

Diffusivity, another important feature of turbulenc
causes rapid mixing and increased rates of momentum, h
and mass transfer. The diffusivity of turbulence preve
boundary-layer separation on airfoils at large angles of
tack. It increases heat transfer rates in machinery and
J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002
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source of resistance of flow in pipelines. It also increa
momentum transfer between winds and ocean waves.

During friction, momentum and heat transfer also ta
place. Equally important, friction generates heat.

6. Boundary layer turbulence and friction as features
of system dynamics

Turbulence originates as an instability of laminar flow
Re becomes large. The instabilities stem from interaction
viscous terms and the nonlinear inertia terms in the equat
of motion. Thus, turbulence is a feature not of fluids but
fluid flows. Most of the dynamics of turbulence is commo
to all fluids if Re of turbulence is large enough. According
current thinking, molecular properties of the fluid in whic
the turbulence occurs do not control the major characteris
of turbulent flows. Since the equations of motion are nonl
ear, each individual flow pattern has certain unique char
teristics associated with its initial and boundary condition

Analogously, friction is neither a property of a materi
nor of a surface, but it is a property of a dynamic syste
The waves generated at the interface emanate from con
areas into the solid bodies which then change the con
configuration. Their wave numbers range from molecu
distance to correlation lengths between material impurit
and to the size of the surface on which friction develops.

VIII. CONCLUDING REMARKS

This paper attempts to bring together acoustics and f
tion by exposing many of the topics that are common to b
fields. When treated as a tangential force acting on a surf
friction becomes the source of all imaginable types of wa
within solids, the cause of music or noise, and the source
damping for resonant and unstable vibrations. Convers
through the use of acoustic perturbations, the influence
friction can be modified, mostly to reduce friction and, wh
managed, to produce precisely controlled motion. The u
mate intersection of friction and acoustics takes place at
atomic level, where oscillations of atoms provide the mec
nism by which the kinetic energy associated with frictio
converts to thermal energy. This paper excludes many o
topics related to the acoustics of friction, such as acou
emission from contact regions and friction-excited rigi
body behavior. However, the author hopes that this rev
adequately covers the most common aspects of acoustics
friction, and reaffirms that, like many other dynamic ph
nomena, even friction down to the atomic level has its fou
dation in acoustics.
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