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1 Introduction

Characterizingnacroscopidow-order friction behaior is im-
portantin mary engineeringasks,suchasthoseinvolving control,
andsqueakandsqueabrediction. Two schoolsof thoughtfor mea-
suringmacroscopidriction forcesinvolve theemplg/mentof aload
cell andthe calculationof friction force by measuringmotion sig-
nalsandapplyingthemto the systems governingequation.Direct
load-cellmeasurementare mostoftenfoundin the literature. Ex-
amplescanbefoundin recentbooksandreviews, suchasGuranet
al. (1996),Ibrahim(1994),Armstrong-Helouvryet al. (1994),and
OdenandMartins (1985),or in ary journalonthetopic.

Installingaloadcell to frictional systemss equialentto adding
a mass-springsubsystemand its dynamicsto the main system
(StreatorandBogy, 1994). Thus, the signalobtainedfrom a load
cell maynotbeableto completelydepictactualfriction forces.On
the otherhand,the “indirect” calculationof the friction force from
the systems ordinary differential equation(ODE) requiresmore
thanonetransducer This approachs thereforeliable to parasitic
interferenceand calibrationerrors(Antoniou et al., 1965). More-
over, a smootheningalgorithmis often requiredto handledigital
data(e.g. Sakamoto,1987; and Dupontand Dunlap, 1995) and
may affectthe apparenfriction characteristics.

A brief comparisorbetweerfriction signalsfrom bothdirectand
indirectfriction measurements presentedn this letter Themea-
surementglisplayedherearein a forced mass-springystemdur
ing macroscopicsliding and macroscopicstick-slip. More details
onthe classificatiorandmodelingof thesemotionsfor this system
weregivenpreviously (Liang andFeely, 1996).

2 Apparatus and Instrumentation
TheapparatugFigurel) consistef abase-gcited masgm =
2.42 kg), helicalspringswith atotal stiffnessof £ = 2310 N/m, and
the friction-contactmechanism.The sliding massmaovedin anair
track. Motion in theair trackwasalmostfriction free,with anondi-
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mensionaliscousdampingfactorequalto 0.0008.This dampingis

subsequentiyaylected. The friction-contactmechanisntonsisted
of apinched-flangestructurewhich wasdesignedor balancingthe

normalloadson bothsliding surfaces.
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Figurel: Schematiaiagramof the experimentalpparatus.

Thedisplacementsf both the sliding massandthe baseexcita-
tion weresensedy linearvariabledifferentialtransformefLVDT).
TheLVDT signalpassedhrougha signalconditioner This LVDT
was madeby Rabinson-Halper€o. (Model 210A-0500)and had
aresolutionof 2.5 um afterquantization A seismicaccelerometer
(PCB, Model 393C)wasadoptedo recordthe acceleratiorsignal.
This accelerometehad a frequeng rangeof 0.025Hz to 800 Hz
with 5% trans\ersesensitvity andaresonanfrequeng of 3.5kHz
(125 Hz with its mounting). The friction force was measuredy
a piezoelectridoad cell (PCB, Model 208B) which had0.00021b
resolutionin arangeof 101b in bothtensionandcompressionThe
nominalsensitvity was500mV/Ib with astiffnessof 101b/uin. The
dischagetime constanbf thisloadcell was50 secandtheresonant
frequeny was70 kHz (250 Hz with its attachment) The sampling
ratewas5 kHz.

The systemwas driven by an electromagneticshaler (LDS,
Model400). Thefriction contactwassteel-on-steelTheplanarsur
facesweregroundandrubbedwith 400-grit, silicon-carbidepaper
The other contactsurfaceshad hemisphericabeometryand were
lathedwith an engineerindinish thenrubbedby the sametype of
paper Finally, the surfaceswerecleanedby a degrease(Measure-
mentGroup,Inc., Model CSM-1). The surfaceswerethenengaged
in sliding motionfor atleast30 minutesto attaina steady-statéric-



tion characteristibeforethe datawererecorded.

To investigatethe phaseshift betweensignals from the ac-
celerometeandLVDT, afree-vibrationtestof the mass-springys-
temwasconductedvith the baseconstrained.

The measurementsf displacemenandacceleratiorarelabeled
as Si(t) and Sa(t) respectiely. There was a phaseshift of
¢ = 0.0389 radiansby which the accelerometesignal leadsthe
LVDT signal. This phaseanglewascorvertedto atime shift using
T = ¢ /wy, andit waschosersuchthattheresultantorce, namely
mSa(t + 7) + kS1(t), wascloseto zerowith somerandomnoise.
Therandomnoisecould beinducedby the soundandthe pressure
fluctuationof theair trackor anothersource.

Threesetsof base-gcited motion tests(Liang, 1996)indicated
thatthe dependencef the phaseshift on the excitation frequeny
was not significantover a reasonableange. The phaseanglesof
accelerometegindtheloadcell werepresumedo beapproximately
equalto zerobasedon their responseharacteristicand the low-
frequeny rangeof this study

3 The Comparison between Friction Signals

To calculatethefriction force from the systems$ equationof mo-
tion, namelyF(t) = kSs(t) — kS1(t) — mSa(t + 7), whereSs(t)
representthe motion of the base motionsignalsS (¢), S=(t), and
Ss3(t) arerequired.

Figure 2(a) illustratesthe time-domainhistoriesof the experi-
mentalinertial forces,mS2(t + 1), springforce, £S1(t), andthe
base-gcitation force, kS3(t). Thefrequeng of harmonicexcita-
tion is 5.5 Hz. Theresponsef the slider is a stablepure-sliding
motion. The calculatedfriction force is presentedn Figure 2(b)
anddenotedasF(t). Randomnoisecausedmostly by the air track
was superimposean the calculatedfriction signal. To smoothen
thesignal,afive-pointmoving average(Liang, 1996)wasappliedto
generatehe datashawvn in Figure2(c) andlabeledF1(t). Next, the
friction forceobtainedrom thedirectmeasurementsf theloadcell
afterthe samesmootheningrocesqfor comparisonjs illustrated
in Figure2(d) asF2(t). The signalF2(t) is obtainedby subtracting
theinertial componenbntheloadcell dueto the massof theflange
from the readoutof the load cell. Theraw versionof F2(t) is very
similarto the averagedversionsinceit doesnotregistermuchtran-
sientdynamicsasin the computationcase. An FFT of thesetwo
signalsprior to smoothenings shavn in Figure3.

Threeobsenationsaremadefrom theseFigures.(1) During the
wholetest,thefriction-force magnitudegremore-orlessconstant.
(2) Both methodsareconsistentegardingthe macroscopiaynam-
icsfriction feature.(3) Therearesubtledifferencedetweerthetwo
approacheat the changein sliding direction. Regardingobsera-
tion (3), ahigherfrequeny dynamicalresponsés registeredn the
calculatedriction forcethanin thedirectly measuredriction force.
Thisis probablybecausé¢heloadcell, with its attachedlange,acts
asa low-passfilter, and attenuatesigh-frequenciesFurthermore,
somehigh-frequeng oscillationis evidentin thecalculatedriction
signalimmediatelyfollowing a velocity reversal.We speculatéhat
this maybe dueto thedynamicsof theaccelerometemounting.

Two otherstablepure-slidingcasesvereexaminedin which the
excitationfrequenciesvere3.5and7.5 Hz (Liang, 1996). Consis-
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Figure 2: Time domain comparisonof direct and indirect
friction measurementsxcitation frequeny = 5.5 Hz, sta-
ble puresliding casejn (a) f1 labelsthe experimentakpring
force = kS1(t); f2 labelsthe experimentalinertial force =
mSa(t + 7); f3 labelsthe experimentalexcitation force =
kSs(t); (b) F(t) is the calculatedfriction force; (c) F1(t) is
theaveragedrersionof F(t); (d) F2(t) representtheloadcell
measuremerdfteraveraging.

tenciesanddiscrepanciebetweernthetwo approachearepresered
in thesetestswith thepostreversaloscillationslightly morepromi-
nentin the indirectsignalof the latter case andlessevidentin the
former case. Sincethe samephaserelationshipwasemplg/ed be-
tweenthesensorsteachexcitationfrequeny, theconsistentesults
indeedillustratethe reliability of the indirectapproachover a rea-
sonablerequeng range.

Figure4 illustratesa casethat hasstick-slip motion. The excita-
tion frequeny is 3.5Hz. Dueto the presencef stick-slip,features
of the friction force are different, especiallyduring the transition
of sliding to sticking. A 47-Hztransitionoscillationoccursduring
the sticking phase. This transitionoscillationis likely causedby
the stiffnessof the contactandits surroundingstructure(Liang and
Feety, 1996).

4 Conclusion

In this study we comparedfriction measurementsomputed
from motion sensoraith thoseobtaineddirectly from a load cell.
Comparisonf thesetechniquesshaved that, althoughload cell
registeredmost of the friction dynamics,its high-frequeng con-
tentswere attenuatedo someextent. The calculatedfriction may
have caughtmorecompletedetailsover thelow andhigh frequeng
rangesand also capturedthe noise generatedy the air track and
possiblythe dynamicsof themounting.

While there are high-frequeng differencesbetweenthe direct
and indirect measurementshe the correlationin the resultspro-
vides a cross referenceand suggeststhat the load cell can be
trustedfor the low-orderfriction behaior. For simple oscillators,
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Figure3: Frequeng domaincomparisorof directandindi-
rect friction measurementsxcitation frequeny = 5.5 Hz,
stablepuresliding case.Theupperandlower plotsrepresent
the indirect andload-cellmeasurementprior to smoothen-

ing.

which maybeusefulin studyingbasicphenomenauchasfriction,
it seemsthat either measuremenmethodwould be suitable. In
more generalmulti-degree-of-freedonsystemsthe indirect mea-
suremenbasedon measuredtatess impractical,asthe numberof
measurementseededmay be arbitrarily large, and knowledge of
the systemequationf motionmay belimited.
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