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1 Introduction
Characterizingmacroscopiclow-order friction behavior is im-

portantin many engineeringtasks,suchasthoseinvolving control,
andsqueakandsquealprediction.Two schoolsof thoughtfor mea-
suringmacroscopicfriction forcesinvolvetheemploymentof aload
cell andthecalculationof friction forceby measuringmotion sig-
nalsandapplyingthemto thesystem’s governingequation.Direct
load-cellmeasurementsaremostoften found in the literature.Ex-
amplescanbefoundin recentbooksandreviews,suchasGuranet
al. (1996),Ibrahim(1994),Armstrong-H́elouvryet al. (1994),and
OdenandMartins(1985),or in any journalon thetopic.

Installinga loadcell to frictional systemsis equivalentto adding
a mass-springsubsystemand its dynamicsto the main system
(StreatorandBogy, 1994). Thus,the signalobtainedfrom a load
cell maynot beableto completelydepictactualfriction forces.On
theotherhand,the“indirect” calculationof the friction forcefrom
the system’s ordinary differential equation(ODE) requiresmore
thanonetransducer. This approachis thereforeliable to parasitic
interferenceandcalibrationerrors(Antoniou et al., 1965). More-
over, a smootheningalgorithm is often requiredto handledigital
data(e.g. Sakamoto,1987; and Dupont and Dunlap, 1995) and
mayaffect theapparentfriction characteristics.

A brief comparisonbetweenfriction signalsfrom bothdirectand
indirectfriction measurementsis presentedin this letter. Themea-
surementsdisplayedherearein a forcedmass-springsystemdur-
ing macroscopicsliding andmacroscopicstick-slip. More details
on theclassificationandmodelingof thesemotionsfor this system
weregivenpreviously (LiangandFeeny, 1996).

2 Apparatus and Instrumentation
Theapparatus(Figure1) consistedof abase-excitedmass( ������ ���

kg), helicalspringswith atotalstiffnessof � � �
	���

N/m,and

the friction-contactmechanism.Thesliding massmoved in anair
track.Motion in theair trackwasalmostfriction free,with anondi-

mensionalviscousdampingfactorequalto 0.0008.Thisdampingis
subsequentlyneglected.The friction-contactmechanismconsisted
of a pinched-flangestructurewhich wasdesignedfor balancingthe
normalloadsonbothslidingsurfaces.
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Figure1: Schematicdiagramof theexperimentalapparatus.

Thedisplacementsof both thesliding massandthebaseexcita-
tion weresensedby linearvariabledifferentialtransformer(LVDT).
TheLVDT signalpassedthrougha signalconditioner. This LVDT
wasmadeby Rabinson-HalpernCo. (Model 210A-0500)andhad
a resolutionof 2.5 � m afterquantization.A seismicaccelerometer
(PCB,Model 393C)wasadoptedto recordtheaccelerationsignal.
This accelerometerhada frequency rangeof 0.025Hz to 800 Hz
with 5% transversesensitivity anda resonantfrequency of 3.5kHz
(125 Hz with its mounting). The friction force wasmeasuredby
a piezoelectricload cell (PCB,Model 208B) which had0.0002lb
resolutionin a rangeof 10 lb in bothtensionandcompression.The
nominalsensitivity was500mV/lb with astiffnessof 10lb/ � in. The
dischargetimeconstantof this loadcell was50secandtheresonant
frequency was70 kHz (250Hz with its attachment).Thesampling
ratewas5 kHz.

The systemwas driven by an electromagneticshaker (LDS,
Model400).Thefriction contactwassteel-on-steel.Theplanarsur-
facesweregroundandrubbedwith 400-grit,silicon-carbidepaper.
The other contactsurfaceshadhemisphericalgeometryandwere
lathedwith an engineeringfinish thenrubbedby the sametype of
paper. Finally, thesurfaceswerecleanedby a degreaser(Measure-
mentGroup,Inc.,Model CSM-1).Thesurfaceswerethenengaged
in slidingmotionfor at least30minutesto attainasteady-statefric-
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tion characteristicbeforethedatawererecorded.
To investigatethe phaseshift betweensignals from the ac-

celerometerandLVDT, afree-vibrationtestof themass-springsys-
temwasconductedwith thebaseconstrained.

Themeasurementsof displacementandaccelerationarelabeled
as ��������� and ��������� respectively. There was a phaseshift of� � 
�� 

	����

radiansby which the accelerometersignal leadsthe
LVDT signal.This phaseanglewasconvertedto a time shift using � ��!#"%$

, andit waschosensuchthat theresultantforce,namely� �&�
���&'  ��'(�)��������� , wascloseto zerowith somerandomnoise.
Therandomnoisecouldbe inducedby thesoundandthepressure
fluctuationof theair trackor anothersource.

Threesetsof base-excited motion tests(Liang, 1996)indicated
that the dependenceof the phaseshift on the excitation frequency
wasnot significantover a reasonablerange. The phaseanglesof
accelerometerandtheloadcell werepresumedto beapproximately
equalto zerobasedon their responsecharacteristicsandthe low-
frequency rangeof this study.

3 The Comparison between Friction Signals
To calculatethefriction forcefrom thesystem’sequationof mo-

tion, namely*+���,� � �)��-
�����/.0�1� � �����2. � � � ���1'  � , where��-
�����
representsthemotionof thebase,motionsignals� � ���,�43�� � ����� , and� - ����� arerequired.

Figure 2(a) illustratesthe time-domainhistoriesof the experi-
mentalinertial forces, � � � ���5'  � , springforce, �)� � ���,� , andthe
base-excitation force, �)� - ����� . The frequency of harmonicexcita-
tion is 5.5 Hz. The responseof the slider is a stablepure-sliding
motion. The calculatedfriction force is presentedin Figure2(b)
anddenotedasF(t). Randomnoisecausedmostlyby theair track
wassuperimposedon the calculatedfriction signal. To smoothen
thesignal,afive-pointmoving average(Liang,1996)wasappliedto
generatethedatashown in Figure2(c) andlabeledF1(t). Next, the
friction forceobtainedfrom thedirectmeasurementsof theloadcell
after thesamesmootheningprocess(for comparison)is illustrated
in Figure2(d) asF2(t). ThesignalF2(t) is obtainedby subtracting
theinertialcomponentontheloadcell dueto themassof theflange
from thereadoutof the loadcell. The raw versionof F2(t) is very
similar to theaveragedversionsinceit doesnot registermuchtran-
sientdynamicsas in the computationcase. An FFT of thesetwo
signalsprior to smootheningis shown in Figure3.

Threeobservationsaremadefrom theseFigures.(1) During the
wholetest,thefriction-forcemagnitudesaremore-or-lessconstant.
(2) Bothmethodsareconsistentregardingthemacroscopicdynam-
icsfriction feature.(3) Therearesubtledifferencesbetweenthetwo
approachesat thechangein sliding direction. Regardingobserva-
tion (3), a higher-frequency dynamicalresponseis registeredin the
calculatedfriction forcethanin thedirectlymeasuredfriction force.
This is probablybecausetheloadcell, with its attachedflange,acts
asa low-passfilter, andattenuateshigh-frequencies.Furthermore,
somehigh-frequency oscillationis evidentin thecalculatedfriction
signalimmediatelyfollowing avelocity reversal.Wespeculatethat
thismaybedueto thedynamicsof theaccelerometermounting.

Two otherstablepure-slidingcaseswereexaminedin which the
excitationfrequencieswere3.5and7.5 Hz (Liang, 1996). Consis-
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Figure 2: Time domaincomparisonof direct and indirect
friction measurements,excitation frequency = 5.5 Hz, sta-
blepureslidingcase,in (a) f1 labelstheexperimentalspring
force = 6�758�9;:=< ; f2 labels the experimentalinertial force => 7@?)9A:CBED�< ; f3 labelsthe experimentalexcitation force =
6�7@F�9;:=< ; (b) F(t) is the calculatedfriction force; (c) F1(t) is
theaveragedversionof F(t); (d) F2(t) representstheloadcell
measurementafteraveraging.

tenciesanddiscrepanciesbetweenthetwo approachesarepreserved
in thesetests,with thepostreversaloscillationslightly morepromi-
nentin the indirectsignalof the lattercase,andlessevident in the
formercase.Sincethesamephaserelationshipwasemployed be-
tweenthesensorsateachexcitationfrequency, theconsistentresults
indeedillustratethe reliability of the indirectapproachover a rea-
sonablefrequency range.

Figure4 illustratesa casethathasstick-slipmotion. Theexcita-
tion frequency is 3.5Hz. Dueto thepresenceof stick-slip,features
of the friction force aredifferent, especiallyduring the transition
of sliding to sticking. A 47-Hz transitionoscillationoccursduring
the sticking phase. This transitionoscillation is likely causedby
thestiffnessof thecontactandits surroundingstructure(Liang and
Feeny, 1996).

4 Conclusion
In this study, we comparedfriction measurementscomputed

from motionsensorswith thoseobtaineddirectly from a loadcell.
Comparisonsof thesetechniquesshowed that, althoughload cell
registeredmost of the friction dynamics,its high-frequency con-
tentswereattenuatedto someextent. The calculatedfriction may
havecaughtmorecompletedetailsover thelow andhigh frequency
rangesandalsocapturedthe noisegeneratedby the air track and
possiblythedynamicsof themounting.

While thereare high-frequency differencesbetweenthe direct
and indirect measurements,the the correlationin the resultspro-
vides a cross referenceand suggeststhat the load cell can be
trustedfor the low-orderfriction behavior. For simpleoscillators,
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Figure3: Frequency domaincomparisonof directandindi-
rect friction measurements,excitation frequency = 5.5 Hz,
stablepureslidingcase.Theupperandlowerplotsrepresent
the indirect andload-cellmeasurementsprior to smoothen-
ing.

whichmaybeusefulin studyingbasicphenomenasuchasfriction,
it seemsthat either measurementmethodwould be suitable. In
more generalmulti-degree-of-freedomsystems,the indirect mea-
surementbasedonmeasuredstatesis impractical,asthenumberof
measurementsneededmay be arbitrarily large, andknowledgeof
thesystemequationsof motionmaybelimited.
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