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This paperis a survey of our reseach on kinematictoler-
anceanalysisof medanical systemswith parametric part
tolerances.We presenta generl algorithmfor planar sys-
temsand illustrate it with a designcasestudy Thealgo-
rithm constructsa variation modelfor the systemgderives
worst-caseboundson the variation, and helps designes

nd unexpectedailure modessud asjammingand block-

ing. Thevariation modelis a generlization of the con g-
uration spacerepresentatiorof nominalpart contacts.The
algorithm handlesgenel planar system®f curvedparts
with contactchanges,including openand closedkinematic
chains.It constructsa variation modelfor ead interacting
pair of parts then derivesthe overall systemvariation at
a givencon guration by composinghe pairwise variation
modelsvia sensitivityanalysisandlinear programming e
demonstate the algorithm on a gear selectormedanism
in an automotivetransmissiorwith 100 functional param-
etels. The analysis,which takeslessthan a minuteon a
workstation,indicatesthat the critical kinematicvariation
occussin third gearandidenti esthe parametesthatcause
thevariation.

1 Intr oduction

This paperdescribesour researchin kinematictolerance
analysisof mechanicalsystems. The task is to estimate
the worst-caseor averageerrorin critical systemparame-
tersdueto manufcturingvariation. This analysisplaysa
key rolein improving designquality andin reducingdevel-
opmenttime. In currentpractice,toleranceanalysisis an
imperfect,dif cult, andtime consumingactiity. To keep
the analysisaffordableand on time, only thoseaspectof
a designthat are presumedo be critical are considered.
Thesetypically include safetyitems, selectedclearances,
andareaswvherepartinterferencesreexpected.Unproven
assumptionandsimpli cations areoftenmadeto speedup
the analysis. Theselimitations causesigni cant risks and
uncertaintieslespitelarge analysisefforts.

Themajor stepsin toleranceanalysisaretolerancespec-
i cation, variationmodeling,andsensitvity analysis.Tol-
erancespeci cation de nes the allowable variationin the
shapesand con gurations of the partsof a system. The
mostcommonareparametri@andgeometridolerancespec-
i cations [16, 25]. Variationmodelingproducesnathemat-
ical modelsthatmaptolerancespeci cationsto systemvari-
ations. Sensitvity analysisestimatesthe worst-caseand
statisticalvariationsof critical propertiesin the modelfor
givenpartvariations.Designersteratethroughthesesteps
to synthesizesystemshat work reliably andthat optimize
otherdesigncriteria,suchascostanddurability.

Thetolerancingbjectivesareto producedesignghatcan
be assembledndthat function correctly despitemanufic-
turing variation. In assemblytolerancinggeneralpartvari-
ationsmustbe modeled,so geometrictolerancespeci ca-
tionsarethe norm. Statisticalsensitvity analysisis appro-
priatebecausguaranteedssemblys moreexpensvethan
discardinga few defectize products. Most algorithmsper
formtoleranceanalysisonthe nal assembledon guration
[2], althoughrecentresearclexplorestolerancedcassembly
sequencing12] and xturing [4]. In functionaltoleranc-
ing, therelevantpartvariationsoccurin functionalfeatures
whosedescriptionsare parametric. Parametrictolerances,
whicharesimplerthangeometridolerancesarebestsuited
to capturethesevariations.Worst-caseanalysisis mostap-
propriatebecausdunctionalfailuresthat occurafter prod-
uctdelivery canbeunacceptable.

Our researchaddressesunctional kinematic tolerance
analysis.Kinematictolerancings the mostimportantform
of functionaltolerancingoecaus&inematicfunction,which
is describedby motion constraintsdue to part contacts,
largely determinesmechanicakystemfunction. The task
is to computethe variationin the partmotionsdueto vari-
ationsin the toleranceparametersVariationmodelingde-
rivesthe functionalrelationshipbetweenthe tolerancepa-
rametersand the systemkinematic function. Sensitvity
analysisdetermineghe variation of this function over the
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allowableparametevalues.

Weillustratekinematictoleranceanalysison anintermit-
tent gearmechanism(Figure 1). The mechanisntonsists
of a constant-breatbam,a follower with two pawls, anda
gearwith innerteeth.Thecamandthegeararemountedon
a x edframeandrotatearoundtheir centers;the follower
is free. Rotatingthe cam causeghe follower to rotatein
stepandto reciprocatealongits length(the horizontalaxis
in the gure). Thefollower engages geartoothwith one
pawl (snapshot), rotatesthe gear57 degrees disengages,
rotatesindependenthffor 5 degreeswhile the geardwells
(snapshob), thenengagedhe gearwith its oppositepawl
andrepeatghecycle (snapshot). Themechanicafunction
is corversionof rotary motion into alternaterotation and
dwell. Thedwell timeis determinedy thegeartoothspac-
ing. Quantitatve toleranceanalysisboundsthe variationin
the gearrotation, which is the critical parameteiin preci-
sion indexing. Qualitative analysisdetectsfailure modes,
suchasjamming,whenonepaw! cannotdisengagdecause
theotherprematureljtoucheshegear

Creatinga variationmodelis thelimiting factorin kine-
matic toleranceanalysis.In mostcasesthe analysthasto
formulateand solve systemsof algebraicequationgo ob-
tain the relationshipbetweenthe toleranceparameterand
the kinematicfunction. The analysisgronvs much harder
whenthe systemtopology changesthatis, whendifferent
partsinteractat variousstagef thework cycle, suchasin
the exampleabove. Contactchangegepresengualitative
changedn the systemfunction. They occurin the nomi-
nal function of higherpairs,suchasgears,cams,clutches,
and ratchets. Part variation producesunintendedcontact
changesn systemswvhosenominal designsprescribeper
manentontactssuchasjoint playin linkages.Theanalysis
hasto determinewhich contactsoccurat eachstageof the
work cycle, to derive theresultingkinematicfunctions,and
to identify potentialfailure modesdueto unintendedcon-
tactchangessuchasplay, undercutting, interferenceand
jamming. Oncethe variationmodelis obtained sensitvity
analysiscanbe performedby linearization statisticalanal-
ysis,or Monte Carlosimulationto quantifythe variationin
eachmode[2].

We have developeda generalkinematictoleranceanal-
ysis algorithmthat addressetheseissueg[20]. The algo-
rithm constructsa variation modelfor the system,derives
worst-casdoundsonthevariation,andhelpsdesignersnd
failure modes. The variationmodelis a generalizatiorof
our con guration spacerepresentatiomf the nominal part
contacts. The algorithm handlesgeneralplanar systems
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Figure 1: Intermittentgear medanism: (a) upperfollower pawl
engayed, (b) follower disengaed, (c) lower pawl engayed.
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of curved partswith contactchangesjncluding openand
closedkinematicchains.It analyzesystemawith 50to 100
parameter@ underaminute,which permitsinteractive tol-
erancingof detailedfunctionalmodels.

In this paper we surey our researcton kinematictoler
anceanalysis[9, 19, 20, 21]. Thediverseprior resultsare
presentedn anintegratedmannerwith realisticexamples.
We describehe con gurationspacerepresentatiorexplain
its role in toleranceanalysis,andoutline the analysisalgo-
rithm for generalplanarsystems. We demonstratehe al-
gorithmon anindustrialapplication:tolerancinga gearse-
lectormechanisnwith 100 functionalparametersWe con-
cludewith a discussiorof future work andof applications
in pathplanningwith geometricuncertainty

2 Previouswork

Previouswork on kinematictoleranceanalysisof mechani-
cal systemdalls into threeincreasinglygeneralcateyories:
static (small displacementanalysis,kinematic (large dis-
placementanalysisof x edcontactsystemsandkinematic
analysisof systemawith contactchangesStaticanalysisof
x ed contactsalsoreferredto astolerancechainor stack-
up analysisjs the mostcommon.It consistof identifying
acritical dimensionaparametefa gap,clearanceor play),
building atolerancechainbasedon partcon gurationsand
contacts,and determiningthe parametewariability range
using vectors,torsors,or matrix transforms[5, 26]. Re-
centresearctexploresstaticanalysiswith contactchanges
[1, 4, 8]. Con gurationswhereunexpectedfailuresoccur
caneasily be missedbecausehe softwareleavestheir de-
tectionto the user Kinematicanalysisof x edcontactme-
chanicalsystems,such as linkages, has beenthoroughly
studiedin mechanicakngineerind6]. It consistsof de n-
ing kinematic relations betweenparts and studying their
kinematicvariation[3]. Most commercialcomputeraided
tolerancingsystemsinclude this capability for planarand
spatialmechanismg24]. Thesemethodsare impractical
for systemswith mary contactchangessuchasa chain
drive, and can miss failure modesdueto unforeseercon-
tact changes.Our methodovercomegheselimitations by
automatingvariationmodelingandanalysisfor generapla-
narsystems.

3 Con guration space

We modelnominalkinematicfunctionwithin thecon gura-
tion spacerepresentatioof rigid bodyinteraction.Con g-
urationspaces ageneralepresentatiofor systemf rigid

3

partsthatis widely usedin robotmotionplanning[11, 15].

We constructa con guration spacefor eachpair of inter-

acting partsin the mechanicakystem. The con guration

spacds a manifold with one coordinateper partdegreeof

freedom. Interactionsof pairs of x ed-aves planar parts
aremodeledwith two-dimensionaspace$18], whereasn-

teractionsbetweengeneralplanar pairs are modeledwith

three-dimensionapace$17]. In bothcasespointsspecify
the relative con guration (positionand orientation)of one
partwith respecto the other We performcontactanalysis
by computinga con guration spacefor eachpair of parts.

Con gurationspacepartitionsinto threedisjoint setsthat
characterizgartinteraction:blockedspacewherethe parts
overlap, free spacewherethey do not touch, and contact
spacewherethey touch without overlap. Blocked space
representanrealizableon gurations freespaceepresents
independenpartmotions,andcontactspaceepresentano-
tion constraintglueto partcontacts Thespacehave useful
topologicalproperties Freeandblockedspacereopensets
whosecommonboundaryis contactspace Contactspaces
a closedsetcomprisedof algebraicpatcheghat represent
contactsbetweenpairs of part features. Patch boundary
curnesrepresensimultaneougsontactsbetweentwo pairs
of partfeatures.

We illustratetheseconceptson the gear/follaver pair of
the intermittentgearmechanism(Figure 2). We compute
the con guration spaceof the gearrelative to the follower.
Thegearframeis atthe centerof the outerboundarycircle
andits axisis horizontalin parta. The follower frame
is at the centerof the innersquarepro le andits axisis
parallelto the pawls. The con guration spacecoordinates
arethe position andthe orientation (in radians)of
thegearframein thefollowerframe.

We rst examinetwo con guration spacesliceswhere
the geartranslatesat a x ed orientation of and
. Thedistancebetweertheseorientationds max-
imal becaus¢hecon gurationspacds -periodicwith pe-
riod . Freespacds white, blocked spaceis grey, and
contactspaceis black. At , the free spaceconsists
of threeconnectedomponentgthe con gurationshovnin
the gure is in the middle one). All part motionsstayin
the componentontainingtheir startingcon guration. The
complex shapeof the contactspaceencodeghe way that
the gearcanslide alongthefollower pawls. At ,
the free spaceconsistsof a singlecomponent.The contact
cunveshave changedecausalifferentgearteethcantouch
the follower pawls at this orientation. The narrov channel
betweerthe upperandlower regionsis traversedwhenthe
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Figure 3: Detail of the gear/follower con guration space The
horizontalaxisis the translation,the axis into the page the
translation,andthevertical axisis the rotation.

geardisengagesnepawl andengagesheother

Thecon guration spaceof a pairis acompleterepresen-
tation of the part contacts. Contactsbetweenpairs of fea-
turescorrespondo contactpatchegcurve sgmentsin two
dimensionsand surface patchesin three). The patchge-
ometryencodeshe motionconstraintandthe patchbound-
ary encodeghe contactchangeconditions. Part motions
correspondo pathsin con guration space. A pathis le-
galif it liesin free andcontactspaceput illegal if it inter-

4
sectdlockedspace Contactoccuratcon gurationswhere
the path crossedrom free to contactspace,breakwhere
it crossedfrom contactto free space and changewhereit
@ [

crossedetweemeighboringcontactpatches.

/

u
-0.5

Figure 3 shawvs a detail of the three-dimensionaton g-
urationspacewherethe geartranslatesindrotates.Thela-
belsa, b, and c mark the con gurationsdisplayedin Fig-
4 urel. Thecon gurationfollows the motionpath(shovn in
grey) up (increasing ) alongthehighlightedpatch,into the
page(decreasing ), thenleft (increasing ). It thenleaves
thepatchcrossedreespacgablackregion),andentersan-
otherpatch. (A more detaileddescriptionof the indexing

Figure 2: Gear/followercon guration spaceslices.
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mechanismjncluding a faulty variant, appearselsavhere
[22]).

The con guration spacerepresentatiogeneralizegrom
pairsof partsto systemswith morethantwo parts. A sys-
temof planarpartshasa -dimensionalcon guration
spacevhosepointsspecifythe partcon gurations.A sys-
tem con guration is free whenno partstouch, is blocked
whentwo partsoverlap,andis in contactwhentwo parts
touchandno partsoverlap. Computingthe completehigh-
dimensionamechanisnton guration spaces impractical.
Instead,we constructthe relevant systemcontactpatches
from the pairwisespaces.

We have developeda con guration spacecomputation
programfor planarpairs whosepart boundariesonsistof
line sgmentsandcirculararcs[17, 18]. Thesefeaturesuf-
ce for mostengineeringapplicationswith the exception
of involute gearsand precisioncams,which are besthan-
dledby specializednethodg7, 14]. Theprogramcomputes
an exact representatiorof contactspace: a graphwhose
nodesrepresentontactpatchesand whosearcsrepresent
patchadjacencies.Eachnodecontainsa contactfunction
thatevaluatego zeroonthepatch,is positive in nearbyfree
con gurations,andis negativein nearbyblockedcon gura-
tions. Eachgrapharc containsa parametricrepresentation
of theboundarycurve betweerits incidentpatches.

4 Kinematic variation

We model kinematicvariation by generalizingcon gura-
tion spacego tolerancedparts. The contactpatchesof a
pair are parameterizetby the touchingfeatureswhich de-
pendon the toleranceparameters As the parametersary
aroundtheir nominalvalues,the contactpatchesvary in a
bandaroundthe nominalcontactspace which we call the
contactzone. The contactzonede nes the kinematicvari-
ationin eachcontactcon guration: every pair thatsatis es
the parttolerancegienerates contactspacethatliesin the
contactzone.Kinematicvariationsdonotoccurin freecon-
gurations becausé¢he partsdo notinteract.

Weillustratecontactzonesonthegear/follaverpair. The
gearis parameterizedby the inner radius ,
the outerradius , andthe ratio be-
tweenthe angularwidth of a tooth and the angularspac-
ing betweenteeth. The follower is parameterizedy the
camradius (which determineshe size of the
inner square),the pawl thickness , andthe
length of the arms. The worst-caseparame-
ter variationsare . Thefull con guration space
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Figure 4: Contactzonesfor gear/follower con guration space
slices.

hasathree-dimensionatontactzonethatis hardto visual-
ize. Instead we examinecon guration spaceslices,which
have planarcontactzones(Figure4). The contactzoneis
boundedby the curvesthat surroundthe nominal contact
curves. Its width varieswith the sensitvity of the nominal
contactcon gurationto thetolerancgparameters.



Eachcontactpatchgeneratea regionin thecontactzone
thatrepresentshekinematicvariationin the corresponding
featurecontact. The region boundariesencodethe worst-
casekinematicvariationover the allowableparametewari-
ations. They aresmoothfunctionsof the toleranceparam-
etersand of the part con gurationsin eachregion. They
aretypically discontinuoust patchboundariebecausehe
adjacenipatcheslependon differentparametersascanbe
seenin the gapsbetweenadjacentcontactzoneboundary
curvesin Figure4. Thevariationatboundarycon gurations
is the maximumover the neighboringpatchvariations.The
contactzone regions representhe quantitatve kinematic
variation,while therelationsamongregionsrepresentjual-
itative variations,suchaspossiblejamming,undercutting,
andinterference.For example,the narrav channelin the
centerof free spacecanclose,which preventsthefollower
from switchingbetweerpawl contactspecausehe contact
zonesof thechannekidesoverlap.

The contactzoneis obtainedfrom the parametricpart
modelsand the nominal contactpatches. Eachpatchsat-
is es a contactequation , which we rewrite
as p to make explicit thedependencenthe
vectorp of tolerancegparametersA parameteperturbation
of p leadsto aperturbedpatchthatsatis es

P p 1)

Following the standardtolerancingapproximationwhich
consideronly the rst-order effectsonkinematicvariation,
we obtainthelinearexpression

— - = — @)

wherethe partialdervativesof —areevaluatedat

and is the th elementof p. This equationapproxi-
matesthe portionof the perturbedpatchnearthecon gura-
tion with aplane.

Theleft sideof Equation2 speci esthenormaldirection
of the perturbedcontactpatch,whichis independenof the
parametewariations. The right side speci esthe distance
betweerthe perturbedandthe nominalpatch,which is the
kinematicvariation, for ary allowable parametewariation

with and . The worst-case
kinematicvariation(largestdistance)occurswhentheright
sideis maximalor minimal. It is maximalwheneveryterm
is maximal,i.e.,when when and
otherwise Switching and yieldstheminimalvalue.
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The derivatives measurethe sensitvity of the
contactcon guration to the toleranceparametersDesign-
ers can make small changesn the kinematicfunction by
changingthe parametersn accordancewith the sensitv-
ities. The following table shows the sensitvities of the
gear/follover pair to the designparametersn the
slice.

parameter | maximum minimum average
0.87 0.00 0.58
3.00 1.00 2.33
1.00 0.00 0.67
1.00 0.00 0.39
1.00 0.00 0.31
1.54 0.05 0.68

The valuesare from 84 contactcon gurations. Linearin-

terpolationbetweenthesecon gurationsapproximateghe
entire contactspaceto three signi cant digits, hencethe
samplesensitvities are representatie of the entire space.
The averagepawl thicknesssensitvity is four timesthat of

the otherparametersywhich makesit a good candidatefor

smalldesignchanges.

The contactzone model generalizedrom pairsto sys-
tems. The contactspaceis a semi-algebraicsetin con-
guration space: a collection of points, curves, surfaces,
and higherdimensionalcomponents As the tolerancepa-
rameteryary aroundtheir nominalvalues the components
varyin abandaroundthenominalcontactspacewhichis a
higherdimensionahnalogof thethree-dimensionalontact
zoneof a pair. It is impracticalto computethe full con-
tactzone,sowe sampleit at critical con gurations. These
con gurationscanbe speci ed by a designeror canby de-
rivedby simulatingthe systemfunctionandsamplingperi-
odically. Several simulationsmay be neededo sampleall
theoperatingnodesof the system.

We computethe systemvariationat a samplecon gura-
tion by determiningwhich pairsof partsarein contact,ob-
taining the correspondingparameterizedontactequations
from thepairwisecon gurationspacesandsolvingalinear
optimizationproblem. The variablesare the part coordi-
natevariations andthetoleranceparameters

. The constraintcomefrom the tolerancesandfrom the
contactpatchesThetolerancegprovide two constraintper
parameter . We collectthe contactequations
into avectorequation

gxp ©))
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with x partcoordinatesandp toleranceparameterswe lin-
earizethe contactequationsaroundthe currentcon gura-
tion andthenominalparametevaluesto get

xg X pg p 4)

with  xg the Jacobianmatrix with respectto x and  pf
the Jacobiarmatrix with respecto p. This equationis the
systemanalogof Equation2. It approximateghe portion
of the perturbedcon guration spacenearx with a hyper
plane. Additional constraintsmodel driving motions, part
play, anddynamicaleffects. The objective functionsarethe
maximaandminimaof the coordinatevariations.We solve
onelinear programfor eachfunctionto obtainthe system
variation. Thedetailsandexamplesappeaklsavhere[20].

5 Casestudy: the gear selectormechanism

We have appliedthe kinematictoleranceanalysisprogram
to automotve powertraindesignwheretheshortcomingef
the currenttoleranceanalysispracticeare acute[23]. The
ordersto purchasehetransfelines,machinesandtoolsare
placedwhenthetoleranceanalysisbegins. Whenthetoler-
anceanalysigevealsa problem,modi cationsto thedesign
oftenrequirevery expensve changego the manufcturing
processEngineersnustconductastatisticalanalysigo de-
termineif the probability of troubleis acceptableglecrease
the parttoleranceswhich increasesosts,or accepthigher
warranty costsand customerdissatiséction. During pro-
duction,downstreanconsequenced yet-to-bediscovered
toleranceproblemscan stop production. Many tolerance
problemsre ect incorrectsimplifying assumptionsvhere
engineersgnoredan importantfeatureor wherethe geo-
metric compleity of the parts,their motions,andtheir in-
teractiongproducedunexpectedeffects.

We summarizethe analysisof the cam/pistonassembly
in a gearshiftmechanism.Figure 5 shavs the four main
partsof the cam/pistorassemblytheroostercam,the pin,
the piston, and the valvesbody Thereare three moving
parts,eachwith onedegreeof freedom,thatform two 2D
con guration spacesThe camrotatesaroundan axisat its
center Its angularpositionis controlledby the shift stick
(notshown). Its sidepin is mountedon the piston'sleft end
andcausest to slide backandforth insidethe valvesbody;
whichis x ed. Thedifferentpistonpositionsopenandclose
the conductson thevalve. Thepin, whichis spring-loaded,
temporarilylocks the roostercamin one of seven settings
labeledl, 2, 3, D, N, R, andP. Eachof the cam settings
determinesa nominal openingof the valves. The angular

Figure 5: CAD drawing of gear selectormedanism(top) and
cam/pin/pistorassemblybottom).

position of the camis determinedby the pin that pushes
thelowercampro le. Variationsin thepin, piston,andcam
shapeandpositionsaffectthepistondisplacemenandthus
thevalve opening.

Thekinematictoleranceanalysistaskis to determinethe
maximumvariationof thepistondisplacementor eachcam
setting.It is alsoimportantto determinewhich featurevari-
ationscontritute the mostto the pistonvariation: the cam
axial position, its pro le, the pin radius, or others. The
mary partfeatures,complex kinematicrelations,andcon-
tactchangesnake manualanalysismpractical.

We obtainedthe nominalboundaryrepresentatiomodel
of the gearselectorcamsubassembljrom Ford. We con-
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structeda parametrianodel of the subassemblyy adding
variationparameterso the functionalfeaturesof the parts.
For the cam,we tolerancedhe line segmentsthatform the
tooth sidesthe smallarc sggmentsthatform the toothtips,
thearcseggmentsthatconnectheteeth,andthecircularpin
that engageghe piston. For the piston, we tolerancedhe
two vertical sggmentsthatarein contactwith the campin.
For the pin, we tolerancedhe single,circularfeature.Line
segmentsweretolerancedy varyingthe coordinate®f the
two endpointsarcsegmentswveretolerancedy varyingthe
radius and the centercoordinates. To accountfor uncer
taintiesin the position of the rotation axes, we alsotoler
ancedthe centersof rotationof the camandthe pin. Since
we chosethe pistonasthe referencepart of the assembly
therewas no needto tolerancethe orientationof its trans-
lation axis. The modelhasin total 86 toleranceparameters
for the cam, 8 for the piston, 5 for the pin, and 99 over-
all. We assignedbvery parameteanindependentolerance
of mm. Constructingthe parametricnodelsandin-
puttingthemto the programtook onepersontwo hours.

To determinethe kinematicvariations,we computecthe
nominalcon guration spacesandthe contactzonesof the
cam/pistorandcam/pinpairs,asshowvn in Figures6 and?7.
The computationtook about20 secondsusinga Lisp pro-
gramrunningonanindigo 2 Workstation.In thecam/piston
zone,the pistonoffset, , hasaworst-casevariationof be-
tween0.41mmand 0.45 mm over the functional rangeof
the camangle, . In the cam/pinzone,the pin orienta-
tion, , hasa worst-casevariation of between0.013radi-
ansand0.018radians. We computedthe kinematicvaria-
tion of the systemat the con guration radians,

radians, mmwherethegearselec-
torisin third gear(Figure5). Theworst-casevariationof
is 0.9 mm—roughlyhalf from eachpair. The mainfactors
in thecam/pistorvariationarethecamcenterhorizontalpo-
sition (25%), vertical position(25%), toothbase position
(25%),andthe coordinate®f thepistonverticalsegments
(10%). The cam/pinvariationis evenly distributedamong
the parametersf thetouchingfeaturesandthe partcenters
of rotation.

6 Conclusion

We describeda kinematictoleranceanalysisalgorithmfor
mechanicalsystemswith parametricpart tolerancesand
presentedh designcasestudy The algorithmconstructsa
variationmodelfor the system,derivesworst-caseébounds
onthevariation,andhelpsdesignersnd unexpectedailure

L. Joslowicz, E. Sacks
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Figure 6: Comb/pistorcon guration spaceand contactzonede-
tail.

modessuchasjammingandblocking. We have appliedour
programto detailedparametrianodelsof a variety mecha-
nismsincludinga Gena&zacampair, a35mmcamerahutter
amovie cameralm adwance andamicro-mechanicagear
discriminator In all casestheprogramproducedisefuland
interestinggualitative andquantitatie results.

We planto extendthe scopeof our algorithmto spatial
toleranceanalysisof planarsystems.Planarpairsmustbe
analyzedas spatial pairs to study axis misalignmentdue
to manufcturingvariation, assemblyerror, or wear We
have developeda con guration spacecomputationalgo-
rithm for spatialpairswhosepartsmove along x ed axes
[10]. Thecontactzonemodelappliesto thesespaces.To
implementit, we needto programthe partial derivativesof
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Figure 7: Comb/pincon guration spaceand contactzonedetail.

the contactfunctions, p , for every type of contact,
e.g.plane/ylinder, cylinder/sphereandcylinder/circle. We
arealsostudyingtolerancesynthesiswithin the con gura-
tion spacerepresentatiorand are extendingthe algorithm
to variationalpartmodelsproducecby modernCAD tools,
suchasProEngineeandCatia.

Kinematic toleranceanalysishas potentialrelevanceto
robotpathplanningwith uncertaingeometry The analysis
providesa detailedunderstandingf how small variations
in geometryeffect nominal contactrelations. This knowl-
edgecouldbe usefulin compliantmotionandin manipula-
tion wherethe robot plansbasedon the domaingeometry
The maximummaterialestimaterepresents single point
in the contactzone henceprovide lessinformationthanthe
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full zone. In coarsepath planning,the extra information
is probablyunnecessarpecausedhe robot wantsto avoid
obstaclesobustly, notto interactwith them.
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