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Chapterl

Introduction

1･1DemandsforDexterityofEnd･Effbctors

Sincetheindustrialrevolution,therehasbeenanincreaslngdemandfbrfactoryautomationin

industrialenvironments･FactoryautomationhascontributedtoimprovementslpPrOductquality,

manufacturingcost,WOrkenvironmentandlaborshortage.Tbrealizefactoryauto叩ation,rObot
manlPulatorshaveplayedanimportantroleinrecentdecades･Especially,theyhavebeenintro-

ducedtoproductlinesfbrsimplespecifictaskssuchaspickandplaceoperationofsameshqped

Obiects･AtraditionalrobotmanlPulatoriscomposedofanarmandasimplegnpperasanend-
e鮎ctorandtheend-effbctorisdesignedonanadhocbasistoperfbrmSPeCi丘ctasks･Thus,they

haveproducedgoodresultsinfactoryautomation･However,SuChsimpleend-efftctorcangrasp

OnlyasmallclassofobjectsandcannotmanlPulategraspedobjectsduetothespeci丘cdesign.
Ontheotherhand,in叫nStruCturedenvironmentssuchascommonplacesforhumanworkers,

medicalfieldsandhazardousareasfbrhumanbeings,therehavebeenattemptsofqpplications

Ofrobots･Robotsintheseenvironmentsrequlredexterousend-efftctorsHowever,aSmentioned

PreViously,thecopventionalgnppersusedinfactoryautomationarenotdexterousenoughto

PerformmOreCOmPlicatedtasksinunstruCturedenvironments･Forinstance,agrlPPerWitha

Paralleljawmaybreakfragileobjectssuchasglassesbecauseitcannotcontrolfbrcestograsp
theobjects.

Tbsumupproblemsofsimplegnppers,theyarelackofdextenty‥theycanonlygraspa

Smallclassofobjects;theycannotmanlPulategraspedobjects;theycannotcontrolforcesto

graspobiects･Inadditiontotheseproblems,largemotionofarobotarmmaybeneededfbreven

Smallrhotionofgraspedo句ects.Multi-fingeredrobothandsofftrsomesolutions丘)rrObots
toovercometheproblemssincetheyhavethefbllowlngabilitiesfordexterity:POSSibilitiesof

graspfbrvari9uSShapedo句ects,CaPabilitiesofmanlPulationofgraspedobjectsandaqjustments

Offbrcestograspobjects･Moreover,Sihcemulti-fingeredrobothandssometimeshavesome
redundanciesofthedegreesoffreedom,theycanchoosetheircon丘gurationsamongpossible

COn丘gurationswhereobjectscanbegrasped･GraspandmanlPulationwiththesecooperative
abilitiesisso-CalleddextelVuSm

Historically,multi-fingeredrobothandsareanthropomorphicallymotivatedconceptfbrdex-



2 Chapterl

terousmanlPulatibnashumanaction･ThepatternsofgraspofhumansareplnChing,enCircling

andimmobilizing.Dependingonthesituation,humansmanlPulategraspedobjectsbyuslng丘n-

gertips,PalmsorfingercushionsandchangethenumberoffingersgrasplngObjects･Tbacqulre
thedexterltyOfhumanhandsisanultimategoalfbrmulti-fingeredrobothands･

Intheresearch鱒eaOfmulti-fingeredrobothands,theframeworkofdexterousmanlPulation

istodeteminetherequiredactuatorfbrces/torqueswhichproducethedesiredmotionsofthe

objectsandtoaccomplishthestabilityofgrasplngtheobjects･Althoughthefundamentaltheories
fbrdexterousmanlPulationhavebeenestablished,theyhavenotsatisfiedthedemandsinthe

actualenvironmentsyet･Hence,mOredetailedanalysisofmulti-fingeredrobothandsgrasplng

objectsandmoreefftctivetontroIschemesfbrdexterousmanlPulationareeagerlyanticipated･
Dexterityindexterousmanipulationisdescribedbyabilitiesoffingerstoprovidespecified

actionstograspedobjects.BasicabilitiesofdexterousmanlPulationaretOreStrainmotionsof

anobjectand,tOmOVetheobjectfromoneconfigurationtoanotheralongaglVentraJeCtOry･In
addition,Sincetheabilitiesoftheseconceptsdependonthecontactlocationsbetweenfingers

andgraspedobjects(e.g.,Seefbrce-Closureandmanipulabilityinthefbllowingsection),COntrOl
ofthecontactlocationsis-alsoimportant･IngraspandmanlPulation,thecontactpointscanbe

simultaneousb7Changedbyutilizingtherelativemotions,SuChasrollingand/orsliding･Espe-
cia11y,thero11ingcontactismorebene丘cialtodexterousmanlPulationsincetherollingcontact

isawell-knownexampleofnonholonomicconstraints･Anotablecharacteristicofasystemwith

nonholonomicconstraintsisthatthesystemcanbedriventoadesiredconfigurationuslngftwer

inputs(fbrces/torquesofactuators)thanthedegreesofthefreedomofthesystem･However,

sinceconfigurationsofsystemswithcontactconstraintsarecomposedofnotonlythegeneral-

izedcoordinatesbutalsolocalcoordinatesofcontactpolntS,analysisofthesystemsisdifBcult･

Hence,analysisofthesystemshasnotbeeninvestigatedenough･Thus,thesimultaneous■control

ofgrasp/manlPulationandcontactpolntShasnotbeenestablishedyet･Therefbre,Inthisthe･

sIS,WeeStablishcontroIschemestoreali2:eSimuhaneouscontrolofgrasp/manipulationand

COntaCtPOintswithnonholono〝ぴq′roHing.
Studiesconcernedwiththesimultaneouscontrolhavebeendevelopedinthetwodifftrent

viewpolntS:COntrOlofgraspandmanlPulationbymulti-fingeredrobothandsandcontrolof

contactpointsfbrnonholonomicsystems･Inthefo1lowlngSeCtion戸,Studiesconcernedwith

thesetwoviewpolntSareSummarizedbrieflyinordertoclarifythestandpointsofthisthesis･
Renectlngthosestudies,WeShowthepurposeofthisthesisindetailandtheorganizationofthis

thesis.

1.2 BackgroundonMulti-FingeredRobotHands

ElementaltechnologleSWhichareimportanttoimproveanddevelopdextentyofmulti-fingered

robothandsarethefo1lowings[1]:

1.〟ecゐα乃わαJde∫gg′‡∫げゐα乃血
HandsaredesignedfbrtasksandareCOmPOSedoffingers,thenumberofwhicharelarger

thanorequaltotwo･Each血gerhasseveraldegreesoffreedom･Eachfingerismainly

actuatedbyelectricalmotorsassociatedwiththedegreesoffreedom･
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2･∫e〝∫OrJecゐ乃0わgッα乃df′卸mαrわ〝クmCe∫扇わg.
SensorsareattaChedtohandsinordertogatherinhrmationabouthandlinksandinteracted

environments.FurthermOre,gatheredinfbrmationisprocessedinordertoextractother

Particularinfbrmation.

3.Co乃JmJ∫Cゐe∽e∫.

ControIschemesaretodeterminetorques/fbrcesofjointsof丘ngersfbrdesiredtasks･They

aremainlybasedonanalysisofkinematicsanddynamicsofmulti-fingeredhandsand

graspedobjects.Ontheotherhand,therearethosebasedonhumanlikebehaviors.

Issuestodevelopthesetermshaverbeenstudiedbymanyresearchersindecades.Ourmain

interestsinthisthesisarerelatedtothecontroIschemesbasedonanalysisofkinematicsand

dynamicsofmulti-fingeredhandsandgraspedo句ects.Inthissection,theissuesonthisresearch

areaareSummarizedbriefly.SeeRef盲.【1,2,3,4]fbrmoredetailsofthestudies.Theabilitiesof

thedexterousmanipulationareClassifiedintogn15PTVbustnessandmanipulationdexterity[2]･

Grasprobustness

l)FbTm-ClosuTt7andLbne-Clbsure:Form-Closureandfbrce-Closureofgraspsareinstrumental

inordertodefinegrasprobustness.Theseconceptswereintroduced丘-Omtheliteratureofthe

Mechanisms.Form-Closure[5]istheabilityofahandtopreventmotionsofanobject,Where

Onlyunilateralandfrictionlesscontactisconsidered.Ontheotherhand,Plre-Closule[6].is
theabilityofahahdtorestraintheobjectdespitewhateverexternaldistutbancesbysuitable
frictionalcontactforcesbythe丘ngers.Sincethefbrce-Closurehasintuitivemeanlngandthe

abilitytoresistanyexternalR)rCeS,thisisam句OrabilityofthedexterousmanlPulation･

2)hwergraip:Powergrasp[7]istheactionofahandholdinganobjectbyusingnotonly

COntaCtSOfthefingertlPSbutalsothoseoftheinternalphalangesandthepalm･Powergrasp

isequivalentto"envelopinggrasp"[8]and"whole-armmanipulation"[9]･Powergraspcauses
hyperstaticcontactfbrces,･WhicharenOtPrOVidedbythefing9rSSincethenumberofthedegrees

Offreedomofthe丘ngersareftwerthanthenumbertofbrcesatcontacts.Hence,thehyperstatic

COntaCtfbrcescanrestraintheobjectagainstexternalfbrceswithoutprovidingforcestotheo句ect
bythe丘ngers･

3)Stability:Afurtherimportantpropertyofgraspsisstability.Thetermisusedintheliterature

WithtwomeanlngSOf吋apunovtheoryandLagrange's.OnereftrstoIザaPunOVtheory,and
dictatesthatagraspISaSymPtOticallystableifitsdynamicsarethatwhenthegraspedobjectis
displacedfromthereftrenceposition,itwillstayclosetosuchposition･OnereftrstoLagrange

theory,anddictatesthataconfigurationofaconservativesystemisstableifitcorrespondstoa

Strictlocalminimumofthepotentialenergy.ThesecondusagqlSPreValentinstudiesonstability

Ofgrasp(e.g.,SeeRefg.[10,11]).

ManlPulationdexterity

1)MbT*uhzbili&:nledefinitionofman*ulabilityisthatfbranyobjectmotionthereexiststhe
fingermotionwhichsatisfiesthekinematicconstraintsofcontacts･TYlatis,themanlPulability
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meansthatasetoffingerscanaccommodateanymotionoftheobjectwithoutlosingcontact.
msabilityofthedexterousmanipulationwasfirstlyintroducedbySalisbury[12].Sincethe

manlPmibilityhasintuitivemeanlngandtheabilitytoprovideanydesiredo句ectmotion,this
COnCePtisam年IOrabilityofthedexterousmanlPulation･

2)Reglu3Pingandnngergaiting:Manipulationbyregraspingorbyfingergaitingis年CCOm-

PlishedbydetachmentofcontactsatsomepolntSandattachmentofaneycontactinanew
difftrentpolnt･ManipulationbyregrasplnglnVOIvesasequenceofalternatePhasescomposed

OfgrasplnganOqeCtandreleaslngOne･End-e鮎ctorsassimpleason-0ffgnpperscanbeoften
usedinthiseffbct(e･g･,SeeRef岳･[13,14])･Ontheotherhand,manipulationbyfingergaiting

invoIvestheuseofthreeormore丘ngers,OneOfwhichisrepositionedontheoqectatatime

Whiletheother血gersareremainedtomanipulatetheobiectlocally(e.g.,SeeRef岳.[15,16]).

3)SlidingandRoIHng:Afurtherdegreeof且exibilityinmanipulationistointroducethemove-

mentofthecontactpolntSCauSedbyslidingandrolling,WhichareaCtual1yoftenobservedinma-

nlPulationofhumanhands･Tbe.analysisofmanlPulationinthepresenceofslidingandrolling

hasbeenpioneeredbyMontana[17]andCaiandRoth[18].Manipulationbyslidingaremainly

Classifiedintopredictionoftransitionfrom丘xedcontacttoslidingone(e.g.,SeeRef岳.[12,19])

andintocontrolofslippagemotion(e･g･,SeeRef岳.[20,14]).Thedetailsofmanipulationby
ro11ingaredescribedinthefo1lowlng･

Manipulationbyrolling

ThemanlPulationbyrollinghasagreatpotentialtoenhancedexterityofmanlPulationsince

rollingcontactisnonholonomicconstraint･However,Sinceconfigurationsofsystemswithcon-

tactconstraintsareCOmPOSedofnotonlythegeneralizedcoordinatesbutalsolocalcoordinates

OfcontactpolntSWhichdependsonthegeneralizedcoordinates,analysisofthesystemshasnot

beeninvestigatedenough･Thus,thesimultaneouscontrolofgrasp/manlPulationandcontact

POlntShasnotbeenestablishedyet･Fromthisreason,themanlPulationbyro11inghasbeenstud-

iedfromdifftrenttwoviewpolntS:COntrOlofgraspandmanlPulationofobiectsbymulti-angered

robothandswithdynamicmodelsandcontrolofcontactpolntSfbrnonholonomicsystemswith

Simplekinematicmodels･Inthefb1lowlng,StudiesonthedynamicalmodelsareStated,While

Studiesofnonholonomicsystemswiththekinematicmodelsarestatedinthenextsection.

Onthedynamicalmodels,COntrOlofobjectmotionandinternalforcebymulti-fingeredrobot
handwithrollingcontacthasbeenstudied･Genera11y,thefbrce-ClosureandthemanlPulability

areassumedinthestudies･Coleetal･【21]consideredathree-fingeredrobothandmanipulating

anobjectwithrollingcontact,Whereeachfingerhasthreedegreesoffreedom.Theyproposeda

methodtocontroltheobjectmotionandtheinternalfbrce.Sarkaretal.[22]consideredatwo一
触geredrobothandmanlPulatinganobjectwiththepurerollingcontact,Whereeachfingerhas

Sixdegreesoffreedom･Theyproposedamethodtocontroltheobjectmotionandthemotionof
apartofthecontactpolntS･However,in･thesestudies,Sincethenonholonomyoftheconstraint

hasnotbeeninvestlgatedenoughandnotbeenutilized,thecontrolofallthecontactpolntShas

notbeenachieved.
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Summary

ThereexistsmanyabilitiesofdexterousmanlPulationbasedongasprobustnessandmanlPulation

dexterity･Amongtheseabilities,thefbrce-ClosureisverylmPOrtantandinstrumentaltothe

grasprobustness,Sincethefbrce-Closureistheabilitytorestraintheobjectdespitewhatever
externaldisturbancesFurthermOre,themanlPulabilityshouldbeemployedinordertoaccomplish

afbitraryobjectmotidり.Therefore,theman*ulabilityandthejbTre-ClosuTmlmTTPloyedasa
卯かわ励狛鮎血･

WhatabilitiesofthedexterousmanlPulationshouldbeintroducedinadditiontotheforce-

closureandthemanlPuhbility?Operationsofregrasplng,fingergaitingandmanlPulationby

slidinglnVOIvecontinuousdynamicsystemsanddiscrete-eVentSyStemS,thusthewholesystems

canbeinterpretedashybridsystemswhichareinpartevent-drivenandinparttime-driven[23]･
Theseoperationsareca11edmanlPulationatlaTge･Ontheotherhand,manipulationbyTVlling
ismanlPulationatlocalwhichmeansthattheredoesnotexisttransitionofcontactconditionin

mamPulation･ThemanlPulationatlargehasapotentialtorealizemorelargeclassesoftasks･

However,SincethegecontroIproblemsareframedashybridsystems,itisverydifBcultandhard

tosoIvetheseproblems･Ontheotherhand,thereachableconfigurationofthemanlPulation

byrollingcanbeasextensiveasthatofthemanlPulationatlargeduetothenonholonomyof

rolling,eVenthoughthemanlPulationbyrollingislocal･However,Sinceatpresenttheanalysis

ofthesystemsisnotenough,therehavebeennocontrolmethodswhichcaneffectivelyutilize

thenonholonomyofrolling.Therefbre,itisessentialtoanaかze叩StemSW肋roHingconbct
f乃血ねfJα〝dわg∫ぬあ払ゐc〃乃加J椚β助〃ゐw肋九β〝α抽∫血〟〟勉αJわ〝げ〝〃〝九〃わ乃〃〝ぴげ

和仏!g.

1.3 BackgroundonNonholonomicSystems

Asstatedinthelastparagraphoftheprevioussection,therollingcontactbetweentworigid

bodiesisanonholonomicconstraint.Inthissection,thepropertiesofnonholonomicconstraints

andcontroIschemesofsystemswithnonholonomicconstraintsareSummarizedbriefly･See

Refk.[6,24,25,26,27]fbrmoredetails･

Propertiesofnonholonomicconstraints

Consideramechanicalsystemwhoseconfigurationsq∈RnevoIveinasmoothn-dimensional

manifo1dMwithconstraintsrestrictingthemotionofthesystemtoasmoothm-di叩enSional

manifbldrepresentedlocallyasaPfaffianconstraint,A(q)4=0,A(q)∈RmXn･Asy亭temWith
thec｡nSt,aintasthePfaffianc｡nStraintcanbeeasilyrepresentedby亘=A⊥(q)v,'A⊥(q)∈
RnX(n-m),V∈Rn~m,WherethecolumnsofA⊥(q)fbrmabasisfbrtheannihilatingdistribution

ofA(q)andvisavectorofquasi-VelocitiestakingvaluesinRn.m･Thissyste㌣isso-Ca11eda
symmetric櫛nesystem,adrPlesssystemorakinematicmodel･TYle■VeCtOrVISinterpretedas

anlnPutVeCtOrtOthesystem･Iftheconstraintismaximal&nonholonomic,i･e･,nOnintegrable,
thesystemiscontrollable･Intheroboticsliterature,thesystemwithmaximallynonholonomic

constraintsiscallednonholonomicsystems･Tbsumup,りann-dimensionalnonholonomicsys-

temcanbecontrolledtoa町COn丘gurationsinn-dimensionalmanifbldJubyusingn-minputs
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Whichisftwerthannり･Thispropertyisatypicalcontributionbytheintroductionofnonholo-

nomicconstraints.

Controlofnonholonomicsystems

Inthisparagraph,StudiesofcontroIschemesofnonholonomicsystemsassymmetricafBnesys-

temsareSummarizedbriefly･Itmustbefirstlymentionedthatnonholonomicsystemscannotbe

asymptoticallystabilizedtolaSPeCifiedequilibriumoftheclosedloopbythecontinuoustime-
inYariantstaticstate-feedback･ThisfactwasderivedbyBrockett[28].Moreover,thereexists

nodynamiccontinuoustime-invariantftedbackcontrollerwhichrenderstheclosedlooplocally

asシmptoticallystable[29]･Furthermore,difficultyofcontrolofnonholonomicsystemsdepends

OnthestruCtureOfthecontrolhbility[26].

･ThecontroIschemesofnonholonomicsystemshavebeenclassifiedintoftedbackcontrol

andmotionplannlngtOOVerCOme･OraVOidthedi伍cultyduetoso-CalledBfockett,stheorem･

Asfbrthemethodsconcemingftedbackcontrol,therearediscontinuousfeedbacklaws(e.g.,

SeeRef･【30]),time-Varyingfbedbacklaws(e.g.,SeeRef.[29])andthecontrolmethodbased

Onthetime-SateCOntrOlfbrm[31,32]･Asforthemethodsconcemingmotionplanning,there

existdifEbrentialgeometricqpproaches[33],COntrOIparameterizationapproaches(e.g.,SeeRef.
【34])andgeometricph鱒Se(holonomy)approaches[35].Thetypicalstructureofnonholonomic

SyStemSisthechainedform,Whichisacanonicalcontrolform.Forthecontrolofthechained

fbrm,therehavebeenmanyfmitsofresearchamongadecade･Asforthecontrolmethods

COnCern1ngtheformswhichcannotbetransformedtothechainedfbrmS,thedetailsaredescribed

inthefb1lowlng.

Controloftworigidbodieswithrollingcontact

ExamplesoftheformSWhichcannotbetransfbrmedtothechainedfbrmSarefirst-Ordersystems

【36]andsecondordersystems[6]･Especially,COntrOlofthesecondordersystemsaremore

difficult[26]･Atypicalexampleofsecondordersystemsisthesystemoftherollingbodieswith

regularSurface[17],Whichisrepresentedby5-dimensionalcontactcoordinatesand2-inputs.As
fbrtheftedbackcontrol,thereexitsaftedbacklawbasedonthetime-StateCOntrOlfbrmwhere

twobodiesareassumedtoasphereandaplan?【37].However,thisstudycanachieveonlylocal

StabilizationtotheonglnSincethecontrolmethodisbasedonthelinearizedsystems･

Asfbrthemotionplanning,fbrasphereandaplane,Bicchietal.[38]proposedacontroI

ParameterizationapproachtosoIveanonlinearmanyvariablefunctionofcontroIparameters

WhichisconstruCtedbycombiningflowsofthesystemfromaninitialtoatargetconfiguration･

However,theconvergenceofthesolutionofthefunctionisnotguaranteed･Ontheotherhand,

thereareSeVeralmethodsbasedonthegeometricphaseqpproaches･nlemethodsutilizethe

PrOPertysuchthataclosedpathofquasi-Velocities(inputofthesystem)resultsinachangeof

thecontactcoordinates･Lietal･[39]proposedapathplanningfbrasphereonaplaneby

twotypesofclosedpaths･Bicchietal･[40,41]proposedapathplanningfbraobjectwith
ageneralsurfaceandaplanebytwotypesofclosedpaths･Thisisexpandedtothecaseof

POlyhedra[42]･However,Sincethesestudiesachievetheregulationofthecontactcoordinatesby
thesequentialtwomethodsuslngthetwoclosedpaths,thefirstmethodshouldbebegunagalnif

theregulatedcoordinatesbythe丘rstarePerturbedbydisturbancesintheprocessofthesecond
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method･Haradaetal.[43]proposedapathplanningbyusingasetofmultipleclosedpathson

theo切ectsurfacefbrasystemcomposedofasphericalobjectandaplane.Sincethesetofthe
ClosedpathsconsistsofmanypleCeS,themethodissomewhatcomplex･

Summary

FortheutilizationofthenonholonomyofrollinglnthedexterousmanlPulation,thegeometric

Phaseapproacheshavesomegreatcontributions:theapproachesenableglobalsteertoanycon→

負gurations,theapproachescanbeeasilyinterpretedintuitively,therefbreitiseasytointroduce

theconstraintsonpathsduetofingermotions.However,thestudiesbasedonthisapproachesas

mentionedpreviouslyhavetheweaknessagalnStdisturbancesandthecomplexityduetomulti

Closedpathsormanypieces.Therefbre,itisessentidltoesぬb肋hmethodssuchthatallq′the

C〃〝ぬCfc〃〃′成乃αね∫Cα〃ゐgr曙〟血fβdぶf血〟Jね〝ββ〟ゆわ〟∫f〝gα∫加gわ甲eC歩gdcわ∫βdpα助.

1.4 PurposeoftheThesis

AsmentionedpreviouslyinSectionl.1,thepurposeofthisthesisistoestablishcontrolmethods

torealizethesimultaneouscontrolofgrasp/manlPulationandcontactpointsofanobjectbya
multi-fingeredrobothandwiththenonholonomyofrolling.Inthisthesis,WeuSetheword:the

SimultaneouscontfVltomeancontrolofgrasp/manlPulationandcontrolofcontactpointsofan

Objectsimultaneouslywithrollingcontact.FromthesummariesofSectionsl.2andl.3,thekey
topICStOrealizethepurposearethefbllowlngS:

(A)Foradynamicalmodelcomposedoffingersandagraspedo句ect,tOeStablishcontrol

methodswhichcanutilizethenonholonomyofrollingforcontrolofcontactpointssi-

multaneouslywithgraspandmanlPulationoftheobject.Inthisthesis,thenumberofthe
fingerswillberestrictedtotwowhichistheminimumnumber.

.(B)Foranonholonomicsystemoftworollingrigidbodieswithpure;011ingcontact,tOeS-
tablishmethodssuchthata1lofthecontactcoordinatescanberegulatedsimultaneously

byuslngaSlnglespeci丘edclosedpath.Inthisthesis,thesurfacesofthebodieswi11be

restrictedtoasphereandaplane.

Theproblenisconsideredinthisthesisaresummarizedasinthefbllowingsections(Ⅰ)-(rv)

fromtheYiewpointsof(A)and(B)･Itiseasytocombinethemethodsfor(A)and(B),and

thesimultaneouscontrolisachievedbythecombination.Therelationshipbetweenthesections

(I)-(rv)isshowninFigurel.1.

(Ⅰ)SimultaneousControlbyTwo･fingeredRobotHandwithSixDegreesofFreedom

Thetopics(A)and(B)areconsideredinthissection.
Here,Wediscussthesimultaneouscontrolbyatwo･fingeredrobothand,eaChfingerof

Whichhassixdegreesoffreedom.Thecontactmotionbetweeneachfingeraridtheobjectis

assumedtobethepurerollingcontact,andthesurfacesofeachfingerandtheobjectareassumed
tobetheregularsurfaces.Asfbrthecontrolmethodtoutilizethenonholonomyofrollingfbr
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Figurel･1Relationshipbetweenthesections(Ⅰ)-(IV).

COntrOlofcontactpolntS,Wefirstclarifythedegreeoffreedomofthewholesystembyinvestlgat-
1ngthepropertyofthemotionconstraintonthegeneralizedcoordinates,Whichcanbeassociated

Withtheconstraintofthecontactcoordinates･Second,WePrOPOSeageneralformulationofalin-

earizlngCOInPenSatOrfbrtheinternalforce,theobjectmotionandtherollingmotion.Duetothe
linearization,thecontactmotionconfbrmStOthekinematicmodeloftworollingbodieswhose

lnPutistherollingmotion･Asfortheregulationalgorithm,forthekinematicmodelofasphere

andaplanewhichcorrespondtoasphericalfingerandacuboidobject,WePrOPOSeamethodto
regulatea11thecontactcoordinatesbyiterativeclosedpathsonthecontactpolntOfthesphere･

Theclosedpathisshqpedasatrapezoidonthesphereparameterizedbythreevariables･Wtcall

thisclosedpaththetTq,eZOiddlclosedpath･TheparameterSisdeterminedwithrespecttoeach

interation･FurthermOre,theconvergencetoarbitrarytargetPOlntSOftheregulationmethodis

guaranteedbyprovlngthattherealwaysexisttheparameterstoreducetheeuclideannormofthe

distancetothetargetPOlnt･Sincethemethodcanbeinterpretedasadiscreteqtimeftedbackby

regardingthestarttimeoftheiterationasthesamplinglnStant,themethodisexpectedtohave

robustnessagalnStdisturbances.

(ⅠⅠ)SimultaneousControlbyTwo-fingeredRobotHandwithConstrainedDegreesof

Freedom

Thetopic(A)isconsideredinthissection.

Inthesection(I),WePrOPOSedamethodcanutilizethenonholonomyofrollingfbrcontrolof

COntaCtPOlntSinthecasethateachfingerhassixdegreesoffreedom･However,mOrereaSOnable
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controIproblemisthesituationsuchthatthenumberofthedegreesoffreedom(DOF)ofeach
fingerislessthansixandthedirectionoftheDOFisconstrained･WtsaythattheDOFof血gers

areconstrained.

Here,forthesimultaneouscontrol,WeprOPOSeaCOntrOlmethodwhichcanutili2:ethe

nonholonomyofrollingforcontrolofcontactpointsbyatwo-fingeredrobothandwith

constrainedDOR Thecontactmotionbetweeneachfingerandtheobjectisassumedtobethe

purerollingcontact,andthesurfacesofeachfingerandtheobiectareassumedtobetheregular

surfaces.W己firstclarifytheconditionsuchthatthepositionoftheDOFofthewholesystem
ismaximum･Thisrepresentsthatarbitraryrollingmotioncanbegeneratedbyuslngfingerand

objectmotion.ThisischaracteriえedbythenumberandthedirectionoftheDOFofthefingers･
Second,WePrOPOSeageneralfbrmulationofalineanzlngCOmPenSatOrfbrtheinternalfbrce,

themotionofacertaincoordinatesofthefingersandtheobject,andthero11ingmotion･Forthe

construCtionofthelinearizlngCOmPenSatOr,the丘ngerandobjectmotionaredecomposedintoa
componentwhichcausestherollingmotionandacomponentwhichdoesnotcausetherolling

motion.Thesecondcomponentcorrespondtoacertaincoordinatesofthefingersandtheobject･

(III)ControlofaSphereRollingonaPlanebyFiniteIterativeClosedPaths

Thetopic(B)isconsideredinthissection･

Inthesection(I),fbrthekinematicmodelofasphereandaplanewithpurero11ingcontact,

weproposeamethodtoregulateallthecontactcoordinatesbyiteratlngthetrapezoidalclosed

pathofthecontactpointonthesphere,WhichischaraCterizedbythethreeparameterS･However,

inthismethod,theconvergetoarbitrarytargetpointsbyinfiniteiterationisonlyguaranteed･

Here,forthekinematicmodelofasphereandaplanewithpurerollingcontact,We

proposearegulationalgorithmforthecontactcoordinatestoconvergetoatargetpoint

bythefiniteiterativetrapezoidalclosedpathsofthecontactpointonthesphere･First,We

showthat,fromtheviewpointofthenormminimization,OneOftheparameterscanbedetermined

independentoftheothertwoparameters･･Duetothisdetemination,thecontroIproblemcanbe

discussedonthetwo-di甲enSionalspace(plane)whichcharacterizesthecohtactcoordinates･

Second,WePrOVethatthereachableareaOftheclosedpathhastwofinit61inescrosslngatthe

onglnWhichrepresentsthecontactcoordinatesateachiteration･Third,WePrOPOSeamethod

fbrthecontactcoordinatestoconvergetoatargetPOintbythefiniteiterativeshiftsalongthe

linesasmentionedear1ier･Ateachiteration,SincetheproposedmethodrequlreSSOIvingonly

onevariableequation,thesolutionscanbeeasilyobtainedbythebisectionmethod･

(IV)ControlofaSphereRollingonaPlanewithConstrainedRollingMotion

Thetopic(B)isconsideredinthissection･

Inthesectidn(III),fbrthekinematicmodelofasphereandaplanewithpurerollingcontact,

weproposedaregulationalgorithmfbrthecontactcoordinatestoconvergebythefiniteiterative

trapezoidalclosedpathsonthesphere･Inthismethod,itisutilizedthatthetwofinitelinesexist

inthereachableareaofthtclosedpath.However,Sincethelinesarejustapartofthereachable

area,themethodissomewhatconservative･FurthermOre,Sincetherollingmotioncannotbe

constrained,itisdifficulttoapplythesemethodsfbrcontrolofcontactpointsbymulti-fingered

robothands.
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Here,forthekinematicmodelofasphereandaplanewithpurerollingcontact,We

discusscontrolofthecontactcoordinatesbyiterationofthetrapezoidalclosedpathonthe

SPherewithconstrainedroIIingmotion･ItisassumedthattheparameterOfthedirectionof

theclosedpathisdetemiIledfromtheviewpointofthenormminimizationshownin(III).Due

tothisdetermination,thecontroIproblemcanbediscussedonthetwo-dimensionalspace(plane)

WhichcharaCterizesthecontactcoordinates.First,inordertoutilizethereachableareaofthe

Closedpathatthemaximum,Weanalyzetheboundaryofthereachableareaoftheclosedpath

Withconstrainedrollingmotionindetail･Second,WePrOPOSeamethodfbrthecontactcoordi-

natestoconvergetoatargetpolntbythefiniteiterativeshiftsalongtheboundaryasmentioned

earlier･Sincetheproposedmethodcanimposethelimitationoftherollingmotion,themethod
hasthebeneficialefftctontheapplicationtomulti-fingered･robothands･Furthermore,Similar

tothesection(III),theparametersateachiterationcanbeeasilycalculatedbythebisection

method.

1.5 0rgamizationoftheThesis

TYledetailorganizationofthisthesisisasfbllows.

InChapter3,Wediscussthesimultaneouscontrolbyatwo-fingeredrobothand,eaChfinger

Ofwhichhassixdegreesoffreedom･First,WeClarifythedegreeof丘℃edomofthewholesystem
byinvestigatingthepropertyofthemotionconstraintonthegeneralizedcoordinates.Second,

WePrOPOSeageneralformulationofalinearizlngCOmpenSatOrfbrtheinternalfbrce,theo切ect
motionandtherollingmotion･Third,forthekinematicmodelofasphereandaplanewith

PurerOllingcontact,WePrOPOSeamethodtoregulateallthecontactcoordinatesbyiteratlng

thetrapezoidalclosedpathonthecontactpolntOnthesphere,Whichischaracterizedbythree

ParameterS･TheconvergencetoarbitrarytargetPOlntSOftheregulationmethodisguaranteed･

InChapter4,fbrthesimultaneouscontroIweproposeacontrolmethodwhichcanutilize

thenonholonomyofrollingforcontrolofcontactpolntSbyatwo-fingeredrobothandwith

the,COnStrainedDOFFirst,WeClarifytheconditionsuchthatarbitraryrollingmotioncanbe

generatedfromfingerandobjectmotion.TYlisrepresentsthatthepositionoftheDOFofthe
Wholesystemismaximumnumber･Second,WePrOPOSeageneralfbrmulationofalineanzlng

COmPenSatOrfbrtheinternalfbrce,themotionofthecertaincoordinatesofthefingersandthe

O切ect,andthero11ingmotion･FortheconstruCtionofthelinearizlngCOmpenSatOr,thefinger

andobjectmotionaredecomposedintoacomponentwhichcausestherollingmotionanda
COmPOnentWhichdoesnotcausetherollingmotion･

InChapter5,fbrthekinematicmodelofasphereandaplanewithrollingcontact,WePrOPOSe

aregulationalgorithmfbrthecontactcoordinatestoconvergetoatargetPOintbythefinite

iterativetrqpezoidalclosedpathsofthecontactpolntOnthesphere･First,WeShowthat,from

theviewpolntOfthenormminimization,OneOftheparameterscanbedeteminedindependent

OftheothertwoparameterS･Duetothisdetemination,thecontroIproblemcanbediscussed

Onthetwo-dimensionalspace(Plane)whichcharaCterizesthecontactcoordinates.Second,We
PrOVethatthereachableareaOftheclosedpathhastwo丘nitelinescrosslngattheonglnWhich

representsthecontactcoordinatesateachiteration･Third,WePrOPOSeamethodfbrthecontact
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COOrdinatestoconvergetoatargetPOlntbythefiniteiterativeshiftsalongthelinesasmentioned

earlier.

InChapter6,forthekinematicmodelofasphereandaplanewithpurerollingcontact,We

discusscontrolofthecontactcoordinatesbyiterationofthetr叩eZOidalclosedpathonthesphere

Withconstrainedro11ingmotion.First,inordertoutilizethereachableareaoftheclosedpathat

themaximum,WeanalyzetheboundaryofthereachableareaOftheclosedpathwithconstrained

rollingmotionindetail.Second,WePrOPOSeamethodfbrthecontactcoordinatestoconvergeto

atargetpolntbythefiniteiterativeshiftsalongtheboundaryasmentionedearlier･

ConclusionsandfurtherresearchareStatedinChapter7.
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ThefbllowlngnOtationsareusedinthisthesis.

Rnisthen-dimensionalEuclideanspace･

Z∈Rnexpressesan-dimensionalrealvector.

A∈RmXnmeansamxnrealmatrix.

Znisthen-dimensionalunitmatrix.

Omxnisthemxnzeromatrix.

A>Omeansapositivedefinitesymmetricmatrix.

A:=BmeansthatAisdefinedbyB･

PIPp2meanSthatthevectorsplandp2areParalleleachother.
ThesuperscnptTstandsfbrthetransposeofamatrix･

Thesuperscnpt∧standsfbrtheskew-SymmetricmatrixequlValenttothevectorproduct･

TYleSuPerSCnPt+standsforthepseudoinversematrixof?matrix.

Thesuperscnpt~standsfbrageneralizedinversematrixofamatrix.

∑AisthecoordinateframenamedA.

ApBisthepositionvectoroftheonglnOf=BfromtheonglnOf=AeXPreSSedin=A･

RABistherotationmatrixof∑Brelativeto∑A.

7a(A)standsfbrtherangeofvalueofamatrixA.

JV'(A)standsfbrthekernel(nullspace)ofamatrixA.



Chapter2

Preliminaries

Inthischapter,SOmePreliminariesaredescribed･thetheoreticalbasesofmulti-fingeredrobot

handsandnonholonomicsystemsaresummarizedbriefly.Formoredetails,SeeRef･[6]･

2.1TheoreticalBasisofMulti-FingeredRobotHands

Inthissection,kinematicsanddynamicsoffingers?ndangraspedobjectwithcontactconstraints

aresummarizedbriefly.

2.l.1Configurationandvelocity

Systemconfiguration

Ingeneral,aCOnfigurationofaframe∑Brelativetoaframe∑ACOnSistsofthepalr

タAβ=(ApかRAβ)∈∫β(3),
(2.1)

whereApBandRABarethepositionvectorandtherotationmatrixof∑BWithrespectto∑A

respectively.SE(3)isthecoYdigunltion甲aCeOfthesヅstemandthenotationSEabbreviates
3PeCialEuclidean･TheprecisedefinitionaredescribedinAppendixA･

Considerafingeri(i=1,2,‥･n)andanobjectwithacontactshowninFigure2･1･The

contactpointlbetweeneachfingerandtheobjectisslngle･∑Bisthereftrencecoordinateframe･
∑彗and∑0arethecoordinateframesfixedtotheithfingerandtheobject,reSPeCtively･The

configurationsofthe丘ngeriandtheobjectaredescribedby

鮎明=(βp和旦粥)∈5叫3),紬0=(βpo,粘0)∈∫β(3)･

Inthisthesis,WeuSelocalparameterizationsfbr9BPtandgBO:

町=[≡封∈R6,諾0:=[謁三]∈R6,

(2.2)

(2.3)

whereB¢pt∈R3andB¢0∈R3arethelocalparameterizationsofRBF;∈R3×3andRBO∈

R3×3respectively.AggregatingOFlfbri=1,･‥,n,WeWillusexF:=[輯･･･硯]T∈R6n･
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Figure2.1Coordinateframesforcontactandobjectframes･

Inacasewherethenumberofthedegreesoffreedomoftheithfingerislessthansixandits

directionisconstrained,WeuSethegeneralizedcoordinates,

∂巧∈Rmi, (2.4)

wheremiisthenumberoftheindependentdegreesoffreedomoftheifinger･AggregatlngOFt

fbri=1,…,n,WeWilluseOF:=[OA…呪]T∈Rm,m:〒ml+…+mn･Inthe
fo1lowlng,WeCOnSiderthegeneralcasewheretheithfingerisconstralned･

Inthedashedarea,∑cFtJand∑coiarethecoordinateframesattachedonthesurfacesofthe

ithfingerandtheobjectwiththeorlglnSattheithcontactpoint･Thezfi-andz｡i-aXeSOfthe

framesareOutWaldandnoTmaltothesurfacesoftheith丘ngerandtheobject,reSPeCtively･Tb

representthecontactlocation,theconfigurationsof∑cFiand∑coiaredescribedby

据C彗=(彗pc軒昂和布)∈g叫3),伽0`=(Opco`,Roco`)∈甜(3)･(2･5)

Inaddition,thefbllowlngCOnfigurationdescribestherelativeorientationwithrespecttothe

COntaCtPOint:

駄句C彗=(Coやc彗,Rco`C彗)∈g叫3),
(2･6)

WhereCoiPcFi=OsincetheonglnSOf∑cFtand∑coiCOincidewitheachother･

Inthisthesis,tOrePreSentthecontactconfigurationsof(2.5)and(2･6),WeuSethesudbce

palumeterizations:thesurfhcesofeachfingerandtheo句ectaretheregularsurfaces,i･e･,COntaCt

pointsonthesurfacesofeach血gerandtheobjectcanbedescribedbyc(α)∈R3,Where

c(･)‥R2ト⇒R3isalocalorthogonalchartandα∈R2isalocalcoordinates･Thedetailsofthe
surfaceparameterizationsaredescribedinAppendixB･Figure2･2showsneighborhoodofthe
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Figure2.2 Contactcoordinatesofithcontactpoint･

ithcontactpoint,Wheretheithfingerandtheobjectaredepictedseparately･FraTeS∑L彗(t)and
∑L｡i(i)arereSPeCtivelythelocalframesfixedrelativeto∑Ftand∑0,Whichc?1nCideattimet

With∑cFiand∑coi･Thecontactconfigurationsof(2･5)aredescribedby

蔦pc彗=C九(αム),和明(α差)=

Opco`=Co`(α0`),Roco`(α0`)=

Cか CJll･ CJl-▲×CJ.u

llcか】l‖c恒Il=c如×CJt川
Coi祝 Coiγ Co電視×Coi町

‖q欄Itllc叩Il=q刷×C叩Il

](2･7)
],(2･8)

wherech(･),C｡i(･):R2ト+R3arelocalorthogonalcharts,αfi∈R2,α｡i∈R2arelocal
COOrdinatesandcfiuandcfiVaredefinedbycfiu:=∂cfi/∂ufiandcfiV:=∂cfi/avfi,andterms
C｡iuandc｡iVaredefinedbythesimilarway･Inaddition,1et4,ibetheanglebetweenthex-aXeS

Of∑cFtand∑c｡iaSSho㌣ninFigure2･2,thenthecontactconfigurationof(2･6)isdescribedby

Rco`C彗=[篭;誓豆)竺汁恥=[霊豆二詔,(2･9)
WhereR*i∈R2×2istherotationmatrixofthexqandy-aX?SOf∑c彗relativetothex-andy-aXeS
Of∑coi･Tbsumup,thecon丘gurationoftheithcontactpolntiscompletelydescribedby

(2.10)

Thisiscalledthecontactcooldinatesfbrthecontactpoint[17].Aggregating77ifbri=1,･･･,n,

wewi11use77:=[17f‥･77言]T∈R5n.



16 Chapter2

Expressionofvelocity

Tbrepresentthemotionsofthefingeriandtheobject,WeuSethetranslationalandangular

[話芸]∈R6,[言封∈R6,(2･11)

WhereBwFlandBwoarerespectivelyangularVelocitiesof=pland=orelativeto=BWhichare

definedby

㌔旬:=(兢珊R甥)∨∈R3

βu｡‥=(兢β｡R即)∨∈R3.

From(A･19),theoperator(･)Vistheinverseoperatorof(･)<definedby

u′＼:=

0 一山3 山2

U3 0 一山l

一山2 LJl O

(2.12)

(2.13)

(2.14)

Whichisthematrixequivalenttothevectorproductwx･

Therelationsbetweentheヤelocitiesofthelocalparameterizationsof(2.3)andthetransla-

tionalandangularVelocitiesof(2.11)aregivenby

[言封=r掬)よ彗,[孜]=ro(β¢0)わ,(2･15)

r彗:=[よ…3㌶‰)い?:;[よ…3r｡ア芦芸｡)](2･16)
andTF,i∈R3×3andTム,∈R3×3encode(2.12)and(2.12).Inthecasewherethenumberof
thedegreesoffreedomoftheithfingerislessthansixanditsdirectionisconstrained,WeuSe

thefo1lowlngrelation:

葦二=J彗(β彗)β彗,

whereJ彗(0彗)∈R6×mitheJacobiandeteminedbythelinkmechanicsoftheithfinger.

2.1.2 Contactkinematics

Contactconditions

Attheithcontactpoint,thefo1lowingequationshold[44]:

β勒+粘蔦蔦pc彗=βpo+粘00pco`

旦叩月彗Cろ=R即RocoiRco`C町

(2.17)

(2.18)

(2.19)

Eq･(2･18)requiresthatthepositionvectorsofthecontactframes∑cFiand∑coiWithrespectto

thereftrenceframe∑BCOincidewitheachother.Eq.(2.19)requiresthatthecontactnormalsand

thetangentplanesattheorlglnSOf∑cFiand∑coiCOincidewitheachother･Notethatthenumber

Oftheessentialindependentequationsof(2.19)arethreesince(2.19)istherelationshipbetween

therotationmatrices･Eqs･(2･18)and(2.19)relatethepositionsofthecontactcoordinates77itO

thoseofthegeneralizedcoordinates(Opt,Xo).
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Contactkinematics

Tbrepresentthecontactmotion,WeuSethebodyvelocityVci∈R6,i･e･,thevelocltyand

angularvelocltyOf∑LcFirelativeto∑LcoieXPreSSedin∑Lc彗,describedby

Ⅴ(-1=

γcェi

iI〔･肌

γczi

Uc∬i

Uc肌

Uczi

‥=叱両･
(2.20)

Ⅴ己locityVcirePreSentStheTdativemotionbetweentheithfingerandthtobjectatithcontact
POlnt･TheprecisedefinitionofthebodyvelocitylSShowninAppendixA･

Difftrentiating(2.18)and(2.19)withrespecttotimetleadstothemotionofthecontact

COOrdinatesわiaSafunctionoftherelativemotionVci[44,17]:

わ壱=方豆(叩豆)Vc`
0=γczり

月■豆:=

where

襲撃孝一≡義軍
+r抑均`お錘夕月

0

げg｡凧囁月
麒五‥=∬抽+∬抑∬抑:=月中`∬抑R¢i

針=ド甘恥=[霊虐二…崇封

(2.21)

(2.22)

(2.23)

M9fi,M90i∈R2×2,Kgfi,Kgoi∈R2×2andTgfi,Tgoi∈Rlx2arethegeometricpaTtZmeteTT

describedbyusingcfiandc｡i･KRi∈R2×2iscalledtheTdativecurvatuleR)Tm.Rゆi∈R2×2is
therotationmatrixofthex-andy-aXeSOf∑c彗relativetothex-andy-aXeSOf∑coi･Inaddition,

VcilSglVenby

Ⅴ云=βJ彗(恥,叩豆)β巧-中旬(諾0,叩五)わ,

β布:=β蔦J巧(恥),か指∴=β0`rO(諾0),

一見芸c｡

一見芸c｡

(見開彗pc彗)<

砿･･Fl

(Rβ00pc｡i)<

鬼占〔･f､t

(2.26)

(2.27)

],(2･28)
(2.29)

wbere

RBCFilStherotationmatrixof.∑c彗relativeto∑B･Combining(2･26)and(2･21)1eadsto

わ盲=ガ慮(βJ彗β蔦一旦町わ)･ (2･30)

Eq･(2･30)relatesthevelocitiesofthecontactcoordinates7)itOthoseofthegeneralizedcoordi-

nates(OFhd,0)･
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(a)Pointcontactwithfriction (b)Soft一缶ngercontact

Figure2.3 GeometricinterpretationoftheCoulombfrictionmodel･

2.l.3 Graspconstraints

Contactmodels

Forgraspsinwhichwedowishtomakeuseof鮎ctionalfbrces,WeWilluseasimplemodel

WhichisoftenreftrredtoastheCoulombPictionmodel.TheCoulombfrictionmodelisan
empiricalmodelwhichassertsthattheallowedtangentialfbrceisproportionaltotheapplied

normalねrce,andtheconstantofproportionalitylSafunctionofthematerialswhicharein

COntaCt.

Typically,afingerwillnotbeabletoexertfbrcesineverydirectionatacontact.Ⅵ屯modela

contactbyusingawTtmChbasisBci∈R6×mciandaJ[ictionconeFCiSuChthat

ダci=βqCダc`∈R6,Cダc`∈ダq, (2.31)

WhereFci∈R6isthewrenchappliedbythecontactattheonglnOfcontactcoordinate∑cFt

expressedin∑cFt(Notethatthewrenchisthegeneralizedfbrcecomposedoflinearandrota-

tionalcomponents,andmoredetailsisshowninAppendixA).Thedimensionm｡iOfthewrench
basisBciindicatesthenurhberofindependentfbrcesthatcanbeappliedbythecontact･Thus,

CFci∈Rmciconsistsofthemagnitudesoftheindependentfbrcesatithcontactpoint.FCi

representsthesetoffbrceswhichcanbeappliedatthecontact.WtrequlrethatFqsatisfythe
fbllowlngPrOPerties:

1.FCiisaclosedsubsetofRmciWithnon-emPtylnterior.

2･Jl,′2∈ダG→α∫1+βJ2∈ダG鮎rα,β>0.

ForacasewhereacontactisapointcontactwithPiction,thewrenchbasisandthefriction
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COnearereSPeCtivelydescribedby

and

ダq=け∈R3:

0

0

1

0

0

0

0

1

0

0

0

0

1

0

0

0

0

0

(2.32)

∫f+月≦〃んム≧0), (2.33)

Wherep>Oisthe(static)coefficientoffriction.Eq.(2.33)canberepresentedgeometrica11yas

Shownin(a)ofFigure2.3.Thesetoffbrceswhichcanbeappliedatthecontactmustlieinthe
frictionconecenteredaboutthecontact(surface)normal.Thefrictionconeischaracterizedby

theangleoftheconewithrespecttothenormalgivenby

α=tan-1/J･ (2.34)

Amorerealisticcontactm10delisthesqβメngercontact.Hereweallownotonlyfbrcestobe

appliedina'frictionconeaboutthecontactnormal,butalsoatorqueaboutthepormal,Whichis

limitedbyatorsionalfrictioncoefBcient.Forthecase,thewrenchbasisandthefrictionconeare

respectivelydescribedby

0

0

0

0

0

1

0

0

1

0

0

0

0

1

0

0

0

0

1

0

0

0

0

0

ダq=げ∈R4:

and

(2.35)

Jぞ+月≦〃んム≧0,伍l≧7ム), (2.36)

Where7>OisthecoefBcientoftorsionalfriction.Eq.(2.36)canberepresehtedgeometrica11y

asshownin(b)ofFigure2.3.

graspconstraints

Ingeneral,thedirectionsinwhichmotionisconstrainedarePreCiselythedirectionsinwhich
fbrce亭Canbeexertedby丘ngersatcontactsasshowninFigure2.4.Figure,2.4showsacase

whereacontactmodelisasoft一丘ng占rcontact.Thelefthandside(a)shou;sthedirectionsbythe

COntaCtandtherighthandside(b)showsthedirectionsconstrainedbythefbrcesatthecontact.

Thus,thefbrcesbythecontactrestrictthevelocitiesofthefingerandtheobject,i.e.,therelative

velocltyVctatthecontactiszero･Hence,払racontactwithawrenchbasisBci∈R6×mci,We

requlrethat

β乙Vci=0･ (2.37)
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〔7Z

(a)Forcesbyacontact (b)Directionsconstrainedbyfbrces

atthecontactof(a)

Figure2･4 Constraineddirectionsbyfbrcesatacontact‥aCaSeOfasofLfingercontact･

Substituting(2･37)into(2･26)andaggregatingtheresultantequationfori=1,･∴,n,.Wegetthe

g和甲CO乃∫加血:

Aダ(βダ,り)βダーAo(∬0,叩)盆0=0,

AF.:=

Ao:=

β乙βJ｡ Om｡1×mれ

Om｡几×ml β吉几βJ㍍

∈RmcX6,

β乙βゎれ

∈RmcXm

(2.38)

(2.39)

(2.40)

where

Wheremc:=mcl+…+mcn.Eq.(2.38)relatesthevelocitiesofthefingerstothevelocityof

theo句ect.
ThequantitiesAF,AoandFCcompletelycharacterizethepropertiesofthesetofthefingers

grasplngtheo句ect･Thismotivatethefbllowlngdefinition.

Definition2･1(Representationofamulti-fingeredgrasp).

AmultiJingeTt7dglu5PisdescribedbytheJacobiansAF:Rmト⇒RmcandA｡:R6ト}Rmc,

andthefrictionconeFC⊂Rmcdefinedby

ダC=ダClX‥･×ダG⊂Rmc,

Whichsatisfiesthefo1lowlngPrOPerties:
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1.FCiisaclosedsubsetofRmciWithnon-emPtyinterior･

2.右,J2∈ダG→α′1+β′2∈ダqbrα,β>0･

Eq.(2.38)isalsousedinthefbrcerelationships･Byequatingtheworkdonebythefin-

gers,theobjectandthecontacts,anduslngthegraspconstraints,Wegetthefbllowlngfbrce
relationships:

丁亨=A芸Cダc
(2･41)

βダ｡=A苫Cダc, (2･42)

whereCFc:=[CFEI CF吉mcn]T∈Rmcisthecontactforce,TFERmisthevector
composedoftheresultantfbrcesand/ortorquesproducedbythecontactforce,andBFo∈R6

istheobjectwrenchwhichisproducedbythecontactfbrceexpressedin∑B･

2.1.4 Propertiesofgraspconstraints

Here,Weareinapositiontostudythemathematicalpropertiesofthegraspconstraintin(238)
andinterpretthem.

Ifagraspcanresistanywrenchappliedtotheobject,WeSaythatsuchagraspisjbYre-Closule･
Formally,WemaketheR)1lowlngdefinition:

Definition2.2(Force-Closuregrasp).

AgraspisajblTe-ClosulYgraSPataCOnfiguration(xo,77)ifgivenanyexternalwrenchBFe∈
R6appliedtotheobject,thereexistcontactfbrcesfc∈FCsuchthat

A岩Cダ｡=一βダe.

Akeyftatureofaforce-ClosuregraspistheexistenceofinternaljbTreS･Aninternalfbrceis

asetofcontactfbrceswhichresultinnonetforceontheobject.Thismotivatesthefb1lowlng
definition.Letint(FC)denotetheinteriorofthefrictioncone･

I)efimition2.3(Internalforces).

IfFN∈N(A吉)nFCataconfiguration(x｡,77),thenFNisaninternaljbTre･IfFN∈N(A吉)
andFN∈int(FC),thenitiscalledastrict&intemaljblTe･

Internalfbrcescanbeusedtoinsurethatcontactforcessatisfyfrictionconeconstraints･Note
thataninternalfbrceisasetofcontactfbrces,rePreSentedwithrespecttothewrenchbasisat

eachcontact･ThefbllowlngPrOPOSitionshowsthattheexistenceofastrictlyinternalfbrceisa

necessaryconditionfbragrasptobefbrce-Closure･

Proposition2.1(Necessityofinternalforces)･

A卯中埴昭一Cわ∫〟柁α拍CO癖〟加ゎ〝(諾0,りけα乃加ゆげA吉f∫∫〟けどc血α乃d娩e柁αぬ
αVeCわrげCO乃加ゆ汀e∫ダⅣ∈〟(A吉)∫〟CゐJ肋ダⅣ∈血(ダC)･

AfundamentalpropertyOfamulti-fingeredgraspistheabilityoftherobotfingerstoaccorh-

modateanobjectmotion.Ifasetoffingerscanaccommodateanymotionoftheobjectwithout
loslngCOntaCt,WeSaythatsuchagraspISmaゆulable:
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Defimition2.4(Manipulablegrasp).

Amulti一丘ngpredgraspisman*ulableataconfiguration(OF,Xo,77)iffbranyobjectmotioni,o
thereexistsOFWhichsatisfies(2.38).

TilefbllowlngPrOPOSitionfbllowsfromthede丘nition･

Proposition2.2(Characterizationofallmanipulablegrasp).

Agれ那pf∫mαゆ〟Jα抽αJαCO頑g〟相加〝(恥,諾0,叩)げα乃doゆげ

兄(Ao)⊂兄(AF)･

Itisimportanttodistinguishbetweenafbrce-ClosuregraspandamanlPulablegrasp･Force-

ClosurerequlreSOnlythatthefingerscanresistanexternalappliedfbrce,i･e･,theopposlngreSis-

tivefbrcecanbepassiveorstruCtural･Ontheotherhand,amanlPulablegrasprequlreSthatthe

manlPulatorcanactivelyaccommOdateallobjectmotiondirectionswhilemaintainlngCOntaCt･

2.1.5 Dynamicswithconstraints

門知的anconstraints

Foramechanicalsystemwhoseconfigurationsq∈Rn,WeCOnSidervelocityconstraintsofthe

bⅡn

A(q拍=0, (2･43)

wher云A(q)∈Rkxnrepresentsasetofkvelocityconstraints.Aconstraintofthisfbrmis

CalledaWa?COnStnZint･TheconstluintjbTreSbyasetofPfafBanconstraintisdescribed
bythefbrcestolnSurethatthesystemdoesnotmoveinthedirectionsglVenbytherowsofthe

COnStraintmatrixA(q)･Theconstraintforcesataconfigurationqhavetheform

r=AT(q)入, (2.44)

where入∈Rkisthevectorofrelativemagnitudesoftheconstraintfbrces･

TheconstraintfbrcesfbrasetofPfafBanconstraintspreventthemotionofthesystemin

directionswhichwouldviolatetheconstraints.Inordertoincludethesefbrcesinthedynamics,

WemuStaddoneadditionalassumptlOnaboutthenatureoftheconstraints･Namely,WeaSSume

thatthefbrceswhicharegeneratedbytheconstraintsdonoworkonthesystem,andhence

COnSerVeenergy.ThisassumptlOnisoftenreftrredtoasd某Iembert'sprlnC毎,le･

Lagrange,sequationswithconstraints

LetL(q,4)representtheLagrangi?nfbranu?COnStrainedsystem･Theconstraintshavetheform
OfaPfafBanfbrm･Then,theequatlOnSOfmotlOnarefbrmedbyconsideringtheconstraintfbrces

asanadditionalfbrcewhichaffbctsthemotionofthesystem･Hence,thedynamicscanbewritten

孟(芸)一芸+AT(q)入-T=0,(2･45)

WhereTrepresentsnonconservativeandexternallyappliedfbrces･Thescalars入1)…)入kare

Ca11edLagrangemult申IieTT.andaredeterminedbysoIving(2.43)and(2.45)fbrthen+k
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Variablesqand入.TheylnSurethatnomotionoccursintheconstraineddirections,andhence

(2.43)holdsfbralltime.

ConsiderthecasewheretheLagranglanhasthefbrm

抽亘)=去押(函一拍),
(2･46)

WhereM(q)∈RnXnistheinertiamatrixofthesystemandV(q)isthepotentialeneTgydueto
thegravity･SubstitutingthisLagrangianinto(2.45)1eadstothefb1lowingequationsofmotion

Withtheconstraints:

凡才(q拍+C(q,亘拍+Ⅳ(吼d)=-AT(q)入+丁,

C(両)‥=叫qト去芸(鞠(q))∈R…
iscalledtheLcoriolismatrix,

叫拍‥=等+T∈Rm

(2.47)

(2.48)

(2.49)

includesnonconservativefbrcesaswe11aspotentialforces,andT∈Rncorrespondstothevector

Ofexternalforces.

InthecasewheretheLagrangianhastheformof(2.46),WeCanderiveanexplicitfbrmula

fbrtheLagrangemultipliers.Diffbrentiatingtheconstraintequation(2.43)yields

A(函+A(q拍=0.

SoIvingfbr亘from(2･47)byusingthisequation,Weget

入=(A凡才~1AT)~1(A凡才ー1(丁一C巨叫+A亘)･
Byuslngthisequation,theLagrangemultiplierscanbecomputedasafunctionofthecurrent

State,qand亘,andtheappliedfbrcesT.

Dynamicsoffingersandagraspedo叫ect

LettheLagranglanOfthesystemcomposedofthefingersandthegraspedobjectbe

妬∂F,諾0,よム)=去伽湖)∂F+芸榊0(諾0)わー嘲叫一帖(諾0),(2･50)
whereMF(OF)∈RmXmandMo(xo)∈R6×6aretheinertiamatricesofthefingersandthe
Obiect,and咋(OF)andlち(xo)arethepotentialenergiesduetothegravityofthefingersand
theo句ect.MFandMoarerespectivelydefinedby

凡才乃 OmlXm九

Omれ×ml 〃凡

凡才ダ:= (2.51)
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where

and

〃彗‥=･桔

〟0‥=r吉

[

[

m彗∫3

03×3

mo∫3

03×3

Rβ蓬詣五割ト
(2･52)

03×3

月月｡ヱ｡亘芸｡]ro. (2.53)

m彗andmoarethemassoftheithfingerandthemassoftheobject,andr巧∈R3×3and=0∈

R3×3arethemomentsofinertiatensorsoftheithfingerandtheobject.Letq=[0;xS]T∈
Rm+6bethegeneralizedcoordinates,andtheconstraintoftheform(2･43)withA:=[AF

-

Ao]∈RmcX(m+6)･AssumethattherearenOnOnCOPSerVativefbrcesonthesystem･Substituting
theLagrangian(2.50)into(2.45)leadstothefbllowlngequationsofmotionwiththeconstraints:

〃F(吋蔽+Cダ(βF,∂ダ)∂F+Ⅳダ(毎)=-A芸(恥,り)Cダc+丁(2･54)

〃｡(㌶｡)盆｡+C｡(諾｡,わ)わ+Ⅳ0(諾0)=A岩(ご0,叩)Cダc, (2･55)

whereCF∈RmXmandCo∈R6×6aretheCori01ismatricesandNF∈RmandNo∈R6

arethepotentialfbrcesduetothegravltyreSPeCtively･NotethatthecontactfbrceCFcplaysthe

roleofthe,Lagrangemultipliers.

2.2 TheoreticalBasisofNonholonomicSystems

Inthissection,thepropertiesofn9nholonomicconstraintsandmotionplannlngbasedonthe

geometricphaseapproaches[35]ofnonholonomicsystemsaresummarizedbriefly･SeeRef岳･
[6,24,25,26,27]formoredetails.Inthefbllowing,nOnlinearCOntrOltheoryanditstechnical

termSareOftenusedtoexplaintheseitems.SeeRefs.【6,45,46]fbrmoredetails･

2.2.1 Definitionofnonholonomicconstraints

Consideramechanicalsystemwhoseconfigurationsq∈RnevoIveinasmoothn-dimensional

manifo1dJu･Constraintsonthesystemaresaidtobeholonomicifitrestrictsthemotionof

thesystemtbasmoothm-dimensionalmanifo1d,Whichcanberepresentedlocallyasasetof

algebraicconstraintsontheconfigurationspaceasavector-Valuedfunction,

九(q)=0,九(q)∈Rm･ (2･56)

ThedimensionofthemanifbldJul⊂,uOnWhichthemotionofthesystemevoIvesisγい-m･

Next,COnSiderconstraintsonthesystemtorestrictthemotionofthesystemtoasmooth

m-dimensionalmanifo1d,WhichcanberepresentedlocallyasaPfafBanconstraint,

A(q拍=0,A(q)∈RmXれ (2･57)

APfaffianconstraintofthefbrmOf(2.57)isintegnlbleifthereexistavector-Valuedfunction
h:Rnト}Rmsuchthat

埴)=0←諾々=0･
(2･58)

nluS,aPfafBanconstraint(2.57)isequivalenttoaholonomicconstraintof(2･56)･Accordingly,

apfaffianconstraint(2.57)issaidtobenonholonomicifitisnotequivalenttoaholonomic

constraintasavector-Valuedfunction.



2.2TheoreticalBasisofNonholonomicSystems 25

2.2.2 LiebracketsandFrobenius,stheorem

Somedefinitionsandtheoremsindifftrentialgeometryaredescribedfbrthelatterdiscussion･

Denoteby了もRnthetangent5PaCetORnatapointq∈Rn･Avector♪eldonRnisasmooth

mapwhichassignseachpointq∈Rntoatangentvectorg(q)∈7LRn･

Definition2.5(Liebrackets).

Giventwovectorfieldsgl(q)andg2(q),theLiebnzcketofthesetwovectorsisdefinedby

[gl)g2](q)‥=勤1(q卜勤2(q)⊂ちRれ･
(2･59)

Definition2.6(Distribution).

Givenasetofsmoothvectorfieldsgl(q),…,gk(q),thedistributionisdefinedby

△｡=Span(gl(q)…鋸(q))･ (2･60)

ThedistributionissaidtobeTt,gularifthedimensionofthesubspace△qdoesnotvarywithq･

Definition2.7(Involutivedistributions)･

Adistributionisinvolutiveifforanytwovectorfieldsf,g∈△theirLiebracket[f,g]∈△･

Definition2.8(Integrabledistributions)･
Adistribution△isintegTubleiffbranypointq∈Rnthereexistsasetofsmoothfunctions

hi:RnL-+R,i=1,･･･,n-ksuchthattherowvectors驚arelinearlyindependentatq,and
ねranyg∈△

芸g(q)=0,乞=1,…,れ-た･
FurthermOre,thehypersurfacesdefinedbythelevelsets

(q‥h(q)=Cl,‥｡･,んれ-た(q)=Cm-た)

(2.61)

(2.62)

arecalledintegldman的Idsfbrthedistribution･

Integralmanifo1dsarerelatedtoinvolutivedistributionsbythefbllowingtheorem[45,■46]･

Theorem2.1(Frobenius,stheorem)･

A7℃g〟JαrdfぷJr加ゎ和才∫血eg′Ⅵ抽げα托加ゆ揮王∫f〝VOJ〟かe･

Thus,if△isank-dimensionalinvolutivedistribution,thenlocallythereexistn-kfunc-

tionshi:Rn→Rsuchthatintegralmanifbldsof△areglVenbythelevelsurfacesof

九‥=[ん1…九れ-たド･

2.2.3 Nonlinearcontrollability

SomedefinitionsandtheoremsindifftrentialgeometryandnonlinearCOntrOltheoryarede-

scribedfbrthelatterdiscussion.WeconsidertheconditionofintegrableofaPfafhanconstraint

of(2.57)basedonFrobenius,stheoremandcontro11abilityofa'systemwithanonholonomic

constraintofthefbrmasthePfafBanconstraintof(2.57).
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Asystemwiththeconstraintof(2.57)caneasilyberepresentedsuchthat

亘=A⊥(q)町,℃∈Rm~m,

A⊥(扇:=[gl(q)…gれ_m(q)]∈Rれ×(れ巨~γれ)

(2.63)

(2.64)

areabasisfortheannihilatingdistributionofA(q)andvisavectorofquasi-Velocitiestaking
ValuesinRn-m.Eq.(2.63)iscalledasymmetTyq併nesystemandakinematicmodel･Vis
interpretedastheinputtothesystem(2.63).Nonholonomyofthesystem(i.e.,nOnintegrability

Of(2.57))canbecheckedthroughthecontrapositionofFrobenius'stheorem,i･e.,thedistribution

△=Span(gl(ヴ)…9m_m(q)) (2･65)

isnonintegrableifandonlyifitisnotinvolutive.

Thecontrolhbilityofsystem(2.63)canbecheckedbytheaccessibilitydistributionand
Cあow㌧班eoJ℃∽.

I)efinition2.9(ControILieAlgebraandaccessibilitydistribution).

TYleContlVILieAlgebnlL:ofasystemoftheform(2.63)isdefinedtobethespanoverthering

Ofsmoothfunctionsofelementsoftheform

[γた,[γた-1,[…,[γ2,γ1]‥･]]],γ豆∈(gl(q),…,gm_m(扇),乞∈(1,…,り,た=2,3,…
(2.66)

Theaccessibilitydistributionisdefinedby

△‥=Span(J(q)‥′∈ェ)･

Theorem2.2(Chow,stheorem).

乃eco乃如才叩∫Je∽(2･揖ノブ∫わcαJかco乃加JJαぁわdrq∈Rれげ△q=ちRれ

(2.67)

Ifasystem(2.63)iscontrollable,COnStraint(2.57)isso-Ca11edmaximalb7nOnholonomic.In

roboticsliterature,thesystemwithmaximallynonholonomicconstraintsiscallednonholonomic

3yStemS･Tbsumup,"ann-dimensionalnonholonomicsystemcanbecontrolledtoanyconfig-

urationsinnLdimensionalmanifbldJMbyusingn-mlnPutSWhichisftwerthann"･This

PrOPerty1SatyPicalcontributionbytheintroductionofnonholonomicconstraints.

2.2.4 Motionplannlngbasedongeometricphaseapproaches

Inthissubsection,mOtionplannlngbasedongeometrlCPhaseqpp7VaChesisdescribedbriefly･

Especially,WeWi11concentrateonthemotionofthecontactcoordinatesforpuTerOllingcontact･

Basevectorandfibervector

Here,WeShowaspecialfbrmOfanonholonomicsystemofthefbrm(2.63).Assumethatthe

dimensionofthedistribution(2.65)ism-n.Then,thereexistcoordinateandinputtransfbrma-

tionsandsuchthatasystem(2.63)istransfbrmedtothefbrmdefinedby

三二‡=二
∫m

百1(ご,¢)…百m(㌶,¢)
(2.68)
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Wherex∈Rm-n,¢∈Rmand5i:Rn→Rm･XisreftrredtobethebaseてeCtOr,¢isreftrred
tobethejibervector.Thisfbrmiscalledastrictb,triangularjbTm･StrictlytnangularfbrmShave
acontribution:theflowofthe丘bervectorfieldsandthegeometricphasesareObtainedsimply

bysubsequentlyintegratingtheircomponentsovertime･

Geometricphasesapproachestoasphericalfingerrollingonaplane

Forsimplenotation,thesubscriptiisdropped･AsdescribedinSection2･1･1,WeParametrize

the丘ngersurfaceby(cf,αf),theobjectsurfaceby(c｡,α｡),andtheangleofthecontactby4,･

Thus,COnfigurationspaceisgivenby77=[α貫α吉4,]T∈R5･Substitutingtheconditionof
PurerOllingcontactvcx=Vcy=Vcz=LJcz=OintothekinematicequationsofcontactglVen

by(2.21)yieldsthefo1lowingconstraint:

A叩(叩)わ=0

Aり‥= -〃タ′
Rゆ〃タ0

一丁タブ〟タJ-rgo〃タ0

0

0

1

∈R3×5

(2.69)

(2.70)

where

Ageneralsolutionof(2.69)withrespecttoわisgivenby

わ=A拘れ,γu:=[uc｡Ucy]T∈R2,

where

Aオ:= rタJ∬妄⊥β

+TタORゆ∬云1β

∈R5×2

(2.71)

(2.72)

NotethatA叩A‡=0from(2･69)and(2･72)･From(2･21),(2･23)andvcx=Vcy=Vcz=
山cz=0,Weget

γ山=-βgR〟タメα′･

Dueto(2.73),(2.71)istransfbrmedto

叩=

∫2

〟㌶勒〟タ′
(アクメ+Tタ｡兄¢)〟タブd′=[品)ト･

(2.73)

(2.74)

Associatedwiththefbrm(2.68),dfisthebasevectorand毎=[α吉4,]Tisthefibervector･
Supposethebasevectorαfundergoesacyclicmotionαf(t),0≦t≦1,Satisfyingαf(0)=

αf(1)･Then,theresultingchangeinthefibervector毎,i(1)一*(0),Canbewrittenasaline
integralalongthepathofthebasevector:

毎(1)一再(0)=

.吏
G(り)dα′, (2.75)

where7=(αf:0≦壬≦1)isthebasevectorpath･Thevalueofthislineintegralis
independentofanyspecificparametrizationofthepathanddependsonlythegeometryofthe
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Figure2･5 Sphericalfingerrollingonaplane･

Path;hence,thisvalueisreftrredtoasthegeometricphaseorholonomy･Thus,themotion

PlannlngPrOblemisreducedtofindinganappropnatebasespacepathwhichproducesthedesired

geometricphase･Furthermore,byconsideringaparametrizedfinitedimensionalfamilyofbase

SPaCePaths,theproblemcanbereducedtoaroot一点ndingproblemfbrthevalueoftheparameters･

Letusrestrictthesurfacesofthefingerandtheobjecttoasphereandaplaneasshownin

Figure2･5･Thecoordinatechartsofthefingerandtheobjectarerespectivelydescribedby

c∫(α′)=ド
COSりCOSり

βSlnてりCOSり

βSln祝J ],Co(α0)=[紆(2･76)

Wherepistheradiusofthesphere.Then,thegeometricparametersofthefingerandtheobject
areglVenby

∬タ0=[33]gタ′=悶

〟タ0=[描勒=[βC冨γ′3]
rタ0=[00]アクメ=[吉tanり0]･

Substitutingthesegeometricparametersinto(2.74)yields

1

0

PCOSVfCOS4,-PSinゆ

-PCOSVfSinゆ -PCOS4,
Sinり 0

αJ･

(2.77)

(2.78)



2.2TheoreticalBasisofNonholonomicSystems 29

Figure2.6 Geometricphaseofapathinthesphere･

Anonholonomicsystemofasphereandaplanewithpurerollingcontacthasthefbllowlng

PrOPOSition:

Proposition2.3.

A乃0〝ゐ0わ乃0∽fc∫γ∫re∽げα甲ゐe柁α乃d叩′α〝eW助p〟柁和才肋gco〝ねCち～･eリ(2･乃ノcα乃乃Orあe

卵油血㍑誠血相澗購小机川狛聯如血的鯛勅解か輔Ⅷ加伸助鰯拘

Thechainedfbrm,thepropertiesthedifftrentiallyflatnessandnilpotenthavesomecontributions

todesigncontrolmethodsandmanye晩ctivecontrolmethodsbasedonthefbrmandtheprop-

ertieshavebeenproposed･However,thesemethodscannotbeappliedtoasystemofasphere

andaplanewithpurerollingcontact.Thus,althoughaspherero11ingonaplanei戸aSPeCified

SyStem,COntrOlofthesystemisaverychallengeableproblem･

Considerapplyingthegeometricapproachestothesystem(2･78)･Extractingthe5throwof

(2.78)yields

¢=-Sinり恒･ (2･79)

Notethatthisequationisindependentoftheradiuspofthesphere･Thus,thefb1lowlngtheorem

actua11yholdsfbrspheresofarbitraryradiusthoughstatedfbrspheresofradiusone･

Theorem2.3(Gauss･Bonnettheorem).

エビrαJ‥[0,1]→ぶ′あeαCわ∫gdクα肋0乃血甲ゐe柁げm血∫0乃eWぁわゐe乃Cわ∫e∫αC甲∫ゐ甲ed

柁gわ乃nα∫∫ゐow乃≠乃昂g〟柁2.∂.エビJ△¢みe血cゐα乃geげrゐeα〝gJeげco励Crα∫α柁∫〟才一げ

和〃わg〟‡e甲ゐe柁0乃娩叩Jα托eαわ乃g〟z叩α娩gfve乃あγαパ･)･乃e托,

△ゆ=-A′℃αげn,

wゐe柁血α柁αげnね∽eα∫〟柁d≠乃娩e｢c〟Ⅳe勅∫〟ゆceげ班e甲ゐe柁げ用d血0乃e･

(2.80)

△4,isreftrredtoasthegeometricphase(holonomy)ofthepathαf(･)･FurthermOre,thefb1low-

1ngPrOPOSitionspecifiesthemotionoftheobjectsurfacerequiredtorepositionthefinger･
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三 ;こ

A(sta止)

E(丘nal)

Figure2･7 Closedpathintheplanegeneratesmotiononthesphere･

Theorem2.4(Spherero11ingonaplane).

エerA′α乃d且′あe加叩0∫旭0〝血岬ゐe柁Wぁわんα柁αゐ加‡Ceg呼αrJo乃血甲ゐe柁･A∫∫〟∽e

班αrg<昔･乃e〝,m肋g血甲ゐe柁0〝めe〆α乃eαわ喝血cわ∫edc〝VeAβC上)A血w乃f乃
昂g〟柁2.7ねたe∫A′ゎβ′ク和V～血d娩e昭∽e旭Aβ,βAα柁げ′e〝g娩∬α乃dβC,Cβα柁げ

Jg〝g班芸,α〝d∬∫0ルe∫血eヴ〟α血乃

2(∬-tan-1蒜)=g･
(2.81)
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SimultaneousControlbyTwo･fingered

Robot,HandwithSixDegreesoflFreedom

Inthischapter,Wediscussthesimultaneouscontrolbyatwo一丘ngeredrobothand,eaChfingerof

whichhassixdegreesoffreedom[48,49,50]･Thecontactmotionbetweeneachfingerandthe

objectisassumedtobethepurero11ingcontact,andthesurfacesofeachfingerandtheobject

areassumedtobetheregularsurfaces.InSection3･1,themodelingofthefingersandtheobject
issummarizedbriefly.

Firstly,WeCOnSiderthecontrolmethodtoutilizethenonholonomyofrollingfbrcontrol

ofcontactpoints･InSection3･2,WeClarifythedegreeoffreedomofthewholesystemby
investigatlngthepropertyofthemotionconstraintonthegeneralizedcoordinates,Whichcanbe

associatedwiththeconstraintofthecontactcoordinates･InSection3･3weproposeagehefal

fb,m｡1ationofalineanzlngCOmpenSatOrfortheinternalfbrce,theobjectmotionandtherolling

motion.Duetothelinearization,thecontactmotionconfbrmstothekinematicmodeloftwo

ro11ingbodieswhoselnPutistherollingmotion･

Secondly,WeCOnSidertheregulationalgorithmtocontrolofthecontactcoordinates′fbrthe

contactpoints二InSection3･4,･fbrthekinematicmodelofasphereandaplanewhichcorrespond

toaspherical血gerandacuboidobject,WePrOPOSeamethodtoregulateallthecontactcoor-
dinatesbyiterativeclosedpathsonthecontactpointofthesphere･Theclosedpathisshapedas

atrapezoidonthesphereparameterizedbythreevubles･Wecallthisclosedpaththetlqe-

zoidalclosedpath･Tbeparametersisdeteminedwithrespecttoeachinteration･FurthermOre,

theconvergencetoatbitrarytargetpointsoftheregulationrhethodisguaranteedbyprovlngthat

therealwaysexisttheparameterstoreducetheeuclideannormofthedistancetothetargetpoint･

sincethemethodcanbeinterpretedasadiscrete-timeftedbackbyregardingthestarttimeofthe

iteratidnasthesamplinginstant,themethodisexpectedtohaverobustnessagainstdistuhances･

InSection3.5,anumericalexampleispresentedtoshowtheeffbctivenessofthemethod･

3.1Modeling

Inthispaper,WeCOnSidertwo血gertlPSgraSPlnganObjectshowninFigure3･1･The'PalrOftwo
fingertlPSisasimpli丘edmodelofatwo-fingeredrobothand,eaChofwhichhassixdegreesof

freedom.Thecontactpointbetweeneachfingerandtheobjectisslngle･Inthefb1lowlng,the
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■一
一 ■

■･■■

､

Figure3.1Anobjectgraspedbytwo丘nertips･

numberofthefingersandthecontactpointsisrepresentedbyi=1,2.Argumentsofvectors

andmatricesaredescribedexplicitlyonlywhentheyappearfirsttime,andwi11beomittedinthe

Sequelfornotationalsimplicity.Inthischqpter,WemakethefbllowingassumptlOnS･

Assumption3.l.Thesurfacesofeachfingerandtheobjectaretheregularsurface?[6]･There-

fore,COntaCtPOintsonthesurfacesofeachfingerandtheobjectcanbedescribedbyc(α)∈R3,

wherec(･):R2r-+R3isalocalorthogonalchartandα∈R2isaloc?1coordinates.

Assumption3.2.The血ctionalfbrcesinthecontactpolntSfbllowtheCbulomb'slaw･Thecon-

tactforceqppliedtotheobjectbyeachfingeriscomposedoftranslationalforcesandamoment
aboutthecontactnormal.

Assumption3･3.Theconstraintateachcontactpointisdescribedbythepurerollingcontact･

Thefbrcesgen占ratedbytheconstraintdonotwofkonthesystem(d,Alembert,sprinciple).

Thedetailsofthesystemconfiguration,thekinematicsandthedynamicsofthefingersand

theo切ectaredescribedihchqpter2.Hence,theyareSummarizedbrieflyinthissection･Co-
OrdinateframesandconfigurationofthesystemaresuⅢlmarizedinthefbllowlng,aSShownin

Figure3.1andFigure3.2.

(Definitionofcoordinateframes)

∑B Reftrenceframe.
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Figure3･2 Contactcoordinatesofithcontactpoint･

∑FI Coordinateframe丘Ⅹedtotheithfinger･

∑o Coordinatesframefixedtotheo句ect.

∑cFi Contactframeattachedonthesurfaceoftheith丘ngerwiththeongln

attheithcontactpolnt.

∑c｡i Contactframeattachedonthesurfaceoftheobiectwiththeongln

attheithcontactpoint.

∑cLFILocalframefixedrelativeto∑彗Whichcoincidesattimetwith∑cF{

∑cLoiLocalframe丘xedrelativeto∑owhichcoincidesattimetwith∑coi･

(Ⅶriablesofthesystem)

(ConfigurationofFingers)

β勒∈R3

月珊∈R3×3

β¢彗∈R3

諾彗:=【β砿β`垢]T∈R6

諾ダ‥=[輯瑞]T∈R12

(ConfigurationofObject)

βpp∈R3

月RO∈R3×3

β¢｡∈R3

影0‥=[βp｡β¢｡】T∈R6

Positionvectorof∑FtWithrespectto∑B･

Rotationmatrixof∑彗Withrespectto∑B･

LocalparametrizationofRRF;･

Positionandorientationoftheithfinger.

Generalizedcoordinatesofthefingers.

Positionvectorof∑owithrespectto∑B･

Rotationmatrixof∑owithrespectto∑B.

LocalparametrizationofRRO.

Positionandorientationoftheobject.
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(Configurationofcontacts)

蔦pc彗∈R3

和明∈R3×3

0pcoi∈R3

月ocoi∈R3×3

cム(･):R2ト}R3

c｡i(･):R2トナR3

αム‥=[り∴叛]T∈R2

α｡i:=[祝｡`γ｡`]T∈R2

軌∈Rl

叩壱:=[α貫α三朝T∈R5
り:=[叩rりぎ]T∈RlO

(R)rCeS)

Cダci∈R4

Cダc:=[C轄C才芸2]T∈R8

丁豆∈R6

丁:=[TTTぎ】T∈R12

Positionvectorof∑cFiWithrespectto∑Fl･

Rotationmatrixof∑cFiWithrespectto∑Ft･

Positionvectorof∑coiWithrespectto∑0･

Rotationmatrixof∑coiWithrespectto∑0･

Localorthogonalchartofthesurfaceoftheith丘nger･

Localorthogonalchartofthesurfaceoftheobject･

Localcoordinatesonthesurfaceoftheithfinger.

Localcoordinatesonthesurfaceoftheobject.

Anglebetweenthex-aXeSOf∑cFiand∑coi･

Contactcoordinatesfbrtheithcontactpoint･

Contactcoordinatesfbrthecontactpoints･

Contactfbrceattheicontactpoint.

Contactfbrceatthecontactpoints･

Inputfbrtheithfinger･

Inputforthesystem･

Contactkinematicsofthesystemaresummarizedinthefbllowlng･

LetVci‥=[vcxiVcyiVczi.WcxiWcyiuCzi]T∈R6bethevelocityof∑L彗relative
to=LoiSeenfrom=LF{ThemotlOnOfthecontactcoordinates77iaSafunctionoftherelative

motionVcilSglVenby

わ豆=ガ盲(叩壱)Ⅴ云
0=γczi･

TheprecisedefinitionofHi∈R5×6isgivenby(2･23)･Inaddition,Vciisgivenby

Vq=β旬(正吾,叩豆)盆蔦一斗恥(諾0,叩宜)わ,

β旬:=恥r蔦(若鳥),中旬:=β0`rO(霊0)･

T

彗

(3.3)

(3.4)

TheprecisedefinitionsofDF;∈R6×6andDoi∈R6×6aregivenby(2･28)and(2･29)･TFl∈

R6×6andT｡∈R6×6arethetransfbrmationmatricesfrom[B端Bb]Tto[β端β端]T

andtheonefrom[Bゎ吉Bb;]Tto[Bi,吉BLJS]Trespectively.Inthischapter,itisassumedthat
TFlandToarenOnSingularreSPeCtively･Combining(3･3)and(3･1)1eadsto

わ豆=方`(玖好転一旦町わ)･ (3.5)
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Eq･(3･5)relatesthevelocitiesofcontactcoordinatesわitOthoseofgeneralizedcoordinates

(義和よ0).

Themotionconstraintandthedynamicsofthefingers/objectaresurrmarizedinthefb1low-
ing.

MotionConstraint

AF(£ダ,り)毎-Ao(諾0,叩)わ=0,

A持[惣･月射,Ao:=[敬,βc‥=[よ;30か=[
ConstraintonContactForce

Cf▼c∈ダC,

WhereFCdescribesthesetofthecontactfbrcewhichliesinthefrictioncone.

EquationsofMotion

〟F(諾ダ)毎+Cダ(勘吊わ)毎+Ⅳダ(霊ダ)=-A芸(諾F,叩)Cダc+r芸(諾F)丁

〟0(諾0)義0+Co(諾0,わ)わ+Ⅳ0(ご0)=A吉(諾0,り)Cダc,

0

0

1

(3.6)

(3.7)

(3.8)

whereMF>0∈R12×12,Mo>0∈R6×6arethegeneralizedinertiamatrices,CF∈R12×12,

Co∈R6×6aretheCori01ismatrices,andNF∈R12,No∈R6arethegravitytermS･

3.2 PropertiesofMotionConstraint

Inthissection,WeClarifypropertiesofmotionconstraint(3.6)onthegeneralizedcoordinatesby

associatingwithconstraintsonthecontactcoordinates.Considerthefb1lowlngCOnditions:

A鞘(叩加豆=0 (宜=1,2)

暗(pが転-β｡`わ)=0(乞=1,2),

Aりl‥= [一皿オ夕月
兄¢i爪オ抑

-rタカ〟タカ 一丁抑凡才抑

0

0

1

5×

が∈ (3.13)

Where

むc‥=[001000]T.

Thefbllowlngtheoremholds.

(3.14)
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Theorem3.l.

(i)∫仰0∫e(j･5ノゐ0払乃e乃,∽0如乃C淵加～〝J(j.の～∫eヴ払ルαJe乃‖0(j.〃ノα乃d｢j.J2ノ.
(ii)∫仰0∫e∬Ri瑚乃e舶γ｢2･24ノ∫∫ルZJ相和たα乃dcカブ∫〝OJ血甲eC〟Jαr～∽聯〃0ノげc｡i.乃e乃,
めeco乃∫加f乃ね0乃Jゐgco乃如才coo戒f〝αね∫｢j.〃ノα柁めg∽αズf∽αg乃0乃ゐ0わ乃0∽わcク那加～旭α〝d

CO那加f乃鈷(ユノ2ノ0乃班ege乃em′fzedcood≠〝αJe∫α柁めeゐ0わ乃0∽～cco那f血旭.

TYlede丘nitionofthespecularimageisstatedinAppendixB･5･Roughlyspeaking,Cfibeingthe

SPeCularimageofcoimeanSthatcfilSSymmetricaltocoiWithrespecttothecontactpolnt･

Pro(瓜(i)Equation(3･6)isrepresentedas

β吉(p再転-β｡`わ)=0. (3.15)

Ontheotherhand,Substituting(3･5)into(3･6)andcombiningtheresultantequationwith(3.12)

如病一鋤0)=0,烏吉‥=[A椚･(3･16)

Therefbre,inordertoclarifythatEqs･(3.15)and(3.16)areequivalent,itisenoughtoshowthat

anonslngularmatrixE4∈R4×4existssuchthatE｡Bc=B吉.Thisisimmediatesinceby
using(3･13),(2･23),(2･24)and兄¢=喝=句1weget

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

1

0

1

0

0

1

0

0

0

(3.17)

(ii)Sincecfiisnotthespecularimageofc｡i,(4.12)arethemaximalnonholonomiccon-

Straints[40]･From(2･28)and(2.29),nOtethat(3.12)isrewrittenasfb1lows:

eT境cろ[βね-(旦珂彗p｡彗)∧㌔咤-(βヵ｡-(粘00p｡｡`)∧βu｡)]=0,(3･18)
Wheree:=[001]T･Considertheconstrainthczi(xFl,X｡,77i)=Owhere

んczi‥=eT境c｡[βp吾川印書p｡彗-(βp｡+粘00p｡｡i)]･(3･19)
Itissu伍cienttoshowthatthedifftrentialof(3.19)isequivalenttotheleft-handof(3.18).
Di鮎rentiatlnghczi=Owithrespecttotimeleadsto

e域cろ[β勒+触彗p｡｡-(βp｡+粘00p｡｡`)]
+eT月払[(βね+毎彗彗p｡彗用昭吾転)-(β如+毎00p｡｡予粘｡0転)]=0･

(3.20)

Substitutingthecontactcondition(2.18)into(3.21)1eadsto

eT軋[(β軒毎蔦彗p｡彗+読均一(βか元β｡Op｡｡予鞄｡0転)]
=0.

(3.21)
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Letuscomputeeachterminthelefthandsideof(3.21)inthefbllowing.First,fromtherela-

tionshipbetweenrotati?nmatricesandrotationvelocitiessuchthat点RT=W∧from(A･19),the
termSRBFIFpcFiandRBOOpcoiaretranSformedasR)1lows:

毎彗Fpc｡=-(月間Fpc彗)∧β勒,

毎00pc｡i=-(粘00pc｡i)∧βuo･

Next,fromthecontactrelationshipwithrespecttotherotationmatrices(2･19),RBFIPtbcFland

RBOOi,coiareglVenby

私絹転=粘c現職c彗彗如･吋 (3･24)

粘00如｡i=粘c｡R乙`C｡R吉c｡`携ゎ｡盲, (3･25)

慧器盈話語嘗
termareglVenby

器悪政s芸慧三豊;三笠慧｡謁霊法認忠

恥｡現ゎc彗=[〃タ青竹軋0如｡壱=[
几オ抑α0五

O t●

Finally,fromthestruCtureOfRc｡iC彗Of(2･9),RS｡iC｡R吉c｡iOi,c｡ilSgivenby

範c｡私｡執=[恥㌢血],

(3.26)

(3.27)

WhereR中=R;=R右1from(2･25)･Substituting(3･22)-(3･27)into(3･21)1eadsto(3･18)･
Therefbre,(3.18)istheholonomicconstraint. □

Remark3･l･FromTheorem3･1,thesystemhassixnonholonomicconstraintsandtwoholo-

nomicc'onstraints.SincexF∈R12and;だ｡∈R6,thedegreesoffreedomofvelocity(kF,盆0)
islOandthedegreesoffreedomofposition(xF,Xo)is16･

3.3 ControIDesign

3.3.1ControlO叫ectives

Thecontrolobjectivesinthischqpterareasfbllows:

(A)TbmakecontactfbrceCFclieinthesetoffrictionconeFC.

(B)Tbmakeobjectx｡∈R6fb1lowadesiredtrqjectory.

(C)Tbregulatecontactcoordinates†7∈RlOtoatargetPOint.
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Controlobjective(A)representsthatthe丘ngersdonotslip,and(B)and(C)representthecon-

troloftheobjectandthecontactpolntS.NotefromRemark3･1thatthesystemhasthedegrees

offreedomwhicharenecessarytorealizethecontrolobjectives.Tbachievethesecontrolob-

JeCtives,WedesignalineanzlngCOmPenSatOrfbrtheobjectmotion,theinternalfbrceandthe

rollingmotion.Therefbre,adesiredtr再ectoryandatargetpointin(B)and(C)canbechosen
arbitrari1y.

TbdesignalineanzlngCOmPenSatOr,WemakethefbllowlngaSSumPtlOnS:

Assumption3.4.

(i)A吉∈R6×8isfu11rowrank.
(ii)ThereexistsainternalfbrceFN∈R8suchthatFN∈N(A吉)andFN∈Int(FC),Where
Int(FC)representstheinte90rOfthefhctionconeandN(A吉)representsthekernelofA吉･
Assumption3･5･AF∈R8×12isfu1lrowrank･

Assumption3.4and3.5correspondtotheForceClosureandManipulable[6]intherobotics
literaturesrespectively･Generally,theconditionstoguaranteetheseassumptlOnSdependonthe

degreesoffreedomofthefingers,themotionconstraint,thenumberofelementsofthecontact

fbrce,thecon丘gurationofthecontactpolntS,etC･Inourcase,AssumptlOn4canbesatis丘edby

chooslngthecon丘gurationofthecontactpolntSaPPrOPriately･AssumptlOn5isalwayssatisfied

SinceDFtisnonsingularfrom(2･28)･

3.3.2 ExpressionofContactForce

LetBFo∈R6be

βダ0:=A吉Cダc. (3･28)

BForepresentstheresultant丘)rCeaPPliedto=obythecontactfbrceCFc∈R8(See(3･10))･

FromAssumption3.4,ageneralsolutionof(3.28)withrespecttoCFcisgivenby

Cダc=(A岩｢月ダ0+∬A呂(諾0,叩げⅣ, (3･29)

where(･)+denotesthepseudoinversematrixandKA岩∈R8×2satisfiesA岩KA岩=Owith
rank(KA岩)=2･In(3･29),(AS)+BForepresentsthecopponentofthecontactfbrcewhich
PrOducestheresultantforceFo,andKA岩fNrePreSentStheinternalforcewhichcausesno

efEtctontheobjectmotion,WherefN:=[fNlfN2]T∈R2isitsmagnitude･
TheexpressionsofKA岩havemanypossibilities･However,itisverylmPOrtantSincetheex-

PreSSionsofKA岩deteminethephysicalmeaningoffN･Inthisstudy,WePrOPOSethefbllowing
KA岩Whichisefftctivetoachievethecontrolobjective(A):

∬A苫‥=[た1た2]

,た2:=

恥(筆12)+丁Ⅳ
(βpc｡12)Tβelz

枇巧(筆12)+丁Ⅳ
(βpc｡12)Tβe2z

(3.30)

(3.31)
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Finger2

Fingerl

画

where

(一昭｡ダ2(βpさ｡12)+丁Ⅳ)玩

(陥ダ1(βpさ｡12)+丁Ⅳ)玩

匝]
Figure3.3Internalfbrces.

βelz

丁Ⅳ:=
-βe2z

(βpc｡12)Tβelz■(βpc｡12)Tβe2z

βpco12:=粘00pco2丁旦β00pcol

βez盲‥=粘c彗e,■e:=[001]T

Thevectoreij∈R3(i,j=1,2,i≠j)istheunitvectordirectingfromthecontactpointitothe

COntaCtPOintj(e12主-e21)･ThepositionvectorBpco12isthevectorfromthecontactpoint2

tothecontactpointlandeiz∈R3(i=1,2)istheunitvectorindirectionofzh-aXisof∑cFi

(SeeFigure3.3).Thefbllowinglemmaholds.

Lemma3･1･α那王dgr∬A岩dび乃gd如｢j･叫イまj4ノ･乃ビルJわw吻eす〟α如乃∫ゐoJd

(i):A岩∬A岩=0,

(ii):たTた2=0.
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ProoL(i)From(2.29),(3.7)and(3.34),A芸isrewrittenas

A吉=可月p言説｡ダ1雲芸:βp芸策｡巧場,(3･37)
WhereBpcoi:=RBOOpcoi･Firstly,from(3･31)and(3･37),nOtingthatBpさ012Be12=0from
Be12HBpc｡12(SeeFigure3･3),Weget

伽=可(βpさ｡1ご竃さ｡2)β｡12]=0･
Secondly,from(3.31)and(3.37),WeCaneaSilycon丘rmthattheupper3elementsofA芸k2is

zero･WithTNdefinedby(3.32),thelower3elementsofA吉k2reSultin

(∫3-βpさ｡12(月pさ｡12)+)丁Ⅳ■ (3･38)

NotethatTNandBpc｡12areOrthogonaltoeachothersinceT方Bpc｡12=0from(3･32)･Hence,

TNCanberepresentedasTN=(Bpさ｡1,)z,Z∈R3becausethecolumnvectorsofBpさ01,

areOrthogonaltoBpc｡1,･SubstitutingTN=(Bpさ｡12)zinto(3･38)andutilizingthefact
Bpさ｡12(Bpさ｡12)+Bpさ｡12=Bpさ｡12,WeCanCOnfirmthatallelementsof(3･38)arezero･There-

(ii)Notethatthepseudoinversematrix(Bpさ｡12)+isgivenby諾鮮･Since(Be12-Be21)HBpc｡1,,Weget

たTた2=(βpさ｡12(βe12一月e21))T
丁Ⅳ

llβpc｡12112
=0.

Remark3･2･ByusingtheexpressionofKA岩Of(3･30),fNlrePreSentSthemagnitudeofthe

translationalfbrcesinthedirectionsofBe12andBe21(SeetheleftfigureofFigure3.3).On

theotherhand,fN2rePreSent岳themagnitudeofthemomentsaboutTNand-TN･TNisthe
momentproducedbythemomentsaboutBelzandBe2zand-TNisthemomentofacoupleof

thetranslationalfbrces(SeetherightfigureofFigure3.3).Fromtheobservationoftheniction

COneOfthesoft-fingercontact[6],WeCandirectlyachieve(A)bycontrollingfNlaPPrOPriately･

3.3.3 ExpressionofFingerMotion

FromAssumption3.5,ageneralsolutionof(3.6)withrespecttoi:Fisgivenby

毎=A云Aoわ+∬AF(諾F,り)℃Ⅳ, (3･39)

whereA妄∈R12×8isthereflectivegeneralizedinversematrixofAFSatisfyingAFA云=Z8

andKAF∈R12×4satis丘esAFKAF=Owithrank(KAF)=4.In(3.39),A妄Aokorepresents
thecomponentofthefingermotionwhichcausestheobjectmotion,andKAFVNrePreSentSthe
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internalmotionwhichcausesnoeffbctontheobjectmotion,WherevN=[vLIVL2]T∈R4,
vNi∈R2isitsmagnitude･

TheexpressionsofA云andKAFVNhavemanypossibilities･However,WeCOnSiderthe

expressionsofA妄andKAFVNWhichareeffbctivetoachievethecontrolobjective(C)･From
Theorem3･1,themotionofthecontactcoordinateslliisrestrictedbytheconstraints(3･11)･A

generalsolutionof(3･11)withrespecttoiliisgivenby

わ宜=A去(叩盲)仇いl㌦:=[uc｡`山cyi]T∈R2,

A去:= T痛∬五月

+r抑兄¢i∬這β

∈R5×2

(3.40)

(3.41)

where

NotethatAniA去=0from(3･11)and(3･41)･Since(3･11)arethemaximalnonholonomic
COnStraintsfromTheorem3･1,71iCanberegulatedbyvL｡iin(3･40)･Therefbre,WeCOnSider

ChooslngA妄andKAFSuChthatvNi=Vuiholds･Thiscanbeachievedbythefo1lowlngS:

A云=[封,∬Aダ=､[恕㌫],

A云‥=かょ+∬旬豆ざ恥A占

か1‥=岬青βcO6×4],β2‥=[06×4β完βc]

キ旬‥=可㈲恕∧勒]月2
盈2:=02×3βぎ]T,β2‥=[∫202×1]T.

Thefbllowlnglemmaholds.

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

Lemma3･2･Co乃∫fゐrJゐeeヴ以αrわ乃(j･jタノα托ddび乃eA妄α〝d∬如あγ(j･42ノ･乃eβJわw吻

叩船舶那加舶

(i)‥AF∬Aヂ=0, (3･47)

(ii):γⅣ=[浸1砿]T･ (3･48)

ProoL(i)Combining(2.28),(3.7),(3.42)and(3.45),Weget(3.47)fromdirectcalculation.

(ii)From(3･42),Eq･(3･39)isdecomposedasよFt=A云Aoi,0+K旬VNi･Substituting
thisequationinto(3.3)andutilizing(3.43)and(3.7),Weget

Vq=(βc郎+恥∬句点ざ-∫6)恥わ+恥∬旬町･ (3･49)

NotethatDFIKAFi=豆2from虚言cFPBCFi=Z3,(3･7)and(3･45)･SubstitutingDptK旬=
E2andBcof(3･7)into(3･49),WegetVci=豆2VNt･ThismeansvNt=[LJcxiWcyi]T=Vwi
fromthede丘nitionofVci･ 口
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3.3.4 LinearlZlngCompensator

Tbachievethecontrolobjectives(A),(B)and(C),WePrOPOSealinearizingcompensatorsuch
that

where
丁±吋(面[幻+璃]+而+A錘東勒)】

面‥=[MFA妄Ao+A芸(A吉)+MoMFKAF]

否:=[MF孟(A云A｡)+CFA妄A｡+A言(AS)+co MFkAF+CFKAF]
而‥=Ⅳダ+A芸(A吉)+Ⅳ0.

(3.50)

(3.51)

Inthecontroller(3.50),uO∈R6,uU∈R4andufN∈R2arethenewinputsforxo∈R6,

v｡∈R4andfN∈R2respectively･Thefbllowingtheoremholds･

Theorem3.2.Considerthe即Stem(3.9)and(3.10)withthemotionconstTtmit(3･6)･Bythe

co乃如才Jer(j.50いゐe∫γ∫re∽f∫肋eαrfzedα∫

盆｡=祝0,め山=祝u,JⅣ=祝JⅣ･ (3･52)

ProoLWththeexpressionsofi,F,CFcandBFodescribedby(3･39),(3･29)and(3･28)re-

SPeCtively,(3.9)and(3･10)aretransfbrmedto

面[討+璃]+机A汎岩ん=勒
Substituting(3.50)into(3.53)1e云dstotheclosedloopsystem:

面に二笠]+A軌跡一里Ⅳ)=0･

(3.53)

(3.54)

premultiplying(3.54)by[A云A｡KAF]Tandnotingthat(3･51),A吉(A吉)十=Z6,A苫KA吉=
0,AFA妄=t8andAFKAF=0,Wegetthefb1lowlngequation:

[Å施五｡+義｡][£二笠]=0,
(3.55)

崩F‥=[A云∬｡ダ]T〃F[A云∬如]

五0‥=ほ鵠,蔚0･:=[農3;:汁
FromthedeBnitionsofA云an生KAF,[A云KAF]isnonsingular･Therefbre,嘉Fispos-
itivedefinitefromMF>0.Aoisfu11columnrankbecauseAoisfu11columnrankfrom
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Figure3･4 Sphericalfingerrollingonaplane･

Assumption3.4(i).Fromthesefacts,五言蔚FÅ｡ispositivedefinite.Consequently,Since
[五言嘉F五0+義0]is nonslngularfrom Mo > 0,Weget盆0-uO

=0,i,u-uw
=

0･Substitutingtheseresultsinto(3･54)andpremultiplying(3･54)byK三吉(A妄)T,Weget

K三吉KA岩(fN-ufN)=0･SinceKA苫isfu11columnrank,WegetfN-ufN=0･ □

Remark3･3･FromTheorem4･2,thetrackingcontrolofxo,VwandfNCanbeeasilyrealized

byPDcontroller,fbrexample.FromRemark3.2,thecontrolo句ectives(A)and(B)aredirectly

achievedbythetrackingcontrolofxoandfN･Thecontrolobjective(C)canbeachievedby
makingtherollingvelocityvufbllowqppropriatetr叫eCtOry.

3.4 RegulationofContactCoordinates

Inthissection,tOeStablishtheregulationofthecontactcoordinateswiththepurero11ingcontact,

WeCOnSiderasafirststepthecasewheretheshapesofeachfingerandtheobjectareasphereand

acuboidrespectively･Inthiscase,thekinematicmodel(3･40)isthespherero11ing?naPlaneof
thecuboidshowninFigure3.4.Sincetheconfigurationsofthecontactcoordinatesarethesame

fbri=1,2,thesubscriptiisdroppedinthissection.Thecoordinatesαf〒[ufVf]T∈R2and

α｡=[u｡V｡]T∈R2aredefined･bytheorthogonalcoordinate$andthesphericalcoordinates
respectively.Dueto(2.73),aSinseenSubsection2.2.4,(3.40)canbetransfbrmedto

1

0

βCOSりCOSゆ

-βCOSりSin¢
Sinり

0
1
S
i
n

COSO

β
.
β

一
一 αJ) (3.56)
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(α(･,)

β｡ Ao

Figure3･5 Theproposedclosedpathonthesphere･

Wherepistheradiusofthesphere･

For(3.56),WePrOPOSeamethodwhichregulatesthecontactcoordinates77∈R5byiterating

aslnglespecifiedclosedpathofαf･W他outlossofgenerality,thetargetpointissetto77=0･

TYleSChemeofthemethodisasfbllows:

Stepl:TbregulateαftOαf=0二

Step2:Byiteratingaslnglespecifiedclosedpathofαf,tOregulate

毎‥=[αごゆ]T∈R3

to毎=0.Inthefbllowlnglnthischapter,thevariable毎iscalledthecontroIvarial)1e･

(3.57)

Figure3.5illustratestheproposedclosedpathandtheincrementaldistancesofαoand4,by
theclosedpath(initialcondition:αf=0,4,=7T)･IntheupperofFigure3･5,theleftfigure

showstheclosedpathofαf:Af→Bf→Cf→Df→Ef(Af)whichischaraCterizedby
theparameterSOlandO2･Inthisthesis,WeCallthisshqpedclosedpaththetlqeZOidalclosed

path.Theright丘gureshowsthetrqjectoryofα｡generatedbytheclosedpathonthelefthand

side.Tbeincrementaldistanceis△α乞.InthelowerofFigure3･5,theleftfigureshowsthe
proposedclosedpathofαf･T鮎sisthepathwhichisobtainedbyrotatingtheclosedpathinthe

upperfigurethroughtheparameterPaboutxl-aXis･Therightfigureshowsthetrqjectoryofα0
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generatedbytheclosedpathonthelefthandside.Denotetheincrementaldistancesofα｡and

4,△α｡and△4,reSPeCtively.De丘netheincrementaldistanceof萄by

△再‥=[Aα吉△ゆ]T∈R3. (3.58)

Byintegrating(3.56)alongtheclosedpathwiththeinitialcondition,thecomponentsof△毎are

glVenby

△α｡(β1,β2,P)=見ゃ(p)△α乞(β1,β2),

△¢(β1,β2)=-β1Sinβ2】

見ゃ:= [COSダーSin甲

where

Aα乞‥=[芸剖=[設禁獄霊農耕
NotethattherangeofOl,02andpare

一打<β1<打,-盲<β2<盲,一打<p<打

Asfbrtheincrementaldistance再,thefbllowlnglemmaholds.

(3.59)

(3.60)

(3.61)

(3.62)

(3.63)

Lemma3･3･△α乞,△¢瑚〝edあッ(j･甜ノ,(j･彪ノゐαVe血カJわw吻クヂ叩er如∫･

(i)△α乞,△ゆα柁CO乃血〟0〟∫W油化甲eCrわβ1,β2･
(ii)乃eカJわwf乃geヴ〟fvαJe和才co托dfJわ那ゐ0は

Il△α訓=0⇔β1=00rβ2=0,
△¢=0⇔β1=00rβ2=0.

(3.64)

(3.65)

Proof.(i)From(3.60)and(3･62),itisevidentthat△α乞and△4,areCOntinuousrelativetoOl

andO2eXCePtO2=0,Since△α乞and△ゆarecomposedofsumsandproductsofsin,COSand

cot.Hence,WeinvestigatethelimitvalueatO2→00f△α乞=[Aut∠如いTbecause△叱and
■△vムinvoIvecotO2=高石･

Calculating忠△u:1eadsto

COSO2Sin(01SinO2)
蕗二元~Ⅵ0

｢▼⊥

扁｢ sin♂2

Applyingl'Hospital'stheoremtothesecondtermOftherighthandsideof(3･66),Weget

歪慧β

1im△祝ニ=-ββ1+ユiI旦β

sinO2Sin(01SinO2)+01COS202COS(01SinO2)
COSβ2

=ββ1.

(3.66)

(3.67)
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Tberefbre,Substituting(3.67)into(3.66)1eadsto

lim△祝乞=0.

FurthermOre,Calculating恕現byl'Hospital'stheoremsimilarly,Weget

lim△γニ=0･
β2→0

(3.68)

(3.69)

Therefbre,△α乞iscontinuousatO2=0.
(ii)Itisevidentfrom(3.60)that(3.65)holds.Ontheotherhand,itisevidentfrom(3.62)and

(3･68)thatthenecessityof(3.64)holds.Next,COnSiderthesufBciencyof(3.64).From(3.62),

theconditionequlValentto△vム=Ois

COtO2+02=00rl-COS(01SinO2)=0. (3.70)

However,SincecotO2+02≠0from一昔<02<昔,Avニ=OholdsifandonlyifOl=00r
O2=Oholdsfromthesecondtermof(3.70). □

FromLemma3･3,SinceRpisarotationTatrix,△再=[(Rp△α乞)T△4,]Tcannotspan
[* * 0]T,[00*]T.However,thefbllowlngtheoremguaranteeSthatthecontroIvariables再
COnVergeStOthetargetpolntbyinterationoftheclosedpaths･

Theorem3.3.Considbr再∈R3d4fnedわ(3.57)and△毎∈R3d所nedby(3.58)-(3.62).Fbr

α町毎,娩e柁αJwαツ∫αf∫Jクαm∽eね柑β1,β2α乃dpげ班gcわ∫edpd娩∫αf吋シ吻

順+△酬<順帖 (3.71)

Proo£Since△毎=[(Rp△α乞)T△4,]T,

順+A酬2一順l】2=2毎T△毎+△再T△再

=[2(喝α｡)+△α乞]T△αニ+(2ゆ+△ゆ)△ゆ,(3･72)

whereR;札=Z2isutilizedfrom(3･61)･SinceRpisarotationmatrix,therealwaysexistsp
whichsatisfies

R冨α｡=-1lα｡II

Therefbre,Substituting(3.73)into(3.72)leadsto

∀α｡,∀¢,∃β1,∃β2S.t.
△α乞+1)

Theproofisdividedintothefbllowlngthreecases･

Aα乞

11△α訓
(3.73)

lt△α訓2+(2ゆ+△ゆ)△¢<0.(3.74)
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llα｡Il≠0,ゆ≠0:Inthiscase,Eq.(3･74)holdsifthefbllowinginequalitieshold:

△α乞
+1<0,

(2ゆ+△ゆ)△ゆ<0.

Eq･(3･75)holdsifll△α訓issufBcientlysma11erthanllα｡‖･Ontheotherhand,Eq･(3･76)
holdsifl△4,lissufficientlysmallerthanl2ゆLandthesignof△4,difftr丘･Omthesignofゆ.From

Lemma3･3,thereexistOl,02≪1suchthat[l△αLllandl△4,laresufBcientlya〒Sma11asthe
describedabove･FurthermOre,from(3･62)and(3･60),Since[lAαLIlisaevenfunctlOnOf(01,02)

and△4,isaoddfunctionof(01,02),thereexistOlandO2intheaboveOl,02≪1suchthatthe
Signof△4,difftrfromthesignof4,.Therefbre(3.74)holds.

llα｡Il≠0,ゆ=0:Inthiscase,Eq.(3.74)istransfbrmedto

△¢2
nllα｡Il

】l△α訓2~llAα乞)ll△α訓2<0.

TheratiooftheplustermtOtheminusterminthebracketsof(3.77)isgivenby

llAα訓+
△ゆ2

Il△α訓 21】α｡】l

(3.77)

(3.78)

FromLemma3･3(ii),(3.60)and(3.62),thelimitvalueof(3.78)withrespecttoOl→Oisgiven
by

lI△α訓+
1im
β1→0

△ゆ2

=1im

1 △¢2 1
..~

‥1im扁21lα｡川△α訓 21lα｡Il釘議

sin2β2

(晋)2+(晋)2
(3.79)

CalculationofthefirsttermOnthedenominatorbyl'Hospital'stheoremleadsto

△u乞
.｣:1+(cotO2+02)sinO2COS(01SinO2)恕苛=恕β 2β1

Therefbre,Sincethevalueof(3.79)iszeroirrespectiveofO2,thereexistssufBcientsmal101SuCh

thatEq.(3.77)holds.

】lα｡Il=0,¢≠■0:Inthiscase,Eq.(3.74)istransfbrmedto

ll△α訓2
｣ゥ′, +△¢+2ゆ

Eq.(3.80)holdsifthefb1lowinginequalitieshold:

△¢<0.

<l2引,

¢△ゆ<0.

(3.80)
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Eq･(3･81)holdsifthelefttermissmallerthanl2引.Ontheotherhand,Eq.(3･82)holdsifthe

Signof△ゆdifftrfromthesignof4,.From(3.62)and(3.60),Calculationofll△αLFl2/△¢leads
to

lIAα;ll2
01-2(cotO2+02)sin(01SinO2)+2(cotO2+02) 21-COS(01SinO2)

△ゆ
｢

-Sinβ2

Thelimitvalueof(3･83)withrespecttoOl→Oisgivenby

ll△α訓2
_2(cotβ2+β2)2扁 △ゆ

｢

-Sinβ2
β1→0

1im

Byl'Hospital'stheorem,thelasttermOf(3.84)is

1im
β1→0

1-COS(01SinO2)

1-COS(β1Sinβ2)

=0.

(3.83)

(3.84)

Therefbre,inthecaseO2≠0,浩Il△α訓2/△ゆ=Oholds･Therefbre,fromLemma3･3,there
existOl,02≪1suchthat(3･81)holds･FurthermOre,from(3･62)and(3･60),Sincell△αtlfisa
evenfunctionof(01,02)and△4,isaoddfunctionof(01,02),thereexistOlandO2intheabove
Ol,02≪1suchthatthesignof△4,difftrfromthesignof4,,i.e.Eq.(3.82)holds.Therefore,

Eq.(3.80)holds. □

ThkingTheorem3･3intoaccount,WePrOPOSeamethodtodeterminetheparameterstoregu-

1ate毎bysoIvingthefbllowlngequation:

(01[k],02[k],P[k])=argmin 順[k]+△ii[k]ll,
勘[可,β2囲,甲[た】

Wherekisthenumberoftheiterations.

(3.85)

Remark3･4･NotethattheparametersOl[k],02[k]andp[k]canbe.obtainedonlyfromi[k]which
isthesatesatthestarttimeofkthnumberofiterations.Therefore,themethodcanbeinterpreted

asadiscrete-timeftedbackbyregardingthestarttimeoftheiterationasthesamplinginstant･

Therefbre,themethodisexpectedtohaverobustnessagalnStdisturbances･

3.5 NumericalExample

Inanumericalexample,eaChfingerisasphereofaradiusl.0×10~2[m]andmassl.0[×10~2kg].
TbeobjectisacubeoflengthO･10[m]andmass5･0[×10-2kg].Figure3･6showstheoverview
Ofthecon丘gurationofthesimulation.Theinitialstatesare

a3｡=[[000.15][m][000][rad]]T,

7h=[[0･501･0][fad][1･01･0][×10-2m]芸[rad]]T,
叩2=[[0･501･0][rad]ト1･01･0][×10-2m]言[rad]]･
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∑c尭‥･粁`γ⊥y′皇 ふ
Figure3.6 0verviewoftheconfigurationofthesimulation.

ThetargetpolntSare

xo=Xo=[[00･0500･20][m][00芸][rad]]T,
11l=[[00][rad][00][×10~2m]0[rad]

r12=[[00][rad][00][×10~2m]0[rad]

T

T

]

]

Thedesiredtr年iectoryoffNisdeterminedasthemethodshowninAppendixCfbrthecontact

Figure3･7showsthetimeresponsesofxo,αfl,αf2andfNlbythelinearizingcompensator･
nlebrokenlinesarethedesiredtrqjectoriesandthesolidlinesarethecontrolledtrqectories･

Thebothlinescoincidewitheachother.Figure3.8showsthemotionofα｡iand4,iPntheplane

Ofα｡=[u｡iV｡i]T(i=1,2)･Inthefigure,thenumbersintheparenthesisofstep2represent
thenumberoftheiterationsoftheclosedpath,andthecirclesrepresentthestartpositionsofthe

Closedpaths.Thearrowsrepresent4,i.Thecoordinatesα｡iand4,iareShiftedtothetargetpoints
respectivelyaftertwonumberofiterations.

3.`Summary

Inthischapter,Wediscussedthesimultaneouscontrolbyatwo-fingeredrobothand,eaCh丘nger

Ofwhichhadsixdegreesoffreedom.Thecontactmotionbetweeneachfingerandtheobject

WaSaSSumedtobethepurerollingcontact,andthesurfacesofeachfingerandtheobjectwere
assumedtobetheregularSurfaces.Asfbrthecontrolmethodtoutilizethenonholonomyof

rollingfbrcontrolofcontactpoints,Wefirstclarifiedthedegreeoffreedomofthewholesystem･

Second,WePrOPOSedthegeneralfbrmulationofthelinearizlngCOmPenSatOrfortheinternal

fbrce,theobjectmotionandthero11ingmotion.Duetothelinearization,thecontactmotion
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Figure3･7 Timeresponsesofthelinearizedvariables.
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Figure3･8 Themotionofα｡iand4,iOntheplaneofα｡i(i=1,2).

COnfbrmstothekinematicmodeloftworollingbodieswhoselnPutistherollingmotionofthe

linearizedvariables･Asfbrtheregulationalgorithm,fbrthekinematicmodelofasphereanda

Planewithpurerollingcontact,WePrOPOSedthemethodtoregulateallthecontactcoordinates

byiterativeclos6dpathsonthecontactpolntOfthesphere･Theclosedpathwasshqpedas

atrapezoidonthesphereparameterizedbythreevariables,WhichwascalledthetTq,eZOidbl

Closedpath･Theparameterswasdeterminedwithrespecttoeachinteration･Theconvergenceto

atbitrarytargetPOintsoftheregulationmethodwasguaranteed･
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SimultaneousControlbyTwo-fingered

RobotHandwithConstrainedDegreesof

Freedom

InChqpter3,Wediscussedthesimultaneouscontrolbyatwo-fingeredrobothand,eaChofwhich

hassixdegreesoffreedom.Inthismethod,thedecouplingoftheobjectmotionandtherolling

motioncanbeachievedbythelinearization.However,ifthedegreesoffreedom(DOF)ofeach

fingerislessthansix,theobjectmotionandthero11ingmotionsurelyinterftrewitheachother･
Therefbre,thecontroIproblembecomemoredifBcultthanthatofChqpter3･FurthermOre,it

needbeguaranteedthatarbitraryrollingmotioncanbegeneratedbyuslng血gerandobject
motion.

Inthischapter,fbrthesimultaneouscontrol,WePrOPOSeaCOntrOlmethodwhichcanutilize

thenonholonomyofro11ingfbrcontrolofcontactpointsbyatwo-fingeredrobothandwithcon-

strainedDOF[51,52,53,54]･Thecontactmotionbetweeneachfing6randtheobjectisassumed
tobethepurerollingcontact,andthesurfacesofeachfingerandtheobjectareaSSumedtobethe

regularSurfaces.InSection4.1,themodelingofthefingersandtheoqectissummarizedbriefly･
InSection4.2,･WeClarifytheconditionsuchthatthepositionoftheDOFofthewholesystem
ismaximum･Thisrepresentsthatarbitraryrollingmotioncanbegeneratedbyuslng血gerand

objectmotion.ThisischaracterizedbythenumberandthedirectionoftheDOFofthefingers･
InSection4･3,WePrOPOSeageneralfbrmulationofalinearizlngCOmPenSatOrfbrtheinternal

fbrce,themotionofacertaincoordinatesofthefingersandtheobject,andthero11ingtnotion･

FortheconstruCtionofthelinear1ZlngCOmPenSatOr,thefingerandobjectmotionaredecomposed
intoacomponentwhichcausestherollingmotionandacomponentwhichdoesn.otcausethe

rollingmotion･Thesecondcomponentcorrespondtoacertaincoordinatesofthefingers?ndthe

object.Insection4.4,a･numericalexampleshowstheefftctivenessofthemethod･

4.1Modeling

Inthispaper,WeCOnSidertwofingertlPSgraSPlnganObjectshowninFigure4･1･ThepalrOftwo
fingertlPSisa.simplifiedmodelofatwo-fingeredrobothand,eaChfingerofwhichhasmiDOF

(0≦mi≦6).Thecontactpointbetweeneachfingerandtheobjtctissingle･Inthefbllowing,
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一一一~- --･､

∑β

Figure4･1AnobjectgraspedbytworfingertlPSWithconstrainedDOE

thenumberofthefingersandthecontactpolntSisdescribedbyi=1,2･Fornotationalsimplicity,

argumentSOfvectorsandmatricesaredescribedexplicitlyonlywhentheyqppear丘rsttime,and

Willbeomittedinthefo1lowlngdiscussion･Inthischqpter,WemakethefbllowlngaSSumPtions･

Assumption4･1･Thesurfacesofeachfingerandtheo切ectaretheregularsurfaces[6].There-

fbr?,COntaCtPOintsonthesurfacesof.eachfingerandtheobjectcanbedescribedbyc(α)∈R3,

wherec(･):R2ト+R3isalocalorthogonalchartandα∈R2isalocalcoordinates.

Assumption4･2･The蝕ctionalfbrcesatthecontactpointsfbllowtheCbulomb,slaw･Thecon-

tactfbrteappliedtotheobjectbyeachfingeriscomposedoftranslationalR)rCeSanda血oment
aboutthecontactnormal.

Assumption4･3･Theconstraintateachcontactpolntisdescribedbythepurerollingcontact.

ThefbrQeSgeneratedbytheconstraintdonotworkonthesystem(d鵠Iembert'sprincな)le).

Thedetailsofthesystemconfigqration,thekinematicsandthedynamicsofthefingersand

theobjectaredescribedinChapter2.Hence,theyareSummarizedbrieflyinthissection.Co-

Ordinateframesandconfigurationofthesystemaresummariz6dinthefb1lowlng,aSShownin
Figure4.1andFigure4.2.
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Figure4.2 Contactcoordinatesofithcontactpoint.

(Definitionofcoordinate蝕･ameS)

∑B Reftrenceframe.

∑FI Coordinateframefixedtotheithfinger･

∑o Coordinatesframe丘xedtotheobject.

∑cFi Contactframeattachedonthesurfaceoftheithfingerwiththeorlgln

attheithcontactpoint.

∑c｡i Contactframeattachedonthesurfaceoftheobjectwiththeongln

attheithcontactpolnt.

∑cLFt Localframefixedrelativeto∑FIWhichcoincidesattimeiwith∑c町

∑cLoiLocalframe丘xedrelativeto∑owhichcoincidesattimetwith∑coi･

(Ⅶriablesofthesystem)

(Con丘gurationofFingers)

β勒(β彗)∈R3

月珊(β彗)∈R3×3

β彗∈Rm`

∂F‥=[鴫鴫]T∈Rm

(Con丘gurationofO切ect)

βpo∈R3

月RO∈R3×3

Positionvectorof∑F;Withrespectto∑B･

Rotationmatrixof∑FIWithrespectto∑B･

Generalizedcoordinatesoftheithfinger(0≦mi≦6).

Generalizedcoordinatesofthefingers(m:=ml+m2)･

Positionvectorof∑owithrespectto∑B.

Rotationmatrixof∑owithrespectto∑B.
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β¢｡∈R3

諾0:=[βp｡β¢｡】T∈R6

(Configurationofcontacts)

彗pcれ∈R3

和明∈R3×3

0pco`∈R3

月ocoi∈R3×3

cム(･):R2ト}R3

c｡`(･):R2トうR3

αム:=[り∴牒]T∈R2

α｡`‥=[‰∴鞍]T∈R2
い～∈Rl

仇:=[α貫α芸¢盲]T∈R5
り:=[りr叩ぎ]T∈RlO

(Fbrces)

Cダc`∈R4

Cダc:=[C鴨C才芸2]T∈R8
丁五∈Rmi

T:=[TT Tぎ]T∈Rm

LocalparametrizationofRRO.

Positionandorientationoftheobject.

Positionvectorof∑cFiWithrespectto∑Ft･

Rotationmatrixof∑cFiWithrespectto∑pt･

Positionvectorof∑coiWithrespectto∑0･

Rotationmatrixof∑coiWithrespectto∑0･

Localorthogonalchartofthesurfaceoftheithfinger.

Localorthogonalchartofthesurfaceoftheobject.

Localcoordinatesonthesurfaceoftheith丘nger.

Localcoordinatesonthesurfaceoftheobject.

Anglebetweenthex-aXeSOf∑cFtand∑coi･

Contactcoordinatesfbrtheithcontactpoint･

Contactcoordinatesforthecontactpoints.

Contactbrceattheicontactpolnt.

Contactfbrceatthecontactpoints･

Inputfortheithfinger.

Inputfbrthesystem.

Contactkinematicsofthesystemaresummarizedinthefbllowlng･

LetVci:=[vcxiVcyiVczi.uCxiLJcyiWczi]T∈R6bethevelocityof∑L彗relative
to∑LoiSeenfrom∑LFi･ThemotlOnOfthecontactcoordinates77iaSafunctionoftherelative

motionVcilSglVenby

わ豆=甘夏(叩盲)Vc`
0=γcg;･

TheprecisedefinitionofHi∈R5×6isgivenby(2.23).Inaddition,Vciisgivenby

Vc`=βJ彗(軋り豆)毎-中旬(£0,り戌)わ,

刀句:=か巧J彗(β蔦),β乃i‥=β0`rO(£0)･

(4.3)

(4.4)

Tbeprecisede丘nitionsofDFl∈R6×6andDoi.∈R6×6aregivenby(2･28)and(2･29)･

Jpt(0月)∈R6×miisthetransformationmatrixfromO彗tO[B端BwA]T･definedby

[言封=J彗β和 (4.5)
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andT｡∈R6×6isthetransfbrmati｡nmatrixfrom[Bゎ吉Bb吉]Tto[Bi,吉Bw苫]T･Inthis
chapter,itisassumedthatJ彗andToarefu11columnrankandnonslngularreSPeCtively･Note

thatJFlisdeteminedbythelinkmechanicsoftheithfinger･Corhbining(4･3)and(4･1)1eads

ね豆=且(玖扉転一旦町わ)･ (4･6)

Eq.(4.6)relatesthevelocitiesofthecontactcoordinatesわitOthoseofthegeneralizedcoordi-

nates(bp"k｡).

Themotionconstraintandthedynamicsofthefingers/objectaresurrmarizedinthefbllow-
ing.

MotionConstraint

Aダ(鮎川)βダーAo(£0,叩)わ=0, (4.7)

Aァ:=[惣紘],Ao‥=[取,βc‥=[よ;30㌻ト=[…ト
ConstraintonContactForce

Cダc∈ダC,

whereFCdescribesthesetofthecontactfbrcewhichliesinthe丘ictioncone[6].

EquationsofMotion

(4.9)

〟ダ(恥)∂F+Cダ(βダ,∂ダ)転+Ⅳダ(毎)=一A芸(鯨叩)Cダc+丁
(4･10)

〟｡(諾｡)義｡+C｡(訂｡,わ)わ+Ⅳ0(諾0)=A吉(諾0,叩)Cダc,
(4･11)

whereMF>0∈RmXm,Mo>0∈R6×6arethegeneralizedinertiamatrices,CF∈RmXm,

Co∈R6×6aretheCoriolismatricts,andNF∈Rm,No∈R6arethegravitytermS･

4.2 AnalysisofDegreesofFreedomofSystem

4.2.1Conditiontogeneraterollingmotion

Inthissubsection,WeClarifytheDOFofthevelocityandthepositionofthesystem･
Firstly,Sincethemotionconstraint(4･7)consistsof8constraintequationsofthevelocity,the

DOFofthevelocityofthesystemis(m-2)･
Secondly,COnSidertheDOFoftheposition･FromTheorem3･1,themotionconstraint(4･7)

isequivalenttothefbllowlngCOnditions:

A甲南加点=0 (宜=1,2)

b封β巧d祇-か0£わ)=0(豆=1,2),
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where

Aりt:= [
-〟タカ

R¢i〃抑

一丁タカ〃ダム ーr押入オ抑

0

0

1

5×が∈

むc:=[001000]T.

Ageneralsolutionoftheconstraints(4･12)withrespecttoわiisgivenby

わ豆=A去(仇)叫け,り叫:=[uc｡iUc机]T∈R2,

where

A去‥=
rタカ∬右β

+r跡見¢`∬云チβ

∈R5×2

(4.14)

(4.15)

(4.16)

(4.17)

NotethatA鞘A去=0from(4･12)and(4･17)･Since(4･12)arethemaximalnonholonomic
COnStraintsfromTheorem3･1,77iCanberegulatedbyvwiin(4.16).Therefbre,theDOFofthe

POSitiondependsonwhethertherollingvelocitywc:=[w吉1くJ
T
C2 ]T∈R4canbegenerated

fromthe(m-2)DOFofthevelocityornot.Thefbllowingtheoremholds.

Tb印rem4･1･乃e柁Jα如乃あe加ee乃(βF,盆0)α〝ducf∫gfve乃毎

A(βダ,諾0,り) =Auc(Jc)

A(鯨諾0,り):=[互ダー互0]∈R12×(m+6),

競],互0‥=[訟],

蒜苫]∈R12×4,

wゐeJ℃

(4.18)

(4.19)

(4.20)

(4.21)

否c‥=[夙プ五庵]∈R6×6,∬郎:=[02×3∫202×1]T (4･22)

凡r〟ばmO柁,Ucf∫ge乃e和redノわ∽βダ,よ0好Aげ(4.Jタノ王∫ルJJmw托‡打た.

ProoLFtomthede血ition(Jci:=[ucxiLJcyi]T,

Uq=∬芸苫Vci･ (4.23)
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Therefbre,Substituting(4.3)into(4.23),WciisexpressedbyOptandd:oaS

uci=∬芸吉かJ｡β巧-∬芸苫恥`諾0･
(4.24)

Combining(4.24)and(4.7),Weget(4･18)･Fortheproofofthelatterpart,nOticethat(4･18)can

beinterp,etedasthesimultaneouslinearequationswithrespectto[b芸よS]T･Since膏吉KB吉=
[02×｡Z2】Tfrom(4･22)and(4･23),瓦｡Of(4･21)isfu11columnrank･Therefbre,(4･18)canbe

s｡1vedwithrespectto[b芸i,S]Tfbrtheafbitraryw｡iffA∈R12×(m+6)of(4･18)isfu11row
rank･Thisfactprovestheclaim･

□

FromTheorem4.1,Wc∈R4canbegeneratedfromthe(m-2)DOFofthevelocityiffthe

numberoftheDOFofthefingersmisgreaterthanorequalto6andAisfu11rowrank･Inthat

case,thecontactcoordinates77∈RlOcanberegulatedbywcfrom(4･16)･Combiningtherest

oftheDOFofthevelocityexceptwc,theDOFofthepositionislO+(m-6)=(m+4)･

Remark4.l.SinceAof(4.19)dependsonJFldeterminedbythelinkmechanicsofthefingers,

DFlOf(2.28)andDoiOf(2･29)deteminedbycontactlocation,itisdifBculttodescribethe

generalconditionofwhetherAisfu11rowrankornot･However,SincethestruCtureOfAis

A=ほ釧訟1箪尭],(4･25)
theuppersixrowofAandthelowersixrowofAarefu1lrowrankrespectively･Fromthisfact,

itisexpectedthatAisfu11rowrankinmanypracticalsituations･

4.2.2 Examplesoffingerlinkmechanics

Here,WeCOnSidersomespecificfingerlinkmechanicssuchthatスisfu11rowrank･From(4･3)

and(4.25),nOtethatitisequivalenttotheindependencyofa11componentsoftherelativemotion

V云∈R6(宜=1,2).

Firstly,COnSiderthefingerlinkmechanicsasshownin(a)ofFigure4･3･Eachfingerisa

spher9andtheoqectisthecube･ThenuniberoftheDOFofeachfingerisfburandthedirections
ofitsDOFaretherotationswithrespecttox-,y-andz-aXeSandtranslationaldirectionofz-aXis

of=B･ThestruCtureOfJFl∈R6×4isdeteminedasfbllows:

J蔦(β巧)=

JFIJ:=

COSβ彗3COSβ蔦2

Sinβ彗3COSβ蔦2

-Sinβ彗2

0

0

1

3晦
侮

.
m
甜
O

S

O

一
C

(4.26)

(4.27)

wbere

ConsidernonslngularandnonslngularCOnfigurationsasshowninofFigure4･4･Forsimplicity,

theorientationoftheobjectissettoB4>｡=[Bbox
O O]T･InFigure4･4,CaSe(a-1)isthe
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(a)Fingerlinkhavingnodependeddirections.(b)Fingerlinkhavingdependeddirections.

Figure4･3 Linkmechanicsofthe丘ngers･

SituationsuchthatB4･ox≠Oandcase(a-2)isthesituationsuchthatB¢｡x=0.nlefingershave
nodegreesofthefreedomwithrespecttothedirectionsofx-andy-aXeSOf∑B･However,incase

(a-1),Sincethetranslationalvelocityofthez-aXisof∑Bandthetangentialvelocitygenerated

bytheLrotationaboutthey-aXisareind4pendentofeachother,eaChfingercangeneratethe

translationswithrespecttoarbitrarydirectionsin(y,Z)planeof∑B.Therefore,鮎rexample,
thefingerscangeneratethecontactfbrcewiththedirectionoftheinternalfbrce,i･e･aPalrOf

PuShingforceseachother.

Ontheotherhand,incase(a-2),Sincethetranslationalvelocityofthez-aXisof∑Bandthe

tangentialvelocitygeneratedbytherotationaboutthey-aXisaredqpendentoneachother,eaCh

fingercannotgeneratethetranslationswithrespecttoatbitrarydirectionsin(y,Z)planeof∑B,
i･e･,thefingerscannotcontroltheinternalforce.Tbsumup,thelinkmechanicsof(4.26)isa

typesuchthattherankof元isnotfu11rowrankatasingularpoint,e.g.,BQ｡x=0.
Tbavoidthisslngularpolnt,fbrinstance,WeCOnSiderthefingerlinkmechanicsasshownin

(b)ofFigure4･3･ThenumberoftheDOFofeachfingerisfburandthedirectionsofitsDOF

aretherotationswithrespecttox-,y-andz-aXeSandtranslationaldirectionofz-aXisof∑B,

Wherethetranslationaldirectionsofx-andy-aXeSdq,endontherotationsofy-andx-aXeS

respectively･ThestruCtureOfJFl∈R6×4isdeterminedasfbllows:

J彗(∂巧)= (4.28)

WhereJ恥isthesameof(4.27).Sincethismechanicshavethetranslationwiththedirectionof
theこr-aXIS,1tisevidentthateachfingercannotgeneratethetranslationswithrespecttoafbitrary

directionsin(y,Z)planeof∑Binthesituationsuchascase(a-2).
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Impossibledirectionsof

atthecontactpoints

む Lと____…____二｣Z㌫
γ ズ

言髪………-=J(a-1):NonsingularCOnfiguration･

γ ツ▼ ズ ズ乞β
ズ ▼ッ

(a-2):SingularCOnfiguration･

Figure4.4 NonsingularandsingularCOnfigurationsofcase(a)･

4.3 ControIDesign

Inthissection二weconsideracontroldesigntoachievethecontrolofthe(m+4)DOFofthe
POSitionofthesystem･

4.3.1ControlO叫ectives

Considerthefo1lowlng90ntrOlobjectives:

(A)TbmakethecontactfbrceCFclieinthesetoffrictionconeFC･

(B)Tbmak占therollingvelocitywc∈R4fbllowadesiredtrqjectory･

(C)Tbmakethefingersandob3ectmotionvN∈R(mT6)fbllowadesiredtrqjectory,WherevN

causesnoefftctonthero11ingvelocitywc･

Controlobjective(A)representsthatthefingersdonotslip,and(B)and(C)representthecontrol

ofthe(m-2)DOFofthevelocityofthesystem･Tbachievethesecontrolobjectives,Wedesign
alineanzlngCOmPenSatOrfbrtherollingvelocity,theBngerandobjectmotionandtheinternal
fbrce.Therefbre,adesiredtrqjectoryandatargetpointin(B)and(C)canbechosenarbitrarily･

Sincecontactcoordinates77∈RlOcanberegulatedbymakingwcfb1lowappropriatetrqjectory

asmentionedpreviously,allofthe(m+4)DOFofthepositionofthesystemiscontrolled･These
(m+4)controIvariables(77,VN)canbeassociatedwiththeothersofthe(m+16)variables

(OF,苧0,り)sincewehave12equationsfrom(2･18)and(2･19)(Notethat(2･19)givesonly3
equatlOnSbecauseitrelatesthe2rotationmatrices)･Therefbre,thecontroloftheothervariables
canberealized.

Tbrealizethecontrolobjectives,Wemakethe丘〉1lowlngaSSumPtlOnS:
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Assumption4.4.

(i)A吉∈R6×8isfu11rowrank.
(ii)ThereexistsaninternalfbrceFN∈R8suchthatFN∈N(A吉)andFN∈Int(FC)･
Assumption4.5.

(i)A芸∈RmX8ismaximalfu11rank･
(ii)N(A吉)⊂7t((A芸)+).
AssumPtion4.6.Aisfu11rowrank･

Int(FC)representstheinteriorofthefrictioncone,N(･)repreヲentSthek占rnel,7t(･)represents
therangeofvalueand(･)+representsthepseudoinversemチtnX･Assumption4･4corresponds
totheForceClosure[6]intheroboticsliteratures.AssumptlOn4.5guaranteeSthattheinternal
fbrcecanbegeneratedbytheinputstothefingersT･AssumptlOn4･6guaranteeSthatくJCan

begeneratedbythe(m-2)DOFofthevelocity･Genera11y,theconditionstoguaranteethese
assumptlOnSdependonthelinkmechanicsofthefingers,themotionconstraint,thenumberof

elementsofthecontactfbrce,thecontactlocation,etC.Inourcase,AssumptlOn4canbesatisfied

bychooslngthecontactlocationappropnately･AssumptlOn5and6canbesatisfiedbychooslng

thelinkmechanicsofthefingersandthecontactlocationappropriately･

4.3.2 ExpressionofContactForce

Inthissubsection,WeglVeaneXPlicitrelationshipbetweenthecontactfbrceandtheinternal

fbrce,Whichisefftctivetoachievethecontrolobjective(A).Thegivenexpressionissameex-

pressionasthatshowninChapter3･However,Forthereadabilityofthischapter,theexpression

issummarizedbriefly.

LetBFo∈R6be

βダ｡:=A吉Cダc. (4･29)

BForepresentstheresultantfbrceappliedto=obythecontactfbrceCFc∈R8(See(4･11))･

FromAssumption4.4,ageneralsolutionof(4.29)withrespecttoCFcisgivenby

Cダc=(A吉｢βダ0+∬A岩(㌶0,叩)ん, (4･30)

where(･)+denotesthepseudoinversematrixandKA岩∈R8×2satisfiesA吉KA吉=Owith
rank(KA芸)=2･In(4･30),(A吉)+BForepresentsthecomponentofthecontactforcewhich
PrOducestheresultantfbrceFo,andKA岩fNrePreSentStheinternalfbrcewhichcausesno

efftctontheobjectmotion,WherefN:=[fNlfN2]T∈R2isitsmagnitude･
FromLemma3･1inChqpter3,theexpressionoftheinternalfbrceisglVenby

∬A岩‥=[た1た2]

た1:=

R芸cダ1βe12

月芸cァ2βe21
0

,た2:=

R芸cダ1(βpさ｡12)+丁Ⅳ
1

(βpc｡12)Tβelz

私2(筆12)+丁Ⅳ
(βpc｡12)Tβe2z

(4.31)

(4.32)
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where

丁Ⅳ:=

βelz
-βe2z

(βpc｡12)Tβelz■(βpc｡12)Tβe2z

βpco12‥=粘00pco2一粘00pcol

βez盲‥=粘c彗e,e‥=[001]T

Thevectoreij∈R3(i,j=1,2,i≠j)istheunitvectordirectingfromthecontactpointitothe

contactpointj(e12=-e21)･ThepositionvectorBpco12isthevectorfromthecontactpoint2

tothecontactpointlande由∈R3(i=1,2)istheunitvectorindirectionofzfi-aXisof∑cFt

(SeeFigure3.3).Thisexpressionsatisfiesthefbllowingequations:

A吉∬A苫=0, (4･･36)

た丁た2=0. (4･37)

ByusingtheexpressionofKA岩Of(4･31),fNlrePreSentSthemagnitudeofthetranslational

fbrcesinthedirectionsofBe12andBe21(SeetheleftfigureofFigure3･3)･Ontheotherhand,

fN2rePreSentSthemagnitudeofthemomentsaboutTNand-TN･TNisthemomentpf6duced
bythemomentsaboutBelzandBe2zand-TNisthemomentofacoupleofthetranslational

fbrces(SeetherightfigureofFigure3.3).Fromtheobservationofthefrictionconeofthe

soft-fingercontact[6],WeCandirectlyachieve(A)bycontrollingfNlaPPrOPriately･

4.3.3 ExpressionofFingerandO叫ectMotion

Fr｡mAss｡rq,ti｡n4.6,agene,alsolutionof(4.18)withrespectto[b芸端]Tisgivenby

ほ]=A~瓦ノ｡Uc+∬A(βダ,ご0,叩)叫狛
(4.38)

whereA~∈R(m+6)×12isthereflectivegeneralizedinversematrixofAsatisfying･4A~=L12

andKA∈R(m+6)×(m-6)satisfiesAKA=Owithrank(KA)=m+6･In(4･38),A~瓦｡Wc
representsthecomponentofthefingerandobjectmotionwhichcausestherollingvelocity,and
KAVNrePreSentSthefingerandobjectmotionwhichcausesnoeffbctontherollingvelocity,

WherevNisitsmagnitude.

TheexpressionsofA-andKAVNhavemanypossibilities･However,WeCOnSid占rtheex-

pressionsofA,andKAVNWhichareefftctivetoachievethecontrolobjective(B)and(C)as
fbllows:

A~:=A+-∬Ar五A+

∬A:=オ1
012×(m-6)

∫(m-6)

元‥=[却,rA:=耽丁措
(4.41)

where
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ToF∈RmX(m-6)andTx｡∈R6×(m-6)areafbitrarymatricestomake元of(4.41)nonsingular.

TheseA~andK^Satisfythefb1lowinglemma.

Lemma4･1･Co乃∫よderA~α乃dgAdび乃edあγ(4.jタノイ4.4ル∫仰0∫e娩drrAよ∫Cゐ0∫e乃わ

∽αたビスげ｢4.叫〝0乃血g〟Jαr乃eカJJow吻e曾〟αrわ那ゐoJd

(i):AgA=0

(ii):町=r左∂ダ+r£わ

(4.42)

(4.43)

Proofl(i)NotingthatA=[z12012×(m-6)]元from(4･41),Weget

勅=[∫12012×(m-6)巾㌫6)]=0･
(ii)Premultiplying(4･38)byAandnoting(4.39)-(4.41)andAA+=t12,theresultis

Obtainedas:

閲[望;]=加瓦抑+僅㌔6)ト

=〈[量]〟-[0冒ごニ6)]捌･〉瓦cuc+[0冒ご完6)]りⅣ

=[｡(ニ岩×12]瓦cuc+僅㌔6)ト･
(4･44)

ItisevidentfromthestruCtureOf(4.44)thattheupper12columnof(4.44)is(4.18)andthelower

Of(m-6)of(4.44)is(4.43). □

Remark4･2･NoticethatToFandTToCanbechosenafbitrarilyundertheconditionsuchthat

Ainnonslngular･IfwechoosebychooslngToFandTxoasconstantmatrices,fbrexample,it

在榊=f〈桝(申r£瑚〉d廟(り一舶),(4･45)

£Ⅳ:=r左βF+r£諾0∈R(m~6) (4･46)

andtoistheinitialtime･Dueto(4･45),XNincalculatedfromthegeneralizedcoordinatesOFand

XobymultiplicationwithconstantmatricesT左andT£･Therefbre,COntrOlofthegeneralized
COOrdinatesandthecontactcoordinatescanbeachievedindirectlybythecontrolofxN･
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4.3.4 LinearlZlngCompensator

Inthissubsection,WePrOPOSealinearizingcompensatorforくJc∈R4,VN∈Rm~6andfN∈

R2.Acontrollerfbrthelinearizedsystemwhichachievesthecontrolobjectives(A),(B)and(C)

Canbeeasilydesignedfromthelinearcontroltheory･Thelinear1ZlngCOmPenSatOrisglVenby

丁=報幻+咄]+而+A錘東勒,
一■{､

〃:=〟g

C:=〃g+Cg

好:=[〃F A芸(A吉)+〟0]

否‥=[cダ A芸(A吉｢Co]

而:=Ⅳダ+A芸(A岩｢Ⅳ0

β=[討:=[A一九c瑚

where

(4.47)

(4.48)

(4.49)

(4.50)

(SF∈RmX(m-2),So∈R6×(m-2))･uWc∈R4,uVN∈R(m-6)andufN∈R2arethenew

inputsforくJc,VNandfNreSPeCtively･Thefbllowingtheoremholds･

Theorem4.2.Considerthesystem(4.10)and(4.11)withthemotionconstluint(4･7)･Bythe

C()托加JJgrr4.4刀,血叩∫Jg∽王∫肋eαr王zedα∫

山c=祝u｡,もⅣ=祝珊,′Ⅳ=里Ⅳ･ (4･51)

ProoL WiththeexpressionsofCFcandBFodescribedby(4･30)and(4･29)respectively,(4･10)

and(4.11)aretranSfbrmedto

面[空か石濃]+而+A汎岩ん=丁･
(4･52)

F｡,therm｡re,WithSdefinedin(4.50),theexpressionof[b芸d,S]describedby(4.38)isex-
PreSSedas

ほ]=璃]･ (4･53)

NotethatSisfu11columnranksinceA.andKAarefu1lcolumnrankfromAssumption4･6

andAu｡isfu11columnrank･Wth(4･53),(4･52)istransfbrmedto

最[瑠+咄]+而+A錘東鞠=丁･
(4.54)
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Substituting(4･47)into(4･54)1eadstothefb1lowingclosedloopsystem:

赤[霊二:幻･A吉相ん一叫玩)=0･(4･55)

Notingthat(4･53)isthesolutionofandthemotionconstraint(4.7)since(4.53)isthesolutionof

(4･18)where(4･7)iscontained,Wegetthefbllowingequationbysubstituting(4.53)into(4.7):

Aダgダ=Aogo. (4.56)

Premultiplying(4･55)byS芸andnotingthat(4.48),(4.49),S芸A芸=S岩A吉from(4.56),
A芸(AS)+=Z6andA岩KA岩=0,Wegetthefbllowingequation:

[針軸慧訟][拙霊二:ニ]=0･
(4.57)

SincethecoefBcientmatrixoftheaboveequationisnonslngularfromMF>OandMo>0,

Weget山c-uL｡｡=Oandi,N-uvN=0･Next,Substitutingtheseresultsinto(4.55),Weget

A芸KA5(fN-ufN)=0･Notethatthefbllowingequationholds[55]:

dim(7a(A芸KA岩))+dim(N(A芸)∩7a(KA吉))=dim(7a(KA岩)),(4･58)

Wheredim(･)describethedimensionanddim(7t(･))=rank(･).SinceN(A吉)⊂7a((A芸)+)
fromAssumption4･5(ii)andRm=7a((A芸)+)㊦N(A芸),N(A芸)nN(A岩)=¢holds(¢
istheemptyset)･Therefbre,Sincedim(N(A芸)∩7a(KA岩))=0from7a(KA岩)=N(A岩),
dim(7a(A芸KA岩))=dim(7t(KA岩))=2from(4･58)･SinceA芸KA岩∈RmX2isfu1lcolumn
rank,WegetfN-ufN=0･ □

4･4 NumericalExample

Inanumericalexample,eaCh血gerisasemisphereofaradius2.0×10-2[m]whosemass

l･0[×10.2kg]･TheobjectisacubeoflengthO.10[m]andmass5.0[×10-2kg].Theoverview
OftheconfigurationofthesimulationisshowninthelefthandsideofFigure4･5･Thenumber

OftheDOFofeachfingerisfourandthedirectionsofitsDOFaretherotationswithrespect

tox-,y-andz-aXeSandtranslationaldirectionofz-aXisof∑BShownintherighthandsideof

Figure4･5･ThestruCtureOfJFl∈R6×4isgivenby(4･26)･ToFandT訂｡Of(4･41)arechosen

aS:

r毎=08×2)r〇0=

T

]
O

1

0

0

0

0

1

0

0

0

0

0ト (4.59)

Then,thestatesofthefingersandtheobjectwhichcausesnoefftctontherollingcontactis

君Ⅳ=[poz如z]T, (4.60)
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z
y

事軒ム∑子z…'藷cF2鴨井ノ∬ y､

Figure4･5 0verviewoftheconfigurationofthesimulation･

wherex｡=b｡xP｡yP｡zQ｡xb｡y40z]T･Theinitialstatesare

xN=[0.10[m]0[rad]]T,

771=[[言一芸][rad][00][×10~2m]0[rad]]T,

772=[[昔芸][rad][00][×10-2m]0[rad]]T･

Thetargetpointsare

xN=[0･15[m]言[rad]]T,
仇=[[00][rad][1.02･0][×10-2m]言【rad]]T,

叩2=[[00][rad][2･0-1･0][×10-2m]一芸[rad]]T･
Thedesiredtr毎ectoryoffNisdeteminedasthemethodshowninAppendixCfbrthecontact
fbrcetolieinthefrictioncorn･Theregulationof77Canbeachievedbytheiterationoftheclosed

pathofαflandαf2,Wherethero11ingvelocityくJcistransposedtoαflanddf2aSShownin

Chapter3･TheparameterSOftheclosedpatharedeterminedbythemethoddescribedinChqpter

6,Whichconsidersthecasewheretherollingmotionisconstrained･Inthisnumericalexample,

therollingmotionisrestrictedtothearea'onthesemisphere･

Figure4･6showsthetimeresponsesofαfl,αf2･VNandfNbythelinearizingco讐nSatOr･
Thebrokenlinesarethedesiredtrqjectoriesandthe~solidlinesarethecontrolledtrqjectones･The
bothlinescoincidewitheachother･Thetrqectoriesofαflandαfiaretheclosedpathsinthe

timeinterva12-4[s]and4-6[s].Thetrqjectoriesofαflandαf21ieintheintervalbetweeneach
twoheavylines,Whichrepresenttheboundariesofαflandαf2duetothe血gersofsemispheres･

Figure4.7showsthemotionofα｡iand4,iOntheplaneofα｡=[u｡iV｡i]T(i=1,2)･The

arrowsrepresentれThecoordinatesα｡iand4,iareShiftedtothetargetpointsrespectivelyafter
twonumberofiterations.
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Figure4･6 Thckingofthelinearizedvariables.
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Figure4･7 Themotionofα｡iand軌ontheplaneofα｡i(i=1,2).

4.5 Summary

Inthischapter,fbrthesimultaneouscontroIweproposedthecontrolmethodwhichcouldutilize

thenonholonomyofrollingforcontrolofcontactpointsbyatwo一血geredrobothandwith

theconstrainedDOFFirst,WeClari丘edtheconditionsuchthatatbitraryrOllingmotioncan

begeneratedrfromfingerandobjectmotion.ThisrepresentsthatthepositionoftheDOFof
thewholesystemismaximumnumberlSecond,WePrOPOSethegeneralformulationofthe

lineanzlngCOmpenSatOrfbrtheinternalforce,themotionofthecertaincoordinatesofthe血gers

andtheobject,andtherollingmotion･FortheconstruCtionofthelineanzlngCOmpenSatOr,the
血gerandobjectmotionweredecomposedintoacomponentwhichcausedtherollingmotion

andacomponentwhichdidnotcausetherollingmotion･
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ControlofaSphereRollingopaPlaneby

FiniteIterativeClosedPaths

InChqpter3,fbrthenonholonomicsystemcomposedofasphereandaplanewithpurerolling

COntaCt,WePrOPOSedthetrapezoidalclosedpathonthespherecharacterizedbythreeparameters

inordertoregulatea11thecontactcoordinatesbytheiterativeclosedpaths･FurthermOre,We

PrOVedthattherealwaysexistedtheparameterStOreducetheeuclideannormOfthedistanceto

thetargetpoint･However,itguaranteesonlytheconvergetoarbitrarytargetPOintsbyinfinite

iteration.

Inthischqpter,fbrthekinematicmodelofasphereandaplanewithpurerollingcontact,We

PrOPOSearegulationalgorithmfbrthecontactcoordinatestoconvergetoatargetpointbyfinite

iterativetrapezoidalclosedpathsofthecontactpointonthesphere･[56,57]･InSection5･1,the

COntrOIproblemissuⅡlmarizedbriefly･InSection5･2,Wefirstlyshowthat,fromtheviewpoint

Ofthenormminimization,OneOftheparameterSCanbedeteminedindependentoftheother

twoparameters.Duetothisdetemination,thecontroIproblemcanbediscussedonthetwo-

dimensionalspace(plane)whi?hcharaCterizesthecontactcoordinates･Ⅵねsecondlyprovethat

thereachbleareaoftheclosedpathhastwofinitelinescrosslngattheorlglnWhichrepresents

thecontactcoordinatesateachiteration.InSection5.3,WePrOPOSeamethodfbrthecontact

coordinatestoconvergetoatargetPOintbythe丘niteiterativeshiftsalongthelinesasmentioned

earlier･Ateachiteration,SincetheproposedmethodrequlreSSOIvingonlyonevariableequation,

thesolutionscanbee.asilyobtainedbythebisectionmethod･InSection5･4,anumericalexample

isshowntoprovetheefftctivenessoftheproposedmethod･

5.1 ControIProblem

Inthissection,SyStemCOnfigurationandtheclosedpathshowninChqpter3arementionedfbr

thereadabilityofthischapter.

Figure5.1showsasphericalfingerrollingonaplaneofaobject･∑Fisthecoordinateframe
fixedatthecenterofthesphereand∑oisthecoordinateframeatanappropriatepointonthe

plane･Thepositionvectorsofthecontactpointwithrespectto∑Fand∑oareexpressedby

c(αf)∈R3andc(α｡)∈R3,Whereαf∈R2andα｡∈R2arethesphericalcoordinatesandthe
orthogonalcoordinatesrespectively･ThefigureontheupperleftinFigure5･1isthezoomofthe
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Figure5･1Asphererollingonaplane

neighborhoodofthecontactpolntWherethecontactpolntisdepictedseparatelyfbrexplanations･

∑cjistheorthogonalcoordinateframeatthecontactpointonthesphere(uf,Vf),eaChaxisof

Whichisdefipedby∂cf/∂uf,∂cf/∂vfand(∂cf/∂uf)×(∂cf/∂vf)respectively.∑c｡isthe
Orthogonalcoordinateframede血edbythesimi1arway.Let4,∈Rbetheanglebetweenx-
axesof∑cfand∑G･Therefore,theconfigurationofthesystemisexpressedbythecontact

り:=[α貫αごゆ]T∈R5･ (5.1)

Inthischapter,atyPeOfthero11ingcontactisassumedtobethepurerollingcontact【6].For

theexplanationofthepurerollingcontact,therelativevelocltyOf=cfrelativeto=c｡Seenfrom

∑qisdefinedbyl七:=[vcx vcy vcz wcx LJcy
LJcz]T∈R6.Thedefinitionofthepure

rollingcontactisvcx=Vcy=Vcz=LJcz=0,Whichrepresentsnoslidingandnostationary

Steering･Then,therelationshipbetweenわanddfisasfbllows[6,17]:

1

0

PCOSVfCOS4,-PSin4,

-F?COSVfSin4,-PCOS4,
SinγJ O

αJ,

Wherepistheradiusofthesphere･Thisisthekinematicmodelwhereαfistheinput･

(5.2)
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(α√,)

β｡ A｡

Figure5.2 Theproposedclosedpathonthesphere.

Forsimplicity,thetargetPOintisassumedtobetheorlglnOf77anddf.1SaSSumedtobeable

tocontrolleddirectly･Hence,theinitialstateofthecontactpointonthesphereαflSaSSumedto

betheongln.Consequently,thecontroIproblemisreducedtobetheregulationoftheothersof

thecontactcoordinates

毎‥=[αご¢]T∈R3 (5.3)

totheoriginbytheiterativeclosedpathsonthesphere.Inthefo1lowlng,771SCalledthecontrol

vadable.

ThetrqpezoidalclosedpathonthespherefbrtheregulationisshowninFigure5･2･Figure5･2

illustratestheproposedclosedpathandtheincrementaldistancesofα｡and4,byth占closedpath
(initialcondition:αf=0,4,=7T)･IntheupperofFigure5･2,theleftfigureshowstheclosed

Pathalongthepathαf:Af→Bf→Cj→Df→Ef(Af)whichischaraCterizedbythe
ParameterSOlandO2.Therightfigureshowsthetrqjectoryofα｡generatedbytheclosedpath

Onthelefthandside.Theincrementaldistanceis△α乞･InthelowerofFigure5･2,theleft
figureshowstheproposedclosedpathofαf･Thisisthepathwhichisobtainedbyrotatingthe

ClosedpathintheupperfigurethroughtheparameterPaboutxl-aXis･Theright丘gureshows

thetrqjectoryofα｡generatedbytheclosedpathonthelefthandside.Denotetheincremental
distancesofd｡and4,△α｡and△4,reSPeCtively.Definetheincrementaldistanceof毎by

△毎:=[△αご△ゆ]T∈R3. (5.4)



70 chapter5

Byintegrating(5･2)alongtheclosedpathwiththeinitialcondition,thecomponentsof△毎are

glVenby

△α｡(β1,β2,p)=月中(甲)△α乞(β1,β2)

△ゆ(β1,β2)=-∂1Sinβ2,

月中‥= [
COS中

一Sinp 霊]
P(cotO2+02)sin(01SinO2)

P(cotO2+02)(1-COS(01SinO2))

(5.7)

Where

△α乞=[憲雲乙∴
NotethattherangeofOl,02andpare

一打<β1叫一芸<β2<盲,一打<p<爪
7r

(5.8)

(5.9)

InordertorealizeadesireshiftofthecontroIvariablebytheclosedpath,itisnecessaryto

ObtaintheparameterSbysoIvingthefb1lowlngnOnlinearequation

△再(β1,β2,甲)=△行d, (5.10)

Where△再(01,02,P)iscomposedof(5.4)-(5.8)and△再distheincrementaldistancefbrthe
desireshiftofthecontroIvariable･ThisisseenasthenumericalcalculationproblemandNewton

methodisusuallyusedforsoIving(5.10).However,thereisapossibilitysuchthatthesolution

Of(5･10)istrappedinlocalminimums.Furthermore,SincethereexisttheparameterSSuChthat

theJacobianmatrixof△毎usedinNewtonmethodissingular(fbrexample,01=00rO2=0

fromLerr皿a3･3(ii)),NewtonmethodisnoappropriatefbrsoIving(5.10).Therefbre,itis

necessarytoinvestigatethepropertiesof△再andtoproposeamethodutilizingtheproperties
exceptNewtonmethod.

InthetbllowlngSeCtions,WePrOPOSearegulationalgorithmfbr再toconvergetotheongln
byfiniteiterativeclosedpaths･Thefundamentalideaiscomposedofthefb1lowlngltemS:

(1)Tbdeterminetheparameterpfromtheviewpointofthenormminimizationindep9ndentof

theothertwoparameters･Duetothisdetemination,thecontroIproblemcanbediscussedonthe

two-dimensionalspace(plane)whichcharaCterizesthecontroIvariables再.

(2)Intheplane,tOPrOVethatthereachableareaOftheclosedpathincludestwofinitelines

CrOSSedattheonglnOfthepolnt,WhichrepresentsthesateofthecontroIvariables毎ateach
iteration.

(3)Tbproposethemethodfbr手ラtoconvergetotheoriginbythe丘niteiterativeshiftsalongthe
twolines･Theparametersateachiterationcanbecalculatedbythebisectionmethod･

nedetailsofthealgorithmareshowninSection5･3･Notethattheconvergenc､elSguaranteedby

appropriateiterationsinceafbitrarypolntSOnaPlanecanberepresentedbylinearCOmbinations

WithtwoindependentvectorscharaCterizedbythefinitelines･
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5.2 PropertiesoftheIncrementalDistances

LemmasandatheoremfbrtheregulationalgorithmareShowninthissection･Forreachability

Ofthischqpter,Lemma3.3isinsertedagaln･

Fortheincrementaldistance△再,thefo1lowlnglemmaholds･

Lemma3･3･△α乞,△4,de丘nedby(5･6),(5･8)hasthefb1lowingproperties･

(i)△α乞,△4,iscontinuouswithrespecttoOl,02･
(ii)Thefo1lowingequivalentconditionshold･

ll△α訓=0⇔β1=00rβ2=0
△¢=0⇔β1=00rβ2=0

Asfbrtheparameterpwhichrepresentsthestartdirectionoftheclosedpath,thefb1lowlng

lemmaholds.

Lemma5.1.Co那fゐr再α托d△毎dび乃ed毎(∫.jノα〝d(5･4ノ･乃e乃,〟ばクαm∽erer甲わ∽f乃王∽f之e
順+△毎=ぷαrよ頭e∫fゐe伸助w如e曾〟α如乃ご

月中
△α乞 α｡

ll血捌 =α√川●
(5.13)

ProoLFrom(5.4)and(5.5)with△再=[(Rp△α乙)T△4,]T,

順+4酬2=】lα｡l】2+¢2十2αご(見ゃ△α乞)+2ゆ△ゆ+ll△α訓2+△ゆ2,(5･14)

whereR;札=Z2from(5･7)･Intherighthandsideof(5･14),nOtethatonlythetermAwhich
istheinnerproductbetweenα｡andRp△α乞dependsonp･Therefbre,thetermAisminimized

withrespecttopwhentheanglemadebyα｡andRp△α乞is7T,i･e･PSatisfies(5･13)･
□

ConsidertheinterpretationofLemma5.1formageometricviewpoint･From(5･4)and(5･5),the

incrementaldistance△萄isrewrittenas

△再=[R欝乞]=
(5.15)

Thisstructureof(5.15)isi11ustratedinthelefthandofFigure53･InthelefthandofFigure5･3,

thepointPrepresentsthepointof再=[α:4,]T=[uovo4,]Tinthe望CeOf毎andthe
reachableareaoftheclosedpathontheplane(ll△αtl[,△4,)atPwiththeonglnisrepresented
bytheshadedarea.WtcallthisareathereachableareaO･ObservingthestruCtureOf(5･15)

1eadstothefactthatthereachableareaOf△毎isobtainedbyrotatlngtheareaOthroughpabout

△ゆ-aXis.Therefbre,thegeometricinterpretationof(5･13)isthattheparameterpisdetemined
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Figure53 TheinterpretationofLemma5･1fbrmageometricviewpolnt･

SuChthatthedirectionofOdefinedbyH△α:ll-aXisICOincides一茂甘aSSeeninfherighthand
OfFigufe5･3･Byusin畠psatisfying(5.13),順+A酬iswrittenas

順+A酬= 川α｡lトIl△α訓)2+(¢+△¢)2.(5.16)

Consequently,thedeteminationproblemof(01,02,P)fbrtheconvergenceof順+A酬is

reducedtothatof(01,02)sincefJ△αLllandA4,arefunctionsofOlandO2.
Figure5･4showstheconceptfbr毎toconvergetothetargetpolntbyuslngthereachable

areaO･TheareassurroundedbydashedlinesarethereachableareaSr之ateachiteration.As

inFigure5･4,再canconvergestothetargetpointbyshiftingtopolntSOnthereachableareasO
iteratively･Tbdo◆so,PreCiseanalysisofthereachableareaOisnecessary･Inthefo1lowlng,the

PrOPertiesofthereachableareaOattheplane([l△αLlf,△4,)areinvestigated.
AsfbrthereachableareaO,thefbllowlnglemmaholds･

Lemma5･2･Co〝∫≠ゐr血柁αCゐα以上α柁αnα一班叩Jα乃e…△α訓,△¢)g～γg乃毎(5･卵α〝d(エβノ.

乃g乃,nね叩∽∽erワW油化甲eC‖0娩ellAα訓一朗吏.

ProoLThevaluesof△4,and△α乞at(01,02)aresetto△4,=△∂and△α乙=[△屯△屯]T

reppe璧Vely･From(5･6),△4,=-△ネisequivalenttothecasesuchthat(01,02)=(-01,02)or
(01,-02)･Then,from(5･8),SincethevaluesofAα乙are

△αニ(一灸,瞑[貸],加乞(灸,一兎)=[為],



5.2PropertiesoftheIncrementalDistances 73

Initialpoint

＼
n

′一一 ノ
′一

/

血捌′′///
/ 一′

ヽ
､

ヽ-､､- ′

′

~

/
一′ /

′′ 一′

′
ノ′

′′
一

ノ ー′

ノ′

/
一′

′~_∵ィ√

::∴妄と//ノ/′一/∵二幸ミニ､､
くご､､/′// ､､､二､-､

ノ華＼-ミミナ
,-■ヾ｣ヽ-

､ ､
llα｡Il

Shiftpointsateach

､
-
､

､
､

､･._ ､

- -■

-h-

｢hrgetpolnt

Figure5.4 Conceptfbr毎toconvergetothetargetPOint･

thefbllowlngequationholds:

ll△α乞(β1,β細l=】l△αニ(-β1,β2.川=ll△α乞(β1,-β訊l･(5.17)

Therehre,Sincell△α訓isinvariantat(01,02)suchthat△4,=△∂and△4,=-△∂,Ois
symmetrywithrespecttothell△αL[f-aXis･

□

FurthermOre,thefb1lowlngtheoremholdsasfbrthereachableareaO･

Tbeorem5.1.α那Z血r△α乞α〝d△¢d所〝g舶γ｢5･句α乃d(5･βノ･乃e乃,カrαr地相ヮど∫〟Cゐ如才

~~<ど<盲,2

血柁α如β1α乃d♂2∫〟CぁーぁαJrゐeカJわw加ggヴ〟αJわ托ゐ0仏･

△ゆ=ど,ll△α訓=βlどト

(5.18)

(5.19)

ProoL SinceitisevidentfromLemma3.3(ii)thatTheorem5.1holdswhenE=0,E≠Ois

assumedinthefb1lowlng.

First,COnSiderthefirsttermOf(5.19).Since△4,=-01SinO2from(5･6)andtheranges

-7T<01<7Tand一昔<02<芸from(5･9),thereexistOlandO2tOSatisfy∠吋=-01SinO2=E･
Second,COnSiderthesecondtermOf(5.19)withthecondition△4,=E･Inordertomake

theproofeasy,thevariableOlOfH△α乞(01,02)llistransfbrmedtoEbythecondition△4,=

-01SinO2=E.Theconditionistransfbrmedto

β1=

sinβ2■
(5.20)
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Substituting(5･20)intothedomain-7T<01<7TandsoIvingtheresultantinequalitywith

respecttoO21eadtotherangeofO2tOguaranteetheexistenceofthetransfbrmationfromOltOE:

〈二重;;…;…試諾ご;i三‡ご夏;;;…;董;;;3ミ:(5･21)
Bysubstituting(5･20)intoIIAα乞(β1,02)ll2,(I△α訓2istransfbrmedtothefbllowingfunctionof
β2andど:

】l△αニ(ど,β訊l2=β2E2-2(cosO2+02SinO2)ESinE+2(cosO2+02SinO2)2(1-COSE)
sin2β2

(5.22)

Wherell△α乙(一読,02)ll(=L‡△α乞(01,02)ll)isrewrittenasll△α乙(E,02)flfbrsimplicity･In
thisfunction,therangesofEandO2are(5.18)and(5.21)respectively.Thefunction(5.22)

iscontinu?uSWithrespecttoEandO2SinceE(=-01SinO2)iscontinuouswithrespecttoOl

andO2andAα乙(01,02)iscontinuouswithrespecttoOlandO2fromLemma3.3(i).Since
HAa;(JissymmetrywithrespecttotheE(=△4,)-aXisfromLemma5.2andH△α乞(E,02)(l=

ll△αニ(E,-02)llholdsfrom(5.22),OnlythecasesuchthatE>OandO2>Oisconsideredinthe
fbllowing･InordertoprovethatthereexistsO2tOSatisfythefbllowingequation

tl△αニ(ど,場Il2=(βど)2 (5.23)

Withthecondition(5･21)and(5･18),WePrOVethatthereexistO2LandO2UtOSatisfythefbllowing
inequality

】t△α乞(ど,β2エ川2≦(βど)2≦ll△αニ(ど,β2打)ll2(5.24)

fbrarbitraryO<E<昔fromtheintermediate-Valuetheorem･SpecifyingthevaluesofO2Land
O2UtOtheupperboundandthelowerboundofthedomain(5.21)ofO21eadstothefbllowing

為‖AαM2L)‖2=P2〈E2一打ESinE+誓(1-COSE)),

β2忠言--△α乞(ど,β2打)‖2=小一誓sin射誓(1-COSどヰ
WhereO‥=(cosO2+02SinO2)ro2=Sin-1(烹)･Fromtheseequationsand(5･24),WePrOVethe
fbllowlnglnequalitiesintheconditionO<E<昔‥

ど2一打どSinど+誓(トcosど)<ど2,
打2一壁slnEO･誓(トcosE)02>E2･ど

lI△α乞(ど,β2エ州2≦(βど)2:(5.25)

Eq.(5.25)isrewrittenas

誓(仁仲))<0, (5.27)
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where
2

f(E):=COSE+-ESinE･
打

Thedifftrentialoff(E)withrespecttoEisgivenby

掴=(…-1)
2

SinE+-ECOSE,
7r

(5.28)

(5.29)

wherefl‥=霊･Inthefbllowingofthisproof,thedescription(･)'standsfbrthedifftrentialwith
respecttoE.Settingfl(E)=01eadsto

2

打-2
ど=tanど. (5.30)

Sincethefunctions孟EandtanEaremOnOtOneincreaslngfunctionsandthevaluesofitsdif-
ferentialsatO2=0,昔are

(孟ど)′

佃音詩>1,〈

(tanど)′1g=｡=1

甥(tanど)′=∞'

thereexistsoneE*suchthatfl(E*)=OinthedomainO<E<昔･FurthermOre,bycalculating

thevaluesoffl(E)andf(E)atO2=0,昔from(5･28)and(5･29),theincreaseanddecreasechart
Off(E)isgivenby

Therefbre,

J(ど)>1,0<ど<

Itfbllowsthat(5.25)holdsfrom(5.27).

(βど)2≦ll△α訓2(ど,β2打):(5･26)

BymakingthecompletingsquareWithrespecttoOinthelefttermOf(5･26),(5･26)isrewrit-

tenas

--すSin釦誓
打2 27r2

ど2

誓(トcosど)〈0-
≧タ(ど)>1,

(1-COSど)02

どSlnど

2(1-COSど)

sin2ど

2(1-COSど)
(5.31)

where

sin2ど

2(1-COSど)
(5.32)
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Thediffbrentialof9(E)withrespecttoEisgivenby

タ′(ど)=-2

打2

ど2

汀2

ど2

打2

ど2

Setting91(E)=01eadsto

sin2ど

2(1-COSど)

1-COSど

2+2cosど+1

7T2sinE(2cosE-2cos2E-Sin2E)
ど2 2(1-COSど)2

SinE(2cosE-COS2E-1)
2(1-COSど)2

1-COSど

ニ

ど
一
2

1-COSど

+去sinど)

(1-COSE) 2sin2妄
SlnE 2sin宣COS宣 2

E

=tan-.

(5.33)

(5.34)

Sincethefunctions喜Eandtan妄aremonotoneincreaslngfunctionsandthevaluesofitsdiffbr-
entialsatO2=0,芸are

(■主ご.)■
二:三=主

(tan妄)′l｡=｡=圭

如an…)′=∞'
theredoesnotexistESuChthat9'(E)=OinthedomainO<子<昔･Furthermore,Since

9′(昔)〒4(一夏+圭)<0from(5･33),g(E)ismonotonedecreaslngfunction･Therefbre,the
fbllowlnginequalityholdsfrom(5.32):

タ(ど)>タ(芸)=2･
Itfo1lowsthat(5.26)holdsfrom(5.31).

Eq.(5.19)ofTheorem5.1showsthatthereexisttwofinitelinesintothereachableareaOonthe

Plane(llAα訓,△4,)asi11ustratedinFigure5.5.Therefbre,thecontroIvariable萄canconverge
tothetargetpointbythefiniteiterativeshiftsalongthefinitetwolines･

Remark5･l･Thesolutionof(5･19)forgiven一昔<E<昔isequaltothesolutionof(5･20)and
(5･23)with(5･22)･SinceOICanbeeasilygivenby(5.20)ifO2isgiven,itisonlynecessaryto

Obtainthenumericalsolutionof(5.23)with(5.22)suchthat

E2-2(cosO2+02SinO2)ESinE+2(cosO2+02SinO2)2(1-COSE)

sin2β2
=ど2. (5.35)

Eq･(5･35)isanonlinearfunctionofO2forwhichtheexistenceofitssolutionisguaranteedby

meorem5･1･FurthermOre,Sincethedifftrencebetweenthebothsidesof(5.35)haspositiveand

negativevaluesatO2=02LandO2=02UreSPeCtively,thenumericalsolutionof(5.35)canbe
easilyobtainedbythebisectionmethod.
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Figure5･5 TwofinitelinesinthereachableareaO･

5.3 Algorithm払rDeterminationofParameters

Inthissection,WePrOPOSearegulationalgorithmfbrthecontroIvariable再toconvergetothe
OnginbythefiniteiterativeshiftsalongthetwolinesinFigure5･5･

Fordiscussionsconcernedwiththemethod,theareasurroundedwithsolidlinesontheplane

([[△α訓,△4,)showninFigure5･6isintroduced･Ipthischapter,WeCa11thisareaO2･InFig-

ure5･6,thenegatiてerangeWithrespecttothell△α訓-aXisisdepictedfbrsimplicityofexpla.
nation.ThisnegatlVerangeCanbegivenbytransfomingpof(5･13)intop+7T･Theheavy

solidlinesrepresentthereachableareabyoneiteration･Theobliquecoordin?teSyStem(X,Y)
iscomposedoftheX-aXiswiththegradientiandtheY-aXiswiththegradient一旦･Thelength

listhemaximumdistancebyoneiteration,WhichisglVenby

g:=(芸挿1)c,0<c<1･
(5･36)

TheoriginOrepresentstheinitialpointof(llα｡l],4,)andthepointAisthetargetpoint･For

simplicityofdescription,inthefbllowing,thecoordinatesl(△α訓and△4,isrepresentedbyx

andyrespectivelyandtheplane(ll△α訓,△4,)iscalledtheplane(x,y)･
First,COnSiderthecasewherethereexiststhetargetpointAinthearean2asshownin

Figure5･6･Bythetwoiteration:theshiftfromOtoOlalongX-aXisatfirsttimeandtheshift

fromOltoAalongYl-aXisparalleltoY-aXisatsecondtime,(11αoLI,4,)can.convergetothe
targetPOintA･Therefore,theareaO2representsthereachableareabytwoiteratlOnOftheclosed

pa也s･

Second,COnSiderthecasewherethetargetpointAisoutsideoftheareaO2asshownin

Figure5･7･InFigure5･7,thedistancebetweendashedlinesoftheobliquecoordinatesystem
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Figure5･6 ReachableareaO2bytheiterationoftwoclosedpaths･

(X,Y)aren?rmalizedbyl･TheoriginOof(x,y)representstheinitialpointandthepointAis

thetargetpolntWhichistheoPginoftheplane([lαolf,4,)･ThemethoやforthecontroIvariable
toconvergetothetargetpolntlSCOmpOSedofthefo1lowlngtWOSeCtions‥

(i)TbinvoIvethetargetpointAinthereachableareaO2bytheiterationofshiftsbetween

intersectionpointsofdashedlines.Thenumberoftheiterationsisfinitesinceeachshifthasthe

finitelengthl.

(ii)TbconvergethecontroIvariableonthetargetpointAbytwoiterationasmentionedprevious

ParagraPh･Then,thenumberoftheiterationsNisglVenby

N=int(IX[0]l)+int(lY[0]l)+2, (5.37)

Where(X[0],Y[0])isthecoordinateofthetargetpointArepresentedintheobliquecoordinate

SyStem(X,Y)andint(･)representsintegralpartsofitsarguments･Thetermint(lX[0]l)+
int(lY[0]l)intherighthandof(5.37)istheminimumnumberforthetargetpointAtobeinvoIved
inthereachableareaO2sinceP(int(rX[0]l),int(JY[0]l))istheneareStPOintfromtheinitialpoint
OamongthecornersoftheareaSurrOundedbydashedlineswhichinvoIvesthetargetpointA･

Summanzlngthediscussionintheprevioussection,WeShowthealgorithmtodeteminethe

ParameterS(01,02,P)inthefo1lowing.Thevariablekisthenumberoftheiterationsofthe
Closedpathsand(x[k],y[k])isthetargetpointrepresentedintheorthogonalcoordinatesystem
(x,y)atkthinteration.
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Figure5.7 Schemefbrtheinitialpointtoconvergetothetargetpoint.

AlgorithmforDeterminationofParametersoftheClosedPath

1)Tbtransformthetargetpoint(x[k],y[k])tothetargetpoint(X[k],Y[k])ontheobliquecoor-

dinatesystem(X,Y)asfo11?WS:

[謂]=咽い‥=三[j吉江 (5･38)

2)耶ththetTgetPOint(X[k],Y[k]),tOCalculatethetargetpointatkthinteration(Xd[k],%[k])
bythefbllowlngequation:

(5.39)

3)TbtransformthetargetPOint(Xd[k],榊])tothetarg?tPOint(xd[k],yd[k])ontheorthogonal
SyStem(x,y).FurthermOre,Withtheobtainedtargetpolnt(xd[k],yd[k]),tOdeterminethekth
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ParameterSOl[k]andO2[k]bysoIvingthefbllowingequations:

的[た]

Sin(鞍[呵)'

yd[k]2-2(cosO2[k]+02[k]sinO2[k])yd[k]sinyd[k]
+2(cosO2[k]+02[k]sinO2[k])2(1-COSyd[k])

sin2β2囲

[;剰‥汀1[諾]･
Where

(5.40)

=∬d[粧
(5.41)

(5.42)

4)Tbdeterminep[k]bysoIvingthefbllowingequationwiththeobtainedparameters(Ol[k],02[k]):

見ゃ(p[呵)
Aα乞(軋[軋β2回) α｡[た]
llAα乞(仇【軋戟[酬I llα｡[た川

(5.43)

Inthestep2),(5.39)choosesthedirectionoftheX-aXisortheY-aXissuchthatthecontroI

VariableqpproximatestothetargetPOint･WhenthetargetpolntisoutsideofO2,thetermS

Sgn(Xd[k])min(c,IXd[k]l)and･Sgn(%[k])min(c,鶴[k]f)selecttheshiftwiththelengthc.On
theotherhand,WhenthetargetpolntisinsideofO2,thetermSSelecttheshiftwiththelength

fXd[k]lorf相即forthecontroIvariableatkthiterationtoconvergetothetargetpointbytwo
interationasinFigure5･6･Eqs.(5.40),(5.41)and(5.43)correspondto(6.15),(5.35)and

(5･13)respectively･Theseequationsexcept(5.41)canbesoIvedanalytica11y;Asfor(5.41),

thenumericalsolutioncanbeeasilycalculatedbythebisectionmethodasmentionedinRemark

5.1.

Remark5･2･NotethattheparametersOl[k],02[k]andp[k]canbeobtainedonlyfromii[k]which
isthesatesatthestarttimeofkthnumberofiterations･Therefbre,themethodcanbeinterpreted

asadiscrete-timeftedbackbyregardingthestarttimeoftheiterationasthesamplinginstant･

Therefore,themethodisexpectedtohaverobustnessagalnStdisturbances･

5.4 NumericalExample

Inthissection,theefftctivenessofthealgorithmproposedintheprevioussectionisevaluated

byanumericalexample･Theradiusofthesphereisp=1[m]･Theinitialstatesareαf=

[00]T[rad]andα｡=[33･5]T[m],4,=;[rad]･Themaximumlengthoftheshiftbythe

Closedpathontheplane(ff△α訓,△ゆ)isc=0.7.Inthiscase,thenumberoftheiterationsof
theclosedpathsfbrthecontroIvariabletoconvergeisN=5from(5.37).

Figures5･8and5･9showthesimulationresult･Figure5･8showstheshiftsofα00ntheplane

α｡,Wherethekthcirclerepresentsthepositionofα｡[k]andthektharrowrepresenttheangle
Of4,[k]･Figure5･9showstheshiftsontheplane(x,y)i･e.(lJ△α訓,△4,),Wherethekthcircle
representstheposition(ffAα乞[た]ll,△4,[k])bythekthclosedpath,theobliquelinesrepresent
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u [m]
○

Figure5.8 Shiftsofα｡and4,Onα｡Plane･

theobliquelcoordinatesystem(X,Y)andtheareaSurrOundedbyt申eheavysolid.1inesi亭the
reachableareaO2･InFigure5･8,α｡and4,haveconvergedonthetargetpointsimultane?uSlyby
丘venumberoftheiterations.FurthermOre,thereexistthecircles00nthedashdottedlinefrom

theinitialpointtothetargetpoint･Thiscorrespondstoth占factthatthedirectionofthehiftof

α｡isdeterminedbypsatisfying(5.13)(SeeFigure5･3)･InFigure5･9,thedistancesoftheshifts
ofk=1,2,3aremaXimumlengthandthetargetpointisinvoIvedintothereachableareaO2at

3rdpoint.Next,thoseofk=4,5areadjustedforthecontroIvariabletoconvergetothetarget

POint･Thesetransitionsshowtheefftctivenessofthealgorithm･

5.5 Summary

Inthischapter,fbrthekinematicmodelofasphereandaplanewithrollingcontact,WePrOPOSed

theregulationalgoritlmfbrthecontactcoordinatestoconvergetoatargetPOintbythe血ite

iterativetrapezoidalclosedpathsofthecontactpointonthesphere･First,WeShowedthat,from

theviewpointofthenormminimization,OneOftheparameterscouldbedeteminedindependent

oftheothertwoparameters･Duetothisdetemination,thecontroIproblemwasdiscussedonthe
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[p誓こ

>

1 2 3 4 5

1lαll[m]
○

Figure5.9 Shiftof(llα｡Lt,4,)on(ll△αLll,△4,)plane･

two-dimensionalspace(Plane)whichcharacterizesthecontactcoordinates･Second,WePrOVed
thatthereachableareaOftheclosedpathhadtwofinitelinescrosslngattheonglnWhichrepre-

sentedthecontactcoordinatesateachiteration.Third,WePrOPOSedthemethodfbrthecontact

coordinatestoconvergetoatargetPOlntbythefiniteiterativeshiftsalongthelinesasmentioned

eadier.
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ControlofaSphereRollingonaPlanewith

ConstrainedRqllingMotion

InChapter5,fbrthenonholonomicsystemcomposedofasphereandaplanewithpurerolling

contact,WePrOPOSedtheregulationalgorithmfbrthecontactcoordinatestoconvergebythe

血iteiterativetrqpezoidalclosedpathsonthesphere･Inthismethod,Itwasutilizedthatthere

existedthetwo丘nitelinesinthereachableareaoftheclosedpath･However,Sincethelinesis

justpartsofthereachablearea,themethodissomewhatconservative･FurthermOre,Sinceinthe

controIproblemofChqpters3and5thero11ingmotionisnotconstrained,itisdifBculttoapply

thesemethodstocontrolofcontactpointsbymulti-fingeredrobothands･

Inthischapter,Wediscussthecontrolofthecontactcoordinatesbytheiterativetrqpezoidal

closedpathsonthespherewithconstrainedrollingmotion[58,59]･InSection6･1,thecontroI

problemissummarizedbriefly･Itisassumedthattheparameterofthedirectionoftheclosed

pathisdeteminedfr6mtheviewpointofthenormminimizationshowninChapter5･Dueto

thisdetemination,thecontroIproblemcanbediscussedonthetwo-dimensionalspace(plane)

whichcharacterizesthecontactcoordinates.InSection6.2,inordertoutilizethereachable

areaoftheclosedpathatthemaximum,Weanalyzetheboundaryofthereachableareaofthe

closedpathwithconstrainedrollingmotionindetail･InSection6･3,WePrOPOSeamethodfbrthe

contactcoordinatestoconvergetoatargetpointbythefiniteiterativeshifts､alongtheboundaryas

mentionedear1ier･Sincetheproposedmethodcanimposethelimitationoftherollingmotion,the

methodhasthebeneficialefftctontheapplicationtomulti-fingeredrobothands･FurthermOre,

similartOChapter5,theparametersateachiterationcanbeeasilycalculatedbythebisection

method.InSection6･4,anumericalexamplewherethero11ingmotionisrestrictedtotheareaOn

thesemisphereshowstheefEbctivenessoftheproposedmethod･

6.1 ControIProblem

Inthissection,WedescribethecontroIprobleminwhichtheconstrainedrollingmotioniscon-

sidered.Forthereadabilityofthischqpter,SyStemCOnfigurationandtheclosedpathshownin

Chapter5areSurrmarizedbriefly･
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Figure6･1Asphererollingonaplane

Figure6･1showsaspherical丘ngerrollingonaplaneofaobjectby血gers.Thecon丘guration

Ofthesystemisexpressedbythecontactcoordinates:

り:=【α言αご¢]T∈R5,
(6･l)

Whereαf∈R2,α｡∈R2and4,∈Rareandthesphericalcoordinates,theorthogonalcoordi-
natesandtheanglebetweenx-aXeSOf∑cfand∑c｡aSinFigure6･1respectively･Thesystem

Withthepurerollingcontactisasfo1lows[6,17]:

1

0

βCOSりCOS¢

-PCOSVfSinゆ
Sinり

0
1
･
S
l
q
C
O
S
O

β｢

▲〃一

一
一 αJ, (6.2)

WherepIStheradiusofthesphere･Thisisthekinematicmodelwhereαfistheinput･For

Simplicity,thetargetpointisassumedtotheonglnOf77anddflSaSSumedtobeabletocontrolled

directly･Hence,theinitialstateofthecontactpointonthesphereαflSaSSumedtobetheorlgln･

Consequently,thecontroIproblemistheregulationoftheothersofthecontactcoordinates

毎‥=[αご桝T∈R3 (6.3)
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(α｡)

β｡ A｡

Figure6･2 Theproposedclosedpathonthesphere･

totheoriginbytheiterativeclosedpathsonthesphere･Inthefbllowlng,111SCalledthecontrol

variable.

ThetrapezoidalclosedpathonthespherefbrtheregulationisshowninFigure6･2･InFig-

ure6.2,thelefthandsideshowstheclosedpathandtherighthandsideshowsincremental

distancesα｡and¢,i.e.,Aα｡and△ゆ.Definetheincrementaldistanceofiiby

△巧‥=[△αご△ゆ】T∈R3･ (6･4)

Byintegrating(6.2)alongtheclosedpath,thecomponentsof△毎aregivenby

Aα｡(β1,β2,甲)=見ゃ(p)△αニ(β1,β2)

△ゆ(β1,β2)=-β1Sinβ2,

Rフ:= [COSダーSin甲

Aα乞=[憲≡∑∴

三≡…:二
p(cotO2+02)sin(01SinO2)

p(cotO2+02)(1-COS(01SinO2))

(6.7)

(6.8)

where
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Figure6･3 ConstrainedareaOnthesurfaceofthesphere･

Inthischapter,theconstrainedrollingmotionisconsidered･Therefore,therangeofOl,02

andparedefinedby

l叫≦∂1,lβ21≦免,lpl≦打,

0<β1<打,0<β2<盲

where

(6.9)

(6.10)

NotethatthestartdirectionoftheclosedpathpISnOtCOnStrained･Thismeansthatthero11ing

motioncanbegeneratedinarbitrarydirectionsatthestartpositionoftheclosedpathAf･This

assumptionholdsfromthestudyresultsofChapter4･

Remark6･l･InordertoqpplythemethodproposedinthischqptertocontrolofcontactpolntS

bymulti-fingeredrobothands,itisnecessarytoobtaintheareaOnthespherebytheconstrained

ro11ingmotion･WhentheparameterSareCOnStrainedasin(6.9)and(6.10),theconstrainedarea

OnthesphereisshowninFigure6･3･InFigure6･3,theconstrainedareaonthesphereisshown

asthecircledareaSurrOundedbythedashedline,Whichisdepictedbyrotatingthepointq
through27Taboutx-aXis･ThiscircledareaischaraCterizedbytheangleOr:=∠AfOCf･It

fb1lowsthattheboundariesofαf‥=[ufVf]Tare

lりl≦βγ,lりl≦βγ,

where

O,=COS-1(cos61COS62).

misOrisglVenbyqpplyingLawofcosinestothetriangle△AfOCf･

(6.11)

(6.12)

Inthefb1lowlngSeCtions,WePrOPOSearegulationalgorithmfbr毎toconvergetotheongln
by血iteiterativeclosedpathswithconstrainedrollingmotion･Assimi1arWaySinChapter5,the

fundamentalideaiscomposedofthefo1lowlngltemS:
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ll△α訓

[l△α乞(E,02min)lllf△α乞(E,02max)ll

Figure6.4 ConceptofestimationofthereachableareaOntheplane(lIAα訓,△4,)･

(1)TbdeteminetheparameterpsuchthatLemma5.1asFigure5･3inChapter5･Duetothis

determination,thecontroIproblemcanbediscussedonthetwo-dimensionalspace(Plane)which

Characterizesthecontactcoordinates･Tbbemoreprecise,aSinFigure5･4,thecontroIproblem

istoconvergethecontroIvariable(llα｡f(,4,)ontheoriginbyiterativeshiftsonthereachable

areanrepresentedontheplane(ll△αLll,△4,)･

(2)TbestimatetheboundaryOfthereachableareaO.ThetransfbrmationfromOltOEisutilized

asinChq)ter5.

(3)Tbproposethemethodfbr(ltαoll,4,)toconvergetotheoriginbythefiniteit?rativeshifts
alongtheboundary･TheparametersateachiterationcanbecalculatedbythebisectlOnmethod･

Sincetheitem(l)isthesameasChapter5,thedescriptionofthisitemisbmitted･SeeSection

5.2forthedetailsofthetermS(1).ThedetailsofthetermS(2)and(3)areShowninSections6.2

and6.3respectively.

6.2 EvaluationofBoundaryofReachableArea

Inthissection,WeeValuatetheboundaryofthereachableareaoftheclosedpath･Fortheesti→

mation,thefundamentalpropertiesofthereachableareaaSmentionedinSection5･2areuSed･

SeeSection~5.2fbrthedetailsoftheproperties.

TheideaofthissectionissummarizedbrieflybyFigure6.4.InFigure6･4,theshadedarea

isthereachableareaOontheplane(lf△α訓,△4,),Wherethepartsuchthat△¢≧00fOis

depictedbecausethereachablearea!ssymmetryWithrespecttoll△α訓-aXis丘omLemma5･2･
TheboundaryofthereachablearealSCOmPOSedoftheboundaries(A)and(B),Whichisrepre-

sentedbytheheavylines(A)and(B)asinFigure6.4.Thelineparalleltolf△α訓-aXisrepresents
thelinebyA4,(01,02)=Eandthesegmentdepictedbytheheavylinerepresentstheproduct
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SetOf△ゆ(01,02)=EandthereachableareaO,i･e.1l△α乞(E,02)llasmentionedinSection5.2.
TYlen,thepointsontheboundary(A)correspondstothepoints島(ll△αtfl,E)whenIIAα;lJ

ismini㌣umandthepointsontheboundary(B)corre?POndstothepointsPB(HAα訓,E)when
EIAαtfllSmaXimum･Therefore,inthefb1lowing,WelnVeStigatetheminimumandmaximumof
ll△α乞(ど,β2)l卜

Forthepreliminaryoftheestimation,from(6･6)and(6･9),thevariableOlOfl[△α乞(01,02)H
istransfbrmedtoEbythecondition

△¢(β1,β2)=-♂1Sinβ2=ど,

where

lどl≦吉,百:=♂1Sin亀.

nleCOndition(6.13)istransfbrmedto

∂1=

sinβ2●

(6.13)

(6.14)

(6.15)

Substituting(6･15)intothedomain(6･9)andsolvingtheresultantinequalitywithrespecttoO2

leadtotherangeofO2tOguaranteethetransfbrmationfromOltOE:

一拍2≦sin-1(一宮)orsin-1(岩)≦02≦包･(6･16)
Bysubstituting(6･15)intoIl△α乞(01,02)[l20f(6･8),1l△α訓2istransfbrmedtothefbllowing
functionofO2andE:

ll△α乞(ど,β州l2=β2ど2-20(β2)どSinど+20(β2)2(1-COSど)
sin2β2

(6.17)

Where

O(02):=COSO2+02SinO2. (6.18)

NotethatIIAα乞(-㌫,02)ll(=ll△α乞(01,02)ll)isrewrittenasll△α乞(E,02)Hfbrsimplede-
SCription･Thefunction(6･17)iscontinuouswithrespecttoEandO2SinceE(=-01SinO2)is
COntinuouswithrespecttoOlandO2and△α乞(01,02)iscontinuouswithrespecttoOlandO2
fromLemma3･3(i)･Sincelf△α訓issymmetrywithrespecttotheE(=△4,)-aXisfromLemma

5･2andll△α乞(E,02)H=HAα乙(E,-02)llholdsfrom(6.17),OnlythecasesuchthatE>Oand
O2>Oisconsideredinthefbllowlng･

ConsiderinvestigatingthepropertyofH△α乞(E,02)l(withrespecttoO2intherangesO<
02<筈andO<E<7Tfrom(6･9)and(6.14).Thenthefbllowingtheoremholds.

Tbeorem`･=仰0∫e叫IAα乙(ど,場=2～∫娩e伽c如乃げβ2,ど～∫班叩?和∽納付如何c血乃

α乃d血相聯∫げβ2α乃dどα柁0<β2<昔,0<ど<爪乃e乃,血♪Jわwz乃紺托perr融ゐ0は
(i)ど<

(ii)ど≧

●

●

●

●

竺
2
空
2

乃eル乃Crわ乃ゐα∫0ゆα∽～乃∫∽〟椚γαJ〟eW肋柁甲eC‖0β2.

乃eル乃CJわ乃ねα∽0乃dわ托g血cJ℃d血gル乃CJわ乃W油化甲eC‖0β2.
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ProoL Partialdifftrentiationof(6.17)withrespecttoO2isgivenby

孟‖△α榊2川2=2β2

where

(-02COSO2ESinE+202COSO20(1-COSE))sinO2

-COSO2(E2-20ESinE+202(1-COSE))
sin3∂2

2β2cosβ2

sin3β2
J(ど,β2),

仲,β2):=どSinど軌(β2卜2(1-COSど)02(β2卜ど2,

〈3三;:
:=2cos∂2+β2Sinβ2

:=COSO2(cosO2+02SinO2)

(6.19)

SincecosO2/sin声02>0fromO2>0,thesignof(6.19)isdeteminedbyf(E,02)･Inorderto

analyze(6.20),Eq.(6.20)istransfbrmedto

榊2)=ど2[警
Slnど

巨｢(苧)02)ヰ (6･22)

WherethefbllowlngtranSfbrmationglVenbytheformulasfbrthedoubleandhalfangleisuti-

1ized:

1-COSど
ど一22

n.S12

ESlnE
EX2sin…cos毒

ど一2
nta

Partialdi飴rentiationof(6.22)withrespecttoO2isgivenby

孟榊2)=どSinど〈01-(苧)0ら〉=どSinど叶-(苧)訃(6･23)
Inthefbllowing,inordertoinvestigatethesignof(6.23),thetermsintherighthandsof(6･23)

and(6.22)areinvestigated.

Slnど .

Thedifftrentialof堅塁王isglVenby

(字)′=
どCOSE-Slnど

Theaboveequationisevidentlynegativeinthecase昔≦E<7r･InthecaseO<E<昔,Since

thedifftrentialsofEandtanEatO2=0,昔are

ど′lど=0,昔=1,

thefo1lowlnglnequalityisholds:

(字)′=

恕(tanど)′=1

耗(tanど)′=∞'

どCOSど-Slnど

ど2 写(ど-tanど)<0･
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Therefbre,警isamonotonedecreaslngfunction.Fromlim竺竺=1,itfbllowsthatthe
どJO ど

fbllowlngequationholds:

0<竺竺<1.

(ii)撃･

From(6.24),Sincethedifftrentialof撃isgivenby亨

(苧)′=ラ扉盲ラー喜tan喜
Slnど

E

ど2cos2宣 どCOS2喜
>0,

(6.24)

theterm撃isamonotoneincreaslngfunction.Ontheotherhand,theinfim｡m｡f撃isglVen
by

Therefore,thefbllowlngequationholds:

撃,1.
ラ

(iii)01,0ら:
応忘頂.21),thedi駄rentialsof(〕1andO2aregivenby

Ol=β2COSβ2-Sinβ2,

0ら=-SinO2(cosO2+02SinO2)+02COS202

=-SinO2COSO2+02(cos202-Sin202)

=芸(2β2COS2β2-Sin恥
Byuslngthefbllowlngequation

g(x):=XCOSX-Sinx,0<x<7r,

Eqs･(6･26)and(6･27)arerePreSentedby

Ol=鵡),0ら=芸タ(2β2)･
Sincethepropertyof9(x)is

タ′(∬)=-∬Sin∬<0,碧即(£)=0,

theinequality9(x)<Oholds.Therefore,thefb1lowinginequalitieshold:

01<0,0ら<0.

(6.25)

(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)
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(iv)針
From(6･29)and(6･30),thedifftrentialof%isgivenby

(琵)′i

l
一
2

ニ

ロ)

ロ〕 }号
′

2(タ(2♂2))′タ(β2トタ(2∂2)タ′(β2)

2(タ(β2))2

-802SinO2COSO29(02)+g(202)02SinO2

wbere

ん岬2):=-8cosβ2タ(β2)+タ(2♂2)･

From(6.30),thedifftrentialofh(02)isgivenby

(6.32)

(6.33)

ん′(β2)=8sinβ2タ(β2)-8cosβ畑′(β2)+(タ(2β2))′

=8sinO29(02)+802SinO2COSO2-402Sin202

=8sinβ2タ(β2)<0･

Tberefore,Since飴h(02)=0from(6･33),theinequalityh(02)<Oholds･From(6･32),Since

thedifbrential(%)lisnegative,theterm%isa.monotonedecreasingfunction･Therebre,
from(6･28)and(6･29),Sincetheinfimumof%isglVenby

m月h
恥
-

1
一
2

二
些函

m月山恥
)2β2(ロJ

場(βJ

設>盲
打

thefo1lowlngequationholds:

(6.34)

Fromtheanalyses(i)-(iv),Sincethein丘mumsandsupremumofthetermsinthelefthandof

(6.23)aregivenby

-<1,撃>川<0,0ら<0,設?盲,
Slnど

.訂

ど
豆

thefbllowlnglnequalityholds:

孟榊2)=等瑞〈1-(苧)一課)>0･
､----}--一一′〉

>1 >昔ノ

Therefbre,f(E,02)of(6･22)isamonotoneincreasingfunctionofO2irrespectiveofE･

(6.35)

(6.36)
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ll△α乞(ど,β2)ll llAα乞(ど,♂2川

Figure6･5 Sckechofll△α乞(E,02)FlasafunctionofO2.

Next,from(6･22),(6･21),(6･24)and(6･25),thelimitvaluesoff(E,02)withrespecttoO2→O

拙作,β2)=ど2[字ト(苧)ト1]<0,
(6･37)

耗仲,β2)

.
聖
ど(

打
一
2ト

2
(こ二

1]〈…3…呈;:三雲･(6･38)
First,COnSiderthecaseO<E<昔･From(6･37)and(6･38),thereexistsO2intheneighborhoodof

O2=Osuchthatthevalueoff(E,02)isnegativeandthere.existsO2intheneighborhoodofO2=昔
SuChthatthevalueoff(E,02)ispositive.Therefbre,SlnCef(E,02)isamonotoneincreasing
function,theequationf(E,02)=Ohasonlyasolution.Definethesolutionoff(E,02)=Oby
O芸･From(6･19),lI△α乞(E,02)lf2hasaminimumvalueatO2=0芸.Thisprovestheclaim(i).

Second,COnSiderthecase昔≦E<7T･From(6･37)and(6･38),thefunctionf(E,02)isalways

negative･Therefbre,from(6･19),thefunctionll△α乞(E,02)H2isamonotonedecreasingfunction･
Thisprovestheclaim(ii). □

Figure6･5showstheshapesofthefunctionll△α乞(E,02)lfdescribedinTheorem6･1･Thecase

E<昔isdepictedintheleft丘gure,Wherethevalueof=Aα乞(E,02)llisaminimalvalueat
O2=0芸･Ontheotherhand,thecaseE≦芸isdepictedintherightfigure,Where[I△α乞(E,02)tl
isamonotonedecreaslngfunction.

Sincethebehaviorofll△α乞(E,02)llisevidentfromTheorem6.1,itispossibletoestimate
theboundariesofthereachablearear2.Tbbemoreprecise,fbreachEintherange(6.14),itis

possibletoobtainthevaluesofO2tOgivetheminimumandmaximumvaluesofll△α乞(E,0,)liin
thedomainofO2(6･16)(SeeFigure6.4).FurthermOre,thevaluesofOiaregivenbysubstituting

theobtainedvaluesofO2andEinto(6.15).

Inthefbllowlng,WeShowthecalculationmethodofthevaluesofO2tOglVetheminimumand

maximumvaluesoff[△α乞(E,02)lfintheconditionthattheparameterSOlandO2areCOnStrained
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SuChthat(6.9).ThevaluesofO2tOgivetheminimumandmaximumvaluesaredescribedby
O2minandO2max.NotethattherangeofO2is

sin-1(孟)≦β2≦免
(6･39)

SincethecasesuchthatO2>Oisconsidered.

Calc111ationMethodoftheReachableAreaO

(ThecaseshowninthelefthandofFigure6.5)

1)62<0芸(ThereexiststhedomainintheleftsideofO芸･)

Inthedomain,thefunctionH△α乞(E,02)llisamonotonedecreasingfunction･There-
fbre,02minandO2maxaretherightendandtheleftendofthedomainrespectively:

02min=亀,02max=Sin-1(孟)･
(6･40)

2)sin,1(右)≦0芸≦62(ThedomaininvoIvesO芸･)

SincethefunctionHAα乞(E,02)l[takesaminimalvalueatO2=0芸,thevalueO2minis
O芸.Ontheotherhand,Sincethevalueofll△α乞(E,02)[lcanbemaximumattheleft
Orrightendofthedomain,bothcasesareCOnSidered:

a)】lAα乙(ど,Sin~1(友))11≧ll△αと(ど,鋸‖

02min=0芸,02max=Sin~1

b)ll△α乞(ど,Sin-1(右))rI<lIAα乞(E,62)‖

02mi｡=0芸,02max=02･

3)0芸<sin,1(右)(ThereexiststhedomainintherightsideofO芸･)

(6.41)

(6.42)

Inthedomain,thefunctionll△αニ(E,02)llisamonotoneincreasingfunction･There-
fore,02minandO2maxaretheleftendandtherightendofthedomainrespectively:

02min=Sin-1
,β2max=β2.

(6.43)

(ThecaseshownintherighthandofFigure6.5)

Sincethefunction[J△α乞(E,02)Ilisamopotonedecreasingfunction,02min?ndO2m弧are
therightendandtheleftendofthedomalnreSPeCtively‥

02min=亀,02max=Sin-1(孟)･
(6･44)
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Figure6･6 Reachableareabytheiterationoftwoclosedpaths･

Remark6･2･Inthecase(i)E<昔,SinceO芸isthesolutionoff(E,02)=Oasmentionedinthe
PrOOfofTheorem6･1,itisnecessarytoobtainthesolutionbythenumericalcalculation･This

Valuecanbeeasilycalculatedbythebisectionmethodsincef(E,02)isamonotoneincreasing
functi?nintherange[0,;]andthesignsoff(E,02)aredifftrenteachotheratO2=OandO2=昔
丘om(6.37)and(6.38).

6.3 AlgorithmbrDeterminationofParameters

Inthisse?tion,WePrOPOSetheregulationalgorithmforthecontroIvariable(lfαoI(,4,)toconverge
totheongin(targetpoint)bythefiniteiterativeshiftsalongtheboundariesonthereachable

areaOontheplane(llAα訓,△*)･ThepaてameterPisdet?minedby(5･13)asmentionedin
Chapter5･ItfbllowsthatthetargetPOintislnVOIvedinthefirstorfburthquadrantoftheplane

(ll△α訓,△桝.
First,thereachableareabytwointerationoftheclosedpathischaracterizedasinFigure6･6･

InFigure6･6,thenegativerangewithresp?CttOthelJ△αLlf-aXisisdepictedfbrsimplicityof
explanation･ThisnegativerangecanbeglVenbytransfomingpof(5.13)intop+7r.The
ShadedareaSrePreSentthereachableareaSbyoneiterationO･FurthermOre,TheareaSurrOunded

bytheheavylinerepresentsthereachableareabytwoiteration,Whichisobtainedbydepictlng

OatpolntSOntheboundariesofO･ⅥねcallthisareaO2inthischapter･TheonginOrepresents

theinitialpointof(=α｡II,ゆ)andthepointAisthetargetpoint.men,SincethereachbleareaO
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Figure6.7 Decompositionof(x,y)plane･

WiththeoriginPincludesthetargetpointA,bytwoiterationcomposedoftheshifttowardPat

firstiterationandtheshifttowardAatseconditeration,itisrealizedfbr(l(α｡‖,ゆ)toconvergeto

A.Inthefo1lowing,forsimplicityofdescription,thecoordinatesllAαL[land△4,is■rePreSented
by

∬:=llAα乞(β1,β2)ルy:=△ゆ(β1,β2) (6･45)

andtheblane(lfA&;l(,△4,)iscalledtheplane(x,y).Thevalues豆and9■representthecoor-
dinateoftheendpoint(豆,否)ofOandtheyarethemaximumyalue竺Ofxandyrespectively･
Thevalue9isgivenbythemaximumvalueofE,WhichisE=01SinO2from(6･13),(6･14)and

(6･45)･Ontheotherhand,thevalue豆isgiてenbyt申ValuemaximumvalueofH△α乞(E,02)Fl,

Whichis刃△α冥E,02max)ll･SinceO2maxisglVenbyO2from(6･40)-(6･44)inthecasesuchthat
E=E=01SinO2,thevalues豆and9aredefinedby

豆‥=ll△α乞(言,鋸‖,密‥=ど=β逐n♂2･ (6･46)

FurthermOre,fortheexplanation,Siムcetheminimumandmaximumvaluesof[IAα乞(E,02)Hare
thecoordinateofxontheboundaries(A)and(B)ofr之inthecasey=EreSPeCtively(See

Figure6.4),theyarerePreSentedby

xA(E)‥=lI△αニ(E,02min)Jl,XB(E)‥=H△αニ(E,ヴ2max)l卜
(6･47)

Second,fbrthedeteminationoftheparameters,theplane(x,y)ofFigure6･6isdeco?POSed
bytheheavylinesasshowninFigure6.7.Asmentioneqpreviously,nOtethatthereexIStSthe

targetPOintinthefirstorfburthquadrantsincetheparameterPisdeteminedby(5･13)asmen-
tionedinChapter5･FurthermOre,SincethereachableareaO2issymmetryWithrespecttox-
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Figure6･8 SchemeofthealgorithmfbrdecisionofparameterS

axis,itcanbediscussedasthesimilarWayOfthetargetpointinthefirstquadrantthatthetarget

POlnteXistsinthefourthquadrant･Thesearethereasonwhythefirstquadrantis･Onlyshownin

Figure6･7･Figure6･7showsthatthe丘rstquadrantofthereachableareaO2isdecomposedinto

thefiveareasO,咤,03,弼and¢02･Thede丘nitionsoftheseareaSaregivenbythefbllowings:

n:=((∬,y)l∬A(y)≦∬≦∬月(y),y≦密), (6.48)

咤:=((∬,封)l恵一∬β(y-の≦∬≦亭-∬A(y一夕),否<y≦2否), (6.49)

噂:=((∬,封)l∬<∬A(y),y≦否Or∬<豆-∬β(ツー否),否<y<2牢),(6･50)
喝:=((∬,州∬β(y)<∬≦豆+∬β(宙-y),y<否), (6･51)

¢が:=((∬,州∬,y≠n2,n2=ロリ咤∪喝∪噂), (6･52)

WhereOisthereachableareabyoneiteration,咤,喝and呵arethereachableareabytwo
iterationand¢n2isthereachableareabythemoreiteration,thenumberofwhichisgreaterthan

Orequaltothree.

mird,inthecasesthatthetargetPOlnteXistsintheabovedecomposedareaS,themethodof

theshiftalongtheboundaries(A)and(B)isproposed.TheoriginOistheinitialpointandthe

POint(xd,yd)representsthetargetpoint.Thefundamentalconceptoftheproposedmethodis
COmPOSedofthefb1lowlngS:

(1)Inthecasewherethetargetpoint(xd,yd)isincludedin毎2,tO.ite!atetheshifttotheend

POint(豆,否)ofthereachableareaOateachiterationuntilthetargetpolntlSinvolvedinO2.since
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thedistancesoftheshiftshavefinitevalues,thetargetPOintcanbeinvoIvedinthereachablearea

O2byfiniteiteration･

(2)Inthecasethatthereexiststhetargetpointinn2,tOdeterminethefirstshiftofthetwo

iterationasfbllowlngWaySfbrthetargetpointtobeinvoIvedinO:

(2)-(i)ThetargetPOintisinvoIvedin略
ThetargetPOintisinvoIvedinthereachableareaObytheshifttotheendpoint(豆,9)of
O2(SeeFigure6.7).

(2)-(ii)ThetargetpointisinvoIvedin喝:
Thedetailsofthedeteminatio■nareShownlater.

(2)-(iii)ThetargetPOintisinvoIvedinr之号‥
ThedetailsofthedeteminationareShownlater.

(3)Inthecasethatthereexiststhetargetpoint(xd,yd)inthereachableareaO⊂02,tOShiftto
thetargetpoint.

ThedetailsoftheabovetermS(2)-(ii)and(2)-(iii)areshowninthefbllowings:

(2)･(ii)ThetargetpointisinvoIvedin喝:

InthiscaseasinthelefthandofFigure6.8,tOShifttothepointQalongtheboundary(B)of

Oat丘rstiteration.NotethatQisthepointsuchthatthetargetpoint(xd,yd)isinvoIvedinthe
boundary(B)ofOdepictedatQ.Thefirstandseconddistancesoftheshiftsofydirectionare
definedbyypl>Oandyp2>Orespectively･Then,thedistancesoftheshiftsofxdirectionby

eachiterationaregivenbyxB(ypl)andxB(yp2)from(6･47)･Therefbre,theconditionsuchthat
thepointQmustsatisfyisasfbllows:

〈毎払)憲霊≡冨ご
Combiningtwoequationsof(6･53)leadstothefbllowingequation:

∬β(鋤1)-∬β(yd-師2)=∬d,

(6.53)

(6.54)

wheretherangeofyplisO<ypl<ydinthecaseyd<90rO<ypl<否1nthecaseyd≧否

sinceypl<ydfromyp2=yd-yPl>Oandypl<否･Therefbre,Since･thevalueofypllSglVen

bysoIving(6.54)-onthisrange,XB(ypl)isgivenby(6･47)fromtheobtainedvalueofypl,i･e･
thecoordinateofQisobtained.ByshiftingtotheobtainedpointQ,thetargetpointisinvoIved
inOatseconditeration.

(2)･(iii)ThetargetpointisinvoIvedin呵:

InthiscaseasintherighthandofFigure6.8,tOShifttothepointRalongtheboundary(B)

ofrZatfirstiteration.NotethatRisthepointsuchthatthetargetPOint(xd,yd)isinvoIvedinthe
boundary(B)ofOdepictedatR.The丘rstandseconddistancesoftheshiftsofydirectionare
definedbyy71>Oandy72<Orespectively･nlen,thedistancesoftheshiftsofxdirectionby

､
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eachiterationaregivenbyxB(y71)andxB(y72)from(6.47)･Therefore,theconditionsuchthat
thepointRmustsatisfyisasfb1lows:

〈頑恥)1ニ豊≡≡諾t(6･55)

Combiningtwoequationsof(6･55)1eadstothefo1lowingequation:

∬月(恥1)+∬β(yd一恥2)=∬d, (6･56)

Wheretherangeofy711Syd<y71≦9sinceyd<y71fromy72=yd-y71<Oandy71≦否･

Therefbre,SincethevalueofyTlisgiv?nbysoIving(6･56)onthisrange,XB(y71)isgivenby
(6･47)fromtheobtainedvalueofy71,1･e･thecoordinateofRisobtained.Byshiftingtothe

ObtainedpolntR,thetargetpolntisinvoIvedinr2atseconditeration.

SummanZlngthepreviousdiscussion,WeShowthealgorithmtodeterminetheparameterS

(01,02)inthefbllowing･Inthealgorithm,kisthenumberoftheiterationsoftheclosedpaths

(x[k],y[k])isthetargetpointrepresentedintheorthogonalcoordinatesystem(x,y)atkthintera-

fion･AsmentionedprevlOuSly,nOtethatthetargetPOint(xd[k],yd[k])existsinthefirstquadrant,
1･e･∬d[た]>Oandyd[た]>0.

AlgorithmforDeterminationoftheParametersoftheClosedPath

(∬d[札的[可)∈¢n2

Tbiteratetheshifttotheendpoint(烹,否)ofthereachableareaOateachiterationuntilthe

targetpoint(xd[k],yd[k])isinvoIvedinO2･Then,from(6.15)and(6.46),thevaluesOl[k]

andO2[k]aregivenby

瑚た]=包,叫た]
β1Sinβ2

Sin亀[た]
(6.57)

(∬d[札的[瑚∈n2

TbdeterminethefirstshiftofthetwoiterationasfbllowlngWayS:

(i)(∬d[札的[棚∈咤

Tbshifttotheendpoint(豆,9)ofO2(SeeFigure6.7).Then,from(6.15)and(6.46),

thevaluesOl[k]andO2[k]aregivenby

瑚た]=亀,叫た]=
β1Sinβ2

Sin鞍[呵●
(6.58)

(ii)(拍困朝岡)∈喝
First,tOObtainyplbysoIvingthefo1lowlngequation:

(∬β(抑1)-∬β(yd[たト師1))-∬d[た]=0,0<鋤1<yd(的≦牒)
0<抑1<宙(yd>否)●

(6.59)
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Second,tOObtainO2[k]togivethepointontheboundary(B)bytheestimationmethod

ShowninSec･6･2byusingE=ypl･FurthermOre,thevalueOl[k]isgivenby(6･15)･

鮎[た]=♂2max,仇【た]=
yβ1

Sin恥[た]
(6.60)

(iii)(∬d軋yd[棚∈喝
First,tOObtainy71bysoIvingthefb1lowlngequation:

(∬β(恥1)+∬β(yd[た卜恥1))-∬d[た]=0,yd<折1<否･ (6･61)

Second,tOObtainO2[k]togivethepointontheboundary(B)bytheestimationmethod

ShowninSec･6･2byusingE=yTl･Furthermore,thevalueOl[k]isgivenby(6･15)･

鞍[た】=β2max,恥[た]=
仇1

Sin鞍[た]
(6.62)

(∬d[札的囲)∈n

First,tOObtainO2minandO2maxtOgivetheboundaries(A)and(B)bytheestimationmethod

ShowninSec.6.2byusingE=yd[k].Second,tOObtainO2[k]bysoIvingthefbllowing
equation:

ll△αニ(yd[軋戟[軒川一利[た]=0,
02min≦02[k]≦02max(02min≦02max)
02max≦02[k]≦02min(02min>02max)

Furthermore,thevalueOl[k]isgivenby(6･15)･

.(6.63)

Remark`.3.Inthealgorithm,thesolutionsof(6.57)and(6.58)areldirectlygivenbytheleftand

rightendsofthedomain:Ontheotherhand,itisnecessarytosoIve(6･59),(6･61)aムd(6･63)by
thenumericalcalculation.However,theleftfunctionsoftheseequatiohsareonevaluenonlinear

equatidnwiththe丘xeddomainsandtheslgnSOfthefunctionattheleftandrightendsofthe

domainsaredifftrenteachother.Thisfacteasilyfo1lowsfromthedefinitionsoftheareasO,

噂and弼.of(6･48),(6･50)and(6■･51)･Therefbre,theseequationscan'beeasilysoIvedbythe
bisectionmethod.

Remark6･4･SincetheparametersOl[k],02[k]andp[k]canbeobtainedoplyfromii[k]whichis
thesatesatthestarttimeofkthnumberofiterations,themethodcanbeinterpretedasadiscrete-

timeftedbackbyregardingthestarttimeoftheiterationasthesamplinginstant･Therefore,the

methodisexpectedtohaverobustnessagainstdistufbances･
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Figure6･9 T叫ectoryofα｡and4,Onα｡Plane

6.4 NumericalExample

Inthissection,theefftctivenessofthealgoritlmproposedintheprevioussectionisshown

byanumericalexample･Theradiusofthesphereisp=1【m]･Theinitialstatesareαf=

[00]T[rad],α0=[34]T[m]and4,=昔[rad]:FurthermOre,thevalueoftheboundaryofthe

rollingmotionO,issettoO,宍ゴ1･56<芸,Whichmeansthecasethatthecontactpointonthe

SPPe竺αfテ[ufVf]Ti占festrictedtotheareaOnthesemisphere･Thisvalueisgivenby(6･12)
WithOl=02=1･5<昔･

Figur占s6･9-6･11showthesimulationresult･Figure6･9showstheshiftsofα00ntheplape

α｡,Wherethekthcirclerepresentsthepositionofα｡[k]bythekthclosedpathandthektharrow

TePreSenttheangleofM]bythekthclosedpath･Figure6･10showstheshiftsontheplane(x,y),
1･e･(ll△α;II,△4,)･InFigure6･10,thekthcirclerepresentstheposition(Il△α乞[た川,△羽k])by
thekthclosedpath,theobliquelinesrepresenttheobliquecoordinatesystem(X,Y)andthe

areasshapedasthelunesarethereachableareaSO･Figure6･11showsthetrqjectoryofαf,
Wheretheclosedpathsaregeneratedwithtimeinterva12[sec]andtheheavylinesshowthe

ValuesoftheboundariesoftherollingmotionO,.InFigure6.9,α｡and4,haveconvergedon
thetargetpolntSimultaneouslybyfivenumberoftheiterations･FurthermOre,thereexistthe
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Figure6･10 Shiftof([[α｡Il,4,)on(H△α訓,△4,)plane

Circles00nthedashedlinefromtheinitialpointtothetargetpoint.Thiscorrespondstothe

faCtthatthedirectionofthe血iftofα｡is~detemin申byp畠uchthat(5･13)(SeeFigure5･3).･In
Figure6.10,thepointsofk=1,2,3towhichthecontroIvariableshiftsaretheehdpointsof

thereachablearea岳Oateachiteration.Next,th0岳eofk=4,5areadjustedsuchthatthecontroI

variableconvergestothetargetpoint.Thesetransitionsshowtheeffectivenessofthealgorithm.

InFigure6･11,itisevidentfbrufandvfOfαf=[uf Vf]TtoinvoIveintherangebetween
-0,andO,,WhereO,Ft;1.56.

`.5 Summary

Inthischapter,Wediscussedthecontrolofthecontactcoordinatesbyiterativeclosedpathson

thespherewithconstrainedrollingmotion.Thetypeoftheclosedpathwasthesameusedin
Chqpters3and5.First,inordertoutilizethereachableareaOftheclosedpathatthemaximum,

WePreCiselyanalyzedtheboundaryofthereachableareaOftheclosedpathwithconstrained

rollingmotion.Second,WePrOPOSedthemethodねrthecontactcoordinatestoconvergeto

atargetPOintbythefiniteiterativeshiftsalongtheboundaryasmentionedear1ier･Sincethe
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t[s]

Figure6･11Tr再ectoryofαf･

PrOPOSedmethodcanimposethelimitationoftherollingmotion,themethodhasthebeneficial

efftctontheqpplicationtomulti-fingeredrobothands.SincethereachableareaOftheclosed

Pathisutilizedatth占maximum,therequired車mberofthecontact甲Ordinatestoconverge
CanbelessthanthemethodinChapter5.FurthermOre,Simi1artothemethodinChqpter5,the

Parameter岳ateachiterationcanbeeasilycalculatedbythebisectionmethod･
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Conclusions

Inthischapter,theconclusionsofthisthesisareSummarizedandsometopICSOfthefur血er

researcharesuggested.

7.1Summary-

Intheliterature,thedexterityinthedexterousmanlPulationismainlydiscussed丘･Omtheview-

POintsoftheforce-Closureandthemanipulability･Inthisthesis,tOemichthedexterity,We

discussedthemanlPulationbyrollingsincethereachablecon丘gurationofthemanlPulationby

rollingcanbeasextensiveasthatofthemanlPulationatlargeduetothenonholonomyofrolling･

TilePurPOSeOfthisthesiswastoestablishcontrolmethodstorealizethesimultaneouscontrol

Ofgrasp/manlPulationandcontactpolntSOfanobjectbyamulti-fingeredrobothandwiththe
nonholonomyofrolling･ThekeytopICStOrealizethepurposewerethefbllowlngS:

(A)Foradynamicalmodelcomposedoffingersandagraspedobject,tOeStablishcontrol

methodswhichcanutilizethenonholonomyofrollingforcontrolofcontactpointssi-

multaneouslywithgraspandmanlPulationoftheobject･Inthisthesis,thenumberofthe
丘ngerswouldberestrictedtotwowhichistheminimumnumber･

(B)Foranonholonomicsyst?mOftworollingrigidbodieswithpurerollingcontact,tOeS-
tablishmethodssuchthata1lofthecontactcoordinatescanberegulatedsimultaneously

byuslngaSlnglespecifiedclosedpath･Inthisthesis,thesurfacesofthebodieswouldbe

restrictedtoasphere?ndaplane･

Thedetai1softhesetopicswereasfo1lows:

InChqpter3,tObedevotedtothetopics(A)and(B),Wediscussedthesimultaneouscontrol
byatwo-fingeredrobothand,eaChfingerofwhichhadsixdegreesoffreedom･Thecontact

motionbetweeneachfingerandtheobjectwasassumedtobethepurerollingcontact,andthe

surfacesofeachangerandtheobjectwereassumedtobetheregularSurfaces･Asfbrthecontrol
methodtoutilizethenonholonomyofrollingfbrcontrolofcontactpolntS,Wefirstclari丘edthe

degreeoffreedomofthewholesystembyinvestlgatlngthepropertyofthemotionconstraint

onthegeneralizedcoordinates,Whichcouldbeassociatedwiththeconstraintofthecontact
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COOrdinates･Second,WePrOPOSedthegeneralfbrmulationofthelineanzlngCOmPenSatOrfbr

theinternalfbrce,theobjectmotionandthero11ingmotion.Duetothelinearization,thecontact
motionconfbrmStOthekinematicmodeloftworollingbodieswhoselnPutistherollingmotion･

Asfbrtheregulationalgorithm,fbrthekinematicmodelofasphereandaplanewhichcorrespond

toasphericalfingerandacuboidobject,WePrOPOSedthemethodtoregulateallthecontact
COOrdinatesbyiterativeclosedpathsonthecontactpointofthesphere･Theclosedpathwas

Shapedasatrapezoidonthesphereparameterizedbythreevariables.Thisclosedpath~wascalled

thetnpezoiddlclosedpath･Theparameterswasdeterminedwithrespecttoeachinteration･

FurthermOre,theconvergencetoarbitrarytargetpolntSOftheregulationmethodwasguaranteed

byprovlngthattherealwaysexistedtheparameterStOreducetheeuclideannormOfthedistance

tothetargetPOint･Sincethemethodcanbeinterpretedasadiscrete-timeftedbackbyregarding

thestarttimeoftheiterationasthesamplinginstant,themethodisexpectedtohaverobustness

agalnStdistutbances･Thenumericalexamplewaspresentedtoshowtheefftctivenessofthe

method.

InChapter4,tObedevotedtothetopic(A),fbrthesimultaneouscontrol,WePrOPOSedthe

COntrOlmethodwhichcouldutilizethenonholonomyofrollingforcontrolofcontactpointsbya

two一丘ngeredrobothandwithconstrainedDOEThecontactmotionbetweeneachfingerandthe

O句ectwasassumedtobethepurerollingcontact,andthesurfacesofeachfingerandtheobject
WereaSSumedtobetheregularSurfaces･Wefirstclari丘edtheconditionsuchthattheposition

OftheDOFofthewholesystemwasmaximum･TYlisrepresentedthatafbitraryrollingmotion

COuldbegeneratedbyuslngfingerandobiectmotion.Thiswascharacterizedbythenumber
andthedirectionoftheDOFofthe丘ngers･Second,WePrOPOSedthegeneralfbrmulationofthe

linearizlngCOmPenSatOrfortheinternalforce,themotionofacertaincoordinatesofthefingers

andtheobject,andtherollingmotion.FortheconstruCtionofthelineanzlngCOmpenSatPr,the
fingerandobjectmotionweredecomposedintoacomponentwhichcausedtherollingmotion

andacomponentwhichdidnotcausetherollingmotion･Thesecondcomponentcorrespondtoa

Certaincoordinatesofthe丘ngersandtheo句ect.Thenumericalexampleshowedtheefftctiveness
Ofthemethod.

InChqpter5,tObedevotedtothetopic(B),forthekinematicmodelofasphereandaplane

Withpurero11ingcontact,WePrOPOSedtheregulationalgorithmforthecontactcoordinatesto

COnVergetOatargetPOlntbythe血iteiterativetrqpezoidalclosedpathsofthecontactpointon
thesphere･First,WeShowedthat,fromtheviewpointofthenormminimization,OneOfthe

ParameterSCOuldbedeteminedindependentoftheothertwoparameterS･Duetothisdetermi-

nation,thecontroIproblemwasdiscussedonthetwo-dimensionalspace(Plane)whichcharaC-
terizesthecontactcoordinates･Second,WePrOVedthatthereachableareaoftheclosedpathhad

twofinitelinescrosslngattheonglnWhichrepresentsthecontactcoordinatesateachiteration･

nird,WePrOPOSedthemethodforthecontactcoordinatestoconvergetoatargetpolntbythe

finiteiterativeshiftsalongthelinesasmentionedear1ier.Ateachiteration,Sincetheproposed

methodrequlreSSOIvingonlyonevariableequation,thesolutionscanbeeasilyobtainedbythe

bisectionmethod･Finally,Thenumericalexamplewasshowntoprovetheefftctivenessofthe

PrOPOSedmethod.
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InChqpter6,tObedevotedtothetopic(B),forthekinematicmodelofasphereandaplane

withpurero11ingcontact,Wediscussedcontrolofthecontactcoordinatesbyiterationofthe

tr叩eZOidalclosedpathonthespherewithconstrainedrollingmotion･Itwasassumedthatthe

parameterofthedirectionoftheclosedpathwasdeteminedfromtheviewpointofthenorm

minimizationshowninChqpter5･Duetothisdetemination,thecontroIproblemwasdiscussed

onthetwo-dimensionalspace(plane)whichcharaCterizedthecontactcoordinates･First,inor-
dertoutilizethereachableareaOftheclosedpathatthemaximum,WePreCiselyanalyz6dthe

boundaryofthereachableareaOftheclosedpathwithconstrainedrollingmotion･Second,We

proposedthemethodforthecontactcoordinatestoconvergetoatargetPOintbythefiniteitera-

tiveshiftsalongtheboundaryasmentionedearlier･Sincetheproposedmethodcanimposethe

limitationoftherollingmotion,themethodhasthebeneficialefftctontheapplicationtomulti一

丘ngeredrobothands･SincethereachableareaOftheclosedpathisutilizedatthemaximum,the

requirednumberofthecontactcoordinatestoconvergecanbelessthanthemethodinChqpter

5.Furthermore,SimilartOthemethodinChapter5,theparameterSateaChiterationcanbeeasily

calculatedbythebisectionmethod･Thenumericalexamplewheretherollingmotionisrestricted

totheareaOnthesemisphereshowedtheefftctivenessoftheproposedmethod･

7.2 FurtherResearch

SometopICSareSuggeStedfbrthefurtherresearch･

CloselyrelatedtothetopICSOfthisthesis,thefbllowlngPrOblemsareinteresting･Asfbr

thetopicrelateqtothepuIPOSe(A),tOloosentherestrictionofthenumb甲Ofthefingersis

aissヮe･Inthisissue,theanalysisoftheconditiontorealizetherollingmotioncan･beeasily
investigated･Rather,itisakeytopICStOintroduceappropriateexpressionsoftheinternalforce･

Theexpressionsoftheinternalforcehaveredundancyifthenumbefofthecontactpointsis

morethanfiveinthecasewherethecontacttypeisaso-Calledhardfingercontact,Whichcau$eS

translationalforcesatacontactpoiht.AnexpressionwhichreducestheredundancylSglVenby

[60].However,aSinthisthesis,inthecasewherethecontacttypeisasoft-fingercontactwhich

causestranslationalfbrcesandamomentaboutthecbntactnormal,theappropriateexpressions

havebeennotderived･Sincethesoft一色ngercontactisalsomorereasonablethanthehard血ger

contact,tOeStablishappropriateexpressionsoftheinternalfbrceinthecaseofthesoft-finger

COntaCtisaslgnificantissue･

Asforthetopicrelatedtothepurpose(B),tOloosentherestrictionofthesurfacesoftwo

rollingrigidbodiesisaissue.Thereexiststudiesfbraobjectwitharbitrarysurfaceandaplaneby

multipleclosedpaths[40,41]andthestudyfbrapolyhedraobjectandaplanebymultipleclosed
paths[42].However,Sincefbrtheproblemoftworigidbodieshavingarbitrarysurfacesthere
havenotexistedmethodsbyiteratlngaSlnglespeciBedclosepath,tOeStablishsuchmethodsis

aslgnificantissue･

Ontheotherhand,thefbllowlngtOPICSarealsostimulating･AsmentionedinChqpterl,the

elementaltechnologleSWhichareimportanttoimproveanddevelopdexterityofmulti一触gered

robothandsarethefbllowings[1]:1.MechanicaldesignsQfhandi,2･Sensortechnologyandin-

jbrmationpr?CeSSing,3･ContTVIschemes･SometopicsassociatedwiththesetermSaredescribed
inthefb1lowlng.
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1･乃血相血cg∫qβメ乃gerr如w油dゆmαJわ那.

2･乃e∫ねあ揖ゐ∽g血ゐげco乃ねCJ∫e乃∫吻α乃d∫e那Orル∫わ那.

3･乃e血朗ねゐco乃加J∽e血ゐあα∫g加乃娩叩α∫∫ル卸

TbefirsttopIClaimstotheversatilityduetodeformationsofsoftmaterials･Tbesoft-fingers

Withthedefbrmationshavesomeadvantages[61]:thefrictioncoefBcientislarge,thedefbrma-

tionsreduceimpactstrengthsbycontacts,thereiscompatibilityforshapesofgraspedobjects.
ThekeylSSueSarethemodelingofthedefbrmationsandthecontroldesign･Therehavebeen

SOmeStudiesassociatedwithsoft一丘ngers[62,63].Inthesestudies,thedefbrmationofeachsoft一
触gertipISeXPreSSedasone-dimensionalcompressivefbrceandthecontrolmethodisdesigned

basedonthepassivitywiththegraspstability.Ontheotherhand,inourstudies[64,65],thede-
formationsisexpressedasthepalrOfthecompressiveandsheanngforcesandthecontrolmethod

isdesignedbasedonthepassivltyWiththeinternalfbrce･Thisresearchareaisinterestingand

hasmanylSSueS.

Thesecondtopicaimstothemorepracticalapplicationofmulti-fingeredrobothands･Itis

evidentthatthesensortechnologleSareabsolutelyimperativeforthepracticalapplication･As

thetopicsassociatedwiththisthesis,thesenslngOfcontactpointsisanimportantresearcharea,

Whichisdecomposedtothecontactdetectionusingtheinfbrmationoffbrcesensor(e.g.,SeeRef.

【66])andthetactilesensing(e･g･,SeeRef.[67]).Ontheotherhand,thedetectionofagrasped

Objectbythesensorfusion[68]isalsoimportant.Thesensorfusionmeanscomplementary
informationprocesslngOfsomephysicalvalues･ThisresearChareaisalsointerestlngandhas

manylSSue占.
ThethirdtopICaimstoenhancetherobustnessofthecontrolmethod･Thepassivityisa

fundamentalpropertyofmanyphysicalsystemswhichmayberoughlydefinedintermSOfenergy

dissipationandtransformation･Sincethecontro11erbasedonthepassivltyneedslessquantitative

informationthanlinearizingcompensators,thecontrollermaybemoresimpleandrobust[69]･
Thestudiesa畠so9iatedwithrobotfingersareaftw,e.g.Ref岳.【62,63,64,65].ThisresearCharea
isalsointerestlngandhasmanylSSueS･



AppendixA

RigidBodyMotion

Arigidmotionofanobjectisamotionwhichpreservesdistancebetweenpoints･Atitsheart,
thestudyofrobotkinematics,dynamicsandcontrolisthestudyofthemotionofrigidbodies･

Therefore,inthissection,thefundamentaltheori占softherigidbodymotionaresummarized
bde且y.

A.1ConfigurationSpace

TbrepresentthecoTdigmltionofarigidbody,WeattaChaCarte.siancoordinateframetosome

POintontherigidbodyrelativetoafixedframe･Considerarigidbodyonwhichacoordinate

frame=Bisattachedandaninertialframe=AinFigureA･1･ApB∈R3isthepositionvectorof

theonglnOf=BfromtheonglnOf=AeXPreSSedin=AandRAB∈R3×3istherotationmatrix

Of∑Brelativeto∑A.Aconfigurationofthesystemconsistsofthepalr

タAβ=(Aゎβ,RAβ)∈β且(3),
(A.1)

whereApBandRABCOrreSPOndtothepositionandtheorientationof∑BreSPeCtively･SE(3)
isthecof所guTtZtion5PaCeOfthesystemandthenotationSEabbreviates5PeCialEuclidean･The

ズ

FigureA.1Coordinateframesforspecifyingrigidmotions･
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definitionofSE(3)isgivenby

g且(3)‥=((p,R)‥p∈R3,児∈ぶ0(3))=R3×gO(3).

In(A.2),SO(3)isthespaceofrotationmatricesinR3×3whichisdefinedby

(A.2)

go(3):=(兄∈R3×3‥月見T=∫3,det(R)〒+1)i (A.3)

whereRRT=Z3rePreSentSthatthecolumnsofRaremutuallyorthonormalanddet(R)=
+1representsthatthecoordinateframeisright-handed.ThenotationSOabbreviates3PeCial

Orthogonalandspecialreftrstodet(R)=+1･

A.2 RigidBodyTrans払rmation

A.2.1Rigidbodytransformation

Anelement9=(少,R)∈SE(3)s云rvesasb｡thaspecificati｡n｡fthec｡nfig｡rati｡n｡farigid
bodyandatransformationtakingthecoordinatesofapointfromoneframetoanother･Given

Apq,Bqq∈R3whicharethecoordinatesofapointqrelativeto=Aand=B,atranSfbrmationof

COOrdinatesisglVenby

Ap曾=ApA+RAββp9･ (A･4)

Theelement9=(p,R)∈SE(3)maybeviewedasamqpping9:R3ト}R3whichpreserveS
distancesandanglesbetweenpolntS:

タOp=p+月p. (A.5)

Ingeneral,maPPlngSWhichpreservesdistancesandanglesbetweenpointsiscalledtherigid

bo4ytlm4bnnationsandisusedtodescribetheinstantaneOuSPOSitionandorientationofa
bodycoordinateframerelativetoaninertialframe.

A･2･2 Homogeneousrepresentation

Inゐ0∽Oge乃eO〟∫COO房～乃α′g∫Ofp∈R3,i.e.,

戸=[ざ]∈R4,
therelationbetweenApqandBqqlSglVenby

A戸9=百A月β戸9,

百:=[｡票3ざ]∈R4×4
isthehomogeT7eOuSl甲1でSen(a(io〃Of9=(p,R)∈SE(3).

(A.6)

(A.7)
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FigureA･2 Arevolutejoint.

A･31托locityofaRigidBody

A.3.1 Twistsandtwistcoordinatei

Considerthesimpleca早eOfaone-1inkrobotasshowninFigureA･2,Wheretheaxisofrotationis

W‥=【wlu2LJ3]T∈R3andp｡∈R3isapointontheaxis.Thevelocityofapointqattached
totherigidbodyisglVenby

カ9(り=UX(p9(り-p｡)=U<(p9(fトp｡),

Wherew∧∈R3×3isthematrixequivalenttothevectorproductwxandisdefinedby

(A.8)

u∧:=[蔓2ま3封
(A･9)

WewilloftenusethenotationGasareplacementfbr(J<･Notethatw∧isaskew-Symmetric･

matrix,i･e･,(w∧)T=-W∧.wtalsodefinetheoperatorvsuchthat

(u<)∨‥=U.

Inhomogeneouscoordinatesofv=P∈R3,i･e･,

否調∈R4,

(A.10)

analogoustothehoI聖geneOuSrePreSentationof90f(A･7),i･e･,百∈R4×4,Eq.(A.8)canbe

representedbyusingE∈R4×4as

面9=∈戸9, (A.11)
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ト[;ご3言]∈R4×4,γ:=一山Xp9･
(A･12)

∈isreftrredtoasatwist,Ora(infinitesimal)generatoroftheEuclideangroupandisthegener-

alizationoftheskew-Symmetricmatrixw∧.Analogousto(A.10),WedefinetheoperatorVto
extractthe6-dimensionalvectorwhichparameterizesatwist,

(吉)∨=(はご3肝=に]∈R6,
(A･13)

andcall

[U ]∈‥=l?l∈R6 (A.14)

thetwistcooTdinatesof∈.Thetwistcoordinatesarethegeneralizedvelocitywhichcanbe
representedbytwoexpressions,i･e･,thespatialvelocityandthebodyvelocitydescribedinthe

lattersubsection.

A.3.2 Rotationalvelocity

Here,WeCall∑Athespatialcoordinateframeand∑Bthebo4ycoordinateframe.Theword
"spatial"means"relativetoafixed(inertial)coordinateframe."

LetRAB(i)∈SO(3)beacurverePreSentingatrdectoryofanobjectframei:B,Withorigin
attheonglnOftheframe∑A,rOtatingrelativetothe丘xedframe∑A.Anpointqattachedtothe

rigidbodyfbllowsapathinspatialcoordinatesglVenby

Ap｡(壬)=点Aβ(壬)βp｡,

WherethecoordinatesBpqarefixedinthebodyframe･Thevelocityofthepointin∑Ais

A刷:=孟Ap｡(り=曳姻(勒
=(兢Aβ(り児玉β(り)RAβ(f)βp9

=旦Aβ(f)(R三β(殖Aβ(f))βp｡･

(A.15)

(A.16)

NotingthestruCtureOf(A.8)andthefactsuchthatthematricesRABR三BandR三B烏｡Bare
Skew-Symmetric[6],WeCanreWrite(A.15)and(A.16)as

Aγ9(り=(u五月)∧RA月(f)βp9=U左β×Ap｡(t)

βγ9(り:=R三月(壬)Aり9(ま)=(u覧β)∧βp｡=Uゝβ×βp｡,

(u左β)∧:=点Aβ(りR三β(り
(u覧β)∧‥=R三β(t)点｡β(t).

where

(A.17)

(A.18)

(A.19)

(A.20)



A.3VdocityofaRigidBody l11

ThevectorくJ左B∈R3iscalledtheinstantaneous3PatialangularvelocityWhichcorresponds

totheinstantaneousangularvelocityoftheobjectasseenfromthespatialcoordinateframe･

Simi1arly,thevectorwゝB∈R3iscalledtheinstantaneousboLb7angularvelocityWhichcorre-
spondstocorrespondstotheinstantaneousangularVelocityoftheobjectasseenfromthebody
coordinateframe.

ForanyrotationmatrixR∈R3×3,andanyvectorsv)W∈R3,thefbllowlngPrOPertieshold:

R(γ×ぴ)=(月お)×(RⅧ) (A･21)

R(叫∧RT=(凡可∧. (A･22)

A.3.3 Rigidbodyvelocity

ConsiderarigidbodywhosemotionisgivenbygAB(t),aCurveParameterizedbytime壬in

ぶβ(3):

百Aβ(り=[怒…りAp冒(壬)]

Analogousto(A●19岩;…●≡芸還St苛貰B･AbB]:三:;;;
Fromthesetwists,Wedefinethe5PatialvelocityV左B∈R6andtheboLb7VelocityV覧B∈R6

v五月=鹿]:=(¢∑β)∨=[~(顧語+A鮎](A･25)
Ⅴゝβ±鹿ト=(¢∑β)∨=慌ヲβ]･

(A･26)

Theinterpretationofthespatialvelocityisthatv左Bandw左B竺ethetranslationalvelocityand

angularVelocityofthepointqattachedtotherigidbody,eXPreSSedih∑A･Ontheotherhand,the

interpretationofthebodyvelocityisthatvゝBisthevelocityoftheonglnOfthebodycoordinate
frame∑Brelativetothespatialframe∑AaSViewedinthecurrentbodyframeandwゝBisthe
angularVelocityofthebodycoordinateframe∑Brelativetothespatialfrarhe∑AaSViewedin

thecurrentbodyframe･TherelationbetweenthespatialvelocityandthebodyvelocltylSglVen

by

V左β=A範AβⅤ曳か (A･27)

where

Ad餌β:=[監:A惣β]∈R6×6
(A･28)

isrefbrredtoastheacUointtnm4bTmationassociatedwith9･Theaqjointtransfbrmationhasthe
fbllowlngPrOPerties:

Ad;1=ほ~(R讃∧RT]=[芝~劉=叫-1(A･29)
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Ad9｡BAd9B｡=Ad9AC･ (A30)

AseemlnglynaturalwayofrepresentlngthevelocityoftherigidbodyistouseAbABtO

representthelinearVelocityandw左BtOrePreSenttheangularvelocity.Thepalr

Vまβ:=[諾≡]∈R6
(A･31)

iscal1edthehybridvelocityOftherigidbody.ThehybridvelocitylSrelatedtothebodyvelocity

bytherelationship:

Ⅴまβ=
RAβ

03×3 監]Ⅴゝβ･ (A･32)

A.3.4 Coordinatetransformations

Considerthemotionofthreecoordinateframes∑A,∑Band∑c･Then,forthespatialvelocities,

thebodyvelocitiesandthehybridvelocitiesthefbllowlngrelationsexists:

Ⅴ左c=Ⅴ左β+Adタ｡βⅤ芸c

V覧c=Adタ品Ⅴ覧β+Ⅴもc

Vま｡=Ad(一触月紬｡)Ⅴまβ+AdRAβⅤ窒｡,

叫‥=[よ;3官]
AdR:=[｡票30紆

(A.36)

(A.37)

where

ThetransfbrmationA4pdenotesthea句Ointmapcorrespondingtoapuretranslationbypand
A屯denotesthea句Ointmqpcorrespondingtoapurefotation.

A.4 WrenchesandTransformations

A.4.1 Wrenches

Ageneralizedfbrceactingonarigidbodyconsistsofalinearcomponent(Pureforce)andan

angularCOmPOnent(puremoment)actingatapoint.Wtcanrepresentthisgeneralizedfbrceas

avectorinR6:

ダ=[雲]∈R6,
(A･38)

Wheref∈R3isalinearC?mpOnentandT∈R3isarotationalcomponent･Wtwillreftrtoa
force/momentpalraSaWTmCh.
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ズ

FigureA.3 Tlansfbrmationofwrenchesbetweencoordinateframes.

A.4.2 Transformations

Considerthemotionofarigidbodyparameterizedby9AB(i),Where∑Aisaninertialframeand
∑Bisaframeattachedtotherigidbody.LetFBrePreSentaWrenChappliedattheonglnOf∑B

expressedin∑BandletV覧BrePreSenttheinstantaneousbodyvelocltyOftherigidbody.Both
Ofthesequantitie畠arerepresentedrelativeto∑Bandtheirdotproductistheinfinitesimalwork:

∂Ⅳ=Ⅴ覧β･ダβ. (A.39)

TwowrenchesareSaidtobeequivalentiftheygeneratethesamewofkfbreverypossibIe
rigidbodymotion.EquivalentwTmChescanbeusedtorewriteaglVenWrenChintermSOfa

WrenChappliedatadifftrentpointandwithrespecttoadi鮎rentcoordinateframe.FigureA.3

ShowsthatamanlPulatorpushesatapointonarigidbody.∑Aand∑carethefixedframes

tothemanlPulatorandtherigidbodyrespectivelyand∑Bisattachedtothecontactpoint･Let

9BC=(BpBC,RBC)betheconfigurationof∑crelativeto∑B.Byequatingtheinstantaneous
WOrkdonebythewrenchesFBandFc,Wehavethat

Vゝ｡･ダ｡=Ⅴゝβ･ダβ=(Ad紬｡Ⅴ覧｡)T･ダβ=Ⅴゝ｡･A屯｡ダβ,(A･40)

whereV覧B=Ad｡B｡Vゝcfrom(A.34)andVをB=0.SinceVゝcisfree,thefbllowing
transformationisobtained:

ダc=A屯｡ダβ･ (A･41)

Eq.(A.41)transformSaWrenChqppliedattheoriginof∑Bintoanequivalentwrenchqppliedat

theoriginof∑c.Expanding(A.41)1eadsto

[封=[_爵pさ竃:][封=[牒｡β款佑丁β]･(A･42)
WtseethattheaqjointtranSfbrmationrotatesthefbrceandtorquevectorsfrom∑Binto∑c

andincludesanadditionaltorqueofthefbrm-BpBCXfB,Whichisthetorquegeneratedby

qpplyingafbrefBatadistance-BpBC.
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A.4.3 Wrenchrepresentations

AnetwrenchFBaCtingontherigidbodyhasthreenaturalrepresentations･Thebo4yrepresen-

tationofthewrenchiswrittenas璃andrepresentstheequivalentforceandmomentapplied
attheonglnOfthe∑B,Whichisexpressedin∑B･The甲atialrepresentationofthewrenchis

WrittenasF芸andistheequivalentwrenchexpressedin∑A･Thehybridrepresentationofthe

wrenchiswrittenas璃andrepresentstheequivalentforceandmomentappliedattheonglnOf
the∑B,Whichisexpressedin∑A.Analogousto(A.40)andbyusingtherelations(A･27)and

(A･32),therelationsbetweenthesewrenchesaregivenby

〆=Ad汁β=Ad芸〆･ (A.43)
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ContactKinematits

Inthisqppendix,WeShowthesurfaceparametrizationsandthekinematicequationsfbrone

Obiectro11ihgand/dislidingalonganother.

B.1Sur払ceModels

WbbeginwithabriefdescriptionofthesudbcepaTumetrizations.GivenanobjectinR3,the

Surfaceoftheobjectisdescribedbyuslngalocalcooldinatechart,

c‥U⊂R2ト}R3, (B.1)

asshowninFigureB.1.Themqpctakesapointα=[u v]T∈U⊂R2toapointp∈R30n
thesurfaceoftheobjectexpressedintheobiectframe,aSLinthefo1lowlng:

p=C(α).

FigureB.1Surfacechartfbratwo-dimensionalobjectinR3.

(B.2)
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Ingeneral,itmaytakeseveralcoordinatechartstocompletelydescribethesurfaceoftheobject･
Apropertyofasurfaceisregulardescribedbythefo1lowlngdefinition:

DefinitionB.1(Regu)arsurfhces).

AsurfaceSisTegulariffbreachpointp∈SthereexistsaneighborhoodV⊂R3,anOPenSet

U⊂R2,andamapc‥Uト+VnSsuchthat

l.cisdifftrentiable.

2･CisahomeomorphismfromUtoVnS･Thatis,C_iscontinuous,bijective(one-tO-One

3･Foreve叩=[uv]T∈U,themapZ(α)‥R2→R3isidective(One-tO-One)･
AtanypolntOntheobject,WeCandefinethetangentplanewhichconsistsofthespaceofall

VeCtOrSWhicharetangenttOthesurfaceoftheobjectatthatpoint.

De血itionB.2(Thngentplanes).

Thetangentplaneatapointc(α)onasurfaceofanoqectisspanned`bythevectorscu:=

芸(α)andc℡:=芸(α)･
AcoordinatechartisanorthogonalcooTdinatechartifcuandcvareOrthogonal.

TheoremB.1(Orthogonalcoordinatecharts).

エocα勧めe柁αf∫ねα乃Or班ogo托αJcゐαr一角rβJJ柁g〟Jαr∫〟ゆce∫.

Inthefb1lowlng,localcoordinatechartsareassumedtobeorthogonal･

B.2 EvolutionofContactFrames

Letp(t)∈SbeacurveOnaSurfaceofaobjectandpisparametrizedbyalocalcoordinate

Chartc:U⊂R2←〉R3andlocalcoordinatesα=[u v]T∈U⊂R2,i.e.,少=C(α).
Fortheorthogonalcoordinatechartc,thenoTmalizedGaussノねmeisdescribedbythefbllowing
de丘nition.

DefimitionB.3(NormalizedGaussframes).

Foranorthogonalcoordinatechartc,thenonnalizedGaussjhmeisdefinedby

恒z]‥=臨晶ヰ
Where

cu‥=芸,C℡:=芸,れ‥=Ⅳ(叫ル)=
Ct`×Cv

=qxcりtl●

(B.3)

(B.4)

ThemapN:Sト→S2isGaussmqp,WhichgivestheunitnormalateachpointonthesurfaceS･
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R3

FigureB.2 Thecontactframeisamovingframealongacurvep(i)･

ThenormalGaussframeprovidesanorthogonalframeateachpointonthesurfac畠･Byuslng

tbenormalizedGauss丘･ame,foracurvep(t),thecontactjhmeisdescribedbythefbllowing
definitionasshowninFigureB･2･

DefimitionB.4(Contactframes).

ForacurveP(t),thecontactノねmealongthecurvqisdefinedbytheframe∑cwhichcoincides
withthenormalizedGaussframeattimet.

Tbdeterminethemotionofthecontactframe,WeWillusethefollowlnggeOmetrlCPalumeteTT

ofthesurface:

〟タ‥=[‖㌢‖】-£‖]∈R2×2

∬g:=[釣[嵐尉=

rタ:=yT佑都=[

c吉和祝 C吉和v

駅;惇肥‖
=q州c刷 =qtl2

c吉c肌 C冨c祝｡
l転Il21lcvll‖ら州c℡】l2]

(B.5)

∈R2×2 (B.6)

∈Rlx2, (B.7)

whichar?themetrictensor,thecurvaturetensorandthetoTTionPTmreSPeCtively･Themetric
tensorisusedtonormalizetangentvectors･Thecurvaturetensorisameasureofhowtheunit

normalvariesacrossthesurface,aSPrqjectedonthetangentplane･netOrSidnformisameasure

ofhowtheGaussframetwistsaswemoveacrossthesurface,agalnPrqjectedontothetangent
plane･Theseparametersdescribethelocalgeometryofthesurfaceandplayanimportantrolein

thekinematicsofthecontactframe.

ThemotionofthecontactframeisdeteminedasafunctionofthegeometricparameterSand
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FigureB.3 Contactcoordinates.

thevelocityofthecurve.Themotionofthecontactframe∑crelativetotheobjectframe∑ois

glVenbythefb1lowlnglemma.

LemmaB･1(IndtlCedvelocityofthecontactframe).
乃eあ0みγeわcf砂げ血co肋Cりね∽e∑cJ℃わかeわ血Jで痺柁乃Ce♪Ⅵ∽e∑0げめeoりecrね

gfve柁わⅤ呂c=(鴫c,Uもc)wゐe柁

鴎c=[笥d]
(B･8)

u呂c=[笥㌍い:=[冒甘
(B･9)

α〝d〃g,∬タα乃drタα柁めegeo∽eけわクαm∽ピーe和げ班e∫〟ゆce柁Jαかeわ血coodf乃αJgcゐαrf
(c,U).

B.3 ContactKinematics

Considerafingerwithasurfaceみandano句ectwithasurfaceSowhicharetOuChingata

POlntaSShowninFigureB･3,Wherethefingerandtheobjectaredepictedseparately.∑Fand

∑0arethereftrencefrapesfixed-tOthefingeてandtheobjectrespectively･Letpf(t)∈Sfand
P｡(t)∈S｡bethepositionsattimetofthepolntOfcontactrelativeto∑Fand∑orespectively.
∑cFand∑c｡arethecontactframesfbrthecurvespf(i)andp｡(t)･Let(cf,Uj)and(c｡,th)

bechartsfbrthetwosurface?,andαf=Cfl(pf)∈′Ujandα｡=CJl(p｡)∈Uibelocal

COOrdinates･Let4,betheanglebetweepthex-aXeSOf∑cFand∑c｡aSShowninFigureB･3,
thenthecon?gurationofthecontactpolntSisdescribedby

(B.10)
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WhichiscalledthecontactcooTdinatesfbrthecontactpoint.Fromthedefinitionof4,,the
rotationmatrixofthex-andy-aXeSOf∑cFrelativetothex-andy-aXeSOf∑coISglVenby

Rゆ:=[霊二…≡卦
(B･11)

FurthermOre,1et(M｡f,K｡f,T｡f)and(M｡｡,K｡｡,T｡｡)tobe●thegeometricparameterSOfthe
丘ngerandtheobjectrespectively.

Here,WederivetherelationshipbetweentherelativeconfigurationgoF∈SE(3)andthe

COntaCtCOOrdinatesり∈R5･Tbdoso,WeaSSumethatgoF∈W⊂SE(3),WhereWisthe
SetOfallrelativeconfigurationsfbrwhichthefingerandtheobjectareincontact(inthelatter

ParagraPh,thisisdescribedbyvcz=0).For90F∈Wandrl,thefb1lowingpropositionholds.

PropositionB.1.

乃占柁f∫α∫mOO班加ムJ坤c如〝あピルee叩∈R5'α乃如｡ダ∈Ⅳ⊂ぶ且(3けα〝doゆげ

∬R:=∬gJ+月中∬タ｡喝 (B.12)

亙伽削Ⅶ止

KR∈R2×2iscalledthel℃JativecuTVatuTejbTm.

Tbdescribethemotionof∑oand∑Fattime壬,WeuSeaCOntinuousjbmi&QfcooTdinate

jねmesdefinedasfbllows:

DefinitionB.5(Continuousfhmilyofcoordinateframes).

Thelocalcooldinate♪ⅥmeS∑LF(7-)and∑L｡(T)arede血edbythecoordinateframesfixed
relativeto∑Fand∑0,reSPeCtively,Whichcoincideattimet=TWithnormalizedGaussframe

atpfandpo･

Notethatthelocalcoordinateframes∑LF(T)and∑L｡(T)whichcoincideattimet=7-With
∑cFand∑co･

Tbrepresentthecontactmotion,WeuSe_thebodyvelocltyVc∈R6definedby

Vc=

γc∬

Ucy

γcz

山cェ

Ucy

Ucz

:=Ⅴ皇｡エ〆
(B.13)

(wc｡,LJcy)arethelVllingvelocitiesalongtPetangentplaneatthepointofcontact,andwczis

therotationalvelocityaboutthecontactnormal･Likewise,(vcx,Vcy)arelinearVelocitiesalong
thetangentplane,i.e.,theslidingvelocities,andvczisthelinearVelocltyinthedirectionofthe

COntaCtnOrmal.Aslongasthetwobodiesremainincontact,Vcz=0.ItiscalledthepuTt?TVlling

COntaCtthatvc3=Vcy=Vcz=OandLJcz=0･Ontheotherhand,itiscalledthepuTeSliding

COntaCtthatvcz=OandLJcx=Wcy=Wcz=0･

TherelationshipbetweenVcand77isgivenbythefbllowingtheorem[17]:
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TheoremB.2(Kinematicequationsofcontact).

乃e∽Orわ乃げ班eco托如才coodf托αfe∫,れα∫αル乃Crわ乃げ娩e柁わ如e∽Orわ乃ねgfve乃あy

d′=〟謝([莞十月ゆgタOR咄;])
d7=柳g云1([豊]+和島])
ゆ =

山cz+rタブ爪オタブd′+rタ｡〃タ｡d｡

0 = γcz.

B.4L AnotherDerivationofContactKinematics

(B.14)

Inthissection,Wederivethecontactkinematicsbydifftrentiating(2.18)and(2.19)withrespect

totimef.

Firstly,byusingtherelationshipswithrespecttothevelocitiesof(A･34),(A･30),(A･22),

(A.32),(2.15)and(2.17),WeCalculatetherelationbetweenV｡and(bF,k｡)asfbllows:

Vc=Ⅴ皇0エア=Adタ京王ダⅤ呂F

=Ad妬まダ(Adg誌Ⅴ呂β+Ⅴもダ)(･･･Ⅴ覧β=Adタ誌Ⅴゝβ+Ⅴもc)

=Adg妄まダ(一甥誌Ad蜘Ⅴも0+Ⅴもダ)(･･･Ⅴゝβ=-Ad蜘ⅤもA)

=雅言まダⅤもダーA転主ダAdg誌Ad紬0Vも0

=雅言まダⅤもダーAd症ダAdクェ0エアAdタ京王ダAdタ孟Ad紬｡Ⅴも0

Ad叱00

=Ad妬三才鴨ダーAd症タAd鉱00Vも0

=甥詰ダⅤもダーAdg∂ム｡FAd勒0Vも0
(･.･∑cF=∑LFand∑c｡=∑L｡attimet=T)

=[恕~驚さダ]思竃:]喘
-[恕ヂ哉:ダ][恕~驚さ0]思竃三]Ⅴ宝0
恕~聖紆購]喘

-[恕｣‰皆弼0]Ⅴ皇0
[恕~私農F恥)∧ト∂ダ

ー[恕｣‰農Opco)∧]rぁ
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Therefore,Wegetthefbllowlngrelationship:

Vc`=βJ彗(恥叩豆)毎-β乃`(諾0,叩豆)わ･ (B･15)

Secondly,difftrentiating(2･18)withrespe?ttOtimetandusingrelation曳=(wS)∧Rfrom
(A.19)1eadto

β由一(粘タグp｡ァ)∧㌔咋+R即ダ転=βヵ｡-(旦βOFp｡｡)∧βuo+Rβ00如｡･

PremultiplyingthisequationbyR芸｡Fandusing(2･15)and(2･17)1eadto

[R芸｡ダ
ーR芸｡ダ(旦即ダp｡ダ)∧]JF∂ダー[R芸｡ダーR芸｡ダ(Rβ00p｡｡)∧け0わ

=R吉｡Cダ月芸｡｡0ヵ｡｡一月芸｡タグ転･
Fromthedefinitionofthebodyvelocity(A.26)andthestructureof(B.15),Weget

γc=月吉｡｡F鴎｡｡一塊｡ダ,
(B･16)

wherevc∈R3isthelinear甲mPOnentOfVc･FurthermOre,diffbrentiating(2･19)withrespect

totimetandusingrelationsR=(wS)<Rfrom(A.19)and曳=R(wb)∧from(A.20)leadto

(㌔咋)∧旦βCダ+粘cダ(u袈｡ァ)∧

=(βuo)∧RβCダ+RβCダR吉｡｡ダ(uも｡｡)∧Rc｡Cダ+旦βCダ(鴎抽)∧･
PremultiplyingthisequationbyR芸｡Fandusingtherelation軸∧RT=(軸)∧from(A･22)
1eadto

(粘cFβリア)∧+(〕袈｡ァ)∧=(RβCダβuo)∧+(R吉｡｡ダリ呂｡｡)<+(uを｡Cダ)∧･

Fromthede丘nitionofthebodyvelocity(A.26)andthestruCtureOf(B･15),Weget

uc=R吉｡｡ダUも｡｡-〕袈｡ダ+鴎預,
(B.17)

wherewc∈R3istherotationalcomponentofVc･

Finally,Substituting(B.8)and(B.9)into(B･16)and(B･17),Wegetthemotionofthecontact

COOrdinates77aSafunctionoftherelativemotionVc:

わi=ガ豆(叩豆)Vci
O=γczり

方虚:=

Where

義軍
げ抑勒i喘∬タカ

0

+rg｡凧喘β1
where

∬抑:=兄¢i∬抑見れ･

Combining(B.15)and(B.18)1eadsto

わ豆=ガ虚(かJ彗恥一旦町わ)･

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)
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B.5 DefinitionofSpecularImages

Here,WeShowthedefinitionofthespecularimagedefinedinRef.[40].SeeRef.[40]fbrmore

PreCisedefinitionofthespecularimage.

ConsiderafingerwithasurfaceSFandanobjectwithasurfaceSowhicharetOuChingat

apointasshowninFigureB.3.∑Fand∑0arethereftrenceframesfixedtothefingerandthe

Objectrespectively･Letpf(i)∈Sfandp｡(i)∈S｡bethepositionsattimetofthepointof
COntaCtrelativeto∑Fand∑orespectively･∑cF.and∑coarethecontactframesfbrthecurveS

pf(t)andp｡(t)･Let(cf,t～)and(c｡,th)bechartsfbrthetwosurfaces,andαf=Cfl(pf)∈
Ufandα｡=CJl(p｡)∈Uibelocalcoordinates･Letiifand面｡bethecoordinateswhich
COrreSPOndtothecontactpoint.

Foralocalcoordinatechartcwithlocalcoordinatesα,Wedefinethesymmet17maPS:

R3ト}R3

β｡C(α)=皇c(α)+哀,

∑:=烏∑烏T∈R3×3

哀‥=一食(=-∫3)盆Tc(α)∈R3

∑:=

烏:=

1 0 0

0 1 0

0 0
-1

Cl▲ Cv

障:1T T耐

where

(B.23)

(B.27)

Notethat皇satisfies皇女T=Z3anddet(f:)=-1･

DefinitionB.6(Specularimages).

Asurfacecf(αf)issaidtobe3PeCularimageofasurfacec｡(α｡)atapointc｡(面｡)ifthereexist

arigidJnOtiong=(R,Z),aSymmetryS=(i:,去),andadiffeomorphism◎‥(x,y)→(u,V)
SuChthat

タ｡CJ(αJ)=β｡C｡｡◎(αJ)･ (B.28)
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DeterminationofDesiredInternalForce

Inthisappendix,amethodofthedeteminationofthedesiredinternalfbrceisshown･

Theconditionsuchthatthecontactfbrceattheithcontactpointlieinthefrictionconeisthe

b1lowlngS:

C路mq＼1
llCんill｣仰

C竹≦(C路mq)7,

(C.1)

(C.2)

Cダq:=[篭]∈R4
andnci:=[001]Tinthecontactnormal.meparameterSFLand7arethecoefncientof
frictionandthecoe臨cientofthetorsionalfhction.Fromtheexpressionoftheinternalfbrce

(3･29),thecomponentsofthecontactfbrceCfciandClt7iarereWrittenasfb1loふs:

Cん`=ん0`+玩た用+んた2か

C7℃`=旬 +ん転,

‥=(A岩)+βダ0,

erebW

た1Jl:=R芸cFl
た1烏:=R芸

2

1

1

2

e

e

ム

れ

烏

乃

2

2

2

2

一
山
ル
,
た
川
,
た
･
た

(βpc｡12)Tβe'1z

~R㌫2(筆12)+丁Ⅳ
(βpc｡12)Tβe2z

ConsiderthedesiredmagnitudesfNlandfN,Oftheinternalfbrcetosatisfy(C･1)and(C･2)･For

thesimplicityofthedeterminationoffNlandfN2,WeSetthedesiredvalueoffN2tOfN2=0･
Substituting(C.3)and(C･4)into(C･1)and(C･2)1eadsto

A2盲侃+2Alふ1+Ao豆≧0

β1戌ん1+β0豆≧0,
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Forcetoe飴ctontheobject

FigureC･1Determinationofadesiredinternalfbrce･

A2豆

Al豆

Ao豆

β1豆

βoi

where

(1+〃2)(払勒)2-桔た用

(1+〃2)(J吉｡imq)(た㍍mc`卜Jむた1ム

(1+〃2)(Jむれq)2-J吉｡`ん｡`

(払町)7

げ吉｡`mC`)7一旬｡`･

(C.7)

Sincef吉｡inCi>0fromthefactsuchthatthecontactforceisthepushingforce,thesolutionof
(C.6)is

β0重

ん≧一面･

Ontheotherhand,thesolutionof(C.5)is

-Al豆一 A‡i-A2豆Ao豆

鶴-A2豆Ao虚
A2盲

≦JⅣ1≦

-Ali+ A雪盲-A2盲Ao豆

ーAl虚+ A雷電-A2盲Ao豆
A2虚

≦JⅣ1(A2壷>0)

(A2盲<0)

Tbsatisfytheconditions(C.8)and(C.9),WedeteminefNlaSafb1lowingmethod:

玩=maX〈鶴亀亀鑑),

(C.8)

(C.9)

(C.10)
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where

吼:=
鶴-A2豆Ao豆
A2虚

,亀:=芸…
(C･11)

Thisdeterminationisi11ustratedinFigureC･1･Notethatfcoi∈R3isthefbrcewhicheffects

?ntheobjectmotion,andfNlklh∈R3isadesiredinternalfbrce･Sincethesummationof
fcoiandfNlklfiisthenetcontacttranslationalforceattheicontactpoint,themagnitudefNl
isdeteminedsuchthatthenettranslationalfbrces(i=1,2)1ieintheboundariesofthe蝕ction

CPn?･Inaddition,fNlisdeterminedsuchthatthetorquesaboutthecontactnormalslieinthe
torslOnal翫ctioncone,i.e.,(C.8)issatisfied.Amongallofthedeterminations,themaximum
Valueisadopted.
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