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Abstract

Thisthesisfocusesontheanalysisandimplementationofhapticteleoperationsystemsfor

home-basedremoterehabilitationtherapies.Themainobjectiveistolinkthehandofa

hospital-basedtherapisttothehandofahome-baseddisabledpatienthaptically,inorderto

simulateconventionalin-hospitaltherapies.

Anewtelerehabilitationparadigminvolvingteleroboticsystemsisproposed. Thepro-

posed“Learn-and-replay”paradigmfortask-orientedtherapyconsistsoftwophases:a

therapist-in-loopphasewherethetherapistinteractswiththepatientthroughthehaptic

teleroboticinterfacetoperformoneormorerepetitionsofacooperativetherapytask,and

atherapist-out-of-loopphasewherethetherapist’scooperativeroleinthetaskisplayed

bythepatient-siderobotinfuturerepetitions.Varioustechnicalaspectsofthisparadigm

areexploredinthisthesis,includingthetherapist’sarmimpedanceestimationandemu-

lationthroughimpedancecontrol. Onedegree-of-freedomandatwodegree-of-freedom

advancedcooperativemanipulationtasksaretestedforproofofconcept.

Traditionally,humanarmpassivityisassumedforteleoperationsystemstabilityanalysis.

Recentresearchhasshownthatsuchanassumptioncanbeinaccurateortooconservative.

Especially,humanarmcandemonstrateactivebehaviourduringtelerehabilitationscenar-

ios.Aseries-shuntapproachisproposedtotakeintoaccountsomeaprioriinformation

abouttheactivityorexcessivepassivityofthehumanoperatorinordertoderivemoreex-

actstabilitycriteria.Boththeoreticalderivationandexperimentalvalidationarecarriedout

inthiswork.
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Chapter1

Introduction

1.1 Motivation

Thedemandforrehabilitationtherapyforpost-strokepatientshasbeenincreasingduetotheaging

population.Currently,about50,000casesofstrokearereportedinCanadaeachyear.Overhalf

ofthestrokevictimssurvive–currentlyatotalof300,000peopleinCanada–andrequirereha-

bilitation. While10%ofstrokesufferersrecovercompletely,therestareleftwithpermanentor

long-lastingdisabilitywhich,inadditiontotheensuingeconomiceffects,adverselyimpactstheir

qualityoflife.Eachpatientrequiresmanylengthyhands-ontherapysessionswithrehabilitation

therapists,whicharelabour-intensiveactivitiesandplaceasignificantburdenonthehealthcaresys-

tem.Thisdemandhasmotivatedtheincorporationofroboticsystemsintorehabilitationprograms

asrobotsareabletoperformcontrolledandreproduciblemotionsandarenotsubjecttofatigue[1].

Whilein-homerobot-assistedrehabilitationhasthepotentialofincreasingaccesstoandlowering

thecostoftherapy,itfacesthechallengeofmaintainingpatient’smotivationtoparticipateinre-

habilitationexercisesregularlyonhis/herown[2].Thus,thenotionofhome-basedrehabilitation

basedonteleoperation(“telerehabilitation”)isintroducedinthisthesis.Traditionally,abilateral

teleoperationsystemsystemconsistsofahumanoperatorinteractingwithamasterrobotandre-

motelycontrollingaslaverobottoperformataskinaremoteenvironment[3].Intheproposed

telerehabilitationcase,theremoteenvironmentwillalsobeahuman.Inotherwords,thetherapist

andthepatientinteractwiththetwoendsofateleoperationsystem.Telerehabilitationalsoenables

rehabilitationservicestobedeliveredoverlongdistancetoremoteareaswithlimitedaccessto

rehabilitationservices,whichishighlyrelevanttoCanada’ssituation.
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Thisthesisdevelopsanewapproachtotask-orientedtelerehabilitationtherapyaimedatpartiallyau-

tomatingtherehabilitationprocessbytime-sharingatherapist.Humanarmmechanicalimpedance

measurementandrobotimpedancecontrolwillbeusedtoachievethisgoal.Italsoinvestigatesthe

stabilityanalysistoolsofteleoperationsystemswithtwoormorehumanoperators.

1.2 OrganizationoftheThesis

Chapter2presentsbackgroundinformationtohelpthereadersunderstandthecontextinwhichthis

researchiscarriedout.Abriefhistoryofteleoperationsystemsisfirstpresented,followedbyan

overviewoftheuseofroboticsinrehabilitationtherapy.Finally,weintroducetheemergingfieldof

telerehabilitationwhereteleoperatedroboticinterfacesareusedforremoterehabilitationtherapy.

Chapter3proposesa“LearnandReplay”(LAR)telerehabilitationparadigmwhichisapotential

solutiontothetherapisttime-sharingconceptmentionedintheliteraturebuthasneverbeenimple-

mentedconcretely.Differenttechnicalissuesareinvestigatedinthischapterfortheimplementation

oftheLARparadigmfora1degree-of-freedom(DOF)screwdrivingtask,includingteleoperation

systemmodeling,humanimpedancemeasurementduringexecutionofataskthroughteleoperation,

andtheimpedancecontrolofanindustrialroboticarmfortheautonomouscompletionofthescrew-

drivingtask.ExperimentalresultsshowingthecompleteLARsystemperformanceforthe1-DOF

taskareshowninthischapter.Itisimportanttorememberthatthemechanicalimpedanceisthe

dynamicrelationshipbetweenforceandmotion,whichcanberepresentedbyphysicalconcepts

suchasinertia,viscosityandstiffness.

Chapter4isastepforwardfromChapter3.A2-DOFpeg-in-the-holeinsertiontaskisconsidered

inthischapterundertheLARparadigm.Technicalissuesspecifictothe2-DOFtaskarepresented

inthischapterandtheexperimentalresultsshowingthesuccessfulimplementationoftheLAR

paradigmareshownaswell.Chapter3andChapter4togetherprovidetwoexamplesasproofof

conceptfortheproposedLARparadigm.

Chapter5proposesaseries-shuntstabilityanalysisapproachtotakeintoaccountthedegree(orlack

thereof)ofpassivityofoneormultipleterminations(denotinghumanoperatorsandremoteenvi-

ronments)presentinamultilateralhapticsystem.Aprioriinformationisusedtoclassifythetermi-

nationunderconsiderationintooneofseveralcategoriesandthentheseries-shuntdecomposition

approachisappliedtoderiveanewsetofstabilitycriteriathataremoreaccurateandappropriatefor

systemssuchastelerehabilitationsystemsthatinvolveactiveorexcessivelypassiveterminations.
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Theapproachisappliedtoabilateralandatrilateralteleoperationsystemascasestudiesandthe

resultingcriteriaareverifiedwithexperiments.

Finally,Chapter6summarizestheresearchworkandsuggestsfuturedirectionsofresearch.

1.3 Publications

Chapter3hasbeensubmittedtothe2015IEEEInternationalConferenceonRoboticsandAutoma-

tion,Seattle,WA,USA.Chapter5waspublishedinthe2014IEEEHapticSymposium,Houston,

TX,USA[4].

1.4 ContributionsoftheThesis

Thisthesismakesseveralnovelcontributionsinareasoftelerehabilitation,humanarmimpedance

measurement,learningfromdemonstration(LFD)andmultilateralhapticsystemstabilityanalysis:

1.PROPOSALOFANOVELTELEREHABILITATIONPARADIGM.TheLARparadigmproposed

inChapter3and4isanoveltelerehabilitationparadigmaimingatprovidingasolutiontothe

therapisttime-sharingconcept,whichwasbroughtupin[5]withoutprovidinganyconcrete

technicalsolution.Thesequentialprocessinvolvingtherapist-in-loop(TIL)andtherapist-

out-of-loop(TOOL)phasesprovidesanoriginalframeworkforpartialautomationofthetel-

erehabilitationprocessandreducingrehabilitationcostsforthehealthcaresystem.

2.HUMANARMIMPEDANCEMEASUREMENTDURINGUNPERTURBEDTELEOPERATIONTASK

EXECUTION.ThehumanarmimpedancemeasurementtechniquepresentedinChapter3and

Chapter4isdifferentfromprevioushumanarmimpedancemeasurementtechniquesinthatit

doesnotrestrictthesubject’spostureorrequireslargedatasize[6],nordoesitrequireexter-

nalforcedisturbances[7].Anothernoveltyinthisregardisouruseofthemechanicalenergy

absorption/generationinformationduringteleoperationtaskexecutionasaperturbationon-

setdetectioncriterioninordertousetask-intrinsicforcesignalsasexcitationinputsforarm

impedanceidentification.

3.IMPEDANCELFDINTELEOPERATION.TheLARparadigmisarealizationoftheLFDcon-

ceptastherobotistaughtwithdemonstrationstobehaveinacertainmanner.Toourknowl-

edge,thisworkisthefirstapplicationofLFDconceptintelerehabilitationfield,whichcan
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beverybeneficialinthattherapistsarenotrequiredtoconfigureorcodetherobotdifferently

eachtimethetaskchanges.DifferentfrompreviousLFDrealizationsforteachingtherobot

adesiredimpedance[8],ourworkisdoneviathemediumofteleoperationandimpedance

distortionsintroducedbyteleoperationarealsoaccountedfor.

4.ACTIVITYORSTRICTPASSIVITYOF MORETHANONETERMINATIONANDUPTOALL

TERMINATIONS.Theseries-shuntapproachproposedinChapter5canbeappliedton-port

networkstoallow,forthefirsttimetoourknowledge,uptonterminationstobeactiveor

strictlypassive.Inthetelerehabilitationcaseforexample,thetherapist’sroleinassistive

therapycanbemodeledbyanactivetermination,whilehis/herroleinresistivetherapycan

bemodeledbyastrictlypassivetermination.Previousworksonlyprovidedframeworkseither

foroneoftheterminationtobeactive/strictlypassive[9],[10],ordidnotallowterminationsto

beactiveatall[11],[12].Anotherdifferencefrom[11]isthat,whilepreviousworkrequires

theuseofwavevariablesandscatteringparameters,ourapproachyieldsresultsdirectlyin

theimmitance(i.e.impedanceoradmittance)domain,whichismoresuitableformechanical

systems.
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Chapter2

Background

Thischapterprovidesbackgroundinformationinteleoperation,therapeuticroboticsandtheemerg-

ingtelerehabilitationfieldtobetterillustratethecontextofourresearch.InSection2.1,anoverview

oftheteleoperationtechnologyanditswide-rangeapplicationsisgiven.InSection2.2,wepresent

thecurrentstateofroboticassistanceintheareaofrehabilitation.Finally,inSection2.3welookat

howthenewfieldoftelerehabilitationcanintegrateteleoperationintorehabilitationandthusoffer

excitingnewpossibilitiesforpatients.

2.1 TeleoperationSystems

2.1.1 ABriefHistoryofTeleoperationanditsApplications

Althoughtheconceptofextendingthehumanarmreachhasbeenaroundforcenturies,thefirst

mechanismresemblingmodernteleoperationsystemswasdevelopedbyGoertzatArgonneNa-

tionalLaboratoryin1945[13].Thesystemwaspurelymechanicalandwasdesignedtoenablesafe

handlingofhazardousmaterialsfromtheoutsideofahotcell.Thefirstelectricmaster-slavetele-

operationsystemwasdevelopedin1954[14],inwhichthemasterandslavedeviceswereseparated

mechanically.Inthe1960s,withgrowingteleoperationapplicationsinspaceexploration,theeffect

ofdelaycaughtresearchers’attention[15].Supervisorycontrolwasdevelopedtoaddresstheissue,

wheretheexchangeofinformationbetweenthemasterrobotandtheslaverobotisminimizedby

givingmoreautonomytotheslaverobot.Movingintothe1980s,moreadvancedcontroltheoretical

methodswereappliedtoanalyzeteleoperationsystemstabilityandperformance,suchasthenet-

worktheory[16],scatteringtheoryandpassivitybasedcontrol[17].WiththeadventoftheInternet
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asthemostcommonmediumfordataexchange,newtechnicalchallengesappearedsuchasvarying

timedelay[18],discrete-timedatasampling[19],andinformationloss[20]

Eversincetheinventionoftheteleoperationsystem,ithasfoundapplicationsinmoreandmore

fields.Today,itsapplicationsarefoundprimarilyinbutnotlimitedtothefollowingfields:

1.SPACEEXPLORATION.Teleoperationsystemsareusedextensivelyinspaceprograms.The

firstcomputercontrolledteleoperationrobotROTEXwassenttospacein1993onboard

thespaceshuttleColumbia[21].Therobotwasabletobecontrolledbothfromwithinthe

spacecraftbyastronautsandbyNASAgroundcontrolinHoustonviateleoperation.

2.RADIOACTIVEMATERIALHANDLING.Teleoperationwasinitiallydevelopedforhazardous

materialhandlinganditisstillwidelyusedforthispurpose.Forexample,aStabüliRX170

industrialmanipulatorwasusedforamaintenanceoperationviateleoperationinanuclear

spentfuelreprocessingplantinLaHague,France[22].

3.UNMANNEDUNDERWATERVEHICLEOPERATION.Theharshunderwaterenvironmentpro-

videsanothernaturalfieldforteleoperationapplications.Forexample,ateleoperationgrasp-

ingsystemwasdevelopedforunderwaterconstructionpurposeswiththehelpofaugmented

realitytechnology[23].

4.TELESURGERY.Theapplicationofteleoperationtechnologytorobot-assistedsurgeryisa

relativelynewfield.ThedaVinciSurgicalSystembyIntuitiveSurgicalInc.isoneofthemost

well-knownteleoperationsystemsinclinicaluse[24].In2001,arobot-assistedminimally

invasivesurgerywascompletedusingaZEUSsurgicalrobotviateleoperationbyasurgeon

basedinNewYork,USA,onapatientinStrasbourg,France[25].

Ourultimategoalistoextendtheapplicationofteleoperationtoin-homerehabilitation.

2.1.2 ControlArchitecturesforBilateralTeleoperation

Ingeneral,ateleoperationsystemconsistsofahumanoperator,aremoteenvironment,amaster

robot,aslaverobot,andacommunication&controlsystem,asshowninFig.2.1. Mechanical

energyisexchangedbetweenthehumanoperatorandthemasterrobot,andbetweentheslaverobot

andtheenvironment.Informationisexchangedbetweenthe“CommunicationChannel&Robot

Control”blockandthemaster/slaverobots;thecontrolarchitecturesdiscussedinthefollowing

paragraphappliestothisblock.
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FIGURE2.1:Schematicofabilateralteleoperationsystem

Hapticfeedbackinteleoperationcanbeachievedwithtwo-channel(2CH)orfour-channel(4CH)

controlarchitectures[26]. Aposition-error-based(PEB)architecturesendsthepositionsofeach

robotasthereferencepositiontotheotherrobotandthereflectedforceiscalculatedbasedonthe

differenceinpositionsbetweenthemasterandtheslaverobots.Nointeractionforcemeasurement

isrequiredinthePEBarchitecture.Indirectforcereflection(DFR)architecture,whiletheslave

robotfollowsthemasterrobot’sposition,contactforcebetweentheslaveandtheenvironmentis

measuredwithaforcesensorandsentbacktothemasterrobot.Themasterrobotthendeterminesits

jointtorquesbasedonthisslave/environmentforcemeasurement.BothPEBandDFRarchitectures

are2CHarchitecturesasonlytwochannelsareneededforcommunication(twopositionchannels

inthePEBcase,andonechannelforpositionandanotherchannelforforceintheDFRcase).By

combiningandextendingthePEBandtheDFRarchitectures,wecanhavea4CHsystem,inwhich

therobotjointtorquesarecalculatedbasedonboththepositionsandtheforcereadingssentfrom

theotherrobot.

Inourapplication,althoughthePEBarchitectureisacheapersolutiontointroducinghapticfeed-

backinteleoperationincomparisonwiththeDFRarchitecture,itdoesnotprovideenoughtrans-

parencyduetotheheavymechanicsoftheindustrialmanipulatorusedastheslaverobot.Inother

words,aforcethatisnotbigenoughwillnotbeabletointroduceenoughdisplacementontheslave

robot,whichtranslatestopracticallynohapticfeedbackonthemasterrobotifthePEBarchitecture

isused.ThereforewehavechosentoimplementtheDFRarchitectureforourLARimplementation

suchthattheinteractionforcesactingontheslaverobotcanbefaithfullyfedbacktothemaster

robot.

2.2 TherapeuticRobotics

2.2.1 BriefHistoryofRehabilitationRobotics

Roboticprosthesisandorthoticswastheprimaryfocusintheearlydevelopmentofthefieldof

rehabilitationroboticsfrom1950stoearly1990s.Theemphasiswasplacedonusingtherobotsto



Chapter2.Background 8

helppatientscompleteactivitiesofdailyliving(ADLs)[27].Forexample,roboticdeviceswere

developedtobemountedtoawheelchairoradesktoassistuserswithreachingforobjects.

Inlate1980s,researchersstartedtoconsiderusingrobotsasatherapytooltoaddressthecauseof

motordysfunctionbyprovidingphysicalorcognitivetherapyexercises.In1988,aroboticsystem

toflexandextendthekneeformovementrehabilitationwasdeveloped[28].Later,roboticfree-

reachingmovementtherapywasintroducedfortheupper-limbwithanindustrialUniversalMachine

IntelligenceRTXrobot[29]. Abuttonwaspositionedbytherobotinvariouslocationsandthe

patientwasaskedtoreachoutandtouchit.Sincethenseveralrehabilitationrobotsweredeveloped

forupper-limbtherapy,includingtheMIME[30],MIT-MANUS[1]andARMGuiderobots[31].

Inthe2000s,followingamodulardesignconceptrehabilitationrobotswerefurtherdevelopedfor

therapyinvolvingotherpartsofthebodyincludinggaittraining[32],anklemovementtraining[33],

wristtraining[34],andhand/fingertraining[35].

Themotivationbehindincorporatingrobotsintorehabilitationtherapy,whichistraditionallyad-

ministeredanddeliveredentirelyina“hand-over-hand”manner(initsliteralsenseinthecaseof

upper-limbpost-stroketherapy)bytherapists,isthefastgrowingdemandfortherapyfromagrow-

ingageingpopulation.Integrationofroboticsintorehabilitationtherapyisconsideredtobeableto

improvetheefficiencyofthetherapy,asrobotscanhelpalleviatethepressureandphysicalwork

thattherapistshavetoputintorehabilitationtherapy[1].

2.2.2 EffectofRoboticTherapyonMotorFunctionRecovery

Eversincetheemergenceofrehabilitationrobots,researchershavebeeninvestigatingtheeffectthat

robotictherapy(RT)canhaveonthemotorfunctionrecoveryprocess.However,theexactimpact

ofRTonmotorrecoveryisstillunclear.StudiesontheMIT-Manussystemwerefirstconducted

onstrokepatients’armmotorfunctionrecoveryafterstroke. Resultsshowedthatpatientshad

reducedshoulderandelbowmotorimpairmentcomparedtothosewhodidnotreceiveRTandthe

differencewasstillstatisticallypresentata3-yearfollow-up[36],indicatingthatsupplementalRT

canenhancemotorfunctionrecovery. OtherstudiesinvolvingtheMIMEsystemalsocompared

thetherapyoutcomebetweenpatientswhoreceivedRTandpatientswhoreceivedconventional

therapywithsimilarintensity. Resultsshowedthatrobotinvolvementimprovedmotorfunction

recoveryintermsoftheFugl-Meyerscore,gainsinmusclestrength,andreachextentcompared

toconventionalrehabilitationtherapy[37],suggestingthatRTcanbecomparabletoorevenmore

effectivethanconventionalrehabilitationtherapy.However,therearealsostudiesthatshowedthat

patient’improvedmotorfunctiondoesnotnecessarilytranslateintobetterperformanceinADLs,
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whichisarguablythemostimportantgoalforrehabilitationtherapy[38].Studiesdonein[39]raised

thechallengeofdistinguishingthecontributionfrommovementpracticeandfromapplicationof

roboticforcestowardstheobservedimprovedmotorfunctionrecovery.Thisquestionisimportant

becauseifmovementpracticeturnsouttobethedominantstimulusformotorfunctionrecovery,

thereisnoneedtoinvolveactuatedrobotsintherehabilitationtherapy.

AlthoughcurrentlythereisnoconsensusontheimpactofRTonmotorfunctionrecoveryprocess,

theneedforrehabilitationrobotsisstillthere,asRThasprovenusefulinprovidinghelptother-

apists,especiallyforphysicallydemandingtherapies[40]. Robotscanalsobeusedtoincrease

trainingintensityforpatientsastheycancontinuetoprovidetherapyservicesoutsideofthether-

apists’availablehours.Rehabilitationrobotscanthusincreasetheproductivityoftherapistsand

consequentlyhelpinreducinghealthcarecostsandincreasingtherapyavailability.Anotheradvan-

tageoftherehabilitationroboticsisthatoncecombinedwithteleoperation,rehabilitationtherapy

accessibilitycanbefurtherincreased.ThiswillbethetopicofSection2.3.

2.3 TelerehabilitationRobotics

Telerehabilitationreferstodeliveringrehabilitationtherapytoapatientfromaremotelocationwith

thehelpofrehabilitationrobots.

Currenttelerehabilitationtechnologiescanbegroupedintounilateralandbilateralteleoperation

systems[41].Intheunilateralsystems,onlythepatientinteractswitharobotandthetherapistcan

provideinstructionstothepatientviatheInternet(intheformofinstantmessageing,voice/video

conferencing,etc.).DatafromthepatientsideissenttothetherapistviatheInternetaswell.Ex-

amplesofsuchsystemsincludetheJavaTherapysystem[31]andtheRutgersMasterIIsystem[42].

Inbilateralteleoperationsystems,thepatientandthetherapistinteractwitheachotherhaptically

(throughtheslaveandthemaster,respectively)eitherdirectly[5]orindirectlythroughavirtual

environment[43].In[43],thepatientandthetherapistwereabletoengageinhapticinteraction

bycooperativelymanipulatinganobjectinavirtualenvironment.In[5],wrist-wornhapticde-

viceswereusedbythetherapistandthepatienttohapticallyinteractviabilateralteleoperationand

performrehabilitationtherapy.Thesamepaperdiscussedtheconceptoftime-sharingatherapist,

wherethetherapistwoulddelivertherapytomultiplepatientsbythemasterrobotwhiletheslave

robotwouldlearnthetherapist’sbehaviourandcarryitoutautomaticallywhenthetherapistshifts

hisattentiontoanotherpatient.However,noproposalwasmadewithregardtohowtoteachthe

slaverobottheproperinteractionsithastohavewiththepatient.
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Thisthesisisinterestedinhome-basedrehabilitationbasedonhapticteleoperation.Inthiscontext,

ahospital-basedtherapistishapticallylinkedandtelepresentedtoahome-baseddisabledpatient

inordertoeffectivelysimulatetraditionalin-hospitaltherapies,e.g.,thoseinwhichatherapist

physicallyhelpsandcooperateswithapatientinperformingtherapytasks,overadistance.Stability

ofsuchsystemshasbeeninvestigatedin[44]and[45].

Althoughthefieldoftelerehabilitationisstillinanearlystageofdevelopment,itholdsthekeyto

providingsolutionstothefollowingneedsinrehabilitation:

1.DELIVERINGREHABILITATIONTHERAPYTOREMOTEAREAS.Telerehabilitationcanbe

usedtodeliverrehabilitationtherapytopatientslivinginremoteareasortopatientswhohave

limitedaccesstotransportation.ThisisparticularlyappealingtoCanada,whichhasavast

geographyandverylowpopulationdensity.

2.INCREASINGPATIENTMOTIVATIONAFTERDISCHARGEFROMHOSPITAL.Upondischarge

fromthehospital,patientsoftensufferfromalackofmotivationtocontinuetherapyexercises,

whichhinderstheirrecovery[46]. Byinvolvingtherapistsintheafter-dischargerecovery

phasethroughteleoperation,patientswillkeptmotivatedatareducedcostandimproved

conveniencecomparedtoface-to-facetherapy.

3.REMOTE MONITORINGOFTHEPATIENTRECOVERYPROGRESS. Telerehabilitationwill

enabletherapiststomonitorthepatientrecoveryaftertheirdischargefromthehospital,as

roboticdevicescanbeusedtoprovideclinicallyrelevantinformation.Robotscanbeused

torecordpositionandforceinformationofthepatientduringtherapysessionsandsuchdata

canbeanalyzedwithinformationtechnologyforpatientrecoveryassessment.Forexample,

[6]isafirststeptowardsestablishingcorrelationbetweenpatientarmimpedanceandmotor

functionrecovery.
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Chapter3

Learn-and-ReplayTelerehabilitation

Paradigm:1-DOFTask

3.1 Introduction

Thedemandforrehabilitationtherapyforpost-strokepatientshasbeenincreasingduetotheage-

ingpopulation.Eachpatientrequiresmanylengthyhands-ontherapysessionswithrehabilitation

therapists,whicharelabour-intensiveactivitiesandplaceasignificantburdenonthehealthcaresys-

tem.Thisdemandhasmotivatedtheincorporationofroboticsystemsintorehabilitationprograms

asrobotsareabletoperformcontrolledandreproduciblemotionsandarenotsubjecttofatigue.

Thishelpstorelievethetherapistsfromrepetitivehands-ontherapyexercises.Onekeyquestion

weaskinthischapterisgiventhelimitedcomputerprogrammingknow-howavailableinclinical

settings,cancertaindesiredrobotbehavioursbelearnedafterqualitativelydemonstratingthetask

totherehabilitationrobotbythetherapistinordertofreethetherapistfromrepetitiveactions?

Previousresearchsuggeststhatthehumandisplaystask-dependentimpedanceviatheincorpora-

tionofinversedynamicmodelsandimpedancecontrolwhileinteractingwiththeenvironment

[47].Thecentralnervoussystem(CNS)learnstheoptimalimpedanceforaspecificinteraction

andwhiletheinteractioncanbeintrinsicallyunstable,stabilityisachievedviaregulatingtheme-

chanicalimpedanceinthehumanarm[48].Previously,humanimpedanceregulationskillshave

beentransferredtorobotsbyusingtheelectromyography(EMG)signalstoestimatethehumanarm

impedanceduringteleoperation[49].Probabilisticapproachessuchaslearningfromdemonstration
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(LFD)usingagaussianmixturemodel[8]havealsobeenemployedtocapturetheimpedancepat-

ternoftwohumansinhapticinteractionduringahardwareassemblytask.Theimpedancepattern

wasthenreproducedbyarobotforautonomousrobot-humancollaboration.

Inthecontextofbilateralteleroboticrehabilitation,theideaexploredinthischapteristomake

theslave(patient-siderehabilitation)robotlearntheendpointimpedance(thedynamicrelationship

betweentheforceappliedandmotion)displayedbythetherapistduringataskandthenemulatethe

therapistbehaviourspecificforthetask.Inthecurrentchapterandthefollowingchapter(Chapter4),

wewillrefertothepatient-siderobotthe“slave”robotandthetherapist-siderobotasthe“master”

robot. Notethatthisnominationisdifferentfromtheconventionalnominationforteleoperation

systemsaswehavehumanoperatorsonbothsidesoftheteleoperationsystem.Ourappellationof

“master”or“slave”isthereforeanarbitrarychoice.

Inthischapter,weproposeanovelparadigmcalledlearnandreplay(LAR)torealizedirectbilat-

eraltelerehabilitationthatencompassestwodistinctphasestoachievetime-sharingofatherapist.

Duringthefirstphase,thetherapistinteractsdirectlywithapatientthroughbilateralteleopera-

tion(Fig.3.1(a))tocompleteacooperativetask.Thisstageiscalledthetherapist-in-loop(TIL)

phase.Inthemeantime,thetherapist’stask-specificimpedanceismeasuredthroughthemaster

robot.Duringthenextstage,thetherapistisnolongerintherehabilitationloop,thusgivingrise

tothetherapist-out-of-loop(TOOL)phase(Fig.3.1(b)).IntheTOOLphasethetherapist’smea-

suredarmimpedanceisdisplayedbytheslaverobotviaanimpedancecontrollooptothepatient

sothatthecooperativerehabilitationtaskcanbecarriedonintheabsenceofthetherapist.Inthis

way,theproposedLARparadigmallowsforteachingarehabilitationrobotatpatient’shomenew

desiredtherapyorientedbehavioursbydemonstratingthetaskratherthanexplicitlyprogramming

itthroughmachinecommands.Thisisusefulinclinicalsettingswherethetherapisthasknowledge

ofthetasktoachievebutnottheabilitytoaccordinglyreprogram/reconfiguretherobot.Ultimately,

thisLARparadigmalsofacilitatestime-sharingthesametherapistacrossmultiplehome-basedpa-

tientsengagedintask-orientedtherapy.ThetherapistcanengagethenextpatientinTILphasewhile

thepreviouspatientstartsTOOLphaseexercises.Thedifferenttherapistarmimpedancesrelated

todifferentpatientsanddifferenttherapytaskswillbeidentifiedandemulatedbydifferentslave

robots.Finally,theLARparadigmisalsoparticularlyusefulforsophisticatedimpedance-based

rehabilitationtasks(inadditiontosimpletrajectoryfollowingtasks).

Thischapterisorganizedasfollows:First,wegiveadescriptionofthemaster-slaveteleoperation

systemincludingitscontrolarchitectureaswellasarepresentativecooperativetaskfortherapyin

Section3.2.InSection3.3,weintroducethemethodusedforhumanarmimpedancemeasurement

intheTILphasewithoutinterruptingthenormalflowofthetherapytask.InSection3.4,wepresent
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FIGURE3.1:IllustrationoftheproposedLARparadigmwith(a)TILphase,wherethehospital-
basedtherapistinteractswiththehomebasedpatientviaateleoperationsystem,and(b)TOOL

phasewherethetherapist’sbehaviourisemulatedbythepatient-siderobot

theimpedancecontrolimplementationfortheslaverobotduringtheTOOLphase.InSection3.5,

wepresenttheresultsforthetherapistarmimpedanceestimationatthemastersideduringtheTIL

phaseandthepatient-robotimpedance-basedinteractionattheslavesideduringtheTOOLphase.

Finally,Section3.6presentsconcludingremarks.

3.2 TelerehabilitationSystemandTherapyTask

Inthissection,wefirstdescribethetasktobedonecooperativelybyapatientandatherapist.Next,

wepresentateleoperationsystemappropriateforperformingthetherapytaskinthetelerehabili-

tationmode.Then,wepresentthekinematicsanddynamicsofthemasterandslaverobotsofthe

telerehabilitationsystemanddescribetheteleoperationcontrollerusedinthesystem.Finally,we

derivetheteleoperationsystem’shybridmatrixtobeusedinafollowingsectioninordertoaccount

fortheimpedancedistortioncausedbytheteleoperationsystemdynamics.

3.2.1 TherapyTask

Considerataskinwhichascrewisdrivenbythepatientintoasurfaceheldinpositionbythethera-

pistasshowninFig.3.2(a).Forthisscrewdrivingtasktobedoneintheproposedtelerehabilitation
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FIGURE3.2:(a)Directionmanipulation:thescrewdrivingtaskwithoutusinganyrobots.(b)
Configurationoftheslave(patient-side)YaskawaMotomanSIA5Frobot.(c)Configurationofthe

master(therapistside-side)rehabilitationrobot.
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context,thepatientwillbetaskedtodrivethewoodscrewintothewoodenplateattachedtotheend-

effectorofaslaverobot(7-DOFSIA5FrobotfromYaskawaMotoman,Miamisburg,Ohio,USA,

asshowninFig.3.2(b))thatisteleoperatedbythetherapistfromamasteruserinterface(2-DOF

planarrehabilitationrobotfromQuanser,Inc.,Markham,Ontario,Canada,asshowninFig.3.2(c)).

Thus,intheTILphase,whilethepatientusesascrewdrivertodrivethescrewintothewooden

platefixedtotheslaverobot,thetherapistfirmlyholdsthemasterhapticdeviceinposition.Forthe

realizationofthisteleoperationsystem,readerscangetmoreinformationinAppendixB,Appendix

CandAppendixF.

3.2.2 TelerehabilitationSystem

Althoughboththemasterandslavearemulti-DOFrobots,theyhavebeenconfiguredtoaccommo-

datetheaforementionedtask,whichnaturallyinvolvesonlya1-DOFmotionintheCartesianspace.

Considermotor1ofthemasterrobotandthesixthjointoftheslaverobotcorrespondingtothejoint

anglesθmandθsinFig.3.2,respectively.Theslavepositionθsismadetofollowthemasterposition

θmwhileinteractionforcesattheslavesidearereflectedbacktothemasterside.Thesecondjoint

ofthemasterrobotispassively(physically)clampedinitshomepositionwiththecorresponding

motor(Motor2)turnedoff,whiletheother6jointsoftheslaverobotareactivelyheldinposition

viahigh-gainPIDpositioncontrol.InFig.3.2,bothrobotsareattheirhomepositions(θm=θs=0).

Cartesianframesareattachedtotheend-effectorsofthemasterandtheslaveasshowninFig.3.2.

Notethatforsmallθmandθs,themotionsofthetworobotscanbeapproximatedtobealonga

Cartesianaxis.ThetaskisthereforeintheYdirection.Throughteleoperation,thetherapisttriesto

resistthepushingforcesofthepatientappliedintheYdirectionbydisplayingastiffimpedanceto

themasterrobotinthatdirection,sothatthepatientcancompletethescrewdrivingtask.

3.2.3 MasterandSlaveRobotsKinematics

GiventhatthescrewdrivingtasktakesplaceintheCartesianspacewhiletherobotsarecontrolled

inthejointspace,thereisaneedtoconsidertherobots’kinematicsforrobotcontrolpurposes.

ThelinklengthsforthemasterandslaverobotareLmandLs,respectively,measuringfromthe

rotatingaxestothecentreofthehandleforthemasterrobot(Fig.3.2(c))andtothescrewlocation

onthewoodenplatefortheslaverobot(Fig.3.2(b)).Thekinematicpositionandvelocitymappings
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FIGURE3.3:SchematicoftheDFRteleoperationarchitecture.

betweenthejointspaceandtheCartesianspaceare

ym,s=Lm,s·sin(θm,s) (3.1)

ẏm,s=Lm,s·cos(θm,s)·̇θm,s=Jm,s·̇θm,s (3.2)

wherethesubscriptsm,sdenotethemasterortheslave,respectively.

Denotingthetorquesappliedbythemotorsontherobotjointsbyτmandτs,therelationshipbetween

jointtorquesandCartesianend-effectorforcesintheYdirectionisalsorelatedthroughtheJacobian:

τm,s=Jm,s·fm,s (3.3)

WhenexternalCartesianforcesareappliedtotherobotsbythetherapist(denotedby fth)orbythe

patient(denotedbyfp)intheYdirection,theycanbeconvertedtotorquesappliedtotherobotjoints

(τth)and(τp)inthesamemanner.SuchexternalforcesalongtheYdirectionaremeasuredbytwo

ATIGammaNETforce/torquetransducers(Apex,NC,USA)attachedtotheend-effectorsofthe

tworobotsat1kHzsamplingrate.ThecommunicationchannelisimplementedusingtheWinsock

applicationprogramminginterfaceovertheEthernetusingtheUDPprotocolat1kHzsamplingrate

–thesamerateastheoneusedintherobotcontrolloops(forreadingencodersandissuingtorque

commands)ofbothrobots.
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3.2.4 TelerehabilitationSystemController

Directforcereflection(DFR)architectureisusedforcontrolofthebilateraltelerehabilitationsys-

tem.IntheDFRarchitecture,theslaverobotfollowsthepositionofthemasterrobotwhilethe

masterrobotdisplaystothehumanoperatortheinteractionforcesmeasuredbyaforcesensoratthe

slaverobot’send-effector.Fordetailsofthisteleoperationcontrolmethod,readerscanreferto[26].

AdetailedschematicofthebilateralteleoperationsystemispresentedinFig.3.3whereTsisthe

outputofajoint-levelpositioncontrollerandTmisthetorquetobereflectedbythemasterrobotto

thehumanincontactwithit(therapist).Notethatthetimedomainvariablesarecapitalizedhereto

refertotheirfrequencydomainequivalences.

InFig.3.3,(3.2)and(3.3)convertjointvelocitiesintoCartesianvelocitiesandCartesianforcesinto

jointtorques.Also,asmentionedbefore,FthandFparetheCartesianforcesappliedtothemaster

andslaverobotsbythetherapistandpatient,respectively.ZmandZsaretheimpedancetransfer

functionsofthemasterandtheslaverobotsinthejointdomainrelatingjointvelocitiestojoint

torques.Themasterrobotcanbemodeledasaninertia,Zm=Mms,asitisahapticdeviceused

bythetherapist.Theslaverobotismodeledasaninertiaandadamperbecauseithassignificant

dampingandfrictionneedingtobemodeled:Zs=Mss+Bs.ZthandZprefertothearmimpedances

intheCartesiandomainofthetherapistandthepatient,respectively.CsisthePDpositioncontroller

fortheslaverobot,Cs=Kvs+Kps/s.Kfistheforcereflectiongaintothemasterrobot.

Forouranalysis,wefirstmakethesimplificationthatcos(θm) 1andcos(θs) 1basedonthe

assumptionthatθmandθsaresmallangleswithin10°.Thisassumptionwillindeedbeverifiedin

Section3.5andisguaranteedbythenatureofthetaskusedforcasestudiesinthischapter.This

assumptiononlyintroducesaworsterrorof3%in(3.2)and(3.3),whichwedeemtobeinsignificant.

Withthisassumption,thesimplifiedsystemdynamicsderivedfromFig.3.3infrequencydomain

are

(Fth+Fp·Kf)·L
2
m=Zm·̇Ym (3.4)

Fp·Ls+
Cs
Ls
·̇Fm=

Cs+Zs
Ls

·̇Ys (3.5)

Equations(3.4)and(3.5)canbemanipulatedintothe2-portnetworkhybridmatrixrepresentation

as

Fth

−Ẏs
=
h11 h12

h21 h22

Ẏm

Fp
(3.6)
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withh11=
Zm
L2m
,h12=−Kf,h21=−

Cs
Cs+Zs

andh22=−
L2s
Cs+Zs

.

3.3 IdentificationofHumanArmImpedance

Inthissection,wefirsthaveanoverviewofthehumanarmimpedancetechniquesemployedinthe

literature.Then,basedonthenatureofthetaskandtherequirementtonotdisruptthenormalflow

ofteleoperationduringtheTILphase,wepresentthehumanarmimpedancestrategythatthiswork

utilizes.

3.3.1 HumanArmImpedanceIdentificationintheLiterature

Themechanicalimpedanceofthehumanarmisoftenmeasuredviasystemidentificationmethods.

Eitherpositionorforceperturbationsareappliedbyarobottothehandandtheresultingforceand

motionresponseisanalyzedtofittypicallytoasecond-orderimpedancemodel.Forexample,in

[50],aplanarrobotwasusedtoimposesteppositiondisturbancestothehumanhand,enablingthe

calculationoftheendpointstiffnessofthearmintheCartesianplane.Later,dynamiccomponents,

i.e.dampingandinertiawereaddedtotheimpedancemodel[51],[52]

Inrehabilitation,themechanicalarmimpedancecanpotentiallyserveasaquantifiableindexto

measurepatientrecovery.In[6],bothpositionandforceperturbationshavebeenappliedtothe

armtoidentifyasecond-orderimpedancemodel.Whenforceperturbationsareapplied,thesubject

isrequiredtomaintainacertainposture. Whilethisapproachmaximizesthemodelprecisionand

consistency,itisgearedtowardassessingpatientrecoveryandnottherapists.Itwillbeimpractical

fortheTILphaseofourproposedLARtelerehabilitationparadigm,astorestrainthetherapisttoa

certainpostureduringtheentiresessionoftherapydoesnotfacilitatetherapy.

Theendpointimpedanceofthehumanarmcanbemeasuredinareal-worldtaskbyapplyingshort,

impulsiveforceperturbationstothearmduringexecutionofthetask[7].Duringaweldingtask,

forceperturbationswith3Namplitudeand100msdurationwereexertedonthehandholdingthe

weldgun. Segmentsofdataimmediatelyfollowingtheonsetofperturbationswith200msof

durationwereusedtoidentifyasecond-orderimpedancemodel. Whilethisapproachusedvery

briefforceperturbationsinordertominimizetheimpactontaskexecution,suchaschemewillbe

inconvenientifusedinourTILphaseasthemotionsintroducedonthetherapist’sarmfollowing

suchdisturbancesmayconfusethepatientontheothersideoftheteleoperationandhamperthe

executionofthecooperativetask.
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3.3.2 TheProposedHumanArmImpedanceStrategy

Thestrategyusedinourprojectissimilartotheapproachusedin[7]withthedifferencethatno

extraforceperturbationsareadded.Essentially,theverypushingforcesimportedbythepatientthat

occurnaturallyduringthescrewdrivingtaskareregardedasforcedisturbances,andarelativelyshort

durationofdataisusedtoidentifyasecond-orderpassiveimpedancemodelforthehumanarm.We

definea“zeroposition”correspondingtoθm=0°anddisplayittothetherapistviaacomputer

monitor. Wedosobecauseitisdesirablethatthetherapisttriestoreturntothezeropositionafter

eachperturbation,notonlybecauseofthesmall-angleassumptionmadeinSection3.2.4,butalso

becausesuchbehaviourisconsistentwithwhathappensintheregularscrewdrivingtaskwherethe

personholdingthewoodenplatewouldtrytomaintainitinafixedposition.

Achallengewefaceisthat,unlike[7],wedonothaveanaprioriforceperturbationsequenceand

thereforedeterminingtheonsetofforceperturbationsisachallenge.Asaworkaround,letusfirst

analyzetheenergy

Eabsorbed=
T

0
−fth(t)̇ym(t)dt (3.7)

absorbedbythetherapist’sarmduringatypicaltaskovertimespanT(forour1-DOFsystem).As

showninFig.3.4(a),eachrisingedgeoftheabsorbedenergycorrespondstoapushingforceonset.

Theinitialnegativeenergycorrespondstotheadjustmentmovementsofthetherapistashegrabs

ontothehandleattachedtothemasterrobot’send-effectorshowninFig.3.2(c).Duringthetask,

thetherapist’sarmabsorbsmoreenergythanwhatitgivesoutwhenthearmreturnstothezero

position,showingthatthearmispassiveforthistask.Theenergyabsorptionprovidesuswitha

goodcriteriontodeterminetheonsetofforceperturbations,asitclearlydistinguisheswhenthearm

ismovingvoluntarily(duringadjustmentsofthearmposition,forexample)fromwhenthearm

ismovinginvoluntarily(whenthearmisknockedawaybytheforceperturbation).Thereforethe

onsetofaforceperturbationisdeterminedbythemomentwhenĖabsorbedin(3.7)becomespositive

(i.e.whenenergyabsorptionbythearmbegins).Atypicalperturbationonsetdeterminationresult

isshowninFig.3.4(b).Ascanbeseen,itwouldbedifficulttodeterminetheperturbationfrom

theforcesignalaloneasitshowsnocleardistinctionbetweenvoluntarymovementandinvoluntary

movement.

Aftertheperturbationonsetisdeterminedtobeattimetpforeachperturbation,wewilltryto

determinethefollowingimpedancemodelwithrespecttoforceandpositiondatainthetimewindow

[tp,tw]:

Mÿ(t)+Ḃy(t)+Ky(t)=−f(t),t∈[tp,tw] (3.8)
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FIGURE3.4:Theenergyabsorbedbythetherapist’sarm(a)duringtheentiresessionofatypical
screwdrivingtaskand(b)withinoneperturbation(insolidline),superimposedontheforce(indot-
tedline)appliedonthetherapist’sarmbythemasterrobot.Theidentifiedonsetoftheperturbation

isindicatedbyagreencircleonbothcurves.

wherey(t)=yth(t)−yth(tp),f(t)=fth(t)−fth(tp)andtwisaselectedtimewindowend.Notethat

wesubtracttheforceandposition/velocity/accelerationreadingsattimetpinordertoconsideronly

theforceandposition/velocity/accelerationchangesarisingfromthedisturbance. With(3.8)the

frequencydomainarmimpedancetransferfunctionZ(betweenvelocityinputandforceoutput)is

writtenas

Z=M·s+B+
K

s
(3.9)

Linearleast-squaresregressionisusedtoidentifytheimpedancemodelin(3.8).Theforceand

positionsignalsfromtheentireTILsessionarefilteredwithaSavitzky-Golayfilteroforder6and

windowsizeof101datasamplesforsmoothingandthenfilteredwithaButterworthlow-passfilter

oforder5andcut-offfrequencyat5Hz.5Hzwaschosenbecausespectrumanalysisonthemea-

suredsignalsindicatedthatfrequencycontentabove5Hzwasnegligibleforourexperiments.Other

signalprocessingparameterswerechosensothattheidentificationmethodprovidedthebestresults

inidentifyingtheknownimpedanceparametersofamass-springsystem.Velocityandacceleration

signalsareobtainedwithcentraldifferencingofthefilteredpositiondata.

Determinationoftwin(3.8)dependsonthedesireddurationofthedatawindowTwastw=tp+Tw.In

[7],Twwaschosentobe200msasacompromisebetweentheneedtouseaslittledataaspossible

(toaccommodatethe100∼150mswindowinwhichthehumancannotreactvoluntarilytothe

abruptmotionandthereforethearmimpedancedoesnotchange[53])andthemodelidentification

calculationthatrequiressufficientdatapoints.Inthatwork,200mswasfoundtoprovideallpositive

impedancevalues(positiveM,B,Kin(3.8))forover90%oftheperturbations.Inourcase,dueto

theuncertainnatureofthepatient-applied(ratherthanrobot-generated)perturbation,wedetermine
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FIGURE3.5:FlowchartshowingthealgorithmforchoosingTw

atimewindowlengthwhiletakingintoconsiderationthegoodnessofmodelfitthatwemeasure

usingthevarianceaccountedfor(VAF)teststatisticforeachperturbationfromtptotp+Tw,with

Twincrementingfrom100msto1000msatstepsof10ms:

VAF=100× 1−
varfth(t)−f̂th(t)

var(fth(t))
,t∈[tp,tw] (3.10)

Heref̂th(t)istheforceappliedtothemasterrobotbythetherapist’sarmaspredictedbytheiden-

tifiedarmimpedancemodelforagivenpositiontrajectory.fthistheactualforceappliedtothe

masterrobotbythetherapist.

Inthiswork,thestrategyusedtodetermineTwisformulatedasfollows:foroneTILsession,

findtheminimumTw∈[100ms,1000ms]suchthatthenumberofallpositive-valuedidentified

impedances,NbposismaximizedsubjecttotheconstraintthattheaverageVAFvaluefortheall-

positiveimpedanceidentificationresultsshouldbeabove95.Thealgorithmissummarizedinthe

flowchartinFig.3.5.

TherationalebehindourstrategyofTwdeterminationliesinthethreeobservationsfromFig.3.6

whichshowstheimpedanceidentificationresultsasafunctionofthetimewindowlengthfora

typicalTILsessionofthescrewdrivingtask.Fig.3.6(a)showsthatNbpostendstoincrease(even-

tuallytoincludeall20perturbations)whendatalengthTwincreases.Rememberthatwewantto

obtainall-positiveimpedanceidentificationresultsbecauseofthehumanarmpassivityobservedin

Fig.3.4.Fig.3.6(b)showsthatVAFtendstodecreaseasTwincreasesbeyondacertainthreshold,

asvoluntaryreactionsmaykickiniflongerdatalengthsareconsidered.Thusitisnecessaryto

incorporateVAFasaconstraintinordertoguaranteethegoodfitoftheidentifiedmodel.Theupper
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boundofTwischosentobe1sbecauseitisthetimethatthenextperturbationmaybeapplied.Fi-

nally,Fig.3.6(c)-(e)showthattheaverageM,B,Kforall-positiveimpedanceidentificationresults

tendtostabilizewhenNbposreachesitsmaximum.Togetherwiththeconsiderationofminimiz-

ingtheeffectofvoluntaryreactionswedecidedtousetheminimalTwthatenablesthemaximum

NbposwhileguaranteeingahighenoughlevelofVAF.ForthisparticularTILsessionconsidered,

thealgorithmyieldsTw=530ms,withwhichall20perturbationsgiveall-positiveimpedancemod-

els.InFig.3.6(f),thevalidationresultforoneperturbation(originofthetimeaxisrepresentsthe

determinedonset)isshownoverthedeterminedspanofTw=530mswithVAF=95.

3.4 ImpedanceControlofYaskawaMotomanSIA5Frobot

Inthissection,wefirstdiscusstheimpedancecontrollerimplementedontheslaverobotduringthe

TOOLphase,oncewehavethedesiredimpedanceparameterMd,BdandKd.Thenwediscussthe

derivationofthedesiredimpedancetobeimplementedintheTOOLphase.

3.4.1 ImpedanceControllerDesign

Impedancecontrolofarobotcanbeachievedwithmodel-basedapproachesormodel-freeap-

proaches.Model-basedapproachessuchastheoneintroducedin[54]requiretheexactknowledge

ofrobotdynamicsincludingjointfriction.Inourapplicationwithanindustrialrobot,whilemost

dynamictermscanbecalculatedorestimated,thejointfrictionishardtoobtain.Unlikethemaster

hapticdevicewhichisdesignedtohavelowfriction,thereisconsiderablefrictionintheslaverobot

jointthatconcernsus.Thesimpleyetwidelyusedcoulomb+viscousfrictionmodelperformed

poorlybecausefirst,thelinearmodelcannotcapturethehighlynonlinearfrictioninreality.The

model’sdependencyonvelocityalsomakesstaticfrictioncompensationineffective,andinoursys-

temthestictionisverylarge(intheorderof9N.minthejointspace).Elaboratenonlinearmodels

suchastheLuGremodel[55]cancapturevariousnon-linearphenomenasuchastheStribeckcurve,

stictionandpreslidingdisplacement,butitisdifficulttoidentifyitsparameters.In[56]asimpler

approachispresentedtodetermineaLuGremodel,buttheapproachremainslargelyempiricaland

requiresveryrefinedencoderresolution(especiallyformeasuringthepreslidingstate).Inaddi-

tion,thedynamicnatureoftheLuGremodelmakesitapotentialsourceofnumericalinstabilityin

real-timefrictioncompensationimplementations.
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FIGURE3.6:ImpedanceidentificationresultsasafunctionofdatawindowlengthsforatypicalTIL
session:(a)thenumberofall-positiveimpedanceidentificationresults,(b)averageVAFvaluein
percentageofall-positiveimpedanceidentificationresults(c)averageM(d)averageBe)averageK
ofall-positiveimpedanceidentificationresults,(f)impedancemodelvalidationwithmodeled−fth
comparedtomeasured−fthforoneperturbationwiththedeterminedwindowsizeat530msand

VAFvalueat95
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Giventheconsiderabledifficultiesassociatedwithdeterminingtherobotjointfrictionprecisely,we

decidedtoimplementtheimpedancecontrolwithamode-freeapproach.TheTime-DelayEstima-

tion(TDE)scheme[57]issuchanapproach,whichcanaccuratelyandefficientlyestimatetherobot

non-linearunmodeleddynamics.Letuswritetherigid-bodydynamicsoftheslaverobotas

Ms̈θs+f(θs,̇θs)−τp=τs (3.11)

RememberthatMsdenotesthemomentofinertiaoftheslaverobotaroundtherotationaxis,θs

referstotheslaverobot’sjointangle,fdenotesjointfriction,τpistheexternaljointtorquecaused

bytheCartesianforcefpappliedbythepatient(τp=Js·fp),andτsisthecontrollermotortorque

inthejointspace.Now,letM̄sdenotethenominalvalueofinertia.Wehave

M̄s̈θs+(Ms−M̄s)̈θs+f−Jsfp=τs (3.12)

Letusgrouptogetheralluncertainterms:

N=(Ms−M̄s)̈θs+f (3.13)

ThistermcanbeestimatedbytheTDEschemebyassumingthatNiscontinuousoratleastpiece-

wisecontinuouswithrespecttotimet. WecanapproximateNattimetbyitsvalueatt−Lwhere

Lisasufficientlysmalltimedelay(ornumberofsamplepoints).From(3.12)and(3.13):

N̂(t)=N(t−L)=̃N

=τ̃s+J̃s̃fp−M̄s
˜̈θs (3.14)

whereN̂denotestheestimatedvalueofNattimetandthetildesymbol(alsolaterin(3.22))denotes

thetime-delayedvalueofthecorrespondingvariable(byLsamplepoints).TheCartesianforcefp

isusedbecauseitisdirectlymeasuredwiththeATIforcesensorintheCartesianspace.

Now,considerthecontrollaw

τs=M̄s·aq+N̂−Jsfp (3.15)

whereaqisthereferencejointacceleration.Bycombining(3.11)and(3.15)wehavëθs=aq.For

theimpedancecontroller,thetargetdynamicsisassumedtobe

Md(̈ys−ÿsd)+Bd(̇ys−ẏsd)+Kd(ys−ysd)=fp (3.16)

wherëysd,̇ysdandysddenotethedesiredslaverobotacceleration,velocityandposition.
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LetaybethereferenceaccelerationinCartesianspace,andlet

ay=Js·aq+J̇s·̇θs (3.17)

orequivalently

aq=J
−1
s ·(ay−J̇s·̇θs) (3.18)

TogetherwiththekinematicrelationshiplinkingjointspaceaccelerationwithCartesianspaceac-

celeration:

ÿs=Js·̈θs+J̇s·̇θs (3.19)

wehavefrom(3.16)and(3.17)that

ÿs=ay

=ÿsd−M
−1
d ·[Bd(̇ys−ẏsd)+Kd(ys−ysd)−fp] (3.20)

Further,take(3.20)into(3.18),andthencombiningwith(3.15)wehave

τs=M̄sJ
−1
s {̈ysd−M

−1
d ·[Bd(̇ys−ẏsd)+Kd(ys−ysd)−fp]−J̇ṡθs}+N̂−Jsfp (3.21)

Becausewewanttheestimatetobeascloseaspossibletotheactualvalue,thetimedelayListaken

tobe1samplepoint:soweusethedatafromcurrenttimetminus1mstoestimatetheuncertainN

termin(3.13).TheknownvalueofinertiaM̄sisselectedwiththeobjectiveofguaranteeingafast

estimationconvergencerate.ItisdeterminedbyfirstchoosingasmallpositivevalueforM̄sand

thengraduallyrampingitupuntilthesystemstartsmakingnoisyresponse[57].

Finallythecontroltorquecanbeexpressedinthefollowingformforimplementation:

τs=
M̄s

Lscos(θs)
{̈ysd−M

−1
d ·[Bd(Lscos(θs)̇θs−ẏsd)

+Kd(Lssin(θs)−ysd)−fp]+Lssin(θs)̇θ
2
s}

+τ̃s+Lscos(̃θsf̃p−M̄
˜̈θs)−Lscos(θs)fp (3.22)

wherëysd,̇ysdandysdareallequalto0fortheconsideredtask.
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3.4.2 DerivationofDesiredImpedance

AfterZthisestimatedduringtheTILphaseasdiscussedinSection3.3,wewillbeabletocalcu-

latethedesiredimpedancetobespecifiedfortheimpedancecontrollerregulatingtherelationship

betweenfpanḋysduringtheTOOLphase.Thedesiredimpedancewillbetheimpedancedis-

playedbytheslaverobotduringtheTILphaseasthisistheimpedancethathelpedtosuccessfully

completethecooperativetaskwiththepatient.Thusitisnecessarytoaccountforthepossible

impedancedistortioncausedbytheteleoperationsystemdynamicsanditisdesirabletoinvestigate

whatwillbethedisplayedimpedanceZd(s)=−Fp(s)/̇Ys(s)asafunctionofthemeasuredZthand

theteleoperationsystemparametersthatquantifyitstransparency.

From(3.6),wecanderivethedesiredimpedancetobeapproximatedandimplementedduringthe

TOOLphase:

Zd=
Zth−h11

h12h21+h22(Zth−h11)
(3.23)

Thus,thetherapist’sidentifiedimpedanceZthneedstobemodulatedasshownabovetoactasthe

desiredimpedancefortheslaverobotintheTOOLphase.Inpractice,wewilluseoptimization

techniquestoapproximateZdtobeintheformof(3.9)forcontrollerimplementation.

3.5 ExperimentalResults

Inthissectionwepresenttheexperimentalresultsforourproof-of-conceptLARtelerehabilitation

session. WepresenttheresultsintwosubsectionsfortheTILphaseandtheTOOLphaserespec-

tively.

3.5.1 TILPhaseResults

AsdiscussedinSection3.2andSection3.3,weaccomplishtwomainobjectivesintheTILphase:

teleoperationandidentificationofthetherapist’sarmimpedance.InDFRteleoperation,weuse

afeedbackgainKf=0.5becauseofthefollowingtworeasons:1)itprovidesthetherapistwitha

goodperceptionoftheperturbationsfromthepatientside;2)theforcefeedbackisnottoostrongfor

thetherapisttohandlewithease.AtotalofthreeTILsessionswerecarriedout,eachlastingaround

60scontaining20to26perturbations.Theexperimentaltrialswerecarriedoutduringthesameday

withonehealthyperson(theauthorofthethesis)actingasthetherapistandanotherhealthyperson

(thesupervisoryinvestigator)actingasthepatient(seeAppendixDandAppendixE).Thearm
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TABLE3.1:Therapistarmimpedanceidentificationresults

Session Mth
(kg)

Bth
(N.s/m)

Kth
(N/m)

Nbpos
Nbtot

Tw(ms)

1 1.48 60.87 1085.8075% 420
2 1.70 52.48 1733.83100% 530
3 2.61 53.23 1543.9596% 860

Average 1.92 55.54 1454.5290% 603

impedanceidentificationresultsarepresentedinTable3.1,includingMth,Bth,Kth,thepercentage

ofall-positiveidentificationresultsNbposoverthetotalnumberofconsideredperturbationsineach

session,andthechosendatawindowlengthTwformodelidentification.

AscanbeseenfromTable3.1,withourimpedancemodelidentificationapproach,90%ofthe

perturbationsyieldall-positiveidentificationresultswithanaveragedatawindowlengthofabout

600ms. Weusetheaveragedimpedanceparameters:Mth=1.92kg,Bth=55.54N.s/mand

Kth=1454.52N/mtotomakeuptheZthtermin(3.23):

Zth=Mth·s+Bth+
Kth
s

(3.24)

Inaddition,otherparametersrelatedtotherobotdynamicsandteleoperationcontrollerareusedto

calculatethenumericalvalueofZdinEquation3.23.TheirvaluesaregroupedtogetherinTable

3.2.NotethatthevaluesforMm,MsandBsareobtainedusingsystemidentificationmethodsimilar

towhatwasdonein[6].LmandLsareobtainedbydirectlymeasuringtheconcernedrobotlinks.

Kf,KpvandKpsaredirectlyspecifiedinthethecontrollersoftware.Numericalcalculationyields

thefollowingresult:

Zd=
A·s4+B·s3+C·s2+D·s+E

a·s3+b·s2+c·s
(3.25)

withA=−0.0229,B=−15.220,C=−1096.453,D=−36346.370,E=−4.985·105,a=0.0226,

b=−3.843andc=−143.766. HoweverwecannotimplementdirectlyEquation3.25intothe

impedancecontrollerinEquation3.22asitrequirestheimpedancetobespecifiedwithMd,Bdand

Kd.

IdeallywewouldbeabletorewriteEquation3.25into:

A·s4+B·s3+C·s2+D·s+E

a·s3+b·s2+c·s
=Md·s+Bd+

Kd
s

(3.26)
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TABLE3.2:Teleoperationcontrolandanalysisparameters

VariableName NumericalValue

Mm(kg.m
2) 0.052

Ms(kg.m
2) 0.072

Bs(N.m.s/rad) 7.92
Lm(m) 0.267
Ls(m) 0.267
Kf 0.50
Kpv(N.m/rad) 1285.03
Kps(N.m/(rad/s)) 36.72

orequivalently

(A−Md·a)s
4+(B−Bd·a−Md·b)s

3

+(C−Bd·b−Kd·a−Md·c)s
2

+(D−Bd·c−Kd·b)s+(E−Kd·c)=0(3.27)

givingfiveequationstosatisfysimultaneously:

Eq1 A−Md·a=0

Eq2 B−Bd·a−Md·b=0

Eq3 C−Bd·b−Kd·a−Md·c=0

Eq4 D−Bd·c−Kd·b=0

Eq5 E−Kd·c=0 (3.28)

Inordertosolveforthethreevariablesfromthe5equationsystemthatcannotbesimultaneously

satisfied,weadoptanoptimizationapproachinwhichweweobtainthevaluesforMd,BdandKd

byminimizingthefollowingcostfunctionoveracertainvaluerangeforthethreevariables:

Cost=|Eq1|+|Eq2|+|Eq3|+|Eq4|+|Eq5|,Md∈[0,10],Bd∈[0,1000],Kd∈[0,10000](3.29)

TheminimizationyieldsthefollowingresultsMd=3.89kg,Bd=160.14N.s/mandKd=3467.36N/m.

TheapproximatedimpedanceiscomparedtotheoriginalZdcalculatedinEquation3.25usingBode

plotinFig.3.7.Ascanbeseenfromtheplot,thereisagoodmatchbetweentheoriginalZdandthe

approximatedimpedancewithMd,BdandKdatlowfrequencyrangewhichismostrelevanttothe

screwdrivingtask.
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FIGURE3.7:ComparisonoftheBodeplotbetweentheoriginaltransferfunctionZdandtheap-
proximatedtransferfunctionMds+Bd+Kd/susedforimplementationinboth(a)magnitude,(b)

phaseatlowerfrequencyofupto30Hz

.

3.5.2 TOOLPhaseResults

IntheTOOLphase,theslaverobotisprogrammedundertheimpedancecontrollawspecifiedin

(3.22)withtheparametersofMd,BdandKdfoundinTILphasediscussedintheprevioussub-

section.M̄sisselectedtobe0.3kg.m
2bygraduallyincreasingitsvalueuntilthesystemstartsto

displayinstability.Thepatient(imitatedbyahealthyperson)isthenabletocompletethescrewdriv-

ingtaskwiththeslaverobotaloneinthisphase.Theimpedancecontrolimplementationisvalidated

bycomparingtheactualslaverobotpositionagainstthesimulatedslaverobotpositionbasedonthe

desiredimpedanceandthemeasuredinteractionforces.ThecomparisonresultisplottedinFig.3.8

whereagoodmatchisshown.Notethattheeffectofthestrongstictioninherentinourindustrial

manipulatorarmisstillvisiblebutitismitigated(positionerrornomorethan0.2mmduringthe

task)thankstotheTDEapproach.WecanalsoseefromFig.3.8thatthemaximumdisplacementin

theYdirectionoftheslavearmisaround15mm,whichisalsothecaseintheTILphase,showing

thatthedesiredbehaviourhasbeensuccessfullymappedfromthetherapisttotheslaverobotduring

theTOOLphase.
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FIGURE3.8:Comparisonbetweensimulatedpositionbasedonforcemeasurementandtheactual
positionduringTOOLphase

3.6 Conclusion

Inthischapter,wedemonstratedtheproposedLARtelerehabilitationconceptforascrewdriving

task. DuringtheTILphase,thetherapistsupportedthepatientincompletingthescrewdriving

taskandsimultaneouslytheimpedanceofhisarmwasmeasuredbythemasterhapticdevice.The

measuredimpedancewasthenprocessedtakingintoaccounttheteleoperationsystemdynamics

inordertoobtainthedesiredimpedanceparametersusedforimpedancecontrolimplementation

duringtheTOOLphase.IntheTOOlphase,theimpedancecontrolwassuccessfullyimplemented

ontheslaverobotandthetherapist’sroleinthescrewdrivingtaskwassuccessfullyreplicatedby

theslaverobot.
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Chapter4

Learn-and-ReplayTelerehabilitation

Paradigm:2-DOFTask

Inthischapter,weapplytheLearn-and-replay(LAR)paradigmtoa2-DOFcollaborativepeg-in-

the-holetask. TheLARparadigmessentiallyconsistsoftwophases:atherapist-in-loop(TIL)

phaseandatherapist-out-of-loop(TOOL)phase.IntheTILphasethetherapistinteractswiththe

patientthroughthehapticteleoperationlooptoperformoneormorerepetitionsofacooperative

therapytask.Duringthisphasewemeasurethetherapist’sarmimpedancewithoutinterruptingthe

taskexecution.DuringtheTOOLphasethetherapist’scooperativeroleincompletingthetherapy

taskisplayedoutbythepatient-siderobot.FollowingourimplementationoftheLARprinciple

ona1-DOFscrewdrivingtask,experimentingwithmoredegreesoffreedomisanecessaryand

naturalnextstepindevelopingtheLARtelerehabilitationparadigm.First,moreDOFsaredesirable

fromthesystemspecificationpointview,aspatientscanexercisemorecomplicatedtherapytasks

targetingdifferentmotorfunctions.Technicallyspeaking,involvingmoreDOFsalsointroduces

interestingproblemsintermsofarmimpedanceidentification,impedancedistortioncompensation

andimpedancecontrol.

SimilartoChapter3,wefirstgiveadescriptionofthecooperativetaskinSection4.1andthe

teleoperationsystemusedforperformingitinSection4.2.Then,thehumanarmimpedanceiden-

tificationmethodadaptedtothe2-DOFtaskispresentedinSection4.3.InSection4.4,wepresent

theTime-DelayEstimationTDEimpedancecontrolimplementationfortheslaverobotinthegen-

eralizedmulti-DOFscenario.TheresultsforarmimpedanceestimationduringtheTILphaseand

thepatient-robotimpedance-basedinteractionsduringthetherapist-out-of-loop(TOOL)phaseare

presentedinSection4.5.
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4.1 TherapyTask

The2-DOFtaskconsistsofthepatienttryingtoputanaluminummechanicalpartrepresentinga

1-dimensional“hole”ontoapegheldbythetherapistasshowninFig.4.2(a).Intheproposed

LARparadigm,thepatientwillinserttheholeontothepegattachedtotheend-effectoroftheslave

robotshowninFig.4.2(b),whichisteleoperatedbythetherapistfromthemasterinterfaceshown

inFig.4.2(c). While“hole-onto-the-peg”insertionseemstobeamoreappropriatetermtoname

theconsideredtask,sincethepegandtheholeareplayinterchangeableroles,westillnamethetask

“peg-in-the-hole”insertion.Thepeg-in-the-holeinsertiontaskisachallengingmanipulationtask,

involvingbothpositionandforcecontrol.Inourcase,thetaskrequiresthepatienttofirstalignthe

holewiththepegbywigglingitprimarilyintheYdirection,illustratedinFig. 4.1(a).Thisis

madepossiblebythecurvedopeningoftheholeaswellasthecurvatureofthepegtip.Thisstep

isalsoshowninFig.4.2(a)inthedirectionmanipulationcase,wherenorobotsareinvolved.Once

theholeandthepegarelinedup(illustratedinFig.4.1(b)),thepatientpushestheholeontothe

pegbyexertingaforceintheXdirection(illustratedinFig.4.1).TheXandYCartesiandirections

aredefinedfortheslaverobotinFig.4.2(b).NotethattheX-Yframeoriginisplacedatthecentre

ofthepegtoolwhentheslaverobotisathomeposition(detailedinSection4.2),anditdoesnot

movewiththepegtool. Wenamethisframetheslavebaseframe.Forthemasterrobot,XandY

Cartesiandirectionsarethesameastheslaverobotandtheframeoriginisattachedtothehandle

whenthemasterrobotisatitshomeposition. Althoughthemasterframeoriginisalsodefined

usingtheend-effector,itdoesn’tmovewiththehandleeitheronceitisdefined.WenamethisX-Y

framerelatedtothemasterrobotthemasterbaseframe. Notethatthemasterrobotisnotatits

homepositioninFig.4.2(c).Themasterrobotisatitshomepositionwhenθ1mandθ2mshownin

Fig.4.2(c)arebothzero.MoredetailsofthesetwojointangleswillbegiveninSection4.2,using

axesparalleltotheXandYaxisofthemasterrobotbutattachedtotherobotcentreaxisshownas

X0andY0inFig.4.2(c).

Similartothe1-DOFtaskinChapter3,thetherapistholdsfirmlythemasterhapticdeviceinboth

XandYdirectionswhilethepatienttriestocompletethetaskduringtheTILphase.Wemakethis

choicebecauseitisdesirableforthepatienttolearntobehavecompliantly.Forthepeg-in-the-hole

tasktobeabletobecompleted,thebothoperatorscannotbebothcompliantorbothrigidatthe

sametime(orelsetheholerisksnotbeingabletobelinedupwithandinsertedintothepeg).

Fortherealizationofthisteleoperationsystem,readerscangetmoreinformationinAppendixB,

Appendix??andAppendixF.
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FIGURE4.1:Illustrationofthepeg-in-the-holetask.(a)WigglingoftheholeintheYdirection.
(b)Alignmentintheofthepegandthehole.(c)Theholepushedontothepeg.

4.2 TeleoperationSystem

Inthistask,wefacethedifficultyofteleoperatingtworobotswithdifferentkinematics,workspaces

andDOFs,becauseofourchoiceofthemasterandslaverobots.Wesolvethisproblembymaking

therobotwithmoreDOFsandalargerworkspacehaveasimilareffectivegeometryastherobot

withfewerDOFsandasmallerworkspace.Todoso,wemakethe7-DOFslaverobottakeonan

effective2-DOFgeometry.The1st,4thand6thjointsoftheslaverobotarearrangedaccordingto

inversekinematicssuchthatthedistancebetweenthe1stjointaxisandthe6thjointaxis,whichis

L1sinFig.4.2(b),takesonadesiredvalueandbecomesthelengthofthe1st“effectivelink”ofthe

slaverobot.ThedetailedkinematicsoftheMotomanSIA5Frobotandtheinversekinematicsused

forjoggingtheslaverobotintoitshomepositioncanbefoundinAppendixA

Duringteleoperation,highgainPIDcontrolisappliedtojoints2to5oftheslaverobotinorderto

maintainthisgeometry.The2nd“effectivelink”oftheslaverobotisthesameastheactuatedlink

presentedinChapter3(comprisingofthelastlinkoftheslaverobot,theforcesensorandpegtool)

withlinklengthL2s(namedLsinChapter3)asshowninFig.4.2(b).Forthemasterrobot,both

robotjointsareactuatedandthelinklengthsareL1mandL2mrespectively,asshowninFig.4.2(c).

NotethatL2misthesameasLminChapter3forthe1-DOFtask. Wedefinethatathomeposition,

the1steffectivelinkandthe2ndeffectivelinkoftheslaverobotareperpendiculartoeachother

(showninFig.4.2(b)),whilethe2ndeffectivelinkpointstothepositiveXdirection.Thesamecan

besaidaboutthemasterrobot:athomeposition,the1stlinkandthe2ndlinkareperpendicularto

oneanother,whilethe2ndlinkpointstothepositiveXdirection.
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FIGURE4.2:(a)Directmanipulation:Thepeg-in-the-holetaskwithoutusinganyrobots.(b)Con-
figurationoftheslave(patient-side)YaskawaMotomanSIA5Frobotastheslave.(c)Configuration

ofthemaster(therapist-side)rehabilitationrobotforasthemaster.
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FIGURE4.3:Illustrationof(a)themasterrobotand(b)theslaverobotjointangleconfigurations.

Intermsofjointangles,weusethe1stand6thjointangleoftheslaverobotminustheirvalueswhen

theslaverobotisatitshomepositionasthenewjointangles:θ1sandθ2s.Therefore,atthehome

positionshowninFig.4.2(b),θ1s=θ2s=0.Forthemasterrobot,wedefinethe1stjointangle

tobetheangleformedbyrotatingtheY0axiscounterclockwisearoundtherobotcentrejointtobe

paralleltothe1strobotlink(L1m),andthe2ndjointangletobetheangleformedbyrotatingthe

X0axiscounterclockwisetobeparalleltothe2ndrobotlink(L2m).Notethatintheconfiguration

presentedinFig.4.2(c),θ1mhasanegativevaluewhileθ2mhasapositivevalue.Thejointangle

configurationsforthemasterandtheslaveareillustratedinFig.4.3.

WemadeL1s=L1m=0.254m,usingthejointanglevaluesdetailedinTableA.3inAppendixA.

Aswesawinthelastchapter,L2s=L2m=0.2667m.Therefore,wehavemadethemasterandslave

robotshavesimilareffectivegeometries. Duringteleoperation,wesimplymaketheslaverobot

followthemasterrobotbyusingthecurrentvaluesofθ1mandθ2m−θ1masthereferencepositions

forθ1sandθ2s.ThiscanbeseenfromfromFig.4.3,bydefiningtheanglesbetweentheX-axisand

thesecondlinkofbothrobots(L2mandL2s)asqmandqsrespectively.Sinceqmandqsshouldbe

equaltoeachother,wehave

qm=θ2m=qs=θ1s+θ2s (4.1)

Therefore,

θ2m=θ1s+θ2s (4.2)

θ2s=θ2m−θ1s (4.3)



Chapter4.Learn-and-ReplayTelerehabilitationParadigm:2-DOFTask 36

Sinceθ1stakesθ1masitsreference,wecanreplaceθ1sin(4.3)byθ2sandobtain

θ2s=θ2m−θ1m (4.4)

asthereferenceanglepositionforθ2s.

4.2.1 MasterandSlaveRobotsKinematics

Inthissubsectionweconsidertheforwardkinematicsforthemasterandslaverobots.

ThekinematicpositionandvelocitymappingsbetweenthejointspaceandtheCartesianspacefor

themasterrobotare

pm=
xm

ym

=
−L1m·sin(θ1m)+L2m·cos(θ2m)−L2m

L1m·cos(θ1m)+L2m·sin(θ2m)−L1m
(4.5)

ṗm=
ẋm

ẏm
=Jm·̇θθθm

=
−L1m·cos(θ1m) −L2m·sin(θ2m)

−L1m·sin(θ1m) L2m·cos(θ2m)
·
θ̇1m

θ̇2m
(4.6)

wherethevectorpmisusedtodenotethemasterrobotend-point(correspondingtothehandlethat

thetherapistholds)positionintheX-Ymasterbaseframe,Jmdenotesthemasterrobot’sJacobian

matrixandθ̇θθmdenotesthemasterrobotjointangularvelocityvector.

Similarlyfortheslaverobot(constrainedto2-DOFmotionasexplainedbefore),wehave

ps=
xs

ys

=
−L1s·sin(θ1s)+L2s·cos(θ1s+θ2s)−L2s

L1s·cos(θ1s)+L2s·sin(θ1s+θ2s)−L1s
(4.7)

ṗs=
ẋs

ẏs
=Js·̇θθθs

=
−L1s·cos(θ1s)−L2s·sin(θ1s+θ2s) −L2s·sin(θ1s+θ2s)

−L1s·sin(θ1s)+L2s·cos(θ1s+θ2s) L2s·cos(θ1s+θ2s)
·
θ̇1s

θ̇2s
(4.8)
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wherethevectorpsisusedtodenotetheslaverobotend-point(correspondingtothecentreofthe

peg)positionintheX-Yslavebaseframe,Jsdenotestheslaverobot’sJacobianmatrixandθ̇θθs

denotestheslaverobotjointangularvelocityvector.

Jointtorquesappliedbythemotorsaredenotedbyτττm=[τ1m τ2m]
Tforthemasterrobotand

τττs=[τ1sτ2s]
Tfortheslaverobot. Wecanthereforerelatestaticjointtorquestotheend-effector

Cartesianforces,fm=[fxm fym]
Tforthemasterrobotandfs=[fxs fys]

Tfortheslaverobot,by

τττm=J
T
m·fm (4.9)

τττs=J
T
s·fs (4.10)

Similarly,Cartesianforcesappliedbyhumanoperatorsontotherobots,fth=[fxth fyth]
Tforthe

forcesappliedtothemasterrobotbythetherapistandfp=[fxpfyp]
Tfortheforcesappliedtothe

slaverobotbythepatient,canbemappedtotheircorrespondingjointtorquesτττth=[τ1thτ2th]
Tand

τττp=[τ1pτ2p]
Tby

τττth=J
T
m·fth (4.11)

τττp=J
T
s·fp (4.12)

4.2.2 MasterandSlaveRobotDynamics

Inthissubsectionweconsiderthedynamicsforthemasterandslaverobots.

Themasterrobotdynamicscanbemodeledby

Mm(θθθm)·̈θθθm+Cm(θθθm,̇θθθm)·̇θθθm+frm(θθθm,̇θθθm)−τττth=τττm (4.13)

whereCmdenotestheCoriolisandcentrifugalmatrixandfrmdenotesthejointsfrictionvector.

Accordingto[58],themasterrobotdynamicscanbeobtainedbyidentifyingthefiveparameters
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α1,...,α5thatparameterizethedynamicsifonlyviscousfrictionisconsidered:

Mm(θθθm)=






α1 −
1

2
·α2sin(θ1m−θ2m)

−
1

2
·α2sin(θ1m−θ2m) α3




 (4.14)

Cm(θθθm,̇θθθm)=






0
1

2
·α2cos(θ1m−θ2m)̇θ2m

1

2
·α2cos(θ1m−θ2m)̇θ1m 0




 (4.15)

frm(̇θθθm)=
α4·̇θ1m

α5·̇θ2m
(4.16)

Wecanobtainthevaluesforα1,...,α5bysystemidentification.

Theslaverobotdynamicscanbemodeledby

Ms(θθθs)·̈θθθs+Cs(θθθs,̇θθθs)·̇θθθs+frs(θθθs,̇θθθs)−τττp=τττs (4.17)

whereCsdenotestheslaverobot’sCoriolisandcentrifugalmatrixandfrsdenotesthejointsfriction

vector. Wewillobtainthenumericalvaluesoftheslavedynamicmodelparametersbycalculation

basedonthegeometricandmechanicalpropertiesoftheslaverobot

4.2.3 TelerehabilitationSystemController

ThesameDFRteleoperationcontrolarchitectureusedinChapter3isadoptedforthe2-DOFpeg-in-

the-holetask:themasterrobotprovidespositionreferencefortheslaverobotwhiletheinteraction

forcescapturedbytheforcesensorattachedtotheslaveend-effectoraredisplayedviathemaster

robot.ThecontrolsystemschematicispresentedinFig.4.4.Notethatuppercaselettersareused

todenotetheLaplacetransformsofthecorrespondingtime-domainposition,velocity,forceand

torquevariables.

ThematrixQisintroducedtotransformthemaserrobotjointanglesintoreferencejointanglesfor

thecorrespondingslavejoints(accordingtotherelationshipsθ1m→θ1sandθ2m−θ1m→θ2s:

Q=
1 0

−1 1
(4.18)
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KsrefersthePDpositioncontrollerfortheslaverobot:

Ks=





Kv1+

Kp1
s

0

0 Kv2+
Kp2
s




 (4.19)

NotethattheinputstothecontrollermatrixKsarevelocities,notpositions,asshownlaterin(4.26).

ThisisthereasonwhyitmightlooklikeanPIcontrollerbutitisactuallyaPDcontroller.

Kfreferstotheforcefeedbackgainmatrixforthemasterrobot:

Kf=
Kf1 0

0 Kf2
(4.20)

ZmandZsdenotethelinearimpedancematricesinthejointdomainofthemasterandslaverobot

thatweapproximatefromthenonlinearrobotdynamicsaswewilldetaillaterinSection4.5.Zth

andZsrefertotheimpedancematricesintheCartesiandomainofthetherapist’sarmandthe

patient’sarmrespectively.AscanbeseeninFig.4.4,theteleoperationsystemisdividedintofive

subsystems:therapist,masterrobot,control&communication,slaverobotandpatient.Forthe

therapistandpatient,wehave

Fth=F
∗
th−Zth·̇Pm (4.21)

Fp=F
∗
p−Zp·̇Pp (4.22)

whereF∗thandF
∗
pdenotethetherapist’sandpatient’sexogenousinputforces(generatedbythe

muscleswithcommandsentfromthecentralnervoussystem).Forthemasterrobotandtheslave

robotwehave

Tth+Tm=Zm·̇ΘΘΘm (4.23)

Tp+Ts=Zm·̇ΘΘΘs (4.24)

AsthetherapistandpatientworkinCartesianspacebuttherobotsworkinjointspaces,Jacobian

matricesareneededasinterfacesbetweenthetherapistandmasterrobot,aswellasbetweenthe

patientandtheslaverobot,toconvertCartesianforcestojointdomaintorques(basedon(4.11)and

(4.12))andtoconvertjointvelocitiestoCartesianvelocities(basedon(4.6)and(4.8)).Asforthe

controller,wehave

Tm=J
T
mKf·Fp (4.25)
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FIGURE4.4:Schematicoftheteleoperationcontrolarchitecture

fortheforcefeedbackcontrolonthemasterrobot,and

Ts=Ks·(Q·̇ΘΘΘm−Θ̇ΘΘs) (4.26)

fortheslaverobot’spositioncontrol.

Bycombining(4.23),(4.24),(4.25)and(4.26),theoverallsystemdynamicsinthefrequencydomain

canbederived:

Jm·Z
−1
m ·J

T
m(Fth+Kf·Fp)=̇Pm (4.27)

Js·Z
−1
s ·(J

T
s·Fp+Ks·(Q·J

−1
m ·̇Pm−J

−1
s ·̇Ps))=̇Ps (4.28)

Equations(4.27)and(4.28)canbemanipulatedintothefollowing2-portnetworkhybridmatrix

form

Fth

−Ṗs
=
H11 H12

H21 H22

Ṗm

Fp
(4.29)

where

H11=J
−T
m ·Zm·J

−1
m (4.30)

H12=−Kf (4.31)

H21=−(Js·Z
−1
s ·Ks·J

−1
s +I2×2)

−1·Js·Z
−1
s ·Ks·Q·J

−1
m (4.32)

H22=−(Js·Z
−1
s ·Ks·J

−1
s +I2×2)

−1·Js·Z
−1
s ·J

T
s (4.33)
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andI2×2isthe2-by-2identitymatrix. The2-portnetworkhybridmatrixwillbeusedlaterin

Sectiontohelpderivethedesiredimpedancematricesfortheimpedancecontroller.

4.3 IdentificationofHumanArmImpedance

ThissectionisanextensionofthehumanarmimpedanceidentificationstrategyusedinChapter3

tothe2-DOFscenario. WeusetheinitialwigglingforcesintheYdirectionforthepegandhole

alignmentandthesubsequentpushingforcesalongtheXdirectiononcethepegandtheholeare

alignedasexcitationinputsneededforhumanarmimpedanceidentification.Again,azeroposition

isdefinedforthetaskasxm=0.04mandym=0,orequivalentlyθ1m=−9°andθ2m=0°.Thezero

positionisdisplayedtothetherapistviaacomputermonitor.Itisdesirableforthetherapist’sarmto

returntothesamepositionaftereachforceperturbation.TheX-coordinateofthezeropositionon

theisnon-zerobecausesomeinitialdistanceisneededasbufferbetweenthefirstmasterrobotlink

andtherobotframe,sothatthedisturbancesalongtheX-axiswillnotleadtotherobotlinkhitting

therobotframe.

Weconsidertheenergyabsorbedbythetherapist’sarminboththeXandYdirectionsoverthe

timespanT:

Ex=
T

0
−fxth(t)̇xm(t)dt (4.34)

Ey=
T

0
−fyth(t)̇ym(t)dt (4.35)

Similartothe1-DOFtask,overanumberofpeg-in-the-holeinsertionrepetitions,theabsorbed

energyasshowninFig.4.5riseswhentheperturbationstartseitherintheXortheYdirection.

Therefore,aforceperturbationonsetintheXorYdirectionisdeterminedasthemomentwhenĖx

orĖybecomespositive.

Differentfromthe1-DOFcase,inwhichthescrewdrivingtaskinvolvesaseriesofperturbations,

thepeg-in-the-holeinsertiontaskinvolvesconsiderablylessperturbationforcesbeingfedbackto

thetherapist.Therefore,wehavetouseaseriesofrepetitionsofthepeg-in-the-holeinsertiontaskto

identifythearmimpedanceofthetherapist,andweconsiderthateachpeg-in-holetaskiscomprised

ofoneperturbationintheXdirectionandoneperturbationintheYdirection.Althoughinreality

thewigglingintheYdirectionmaybecomprisedofanumberoflateralforcepeaksandsoare

theXdirectionpushingforces,weonlyconsiderthefirstcoupleofhundreddatapointsformodel

consistencyandpassivityreasons.AsdiscussedinChapter3Section3.3,thehumancannotreact
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FIGURE4.5:AbsorbedmechanicalenergyintheXdirection(top)andtheYdirection(bottom)
overrepeatedpeg-in-the-holeinsertions

FIGURE4.6:AbsorbedmechanicalenergyintheXdirection(left)andtheYdirection(right)dur-
ingtheinitialperiodofthepeg-in-the-holeinsertionwiththeestimatedperturbationonsetcircled

inred

voluntarilytotheabruptmotion(thusremainspassive)duringthefirst100∼150mswindow[53]

andideallywewouldliketouseadatawindowlengthwithinthisrangeforthearmimpedance

modelidentification.Atthesametime,armimpedancemodelidentificationdoesnotnecessarily

yieldconsistentresultswiththenumberofdatapointsavailableinthe100∼150mswindowlength.

Thusthecompromisebetweentheabovetwoconcernspromptustorelaxthepermissiblewindow

lengthtothefirstcouplehundreddatapointsandthedeterminationoftheactualdatawindowlength

willbegivenshortlyafterinthissection.Theenergyplotofapeg-in-the-holeinsertionisshownin

Fig.4.6andtheforceplotofthesametaskisshowninFig.4.7.
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FIGURE4.7:Forceprofileoffxth(left)andfyth(right)duringtheinitialperiodofthepeg-in-the-
holeinsertionwiththeestimatedperturbationonsetfromabsorbedenergydatacircledinred

WecanseefromFig.4.7thatwigglingforceprofileintheYdirectioncanbequitenoisy,therefore

givingreasontoouruseofthemoresmoothenergy-basedcriterionfordetectingtheonsetofper-

turbation.NotethattheperturbationintheXdirectionoccurslaterthantheperturbationintheY

directionbecausethewigglingintheYdirectionoccursfirst.

IntheXdirection,theoverallhumanarmbehaviourispassiveastheenergyabsorbedduringeach

perturbationisseentobepositiveinFig.4.5,whilethehumanarmbehaviourintheYdirection

isactivesincetheenergyendsupbeingnegativeafterthisseriesofpeg-in-the-holeinsertiontasks.

Thisisconsistentwiththefindingsin[6]asforcesappliedintheXdirectionhaveabiggeramplitude

thanthoseintheYdirection(showninFig.4.7).In[6],thehumanarmimpedancewasmeasured

preciselyusingthesameQuanserrehabilitationrobotwhenthetestsubjectwasaskedtograbthe

handlerigidly,whiletherobotappliedundernamedperturbations.Itwasfoundthatwhenthesteady-

stateamplitudeoftheforceperturbationwasincreasedfrom2Nto8N,thearmdemonstratedoverall

passivityasopposedtotheoverallactivebehaviourinthe2Ncase.Thiswasbecauseforahigher

amplitudeforceperturbation,theenergyinitiallyabsorbedbythehandwaslargerthantheenergy

generatedwhenthesubjectreturnedhishandtothetargetposition.Forasmalleramplitudeforce

perturbation,thehandwasperturbedwithlessforce,resultinginaslowervelocitycomparedto

the8Ncaseasthehandwas“knockedaway”.Thereforetheenergyabsorbedattheapplicationof

theforceperturbationwaslessthantheenergygeneratedduringthereturnmovement.Thesame

phenomenonisreproducedhere.

AlthoughtheoverallbehaviourofthehumanarmintheYdirectionmaybeactive,wewilluse

thedataimmediatelyaftertheperturbationisappliedinordertocapturethepassivebehaviourof
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thehumanarmbeforetheCNSisactivated[7].Thisisbecausewedesiretoobtainthepassive

impedanceofthehumanarm,aslaterduringtheTOOLphase,implementinganactiveimpedance

mayendangerthepatient’ssafety. Datapointsupto1swillbeusedforhumanarmimpedance

identification,aswasdoneinChapter3.Theupperboundischosentobe1sasacompromise

betweentheneedforalongerwindowlengthforimpedancemodelidentificationandashorter

windowforpassivityconcerns.

Insummaryforeachperturbation(whetherintheXdirectionortheYdirection),wewilldefine

atimetpsignifyingthestartingmomentofthisperturbationbyanalyzingtheabsorbedenergy.A

complete2-DOFCartesianarmimpedancemodelidentifiedusingforceandpositiondatacollected

overthetimewindow[tp,tw]canbewrittenas

M·̈p(t)+B·̇p(t)+K·p(t)=−f(t),t∈[tp,tw] (4.36)

wherep(t)=pth(t)−pth(tp)andf(t)=fth(t)−fth(tp)inordertoconsideronlythetherapistarm’s

position/velocity/accelerationandforcechangescausedbytheforcedisturbance.

ThematricesM,BandKcanbewrittenas

M=
mxx mxy

myx myy
,B=

bxx bxy

byx byy
,K=

kxx kxy

kyx kyy
(4.37)

Asaresult,ifsuchacompletecoupled2-DOFimpedancemodelistobeused,thereare12parame-

terstobeidentifiedgivenlessthan1sofdata(1000datapointssinceforoursystem,thecontroland

datarecordingoperateat1kHz)vialinearleast-squaresregression,whichisdifficult.Therefore,

wehavedecidedtosimplifytheproblembyadoptingtheapproachusedin[7]inwhichdecoupled

modelsareused.Tothisend,weadoptadecoupledmodeloftheimpedancematrixbymodifying

theM,BandKin(4.37)to

M=
mxx 0

0 myy
,B=

bxx 0

0 byy
,K=

kxx 0

0 kyy
(4.38)

WeseparatetheperturbationsintoX-directionperturbationsandY-directionperturbations.Then,

weusetheX-directionperturbationdata(fxth,xm,̇xm,̈xm)toidentifymxx,bxxandkxx,andtheY-

directionperturbationdata(fyth,ym,̇ym,̈ym)toidentifymyy,byyandkyy.Inthisway,the2-DOFarm

impedancemodelidentificationistransformedintotwo1-DOFarmimpedancemodelidentification

exercises.
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Weusethesamelinearleast-squaresregressionmodelidentificationtechniqueasinChapter3.First,

theforceandpositionsignalsfromtheentireseriesofpeg-in-the-holeinsertiontasksarefiltered

withaSavitzky-Golayfilterororder6andwindowsizeof101samplepoints.Nextthedataareagain

filteredwithaButterworthlow-passfilteroforder5and5Hzcut-offfrequency.Againthiscut-off

frequencywaschosenbecausespectralanalysisonthemeasuredsignalsshowthatthefrequency

contentabove5Hzcanbenegligible.TheotherfilteringparameterswerechoseninChapter3so

thattheidentificationmethodprovidedthebestresultsinidentifyingthenowimpedanceparameters

ofamass-springsystem.Then,velocityandaccelerationdataareobtainedbyapplyingcentral

differencingtothefilteredpositiondata.Finally,linear-squaresregressionmodelidentificationis

appliedtoeachX-directionperturbationdatachunkandeachY-directionperturbationdatachunk,

definedbyatpandtwpair,determinedasdescribedbelow.

InordertodeterminethedatawindowlengthTw=tw−tp,thesameapproachutilizedinChapter

3isapplied.ThealgorithmpresentedinFig.3.5isappliedtoagridofwindowlengthcandidates

Tw∈[100ms,1000ms]at10msstepsforperturbationsintheXandYdirections,respectively.The

processaimsatminimizingthewindowlengthTwwhileachievingamaximumnumberofpositive

identifiedimpedanceparametersandguaranteeingahighenoughaverageVAFvalue(atleast95%)

overtheseriesofpeg-in-the-holeinsertiontasksunderconsideration.Theidentificationresultsfor

theseriesofpeg-in-the-holeinsertiontasksconsideredintheXdirectionasafunctionofTwis

showninFig.4.8whiletheresultsinYdirectionareshowninFig.4.9.

AsitcanbeseenfromFig.4.8(a)intheXdirection,thenumberofall-positiveimpedanceiden-

tificationresults(mxx,bxxandkxxareallpositive)increaseswiththelengthofthedatawindow

untilreaching10outofthe11totalperturbations,whichissimilartothe1-DOFcasepresentedin

Fig.3.6inChapter3.FromFig.4.9(a),intheYdirectionaftertheinitialincrease,thenumberof

all-positiveimpedanceidentificationresults(myy,byyandkyyareallpositive)decreasesrapidlywith

Tw.Themaximumall-positiveimpedanceresultscountisalsosmaller(7over11)comparedtothe

Xdirectionresults(10over11).ThisshowsthatthearmbecomesquicklyactiveintheYdirection

andthereforethepassiveimpedancemodelforthearmnolongerworks.TheVAFvaluesalsopoint

tothesameobservation: WhileVAFfortheXdirectiondecreasesslowlywiththeincreaseofTw

andeventuallydropstoaround97,theVAFvaluefortheYdirectiondecreasesmuchrapidlyas

moredatapointsaretakenintoconsideration,indicatingarmactivity.Thisisduetothemuchlarger

amplitudeofforceperturbationsintheXdirectioncomparedtotheamplitudeofforceperturbations

intheYdirection(seeFig.4.7).Thisconfirmsthefindingsof[6],asdiscussedearlierinthissec-

tion.TheaboveobservationfurthergivessensetoourcombinedapproachofminimizingTwwhile

maximizingthenumberofall-positiveimpedanceresultsandtakingtheVAFintoaccount,because

whiletheincreaseinTwmayincreasetheall-positiveimpedanceresultscountuptoacertainTw,it
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FIGURE4.8:ImpedanceidentificationresultsasafunctionofdatawindowlengthsTwforase-
riesofpeg-in-the-holeinsertiontasksintheXdirection:(a)thenumberofall-positiveimpedance
identificationresults,(b)averageVAFvalueinpercentageofall-positiveimpedanceidentification
results;(c)averagemxx,(d)averagebxx,(e)averagekxxofall-positiveimpedanceidentification
results,(f)impedancemodelvalidationwithmodeledfxthcomparedtomeasuredfxthforoneper-

turbationwiththedeterminedwindowsizeat960msandVAFvalueat99
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FIGURE4.9:ImpedanceidentificationresultsasafunctionofdatawindowlengthsTwforase-
riesofpeg-in-the-holeinsertiontasksintheYdirection:(a)thenumberofall-positiveimpedance
identificationresults,(b)averageVAFvalueinpercentageofall-positiveimpedanceidentification
results;(c)averagemyy,(d)averagebyy,(e)averagekyyofall-positiveimpedanceidentification
results,(f)impedancemodelvalidationwithmodeledfythcomparedtomeasuredfythforoneper-

turbationwiththedeterminedwindowsizeat170msandVAFvalueat99
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tendstodecreasetheVAFvalue.Fig.4.8(c)-(e)showtheaveragemxx,bxxandkxxforall-positive

impedanceidentificationresultsandFig.4.9(c)-(e)showtheaveragemyy,byyandkyy.Finallyfor

theconsideredseriesofpeg-in-the-holetasks,Twisdeterminedtobe960msfortheXdirectionper-

turbationsand170msfortheYdirectionperturbations.Thevalidationresultsforoneperturbation

(originofthetimeaxisrepresentsthedeterminedonset)inXdirectionandYdirectionareshown

inFig.4.8(f)andFig.4.9(f),respectively,overthetimespanoftheirrespectivedeterminedTw.

4.4 ImpedancecontrolofYaskawaMotomanSIA5FrobotintheMulti-

DOFScenario

4.4.1 ImpedanceControllerDesign

AmoregeneralformoftheTime-DelayEstimation(TDE)basedimpedancecontrollerisimple-

mentedontheslaveMotomanSIA5FrobotduringtheTOOLphase.Considerthegeneralrigid-

bodydynamicsoftheslaverobotspecifiedin(4.17).SimilartothederivationinSection3.4of

Chapter3,wecanseparateoutanominalinertiamatrixM̄sandgrouptheuncertaintermsina

matrixNtohavethefollowingrobotdynamics:

M̄s·̈θθθs+N−τττp=τττs (4.39)

with

N=(Ms−M̄s)·̈θθθs+Cs+frs (4.40)

Nisassumedtobeatleastpiece-wisecontinuouswithrespecttotimetandthereforewecan

estimateitsvalueattimetbyitspastvalueattimet−LwhereLisasufficientlysmalltimedelay.

Basedon(4.39),τττp=J
T
s·fp,aswellasbyusingthehatsymbol̂todenoteestimatedvalueandthe

tildesymbol̃ todenotethetimedelayedvalue(byLsamples),wehave

N̂(t)=N(t−L)=̃N

=τ̃ττs+J̃
T
s·̃fp−M̄s·̃̈θθθs (4.41)

Withthetargetrobotdynamics

Md(̈ps−p̈sd)+Bd(̇ps−ṗsd)+Kd(ps−psd)=fp (4.42)
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whereMd,Bd,Kdarethedesiredimpedancematricesandp̈sd,̇psd,psddenotethedesiredrobot

acceleration,velocityandpositionvectors,wecanderivethefollowingcontrollawfollowingthe

sameapproachusedinSection3.4ofChapter3:

τττs=M̄s·J
−1
s {̈psd−M

−1
d ·[Bd(̇ps−ṗsd)+Kd(ps−psd)−fp]−J̇ṡθθθs}+N̂−J

T
sfp (4.43)

Forourapplication,timedelayListakentobeonly1samplepoint(1ms)forpreservingaccuracy.

ThenominalmatrixM̄ isadiagonalmatrixwithpositiveparameters,andisdeterminedbystart-

ingwithsmallinitialvaluesforthediagonalentriesandgraduallyincreasingtheirvaluesuntilthe

systemisonthevergeofinstability(motionsbecomingjerky).Inthisway,afastestimationconver-

gencecanbeguaranteed.fpisprovidedbytheforcesensorafterlow-passfilteringtheforcesignals

witha5Hzcut-offfrequency.p̈sd,̇psdandpsdareallequalto[0,0]
Tforthetaskconsidered,asthe

desiredpositionisthestationaryzeropositiondiscussedatthebeginningofSection4.3.Md,Bd

andKdtakethefollowingforms:

Md=
mdxx mdxy

mdyx mdyy
,Bd=

bdxx bdxy

bdyx bdyy
,Kd=

kdxx kdxy

kdyx kdyy
(4.44)

Nextwediscusshowthedesiredimpedanceisfound.

4.4.2 DerivationofDesiredImpedance

ThedesiredimpedancematricesMd,BdandKdcomefromtheidentifiedtherapistarmimpedance

Zthasdistortedbytheteleoperationsystemdynamics.From(4.29)wecanderivethattheimpedance

ZddisplayedtotothepatientviatheslaverobotduringtheTILphasedefinedby

Fp=−Zd·̇Ps (4.45)

is

Zd= H21(Zth−H11)
−1H12+H22

−1
(4.46)

whereZthisexpressedusingtheidentifiedM,B,KmatricesidentifiedinSection4.3as

Zth=M·s+B+
K

s
(4.47)

andtheHijarethedefinedin(4.30)-(4.33).
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Zdcalculatedfrom(4.46)shouldbethetargetimpedancereplicatedbytheslaverobotintheTOOL

phase.However,inpracticewecannotusetheresultdirectlybecauseofthefollowingreasons:

1.Afterthecalculationof(4.30)-(4.33)and(4.46)(i.e.aftertakingintoaccountallthematrices

forrobotkinematics,dynamics,controllers,andtherapistarmimpedance),theendresultof

Zdisquiteinvolved.Forexampleinthe1-DOFcaseinChapter3,Zdwasexpressedbya

4thordernumeratorandathirdorderdenominator. Wesolvedtheproblembyminimizinga

costfunctionmeasuringthedifferencebetweenparametersoftheoriginalZdandaspecific

formofimpedancecorrespondingtoamass-spring-dampersystem(see(3.25)-(3.29)).In

the2-DOFcase,(4.46)willgiveexpressionsofZdwith37thordernumeratorsand36th

orderdenominators(foreachmatrixentry). Keepinmindthatforimpedancecontroller

implementationaccordingto(4.44),Zdshouldtakethefollowingform:

Zd=
Zdxx Zdxy

Zdyx Zdyy

=







mdxx·s+bdxx+
kdxx
s
mdxy·s+bdxy+

kdxy
s

mdyx·s+bdyx+
kdyx
s
mdyy·s+bdyy+

kdyy
s





 (4.48)

2.DiagonaltermsofZd(whichhavethemostinfluenceovertheslaverobotduringtheTOOL

phase)canpotentiallyhavesmalldampingratiosζxandζydefinedas

ζx=
bdxx

2·
√
kdxx·mdxx

,ζy=
bdyy

2· kdyy·mdyy
(4.49)

whichwillcreateinstabilityduringimpedancecontrol.Anotherpotentialsourceofinstability

forimpedancecontrolistheactivityofthespecifiedimpedance.Thepassivity/activityofthe

specifiedimpedancecanbecheckedusingTheorem(1)derivedin[6]),withatotalof8

conditions.
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Theorem1.[6]ConsidertransfermatrixZd(s)oftheformin(4.48).Zd(s)ispositivereal(thusthe

impedanceitrepresentsispassive)ifandonlyifallofthefollowingconditionsaresatisfied:

mdxy=mdyx (4.50)

mdxx≥0 (4.51)

mdxxmdyy≥mdxymdyx (4.52)

bdxx≥0 (4.53)

4bdxxbdyy≥(bdxx+bdyx)
2 (4.54)

kdxy=kdyx (4.55)

kdxx≥0 (4.56)

kdxxkdyy≥kdxykdyx (4.57)

Oursolutiontotheabove-mentionedissuesistofirstneglectthenon-diagonaltermsZdxyandZdyx

ofZdin(4.48).Bytakingmdxy=mdyx=0,kdxy=kdyx=0andbdxy=bdyx=0,(4.50)and(4.55)

aresatisfiedandalltheother6conditionsinTheorem1arereducedtothepositivityofmdxx,mdyy,

bdxx,bdyy,kdxxandkdyy.Thenweapplyaprocessofgradient-basedconstrainedminimization(im-

plementedviafminconcommandinMATLAB)thatwillyieldZdinthe(4.48)whileguaranteeing

theobtainedresult’spassivityanddampingratio.Thecostfunctionthatweminimizecanbewritten

as

Cost(md,bd,kd)=
n

∑
i=1

(|Zds(jωi)|−|md·jωi+bd+
kd
jωi
|)2 (4.58)

whereZdsdesignatesZdxxorZdyyinZdobtainedvia(4.46)andmd,bd,kdrepresentthecorre-

spondingentriesinMd,BdandKdmatrix.Therefore,therearetwocostfunctionsintotalforbest

approximatingthefrequencyresponseofthediagonalentriesoftheoriginalZdoverafrequency

intervalω∈[ωs,ωf]scannedatstepsof∆ωsize.Thereforein(4.58),ωicanbeexpressedas

ωi=ωs+∆ω·iandn=
ωf−ωs
∆ω

.

Foreachcostfunction,theminimizationproblemcanbeformulatedas

min
md,bd,kd

Cost(md,bd,kd)suchthat






0<md<50

0<bd<1000

0<kd<10000

bd

2·
√
kd·md

>0.6

(4.59)
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Thefirstthreeconstraintsguaranteethepositivityoftheobtainedparameters,thereforethepassiv-

ityofZdbasedonourdiscussionaboutTheorem1.Someaprioriknowledgeofthehumanarmis

usedtoprovidetheupperboundsforindividualimpedanceparameters.Thelastconstraintguaran-

teesenoughdampingratioineachZddiagonalentry.Thevalue0.6wasbasedontheimpedance

controllerimplementationissuesobservedoveralargenumberoftrials.Havingaddressedthetwo

concernsraisedbeforefindingfromtheminimizationprocessasetofMd,BdandKdtobedirectly

implementedinthecontroller(4.43),weproceedtoexperimentsinthenextsection.

4.5 ExperimentalResults

ExperimentalresultsfortheLARtelerehabilitationsessioninvolvingthe2-DOFpeg-in-the-hole

insertiontaskarepresentedinthissection.ResultsobtainedfromtheTILphaseandtheTOOL

phasearepresentedseparately.

4.5.1 TILPhase

4.5.1.1 Therapist’sArmImpedanceIdentification

DuringtheTILphase,aseriesof11peg-in-the-holeinsertiontaskswerecompletedviateleoper-

ation.Theexperimentaltrialswerecarriedoutduringthesamedaywithonehealthyperson(the

authorofthethesis)actingasthetherapistandanotherhealthyperson(thesupervisoryinvestigator)

actingasthepatient(seeAppendixDandAppendixE).Theforcefeedbackgainsforthemaster

robotandthepositioncontrolgainsfortheslaverobotwerechosentobe

•Kf1=0.3,Kf2=0.3

•Kp1=4629.50N.m/rad,Kv1=57.87N.m/(rad/s),

Kp2=1468.61N.m/rad,Kv2=18.36N.m/(rad.s)

Whilethetaskswerebeingcompleted,thepositionandforcedataonthetherapist’ssidewere

recorded.ByusingthetechniquedescribedinSection4.3,weobtainidentifyfollowingresultsfor

thetherapist’sarmimpedance:

•mxx=3.379kg,bxx=25.15N.s/m,kxx=980.552N/m

•myy=0.518kg,byy=12.96N.s/m,kyy=112.617N/m
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WecanseethatthearmdemonstratesastifferimpedancealongtheYdirection,whichagreeswith

thefindingsof[6].WecanwriteZthas

Zth=







3.379s+25.15+
980.552

s
0

0 0.518s+12.96+
112.617

s





 (4.60)

4.5.1.2 LinearApproximationoftheMasterRobotDynamics

Byapplyingapersistentperturbationtothemasterrobot,wecanidentifythecoefficientsα1...α5

of(4.14),(4.15)and(4.16)as

•α1=0.0556,α2=0.0969,α3=0.0687,α4=0.0942,α5=0.0731

Aswecanseetheresultingrobotdynamicsbasedon(4.13)arenonlinearwhileouranalysis(Fig.

4.4)ontheteleoperationsystemfollowsalinearapproachrequiringalineartransferfunctionfor

Zm.Thisissuecanbeaddressedbytakingintoaccountthefactthattherobotmovesaroundthezero

position(θ1m −9°andθ2m 0°,asdiscussedinSection4.3)intheconsideredtask.Remember

thatθ1m=0°becausewewantedtokeepasafedistancebetweenthe1stlinkofthemasterrobot

anditsownframe.Therefore,wewillapproximatethesin(θ1m−θ2m)in(4.14)by-0.1574andthe

cos(θ1m−θ2m)termin(4.15)by1(whenqissmall,sin(q) qandcos(q) 1).Asaresult,

Mm
α1 0.079·α2

0.079·α2 α3
(4.61)

whichisnowaconstant.Further,wecangroupCm·̇θθθmandfrmin(4.13)togetherbecausethey

nowbothonlydependonthejointvelocities:

Cm·̇θθθm+frm







1

2
·α2̇θ

2
2m+α4̇θ1m

1

2
·α2̇θ

2
1m+α5̇θ2m





 (4.62)

Wecanfurthersimplify(4.62),whichisa2-by-1vectorwitheacheachentrymadeupofthesumof

onefirstordertermandone2ndordertermwithrespecttojointvelocity,byignoringthe2ndorder

velocitytermsbecauseinpracticetheircontributiontoCm·̇θθθm+frmismuchsmallerthanthe1st

orderterms.AsitcanbeseeninFig.4.10,foratypicalpeg-in-the-holeinsertiontaskthe1storder
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FIGURE4.10:Acomparisonbetweenthefirstordertermswithrespecttojointvelocityandthe
totalsumofthefirstordertermsplussecondordertermsinCm·̇θθθm+frmforatypicalpeg-in-hole

task.

termscanapproximateverywellthetotalsum.Therefore,

Cm·̇θθθm+frm






α4̇θ1m

α5̇θ2m




 (4.63)

Combiningtheabovewith(4.61),wehavethesimplifiedlineardynamicsofthemasterrobot:

Zm=
α1 0.079·α2

0.079·α2 α3
s+

α4 0

0 α5

=
0.0556 0.0077

0.0077 0.0687
s+

0.0942 0

0 0.0731
(4.64)
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4.5.1.3 LinearApproximationoftheSlaveRobotDynamics

Asfortheslaverobot,thenumericalvaluesfortheparametersintherobotdynamics(4.17)leadus

to

1.35+0.22sin(θ2s) 0.086+0.11sin(θ2s)

0.086+0.11sin(θ2s) 0.086)
·̈θθθs

+
0.11cos(θ2s)̇θ2s 0.11cos(θ2s)(̇θ1s+θ̇2s)

−0.11cos(θ2s)̇θ1s 0
·̇θθθs+

15.3 0

0 9.5
·̇θθθs=τττs+τττp (4.65)

Byfollowingasimilarapproachaswedidwiththemasterrobot,wecanapproximatethenonlinear

slaverobotdynamicswithlineardynamics.Aftertakingintoaccountthezeroposition(resultingin

sin(θ2s) 0andcos(θ2s)=1)andneglectingthehigherorderdependenciesonθ̇θθs,weobtainthe

followinglinearimpedancemodelfortheslaverobot:

Zs=
1.35 0.086

0.086 0.086
s+

15.3 0

0 9.5
(4.66)

4.5.1.4 DesiredImpedance

Now,wehavealltheelementstocalculateZdin(4.46).ThecalculationisfirstdoneinMaple

software(MaplesoftTM,Ontario,Canada)andthenthepolynomialparametersfromthediagonal

entriesofZd(non-diagonaltermsareignoredasdiscussedinSection4.4inordertorespectpas-

sivityrequirementsinTheorem1)arepasseddirectlyintoMATLABformodel-orderreduction

optimizationbasedontheprocessdescribedinSection4.4.Foroptimization(4.58)and(4.59),we

sweepthefrequencyrangeofinterest(lowfrequency)fromωs=0.005Hztoωf=20Hzwith

stepsof∆ω=0.005Hz.Theoptimizationyields

Md=
9.77 0

0 1.23
(4.67)

Bd=
180.56 0

0 60.82
(4.68)

Kd=
2316.20 0

0 360.233
(4.69)
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FIGURE4.11:Comparisonoftheamplitudeofthefrequencyresponsebetween(a)Zdxxandmdxx·

s+bdxx+
kdxx
s
;(b)Zdyyandmdyy·s+bdyy+

kdyy
s

whichcanbedirectlyappliedin(4.43)forimpedancecontrolduringtheTOOLphase.Theopti-

mizationresultsarevalidatedbycomparingthefrequencyresponseofeachdiagonalentryofZd

obtainedfrom(4.46)andthecorrespondingentryofMd·s+Bd+
Kd
s
obtainedfrommodel-order

reductionoptimization. ThecomparisonplotsareshowninFig.4.11. Asitcanbeseen,after

meetingalltheconstraints,Md,BdandKdapproximatewelltheZdremovedofitsnon-diagonal

entries.

4.5.2 TOOLPhase

IntheTOOLphase,theslaverobotisprogrammedtodemonstratethedesiredimpedance(4.42)via

thecontroller(4.43).M̄sisselectedtobe

M̄s=
2.5 0

0 0.3
(4.70)

bygraduallyincreasingthevaluesuntiltheimpedance-controlledrobotstartstodisplayinstability.

Undersuchcircumstances,theTDEapproachwillhavethefastestestimationconvergencewhile

ensuringthesystemstability. Werepeatedthepeg-in-the-holeinsertiontaskintheabsenceofthe

therapistforadozenoftimes.Thetaskwascompletedsuccessfullywiththeslaverobotalone.If

therobotimpedancewasnotcontrolledproperly,therobotcouldyieldtopressurefromthepatient
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FIGURE4.12:Comparisonbetweensimulatedpositionsbasedonforcemeasurementandtheac-
tualpositionsduringTOOLphasein(a)Xdirection,(b)Ydirection

andthetaskwouldfail.Theimpedancecontrolimplementationisvalidatedbycomparingtheactual

robotpositioninbothXandYdirectionswithwhatthetargetimpedancemodelpredictsbasedon

themeasuredforces.AgoodmatchinbothdirectionsisshowninFig.4.12.Thedesiredbehaviour

hasthereforebeensuccessfullymappedfromthetherapisttotheslaverobotduringtheTOOLphase

forthe2-DOFpeg-in-the-holeinsertiontask.

4.6 Conclusion

Inthischapter,wedemonstratedtheproposedLARtelerehabilitationconceptfora2-DOFpeg-

in-the-holetask. Wefirstshowedthatwecouldcompletethetherapytasksuccessfullyin2DOF

throughteleoperationwhilemeasuringthetherapist’sarmimpedanceintwodirections. Wealso

incorporatedtheentiresystem’sdynamicsintoaccounttoderivethedesiredimpedancematrixused

forimpedancecontrolimplementationontheslaverobotduringTOOLphase. Anappropriate

optimizationalgorithmwasalsodesigned.Intheend,wewereabletocompletetheimpedance

controlin2DOFanddemonstratedfeasibilityoftheproposedLARtelerehabilitationparadigmon

the2-DOFpeg-in-the-holetask.
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Chapter5

TelerehabilitationSystemStability

Analysis

Inthischapter,weinvestigatethestabilityanalysisissuesarisingfromintroducingactiveoperator(s)

intotheteleoperationsystem.Thisisparticularlypertinenttotelerehabilitationbecausethethera-

pist’sassistiveroleduringthetherapist-in-loopphaseoftheproposedtelerehabilitationparadigm

canbeactive[59](alsoasdiscussedinChapter4).Atthesametimethetherapist’sresistiverole

canbestrictlypassivethatcanbeusedtorelaxstabilitycriteriaforenhancedtransparencyinthe

teleoperationsystem.Ontheotherhand,multipleactiveoperatorsmaybepresentinmultilateral

teleoperationsystems.Forexampleinrobot-assistedmirrortherapywiththerapistassistance,which

isaspecialcaseoftrilateralteleoperation,1,2or3terminationscanbeactive[45].Thereforewe

areinterestedinimprovingexistingteleoperationstabilityanalysistools,whichassumethesimple

passivityofoperators,tobeabletodealwithmultipleactiveorstrictlypassiveoperators.

5.1 Introduction

Hapticteleoperationandhapticinteractionsystems(collectively,hapticsystems)haveseenincreas-

ingapplicationsinrecentyears.Inparticular,amultilateralhapticteleoperationsystemcanbemod-

eledasamulti-portnetworkrepresentingateleoperator(consistingoftherobots,theircontrollers

andcommunicationchannels),connectedtoone-portnetworkterminationsmodelingthedynamics

ofthehumanoperatorsand/ortheenvironments.Similarly,amultilateralhapticinteractionsystem

canbemodeledasamulti-portnetworkrepresentingahapticvirtualenvironment(HVE),connected

toone-portnetworkterminationsmodelingthedynamicsofthehumanoperators.Theanalysisof
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stabilityofsuchcoupledsystemscanbedifficultbecausetheexactphysicalpropertiesofthehu-

manoperatorsandenvironmentsaretypicallyunknown,uncertainortime-varying,thusmaking

theclassicalapproachessuchastheRouth-Hurwitzcriteion,inapplicable.Inthepresenceofthese

uncertainties,theconceptofabsolutestabilityisoftenutilized.Inthecaseofatwo-portnetwork,

theabsolutestabilitycriterionensuresthecoupledsystem’sBIBO(bounded-input/bounded-output)

stabilityfortwopassivebutotherwisearbitraryterminations[60].Closed-formabsolutestability

conditionsinvolvingthetwo-portnetwork’simmittanceparametersaregivenbyawell-knowncri-

terionproposedbyLlewellyn[61].Thus,intraditionalbilateralteleoperation,Llewellyn’scriterion

hasbeenwidelyusedforstabilityanalysis,basedontheassumptionthatboththehumanoperator

andtheenvironmentarelineartimeinvariant(LTI)andpassive[12,62].Intrilateralteleoperation,

whichisseeingemergingapplicationsintelerehabilitation[43],collaborativesurgicaltraining[63]

andcooperativemulti-robotsystems[64],ourresearchgrouphasdevelopedasimilarapproachfor

absolutestabilityanalysisbasedonthesamepassivityassumptiononterminations[65].

Forthehumanarm,althoughthisassumptionofpassivityisvalidwhenconsideringtasksinvolving

arelaxedarm(orrelaxedgrasp)[66],itcanbeviolatedintasksinvolvingposture-maintenance(or

rigidgrasp)[6].Thiscouldbethecaseinabilateraltelerehabilitationsystemfortelepresentinga

hospital-basedtherapisttoahome-basedpatientinordertoenablehome-basedrehabilitation.The

reasonsforconsideringboththetherapistandthepatientasactiveterminationsareasfollows.First,

thetherapistwouldberequiredtoexecutecomplexmotorcontroltasks.Forinstance,thetherapist

mightexertresistiveforcesagainstapatienttobuildmusclestrength–thistaskbearsresemblance

totherigidgrasptask,whichwasshownin[6]toinvolveactivity.Second,inter-muscularfeedback

withunequalgainshaspreviouslybeenlinkedtothearmimpedanceactivity[67]makingitpossible

thatthepatientalsodemonstratesanactiveimpedance.Thedegreeofactivitycanbedescribedby

theconceptofshortageofpassivity(SOP)definedmathematicallylater.

Fromanotherperspective,theassumptionofhavinganarbitrarypassiveterminationcanleadto

conservativestabilityconditionsontheteleoperator.Thishappensifaterminationisstrictlyinput

oroutputpassive.Forexample,amass-spring-dampersystemisoutputstrictlypassiveinthead-

mittancedomainwithanexcessofpassivity(EOP)equaltothesystemdamping[68].Excessof

passivityofaterminationcanbeusedtodesignteleoperationsystemswithhigherperformance.

Inordertoderiveeffectivestabilityconditionsformulti-portnetworksinvolvingactiveorstrictly

passiveterminations,wecanutilizepriorknowledgeconcerningEOPorSOPvaluesonthehu-

manoperatorsor/andenvironments.PastworkincludesusingMobiustransformationtomapthe

impedanceofoneterminationtothedrivingpointimpedanceseenattheotherportconnectedtoan
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unknownLTIpassivetermination[9].Thisapproach,however,islimitedtoconsideringonlyoneac-

tiveorstrictlypassiveterminationforatwo-portnetworkwhiletheotherterminationissimplypas-

sive.WavevariablesandscatteringparametershavealsobeenusedtorelaxLlewellyn’scriterionon

boundedpassiveterminations[11],butnotforactiveterminations.Also,inthiswork,S-parameters

areneeded,butastabilityconditionexpresseddirectlyintheimmitance(e.g.impedance)domain

ismoredesirable,becauseS-parametersaremostaccuratelymeasuredforsystemswithhigherfre-

quencysuchasmicrowavecircuitswhileimpedanceparameterscanbemeasuredaccuratelyfor

mechanicalsystems.Theapproachproposedinthischapterwillrelysolelyontheimpedancerep-

resentation.AnotherapproachtorelaxconservatismduringapplicationofLlewellyn’scriterionis

theseries-shuntapproach[62,69].Thesepapersallowtakingintoaccountthelowerandupper

boundontheimpedanceofapassivetermination.However,thehumanoperatorandenvironment

werestillassumedtobepassive.Alloftheabovearelimitedtobilateralteleoperationsystemsand

donotofferstabilitycriteriafortrilateralsystems.Inthischapter,wewillutilizetheseries-shuntap-

proachtotakeintoaccountdifferenttopologiesofpassiveandactiveterminationstoderiveexplicit

stabilityconditionsontheteleoperator,bothintwo-portnetwork(bilateral)andthree-portnetwork

(trilateral)cases.Thesameapproachisapplicableton-portnetworkswithlargern.

Thechapterisorganizedasfollows.First,passivityandactivityaredefinedmathematically,and

existingabsolutestabilitycriteriafortwo-portandthree-portnetworksarereviewedinSection5.2.

InSection5.3,theseries-shuntapproachisappliedtotwo-portandthree-portnetworkstoderive

stabilityconditionswhenoneormultipleterminationsareactiveorstrictlypassive.Althoughthe

conditionsderivedinSection5.3aregeneral,theyareappliedtobilateralandtrilateralteleoperation

systemsinSection5.4.Closed-formconditionsoncontrollerparametersunderposition-error-based

(PEB)controlparadigmandexperimentalresultsarepresented.FinallySection5.5containscon-

cludingremarks.

5.2 DefinitionsandAbsoluteStabilityCriteriaforTwo-portandThree-

portNetworks

Inthissection,wereviewthedefinitionsofpassivityandactivityaswellastheexistingstability

criteriafortwo-portandthree-portnetworks.Differentpassivity/activitytopologieswillbedefined

includinginputstrictlypassive(ISP),inputnon-passive(INP),outputstrictlypassive(OSP),output

non-passive(ONP),anddisc-likenon-passive(DNP).
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5.2.1 DefinitionsandLemmasofpassivityandactivity

Definition1.[70]Asystemwithinputu(.)andoutputy(.)whereu(t),y(t)∈Rmispassiveifthere

isaconstantβsuchthat
t

0
yT(τ)u(τ)dτ≥β (5.1)

forallfunctionsu(.)andallt≥0.Theconstantβistheenergystoredinthesystemattimet=0.

Iffurther,thereexistpositiveconstantsδandεsuchthat

t

0
yT(τ)u(τ)dτ≥β+δ

t

0
uT(τ)u(τ)dτ+ε

t

0
yT(τ)y(τ)dτ (5.2)

forallfunctionsu(.)andallt≥0,thesystemisISPifδ>0,ε=0,andOSPifε>0,δ=0.The

valuesofδandεaretheEOPfortheISPandOSPsystems,respectively.

Asystemisnon-passive(active)ifitisnotpassive.Basedontheabovedefinition,wecanhavethe

correspondingdefinitionfordifferentnon-passivities:

Definition2.InDefinition1,ifδ<0thenthesystemisINPwithSOPofη=−δ;ifε<0then

thesystemisONPwithSOPofµ=−ε.

FIGURE5.1:Nyquistdiagramregionsof(a)apassivesystem,(b)anISPsystemwithEOPofδ,
(c)anOSPsystemwithEOPofε,(d)anINPsystemwithSOPofη,(e)anONPsystemwithSOP

ofµ,(f)aDNPsystemwithSOPofρ.
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Whenasingle-input/single-output(SISO)systemisrepresentedinthefrequencydomainbyatrans-

ferfunction,thefollowinglemmasestablishtheconnectionbetweendifferenttypesofpassivityand

theregioncoveredbythetransferfunction’sNyquistdiagram(Fig.5.1):

Lemma5.1.[70]AsystemrepresentedbyanLTIrationaltransferfunctionG(s)withallpoles

havingnegativerealpartsispassiveifandonlyifRe(G(jω))≥0,∀ω(Fig.5.1(a)).

Lemma5.2.[70]AsystemrepresentedbyanLTIrationaltransferfunctionG(s)withallpoles

havingnegativerealpartsisISPwithEOPofδifandonlyifRe(G(jω))≥δ,∀ω(Fig.5.1(b)).

Lemma5.3.[70]AsystemrepresentedbyanLTIrationaltransferfunctionG(s)withallpoles

havingnegativerealpartsisOSPwithEOPofεifandonlyifRe(G(jω))≥ε|G(jω)|,∀ω,i.e.the

NyquistdiagramofG(jω)iscontainedinacirclewithcenterontherealaxisat1/2εandwitha

radiusof1/2ε(Fig.5.1(c)).

Bythesametoken,theSOPofINPandONPsystemscanberelatedtotheirNyquistdiagramsin

Fig.5.1(d)andFig.5.1(e)respectively.Finally,wedefineaDNPsystemwithitstransferfunction:

Definition3.AnLTIsystemG(s)iscalledDNPwithSOPofρ(notbasedon(5.2)but)if|G(jω)|≤

1/2ρ,i.e.,theNyquistdiagramofG(s)iscontainedinacirclecenteredattheoriginwitharadius

of1/2ρ(Fig.5.1(f)).

Thereasonforconsideringthesepassivity/activitytopologiesistheirdirectphysicalrelevanceinthe

immittancedomain.Forexample,theimpedancesofthehumanarminrigidandrelaxedgrasping

taskshavebeenshowntobeINPandISP,respectively[6].Giventhereciprocalrelationshipbetween

impedanceandadmittance,itiseasytoseethatanINPterminationintheimpedancedomainisONP

intheadmittancedomainandviceversa,whileanISPterminationintheimpedancedomainisOSP

intheadmittancedomainandviceversa.Thus,theadmittancesofthehumanarminrigidand

relaxedgraspingtasksareONPandOSP,respectively.Also,duetothelimitedco-contractionof

humanarmmuscles,thereisanupperboundonthemagnitudeofthearmimpedance,whichmeans

thearmcanalwaysbemodeledbyaDNPimpedance.Therefore,thereisaneedforconsidering

theeffectofINP,ISP,ONP,OSPandDNPimmittanceonstability.Notethatalthoughtherestof

thechapterisbasedonimpedanceparameters,theresultsderivedherewillapplytoanyimmittance

representation.

5.2.2 Existingabsolutestabilitycriteriafortwo-portandthree-portnetworks

Wereviewtwoabsolutestabilitycriteriaintheliteraturethatwewilllaterusetoderivestability

conditionswithdifferentterminationimpedancetopologies.Immittance-basedstabilitycriterialend
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themselveswelltoourextensionoftheseries-shuntapproach.Therefore,firstweconsideranLTI

two-portnetworkwhichcanbemodeledbyitsimpedance(Z)parametersas

V1(s)

V2(s)
=
Z11(s) Z12(s)

Z21(s) Z22(s)

I1(s)

I2(s)
(5.3)

wheretheeffort/flowpairs(V1,V2)and(I1,I2)denotethevoltagesandcurrentsatthetwoterminals.A

three-portnetwork’simpedancematrixrelationshipincorporatesthreepairsofeffort/flowvariables:







Z11(s) Z12(s) Z13(s)

Z21(s) Z22(s) Z23(s)

Z31(s) Z32(s) Z33(s)





 (5.4)

Lemma5.4.[60]Thetwo-portnetwork(5.3)isabsolutelystableifandonlyif

1.Z11andZ22havenopolesintheright-halfplane(RHP),

2.AnypolesofZ11andZ22ontheimaginaryaxisaresimplewithrealandpositiveresidues,

and

3.Forallrealpositivefrequenciesω,

Re(Z11)≥0

Re(Z22)≥0

2Re(Z11)Re(Z22)−Re(Z12Z21)−|Z12Z21|≥0 (5.5)

Lemma5.5.[65]Thethree-portnetworkwiththeimpedancematrixZin(5.4)satisfyingthesym-

metrizationcondition

Z13Z21Z32−Z12Z23Z31=0 (5.6)

isstableifandonlyif
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Re(Z11)≥0, (5.7)

Re(Z22)≥0, (5.8)

Re(Z33)≥0, (5.9)

2Re(Z11)Re(Z22)−|Z12Z21|+Re(Z12Z21)≥0, (5.10)

and

2Re(Z11)Re(Z22)Re(Z33)

−Re(Z11)(|Z23Z32|+Re(Z23Z32))

−Re(Z22)(|Z13Z31|+Re(Z13Z31))

−Re(Z33)(|Z12Z21|+Re(Z12Z21))

+4Re(
√
Z12Z21)Re(

√
Z13Z31)Re(

√
Z23Z32)≥0 (5.11)

5.3 MainResults

Inthissectionweconsiderthetwo-portandthree-portnetworksdescribedby(5.3)and(5.4).

5.3.1 Decompositionofterminationsintoseries/parallelimpedancesviaMobiustrans-

formation

FIGURE5.2:DecompositionofterminationZaintoapassiveimpedanceZpinparallelconnection
withZ1andseriesconnectionwithZ2.

Inordertoutilizeinformationonthetopologyofterminationimpedancessothatwecanderive

lessconservativestabilityconditionsforoverlypassiveterminationsandvalidconditionsforactive

terminations,weproposetofirstdecomposeagiventerminationimpedanceintoapassive(but

arbitrary)impedanceinseries/shuntconnectionwithotherto-be-determinedimpedances.Consider

aterminationimpedanceZainFig.5.2,theimpedancetopologyofwhichisknown,i.e.,weknow
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whetheritispassive,active(INP,ONPorDNPwithagivenSOP),orstrictlypassive(ISPorOSP

withagivenEOP).WedecomposeitintoapassiveimpedanceZpinparallelconnectionwithan

impedanceZ1andthenthetotalinseriesconnectionwithanimpedanceZ2.Thegoalisthatthe

overallimpedancewillrepresentthetopologycharacterizingZa. Notethatdespitethefactthat

ZaandZparecompleximpedances,wehaveZ1,Z2∈R;wewillseelaterthattheywillbeable

tomapthepassiveimpedanceZptodifferentregionsshowninFigure.5.1.Now,Z1andZ2(for

eachtermination)canbeassimilatedintotheoriginaltwo-port(orthree-port)networkimpedanceto

makeanaugmentednetwork,suchthatLemma5.4and5.5canbeappliedtothenewcoupledsystem

consistingofthepassiveZp(forthecorrespondingtermination)andtheaugmentednetwork.Fig.5.2

onlyshowsthecaseforonetermination,buttheteleoperatorcanbeaugmentedtoincorporateZ1

andZ2forasmanyterminationsasneeded.Thisapproachfordecomposingterminationimpedances

isillustratedwithINP/ISP,OSPandDNPexamplesinthefollowing.

5.3.1.1 DecompositionofISP/INPterminations

InthecaseofISPandINPterminations,thecomplexplaneregionsinFig.5.1(b)and(d)withEOP

ofδandSOPofη,respectively,areobtainedbyatranslationoftheRHPalongtherealaxisbyδor

-η.ThereforeZ1=∞,reducingtheterminationtoaseriesconnectionofZpandZ2,withZ2taking

thevalueofδor-η.

5.3.1.2 DecompositionofOSPterminations

IfZainFig.5.2isOSPwithEOPofε,wecansetthevalueofZ2to0andthevalueofZ1to1/ε.

ThecombinedimpedanceZawillbe

Za=
Zp·1/ε

Zp+1/ε
(5.12)

Which,asarguedbelow,cancharacterizeagivenOSPimpedancewithEOPofε.Infact,thisisa

Mobiustransformation[71]withregardtoZp;recallthatZpisanyarbitraryimpedanceintheRHP.

Thetransformation(5.12)consistsoffoursteps:

1.Horizontaltranslationby1/εoftheregionoftheimpedanceZp,whichistheRHP(Fig.

5.3(a)toFig.5.3(b));i.e.,f1(Zp)=Zp+1/ε

2.Inversionoftheresultofstep1(Fig.5.3(b)toFig.5.3(c));i.e.,f2(Zp)=1/f1(Zp)

3.Scalingtheresultofstep2byafactorof−1/ε2(Fig.5.3(c)toFig.5.3(d));i.e.,f3(Zp)=

−f2(Zp)/ε
2
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4.Horizontaltranslationby1/ε(Fig.5.3(d)toFig.5.3(e));i.e.,f4(Zp)=f3(Zp)+1/ε.

Itiseasytoseethatf4(Zp)isthesameasZain(5.12).Therefore,withZ1=1/εandZ2=0wecan

recovertheOSPterminationwithanEOPofε.

FIGURE5.3:Step-by-stepMobiustransformationoftheRHPtoOSPtopology

5.3.1.3 DecompositionofDNPterminations

FromFig.5.1(f),itcanbeseenthataDNPimpedancewithSOPofρcanbeobtainedbyapplying

ahorizontaltranslationof−1/2ρtotheregioncoveredbyanOSPimpedancewithEOPofρ.

Therefore,wecansetthevalueofZ1to1/ρandZ2to−1/2ρtorecovertheregioncoveredbya

DNPterminationintheNyquistplane.

5.3.1.4 DecompositionofONPterminations

SimilartotheDNPtermination,fromFig.5.1(e)itcanbeseenthatanONPimpedancewithSOP

ofµcanbeobtainedbyapplyingahorizontaltranslationof−1/µtotheregioncoveredbyanOSP

impedancewithEOPofµ.Therefore,wecansetthevalueofZ1to1/µandZ2to−1/µtorecover

theregioncoveredbyaDNPterminationintheNyquistplane.
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5.3.2 Augmentedteleoperatorimpedancewithdifferentterminationcombinations

AfterterminationimpedancedecompositioninSection5.3.1,wecanincorporatetheZ1andZ2

associatedwitheachterminationintotheteleoperatorimpedancematrixtoformanewteleoperator

impedancematrix.

5.3.2.1 Bilateralteleoperatorcase

Inthetwo-portnetworkcase,thenewteleoperatorimpedancematrixcalculationcanbesystemati-

callycarriedoutbyfirstcalculatingtheequivalentchainmatrixforthetwo-portnetworkcomprised

oftheZ1andZ2combinationateachtermination.Then,thenewteleoperatorcanbeexpressed

intermsofitschain(ABCD)parametersbycalculatingtheproductofthechainmatricesofthe

individualtwo-portnetworksasthethreetwo-portnetworksareincascadeconnection(Fig.5.4)

[60].Thereasonforutilizingthechainmatrixinsteadof,say,theimpedancematrixrepresentation

foreachtwo-portnetworkisthisveryabilitytomultiplythematricesofthecascadednetworksto

getthematrixforthetotalnetwork.Finally,theequivalentimpedancematrixoftheaugmented

teleoperatorcanbeobtainedbyperformingaparameterconversionfromthetotalchainmatrixto

impedancematrix.

FIGURE5.4:Cascadeconnectionoftwo-portnetworks1-3,consistingoftheoriginalteleoperator
two-portnetworkandtwoequivalenttwo-portnetworksfromterminationdecompositions

Next,theINP,OSPandDNPterminationsareconsideredtoformdifferentterminationcombina-

tionsforthetwoportsofthetwo-portnetworkandtheircorrespondingaugmentedteleoperator

impedancematricesarereportedinTable5.1.Duetothesymmetries,onlysixdistinctcasesexist:

INP-INP(i.e.,ports1and2areconnectedtoINPterminationsthatarenotnecessarilythesame),

OSP-OSP,DNP-DNP,INP-OSP,INP-DNP,andOSP-DNP.Wetaketermination1’sEOP/SOPtobe

aandtermination2’sEOP/SOPtobeb.NotethatitsufficestochangethesignoftheSOPofan

INPterminationinordertogettheresultsforanISPtermination.
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StabilitycriterionforeachcombinationcanbethenderivedbyapplyingLemma5.4tothenew

teleoperatorimpedance.AnexamplewillbestudiedinSection5.4.

5.3.2.2 Trilateralteleoperatorcase

Followingasimilarapproach,theaugmentedteleoperatorimpedancematrixcanbederivedfora

three-portnetwork.Whileatotalof35distinctcombinationsexistifweconsiderallthetermination

impedancetopologiesmentionedsofar(ISP,INP,OSP,ONPandDNP),forbrevityweonlyreport

theaugmentedimpedancematrixforonecase:thethreeterminationsareINPwithSOPvaluesof

a,b,andc,respectively.Theimpedancematrixis







Z11−a Z12 Z13

Z21 Z22−b Z23

Z31 Z32 Z33−c





 (5.13)

Again,stabilitycriteriacanbederivedforthethree-portnetworkbyapplyingLemma5.5tothe

newteleoperatorimpedancematrixgiventhatwehaveincorporatedactivityorexcessivepassivity

oftheterminationsintotheteleoperator,leavingtheterminationswithonlypassiveimpedances.An

examplewillbestudiedinSection5.4.Notethatifthesymmetrizationcondition(5.6)issatisfied

fortheoriginalimpedanceteleoperatormatrix(5.4),itisstillsatisfiedfortheaugmentedimpedance

matrix(5.13).

5.4 CaseStudies:ApplicationofProposedApproachtoBilateraland

TrilateralTeleoperation

Inthissection,weapplytheproposedapproachforstabilityanalysiswithnon-passiveoperator/en-

vironmenttobothbilateralandtrilateralteleoperationsystems,althoughtheapproachdescribed

abovecanbeusedforanymulti-portnetwork.Asdiscoveredin[6],humanarmscanexhibitINP

impedancebehaviorsunderrigidgraspingconditions. Therefore,inbothbilateralandtrilateral

casesweconsiderthepresenceofatleastoneINPtermination.Inpractice,thelevelofactivity/pas-

sivitycanbedeterminedusingasimilarapproachin[6]wherethetime-domainforceandvelocity

dataareexaminedanddefinitionsinSection5.2areapplied.Stabilitycriteriaforeachcasewill

bederivedintermsoftheteleoperatorimpedanceparameters,followedbyderivationofclosed-

formconditionsonthecontrolgainswithinagivencontrolarchitecture.Finallyexperimentsare
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performedtoverifythestabilitycriteria.Notethatalthoughweappliedtheproposedapproachto

INPterminationsonly,itcanbeappliedtoanyconsideredterminationtopologytoderivestability

conditions.

5.4.1 BilateralteleoperationundertwoINPterminations

Considerabilateralteleoperationsystemwherethetwooperatorsactingonthemasterandslave

robotsdemonstrateINPimpedancesofwithSOPvaluesofaandb,respectively.Asdiscussedin

5.1thiscouldbethecaseinatelerehabilitationsetting.NowbyapplyingLemma5.4tothebilateral

teleoperatormatrixfortheINP-INPcaseinTable5.1,theconditionset(5.5)isrevisedto

Re(Z11)≥a

Re(Z22)≥b

2(Re(Z11)−a)(Re(Z22)−b)−Re(Z12Z21)−|Z12Z21|≥0 (5.14)

Notethatbysettingaorbtozero,thestabilitytheoremderivedin[9],whereonlyoneportistermi-

natedtoanINPterminationwhiletheotherportisterminatedtoanarbitrarilypassivetermination,

canberecovered.However,ourapproachisequallyapplicabletobilateralteleoperationsystems

withoneortwoactiveterminations.

Nowconsiderabilateralteleoperationsystemunderpositionerrorbased(PEB)control.Fordetails

ofthecontrolarchitecture,readerscanreferto[26].Theimpedancematrixrepresentingthesystem

canbeexpressedas:

Zm+Cm Cm

Cs Zs+Cs
(5.15)

Where,intheforce-velocitydomain,themasterandslaverobotsaremodeledasZm=Mms+Bm

andZs=Mss+Bs,andthelocalpositioncontrollersforthetworobotsareCm=Kvm+Kpm/sand

Cs=Kvs+Kps/s. WeassumeKvm,Kvs,Kpm,Kps≥0.Assumetheoperatoronthemasterside

canbecharacterizedbyanINPimpedancewithSOPvalueofawhiletheoperatorontheslaveside

canbecharacterizedbyanINPimpedancewithSOPvalueofb.Byapplying(5.4.1)to(5.15),we

havethefollowingclosed-formstabilityconditiontobesatisfiedinvolvingthecontrollergainsfor

agivensetofrobotparameters:



Chapter5.TelerehabilitationSystemStabilityAnalysis 71

Kvm+Bm≥a

Kvs+Bs≥b

(Kvm+Bm−a)(Bs−b)+Kvs(Bm−a)≥
(KpmKvs−KvmKps)

2

4KpmKps
(5.16)

FIGURE5.5:Bilateralteleoperationexperimentalsetupwithboththemasterandslaverobotcou-
pledtovirtualactiveoperators.

FIGURE5.6:Schematicofthebilateralteleoperationexperimentalsetup.Thevirtualsystemsare
distinguishedfromphysicalsystemsbybeingshadedinorange.

Next,weperformexperimentstocomparethestabilityconditionsderiveddirectlyfrom(5.5)and

(5.4.1);recallthat(5.4.1)ledto(5.4.1)and(5.5)wouldleadtothesamewitha=b=0.Bilateral
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teleoperationissetupasshowninFig.5.5usingapairof3-DOFPhantomPremium1.5Ahaptic

devices(GeomagicInc.,Wilmington,MA,USA).Onlythefirstjointofeachrobotisteleoperated,

andtheothertwojointsarecontrolledtobelockedinplacebyusinghigh-gaincontrol.Thesam-

plingtimeis1ms.Therobotdynamicsareidentifiedasmass-damperwithMm=Ms=0.015and

Bm=Bs=0.01822injointspace[72].Theactiveoperatorsarerealizedinthevirtualenvironment

withthetransferfunction 1
(s+
√
12.5)2

.Thereasonwhyweusevirtualoperatorsisthattheyallowus

tohavecontrolovertheexactSOPofeachactiveoperator,whichisbeneficialinverifyingoursta-

bilityanalysisapproach.PlottingtheNyquistdiagramofthetransferfunctioncanshowanSOPof

a=b=0.01fortheterminations.Adetailedschematicoftheexperimentalsystemispresentedin

Fig.5.6,whereτandθdenotetorqueandangularposition,respectively.Alsosubscriptsh1,h2,m,s

denoteoperator1,operator2,themasterandtheslaverespectively.Twosetsofexperimentsare

conducted,withthefollowingcontrolgains:

1.Kvm=0.1,Kpm=20,Kps=12,Kvs=0.1;

2.Kvm=0.1,Kpm=32,Kps=10,Kvs=0.1;

Forthefirstsetofcontrolgains,both(5.5)and(5.4.1)predictedstability.Astheexperimentalresult

inFig.5.7(a)show,thebilateralteleoperationsystemisindeedstableinthepresenceofapersistent

sinusoidalinputofamplitude0.08Nmandfrequency5rad/s.Forthesecondsetofcontrollergains,

(5.5)predictedstabilitywhile(5.4.1)predictedinstability.TheexperimentalresultsinFig.5.7show

thattherobotpositionsintheteleoperationsystemdivergeifwereleasetherobotsfromtwodifferent

initialconditions.Overall,theconclusionisthatwithactiveoperators,Llewellyn’stheoremcannot

beusedforcontrollerdesignwhilethenewapproachcanbe.

FIGURE5.7:Bilateralmaster-slavejointpositionprofilesforthefirstset(a)andthesecondset(b)
ofcontrolgain.
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5.4.2 TrilateralteleoperationunderoneINPtermination

ConsideratrilateralteleoperationsystemcoupledtoanactiveenvironmentcharacterizedbyanINP

impedancewithaSOPvalueofc.Thetrilateralsystemconsideredhereisadual-userteleoperation

system,consistingoftwomasterrobotsandaremoteenvironment.Thetwouserscollaboratively

controlarobottoperformadesiredtask.Thistypeoftrilateralsystemsisseeingemergingapplica-

tionssuchascollaborativesurgicaltrainingwhereanovice(operator1)istrainedbyanexperienced

surgeon(operator2)toperformasurgicaltaskontheremoteenvironment.Inthecaseofbeating

heartsurgery,forinstance,theremoteenvironment(thebeatingheart)isactive,introducingthe

necessityofastabilityanalysiscapableofdealingwithnon-passiveenvironmentsintrilateraltele-

operation.Also,motorcomplextasksfromeitheroperatorleadtoactivityofthatterminationfor

thetrilateralteleoperator.

Usingthethree-portnetworkmodelofthetrilateralteleoperatorandapplyingLemma5.5to(5.13)

whileassumingthetwousersarepassive(a=b=0)buttheenvironmentisINPwithaSOPvalue

ofc,conditions(5.9)and(5.11)arerevisedto

Re(Z33)≥c (5.17)

2Re(Z11)Re(Z22)(Re(Z33)−c)

−Re(Z11)(|Z23Z32|+Re(Z23Z32))

−Re(Z22)(|Z13Z31|+Re(Z13Z31))

−(Re(Z33)−c)(|Z12Z21|+Re(Z12Z21))

+4Re(
√
Z12Z21)Re(

√
Z13Z31)Re(

√
Z23Z32)≥0 (5.18)

Asdiscussedin[73],thedesiredpositionforeachrobotisobtainedbycalculatingtheweighted

sumofpositionsoftheothertworobots.Theparameterαdeterminesthisweight,whichcanbe

interpretedastherelativeauthorityofeachoperatorovertheslaverobot’sposition.Byadoptingthe

PEBcontrolarchitecturein[73]andtheaforementionedcomplementary-linear-combination(CLC)

authoritysharinglaws,wehavethefollowingimpedancematrixrepresentingthesystem:







Cm1+Mm1s −(1−α)Cm1 −αCm1

−αCm2 Cm2+Mm2s −(1−α)Cm2

−αCms −(1−α)Cms Cms+Mss





 (5.19)

wheretherobotsaremodeledasZm1=Mm1sandZm2=Mm2sontheuserssideandZs=Mss

ontheenvironmentside.SimilartothebilateralteleoperationcaseinSection5.4.1,localposition
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controllersareCm1=Kvm1+Kpm1/sandCm2=Kvm2+Kpm2/sontheuserssideandCs=Kvs+Kps/s

ontheenvironmentside. WeassumeKvm1,Kvm2,Kvs,Kpm1,Kpm2,Kps≥0.Notethatinorderto

satisfythesymmetrizationcondition(5.6),αhastotakethevalueof12.Byapplyingtherevised

Lemma5.5to(5.19),wecangetthefollowingsufficientfrequency-independentstabilityconditions

forthetrilateralteleoperationsystem:

Kvs≥
3c

2
Kvm1
Kpm1

=
Kvm2
Kpm2

5Kvs−6c−2 6K2vs−15Kvsc+9c
2

Kvs
≤
KvsKpm2
KpsKvm2

≤
5Kvs−6c+2 6K2vs−15Kvsc+9c

2

Kvs
(5.20)

FIGURE5.8:Trilateralteleoperationexperimentalsetupwiththeslaverobotinteractingwithvir-
tualactiveenvironment

Finally,weputthepreviously-derivedtheoreticalstabilityconditionstotestbyperforminga1-DOF

trilateralteleoperationexperiment.ThetwoPhantomPremium1.5AhapticdevicesusedinSection

5.4.1areusedhereasthetwomasterrobots.TheslaverobotattheenvironmentsideisaPhantom

Omnihapticdevice(GeomagicInc., Wilmington,MA,USA)(Fig. 5.8).Twomasterrobotsare

actuatedwith(humanoperatorsmodeledby)persistentsinusoidalinputsofamplitude0.07Nm,

frequency5rad/sandphase1.5rad.Theactiveenvironmentisimplementedasavirtualenviron-

mentwithtransferfunction 1
(s+
√
1.25)2

,givinganSOPvalueofc=0.1ontheremoteenvironment.

Basedon(5.20),wechosethefollowingstabilizingcontrolgains(accordingtothetheoreticalsta-

bilitycondition):Kpm1=4,Kvm1=0.1,Kpm2=4,Kvm2=0.1,Kps=8,andKvs=0.2.Theresult

isshowninFig.5.9,whichshowsthestabilityoftheteleoperationsysteminthiscase.
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FIGURE5.9:RobotjointpositionsforenvironmentINP,dual-userPEBcontrol.

Theabovedemonstratesthattheproposedapproachcanbeusedtoprovideeffectivecontroller

designguidelinesinthepresenceofactiveoperator/environmentintrilateralteleoperation.

5.5 Conclusions

Inthischapter,wedemonstratedtheproposedseries-shuntforstabilityanalysisinthepresence

ofstrictlypassiveoractiveoperators/environmentsforbilateralandtrilateralteleoperationsystems.

Differentfrompreviouslyproposedapproaches,thisapproachcaneffectivelydealwithstrictpassiv-

ity/activityinanynumberofterminations,easilyapplytobothbilateralandtrilateralteleoperation,

andrelysolelyonimmittanceparameters,whicharerelativelyeasytoobtainformechanicalsys-

tems. Wedetailedtheapproachforterminationimpedancedecompositionfordifferentimpedance

topologiesandappliedtheapproachtoPEBbilateralandtrilateralteleoperationwithoneormore

INPterminations.Experimentswereperformedtoverifythestabilitycriteriaanddemonstratethe

differencebetweenthenewlyderivedstabilitycriteriaandthetraditionalones.
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Chapter6

ConclusionsandFutureWork

6.1 Conclusions

Thisthesisdevelopsbothpracticalimplementationsoftask-orientedtelerehabilitationtherapytech-

nologiesaimingatpartiallyautomatingtherehabilitationprocessandthustime-sharingatherapist.

Italsopresentstheoreticalstabilityanalysistoolsforteleoperationsystemswithtwoormorehu-

manoperatorssuchastelerehabilitationsystems.Rememberthatinthetelerehabilitationcontext,

ahospital-basedtherapistishapticallylinkedandtelepresentedtoahome-baseddisabledpatientin

ordertoeffectivelysimulatetraditionalin-hospitaltherapies,e.g.,thoseinwhichatherapistphysi-

callyhelpsandcooperateswithapatientinperformingtherapytasks,overadistance.

InChapter3,weproposedanddemonstratedanoveltelerehabilitationapproach:Thelearn-and-

replay(LAR)paradigm.Wefirstintroducedourexperimentaltelerehabilitationsystemanda1-DOF

therapytaskinvolvingdrivingawoodscrewintoawoodenplateheldbyanindustrialmanipulator.

Robotkinematicsandteleoperationcontrolwerecarefullyconsidered. Next,weintroducedthe

therapistarmimpedanceidentificationtechnique,whichwasabletodetectforceperturbationon-

setsbasedonthetimeprofileofmechanicalenergyabsorptionofthearm.Theidentificationmethod

hadtheadvantageofnotintroducingexternaldisturbancesandnotrestrictingthetherapist’spos-

ture.Thentime-delayestimation(TDE)basedimpedancecontrolwasintroducedasanappropriate

controlmethodforourindustrialmanipulator.Finally,resultsfromasuccessfulLARsessionwas

shownforthe1-DOFscrewdrivingtask.

InChapter4,theLARparadigmwasappliedtoa2-DOFpeg-in-the-holeinsertiontask.Duringthe

therapist-in-loop(TIL)phase,thetherapistheldthepegstillintwodirectionsthroughteleoperation
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sothatthepatientcouldputtheholeontothepeg.Thetherapist’sarmimpedancewasmeasured

inthetwodirectionsduringtheTILphase.Nextthemeasuredimpedancewasajustedtakinginto

accounttheteleoperationsystem’s2-DOFdynamicsinordertoobtainthedesiredimpedancefor

impedancecontroloftheslaverobotduringtheTOOLphase.IntheTOOLphase,theimpedance

controlwassuccessfullyimplementedontheslaverobotandthetherapist’sroleinthe2-DOFpeg-

in-the-holeinsertiontaskwasreplicatedbytheslaverobotwithsuccess.TogetherwithChapter

3,thisshowedthefeasibilityoftheproposedLARtelerehabilitationparadigmanditspotentialin

time-sharingatherapistandthuspartlyautomatingtherehabilitationtherapy.

InChapter5,wefirstreviewedtheneedforateleoperationsystemstabilityanalysisapproachthat

cantakeintoaccountstrictpassivityoractivityinformationofoneormultipleterminations.Tradi-

tionalLlewellyn’sstabilityanalysisapproachrequiresthatallterminationsarepassive,whichcanbe

violatedintelerehabilitationasthetherapistbecomesactiveduringassistivetherapy.Thendifferent

terminationcategoriesweredefined,includinginputstrictlypassive(ISP),outputstrictlypassive

(OSP),inputnon-passive(INP),outputnon-passive(ONP)anddisk-likenon-passive(DNP).We

showedthattheseries-shuntapproachcanbeappliedtoateleoperationsysteminvolvingoneor

moreoftheaforementionedterminations.Explicitstabilitycriteriawerethendrawnduringcase

studiesforabilateralteleoperationsystemwithtwoINPterminationsandatrilateralteleoperation

systemwithoneINPtermination.Thestabilitycriteriawerevalidatedwithexperimentsinvolving

virtualoperators.Theseries-shuntapproachwasthusshowntobeabletoeffectivelydealwithstrict

passivityoractivityinanynumberofterminations.

6.2 FutureWork

FortheproposedLARtelerehabilitationparadigmpresentedinChapter3andChapter4,future

workcantakethefollowingsteps:

1.DEVELOPMENTOF MORECLINICALLYRELEVANTTHERAPYTASKSSUITABLEFORTHE

PROPOSEDLARPARADIGM. Withtheinvolvementoftherapistsandclinicians,newmulti-

DOFtasksthatarecloselyrelatedtocurrentrehabilitationpracticesforupper-limbrehabilita-

tioncanbedesigned.Thetasksneedtobecloselyrelatedtoactivitiesofdailyliving(ADL).

Currentlycandidatesinclude

(a)Dooropeningtaskwheretheslaverobotcanbeequippedwithadoorknob-shapedend-

effectorthatthepatientcanturnwithhis/hertheirwristwhilethetherapist“holds”the

doorviateleoperation
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(b)Jarlidopeningtaskwherethepatienttriestoopenajarlidheldbytheslaverobotwith

thehelpofthetherapistwhousestheteleoperationsystemtostabilizethejar.

(c)Vacuumcleaningtaskwherethepatientpracticesvacuumingaspacebymanipulating

theslaverobot’shandle-shapedend-effector,whilethetherapistcarriestheweightof

thevacuumcleanerviateleoperation.

Inalloftheseproposedtasks,duringtheTILphasethetherapistcanprovidedifferentdegrees

ofdifficultyforthespecifictaskbymodulatinghis/herimpedance.

2.DEVELOPMENTOFMORESOPHISTICATEDARMIMPEDANCEIDENTIFICATIONTECHNIQUES.

Advancedon-linearmimpedanceidentificationcanbedevelopedinordertocapturethepos-

siblyvaryingimpedanceofthetherapist’sarmoveraspatialtrajectorysuchthattasksthat

requiredifferentimpedancecharacteristicsofthetherapist’sarmorsignificantarmdisplace-

mentscanalsobeincorporatedintotheproposedLARparadigm.

3.CLINICALSTUDIES.Afterachievingtheprevioustwogoalsandmakingsurethatareliable

LARsystembothinsoftwareandhardwareisbuilt,clinicalpatient-orientedstudiescanbe

carriedouttostudytheusefulnessoftheproposedparadigminrealclinicalsettings.Patient

andtherapistuserexperience,aswellasLARsystemreliabilityforvarioustaskswillbethe

focusofclinicalstudies.

Forthetelerehabilitationstabilityanalysiswithterminationactivity/strictpassivityworkpresented

inChapter5,futureworkcanbeperformedinthefollowingdirections:

1.USEOFPHYSICALSYSTEMSFOREXPERIMENTALVALIDATION.Theimplementedactive

virtualoperatorscanbereplacedwithrobotsunderimpedancecontrol,sothatwehavea

physicalenergeticallyactivesystemdemonstratingdesiredactiveimpedances.Suchexperi-

mentswillprovidemoreconvincingevidenceofthepracticalvalueofourproposedstability

analysisapproachindealingwithrealphysicalsystems.

2.IMPLICATIONSOFIMPROVEDSTABILITYANALYSISONTELEOPERATIONTRANSPARENCY

ANDTHUSHUMANTASKPERFORMANCE. Tofurtherdemonstratetheusefulnessofour

stabilityanalysis,studiescanbedonewithregardtotheimpactofrelaxedstabilityconditions

onteleoperationtaskperformanceinthepresenceofstrictlypassiveterminations.

3.MULTI-DOFMULTI-LATERALSYSTEMS.AlthoughChapter5onlyconsidered1-DOFrobots,

whichcanonlyengagein1-DOFteleoperationtasks,theproposedseries-shuntapproachcan

beextendedintomultilateralteleoperationsystemswithmulti-DOFrobots.Suchstudieswill

furtherenrichtheseries-shuntapproach.
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AppendixA

YaskawaMotomanSIA5FRobot

Kinematics

InthisAppendixwefirstdetailtheYaskawaMotomanSIA5Foriginalrobotkinematics.Itsdimen-

sions,linkframesandDenavit-Hartenberg(DH)parameterswillbepresentedinSectionA.1.Then

wewillderiveasimplifiedversionfromthefullkinematics,withwhichwewillderivetheinverse

kinematicsusedinSection4.2ofChapter4tojogtheslaverobottoaspecifiedhomeposition.

A.1 SIA5FdimensionsandDHparameters

ThedetaileddimensionsoftheMotomanSIA5FrobotisshowninFig.A.1(a),takenfromthe

productmanual.Thisistherobot’sdefaulthomeposition(differentfromthehomepositionthatwe

definedinChapter3andChapter4).Thelengthmeasurementsareinmm.DHframesareattached

totherobotaccordingto[74].TheframesareshowninFig.A.1(b).BasedontheDHframesand

therobotdimensions,wecanderivetheDHparametersforthishomepositionshowninTableA.1.

Nowbasedontherobot’shomeposition,let’sdefineforeachaxisi,thejointrotationangletobe

qiindegrees.OrientationsforsomeofthesejointanglesareshowninFig.A.1.Takingthisinto

account,wecanhavetheDHparametersforallconfigurationsallowedbytherobot’sworkspace

showninTableA.2.
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TABLEA.1:Denavit-HartenbergparametersfortheMotomanSIA5Frobotatitshomeposition

i αi−1(rad) ai−1(mm) dimm θi(rad)

1 0 0 0 0

2
π

2
0 0 0

3 -
π

2
0 270 0

4
π

2
85 0

π

2

5
π

2
60 275 0

6 -
π

2
0 0 0

7
π

2
0 145 0

TABLEA.2:Denavit-HartenbergparametersfortheMotomanSIA5Frobotatitshomeposition

i αi−1(rad) ai−1(mm) dimm θi(rad)

1 0 0 0 q1

2
π

2
0 0 q2

3 -
π

2
0 270 q3

4
π

2
85 0

π

2
+q4

5
π

2
60 275 q5

6 -
π

2
0 0 q6

7
π

2
0 145 q7
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FIGUREA.2:Illustrationofthe“putdown”Motomanrobotinthex0andy0plane(a)before
movingjoint1,4and6(b)aftermovingtothespecifiedhomepositiondetailedinSection4.2of

Chapter4

A.2 InverseKinematicsForaSpecifiedHomePositioninSection4.2

ofChapter4

InordertogettheMotomanSIAF5robotintotheconfigurationshowninFig.4.2(b),wefirsttake

q2tobe90°andq3tobe90°to“putdown”theMotomanrobotintotheplaneformedbyx0andy0.

Fromnowonwelockthejointanglesofq2andq3andq5attheircurrentvaluesandonlyactuate

q1,q4andq6tomovetherobotintothedesiredhomepositionasshowninFig.4.2(b).Nowthe

slaverobot’sgeometryinthex0andy0planecanbeshowninFig.A.2(a). Wedefinethedistance

betweenO0andO4inthisplanetobel1(whilethedistanceinthez0directionisignored),the

distancebetweenO4andO6tobel4andthedistancebetweenO6andO7tobel6.FromFig.A.1(a)

andTableA.1wehave

l1= 2702+852=283.06mm (A.1)

l4= 602+2702=276.59mm (A.2)

l6=145mm (A.3)

(A.4)

Nextwedenotetheanglesfroml1toy0tobeq10+q1,froml1tol4tobeq40+q4andfroml4to

l7tobeq60+q6.q10,q40andq60arethevaluesoftheseanglesjustafterputtingdowntherobot,

beforeanychangesareappliedtothejointanglesofjoint1,4and6.Thereforeintheconfiguration
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ofFig.A.2(a),q1=q4=q6=0.FromtherobotdimensionsshowninFig.A.1(a),wehave

q10=cos
−1(
85

l1
)=1.27rad (A.5)

q40=−cos
−1(
60

l4
)+(
π

2
−q10)=−1.05rad (A.6)

q60=0−q10−q40=−0.22rad (A.7)

Nowtheobjectiveistofindq1,q4andq6suchthattherobotisarrangedinthespecifiedhome

positioninSection4.2ofChapter4,illustratedinFig.A.2(b).

Nowweintroduceanewbaseframe,xandywhichisobtainedbyrotatingthex0andy0frame

aroundO0counterclockwise90°.ThepositionofpointO6inthevecxandvecyplane,(x,y)
T,can

beexpressedas

x=l1·cos(q1+q10)+l4·cos(q1+q10+q4+q40) (A.8)

y=l1·sin(q1+q10)+l4·sin(q1+q10+q4+q40) (A.9)

Letcos(q1+q10)=c1,cos(q4+q40)=c4,cos(q1+q10+q4+q40)=c14,sin(q1+q10)=s1,

sin(q4+q40)=s4andsin(q1+q10+q4+q40)=s14.Wehave

x2+y2=l21+l
2
4+2·l1l4c4 (A.10)

fromwhichwecanderive

c4=
x2+y2−l21−l

2
4

2·l1l4
(A.11)

s4=− 1−c22 (A.12)

Notethats4isnegativebecauseascanbeseeninFig.A.2,q4+q40isalwaysnegative.Finallywe

have

q4=atan2(s2,c2)−q40 (A.13)

givenxandy.

Nowlet’sfindq1asafunctionofxandyaswell.(A.8)and(A.9)canberearrangedinto

x=k1c1−k2s1 (A.14)

y=k1s1+k2c1 (A.15)
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where

k1=l1+l4c4 (A.16)

k2=l4s4 (A.17)

Taker= k21+k
2
2andγ=atan2(k2,k1),wecanparameterizek1andk2as

k1=r·cos(γ) (A.18)

k2=r·sin(γ) (A.19)

Then(A.14)and(A.15)canbewrittenas

x

r
=cos(γ+q1+q10) (A.20)

y

r
=sin(γ+q1+q10) (A.21)

Therefore,

q1+q10=atan2(
y

r
,
x

r
)−γ=atan2(y,x)−atan2(k2,k1) (A.22)

Finally,q1canbeexpressedas

q1=atan2(y,x)−atan2(l4s4,l1+l4c4)−q10 (A.23)

FromtheillustrationinFig.A.2(b),wecanseethatl6isperpendiculartoy0.Therefore,

q6=−
π

2
−q1−q4 (A.24)

GiventhedescriptioninSection4.2ofChapter4,thespecifiedhomepositionis(x,y)T=(L1s,0)
T=

(254mm,0)T.Byapplyingthenumericalvaluesinto(A.13),(A.23)and(A.24),weobtainfinally

q4=−1.1525,q1=−0.1887,q6=−0.2296.

Torecapitulate,theMotomanSIA5Frobotcanbearrangedintothespecifiedhomeposition(in

comparisonwithitsdefaulthomeposition)inSection4.2ofChapter4bytakingthejointanglesin

TableA.3.
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TABLEA.3:JointanglesthatmovetheMotomanSIA5Frobotintothespecifiedhomepositionin
Section4.2ofChapter4

qi value(rad)

q1 -0.1887

q2
π

2

q3
π

2

q4 -1.1525

q5 0

q6 -0.2296

q7 0
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AppendixB

TeleoperationSystemDetailedLayout

InthisappendixweshowthedetailedlayoutofourteleoperationsysteminFig.B.1,whichrepre-

sentstheinformationflowbetweendifferentsoftwareandhardwarewitharrows.Dataexchanged

throughtheEthernetnetworkflowthroughthe“Ethernetswitch”block.TheEthernetnetworkis

basedonUDPprotocolandcanberealizedinC++usingWinsockAPIwiththeclassthatisprovided

inAppendixC.

ThemasterrobotiscontrolledviathecustombuiltQuanserrehabilitationrobotcontrollerthathan-

dlestheanalogsignalsfrom/totherobotononehandanddigitalsignalsto/fromtheQuarcrobot

controlapplicationsoftwareontheotherhand.TheQuarcrobotcontrolapplicationiswrittenin

theQuarcsoftware,whichisdevelopedbyQuanserInc.OnthesamePCthatwename“Quanser

PC”,aC++communicationapplicationreceivesdatafromtheforcesensormountedonthemaster

robotandfromtheSIA5FrobotcontrolapplicationontheAgilePlanetPC.Itthenrelaysthosedata

toQuarcrobotcontrolapplicationviasharedmemoryformasterrobotcontrol.Italsoreceivesthe

masterrobot’spositiondataviasharedmemoryfromQuarcrobotcontrolapplicationandrelaysthat

viaUDPtotheAgilePlanetPC.

OntheAgilePlanetPC,theCPUisdividedbetweentwoseparateoperatingsystems: WinCEsys-

temandWin7system. WinCEsystemisinchargeofcontrollingtheMotomanSIA5Frobotvia

communicatingwiththeservopacks.ItalsoreadstheslaverobotforcesensordataviaUDPand

sendstherobotpositionstogetherwiththeforcesensordatatotheC++communicationapplication

ontheQuanserPC.SlaverobotcontrolprogramsthatareruninWinCEsystemaredevelopedin

Win7System.ItislinkedtotheWinCEsystemviaavirtualmachineframeworkandthusallows

userstointeractwiththeprogramsonWinCEsystemduringexecution.
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FIGUREB.1:Teleoperationsystemlayout

Theentiresystemrunsat1kHz.
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AppendixC

C++CodeForUDPCommunication

Thefollowing“UDP”classbasedontheWindowsWinsockAPIisusedforbuildingtheEthernet

networkforteleoperation.ItisusedtoexchangedatabetweentheATIGammaNetforcesensors,

theWinCEmachine,andtheQuanserPC(seeAppendixB).

ifdefWIN32
typedefintsocklen_t;
#include<Winsock2.h>
#endif

#ifdefWINCE
typedefintsocklen_t;
#include<Winsock2.h>
#endif

#include<string>

#defineNO_FLAGS_SET0

classUDP
{
public:
UDP(unsignedshort_portNo, conststd::string_destIP,const
std::string_localIP);
ŨDP();
virtualintInitialize();
intDisconnect();
voidInitializeAsyncEventAndSelect();
intSend(char*data,unsignedintlength);
intRecv(char*data,unsignedintlength);
intRecvNonblocking(char*data,unsignedintlength,unsignedint
timeout);
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unsignedintGetPortNumber()const
{
returnportNo;

}
SOCKET GetSocket()const
{
returnSocket;

}
std::string GetIP()const
{
returndestIP;

}
protected:
unsignedshort portNo;
SOCKET Socket;
HANDLE hWSAEvent;
std::string localIP,destIP;
unsignedlong destAddr,localAddr;
SOCKADDR_IN destSockAddr,localSockAddr;
int slen; //sizeofdestSockAddr
};

///////////////////////////////////////////////////////////////////////////////
//
//MethodsforUDPconnection
//
///////////////////////////////////////////////////////////////////////////////

#include"UDP.h"
#include<iostream>

#defineMSG_WAITALL0x8
#defineNAGLE_OFF

voidDisplayError(conststd::string&);

voidDisplayError(conststd::string&errString)
{
std::cout<<"UDPCommunicationError:"<<errString<<

std::endl;
}

//////////////////////////////////////////////////////////////////////////////
//MethoddeclarationsforUDPclass

//////////////////////////////////////////////////////////////////////////////

//constructor,assignportnumberanddestinationIPaddressinthe
stringformat
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UDP::UDP(unsignedshort_portNo, conststd::string_destIP,const
std::string_localIP)
{
portNo=_portNo;
destIP=_destIP;
destAddr=inet_addr(_destIP.c_str());
localIP=_localIP;
localAddr=inet_addr(_localIP.c_str());
}

//closesocket,returns1ifsucceeded,-1iffailed
intUDP::Disconnect()
{
intretVal=1;
retVal=closesocket(Socket);
if(retVal==-1)
{
//DisplayError("UDP::Disconnect,errorduringclose\n");
return0;

}
returnretVal;

}

//destructor,closessocketandcleanupWSA
UDP::̃UDP()
{
Disconnect();
#ifdefWIN32
if(WSACleanup()==SOCKET_ERROR){
DisplayError("UDP::̃UDP,WSACleanupfailed\n");
}
#endif

}

//initializesWSADATA,UDPsocket
intUDP::Initialize()
{

WSADATA Data;
intstatus=WSAStartup(MAKEWORD(2,2),&Data);
if(status!=0)
{

DisplayError("WSAStartupunsuccessful\n");
return-1;

}
//setupdestinationaddressstructure
//memcpy(&destSockAddr.sin_addr,&destAddr,sizeof(destAddr));
destSockAddr.sin_addr.s_addr=destAddr;
destSockAddr.sin_family=AF_INET;
destSockAddr.sin_port=htons(portNo);
//getaddresssize
slen=sizeof(destSockAddr);
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//createsocket
Socket=socket(AF_INET,SOCK_DGRAM,IPPROTO_UDP);
if(Socket==INVALID_SOCKET)
{
intWSErrorCode=WSAGetLastError();
std::cout<<"WSErrorCode="<<WSErrorCode<<std::endl;
DisplayError("UDP::Initializefailedonsocketcreation\n");
return-1;

}

//memcpy(&localSockAddr.sin_addr,&localAddr,sizeof(localAddr));
localSockAddr.sin_addr.s_addr=localAddr;
localSockAddr.sin_family=AF_INET;
localSockAddr.sin_port=htons(portNo);
slen=sizeof(destSockAddr);

//bind
if(bind(Socket,(structsockaddr*)&localSockAddr,
sizeof(SOCKADDR_IN))==SOCKET_ERROR)
{
DisplayError("UDPServer:Initializefailedonbinding\n");
closesocket(Socket);
return-1;

}
return1;

}

voidUDP::InitializeAsyncEventAndSelect()
{

hWSAEvent=WSACreateEvent();
if(NULL==hWSAEvent)
{

printf("UDPAsyncEvent:FailedtocreateEvent.Err=
%u\r\n",WSAGetLastError());
}
else
{

if(SOCKET_ERROR==WSAEventSelect(Socket,hWSAEvent,
FD_WRITE|FD_READ|FD_CLOSE))//FD_READ:recv,FD_WRITE:send

{
printf("AyncSocketComms:Failedtoselect.Err=

%u\r\n",WSAGetLastError());
WSACloseEvent(hWSAEvent);
hWSAEvent=NULL;

}
else
{

printf("UDP:Asyncsocketopsready.\r\n");
}

}
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}

intUDP::Send(char*data,unsignedintlength)
{

intnumsnt=sendto(Socket,data,length,0,(structsockaddr

*)&destSockAddr,slen);
if(numsnt==SOCKET_ERROR)
{
intWSErrorCode=WSAGetLastError();
std::cout<<"WSErrorCode="<<WSErrorCode<<std::endl;
DisplayError("UDP::sendtoerror");
return-1;

}
returnnumsnt;

}

intUDP::Recv(char*data,unsignedintlength)
{
intnumrec=recvfrom(Socket,data,length,0,(struct

sockaddr*)&destSockAddr,&slen);
if(numrec==SOCKET_ERROR)
{
intWSErrorCode=WSAGetLastError();
std::cout<<"WSErrorCode="<<WSErrorCode<<std::endl;
DisplayError("UDP::recvfromerror");
return-1;

}
returnnumrec;

}

intUDP::RecvNonblocking(char*data,unsignedintlength,unsigned
inttimeout)
{
intnumrec=0;
intflag=0;
DWORDwaitRes=0;
DWORDlastErr=0;

if(NULL!=hWSAEvent)
{

waitRes=WaitForSingleObject(hWSAEvent,timeout);
if(WAIT_TIMEOUT==waitRes)
{

printf("UDPRecvNonblocking:Waitforsocketreadtimed
out.\r\n");

numrec=SOCKET_ERROR;
returnnumrec;
}

elseif(WAIT_FAILED==waitRes)
{
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printf("UDPRecvNonblocking:Waitforsocketreadevent
failed.Err=%d\r\n",GetLastError());

numrec=SOCKET_ERROR;
returnnumrec;

}
else
{

//__fallthroughtorecvbelow.
}

}

numrec=recvfrom(Socket,data,length,0,(struct
sockaddr*)&destSockAddr,&slen);
lastErr=WSAGetLastError();
if((numrec==SOCKET_ERROR)&&(WSAEWOULDBLOCK==lastErr))
{

//printf("recvreturnedwouldblock.skipping\r\n");
//printf("numerc=%d\n",numrec);
return0; //SOCKETERROR=-1,ifreturnedwouldstopreceiving

thread.soreturnsomethingelse
}

if(numrec==0)
{
printf("UDPRecvNonblocking:Connectionclosedbypeer.\n");
return-1;

}

if(numrec==SOCKET_ERROR)
{
printf("UDPRecvNonblocking:socketerror%d.\n",lastErr);
return-1;
}

returnnumrec;
}
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ThefollowingcodeisanexampleskeletonforusingtheUDPclasstosenddatatoamachinewith
IPaddressHD2IPfromtheWinCEmachineinacontinuousloop.

char*HD2IP="192.168.0.1";
char*CEIP="192.168.0.2";
unsignedshortTeleOpPortSend=18000;//specifywhichporttouse
UDP*p_udpCESend=newUDP(TeleOpPortSend,HD2IP,CEIP);//createUDP
instance

structSendData//datatosendtoHD2
{
doubledata1;
doubledata2;
//etcetc

};

intwmain(intargc,wchar_t**argv){

if(p_udpCESend->Initialize()==-1){ //initializep_udpCESend
cout<<"Couldnotcreateandbindsendsocket"<<std::endl;

//errorhandlingcode
return0;

}

//otherinitalizations

while(!(GetAsyncKeyState(VK_ESCAPE)&0x8000))//while’Esc’is
notpressed
{

//fillsendDatastructwiththedatatobetransmitted

udpStatus=p_udpCESend->Send((char*)&sendData,
sizeof(sendData));

if(udpStatus==-1)
{
cout<<"ErrorinUDPsending!"<<endl;
//errorhandlingcodehere
break;

}
SleepTillTick();//looproughlyeverymillisecond.Amore

accuratetimingmethodisusedinactualexperiments.
}
deletep_udpCESend;

}
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AppendixD

ArmImpedanceIdentification–
ParticipationInformationLetterand
ConsentForm

ThisAppendixpresentstheParticipationInformationLetterandConsentFormforanyexperiment
inthisthesisresearchinvolvingthehumanarmimpedanceidentificationwiththeQuanserrehabili-
tationrobot.
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AppendixE

InteractionwithYaskawaMotoman
SIA5FRobot–RiskAssessment

IntheexperimentsperformedinChapter3andChapter4,onehumanoperator(thesupervisory
investigator)interactedwiththeYaskawaMotomanSIA5Frobotviaatool(ascrewdriverinChapter
3andtheholetoolinChapter4).Forthishuman-robotinteraction,wehavetakenmeasuresto
minimizethefollowingidentifiedriskstoensurethesafetyofthehumanoperator:

•Thehumanoperatormightgettiredfromperformingtaskswiththerobot.Ifthisshould
happen,theoperatorcanpausetheexperimentandrelaxatanytime.

•Thereisaveryslightchancethatthehumanoperatormaybeelectrocutedduetothehigh
voltage(3phase,110VAC)operatingontherobotcontroller. Wehaveperformedproper
groundingoftherobotcontrollerandithaspassedETLsafetyinspectionbyIntetek.

•Thereisasmallchancethatthesoftwaremanagingrobotcontrolandnetworkingmightcrash.
Thiswillnotcausetherobottomoveinanyunsafemanner.

•Inthecasethattherobotgoesintoinstability,itispossiblethattherobotwillhitthehuman
operatorandcauseinjury.Tomitigatethisrisk,wehavetakenthefollowingprecautions:

1.Thesoftwarethatisusedforcontrollingtherobot(purchasedfromYaskawaInnovation,
Inc.)hasbuilt-insafetymechanismsthatmonitortherobotvelocityandacceleration,
sothattherobotwillbestoppedimmediatelywhensuddenmovementsoccur.Forour
experiments,actuatedrobotaxisvelocitylimitissettobe20°/sforthesixthrobotjoint
and13°/sforthesecondrobotjoint.Theaccelerationlimitissettobe375°/s2forthe
sixthrobotjointand255°/s2forthesecondrobotjoint.

2.Therobotisfixedtoaheavywoodentableappropriatelywithboltsandnutssoitwill
notmoveoutofposition.

3.Thehumanoperatoralsohasanemergencystopbuttonheldinonehandatalltimes,so
thathecanstoptherobotatanymomentthathejudgesunsafe.
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AppendixF

MechanicalDrawingsforHardware
Interfaces

InthisAppendixweprovidethedrawingsofsomeofthecustombuiltmechanicalpartsusedforthe
experimentsinthisthesis.

TheMotomanSIA5FendeffectorandATIGammaNetforcesensorinterface(asshowninFig.4.2(b)
iscomprisedoftwoparts.Part1(showninFig.F.1)isfirstmountedontotheMotomanSIA5Fend
effector,thenpart2(showninFig.F.2)ismountedontopart1.FinallytheATIGammaforcesensor
canbemountedontopart2.

Thepegusedforthepeg-in-the-holeinsertiontaskinChapter4isshowninFig.F.3.Itisalsoused
forholdingthewoodenplateinthescrewdrivingtaskinChapter3asshowninFig.3.2(b).Itis
connectedtotheforcesensorviatheinterfaceshowninFig.F.4.

Theholeusedforthepeg-in-the-holeinsertiontaskinChapter4isshowninFig.F.5.Itcanbe
mountedontotheendeffectorofaMotomanSIA5FrobotviatheinterfaceshowninFig.F.6.



AppendixF.MechanicalDrawings 110

1

2
3

4

ABCD

2

3

4

ABCD

1

O
 1
0 ̀
 7
, 
cl
ea
ra
nc
e 
ho
le

O
 6,
 c
le
ar
an
ce
 h
ol
e 
th
ro
ug
h 
pl
at
e

O
35

O80
45
° O6

3

A

VU
E 
A
1:2

9 14

B
B

CO
UP
E 
B
B

60°

30
°

O
 4,
 c
le
ar
an
ce
 h
ol
eO
 7
 ̀
4.5
, 
cl
ea
ra
nc
e 
ho
le

5

18

Ra
n 
Ta
o

ra
n1
@u
al
be
rt
a.c
a

Su
pe
rvi
so
r: 
Dr.
 M
ah
di 
Ta
va
ko
li

F
I
G
U
R
E
F.
1:
SI
A5
F
en
d
ef
fe
ct
or
an
d
AT
I
Ga
m
ma
N
E
T
fo
rc
e
se
ns
or
in
te
rf
ac
e
pa
rt
1



AppendixF.MechanicalDrawings 111

1

2
3

4

ABCD

2

3

4

ABCD

1

14

R7

R
17
,5

O
68
  
B.C
.

22
,5°

75,
4

O

61
O

4,7

1,3

4

5

14

8 
X 
Sli
p 
Fit
 f
or
 

O
3 
Do
we
l 
Pi
n

8X
 C
ou
nt
er
si
nk
 h
ol
es
 f
or

M3
 S
FH
CS

O
4 ̀
9

M4
 ̀
7 
pit
ch
 0.
7 A

A

CO
UP
E 
A
A

O
4 ̀
9

M4
 ̀
7 
pit
ch
 0.
7

30
°

60°

 R
an
 T
ao

 r
an
1 
@ 
ua
lb
er
ta.
ca

 S
up
er
vis
or:
 M
ah
di 
Ta
va
ko
li

F
I
G
U
R
E
F.
2:
SI
A5
F
en
d
ef
fe
ct
or
an
d
AT
I
Ga
m
ma
N
E
T
fo
rc
e
se
ns
or
in
te
rf
ac
e
pa
rt
2



AppendixF.MechanicalDrawings 112

1

2
3

4

ABCD

2

3

4

ABCD

1

1:1
70

10
O
 6
  
cl
ea
ra
nc
e 
ho
le
 t
hr
ou
gh
 p
la
te

17
,5

8,
75

17
,5

17
,5

8,
75

O
 6
 ̀
9

M6
 ̀
7 
pit
ch
 1

5215 15

R
2

10
30

10

10

R
5

77

Ma
te
ri
al:
 A
lu
mi
nu
m

Ra
n 
Ta
o

ra
n1
@u
al
be
rt
a.c
a

Su
pe
rvi
so
r: 
Dr.
 M
ah
di 
Ta
va
ko
li

F
I
G
U
R
E
F.
3:
Pe
g
to
ol



AppendixF.MechanicalDrawings 113

1

2
3

4

ABCD

2

3

4

ABCD

1

1:1 O75

O
 5
0 
 B.
C. 45° O
 1
0 ̀
6.5
 C
le
ar
an
ce
 h
ol
e

O
 6
  
Cl
ea
ra
nc
e 
ho
le
 t
hr
ou
gh
 p
la
te

17,5

8,75A A
CO
UP
E 
A
A

10 Oclearance hole

9,5
6,5

6Oclearance hole

Ma
te
ri
al:
  
Al
um
in
um

Ra
n 
Ta
o

ra
n1
@u
al
be
rt
a.c
a

Su
pe
rvi
so
r: 
Dr.
 M
ah
di 
Ta
va
ko
li

F
I
G
U
R
E
F.
4:
AT
I
Ga
m
ma
Ne
t
fo
rc
e
se
ns
or
an
d
pe
g
to
ol
in
te
rf
ac
e



AppendixF.MechanicalDrawings 114

1

2
3

4

ABCD

2

3

4

ABCD

1

1.5
:1

70

1010

60

R
10

50

10
10

10
20

R
2

R
2

Ta
p 
M6
 p
it
ch
 1

 t
hr
ou
gh
 m
at
eri
al

10
50

10

Ma
te
ri
al:
 A
lu
mi
nu
m

Ra
n 
Ta
o

ra
n1
@u
al
be
rt
a.c
a

Su
pe
rvi
so
r: 
Dr.
 M
ah
di 
Ta
va
ko
li

F
I
G
U
R
E
F.
5:
Ho
le
to
ol



AppendixF.MechanicalDrawings 115

1

2
3

4

ABCD

2

3

4

ABCD

1

R
5

10

65°
9

Ma
te
ri
al:
 A
lu
mi
nu
m

Ra
n 
Ta
o

ra
n1
@u
al
be
rt
a.c
a

Su
pe
rvi
so
r: 
Dr.
 M
ah
di 
Ta
va
ko
li

F
I
G
U
R
E
F.
6:
SI
A5
F
en
d
ef
fe
ct
or
an
d
ho
le
to
ol
in
te
rf
ac
e
pa
rt
1


	Abstract
	Acknowledgements
	Contents
	List of Figures
	List of Tables
	Acronyms
	1 Introduction
	1.1 Motivation
	1.2 Organization of the Thesis
	1.3 Publications
	1.4 Contributions of the Thesis

	2 Background
	2.1 Teleoperation Systems
	2.1.1 A Brief History of Teleoperation and its Applications
	2.1.2 Control Architectures for Bilateral Teleoperation

	2.2 Therapeutic Robotics
	2.2.1 Brief History of Rehabilitation Robotics
	2.2.2 Effect of Robotic Therapy on Motor Function Recovery

	2.3 Telerehabilitation Robotics

	3 Learn-and-Replay Telerehabilitation Paradigm: 1-DOF Task
	3.1 Introduction
	3.2 Telerehabilitation System and Therapy Task
	3.2.1 Therapy Task
	3.2.2 Telerehabilitation System
	3.2.3 Master and Slave Robots Kinematics
	3.2.4 Telerehabilitation System Controller

	3.3 Identification of Human Arm Impedance
	3.3.1 Human Arm Impedance Identification in the Literature
	3.3.2 The Proposed Human Arm Impedance Strategy

	3.4 Impedance Control of Yaskawa Motoman SIA5F robot
	3.4.1 Impedance Controller Design
	3.4.2 Derivation of Desired Impedance

	3.5 Experimental Results
	3.5.1 TIL Phase Results
	3.5.2 TOOL Phase Results

	3.6 Conclusion

	4 Learn-and-Replay Telerehabilitation Paradigm: 2-DOF Task
	4.1 Therapy Task
	4.2 Teleoperation System
	4.2.1 Master and Slave Robots Kinematics
	4.2.2 Master and Slave Robot Dynamics
	4.2.3 Telerehabilitation System Controller

	4.3 Identification of Human Arm Impedance
	4.4 Impedance control of Yaskawa Motoman SIA5F robot in the Multi-DOF Scenario
	4.4.1 Impedance Controller Design
	4.4.2 Derivation of Desired Impedance

	4.5 Experimental Results
	4.5.1 TIL Phase
	4.5.1.1 Therapist's Arm Impedance Identification
	4.5.1.2 Linear Approximation of the Master Robot Dynamics
	4.5.1.3 Linear Approximation of the Slave Robot Dynamics
	4.5.1.4 Desired Impedance

	4.5.2 TOOL Phase

	4.6 Conclusion

	5 Telerehabilitation System Stability Analysis
	5.1 Introduction
	5.2 Definitions and Absolute Stability Criteria for Two-port and Three-port Networks
	5.2.1 Definitions and Lemmas of passivity and activity
	5.2.2 Existing absolute stability criteria for two-port and three-port networks

	5.3 Main Results
	5.3.1 Decomposition of terminations into series/parallel impedances via Mobius transformation
	5.3.1.1 Decomposition of ISP/INP terminations
	5.3.1.2 Decomposition of OSP terminations
	5.3.1.3 Decomposition of DNP terminations
	5.3.1.4 Decomposition of ONP terminations

	5.3.2 Augmented teleoperator impedance with different termination combinations
	5.3.2.1 Bilateral teleoperator case
	5.3.2.2 Trilateral teleoperator case


	5.4 Case Studies: Application of Proposed Approach to Bilateral and Trilateral Teleoperation
	5.4.1 Bilateral teleoperation under two INP terminations
	5.4.2 Trilateral teleoperation under one INP termination

	5.5 Conclusions

	6 Conclusions and Future Work
	6.1 Conclusions
	6.2 Future Work

	Bibliography
	A Yaskawa Motoman SIA5F Robot Kinematics
	A.1 SIA5F dimensions and DH parameters
	A.2 Inverse Kinematics For a Specified Home Position in Section 4.2 of Chapter 4

	B Teleoperation System Detailed Layout
	C C++ Code For UDP Communication
	D Arm Impedance Identification – Participation Information Letter and Consent Form
	E Interaction with Yaskawa Motoman SIA5F Robot – Risk Assessment
	F Mechanical Drawings for Hardware Interfaces

