The Humanoid Robot ARMAR: Designand Control
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Abstract. Thispaperaddressethemechanisndesignmethodologiesspecificationandcontrolstratgiesof a
mobile manipulationsystemfor the humanoidrobot ARMAR, thathasto work autonomouslor interactvely
in cooperatiorwith humansgn dynamicunstructureagenvironmentssuchasworkshopsor homes.

1 Intr oduction

Robotsof the currentgenerationhave beenusedin fields isolatedfrom the humansociety They suffer major
shortcomingdbecausef their limited abilities for manipulationand interactionwith humans Humanoidrobots
are expectedto exist andwork togetherwith humanbeingsin the everydayworld suchashospitals,officesand
homesandto sene the needsf elderlyanddisabledpeople[1]. Theserobotsmustbe ableto copewith the wide
variety of tasksandobjectsencountereéh dynamicunstructuregrnvironmentsln cooperatiorwith humanbeings
humanoidrobotsshouldsharethe sameworking spaceand shouldreacthumanfriendly. Therefore they needa
light-weight body; high flexibility, mary kinds of sensorandhigh intelligence.They have to be adaptie to new
situationsand capableof performingtasksin dynamicervironments.Their designrequiresalsoa high extent of
integrationof mechanicalelectronicabndcomputationatechnologies.

Sincevery ancienttime, humanshave beentrying to replicatehumansBetween1495and 1497 Leonardoda
Vinci designedandpossiblybuilt thefirst articulatedanthropomorphicobot[2]. Recently humanoidroboticshas
recevedmuchinterestin the roboticresearcltommunity andmary significantresultshave beenachievedworld-
wide [3—11]. The manipulationcapabilitiesand intelligenceof theserobotsare still far away from the human
capabilityin solving complex servicetasks.At the Forschungszentrurmformatik Karlsruhe(FZI) the humanoid
robotARMAR is developedfor applicationdik e assistancé workshopsor homeervironment[12] (seefigure1).
Main focusof our researclhis the programmingandexecutionof manipulationtasksof ARMAR by a directand
real-timemappingbetweertherobotandthe personwhich demonstratethetask.

2 The Mechatronicsof ARMAR

The humanoidrobothastwenty-five mechanicatlegrees-of-freedonDOF). It consistof anautonomousnobile
wheel-drivenplatform,abodywith 4 DOF, two anthropomorphicedundanarmseachhaving 7 DOFs,two simple
gripper and a headwith 3 DOF. The total weight of the upperbody of ARMAR is about45kg. This section
describeshe mechanicssensoisystemandcomputerarchitectureof therobot.

2.1 Arms and Hand

In orderto achieve a high degreeof mobility andto allow the simple and direct cooperatiorwith humansthe
structure(size,shapeandkinematics)f thearmandof thetorsoshouldbesimilar to thatof ahuman We designed
two anthropomorphi@arms,eachhaving 7 DOF anda lengthof 65 cm (including the gripper). Detailsaboutthe
mechanicof the arm of ARMAR arereportedin [13]. Currently a simple paralleljaw gripperis implemented,
howeveranew humanoidfive-fingeredightweighthandwith only oneactuatorand21 DOF is underconstruction
[14]. The new handis designedfor anatomicalconsisteng with the humanhand. This includesthe numberof
fingers,the placemenandmotion of thethumb,the proportionsof thelink lengthsandthe shapeof thepalm.The
new handaccommodatautomaticallyto theshapeof graspedbjects.It hasalsotheability of performingmostof
humanhandgraspingypes.
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Fig. 1. The humanoidrobotARMAR andits kinematicsmodel. Thejoint variablesf; — §; arethearm DOFs.¢$1 — ¢4 corre-
spondto thedifferentjoints of thetorso:¢; describesherotation,while ¢» and¢s specifytheforward,backwardandsidevard
bendingof of theupperbody ¢4 representshetelescopiqoint of the body

2.2 Mobil Platform

Thereareseveralrequirements$or thelocomotionsystenof ahumanoidrobotto dealwith adynamicunstructured
environment.Mobility is necessaryo extendworking spaceandto performcooperatietaskswith humansStabil-
ity of the mobile systemis the mostessentiato insurehumans safety Fromthis remarkswe useanautonomous
mobile wheel-driven platform. It hasan octagonalground-planwith a diameterof 70 cm anda differentialdrive
conceptwith two active drivenwheelsonthesides.Two passve, freerotatingwheelsarealsoused. Themaximum
velocity of the platformis about1™ . Theplatformis equippedwith ultrasonicsensorsa planarlaserscanne(see
section2.4), andsufficient batterypower to allow for autonomou®peration.Up to now it is not plannedto use
legs for the locomotionof the robot, sincein a workshopernvironmentit is not necessaryo have sucha flexible
locomotionsystem.In factonefunction normally supportedoy legsis the changeof the total height. This influ-
encesthe workspaceof the robot. However, we installeda telescopigoint (¢4) in thetorsoof ARMAR to have
this degreeof freedomtoo.

2.3 Torsoand Neck

The upperbody of ARMAR has4 DOF (figure 1). It is placedon the mobile platform and supportsa rotation of
about330°. It alsocanbebentforward,backwardandsidevard(circa110°). To adaptthe heightof therobot(180
cm), a telescopidoint is includedin the body. With this joint the total heightof the robot canbe increasecdy
40cm.TheNeckof ARMAR has3 DOF

2.4 Sensors

The sensorsystemconsistsof angleencoderdor eachjoint with a resolutionof 0.1°. The currentaswell as
the voltage of eachmotor are measuredand determinedby specialpower electroniccard. For gripping various
kindsof objectsanartificial skinis placedontheinnersideof thegripper It is realizedby measuringhe electrical
resistancef the conductingubberthatis dividedinto severalfieldsof anarray To detectheervironmentastereo
camerasystemis fixed on the headof ARMAR. Additionally, it is plannedto include stain gaugeson different
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partsof ARMAR, gyroscopesndacceleratiorsensordor collision measurementgndfor the determinatiorof
the position and orientationof the body of ARMAR. The sensorsystemof the mobile platform includeseight
ultrasonicsensorsanda planarlaserscannerBoth typesof sensorareusedfor a collision free navigation of the
robot.

2.5 Computer Architecture

The computerarchitectureof therobothasbeendesignedo be modular It is hierarchicallyorganizedanddivided
into computerarchitectureandsoftwarearchitectureThe computerarchitectureeonsistof threelevels:themicro-
controllerlevel, the PC level andthe PC-netvork level. Currently the robotis controlledby a clusterof C-167
micro-controllersand a standard®C. The micro-controllersare coupledwith specialpower cards,which control
four motors.The micro-controllerboardsare connectedria CAN-Bus with a maximumtransferrateof 1 Mbit/s
to the PC. For real-timerequirements modularcontrol architecturds developed.As operatingsystemLinux as
well asReal-Time Linux areused.The choicewasmotivatedby the availability of a high numberof devicesand
of sourcecodes.The standard_inux kernelrunswith a lower priority asa taskof the RT-Linux kernel.For the
efficientimplementatiorof the differentcontrollevels,the objectorientedmoduleMCA is implementedsinceit
enablegapid developmentandthe exchangeof controlalgorithmsat differentcontrollevels[16]. Figure2 shavs
the hardwareandsoftwarearchitecturesippliedto the humanoidrobot.
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Fig. 2. Thehardware(left) andsoftware(right) architectures.

3 Control

Manipulatorsareoneof themostimportanthardwarecomponentsf humanoidobots.So,safetyandrobustcontrol
is essentialrequirementfor successfukexecutionof cooperatie manipulationtaskswith humans.Rokustness,
stability and safetyare of greatesdegreeof importancein the caseof humanoidrobots.The implementatiorof
full dynamiccontrolon arobotstill remainsa challengeto robotscientistsaandresearchertoday It is known that
the performancef arobotcanbeimprovedwith theincluding of therobotdynamicsinto its controller However,
the complexity and,moreimportant,thelack of knowledgeaboutthedynamicparametersf therobot,leadrobots
to be controlledmostly by PID control,wherethe controlis doneindependentlyor eachjoint.

SinceARMAR' stasksarecurrentlylimited to thoserequiringlow speedthedynamicseffectsfrom high-speed
motionscanbeneglected Therefore positionjoint controllersareused because¢hey canbetterdealwith nonlinear
friction. The purposeof a positioncontrolleris to drive the motor so thatthe actualangulardisplacemenbf the
joint will trackthedesiredangulardisplacemenspecifiecby a preplanedrajectory Thejoint-anglemeasurements
of thearmsandbodyof ARMAR areobtainedby accurateencodersA robustrobotcontrolrequiringonly position
measurementis easyto implementandincreaseshedynamicperformancef therobotmanipulatorNevertheless,
whenvelocity andforce sensorsare available, feedbackof the velocity andforcescanbe addedto improve the
performanceof the system Figure 3 shows the structureof the controllerwe use.Thefuzzy-like modulechooses
a setof parametenof a classicalpositionjoint controllerdependingon the configurationof the arm. The setsof
parameteareestablishedhroughexperiments.



4 TamimAsfour etal.

disturbﬁaﬁnﬁcﬁe 7777777 E— Fuzzy
Module

ulndex

Position Controller
i 1 | 's-postion
[?c?ssiltgggg’ Inverse kinematics g Robot Arm pos

Position Sensor

Fig. 3. Thestructureof thecontroller

For the control problemof the dual arm systemof ARMAR only the kinematiccontrol is consideredThe
control problemis solvedin two stagesfirst, aninversekinematicproblemis solvedto transformtaskvariables
into the correspondingoint variablesfor the armsandbody of the robot. The obtainedjoint variablesareinput
of a suitablejoint control schemeThe coordinationis thensolved at the inversekinematicslevel while the arm
interactioncanbe consideredt joint controllevel.

4 Programming of manipulation tasks

The programmingof manipulationtasksis doneby a direct mappingof the humanarm movementgo the robot.
Firstly, tasksaredemonstratedy ahumanoperatoandthemanipulatiortrajectoriesarerecordedin thefollowing,
the programmingapproactof themanipulationtasksis described.

4.1 Motion Capturing

Many motion capturingdevicesare commerciallyavailablethesedaysanddifferenttechniquesre usedin order
to track the body motion of a personMost of themsuffer dravbackssuchas:low updaterate dueto the sensor
characteristicand pretty low communicationbandwidth.We usetwo commerciallyavailable position sensors
called FasTraks. The positionsandorientationsof the elbov andthe wrist aredirectly provided. The humanarm
movementsareonly kinematicallyrepresentecandthe dynamicsfor humanmanipulationtaskscanbetakeninto
accountasa post-processingtep.lt is notnecessaryo considetthedynamicsunlessrealisticvelocity distribution
for manipulationmotionsis required.

4.2 Determination of the Arm Configuration

The transferof demonstrateanovementsto ARMAR is provided by an inversekinematicsalgorithm. This is
necessanpecausemost manipulationtasksare specifiedin termsof the objecttrajectories.The presenceof a
redundanjoint in thearmof ARMAR resultsin infinite distinctarm configurationswith the samehandposition
andorientation.Theredundang of the arm canbe describedy therotationof the centerof the elbow joint about
the axis, that passeghroughthe wrist andthe shoulderjoint (seefigure 4). The feasiblepositionsof the elbow
aroundthis axisaredefinedby a curve. This curve canbe derivedfrom the factthatthe endingpoint of the upper
arm describesan ellipsoid centeredon the shoulderjoint andthat the startingpoint of the forearmdescribesa
spherecenteredn thewrist. Sinceboth of thesepointshave to bethe sametheredundang curve resultsfrom the
intersectiorof theellipsoidandthe sphereTheelbow position,togethemwith the handposition,formsa complete
representatioof the postureof thearm.

For a given positionandorientationof the endeffectorandbasedon the arm geometrywe calculatea possi-
ble positionof the elbaw, which is optimal with respecto somecriteria (joint movementtime, mechanicajoint
constraintssingularityavoidance redundang resolutionresultingin human-like motionsof the robotand”com-
fortable”joint movements)Oncehaving theelbow position,theremainingjoint anglesaretheneasyto determine.
For a completedescriptionof the algorithmreferto [15]. So,insteadof usingtime consumingterative solutionof
inversekinematics ananalytical,geometricalclosedform solutionis provided.
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Startingfrom the humanarm movementdetectedby the abose mentionedtracking system,the arm config-
uration canthen be computedfrom the sensordatausing the inversekinematicsalgorithm.In orderto compute
the joint anglesof the robot arm correspondingo the operators currentarm configuration,we assumehat the
shoulderpositionsarefixed.
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Fig. 4. Determinationof the arm configuration:The elbown position,togethemwith the handposition,forms a completerepre-
sentatiorof the postureof thearm. Theredundang of thearmis describedy a curve in the cartesiarspace.

4.3 Motion Mapping to ARMAR

Basedon the elbov andwrist trajectoriesof the humanarm, eachjoint angleof thearm of ARMAR s calculated
via inversekinematics.The arm motion is mappeddirectly to the correspondindiumanoidarm motion: vertical
motion of the humanarm are mappedto the elbow joint and vertical shoulderjoint of the robot arm, whereas
horizontalmotionsare mappedo the horizontalshoulderjoint. This mappingstrateyy caneasilybe extendedto
realizealsoneckandtorsomotions.Thefinal stepof the programmingapproachwill beto adjustall joint angles
accordingto thedescriptionof the objectto be manipulatedandthe roboternvironment.

5 Conclusionand Further Work

In this paper the mechanisms&and control schemeof the mobile manipulationsystemfor the humanoidrobot
ARMAR aredescribedA closedform solution of the inversekinematicsof the redundantarm of the robotis
provided andan approachto transferthe humanarm movementsof typical manipulationtasksto the humanoid
robot ARMAR is alsoproposedSinglearm motion plannersare developedfor point-to-pointmotion andcurve-
trackingmotion. The Inputsof the motion plannerare specifiedby a humanoperator The Outputsof the motion
plannersare sequencesf joint angles,and are executedin the simulationandthenwith the real robot via the
controllerswe used.A simpledual-armmotion plannerfor coordinatednotionis developed.This motionplanner
considergheclosedkinematicchainof botharmsandtheobject.We alsoimplementedinobject-orientedoftware
systemthat allows a fastdelugging of behaior-basedcontrolin a graphicalsimulationervironment.It canbe
usedsimultaneouslyto the control of the real robot. Early manipulationtasksare alsoperformedto demonstrate
the capabilitiesof the manipulationsystemof the humanoidrobot. Figure 5 shavs a typical manipulationtask
performedby therobot.

Furtherwork will concentrateon the extensionof the sensorsystem,the integration of a humanoperator
the recognitionof the ervironment,the integration of knowledge basesand human-friendlyinterfaces,and the

! The vertical shoulderjoint allows the shoulderto move in the sagittalplane (forward/backvard direction). The horizontal
shoulderjoint allows the shoulderto move in thetrans\erseplane(outvard/inward direction).
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Fig.5. ARMAR is performinga manipulationtask,which wasdemonstratethy a humansupervisar

implementationof servicetasks.For the control systemiintelligent controllersable to performtasksinvolving

multiple sensolinformationareto develop. Control strategjiesfor the coordinatednotion of the whole humanoid
robot (platform, torso, armsand head)are also requiredfor the successfukxecutionof comple« manipulation
tasks.In addition,the control systemfor the navigation of the mobile platformwill be implementedn orderto

provide acollision free navigationandto integratemobility in manipulationtasks.
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