CONCEPTS OF HUMAN-R OBOT COOPERATION
FOR A NEW MEDICAL ROBOT

RainerKonietstke, TobiasOrtmaier ChristianOtt, Ulrich Hagn, Luc Le-Tien,and Gerd Hirzinger

GermanAerospaceCenter(DLR)
Instituteof RoboticsandMechatronics
P.O.Box 1116,D-82230Wel’ling,Germansy
Email: RainerKonietschie @dltde

ABSTRACT

In this paper hands-onconceptsfor the nev medicalrobot
KineMedic are presentecand exempli ed througha biopsy
application.Hands-orprovides,by simplytouchingandmov-
ing the robot structure,a highly intuitive userinterface for
robot positioning. The KineMedic hasan anthropomorphic
structurewith 7 DoF andis fully torquecontrolled. Due to
thekinematicredundanyg, the presentedhands-orconceptis
particularlysuitablesinceit allows notonly for the TCP posi-
tioning but alsofor theadjustmenbf therobotpose.Further
more,split duty is possiblethroughthe implementecdcontrol
structurej.e. motionscommandedby the userthroughhaptic
interactioncan be mappedinto a spaceof usercontrollable
motionsboth in Cartesianand joint space ,whereasthe re-
mainingmotionspacss controlledby theroboticsystem.

1. INTRODUCTION

Currently the interactionof humanandrobotis in mostin-

dustrialapplicationgreventedby safetymeasuresHowever,

potentialadvantage®f closecooperatiobetweerhumanand
roboticsystemsareevidentandintensvely investigatedin re-

searchelds suchasserviceroboticsor medicalrobotics.One
goalis to combinethe strengthf humanandrobot. Humans
aree.g. ableto utilise qualitative informationandto evalu-

ateuncleainformationwhereasobotsprovide highaccurag

andvariouscontrolschemesindcanapply de ned forces.

This work presentsa robotic systemthat assistghe sugeon
asanintelligent standin taskssuchasbiopsiesandthe nav-
igateddrilling of pediclescravs [1]. The robot canbe re-
positionedby simply touchingandmoving therobotic struc-
ture (seeFig. 1), and the suigeonis then assistedn guid-
ing therobotto the preoperatiely plannedpositionby means
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of virtual xtures. Patientsafetyis increasedhrough vir-
tual safetybarriersduring robot removal. Experimentalre-
sults suggestthat thesehands-onconceptsclearly augment
the quality of taskexecution[2].

Fig. 1. Hands-orthe medicalrobotKineMedic.

A detaileddescriptiorof varioussystemgor medicalrobotics
is givenin [3]. The systemscanbe classi ed accordingto
their degree of autonomy: tele-operatedsystemg4, 5] are
exclusively controlledby the sugeon,andcertainautonomy
functionssuchastremor ltering or motioncompensatiof6]
canpossiblybe added. Semi-autonomousystemssharethe
taskexecutionbetweensuigeonandrobot, seee.g. theinde-
pendantalignmentof the robot-guidednstrumentwith alo-
catedtumor[7], the active constraintrobot AcroBot for knee
endoprotheticf8], or thesystenpresentedh thispaper Com-
pletely autonomousystems providing e.g. fully automatic
endosopeguidancevia real-timeimage processing9], are
availableaswell. However it hasbeenreportedthat accep-
tanceby suigeonsincreasesf they arecloselyincludedinto
thework o w andespeciallyinto thedecisionmaking[8]. Ad-
ditionally to [8], the presentedhands-orconceptalsoallows
for con guration of the robot poseand needsno additional
handle sincetherobotstructurecanbetouchedwhereverit is
corvenientfor the user(seeFig. 1). Thisis possiblethrough



thecontrolschemepresentedn [10, 11, 12, 13] andsumma-
rizedin this paper

Section2 statesthe proposedmethod,implementingtorque
sensorsntegratedin thejoint unitsandimpedanceontrol. It
aimesat combiningthe strengthsof human,robotic system
and navigation. Resultsobtainedfor the medicalprocedure
biopsyaregivenin Sect.3. Section4 concludegshe article
with anoutlookto futurework.

2. PROPOSEDMETHOD

During a biopsy tissuespecimensretaken from the patient
for examination.Thetissueis oftentakenfrom alesionwhen
the causeof a diseaseés uncertainor its extentor exactchar
acteris in doubt.Vasculitis for instancejs usuallydiagnosed
on biopsy Additionally, pathologicexaminationof a biopsy
candeterminewhethera lesionis benignor malignant,and
can help differentiatebetweendifferenttypesof cancer To
locate the target areafor the biopsy either online imaging
modalitiessuchasultrasouncbr uoroscopy canbeexploited,
orapreoperatie planningcanbecarriedout,usuallybasen
tomographiadataof the patient. In the latter case after reg-
istrationthe plannedpositionshave to be transferrednto the
operatingroom. This canbe donee.g. by trackingthe (man-
ually held) biopsy needle,leadinghowever to errorsdueto
tremor fatigueandthe requiredcomplex multi-axis motion.
Theseerrorscouldbeavoidedthrougha combinatiorof robot
andnavigationsystemandrobot-assistetherafy maythere-
fore closethegapin the o w of informationbetweertheragy
planningandtherafy execution.Thedatagainedfrom naviga-
tion canbe optimally anddirectly integratedinto the theray
with clearlyincreasediccuray, usingconceptsase.gvirtual
xtures. Figure2 shavstheexperimentaket-upwith thenew
medicalrobotwhich wasbuilt atthe DLR. Themedicalrobot
is equippedvith aguidejacketto alignthebiopsyneedle(see
Fig. 3). Onthe onehanda preciseguidanceof the needleis
guaranteedon the otherhandthe suigeonrecevesa straight
hapticfeedbackof the insertionforces. Furthermorethe re-
sponsibilityof theinterventionis left to thesuigeon,therobot
actsasanintelligentstand.Therobotcontrolis coupledwith
the navigation systemvia a TCP/IP connection. The stereo
cameraof the navigation systemtracks both the registered
target and the three-markr array attachedto the robot tool
tip. Basedon this informationthe navigation systemcalcu-
latestherelative poseof thetargetwith respecto thetool tip
coordinatdrameandsenddhedatacontinuousliyto therobot.

In thefollowing sectiongheroboticsystemis introducedjn-
cludingthechoserkinematicstructuretheintegratedsensors,
andtherobotcontrol.

registered
target

Fig. 2. Experimentalset-upfor the navigated biopsy with
the medicalrobot KineMedic and the BrainLAB Vector\i-
sionnavigationsystem.

Fig. 3. Guidejacket andbiopsyneedlewith attachedmarker
arrays.

2.1. Robotic system

The medicalrobot hasa slenderdesignto comply with the
very restrictedspacein the operating eld andthe tight in-
teractionof the suigeonwith the robot. As the robotic arm
representsn additionalsystemnearthe operatingtable, the
alreadyextremelylimited spacethusbecomesven morere-
stricted. A slender compactarmreduceghe spacecon icts
(e.g. risk of collision) andthusincreaseshe acceptanc®f
therobotby thesuigeon.Accordingto previousexperienceat
thelnstituteof RoboticsandMechatronicén the eld of light-
weightrobotics(LWR I-1lI [14]), themedicalarmexhibits (a)
joint redundang: a e xible setupin the space-con nedper
ationervironments ensuredy 7 joints, (b) torque-controlled
joints thatenabledirecthapticinteraction,(c) a robotweight



Fig. 4. Thekinematicstructureof theKineMedic.

of approx.10 kg thatallows a simplehandlingof the system
andreduceghepotentialrisk of injury by collisiondueto low
inertia,and(d) safetyof thesystenmby meansf sensoredun-
dang. Thejoints of the medicalrobot consistof motorsand
gearslink sidetorqueandpositionsensorsaswell asmotor
sidepositionsensorandsafetybrakes. On the onehandthis
raisesthe systemsafetyby the useof redundansensorspn
the other handthe sensorvaluesare neededfor the control
describedn Sect.2.2. A compactandslenderjoint grouping
wasderived: Whilst the lower joint unit hasthreeintersect-
ing axes(roll-pitch-pitch), the othertwo joint units have two
intersectingaxeseach(pitch-roll), seeFig. 4. The intersect-
ing axesin the joints contribute to a simpli ed robot control
asthe inversekinematicsof the robot arm hasan analytical
solution. In all robotjoints a specialmotor developedby the
DLR (DLR-RoboDrive[15]) is usedwhichwasoptimisedfor
applicationin roboticswith respectto its weight and elec-
trical losses.In contrastto the establishedndustrialrobots,
the power electronicsof themotorsarelocateddirectly in the
robotic arm andnot in an externalcontrol unit. This brings
adwantagedor the electromagneticompatibility (EMC): the
EMC-problematiacablecurrentsof the motorsaregenerated
nearthe motorsandno long transmissiorcablesthroughthe
whole robot arm are necessary The integratedpower elec-
tronicsin combinationwith the eldorientatedcontrol allow
anoptimaluseof the specializednotors.

2.2. Control scheme

In the following the impedancecontrol schemeor the med-
ical robotis outlinedshortly For thisin particularthe joint
e xibility dueto the HarmonicDrive gearsof then joints is
relevant. Accordingly thereducede xible joint robotmodel
from [16] is considered Sincethe medicalrobotis equipped
with sensorgor thejoint torquet 2 R" in additionto thecom-

monmotor positionsensorghis allows to measuré the com-
pletestateof therobot. Thelink sidepositiong 2 R" andthe
motor positiong 2 R" arerelatedto the joint torquevia the
diagonaljoint stiffnessmatrixK 2 R"" byt = K(qj 0).

The controller designfor the medicalrobot is basedon the
conceptsdevelopedfor the DLR lightweight arms[12, 13,
17]. Thereina passiity basedapproachwasfollowedwhich
endavs the controllerwith advantageousobustnesgroper
ties. The controllerbasicallyconsistsof two cascadedbops
(seeFig. 5). In aninnerloop atorquefeedbackcontrollerof
theform

tm=tgi Ke(ti ta)i Kst 1)

with positive de nite gainmatricesK; 2 R™ " andKs2 R™"
is usedfor computingthe commandeanotortorquet ,. The
vectorty 2 R" is anintermediatecontrolinput corresponding
to the desiredtorquefrom an outerloop impedancecontrol
law. In [12, 13] adetailedanalysig of this typeof impedance
controllersis given.

Impedance - tqa .| Torque Um | Flex. Joint
Control T _ Control Robot
9(9) 5 i W
Gravity
Comp.
1 q

Fig. 5. Impedanceontrollerstructurefor the medicalrobot.

Thepurposeof theinnertorquefeedbacKkoop is twofold. On
the one hand, the torquefeedbackcausesa decreasef the
effective motorinertiafor forcesactingon thelink side[12].

Therebyit enhanceshe vibration dampingeffects of an ad-
ditional outercontrolloop. On the otherhandit alsodimin-
ishesthe effectsof motor sidefriction sincethe joint torque
sensorareplacedonthelink side. Consequentlythetorque
controlledrobotbecomewery sensitve with respecto forces
appliedby theuseratany pointontherobotstructure.

In additionto the innertorquecontrolleran outerloop com-
pliancebehaior for thelink sidepositionsg canbe designed
asfollows. It is assumedhatthe desiredcompliancecanbe
describedy a suitablepotentialfunctionV(q) togethemwith
anappropriatepositive de nite dampingmatrix D(q). In the
following it is shavn how this link side compliancecan be
combinedwith the underlyingtorque controller undercon-
siderationof thejoint e xibility. Therefore aquasi-staticap-
proximationg(q) of g is computedwhichis afunctionof the

1Let usassumehatthe rst time derivatives of the motor andlink side
positionscanbe determinedy appropriatelters.

2Thereina physical interpretatiorof the innertorquefeedbackoop was
givenin the sensethat it scalesthe effective motor inertia from B to (I +
K¢)i 1B. This physicalinterpretationof torquefeedbackcan be seizedfor
the stability analysis.



motorsidepositiononly. Accordingto [17] thisfunctiong(q)
canbechoserasthe solutionof

™v(a)
Tq

for q, whereg(q) arethe gravity torquesactingon the link
side. This equationensureghat statically the gravity com-
pensationas well as the desiredcompliancerelationshipis
ful lled. Basedonq(q) theinputt 4 for theunderlyingtorque
controlleris givenby

t=K(ai )= 99 2)

1
"vao'
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Moredetailsonhow to solve (2) andthestabilityandpassvity
propertiesof this controllerdesigncanbe foundin [17].

tqa=9(a(@) i D(a(a)qi 3)

3. EXPERIMENT AL RESULTS AND DISCUSSION

In orderto ensurea safemedicalapplicationawork ow (i.e.
asequencef modes)wasdevelopedwhichis describedn de-
tail in thefollowing. Beforestartingwith theintervention,the
biopsyis plannedbasedon patientspeci ¢ tomogra ¢ data,
i.e. thetamgetlocationaswell asthe accessarede ned. The
patientis thenregisteredwith respectto the attachedrack-
ing markers by meansof a surface basedmethod: surface
points on the headare collectedwith a tracked pointerand
thenmatchedo the CT data.Registrationof the guidejacket
is notnecessargincetheattachednarkershave aknown rel-
ative poseto therobottool tip.

Therobotcontrolis in differentimpedance-controlledtates
accordingto themodecommandedy the graphicuserinter-
face. The robot doesnot actively carry out ary movements
(with the exceptionof mode4) but is guided manually by
the user Dependingon the mode,only certaindirectionsof
movementalonggiventrajectoriesareallowed.

Mode 1 (pre-positioning): From its starting position, the
robotarmis freelymanoeuvrable all directionsof theCarte-
sianspaceln thepresentedpplication thekinematicsof the
medicalarmarenotincludedin the preoperatie planning.To
guarante¢hattheoperations feasible thesugeoncancheck
if thesugical siteis accessiblén the currentsetupby simply
moving therobotaround.Alternatively, the optimal basepo-
sition could be determinedhroughthe preoperatie planning
(seee.g.[18, 19)). Thisrequiresadditionalstepssuchasthe
localizationof the optimal robot baseposition (e.g. through
navigation) andthe accordanpositioningof the robot. Since
however the consideredsetupis rathersimple comparedto
e.g. multi-robotcon gurationsin minimally invasive robotic
suigery, the formerapproachs chosen.The userswitchesto
mode2 if thearmis pre-positioned.

Mode 2 (towards biopsyaxis): Theuseraccessiblsubspace
containsonly translationsalongtrajectoryl (seeFig. 6) and

Fig. 6. Implementedwork ow: The impedancecontrolled
robotis manuallyguidedby the operatorto thetamgetpoint T
alongautomaticallygeneratedrajectories.

rotationstowardsthe target orientationof the needleaxis ac-
cordingto the pre-plannediopsyaxis (alongtrajectory?) so
thatbothaxescoincideatinterceptiorpoint P. Thisis carried
out by Cartesianimpedancecontrol, wherebythe direction
alongtrajectory 1 andtowardsorientationaccordingto tra-
jectory 2 shaws zerostiffnessandall otherdirectionspossess
ahigh stiffness(seeSect.2.2). Onreachingthe biopsyaxisit
is automaticallyswitchedto mode3.

Mode 3 (alongbiopsy axis): After theneedleaxisis lying on
the biopsyaxisit is guidedby the useralongtrajectory2 to
thetargetpointT. Thecontrolis analoguago mode2. Shortly
beforereachinghetargetpointit is automaticallyswitchedto
mode4.

Mode 4 ( ne tuning): Theusernow releasesherobotarm.
The robot canthusalign the poseof the needleaxis autono-
mously without externaldisturbanceandwith highestpossi-
ble accurag, basednthecurrentposemeasuredby the navi-
gationsystemandthe planningdata. Sincethe biopsyneedle
is notyetinsertednto theguidejacket, thereis no contactbe-
tweenrobotandpatient. As the robot carriesout mavements
independentlyand actively in this mode, speedand motion
limits are very strict. The ow control allows switching to
mode5 only if the poseerrorlies within certaintolerances.

Mode 5 (biopsy): Theimpedance-controlletbbotrunswith
maximumstiffness(this basically correspondgo a position
control). The usernov manuallyinsertsthe biopsy needle
with the help of the instrumentguidance. Sincehe directly
operate®nthebiopsyneedleherecevesstraightfeedbaclof
occuringforces. Theinsertiondepthis measuredby the nav-
igation systemon the basisof the relative poseof the three-
marker arraywith respecto thetwo-marlerarray(seeFig. 3)
and displayedgraphicallyto the operator After the biopsy
hasbeentakenthe needleis removed. The userthenswitches



to mode6.

Mode 6 (saferemoval): The robotarm only allows move-
mentsalong the biopsy axis - for safetyreasonsonly avay
from the patient.As from 100mm above thetargetpointit is
automaticallyswitchedto mode?7.

Mode 7 (freemotion): Therobotarmis now freely manoeu-
vrableagain (asin model). The vertical position,however,
is restrictedto 100 mm above the target point, wherebyit is
madesurethat the robot tool tip cannot comeinto contact
with the patient.

4. CONCLUSIONS AND FUTURE WORK

This paperpresentshe hands-orconcepiof the nev medical
robotKineMedic. Direct hapticinteractionbetweertheoper
atorandthekinematicallyredundantobotis possiblehrough
thetorquesensorsntegratedinto thejoints, allowing notonly
for moving the tool tip, but also for con guring the robot
poseinsidethe nullspaceby simply touchingthe robotstruc-
ture. By meansof impedanceontrolthe operatoris assisted
in guiding the robot along automaticallygeneratedrajecto-
ries to the preoperatiely plannedtarget axis for the biopsy
Possibleposeerrorsare capturedby the intra-operatie nav-
igation systemand correctedby the robot. Consequentlya
preciseintra-operatie transferof the operationplanninginto
the operatingtheatreis possible- evenby a lessexperienced
suigeon. The insertionof the biopsy needleitself is carried
outmanuallyby the surgeonwhilst therobotcontrolsthe cor
rectposeof the biopsyaxis. In this way the suigeonhasfull
controloverthework ow andcan e xibly reactin the caseof
unexpectedevents.

ThemedicalrobotKineMediccanseneasanintelligentstand
in taskssuchasbiopsiesandthe navigateddrilling of pedicle
screvs [1]. However, the robotis optimizedto assistalsoin

other medicalapplicationssuchas e.g. minimally invasive
sumgeries[20], with at leasttwo robotic armsholdinginstru-
mentsand one robot holding a stereoendoscope.The use
of force-torquesensorsearthe instrumenttips [21] will al-

low for measuringandeventuallyfeedingbackthe manipula-
tion forces,providing abetterperceptiorcomparedo manual
minimally invasie suigery.
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