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ABSTRACT

In this paper, hands-onconceptsfor the new medicalrobot
KineMedic are presentedand exempli�ed througha biopsy
application.Hands-onprovides,bysimplytouchingandmov-
ing the robot structure,a highly intuitive user interfacefor
robot positioning. The KineMedic hasan anthropomorphic
structurewith 7 DoF andis fully torquecontrolled. Due to
thekinematicredundancy, thepresentedhands-onconceptis
particularlysuitablesinceit allowsnotonly for theTCPposi-
tioningbut alsofor theadjustmentof therobotpose.Further-
more,split duty is possiblethroughthe implementedcontrol
structure,i.e. motionscommandedby theuserthroughhaptic
interactioncanbe mappedinto a spaceof user-controllable
motionsboth in Cartesianand joint space,whereasthe re-
mainingmotionspaceis controlledby theroboticsystem.

1. INTRODUCTION

Currently the interactionof humanandrobot is in most in-
dustrialapplicationspreventedby safetymeasures.However,
potentialadvantagesof closecooperationbetweenhumanand
roboticsystemsareevidentandintensively investigatedin re-
search�elds suchasserviceroboticsor medicalrobotics.One
goalis to combinethestrengthsof humanandrobot.Humans
aree.g. able to utilise qualitative informationandto evalu-
ateunclearinformationwhereasrobotsprovidehighaccuracy
andvariouscontrolschemesandcanapplyde�ned forces.

This work presentsa robotic systemthat assiststhe surgeon
asan intelligentstandin taskssuchasbiopsiesandthenav-
igateddrilling of pediclescrews [1]. The robot can be re-
positionedby simply touchingandmoving theroboticstruc-
ture (seeFig. 1), and the surgeon is then assistedin guid-
ing therobotto thepreoperatively plannedpositionby means
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of virtual �xtures. Patient safety is increasedthroughvir-
tual safetybarriersduring robot removal. Experimentalre-
sults suggestthat thesehands-onconceptsclearly augment
thequalityof taskexecution[2].

Fig. 1. Hands-onthemedicalrobotKineMedic.

A detaileddescriptionof varioussystemsfor medicalrobotics
is given in [3]. The systemscanbe classi�ed accordingto
their degreeof autonomy: tele-operatedsystems[4, 5] are
exclusively controlledby thesurgeon,andcertainautonomy
functionssuchastremor�ltering or motioncompensation[6]
canpossiblybe added.Semi-autonomoussystemssharethe
taskexecutionbetweensurgeonandrobot,seee.g. the inde-
pendantalignmentof the robot-guidedinstrumentwith a lo-
catedtumor [7], theactive constraintrobotAcroBot for knee
endoprothetics[8], or thesystempresentedin thispaper. Com-
pletely autonomoussystems,providing e.g. fully automatic
endosopeguidancevia real-time imageprocessing[9], are
availableaswell. However it hasbeenreportedthat accep-
tanceby surgeonsincreasesif they arecloselyincludedinto
thework�o w andespeciallyinto thedecisionmaking[8]. Ad-
ditionally to [8], thepresentedhands-onconceptalsoallows
for con�guration of the robot poseandneedsno additional
handle,sincetherobotstructurecanbetouchedwherever it is
convenientfor theuser(seeFig. 1). This is possiblethrough



thecontrolschemespresentedin [10, 11, 12, 13] andsumma-
rizedin thispaper.

Section2 statesthe proposedmethod,implementingtorque
sensorsintegratedin thejoint unitsandimpedancecontrol. It
aimesat combiningthe strengthsof human,robotic system
andnavigation. Resultsobtainedfor the medicalprocedure
biopsyaregiven in Sect.3. Section4 concludesthe article
with anoutlookto futurework.

2. PROPOSEDMETHOD

During a biopsy, tissuespecimensaretaken from thepatient
for examination.Thetissueis oftentakenfrom a lesionwhen
thecauseof a diseaseis uncertainor its extentor exactchar-
acteris in doubt.Vasculitis,for instance,is usuallydiagnosed
on biopsy. Additionally, pathologicexaminationof a biopsy
candeterminewhethera lesion is benignor malignant,and
canhelp differentiatebetweendifferent typesof cancer. To
locate the target areafor the biopsy, either online imaging
modalitiessuchasultrasoundor �uoroscopy canbeexploited,
orapreoperativeplanningcanbecarriedout,usuallybasedon
tomographicdataof thepatient. In the lattercase,after reg-
istrationtheplannedpositionshave to betransferredinto the
operatingroom. This canbedonee.g. by trackingthe(man-
ually held) biopsyneedle,leadinghowever to errorsdue to
tremor, fatigueandthe requiredcomplex multi-axis motion.
Theseerrorscouldbeavoidedthroughacombinationof robot
andnavigationsystem,androbot-assistedtherapy maythere-
foreclosethegapin the�o w of informationbetweentherapy
planningandtherapy execution.Thedatagainedfromnaviga-
tion canbeoptimally anddirectly integratedinto thetherapy
with clearly increasedaccuracy, usingconceptsase.gvirtual
�xtures. Figure2 showstheexperimentalset-upwith thenew
medicalrobotwhichwasbuilt at theDLR. Themedicalrobot
is equippedwith aguidejacket to alignthebiopsyneedle(see
Fig. 3). On theonehanda preciseguidanceof theneedleis
guaranteed,on theotherhandthesurgeonreceivesa straight
hapticfeedbackof the insertionforces. Furthermore,the re-
sponsibilityof theinterventionis left to thesurgeon,therobot
actsasanintelligentstand.Therobotcontrolis coupledwith
the navigation systemvia a TCP/IPconnection.The stereo
cameraof the navigation systemtracksboth the registered
target and the three-marker array attachedto the robot tool
tip. Basedon this informationthe navigation systemcalcu-
latestherelative poseof thetargetwith respectto thetool tip
coordinateframeandsendsthedatacontinuouslyto therobot.

In thefollowing sectionstheroboticsystemis introduced,in-
cludingthechosenkinematicstructure,theintegratedsensors,
andtherobotcontrol.

Fig. 2. Experimentalset-upfor the navigatedbiopsy with
the medicalrobot KineMedic and the BrainLAB VectorVi-
sionnavigationsystem.

Fig. 3. Guidejacket andbiopsyneedlewith attachedmarker
arrays.

2.1. Robotic system

The medicalrobot hasa slenderdesignto comply with the
very restrictedspacein the operating�eld and the tight in-
teractionof the surgeonwith the robot. As the robotic arm
representsan additionalsystemnearthe operatingtable,the
alreadyextremelylimited spacethusbecomesevenmorere-
stricted. A slender, compactarmreducesthespacecon�icts
(e.g. risk of collision) andthus increasesthe acceptanceof
therobotby thesurgeon.Accordingto previousexperienceat
theInstituteof RoboticsandMechatronicsin the�eld of light-
weightrobotics(LWR I-III [14]), themedicalarmexhibits(a)
joint redundancy: a �e xible setupin thespace-con�nedoper-
ationenvironmentis ensuredby 7 joints,(b) torque-controlled
joints thatenabledirecthapticinteraction,(c) a robotweight



Fig. 4. Thekinematicstructureof theKineMedic.

of approx.10 kg thatallows a simplehandlingof thesystem
andreducesthepotentialrisk of injury by collisiondueto low
inertia,and(d) safetyof thesystemby meansof sensorredun-
dancy. Thejoints of themedicalrobotconsistof motorsand
gears,link sidetorqueandpositionsensors,aswell asmotor
sidepositionsensorsandsafetybrakes.On theonehandthis
raisesthe systemsafetyby the useof redundantsensors,on
the other handthe sensorvaluesare neededfor the control
describedin Sect.2.2. A compactandslenderjoint grouping
wasderived: Whilst the lower joint unit hasthreeintersect-
ing axes(roll-pitch-pitch),theothertwo joint unitshave two
intersectingaxeseach(pitch-roll), seeFig. 4. The intersect-
ing axesin the joints contribute to a simpli�ed robotcontrol
as the inversekinematicsof the robot arm hasan analytical
solution. In all robot joints a specialmotordevelopedby the
DLR (DLR-RoboDrive [15]) is usedwhichwasoptimisedfor
applicationin roboticswith respectto its weight and elec-
trical losses.In contrastto the establishedindustrialrobots,
thepowerelectronicsof themotorsarelocateddirectly in the
robotic arm andnot in an externalcontrol unit. This brings
advantagesfor theelectromagneticcompatibility(EMC): the
EMC-problematiccablecurrentsof themotorsaregenerated
nearthemotorsandno long transmissioncablesthroughthe
whole robot arm arenecessary. The integratedpower elec-
tronicsin combinationwith the �eldorientatedcontrol allow
anoptimaluseof thespecializedmotors.

2.2. Control scheme

In the following the impedancecontrol schemefor themed-
ical robot is outlinedshortly. For this in particularthe joint
�e xibility dueto theHarmonicDrive gearsof then joints is
relevant. Accordingly, thereduced�e xible joint robotmodel
from [16] is considered.Sincethemedicalrobot is equipped
with sensorsfor thejoint torquet 2 Rn in additionto thecom-

monmotorpositionsensorsthis allows to measure1 thecom-
pletestateof therobot.Thelink sidepositionq 2 Rn andthe
motor positionq 2 Rn arerelatedto the joint torquevia the
diagonaljoint stiffnessmatrixK 2 Rn£ n by t = K(q¡ q).

The controllerdesignfor the medicalrobot is basedon the
conceptsdevelopedfor the DLR lightweight arms[12, 13,
17]. Thereina passivity basedapproachwasfollowedwhich
endows the controllerwith advantageousrobustnessproper-
ties. Thecontrollerbasicallyconsistsof two cascadedloops
(seeFig. 5). In aninner loop a torquefeedbackcontrollerof
theform

t m = t d ¡ Kt (t ¡ t d) ¡ Ks�t (1)

with positivede�nite gainmatricesK t 2 Rn£ n andKs 2 Rn£ n

is usedfor computingthecommandedmotor torquet m. The
vectort d 2 Rn is anintermediatecontrolinputcorresponding
to the desiredtorquefrom an outer loop impedancecontrol
law. In [12, 13] adetailedanalysis2 of this typeof impedance
controllersis given.
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Fig. 5. Impedancecontrollerstructurefor themedicalrobot.

Thepurposeof theinnertorquefeedbackloop is twofold. On
the onehand,the torquefeedbackcausesa decreaseof the
effective motor inertiafor forcesactingon thelink side[12].
Therebyit enhancesthe vibration dampingeffectsof an ad-
ditional outercontrol loop. On theotherhandit alsodimin-
ishesthe effectsof motor sidefriction sincethe joint torque
sensorsareplacedon thelink side.Consequently, thetorque
controlledrobotbecomesverysensitivewith respectto forces
appliedby theuseratany pointon therobotstructure.

In additionto the inner torquecontrolleranouterloop com-
pliancebehavior for thelink sidepositionsq canbedesigned
asfollows. It is assumedthat thedesiredcompliancecanbe
describedby a suitablepotentialfunctionV(q) togetherwith
anappropriatepositive de�nite dampingmatrix D(q). In the
following it is shown how this link sidecompliancecanbe
combinedwith the underlyingtorquecontroller undercon-
siderationof thejoint �e xibility . Therefore,aquasi-staticap-
proximationq̄(q) of q is computedwhich is a functionof the

1Let us assumethat the �rst time derivativesof the motor andlink side
positionscanbedeterminedby appropriate�lters.

2Thereina physical interpretationof the inner torquefeedbackloop was
given in the sensethat it scalesthe effective motor inertia from B to (I +
Kt )¡ 1B. This physical interpretationof torquefeedbackcanbe seizedfor
thestabilityanalysis.



motorsidepositiononly. Accordingto [17] this functionq̄(q)
canbechosenasthesolutionof

t = K(q¡ q) = g(q) ¡
¶V(q)

¶q
(2)

for q, whereg(q) are the gravity torquesactingon the link
side. This equationensuresthat statically the gravity com-
pensationas well as the desiredcompliancerelationshipis
ful�lled. Basedonq̄(q) theinput t d for theunderlyingtorque
controlleris givenby

t d = g(q̄(q)) ¡ D(q̄(q)) �q¡
µ

¶V(q)
¶q

¶

q= q̄(q)
: (3)

Moredetailsonhow tosolve(2)andthestabilityandpassivity
propertiesof this controllerdesigncanbefoundin [17].

3. EXPERIMENT AL RESULTS AND DISCUSSION

In orderto ensureasafemedicalapplication,awork�o w (i.e.
asequenceof modes)wasdevelopedwhichis describedin de-
tail in thefollowing. Beforestartingwith theintervention,the
biopsyis plannedbasedon patientspeci�c tomogra�c data,
i.e. the target locationaswell astheaccessarede�ned. The
patientis thenregisteredwith respectto the attachedtrack-
ing markers by meansof a surfacebasedmethod: surface
points on the headare collectedwith a tracked pointerand
thenmatchedto theCT data.Registrationof theguidejacket
is notnecessarysincetheattachedmarkershaveaknown rel-
ative poseto therobottool tip.

The robot control is in differentimpedance-controlledstates
accordingto themodecommandedby thegraphicuserinter-
face. The robot doesnot actively carry out any movements
(with the exceptionof mode4) but is guidedmanuallyby
the user. Dependingon the mode,only certaindirectionsof
movementalonggiventrajectoriesareallowed.

Mode 1 (pre-positioning): From its starting position, the
robotarmis freelymanoeuvrablein all directionsof theCarte-
sianspace.In thepresentedapplication,thekinematicsof the
medicalarmarenot includedin thepreoperativeplanning.To
guaranteethattheoperationis feasible,thesurgeoncancheck
if thesurgical siteis accessiblein thecurrentsetupby simply
moving therobotaround.Alternatively, theoptimalbasepo-
sition couldbedeterminedthroughthepreoperative planning
(seee.g. [18, 19]). This requiresadditionalstepssuchasthe
localizationof the optimal robot baseposition(e.g. through
navigation)andtheaccordantpositioningof therobot. Since
however the consideredsetupis rathersimple comparedto
e.g. multi-robotcon�gurationsin minimally invasive robotic
surgery, theformerapproachis chosen.Theuserswitchesto
mode2 if thearmis pre-positioned.

Mode2 (towardsbiopsyaxis): Theuser-accessiblesubspace
containsonly translationsalongtrajectory1 (seeFig. 6) and

Fig. 6. Implementedwork�o w: The impedancecontrolled
robotis manuallyguidedby theoperatorto thetargetpointT
alongautomaticallygeneratedtrajectories.

rotationstowardsthetargetorientationof theneedleaxisac-
cordingto thepre-plannedbiopsyaxis(alongtrajectory2) so
thatbothaxescoincideat interceptionpointP. This is carried
out by Cartesianimpedancecontrol, wherebythe direction
along trajectory1 and towardsorientationaccordingto tra-
jectory2 showszerostiffnessandall otherdirectionspossess
ahighstiffness(seeSect.2.2). On reachingthebiopsyaxisit
is automaticallyswitchedto mode3.

Mode 3 (alongbiopsyaxis): After theneedleaxisis lying on
the biopsyaxis it is guidedby the useralongtrajectory2 to
thetargetpointT. Thecontrolis analogueto mode2. Shortly
beforereachingthetargetpoint it is automaticallyswitchedto
mode4.

Mode 4 (�ne tuning): Theusernow releasestherobotarm.
The robotcanthusalign theposeof theneedleaxisautono-
mously, withoutexternaldisturbancesandwith highestpossi-
bleaccuracy, basedonthecurrentposemeasuredby thenavi-
gationsystemandtheplanningdata.Sincethebiopsyneedle
is notyet insertedinto theguidejacket,thereis nocontactbe-
tweenrobotandpatient.As therobotcarriesout movements
independentlyand actively in this mode,speedand motion
limits arevery strict. The �o w control allows switching to
mode5 only if theposeerrorlieswithin certaintolerances.

Mode 5 (biopsy): Theimpedance-controlledrobotrunswith
maximumstiffness(this basicallycorrespondsto a position
control). The usernow manuallyinsertsthe biopsy needle
with the help of the instrumentguidance.Sincehe directly
operatesonthebiopsyneedle,hereceivesstraightfeedbackof
occuringforces.Theinsertiondepthis measuredby thenav-
igation systemon the basisof the relative poseof the three-
markerarraywith respectto thetwo-markerarray(seeFig. 3)
anddisplayedgraphicallyto the operator. After the biopsy
hasbeentakentheneedleis removed.Theuserthenswitches



to mode6.

Mode 6 (safe removal): The robot arm only allows move-
mentsalong the biopsyaxis - for safetyreasonsonly away
from thepatient.As from 100mm above thetargetpoint it is
automaticallyswitchedto mode7.

Mode 7 (fr eemotion): Therobotarmis now freelymanoeu-
vrableagain (asin mode1). Thevertical position,however,
is restrictedto 100 mm above the target point, wherebyit is
madesurethat the robot tool tip cannot comeinto contact
with thepatient.

4. CONCLUSIONS AND FUTURE WORK

This paperpresentsthehands-onconceptof thenew medical
robotKineMedic.Directhapticinteractionbetweentheoper-
atorandthekinematicallyredundantrobotis possiblethrough
thetorquesensorsintegratedinto thejoints,allowing notonly
for moving the tool tip, but also for con�guring the robot
poseinsidethenullspaceby simply touchingtherobotstruc-
ture. By meansof impedancecontrol theoperatoris assisted
in guiding the robot alongautomaticallygeneratedtrajecto-
ries to the preoperatively plannedtarget axis for the biopsy.
Possibleposeerrorsarecapturedby the intra-operative nav-
igation systemandcorrectedby the robot. Consequently, a
preciseintra-operative transferof theoperationplanninginto
theoperatingtheatreis possible- evenby a lessexperienced
surgeon. The insertionof the biopsyneedleitself is carried
outmanuallyby thesurgeonwhilst therobotcontrolsthecor-
rectposeof thebiopsyaxis. In this way thesurgeonhasfull
controlover thework�o w andcan�e xibly reactin thecaseof
unexpectedevents.

ThemedicalrobotKineMediccanserveasanintelligentstand
in taskssuchasbiopsiesandthenavigateddrilling of pedicle
screws [1]. However, the robot is optimizedto assistalsoin
other medicalapplicationssuchas e.g. minimally invasive
surgeries[20], with at leasttwo roboticarmsholding instru-
mentsand one robot holding a stereoendoscope.The use
of force-torquesensorsnearthe instrumenttips [21] will al-
low for measuringandeventuallyfeedingbackthemanipula-
tion forces,providing abetterperceptioncomparedto manual
minimally invasive surgery.
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