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Abstract—In order to enable robotic surgery without human
assistance,a means must be developed to change tools. As
part of the larger Traumapod Project, we developed the Tool
Rack Subsystem— an automated tool rack capable of holding,
accepting, and dispensing up to 14 tools for the DaVinci™™
surgical robot. Borrowing some techniques from industrial au-
tomation, we developed a robust system capable of presenting
any stored tool in 700 ms or less.Tools were positively retained
in a sterilizable carousel in a compliant manner designed to
accomodatemisalignmentduring tool exchange RFID equipment
wasintegrated into the systemand the tools sothat tools could be
inventoried and presentedby function or serial number instead
of rack position. The resulting device has completedtesting and
integration into the Traumapod system and met all its design
requirements.

(Draft Date Septembed5, 2006)

I. INTRODUCTION

In onevision of the future of sugical robotics,all humans
will beremovedfrom the operatingroomexceptthe patient[].
This vision hasdriven the requirementsand systemarchitec-
ture for the TraumapodProject,a collaborationin which we
have participatedled by SRI Internationaland including The
University of Texasat Austin, The University of Maryland,the
Oak Ridge National Laboratory(ORNL), GeneralDynamics,
Intuitive Sumical, General Electric, Robotic Sumgical Tech-
nology, and Multi-Dimensionallmaging Inc. The Traumapod
Projectwebsiteis http://www.traumapod.org

To our knowledge, there has been no published work
on automationin support of sumical robtics. Meldrum[Z]
reviewed progressn automationof biotechnologyprocedures
and developed a rotary carouselfor handling small micro-
pipettes[3. Tool changersconceptuallysimilar too ours have
beenwidely adoptedin CNC machinetools for decades.

One componentof the the Traumapodarchitectureis an
automatedtool changer capableof changingtools on the
DaVinci sumgical robot without human assistanceThe tool
changerconsistsof an industrial, 7 DOF robot arm (Mit-
subishiPA-10), a dual-headedripperandcompatiblegrasping
xtures on the DaVinci tools, and the Tool Rack Subsystem
(TRS). This paperwill describethe featuresand performance
of the TRS. Many requirementsfor the TRS were dictated
by systemconsiderationsn the architectureof the overall
Traumapodsystemandin particular integrationwith the rest
of the tool changercomponentsby ORNL. These consid-
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erationscan not be fully describedhere due to limitations
of space.Instead,this paperwill focus on the designand
performanceof the TRS againsttheseexternal speci cations.

Il. REQUIREMENTS

The TRS designrequirementswere derived from overall
systemanalysisby the Traumapodengineeringteam. They
canbe broken down into functional requirementselectrome
chanicalhardware requirementsand software requirements.

Functional requirements The TRS neededto presentan
arbitrarytool for pickup andto graspeachtool with a positive
retention.A typical operatingsequences:

1) Presentan opentool position.

2) Openthe tool-positiongrasper

3) Receve the tool placedinto position. Accomodateto
positioningerrorsin presentatiorof the tool.

4) Close the grasperaround tool. Wait for tool to be
releasecdby robot.

5) Presenta new tool.

6) Wait for tool to be graspedby robot.

7) Releasegrasper
8) Wait for robot to remove tool.
9) Closegrasper

Additional functionsincluded:

Performan initial calibrationsequence.

Performa scanin which eachtool positionis presented
to the attachedRFID scanner

E-Stop,Shutdavn, Startup,and Power Cycle sequences.

A. Hardware

The overall purposeof the systemis to provide rapid and
reliable machineaccessto up to 15 DaVinci tools. These
tools, standardintuitive Sumgical products,were modi ed by
our colleagesat ORNL and Intuitive by substitution of a
modi ed plastic housing.The housinghad an addedgrasping
xture (Figure 4) and an internally mounted RFID tag for
identi cation.

The tool changermust include a calibration lug which
can be presentedduring system intialization. By grasping
the calibration lug and complying to interactionforces, the
manipulator could periodically align itself with the proper
gripping position.



Parameter Tol. Units
Displacement 4 mm
Orientation 28 | de.
Stiffness 5.7-7.8 | N/mm
Torsional Stiffness 0.8 Nm
TABLE |
CAPTURE TOLERANCE REQUIREMENTS FOR SURGICAL ToOL RACK
SUBSYSTEM.
Parameter Requirement| Units
GrasperOpen/Close 100 ms
Worst CasePositionChange 700 ms

TABLE 1l
TRS SPEED REQUIREMENTS. SPEC IS EQUIVALENT TO AN AVERAGE
SPEED OF 257 /SEC.

Thetool changemustpositively retainthe toolsin position
whennot accessethy therobotarm. Forcerequiredto remove
a tool mustbe lessthan4.5N (1 pound-force).

Positioning Accuracy The TRS must be able to present
tools with position accurag and repeatabilityof 0.65mm
and orienatationaccurag andrepeatabilityof 0.2 deg.

Presentation Err or Tolerance A key driving requirement
wasto toleratetwo typesof errorsin positioningof the tools
during grasp.

First, thetools may be presentedor grasping(step3 above)
with an incorrect position and orientation. The tool-position
graspemust successfullycapturethe tool. Secondwhenthe
robot initially graspsa presentedool, still held by the tool-
position grasper(step 4 above), misalignmentbetweenthe
robot and tool xture must be tolerated before and during
simulataneougraspby the two devices.

A toleranceanalysisconductedby ORNL resultedin re-
guirementsfor the TRS to meetin order to capturetools
presentedby the robot with a variety of errors. Table |
summarizeghe tolerancerequirements

Positioning Speed

The overall Traumapodsystem requirementis to do a
completeunassistedool changeof the DaVinci robotin 10
secondsor less. Analysis of the timing budget among the
various componentsand stepsinvolved in the tool change
resultedin the requirementdor TRS positioningspeedgiven
in Tablell.

RFID The TRS must be able to read from RFID tags
embeddedn the tools andto write a tool-identi cation string
into the tagsin responséo commandver the network.

B. Softwae

Operating Modes The TRS software was requiredto run
in threemodes:

Emulator mode In this mode, all actuatormotion was
simulatedby time delays.A systemwide emulatortesting
facility was operatedby the SRI Traumapodteam for

testing of software interactionsamong the subsystems
during development.

Realmode The operationamodeof the systemin which
all functionsare physically performedas speci ed when
invoked over the network interface.

Manual Mode Individual functions could be invoked
manually througha GUI which was presentedover the
network in this mode.

Communication In RealandEmulatormodes the Trauma-
pod systemarchitecturadictatedthatthe TRS mustrespondo
commandshrougha hierarchyof two levels of communcation
prototocols.

The Spread protocol[4, [5] would be usedto distribute
paclets of information amongsubsystem®f the Traumapod
systemSpreads a peerto-peermacket distribution schemeor
local or distributed multiprocessingEachspreaduserprocess
cansubscribeo one or more channelsSpreaduserprocesses
which senda paclet can optionally block until receptionby
all subscribingusersis con rmed.

XML Schema.Team LeaderSRI designeda set of XML
schemasfor commandand status paclets which would be
exchangedbetweenthe subsystemsand a central planning
computer Fromthe full setof 60, the TRS hadto supportthe
following messagéaypes,eachdescribedby an XML schema.

Nodelf - commandmessageselatedto the Node Stateof
the system
NodeMonitorlf - periodic NodeStatemonitoring mes-
sages
AlarmMonitorlf - alarm event messages
TRSIf - messageselatedto the TRS only
TRSModellf- periodic messagesescribingthe physical
stateof the system(carouseland gripper position)
Inventorylf- messagefor inventoryupdatingandreport-
ing

TRSIf containsthe following messageypes:

TRSSelectdolCmd - locate and presenta tool of the
requestedype. The tools arerequestedy serialnumber
asdeterminedby the RFID tagsand assignmenbf tools
to rack slotswas determinedocally within the TRS.
TRSSelect®olRsp- indicatethat the tool hasbeenpre-
sented Also returnsa datastructurecontainingtool data
suchasRFID, and sterility status.
TRSSelectEmptySlotCméd locate and presentan empty
bay.

TRSSelectCalibrationLugCmed presentthe calibration
lug.

TRSAcquireDolCmd- closethegrippersonatool placed
in the TRS.

TRSAcquireDolRsp - indicate the TRS has grabbeda
tool.

TRSSurrenderdolCmd - opengrippers,allowing a tool
to be removed.

TRSSurrenderdolRsp- indicatethe TRS hasopenedits

grippers.
TRSGotoBayCmd- lowerlevel commandto send the



TRS to arequesteday.
TRSSetGripperStateCmd
open/closehe grippers.

lowerlevel command to

I1l. DESIGN FEATURES

The completedTRS was requiredin the early phasesof
the Traumapodproject and thus was developedin a single
design-liild-test-deplg cycle in 2005 and early 2006 lasting
roughly nine months. The physical architecturewas a base
unit holding a detachableotary carouselon a rotary spindle.
Eachtool positionhastwo spring-closedyraspersholding the
tool shaftfor positive retentionof thetools (for exampleduring
rapidrotation)which canbe actuatedy a pushrodmechanism
from below the presentatiorposition. The grasperscan only
be openedfor the currently presentedool.

A. Medanismand Basic Contmol

Tool CarouselThe TRSwasdesignedvith 15tool positions
arounda carousel45 cm in diameter One of thesepositions
wasoccupiedby acalibrationlug which wasdesignedo aidin
registrationof the tool changingmanipulator The calibration
lug wasmountedn a compliantsuspensioriThe TRS carousel
is a removable unit which is designedto be sterilizedin an
autoclae. It is entirely madeof anodizedaluminum,rubber
and stainlesssteel. By unscraving a knob at the top of the
TRS, the carouseland all attachedtools can be lifted off by
hand,sterilized,andremountedAll sensorsand actuatorsare
below the sterile barrierand do not touchthe tools.

We selectedSmartMotor”s from Animaticsinc. for motion
control becauseof the lack of project time for work on

low level control and the relatively routine automation-style

requirementdor fast positioning of a predominantlyinertial

load. These devices are a single unit containing brushless

senomotor, enegy corversion, position sensing,and control
systemin a single package.

The mechanisnfeaturesa rotating carouseldriven directly
by a seno actuatormountedon a rigid aluminumbase(Figure
1). After designof the carouselandtool graspersthe inertia
of the carouselwasdeterminedo be 687 10°g mm? when
holding 10 tools andthe calibrationlug. This inertia, and the
requiremenfor moving 168 in 700ms,mandatedelectionof
a relatively large 220 Watt serno motor for carouselrotation
having a continuoustorque rating of 1.09 Nm and a peak
rating of 4.06 N m.

A secondsmaller“Smart Motor”, tted with alinearlead
scrav mechanismwas selectedfor the tool-position grasper
actuator It was mountedbelow the tool-presentatiorposition
such that it could displace the pushrod upward and open
the jaws (seebelow). The rated speedof this actuatorwas
sufcient to openthe jaws with 18 mm displacemenbf the
pushrodin lessthan 100 msec.

Control. Control of the TRS was accomplishedby a soft-
warethreadwhich sentcommand®ver a singleRS-232serial
portto thetwo SmartMotors. The RS-232line wasarrangedn
aloop sothateachactuatorechoedpacketsdown the chainand
eventually backto the PC. Theseactuatorsnclude trajectory
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Fig. 1. CAD renderingsof the completedTool Rack SubsystemDesign.
Overall heightof the systemis about1.5m

generationand control functions so that high level motion
commandsareall thatis requiredto executecontrolledpoint-
to-point motion.

Paclets were sentto the Smart Motors at 38,400 bits per
second.Packets were 2 to 32 byteslong averagingabout8
bytesper paclet. The motor commandswvere:

UpdateStatus requesta byte reportingthe seno status
GotoPosition- goto bay position (calculatesdesireden-
codercount,thencommandsseno move to that count)
Stop- halt all seno motion

Calibrate - calibrate encodersusing optical break-bar

sensors
Unseno - stopholding position,allows for manual(hand)
positioning

AtTargetPosition- returnstrue/falseif seno is at com-
mandedposition

GetCalibPhotolnterruptedlow-level functionto testcal-
ibration photointerrupter

The tool graspingmechanism(Figure 3, left) was repro-
duced10 times, leaving 4 tool positionsin the carouselopen
for further development.lt consistsof a vertical pushrodto
which two conical camsare attached Thesecamseachopen



Fig. 2. Photoof completedTool Rack Subsystentduring nal test.Graspers
arenot mountedonto the carouseln this photo.Video cameramountedon a
locking positioningstalk, is addedto the frameto allow video monitoring of
the tool exchange.Calibration xture is visible pointing away from the tool
presentatiorposition (upperright). Logo obscured for annonymousreview.

oneof thetwo spring-closedool-graspejaws. Thejaw motion

rangeis designedto accomodatehe required misalignment
toleranceqFigure 3, right). The pushrodsare also tted with

a knob at their top endfor easymanualoperationof the tool-

positiongraspers.

Misalignment compliance was designed into the tool-
grasperin two ways. First, the two grippersin eachtool-
grasperare closedby spring action and openedby the lead-
scrav actuatorvia the pushrod.This way, misalignmentcan
be acommodatedy the complianceof the closing springs.
Torsionalstiffnessof the closing springsis 0.8 Nm.

The secondcompliant elementis a set of 5 commercial
shock mount devices (Lord 106 PDL-2) to hold the tool
head guide plates (Figure 4). Three of these commercial
shock mount units provided a stiffnessof 5.7 N/mm in the
radial direction and two units (Lord J3112-122-1)provided
7.9 N/mmin the vertical direction.

B. E-Stopand Power Contmol Circuitry

E-stop and Power-Cycle circuits were provided to an ex-
ternal connector Thesecould be activatedby remotecontact
closuresso that 1) The motor power could be removedat ary
time and2) the systemcould be completelypowereddown or
up by remotecontrol. A shortingplug was provided to allow
local testingoperation.

Fig. 3. Left: Photoof onetool-grippermodule,remaved from the carousel.
Two conical cams are driven by a pushrodfrom the bottom to open the
spring-loadedgripping jaws. Right: CAD analysisof grasp captureunder
angularmisalignmentof the tool. A 5 conical solid was usedto represent
the permissablgool misalignment.

Fig. 4. Compliantelementsare usedto mounttool mating surfacesto the
TRS carouselModi ed tool housing(red) shaws gripping xture projecting
to right. RFID tag is mountedinside gripping xture.

The CTR line of athird RS-232serialport on the computer
senseghe E-stopcondition electrically and puts the software
into the E-stopstate.The transitioninto E-Stop statecaused
the softwareto senda node-stateanessageo the system.

Shouldthe softwarefail or systemhang,andthusnotbeable
to processhe E-stopcommandthe E-stopsignalis alsosent
to the”Go” pin of the TRS motors.This pin is programmedo
bring the systemto animmediate,controlledstopirregardless
of serial communicationor internal statuson the order of 10
milliseconds.

The initial E-stop circuit directly removed power to the
actuatorslf the E-Stopwas activatedduring carouseimotion,
thiswasfoundto causeviolent deceleratiorasthe brakeswere
automaticallyappliedat high velocity. The circuit wasrewired
to interrupt AC power to the actuatompower supply insteadof
DC power to the actuatorsThis allowed the control software
about 200 ms of additional time after the E-stop event to
initiate a controlled decelerationof the carouselbefore DC



power ran out. This modi cation producedsmoothstopping
on E-stopbut still provided a hardware guaranteeof removal
of actuatorpower robustto ary softwarefailure.

C. Softwae Architectue

Operating SystemThe TRS computerwas a standardl.O
GHz PCin the mini ATX (ShuttlePC) form factor, integrated
inside the TRS chassis.The operatingsystemwas standard
FedoraCore5 Linux. Hardrealtime schedulingfeaturessuch
asthoseprovidedby RTAI Linux, werenotrequired.Software
wasdevelopedin C++ with the Qt library usedfor the manual
modegraphicaluserinterface (below).

Single Threading A singlethreadhandledactuatorcontrol
and communication.An endlessloop scanningall functions
was setwith a delay call to repeatat 1000 Hz.

Main Control ProcessThe control part of the loop waited
for incoming messageddenti ed the messageand evaluated
whetheror not the messagecould be performedat that time.
If not,a NAKwassentbackto the sourceof the commandfor
example,if the systemwasin the Halt or E-stopstatewhere
motion was not allowed. If it could, the commandwould be
performed.

Communication If a packetwasrecevedfrom Spreadthe
softwarewould identify it and branchto codeappropriatefor
parsingthat messageype.

Safetyand Health Monitoring Whena commandwvassent
to the senos, normally the commandwould be echoedback
to the hostthroughthe RS-232physicalloop. If no response
was receved from the seno motors after a command,the
software would assumea hardware fault and go to E-stop.
After a movement,the seno drive was interrogatedo verify
thatit wasnow at the correctposition.

RFID A Pepperland FuchsRFID tag readerwas installed
onthecarousehousing30 from thetool presentatiomosition
sothatit cameabout10 mm from eachtool tag asit passed.
Transmisionpower on the RFID reademwaslimited by design
so thatit could only interrogatethe tag directly oppositethe
probe.lt took about0.5 secondgo readthe RFID tag. Empty
positionstook longer for the readerto time out. A software
routine can move the carouselthroughall 15 positionsand
read eachRFID tag in about10 secondsso that a complete
tool inventory canbe collectedat ary time after calibration.

Manual Mode User Interface Despiteits comprehensie
network commandset, a manualinterface was found to be
essentialfor system-lgel testingand diagnosis.The manual
mode interface (Figure 5) allowed a remote user to initiate
all low-level TRS positioningfunctionswithout the Spreador
XML network layers.

IV. PERFORMANCE TESTING
Therewere four phasef testingof the TRS.
1) Emulatorsoftware testingat SRI
2) Pre-delvery testingin our lab.

3) Integration with the tool-changingand supply robot at
ORNL

4) Systemintegrationandtestingat SRI.

Fig.5. GraphicalUserInterfacefor manualoperationof TRS (Primarily for
testing).

Emulator testing

The emulatorwas usedinitially as a developmenttool to
testcomminicationsandavoid major interfaceproblemswhen
the real systemswould be interconnectedlt thenevolvedinto
a contemporaryalidation mechanismas an operationalstate
on eachsystem.Any seriesof commandscan be exectuedin
emulationmodeas a testrun to reveal unforseenoperational
problems.

EachTraumapodsubsystentontributeda software build to
a set of seners at SRI operatingon a private network for
testingin emulationmode. This network could validate the
communicationprotocolswithout requiring actual hardware.
Overnighttestingscriptsprobedeachof the requiredTRS re-
sponsesWhile in emulatormode,the TRS softwaresimulated
the time delaysfor all hardware functions. Emulator testing
was passedn February2006.

Pre-delvery Testing Our initial TRS testsran the device
through testing loops overnight in real mode to measure
reliability and repeatabilityof the completesystem.In one
test, we ran 1350 movementsduring the night and recorded
movementtime attainedbetweeneachpair of positions.The
result shaved worst case movement time of 648 ms
8ms.(Figureb).

The times to releaseand graspthe tool were measurecht
88 msec.and 76 msec.respectiely.

We measuredool capturetoleranceby a static bench-top
setupin which known static displacementavere applied to
tools and correct capturewas veri ed. Due to the actuated
graspdesignwith spring closure,zero force was requiredto
placethe tool into a tool position. In normal operation,tools
will only be removed with the jaws open.We measuredool
removal force with the jaws closedin orderto calculatethe
top speedat which centripitalforceswould throw the tool out
of the jaws. Tool removal force with the pincersclosedwas
12 N, well above the requirement.

Positioningrepeatabilitywasfoundto be  0.177deg



Fig.6. Movementtime measuredbetweereachpossiblepair of tool positions
duringovernighttests(n=1350).Worstcasemovementtime was648 8 msec.

System Integration at ORNL and SRI Thesetesting
phasedncludedabouttwo weeksof onsite supportfrom our
team at each location. Despite careful packaging,remedial
engineeringvork wasrequiredat bothlocationsto repairship-
ping damageto both purchasedand fabricatedcomponents,
includingsubtledamageo the computermotherboardRobotic
transferof toolswereperformedat increasingspeedauntil the
original speci cationswere achieved.

V. DISCUSSION

The TRS designmet its speci cationsand the working de-
vice wasdeliveredsuccesfullyandintegratedinto Traumapod.
Systemlevel integrationandevaluationis currentlyundervay.

In retrospectit should have beenobvious that thereis a
relationshipbetweengraspingcomplianceand motion speed.
Compliancewas required in the tool graspersin order to
accomodatehe error analysisin the robot's tool presentation
position and orientation.However during rapid acceleration,
this causedsometool motion and associatedattling noises.
Althoughthetoolswerestill retainedn position,the noisewas
judgedunaestheti@and speedrequirementsvere subsequently
reduced.Although it would be possibleto designa clamp-
ing device which mechanicallyeliminatedcomplianceduring
carousemotion,it seemsnorelik ely thatoperatingexperience
will permitalessconsenrative errortolerancespeci cationand
allow higherstiffnessin the shockmountsandgrasperclosing
springs.

Anotherissuewasthe shaftcouplingfor the seno actuators.
Despite our our initial calculations,set scravs and thread
locking adhesie werenot sufcient to keepthe carousebrive
spindle from slipping due to high torqueson acceleration
and deceleration.As a result, we modi ed the motor shaft
to include two ats for extra set screvs which solved the
problem.

Shipping.The TRS chassishada very rigid frame designed
to maintainalignmentof the motion axes despiterough han-
dling. However the commercial-gradeomputerwas mounted
inside with rigid holdown straps.Although the TRS chassis
was successfullyshippedaccrosghe US, the computerinside
sustaineddamageand was unreliable after shipping. Internal
shockmountsfor sensitve componentshouldbe considered
in future designs.

Thereare mary system-leel lessionswhich are now being
digestedasphasel of Traumapocdhearscompletion.However
the immediatefocus of this paper on the Tool Rack Subsys-
tem, leadsto the following conclusionsfor developmentof a
future device:

Resole conict betweentool-holder compliance and
motion specs.

Reduceoverall systemsize and weight.

Use operatingexperienceto reducedesignconseratism.
Considera lineartool arrayto sase oor spaceandallow
wall mounting.

Considerintegration of tool rack with supply dispenser
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