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Abstract

This paper describesa novel robot-basedsys-
temto assistorthopaedicsurgeonsin perform-
ing distal intramedullarylocking for long bone
fracture reduction. The systemprovidesa me-
chanicalguidefor drilling the pilot holesof dis-
tal screws in femoal and tibial intramedullary
nailing surgery. It automaticallypositionsa drill

guidewith respecto thedistallocking nail holes
with just a few X-ray fluoroscopicimages. The
goalsof the systemare to allow novice and ex-
pert sugeonsalike to performthe locking with-
outtrial anderror, to reducetheir exposuetora-
diation,to shortentheintraopeativetime andto
reducecomplications. e presentthe rationale
and conceptof the system its architectue and
usage protocol, its image processingand regis-
tration algorithms,andour preliminaryresults.

Keywords. medicalrobotics,robotguidance X-ray
fluoroscopidmageprocessing.

I ntroduction

Thegrowing demandor precise minimally invasve
sumgical interventionsis driving the searchfor ways
to usecomputersn conjunctionwith advancedassis-
tancedevices to improve suigical planningand ex-
ecution. Over the pastdecade,a variety of Com-
puterintegratedSuigery (CIS) systemsave beende-
signed, mostly for neurosugery, laparoscop max-
illof acial suigery andorthopaedic$8]. Recentstud-
ies are startingto shav the clinical benefitsof these
systems.

CIS systemscan potentially benefit mary or-
thopaedicsumgical procedures,including total hip

Figure 1: X-ray fluoroscopicimagestaken during
distal locking. The lateral (left) and frontal (right)
imagesshov the distal part of the femur, the in-
tramedullarynail with two distal locking nail holes.
Thelateralimageshavs a guidewire penetratinghe
first distalhole. Thefrontalimageshavs onelocking
scrav in placeandthe secondnebeenfastened

andtotal kneereplacementpediclescrav insertion,
fracturereductionandACL ligamentreconstruction.
Theseproceduresre ubiquitousandhigh volumein
operatingroomsworldwide. They involve rigid bone
structureghatimagewell, requirepreoperatie plan-
ning, andemploy instrumentsandtools, suchasim-
plants, scravs, drills, and savs that require precise
positioning. Indeed,a few dozenCIS systemsfor
theseproceduresirecurrentlydeplo/ed[11].

In this paper we focus on a techniquefor frac-
ture reductioncalled closedintramedullarynailing.
Closedintramedullarynailing is currently the rou-
tine procedureof choicefor reducingfracturesof the
femur and the tibia [1]. It restoresthe integrity of
the fracturedboneby meansof a nail insertedin the



medullarycanal. The nail is insertedwithout sugi-

cally exposingthe fracturethroughan opening,usu-
ally in the proximalpartof thebone.Thesugeonre-

ducesthe fractureby manipulatingthe proximal and
distal bonefragmentsthroughthe leg until they are
aligned.Thesulgeontheninsertsa guidewire, reams
the canalif necessaryanddrivesthenail in. In most
cases,the suigeon also insertslateral proximal and
distal interlocking screvs to prevent fragmentrota-
tionandboneshortening Theprocedurés performed
under X-ray fluoroscop, which is usedto view the
position of bonefragments,sumgical tools, and im-

plants. NumerousX-ray fluoroscopicimagesarere-
quired,especiallyduringdistallocking[14]. Figurel

shaws two suchimages.

Distal locking — the insertion of lateral screvs
to prevent nail rotation— haslong beenrecognized
as one of the most challengingstepsin this proce-
dure. Sincethe nail deformsby sereral millimeters
to conform to the bone canal shape,the exact po-
sition of the distal locking nail holes’ axes cannot
be determinedin adwance. By repeatedlyalternat-
ing betweenanteriorposteriorand lateral X-ray flu-
oroscopicviews, the sugeonadjuststhe entry point
and orientationof the drill sothatits axis coincides
with the correspondingnail hole axis. Drilling pro-
ceedsncrementallywith eachadwanceverified with
a new pair of X-ray fluoroscopicimagessuchasthe
onesshavn in Figurel. Oncethe pilot hole passing
throughthedistallocking nail’s holehasbeendrilled,
thelocking scrav is fastenedComplicationsnclude
inadequatdixation, malrotation,bonecracking,cor
tical wall penetration,and bone wealening due to
multiple or enlaged pilot holes. The literaturere-
ports that the suigeons direct exposureto radiation
perprocedurewvithout the useof CIS systemss 3-30
minutes,of which 31-51%is spenton distal locking
dependingon the patientanatomyandthe suigeons
skill [14].

Previous Wor k

Many non-ClSdeviceshave beendevelopedfor distal
locking [9]. Examplesinclude proximally mounted
tamgeting devices, stereo fluoroscoy, mechanical
guides,and optical and electro-magnetimavigation
systemghat helplocatethe centerof the distallock-
ing nail holes.However, all of thesedevicesandtech-
niqueshave deficienciesthey areonly selectvely ap-

plicable,are cumbersomenddifficult to use,or are
not sufficiently accurateandthusfail to significantly
reducethelikelihoodof patientcomplications.
Fluoroscop-basedClS navigation systemgd5, 7]
take the guesswrk out of targeting. The systemsen-
hance,reduce,or altogethereliminate X-ray fluoro-
scopicimagesby replacingthem with a virtual re-
ality view in which the boneandinstruments’posi-
tionsarecontinuouslyupdatedandviewed on-screen
asthey move. They help the sugeonalign the drill
axis with the distal locking nail hole axis to an ac-
curay of aboutlmmand1’. However, they do not
provide a mechanicalguide for the hand-helddrill,
which canslip or deviate from its plannedtrajectory
asthedrilling proceedsThus,the sugical outcomes
arestill largely dependenbdnthe suigeons skill.
Robot-basedCIS systemsare designedto assist
the suigeonin implementingthe preoperatie plan
by mechanicallypositioningand sometimesexecut-
ing the sugical actionitself [2]. The robotsare ei-
theradaptedloor-standingndustrialrobots,or table-
mountedcustom-designederial robots. They are
usually voluminousand heary despitethe fact that
they have relatvely small workloadsand workvol-
umes.In thesesystemsponeimmobilizationor real-
time dynamictrackingis amainissue sincetherela-
tive configuratiorof thebonewith respecto therobot
mustbe known preciselyat all times. This compli-
catestheregistrationprocedureandadwerselyaffects
the overall systemaccurag. A very recentnovel de-
velopmentis a miniatureparallelrobotfor drill guid-
ing in spinal procedureg13]. Becauseof its small
sizeandweight,therobotcanbe mounteddirectly on
the bone,for exampleon the vertebraespinouspro-
cess.Thisrobotis the startingpoint of ourwork.

Materials and M ethods

Thefundamentatonceptof our systemis the steady
and precisepositioning of a small, robotically con-
trolled tamgetingdrill guidewhosedrill guide holes’
axescoincidewith thedistallocking nail holes’axes.
Therobotholdingthetargetingdrill guideattachego
theproximalnail heador is directly mountedaterally
on the patients bone sggmentdistal to the fracture
line and proximal to the distal locking nail holes,as
shavn in Figure2. With justafew lateralX-ray fluo-
roscopicimagesthetametingdrill guideholes’ axes
andthedistallocking nail holes’axesarebroughtinto
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Figure 2: Photographof the robot mountedon the
boneandcarryingthetargetingdrill guide.

alignmentby computingthe transformatiorbetween
themandpositioningthe robotaccordingly Mount-
ing the robot directly on the nail or on the patients
boneis minimally invasive, eliminatesthe needfor
leg immobilizationor real-timetracking,andgreatly
simplifiesregistration.To obtainaccurateegistration
resultsbasedon X-ray fluoroscopicimages,camera
distortioncorrectionandcalibrationareessential.

In thefollowing, we describahedetailsof thesys-
temwhich wasdesignedor distallocking of the fe-
mur. With minor modifications,it canalso be used
for thetibia.

The systemconsistsof a sterilizablerobotically
controlledtamgetingdevice, animagecalibrationring
for thefluoroscopicX-ray C-armunit, aPCcomputer
with a monitor, a standardramegrabberanda cus-
tom robot controllercard. The targeting device con-
sistsof threemodularelements:a miniaturerobot, a
baseto attachit to thebone,andatargetingdrill guide
mountedon the top of therobot. Figure 3 shaws the
experimentain-vitro systemsetup.

The miniaturerobot, shavn in Figures2 and 3,
wasoriginally designedor guidingthedrill for pedi-
cle scrav insertion[13]. Its heightis about70mm
andits weightis about100 grams. The positionand

C-arm

Figure 3: Photographof the setup: the distal bone
fragmentlaying on a radiolucentoperatingtable, is
fitted with the nail and hasattachedto it the robot
carryingthetamgetingdrill guide. Theimageintensi-
fier of the fluoroscopicC-armis fitted with animage
calibrationring consistingof two parallelplateswith
embeddediducials.

orientationof its top canbe adjustedand locked by
thecontrollerto a desiredconfigurationwith high ac-
curay andrigidity. The workvolume of therobotis
sufiicientfor thetaskathand.Whenlocked,therobot
canhold severalkilograms.

Thetametingguideconsistof threecomponents:
an adjustablehead,a connectingblock, andatarget-
ing drill guide. Thestainlessteelheads mounteddi-
rectly ontop of therobot. Its locationalongthe bone
longaxiscanbeadjustednanuallyby 40-80mm.The
connectingblock and the targeting drill guide are
madeof radiolucentDelrin. Thetamgetingdrill guide
is a40x55x15mmblock andhastwo drill guideholes
30mm apart,which is alsothe spacingbetweenthe
distal locking nail holes’ axes. It is parallelto the
robot base,closeto the skin of the patient. It hasa
patternof 2mmstainlessteelfiducialsphereshatare
usedfor its spatiallocalization.

We ervisagetwo optionsfor mountingthe robot
on the bone. The first option, shavn in Figures2



and3, is to mountit on a basewhich attachego two
5mm diameterby 80mm length self-tappingscravs
mounted25mmaparton the distalbonecortex. The
secondoption is to mountthe robot on a basethat
attachego the intramedullaryproximal nail head.In
eithercasetheregistrationandpositioningprocedure
is identical.

Forimagecalibration,we usethe FluoroTrax cali-
brationandtrackingring whichwasco-designedvith
Traxtal TechnologiegToronto,Canada)Thering at-
tacheswith clampsto the C-arm’s imageintensifier
It consistsof two parallelradiolucentplate tamgeting
s 76mmapartwith 120 embeddediducial steelballs
of 2mmand3mmdiametersarrangedn anasymmet-
rical pattern.

Thecomputersoftwareincludesmoduledor robot
control (not described here), fluoroscopic image
distortion correctionand calibration, targeting drill
guidelocalization,distal locking nail holes’ axeslo-
calization,andrigid registrationbetweerthe axes. It
is designedto be rohust, accurate,andto function
with fiducial occlusionsn theimages.

The sugical protocoland systemoperationis as
follows. Oncethe fracturehasbeenreducedandthe
nail hasbeeninsertedto its desiredposition,theim-
age calibrationring is mountedon the fluoroscopic
C-armimageintensifier asshaovn in Figure 3. With
a distal lateral fluoroscopicimage shaving the dis-
tal locking nail holes,the sugeondetermineshe lo-
cationof the self-tappingscravs on which the robot
will bemounted.Theiraxesshouldberoughlyparal-
lel to the distal nail holes’ axesand40-80mmprox-
imal to them. The sugeonthendrills, with the help
of a hand-heldjig, two parallelpilot holesat 30mm
distancealongthe axis of the nail. The self-tapping
scravs arethe fastenedandthe tamgetingbasewhich
holds the robot baseis mountedon it. The taget-
ing drill guideis thenmountedon therobottop, and
its positionrelative to the distal locking nail holesis
roughly adjusted. The X-ray technicianthenadjusts
the orientationof the C-armuntil the systemdeter
minesthatthe distallocking nail holesappearmscir-
cles,asopposedo ellipses,in the image. This hap-
penswhenthe C-armimagingaxisis parallelwith the
distallocking holes’ axes.

The computerthen determineghe relatve posi-
tion of the targetingdrill guidewith respecto these
holes’axesandcomputeghetransformatiorthatwill
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Figure 4: X-ray fluoroscopicimage shaving the
tamgeting drill guide and the distal end of the in-
tramedullarynail with thetwo distallocking holes.

malke thetargetingdrill guideholes’axesandthedis-

tal locking nail holes’ axescoincide. The controller
then moves the robot by the computedtransforma-
tion andlocksits links. The suigeoninsertsa K-wire

in eachdrill guide hole andverifieswith a new pair
of X-ray fluoroscopiadmagesheir alignmentwith re-

spectto the distallocking nail hole centers.The sur

geon proceedgo drill the pilot holes, removes the
robot from its baseandits scravs, fastensthe lock-

ing screvs, and completesthe suigery accordingto

the standardgbrotocol.

Image Processing and Registration

Thekey technicalproblemof the proposegrocedure
is the ability to registerthe targetingdrill guidewith
the distallocking nail holes’ axes. Theregistrationis
basedon sphericalfiducial marlers, astheir centers
are easierto locate accuratelythan other geometric
objects. The algorithmis requiredto provide a reg-
istration error estimateand notify the suigeonwhen
theregistrationcannotbe performedbecausef poor
imagequality or too mary fiducial occlusions. Fig-
ure 4 is atypical X-ray fluoroscopicimageshaving
thenail, thebone therobotbasis andthefiducials. A
few fiducial occlusionswhicharedueto overlapwith
otherfiducialsor otherobjects alwaysoccur Thede-



siredaccurag of theaxisalignmentis  mm of the
scrav entrypointonthe planeparallelto its axis,and
axisangledeviation of °. Theseloleranceguar
anteethatthe screvs canbeinsertedwithoutinterfer
enceinto thedistallocking nail holes.

We have developeda model-basednethodcon-
sisting of four steps: (1) X-ray fluoroscopicimage
distortion correctionand cameracalibration;(2) tar
getingdrill guidelocalization;(3) distal locking nail
holes’ axeslocalization;and(4) registration. A brief
descriptionof eachstepfollows.

1. Distortion correction and camera calibration

We have developeda robust automaticC-arm cali-
bration algorithm that includesfiducial localization,
distortion correction and cameracalibration [10].
Thealgorithmcomputeghedistortioncorrectionand
cameracalibrationparametergrom an X-ray fluoro-
scopicimagein threesteps.

First, it locatesthefiducials’ projectionsandpairs
themwith theirspatiallocation.Next, it computeghe
distortion correctionparametersand then computes
the calibration parameters.Accurateand robust lo-
calizationof thefiducialsandtheir patternis themost
importantstep,sinceall parametersritically depend
onit. Ourexperimentshav thatsubmillimetricaccu-
ragy for thecombineddevarpingandcamereacalibra-
tionis achierableevenwhenonly 60%of thefiducials
aredetected.

2. Targeting drill guide localization

The tamgeting drill guideis localizedby identifying

its fiducialsandthe patternthey form (Figure5). The
tamgeting drill guide consistsof 28 2mm spherical
metal balls asymmetricallydistributed on two paral-
lel planes20mmapart. Thetametingdrill guidepat-
ternwhich is usedfor registrationconsistsof two or-

thogonalpairs of parallellines. Sincethe fiducials
arespheresthey appeaiascirclesin thefluoroscopic
image. However, someof them might be occluded,
sincethe dewvarpingandcalibrationfiducialsandthe
nail are also presentin the image. Note that three
fiducialsperline aresuficient to determineits loca-
tion with the desiredaccurag. We usethe following

four-steplocalizationalgorithm:

1. Detectsalientcircles using the Hough transform
andinfer from themacircle template.

Figure5: X-ray fluoroscopidamageshaving theiden-
tification of the targetingdrill guide. The white dots
insidethefiducialsshav thelocalizationof their cen-
ters. Thetwo orthogonapairsof parallellinesarethe
tamgetingdrill guidepattern.

2. Subtractthe original image from the background
imagefrom which thefiducialshave beenmorpho-
logically removed.

3. ComputetheNormalizedCrossCorrelation(NCC)
valueof thecircle templatesat pixel locationswith
negative values. Sincethe fiducialsappeardarler
thanthebackgroundthesdocationsconstitutepos-
siblelocationsfor thefiducials.

4. Searctfor fiducialsin asmallareaaroundthelocal
maximaof theNCC usingthedetectiorandcharac-
terizationtechniquedescribedn [12]. Thisenables
detectionof all fiducials,includingthosewith par
tial occlusions.

Themajorandminor axesof thetametingdrill guide
patternare then determinedfrom the fiducial loca-
tions using Principal ComponentAnalysis (PCA).
Step2 and3 aresimilarto thealgorithmin [10].

3. Distal locking nail holes' axeslocalization

Thelocationof thedistallocking nail holesin the X-
ray fluoroscopicimageis determinedby first locat-
ing the nail's longitudinal contourandthenlocating
its holesfrom their expectedpositionwith respecto



Figure6: X-ray fluoroscopidmageshaving theiden-
tification of the distal locking nail holes. The paral-
lel linesshaw thelocalizationof the nail longitudinal
contours. The two parallelepipedvindows shav the
localizationof the holes.

the contour(Figure 6). To locatethe nail longitudi-

nal contourswe first apply the Canry edgedetector
with sub-pixel edgelocalization[3]. We thenapplya

3D Houghtransformin which the nail is modeledas
a bandconsistingof two parallellineswith a known

distancebetweerthem. The Houghtransformvoting

schemas constrainedothatpixelswhichareonpar

allellineswill only casttheirvoteif thegraylevel val-

uesbetweerthemarelowerthanthegraylevel values
outsidetheband.

Having foundthe nail’s longitudinalcontoursthe
algorithm searchedor holesin the areaof the im-
agecontainetetweernthesetwo lines. Thesearchs
performedoy moving aparallelepipedvindon whose
sizesare equalto the nail width alongthe nail’'s me-
dial axis. The algorithmfindsthe two locationscon-
tainingthe maximalnumberof edgeelementswhich
correspondo the locationsof the distal locking nail
holes. It thenfits an ellipseto the edgeelementsat
theselocations[4].

4. Registration
We modelthedistallocking nail holesascircles,and

the X-ray fluoroscopiccameraasa pin hole camera.

In this model,the circlesin spacearemappedo cir-

clesin theimagewhenthe cameraviewing direction
is perpendiculato the circle’s plane. This requiresa
fronto-parallelimaging setup. To achiere this setup,
the X-ray technicianimagesthe nail in several ori-
entationsuntil the distallocking nail holesappearas
closeaspossibleto circles. The measureof hole cir-
cularity is theaspectatio of theellipsewhichis fit to
thedatapoints. Oncearatio closeto oneis achieved,
thetargetingdrill guideis introducednto theimaging
field of view, andanadditionalimageis acquired.
The rigid transformationbetweenthe drill guide
holes’ axesandthe distal locking nail holes’ axesis
computedasfollows. Sincethetargetingdrill guide
is pre-calibratedthe transformatiorfrom the robot's
coordinatesystemto targeting guideis knowvn. The
transformatiorbetweenthe taigetingdrill guideand
the fluoroscopicC-arm camerais determinedfrom
the extrinsic cameraparametersand the knowvn ge-
ometryof thetamgetingdrill guide. To make thedrill
guide holes’ axes and the distal locking nail holes’
axescoincide thesystenfirst orientstherobotsothat
the drill guideholes’ axesarealignedwith the cam-
eraaxis andthentranslateghe targeting drill guide
holes’anddistallocking nail holes’ centercoincide.

Results

We have built aprototypeof theentiresystemjnclud-
ing the miniaturerobot andthe targetingdrill guide.
We have implementedhe softwarefor robot control
and for the four image processingand registration
stepsdescribedabore.

Initial testsfor distortion correctionand calibra-
tion and for fiducial localizationyield a worst-case
deviationof 1.5mmand2 betweerthetargetingdrill
guideholeaxisanddistallocking nail holeaxisatthe
scrav entry point. Thisis consideredwithin the de-
siredrange. We are currently conductingadditional
in-vitro testson sawv bonesto determinethe overall
accurag androbustnes®f the system.

Conclusions

Robot-basedmage-guideddrill positioninghasthe
potentialfor facilitatingandimproving long bonedis-
tal locking. By mountinga miniaturerobot directly
on the patients bone or on the nail, no leg immo-
bilization or real-time tracking is necessaty The
mountingis minimally invasive anddoesnot require
accuratepositioning. Thereis no trial anderror posi-



tioning, andthe cumulatve radiationto the suigeon,
the patient,andthe sumgical staf is significantly re-
ducedsinceonly afew X-ray fluoroscopidmagesare
necessary The systemcan potentially reduceintra-
operatve time, reducecomplicationsassociatedavith
malpositioningandcanallow novice andexpertsur
geonsalike to performthelocking.

We arecurrentlyrefining andassessinghe accu-
ragy and robustnessof the overall systemand will
be conductingextensvie in-vitro experimentsshortly
Thefirstin-vivo experimentfor thefemuris planned
for next year
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