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Abstract

This paper describesa novel robot-basedsys-
tem to assistorthopaedicsurgeonsin perform-
ing distal intramedullarylocking for long bone
fracture reduction. The systemprovidesa me-
chanicalguidefor drilling thepilot holesof dis-
tal screws in femoral and tibial intramedullary
nailing surgery. It automaticallypositionsa drill
guidewith respectto thedistal lockingnail holes
with just a few X-ray fluoroscopicimages. The
goalsof the systemare to allow novice and ex-
pert surgeonsalike to performthe locking with-
outtrial anderror, to reducetheir exposure to ra-
diation,to shortentheintraoperativetime, andto
reducecomplications.We presentthe rationale
and conceptof the system,its architecture and
usage protocol, its image processingand regis-
tration algorithms,andour preliminaryresults.

Keywords: medicalrobotics,robot guidance,X-ray
fluoroscopicimageprocessing.

Introduction

Thegrowing demandfor precise,minimally invasive
surgical interventionsis driving the searchfor ways
to usecomputersin conjunctionwith advancedassis-
tancedevices to improve surgical planningand ex-
ecution. Over the past decade,a variety of Com-
puterIntegratedSurgery(CIS)systemshavebeende-
signed,mostly for neurosurgery, laparoscopy, max-
illof acial surgery, andorthopaedics[8]. Recentstud-
ies arestartingto show the clinical benefitsof these
systems.

CIS systemscan potentially benefit many or-
thopaedicsurgical procedures,including total hip

Figure 1: X-ray fluoroscopicimagestaken during
distal locking. The lateral (left) and frontal (right)
imagesshow the distal part of the femur, the in-
tramedullarynail with two distal locking nail holes.
Thelateralimageshows a guidewire penetratingthe
first distalhole.Thefrontal imageshows onelocking
screw in placeandthesecondonebeenfastened

andtotal kneereplacement,pediclescrew insertion,
fracturereduction,andACL ligamentreconstruction.
Theseproceduresareubiquitousandhigh volumein
operatingroomsworldwide. They involve rigid bone
structuresthatimagewell, requirepreoperative plan-
ning, andemploy instrumentsandtools,suchasim-
plants,screws, drills, and saws that requireprecise
positioning. Indeed,a few dozenCIS systemsfor
theseproceduresarecurrentlydeployed[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 surgi-
cally exposingthe fracturethroughan opening,usu-
ally in theproximalpartof thebone.Thesurgeonre-
ducesthe fractureby manipulatingtheproximaland
distal bonefragmentsthroughthe leg until they are
aligned.Thesurgeontheninsertsaguidewire, reams
thecanalif necessary, anddrivesthenail in. In most
cases,the surgeonalso insertslateral proximal and
distal interlocking screws to prevent fragmentrota-
tionandboneshortening.Theprocedureisperformed
underX-ray fluoroscopy, which is usedto view the
position of bonefragments,surgical tools, and im-
plants. NumerousX-ray fluoroscopicimagesarere-
quired,especiallyduringdistallocking[14]. Figure1
shows two suchimages.

Distal locking – the insertion of lateral screws
to prevent nail rotation – haslong beenrecognized
as one of the most challengingstepsin this proce-
dure. Sincethe nail deformsby several millimeters
to conform to the bone canal shape,the exact po-
sition of the distal locking nail holes’ axes cannot
be determinedin advance. By repeatedlyalternat-
ing betweenanterior-posteriorand lateralX-ray flu-
oroscopicviews, the surgeonadjuststhe entry point
andorientationof the drill so that its axis coincides
with the correspondingnail hole axis. Drilling pro-
ceedsincrementally, with eachadvanceverifiedwith
a new pair of X-ray fluoroscopicimagessuchasthe
onesshown in Figure1. Oncethepilot holepassing
throughthedistallockingnail’sholehasbeendrilled,
thelocking screw is fastened.Complicationsinclude
inadequatefixation, malrotation,bonecracking,cor-
tical wall penetration,and bone weakening due to
multiple or enlarged pilot holes. The literature re-
ports that the surgeon’s direct exposureto radiation
perprocedurewithout theuseof CIS systemsis 3-30
minutes,of which 31-51%is spenton distal locking
dependingon the patientanatomyandthe surgeon’s
skill [14].

Previous Work

Many non-CISdeviceshavebeendevelopedfor distal
locking [9]. Examplesincludeproximally mounted
targeting devices, stereo fluoroscopy, mechanical
guides,and optical and electro-magneticnavigation
systemsthathelp locatethecenterof thedistal lock-
ing nail holes.However, all of thesedevicesandtech-
niqueshavedeficiencies:they areonly selectively ap-

plicable,arecumbersomeanddifficult to use,or are
not sufficiently accurate,andthusfail to significantly
reducethelikelihoodof patientcomplications.

Fluoroscopy-basedCIS navigation systems[5, 7]
take theguesswork out of targeting.Thesystemsen-
hance,reduce,or altogethereliminateX-ray fluoro-
scopic imagesby replacingthem with a virtual re-
ality view in which the boneandinstruments’posi-
tionsarecontinuouslyupdatedandviewedon-screen
asthey move. They help the surgeonalign the drill
axis with the distal locking nail hole axis to an ac-
curacy of about1mm and1

�
. However, they do not

provide a mechanicalguide for the hand-helddrill,
which canslip or deviate from its plannedtrajectory
asthedrilling proceeds.Thus,thesurgical outcomes
arestill largely dependenton thesurgeon’s skill.

Robot-basedCIS systemsare designedto assist
the surgeon in implementingthe preoperative plan
by mechanicallypositioningandsometimesexecut-
ing the surgical action itself [2]. The robotsareei-
theradaptedfloor-standingindustrialrobots,or table-
mountedcustom-designedserial robots. They are
usually voluminousand heavy despitethe fact that
they have relatively small workloadsand workvol-
umes.In thesesystems,boneimmobilizationor real-
time dynamictrackingis amainissue,sincetherela-
tiveconfigurationof thebonewith respectto therobot
mustbe known preciselyat all times. This compli-
catestheregistrationprocedureandadverselyaffects
theoverall systemaccuracy. A very recentnovel de-
velopmentis aminiatureparallelrobotfor drill guid-
ing in spinalprocedures[13]. Becauseof its small
sizeandweight,therobotcanbemounteddirectlyon
the bone,for exampleon the vertebraespinouspro-
cess.This robotis thestartingpointof ourwork.

Materials and Methods

Thefundamentalconceptof our systemis thesteady
and precisepositioningof a small, robotically con-
trolled targetingdrill guidewhosedrill guideholes’
axescoincidewith thedistal lockingnail holes’axes.
Therobotholdingthetargetingdrill guideattachesto
theproximalnail heador is directlymountedlaterally
on the patient’s bonesegmentdistal to the fracture
line andproximal to the distal locking nail holes,as
shown in Figure2. With justa few lateralX-ray fluo-
roscopicimages,thetargetingdrill guideholes’axes
andthedistallockingnail holes’axesarebroughtinto
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Figure 2: Photographof the robot mountedon the
boneandcarryingthetargetingdrill guide.

alignmentby computingthe transformationbetween
themandpositioningthe robot accordingly. Mount-
ing the robot directly on the nail or on the patient’s
boneis minimally invasive, eliminatesthe needfor
leg immobilizationor real-timetracking,andgreatly
simplifiesregistration.To obtainaccurateregistration
resultsbasedon X-ray fluoroscopicimages,camera
distortioncorrectionandcalibrationareessential.

In thefollowing, wedescribethedetailsof thesys-
temwhich wasdesignedfor distal locking of the fe-
mur. With minor modifications,it canalsobe used
for thetibia.

The systemconsistsof a sterilizablerobotically
controlledtargetingdevice,animagecalibrationring
for thefluoroscopicX-ray C-armunit, aPCcomputer
with a monitor, a standardframegrabber, anda cus-
tom robotcontrollercard. The targetingdevice con-
sistsof threemodularelements:a miniaturerobot,a
baseto attachit to thebone,andatargetingdrill guide
mountedon thetop of therobot. Figure3 shows the
experimentalin-vitro systemsetup.

The miniaturerobot, shown in Figures2 and 3,
wasoriginally designedfor guidingthedrill for pedi-
cle screw insertion[13]. Its height is about70mm
andits weight is about100grams.Thepositionand
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Figure 3: Photographof the setup: the distal bone
fragmentlaying on a radiolucentoperatingtable, is
fitted with the nail and hasattachedto it the robot
carryingthetargetingdrill guide.Theimageintensi-
fier of thefluoroscopicC-armis fitted with animage
calibrationring consistingof two parallelplateswith
embeddedfiducials.

orientationof its top canbe adjustedand locked by
thecontrollerto adesiredconfigurationwith highac-
curacy andrigidity. Theworkvolumeof the robot is
sufficient for thetaskathand.Whenlocked,therobot
canholdseveralkilograms.

Thetargetingguideconsistsof threecomponents:
anadjustablehead,a connectingblock, anda target-
ing drill guide.Thestainlesssteelheadis mounteddi-
rectly on top of therobot. Its locationalongthebone
longaxiscanbeadjustedmanuallyby 40-80mm.The
connectingblock and the targeting drill guide are
madeof radiolucentDelrin. Thetargetingdrill guide
is a40x55x15mmblockandhastwo drill guideholes
30mmapart,which is also the spacingbetweenthe
distal locking nail holes’ axes. It is parallel to the
robot base,closeto the skin of the patient. It hasa
patternof 2mmstainlesssteelfiducialspheresthatare
usedfor its spatiallocalization.

We envisagetwo optionsfor mountingthe robot
on the bone. The first option, shown in Figures2



and3, is to mountit on a basewhich attachesto two
5mm diameterby 80mmlength self-tappingscrews
mounted25mmaparton thedistalbonecortex. The
secondoption is to mount the robot on a basethat
attachesto the intramedullaryproximalnail head.In
eithercase,theregistrationandpositioningprocedure
is identical.

For imagecalibration,weusetheFluoroTraxcali-
brationandtrackingring whichwasco-designedwith
TraxtalTechnologies(Toronto,Canada).Thering at-
tacheswith clampsto the C-arm’s imageintensifier.
It consistsof two parallelradiolucentplatetargeting
s 76mmapartwith 120embeddedfiducial steelballs
of 2mmand3mmdiametersarrangedin anasymmet-
rical pattern.

Thecomputersoftwareincludesmodulesfor robot
control (not described here), fluoroscopic image
distortion correctionand calibration, targeting drill
guidelocalization,distal locking nail holes’ axeslo-
calization,andrigid registrationbetweentheaxes. It
is designedto be robust, accurate,and to function
with fiducial occlusionsin theimages.

The surgical protocolandsystemoperationis as
follows. Oncethe fracturehasbeenreducedandthe
nail hasbeeninsertedto its desiredposition,the im-
agecalibrationring is mountedon the fluoroscopic
C-armimageintensifier, asshown in Figure3. With
a distal lateral fluoroscopicimageshowing the dis-
tal locking nail holes,thesurgeondeterminesthe lo-
cationof the self-tappingscrews on which the robot
will bemounted.Theiraxesshouldberoughlyparal-
lel to the distal nail holes’ axesand40-80mmprox-
imal to them. Thesurgeonthendrills, with thehelp
of a hand-heldjig, two parallelpilot holesat 30mm
distancealongthe axis of the nail. The self-tapping
screws arethe fastenedandthe targetingbasewhich
holds the robot baseis mountedon it. The target-
ing drill guideis thenmountedon therobot top, and
its positionrelative to thedistal locking nail holesis
roughly adjusted.The X-ray technicianthenadjusts
the orientationof the C-arm until the systemdeter-
minesthat thedistal locking nail holesappearascir-
cles,asopposedto ellipses,in the image. This hap-
penswhentheC-armimagingaxisis parallelwith the
distal lockingholes’axes.

The computerthen determinesthe relative posi-
tion of the targetingdrill guidewith respectto these
holes’axesandcomputesthetransformationthatwill
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Figure 4: X-ray fluoroscopic image showing the
targeting drill guide and the distal end of the in-
tramedullarynail with thetwo distallocking holes.

make thetargetingdrill guideholes’axesandthedis-
tal locking nail holes’ axescoincide. The controller
then moves the robot by the computedtransforma-
tion andlocksits links. Thesurgeoninsertsa K-wire
in eachdrill guidehole andverifieswith a new pair
of X-ray fluoroscopicimagestheiralignmentwith re-
spectto thedistal locking nail holecenters.Thesur-
geonproceedsto drill the pilot holes, removes the
robot from its baseandits screws, fastensthe lock-
ing screws, and completesthe surgery accordingto
thestandardprotocol.

Image Processing and Registration

Thekey technicalproblemof theproposedprocedure
is theability to registerthe targetingdrill guidewith
thedistal locking nail holes’axes.Theregistrationis
basedon sphericalfiducial markers,as their centers
are easierto locateaccuratelythan other geometric
objects. The algorithmis requiredto provide a reg-
istrationerror estimateandnotify the surgeonwhen
theregistrationcannotbeperformedbecauseof poor
imagequality or too many fiducial occlusions.Fig-
ure 4 is a typical X-ray fluoroscopicimageshowing
thenail, thebone,therobotbasis,andthefiducials.A
few fiducialocclusions,whicharedueto overlapwith
otherfiducialsor otherobjects,alwaysoccur. Thede-



siredaccuracy of theaxisalignmentis
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mm of the
screw entrypointon theplaneparallelto its axis,and
axisangledeviationof

���
	�� �
. Thesetolerancesguar-

anteethatthescrews canbeinsertedwithout interfer-
enceinto thedistal lockingnail holes.

We have developeda model-basedmethodcon-
sisting of four steps: (1) X-ray fluoroscopicimage
distortioncorrectionandcameracalibration;(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-
brationalgorithmthat includesfiducial localization,
distortion correction and cameracalibration [10].
Thealgorithmcomputesthedistortioncorrectionand
cameracalibrationparametersfrom anX-ray fluoro-
scopicimagein threesteps.

First, it locatesthefiducials’ projectionsandpairs
themwith theirspatiallocation.Next, it computesthe
distortioncorrectionparameters,and thencomputes
the calibrationparameters.Accurateand robust lo-
calizationof thefiducialsandtheirpatternis themost
importantstep,sinceall parameterscritically depend
onit. Ourexperimentsshow thatsubmillimetricaccu-
racy for thecombineddewarpingandcameracalibra-
tion isachievableevenwhenonly60%of thefiducials
aredetected.

2. Targeting drill guide localization

The targeting drill guide is localizedby identifying
its fiducialsandthepatternthey form (Figure5). The
targeting drill guide consistsof 28 2mm spherical
metalballs asymmetricallydistributedon two paral-
lel planes20mmapart.Thetargetingdrill guidepat-
ternwhich is usedfor registrationconsistsof two or-
thogonalpairs of parallel lines. Sincethe fiducials
arespheres,they appearascirclesin thefluoroscopic
image. However, someof themmight be occluded,
sincethedewarpingandcalibrationfiducialsandthe
nail are also presentin the image. Note that three
fiducialsper line aresufficient to determineits loca-
tion with thedesiredaccuracy. We usethefollowing
four-steplocalizationalgorithm:

1. Detect salient circles using the Hough transform
andinfer from themacircle template.

Figure5: X-ray fluoroscopicimageshowing theiden-
tification of the targetingdrill guide. Thewhite dots
insidethefiducialsshow thelocalizationof theircen-
ters.Thetwo orthogonalpairsof parallellinesarethe
targetingdrill guidepattern.

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

3. ComputetheNormalizedCrossCorrelation(NCC)
valueof thecircle templatesat pixel locationswith
negative values. Sincethe fiducialsappeardarker
thanthebackground,theselocationsconstitutepos-
siblelocationsfor thefiducials.

4. Searchfor fiducialsin asmallareaaroundthelocal
maximaof theNCCusingthedetectionandcharac-
terizationtechniquedescribedin [12]. Thisenables
detectionof all fiducials,includingthosewith par-
tial occlusions.

Themajorandminor axesof thetargetingdrill guide
patternare then determinedfrom the fiducial loca-
tions using Principal ComponentAnalysis (PCA).
Steps2 and3 aresimilar to thealgorithmin [10].

3. Distal locking nail holes’ axes localization

Thelocationof thedistal locking nail holesin theX-
ray fluoroscopicimageis determinedby first locat-
ing the nail’s longitudinalcontourandthenlocating
its holesfrom their expectedpositionwith respectto



Figure6: X-ray fluoroscopicimageshowing theiden-
tification of the distal locking nail holes. The paral-
lel linesshow thelocalizationof thenail longitudinal
contours.The two parallelepipedwindows show the
localizationof theholes.

the contour(Figure6). To locatethe nail longitudi-
nal contours,we first apply the Canny edgedetector
with sub-pixel edgelocalization[3]. We thenapplya
3D Houghtransformin which thenail is modeledas
a bandconsistingof two parallellineswith a known
distancebetweenthem.TheHoughtransformvoting
schemeis constrainedsothatpixelswhichareonpar-
allel lineswill only casttheirvoteif thegraylevel val-
uesbetweenthemarelower thanthegraylevel values
outsidetheband.

Having foundthenail’s longitudinalcontours,the
algorithm searchesfor holes in the areaof the im-
agecontainedbetweenthesetwo lines. Thesearchis
performedby movingaparallelepipedwindow whose
sizesareequalto thenail width alongthenail’s me-
dial axis. Thealgorithmfindsthetwo locationscon-
tainingthemaximalnumberof edgeelements,which
correspondto the locationsof thedistal locking nail
holes. It thenfits an ellipseto the edgeelementsat
theselocations[4].

4. Registration

Wemodelthedistal locking nail holesascircles,and
theX-ray fluoroscopiccameraasa pin hole camera.
In this model,thecirclesin spacearemappedto cir-

clesin theimagewhenthecameraviewing direction
is perpendicularto thecircle’s plane.This requiresa
fronto-parallelimagingsetup.To achieve this setup,
the X-ray technicianimagesthe nail in several ori-
entationsuntil thedistal locking nail holesappearas
closeaspossibleto circles. Themeasureof holecir-
cularity is theaspectratioof theellipsewhich is fit to
thedatapoints.Oncea ratiocloseto oneis achieved,
thetargetingdrill guideis introducedinto theimaging
field of view, andanadditionalimageis acquired.

The rigid transformationbetweenthe drill guide
holes’ axesandthe distal locking nail holes’ axesis
computedasfollows. Sincethe targetingdrill guide
is pre-calibrated,the transformationfrom therobot’s
coordinatesystemto targetingguide is known. The
transformationbetweenthe targetingdrill guideand
the fluoroscopicC-arm camerais determinedfrom
the extrinsic cameraparametersand the known ge-
ometryof thetargetingdrill guide.To make thedrill
guide holes’ axes and the distal locking nail holes’
axescoincide,thesystemfirst orientstherobotsothat
thedrill guideholes’ axesarealignedwith thecam-
eraaxis and then translatesthe targeting drill guide
holes’anddistal lockingnail holes’centercoincide.

Results

Wehavebuilt aprototypeof theentiresystem,includ-
ing theminiaturerobot andthe targetingdrill guide.
We have implementedthesoftwarefor robotcontrol
and for the four image processingand registration
stepsdescribedabove.

Initial testsfor distortion correctionand calibra-
tion and for fiducial localizationyield a worst-case
deviationof 1.5mmand2
 betweenthetargetingdrill
guideholeaxisanddistallockingnail holeaxisat the
screw entry point. This is consideredwithin the de-
siredrange. We arecurrentlyconductingadditional
in-vitro testson saw bonesto determinethe overall
accuracy androbustnessof thesystem.

Conclusions

Robot-basedimage-guideddrill positioninghas the
potentialfor facilitatingandimproving longbonedis-
tal locking. By mountinga miniaturerobot directly
on the patient’s boneor on the nail, no leg immo-
bilization or real-time tracking is necessary. The
mountingis minimally invasive anddoesnot require
accuratepositioning.Thereis no trial anderrorposi-



tioning, andthecumulative radiationto thesurgeon,
the patient,and the surgical staff is significantly re-
duced,sinceonly afew X-rayfluoroscopicimagesare
necessary. The systemcanpotentially reduceintra-
operative time, reducecomplicationsassociatedwith
malpositioning,andcanallow novice andexpertsur-
geonsalike to performthelocking.

We arecurrentlyrefining andassessingtheaccu-
racy and robustnessof the overall systemand will
beconductingextensive in-vitro experimentsshortly.
Thefirst in-vivo experimentfor thefemur is planned
for next year.
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