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Real-Time Sensing of Tooth Position for Dental
Digital Subtraction Radiography

Grigore C. Burdea, Senlor Member, IEEE, Stanley M. Dunn, sember, teet, Charles H. Immendarf,
and Madhumita Mailik

Absiract—Dentul digitud substraction rodiogruphy requires uccarnte
repasitioning of the patient and X-ray source in order 1o Facilitate cor-
recl diagoostic of buoe huss. Present mechanicul repositioning systems
do nit ullow radingraphy of posterior teeth, and are nncomfortahle for
the patient, A new repasitioning syatem that wiilizes # six degrees of
Ireedom pusitivn sensor and o robut srm with X-ray source is pro-
posed. A mathematical model for the system s glven, and the rabat
@ solution is oblained based on palienl positivn. An error analisis
is performed in order to determine the influence of sensor nnd robat
errors om system accuracy. A series of experiments to determine sensor
nokse and accuracy are described. These tests showed relatively sinall
ercurs over the work envelope of the sensor, Fuorther tests showed that
there Is mo adverse effeet due to the presence of metal work in the pa-
(kent’s muouth, The high bandwidih of Lhe sensur muy allow resl time
trucking of small movements of the patlent’s head,

I. INTRODUCTION

ENTAL radiographs arc onc of the most widely used di-

agnostic wols s dentistey. This remiins trae in spite of the
inherent limitation that they provide only a two-dimensional
projection (1.e., view) of the area of interest. For many discase
processes this two-dimensional view 15 suthicient 1o characienze
the pathology and initiate a treatment plan. For detecting the
presence or abzence of lesions, one need only look for intensity
changes in the film, or image if it has been digitized.

However, as dental health has improved, the emphisis has
shifted toward early detection of disease, requiring more exicl
ing instruments. Nowhere ig this more evident than in the di-
ugmosis and treatment of periodontal disease, The goal is 1o be
able 10 detect as carly as possible, small changes in the bony
struciure supporting the tooth. 1111 not caught in tme, then
the result can be tooth loss and continued oral health problems.

Stisdies have shown that disense can he detected earlier and
with greater accuruey by looking at the dillerence between ra
diographs taken over time, instead of a single radiograph. This
“subtmuetion™ lechmgue can be done optically by aligning filns
or digitally, by digitizing cach film and then subtracting corre-
sponding picture elements to compute a difference image. With
the advent of personal computers and low cost Imaging sys-
tems, most wark can be done digitally.

This presents a unigee imaging problem. The two radio
graphs must enclose the same field of view of the mouth and
must be taken with the same geometry. If they are not, then the
radiographs cannot be subtracted meaningfully. The purpose of
this subtraction is to climinate the anatomic teatures not of in-
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terest, the so-called strecrared noive in the image. I the im-
aging geometry is not the same then the viseal appearunce of
the structured noise is different und the differance will aot be
e, vielding a false positive difference.

The goal must be w produce standardiced views of the arca
of interest. Much wark to date has been done on mechanical
devices to Ax the object (e, putient) and imaging devies (X-
fy source) in position. a deseription of relevant wuork heing

- miven in Section [, The goal of our research is to continue to

study an approach to this problem that does nol require fixing
the putienl in positon relative to the X-ray source. The pro-
posed approach is based on accurately positioning the X-ray
source and then recognizing three-dimensional properties of the
objects of interest thus are invarmunt in any view of the object.
Omce these invariants are recognized and measured 0 a digital
image, the two digital images can be aligned to produce stan-
dardized digital images (radiographs). Then an accurite sub-
traction cun be mude to remove struciured noise.

The impact of this result goes bevond the apphication on -
diology. Rather, this apphestion morivated the stody of the im-
aging problem and provides a wealth of data which can be used
in experiments (o quantily the acearacy, resolution and repro-
ducibility of the approach. The same technigues are applicable
in any other application with any source of image data, The
gencral scicntific problem being studied is one of exiricting in-
variant three-dimensional object characteristics and using themn
impact dentistry, other applications of radiology and generul
imaging sciences.

Section I1 gives sume hackground on tomographic imuge tor-
miation using X-ravs. Seceion 11 is u descrption of the mathe-
matics of measuring 313 position. while results of prelininary
stodies showing the accuracy, reprducibility, and resolution of
3-D meassurements e shown in Section 1V Concluding re-
marks are given in Section V,

IT. BACKGROUND AND SIGNIFICANCE

Digital subtraction radiography is vne exampie ol an imaging
application requinng @ differential diagnosis—a measurement nf
change over time. Two images, each of which records the state
of the dentition at a specific time are taken. Since the normal
anatomical structure should net change between the two films,
the observed differcnces are indicative of growth or decay in
the bony structure, The varly stucies [27]. [25] used subtraction
o detect lesion in between teeth and in the supponting stiucture
of the teeth. The mone recent papers [3]-[6] cite applications ol
digital subtraction to measure bone loss and density in the sup-
porting structure of the teeth. Showing the density changes in
color [4] improved the diagnosis agreement amang observers.
In ull cases, however, the application papers point out the dif-
ficulty in making the initial measurements, the difficulty in re-
prducing the original imaging geometry and why this limits
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the vse of digital subtruction radiography. The same. or similar
problems, arse in spatially disparate instead of tme disparate
image sequences, The correspondence problem is dithicult to
solve and the data acquisition shoold be examined first.

One of the earliest pupers in the aren hy Webber e ol. |32]
deseribed the principle that the subtraction process removed
"“noise™ that is the unchunged anatomy during the lime belween
the two films. Webber and his colleagues already recognized
1he requirernents of lixing the geometry 1o produce standardized
radiographs. and used a template to fix the mouth in position.
Mechunical devices to standandize the imaging peomelry were
used by Grondahl [14], [L5], Hausmann and colleagues [24].
and Janssen [19], [20]. The studies by Grondahl and Hausmann
and Janssen all used subtraction in trials to quantitate bone Loss.
Janssen [19] found that the digial subtraction system was the
most sensitive to measure subtle change when compared to using
a single radiograph or photographic subtrsction, but required
standardized geometry.

The apphecation problem of standardizing geometry for digi-
tal subtraction radiography leads us to study the coginecring
problemn of standardizing imaging geometry and calibrating the
geametry. The problems of correspondence and registration
mve long been stodied and widely reported in the compuler
vision field in. for example, the books [2], [18]. [23], [28] and
the papers {11], [1]. [21], [29], [26).

The study of radiographs in not new. Some of the earliest
work in image understanding and intempretation was done by
Prewatl and Sklunsky on radiographs, However, litile attention
was paid 1o the image formation geometry at that time (or even
uihil now) because the apphcations had not warramted il

In the original subtraction paper by Webber [32] the authors
noted that there were lour sources of error leading 1o improper
registration of the pair of radiographs: rissue changes, Alm, X-
ruy energy, und inexact replication of imaging peamelry. The
Brst cannot be controlled other than by assumptions on the lo-
calization of the changes. The second can be controlled by the
hlm type and provessing chemicals. Webber later studied the
effects of X-ray energy in [33] and showed that the effects of
energy cin te controlled. The remaining problem is that of con-
trolling the imaging geometry,

To date, most approaches to this problem have relied on a
madel of radiograph farmation of a point projection nf X-rays
along struight lines through the tissue. The X-ruys are aten-
uated along these diverging steaight line paths and form & dis-
torted smage on the hilm behind the hard tissue, As the source
and’or Alm move with respeet to the tissue, the appearance of
the tiasue on the ilm is changed nonlineardy. Thus, (o generate
rudiographs with the same appearance it is important 0 repro-
duce the original imaging geomenry. Following this line of rea-
suning, many stodies of the subtraction technigue have been
reported that use mechamcal fixneres [32], [16], [24], [22], [20]
undfor compensatory algorithms [22]. [30] to control the im-
aging geomerry, i.e.. the position of the poinl source and the
aliensation paths through the tissue.

A good example of @ mechanical standardization system for
subtraction radiography is given in [22]. The X-may sounce, pa-
tient. and film are connected using an occlusal stent and ceph
ulostat. The mechanical connection of the source. object. and
film shauld restrict any varutions (o be in plane transtations and
rotations. By matching three anatomical features in the twa
films, the tmnslation und rotations cun be eliminated, The dif-
ficuliy is ewofold: first. the use of a mechanical fixture or fixed
imaging geometry resiricts the Geld of view and therefore only

My

a limited portion of the dentition ¢an e imagel. Second, dis-
case provesses are three and not two-dimensional.

Digital subtraction is dependent on our ability w precisely
match imaging geomedry. Instead, if ene can gather enough in:
formation to create a 3-DF maxde] of the tissue then 2-D projec-
tions can be synthesized, subsequent radiographs with unknown
aging geometry can be matched

One approich o creating three-dimensional models recently
on the dental literature is tomosynthesis [21], A finie set of
radiographs are taken with the source at known locations on a
circular locus in a plane on one side of an object. A reconstruc-
tion trom projections is not explicily done, rather the projec
tion data is used to synthesize an arbitzacy projection. Arbitrary
projections are linear combinations of the projections tuken [31].
Tt is casy to sce that tomosyothesiz is o nice extension of axial
transverse tomoprphy, hut instead of rotating the patent and
film as descrived 0 Herman [ 17], the sowrce is moved in a cir
¢le on the one side of the object. The advantages of this method
are that any projection can be svathesized and thus this tech
nique can be used to generate the projection needed (o7 a sub-
traction and that three-dimensional date s collected and vsed.
The disacvantage is the nomber of images that have w be taken
and the time requited for the process, Currently, tomosynthesis
is used only in the laboratory on dry skulls to demonstrate the
feasibility of the approach (M. To use this in practice would
required a4 CCD array or a film pack to gather the set of images.
It would, of course, be difficuls to ensure that a patient could
he fixed in position in the time period between changing single
films, rendering tomosynthesis useless if one has to take a sel
of individual films.

The advantage is that the tomaesynthetic three-dimensional
model can be ereated once and comparzd 1o a mgiograph taken
at a Jater time from un arbitrry projection. In this way the im-
sging geometry of the second radiograph need not be exactly
that of the lomosynthesis images. The cost is the precision with
which the tomosynthesis proiections have 1o be raken. Using
current techeology this means the patient must Temnain fixed in
position between cach projecyion image. Forthermore, the en-
tire zel of tomnsynthesis images must be stored for uler use.

The tomosyothetic paradigm of synthesizing 2-D projections
from a 3-D model siill relics on the point projection model of
radiograph fomoution, This model describes how the appenr
ance of the tissue changes in the 2-I rathograph as a function
of the 3-D position of the nssue. In essence, this approach o
subiraction radiography relies on repruducing a description of
how tissue changes appearance in a radiograph, Mechanical
control of the geometry is promising, dul limits the routine use
of subtraction radicgrph. There is an alternative medel thal
may not require such fgid mechanical stindaxdization in prac-
tice. Instend of modeling radiograph formation by how things
change appearance, model the tormation by deseribing what
reometric (ans! infensily or atenuation) relations remain the
same. Thus, even though there may be nonlincar distortion be-
tween i pair of radiographs. there are relationships thal remain
the same in both films, Modeling the imaging geometry by what
remains the same, or (nvarian:, hos some advantages.

The imaging geometry model described in [12] uses projec
tive invariants of points on a plane in 3 . These are relations
umongst points in the plane that remain te same regardless of
how the planc may be positioned or orented with respect 1o the
Xoruy source. In [12] » set of 88 periapical films with between
0-32° angulation error (about each of the three axes) and be-
tween (- 16 mm translation were used. Dunn and van der Stelt
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tween O-16 mm translation were used Dunn amd van der Stelt
showed that in each filin the same invariant selationship can be
measured between oot upices and cemento enamel junctions.

Stardanbized thgial Glms can be prodoced by identitying the
projective invariants i cach of the two mdgragns. The stan-
ditdreation can e done by finding the prespective projection
that transforms the points of the invariant in one cadiogrzph into
the points of the (saee) invariant in the secomd flm. Thaz, me
chanical Axtores to register und align the tilins wall no longer
be needed amd thgaal subisaction can be done in a clinician’s
otfive.

Tn order to do accurate densitomesry work (such as cormpiling,
lesion volumel, the noton of isanants will have o be ex-
tended 1o differential invariants |24]. These are invanunl reii-
tions of tunction values (.e., iage inlensities, i.¢., atienua-
nond of points in three dimensions. The dilferential invariants
are a more precise description of the 213 and 2-1 relationships
ol posizons af points and their image intensities,

The long werm goal of developing a pracucil dental digital
subtraction radioprphy svstem relics on an image formation
model and & methodology for using it The model ol invanant
relutions descrivedd an | 12] reguires only the tissue of interest
appear wholly contained in each of the swo tihns. This 15 @ muoch
wenker comstraint than requiring that the imaging geometry bhe
reproduced exactly and cun be sehieved with simple control of
exssting madwgraph systems. 15 the location of the patient und
the desived imaging geomelny are known. then g control system
cane reposition the X-vav source. This control system o repo-
sition the source need enly be securle enough to guarantes that
the hssue of intereat will appear on the film In this paper we
shall describe the design of such i position seasing and control
systern and repost on the accuracy of sensing 3-D pusition of
the mouth.

111, PROPOSCD ROBOTIC SYSTEM 10K DENTAL DHGITAL
SURTRACTION RADMIGRAPHY

Digital subtraction radiography requires a system that pro-
vides pood repemtability and accurscy for patient positioning,
Present dental subtraction radiography positioning svstems are
mechanical, uncomiforable (ur the patient, and impractcal Tor
certain tooth positions. We propose to replace present mechan-
il svstems with o sensoriced system without divect mechanical
link with the X-ray source. This new svsiem utilizes s robot
arn as posiioning device thal tracks o magnetie sensor allached
to the patient mouth.

Industrial mobot systens are presently used in omany engs
neering helds due 1o their programming Aexibilivy, as well os
cxcellent repeatability. An industrizl robor can bz viewed a5 a
computer-controlled manipulator consisting of zeveral ripid
links connected i senes by revoloe o prismatic jeints [13].
One end of the chuin of mapipulator segments is attached to a
fised supporting base, while the other ead is free and cquipped
with a tool. Most robots have six degrees of freedom and their
wrast can positicn and onent the attached ool In oades to adapt
to changes in its environment the robot uses external sensing
data given by vision. touch. foree, or other vpes of scnsons.
By using this sensor data the mbot cun change stnitegies, gnisp
or release objects. or avoid colliding with obstacles.

The denty] subtraction mudiogruphy requirement for conser-
vation of patient X-ray source geometrical relationship led s
to the ides to integrite an X my source wilh a robot manipuly-
tor. This proposed mbotiz dental subtraction radiographic sys-

tem is shown in Figure 1, 1he weaght of the X-ray source tabout
20 kg) is wathin the payload capability of several exsting ma-
nipulators. The source is mountesd ditectly on the robot wrist,
ab the erd of the manipulator. The symmetry ol the X-ray beam
can be exploited by abigmng the robot wrist rotation axis (rolh
with the lingitadinal axis of the X-ray source, Dee (o thes sym-
metry the rotation angle ol the wrst hecames inelevant. A o
bol with vnly five degrees of freedom will suthce for this ap-
plication, which reduces the cost of the system,

In dent:l radiography applications the pusiion of the robot
wrist with the attached X-my source has o change as o function
uf the patient position. If a sensor can provide the position and
aricntation of the tacgeted woth, then the robor can onent itsell
i follow that sensor and the tooth. The proposed syslem ori-
lizes a six degrees of treedom sensor that provides position and
orientation duts (X, ¥, Z, roll, pitch. and vaw) that is needed o
position the robot. A high sensor bundwidth sllows for small
motions uf the patient head o be compensated by the robol in
real time.

In order to do real time 1ot macking, the umount of com-
putation performed by the robot contraller peeds 1 be reduced.
One way o reduce the amount of computation is fo mamntiin a
fixed geometrical relationship Setwren tooth and sensor. Our
system utilizes a mouth piece which serves as suppont for hoth
the sensor and the X-ray tilm. Since the mouth picce is ngid,
the genmetrical relationship between sensor and the toath is
fised, no mater how the patient wms tusther head. This rela-
tienship is computed off-hne and stored o the memory of @ host
computer (such as a PC), which is alswo part of the svstem. The
host computer downloads it to the fobot controller, at the time
nf subscquent radiographs. While hone disease may alter over
time {months) the genmetry of the mouth. the presence of the
mouth applisnce assures u constant positioning of the X-ray
source versus the film, Very large changes in mouth geametry
will require of course o new month appliance. and the process
described ubove n repeated.

A Sensor Made!

This section gives a model for the pusition sensing mecha-
nism, as well us the robol rget solution. This model is based
ot the homogencous transformation lechnique first propoesed by
Denavit and Harlenberg [9]. This well known techmgue utslizes
matrix algehra to represent the spatial geometsy nf the robot armn
links with respect to i fixed reference coordinate system. Il the
original coordinate system OXY?Z is rotaed and cransiated 3o
three dimensmnal space o form a new conrdinale system
OUVW, then the vector P vun be tansfonned between the two
coordinate systems trrongh a homogeneous transtemiation ma-
rix T.

,IC\I — ”:TI.I-‘OPJ*‘- l!j

T can be partitoned into two submatnices namely. the rotalion
matrix expressing the onentation of the DUYW system yarsus
OXY7Z, and the position vector of Ihe origin of OUVW in
OXYZ. Its structune is expressed as

R,‘x PI\I-'
.-.'.'Tu“. = [ ¥ ' (2}
0 |

whete # = [p.. p.. p.]7. If a series al n rotations ant sl
tions are pertormed hetween multiple coordinate systems, then
# composiue homogencous transfomation matrix cim be oh-
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Signal Source

s

4
Sensee Cantrel Unit

Patient Side
Fig. |,

tained by multiplying the sequence of homagencous marrices
Wl =120

The sensor transmits six parameters. The first three are 1, ¥,
2 representing the tmnslaton between sensor system ol coor
dinates and 1ts source svstem of coordinates, as shown in Fig.
2. The other thice parameters are o, A, and o, ¢ is the mtation
o the x and v coordinates about the z-axis. ¢ 15 the rotation of
the 2 and the rotated x coordinates about the rotared v-agis. and
& is the mtgtion of the rowted v imd 2 coordinates about the
rotated x-axis {101, With these six sensor paramerers, the 4 =
4 transformation matnx U expressing the pusiiion and
arientation of the sensor with respect to its source is given by
{31 [10].

annt T.“‘_., -

T/- v T"" I‘TX'.-ﬂ rﬂn

obell olsisd — sdcp opslod + sgsa rofed + slegsileg
sl sdeism + oo safem — egnd xetal - wWadslsd + odods — clafeiig — edud)

—8 oy o
0 1} 1]

Another transformation =" 1., expresses the position of
the targewed tonth versus the sensor on the dental apphance.
This transtormation depends on the characteristics of the patienc
and therefore has 1o be detenmined (or each palient, nnce the
dentul appliance is built. The transtformation which gives the
position of the ooth of interest i source conrdinates is

PO —_— v M
’ruh 13 Tﬂus‘t 5 oty ':'“

Operator Side

Fropased rabols system for denial subtmction rmdiagsphy

While %7, . 18 fiaed (but paticnt dependenty, =", will
vary as a function of head position wnd orentation. In this way,
MU e acks the position of the patient™s touth, with respect

to the tixed system ol coordinates of the sousce,

B. Robor Moded

Consider u rosol mamipuiator with « degrees of freedom, as
shown in Fig. 3. 0 | | orthonommal Carlesim coonbiale s¥s-
tems are assigned to the mbol links and base ar the joint axes,
The mransformation “*7, ., thal expresses the position and ori-
entittion ol the robot wrist with respect to the robot base [vom-
monly known as the "“arm malnx ™o

3 r = o 1
huro“q = ep o Twi.. %)

o)+ 2edsilod + sdsa)

—xsf) + yfea 4 efogd

Another transformation that 15 needed s 7T, between
the system of coondinates auached to the X-ray source and thi
attached to the robot wost I onder 10 ke advantage of the
axial symmetry of the problem OX, . Y, . Z, . 15 chosen o
that Z, . points towurds the wrist, anid coaxial with the wrist.
The origin of OX ¥, .2, ., is located at u fixed distance J.
from the robot wrisl, comesponding (o the distance o the pu-
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Fig. 2. Sensor and sovme comdingle sysiems

&

Fig. 3. Conliguration of the bt manipularar

tient. *"*T ., is then fixed aml given by

I 0 00
0 -1 00

"-“r.|”= ‘6]
0 0 -1t
0 0 01

In order to orient itself the robot needs to know the patient
pusition given in its own robot coordiniles as "7, . If the
sensor sowrce is placed at a fixed and known location versus the
robol hase, then the transtormation ™7, ... is wlso fixed and
may be determined by messorements. The positon of the pa-
tient with respect to the robot 15 then given by (8):

hur E5 MT‘W u-m::ﬂﬂh. ’.—"]

The alignment between the X-ray source amd the largeted
tooth 35 ope of the kevs to the reproducibility of the images.
e possible solution is for the X-ray source 1o be aligned per-

pendicular to the plane of the film, so that the two systems
OX, e Yooy Zonvas Wnd O X Yooy cinvide. This is shown in
mare detail in Fig. 4. The alignment condition sufficient 1o ob-
Lain the robot arm position 15

h"Tvrn = m:rl'.ujn (8)
or
t“.‘T'An-. w:iAr“ "y =P vorh 19}
h".r-arn ] h"‘:rh.-ml'u wi’lrxm”' UO:'
whene
B 060
O -1t 00
T ey L o POV 0O 0 b i1
A d S iRl e
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Yew 7 Yom
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v A zm
Plane of the X-my Fiks X fitm
X X-ny
Fig. 4. Alignmaal of the X-ray saurce and fargetec touth plaze.
SENSOR JOINT
PARAMETERS VARIABLES
i
L |
Basic
" MATRIX DESIKED INVERSE
[ — 3 XRAYSOURCE
MATRICES
TION MLLTURICATION FOSITION KIREMATCS
| N
—_— Ly
STORED |
5 e MANTFULATOR ENVBONMERTAL
RALATIVI POSTTON CONPICURATION SITUATION
J

Fig. 5. [nveeose kinemalics process.

Equation (10) represents the solution which s fed nto the
robot controller. This in tum determines the robot joint posi-
tions based on inverse kinematics calculations | 13]. The solu-
tion given by (107 is a static solution. In order to limit the ad-
verse effects of the robor dynamices iLis secessary W have a high
bandwidth in the control loop (here the bandwidth of the sensor
is the limiting factor). and selatively small and slow patient head
motions. The overall process is shown in Fig, 5.

C. Soluiion Aecuracy

The solution given by (101 is comeet 1o the extent that there
arc no crrors in the overall system. These errors. however, exist
due to several factors, such as mbnt contral inaccuracies, sen-
sor-tooth relation, sensor errors, or erors in mensuremnents thut
determiine the fixed Iransfommations =T and ™7, .
Thesge factors compound the overall positioning error, so that
OX, ¥, il will not coincide with OX,, Vo, This i
shown in Fig. 6. The upper bound for the correctable position-

ing error is the Hmil with which a projective invariant can be
measured in the film as reported in the study by Dunn and van
der Stelt [12] (X ¥ transtation errors of O 10 16 mm and rolation
ermars of 0-327 ghout cither the X, ¥, or Z axis).

To a first approximation the total errur &, 10 the solution
may be expressed as a function of robot teanslation crror A,,.,
robot rotation error A, , and sensor translation ermor 3, as

By = g T L ta0 (dy) + By, (12]
Here the effects of the sensor rotation errors (which are small)
have been neglected, as well a5 the effect of 1he errors in meq
surements that determine "*T,,,,... and *™T, ... Special care
needs (0 be luken o deteomine the fixed trunsformation
BT e BY precise measurements of the robot and source sys-
tem ol coonlinales, &, and &, are functions of the robot
arm accuracy. which represents the difference between the coni-
manled ant actual positions of the mbol. These errors vary from
manipulator to manipulator and can be as large as 20 mm (8]
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Flaoe of the X-my Film

.
——
x'm o wist
X-ny smirce 5 Y";‘
".[3 (]

ilor changes in configurunon from “lefty™ w “nghie™) for
Ay, and 5° for A,.,. The fact that in this application the work
envelope is relutively small and the robot does not have w
change its configuration also helps reducing the positioning e1-
ors. These errors can be redoced significantly theough robol
calibration and compensation, (o abhout 0.3 mm for 4, for
example [8].

The other unknown in ( 12) represents the sensor errors, which
have to be determined experimentally. I the sensor crror A,
is 3 mm and the mobot is calibraved sothat & is | oond a4,
i | mm then the tolal eror &, is 14.4 mn for L < 600 mm
This is less than the condition sel up in the previovs pargraph.
Inn arder to verity that the sensor errors salisly these conditions,
a series of experiments were conducted as described in the fol-
lowing section,

1V, EXPERIMENTAL SYSTEM anD RESULTS

A leasibility study has been performed ut the Robaotics Re-
scarch Lubormtury at Rutgers Universily in order to determine
the accuracy with which we can measure the wath position and
onentation in real time |7]. A sensorized muouth appliance has
been developed in order to mmntain & fixed geometncal rels-
tionship between sensor and tooth. The sensor-mouth apphance
assembly is shown in Fig. 7. This appliance consists uf a dental
mold. a nigid plastic connecting piece attached tn the meld, aml
a sensor altached 10 the connecting piece. The plastic connec-
tion is designed tw allow the atachment of the radiographic film
at one end, and that of the sensor at the other. The sensar scats
outside the mouth and allows the patiens 1o close his‘ber mouth.
In this way the sensor may he used repeatediy for different pa-
ticnts and the only consumables are the plastic connection and
the mouth appliance. The use of the plastic mece also allows
the plucement of the X-ray film at different locations n the
mouth, which is @ delinite advantage over mechanical stemts
that allow the subtraction radiography of frontal teeth omly. OF
course, for different positions in the mouth there will bz differ
ent connecting picces. The connecting picce places the sensor
away from the X-ray beam. 50 thut the seasor wires and elec-
tromics are not shown in the image on the film,

The sensor utilizes low-frequency miagnetie ficld technology
w delermine its position and orientation in relation 1o a sounce
reference fmme. 1t is capable 1o perfarm constunt mominrng
(max 60 times per secoml) of the position and orientation of an
object in three-dimensional space | 10]. The data from the mag-

Pesvintum of scusor pasatian.

. Sensorized woura appliane,

Fie. B Sensor tore Tace and worksation

nete sensor are sampled by an glectronic unit that is also con-
nected to the sensor source. This electronic unil is in tum in
terfaced with the host compurer over an RS222 serinl hne as
shown in Fig. 8. The computer 1s used for progrmmming. datu
transter. and analvsis,

The sensor and connecting pece were mounted on calibrated
blacks and placed at known locations on a PYC {nonmetallic)
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BLDCK COORDINATES

SONTRCE COORDONATES

Fig. 9. Expzrimental tanle fon aceursey messurements

tahle. O the sume table was rigidly mounted the sensor source.
is shown in Fig. 9. The relationship between the block system
of coondinates and the sensor system of coordinates was deter-
mined through measurements. This translormation was then
used to determine the correct position of the sensor on the ex-
perimental table.

A, Experiraeniol Resulis

The snsor readings were compared 10 the comect values
measured off-line in order to deterimne sensor accoracy and re-
peatability. The data are shown in Fig. 10 for a stationary sen-
sor (the solid line represents the cormeet duta). In order to de
rermine sensor noise as well s average position, u number of
readings were made over u period of 11 5,

Subsequently the same series of tests were performed at dif-
ferent Jocations on the calibration table. Thess tests were made
to determine if there is significant degradation of sensur mea-
suternents as the distance belween sensor amd source increases.
The optimum sensor range was determined to be less than 30
mim from the source. This optimum distance cormesponds to the
distance that the sensor will have from the source in the dental
applications, when the source is fixed on the back of the X-ray
chair, or in some other convenient location. The resulis wre pre-
scoted in Fig, 11, When compared to the correct values, the
sensor readings differ by ot most 2.5 aun Inmslations and 1°
rotations.

The successful application of the abave technique to dental
subtezction radiography would require small translation errors.
Qur best results had sensor errors of less than 0,235 mm, while
the largest sensor error was 2.5 mm. The larger enrs are due
1o the use of a less accuraty sensor which was available at the
time of the expenments, as well as w a relatively mprecise
calibration table. Thus, the “correet’’ values had a built-in
reading comor of U.5-1.0 mm. Acconhing to its manufacturer,
SERLOT mrasurements ane not affected by X-nys,

As seen (rom {12), the experimental results on the sensor cr-
rors at optimal range satisfy the constramis st oul in Section
ITL. Under these conditions, 3., is 2.5 mm or less for a sensor
to source distance of 200 mum. Since this s within e optimal
range for the application, these resulls are encouraging.

A thind set of measurements were performed to determine o
there is a significant degradation ol sensor readings due to pres-
ence of mewl (1.¢., restorations and orthodontic appliances) in
the patient’s mouth. An inial set of redings were done for all
six XM with i dry mandible that had no metal. These readings
showed that there is no difference in dita when the skull was
interpused between the source and the sensor block. or when i
wis nol (the difference was on the arder of the sensor noisel,
This is shown i Fig. 12, Subsequently, the same mandible was
fited with orthodontic wire and ten amalgam restorstinns and
the same measurement provedure was applied, The data are pre-
sented in Fig. 13, These results are essentially the same as those
shown in Fig. 12. The position readings ditfer from those shown
in Fig, 12 by ar most 0.1 mm. This indicates that there is no
adverse influence on sensor acceracy due to the presence of
metal in the patient’s mouth.

V. CONCLUSIONS

A sensurized dental appliance tha allows accurare measure-
ment of targeted tonth position without supplermental mechani-
cal alignmenl was described. The above described sensorized
appliance aveids direcl mechanical contact with the X-ruy
source amnd therefore can be used 10 image posterior as well as
anterior tecth (mechanical techniques apply 1o anterior testh
only). Initial feasibility tests had encouraging results. These
tests will be continued using u new gencration sensor with better
neeuracy.

The long term goal of present research is to realize o com
plete system thal integrates the robot manipulator with an X-
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ray source. The accuracy of this proposed system will be mea
sitreed aund compared with the mode] presented in this paper in
order to identity and eliminate gy adibtional sources af emor,
including bent Glm and creors introduced in fitting the mouth-
guard to teeth that have dnfied hetwsen mahographic exani-
mations, Finally, results will 2e compared with measerements
of the same bone structure made vsing present mechanical
alignment . Beth techngues will beaehit from image registration
software commonly used today.
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