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Fig. 15-12 M Palatal expansion in adolescents requires a rigid framework because of the heavy
forces (2 to 4 pounds with slow expansion, 10 to 20 pounds with rapid expansion) that will be
encountered. A, Haas-type expander with metal framework and plastic shelves contacting the pal-
atal mucosa; B, Hyrax expander with metal framework only; C, Minn-expander, which incorpo-
rates a spring to smooth the force application but still produces heavy force if activated rapidly;
although the various expansion appliances look quite different, results with all are very similar.
Although the various expansion appliances look quite different, resuits with all are similar. A
bonded expander, retained by bonding to the enamel rather than using bands also can be used (see

, Fig. 15-13). With this method, the enamel is prepared for bonding only on the facial and lingual,
but not the occlusal, surfaces; otherwise removing the appliance is too difficult.

Fig. 15-13 B A and B, Palatal expander with bite blocks. With this design, intrusive pressure
against the posterior teeth, created by the elastic rebound of the patient’s stretched soft tissues,
controls the tendency for bite opening and downward-backward rotation of the mandible that oc-
curs with other designs of palatal expanders. C, Cephalometric superimposition before and after
el;(pansion, showing the very small mandibular rotation when expansion was done with a device of
this type. ’
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Fig. 15-14 M Rapid maxillary expansion with a jackscrew appliance to open the midpalatal su-
ture. A, Maxillary constriction and crowding before treatment; B, jackscrew appliance in place,
soldered to bands on the maxillary first molars and first premolars, with an arm contacting the
second premolars. At this point, the appliance has been opened approximately 3 mm. Note the
separation between the maxillary central incisors. C, Occlusal view after 10 days of separation.
Note the wide central diastema. D, Labial view after 10 days of separation. A tendency toward
anterior open bite is created by contact of the maxillary lingual and mandibular buccal molar
cusps. E, Occlusal view 3 months after separation was begun and 10 weeks after the screw was
stabilized by tying it with brass wire. Note the spontaneous closure of the diastema, which occurs
because of a combination of elastic rebound of the gingival fibers that moves the teeth together,
and skeletal relapse. F, Labial view at 3 months. Overcorrection of the posterior crossbite is being
maintained by the stabilized appliance.

months of retention. With slow expansion, approximately
2, months are needed to obtain the expansion, and the ap-
pliance can be removed in another 2 months.

Some degree of relapse can be expected after palatal ex-
pansion because of the elasticity of the palatal soft tissue.
Therefore it is wise to overcorrect the crossbite initially
(see Fig. 15-14). Even if 3 to 4 months of stabilization
with the palate-separating device have been provided, ad-
ditional retention of the crossbite correction is needed
when the fixed appliance is removed. A palate-covering
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removable retainer is satisfactory but may be somewhat
awkward in combination with fixed appliances to align the
teeth as the first stage of treatment proceeds. An alterna-
tive is a heavy labial archwire placed in the headgear
tubes, which will maintain the lateral expansion while
light resilient archwires are being used to align the teeth
(Fig. 15-15), or a lingual arch.

Correction of Dental Crossbites. Three approaches to
correction of less severe dental crossbites are feasible: a
heavy labial expansion arch, as shown in Fig. 15-15, an
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Fig. 15-15 M A heavy labial archwire (usually 36 or 40 mil
steel) placed in the headgear tubes on first molars can be used to
maintain arch width after palatal suture opening while the teeth
are being aligned. This is more compatible with fixed-appliance
treatment than a removable retainer and does not depend on pa-
tient cooperation.

expansion lingual arch, or cross-elastics. Removable appli-
ances, although theoretically possible, are not compatible
with comprehensive treatment and should be reserved for
the mixed dentition or adjunctive treatment.

The inner bow of a facebow is also, of course, a heavy
labial arch, and expansion of this inner bow is a conve-
nient way to expand the upper molars. This expansion is
nearly always needed for patients with a Class I molar re-
lationship, whose upper arch is too narrow to accommo-
date the mandibular arch when it comes forward into the
correct relationship. The inner bow is simply adjusted at
each appointment to be sure that it is slightly wider than
the headgear tubes and must be compressed by the patient
when inserting the facebow. If the distal force of a head-
gear is not desired, a heavy labial auxiliary can provide the
expansion effect alone.

A transpalatal lingnal arch for expansion must have
some springiness and range of action. As a general princi-

Fig. 15-16 W A, An expansion lingual arch
into a horizontal lingual sheath, is often used for small amounts of expansion in the first stage of

comprehensive treatment rather than the more
cause it also will contribute to stabilization of

of this type, using 36 mil steel wire doubled over

flexible expansion arches shown in Chapter 14, be-
the posterior segments later, augmenting the poste-

tior anchorage. B, A more efficient alternative, especially if more than a small amount of expan-
sion is needed, is to use the new 32 X 32 lingual arch brackets. Then a 32 x 32 TMA lingual
arch can be used for the initial tooth movement, and a steel arch of the same size can be placed
for the later stabilization. C, Activation of a TMA lingual arch (equal on the two sides); D, initial
and, E, follow-up molar positions. (B to E, Courtesy Dr. CJ Burstone.)
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ple, the more flexible a lingual arch is, the less it adds to
anchorage stability, which can be an important consider-
ation in adolescent and adult patients. If anchorage is of no
concern, a highly flexible lingual arch, like the quad helix
design discussed in Chapter 13, is an excellent choice.
When the lingual arch is needed for both expansion and
anchorage, however, the choices are 36 mil steel wire with
an adjustment loop, or the new system that allows the use
of 32 X 32 'TMA or steel wire (Fig. 15-16) (see Chapter
12).

The third possibility for dental expansion is the use of
cross-elastics, typically running from the lingual of the up-
per molar to the buccal of the lower molar (Fig. 15-17).
These elastics are effective, but their strong extrusive com-
ponent must be kept in mind. As a general rule, adolescent
patients can tolerate a short period of cross-elastic wear to
correct a simple crossbite, because any extrusion is com-
pensated by vertical growth of the ramus, but cross-elas-
tics should be used with great caution, if at all, in aduits.
As any posterior crossbite is corrected, interference of the
cusps increases posterior vertical dimension and thereby
tends to rock the mandible downward and backward, even
if cross-elastics are avoided. The elastics accentuate this
tendency.

If teeth are tightly locked into a crossbite relationship, a
bite plate to separate them vertically can make the correc-
tion easier and faster. In children and young adolescents,
this is rarely needed. The necessary vertical clearance is
achieved by mandibular repositioning of the type that ac-
companies growth anyway. In older adolescents and
adults, however, a bite plate may be necessary.

m Impacted or Unerupted Teeth

Bringing an impacted or unerupted tooth into the arch
creates a set of special problems during alignment, primar-
ily because an unerupted tooth is usually a long way from
the line of occlusion. The most frequent problem of this
type is an impacted maxillary canine or canines, but it is

Fig. 15-17 M Cross-elastics from the lingual of the upper mo-
lars to the buccal of the lower molars. Cross-elastics are an effec-
tive way of correcting transverse dental relationships, but they
also extrude teeth, and this must be kept in mind.
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Fig. 15-18 M Apically positioned flap for exposure of an
unerupted canine. A, Initial incision lines; B, crown exposed
with apical repositioning of the labial tissue; C, lingnal exposure
of the same tooth.

occasionally necessary to bring other unerupted teeth into
the arch, and the same techniques apply for incisors, ca-
nines, and premolars. Impacted lower second molars pose
a different problem and are discussed separately.

The problems in dealing with an unerupted tooth can be
divided into three categories: (1) surgical exposure, (2) at-
tachment to the tooth, and (3) orthodontic mechanics to
bring the tooth into the arch.

Surgical Exposure. It is important for a tooth to erupt
through the attached gingiva, not through alveolar mucosa,
and this must be considered when flaps for exposure of an
unerupted tooth are planned. If the unerupted tooth is in
the mandibular arch or on the labial side of the maxillary
alveolar process, a flap should- be-reflected-from the crest
of the alveolus and sutured so that attached gingiva has

. been transferred to the region where the crown is exposed

(Fig. 15-18). If this is not done, and the tooth is brought

Lh
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Fig. 15-19 W A, Attachment bonded to the labial surface of the
crown of an unerupted canine (same patient as Fig. 15-18), with
the apically repositioned flap sutured in place. An elastomeric at-
tachment from the archwire to the bonded button will be used ini-
tially to bring the canine toward the line of occlusion. Later, the
button will be replaced with a bonded bracket. B, Tooth in posi-
tion, after placement of a normal bonded bracket and boot loops
to complete the repositioning.

through alveolar mucosa, it is quite likely that tissue will
strip away from the crown, leaving both an unsightly and
periodontally compromised gingival margin.® If the
unerupted tooth is on the palatal side, similar problems
with the heavy palatal mucosa are unlikely, and flap de-
sign is less critical.

Occasionally, a tooth will obligingly erupt into its cor-
rect position after obstacles to eruption have been removed
by surgical exposure, but this is rarely the case after root
formation is complete. Even a tooth that is aimed in the
right direction usually requires orthodontic force to bring it
into position.

Method of Attachment. The least desirable way to ob-
tain attachment is for the surgeon to place a wire ligature
around the crown of the impacted tooth. This inevitably
results in loss of periodontal attachment, because bone de-
stroyed when the wire is passed around the tooth does not
regenerate when it is removed. Occasionally no alternative
is practical, but wire ligatures shouid be avoided whenever
possible.

Before the availability of direct bonding, a pin was
sometimes placed in a hole prepared in the crown of an
unerupted tooth, and in special circumstances, this remains
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a possible alternative. The best contemporary approach,
however, is simply to expose an area on the crown of the
tooth and directly bond an attachment of some type to that
surface (Fig. 15-19). In many instances, a button or hook
1s better than a standard bracket because it is smaller. A
wire or elastomeric ligature can then be looped around the
bonded attachment before the flap is repositioned and su-
tured into place, so that the ligature extends into the
mouth.

Mechanical Approaches for Aligning Unerupted
Teeth. Orthodontic traction to pull an unerupted tooth to-
ward the line of the arch should begin as soon as possible
after surgery. Ideally, a fixed orthodontic appliance should
already be in place before the unerupted tooth is exposed,
so that orthodontic force can be applied immediately. If
this is not practical, active orthodontic movement should
begin no later than 2 or 3 weeks postsurgically.

An unerupted tooth is usually so far from the line of oc-
clusion that it is impossible to tie even the most flexible
continuous wire against it. One possible approach is to tie
from the impacted tooth to a relatively heavy base arch-
wire, using an elastomeric material (Fig. 15-20) or, even
better if space allows, a modern A-NiTi coil spring. A sec-
ond alternative is to use a special alignment spring, either
soldered to a heavy base archwire or bent into a light arch-
wire (Fig. 15-21). Compared with tying with an elasto-
meric material, this technique has the advantage of a con-
siderably longer range and a more constant force magni-
tude. When the unerupted tooth has been brought rela-
tively close to the line of occlusion and a standard bracket
can be bonded in the proper position, loops in a continu-
ous archwire can be used to complete the alignment. A
box loop (Fig. 15-22), usually formed in 14 mil steel wire,
is preferred for this purpose. Although a highly flexible
archwire like 16 mil A-NiTi could be used, this is another
situation in which distortion of arch form could result, and
the ability of a loop to concentrate springiness where it is
needed makes this approach better.

A third alternative, magnetic force to initiate movement
of an unerupted tooth, is becoming increasingly more fea-
sible. The great virtue of this method is that no mechanical
connection is required, and problems associated with pre-
mature exposure of the unerupted tooth to the oral environ-
ment could be avoided. Magnetic attraction between an at-
tachment bonded to the tooth and an intraoral magnet
would produce the tooth movement. Recent reports dem-
onstrate that it is possible to bond a small magnet to an
unerupted maxillary canine, and use magnetic attraction to
a larger magnet contained within a palate-covering remov-
able appliance.®'® The attractive force is determined by
the distance between the magnets, and so can be controlled
with good precision. The direction of the force depends on
the orientation of the magnets, which also can be con-
trolled, especially since the magnet within the removable
appliance can be positioned almost wherever desired. As
magnet technology continues to improve, magnetic attrac-
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Fig. 15-20 M A, If an unerupted tooth is not too far out of line, a flexible archwire like 16
A-NiTi can be tied directly to the attachment. B, In the more usual situation, a button is bonded to
whatever portion of the tooth can be exposed, and C, traction is applied via springs or auxiliary
attachments. D, If the unerupted tooth is labially positioned, it is important to employ an apically
repositioned flap so that a gingival attachment is preserved. Then an attachment can be bonded
(E). An elastomeric chain (F) looped around a rigid base archwire often is the best approach for
bringing labially positioned incisors into the arch.

tion is likely to become the preferred method for moving
deeply embedded teeth.

Ankylosis of an unerupted tooth is always a potential
problem. If an area of fusion to the adjacent bone devel-
ops, orthodontic movement of the unerupted tooth be-
comes impossible, and displacement of the anchor teeth
will occur. Occasionally, an unerupted tooth will start to
move and then will become ankylosed, apparently held by
only a small area of fusion. It can sometimes be freed to
continue movement by being anesthetized and lightly lux-
ated, breaking the area of ankylosis. If this procedure is
done, it is critically important to apply orthodontic force
immediately after the luxation, since it is only a matter of
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time until the tooth re-ankyloses. Nevertheless, this ap-
proach can sometimes allow a tooth to be brought into the
arch that otherwise would have been impossible to move.
Unlike impaction of most other teeth, which is an obvi-
ous problem from the beginning of treatment, impaction of
lower second molars usually develops during orthodontic
treatment (Fig. 15-23). This occurs when the mesial mar-
ginal ridge of the second molar catches against the distal
surface of the first molar, so that the second molar pro-
gressively tips mesially instead of erupting. Moving the
first molar posteriorly during the mixed dentition increases
the chance that the second molar will become impacted,
and this possibility must be taken into account when pro-
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Fig. 15-21 W A, An auxiliary spring soldered to a base archwire provides a long range of action
to bring an unerupted canine facially and occlusally. This is more efficient than elastomeric ties.
A spring bent into an archwire also can be employed. B, A vertical spring bent into a 14 mil steel
archwire to bring down an impacted maxillary canine, before activation; C, same spring activated
by rotating the loop 90 degrees. A stop against the molars, so that the wire cannot just spin in the
molar tubes, is essential. This method is also very effective, providing excellent force character-
istics with a long range of action (see also Fig. 15-20, C).

2B

Fig. 15-22 M A canine or premolar positioned high in the labial
vestibule can be brought into the arch most efficiently by using a
box loop in 14 mil steel wire. Initially, the bracket is tied to the
loop (note the small V-bend in the bottom of the loop so that the
ligature does not slip off when the loop is tied in this way).
Eventually, the wire can be tied into the bracket slot.
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cedures to increase mandibular arch length are employed.

Correction of an impacted second molar requires that
the tooth be moved posteriorly and uprighted. In most
cases, if the mesial marginal ridge can be unlocked, the
tooth will erupt on its own. When the second molar is not
severely tipped, the simplest solution is to place a separa-
tor between the two teeth (Fig. 15-24). For a more severe
problem, one possibility is to solder an auxiliary spring to
an archwire mesial to the first molar and extend it posteri-
orly into the embrasure between the first and second mo-
lars. The long arm of an auxiliary spring of this type gives
excellent flexibility and range of action, but also makes it
difficult to keep the spring in place and may lead to sub-
stantial soft tissue irritation. A better alternative is to sur-
gically expose the second molar, bond a tube to the buccal
surface, and then use an auxiliary spring inserted into this
tube to upright the second molar (Fig. 15-25).

An auxiliary spring, soldered to a heavy archwire or ex-
tending from the first molar auxiliary tube, is often useful
to bring both upper and lower second molars into align-
ment when they erupt late in orthodontic treatment (Fig.
15-26). This allows the use of a flexible wire in the poste-
rior part of the arch, while a heavier and more rigid wire is
in place anteriorly.
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Fig. 15-23 W Impacted mandibular second molar in a 14-year-old patient. A, Occlusal view; B,
radiographic view. The clinically exposed cusp is the distobuccal cusp, not the mesiobuccal cusp
one would expect to see in this location. (See Fig. 15-25 for treatment of this patient.)

Fig. 15-24 M Brass wire separator used to de-impact a mandibular second molar. A, Second
molar trapped beneath distal bulge of first molar; B, uprighting obtained with 20 mil brass wire
tightened around the contact. Usually it is necessary to anesthetize the area to place a separating
wire of this type. A spring clip can be used in the same way, but both brass wire and spring clips
are effective only if the tooth is minimally tipped.

Fig. 15-25 M Use of a bonded tube and auxiliary spring to upright a severely impacted mandib-
ular second molar (same patient as Fig 15-23). A, Surgical exposure of a portion of the facial
surface of the crown; B, tube bonded on the distobuccal cusp. Continued.
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Fig. 15-25—cont’d. B C, helical spring from archwire in-
serted into buccal tube; D, uprighting completed, with the second
molar in position for noxmal.banding or bonding; E, occlusal
view after uprighting.
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Fig. 15-26 M When a second molar is banded relatively late in
treatment, a spring soldered to the main archwire and extending
beneath the first molar tube as shown here provides excellent
flexibility to align the second molar while allowing a heavy arch-
wire to remain in place anteriorly to maintain arch form. If the
first molar carries an auxiliary tube, an efficient alternative is to
place a segment of rectangular NiTi wire from the first to the sec-
ond molar.

B Diastema Closure

A maxillary midline diastema is often complicated by
the insertion of the labial frenum into a notch in the alve-
olar bone, so that a band of heavy fibrous tissue lies be-
tween the central incisors. When this is the case, a stable
correction of the diastema almost always requires surgery
to remove the interdental fibrous tissue and reposition the
frenum. The frenectomy must be carried out in a way that
will produce a good esthetic result and must be properly
coordinated with orthodontic treatment,

It is an error to surgically remove the frenum and then
delay orthodontic treatment in the hope that the diastema
will close spontaneously. If the frenum is removed while
there is still a space between the central incisors, scar tis-
sue forms between the teeth as healing progresses, and a
long delay may result in a space that is more difficult to
close than it was previously.

It is better to align the teeth before frenectomy. Sliding
them together along an archwire is usually better than us-
ing a closing loop, because a loop with any vertical height
will touch and irritate the frenum. If the diastema is rela-
tively small, it is usually possible to bring the central inci-
sors completely together before surgery (Fig. 15-27). If
the space is large and the frenal attachment is thick, it may
not be possible to completely close the space before surgi-
cal intervention. The space should be closed at least par-
tially, and the orthodontic movement to bring the teeth to-
gether should be resumed immediately after the frenec-
tomy, so that the tecth are brought together quickly after
the procedure. When this is done, healing occurs with the
teeth together, and the inevitable postsurgical scar tissue
stabilizes the teeth in their correct position instead of cre-
ating obstacles to final closure of the space.

The key to successful surgery is removal of the inter-
dental fibrous tissue. It is unnecessary, and in fact undesir-
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Fig. 15-27 B Management of a maxillary midline diastema. A, Facial appearance, showing the
protuding maxillary incisors caught on the lower lip; B, intraoral view before treatment; C, teeth
aligned and held tightly together with a figure-8 wire ligature, before frenectomy; D, appearance
immediately after frenectomy, using the conservative technique advocated by Edwards in which a
simple incision is used to allow access to the interdental area, the fibrous connection to the bone is
removed, and the frenal attachment is sutured at a higher level; E, facial appearance 2 years after
completion of treatment; F, intraoral view 2 years after treatment.
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able, to excise a large portion of the frenum itself. Instead,
a simple incision is used to allow access to the interdental
area, the fibrous connection to the bone is removed, and
the frenum is then sutured at a higher level, !

A maxillary midline diastema tends to recur, no matter
how carefully the space was managed initially. A bonded
fixed retainer (see Chapter 18) is recommended.

Leveling

The archwire design for leveling depends on whether
there is a need for absolute intrusion of incisors, or
whether relative intrusion is satisfactory. This important
point is discussed in detail in Chapter 7, and the biome-
chanical considerations in obtaining intrusion are described
in Chapters 9 and 10. The discussion following assumes
that an appropriate decision about the type of leveling has
been made, and focuses on the rather different techniques
for leveling by relative intrusion (which is really differen-
tial elongation of premolars, for the most part) as con-
trasted to leveling by absolute intrusion of incisors (see
Fig. 7-5).

® Leveling by Extrusion (Relative Intrusion)

This type of leveling can be accomplished with continu-
ous archwires, simply by placing an exaggerated curve of
Spee in the maxillary archwire and a reverse curve of Spee
in the mandibular archwire (Fig. 15-28). For most pa-
tients, it is necessary to replace the initial highly resilient
alignment arch with a slightly stiffer one to complete the
leveling. As with the alignment archwire, the choice of
wires for this purpose depends on which type of edgewise
appliance is being used. ’

18-Slot, Narrow Brackets. When preliminary align-
ment is completed, the second archwire is almost always
16 mil steel, with an exaggerated curve of Spee in the up-
per arch and a reverse curve in the lower arch. In most in-
stances, this approach is sufficient to complete the level-
ing. An alternative is to use 16 or 18 mil M-NiTi, pre-

Fig. 15-28 B A reverse curve of Spee in the lower archwire,
illustrated here alongside a lower arch with which it could be
used, is a satisfactory method if vertical growth will occur to
compensate for the extrusion that occurs in the premolar region.
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Fig. 15-29 M An auxiliary leveling arch (usually 17 x 25 steel)
extending from the auxiliary tubes on the first molars and tied be-
neath the base arch anteriorly can be used to augment the level-
ing ability of continuous archwires. With a continuous base arch-
wire, the effect is primarily premolar extrusion, not the incisor
intrusion that a similar auxiliary arch could produce with base
arch segments, but this often is what is desired in growing chil-
dren. (See Fig. 15-36, D, for an additional illustration of an aux-
iliary depressing arch to assist in leveling the lower arch with a
continuous base arch.)

formed by the manufacturer with an extremely exaggerated
curve.

In some patients, particularly in nonextraction treatment
of older patients who have little if any remaining growth,
an archwire heavier than 16 mil steel is needed to com-
plete the.leveling of the arches. Rather than use an 18 mil
archwire, it is usually quicker and easier to add an auxil-
iary leveling arch of 17 X 25 mil TMA or steel. This arch
inserts into the auxiliary tube on the molar and is tied an-
teriorly beneath the 16 mil base arch (Fig, 15-29). In es-
sence, this augments the curve in the base arch and results
in efficient completion of the leveling.

It is sometimes said, as an argument in favor of the 22-
slot appliance, that the wires available for use with the 18-
slot appliance are not large enough to accomplish all nec-
essary tooth movements. One of the few situations in
which that may be true is in final leveling with continuous
archwires, which may require either a continuous 18 mil
steel archwire or the auxiliary wire suggested previously.

22-Slot, Wider Brackets. For a typical patient using
the 22-slot appliance, initial alignment with a 17.5 mil
twist or 16 mil A-NiTi wire is usually followed by a 16
mil steel wire with a reverse or accentuated curve, and
then by an 18 mil round wire to complete the leveling.
This archwire sequence is nearly always adequate for com-
pletion of leveling, and it is rare that 20 mil wire or an
auxiliary archwire is required.

m Leveling by Intrusion

Leveling by intrusion requires a mechanical arrange-
ment other than a continuous archwire attached to each
tooth. The key to successful intrusion is light continuous
force directed toward the tooth apex. It is necessary to



The First Stage of Comprehensive Treatment:

Alignment and Leveling 489

k

Fig. 15-30 W A, Illustration of 16 mil steel archwires for leveling in the first stage of Begg tech-
nique. An “anchor bend” is placed mesial to the first molar, and the archwire is lightly ligated or
clipped as it passes the second premolar, rather than being pinned into the bracket on these teeth.
B, Similar bends are placed in the initial wires with the modern Begg-edgewise techniques, as
here with the TipEdge appliance. (B, Courtesy Dr. PC Kesling.) .

avoid pitting intrusion of one tooth against extrusion of its
neighbor, since in that circumstance, extrusion will domi-
nate. This can be accomplished in two ways: (1) with con-
tinuous archwires that bypass the premolar (and frequently
the canine) teeth, and (2) with segmented base archwires
(so that there is no connection along the arch between the
anterior and posterior segments) and an auxiliary depress-
ing arch.

Bypass Arches. This approach to intrusion is most use-
ful for patients who will have some growth (i.e., who are
in either the mixed or early permanent dentitions). Three
different mechanical arrangements are commonly used,
each based on the same mechanical principle: uprighting
and distal tipping of the molars are pitted against intrusion
of the incisors.

A classic version of this approach to leveling is seen in
the first stage of Begg technique, in which the premolar
teeth are bypassed and only a loose tie is made to the ca-
nine. A 16 mil resilient steel archwire is fabricated as
shown in Fig. 15-30, using an “anchor bend” anterior to
the first molar. The long span of the archwire anterior to
the anchor bend provides a gentle intrusive force on the in-
cisors, while the reaction force on the molar tends to up-
right it and tip it distally. Light Class II elastic forces are
used while this archwire is in place. The result is stabiliza-
tion of the lower molar against the distal tipping, at the
cost of some extrusion of the molar. Hence there is a need
for some vertical growth while this treatment is being car-
ried out, to prevent downward and backward rotation of
the mandible. The light archwire, however, does intrude
the lower incisors. The upper incisors are being pulled
downward by the Class II elastic, which counterbalances
the intrusion these teeth otherwise might experience.

Exactly the same effect can be produced in exactly the-

same way using the edgewise appliance, if the premolars
and canines are bypassed. Mulligan has advocated just this
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approach to the fabrication of a leveling archwire, using a
16 mil steel wire with an anchor bend similar to the initial
archwire in the Begg technique.'?

A more flexible variation of the same basic idea is de-
veloped in Rickett’s utility arch (Fig. 15-31)." The utility
arch is characterized by step-down bends between the first
molar and the lateral incisors, so that the archwire is less
likely to be distorted by the forces of occlusion. It is fab-
ricated of 16 X 16 mil wire, used in 18-slot brackets. In
most cases, the rectangular wire is placed into the brackets
with slight labial root torque to conmtrol the inclination of
the teeth as the incisors move labially while they intrude.

Successful use of any of these bypass arches for leveling
requires that the forces be kept light. This is accomplished
in two ways: by selecting a small diameter archwire, and
by using a long span between the first molar and the inci-
sors. Wire heavier than 16 mil steel should not be used,
and Ricketts recommends a relatively soft 16 X 16 cobalt-
chromium wire for utility arches to prevent heavy forces
from being developed. Overactivation of the vertical bends

Fig. 15-31 B Utility arches for leveling, showing the long span
from molars to incisors that makes it possible to produce absolute
intrusion.
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can cause loss of control of the molars in all three planes
of space.

The 16 mil steel wires typically used in bypass arches,
though resilient, are too stiff for efficient alignment of se-
verely malposed incisors, even if loops are bent into the
wire between adjacent teeth. Small rotations or displace-
ments can be corrected simply by tying to a 16 mil wire
and gradually bringing the wire into the bracket slot, par-
ticularly if the brackets are narrow so that interbracket
Span is adequate. Where significant malpositions exist,
however, it is better to correct the alignment with a resil-
ient wire, perhaps using only a resilient anterior segment,
before tying a round or rectangular bypass arch into the
brackets. If intrusion is desired from the beginning, an
auxiliary arch for this purpose can be used along with the
anterior alignment segment, as described below.

In contrast to leveling with continuous fully engaged
archwires, the size of the edgewise bracket slot is largely
irrelevans when bypass arches for leveling are used.
Whether the appliance is 18- or 22-slot, the bypass arch
should not be stiffer than 16 mil steel wire. 1f preliminary
alignment is needed before the bypass arch for leveling is
placed, of course, slot size would be a factor and the
alignment archwires recommended previously as appropri-
ate for each bracket slot would be the best choices.

Two weaknesses of the bypass arch systems previously
described limit the amount of true intrusion that can be ob-
tatned. The first is that, except for some applications of the
utility arch, only the first molar is available as posterior
anchorage. This means that significant extrusion of that
tooth may occur. In actively growing patients with a good
facial pattern, this is not a major problem, but in nongrow-
ing patients or those with a poor facial pattern in whom
molar extrusion should be avoided, the lack of posterior
anchorage can compromise the ability to intrude incisors.
High-pull headgear to the upper molars can be added with
any of the bypass arch systems to improve upper posterior
anchorage, and with a utility arch setup, the second molar
and second premolar can be incorporated into the posterior
segment for better anchorage control.

The second weakness is that the intrusive force against
the incisors is applied anterior to the center of resistance,
and therefore the incisors tend to tip forward as they in-
trude (Fig. 15-32). Without an extraction space, forward
movement of the incisors is an inevitable consequence of
leveling, but often in extraction cases, this result is unde-
sirable. The anchor bend at the molar in the Begg ap-
proach creates a space-closing effect that somewhat re-
strains forward incisor movement (Fig. 15-33), but this
also tends to bring the molar forward, straining the poste-
rior anchorage. The same thing happens for the same rea-
son with-a Mulligan bypass arch or a utility arch. A utility
arch can be activated to keep the incisors from moving for-
ward and has the additional benefit of a rectangular cross-
section anteriorly so that tipping can be controlled, but the
result is still a strain on posterior anchorage. The seg-
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Fig. 15-32 M When the incisor segment is viewed from a lat-
eral perspective, the center of resistance can be seen to be lingual
to the point at which an archwire attaches to the crown. For this
reason, the incisors tend to tip forward when an intrusive force is
placed at the central incisor brackets. This tendency toward labial
tipping can be controlled either by applying a force to tip the in-
cisors distally as they are being intruded, canceling the mesial
tipping, or by applying the intrusive force more posteriorly, as by
attaching an intrusion arch to stabilized anterior segment more di-
stally, in the vicinity of the lateral rather than the central incisors,
for instance (see Fig. 15-37).

mented arch approach to leveling developed by Burstone,
which overcomes these limitations, is recommended for
maximum control of the anterior and posterior segments of
the dental arch. '

Segmented Archwires for Leveling. The segmented
arch approach depends on establishing stabilized posterior
segments and controlling the point of force application
against an anterior segment. This technique requires auxil-
lary rectangular tubes on first molars, in addition to the
regular bracket or tube. After preliminary alignment if
needed, a full dimension rectangular archwire is placed in
the bracket slots of teeth in the buccal segment, which typ-
ically consists of the second premolar, first molar, and sec-
ond molar. This connects these teeth into a solid unit. In
addition, a heavy lingual arch (36 mil round or 32 X 32
rectangular steel wire) is used to connect the right and left

Fig. 15-33 B Diagrammatic representation of forces from a
leveling archwire that bypasses the premolars, with an anchor
bend mesial to the molars. A force system is created that elon-
gates the molars and intrudes the incisors. The wire tends to slide
posteriorly through the molar tube, tipping the incisors distally at
the expense of bodily mesial movement of the molars. An arch-
wire of this design is used in the first stage of Begg treatment but
also can be used in edgewise systems. A long span from the mo-
lars to the incisors is essential.
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Fig. 15-34 M Mandibular stabilizing lingual arch in 36 mil steel wire, used for anchorage con-
trol in segmented arch leveling. A, Distal insertion into the horizontal tube on the first molar; B,
the wire must clear the anterior segment, lying lingually and gingivally to these teeth. C, Maxil-
lary transpalatal arch for anchorage control during intrusion, soldered to the first molar bands.
This is effective for anchorage, but the lingual arch must be removed during finishing, and it can
be awkward and difficult to cut it free.

posterior segments, further stabilizing them against undes-
ired movement (Fig. 15-34). A resilient anterior segmental
wire is used to align the incisors, while the posterior seg-
ments are being stabilized.

For intrusion, an auxiliary depressing arch placed in the
auxiliary tube on the first molar is used to apply intrusive
force against the anterior segment. This arch should be
made of rectangular wire that will not twist in the auxiliary
tube. Burstone recommends 18 X 25 steel wire with a 2V/2-
turn helix (Fig. 15-35), or 19 X 25 TMA wire without a
helix.'# This depressing arch is adjusted so that it lies gin-
gival to the incisor teeth when passive and applies a light
force (approximately 15 gm per tooth) when it is brought
up beneath the brackets of the incisors. It is tied under-
neath the incisor brackets, but not into the bracket slots,
which are occupied by the anterior segment wire.

An auxiliary depressing arch can be placed while a light
resilient anterior segment is being used to align malposed
incisors, but it is usually better to wait to add the depress-
ing arch until incisor alignment has been achieved and a
heavier anterior segment wire has been installed. A
braided rectangular steel wire or a rectangular TMA wire
is usually the best choice for the anterior segment while
active intrusion with an auxiliary depressing arch is being
carried out.

Two strategies can be used with segmented arches to
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prevent forward movement of the incisors as they are in-
truded. The first is the same as with bypass arches: a
space-closing force can be created by tying the depressing
arch back against the posterior segments (see Fig. 15-35).
Even with stabilized posterior segments, this produces
some strain on posterior anchorage.

The second and usually preferable strategy is to vary the
point of force application against the incisor segment. If
the anterior segment is considered a single unit (which is
reasonable when a stiff archwire connects the teeth within
the segment), the center of resistance is located as shown
in Fig. 15-32. Tying the depressing arch distal to the mid-
line, between the central and lateral incisors, or distal to
the laterals (Fig. 15-36), also brings the point of force ap-
plication more posteriorly so that the force is applied more
nearly through the center of resistance (Fig. 15-37). This
prevents anterior tipping of the incisor segment without
causing anchorage strain.

Even with the control of posterior anchorage obtained
by placing rectangular stabilizing segments and an anchor-
age lingual arch, the reaction to intrusion of incisors is ex-
trusion and distal tipping of the posterior segments. With
careful attention to appropriate technique with the seg-
mented arch approach, it is possible to produce approxi-
mately 4 times as much incisor intrusion as molar extru-
sion in nongrowing adults. Although successful intrusion
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A
B D
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i
M Fig. 15-35 B Segmented arch technique for leveling by intrusion of the lower incisors. A, After
i preliminary alignment, an anterior segment of 17 X 25 braided steel wire has been placed in the
: mandibular anterior segment. Posterior segments are stabilized, and a 17 X 25 steel depressing
] arch is placed in auxiliary tubes on the first molars and tied beneath the incisor brackets anteriorly;
4 B, lateral view of appliance at initial activation; C, lateral view, 8 weeks later; D, cephalometric
superimposition showing the amount of intrusion obtained in 3 months.
£ N
A

Fig. 15-36¢ M Segmented arch application for intrusion of maxillary incisors. A, The depressing
arch in the vestibule, before activation. It is adjusted so that it provides about 50 gm of force
when B, it is deflected down to the level of the brackets.
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Fig. 15-36—cont’d. M C, Buccal view showing the 2% turn helix used in steel wire. For this
patient, the depressing arch is tied in the midline because it is desirable for the incisors to tip
forward as they depress. D, Buccal view of another patient. Note that the intrusion arch is tied
between the lateral incisors and canines, moving the point of force application nearer the center of
resistance of the anterior segment to prevent labial tipping of the incisors during the intrusion. In
this patient, an auxiliary wire also is being used in the Jower arch, but to supplement the contin-
uous arch that is in place. The lower leveling will occur largely by elongation of the canine and
premolar, rather than by intrusion of the incisors.

Ll gk

Fig. 15-37 W Tying an auxiliary depressing arch distal to the midline, as shown in Fig. 15-36,
moves the line of force more posteriorly and therefore closer to the center of resistance of the
anterior segment, diminishing or eliminating the moment that causes tipping. Compare this figure
to Fig. 15-32.

Fig. 15-38 M Utility arch inserted in auxiliary tube on molars, to intrude maxillary incisors
while alignment loops are used in the buccal segments. Loops like those shown in this utility arch
have two purposes: they decrease stiffness, so a larger wire than 16 X 16 steel can be used, and
they can be activated to exert a distal or space-closing effect, providing a force to counteract the
labial tipping of incisors that otherwise would occur.
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can be obtained with round bypass arches, the ratio of an-
terior intrusion to posterior extrusion is much less favor-
able. A utility arch can be used in conjunction with stabi-
lized posterior segments, simply by placing the utility arch
into an auxiliary tube on the first molar (an arrangement
recommended by Ricketts for older patients). With this al-
teration (Fig. 15-38), the ratio of intrusion to extrusion im-
proves. For adults, however, to control anterior tipping, it
is advantageous to tie the depressing arch beneath a sepa-
rate base archwire anteriorly, rather than tying directly into
the incisor brackets as is usually done with a utility arch.

At the conclusion of the first stage of treatment, the
arches should be level, and teeth should be aligned to the
point that rectangular steel archwires can be placed with-
out generating excessive forces. The duration of the first
stage, obviously, will be determined by the severity of
both the horizontal and vertical components of the initial
malocclusion. For some patients, only a single initial arch-
wire will be required, while for others, several months
may be needed for alignment, and several more months for
segmental leveling, before the next stage can begin. As a
principle of treatment, it is important not to move to the
second stage of treatment until both leveling and alignment
are adequate. :
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Chapter 16

The Second Stage of Comprehensive
Treatment: Correction of Molar
Relationship and Space Closure

Correction of molar relationship
Correction of molar relationship by differential growth
Differential anteroposterior tooth movement, using ex-

traction spaces

Molar correction with interarch elastics

Closure of extraction spaces
Moderate anchorage situations
Maximum incisor retraction (maximum anchorage)
Minimum incisor retraction

At the beginning of the second stage of treatment, the
teeth should be well aligned, and any excessive or reverse
curve of Spee should have been eliminated. The objectives
of this stage of treatment are to correct molar and buccal
segment relationships to provide normal occlusion in the
anteroposterior plane of space, and to close extraction
spaces or residual spaces in the arches.

Correction of Molar Relationship

Correction of the molar relationship nearly always in-
volves moving from a Class II or partially Class 1I rela-
tionship to Class 1, although occasionally the treatment
will be aimed at a Class III problem. Excluding surgical
repositioning of the jaws, which is especially likely to be
required in Class III correction, there are three major pos-
sibilities for correcting the molar relationship: (1) differen-
tial growth of the jaws, guided by extraoral force or a
functional appliance, (2) differential anteroposterior move-
ment of the upper and lower posterior teeth as extraction
spaces are closed, and (3) differential anteroposterior
movement of all the teeth under the influence of Class II or
Class 1II elastics. These approaches are not mutually ex-
clusive, and in fact some combination of the three is al-
most always used in the treatment of an individual patient.

m Correction of Molar Relationship by

Differential Growth

The use of extraoral force or functional appliances to in-
fluence jaw growth is discussed in some detail in Chapter
14. The different timing of skeletal growth in males and
females must be kept in mind when this approach is used.
During adolescence, the mandible tends to grow forward
more than the maxilla, providing an opportunity to im-

prove a skeletal Class II jaw relationship. Girls mature
considerably earlier than boys, and are often beyond the
peak of the adolescent growth spurt before the full perma-
nent dentition is available and comprehensive orthodontic
treatment can begin. Boys, who mature more slowly and
have a more prolonged period of adolescent growth, are
much more likely to have a clinically useful amount of an-
teroposterior growth during comprehensive treatment.

‘Whether extraoral force or a functional appliance is used
to modify growth in Class II patients, a favorable response
includes both restraint of maxillary growth and differential
mandibular growth. Extraoral force is more compatible
with the fixed appliances needed for comprehensive treat-
ment than are functional appliances, and functional appli-
ance therapy alone is unlikely to provide a satisfactory re-
sult in the early permanent dentition. In skeletally imma-
ture patients with a permanent dentition, there is nothing
wrong with using a first phase of functional appliance
treatment even though the permanent teeth have erupted,
and then using a fixed appliance to obtain detailed occlusal
results, but it is likely that the functional appliance therapy
will have to be modified or discontinued when the fixed
appliance treatment begins. Headgear therapy can be con-
tinued quite nicely.

An ideal patient for use of extraoral force in the early
permanent dentition is a 12- to 14-year-old boy with a
Class II problem, whose skeletal maturity is somewhat be-
hind his stage of dental development, and who has good
growth potential (Fig. 16-1). Boys at age 13, it must be
remembered, are on the average at the same stage of mat-
uration as girls at 11, and significant skeletal growth is al-
most always continuing. On the other hand, girls at age 13
are, on the average, at the same developmental stage as
boys at 15, and by this time, clinically useful changes in
jaw relationship from growth guidance are unlikely.

Although correction of molar relationship is a major
goal of the second rather than the first stage of treatment,
extraoral force should be applied against the first molars
from the beginning in any patient for whom molar correc-
tion by differential growth is desired. There is no reason to
wait for alignment and leveling to be completed, espe-
cially since every passing day decreases the probability of
a favorable growth response. The extraoral force can also
help control anchorage during alignment.

495
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Fig. 16-1 W Class II correction in a 13 year-old boy, using extraoral force to the maxilla. A,
Dental casts before and after treatment; B and C, cephalometric superimposition showing treat-
ment changes. Note the large amount of vertical growth, which allowed the maxilla and maxillary
dentition to be displaced distally as they moved vertically, while the mandible grew downward
and forward. As the maxillary and mandibular superimpositions show, overbite was corrected by
relative intrusion (i.e., the lower incisors were held at the same vertical Jevel while the molars
erupted). There was relatively more eruption of the mandibular than the maxillary molar, reflect-
ing the upward-backward direction of headgear force, and only a small amount of distal driving of
the upper molars.
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Although the main purpose of extraoral force is growth
modification, some tooth movement in all three planes of
space inevitably accompanies it. When there is good verti-
cal growth and the maxillary molars are allowed to elon-
gate, the maxillary teeth erupt downward and backward,
and spaces may open up in the maxillary arch. Even
though the extraoral force is applied against the first mo-
lar, it is unusual for space to develop between the first mo-
lar and second premolar. Instead, the second and to a
lesser degree, the first premolars follow the molars. The
result is often a space distal to the canines, along with a
partial reduction of overjet as the jaw relationship im-
proves (Fig. 16-2).

When this result occurs, the preferred approach is to
consolidate space within the maxillary arch at a single lo-
cation, using elastomeric chains to bring the canines and
incisors into an anterior segment and the molar and premo-
lars into a posterior segment. When the molar relationship
has been corrected, the residual overjet is then reduced by
retracting the incisors in this nonextraction patient in ex-
actly the same way as in a patient who had a first premolar
extraction space (see following). Extraoral force should be
continued until an intact maxillary arch has been achieved.
Discontinuing it when only the molar relationship has been
corrected is unwise, both because the maximum skeletal
effect probably has not been obtained at that point, and be-
cause the retraction of the incisor teeth requires posterior
anchorage, which can be reinforced by the headgear.

N Differential Anteroposterior Tooth Movement,
Using Extraction Spaces
There are two reasons for extracting teeth in orthodon-
tics, as discussed in detail in Chapter 7: (1) to provide
space to align crowded incisors without creating excessive
protrusion, and (2) to allow camouflage of moderate Class

The Second Stage of Comprehensive Treatment: Correction
of Molar Relationship and Space Closure 497

IT or Class III jaw relationships when correction by growth
modification is not possible. The more extraction space re-
quired for alignment, the less there is available for differ-
ential movement in camouflage, and vice versa. An impor-
tant part of treatment planning is deciding which teeth to
extract and how the extraction spaces are to be closed (by
retraction of incisor teeth, mesial movement of posterior
teeth, or some combination). These decisions determine
the orthodontic mechanics.

In this section, it will be assumed that appropriate treat-
ment planning decisions have been made, and the orth-
odontic mechanotherapy necessary to produce different
types of tooth movement for molar correction will be de-
scribed.

Class II Correction by Distal Movement of Maxillary
Posterior Teeth: Upper. Second Molar Extraction. The
concept of “distal driving” of the maxillary posterior teeth
has a long orthodontic history. Despite the belief of many
practitioners that their usual correction of a Class II molar
relationship was obtained by moving the upper molars
back, the early cephalometric studies showed that this was
not the case. It is now clear that significant distal position-
ing of the upper posterior teeth relative to the maxilla oc-
curs primarily in patients who have a great deal of vertical
growth and elongation of the maxillary teeth (see Fig. 16-
1). Without this, it is difficult to produce more than 2 mm
of distal movement of the upper molars, unless the upper
second molars are extracted. With second molar extraction
and good headgear cooperation, the maxillary dental arch
can be moved posteriorly even in the absence of growth
(Fig. 16-3), but still to only a limited extent.

There are numerous illustrations in the orthodontic liter-
ature of Class II malocclusion corrected by using an in-
traoral appliance to push the upper molars distally, and

Fig. 16-2 W Space tends to open up within the maxillary arch when extraoral force to the upper
first molars is used and the patient grows well. A, Occlusal view before treatment; B, same pa-
tient after 12 months of treatment with only a headgear. C, In patients with Class IT malocclusion,
the upper molars usually are rotated mesially, and part of the apparent backward movement of the
first molar is a distal rotation of the buccal cusps as the tooth rotates around its lingual root. This
type of rotation can be produced by a facebow or by a transpalatal lingual arch. In B, note the
spacing in the premolar area, as gingival fibers produce distal rotation of these teeth also. When a
complete fixed appliance is placed at this stage, one of the first steps is consolidation of the space

distal to the canines.
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Fig. 16-3 M After extraction of maxillary second molars, ex-
traoral force can successfully move the maxillary dentition poste-
riorly, as this cephalometric superimposition shows. To achieve
this effect, extraoral force must be applied nearly full time, to
promote efficient tooth movement. The effective limit of move-
ment of this type is 4 to 5 mm. (Retraced from Armstrong MM:
Am ] Orthod 59:217-243, 1971.)

then retracting the teeth anterior to them. In patients with
mild to moderate skeletal Class II malocclusion, the upper
molars are likely to have rotated mesially around the lin-
gual root (see Fig. 16-2, C), and merely correcting the ro-
tations improves the occlusal relationships. This can be
done with a transpalatal lingual arch, an auxiliary labial
arch, or the inner bow of a facebow. Sometimes upper
molars are so mesially rotated that it is difficult or impos-
sible to insert a facebow until the rotation has been par-
tially corrected with a more flexible appliance. It is an im-
portant concept, however, that beyond the rotation correc-
tion, significant distal movement of the molars (in the ab-
sence of second molar extraction) requires vertical growth.
This means that treatment based on distal driving of the
molars is less and less likely to succeed as patients become
more and more mature.

Extraction of upper second molars to camouflage a skel-
etal Class II relationship should be considered only when
specific indications are present (see Chapter 8). The key to
success is a force system that moves the first molars and
then the other teeth back, without reciprocal protrusion of
the anterior teeth. Extraoral force is an obvious choice in
terms of anchorage control, and with this approach, head-
gear force of moderate intensity with long duration is

Fig. 16-4 B A, Maxillary stabilizing lingual arch with palatal button (often called a Nance hold-
ing arch), in a patient whose upper molars were tipped distaily in a preliminary phase of treat-
ment; B and C, The stabilizing lingual arch placed across the first premolars incorporates acrylic
against the palatal mucosa and also an anterior bite platc, in a patient in whom NiTi coil springs
are being used to move the molars distally and gain arch length. (B and C, Courtesy Dr. A Gi-
anelly.)
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needed. Skeletal effects in rapidly growing patients can be
achieved with fewer hours per day of headgear wear than
are necessary to successfully move teeth. The patient must
wear the headgear full time or nearly so to move the max-
illary teeth posteriorly. The force magnitude should be
large enough to simultaneously reposition all the maxillary
teeth, which means that with an archwire tying the teeth
together, the force should be approximately 300 gm on
each side.

Using the anterior palate for anchorage also is a possi-
bility, and both removable appliances and lingual arches
with a button against the anterior palate have been used for
this purpose (Fig. 16-4). With a lingual arch and palatal
button, A-NiTi coil springs produce an effective and
nearly constant force system for the distal movement.!
Magnets in repulsion also can be used, but the magnetic
force decays rapidly as the magnets separate, and the
A-NiTi springs have the additional advantage of being less
bulky. Contacting the palatal tissue has the potential to
cause significant irritation, however, and this type of an-
chorage is recommended only when cooperation is totally
lacking and a commitment to the second molar extraction
plan has already been made.

Force from Class II elastics also can be used to position

Fig. 16-5 M Cephalometric superimposition showing the re-
sponse to Class II elastics in a girl in whom this was the major
method for correcting a Class I malocclusion. Note that with
rectangular archwires, some torque of the upper incisors was ob-
tained. The rotational effects often associated with Class 1I elas-
tics were Iess apparent for this patient than is sometimes the case
(see also Fig. 16-13), but the considerably greater forward dis-
placement of the lower arch than retraction of the upper is typi-
cal.

The Second Stage of Comprehensive Treatment: Correction
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Fig. 16-6 M A *“sliding jig” as illustrated here can be used to
transfer Class I elastic force to the posterior segment of the max-
illary arch. Rather than attaching to the maxillary archwire or an-
terior tecth, the elastic is hooked to the front part of the jig,
which contacts the mesial surface of the first molar. In typical
use, a jig later is shortened to apply the Class IT force to the sec-
ond premolar.

the upper molars distally, but there are two potential prob-
lems. First, the elastics have an extrusive component,
which means that they should not be.used in patients who
will not have some vertical growth during the period of
treatment. Second, if an intact lower arch is pitted against
an intact upper arch, even with upper second molars ex-
tracted, there will be considerably more mesial movement
of the lower teeth than distal movement of the upper teeth
(Fig. 16-5). For this reason, if Class II elastics are used to
drive upper molars distally, it is preferable at first to apply
the elastic force against the first molars alone, via sliding
jigs as illustrated in Fig. 16-6. The upper archwire is re-
duced in size posteriorly to allow freer sliding, the lower
arch is stabilized with a full dimension rectangular arch-
wire, and the force of the elastics is reduced to about 100
gm (3 to 4 oz). This procedure is important not only to im-
pede forward tipping of the mandibular teeth but also to
maintain transverse control of the lower arch. Class II
elastics tend to widen the lower molars to the point that
they can produce a molar crossbite. A heavy rectangular
archwire, slightly constricted across the molars, is needed
to prevent this complication.

Once the upper molar has been moved distally into a
correct relationship, the jig is altered and force applied
against the second premolars. As a final step, Class II elas-
tic force is continued as the space between the first and
second premolars is closed. With this approach, the elastic
force against the lower arch should not exceed 100 gm per
side. Even though this force is distributed over all the
lower teeth, some mesial movement of the lower arch is an
inevitable side effect.

Class II Camouflage by Extraction of Upper First
Premolars. Like upper second molar extraction, extrac-
tion of upper first premolars is a deceptively attractive so-
lution to Class Il problems and should be adopted only
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Continued.

Fig. 16-7 M Records of a patient who was treated with extraction of upper first premolars for
camouflage of a Class II malocclusion. A, Pretreatment profile photograph; B to D, pretreatment
intraoral photographs; E, posttreatment profile; F to H, posttreatment intraoral photograph; I,
cephalometric superimposition. For this patient, retraction of the maxillary incisors was accom-
plished with good anchorage control, the esthetic change was quite-acceptable, and jaw furiction
was normal.
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Fig. 16-7—cont’d. M For legend see opposite page.

when its specific indications exist (Chapter 8). With this
approach, the objective during orthodontic treatment is to
maintain the existing Class II molar relationship, closing
the first premolar extraction space entirely by retracting the
protruding incisor teeth (Fig. 16-7). Maxillary posterior
anchorage must be reinforced, but one method, Class II
elastics from the lower arch, is specifically contraindi-
cated. The remaining possibilities are extraoral force to the
first molars, a stabilizing lingual arch, or retraction of the
maxillary anterior segment with extraoral force directly
against these teeth.

If retraction springs or closing loops between the maxil-
lary anterior and posterior segments are used, reinforcing
the posterior anchorage with both a lingual arch and ex-
traoral force is possible and usually desirable. The advan-
tage of retracting the anterior teeth with springs is that an
optimum force system can be placed against the anterior
teeth; the disadvantage is that this force system will also
tend to displace the maxillary posterior teeth forward.

Excellent reinforcement of posterior anchorage can be
obtained with extraoral force, if it is applied consistently
and for long durations. The more constant the headgear
wear, the less a stabilizing lingual arch will be needed.
Conversely, a stabilizing lingual arch augments the poste-
rior anchorage full time, while headgear is likely to be
worn a good bit less.

It seems intuitively obvious that a lingual arch with a
button against the palatal tissue should be more effective
than a straight transpalatal lingual arch, but when first mo-
lars are being stabilized, this is not necessarily true. The
effect of the lingual arch is primarily to prevent the molars
from rotating mesiolingually around their palatal root, and
secondarily to prevent them from tipping mesially. A
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straight transpalatal lingual arch (see Fig. 15-16), how-
ever, is as effective as one with a palatal button in prevent-
ing rotation, and for most patients, the marginally better
stabilization with a palatal button is not worth the cost in
tissue irritation. Note that this is true when a lingual arch
is used to stabilize molars, but not true when the lingual
arch is to stabilize premolars, as in the second molar ex-
traction situation discussed above. When pulled mesially,
premolars tip more than they rotate, and a palatal button is
needed on a lingual arch to stabilize them.

In addition to headgear and/or lingual arch stabilization,
all the strategies described in Chapter 10 for reducing
strain on anchorage (avoiding friction, retracting canines
individually, etc.) are appropriate with upper first premolar
extraction and can be brought into use.

Retracting protruding maxillary anterior teeth with ex-
traoral force (Fig. 16-8) totally avoids strain on the poste-
rior teeth and is extremely attractive from that point of
view.? This technique has two major disadvantages: (1)
The force system applied to the anterior teeth is far from
ideal. When extraoral force is applied directly to the ante-
rior segment, it is difficult to keep it from being undesir-
ably heavy, but the force intermittently falls to zero when
the headgear is removed. (2) There is significant friction,
not only where teeth slide along the archwire but also
within the headgear mechanism itself. This makes it diffi-
cult to control the amount of force, and more friction on
one side than the other may lead to an asymmetric re-
sponse. In fact, it is unusual if space does not close faster
on one side than the other. )

Excellent patient cooperation is essential. Only if the
headgear is worn nearly full time will efficient tooth move-
ment be obtained, and although it is possible to obtain this
level of cooperation, it is unwise to rely on it routinely.
Patients for this approach should be selected carefuily.

In the late 1980s, it was claimed by some dentists that
extraction of upper first premolars would lead to later tem-
poromandibular dysfunction problems. The claim was
never supported by any evidence, and recent research data
have refuted it.® It is important to limit first premolar ex-
traction for camouflage of Class II malocclusion to the ap-
propriate patients, but if this is done, it can be an excellent
treatment method.

Extraction of Maxillary and Mandibular Premolars.
Correction of Class II buccal segment relationships with
extraction of all four first premolars implies that the man-
dibular posterior segments will be moved anteriorly nearly
the width of the extraction space. At the same time, the
protruding maxillary anterior teeth will be retracted with-
out forward movement of the maxillary buccal segments.
This, in turn, implies (though it does not absolutely re-
quire) that Class II elastics will be used to assist in closing
the extraction sites.

The Begg technique is a classic illustration of the use of
Class 1II elastics to produce differential movement of the
arch segments while correcting the molar relationship. In
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Fig. 16-8 M Retraction of the maxillary canines with a J-hook headgear. A, The headgear hooks
over the archwire mesial to the canine bracket and pushes distally against the bracket. Approxi-
mately 200 gm of force on each side should be used; B, an occlusal view shows the distal trans-
lation of both canines. Note that the response at this stage is greater on one side than the other,
which is not uncommon with headgear applied directly to the archwire for tooth movement; C,
high-pull head cap with J-hooks for canine retraction; D, an alternative headcap, providing a more

directly posterior force.

the Begg approach, at the beginning of the second stage of
treatment, light interarch elastics are added to help close
space, while Class II elastics are continued (Fig. 16-9). An
anchor bend is placed in the upper archwire so that the
maxillary anterior teeth are tipped back in part by the force
system associated with the archwire itself (see Fig. 15-30).

In the lower arch, the anchor bend is used to control the
amount of mesial tipping of the molars. The Class II elas-
tics reinforce and accentuate the differential tooth move-
ments along the archwires (Fig. 16-10). Friction as the
archwires slide through the molar tubes during space clo-
sure is minimized by the considerable freedom between
the 16 mil base arch and the 25 mil round tube through
which it slides. It is extremely important that only light
forces be used, so that optimum force levels are reached
where tipping is desired while forces for bodily movement
remain suboptimum.

Fig. 16-9 M The second stage of Begg treatment, in which in-
tra-arch elastics are used simultaneously with Class Il elastics for
space closure and correction of molar relationship. This pattern
of elastic force is continued until the extraction spaces are closed.
The effect is to trade forward movement of the mandibular pos-
terior teeth for retraction of the maxillary anteriors.
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Fig. 16-10 M Diagrammatic representation of forces encoun-
tered in the second stage of Begg treatment, in which base arch-
wires (red) with anchor bends are combined with intra-arch and
Class II elastics (pink). The anchor bends produce bodily forward
movement of the molars and allow lingual tipping of the incisors,
which receive no moments. These bends also depress the incisors
and elongate the molars, which is counteracted by the Class II
elastics for the upper arch but accentuated by the elastics for the
lower.

A similar mechanical arrangement, of course, can be
produced with the edgewise appliance. A round wire in an
edgewise bracket allows tipping of the incisors in essen-
tially the same way as with the Begg approach, but the
mesiodistal width of the canine brackets tends to keep the
canine teeth more upright, thereby increasing the strain on
posterior anchorage. For this reason, when a Begg-like
sliding space closure in both arches is used with the edge-
wise appliance, reinforcement of maxillary anchorage with
headgear is a good idea, and somewhat heavier Class II
elastic force is needed.

It is also possible with the edgewise appliance to struc-
ture anchorage so that space closure by retraction of the
maxillary anterior teeth and protraction of the mandibular
posterior segments occurs without the use of Class II elas-
tics. The best control is achieved with segmented arch
technique, using space-closing springs in each arch fabri-
cated specifically for the type of space closure desired (see
Closure of Extraction Spaces, this chapter).

When differential space closure without interarch elas-
tics is desired, a more common approach with the edge-
wise appliance is to extract maxillary first but mandibular
second premolars, thus altering the anchorage value of the
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two segments (Fig. 16-11). With this approach, routine
space-closing mechanics will move the lower molars for-
ward more than the upper, particularly if maxillary poste-
rior anchorage is reinforced with a stabilizing lingual arch
or headgear. This upper first-lower second premolar ex-
traction pattern greatly simplifies the mechanics needed for
differential space closure with continuous-arch edgewise
technique.

m Molar Correction with Interarch Elastics

Molar correction with Class II elastics, without extrac-
tion spaces as previously described, is produced largely by
mesial movement of the mandibular arch, with a small
amount of distal positioning of the maxillary arch. The
amount of force varies with the amount of tipping allowed
in the mandibular arch. Unless tipping is desired, which is
rarely the case, Class Il elastics should be used only with a
well-fitting rectangular wire in the lower arch that is some-
what constricted posteriorly. Large amounts of force must
be used (approximately 300 gm per side) to displace one
arch relative to the other when both are stabilized with
rectangular wires in edgewise brackets. Incorporating the
lower second ‘molars in the appliance and attaching the
elastics to a mesial hook on this tooth increase the anchor-
age and give a more horizontal direction of pull than hook-
ing the elastic to the first molar.

It is important to keep in mind that with or without ex-
traction, Class II elastics produce not only anteroposterior
and transverse effects but also a vertical force (Fig.
16-12). This force elongates the mandibular molars and
the maxillary incisors, rotating the occlusal plane up pos-
teriorly and down anteriorly. If the molars extrude more
than the ramus grows vertically, the mandible itself will be
rotated downward (see Fig. 16-11). Class II elastics are
therefore contraindicated in nongrowing patients who can-
not tolerate some downward and backward rotation of the
mandible. The rotation of the occlusal plane, in and of it-
self, facilitates the desired correction of the posterior oc-
clusion (Fig. 16-13), but even if elongation of the lower
molars can be tolerated because of good growth, the corre-
sponding extrusion of the maxillary incisors can be un-
sightly.

Class II elastics, in short, may produce occlusal rela-
tionships that look good on dental casts but are less satis-
factory when viewed from the perspective of skeletal rela-
tionships and facial esthetics (see Fig. 16-5).

Because of their vertical effects, prolonged use of Class
II elastics, particularly with heavy forces, is rarely indi-
cated. Using Class Il elastics for 3 or 4 months at the com-
pletion of treatment of a Class Il patient, to obtain good
posterior interdigitation, is often acceptable. Applying
heavy Class 1I force for 9 to 12 months as the major
method for correcting a Class II malocclusion is rarely
good treatment.

Class III elastics also have a significant extrusive com-
ponent, tending to elongate the upper molars and the lower
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Fig. 16-11 M Cephalometric superimposition showing the result of treatment with extraction of
upper first and lower second premolars. Even with second premolar extraction, some retraction of
the mandibular incisors may occur, but most of the space closure will be by mesial movement of
the lower molar. This adult patient experienced no growth, and a slight downward and backward
rotation of the mandible occurred.

Fig. 16-12 M Rotation of the occlusal plane with Class II (A) and Class IIl (B) elastics. The
rotational pattern helps correct the molar relationship and so is helpful from that point of view, but
it can be deleterious in some patients because the elongation of the molars may cause undesirable
rotation of the mandible or undesirable tooth-lip relationships.
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Fig 16-13 B Cephalometric superimposition showing the vertical effects of Class I elastics in
this patient, who had premolar extractions and so did not have forward movement of the lower
incisors despite the forward movement of the lower molars. Note the elevation of the lower molar,
extrusion and distal tipping of the upper incisor, rotation of the occlusal plane, and downward and

backward rotation of the mandible.

incisors. Elongating the molars enough to rotate the man-
dible downward and backward is disastrous in Class II
treatment, but within limits can help treatment of a Class
III problem. If it is desired to use Class III elastics to assist
in retracting mandibular incisors (see further discussion
following), high-pull headgear to the upper molars worn
simultaneously with the elastics can control the amount of
elongation of the upper molars. Elongation of the lower in-
cisors, however, still can be anticipated.

Closure of Extraction Spaces

To obtain the desired result in closing spaces within the
arch, it is essential to control the amount of incisor retrac-
tion versus molar-premolar protraction. Indications for ex-
traction have been discussed in Chapters 6 and 7, and the
biomechanical concepts related to control of posterior an-
chorage and the amount of incisor retraction are described
in Chapter 10. In this section, the focus is on contempo-
rary mechanotherapy for space closure with the 18- and
22-slot edgewise appliances.

= Moderate Anchorage Situations

Most patients fall into the moderate anchorage category,
meaning that after alignment of the incisors has been com-
pleted, it is desired to close the remainder of the premolar
extraction space with a 50:50 or 60:40 ratio of anterior re-

traction to posterior protraction. The different wire sizes in
18- and 22-slot edgewise appliances require a different ap-
proach to mechanotherapy.

Moderate Anchorage Treatment with 18-Slot Edge-
wise: Closing Loops. Although either sliding or loop me-
chanics can be used, the 18-slot appliance with single or
narrow twin brackets on canines and premolars is ideally
suited for use of closing loops in continuous archwires.
Appropriate closing loops in a continuous archwire will
produce approximately 60:40 closure of the extraction
space if only the second premolar and first molar are in-
cluded in the anchorage unit and some uprighting of the
incisors is allowed. Greater retraction will be obtained if
the second molar is part of the anchorage unit, less if inci-
sor torque is required.

The spring characteristics of a closing loop, a critical
part of its design, are largely determined by two major fac-
tors: the size of the archwire, and the distance between
points of attachment. This distance in turn is largely deter-
mined by the amount of wire incorporated into the loop,
but is affected also by the distance between brackets. Clos-
ing loop archwires should be fabricatcd from rectangular
wire to prevent the wire from rolling in-the bracket slots.
Closing loops with equivalent properties can be produced
from different sizes of wire, by increasing the amount of
wire incorporated into the loop as the size of the wire in-
creases, and vice versa. Wires of smaller cross-sectional
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area allow the use of simpler loop designs. The first prin-
ciple of closing loop design is that the simplest possible
loop is preferred because more complex configurations are
less comfortable for patients, more difficult to fabricate
clinically, and more prone to breakage or distortion.

A second principle is that, to the greatest extent possi-
ble, the loop should “fail safe.” This means that, although
a reasonable range of action is desired from each activa-
tion, tooth movement should stop after a prescribed range
of movement even if the patient does not return for a
scheduled adjustment. Too long a range of action, with too
much flexibility, could produce disastrous effects if a dis-
torted spring were combined with a series of broken ap-
pointments. The ideal loop design therefore would deliver
a continuous, controlled force designed to produce tooth
movement at a rate of approximately 1 mm per month, but
would not include more than 2 mm of range, so that move-
ment would stop if the patient missed a second consecutive
monthly appointment.

Fig. 16-14, taken from the work of Booth,* illustrates
the effects on the spring characteristics of a steel closing
loop from changing wire size, the design of the loop, and
the interbracket span (the combination of these latter two
parameters, of course, determines the amount of wire in
the loop). Note that, as expected; changing the size of the
wire produces the largest changes in characteristics but the
amount of wire incorporated in the loop is also important.

For closure of a maxillary first premolar extraction
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t 30%

V\_/ire
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space without tipping, pitting the canine and two incisors
against the posterior segment, the ideal retraction force
would be approximately 250 gm (100 gm for the canine,
75 gm each for the lateral and central incisors). Obviously,
this force could vary depending on the size of the teeth and
whether the incisors could be allowed to tip slightly or
would require total bodily movement; usually it is some-
what less for mandibular space closure because the teeth
are smaller and more tipping often can be allowed. A clos-
ing loop should produce this amount of force at about 1.5
mm activation and should retain a significant fraction of
this force level at least down to 0.5 mm.

From Fig. 16-14, it can be seen that based on these cri-
teria, most of the commonly used steel wires produce far
too much force when a simple vertical loop is used. Even
17 X 25 mil wire is too stiff unless additional wire is in-
corporated, changing the configuration as shown in the
lower right part of Fig. 16-14. A 10 mm vertical loop in
16 x 22 mil wire produces force characteristics that rea-
sonably approximate those desired.

To close an extraction space while producing bodily
tooth movement, a closing loop must generate not only a
closing force, but also appropriate moments to bring the
root apices together at the extraction site. As discussed in
Chapter 10, a moment-to-force ratio of approximately 10:1
is needed, meaning that a canine tooth being retracted with
a 100 gm force must also receive a 1000 gm-mm moment.
If the bracket is 1 mm wide, a vertical force of 1000 gm
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Fig. 16-14 B The effect of changing various aspects of a closing loop in an archwire. Note that
an 8 mm vertical loop in 18 X 25 wire produces twice as much force as the desired 250 gm/mm.
The major possibilities for producing clinically satisfactory loops are reducing wire size or incor-
porating additional wire by changing leg length, interbrackct distance, and/or loop configuration
(redrawn from Booth?).
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Fig. 16-15 W Eight millimeter closing loops in 16 X 22 wire
used with Class I elastics in this patient. Note that the maxillary
loop has been activated by pulling the wire through the maxillary
tube and bending it up. In the mandibular arch, the loop is not
active at this time, and the approximation of the legs to create a
rigid archwire is apparent. The lower archwire has a tieback me-
sial to the first molar, so that this loop can be activated by tying a
ligature from the posterior teeth to the wire rather than by bend-
ing over the end of the wire distal to the molar tube.

must be produced by the archwire at each side of the
bracket.

This factor limits the amount of wire that can be incor-
porated to make a closing loop springier, because if the
loop becomes too flexible, it will be unable to generate the
necessary moments even though the retraction force char-
acteristics are satisfactory. Loop design is also affected.
Placing some of the wire within the closing loop in a hor-
izontal rather than vertical direction improves its ability to
deliver the moments needed to prevent tipping. Both be-
cause of this effect and because a vertically tall loop can
impinge on soft tissue, using a closing loop only 7 mm tall
while incorporating 10 to 12 mm of wire—a delta or
T-shaped loop—is preferred.

All other factors being equal, a loop is more effective
when it is closed rather than opened during its activation.
On the other hand, a loop designed to be opened can be
made so that when it closes completely, the vertical legs
come into contact, effectively preventing further move-
ment and producing the desired fail-safe effect (Fig.
16-15). A loop activated by closing, in contrast, must have
its vertical legs overlap. This creates a transverse step, and
the archwire does not develop the same rigidity when it is
deactivated. The smaller and more flexible the wire from
which a closing loop arch is made, the more important it is
that the wire become rigid when the loop is deactivated.

These design considerations indicate that an excellent
closing loop for 18-slot edgewise is a delta-shaped loop in
16 x 22 wire that is activated by opening. Such a wire fits
tightly enough in an 18 X 25 mil bracket to give good
control of root position. With 10 mm of wire in the loop,
the force delivery is close to the optimum, and the mecha-
nism fails safe because contact of the vertical legs when
the loop is deactivated limits movement between adjust-
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Fig. 16-16 B A three-prong plier can be used to bring the ver-
tical legs of a closing loop together if they are separated. The
legs should touch lightly before activation of the loop by opening
it.

ments and makes the archwire more rigid. It is important
to activate the upper horizontal portion of a delta or T-loop
so that the vertical legs are pressed lightly together when
the loop is mot activated (Fig. 16-16). This also ensures
that the loop will still be active until the legs come into
contact.

A second important adjustrment of a closing loop arch-
wire is placing a gable bend at the extraction site. This ad-
justment is necessary to_generate the root-paralleling mo-
ments. With 16 X 22 wire and a loop of the delta design,
a gable bend of approximately 20 degrees on each side is
needed (Fig. 16-17). With the same loop in 17 X 25 wire,
a smaller gable bend would generate the same moment.
With a 16 X 22 closing loop, it is ordinarily necessary to
remove the archwire and reactivate the gable bends after 3
to 4 mm of space closure, but is is not necessary to do this
at each appointment.

A final factor in the design of a closing loop archwire is
the location of the loop. Mechanically, it would be ideal to
place the loop in the exact center of the extraction space,
but a loop placed in the center of the initial extraction site
becomes displaced distally as the space closes, and this is
undesirable. The preferred location, therefore, is at the
spot that will be the center of the embrasure when the
space is closed (Fig. 16-18). This means that, in a first
premolar extraction situation, the closing loop should be
placed about 5 mm distal to the center of the canine tooth.

A closing loop archwire is activated by pulling the pos-
terior part of the archwire distally through the molar tubes,
which activates the closing loop the desired amount (1 to
1.5 mm), and then fastening the wire in that position. The
wire slides through the brackets and tubes only when it is
being activated. After that, as the closing loop returns to
its original configuration, the teeth move with the aich-
wire, not along it. There are two ways to hold the archwire
in its activated position. The simplest is by bending the
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Fig., 16-17 W Gable bends for a closing loop archwire. A, Gable bends are placed by bending
. the wire at the base of the loop; B, appropriate gable for a 16 X 22 closing loop (40-45 degrees
\ total, half that on each side).

Fig. 16-18 M Stages in space closure for a specific patient. A, The original malocclusion; B, 16
X 22 closing loops at initial activation, after the completion of stage 1 alignment and leveling.
Note the soldered tiebacks for activation. C, Closing loops later during space closure; D, spaces
closed and finishing archwire in place.
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end of the archwire gingivally behind the last molar tube.
The alternative is to place an attachment on the posterior
part of the archwire, usually a soldered tieback as shown
in Fig. 16-18, so that a ligature can be used to tie the wire
in its activated position.

As a general rule, if it is anticipated that a closing loop
archwire will not have to be removed for adjustment (the
distance to be closed is 4 mm or less), bending the poste-
rior end of the wire is satisfactory. It can be quite difficult
to remove an archwire that has been activated by bending
over the end, however, and it saves time in the long run to
use tiebacks for closing loop archwires that will have to be
removed and readjusted.

Specific recommendations for closing loop archwires
with the 18-slot appliance and narrow brackets are:

1. 16 X 22 wire, delta or T-shaped loops, 7 mm vertical
height, and additional wire incorporated in the loop to
make it equivalent to 10 mm of vertical height

2. Gable bends of 40 to 45 degrees total (half on each
side of the loop)

3. Loop placement 4 to 5 mm distal to the center of the
canine tooth, at the center of the space between the canine
and second premolar with the extraction site closed

These recommendations certainly are not the only clini-
cally effective possibilities. The principle should be that if
a heavier wire (17 X 25 mil, for instance) is used, the loop
design should be altered to incorporate additional wire for
better force-deflection characteristics. Also, the gable an-
gulations should be adjusted according to both the springi-
ness of the loop and the width of the brackets. With wide
brackets on the canines, for instance, the reduced inter-
bracket span would make any loop somewhat stiffer, and
both this and the longer moment arm across the bracket
would dictate a smaller gable angle (but the range of the
loop would be reduced, which is why wide brackets are
not recommended).

Moderate Anchorage Space Closure with 22-Slot
Edgewise. As a general rule, space closure in moderate
anchorage situations with the 22-slot edgewise appliance is
done in two steps, first retracting the canines, usually slid-
ing them along the archwire, and second, retracting the
four incisors, usually with a closing loop. This two-step
space closure will produce an approximately 60:40 closure
of the extraction space, varying somewhat depending on
whether second molars are included in posterior anchorage
and incisor torque requirement.

A 19 X 25 wire is the largest on which sliding retraction
of a canine should be attempted (because clearance in the
bracket slot is needed), and 18 X 25 wire also can be
used. An archwire with a posterior stop, usually in front of
the first molar tube, is needed. This stop has the effect of
incorporating all the teeth except the canine into the an-
chorage unit. The canine retraction can then be carried out
with a coil spring, a spring soldered to the base archwire,
an intra-arch latex elastic, or an elastomeric material (Fig.
16-19). As a general rule, A-NiTi coil springs are pre-
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ferred because they produce an almost ideal light constant
force.> Elastics produce variable and intermittent forces,
and both elastomeric chains and steel coil springs produce
rapidly decaying interrupted forces.

In addition to its convenience and straightforward de-
sign, this type of sliding space closure has the important
advantage that it fails safe in two ways: (1) The moments
necessary for root paralleling are generated automatically
by the twin brackets normally used with the 22-slot appli-
ance. Unless the archwire itself bends, there is no danger
that the teeth will tip excessively. (2) The rigid attachment
of the canine to the continuous ideal archwire removes the
danger that this tooth will be moved far outside its in-
tended path if the patient does not return for scheduled ad-
Justments. For this reason, a long range of action on the
retraction springs is not dangerous, as long as the force is
not excessive. The ideal force to slide a canine distally is
approximately 200 gm, about half of which is used to
overcome friction (see Chapter 10). A-NiTi springs’ that
produce this level of force over a wide enough range to
close an extraction space with a single activation now are
commercially available.

The second stage in the two-stage retraction is usually
accomplished with a closing loop, although it is possible
to close the space now located mesial to the camines by

Fig. 16-19 M Sliding space closure in 22-slot edgewise. A,
Elastomeric chain for canine retraction in the mandibular arch,
sliding the tooth on an undersized rectangular archwire. B, NiTi
coil springs for retraction of first premolars in a second premolar
extraction case. NiTi springs give much better control of force
levels and a much greater range of action, and therefore are pre-
ferred.
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Fig. 16-20 W T-shaped loop in 18 X 25 wire, typically used
with the 22-slot edgewise appliance to retract the four incisors af-
ter independent retraction of the canine.

again sliding the archwire through the posterior brackets.
For this stage of incisor retraction, a rectangular wire with
its smallest side at least 18 mil is needed— anything
smaller rolls in the 22-slot and would allow the incisors to
tip while being retracted. An 18 X 25 steel wire with a
T-loop, though still too stiff, serves this purpose reason-
ably well while retaining the fail-safe design (Fig. 16-20).
Although loops in a 19 X 25 steel wire also can be used,
the better force-deflection characteristics of 18 X 25 wire
make it the preferred choice: the 19 X 25 loop either has
to give up the fail-safe design, or is much too stiff. A third
alternative, in many ways now the preferred approach, is a
closing loop in 19 X 25 beta-Ti wire. This provides better
properties than 18 X 25 steel (quite close to 16 X 22
steel), at the cost of more difficulty in forming the arch-
wire.

Although the two-step procedure is predictable and has
excellent fail-safe characteristics, which explains why it
remains commonly used, it takes longer to close space in
two steps than one.

It is possible to use a closing loop archwire for one-step

Fig. 16-21 W Stabilization of the posterior se,
quires A, a 21 X 25 steel wire segment in the bracket slots or tubes of the posterior teeth. Note
the soldered tieback mesial to the second molar (courtesy Dr. CJ Burstone); and B, a heavy lin-
gual arch. This current design by Burstone uses a rectangular 28 X 28 wire that is tied into a
special lingual bracket on the first molars.

(en masse) closure in the 22-slot appliance, as described
previously for 18-slot edgewise. In this case, an overlap
design in 19 X 25 steel, a T-loop in 18 X 25 steel, or a
fail-safe loop in 19 X 25 beta-Ti wire can be considered.
The steel wires place a greater strain on anchorage than
would be encountered with 18-slot and lighter wires, and
all three of the possibilities provide less than ideal torque
control during the retraction because they are so much
smaller than the bracket slot. If en masse space closure s
desired with the 22-slot appliance, a segmented arch tech-
nique offers advantages.

The segmented arch approach to space closure is based
on incorporating the anterior teeth into a single segment,
and both the right and left posterior teeth also into a single
segment, with the two sides connected by a stabilizing lin-
gual arch (Fig. 16-21). A retraction spring is used to con-
nect these stable bases, and the activation of the spring is
varied to produce the desired pattern of space closure
(Figs. 16-22 and 16-23). Because the spring is separate
from the wire sections that engage the bracket slots, a wire

Fig. 16-22 W Composite retraction spring designed by Burstone
for use with the segmented arch technique, consisting of 18 mil
beta-Ti wire (the loop) welded to 17 X 25 beta-Ti. This spring
can be used for either en masse retraction of incisors or canine
retraction.

gments in Burstone’s segmented arch technique re-
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Fig. 16-23 W Space closure with the segmented arch technique.
A, En masse retraction of the anterior maxillary segment and ca-
nine retraction in the mandibular arch (see also Fig. 16-29). Note
that the retraction springs fit into a vertical tube on the canine
bracket. Braided wire in the maxillary anterior area will be re-
placed by a stabilizing anterior segment. B, Upper and lower en
masse space closure using beta-Ti T-loops between segments in
this patient with extraction of upper first and lower second pre-
molars. (Courtesy Dr. CJ Burstone.)

size and design that produce optimum properties can be
used. An auxiliary rectangular tube, usually positioned
vertically, is needed on the canine bracket or on the ante-
rior wire segment to provide an attachment for the retrac-
tion springs (see Chapter 12). The posterior end of each
spring fits into the auxiliary tube on the first molar tooth.
With beta-Ti wire, the design of the retraction spring can
be greatly simplified over the design necessary with steel
wire (Fig. 16-23).% These springs are very effective, and
with careful initial activation, an impressive range of
movement can be produced before reactivation is neces-
sary.

The greatest disadvantage of segmented arch space clo-
sure is not its increased complexity, but that it does not
fail safe. Without a rigid connection between the anterior
and posterior segments, there is nothing to maintain arch
form and proper vertical relationships if a retraction spring
is distorted or activated incorrectly. For this reason, de-
spite the excellent results usually obtained with segmented
arches and retraction springs, it is important to monitor
these patients especially carefully and to avoid long inter-
vals without observation.
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B Maximum Incisor Retraction (Maximum

Anchorage)

It is not always desirable to retract the anterior teeth as
far as possible after premolars have been extracted. In
fact, over-retraction of incisors is as much of a potential
problem as leaving them too prominent by not maintaining
adequate posterior anchorage. When maximum retraction
is needed, however, it is vital that the orthodontic mecha-
notherapy be structured to provide this. Techniques to pro-
duce maximum retraction combine two possible ap-
proaches. The first is reinforcement of posterior anchorage
by appropriate means, including extraoral force, stabiliz-
ing lingual arches, and interarch elastics. The second ap-
proach involves reduction of strain on the posterior an-
chorage, which includes any combination of eliminating
friction from the retraction system, tipping the incisors be-
fore uprighting them, or retracting the canines separately.

Maximum Retraction with the 18-Slot Appliance.
With the 18-slot appliance, friction from sliding is usually
avoided by employing closing loops and tipping/uprighting
is rarely part of the anchorage control strategy. To obtain
greater retraction of the anterior teeth, a sequence of steps
to augment anchorage and reduce anchorage strain could
be as follows:

1. Add stabilizing lingual arches and proceed with en
masse space closure. The resulting increase in posterior
anchorage, though modest, will change the ratio of ante-
rior retraction to posterior protraction to approximately
2:1.

2. Reinforce maxillary posterior anchorage with ex-
traoral force and (if needed) use Class III elastics from the
high-pull headgear to supplement retraction force in the
lower arch, while continuing the basic en masse closure
approach. Depending on how well the patient cooperates,
additional improvement of retraction, perhaps to a 3:1 or
4:] ratio, can be achieved.

3. Retract the canines independently, preferably using a
segmental closing loop, and then retract the incisors with a
second closing loop archwire. Used with stabilizing lin-
gual arches (which are needed to control the posterior seg-
ments in most patients), this technique will produce a 3:1
retraction ratio. When this procedure is reinforced with
headgear, even better ratios are possible.

A more detailed discussion of each of these approaches
follows.

Reinforcement with Stabilizing Lingual Arches. Stabiliz-
ing lingual arches must be rigid and should be made from
36 mil or 32 X 32 steel wire. These can be soldered to the
molar bands, but it is convenient to be able to remove
them, and Burstone’s designs (see Chapter 12) are pre-
ferred.

It is important for a lower stabilizing lingual arch to lie
behind and below the lower incisors, so that it does not in-
terfere with their retraction. If 36 mil round wire is used,
the lower arch is more conveniently inserted from the dis-
tal than from the mesial of the molar tube (see Fig. 15-34).
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The maxillary stabilizing lingual arch is a straight transpal-
atal design. Because maximum rigidity is desired for an-
chorage reinforcement, an expansion loop in the palatal
section of this wire is not recommended unless a specific
indication exists for including it.

If lingual arches are needed for anchorage control, they
should be present during the first and second stages of
treatment, but can and should be removed after space clo-
sure is complete. Their presence during the finishing stage
of treatment, after extraction spaces have been closed, is
usually not helpful and may interfere with final settling of
the occlusion.

Reinforcement with Headgear and Interarch Elastics.
Extraoral force against the maxillary posterior segments is
an obvious and direct method for anchorage reinforce-
ment. It is also possible to place extraoral force against the
mandibular posterior segments, but usually more practical
to use Class III elastics to transfer the extraoral force from
the upper to the lower arch.

Interarch elastics for anchorage reinforcement were a
prominent part of the original Tweed method for maxi-
mum retraction of protruding anterior teeth. In the Tweed
approach to bimaxillary protrusion, lower but not upper
premolars were extracted initially, so that an intact upper
arch was available to resist the pull of Class Il elastics.
This step was the first component of the anchorage rein-
forcement: pitting an intact upper arch against a segmented
lower arch (and later, the reverse).

The second part of Tweed anchorage reinforcement was
“anchorage preparation,” achieved by tipping the molars
and premolars distally (Fig. 16-24). Class III elastics were
used to maintain lower incisor position while this was
done. The distally tipped molars then allowed the incisors
to be retracted further than otherwise would have oc-
curred. Only after the lower incisors had been retracted,
sliding the canine initially and then using a closing loop,
were the upper premolars extracted. At that point, the
lower arch was stabilized and Class II elastics were used to
prepare anchorage by tipping back the upper molars, be-

fore the upper incisors were retracted (Fig. 16-24, B).

Although the original Tweed approach can be used with
the contemporary 18-slot appliance, it is rarely indicated.
Prolonged use of Class II and Class III elastics is extrusive
and requires good vertical growth for acceptable results.
Distally tipping the molars augments their anchorage value
primarily by first moving these teeth distally, then me-
sially.

Segmented Retraction of the Canines. Segmented retrac-
tion of the canines with frictionless springs is an attractive
method for reducing the strain on posterior anchorage and
is a readily available approach with the modern 18-slot ap-
pliance. It is also possible to retract the canines by sliding
them on the archwire, but the narrow brackets usually used
with the 18-slot appliance and the tight clearance and rela-
tively low strength of a 17 X 25 archwire produce less-
than-optimum sliding.

For frictionless retraction of the canines, as in Ricketts’
bioprogressive technique,’ an auxiliary tube on the molar
is needed. An auxiliary tube on the canine is unnecessary,
because the retraction spring can fit directly into the canine
bracket. Instead of stabilizing lingual arches, a base or
utility arch from the first molar to the incisors is normally
used (Fig. 16-25). Handled correctly, this technique pro-
vides efficient space closure with excellent force character-
istics.

Segmented canine retraction springs used in bioprogres-
sive technique are shown in Fig. 16-25. These flexible
springs require a root-paralleling gable bend of approxi-
mately 60 degrees and an antirotation bend of approxi-
mately 20 degrees. Closing loops are then used for the sec-
ond stage of retraction of the incisors (Fig. 16-26).

Segmented canine retraction of this type presents two
problems. The first is that it is difficult to control the posi-
tion of the canine in all three planes of space as it is re-
tracted. If the canine is pulled distally from an attachment
on its buccal surface, the point of attachment is not only
some distance occlusal but is also buccal to the center of
resistance. This means that without appropriate moments,

Fig. 16-24 W Anchorage preparation in Tweed technique. Class Il elastics from a stabilized up-
per arch reinforced with headgear are being used to tip back the lower posterior teeth. Note the
second order (tipback) bends in the lower archwire. A, A sliding jig to the second premolar is
being used to transfer the Class IH elastic force to the posterior segment; B, anchorage preparation
completed in the lingual arch. Note the distally tipped position of the lower posterior teeth and the
use of Class II elastics to accomplish similar distal tipping of the upper posterior teeth. (From
Tweed CH: Clinical orthodontics, St Louis, 1966, Mosby— Year Book.)
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Fig. 16-25 M Utility arches from the first molars to the incisor
segment used in conjunction with segmented canine retraction
springs. This frictionless retraction of the canines reduces the
strain on posterior anchorage and produces greater total retraction
of the anterior teeth compared with en masse space closure, but
careful fabrication and activation of the retraction springs are
needed to maintain control of canine position.

the tooth will tip distally and rotate mesiobuccally. Both a
root-paralleling moment and an antirotation moment must
be obtained by placing gable bends in the spring. Control
of the vertical position of the canine,. particularly after the
gable bends in two planes of space have been placed, can
be a significant problem.

Second, much more than with en masse retraction using
segmented mechanics, segmental retraction of canines
does not fail safe. The canine is free to move in three di-
mensional space, and there are no stops to prevent exces-
sive movement in the wrong direction if a spring is im-
properly adjusted or becomes distorted. A missed appoint-
ment and a distorted spring can lead to the development of
a considerable problem (Fig. 16-27), and patients must be
monitored carefully.

Maximum Retraction with the 22-Slot Appliance.
The same basic approaches are available with the 22- as
with the 18-slot appliance: to increase the amount of inci-
sor retraction, a combination of increased reinforcement of
posterior anchorage and decreased strain on that anchorage
is needed. All the possible strategies for anchorage control
can be used. With a 22-slot appliance in which sliding re-
traction of canines is the approach to moderate anchorage,
the following sequence of steps to increase incisor retrac-
tion might be logical:

Reinforcement of Posterior Anchorage with Extraoral
Force. Stabilizing the posterior segments with extraoral
force while sliding the canine along an archwire signifi-
cantly increases posterior anchorage. This approach can be
especially helpful in the upper arch, where headgear at-
tached to the molars is easily placed, but the same ap-
proach can be used in the lower arch. Wearing two face-
bows to apply force to upper and lower molar teeth at the
same time is difficult but not impossible. Reinforcing the
upper arch with headgear, with Class III elastics off the
headgear to reinforce anchorage for retraction of the lower
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Fig. 16-26 W After the canines are retracted with segmental
closing loops, the four incisors are retracted. This patient illus-
trates alternative archwires for retraction of the anterior segment,
using 18-slot edgewise and Rickett’s bioprogressive technique. In
the upper arch, a contraction utility arch with helical loops to in-
crease its anteroposterior flexibility is being used for anterior re-
traction. In the lower arch, double-delta loops are being used.

Fig. 16-27 M Vertical control of this canine was lost during re-
traction with a segmented retraction spring. A box-loop in 16 X
16 wire is being used to regain the correct vertical level. The
greatest problem with segmented retraction springs is that they
have no fail-safe component, allowing displacements of this type
to occur if a spring is distorted and the patient misses scheduled
appointments. ’

canines, is a more typical arrangement.

Application of Extraoral Force Directly Against the Ca-
nines to Slide Them Posteriorly. With this approach, a
headgear using four hooks (Fig. 16-28) is normally used.?
The hooks fit over a base archwire, typically 19 X 25
steel, and approximately a 200 gm force is supplied at
each point of attachment to slide the canines posteriorly. It
is easier to attach extraoral force to the mandibular anterior
than posterior region, and this arrangement is tolerated
well by patients, much better than two facebows.

Retracting the canines in this way totally avoids strain
on posterior anchorage during the first retraction step. The
disadvantages are the same as when protruding maxillary
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Fig. 16-28 M Four-hook headgear being used for retraction of the canines (in a patient who is
also wearing a facebow to the molars). A, The hooks extend forward from a headcap and, B,
attach over the upper and lower archwires mesial to the canines. Bands rather than bonded brack-
ets on anterior teeth, particularly the canines, may be needed if headgear is applied directly to the

anterior part of the dental arch.

incisors are retracted with headgear: this approach requires
excellent cooperation by the patient, who should wear the
headgear essentially full time to achieve effective tooth
movement. Moreover, friction may cause asymmetric
space closure. For cooperative patients, however, this
method is quite effective.

The second step, after retraction of the canines, is done
with a closing loop as described previously.

Use of Segmented Arch Mechanics for Canine Retrac-
tion. As discussed earlier, use of a segmented arch system
to retract the canines independently, followed by retraction
of the four incisors, is a practical method for conserving
anchorage and equally adaptable to 22- and 18-slot appli-
ances (Fig. 16-29). It produces a result approximately
equivalent to retracting the canines with headgear, pro-
vided that at least a stabilizing lingual arch is used to rein-
force posterior anchorage. The problems are also the same
as with the 18-slot appliance: the canine can become dis-
placed during its retraction and may become spectacularly
malpositioned if something goes wrong, because no fail-
safe mechanism is in place.

Segmented Arch Mechanics for Tipping/Uprighting.
Rather than independent retraction of the canines, Burst-
one® now recommends two-step space closure in maximum
anchorage cases by en masse distal tipping of the anterior
teeth, followed by uprighting (see Fig. 17-8). The seg-
mented arch technique is used, but with a differently acti-
vated spring assembly from the one needed for space clo-
sure in moderate retraction cases. Compared with indepen-
dent retraction of the canines with loops, the fail-safe char-
acteristics of this approach are much improved (though
still not as good as with continuous archwires). Excellent
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control of anchorage for maximum retraction, without the
use of headgear, can be obtained. The segmented arch ap-
proach is particularly valuable in treatment of adults (see
Chapter 20) but can be used very effectively in adoles-
cents.

B Minimum Incisor Retraction

As with any problem requiring anchorage control, the
approaches to reducing the amount of incisor retraction in-
volve reinforcement of anchorage (the anterior teeth in this
situation) and reduction of strain on that anchorage. An
obvious strategy, implemented at the treatment planning
stage, is to incorporate as many teeth in the anterior an-
chor unit as possible. Therefore if extraction of teeth is
necessary at all, extracting a second premolar or molar,
not a first premolar, is desirable. All other factors being

Fig. 16-29 B Retraction of upper and lower canines with
T-loops in beta-Ti wire, in segmented arch technique with the
22-slot edgewise appliance. (Courtesy Dr. CJ Burstone.)
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Fig. 16-30 R Torque forces against the incisors create a crown-
forward as well as a root-backward tendency. Preventing the in-
cisor crowns from tipping forward tends to pull the posterior
teeth forward, which can be advantageous if it is desired to close
space in this way.

equal, the amount of incisor retraction will be less the fur-
ther posteriorly in the arch an extraction space is located
(see Chapter 8).

A second possibility for reinforcing incisor anchorage is
to place active lingual root torque in the incisor section of
the archwires, maintaining a more mesial position of the
incisor crowns at the expense of somewhat greater retrac-
tion of the root apices (Fig. 16-30). When the incisors pro-
trude, some degree of forward tipping of these teeth is
usually present, so that when the incisors are retracted,
they can be allowed to tip lingually at least slightly. Ad-
vantage can be taken of this when incisor retraction is de-
sired. Conversely, in patients in whom it is desired to
close extraction sites by moving the posterior teeth for-
ward, the incisors are often already upright, and lingual
root torque is likely to be desired for both esthetic reasons
and control of anchorage. Burstone’s segmented arch tech-
nique can be used to particular advantage when this strat-
egy for producing differential forward movement of poste-
rior teeth is used.®

A third possibility for maximizing forward movement of
posterior teeth is to break down the posterior anchorage,
moving the posterior teeth forward one tooth at a time. Af-
ter extraction of a second premolar, for example, it may be
desired to stabilize the eight anterior teeth and to bring the
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first molars forward independently, creating a space be-
tween them and the second molars before bringing the sec-
ond molars anteriorly. This strategy can readily be com-
bined with the anterior torque approach.

A final possibility for maximizing protraction of poste-
rior teeth is the use of extraoral force, pulling the teeth for-
ward from a facemask or equivalent device (see Chapter
14). This provides the same opportunities and limitations
as any other use of extraoral force for tooth movement. If
the patient can be persuaded to wear reverse headgear es-
sentially full time, excellent tooth movement can be ob-
tained. With only 10 to 14 hours of wear per day, how-
ever, the results are often disappointing. Since a reverse
headgear inevitably crosses the face, it is difficult to obtain
the same level of cooperation as with a conventional pos-
teriorly placed headgear, particularly in adolescents who
are the candidates for comprehensive treatment.

It rarely should be necessary to use involved mechano-
therapy to protract posterior teeth. The need for this ap-
proach usually arises from an effort to close spaces from
congenitally missing teeth, teeth that were lost to decay, or
perhaps teeth that should not have been extracted for orth-
odontic purposes. If the temptation to use first premolars
as a routine extraction is avoided, most of the need for
minimum retraction mechanotherapy is also avoided.

B References

L. Gianelly AA: Japanese Ni-Ti coils used to move molars dis-
tally, Am J Orthod Dentofacial Orthop 99:564-591, 1991.

2. Hickham JH: Direct edgewise orthodontic approach, J Clin
Orthod 8:617, 1974.

3. Gianelly AA, Anderson CK, Boffa J; Longitudinal evaluation
of condylar position in extraction and nonextfaction treat-
ment, Am J Orthod Dentofacial Orthop 100:416-420, 1991.

4. Booth FA: Optimum forces with orthodontic loops, Houston,
1971, MS Thesis, University of Texas Dental Branch.

5. Miura F et al: Studies on the Japanese NiTi alloy coil springs,
Am J Orthod Dentofacial Orthop 94:89-96, 1988.

6. Burstone CJ: The segmented arch approach to space closure,
Am ] Orthod 82:361, 1982.

7. Ricketts RM et al: Bioprogressive therapy, Denver, 1979,
Rocky Mountain Orthodontics.



Chépter 17

The Third Stage of

Comprehensive Treatment:

Finishing

Root paralleling at extraction sites

Torque of incisors

Correction of vertical relationships
Excessive overbite
Anterior open bite

Midline discrepancies

Tooth size discrepancies

Final “settling” of teeth

Removal of bands and bonded attachments

Positioners for finishing

Special finishing procedures to avoid relapse
Control of unfavorable growth
Control of soft tissue rebound

By the end of the second stage of treatment, the teeth
should be well aligned, extraction spaces should be closed,
and the teeth in the buccal segments should be in a normal
Class T relationship. In the Begg technique, major root
movements of both anterior and posterior teeth still remain
to obtain root paralleling at extraction sites and proper ax-
ial inclination of tipped incisors. With contemporary edge-
wise techniques, relatively little finishing is required, but
minor versions of these same root movements are likely to
be required. In addition, most cases require some adjust-
ment of the vertical relationship of incisors as a finishing
procedure, either correcting moderately excessive overbite
or closing a mild anterior open bite.

Root Paralleling at Extraction Sites

In the Begg technique, extraction spaces are closed by
initially tipping the teeth together, and then uprighting
them (Fig. 17-1). In the finishing stage, the moments nec-
essary for root uprighting are generated by adding auxil-
iary springs that fit into the vertical slot of the Begg (rib-
bon arch) bracket. In most instances, a heavier (20 mil)
archwire replaces the 16 mil archwire used as a base arch
up to that point, to provide greater stability. Root parallel-
ing is accomplished by placing an uprighting spring in the
vertical slot and hooking it beneath the archwire. Since the
root-uprighting forces are also crown-separating forces,
the crowns must be tied together across the extraction site.
The Begg uprighting springs extend only a short distance
from the point of insertion into the bracket to the point
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where they are hooked to the archwire. Therefore it is nec-
essary both to make the uprighting springs from small-di-
ameter wire (usually 14 mil steel) and to increase their
length by bending a double helix at the base of the spring.

During space closure with the edgewise appliance, it is
almost always a goal of treatment to produce bodily tooth
movement during space closure, preventing the crowns
from tipping together. If proper moment-to-force ratios
have been used, little if any root paralleling will be neces-
sary as a finishing procedure. On the other hand, it is
likely that at least a small amount of tipping will occur in
some patients, and therefore some degree of root parallel-
ing often will be necessary.

Exactly the same approach used in Begg technique can
be employed with the edgewise appliance if it includes a
vertical slot behind the edgewise bracket (Fig. 17-2). This
allows an uprighting spring to be inserted and hooked be-
neath a base archwire in the same way as in Begg tech-
nique. This approach is reasonably effective with narrow
edgewise brackets and an undersized round wire (typically
18 mil) in the 22-slot edgewise appliance, but in contem-
porary edgewise practice, this method has been almost to-
tally abandoned in favor of angulated bracket slots that
produce proper root paralleling when a full-dimension
edgewise arch is placed as a finishing archwire.

With the 18-slot appliance, the typical finishing arch-
wire is either 17 X 22 or 17 X 25 steel. These wires are
flexible enough to engage narrow brackets even if a mod-
erate degree of tipping has occurred, and the archwire will
generate the necesary root paralleling moments. If a
greater degree of tipping has occurred, a more flexible
full-dimension rectangular archwire is needed. To correct
more severe tipping, a beta-titanium (beta-Ti) or even a
nickel-titanium (NiTi) 17 X 25 wire might be needed ini-
tially, with a steel archwire used to obtain final position-
ing.

With wider 22-slot brackets on the canines and premo-
lars and with the use of sliding rather than loop mechanics,
there is usually even less need for root paralleling as a fin-
ishing procedure than with narrow brackets and closing
loop archwires. If teeth do tip even slightly into the extrac-
tion space, however, a full-dimension steel archwire in a
22-slot bracket is much too stiff to produce the needed
root-uprighting moment. Even a 19 X 25 steel wire is un-
desirably stiff. A 21 X 25 beta-Ti wire is the best choice
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Fig. 17-1 M Stages in Begg technique. A, The original Class II, division- 1 malocclusion; B,
space closure during stage 2, using intra-arch elastics plus Class II elastics; C, tooth positions at
the end of stage 2 (note the lingual tipping of incisors and mesiodistal tipping of canines and pre-
molars); D, lateral view of the Begg appliance, during stage 3, showing auxiliary root-uprighting
springs on second premolars, canines, and lateral incisors. These springs extend into the vertical
slot of the Begg bracket and hook beneath the archwire adjacent to the tooth. E, Anterior view
showing a torquing auxiliary to the maxillary central incisors. This auxiliary archwire is “piggy-
backed” over the base arch and hooks beneath the base arch posteriorly.

Fig. 17-2 B An auxiliary uprighting spring placed in a vertical
slot behind an otherwise standard edgewise bracket, for distal
100t positioning of the canine tooth. With the introduction of
contemporary straight-wire appliances, this use of auxiliary up-
righting springs in edgewise technique was almost completely
abandoned in favor of preangulated brackets and resilient NiTi or
beta-Ti archwires.

for a finishing archwire under most circumstances, and if
significant root paralleling is needed, 21 X 25 NiTi should
be used first.

Although austenitic NiTi (A-NiTi) wires perform much
better than martensitic NiTi (M-NiTi) wires in alignment,
there is not that much difference in their performance as
rectangular finishing wires. The great advantage of A-NijTi
is its very flat load-deflection curve, which gives it a large
range. In the finishing stage, however, appropriate stiff-
ness at relatively small deflections, rather than range, is
the primary consideration. A-NiTi wires may deliver less
force than their M-NiTi counterparts (this will depend on
how the manufacturer manipulated the wire— see Chapter
10), and if rectangular A-NiTi is used in the finishing
stage, torsional stiffness must be considered in the choice
of the wire.

A root-paralleling moment is a crown-separating mo-
ment in edgewise technique just as it is in Begg technique,
and this effect is important to remember. Either the teeth
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Fig. 17-3 M A rectangular archwire that incorporates active
root paralleling moments or torque must be tied back against the
molar teeth to prevent space from opening within the arch. If the
ligature used to tie back the archwire is cabled forward and also
used to tie the second premolar, the tieback is less likely to come
loose.

must be tied together at the extraction site or the entire
archwire must be tied back against the molars (Fig. 17-3)
to prevent the extraction site from reopening during finish-
ing.

Occasionally, a severely tipped canine tooth will be en-
countered, and a longer range of action is needed than can
be delivered by even the most flexible continuous arch-
wire. In this situation, there are two options: (1) bending a
loop into a rectangular archwire to provide the desired
flexibility (see Fig. 16-27), or (2) using an auxiliary root-
uprighting spring (Fig. 17-4).

With the 18-slot appliance, the best choice is usually a
box loop in 16 X 22 steel wire. The loop is preferred over
a very flexible archwire because the malalignment is con-
centrated at one spot in the arch, and arch form can be dis-
torted by the flexible wire (the same reason that loops are
still occasionally indicated for initial alignment). At the
same time that the root of the canine tooth is being posi-
tioned distally, this loop also can be used to obtain a last
bit of space closure.

A similar box loop archwire can be used with the 22-
slot appliance, made from 18 X 25 wire (the smallest size
that will not twist in a 22-slot bracket). The preferred al-
ternative, however, is to bypass the tipped canine with a
rectangular base arch and use an auxiliary root-uprighting
spring tied into the canine bracket (see Fig. 17-4). An 18
X 25 box loop almost always is too stiff.

Torque of Incisors

If protruding incisors tipped lingually while they were
being retracted, lingual root torque as a finishing proce-
dure may be required. In the Begg technique, the incisors
are deliberately tipped back during the second stage of
treatment, and lingual root torque is a routine part of the
third stage of treatment. Like root paralleling, this is ac-
complished with an auxiliary appliance that fits over the
main or base archwire. The torquing auxiliary is a “piggy-
back arch” that contacts the labial surface of the incisors
near the gingival margin, creating the necessary couple
with a moment arm of 4 to 5 mm (see Fig. 17-1). Al--
though these piggyback torquing arches come in a number
of designs, the basic principle is the same: the auxiliary
arch, bent into a tight circle initjally, exerts a force against
the roots of the teeth as it is partially straightened out to
normal arch form (Fig. 17-5).

A torquing force to move the roots lingually is also, of
course, a force to move the crowns labially (see Fig. 16-
31). In a typical patient with a Class II malocclusion, an-
chorage is tequired to maintain overjet correction while
upper incisor roots are torqued lingually. Class 11 elastics
are normally worn during the third stage of Begg treatment
to ensure that the maxillary incisor crowns do not become
repositioned labially. In addition, the incisors are usually
taken to an edge-to-edge relationship during the second
stage of Begg treatment, allowing some possibility for the
maxillary crowns to move forward during the third stage
(see Fig. 17-1). The Class II elastics that reinforce the up-
per arch, however, further add to the tendency to displace

Fig. 17-4 M Auxiliary root springs used with the 22-slot appliance. A, An auxiliary root spring
in TMA wire welded to the base arch that bypasses the canine and tied into the canine edgewise
bracket slot. B, An auxiliary root spring in steel wire, placed in the vertical tube on a Burstone
canine bracket and activated by hooking beneath the base arch posteriorly. Note that the base
archwire bypasses the tooth being uprighted. (Courtesy Dr. CJ Burstone.)
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Fig. 17-5 M Torquing auxiliary archwires exert their effect
when the auxiliary, originally bent into a tight circle as shown, is
forced to assume the form of the base archwire over which it will
be placed. This tends to distort the base archwire, which there-
fore should be relatively heavy wire—at least 18 mil steel.

the lower arch mesially, and the inclination of the lower
incisors will be improved as much by labial tipping as by
lingual root torque. i

The torquing auxiliaries normally used in Begg tech-
nique not only place lingual force against the incisor roots,
they tend to alter the form of the arch itself, because the
torquing auxiliary wire tends to constrict the base arch
posteriorly. A major reason for using a heavier base arch-
wire in the third stage of treatment is to resist this potential
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distortion of arch form. Better results are achieved with a
20 mil steel base arch during the third stage than with a 16
mil wire, as originally used by Dr. Begg.

Precise positioning of individual teeth is difficult to ob-
tain with the Begg appliance. The minimal area of contact
between the base archwire and the bracket, though helpful
in providing for relatively free tipping and sliding move-
ments, makes it impossible to use the base arch to obtain
detailed tooth positioning, and the auxiliaries used for root
positioning have no fail-safe component at all. They con-
tinue to work until disconnected. Tooth positioners (see
following) are usually used with the Begg appliance to de-
tail the occlusal relationships, but a positioner is unable to
materially affect root position.

For this reason, modifications of the Begg appliance, so
that a rectangular archwire in a rectangular slot can be
used for finishing purposes, have been proposed repeat-
edly. This method requires a combination bracket, incor-
porating an edgewise bracket slot along with the vertically
oriented Begg slot, or a modified edgewise bracket that al-
lows tipping in one direction and that incorporates a verti-
cal slot for uprighting springs. Recent versions of combi-
nation brackets are shown in Figs. 17-6 and 17-7. With
these variations, the first two stages of treatment are car-
ried out largely as in traditional Begg technique. At the
finishing stage, root paralleling and torquing are done with
Begg-style auxiliary wires, up to a stage of completion ap-

Fig. 17-6 M A, The CAT (combination anchorage technique) appliance (also shown in Fig.
17-7) uses a combination bracket with both Begg and edgewise slots. A rectangular archwire in
the edgewise slot can be used in finishing, either alone as in the lower arch or in conjunction with
a wire in the Begg slot, as in the upper arch; B to D, the Tip-Edge appliance uses a modified
adgewise bracket to allow the tipping needed in the initial stages of Begg technique, then employs
a rectangular archwire during finishing. (A, Courtesy Dr. WJ Thompson; B to D, courtesy Dr. PC

Kesling.)
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Fig. 17-7 M Stages in treatment with the CAT appliance. A, The original Class II crowded mal-
occlusion; B, stage 1, using dual-flex archwires. The anterior section is 16 mil NiTi, the posterior
section 16 steel. In the initial stage of Begg treatment, the rigidity of steel wire is needed for the
anchor bends that control molar position. The dual-flex wires allow the normal posterior anchor
bends, without the necessity for loops for alignment anteriorly; C, completion of stage 2, with 18
mil steel wires in place (compare to Fig. 17-1); D, early in stage 3 (finishing), with rectangular
NiTi wires in the edgewise slot of both the upper and lower brackets, and an 18 mil steel wire
pinned in the Begg slots of the upper brackets for vertical stabilization; E, later in finishing, with
rectangular NiTi wires alone; F, posttreatment occlusion. (Courtesy Dr. WJ Thompson.)

proximately equivalent to that at which patients treated
with the current edgewise appliances usually enter the fin-
ishing stage. Then a rectangular archwire is used in much
the same way that it would be in edgewise treatment.

In edgewise technique, only moderate additional torque
should be necessary during the finishing stage, except in
the relatively few maximum anchorage patients in 22-slot
edgewise for whom tipping/uprighting was chosen as an
anchorage conservation technique (see below). With the
18-slot appliance, a 17 x 25 steel archwire has excellent
torsion properties, and active torque with the archwire is
entirely feasible. Building torque into the bracket slot ini-
tially means that it is unnecessary to place torquing bends
in the archwire, making the accomplishment of torque as a
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finishing procedure relatively straightforward.

With the 22-slot appliance, steel full-dimension rectan-
gular wires are far too stiff for effective torquing, and if
incisors have been allowed to tip lingually too much, as
can happen in the correction of maxillary incisor protru-
sion, correcting this merely by placing a rectangular steel
archwire is not feasible. Torquing auxiliaries similar to
those in the Begg appliance were once commonly used
with 22-slot standard edgewise technique, and a number of
designs have been offered commercially. These piggyback
arches are usually used with round rather than rectangular
base archwires.

One of the great virtues of pretorqued brackets is that,
even in the 22-slot appliance, tipping of incisors can be



largely prevented during retraction and space closure. In
addition, full-dimension NiTi or beta-Ti archwires can be
used to torque incisors with 22-slot brackets (provided the
brackets have torque built in), further reducing any need
for auxiliary arches. For these reasons, torquing auxiliaries
for 22-slot edgewise have almost disappeared from con-
temporary use. For torque, the best finishing wire in 22-
slot edgewise is 21 X 25 beta-Ti.

When tipping/uprighting is used with edgewise tech-
nique, the segmented arch approach is required, and
springs connecting the segments are maintained until the
stage of uprighting approaches what would usually be ob-
served at the completion of continuous-arch edgewise
space closure (Fig. 17-8). At that point, continuous rectan-
gular arches are employed in finishing, as in other edge-
wise cases discussed in this chapter.’

One torquing auxiliary deserves special mention: the
Burstone torquing arch (Fig. 17-9). It can be particularly
helpful in patients with Class II, division 2 malocclusion
whose maxillary central incisors are severely tipped lin-
gually and require a long distance of torquing movement,
while the lateral incisors need little if any torque. Because
of the long lever arm, this is the most effective torquing
auxiliary for use with the edgewise appliance. It is equally
effective with the 18- or 22-slot appliance.

Two factors determine the amount of torque that will be

Fig. 17-8 M A, Use of anterior retraction springs in the seg-
mented arch technique to close a premolar extraction space. Note
that the posterior segments are stabilized, and the retraction seg-
ments fit into the auxiliary tubes on the first molars. B, Rectan-
gular archwires for finishing, later in the same case. (Courtesy
Dr. CJ Burstone.)
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Fig. 17-9 M The Burstone torquing auxiliary is particularly use-
ful in Class II, division 2 cases where maxillary central incisors
need a large amount of torque. The torquing auxiliary is full-di-
mension (21 X 25 or 17 X 25, in 22- or 18-slot brackets respec-
tively) steel wire that fits in the brackets only on the central inci-
sors. The base arch (preferably also full-dimension rectangular
wire) extends forward from the molars through the lateral incisor
brackets, then steps down and rests against the labial surface of
the central incisors. When the torquing auxiliary is passive, its
long posterior arms are up in the buccal vestibule. It is activated
by pulling the arms down and hooking them beneath the base
archwire mesial to the first molar. The segment of the base arch
that rests against the labial surface of the central incisors prevents
the crowns from going forward, and the result is efficient torque
of the central incisor roots.

expressed by any rectangular archwire in a rectangular
slot: the inclination of the bracket slot relative to the arch-
wire, and the tightness of the fit between the archwire and
the bracket. The variation in torque prescriptions in con-
temporary edgewise appliances is shown in Table 12-1.
These variations largely reflect different determinations of
the average contour of the labial and buccal surfaces of the
teeth, but some differences are also related to the expected
fit of archwires. With the 18-slot appliance, it is assumed
that the rectangular archwires used for finishing will fit
tightly in the bracket slot (i.e., that the finishing archwires
will have a minimum dimension of 17 or 18 mil). With the
22-slot appliance, on the other hand, some prescriptions
have extra built-in torque to compensate for rectangular
finishing archwires that will have more clearance. Torque
will not be expressed to the same extent with a 19 X 25
wire in a 22-slot bracket as with a 17 X 25 wire in an 18-
slot bracket. The difference amounts to several degrees of
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torque. Obviously, when the torque prescription is estab-
lished, it is important to know what finishing wires are in-
tended.

For full expression of the torque built into brackets in

the 22-slot appliance, the best finishing wire usually is 21
X 25 beta-Ti. This wire’s torsional stiffness is less than
that of 17 X 25 steel (see Fig. 10-11 for a comparison of
torsional stiffnesses of different types and sizes of wire).
Braided rectangular steel wires are available in a variety of
stiffnesses, and the stiffest of these in 21 X 25 dimension
also can be useful in 22-slot finishing. A solid 21 X 25
steel wire cannot be recommended because of its stiffness
and the resulting extremely high forces and short range of
action. If a solid steel wire of this size is used, it should be
preceded by 21 X 25 beta-Ti.

Correction of Vertical Relationships

If the first two stages of treatment have been accom-
plished perfectly, no change in the vertical relationship of
incisors will be needed during the finishing stage of treat-
ment. Minor adjustments often are needed, however, and
major ones occasionally are required. At this stage, ante-
rior open bite is more likely to be.a problem than residual
excessive overbite, but either may be encountered.

m Excessive Overbite

Before attempting to correct excess overbite at the fin-
ishing stage of treatment, it is important to carefully assess
why the problem exists, and particularly to observe the
vertical relationship between the maxillary lip and maxil-
lary incisor. An excessive curve of Spee in the lower arch
still may be the cause of overbite, but by this stage of
treatment, the problem is often slight elongation of the
maxillary incisors. If so, an auxiliary intrusion arch is the
preferred solution.

If a rectangular finishing archwire is already in place,
the simplest approach may be to cut this archwire distal to
the lateral incisors and install an auxiliary intrusion arch
(Fig. 17-10). Alternatively, if the patient is still growing
and relative rather than absolute intrusion would be satis-
factory (see Chapter 15), a light round continuous arch-

wire (16 or 18 mil steel) with an accentuated curve of Spee’

can be placed, and an auxiliary arch added to it. As a gen-
eral rule, if an auxiliary depressing arch is added to a con-
tinuous base archwire, the base archwire should be a rela-
tively small round wire, whereas if the base arch is seg-
mented, the segments should be rectangular wire.

It is important to remember that when an auxiliary intru-
sion arch is used, a stabilizing transpalatal lingual arch
may be needed to maintain control of transverse relation-
ships and prevent excessive distal tipping of the maxillary
molars. The greater the desired vertical change in incisor
position, the more important it will be to have a stabilizing
lingual arch in place, and vice versa. Small corrections
during finishing usually do not require placing a lingual
arch.
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Fig. 17-10 M Use of an auxiliary depressing arch at the finish-
ing stage to correct a mildly excessive overbite. A, Lateral view;
B, anterior view. The auxiliary depressing wire is 17 X 25 beta-
Ti. Note that the maxillary base arch (17 X 25 steel) is seg-
mented between the canine and second premolar. If intrusion is
desired, the base arch must be segmented.

m Anterior Open Bite

As with deep bite, it is important to analyze the source
of the difficulty if an anterior open bite persists at the fin-
ishing stage of treatment. Only rarely is a persistent open
bite caused by lack of eruption of the upper incisors, and
elongating these teeth is usually undesirable. If the open
bite results from excessive eruption of posterior teeth,
whether from a poor growth pattern or improper use of in-
terarch elastics, correcting it at the finishing stage can be
extremely difficult. High-pull headgear to the upper molars
is the best approach if excessive vertical development of
the posterior maxilla is the basic problem, and this treat-
ment will have to be continued until growth is nearly com-
plete, usually well into the retention period.

If no severe problems with the pattern of facial growth
exist, however, a mild open bite at the finishing stage of
treatment is usually caused by an excessively level lower
arch. This condition is managed best by elongating the
lower but not the upper incisors, thereby creating a slight
curve of Spee in the lower arch. Because of the stiffness of
the rectangular archwires used for finishing, even with 18-
slot edgewise, it is futile to use vertical elastics without al-
tering the form of the archwires to provide a curve of Spee
in the lower arch. Moreover, it is preferable to replace a
heavy rectangular lower archwire with a lighter round wire
before using anterior vertical elastics.

The preferred approach is to place a light round wire (16
or 18 mil steel) in the lower arch, with a slight curve of



Fig. 17-11 W Anterior vertical elastics used with light arch-
wires to close a mild anterior open bite at the end of the treat-
ment. A 16 mil round wire with a curve of Spee is used in the
lower arch. For this patient, two small elastics are being used on
the right and left sides. An alternative is to use a single larger
clastic in an anterior box configuration.

Spee and any vertical steps necessary to correct marginal
ridge discrepancies, while retaining a full-dimension rect-
angular archwire in the upper arch. Posterior marginal
ridge discrepancies may also contribute to the open bite
and should be eliminated with small vertical steps in the
archwires. Light elastic force is then used to augment the
action of the archwires, elongating the lower incisors to
close the open bite (Fig. 17-11). Elongating lower anterior
teeth in this way, of course, is no substitute for controlling
posterior vertical development. If carried to an extreme,
this will produce an esthetically unacceptable relationship
even if proper occlusion is achieved.

Midline Discrepancies

A relatively common problem at the finishing stage of
treatment is a discrepancy in the midlines of the dental
arches. This condition can result either from a preexisting
midline discrepancy that was not completely resolved at an
earlier stage of treatment, or an asymmetric closure of
spaces within the arch. Minor midline discrepancies at the
finishing stage are no great problem, but it is quite difficult
to correct large discrepancies after extraction spaces have
been closed and occlusal relationships have been nearly es-
tablished.

As with any discrepancy at the finishing stage, it is im-
portant to establish as clearly as possible exactly where the
discrepancy arises. Although coincident dental midlines
are an important component of functional occlusion— all
other things being equal, a midline discrepancy will be re-
flected in how the posterior teeth fit together—it is unde-
sirable esthetically to displace the maxillary midline,
bringing it around to meet a displaced mandibular midline,
A correct maxillary midline is important for good facial
esthetics, while a small displacement of the mandibular
midline creates no esthetic difficulty.

If a midline discrepancy results from a skeletal asymme-
try, it may be impossible to correct it orthodontically, and
treatment decisions will have to be made in the light of
camouflage versus surgical correction (see discussion in
Chapter 8). Fortunately, midline discrepancies in the fin-

I——
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ishing stage are not usually this severe and are caused only
by lateral displacements of maxillary or mandibular teeth.
Usually, the midline discrepancy is accompanied by a mild
Class II or Class Il relationship on one side.

In this circumstance, the midline often can be corrected
by using asymmetric Class II (or Class II) elastic force.
As a general rule, it is more effective to use Class II or
Class III elastics bilaterally with heavier force on one side
than to place a unilateral elastic. However, if one side is
totally corrected while the other is not, the patient usually
tolerates a unilateral elastic reasonably well. It is also pos-
sible to combine a Class II or Class III elastic on one side
with a diagonal elastic anteriorly, to bring the midlines to-
gether (Fig. 17-12). Coordinated steps in the archwires
also can be used to shift the teeth of one arch more than
the other.?

An important consideration in dealing with midline dis-
crepancies is the possibility of a mandibular shift contrib-
uting to the discrepancy. This can arise easily if a slight
discrepancy in the transverse position of posterior teeth is
present. For instance, a slightly narrow maxillary right
posterior segment can lead to a shift of the mandible to the
left on final closure, creating the midline discrepancy. The
correction in this instance, obviously, must include some
force system (usually careful coordination of the maxillary
and mandibular archwires, perhaps reinforced by a poste-
rior cross-elastic) to alter the transverse arch relationships.

Fig. 17-12 W Midline correction can be approached with any
combination of asymmetric posterior and anterior diagonal elas-
tics. A and B, In this patient, a combination of Class 11, Class
III, and anterior diagonal elastics are being used, with a rectan-
gular archwire in the lower arch and a round wire in the upper
arch, attempting to shift the maxillary arch to the right.
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Fig. 17-13 M Parallel cross-elastics, used to correct a mild
transverse discrepancy leading to a lateral mandibular shift late in
treatment.

Occasionally, the entire maxillary arch is slightly dis-
placed transversely relative to the mandibular arch so that
with the teeth in occlusion, relationships are excellent, but
there is a lateral shift to reach that position. Correction
again would involve posterior cross-elastics, but in a par-
allel pattern as shown in Fig. 17-13.

If a midline discrepancy is from- displacement of man-
dibular teeth more than maxillary teeth, or vice versa, the
difference in stability with rectangular versus round wires
can be used to help in correcting the situation. If the max-
illary midline is correct while the mandibular midline de-
viates slightly toward one side, and a mild Class II rela-
tionship still exists on that side, replacing the rectangular
mandibular finishing arch with a 16 or 18 mil round wire
while retaining a full-dimension rectangular arch in the up-
per arch can facilitate correction with a unilateral Class II
elastic. This approach should be reserved for small dis-
crepancies, and it is important to carefully observe and
control any expansion of the lower molar while a Class II
elastic is worn against a light archwire. Prolonged use of
Class II or Class III elastics during the finishing stage of
treatment should be avoided, but a brief period of interarch
elastic force is often necessary to obtain final positioning
of teeth.

Tooth Size Discrepancies

Tooth size discrepancy problems must be taken into ac-
count when treatment is planned initially (see Chapter 7),
but many of the steps to deal with these problems are
taken in the finishing stage of treatment. Reduction of in-
terproximal enamel (stripping) is the usual strategy to
compensate for discrepancies caused by excess tooth size.
When the problem is tooth size deficiency, it is necessary
to leave space between some teeth, which may or may not
ultimately be closed by restorations.

One of the advantages of a bonded appliance is that in-
terproximal enamel can be removed at any time. When
stripping of enamel is part of the original treatment plan,
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most of the enamel reduction should be done initially, but
final stripping can be deferred until the finishing stage.
This procedure allows direct observation of the occlusal
relationships before the final tooth size adjustments are
made. A topical fluoride treatment always is recommended
immediately after stripping is done.

Tooth size deficiency problems often are caused by
small maxillary lateral incisors. Having a small space dis-
tal to the lateral incisor is usually esthetically and function-
ally acceptable. Addition of composite resins to small
teeth is an -excellent way to compensate for tooth size
problems and is often the best plan for small incisors (Fig.
17-14). 1t is better to add small amounts of resin on both
sides of a small tooth than a large amount on one side.
During finishing, segments of coil spring are usually
placed on the finishing archwire to precisely position the
small tooth. The composite build-ups should be done a:
soon possible after the patient is in retention, but not until
soft tissue inflammation has been resolved.

More generalized small deficiencies can be masked by
altering incisor position in any of several ways. To a lim-
ited extent, torque of the upper incisors can be used to
compensate: leaving the incisors slightly more upright
makes them take up less room relative to the lower arch
and can be used to mask large upper incisors, while
slightly excessive torque can partially compensate for
small upper incisors. These adjustments require third-order
bends in the finishing archwires. It is also possible to com-
pensate by slightly tipping teeth, or by finishing the orth-
odontic treatment with mildly excessive overbite or over-
jet, depending on the individual circumstances.?

Final “Settling” of Teeth

At the conclusion of Class II or Class III correction,
particularly if interarch elastics have been used, the teeth
tend to rebound back toward their initial position despite
the presence of rectangular archwires. In addition, it is not
uncommon for a full-dimension rectangular archwire, no
matter how carefully made, to hold some teeth slightly out
of occlusion.

Because of the rebound after Class II or Class III treat-
ment, it is important to slightly overcorrect the occlusal re-
lationships. In a typical Class II anterior deep bite patient,
the teeth should be taken to an end-to-end incisor relation-
ship, with both overjet and overbite totally eliminated, be-
fore the headgear or elastic forces are discontinued (Fig.
17-15). This provides some latitude for the teeth to re-
bound or settle into the proper relationship.

No matter what the original malocclusion, a rectangular
finishing archwire nearly always requires some first-, sec-
ond-, or third-order bends to precisely position the teeth.
One cannot simply place an ideal rectangular archwire in a
straight-wire appliance and assume that the ideal position
of each tooth will result. For essentially every patient,
variations in tooth morphology and bracket positions will
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Fig. 17-14 W Small maxillary lateral incisors create tooth-size discrepancy problems that may
become apparent only late in treatment. A, Setup showing anterior edge-to-edge relationship with
the upper incisors in proximal contact; B, spaces distal to the lateral incisors with proper overjet/
overbite relationship. This approach can be a satisfactory solution for some patients. C, Wax-up
showing possible addition of composite restorative material to build up the small laterals and al-
low space closure; D, clinical photograph of same patient immediately after; E, 12 months after
composite build-ups of the laterals. (From Fields HW: Am J Orthod 79:176-183, 1981.)

Fig. 17-15 W In finishing, overcorrection of Class II or Class III relationships is necessary to
compensate for the rebound that occurs when headgear or elastic force is discontinued. A, Occlu-
sion at the time Class 1I elastics were discontinued; B, same patient 8 weeks later, without arch-
wire changes or other treatment.
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Fig. 17-16 B Use of vertical elastics for settling. A, Heavy rectangular archwires have been re-
placed by 16 mil steel, and 3/8-inch light vertical efastics in a box pattern are being worn to bring
the teeth into tight occlusion; B, 4 weeks later.

require some adjustments in the final rectangular arch-
wires.

The more precisely the archwire fits the brackets and the
more bends that it requires, the more likely that some teeth
will be almost but not quite in occlusion. This phenome-
non was recognized by the pioneers with the edgewise ap-
pliance, who coined the term “arch-bound” to describe it.
They found that with precisely fitting wires, it was almost
impossible to get every tooth into solid occlusion, al-
though one could come close.

These considerations lead to the formulation of two
rules in finishing treatment:

1. Interarch elastics and headgear should be discontin-
ued, and the rebound from their use allowed to express it-
self, 4 to 8 weeks before the orthodontic appliances are re-
moved.

2. As a final step in treatment, the teeth should be

brought into a solid occlusal relationship without heavy

archwires present.

The final step of finishing therefore is appropriately
called “settling,” since its purpose is to bring all teeth into
a solid occlusal relationship before the patient is placed in
retention. There are three ways to settle the occlusion: (1)
by replacing the rectangular archwires at the very end of
treatment with light round arches that provide some free-
dom for movement of the teeth (16 mil in the 18-slot ap-
pliance, 16 or 18 mil in the 22-slot appliance) and allow-
ing the teeth to find their own occlusal level; (2) with laced
posterior vertical elastics after removing the posterior seg-
ments of the archwires; or (3) after the bands and brackets
have been removed, with the use of a tooth positioner.

Replacing full-dimension rectangular wires with light
round wires at the very end of treatment was the original
method for settling, recommended by Tweed in the 1940s
and perhaps by other edgewise pioneers earlier. These
light final arches must include any first- or second-order
bends used in the rectangular finishing arches. It is usually
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unnecessary for the patient to wear light posterior vertical
elastics during this settling, but they can be used if needed
(Fig. 17-16). These light arches will quickly settle the
teeth into final occlusion and should remain in place for
only a few weeks at most.

The difficulty with undersized round wires at the end of
treatment is that some freedom of movement for settling of
posterior teeth is desired, but precise control of anterior
teeth is lost as well. It was not until the 1980s that orth-
odontists realized the advantage of removing only the pos-
terior part of the rectangular finishing wire, leaving the an-
terior segment (typically canine-to-canine or first premo-
lar-to-first premolar, and using laced elastics to bring the
posterior teeth into tight occlusion (Fig. 17-17).* This
method sacrifices a large degree of control of the posterior
teeth, and therefore should not be used in patients who had
major rotations or posterior crossbite. For the majority of
patients who had well-aligned posterior teeth from the be-
ginning, however, this is a remarkably simple and effec-
tive way to settle the teeth into their final occlusion.

The elastics for this settling are laced around the tubes
and brackets as shown in Fig. 17-17. A typical arrange-
ment is to use light ¥-inch elastics, with a Class II or
Class III direction depending on whether slightly more
correction is desired. These elastics should not remain in
place for more than 2 weeks, and 1 week usually is
enough to accomplish the desired settling. At that point,
the fixed appliances should be removed and the retainers
placed.

Removal of Bands and Bonded
Attachments

Removal of bands is accomplished by simply breaking
the cement attachment and then lifting the band off the
tooth— which sounds simpler than it is in some instances.
For upper molar and premolar teeth, a band-removing plier
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Fig. 17-17 W Use of laced elastics for settling the teeth into final occlusion at the end of treat-
ment. The clastics can be used either with light round archwires, or with rectangular segments in

the anterior brackets and no wire at all posteriorly.

Fig. 17-18 M Removal of molar bands with a band-removing plier. A, Lower posterior bands
are removed primarily with pressure from the buccal surface; B, upper posterior bands are re-
moved from the lingnal surface, using a lingual attachment welded to the band.

is placed so that first the lingual, then the buccal surface is
elevated by the plier (Fig. 17-18). A welded lingual bar is
needed on these bands to provide a point of attachment for
the plier if lingual hooks or cleats are not a part of the ap-
pliance. For the lower posterior teeth, the sequence of
force is just the reverse: the band-removing plier is applied
first on the buccal, then the lingual surface. Maxillary an-
terior bands are removed from the labial surface with an
anterior band-removing plier, while tightly fitted mandibu-
lar anterior bands usually must be slit with a cutting plier
to make it possible to take them off. The difficulty of re-
moving anterior bands is another reason for bonding ex-
cept in special circumstances.

Bonded brackets must be removed, insofar as possible,
without damaging the enamel surface. This is done by cre-
ating a fracture within the resin bonding material or be-
tween the bracket and the resin, and then removing the re-
sidual resin from the enamel surface (Fig. 17-19). With
metal brackets, applying a cutting plier to the base of the
bracket so that the bracket bends has the disadvantage of
destroying the bracket, which otherwise could be reused,
but this is the safest method.’
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Enamel damage from debonding metal brackets is rare,
but there have been a number of reports of enamel frac-
tures and removal of chunks of enamel when ceramic
brackets are debonded (see Chapter 12). It also is easy to
fracture a ceramic bracket while attempting to remove it,
and if that happens, large pieces of the bracket must be
ground away with a diamond stone in a handpiece. These
problems arise because ceramic brackets have little or no
ability to deform—they are either intact or broken. Shear-
ing stresses are applied to the bracket to remove it, and the
necessary force can become alarmingly large, even with
the special instruments now offered for this purpose (Fig.
17-20).

There are three approaches to these debonding prob-
lems: (1) grind away the brackets, rather than attempting
to break them loose. This is time consuming, and there is
the risk of enamel damage from the diamond rotary instru-
ments; (2) modify the interface between the bracket and
the bonding resin to increase the chance that when force is
applied, the failure will occur between the bracket and the
bonding material. Chemical bonds between the bonding
resin and the bracket can be too good, and most manufac-
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Fig. 17-19 W Removal of bonded brackets. A, A special plier with a wire loop can be used to
grasp the one wing of the bracket and apply a shearing force to fracture the bonding resin. This
works particularly well with twin brackets. The advantage of this method is that the bracket usu-
ally is undamaged; the disadvantage is heavy force that may cause enamel damage; B, a cutter can
be used to distort the bracket base, which leads to fractures within the bonding resin. The first
approach is more compatible with recycling of brackets, but the second is safer.

Fig. 17-20 W A number of special instruments have been de-
signed to make removal of ceramic brackets safer and easier.
This one creates a torquing force on the bracket. Whatever the
special instrument, however, weakening the bond with heat or a
chemical agent first probably is needed for maximum effective-
ness.

turers now have weakened them or abandoned chemical
bonding altogether; (3) use heat to soften the bonding
resin, so that the bracket can be removed with lower force.
Electrothermal instruments for removing ceramic brackets
now are available. There is no doubt that less force is
needed when the bracket is heated, and research findings
indicate that there is little patient discomfort and minimal
risk of pulpal damage.5” Nevertheless, the ideal solution
would be to perfect the second approach so that ceramic
brackets can be debonded without heating as readily as
metal ones.

Cement left on the teeth after debanding can be removed
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easily by scaling, but residual bonding resin is more diffi-
cult to remove. The best results are obtained with a 12-
fluted carbide bur at moderate speeds in a dental handpiece
(Fig. 17-21).8 This bur cuts resin readily but has little ef-
fect on enamel. Topical fluoride should be applied when
the cleanup procedure has been completed, however, since
some of the fluoride-rich outer enamel layer may be lost
with even the most careful approach.

Positioners for Finishing

An alternative to segmental elastics or light round arch-
wires for final settling is a rubber or plastic tooth posi-
tioner. A positioner is most effective if it is placed imme-
diately on removal of the fixed orthodontic appliance. Nor-
mally, it is fabricated by removing the archwires 4 to 6
weeks before the planned removal of the appliance, taking
impressions of the teeth and a registration of occlusal rela-
tionships, and then resetting the teeth in the laboratory, in-
corporating the minor changes in position of each tooth
necessary to produce appropriate setiling (Fig. 17-22). Al!
erupted teeth should be included in the positioner, to pre-
vent supereruption. As part of the laboratory procedure,
bands and brackets are trimmed away, and any band space
is closed.

This indirect approach allows individual tooth positions
to be adjusted with considerable precision, bringing each
tooth into the desired final relationship. The positioning
device is then fabricated by forming either a hard rubber or
soft plastic material around the repositioned and articulated

- casts, producing a device with the inherent elasticity to

move the teeth slightly to their final position (Fig. 17-23).

The use of a tooth positioner rather than final settling
archwires has two advantages: (1) it allows the fixed appli-
ance to be removed somewhat more quickly than other-
wise would have been the case (i.e., some finishing that
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Fig. 17-21 M Removing excess bonding resin is best accomplished with a smooth 12-fluted car-
bide bur, followed by pumicing. A, Closeup view of the virgin surface of upper incisors; B, ex-
cess resin left on the tooth surface after removal of brackets. Upon debonding, the bond failure
usually occurs between the base of the bracket and the resin, leaving excess resin on the tooth.
The carbide bur is used with a general wiping motion to remove the resin; C, tooth surface after
the remainder of the resin has been removed with the bur; D, tooth surface after final removal of
resin (compare to A).

Fig. 17-22 M Use of a positioner for finishing. A, Casts 1 month before appliance removal, used
1o fabricate an immediate positioner; B, the positioner setup, with bands and brackets carved off
the teeth in the laboratory; C, casts 2 weeks after appliance removal and placement of the posi-
tioner, showing the teeth settled into their finished relationship.
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Fig. 17-23 W A tooth positioner made from a transparent plas-
tic material, placed in the patient’s mouth. The patient bites into
the positioner, which creates forces to slightly displace the teeth
and also massages the gingiva. A device of this type is most ef-
fective in moving teeth if it is placed immediately after the fixed
appliance is removed.

could have been done with the final archwires can be left
to the positioner), and (2) it serves not only to reposition
the teeth but also to massage the gingiva, which is almost
always at least slightly inflamed and swollen after compre-
hensive orthodontic treatment. The gingival stimulation
provided by a positioner is an excellent way to promote a
rapid return to normal gingival contours (Fig. 17-24).

The use of positioners for finishing also has disadvan-
tages. First of all, these appliances require a considerable
amount of laboratory fabrication time, and therefore are
expensive. Second, settling with a positioner tends to in-
crease overbite more than the equivalent settling with light
elastics. This is a disadvantage in patients who had a deep
overbite initially but can be advantageous if the initial
problem was an anterior open bite. Third, a positioner
does not maintain the correction of rotated teeth well,
which means that minor rotations may recur while a posi-
tioner is being worn. Finally, good cooperation is essen-
tial.

With modern edgewise appliances, the first advantage is
not nearly so compelling as it was previously. It is an error
to depend on a positioner to accomplish more than mini-
mal settling of the occlusion. Major movements of teeth
simply cannot be accomplished with any degree of cer-
tainty. At present, therefore, there are two main indica-
tions for use of a positioner: (1) a gingival condition with
more than the usual degree of inflammation and swelling
at the end of active orthodontics, and (2) an open bite ten-
dency, so that settling by mild depression rather than elon-
gation of posterior teeth is needed. Severe malalignment
and rotated teeth, a deep bite tendency, and an uncoopera-
tive patient are contraindications for positioner use.

A positioner should be worn by the patient at least 4
hours during the day, and during sleep. Since the amount
of tooth movement produced by a positioner tends to de-
cline rapidly after a few days of use, an excellent schedule
is to remove the orthodontic appliances, clean the teeth
and apply a fluoride treatment, and place the positioner
immediately, asking the patient to wear it as nearly full
time as possible for the first 2 days. After that, it can be
worn on the usual night-plus-4 hours schedule.

As a general rule, a tooth positioner in a cooperative pa-
tient will produce any changes it is capable of within 3
weeks. Final (posttreatment) records can be taken 2 or 3
weeks after the positioner is placed. Beyond that time, if
the positioner is continued, it is serving as a retainer rather
than a finishing device (see Chapter 18)—and positioners,
as a rule, are not good retainers.

Special Finishing Procedures to Avoid
Relapse

Relapse after orthodontic treatment has two major
causes: (1) continued growth by the patient in an unfavor-
able pattern, and (2) tissue rebound after the release of
orthodontic force.

Fig. 17-24 W Gingival improvement with positioner wear. A, Swollen maxillary papillae imme-
diately after band removal, just before placement of a positioner; B, 2 weeks later. This degree of
gingival reaction anteriorly is rarely seen, especially with bonded attachments, but when it occurs,
a positioner is one of the best means to resolve it.
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m Control of Unfavorable Growth

Changes resulting from continued growth in a Class II,
Class III, deep bite, or open bite pattern contribute to a re-
turn of the original malocclusion, and so are relapse in that
sense. These changes are not attributed to tooth movement
alone, however, but to the pattern of skeletal growth. Con-
trolling this type of relapse requires a continuation of ac-
tive treatment after the fixed appliances have been re-
moved, rather than specific finishing procedures to prevent
relapse. For patients with skeletal problems who have un-
dergone orthodontic treatment, this “active retention” takes
one of two forms. One possibility is to continue extraoral
force in conjunction with orthodontic retainers (high-pull
headgear at night, for instance, in a patient with a Class II
open bite growth pattern). The other appropriate option is
to use a functional appliance rather than a conventional re-
tainer after the completion of fixed appliance therapy. This
important subject is discussed in more detail in Chapter
18.

m Control of Soft Tissue Rebound

A major reason for retention is to hold the teeth until
soft tissue remodeling can take place. Even with the best
remodeling, however, some rebound from the application
of orthodontic forces occurs, and indeed the tendency for
rebound after interarch elastics are discontinued has al-
ready been discussed. There are two ways to deal with this
phenomenon: (1) overtreatment, so that any rebound will
only bring the teeth back to their proper position, and (2)
adjunctive ‘periodontal surgery to reduce rebound from
elastic fibers in the gingiva. In some cases, permanent re-
tention is required to maintain the desired relationships,
but this need not be planned if either of the two ap-
proaches described here would make it unnecessary.

Overtreatment. Since it can be anticipated that teeth
will rebound slightly toward their previous position after
orthodontic correction, it is logical to position them at the
end of treatment in a somewhat overtreated position. Only
a small degree of overtreatment is compatible with precise
finishing of orthodontic cases as described previously, but
it is nevertheless possible to apply this principle during the
finishing phase of treatment. Considering three specific sit-
uations:

Correction of Class I or Class III Malocclusion. The
rebound or settling after Class II or Class III correction has
already been discussed. After headgear or elastics have
been discontinued, it can be expected that the teeth will re-
bound 1 to 2 mm (see Fig. 17-15), so this degree of over-
treatment is required. This rebound is entirely different
from relapse tendencies caused by continued growth,
which take at least several months to become apparent.
The rebound from the forces used for Class II or Class III
correction occurs relatively quickly, within 3 to 4 weeks.

Crossbite Correction. Whatever the mechanism used to
correct crossbite, it should be overcorrected by at least 1 to
2 mm before the force system is released. If the crossbite
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is corrected during the first stage of treatment, as should
be the case, the overcorrection will gradually be lost dur-
ing succeeding phases of treatment, but this should im-
prove stability when transverse relationships are estab-
lished precisely during the finishing phase.

Irregular and Rotated Teeth. Just as with crossbites, ir-
regularities and rotations can be overcorrected during the
first phase of treatment, carrying a tooth that has been lin-
gually positioned slightly too far labial, for instance, and
vice versa. It is wise to hold the teeth in a slightly overcor-
rected position for at least a few months, during the end of
the first stage of treatment and the second stage. As a gen-
eral rule, however, it is not wise to build this overcorrec-
tion into rectangular finishing archwires.

Similarly, a tooth being rotated into position in the arch
can be overrotated.® Maintaining an overrotated position
can be done by adjusting the wings of single brackets, or
by pinching shut one of a pair of twin brackets. Maintain-
ing overcorrected labiolingual positions of incisors is done
readily with first-order bends in working archwires. Ro-
tated teeth should be maintained in an overcorrected posi-
tion as long as possible, but even then, these teeth are of-
ten candidates for the periodontal procedures described
following.

Adjunctive Periodontal Surgery. A major cause of re-
bound after orthodontic treatment is the network of elastic
supracrestal gingival fibers. As teeth are moved to a new
position, these fibers tend to stretch, and they remodel
very slowly. If the pull of these elastic fibers could be
eliminated, a major cause of relapse of previously irregular
and rotated teeth should be eliminated. In fact, if the su-
pracrestal fibers are sectioned and allowed to heal while
the teeth are held in the proper position, relapse caused by
gingival elasticity is greatly reduced.

Surgery to section the supracrestal elastic fibers is a sim-
ple procedure that does not require referral to a periodon-
tist. It can be carried out by either of two approaches. The
first method, originally developed by Edwards,'? is called
circumferential supracrestal fibrotomy (CSF) (Fig. 17-25).
After infiltration with a local anesthetic, the procedure
consists of inserting the sharp point of a fine blade into the
gingival sulcus down to the crest of alveolar bone. Cuts
are made interproximally on each side of a rotated tooth
and along the labial and lingual gingival margins unless,
as is often the case, the labial or lingual gingiva is quite
thin, in which case this part of the circumferential cut is
omitted. No periodontal pack is necessary, and there is
only minor discomfort after the procedure.

An alternative method is to make an incision in the cen-
ter of each gingival papilla, sparing the margin but sepa-
rating the papilla from just below the margin to 1 to 2 mm
below the height of the bone buccally and lingually (Fig.
17-26).!! This modification is said to reduce the possibility
that height of the gingival attachment will be reduced after
the surgery, but there is little if any risk of gingival reces-
sion with the CSF unless cuts are made across thin labial
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Fig. 17-25 W Elastic stretch of the supracrestal gingival fibers and the release of this elastic
stretch by fiber section can be demonstrated by placing tattoo marks in the gingiva. A, India ink
tattoos placed in the vicinity of a rotated maxillary canine before correction of the rotation; B,
elastic thread used to rotate the tooth into position; C, the tooth rotated to its correct position in
the arch. Note the displacement of the gingival tissues, as revealed by the deviation of the tattoo
marks. D, Circumferential incision around the tooth, penetrating to the crest of the alveolar bone;
E, after the incision, the gingival tissue returns to its original position. Periodontal probing shows
a normal sulcus depth after the incision. (From Edwards JG: Am J Orthed 57:35-46, 1970.)
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Fig. 17-26 W The “papilla split” procedure is an altemative to the CSF approach for sectioning
gingival circumferential fibers to improve posttreatment stability. Vertical cuts are made in the
gingival papillae without separating the gingival margin at the papilla tip. A, The blade inserted to
make the vertical cut; B, view at completion of the papilla splits. One advantage of this procedure
is that it is easier to perform with an orthodontic appliance and archwire in place.

or lingual tissues. From the point of view of improved sta-
bility after orthodontic treatment, the surgical procedures
appear to be equivalent.

Neither the CSF nor the papilla-dividing procedure
should be done until malaligned teeth have been corrected
and held in their new position for several months, so this
surgery is always dome toward the end of the finishing
phase of treatment. It is important to hold the teeth in good
alignment while gingival healing occurs. This means that
either the surgery should be done a few weeks before re-
moval of the orthodontic appliance or, if it is performed at
the same time the appliance is removed, a retainer must be
inserted almost immediately. It is easier to do the CSF
procedure after the orthodontic appliances have been re-
moved, although it can be carried out with appliances in
place. An advantage of the papilla-dividing procedure may
be that it is easier to perform with the orthodontic appli-
ance still in place. The only problem with placing a re-
tainer immediately after the surgery is that it may be diffi-
cult to keep the retainer from contacting soft tissue in a
sore area. o

Experience has demonstrated that sectioning the gingi-
val fibers is an effective method to control rotational re-
lapse, but does not control the tendency for crowded inci-
sors to again become irregular. The primary indication for
gingival surgery therefore is a tooth or teeth that were se-
verely rotated.'? This surgery is not indicated for patients
with crowding without rotations.
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Dear Doctor,

Raintree Essix™ Inc. is the pioneer in researching and
developing plastic products for Essix™ appliances.

Essix™ retainers have proven to be an esthetic method of
retaining finished orthodontic cases at a fraction of the cost
and frustration of conventional devices. They provide
absolute stability and make the teeth appear brilliant. Since
they require no adjustment, it is feasible to monitor the
majority of retention supervision by phone, affording the
clinician significant relief in chair time and administrative
detail.

Also, techniques for minor tooth movement, temporary
bridges, fluoride trays, night guards and bite splints have
been developed that take a fraction of the time and cost to
fabricate.

Essix™ appliances are critically dependent on the use of
quality materials, and precision instruments. Dr. Jack
Sheridan, the originator of Essix™ concepts, is the exclusive
consultant of Raintree Essix™ Inc. on technique and
materials. He insists that clinicians have a source of materials
that are reliable and reasonably priced. He tests all materials
that we offer. Only after being satisfied with quality,
consistent with price, does he endorse distribution.

We are constantly updating our products. Within the last two
years, we have improved, tested, manufactured and marketed
additional plastics that are compatible with the clinician’s
needs. For example, our new Essix™ Type "C" plastic is
virtually indestructible and our brilliantly clear Essix™ Type
"A" plastic is 20% stronger.

We know our products and are aware of the concerns of the
clinician. Raintree Essix™ Inc. is prepared to answer your
technical questions, supply literature, and provide tested,
reliable products at reasonable prices. We routinely send out
updates on technique and products, at no charge to our
customers. Also, we have a constantly updated World Wide
Web site of the Internet. Qur customers can communicate
directly with us or Dr. Sheridan, anywhere in the world, at
any time!

Feel free to call us at (800) 883-8733 or (504) 488-0080. You
don't have to place an order to talk to us or get technical
support. We believe in old-fashion customer service. We will
continue to provide a complete line of products and services
that offers you, our valued customer, the greatest value
consistent with quality and dependability.

Very truly yours,

Dann A. Schwartz
President
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ORTHO BYTES

Clinical implications of digital orthodontics
W. Ronald Redmond, DDS, MS, William J. Redmond, DDS, MS, and M. John Redmond, DDS, MS

Laguna Niguel, Calif

After nearly 30 years of orthodontic practice, I (W.R.R.)
have achieved several goals that allow for a total integration
of computers and treatment efficiency. First, my 2 sons have
elected to join me in the practice of orthodontics, and second,
I have arranged what I believe to be the perfect marriage
between orthodontic and computer technologies. ‘

As our practice grew to multiple locations, we developed
a unique clinical problem, handwritten treatment cards.
Patients would frequently make appointments in offices other
than the location where their treatment card was stored. We
spent a great deal of time faxing copies of treatment cards to
outlying locations and had even more trouble making sure the
fax copy was re-entered onto the original card. This quickly
became a nightmare. :

Even though we started using computers for all of the cler-
ical and some of the clinical operations as earlyas 1985 using
Orthotrac software, we didn’t realize that our computer system
would facilitate our practice growth and ultimately simplify
our clinical activities. Orthotrac solved the problem by pro-
viding us with electronic treatment cards. This “simplifica-
tion,” however, posed its own set of problems. Computer ter-
minals needed to be placed at each chair and networked. In
addition, the satellite offices required high-speed networks to
allow a patient’s treatment information to be viewed at any
location. With the help of Orthotrac and the telephone compa-
ny, the networking was accomplished. Can you imagine the
joy? No longer did we “pull” and “file” patient charts each
day. No longer did we fax copies of treatment charts. Best of
all, patients were impressed with our high-tech offices.

As our practice continued to grow, we found that our sys-
tem was still not entirely complete. Patient folders containing
examination notes, radiographs, and clinical photographs
occasionally were transferred from their original location or
taken home by one of the doctors for diagnostic purposes. We
found ourselves mired in a morass of lost or misplaced
records. When a doctor asked for a panorex or headfilm while
the patient was in the chair, the answer was invariably, “Sorry.
doctor, the records are in another office location.”

Several different options were explored that would allow
for the digitalization of orthodontic records, but each method
presented obstacles that would prove to be cost-ineffective and
miake data transfer so slow as to be impossible. Once more, we
looked to the computer industry and the latest in computer
technology to find the answers. I found a digital radiographic

Copyright © 2000 by the American Association of Orthodontists.
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system and camera that would allow for storage directly on
my hard drive. An automatic back-up system was set up on my
server that continuously updates dual hard-drives of all patient
radiographic and photographic records. I no longer need to
worry about crashes or lost information as a result of the
redundancy of the dual drives. A network of computers allows
for easy viewing of photos and radiographs that have been
transferred quickly and in a cost-effective manner.

Over the last 12 months, we have put in place a new net-
work that incorporates digital photography, digital radiogra-
phy, and Microsoft terminal server technology. Using a new
communications service, Digital Subscriber Line (DSL),
which can transmit and receive information up to 1.5
megabits per second, we have established an intranet for our
orthodontic practices. Because this intranet is accessible from
any Internet connection, we now have the ability to view our
examination notes, radiographs, and clinical photographs
from practically anywhere. ’

We are delighted to be able to view our diagnostic records
from any practice location and from our homes. No longer are
we told that the records are in another office. And, as you might
expect, our patients are again impressed by our high-tech capa-
bilities. Best of all, our clinical efficiency is improved because
of ready access to pertinent clinical information.

A confluence of opportunities occurred within the past 18
months that made the preceding capabilities- possible.
Microsoft Windows NT 4.0 with Terminal Server Client was
released in 1998. This software is a return to a “server-cen-
tered” network. Like the SCO UNIX based system we had
been using for our Orthotrac management program, Terminal
Server facilitated the transfer of graphic data through a local
area network (LAN) or a wide area network (WAN). The pro-
grams and the data remain on the server, and the terminals (or
PCs) simply provide a viewing screen, keyboard, and mouse.
This method of software deployment has been called “thin
slice” utilization. Multiple “licensed-users™ can access the
same program simultaneously. The obvious power of this sys-
tem is the decrease in data transferred, with the inherent
increase in transfer speed, and management of programs
through periodic updates only on the server.

Terminal Server Client functions egqually well in an
intranet or Internet environment, however, each program is
accessed by a separate ‘intranet or Internet connection. This
proved to be cumbersome and inefficient.

Citrix Metaframe 1.8, also a thin slice software, provides
a solution to Microsoft’s Terminal Server Client, by transmit-
ting the server desktop to the terminal with all the program
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icons available. With a single Internet connection, patient
photographic, radiographic, and treatment card information
may be accessed. Citrix Metaframe Client can be downloaded
from www.citrix.com and installed on practically any PC or
terminal, facilitating the addition of “clients” to the network.

Implementation of our system uses digital photography
(Olympus D600L), digital radiography (Sirona Digital
Pan/Ceph), and the above server software. These technolo-
gies coupled with a high speed Internet connection (DSL 1.5
megabits/second) and a static IP (Internet protocol) address
allows access to all the data contained on the servers.

All connections to the Internet are susceptible to hackers,
and care must be taken to safeguard programs and patient
records. Citrix Metaframe 1.8 is designed to function with
encryption software to help maintain privacy. The federal guide-

lines for transmission of patient information over a public venue

Ortho Bytes 241

(Internet) have been established. As of Jan 1, 1999, patient
information must be encrypted to prevent public disclosure. The
Federal statutes provide an implementation period of 2 years,
until Jan 1, 2001, before penalties will be imposed. The penal-
ties are substantial, with up to $50,000 in fines and 10 years in
jail. Anyone contemplating the transmission of patient records
over the Internet must be aware of this legislation.

The transmission and reception of digital orthodontic
records and treatment protocols presents the profession with-
a unique opportunity. Diagnostic information is always avail-
able and on a “real-time” basis. Records taken in New York
can be viewed in California immediately. Second opinions
and diagnostic help are facilitated. Databases may be estab-
lished and used for teaching and clinical support. The oppor-
tunities are unlimited and, I believe, provide a portal to the
new millennium.

ORTHOLINKS

http://www.oc-j.com/2-99/toothcam.htm

This section of OrthoBytes will present Internet links that are of interest to the orthodontic community. Readers who
wish to submit Internet addresses for this section should contact the Editors.
In the November issue of the Journal, there was an error in one of the Ortholinks. The correct links and text are

printed below. We apologize for any problems this caused.

Dr. Potter’s Interview in the Orthodontic CYBER Journal and the ToothCam

http://www.caltech.edu/~pinelab/Timel.apse/ToothCam/toothcam.html

The Orthodontic CYBERJoumal contains an interview given by Dr Potter, a neurobiologist, who underwent
orthodontic treatment as an adult. His experiences may be enlightening to many orthodontists. Although the general
impression seems positive, orthodontic technology was described as “prehistoric and barbaric,” and diagnosis was
considered superficial. Read the whole interview and then visit the ToothCam web site, from where you can down-
load movies of treatment progress made by the patient and read a detailed diary.

Dr. Silverstein’s Digital Camera Setup
http://www.orthonj.com/camera.htmi

This page, from Dr Robert Silverstein’s web site, describes his digital camera setup. Dr Silverstein uses an
Olympus D-600L with a ring-flash specially made for digital cameras. Useful tips and sample photos are included, as
well as a Microsoft Word template for inserting them into letters for the referring dentist. The flash is the SR Electronics
RF-50. Ring Flash and a review can be found at http://www.dcresource.com/Ringflash/ringflash_review.html.
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CAD/CAM for Dental Restorauons—Some of the
Curious Cha]lenges

E. Dianne Rekow, Arthur G. Erdman, Donild R. Rxley, and Bamey Klameckl

: mewmwwmmmmm
WMM!MM“MNW&

. TABLEI )
Sters of Lost-Wax TECHNIQUE

uﬁnemanddhkhnlndmemnme
challenges. The Medﬂhnvmkwhhmm lylum
mwwu-vmmquhﬂmm

s capable of proiicing dental crewns. Some of the chillenges and dif-
ficulties that Keve arisen during the development activities will be ad-
dressed. The fnal focus will be on some of the questions that, becanse
dumm,mmwuﬁwﬂmm”

CURRENT STATE OF THE ART FOR PRODUCTION OF
DENTAL RESTORATIONS

ANY dental restorations are currently produced using the

-wax casting technique (Table I). A dentist prepares

the tooth, removing all decay and creating a design of the re-
_ maining tooth structore that will a) support the loads to which
the tooth will be subjected during function, b) integrate unique
feamres for the materials from which the restoration will be fab-
ricated, ) maximize the retention of the restoration on the tooth.

An impression of the prepared tooth and any adjacent-proximal
teeth is made, creating a three-dimensional negative of the teeth.
Andther impression of the opposing, occluding tecth is also
made. A temporary restoration is placed on the prepared tooth
andlhepaueulewesﬂwdemaloﬂieeuntﬂtheﬁmlcmxu-
toration is fabricated. .

* Deatal plasteris poured into the impressions, creating a model
of the paticot’s mouth. The portion of the model that duplicates
the prepared tooth must be removable so that a wax pattem can
be created. To accomplish this; a brass pin is placed in the model
below the prepared tooth. A second layer of plaster is added to
the model, surrounding the pin. When this second layer of plas-
ter has hardened, two thin cuts are made through the first layer
of plaster (which contains the representation of the prepered
tooth) just proximal to prepared tooth. The section of the model
. with the prepared tooth can now be removed from and rein-
. serted into the models. This section is called the die.

When the restoration is scated on the tooth, the edge where
the restoration meets the tooth is called the margin. Afier a die
has been made removable from the models, excess plaster be-
low the margin is removed and the margin is marked. Separat-
ing mediam is placed over the dic. A technician then melts and
uwawaxmcmmampmemofdumqnmdmmon.

The wax pattern is sprued and invested. When the investment
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3) Mlkemwuyndphceonpam'noom
4) Pour firit plaster into impressions

10) Apply sepaating medivm

11) Carve wax patiem .-
12) Sprue wax paticr .

13) Invest wax pattcrn

19 Bnmwwuv

15) Cast ~

16) Recover

8) tesporary
19 Senemmﬂonwm:m

matesial has hardened, the wax pattern is bumed ont. Molten
restorative material is lowed into the i ‘The raw cast-

_ing is recovered, cleaned, and polished. The restoration is now
-ready to be seated in the paticnt’s mouth.

’meyatwmmwaemmmthedcnmlnﬁee.Them-
porary restoration is removed and any debris leR on the tooth
moved.mmothmmtbelbomgﬂydmdandlhemwn
mngluedtothetoolh

Using typical materials, mammnmumumelequuedformc
opennomia9h.Umally however, a patient will wear a tem-
porary for 1-2 weeks. Temporary restorations seldom fit as ac-
mlyuapammmmmmwummuwndﬁnmoﬁen
become inflamed and the prepared tooth may move slightly.
Both of these phenomenon complicate the procedure for placing
the restoration. Inflamed tissue is more sensitive and usually

" more resistant to anesthesia. Movement of the tooth will ereate

problems in fitting the final restoration.

With the CAD/CAM systems, restorations can be produced
mnd:mmqmckly,ehmmnngdwmdforwmpomy resto- -
rations. Furthermore, with the automation, consistent quality
beoomspossible.

Tue DENTICAD SYSTEM

The system being developed at the Universities of Maryland
andMinnuohan(ommmepmdmmofdcnulmnnons
The sysiem has three fanciional components parts: data acqui-
sition, CAD/CAM, and machining. With the antomation, the

* Iabor intensive processes currently required are eliminated and

restorations can be designed and fabricated in less than 1 h.

0018-9294/91/0400-0314501.00 © 1991 1EEE

ClearCorrect Exhibit 1002, Page 1935 of 3373



Fig. 1. Camm

Dma Achisiiion

an opmal "unpre&sxbn“ based on.a cus!ommd s(cmophoto- .
gmmmelnc mchnique Sigi irs of i imapes are ned for
th, the.

' 3-4096-pixel) digi-
n acq!mcy of 2.5.um. (Note:
when h:gh fesolution real-tine cametas become availnble. they
will be integrated into the design, elimindting the ‘fieed for a
separate digitizing, sfep )

A set of stereo pairs.of images is recorded [Fig. 2(3) and (b)).
In its current conﬁgumhon. one iriage is recorded, the camera
is moved, and the second half of the stereo pair:is-recorded.
This requires that the object remain stationary thioighout the
proceduse. This is not a realistic constraint in a clinical setting
and a stereo leiis design is corently unde:way.

The images are processed. The fisst operation is to differen-
tiate areas of interest (bounded by the margiis of the prepared
tootli) from areas of no interest. This is accomplished through
customized edge-finding algorithms. Using different threshold
values, these same edge-finding algorithms can locate burr
scratches on the surface of the toath, adding apparent features
to an otherwise opucaﬂy flat surface (Fig; 3).

From the stereo pairs, each point in the first half of the image
pair i5 matched with its equivalent in the scoond half of the
image pair. This creates a triplex of x, y, disparity values where
X, y are the planar coordinates for a point or featore in the first
half of the stereo pair and the dlspanlyvalue is the shift of that
pomt ‘or feature to its position in the second halfofthestemo
pair. '
From the geomety of the camera used to captme the i lmages Fig. 3. Edge finding slgoi
and this triplex of x, y, disparity, a three-dimensional recon-
struction of the surface of the.prepared tooth is created (Fig.
4—the data’ dlsplayed iti this image i identical for all four viéws;
only the viewjng sngle has changed). Idetttical operafions are  y, and z (Fig.. 6). A low~powemd laser beam js directed at the
used for establishing the 3-D surface map of the proximal edges dic. ’I'he mﬂecuon of the beam is sensed by a CCD clup. 'n:e
of adjacent técth and the-opposing tecth, -

in'the seccnd igurationfor data acquisition,.optical man- - £ s i yrdin;
gulation is used (Fig. 5). With this alternative, a die must be cmumg thie focation of the moving platé ofito which the die has
prepared. Positioning accuracy of the system is + 10 ym inx,  been placed. A point by point scan of the surface creates the
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Fig. 4. Reconstructed prepred t66th (from various viéws)..

POINT RANGE
SENSOR

Fig. 6. Triangulation digitizer.

digital x, y, 2z surface map (Fig. 7 shows the graphical display
of a digitized nandibular first molar).

CAD/CAM

The CAD/CAM operations replace the ing § of
the traditional techniques. Custom software was developed in
C language with a Unix operating system on an Iris 4D/50

ClearCorrect Exhibit 1002, Page 1937 of 3373

Fig. 7. Digiiizod inardibutar firét mioiar.

Graphics Workstation (lewnn Graphn. Mounlalu View, CA).
The 3-D data (from either data acquisition technique) is used to
calwlatedwspacemowhchﬂw' fomost fit, This space
is defined by the space available with the teeth together as well
as their relative posmons as they move through the entire range
of motion of the jaw. .

The design of the xestommn creates. three smfaes the in-

tooth between the - awtofconvemy.and the nargins. The in-
ternal surface must ‘mimor the configurition of the prepared
tooth. Near the marpins it must replicate the shape of thie pre-
pared tooth exactly. Away from the marginis it needs o be offset
by a sufficient amount to permit a gluing agent to be added (to
keep the restoration in place on the tooth). -

For the external surface above the crest of convexity, the
CAD software automatically accesses a database of ideal tooth
morphologies. From the calculated available space, a scale fac-
tor is generated for the general dimensions of the crowa. How-
ever, the location of cusp tips and fossae in the occlusal surface
must be modified to fit the unique requirements of cach patient.
The software automatically establishes these relationships,
moving reference points to the required positions and blending
adjoining surfaces smoothly so that the typical morphology is
maintained but the uniqueness for each patient is obtsined. The
remaining external surface blends the margins (defined by the
intemal configuration) and the crest of convexity (defined by
the other external portion), creating a smooth surface.

The CAM software automatically treuslates the design cre-
ated by the CAD postion of the systeni to tool paths for a mi-
cromilling machine (Fig. 8). Offsets are automatically added to
the surface to compensate for cutter tool diameters. Antigoug-
ing algorithms prevent the cutter from removing material during
one cutting path that is part of the required surface in an adja-
cent area.

Machining

The tool paths are automatically sent to a micromilling ma-
chine with positioning accuracy of 15 pm (Servo Products,
Pasadena, CA). The restoratios is fabricated from a single block
of material. The internal and external surfaces below the crest
of convexity are machined. The restoration is flipped 180° and
the external portion above the crest of convexity is fabricated.
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Fig. 8. Machine tool péths for CADICAM designed restoration.

Fig. 9. Machined restorations.
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from old restorative materials or carics. It may contain ﬁllmg
materials with -coldration subsganitally: différcht from thit of a
normat tooth. By usmg £dge fnding algorkhms these disgolor-

g g % t‘yp .
repmedteet.h the sides of the remaining tooih structure are =~ °

quite long. To beé clinically successful they must also. have -

nearly paralle] and vertical walls. Many of the commiercially

available imaging systems trade depth of field for resolution

[4]1—to achieve very high resolution (to the micron level) the .

depth of field is much less than the height of » typical prepa-
ration. For the optical impressions, problems are managed by
merging multiple views of capture the entire prepared tooth sur-
face.

For the triangulation digitizer, special modifications of the
machine were required. To compensate for the deptht of figld
pmblem a siumber of ranges ofdepﬂlofﬁeldmsunned.A
point is recorded only when the reflected llght hitting the CCD
sensor exceeds a specified light-threshold. If insufficient light is
sensed, the z-axis drive shifts the laser-sensor and another mea-
surement is attempted. This process is mpeated until sufficient
light levels are obtained. To compensate for the near-parallel
walls, the die is scanned from &n angle, providing the laser with

an apparent viewing angle of less than 8_5".

(Pig. 9 shows restorations machined from metal and machinable
ceramic.)

Challenges During System Development

A mmber of interesting—and sometimes frustrating—chal-
lenges arose as-part of the development process: One of the first
was translating clinical criteria into engineering tolerances to

produce decision-based design rules for the CAD algorithms. .

Ideally a restoration should exactly fit the tooth at the margins.
Clinica} justification for this is twofold. First, with any gap in
the fit, an area is created that collects debris and can result in
decay and/or inflammation to the gum tissues. The second is

that many of the gluing agents used either abrade away or are .

water soluble and simply wash away over time if there is a mis-
fit between the restoration and the tooth.

Clinically, the test for acceptable fit is that a clinician moving
a dental explorer across the tooth-restoration interface cannot
feel that interface. There is little agreement in the dental liter-
atife about what that tolerance is. Indeed, there is little agree-
ment about exactly what and how measurements should be made

to qualitatively determine what the clinician can sense [1). By .

. translating all of the measurements reported into a single set of
geometric relationships, it appears that acceptable cast resto-
rations generally achieve # fit of 40-60 um at the margins [1}-
5).

Another interesting challenge is how to optically acquire ac-
curate data from real teeth. A prepared tooth may be stained

Clinical and Materials Quéstions

While the technology of CAD/CAM has produced some in-
mmgmgmeenngqueshommdchaﬂmgesﬂuthaveahudy
been solved, unquestionably interesting ones remmn for the
dentist, engineer, and materials investigators.-

One of these is the quality of margins that are needed. Should
the CAD/CAM technology provide only what is currently av-
erage marginal quality or integrity or should the technology be
pushed to its limits, providing unpmved fit as a standard?

Each of the steps of the traditional impression-lost wax-cast- -

ing process has lmplicit sources of error. These include distor-
tions in the impression materizl, plaster, wax pattern, or in-
vestment material; changes in water-powder ratios or techniques
of the mixing; casting failures; and others. Automation elimi-
nates these but replaces them with differént contributions of er-
ror. Table II summarizes these contributions for off-the-shelf
high resolution component parts [6]. The imaging and digitiz-
mgmmsmdependentuponﬂ:equalnyofthelcnmem-
ployed (or the degree to which distortions can be mathemati-
cally removed), the resolution of the digitizer, and the density
of features on the tecth which can be detected. Surface model-
ing emrors are contributed by curve fitting algorithms and three-
dimensional reconstruction techniques. The contribution of er-
rors from CAM comes from two different sources: 1) the posi-
tioning accuracy in the milling machine, wear of the cutter, and
relative movement, lfany.betweenthecutterandthepmbeing
fabricated and 2) scalloping emor resulting from cutter paths
plus the errors resulting from the cutter being able to move only
in straight-ine movements from one specified point to the next.
In the worst case, all of these contributions to eror can be
assumed to be independent so they are additive, yielding a total
error contribution from the new technology of 17.8 ym. Even
in this worst case, there is the poterntial for accuracy greater
than that currently available with the lost-wax technique. Res-
torations produced with the lost-wax technique are usually con-
sidered to be acceptable with marginal fit of about 40~60 pm.
Based on a small sample size, restorations produced with the
Minnesota CAD/CAM system can produce margins of 0-49 ym

REERE
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. TABLEH
Error ConTRIBUTIONS FROM CAD/
CAM

Imaging and Digitizing 2.5 pm
Surface Modeling 10.0 pm
CAD 0.0 um
CAM:
Milling 4.8 ym
N/C Path

(average = 23 um, SD = 23 um) measured from the margin to
300 pm from the margins in 20 pm increments [7). Machining
operations are more critically controlled very close to the mar-
gins. For the first 100 um, the fit ranged from 0 to 37 gm (av-
erage = 12 um, SD = 15 pm). Should effort be expended to
further reduce the errors to reach the theoretical limit? What
should be the standard? Stated differently, is there any clinical
difference between margins that fit to within 40-60 pm and those
that fit to within 20 gm?

Another surprising area of opportunity that has arisen is spec-
ification of processing parameters. For any milling operation,
it is possible 1o vary spindle speed, material feed rate, and depth
of cut simultaneously, Different materials demand different val-
ues for these parameters, yet little has been published concern-
ing this problem. Cuiting parameters for dental materials do not
appear in the standard machinists’ handbook. The size of the
cutters used for the geometries produced by deatal CAD/CAM
systems is much smaller than those used for typical industrial
applications. Little work relating materials properties to cutting
parameters at the scale required for dentistry has been done.
The physics of material removal with small cutters awaits sci-
entific inquiry.

Another question which has arisen relates to surface finish.
The Americar Dental Association specification for the finish of
a metal crown requires an 8 pm rms smoothness criterion but
says nothing about refiectance or speciral feature. With cur-
rently practiced polishing operations, a surface that meets this
smoothness criterion is also shiny. With the machining opera-

tion, it is possible to obtain this smoothness yet still be able to

see the tracks of the tool path, Should a metal crown be smooth,
or shiny, or both?

The opportunitics and challenges to the dental materials in-
vestigators are tremendous. It is now possible to consider an
entirely new array of materials—castabifity or manipulation
within the oral cavity is no longer a criterion for selection. The
parameters that make a material ideal for a dental restoration
are not well quantified. When new materials are possible, ques-
tions arise about how the tooth should be prepared to op

future, however, will be more and more interesting as we leam
to ask new and different questions about what new possibilities
the automation creates.
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SUMMARY

The DentiCAD system can produce dental restorations that
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production, eliminates the labor intensive steps currently re-
quired, and provides consistent quality. This CAD/CAM tech-
nology applied to the dental problem of designing and fabricat-
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Abstract—Compuier-aldad design and manofictoring for dental res-
mhmammdmmmm

- TABLEI
Srrs oF LosT-Wax TecHMQuE

o Mlawn
mwwmummamqm
Iz capabie of producing dents] crewn,
mummmmmmmhﬁ
Mmmmmm-mammm

of the mew tecknology, can now be and are new
chpllenges, .

CURRENT STATE OF THE ART FOR PRODUCTION OF
DENTAL RESTORATIONS

Dm‘m&nmlmmﬂnnsmmnﬂypmﬁnudusingh
-wax casting techuique (Teble I). A dentist prepares
tllewoﬂ: removing sl decay and creating a design of the re-
tooth structare that will 5} suppott the loads to which
the tooth wilk be subjected during function, b) integrate tnique
featnres for the materisls from which the restoration will be fab-
ricated, c) maximize the retention of the restoration on the tooth.
An impreasion of the prepared tooth and any adjacent-proximal
teeth is made, ¢reating a free-dimensional negative of the teeth.
Anéther impression of the opposing, occleding tecth is also
mads. A temporary restoration is placed on the prepared tooth
and the paticat leaves the dental office until the final cast res-
toration is fabricated. .

- Deatal plester is poured into the impressions, creating o model
of the patient’s mouth. The postion of the mode) that duplicates
the prepared tooth must be removable 50 that a wax paltern can
be created. To accomplish this; a brass pin is placed in the model
below the prepared tooth. A sccond layer of plaster is added to
the model, sunvending the pia. When this second layer of plas-
ter has hardened, two thin cuts 2re made through the first layer
of plaster (which contains the representation of the prepared
tooth) just proximal to prepared tooth. The section of the model
. with the peepared tosth can now be removed from and rein-
_ seried into the models, This section i catled the dis.

‘When the reatoration is seated on the tooth, the edge where
mmmmm;smummmnw
has been made removable from the models, excess plaster be-
low the margin is wmoved and the margin is marked, Separat-
ing medium is placed over the dic. A technician then melts and
carves wax (o create a wax pattemn of the required restoration.

The wax pattemn is sproed and invested. When the investmeat

ipe recedved Mazch 6, 1989,
D. Rekow is with the of Oghodontics, Schol of Bea-
Ulliwmlynfhhlyw Baltimon:, MD 21201,
. Brdmaa, D.R.!dny.mdB.Khnmhlmwlhmbzpnmwﬁ

¥

E.
tistey,

A G
of
5545

BEE Log Number 9I“234

" labor intensive

1) Dentist pupuumﬁn
2) Take

3) Make temporury snd phace on paticot’s 100th
4) Mﬂmwinwmremm

165} Recover exsting )
1 Nhhmihs(nadymsmusmmu
:gnmwmmm:m
19 Sﬁtunmmﬁwupuhn‘-m&

matesial has hardened, the wax pattern is bumed out. Molten
restorative matesial is Howed into the investment. The maw cast-
ing is recovered, cleancd, and polished. The restoretion is now

-readdy to be seated in the patient’s mouth.

mmmmmwmamnmmm
pomary restoretion is removed and any debris left on the tooth
removed. mm&mumglﬂymmmm
tion glued 10 the tooth,

Using typical materials, the miftimum time required for these
operations is 9 h. Ususlly, however, 2 patitnt will wear a tem-
porary for 1-2 weeks. Tempormry restorations seldom Gt 45 ac-
mmlyuapcmmmwummnd&mom
become inflamed asd the preparcd tooth may move shightly.
Both of these phenomenon complicate the procedure for placing
the restoration. Inflamed fissue is more sensitive and usuelly

“more resistant to ancsthesia. Movement of the toolk witl ereats

mech more quickly, clmunmng&eneedforwmpomymm--
rations, Purthermore, w:thll\eammamn. consistent quality
bewmupossihlg.

Tue DeNniCAD SYSTEM

m;mbangdevelopadatthevmmmofmqhnd
mummmmmddmmm
The system has three fanctional components ; data acqui-
gition, CAD/CAM, and machining. Wi.lhﬂieamrnanon.the
processes currently required are elimineted and

restorations can be designed and fabricated in fess than I h.

0018-9224/91/0400-0314501.00 © 1991 IEEE
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Dasa Acguisition
- Twi Iechniqnm for data acquisition are being develo]ied

“With thié fifst, dati are acquived fvoim the patiens direclly through

an opucal *fimpression™ hased on.a customized stercophoto-

grammetric wchnlque Sireo pairs of Images ave obisincd for

'pmxmalteﬂh.ﬂndﬂwupposmgm

then dipitized o8 2
tizer, providing a data scquisition accuracy of 2.5 pm. (Note:
when high-tesolution real-titive tdmeras become avaitnhlc, they
wil be Integrated into the design, climinzting the Bieed for a
sepanate digitjzing sep. }

A set of stereo pairs. oflfnagel wmonded [Fig. Z(a)and(h)l
In its curient configuration, ooe iniage is , the camera
wmuved.mdﬂlesewndhalfefthestemupmmsmrded
This requires that the object remain stationary throighout the
proceduse. This is not a realistle constraiot in a clinical setting
end a stemlensdmgnismnenﬂy uiderway,

The imapes are processed. The fisst operation s to differen-
tiate areas of intesest (bounded by the margins of the prepared
looth} from areas of o inerest. This is accomplished through
customized edge-finding algorithms. Using different threshold
values, these same edge-finding algorithms can locate burr
scratches on the surface of the woth, adding apparent features
to an otherwise optically flat surface (Fig. 3).

From the stereo paies, ezch point in the Gt half of the image
pair & maiched with its equivalent ji the second haif of the
image pair. This creates a triplex of x, y, disparity values where
x, y are the plaver coordinates for a point or feature in the first
- half of the stereo pair and thedlspamyvalue is the shift of that

pmmorrmmemitspmmon in the second halfnfmemm
pair.

From the geometry of the camera used to caplm'a the i lmages
and this triplex of x, y, disparity, & three-dimensional recon-
strction of the surface of the. prepated tooth is created {Fig.
4—the data displayed irt this image s identicat for all four views;
only the viewing sigle has changed). Identical operafions are
used for establishing the 3-D strface map of the proximal edges
of adjacent técth and the-opposing tecth.

Inthe senund mnﬁguraljon for daty acquisition, optical trian-
pulation is used {Fig. 55. With this alterndtive, 2 die must be
prepared. Pasitioning accuracy of the system is + 10 pm in x,
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resolution ems X -4096. pﬁeljdigi-’ v

Fig. 3. Edge fnding aigorithm sgplied to the 166 half of the storeo pair
Wiown in Fig. 2.

¥, and 2 (Fig. 6).- A Iow-powcmd laserheammduecmd at the
die. Thie reflection of the beam Is sensed by & CCD chip. The
deflection ﬂf the feflerted-beam: from 2 know position. gives
e, The £ and .y mmimxtes are obtairied by re-

':ooﬁhng the Tocation of the mﬂwng platé onto which the die Kas
been placed. A poinl by poiat scan of the surface creates the
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Fig. 5. Pri

iple of optical tri

Fig. 6. Triangulstion digitizer.

digital'x, y, z surface map (Fig. 7 shows the graphical display

BERTHNG. VOL. 38, N6, ¢ APRIL 1991

Fig. 7. Digiized wandibalay Aest rctar.

Graphics Workstation (Silicon Graphics, Mouatain View, CA).
The 3-D data (from either data acquisition technique) is used to
calenlate the space into which the restosition iiwst fit. This space
is defined by the space available with thé tecth together as well
as their relative positions as they move throngh the enlire range
of motion of the jaw., -
mdaignoﬁhemmuoncmammmfm them—

is the poition of the ! Sing tet
anﬂcnnliactﬂieadjaw”uttéﬂh},!ﬁdmeeﬂemalsurﬁmnfﬁw
tooth between the cxeat of convexity 4id the margins. Thie in-
ternal sarface must ‘mimor the configurition of the prepared
tooth. Nearﬂmmngimitnmstmplitﬂuﬂveslmpcof&epm-
pared tooth exzctly. Away Trom the margins it needs to be offser
by a sufficient amount ta pernit a gluing agent to be added {to
%eep the restoration in place on the tooth).

Por the extemnal surface above the crest of convexity, the
CAD software automatically accesses a database of ideal tooth
morpholagies. From the catcutated available space, a scale fac-
tor is generated for the general dimensions of the crowa. How-
ever, the [ocation of cusp fips and fossac in the occlusal surface
rmust be modified o fit the imique requirements of each patieat.
The software autometfcally establishes these relationships,
moving reference points to the required positions and blending
adjoining surfaces smoothly so that the typical morphology is
maintained but the uniqueness for each patient is oblzined. The
remaining extemal surface biends the margins (defined by the
intemal configuration} and the crest of convexity (defined by
the other external portion), creating a smooth surface.

The CAM sofiwate awtomatically translates the desigm cre-
ated by the CAD portion of the systeni to tnol paths for a mi-
cromilling machine (Fig. 8). Offsets are automatically added lo
the surface to compensate for cuiter tool diameters. Antigoug-
ing slgorithms prevent the cutter from femoving material during
one cutting path that is part of the required surface in an adja-
<ent area.

-«

The tool paths are automatically sest lo a micromilling ma-
chine with positioning accuracy of 15 pm (Serve Products,
Pasadena, CA). The neswration is fabricated from a single block

of a digitized mandibular first molar). Machining
CAD/CAM
The CAD/CAM operations replace the waxing J of

the traditional techniques. Custom software was developed in
C language with 2 Unix operting system on an Iris 4D/50
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of ial. The internal and external surfaces below the crest
of convexity are machined. The restoration js flipped 180° and
the extemzl portion above the crest of convexity is fabricated.



Fig. 8. Machin tool piths for CADICAM designed restoration.,

Fig. 9. Machined mstorations.

{Fig. 9 shows sestorations machined from metat and machinable
cerRmic.)
Challenges During Sy Diovnd,

A number of interesting—and sometimes frustrating—chal-
Ienges arose as-part of the development process: One of the first
was translating clinicel ¢riteria into eagineering tolerances to
produce decision-based design rules for the CAD algorithms.
Ideally a restoration should exsctly fit the tooth at the margins.
Clinica! justification for this is twofold. Finst, with any gap in
the £t, an area is created that collects debris and can result in
decay andfor inBammation to the gum tissues. The second is

¢

that many of the gluing agents csed cither abrade away or ate .

waler sofuble and simply wash away over time if thers is a mis-
fit between the restoration and the tooth.

Clinically, the test for acceptable fit is thet 2 clinician moving
a dental explorer across the tooth-restoration interface cannot
feel that interface. There is linle sgreement in the dental liter-
gtufe aboue what thas tolerance is. Indesd, there is litile agree-
ment about exactly what and how messurements should be made

to qualitatively determine what the clinician can sense [1). By .

: tmnslaung all of the measurements reported into a single set of
geometric relationships, it appears that accepiable cast resto-
ralions gencmlly achieve & fit of 40-60 um at the margios [1]-
[5).

Another interesting ct ge¢ is how 1o optically acquire ac-
corate daia from real teeth, A prepared tooth may be stained

317

from ol restoraiive materials or caries. }t may contain ﬁ.lhng
matetials with cotaraclon subigahitall -OF
gormal tooth. By using edge Anding ﬁgprlmms llneseﬂumhr
auons a.nd other niatértals act ag pseudot‘eal\ucs :nhanclng_lhe

isparty.c -

prepared teeth, thss;desofmemmalmngwolhsummm o
quite long. To be clinically successful they must alse. have *
nearly paralic] and vertical walls. Many of the commiercially -
available imaging systems trade depth of field for- resolution
[41—to achisve very high resolution {tp the micron level) the.
depth of field is much less thay the height of & typicst prepa-
ration. For the optical intpressions, problems are menaged by
merging multiple views of capture the entire prepared tocth sur-
face.

For the lnangnlahon digitizer, special modifications of the
machine were required. To compensate for the depthk of figld
problem, a riumber of ranges of depth of field are scamed. A
point is recordsd only when the refiected lipht hiting the CCD
sensor exceeds a specified light-threshold, If insuffictent light is
sensed, the z-axis drive shifts the leser-sensor and another mea-
surement is atempted. 'Ihmvmcesusrepmcdnmﬂmﬁclm
light fevela are obtained. To compensate for the near-paratlel
walls, the dic is scanned from an angle, providing the laser with

an apparent viewiog anple of less than 85°,

Clinical and Materials Quéstions

While the technology of CAD/CAM has produced soms in-
wmgmmqummmdmnmgummm
been solved, unquestionably interesting oncs remain for the
dentist, enginesr, end materizls investigators.:

Qe of these i3 the quality of margins that are needed. Should
ihe CADICAM technology provide only what s corrently av-
erge marginel quality or integrity or should the technology be
pushed to its limits, providing improved fit s a standard?

Each of the steps of ihe taditional impression-lost wax-cast-
ing process has implicit sonrces of error. These include dister-
tions in the impression material, plaster, wax paiterz, or in-
vestment matesial; changes in water-powder ratios or techniques
of the mixing; casting failures; and others. Automation elimi-
nate's these but replaces ther with differént contributions of er-
ror, Table II summarizes these contributions for off-the-shelf
high resolution compaonent parts [6). The imaging and digitiz-
ing crrors are dependent upon the quslity of tie lenses em-

. phyed(orlhedegmmwhlchdsmmbemmn

cally removed), the resolution of the digitizer, and the density
of features on the tecth which can be detecied. Surface model-
ing errors are contributed by curve fitting algorithms and three-
dimensional meconstruction techniques, The contribation of er-
rors from CAM comes from two differcnt sources: I) the posi-
tfoning accuracy in the milling machine, wear of the cutter, and
mlsswmmmnt.:fany,betwmlhecuuﬂandthepmbeing
fabricated and 2) scalloping error resulting from cutter paths
plus the errors resulting from the cutter being able to move only
in stight-line movements from one specified point o the next.
In the worst case, all of these contributions to emor can be
assumed 1o be independent so they are additive, yicling a total
error contribution from the new technology of 17.8 jum. Bven
in this worst casc, there ia the potential for accuracy greater
than that currcntly available with the lost-wax technique. Res-
torations produced with the last-wax, technigue are usually con-
sidered to be acceptzble with marginal fit of sbout 40-60 pm.
Based on a small sample size, restorations produced with the
Minnesoia CAD/CAM system can produce margins of 0-49 ym
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. TABLEN
Error ConTRIBUTIONS FROM CADS
CAM
Imaging sod Digitizing 2.5 ym
Susrface Modeling 10.0 pm
CAD 0.0 pm
CAM:
Milling 4.8 gm
N/C Path 0.5 pm
17.8 am

(average = 23 gm, SD = 23 um) measured from the margin to
300 pm from the margins in 20 pm incrermens [71. Machining
operations arc more critically controlled vety close to the mar-
gins. For the first 100 am, the fit ranged from 0 10 37 pm (av-
erage = |2 pm, SD = 15 pm). Should effort be expended to
further reduce e ermors to veach the theoretical lmit? What
should be the standard? Stated differently, is there any climical
difference between margins that fit to within 40-60 pm and those
that fit to within 20 pm? .

- Arother surprising area of opp that has arisen is spec-
ification of processing paameters. For any milling operation,
it is possible 10 vary spindle speed, material feed raie, and depth
of cut simuktaneously. Different materials demand different val-
tes for these parsmeters, yet fittle has been published concern-
ing this prodlem. Cuttiag parameters for dental matecials do not
appear in the standard machinists" handbook. The size of the
cutters used for the geomeiries produced by deatal CADVCAM
systems is much smaller than these used for typical industyial
applications. Little work mlating materials properties to cutting
parameters at the scale required for dentistry has been done.
The phiysics of material removal with small cutters awaits sci-
entific inquiry.

Another question which has arisen relates o surface finish.
The American Dental Association specification for the finish of
& metal crown requires an 8 pm vms smoothness criterion but
says nothing about reflectance or spectral feature. With cor-
reptly pacticed polishing operations, a surface that meets this
smoothness eriterion is also shiny. With the machining opers-

tion, it is possible to obtain this smoothness yet still be able to

see the tracks of the tool path. Should a metal crown be smooth,
or shmy or both?

The opportunitics snd challengea to the denta) materials in-
vestigators are tremendous. Is is now possible to consider en
enfirely new amay of materials—castebility or manipulation
within the oral cavity is no Jonger & criterion for selection, The
parameters that make a2 materia]l ideal for a dental restoration

are not well quantified. When ncw waterials are possible, ques- -

tions arise about how the tooth should be prepared 1o aptimize
the performance af the tooth-restoration system.

SUMMARY

The DentiCAD system can prodoce dental restorations that
fit at least as well as those that are cast. The system speeds
production, eliminates the labor intensive steps currendy re-
quired, and provides consistent quality. This CAD/CAM tech-
nology applicd to the dental problem of designing and fabricat-

fure, howevei. will be more and more interesting as we leam
to ask new and different questions about what new possibilities
the automation creates.
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COMPARISON OF THREE DATA ACQUISTTION
TECHNIQUES FOR 3-D TOOTH SURFACE MAPPING
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'ABSTRACT

Three techniques to obtain a high
resolution (under 20 micron), complete, 3D
surface map of an entire tooth surface are
compared. Stereophotogrammetric techniques
can provide the required resolution but lens
configurations that provide adequate spot
size and MTF pexrformance have depth of field
substantially less than the length of the
tooth. Triangulation digitizing can provide
adequate resolution but time for data
acquisition is excessive. Miniature
mechanical linkages can provide a complete
surface map in under 1 ninute to a
resolution of under 20 mjcrons.

INTRODUCTION

High resolution mapping of an entire
tooth surface in three-dimensions is
required for the solutions to an array of
dental questions. These include deter-
mination of complete deformation maps of a
tooth under 1load for finite element
modeling, establishing geometries and space
available for automated restoration design
using expert systems and CAD/CAM, complete
.characterization of changes resulting from
wvear, and others.

The objective is to establish a three-
dimensional map of the entire surface of any
single tooth to a resolution of under 20
microns. This includes complete mapping of
the wmesial, distal, 1lingual, and buccal
surfaces as well as the occlusal surface.
Ideally the data should be acquired quickly
with a device that could be used intra-
orally. Three data acquisition techniques
have been investigated: stereo-
photogrammetry, triangulation optics, and
nmechanical daigitizer.

STEREOPHOTOGRAMMETRY

Investigations into stereophotogram-
metric techniques had two phases: (a) lens

Engm

" University of Minsésots,

g and Compte:
is, MN

Minnespolis, MN 5345!

design for an intraoral lens and (b) 3D
reconstruction from 2D images with dispari-
ty. "

The objective of the lens désign was to

. create a lens system that provided a lateral

separation of 10 microns over an object
length, width, and depth of 10 mm. Thig is
approximately equivalent to 100 line
pairs/mm for points 7 mm away from the axis.
To maintain a 35 sz format at the camera,
magnification must be less than 2.5x.

Lenses investigated included microscope
objectives, cemented triplets, cemented
doublet pairs, and a pair of double heliar
lenses placed back to back {1]. Lens quali-
ty vas assessed by both minimum RMS value
for the spot diagram and Hodulation Transfer
Function (MTF). Using either criterion,
the heliar system performed best. It had a
minimum spot diameter of 26.6 microns (aver-
age deviation of 5.9 mm). The MIF stayed
above a 1.5% response until approximately 60

. line pairs/mm and performs well past 200

1ine pairs/mm. Off-axis performance was
equally good for objects located 3-mm off-
axis. Only slight degradation was seen at
7-om off-axis. Unfortunately, the depth of
field was only 200 microns.

Three-dimensional reconstruction from
2D images of tooth models was also investi-
gated. In order to obtain complete dispari-
ty mapping, edge finding algorithms were
first applied. This permitted first a; -
imation surface reconstructions. Additional
resolution vas obtained by point matching on
images with a random pattern projected onto
the surface during image acquisition. For
images acguired at a 4000 x 4000 pixel

resolution, the theoretical 1imit in the
accuracy of z is 6.2 microns [2). Work with
this technique has been r previously

in greater detail [3] and is continuing.

TRIANGULATION OPTICB

A system using triangulation optics was
also investigated. An object is positioned

0344 Annual International Conference of the IEEE Englneering in Medicine and Biology Soclety, Vol. 13, No. 1, 1991
. CHB3068-4/91/0000-0344 $01.00 © 199} IEEE
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on a movable table bengath a laser beam. The
laser light is reflected from the surface
and sensed by a ¢ chip.  The distance
between the 1 d and. incidént iight
beans is used to calculate the distance
between the laser and the okject surface,
giving the z cooidinate of the surface.

The position of the incident laser bear
cannot be perpendicular to the long axis of
the tooth. In that orientation, much of the
axial surfaces would be hidden by the crest
of convexity of norimal tobth merphology. By
orienting the long axis of the tooth approx-
imately 60 degrees from the incident laser
bear the hidden surfaces gingival to the
convexity can be seen over the entire
occlusal-gingival height of the tooth.

The surface map is generated point by-

point in cylindrical coordinates (b,y,z).
The values of b and y are obtained from the
position of stepper motors driving the
movable stage upon which the tooth is mount-
ed.

_ Resolution of the systen is + 10 mi-
crons in b, y, and z. Rectangular coordi-
nates are obtained from the cylindrical
coordinates through normal transformations.

The major limitation of this technique
is the time required for data acquisition.
Typical scans with 20 micron 18 be-
tween points in ¥y and 1 degree increments of
rotation require approximately 1.5 hours to
obtain a complete surface map. -

" MECHANICAL DIGITIZER

A niniature mechanical digitizer has
been designed (4]. This digitizer is small
enough to be used intraorally. A mounting
fixture is attached to a tooth away from the
tooth to be digitized. The linkage snaps
onto the mounting fixture. The opposite end
of the linkage includes a small handle and
a probe tip. The operator holds the handle
and manually passes the probe tip over the
surface of interest. GSensors vithin the
-1inks record relative link positions. These
positions are used to calculate the location
of the probe tip. ’ -

Before the complete surface map is
obtained, data points at the extremes of the
surface are obtained. These define a space
of interest, speeding data acquisition.
- Approximately 10,000 points/second can ka

gitized; permitting .complete surface
mapping of the tooth in under 1 minute.
There are no constraints in the order that
data must be acquired. Preoision of the
digitizer is under 20 microns.

COHCLUBION

. Three tachnigues:havé 1gates
for obtaining cohple thiee-dinensicénal
maps of a tooth surface. Theoretical calcu-
lation of the limits of resolution in z for
3D reconstruction from stereo pairs of.
images with 4000 x 4000 pixel resolution
using point by point disparity mapping meets
the design reguirement of resolution of -
under 20 microns. Unfortuhately, Llens
desi appears to be a limitation. Lens
conf. Fggratiggng were. found that provide both
acceptable RMS valués in thelr spot dia
and MTF but have a depth of field limited to
igo :n:.ctons {vs. typical tooth length of 6~

wm) .

Triangulation digitizing provides
sufficient resolition but times for data
acquisition are excessive.

Miniature mechanical digitizing is
feasible, provides the required resolution
and access to the entire tooth surface, and
can be accomplished guickly.
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A -i'eviéw of the develbpments
in dental CAD/CAM systems

E. Dianne Rekow, MSME, DDS, PhD

Baltimore College of Dental Surger'y,.University of Maryland, Baltimore, Maryland, USA

At least 1000 CAD/CAM (computer-aided design and computer-aided
manufacturing) systems for producing restorations are in dental offices.
At least nine different systems have been described; the Cerec system
(Siemens, Bensheim, FRG) is the best known and most widely used.
Clinical results to date suggest that the automated CAD/CAM systems
can provide restorations which perform at least as well as cast
restorations. There are some technique sensitivities that must be
managed with the new technology. The importance of fit at the
margins is a controversial issue that remains to be settled. Bond
strength of composite-luted restorations is dependent on margin
location and luting material properties, and on the combination of
silanating, etching, and curing mechanism of the luting composite.
Surface finishes equivalent to cast gold and glazed porcelain can be
achieved for machinable CAD/CAM materials. ’

Prosthodontics and Endodontics 1992, 25-33

J

Dental CAD/CAM (computer-aided design and com-’
. puter-aided manufacturing) systems have become a

reality. At least 1000 sysiems are alrcady in dental

_practices. The most widely used is the Cerec sys-

tem (Siemens, Bensheim, FRG). Others include the
Duret (Sopha Bioconcept; Inc., Los Angeles, CA), Den-
tiCAD (BEGO, Bremen, FRG) (Fig. 1), Procera (No-
belpharma, Goteborg, Sweden), DUX (GIM-ALLDENT,
Vorel, FRG), and Celay (Mikrona Technologie, Spri-
etenbach, Switzerland) systems [1°-5°6-8]. At least
three others are being developed in Japan [9°-11°). Still
another system is evolving that will apply CAD/CAM to
removable dentures, automatically arranging the teeth
and fabricating the occlusal surfaces [12). Clinical data
at 5-year recall exist on some restorations. New, excit-
ing developments are unfolding rapidly.

Some of the systems capitalize on the automation that
is available from CAD/CAM techniques (Figs. 2 and
3). Others include copying machines, and reproducing
shapes from stone models or wax or acrylic patterns
(Fig. 4). The types of restorations produced and mate-
rials used for fabrication vary widely. Table 1 provides
a brief summary of the component pants of the systems
and their capabilities.

Rather than give descriptions of the systems, the objec-
tive of this review is to discuss developments reported
in the literature during the past year. Specific focus will
be placed on clinical results, margin fit, other factors

affecting clinical performance, technique sensitivities,
and a very brief comparison of new materials created
specifically for CAD/CAM systerns. The majority of the
literature published during this review period (Novem-
ber 1990-November 1991) focuses on the Cerec sys-

.tem. probably related to the International Symposium

on Computer Restoration. State of the Art of the Cerec
Method. which took place in May of 1991 [13].

Clinical results

Among the first CAD/CAM restorations placed clini-
cally were eight Cerec inlays which were placed in
early 1986 [14*). After 5 years. they were rated using
the United States Public Health Service (USPHS) cri-
teria for contour, marginal integrity, marginal discol-
oration, color match, and recurrent caries. All eight re-
ceived Alfa ratings for contour, color match, and recur-
rent caries, Marginal integrity and discoloration were
ranked as Alfa for five of the restorations and Bravo
for the remaining three. ’

There are now clinical data on literally thousands
of Cerec restorations that have been followed for at
least 2 years. Overall, their performance is excellent
[15-21). There appears to be no difference between
clinical acceptance or performance for restorations fab-
ricated from either Vita porcelain (Vita Zahnfabrik,

: Abbreviations ' )
CAD/CAM—Computer-aided design. and computer-aided manufacturing; USPHS—United States Public Health Service.

© 1992 Current Science I1SBN 1-870485-41-6 ISSN 1046-0764
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Fig. 1. Left, The DentiCAD (BEGO, Bremen, FRG) digitizer and computer (the laboratory version). Right, The DentiCAD milling
machine (also the laboratory version of the hardware), -

Bad Saeckingen, FRG) or Dicor-MGC (DentSply, York, gins [18,25%.27.30,32]. bujk fracture (14+.16.18,27.30.

PA) [15,22,23]. Teeth restored with Cerec-produced . 33%). and recurrent caries [30]. Hypersensitivity usually
mesioocclusodistal restorations were shown 10 be as occurs i"""“‘fd"‘“el-"_“PO" placement and may or may
strong as sound, unrestored teeth [2409].. not disappear over time, Incidence of the problem is
‘ ) ' reported in berween 19 [25%) 3nq 23% of restorations
Problems reported with the Cerec restorations are hy- - [26l although most often the rate appears to be ap-

persensitivity [16-1 8.25°,26-31], fracture at the mar- proximately 10%. A number of clinical and research re-

i - sults show that gingival margins placed in at least 509
) “enamel are far superior to those placed in dentin or
cementum. with or withour the use of dentin bond-
ing agents [34°°.35-38 39 It is hypothesized that, if
postrestorative sensitivity is to be eliminated. the mar-
gins must be in a minimum of 50% enamel around the
entire periphery of the restoration,

Margin fracture was evident in 0.5% of the restora-
tions (18.25°*,27.30.32). Bulk fractures occurred in ap-

For the Procera System. one repont of clinical results
has been published, At 2 years, margin form runked ex-
cellent or dcceptable (using UspHs ratings) in all cases,
surface color ranked excellent or dcceptable in 90,30
. of the cases, and anatomic form wag judged excellent
Fig. 2. A wireframe representation of a computer-designed oOr acceptable in 93.4% of the. cases [40), Clinical resuits
full-coverage crown, for other systems have not been reponed,

Y
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Fig. 3. A computer-generated crown,

Margin fit

Fit at the margins has been reported for Cerec, Den-
4CAD, and Procera restorations. Cerec restoration fi,
without any luting material, averages approximately
100 um 10 150 pum [19,41:42**,43-45). Comparative
studies report marginal gaps averaging 5 um for direct
composites [35], 82 pm [35 to 97 pm [41) for la boratory-
produced inlays. 93 pm for indirectly fabricated com-
posite inlays, 139 pm for Cerec Dicor-MGC inlays, and
209 pm for laboratory-produced ceramic inlays [35].
The quality of the fit. however, may or may not be
critical since the luting agent offers sealing advantages
-which may compensate for any inadequacy in fit [45].

The marginal gap is identified as a weakness of the
Cerec system, because clinically the resins may result
in wash-outs ‘and material collapses over the long nin
[39°*]. Wear at the margins in the composite luting ma-
terial is reported as ranging from 10 um at 16 months
[45] t0 88 pm at the end of the 1st year [33%]. An inter-
esting characteristic of the wear was reponted by Isen-
berg et al. [33°]. In their study of 118 restorations, 39
pum of vertical loss of luting material occurred in the
first 6 months. By the end of the 1st year, a total of 88
pm had been lost. This value, however, remained con-
stant over the next 12 months; no additional vertical
loss was apparent. The authors theorize that the hori-
zontul and vertical wear values reach a maximum and
then become constant and that vertical loss of the ma-
terial in the interfacial region is linear throughout the
1st year, then remains constant.

ClearCorrect Exhibit 1002, Page 1949 of 3373

For Cerec restorations, it is not clear what effect margin
space has on the marginal integrity of the inlay restora-
tions. Some investigators [46,47,48**) report that by re-
ducing the amount of composite which is needed for
luting, a better marginal quality is obtained because
polymerization contraction will play a less-imponant
role in small amounts of composite material than in
large bulk [48+*). However, Fent ef al. (31} and Schmalz
et al. [48**} found no correlation between margin width
of composite and micromorphologic margin quality. In
fact, Schmalz et al. reported that ceramic inlays with
wide luting space showed less disintegration and loss
of adhesion at the ceramic or luting composite inter-
face after thermal cycling and mechanical loading than

did those with smaller luting spaces. What is impor-.

tant, however, is that the luting cement have the same
wear rale as posterior composites [31). Magne et al. [38)
suggested that the thicker cement space is better if the
restoration fits without friction, permitting deformation

of the restorative material or dental tissues during poly-

merization shrinkage of the luting composite. Schmalz
et al. [48*] found dye penetration at inierproximal mar-
gins following thermal cycling combined with mechan-
ical loading to be less for ceramic inlays with wide lut-
ing spaces.

Fit at the margins for DUX-produced titanium crowns
was reported to average 71 um. with a range from 20
Km 10 150 pm [49°°]. For the DentiCAD system, margins
of 23 pm- £ 23 um (range from 1 pm to 49 Hm) were re-
ported [50). Demands for fit on margins luted with non-
composite materials may be much higher than for fit for
those where a chemical bond can form berween the
luting and restorative materials. Leakage. as measured
by dye penetration following thermal and mechanical
loading, is much greater for zinc phosphate cements
than for composite materials [35]. Clinical implications
of fit for metal CAD/CAM restorations and copings. es-
pecially when used with noncomposite luting materi-
als; will probably be nearly equivalent to those for cast
restorations.

Perhaps the major implication in poor-fitting margins.
with any system, is the potential for overhangs at the

Fig. 4. Machining of a gold crown by a CAD/CAM system.
(From Uchiyama et al. [85); with permission.)
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. reducing the enamel during contouring and finishing of

-tal floss conditioned with glycerin gel to remove excess
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CAD/CAM_ Dataac-  Intraora| . el e ~—-.Fabri- .. _ Restoration - . ..... .- Material .- -
System ~ | capability  quisition data ‘Design cation * type choices
Cerec Full Optical Yes Interactive Grinding Inlay, onlay, Vita porcelain,
. - ' . ) . veneer Dicor-MGC
Duret Full Optical Yes Interactive Milling Inlay, onlay, ~ Vita porcelain,
: ’ . or automated crowns Dicor-MGC, Ariste,
) . ’ alloys, titanium
DentiCAD Full Mechanical Yes Automated Milling Inlay, onlay, Vita porcelain,
. . crowns, Dicor-MGC, titanium,
. . C copings alloys, composites
Procera Copying  Mechanical No Wax pattem Milling  Copings, crowns. Titanium
: and stone die  and EDM
DUX Copying  Mechanical No Automated Milling Copings Titanium
Celay Copying Mechanical No Acrylic Milling Inlay, onlay Vita porcelain,
PSR e . pattemn- - Dicor-MGC
Osaka Full Mechanical No Interactive Milling Crowns Unknown
Hyogo Full Mechanical No Interactive Milling Crowns Unknown
Kyoto Full Optical No Interactive Milling Crowns Porcelain, ceramics,
. . - . : * titanium
“Products and manufacturers are as follows: Cerec, Siemens, Bensheim, FRG; Duret, Sopha Bioconcept Inc., Los Angeles, CA;
DentiCAD, BEGO, Bremen, FRG; Procera, Nobelpharma, Goteborg, Sweden; DUX, GIM-ALLDENT, Vorel, FRG; Celay, Mikrona
Technologie, Spreitenbach, Switzerland; Osaka, Osaka, Japan; Hyogo, Hyogo, Japan; Kyoto, Kyoto, Japan; Vita porcelain, Vita
Zahnfabrik, Bad Saeckingen, FRG; Dicor-MGC, Dentsply, York, PA; Ariste, Spad, Dijon, France.
- CAD—computer-aided design; CAM~—computer-aided manufacturing; EDM—electric discharge machining (also known as spark
erosion machining). . .

is recommended. For Dicor-MGC, either 5% hydrofluo-
ric gel or 10% ammonium hydrofluoric acid are recom-
mended. The luting composite-dentin interface is best
when dentin adhesive systems are used without either .
bases or liners [19]. Dentin bonding generally enhances
the bond but does not preserve the restoration from ex-
ternal or internal leakage. especially when margins are
not in enamel (38].

cervical margin. These of course act as plaque retention
sites. If the luting material is composite, it may fracture
or chip, further exacerbating the problem. Losche and
Roulet [51] found that adding a colored varnish around
the margins greatly reduces the danger of inadvertently

the restoration. It also simplifies the finishing operation
and reduces the probability of overhangs. Another rec-
ommendation for minimizing overhangs is to use den-
The type of luting material selected can also signif-
icantly influence the success of restorations. For the
Cerec system, submicron hybrid composites are most
desirable [56**). Dual curing systems are better than
light-only or chemical-only curing since resin thick-
nesses may be fairly large and light may not be able 1o
penetrate the resin thickness or the bulk of the restora-
tion [56**}. Luting-agent viscosity should provide maxj-
mum compressive support. marginal integrity. and easy

material before hardening the composite resin (52,

Other factors affecting clinical success

In addition to the fit at the margins, an array of other
factors can influence the success of bonded ceramic

restoration. These include cementing and bond-en-
hancement techniques, material-properties, surface fin-
ish, cement type, and etching time.

For Cerec Dicor-MGC restorations, bond strength is
improved by a combination of etching the ceramic,
silanating the cérmic; and using a low-viscosity, dual
cure resin luting agent [53). Unquestionably, silaniza-
tion was seen as the process that uniformly improves
the composite-restoration bond (31,53.54. At least 1
minute’s etching time is recommended but longer etch-
ing has no effect (enhancing or deteriorating) on bond
strength {53,551, For Vita porcelain, 5% hydrofluoric gel
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margin molding. Heavy-to-medium viscosity is recom-
mended for restorations under heavy use [56**). Fine
hybrid composites are superior (19, Submicron com-
posite resins are significantly more wear-résistant than
any of their counterparts [44,57.58]. An ultrasonic sys-
tem, emploved as part of the inserion technique, al-
lows the use of highly filled and wear-resistant com-
posite resins as the luting material. {59),

Surface finish of Cerec restorations is dependent upon

finishing technique. Surfaces ar least as” smooth as

enamel can be obtined using any of six different
techniques: 1) fine finishing—(25 Bm) high-speed di-
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,,{u nd bur with water spray, 2) fine finishing—high--
-peed dizmond followed by GD Baker-Curson bur
1Dentsply) with water spray, 3) four sequential grades
of aluminum-oxide-impregnated discs (Soflex discs,
3M Dental Products, St. Paul, MN), 4) fine finishing— -
high-speed diamond with water spray followed by di-
amond paste (instaglaze, Taub Co., Jersey City, NJ)
- =%+ with a rotary bristle brush in an electric mo-
.undpiece, 5) four sequential grades of aluminum-
xide—impregnated discs in an electric motor hand-
piece with water spray followed by diamond paste ap-
plied with a rotary bristle brush mounted in that same
handpiece, or 6) fine finishing—high-speed diamond
followed by high-speed Baker-Curson bur followed
by diamond paste applied with a rotary bristle brush
mounted in an electric motor handpiece [60°). Only
+he sixth technique produces a finish equivalent to pol-
«d gold or glazed porcelain. In another study, ei-
ther diamond polishing pastes or Diafinish disks (Ren-
tert) produced smoother surfaces than aluminum-ox-
ide discs [61]. However, it was pointed out that the
" pastes are more-likely to damage the bonding resin and
are recommended only for extraoral finishing or shap-
ing operations. : .

The fit of Cerec restorations can be influenced by the
grinding wheel. Precision along the mesial-distal direc-
tion of the restoration is highly dependent on the num-
ber of restorations that have already been cut with that

.grinding wheel (wear of the diamond or abrading sur-

face of the cutter) as well as on the feed rate of the ma-
terial into the cutter [62] (precision in the buccal-lingual
and vertical dimensions of the restorations is largely in-
dependent of the cutter properties [35). Grinding effi-
ciency for cutting Dicor-MGC glass ceramic is inferior
to that for Vita feldspathic porcelain [63}; only one half
as many Dicor restorations can be cut before damaging
effects are seen on the surface or at the margins [64],
With ini:reasing wear, however, there is less exiensive
damage to the Dicor than there is to the Vita porcelain
(641

Technique sensitivities

" Enough’ Ceréc 3ysteins are currently in ‘use that re-

ports of technique sensitivities are beginning to appear.
These include powder application (required before the

29
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r - o :
Table 2. Comparison of various properties of Vita porcelain and Dicor-MGC materials®
Property Vita poncéla‘in Dicor-MGC Study
Biaxial flexure strength, MPa
Fine grit grind 87%10 216%14 Grossmann [75]
Sand blast 7416 127+19 Grossmann (75}
" Flexure strength of machined material, MPa
Control 77.7+8.3 184.2+243 Liithy et al. [71)
Etched . 73.5+£10.3 179.5£33.7- Lathy et al. [71}
Etched or silane treated 75.2%8.1 191.5+18.9 Liithy et al. [71]
Etched or treated with silane or 84.1211.2 187.9+18.8 Lithy et al. {71)
a bonding agent
Fracture toughness, MPam'A 18 15 Grossmann {72°%]
Knoop diamond hardness (110-g load) 520+20 330+20 Grossmann [72*%]
Wear
Volume, mm3 0.0701 (Mk 1) 0.0306 (light) Grossmann [72°%)
0.0869 (Mk i) 0.0379 (dark) Grossmann [72°°]
Vertical, pm 40 (Mk 1) 27 (lighty Grossmann [72°°), Krejci [76]
44 (Mk 1D 24 (dark) Grossmann [72°°), Krejci [76]
243 Mk 1D 88.0 Grossmann [75], Krejci {76}
Subsurface damage from machining 8.2%3.2 (Mk I) 4113 Grossmann [75)
operations, um 12.4£5.1 (Mk 1)
Groove depth from machining, pm 8.3%1.2 (Mk D 12.2+74 - Kelly et al. {77%%]
T 15.5+0.9 (Mk 1)
Shear strength after thermal cycle
and mechanical load, MPa 43.9-51.1 2.3-319 Ueberschir et al. [54)
*Vita porcelain is made by Vita Zahnfabrik, Bad Saeckingen, FRG, and Dicor-MGC is made by Dentsply, York, PA, USA.
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optical ;‘impressioh"‘is caprured), cavity design, and

finishing the ocdusal surface.

Probably the most technique-sensitive process is pow-

der application. Before an optical. image can be a¢-
" quired and processed, a thin layer of opaque powder

must be applied to the entire prepared tooth surface.
Meyer et al. [65]) investigated alternative techniques for

" delivering powder and discovered that, unless care was

taken, up to 600 pm of powder could accumulate in
some areas. No matter which powder application tech-
nique, the cavity floor collects a thicker layer of pow-
der than either the proximal lateral wall or the occlusal

margins [65]. An air-flow system was found to deliver

an effective powder layer, without any chemical con-
tamination of the room air [66]. Even with that system,
however, layer thicknesses were on the order of 20 fm
to 56 um [66). This layer was incorporated into the im-
age acquired, as if it were the true surface of the prepa-
ration (as if a layer of dye spacer had been added to
the preparation, including the margins). At least some

portion of any misfit of Cerec restorations is a direct

result of this powder layer.

Precision is demanded when preparing the cavity
preparation. Sharp cavity margins and smooth walls are
required to capture the most accurate optical impres-
sion possible and 10 permit milling {7,8,32).

When incomplete seating occurs, the primary areas re-

sponsible are usually near the axiopulpal line angle
and along the proximal gingival floor [67). Hickel and
Kunzelmann [68] found that by rounding the gingival
seat of any proximal box, slight improvement in seat-
ing could be achieved. -

Approximately 50% of the time required to place a .

Cerec restoration is involved in adapration and pol-
ishing [4*,26,69)." This is due to the need for the clini-
cian to create and polish the occlusal surface, The tech-
nique demands a sound understanding of proper oc-
clusal morphology as well as proper instrumentation
[60°,61,70].

Material properties

Two new materials were developed to work with
machining and grinding operations of the Dental

CAD/CAM systems. Vita porcelain js a feldspathic-

porcelain; Dicor-MGC is a glass-ceramic, Properties of

‘the two materials are given in Table 2. Both materials

are very brittle but Vita porcelain is more brittle than
Dicor-MGC [71). Furthermore, because of its composi-
tion, machined Dicor has a lower fracture probability
for the same applied force [71,72°%). Surface damage for
the porcelain is a network of cracks that could poten-
tially propagate [73] whereas Dicor-MGC contains an
array of mica crystals that form cleavable flakes, limit-
ing the propagation of fractures [72¢*), Material removal
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from the feldspathic porcelain appears to be caused by
chipping and, in the Dicor-MGC, by crushing [74,77*+).

Under thermal cycling and mechanical loading, shear
strength of machined Vita is greater than that of Dicor
[55). Failures in shear-strength tests with Vita porcelain
had cohesive failure within the composite. For Dicor,
failure was at the composite or ceramic interface [55),

Conclusions -

The year 1991 was exciting for CAD/CAM develop-
ments. The Cerec international symposium drew the
attention of thé dental community. The findings re-
ported there were very positive—automation can pro-
duce restorations whose performance compares favor-
ably with that of traditional cast restorations. The new
materials produced for CAD/CAM are performing as
expected. In most cases, even though the technol-
ogy may be expensive to acquire, it appears to be
cost-effective in practices in a wide array of countries
[28-30,78-82). While the capabilities of the Cerec sys-
tem may be limited, some of the limitations are over-
come by ‘inventive designs . of restoration [79,83,84].
More importantly, an array of other systems with more
extensive potential are beginning to appear. Future de-
velopments and changes in dentistry and the delivery
of dentistry will be very exciting. ’
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facturing (CAD/CAM) evolved from”
the engineering demands of the aero-
pace and automotive industries. Origi-
ally; the two functions were kept sepa-
ate. CAD was generally used in draft-

machine tools: i
In the early 1970s, as the technol
gy's ability to increase productivity be

tems started to appear commercially.! At
bout the same time, a number of dental

or prosthodontic applications. Each
group began their investigations inde-
endently, however, and were largely
naware of their counterparts® activities
ntil the mid 1980s. .

‘Altschuler et al. focused on develop-
ng a data-acquisition system that could
capture data from the mouth quickly,
eliably, and with high precision.># This

surface imaging system. A prototype of
he device is now being used by the U.S.
Army and the U.S. Air Force.

In Japan, the earliest CAD/CAM re-
earch was undertaken by Tsutsumi
and his team at Kyoto University. They
evelopéd an imaging system that pro-
ects multi-stripe coded patterns onto
he surface being examined.*® The
changes in the patterns that are re-
flected off this surface (a dental cast, for
instance) are then recorded by a video
camera, and these data are processed to
yield a 3-D surface map of the subject.
Aninteractive CAD/CAM system is used
to design a restoration, check for inter-
ferences with proximal and occluding
teeth, and generate the machine tool
paths needed to fabricate the restora-
tion.

. Tsutsumi’s group is also investigat-
ing an array of new, machinable mate-
rials that could be used in dental pros-
_ theses, and is attempting to establish an
index of machinability for materials.
< -‘Their system is currently in the proto-
type stage.

omputer-aided design and manu- _

ing; while CAM made it possible to pro-_
gram and drive numerically-controlled ™

‘came apparent, the two functions were :
smerged and combined CAD/CAM sys-.

groups began investigating the possi- P
ility of developing a CAD/CAM system’

; group’s work has évolved into a 3-D-

Fig.~1: The DentiCAD mechanical digitizer
and computer system. (Everything we're
doing now is PC based). .

Other Japanese teams have also
started to develop CAD/CAM systems.

At Hyogo and Osaka, Kawanaka and |

Takahashi are investigating techniques
to design and machine crowns.'™2.
Hikito and Uchiyama, working at Hok-

~kaido University, use a coordinate

measuring machine to obtain 3-D sur-
face data of a crown form and prepara-
tion. CAD software is then used to de-
sign a restoration, and CAM commands
are generated to fabricate the crown
through a combination of spark erosion
(also known as electric discharge ma-
chining) and milling.”* -

Other groups, lead by Kawabata at
Kagoshima University,” Mikazaki at
Showa University, and Fujita at Kana-
gawa Dental College, are also develop-
ing prototype systems.!s

The investigations-: of three other -

teams, each of which began its work in
the early 1970s, have also evolved into

- modern dental CAD/CAM systems.

Mormann and Brandestini's work led to
the CEREC System (Siemens); Duret’s
system is known by his name; and Re-
kow's group, working at Minnesota,
was instrumental in the development of
the DentiCAD System.

CEREC Developments

The first CEREC inlay was computer
generated from a block of porcelain, at

Testricted .to  inlays;uzonlayszand:

just seven years: later,” approXimaté|
1,000 clinicians use the CEREC systé
in their private practices.' ]

Designed as a_ direct?
CAD/CAM restorative method for tooth:
colored materials, the CEREC sySten

neers, and relies on a three-dimensional &
immediate optical impression method: It
provides rapid chairside CAD/CAM fab
rication and uses adhesive cementation’
techniques."’ -

The CEREC system ¢on
three-dimensional intraoral -camer.
CAD software (now released in-a:2.03
version), and a numerically-controlledy
grinding unit. A new operating system *
was released in early 1991, making the ”
system exiremely easy to use, much
more user friendly, and eliminating the -
long learning curve that was inherent
with the original system. - i

Flg. 2: A DentiCAD designed crown.

Clinical results, both in vivo and in
vitro, were reported in a CEREC sympo-
sium held in May 1991.' Unquestion-
ably, the system is capable of producing
Iestorations that are clinically accept-
able. However, these restorations
should be limited to areas of enamel
only, since bonds between the bonding
composites and dentin are significantly
more likely to leak and fail.*® The major
problems reported to date include hy-
persensitivity (in approximately 10 per
cent of the cases), margin fracture over
time (.05 per cent), bulk fracture, espe-
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\ .
lally if the isthmus reduction’ is’insuf>”
ficient (1.0-2.5 per cent), and recufrent
aries (one case out of 831 restorations
ollowed for two years).s26 . '

Th
Duret system was placed during a dem-
nstration at the International Congress
f:the French Dental Association in
aris.in November 1985.” Between
1000 and 4,000 crowns have been pro-
uced using this system in France and
the United States.?® It uses an optical
mpression, an interactive CAD design
System, and a micro-milling machine.2®
urrently, work is under way to develop
jaw motion tracker capable of captur-
g functional motion data that can be
corporated into the occlusal design of
e restoration.?® While this work ap-
ears to be progressing, and informa-
on concerning the long-term survival
frestorations is possible, very little has
een published on the performance of
e Duret system (clinical survival of the
estorations, fit at the margins, etc.).

-DentiCAD Developments
: The primary design criterion of the
-DentiCAD system was that the final
‘margin fit should be at least equivalent

that of cast restorations (40-60 mi-
crons).*3' A number of data acquisition
systems, including optically-based
‘stereophotogrammetric and triangula-
tion digitizing were investigated as this
System evolved.* Unfortunately, these
optically-based systems were not satis-
factory, as it was impossible to obtain
sufficiently high resolution of the data
to ensure’ margins of 40-60 microns.
Furthermore, all optical systems de-
mand excellent retraction of the tissue
around the margins.

Now, however, the DentiCAD system
. incorporates a miniature mechanical
probe for data acquisition. With this’
probe, no retraction is necessary, and
~ the technique used for data collection is
‘similar to that used during a clinical
. exam.
DentiCad is the newest system to
ecome available. The first clinical
crowns will be placed thisyear, with the
: first public demonstration scheduled for
April 1992 at the Cologne Dental Exhi-
bition. The DentiCAD system is capable
of producing crowns and copings from
titanium, alloys, machinable ceramics
and porcelains, or composites. Its de-
. sign and machining processes are fully
automated, providing a crown within 30

. Other Systems

e first crown produced with the |

nutes of the preparation’s comple-
“Honi ok e .

Other systems that’employ’ limited

~CAD/CAM technology have also become.

available. These include the Procera,
Pux; Celay, and Cicero systems.* The
“Procera, Dux,-and Celay systems all re-
quire an expert user (dentist or techni-
‘cian) to prepare a pattern of the shape
to be- fabricated. That shape is then
digitized with a mechanical probe, ma-
_chine tool paths are generated, and the
Iestoration is- fabricated, Essentially,
- these are 3-D versions of the copy mill-
ing process used in reproducing keys.

. With the Procera System, %3 a die is
digitized, electrodes are machined;-and
the internal portion of a crown or coping
is produced through electric discharge
machining, Then a crown or coping is
waxed and placed on the die. The wax
pattern is digitized, electrodes are pro-
duced, and the restoration is fabricated.

- One major limitation of this technique
" is that the material used for the restora-

tion must be electrically conductive.
This means that very few dental ceram-
ics and porcelains can be fabricated by
this process. .. :

With the DUX system,* a mechanical
digitizer is used to capture data describ-
ing the preparation from stone dies. The
software designs a constant-thickness
coping. Currently, copings are being
produced from titanium, but there ap-
pears to be no limitation to the materials
that could be used. The greatest limita-
Hon of this system is that it does not

produce any occlusal surface informa-- |

tion; the copings are constant thickness
o

The CELAY system® is used to create
esthetic inlays and onlays. An acrylic
pattern of the restoration is created by
the clinician, working directly in the
patient’s mouth. The acrylic is removed,
digitized, and reproduced in machinable
ceramic or porcelain. This system’s ma-
jor limitation concerns the extent of res-
torations that can be fabricated.

The Cicero (Elephant) system is
aimed at producing esthetic CAD/CAM
restorations.* It produces shells of ce-
ramic that are then bonded to another
ceramic or metal substructure. An ex-
traoral laser digitizing scanner is used
to collect information from a die. CAD
software then recreates the mathemati-
cal model of the die, generates the oc-
clusal surface, and creates machine tool
paths. A refractory die is milled, repro-
ducing the prepared tooth. Powdered

‘crops.. ;s :

Where Are We ( oing?

metallurgical or porcelain i5sintered,0n:
the die and milled to; 1¢%idea
Marginal fit-is between 2

An array of CAD/CAM systems have 7%
evolved, but dental CAD/CAM systems &
are, without question, still -in: their:in-
fancy. Developments are.continuing on
both existing and new systems.. With ,
each iteration, the capabilities of these™}
systems expand, and improvements in %
technique sensitivities, user friendli-
ness, computing power, and the quality
of the restorations are usnally evident
as well, S

But the excitement generateds
CAD/CAM is only beginning.. Re- &
searchers are now focusing on integrat-- #
ing automated techniques for obtaining~.
jaw- motion data into the systems, so
that functional paths can be incorpo-
rated into the occlusal designs. Others

sues that, to date; haverremained™8
largely unresolved. -

One of the greatest advantages that
CAD/CAM offers for the future. will.
probably occur in the development of
new materials. Since materials do not

LA AL

" need to be cast when CAD/CAM technol-

ogy is used, different materials become
alternatives. The most obvious of these
is titanium. While difficult to cast, it can
be machined with high precision. New

- materials are also being developed, Al-

ready, a machinable porcelain has been
fabricated by Vita and a machinable
glass ceramic has been created by
Dentsply in collaboration with Corning.
Other materials could potentially be en-
gineered to more nearly match the me-
chanical and esthetic properties of natu-
ral teeth.

Another major area for future devel-
opments will involve the expansion of
the technology to a broader array of

* restoration types.* Inlays, onlays,

crowns, and copings have already been
demonstrated clinically. Though some
groups have been investigating short-
span bridges, there have not been any
reports in the literature describing their
design or dlinical success. Little work
has been done in addressing the ques-
tion of how long a span is feasible with
a CAD/CAM system. Are the difficulties
associated with very long-span one-
piece bridges due to distortion in im-
pression materials or due to loading and
minute tooth movements during func-
tion? ’
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Summary

What can we look forward too? Lots
" with new CAD/CAM systems that
Jhance dentistry, providing qual-
Jstorations quickly. The evolution
of an array of new versions of already
wailable systems as well as altogether
1ew systems will provide improved
juality, expanded capabilities, and in-
reasing user friendliness. And new
naterials will be more esthetic, wear
nore nearly like enamel, and strong

:nough for full crowns and bridges.

We can also look forward to lots of - |

change. Because of the cost of
“AD/CAM systems, many clinicians are
ikely to collaborate by sharing a single
system. Laboratories and clinicians
nay collaborate as well, with data being
zathered in the operatory and sent to a
aboratory via modem. The fabrication
would then be done by the laboratory.
Other changes that we cannot even
aredict are likely to occur in dentistry.
Exciting times are here. Automation
through dental CAD/CAM systems will,
most certainly, change the profession.
The impact of that change will only be
known in the future. But as the future
approaches, the systems and materials

available to us will continue to evolve, .

improve, and enhance dentistry.

)vledgements: Special thanks to Dave Gipe

.45 continuing help in researching our
CAD/CAM articles; to a long list of engineers and
mandgers at the University of Minnesota, Foster

Miller, and BEGO; and to all the groups who have -

supported our developments, including NIDR and

Dr Rekow is associated with the Baltimore College
of Dental Surgery at the University of Maryland,
altimore, Maryland. ’

References -

1. Erdman, A.G. and Riley, D.R. Computer-
Alded Design " and Manufacturing -
CAD/CAM, in Mechanical Design and Sys-
temsi Handbook, H.A. Rothbard (ed),
McGraw Hill,;1985. -

2-Altschuler; B.R., Toboada, J., and Segreto,
V. ntra-Qral Dental Laser Grid Surface
Mapping, Applications of Optical Instrumen-
tatio Medigige IV. SPIE 70:347-350,

33Altschuler,” B.R. Applications. of Inter-
ferometry and Optical Metrology in Dentistry,
Applications of Optics in Medicine and Blol-

4:5Altschuler, B.R., Toboada, J., and Alt-
schuler, M.D. Laser Electro-Optic System for
3-D Topographic Mensurations, Imaging Ap-
plications. for" Automated Industrial Inspec-
tionZan, embly.’ SP{;._§'182:192:196,

" Practice after Two Years. In

& L -
‘M.D,, Altschuler, B.R. and To-

boada, ]J. Measuring Surfaces Space-Coded
by a Laser-Projected Dot Matrix, Imaging
Applications for Automated Industrial In-
spection and Assembly. SPIE 192:187-191,
1979.

7. Altschuler, M.D., Altschuler, B.R. and To-
boada, J. Laser Electro-Optical System for
Rapid 3-D Topographic Mapping of Surfaces.
Optical Engineering 20(6):953-961, 1981.
8. Altschuler, M.D. et al. The Numerical Ste-
reo Camera, 3-D Machine Perception. SPIE
283:14-24, 1981. . .
9. Tsutsumi, S. CAD/CAM in Japan, Proceed-
ings, International Conference on Computers
in Clinical Dentistry. Quintessence, J. Preston
ed., 1992. .

10. Tsutsumi, S., Umino, K. et al. A Develop-
ment of Dental CAD/CAM System. The Quin-
tessence (Japanese) 10{11):135-142, 1991.
11. Takahas}, J., Kawanaka, M., Watanabe,
T. et al. To the Development of CAD/CAM
System Using FGP Method. 7he Quintessence
(Japanese) 10(8):115-121, 1991,

12. Kawanaka, M. Dental Crown Made with
the CAD/CAM System. The Quintessence
(Japanese) 10(9):155-160, 1991.

13. Hikita, K., and Uchiyama, Y. Production
of Metal Crowns by CAD/CAM. Unpublished,
Hokkaido University, Japan, 1991,

14. Kawahata, N. Application of CAD/CAM
to Removable Denture. The Quintessence
(Japanese) 10(10):115-121, 1991,

15. Presentations at the Japan Society of
Artificial Intelligence in Dentistry, Osaka, Ja-
pan, February 1991.

16. Proceedings, International Symposium
on Computer Restorations, W.H. Mormann
ed., Quintessence, 1991, .

17, Crawford, P.R. CAD/CAM in the Dental
Office: Does it Work? J Canad Dent Assoc
57(2):121-123, 1991.

18. Haller, B., and Hofmann, N. Postrestora-
tive Sensitivity: Mechanisms and Prevention. -
In Mormann ed., Proceedings, International
Symposium on Computer Restorations,
Quintessence, 127-140, 1991.

19. Mormann, W.H. and Krejcl, 1. Clinical and
SEM Evaluation” of CEREC Inlays after 5
Years in situ. In Mormann ed., Proceedings,
International Symposium on Computer Res-
torations. Quintessence, 25-33, 1991. .
20. Bieniek, K.W. and Peters, A. Clinical '
Evaluation of Ceramic Restorations Ma-
chined by a CAD/CAM Technique. In Mor-
mann ed., Proceedings, International Sym-
posium on Computer Restorations. Quintes-
sence, 327-336, 1991. .

21. Otto, T. Clinical Evaluation and Experi-
ence with the CEREC-Method in a Private
ormann ed., -
Proceedings, International Symposium on
Computer Restorations. Quintessence, 347~
354,1991. * - ' !
22. Reiss, B., and Walther, W. Uberleben-
sanalyse und kiinische Nachunterscuchun-
gen von - zahnfarbenen Einlagefullungen
nach ~dem CEREC-Verfahren... ;-
100(5):329-332, 1991. e s
23. Mormann, W.H., Gotsch,-T., Krejci, 1. et
al.Clinical Status of 94 CEREC Ceramic Inlays

" after 3'years In-Situ. In Mormanned.} Pro- - |*

ceedings, International Symposium on Com-

puter Restorations. Quintessence, 355-364, "

‘sence, 183-187, 1991.

. 34. Bayne, S.C. What is the Future of

- Passgenauigkeit von Computergefrasten]

.-38. Celay System Product Literature, Microna’

sence;-33-49, 1991,

1991.
24. Carlsen, S.W. A Practice Specialized on
CEREC-Restorations in Denmark. In Mor-
mann ed., Proceedings, International Sym-
posium on Computer Restorations. Quintes-

25. Pallesen, V. Clinical Performance of
CEREC-Restorations: Restorative Procedure
and Preliminary Results. In Mormann ed.,
Proceedings, International Symposium on
Computer Restorations. Quintessence, 285- °~
300, 1991.
26. Isenberg, B.P. Essig, M.E., Leinfelder, -
K.F. et al. Clinical Evaluation of Marginal
Integrity: Two Year Results. In Mormann ed.,
Proceedings, International Symposium on -
Computer Restorations. Quintessence, 163~
172, 1991. ' -
27. French Company's System Trims Prothe-
ses Production. Dentist Magazine, 64:31 No-
vember/December, 31, 1986. .
28. Duret, F. The Duret System. Proceedings,
First International Conference on Computers
in Dentistry. J Preston, ed., Quintessence,
1992,

29. Duret, F,; Blouin, J.L., and Duret, B.
CAD/CAM in Dentistry. JADA 117:715-720;
1988. L
30. ‘Holmes, J.R. Marginal Fit of Castable
Ceramic (Dicor) Crowns. MS Thesls, Univer-
sity of North Carolina, 1986.
31. Rekow, E.D., Thompson, V.P. and Yang,
H.S. Margin Fit of CAD/CAM Produced
Crowns. JADR 70(A):Abstract 1349, 1991

3

CAD/CAM Materials and Techniques? Pres-
entation at the ADA/NIDR Esthetic Restoras,
tive Materials Symposium, November 199
35. Andresson, M., Bergman, B., et al. Clini
cal results with Titanium Crowns Fabricated;
with Machine Duplication and Spagk Ero-
sion. Acta Odontol Scan 47:269-296, 1989,
36. Reppel, P.D. Boning, K., and Walter,
Festsitzender  zahnersatz  aus. ~ge-!
fastem/funkenerodiertem  Titan. | | Dtsch;
Zahnartztl 46(11):756-758, 1991. d
37. Schlegel, A., Besimo, C., Guggenheim,
et al. In-Vitro-untersuchung zur Marinalen

tankronen. Schweiz Monatsschr Zahnm
101:1273-1278, 1991. P

Technolgie, AG, Spreitenbach, Switzerlandﬁs
39. Stachniss, V., and Stoll, R. Compute
Technologies in Dentistry Computerized Res=
torations: CEREC and other Methods. In Mof:
mann ed., Proceedings, International Sym:
posium on Computer Restorations. Quintes:

~Fom
42 3%
e - . ~
CatEee e a

CIOTIRNIAT #<

. April/Avril 1992 Vol. 581

ClearCorrect Exhibit 1002, Page 1958 of 3373



L - ]

FMAR=-BE=-80 @4:Qd7 PM

. PROSTHET
e e DENTIST

ASSISTANT EDITOR
Renald P, Dexjarding

e

EDITORIAL COUNCIL EDTTORIAL REVIEW BC

I. Kanneth Adismien, chairitan 1988

Dale E. Smith, vice-chairman Charles 2, Dufort Aran Mayyar

5. Howacd Payne, consultant Anrsn H. Fenron Marzban G.

Louds J. Boucher Gerald N, Gmasr Tames L, San

Thomar A. Curis L. Franses Gracnwood Kenneth A,

Gerald M, Grams Tumes B. Lapley Maed B. van

Wililam A, Jennings Glen F. MeGlvney Semuel P. Wi

William L. Kydd David L. Moore Warman Yow

Glan P. McGivney

Choser Peery 1684

Kennath E Wicsl Michasl 0. Bagby Norman D. Mohl
Charles H. Casey .+ Bobert P. Redner

SECTE Thomes A Curtle Jezome U7, Shhtol

ON EDITORS Richazd 1. Grislun Sheidon w:;{.‘l’er

Fized prosthodontics Howard M. Landesrasn Bonald D dy

nod opsrative dentintry Paul ). Mentag Anthony T. Joung

Bamuel E. Guyer

Willlamt Lafkowite 1990

Wiillam F. P, Malane Garald M, Barrack Duvid A. Kajer

Jehn %, Bhoada Seymoour Bimbach Duvld L. Ko

Robart C Sproull Robert L. DeFranco T. Graham Natthews
Edward 5. Duke Lanca K. O n

e Tioe Erosthodentics Wilmer B. Eames Chester K. Hhary

Payne o A, Fawler, Jr. Jumes A. Bt Ut

- Howard m A. lanzano Kenneth L. Jtewart

Maxillefaclal prostivetics Witliem A, Jannings Charles A. Ylio

and dental impisnic Jehon . Joner Getrald D. ey

L. Kehneth Adisman

Forald P. Desjazdina

Lranlonandibalar funetton -

wd dystunction

Ceorge A. Zarb

Resaurch and education

Louss J. Boucher

Dental technology

Kenneth B, Rudd

SPECIAL CONSULTAMTS EDITORIAL ASSISTANT

:ﬂ'l-‘lq Barton, editoria) consuliant Qvig Colleen Ringle

" Kanneth borsa, stwtfatica! corsuliani
Ra . SENIOR MANUSCRIFT EDITOR
iph W. Phillips, adelsar, dental graizrich Berbace b KI
hd i 1987
QLUME 58
THE C.¥. MOSBY COMPANY DECEMBER $T. LOUIS

ALNODG582

ClearCorrect Exhibit 1002, Page 1959 of 3373



MAR-BE-0B o4:07 pH

San Diegs, Calil; Balph P, Feller, D.M.D., M,
M.F.H., Chief, Dental Serviee, Jerry L. Petds Memari-
& Yetersnn Hoapita!, Loma Linda; Amoclate Profeasor
of Promhodonilcs, Loma Linds Univerdiy School of
Dentinry, Loma Linde, Calif; George W, Carrofl,
D.DS, M5, Chief, Depl Service, VA Medica)
Canter, Saa Diego, Calif;; Bobest A, Wiedtin, D.D.S.,
M5, Staff Oral Surgeon, VA Medical Center, Sepulve-
du; Adfuna Asilstant Professor of Oral Surgery, UCLA
Schoal of Dlenlisiry, Lon Angeles, Callf.; Charles A,
Arakaki, D.D.5., Staff Dentln, VA Ouipatiant Clinic,
Las Angeles; Lecturer of Remevable Prosthodontics,
UCLA Stheal of Dentisiry, Lon Angeles, Calil.; and
Mithael A Perrome, DTS, Director of General
Practice Resideney Progeam, Jerry L. Patls Memorial
Veverans Hospital, Loma Lindda; Asdstant Brofessor of

Eestorutive Dentistry, Loma Linda University, Loma
Linda, Callf.

219024 To

AR

Erseutive Committee: Ktishan K. Kapur, T
M., Chalrman; Hurry Blechman, D05
W. Caryoll, D.D.S.; Robert H. Deupree, PR
Ehelich, D.D.8.; Robert HL, Sprigg, D.D.S.

Oparationy Committer: Gersld #hklsr, D
M.5., Chaitman; Potver Chang, Fh.D.; Richard
zns, D.D.S.

Biostatistical Siaff: Robert FL Deupeee, PhD,,
bars Eomends, Marguret Lee, Claire P
Tunys Econamon

Roearch Swff Angeline Brady, Henry
Elizabeth Sambenso, Bill Blogle, and Burbary
o

Participating Centars; Veteram Administracion
ieal Ceniers 2t Loma Linda, San Diege, Sepulv
West Log Angsles, and Vererant Admizistration Gurpa-
tizad Clindo at Los Angoics

S Brar oo

Gy rwe o

Computer-aided design and manufacturing in
dentistry: A review of the state of the art

MManne Rekow, M S M.E., D.DS"

Univeruity of Minsesots, Schaod «f Dentiviry, MinserpnTh, Minn.

Aduancu in computer-sided design and computer-
nided manufacasing (CAD/CAM) are providing & new
opien for dencletey, creating an alsernative technigue for
producing dental restoradons, Theet groups are astively
ergaged in applying CAD/CAM tachriques. One group
is supported by Feaoraon Internationsl of France.
Anpther i & copnbined 2ffort hetween the Usiversity of
Zurich and Brains, Brandesini Instramenss of Switgers
fund. The third group is at the Univershy of Minnesoa;
i major sources of support arc the U5, Nationad
Institute of Dental Research and the University of
hMinnesota, Each group has o alighily differesn philoso-
phy aod approach. ANl three, however, are working
¥ toward the common goul of integrating engineering
applications of swomaton in the ereariom of dental
proatheses. This review desorlbew the symems being
doveloped by each of the three groups and identifies
similaritles and diﬂe:eu«: betveeen the rystems,

"Tamracior, Departniun of Crihadaniley and Department of Machan-
iaal Enginaering Wuions! Inssitune of Dwal Nessarch posudocyrs]
Lediow,

sz

THE FRENCH SYSTEM

The French aysieen uges 8 laser scanner w produce
images of the paticar's Heauth. Dats are p
dhape-recogniton software, visualized on a
play, nod trensferred w a QAD/CAM sohiw
thai ereates o three.dimensional modsl of the fmviron-
ment where tha prosthesls wlimarely will be Fi
interactive eapabliity of the CAD/CAM soft B
the deplin 1o access & library doseribing “tfeoretical
tecth,” sdapt them 1o the patlent’s oral environtpent, and 8
deslgn a three-dimaraional modei of the pros onthe gl
computer wereen. The CAD/CAM sofuwars pemputer X
the Instruent paths needed and s micromilling machice 4
ayus the tosth,! .

A hand-held opiical probe measures the thrie-dimen- §
sional coordinates of the tooth prepared for a fhatoration
and of the adiacent 1emb? The scanner b
theoretical barin ximilar 1o Moize® fringe
u ragalution of 30 ym, The probe condists pri |
Saser.dlode source and & charge-soupled-devile (CCD) §
photorecepior. A nonrefiective substance s apiied 10 the
patient’s testh to tlipinate rpurioun peflecy

CCTORER 1947 VOLUME #
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probe Ls pamsed over the taeth. The creased by the
Mﬁd\trﬁmdhmtmﬁiswuphtheccb
arrays, converted o a digital signal, and relayed 1o the
eomputet.’ Bata, from the tignal are dven processed and
the results are displayed on a vides manitor {n process

thit requires 2 to 4 itutes). A Lot pedal permils the'

image to be Rxed for further examination so that it can
be accemed ar rgjected The probe must pas over the
teeth four times and four accepiable imagss mun be
obtained. in expert hands, dawe of the prepared tooth, the
wijpeent testh, and the opporlng demticion eun be
acquired In Jess than 3 mipures?

The CAD/CAM system; wsed i Euclid (Maga
DPatavision Woburn, Bass,),' running oo g MleroVAKX
I! (Digital Equipment Carp., Marlbors, Man.) com-
puter! The Euclid system in used 1o create & solid model
af the wurfdte where the prosthesis will be Etiad,!

A Lbrary of vooth formy Twa been created. By wing
routlnes avallable in the Buclid usit, the system uder cam
inlesactively restoze the missing teeth om the displey.?
The honetion of the CADACAM symem I to generare
the prosthasis to fit the upique requitements of the
patient belng treated. The Sneernal comfiguration s
determined by the dynamics of the fiow, thickness, end
resistance of the luing agmt The external focm and
velume depend en contact aress, vexibular and lingual
tarves, and ariulsion’ The wan recotding the
required daea from the patieats mowh tun be made
before che preparation hay been out, permicting che
exiaring wath morphology to be exactly reproduced or, in
the suse of severely damaged weth, the morphalogy of the
reptacament \aath can be generated from the brary of
intth forma. The computer-recoeding spparstus i capar
ble of recording temporomandibular joint functen 4o

heowic

THE JUANAL OF PROSTHETIC GENTISTRY

2129824 Taz

The yysem can be conBigured in a variety of
from 3 pingle um:l-l]cm: symem 1o muldp

scheduled to begin In 15877

THE SWISS SYSTEM

The Swism yyuem, trademarked as the
Systems (Brainc, Brandemini Inmruments,
Switaerland)' alwo uses an eptical topographic s
procedure snd an clectrenienlly  esntrolled
mashine™® A three-dimeraionsl oral amera

H L

epsvem le eapable of machining porselain inlays gnd
demooatrated in Zurlch on May 1, 1986.*

paoritioned over a prepared tooth, The scanace
ruces & Light-emiing disde and lens sysiem to {1lgn
the cavity of the woth, Before reaching Lhe to
light mays are defletted by reflecilony from afmicror,
permitting aavy ascess in b patlens’s mouch. The ray

pasing through the ruled Gioee cass 2 patcom of Hight
end dark mripes on the prepared caviy. Thellight is

diFeren: angle) by a COD seaser with meiclibis
by 256 pixals, The Intensicy of this reflecied]light is

uluumruw&edindigimmm.mm
the cocprater for mh:qummnlyﬂs"rhc ahming
s ciam II cavity requires only 9.2 secondn.’

penduct thae the ceclusal garface can be properly formed® The vertical dimension of the depth of the Fa
" sped by Complete modeling ot the screen requirer 2 w 0 determined by the appgrent shift between chelimcident
" en dig minutes.’ and reflected light; deeper pama of the cavir] exhihit
pickage When the preathesia design s complere, the CAM mwre apparent shift chan shallow areas, Althyugh the
sviron- wmmands In the Exiclid software permit the instroment  seruracy of the readings obeeined with the scan head are
zd The paths for nurotrical-contrel {N/C} machining 1o be genevully adequare, they can be improved by cohting the
el Eemerated. A three-axds mleromilling machine cum the  cavity with alayer of white, glare-fres subciancd {uch 2y

CAVISON, Svcdis Dental Induscy, Erkoepihg

- eoretical prosthesis. The prosthesis can be manufactured 1o 2 Swre-
went, and tolerancs of <BO ym.? The tooling cycle requires 15 1o 20 den). Calibration b required w establish pretlse
" deon the cinutes' meale for incenslry na a Funcdon of eavity depth JCalibra-
. pmputes The French system will be capable of ereating inlays,  tion can be accomplished by mapping v mandary element
- machioe onlays, thret-quarer crowss, full crowns, threeeunit  fhiat cab alio be mapped with other conventiarkl means
fixed partial dentures, and cemplete dentures, milled  (such as a caliper). The toial field can be reprepented in
" adimen- e {tom a solid block. Crowns can be Mabricated from gold,  0.05 min ramer units, covering & tawd volume ¢ 12.8 by
sgtaraticn composlis, Ronpretious metaly, of caramic® Complrte 12.8 by 12.8 mm.™
o, with 1 wowna ean be erented and sealedsin a single appolnt- “The computer used b a desk-top model {iirch a1 an
iquey, has Menl On MNovember 30, 1988, mi the Intermational Apple 1 wlth two memery boards suppiled by Marrox
- ipallyofa Congret of the French Dental Assotiatian, Dr. Fransoie
* e {CCD) Durex” demnonunrated the automatie synem by produdizg Thfoaiint WH, Hrandenil M. Metwd ind apparfas for the
Tied o Re a poaterior crown restoration for his wite (o Jess than 1 Cabeication of cunein-shaped Lmplats. ULS. Farend Nl 4373405,

Mwrch 11, 15846,
1

F.1la
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Lid,, Quebee, Cunada, Part RGB 256/4). The compurer
traraforoa the voltages repostenting ineensisy o depth
values for each x, ¥ potition of the cavity.™ This symem
* #lsa incorporates & memitor thet displays the cavity /fiolay
data being peoceaxed by the system? parmitting visual
werification of the quality of the data being acquired !

Inlay [abricwrion iv stcomplished with & three-axis
N/C milting machine.” Three tranalarory plaiforms are
moynted on & nuppordng frame to previde x, y, and =
poshion central (Micro Contrel type ME-80.25, pant
No, 338404, M.C. Corp., Viiry-sur-fione, Franee).
Fash pl:.t&rru s moved By n wepper motor {Sigma
Innrumenus rmod. Mo, 20-2220 BD 200, Bralncres, Md.)
drivens by u lead screw that ia controlled by the micre-
omputer. A turbipe {(Pam Na, 464004,
Midwen American, Melrase Fark, Til.} pewerlng a
diamond bur is rigidly conneoied to the y-axic platorm.
The turbine is air driven and coalent Le run over the part
being milled during the drililng operstons.”

Inlays are machined from prefabricawsd rod-shaped
blanks of denial poretdaln. Thess blanks measure
spproximately 9% 9 X 13 mm and arc fabricated by
uring conventlonal dental porcelain technigues; Vitadur-
353 N (¥iia Tabmfabelk, Bad Sackingen, Wen
Crrmany) irit powder it mixed with distDled water and
eondenned manually into 2 103 10 X 15 mm neel die,
The condensed frlr powrder 3 fired under vaquum and
the tzmperature is inereased al 2 rate of 60" C/min 1o
950° C and beld at that tamperarars for 1 mioute, The
poreeluin blanks are bonded 16 2 stub, sllowing the
blankes o be fixed irnide the thres-axis miiling machipe.
Milling of » clusn II porcelsin inlay requires S 1o 7
migarey.”

The Inlays arc mated with a siomltaneously light- and
chemieal-cuting ludng agent (Heliobored swo-paste sy3-
tem, Espe GmbH, Secleld, Wen Germany)d The
oeclusal surfacss are then ground into otchurion by the
dentlae. Although the willing accuracy of the renoration
hax not been reperted, the marginal Imegrity of this
restoration has been shown 1o be eccellap '

THE MINNESOTA SYSTEM

The system a1 the Unlversity of Minncsowa is mill
under development. With thiy xypem, data are requiced
Iz the dental office and 1ent to anether locaion for
proceusing and machiniog. This perminy system coms w
the dentiat o be kepr at 2 minimum, well below $5000,

¥ The syatem s belng developed t be capable of milling a
metal Tull-caverage erown, When thac is pessible, cther
more cendervitive restoretions will S simple modifica-
dons. Porentinlly the symem will s be able 1w mill

—— 4

+ "Mrermann WH, Bracdomind M, Mahod and spparaws for the
Fexcieachon of cuntom-shiaped implante, 17.5. Patean Na, 4,575,505,
March 11, 1088,

Bid

feameworks for partial dentures and complere de
brazs an well an multicnlc Axed pardsl depwrer,
majar Focus on the development of this syseem js o b
it comnplerely autematic, without any isteractlon &
user. ¥ To date, no demonstrationy have been |
with this yyem. The dasgn criterion for this sy
however, in that fina] crown margins will fic o wit
e st the margin.

Data are acquired by uring a photagraph
rysiem. In the opintoa of this group, wierances fod good
fit at the crown marglns can only be met with
tesclutien duts scquigitian and diglising equip
Ay that resolution, [t in net yet possible ko
realstime data because ne more chan 512 X 512 P
can be writsen to 3 computer seal time unleds exirafra
buffers are avaflable, which Incresscs the comt
tally. Data acquired include the sutfact of the
prepared for & irown, the proximal aegmens o
wijneene teeth, and the wurface macpholegy §f the
oppeaing tooth of teeth. The posdtion of the cusp fipa of !‘l
the spposing dentidon wre cbuwised relative Jo the )
vurface of the woth with the testh In §

. R - A

gi¢

permita the Beld of view to be 90 degrees from che
axiz of the lens. Dapth of hield is cxmentially infiz
entir= (rown preparatisn can be wewed from
paition approxinucely 25 mm above the wurf|
woth, A number of views are used, however, 1 .
thar camplese s ohtaindd and 10 wgnimi;
the lkelthood of biur catpd by the patient movige, The 48
tooth i illursinated with fiber-optics, which sfrround 3
the lens, A three-dimenvional ealibration device .
feld of view of every imags, permitdog e -
ealibration of the lmage withowt impesing
straints op the peaitios of Lhe ks relative 1o Lhe
in any way consiralning the paticor's hend ¥ e i
To permit three-dimensional nurface recon uaion &

in the positions where the teeth are in contad
palrs of irnages are made, The images aro ra 1
sandurd Glm (Ectachrome, ASA 400). The expdeed Alm
it developed by commercial pracesiors.

The color slides are digitized by using an Elkpnix EC
BSO (Eikonix Carp., Bedford, Mam,) digittainf syatem
inm'l‘ac:ﬁ with a PDP ti/44 with REX 11.M-PLUS

gperating systemn (Digital Equlpment Corg.}.

tizer hat 3 resslution of 4096 X 4094 plaels, The image &
of the tooth filla the entire field of view of the Jighizer, 38
providing a Timited reclution of 244 am {far

gl U
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dfinznerer image broken Into 4096 plxels by 4096 piela).
Repearabliity of the digitizer in 1 pixel. Each plxe] hay
an x,y image address, The digitieer senses the intenalty
of light parsing through cach pixed and writes that value,
along with the address, to the computer. Images can be
analyzed in grey seale sy weell as in red, blue, and green.
Digitizing time in 10 to 50 moands per glide, depending
cn the tolar seale being usad.

Twe techhiques are being investigned for thres.
dimensicna) reconstruction. The Bret is the mathad of
diract linear transformation.”* Pefore thiet=dimensiomal
analysla can begin, sach of the polnts fn one atereo lmage
s be manched with it correspoading peint In vhe
othey half of the sereo pair. To provide orignal
alignmens, wrong edges {like the margin of the prepared
tonth} in each §mage are fourd by wing aljorithms
developed by Canny™ for robet thres-dimenaional obsta-
cle svoidance and robot vision. The weaker edges (such
s bur seratches on the prepared surface) are found by
wsing slgocithme devised by Haralich!” and Marr and
Hildreth,® Correlation technigues are then used m
chiain the mon likely relative orientation of the rwo
images, When the carrespondence between points has
been established, the direct-linesr transfermarlon i
applied to reconatruct the threc-dimenzionzl image.
Aecuracy with thir method j» undergoing invemigatlon.

Grimsea™ an aliernadve technique e the
direst-linear trangformation. He that for any
,  iven wet of edges (for any Image) and iniensitics, therc
i wilns one unigue sucfuce. The aceuracy of reconstruc-

<525 sEgAglBSRRETPAR mesRess

S
in
RN L

£f

= AX Y qlons with thin bechinique are being evaluated.
dage B Three-dlmergional coordinates provide the camjputer-
o dw - based equivalent of perfealy mounted costs on an
AT . infnlely sdjuntable arleularer. The internal purface of
% the erown ls defined by the reconsiructed three-dimen-
¥ wopal coordinates of the prepared tooth aurface.
roued § When the three-dimenalonal cocrdinate from afl of
in fhe | the images have been recenseutted, the pathe of motien
nusll g of the opposing dentition as they puts over the prepared
o4 ot gy woth are enablished. This i dome wiing kinemadle
xth o SN analyis of the poritions of the accluding teeih relative o
Ve prepared woth,® The external surface of the crown |2
- m  muomatically designed. A data base that contains the

i eonfiguradon of each of the tooth forms in thelr ideal
4: configuradon has besn cremed® For any crown
i, designed with this computer sysom, the ideal oem is
s med, but it i automatically modified to fit the unique

i af the mesal-distal and buccal-linguel

The internal and external surfaces of the computes

B (raigned crown are mathematically described by Be
 ImIE” S yoline and/or Bezier Ssurfaces, permiiting subsequent
S wachining.! The CAD/CAM aymem uxd o the

¥ \CEM-DDN package (Integrated Corsputer-Alded

B THE JOLRNAL OF PROSTHETIC DENTIITRY

2129224782 - - -

Numgerieal Coatrol, Contrel Daw Torp,, Min is,
Minn.). The computer-design surfacey are ®
generate machine-tool patha for rubaequent mackining
with a five-axis N/C mnrhine.

QUESTIONS FOR COMPARISON OF
SYSTEMS

To evaluate the value of any wysiem, 2 o
guartions mnt be asked. Each deatist muzt aval
advantages and disadvaniages ik the sysem bedpgs 10
his or her practce. In additlon, the gquality Db the |
CAD/CAM systemn and the inugrity of the rendradon
that It produces mum be earsfully consldered.

COMPARISONS AND SUMMARY

‘Three groups are acively engaged in ini
CAD/CAM techniquet invo the development
mited yysiems for production of demtal rest
Demoratratiods of the French and Swiss ayut
been held. Both systzis yae oprisal-bazed rel-iime
data-gequlsition devices. Data acyuidtion with th Min-
pesta pystem waes photographs and a high-tesplution
digitizer,

The Minnesota and French systems are de

Engincering and Machining—Design, Dﬂmna and

tysers Lo designad to [abricave infays only
ocxlusal surface bt created by the demin after the
seared,

ALl of thee systems use state-of-ahe-ar technldues tor
designing the restaration. All three mill reswratichs with
commands genesated by a CAM package. Ho , the
Swin and Freneh rely on & three-axia milling njachine;
tha Minnesia sysem uses 2 five-axis machine, ravid-
ing greaver [rredom InTpreducing required nal
sgntours.

Coats of the wyrems cannot @t yet be coppared
becaute only the camt of the Frendh symem hjn been
published. By Limiting the ameunt of work donf in the
dental office, the equipment i the affice will Jost the
jeast with the Minnesota ayibem.

All three aysteru offer an alternative to the cymrensly
practloed impressica-diedest waxecaning finigque.
Potentlally each can save the denrint time by ploviding
restoratlons thar aceurarcly Fr the patien: Jeithout
requiring halnide adjusments. In addition, ey <an
provide meore corslmency in ceatoration design akd cpen
tha poutibility of 2 whole array of differcar reforative
materials, lpcluding machinabla ooth=solorsd] ceram-
lew,
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» restoration design;.
== restoration: fabncatx SE SO
+ With the CAD-CAM systems, dataacquisition (all the; teps currenﬂ 3

mvolved in. takmg animpression: and, ‘with'Seme systems, creating -

models and ches) can be:automated. DeSJgn currently the waxing, process
p] ced with: computer commands supplied.eitheri teraclnvel by the -
special programs called an expert system. . '
ting and casting techniques canbe replaced by, faster fabncamon
in modem manufacturmg Varied; technologlescan

. E DIANNE REKow'
PH D. :

.JADA, Vol. 122; December 1991 43
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o machmmg The sha

‘ mouth) an 1rect1y u-ansfers t.hat
shape to a-taifiature. mlllmg ’
machine.” The' systemis similar to
a key copymg or pantograph
mach.me o .

-The Procera system"‘“ ) .
"(Nobelpharma, Inc., Goteborg, -
i Sweden) isa copymg and - -
| fabriéatioti systern usmg a
pa.ntograph and electnc dlscharge

and t.he wax pattern oft the o
restorahon are; read" by a:

pantography stylus that tra.nsrmfs oL
these shapes to arm]]mg machme R

N toproduce ‘eléctrodes in' these Vo
: shapes These electrodes are: used

to produce’ arestorationwith: EDM. .

The DentiCAD system '#

‘1 producé only"

have dccess to t.he Titérn
portions of a.crow
" The DUXand’
Procerasystems -

-copings; they. "
“have insufficient;
-CAD capabllxtles
‘to desxgn thes .
oeclusal surface-of.:
' the restoration.

DenthAD system ifn 1992) :
- Various materials are available:
for fabricating CAD- CAM

44 JADA, Vol. 122, December 1991

'restoratmns Many

els and Vita Porcelamv(Vrta g
L Z_Za.hn.tabnk Bad Sachmgen
' Germany)

N Both e SEREC: a.nd Duret

. systems pro dea moderate level

_ |-of atitomation; both, however,
‘require: the usertobe mvolved )

. mteractlvely with the des1gn of the - -
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| There'is no need for retraction and

JADA, Vol. 122, Degember 1091, 45
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isolation of the argins. The probe
tipi§smaller in diafnieter than burs’

.| used to create-apreparation so -
[-thereisne probler with access—

' the probe can easily obtairi data- .

‘ stbgingivally. From 3 clinical -

-perspective, using the probeis - - -

[ require the'uset to'becorme, > -

familiar with GAD-commands. All
systems require the user tolearn
some fundamentals of milling,.

46 JADA,Vol. 122, Decernber 1991

" thgﬁ_\igh-' these ar

AL } ‘SYSTEM COSTS:
similarto-examining withian- "+ - | ¥

P

coricepts curren

COMPARISON OF

sts of the varic

acquisition also néed .
considered. The.costof operating: .
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_ mcomplete mformatlon is |
avallable SO no fair compansons
canbe made :

COMPARISON. OF
QUALITY OF FIT .

’I‘here is httle agreement .
concernmg the acceptable. quahty
offit for GAD-CAM restorations:'
There is httle agreement mdeed

3 -about how: measurements should’

| be:made to détermirie the quality

- | of fit.”. For crowns, the fit it the'
f margms (especially subgingival

| margins) should be better than

-around an mlay 5 occlusal
peripherysince moré tlssue

reactionis likely to occtir in those

areas. 21 Ho]mes found that
excellent full coverage castmgs

typlcally have a gap'between the .
margin of the preparation and the

margm of the restoratlon of ab ut -

4010 60 microns.” " -
Margmal fit for the CERE i

Duret, Procera and Den iCAD

systems are hsted separately

(valuesfor Celay and DUX aré not-

yet known) Chmca] experience’
with the CEREC 1n1ays—all with
supragmglval ma:gms—suggests
that the 100-um fit maybe
adequate for this type. of
restoration. 222 The onlychnlcal
data reported to date on the

performance of CADCAM crowns’

i compl

‘Some: aspects, like optxcal

’expenswe-o ers_are elatlvey
-lessso: -+ X

that the DennCAD system
can prowde crowns with "
margmal fitat least as good
as that achleved with

. excel]ent _castjngs.;_ -l

2 mvo}ved in th
. process; other
ete automatio: freelng the ‘
c11n1c1an for other tagks. ° i

Some use technologles szmllar :
to those already used in den

state-of- the-art in englneenng or
manufacturmg but not dentlstxy

1mpressxo r
senmtlve'- ers hke the: +..
DentiGAD:. digitizer aré‘forgi ng;
andeasy to use. Some systems are
easy touse; others requlre expert
users. Soime dre: lmm Dy

Excmng changes are occumng_
in producmg restorations. CAD-

JADA Vol l...., Deuember 199] 47
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system is the
-*best for thetr

1586, Address.
requests for nprins
o the auﬁ:or E

" ehoose ndt.to-
use CAD-CAM

{hiinks NTDR for

48 JADA, Vol. 122, December 1991

hz'{pp‘e_ﬁ_:s ifyour "

M.Die CEREC ¢6

reconstruction: 'inlzys,'énl'a y
Vertags GMBH; 1986,

and veneers. Quintessence

for the f:
us pa!enl no. 4575805. 1986

o[

M. i TRy
a!drd direct ceramic. inlaysA qunlessem:e 1989'20‘.329-39
6. Heymann HO. CAD-CAM:©)
system, Denn‘ruday 1990;,9:654:
F,

- condition.. ‘Acta Odontol Scand l964
22" {senberg BP, Essi
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Abstract

A system capable of automating the production of

dental restorations has been created in the investigtations

"reported  here. The significance of an automated system

‘crosses an array of boundaries, offering advantages to

the dental patient, clinician, and researchers.:

The automated system consists of a data acquisition
system, data and image processing functions, and
fabrication system. The data acquisition systém and image
processing is unique, permitting intraoral data to be
‘obtained . directly from the patient's mouth to be
reconstructed in the compufer. Custom designed computer-
aided design and manufacturing (CAD/CAM) software then
designs a restoration that is morphologically corfect yet
fits the wunique configuration requirements for each
patient. The CAD/CAM software generates tool paths,
creating a file to drivg a micromilling machine. The
restoration is milled from a solid block of material.

The system integrates .technologies and techniques from
stereophotogrammetry, computer and machine vision, image
processing, manufacturing, CAD/CAM, material science, ana

clinical dentistry. It has posed some new guestions and

has suggested some exciting new research avenues.
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Chapter 1. Introduction

Deﬁtal restorations have been produced_sinde the fifth
century B.C. (169). In early times, they were created by
metalsmiths. Not wuntil the 1700°'s did den£i$ts become
actively involved in their production. Through  this
entire time, fabrication tecﬁniques have remained
essentially unchanged. |

With the advent of the new design and fabrication
techniques of compufer—aidéd design and manufacturing
{CAD/CAM), it seemed reasonable to investigate the
possibility of applying those techniques to modernize the
production of dental restorations. The partiéular-focus of

this investigation is on the feasiblity of automating the

.production of a single full-coverage posterior cast metal

crown.

Applying state-of-the-art CAD/CAM techniqués to this
dental application " has some particularly interesting
challenges. First is. the problem of access.
Posterior teeth are difficult to see; cheeks, tongue,
and saliva all impeed a clear view. Additionally, the
amount of opening possible is limited. Typically, the

maximum clearance between upper and lower posterior teeth

is approximately 25 mm. It is also important to remember

ClearCorrect Exhibit 1002, Page 1984 of 3373



\~J/ thaﬁ the patient is not delighted about being éubjected to
the manipulations of the dentist and wiggles with
regularity but unpredicéably (125).

A tooth needs a restoration f%r a variety of reasons
but the two most prevalent are decay and fracture. A
dentist cuts the crown of thg tooth, removing decay and
creating a configuration which can adequately support a
restoration yet provides sufficient bulk of material to
prevent distorations and deflections under 1load dufing
cheqing functicns. The resulting configuration will be

unique to each patient; no standard, predictable shape can

be determined. The size and shape of teeth varies
dramatically between patients (and even in contralateral
positions in the same mouth). The prepared tooth ishape
 “) : will also depend upon the history of decay, fracture, and
previously completed restorative work that has been done on.
that tooth.

The periphery of the interface between the restoration
and‘ the remaining prepared tooth structure is called the.
margin. . The fit of the restoration at the margin is more
critical than in any other area. The location of the
margin is generally near the guh line, though it can 1lie
beneath the gum line. This position, of course, fufther
complicates the. problem of access since not only are

tissues potentially in the way, there is often associated

bleeding (though mihimal) resulting from trauma to the
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tissue from the burr during the preparation of the tooth

for the restoration.

——

Another interesting challenge for applying CAD/CAM
techniques is the tolerance required for restoration fit.

To be clinically acceptable, the gap at the margin between

o s e e

the tooth and the restoration must not exceed 20 mnicrons

(44, 101, 103, and 192). |
Yet another - interesting c¢hallenge to automating

prodﬁction of dentalirestqration relates-to the complexity

of the- configuration. The chewing surface (occlusal’

surface), especially on posterior teeth, is extremely
complex and defies definitioﬁ by straightforward
mathematics. The morphology of the tooth musﬁ be restored
for function yet the size and specifics of the absolute
w,) position of cusp tips and fossae must be unique for each
patient. Additionally, the relative orientation of the
internal .and external gurfaces of the restoration must be

preserved.

The objective of this investigation is to establish

the feasibility of automating the production _of dental
restorations; particularly a posterior full-coverage metal
crown on a mandibular first - molar. The techniques
currently used to produce restorations are described in
Chapter 2. The motivation for automating their production
is discussed in Chapter >3. Requirements and design

specifications for an automated system are specified in

Chapter 4.

ClearCorrect Exhibit 1002, Page 1986 of 3373



e e e

,,) " Basically, any system to automate the producﬁion of
dental ‘restorations consists of three _subsystems;‘ data
acguisition, data analysis and image processing, and.

- fabrication. Alternative technologies considered for each
of these subsystems, as well as those ultimately selected;
are.described in Chapters 5 and 6 respectively. Chapter 6
also discusses the precision and accuracy of the system.
The ‘ sighificance of an automated system and unique
contributions from this investigation are addressed in

Chapters 7 and 8. The final chapter briefly .identifies

future directions for system development.
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Chapter 2. Current Restoration Production Techniques

The current state of the aft in the production of
dental restorations revolves around the centuries old lost
wax casting technique. Table bl itemizes - the steps
involveé. _lists the time required for each, and the level
of training required for each.

After a dentist has prepared a tooth for a
restoration, removing all the decay and ensuring the
integrity of the remaining structure, an impression of the
remaining structure and the other teeth in that same dental
arch is taken. Usually an impression is also made of the
teeth in the épposing dental arch.

The impression is made using an elastomeric material
(51). The material is mixed, placed in a mouth-shaped tray
to support the material (which has a consistencyAclose to
that of mashed potatoes or silly putty), placed in the
patient's mouth over the teeth and surrounding tissues and
held in place until it "sets". Setting timesrvary with
materials but generally range from 2 to 12
minutes/impression (51). When the material is set, it has
a consistency similar to that of modeling clay but retains
an elastomeric property so that it can slide past the crest

of convexity of normal teeth without being permanently

5
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Table 1. Current Steps for Restoration Production (*)

Step } Time Required Personnel Reaguired
(in minutes) (+)
1. Impressicn both dental arches 10 D and A
2. Make temporary restoration 10 D and A
3. Pour impression - first pour 5 Dor Aor L
4. First pour setting time 45
5. Place pins 5 L
6. Second pour 5 L
7. Second pour setting time 45
8. Trim die and mark margin 10 L
9, Mount on articulator, plaster
set 30 - 45 L
10. Place separating medium 1 L
11. Create wax pattern 20 L
12. Sprue pattern 5 L
13. Invest pattern 10 ‘L
14. Investment setting time 45 '
15. Burn out time . 60
\ ) 16. Cast 10 L
17. Recover casting 10 L
18. Remove sprue, finish, polish 45 L
19. Remove temporary and try in mouth 5 D.
20. Modify contacts and occlusion - 10 - 30 D
21. Seat permanently 10 D
22. Remove excess cement 5
23. Final check 5 D

( .

Assumes full coverage posterior gold restoration being fabricated by
experienced technician

dentist
dental assistant
laboratory technician

> o
[ ]

(refence 78).
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diétorted. When removed from the mouth, it creates a
three-dimensional negative of the teeth and their relative
positions to each other.

After the impressions have been made, dental stone
(plaster) is poured into the impressions and allowed to

harden. The impression material is removed and

discarded. The subsequent restoration production

techniques may be accomplished in the dental clinic or may
be done in a dental laboratory.

Pins are set into the bottom of the arch containing
the tooth to be restored in the area of the prepared toéth.
A base of plaster is poured over the pins. When this has
hardened, the area of stone supporting the prepared. tooth

is sectioned out. The pins and the holes in the

.second pour of stone serve as guides, permitting the cast

of the prepared tooth (called a die) to be removed and
reinserted into the plaéter cast. ‘

Excess plaster around the base of the die is removed
and the position of the margin of the restoration marked.
A separating medium ié applied to the die. A wax pattern
is then pfepared direcﬁly on.thé die.

If jaw interrelationships have been recorded, the
models are mounted on an articulator. The articulator is
used as a device to represent the relative positions of the
dental arches to each other and to represent‘the motion of

the teeth to each other. Rarely do they accomplish- this

(167, 169).
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After the wax pattern is completed, it is sprued and
invested for casting. When the investment material has

set, the investment and pattern are placed in an oven where

the wax is burned away. . The remaining cavity in the
investment is then filled with molten metal. (Some
differences, of course, are necessary for handling

materials like cast ceramic.)

The casting is quinched and recovered. The ‘sprue is
removed and the casting is finished. Finishing operations
involve removing all remaining investment material and
polishing the surface. Surface polish is done by hand
using an array of burrs and stones of increasingly finér
quality. Final finishing is done with rouge on a soft
bristle brush or rag wheel. The restoration is now réady
for the patient.

The patieﬁt returns to the dental office. The
temporary restoration is removed and debris from the
cementing agent removed. The caét_restoration is placed on
the tooth and the occlusal, functional, and proximal
contacts are checked. The quality of the margins is also
evaluated. | Clinical criterion for acceptance are given in

detail in Appendix 1 but are summarized here:

1. Marginal fit: A dental explorer is passed from
restoration to tooth and from tooth to restoration with the
tip of the explorer held perpendicular to the surfaces. 1If

the interface between the restoration and tooth can be

detected, the restoration should not be permanently seated
8 .
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(- but instead should be remade. (Depending on the location
of the margin relative to the gum tissue, a gap of 20 to

100 microns can be detected, see refgrence 44.)

2. Occlusal fit: A mark should be made when the

¥ teeth tap together with a piece of occlusal marking paper .

placed between the teeth. The patient should not detect

excessive pressure on that tooth or report any discomfort.

g St

All other teeth which contact without the restoration in

; place must also contact with the restoration in place

(55, 135).

3. Interproximal fit: A piece of dental floss should

"snap" as it passes between the restoration and the

adjacent contact tooth. (None of the dental floss supply
companies can provide a measure of the thickness of floss

as it distorts and "snaps" through the contact.) (111)

4. Functional fit: As the. teeth move through their
normal excursions, the restoration should not contact

prematurely (88, 165).

The dentist makes whatever modifications are

necessary-. If the restoration can be modified to pass

these acceptance criterion, it is cemented in place. If
P not, a new impression is made and the process begins

again.
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Chapter 3. Motivation

The inital motivation for investigating the
feasibiiity 'of automating the producti&n of dental
restorations was simpiy to modernize an ancient techniqgue.
This was further motivated by pérsonal experience (and
soﬁetimes frustration) with casting dental restorations as
part of the dental training. At times, casting failures
resulted in 1late night marathons to have a restoration
ready for a next day patient's appointment. Casting’
failures could result from inadequacies in. the maierial,

inclusions 1in 'casting, shrinkage leaving insufficient

\‘) ‘ margins or porosities in the finish (99). Additionally,

' there was a personal frustration with the labor intensive,

slow process of waxing and casting (though finishing the
gdld is a nice reward).

The feasibility of a CAD/CAM system to automate
production of dental restorations has been of interest for
years. Some of the earliest published work-on acquiring
data directly from the mouth was done by Altschuler et.al.
(3-7) in the mid '1970's. Curry and ‘Baumrind perplexed
about the problem of three-dimensional data acquisition

directly from the mouth and created a camera which provided

10
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stereo pairs of'photographs from which a three-dimensional
computer-based arch could be reconstructed (8).

Developments in automated proéthesis design which’
occurred during the investigations further strengthened the

resolve to succeed (56, 117, and 187, for instance).

- Advances by investigators in France, Switzerland, and

elsewhere have focused on dental- applications. At first
blush, discovering those activities was depressing but it
served as a further impetus to create a system capable of

Producing excellent dental restorations automatically.

3.1 FRENCH DEVELOPMENTS

A system under development in France is probébly the
most nearly like the Minnesota system with respect to its
overall capabilities (67). It uses a laser scanner to
produce images of the patient's mouth (60, 63). This data
is processed by shape-recognition software, visualized on a
video display, and transferred to a CAD/CAM software
package which creates a three—diménsional model of the
enQironmen£ where the restoration ultimately will be
placed. The interactive capability of the CAD/CAM software
allows the dentist to access a library describing
theoretical teeth, adapt them +to the patient's oral
environment, and design a three—dimensional model of the

restoration on the computer screen. The CAD/CAM software

11
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computes the. tool éaths needed and a micromilling macﬁine
cuts the tooth (97). |

Before the image is acquired, the tooth must be coated’
to ensure that the color is uniform. A coating of titanium
oxide suspension in a film forming polymer is painted on
the tooth. (It is neutralized and removed with ammdnium).
This coating increases the ratio of 1light reflected
compared with the incident 1light on the preparation,
tending to convert the tooth to a lambertian body (140).

A hand-held optical probe measures the three-
dimensisonal coordinates of the tooth prepared for a
restoration and of the adjacent teeth (182). The scanner
probe uses a modified Moire fringe technigﬁe (68) and has a
theoretical resolution of 20 microns (61).- However,
to ensure that the entire preparation is visible, multiple
images must be made and the correlation between any two
views has a resolution of only 40 to 60 microns (66).

The probe consists principally of a laﬁer—diode
source andia charge-coupled-device (CCD) photoreceptor with
256 by 256 pixel resolution_(sa); The signal created by
the laser light reflected by the teeth is picked up by the
CCD arrays, converted to a digi£a1 signal, and relayed to
the computer (625. It is then processed and displayed on a
video monitor (a process which requires betweeﬁ 2 and 4
minutes). A foot pedal permits the image to be fixed for

further examination so that it can be accepted or rejected.

The probe must pass over the teeth four times and four
12
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acceptable images must be obtained.” 1In experﬁ hands, data
of the prepared tooth, the adjaceﬁt teeth, and the opposing
dentition can be acéuire@ in less than 3 minutes (61).

The CAD/CAM system used is built around Euclid, from
Matra Datavision (66), rﬁnning on a Digital Equipment
Corporation (DEC) MicroVAX II (62). Euclid is used tb
create a solid model of the area where the restoration is
fitted (182). Precision in the CAD/CAM system is éaid to
be 2.5 microns (66).

A library of tooth forms has been created. 'Using
routines available in Euclid, the system user interactively
designs the restoration on the display (182). The scan
recording the required data from the patient's mouth can be
made -before the preparation has been cut, permitting the
;) intingA tooth morphology to be exactly reproduced or, in
thé case of‘severely damaged teeth, the morphology of the
replacement tooth can be generated from the 1ibrary of
tooth forms. Complete modeling on the screen requires
between 2 and 10 minutes (61, 166). The user is required
to identify the location of the margin intgractively; it is
not found automatically with the software (68).

When the restoration design is completed, the CAM
commands in Euclid permit the tool patﬁs for numerical
controlled machining to be generated. ‘A three and
one-half axis micro-milling machine cuts the

restoration (68). The accuracy of the machine itself is 20

microns. 13
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Accuracy‘of the Qhole process, however, 1is, at best,
the sum of the component errors, which total at least 80
microns. However, a premolar was fabricated using only.
‘400 points distributed in 26 croés—éections. This yields
an accuracyY of only 200 microns (62). More recent
restorations are reported to be precise to approximately

100 microns (68).

3.2 SW1SsS DEVELOPMENTS

4 The Swiss system was originally trademarked as the
CEREC-System (145) but is now 1licensed to Siemans
Corporatidn (157). Like.the French system, it also uses an
) . optical topographic scanning procedure and electronically
controlled milling machine (143). With the system, the
tooth must be coated to minimize the effects of
discoloration and differential reflection. A three-
dimensional mouth camera has been designed (144) to
feed data to an interactive computer-aided design unit.
The system is capable of machining porcelain inlays only
(145).

With this system, a non-contacting scan-head is
positioned over a prepared tooth. The scanner incorporates
a light-emitting diode and lens system to illuminate the

cavity of the tooth. Before reaching the tooth, the light

rays are deflected by reflections off a mirror, permitting

14
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(- easy access in a patient's mouth. The rays pass through a
| set of ruled lines and a lens system. Light passing
£hrough the ruled lines casfs a pattern of light and - dark
stripes on the prepared cavity. The .1light 1is reflected
back to the scan—heaa where it is sensed (at a different
angle) by a CCD sensor with resolutions of 256 x 256
pixels. Scanning a fypical prepared tooth requires only
0.2 seconds (145);

The computér used is a desk-top computer (e.g., an-
Apple 1II with two memory boards supplied by Matrox Ltd.,
Quebec, Canada, Part RGB 206/4). The compﬁter
transforms the voltagés representing intensity to depth

values for each . x,y position of the cavity of the

prepared tooth (144). This s?stem also incorporates a
\.‘/ video mon;tor which displays the data being processed by
the system (145), permitting visual verification of quality
of thée data being aéquired (143). With this system, the
user is required to interactively indicate the positions of
the margins of the preparation.

Inlay fabrication is accomplished with a three-axis
numerically éontrolled milling machine (145). Three
translatory platforms are mounted on a supporting frame ta
provide x, y and z position control (Micro-Control type MR~
80.20, part No. 338404, MC Corp., Vitry-sur-Séine,
France). Each platform is moved by a stepper motor
(Sigma Instruments mod. 20-1720 BD 200), driven by a-lead

screw which 1is controlled by the microcomputer. ;A high

18
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LN .speed turbine (MidQest American, Melrose Park, Ill., part

. No. 364006) powering a diamond burr is rigidly connected to
the y-axis platform. The turbine is air driven and coolant

_is run over the part being milled during -the drilling
operations (144).

Inlays are machined from prefabricated rod—shaped
blanks of dental porcelain. These blanks measure
approximately 9 x 9 x'13 mm and are fabricated using
conventional dental porcelain techniques. The porcelain
blanks are bonded to a stub, allowing the blanks to be
fixed inside the milling machine. Milling of a typical
porcelain inlay requires from 5 to 7 minutes (145). But
only the tooth interface side of the ‘restoration is
automatically machined.

\—) ’ The inlays are bonded to the tooth with a
simultaneously light- and chemically-cured material (143).
The occlusal surfaces are then configured by the dentist.

While the milling accuracy of the restoration has not been

reported in the literature but has been suggested to be

between 100 and 200 microns (25, 33, 139).

3.3 OTHER WORK IN PROGRESS

Other preliminary work relating to automating
production of dental restorations is underway.
Investigations have begun at the University of Alabama,

Foster-Miller Corporation in collaboration with Tufts

16
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University, and in Japan.

Work at the University of Alabama has been underway
for approximately two years. Reggie Caudell, ME Robotics, -
and Earl Hydrick, D.D.S., are the two primary investigators
(42). To date,- much of their work has evolved around
quantifying potential sources' of error in the CAD/CAM
processes. They are beginning investigations into the
application of tactile imaging of the surface using a

conductive, silicone~based gel (43). They are also

-investigating optical sensors with accuracy in the 25-

micron range.

Foster-Miller Corporation and Tufts University have
been working on developing a tactile pencil-type sensor
under SB1lR grant (127). They have completed phase one;
phase two was undergoing evaluation in September 1987. To
date, they have profiled a mandibular lerr incisor and
reproduced it using SDRC software. They have also created
a generic tooth using an AR1ES solids modeler.

The Dental School at Kanagawa University and the
Kanagawa Dental Laboratory have created a CAD/CAM system to

create parallel paths on already cast crowns (for partial

denture frameworks) (102). Their system is built around
the Roland CAMM-3 hardware. It can be used as a point-to-
point contact digitizer. There have also been some

preliminary developments underway for approximately two
years at the Osaka University Dental School. No details

about that work are yet available.

17
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. Chapter 4. Design Requirements for An

Automated System

Design requirements can be specified for both the
system itself and for the product produced by the system;
Both can significantly impact the technologies selected for
system feasibility. Requirementsl that épply to an
automated system relate largely to user interface. Product
relaﬁed requirements are independent of whether it ié

produced by a casting or an automated system.

) 4.1 SYSTEM DESIGN REQUIREMENTS
et

The underlying philosophy in considering a system to
automate production of dental restqrations is that the
system must be reasonable for use in a typical clinical
dental practice. This translates -into more specific

objectives including:

1. Data must be obtained from a patient's mouth.
This data includes the shape of a toofh prepared for a
resporation, the positions of the adjacent teeth, and the
position of the opposing teeth in both static closed
position and dynamic-posi;ions associated with chewing and

speaking.

18
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2. Data must be obtained in no more time than is
currently required with impression materials and jaw

registration -techniques (less than 10 minutes).

3. The system must be simple to use, requiring no
special . training on the part of the dental staff. This’
requires that the system be intelligent, fully automated,

and essentially fool-proof.

4. The quality of the restoration produced must be at
least equivalent to that possible with current clinically

practiced state of the art.

4.2 RESTORATION QUALITY

Unquestiohably one of the most critical  design
requirements for the system is that it must produce a
product thag at least matches the quality of the product
produced by the currently practiced impression-lost ‘wax
casting technique. This quality relates to fit at the
, margihs, interproximal fit, occlusal fit, and surface
finish. »

Poor fit at the margins includes cases that are either
over-extended or too short (44,1111. When the margin is
over-extended, debris collects more easily around the
periphery of the restoration. This results in

increased probability of ‘inflammatory response to the

19
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surrounding soft tissue which can cause _severe .tissue
damage and associated bone loss. In both cases (over-
extended énd short margins), the margin is not well closed
and leakage ofr_.saliva (with its full array of
microorganisms) occurs. Many dental cements are water-
soiuble so over time this leakage results in a pooling of
salivary products leading to decay beneath the restoration.

If the’ fit between the restoration and the proximal
teeth is not sufficient two things can occur (111). First,
the teeth may drift to a new position .which provides
contact; potentially placing them in a position where the
loads of occluslon are not properly supported by the
ligaments supporting the teeth and resultiﬁg in loss of

boney support for the tooth and, in some cases, loss of the

tooth itself. Secondly, without proper contact, food is
more likely to impact between the teeth. In addition to
simply being bothersome, this can 1lead to increased

bacterial growth and concomitant tissue destruétion.

The occlusal fit of a restoration is also important
(165). If a restoration is excessively high or interferes
with opposing teeth during functional movements, trauma to
the interferring teeth can result. This trauma can be
manifest as discomfort which may be tolerable but it can
also lead to some irreversible etiologies. It can result
in 1loss of boney support of the tooth, compromising the
strength of the tooth and potentiallyrresulting in loss of
the tooth. It can result in endodontitis where the nerve

20
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u\/X within the tooth chambér becomes  inflammed, causing
pressure against the nerve (since the tooth will not expand
to cémpensate for the increased sizé), requiring the  nerve
and blood vessels to be removed from the tooth (a root
canal treatment) fér relief of the pain. Poor occlusal fit
‘has also been implicated as one of the causative agenté in
teﬁporomandibular joint disease (55).

The- surface finish of a restoratipn is important for
both cleanliness and fuﬁction (47). If the surface finish
is excessively rough, bacterial accumulations will increase
and -increased plagque may form on the restoration.
This results in increased probability of tissue
inflammation and breakdown in both the tooth itself and the

surrounding soft tissues. Additionally, “if the

~d) sur face finish 'is excessively rough, there 1is the
potential for excessive wear of the opposiﬁg teeth.

To quantify these charécteristics which are important
in the quality of a restoration and its clinical
per formance, then, the following parameters for restoration

quality are used:

1. Fit at the margins: The margins must fit to within
50 microns. The design objective for the development work
has been 20 mnicrons; 50 microns would probably be

acceptable (44, 70)-

2. Interproximal fit: The restoration must contact

the adjacent teeth (111).

21
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3. Occlusal fit: The restoration must meet the
current clinical tests for’occlusai fit: at least one
contact mark must appear from the opposing teeth when the
teeth are in maximal intercuspation and no interfergnces
must cccur when the teeth move through their excursive_

functional movements (165).

4. Surface finish: The surface must have an rms

3 surface finish of 8 microns (47).

22
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Chapter 5. Alternatives Considered

Throughout the investigations into the feasibility of
automating the production of dental restorations attention
has been focused on alternatives to accomplish the tasks of
acquiring the data from the mouth, data analysis and image
processing, and fabricating the restoration. -Each of these
areas vwill be addressed and the feasibility of the
alternatives identified. The advantéges and disadvantages
of each will be addressed and the justification for their
not being selected for incorporation into the system design

will be identified.

5.1 DATA ACQUISITION

Data acquisition involves both imaging an object and
converting that image into a form that is wusable for
subsequent operaﬁions (in'this case, digitizing it). : An
array of different types of data acquisition are described.
Both real time and photographic based data acquisition are

possibilities; the tradeoffs of the choices is discussed.

23
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5.1.1 Data Acquisition Techniques

Advances in imaging technology have provided an array
of possibilities for acqﬁiring three-dimensional data
(183). These include: holography, compufed tomography
(both CT scan and magnetic resonance imaging), ultrasound,
contact digitizers (magnetic, servo arm, and force), and

optical techniques. Table 2 summarizes these comparisons.

5.1.1.1 HOLOGRAPHY . Holography promises excellent
resolution and quick acquisition times (36). Data
recording motion can be obtained by pulsing the laser and
recording the data with each pulse. Two drawbacks exist,
however. First, data acquisition may be reasonable but
reduction of the data to a digital form is difficult (153).
Secondly, minor movements (as loQ das 1/4 wavelerigth) can
create distortions (114). For very high precision
recordings, isolation from vibration (even those internal
to a building) are critical (190). In the «clinical
setting, such complex elimination of movement when a live

patient is involved is unrealistic.
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Table 2. Comparison of

Three-Dimensional Data Acquisition Techniques

Technique Data Acquisition Equipment ‘Operational
Resolution Time Cost Problems
] Holography 5-50 microns nonoseconds Low - Mid Vibration
! .
CcT 375 microns seconds High Radiation
, with 1.5 mm slice ) :
MRI 600 microns minutes High Artifacts

with 1 mm slice

Ultrasound 600 microns seconds Mig Heat
Mechanical Contact 1 micron minutes Mid - High Slow
Digitizers
Geometric microns seconds Low Occluded
Views
Structured
light microns seconds Low Ambiguity
) Stereophoto- 2-50 microns seconds Low Comutatior
: grammetric : Expense
Moire 2-50 microns seconds Low- Ambiguity
Time of Flight 2 cm minutes Low Poor SNR
Interferometry microns seconds Low Ambiguity
1 Diffraction mm seconds Low Ambiguity
| Shape from microns seconds Low Light
Shading Changes

For further details, see Reference 168.
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5.1.1.2 COMPUTED TOMOGRAPHY . Computed tomography - .(CT)
scans and magnetic resonance .imaging (MRI) are advancing
exceedingly rapidly-. Unfortunately, neither offers
sufficient resolution for an image representing a prepared

tooth and neither are fast enough to permit quantification

. of the jaw in motion (28, 74). Both of these techniques

are expensive and require large, isolated environments for

operation.

5.1.1.2.1 CT Scans. Using CT image data, three-
dimensional shape information is determined to plan
corrective surgery and directly manufacture prostheses
(171). Slice thickness are approximately 1.5 mm minimum
(171), above the 1limit permitted by the tolerances of
dental resﬁoration fit. A CT scan uses a radiographically
obtained image. All of the data required for a
restoration‘is visible, without radiation, however, making
radiographic exposure unnecessary and inappropriate.

CT has found one dental application, however, (56).
For subperiosteal implants for the mandible, a CT scan is
made of the mandible, a model of the mandible is
reconstructed and machined from wax, and a custom implant

is fabricated to that model. The patient then undergoes

surgery for the implantation. . Before this technique was
, .

devised, preliminary surgery .was required to expose and
26
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impression the mandible; a model was then made from the
impression, the custom implant fabricated to the model.
Then the patient was subjected to a second surgical

procedure to implant the prothesis.

5.1.1.2.2 MRI. "To obtain an MRI image, a patient is
placed in a large maghetic field. That field reorients the
nuclei of hydrogeﬁ, carbon, nitrogen and phosphorus,
placing them all in alignment with the magnetic field. - A
radio field is applied, altering the alignment. Whenithe
radio field is removed, the nuclei shift again to realign
with the magneic field. Different tissues realign at
different rates, emitting some of the absorbed energy at
radio frequency. That energy -is used to create
computer-generated images (199).

MRI spatial and contrast resolution is better than is
possible with CT (128). Current resolution is 0.08 t6 0.1
mm with 1 mm bétween slices. Recent experiments with in-
vivo MRI ‘spectroscopy suggest that the ultimate resolution
of an image is limited by the signal to noise ratio but
approaches 10 microns in all three dimensions (118).
Advantages of this technology include absence of any
harmful biological effects within current diagnostic
ranges, ability to direct image in any plane, and the
simultaneous acquisition of multiple tomographic slices
(128). With this technology, soft tiésues are more easily
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-imaged than hard tissués; making its value for imaging

teeth gquestionable.

5.1.1.3 ULTRASOﬁND. Three-dimensional reconstruction in
gpatial location with wultrasound uses a spark that is
discharged in air across a small gap between two
electrodes. The spark generates a shock wave the speed of
sound. The wave is detected with a microphone. ‘The
distance to the spark gap is computed from the transit time
of the shock wave and the local speed of sound. Three
spark-gaps fixed to a probe of known relationship
sequentially firéd provide the 3-D position (148).

The resolution with this. techniques is 0.3 to 0.5 mm.
Real-time 2-D . doppler echocardiography has been used to
provide information of blood flow from small sample
voluﬁes. The ultrasound beam can record on-line velocity
profiles along the beam liné at discrete time intervals
during one cardiac cycle so non-invasive intracardiac
blood flow images 1in real time can be obtained (152).
Resolution in wultrasound is still 1low though it does
potentially provide the option of acquring data concerning
the jaw as it moves (148). Unfortunately, scattering at
interfaces of different tissue types can distort the
image. In the mouth, of course, there are a great many

different tissue interfaces.
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5.1.1.4 CONTACT DIGITIZERS. Of the currently available
contact digitizers, including coordinate measurement
machinés, instrumented linkages, and tactile sensors, only
the mechanical type offers sufficient resolution for the
precise imaging of prepared teeth (15, 141, 154)r
Unfortunately, none are able to provide data as the jaw
moves. All are very slow; data acquisition would require
nearly an hour/tooth for sufficiently high resolution.

Microcontfol Systems (Vernon, * CT) has introduced a
mechanical contact 3-D Qigitizer called the Space Tablet
and Perceptor. The stylus at the end of the Perceptor's
arm is tfacked over a solid object. Precision
potentiometers houéed in the extension arm computes the x,
y., 2z coordinates of each point based on the angle of
rotation and the known arm 'length. Seven points per
second can be recorded. Resolution ranges are between
0.1778 and 0.254 mm (0.007 and 0.010 inch).

Polhemus Navigational Sciences Division of McDonnel
Douglas (Colchester, VT) has a 3-Space Digitizer. It

relies on a set of magnetic transducers for point position

measurements. A probe moves freely in space over an
object placed on a table. Only nonmetallic objects can be
digitized.
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5.1.1.5 OPTICAL TECHNIQUES. Optical techniques are among
the oldest used to acquire data. There are four basic
technologies used: geometric, time of flight,

interferometric, and diffraction techniques.

5.1.1.5.1 . Geometric Range Measurement. The most common
optical techniques utilize geometric -range measurement
which 1is a generalization of the triangulation concept.
This technique was probably first used by the Egyptians in
construction of the pyramids (184).

With this measurement technique; a pair of similar

triangles are established - one between an object and the

measurement fulcrum and one Dbetween the image and
measurement fulcrum (see Figure 1). With proper
linearization and processing, resolutions of one

part/100,000 are possible (122). Measurement range is
limited by the detection system. Accuracy is nonuniform
and is best for small distances, posing some potential
depth of field problems.

- Computationally this technique is one of the simplest
and most straightforward to implemenﬁ. It can be scaled
.over a ;arge range. It does, however, suffer from a
generic problem of missing data from. occluded views.

Furthermore, the data must be acquired one line or point at

a time so there are some limitations .in potential speed.
30
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Structured (active) light caﬁ provide the illumination
réquired with this technique. Alternatively,
stereophotogrammetry .and Moire also utilize the geometrié
fange measruement principles for measuring depth from

which a three-dimensional surface map-can be completed).

5.1.1.5.2 Structured Light. Structured light
illumination is. one of thé simplest applications of
geometric rénge finding techniques. A single point of
light is projected on a surface and subsequently ihaged on
a detector. Displacement of the image point relative to a
known reference is propbrtional to the distance to tﬁe
object. The projected point scans over the surface (or
the surface movesAbeneath the light) to image the entire
surface. Structured light is probably the most commonly
uséd technique for 3-D vision systems because it currently
has the greatest potential for fast, accurate, and
inéxpensive high resolution measurements (110). This 1is

the technology utilized by the Cyber-Optics Systems (54,

110). A Vidicon laser-based system, developed by Cyber-
ware Labs (Pacific Grove, CA), is another. It digitizes
objects placed on a stationary plaﬁform. An arm that

rotates around the platform requires 15 seconds to record
" 250 points in three dimensions.  The imaging device has
been shown to be able to image complex .surfaces, including

the human head.
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sue  musc  oODVlous extension of this single-source
structured 1light techngiue is theaprojection.of a single
line with line by line detectors. The image'of each point
on the line is displaced in a di:ectioh orthogonal to the
line by an ;mount reléted to the range (184).

The next extension is to an array of parallel 1lines
(195}. This increases the potential data rate but
introduées range ambiguity factors since one cannot in

general uniquely identify particular projectgd lines in an

image. By .imposing constraints, the problems can be.
avoided or resolved (184). One technique proposed by
Altschuler et al. (7), is a form of grid coding which

minimizes the number of measurements required and potential
ambiguitiés; The object is illuminated by a grid
producéd by a series of shutters. A series of
illumination patterns uniquely éodes each angular position.
The detector also ascribes a specific angular coordinate to
each object point. VIntersection of back projection of
fhese two coordinates gives the 3-D location of the object
point. |

In triangulation systems, the key parameter is
displacement of an image point from a reference point in
the detector plane. With structured light illumination,
that reference point is a virtual point which is determined

by system geometry.
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5.1.1.5.3. Stereophotogrammetry. Stereophotogrammetry is
a passive technique using ambient lighting. It is more

flexible than structured light but creates a greater post-

detection processing burden (184). With this technique,
stereo-pairs of images are created. The stereo method
uses parallax between two images to measure range. Views.

of the same object by the two caméras will have an apparent

_translation and objects closer than. the parallax
intersection will appear to move relative to more diétant
objects (83, 122, 197).

The main problem associated with this technique. is

1oc§ting matching points in each of the two vigws. One
way to simplify thisvis to preceed matching with edge
\_‘/_; detectioh to reduce the number of points required. Another
is a heir&rchical approach to first match images at coarse
resolutions and then proceed through progressively finef
scales.

Stereophotogrammetry was selected for the automated

system for production of dental restorations. A detailed
description of the technique .implemented 1is given in.

Chapter 6.

5.1.1.5.4 . Moire. An alternative approach to topographic

measurement is the Moire technique. In Moire (57, 136), the

object is illuminated with grid and a second grid is placed
33
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\./_,- in the measurement plane. The second grid, in effeee,

: provides a physical set of reference point'in-the detector

plane. Moire generally'provides differential range rather-
than absolute range.

Moire is a full-field, non-contact measurement

technique (92, 93). A Moire pattern is made by forming a
subject grating (by projecting, shadowing, or contacting)

on the object to be measured and comparing this grating

with a reference grating (57, 136). This comparison is
done by overlapping  the two gratings. If the two
interfere, a dark interference fringe is formed. What is

actually monitored however, is not the phase shift between

the two gratings but rather a beat frequency (184).

Surface configuration is determined by the nﬁmber- and
“)-}_ orientation of the fringeé. Eaeﬁ fringe represents a
“ uniform height or distance to the object of interest.

Since Moire is a full-field technique, the contour of
the entire visible surface of an object can be mapped at
one time. Unfortunately, classical systems have an
ambiguity as to the sign of the slopes of .the surface
contour (89). Without significant apriori knoyledée
concerning tooth anatomy, especially around the margins,
this could poee a substantial problem; a small dip that

" should be a rise could easily exceed. the tolerance 1limits

at the margin.

With the Moire technique, system geometry must be very

specific or true contours will not . be reproduced.
34
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o’ Recently, to enhance automation of thé technique,
measurements have been based on phase modulation (89).
Using — fast Foufier transform analysis to digitially
modulate deformed grating images has further eﬁhanced the

technique. However, measurement of steep object slopes

-(like those at the axial walls.of a prepared tooth) is one

of the limitations with this method.

5.1.1;5.5 Time of Flight. fime of flight range
measurements techniques are based on the principal that the.
w signal carrier -(either acoustic or optical) travels with
' known velocity (184). A signal is sent by the. measurement
syste@, it is reflecte§ off an object surface, and returns
\." to the measurement system. The elapsed time from signal
emission to reception provides disﬁance measurement . To
obtain three-dimensional information, the entire scene must
be scanned.

One of the difficulties with this technique is that it
é‘ is not easily scaled to different measurement ranges. It
3: does, however, eliminate the problem of missing points that
; is implicit in geometric techniques. Uniform sensitivity
is available throughout the entire measurement range. It
is slow and wusually suffers from poor signal to noise

ratio. There are some depth of field restrictions.
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Within this type of technology, there are two types of

signal pulsing techniques. The. first ‘is a single pulse
technique. Generally, a - solid-state laser emits short
pulses. Range accuracy is on the order of 1 to 2 cm for a

2.5 to 4 meter field (95 and 119). Alternatively, chirp
signals are - emitted with a radar -or sonar system. The
chirp that is transmitted has a frequency which varies
linearly over the duration of the.transﬁissidn. This is
the technique .used in the Polaroid camera ultrasonic

ranging system (184).

5.1.1.5.6 Interfereometry. Range finding using
interferometric techniqﬁes relies on the fact that waves
have a certain fixed wavelength which can, in effect, be
used as a mqésuring device. A signal beam is split' into
two components (184). One compénent is sent to the object
and reflected back onto the surface. There it is compared
Qith the second component which has tranversed known
reference path (serving the function of a local
oscillator). The relative shift between the two beams is
measured in terms of wavelength. Depih, z, is given by:
z =(A/2 )cos [(I-1)/a]
where A is wavelength of the illumination

I is the intensity ready by the detector

a is a constant
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Slnce z is a functioﬁ;of'light intensity, which is
periodic, single measurements are infinitely degenerate.
Tﬁerefére. this technique is only wuseful in obtaining-
absolute range measuremenﬁs over a finite and smal; range.

Within that range, measurements are extremely accurate.

In typical two-beam interferograms, the - fringes
represent lines of constant optical path difference between
the wavefront. under test and the reference wavefrent.
‘Adjacent fringes differ in opical path by a constant
contour interval. The traditional means of analysig is to
digitize the ffinge center positions. . At these locations,
the phase can be determined to be either an even or odd

integtral number of pi. The center coordinates along a

fringe are assigned an order number which represents the

multiple of two-pi phase difference between the wavefronts

being tested. lnput data froﬁ an interferogram consists
of triplets of numbers (x, y, m) where m is the fringe
order number and x,y are the coordinates of the fringe
center (26, 112).

The spatial resolution of the interferogram is

determined by the fringes themselves. High sampling

resolution is possible along the fringes, but in the
direction normal to the fringe, the sampling is limited to
one data point per fringe. For general interferograms
where noise and variations in intensity {as would likely be

the case in a tooth with discoloration or underlying base

materials) across the interferogram may exist, it is only
37
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i_,: at the fringe ceﬁters where the phase value may be
T " confidently determined (112). For an ideal interferogram,
several interferograms must bé taker for each test and-
their results averaged to reduce random digitization error
as well as tﬁe effects of air turbulenece, vibration, and
other noise-generation mechanisms present in an indjvidual
interferograﬁ (112).
In£erferoﬁetry has been used for measurements. since
Michelson's time (73). Accuracies in the range of 1:200
3 to 1;300 times the fringe pefiod are possible (89). The
‘ technique is alsé significantly (10-100 timeé) more
accurate than fringe counting or simple triangulation.

Measurements of 10 microns or better are possible (89).

Because the sensitivity of the interferometer is so great

\.-) ? i however; results can be affected, causing a shift of
i >- - several fringes, by simply warming the air in the 1light
! path of one portion of the instrument (77). 1t is not
difficult to hypothesize a situation of that sort

developing in a human mouth.

5.1.1.5.7 Diffraction Range. If a spot on an object is
cpherently illuminated, scattered light forms a speckle
pattern on a screen. The size of the speckles 1is a
function of the distance between the object and the screen.
This technique is easily—sgaled and has no missing points

problem. However, contrast 1is a periodic function of
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(- depth, so this technique suffers from the same difficulties
with potential ambiguities as interferometric techniques.

1n general, the accuracy possible with this technique is-

quite low.

5.1.2 Photographic vs. Real Time Data Acquisition

Real-time data acquisition provides a significant
advantage over photographic-based systems since it
eliminates one step, and thus, one potential for errors to
be added. Unfortunately, analog to digital A/D conversion
rates are too slow to convert more than 512 x 512 pixels of

"data in real time without exceeding the limit posed by the
Nyquist sampling gheorém (48). That theorem states that
analog to digital conversion must occur at not 1less than
twice the overall system bandwidth to avoid  loss of
information and  to pervent degredation of harmonic
distortion (aliasing).

In current systems, bandwidths fall below 500 kHz.
As a rule of thumb, analog to digltal conversion rates’
should be 1.5 to 2 times the Nyquist rate. For good
performance, then, A/D conversion rates of at >1east 1

" Msample/second with 20-16 bit accuracy are the limit. A

new 110 Msample/second 8-bit chip has been developed and

£ . prototyped, but is not yet commercially available (48).

With the addition of frame buffers, it may be possible

to increase real time data acquisiton to 1024 x 1024.
.39
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- ' Unfortunately even that is insufficient for  image
acquisition for high quality restoration fit (for complete

discussion of required resolution, see Appendix 2).

5.2 DATA ANALYSIS AND IMAGE PROCESSING

The goai of image analysis is the construction of
scene descriptions on the basis of information extracted
,,Vi from images or image sequences (1750. This requires first
| that features be extracted from the image. Then surface
orientation clues can be derived from those features.

The computational theory for recovering scene geometry

from images 1is based on one of four paradigms: = stereo,
' : motion, shading, or texture (76). From a mathematical

- perspective, recovering shape from stereo or motion are

essentially equivalent. Motion can be considered é
special case of stereo where the separation between cameras
(for sequential imagés)»becomes very small. For motion
b i analysis, since separation is small, spatial disparity is
small, makiﬁg any trigonomtric method of depth estimation
extremely vulnerable to error. Further scene depth is
restricted to pure translation only (76 and 119). It is

unlikely that this could be accomplished successfully in

the mouth.
Shape from shading techniques provide shape
information in one view, by observing the lighting
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variations which occur due to -the varying angle of
incidence that‘directional lighting has on varying surface
slopes. Great care must be taken with this technique to
take into account -variations in the illumination light and
variations in surface reflectivity, both- of which can
producé erroneous errors (29). -The Swiss system
capitalizes on this technique and relies on coating the
tooth surface to minimize - shading variations which
naturally occur in teefh (144).

Stereo is a primary method for modelling three-
dimensional scene geometry for both humans and machines
(76). It requires matching localized features or
intensity patches in two images to determine the shift in
position between corresponding scene points in each of the
images.

There are two central problems in computational
stereo. The first is matching corresponding points. The
second is obtaining scene depth at image locations where
feature matching fails (as in featureless argas).

A modified stereophotogrammetric system was developed
fpr acquiring data in the atuomated system for dental
restorations. ' 'In order to extract the‘three-dimensional
image from the stereo pairs containing that information,
two distinct operations are réquired. The first relates to
solviné the correspondence problem. _For each point'in the

left stereo image, the corresponding point.in the right

image must be identified. To ease the problem of
41
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matching, and to provide a technique for disregradiné
unnecessary information in the'image (gum tissue position,
for instance) features are extracted. .

The -mdst useful féature is an edge. Surfaces are
assumed (and have been shown) to be fairly.continuous over
their entirety (83, 84, 130). At the edge of any surface,
however, 1light inténsity changes dramatically relative to
any changes on the surface. Since the margin of the
prepared tooth is most critical and since the margin is a
well defined edge,' edge finding feature extraction
algorithms were investigated. -

After the correspondence problem has been solved
(specifics of how this is accomplished are given in Chapter
6), the reconstruction of the three-dimensioﬁal sur face
coordinates ~ can progress. Alternative techniques
investigated for surface reconstruction include
stereometric techniques (the direct linear transform,
collinearity equations,l and an algorithm devised by

Grimson) and reconstruction from Moire fringes.

5.2.1 Correspondence Solutions

Correspondence 1is unquestionably the most difficult
step to automate in stereo vision.: The existing methods
for solving this problem can be grouped into two

categories: area-based and feature-based. In area-based
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techniques (106, 191, and 193), an area around each point

is used to constrain the search for a matching point in the

34 ' other view that maximizes a correlation function. These’
2 " techniques rely on the assumption that intensity value over

the image is continuous, except at a few discontinuities in

depth. The main deficiency of this method is that it fails

to find a match in areas with low information content and

can be easily confused in ambiguous situations. In
‘addition, it is sensitive to photometric variations since

disparity is based only on intensity changes.

Unfortunately, intensities often vary from one view to
another due to 1lighting conditions of the scene, and
reflectivity of objects which may change from one image to

the next.

In the feature-based techniques (29, 84, 137, 138,
andl16l), features representing meaningful properties of the
scene {(edges, corners, lines, or regions, for instance) in
the two views are found. An attempt is made to match
corresponding features based on their properties. One
advantage provided by feature-based methods over area-based
methods is that they work on- fewer elements (since - there

are less features in images than total pixels). Thus, the

feature-based methods generally producg faster algorithms.
They are aiso generally less sensitive to photometric
variations since features are extracted based on geometric
properties rather than lighting éénditions. These

techniques, however do not produce the full disparity maps
a3
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inv that are péssible with area-based techniques. Full
disparity, however, can be obtained by interpolation
techniques.

; : Most of the methods currently used for solving the
correspondence problem are feature-based. One of these was

f suggested by Price and Reddy (163) where matching is,

performed over regions. A similarity measure based on
characteristics of the regions (size, - iocation,
orlentation, color) 1is used. Each characteristic is

normalized by a predetermined ‘weight so . that the
& contribution to the similarity function of each

characteristic is of the same scale.

Barnard and Thompson (21) propose a matching technique
by first selecting candidate points from two views. These
are selected by the Moravec interest operator which
computes the minimal'diréctional variance taken in four
directions over a small window. Matching points from the
two candidate sets are determined, assuming a maximum
disparity value, giving an initial probability based on the

heuristic that matching neighborhoods of points are

similar. Next, the probabilities are updated in a
relaxation scheme. Consistent disparities within a
. neighborhood are given higher probabilities. Good matches

have high probabilities and incorrect matches have low

probability values. The process continues until a certain

threshold of acceptable probabilities is reached.
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~Marr and éoggio (130) suggest a computational theory’
of the human stereo vision. " They match selected points
located at the zero crossings of the Laplacian of a
Gaussian operator filtered images. Their theory works
only on random-dot stereograms. Modified versions of the
algorithm have béenYSUggested. One of these is proposed by-
Grimson (B83). He notes that most incorrect matches in the
original method occur at discontihuities in depth’ (like

occluding boundaries). He associates this to the

continuity of the disparity over an area imposed in the
original algorithm. His algorithm imposes the continuity
of the disparity along contours. He also allows for small
vertical disparitieés and uses a coarse to fine filtering
approach in convolving the images. His method works on
some images but fails in complex scenes. Unfortunatéiy;
both bad and good matches propogate from the lower
resolutions to the higher resolutions.

Medioni and Nevatia (137) match lines representing
connected edge points with similar orientations and
strength. Matching segments are assumed to lie within a
parallelogram window centered at the segment. Two of the
parallelogram sides are - parallel to the segment
-orientation. The other two are horizontal and of length
twice the maximum allowed disparity. In addition, they
must have similar orienta;ion and strength. Matches are
_evaluated by a minimal differential disparity function that

represents the consistency of a match with respect to those
45 '
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~ } of its heighborhood. The disparity used is the avérage'of
the disparities over overlapping points in the matching
segments. The process is repeated iteratively,. and during
each iteration, matches are reevaluated. The match_with

the lowest differential disparity is selected.

Webb and Aggarwall (193) suggest a shape-directed area

~ based algorithﬁ; They assume a stafting match Qoiné, and
use this information to estimate the shape (surface normal)
i at this point. The shape is then used to guide the

matching process for adjacent points, until the entire

image is matched. The method "deals reasonably” (193) with

low contrast regions but the overall results are

insufficient.

» The image registration system designed by Goshtasby
\../ G (81) uses gradient information in region extraction, and a
probabilistic relaiation scheme in matching regions.
Regions in one image are assﬁmed objects and regions in the
other image are assumed labels. A similarity measure
derived from the geomeﬁfic shape of regions is used in this
technique.

The stereo system proposed by Arnold (16-18) matches
-edges using a modified Viterbi dynamic programming
algorithm adapted to stereo. Constraints on occluding
edges, iﬁtervals between adjacent edges, and angles of
edges are inciuded. The algorithm basically matches edges

along epipolar lines (horizontal reference lines in each

half of a stereo pair, used for horizontal alignment for
46 ’

ClearCorrect Exhibit 1002, Page 2029 of 3373



matching points) by finding a path of miximum cost, wherg
the cost is a similarity measure derived from edge
properties.

Herman‘ and Kanade (98) use stereo and mcnocular
analysis to extract three-dimensional information from a
scene. They use lines and junctions as primitives in
matching. v

Gool ‘et. al. (80) propose an algorithm to describe a
polyhedral scene. - They extract edges and verticies and
perform matching on these features.

Waxman and Duncan (191) proposed a combined motion-

stereo analysis with one fixed camera and one moving

camera. Motion is wused first, allowing for gross
correspondence between analytic flow regions. Next a
correlation between binocular difference flow (flow

difference in the two views) and stereo disparity is used
to establish correspondence between previous unmatched
features. The ratio of the rate of change of the disparity
value plays an important role in this method.

Two. similar three-view stereo techniques were

developed by Ito and Ashii (106) and Pietikainen and
Harwood (158). Three-view stereo uses three images of the
scene,>with the matching performed over two combinations of
two = images. In Ito and Ashii's technique, matching of
edges from image 1 is done over image 2 along epipolar

lines. For each candidate from image 2, a corresponding

point in image 3 1is derived analytically at the
i 47
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\_/v f intersection of epipolar lines defined by the candidate
. point and the original point in image 3. These later
points are cofrellated with the original point Vin the

a o - first image to select the best match. Ideally,
2 & corresponding points (from image 1 and 3) have similar

: neighborhoods.

3-f ’ In the other three-yiew.stereo techniqﬁe (158), £he
- three images must bé coplanar. The horizontal and
vertical images are equidistant from and aligned parallel
to the base image. This géometry allows for corresponding
?‘ points in the base-horizontal and base-vertical images to
have the same disparity. Edge points are used in the

matching. An edgé point from the base image is selected

and based on its orientation (closer to horizontal

\‘) : vertical) a search is made in the vertical of horizontal
image respectively. Next, another search is carried out in

the third image to select the corresponding edge. Thé

i resulting triplets constitute a preiiminary set of
matchings. Final matches are determined from the local

properties (orientatiop.and gray level on both éides of the

edge) . Finally, a contour connectivity procedure is used

i to eliminate false matches.

Stereo correspondence is one of the most studied
problems in  computer vision. " The many feature-based
methods that have been developed use different basic

primitives as tokens for match. These range from point

features (corners and edges) to linear features (lines,
48
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curves, junctions), to area features (regions). The
methods vary in the way the features are extraced. They
all integrate the fundamental problems in computer ‘vision’

of edge detection and image segmentation techniques.

5.2.2 Edge-~-Finding Techniques

‘For botﬁ biologic systems and machines, vision begins
with a huge array of measurements of 1light iﬁ ‘an
environment. The goal bof vision "(either for man or
machiﬁe) is to recover information about an object. Many
steps are required to accomplish this. One of the first
clues about physical properties is provided by the changes
of intensities in ah'image (100).

Intensities change quiékly at edges. Physical edges
-are one of £he most important properties of objects since
they correspond to object boundaries or changes in surféce
orientation or material properties (185). Edge detection
serves to simplify the analysis of images by drastically.
reducing the amount of data to be processed, while at the
same time preserving useful structural information abou£
the object‘boundaries (40).

A vast array of edge finding techniques have been
developed (see reference 173). Generally, the intensity

value of adjacent pixels jumps dramatically at an edge

(45). The direction of that jump (low to high or vice
49
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vefsa) depends upon the image and the direction .of the
scan.

Rosenfeld (174) and Schowengerdt (177) point out tha£
most common class of edge detection 1is - based on the
application of local difference operators (a gradient) at
-every pixel. An edge is deﬁected by a sudden change in
gray level from one pixel to the next when the magnitude of
a,gradient:exceeds a threshold (150). Many operators take
the differences of;gray levels in two orthogonal directions
and use either root mean séuare or maximum absolute .value
as an estimate of edge steepness and thé inverse tangent of
the change in x divided by the change in y as an estimate
of edge direction.

Differences taken at every pixel are ~convolution
operators.‘ With them, .magnitude and direction are
determined (by a non-linear proceés of multiplication and
division to find the tangent). Early edge detectors
generally embodied a spécific edge model designed to locate
step edges or intensity gradients. These operators were
usually of fixed size (often 2 by 2 or 3 by 3) and failed
to address the issues of edge width or résolution. The
Roberts, Sobel, and Laplacian operators fall into- this
category. For the Roberts operator, the image is convolved
with: .

0 1 and 1 0
-1 0 0o -1

and the 3 by 3 Sobel operator where the image is convolved

50
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with:

=1 0 1 1 2 1
-2 0 2 and 0 0 o0
-1 0 -1 -1 -2 -1

The Sobel operator corresponds to edges in two positions.
It is less sensitive to noise than the Roberts because it
combines differencing écross the edge witﬁ averaging along
the edge.

The Laplacian operator can be used as a difference
operator but it responds more strongly to isolated points
than it does to lines or edges. The digital version of the

Laplacian convolves the image with:

0 -1 o
-1 4 -1
0o -1 (0]
It 1is not a good choice if the image is noisey. If the

édge is represented by a ramp function of gray levels, the
Laplacian operator yields non-zero magnitude at the top and
bottom but is zero along the ramp itself.

An alterhative technique proposed by Rosenfeld (174)
is to define a difference operator by fitting polynomial
surfaces to gfay levels in the neighborhood of a given'
-pixel and take the gradient of the polynomial as an
estimate of the image gradient. The parital derivates with
re%pgct to x and y of the polynomial can be expressed
directly in terms of gréy levels, precluding the necessity
of actual.surface fitting. If a plane is fit by least
squares to a 2 X 2 neighborhood, the magnitude of the

gradient of that plane turns out to be the same as the
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mayuiituue Or the Koperts operator. If a quadratic surface
is fit to a 3 x 3 neighborhood, the x and y partial
derivates are proportional to the results of convolving the

image with the Prewitt operator:

-1 o] 1 1 1 1
-1 0 1 and 0 o O
-1 0 1 -1 -1 -1
Still another technique is template matching. In

this approach, the image is convolved with a set of
patterns (masks) representing step edges ip the principal
directions. The maximum of the magnitude of the results at
a given pixel is then taken as the edge magnitude and the
orientation' of the mask giving this maximum defined the
edge direction. This' template matching approach is
described’ in detail by Yakimovsky and Cunningham (108,
1 197). Their masks are specially configured (rays and
concentrlc diamonds) rather than rectangular windows. The
major application of the masks, howevef, is for finding
correlations for point matching.

. The choice of mask size is important. A large mask
averages more noise so lower contrast edges can be
detected. The "cost" however, is in lower precision in
locating the position of the edge and greater computational
overhead (150).

Another method for detecting intensity changes
capitalizes on derivatives. It incorporates three
essential elements: smoothiqg, differentiating, aﬁd
feature extraction (100). Smoothing serveg two functions.
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First it reduces the effects of noise. Secondly, it

establishes the resolution or scale at which the changes
are to be détected.
The resolution for detecting edges can substantially

" alter the. subsequent interpretation of the image.

Hildreth (100) uses an example of an image of a ieapord.
At fine resolution, rapid‘intensity changes might delineate
individual hairs in its coat; at a coarser resolution they
might delineaté its spots. Changes from one resolution to
another can be detected by smoothing imégé intensities by

different amounts.

Differentiation accentuates intensity changes. It
transforms the image into a form from which properties can
be extracted more readily. A substantial image change gives
rise to a peak in the first derivative and a zero-crossing
iﬁ the second. A zero-crossing an easily be detected.
The detection and description of these features in the
smoothed and differentiated surface provides a compact
representation, capturing meaningful information in the
image. Marr refers to this represeptation as the primal
sketch of the iﬁage (132). This primal sketch is a
primitive but rich description of the gray-level changes
present. in an image (129-132). This description is based
on a vocabulary of kinds of intensity chéges, including
edges and modifyihg parameters specifying position,
orientation, termination points, qohtrast, size, and

fuzziness.
53
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From this basis, Marr and Hildreth (131), created
another theory of edge detection. In their analysis,
intensity changes are detected separately at different
scales to detect £he wide range of scales of changes which
occur in natural images. No sinéle.filter can be optimal
simultaneously at all scales. By taking local aQerages of
the image at various resolutions and then detec;ing the
changes in intensity that occur in each one, more nearly
ideél edge finding can be accomplished. This necessitates
determination of an optimal smoothing fiiter and detection
of intensity changes as a function of scale:

There are two phyﬁical considerations that combine to
dete%mine the appropriate smoothing fiiter. First, the
motivation for filtering the image is to reduce the range

\“) of scales over which interisity changes take' place. The
filter's spectrum should be smooth and roughly band-limited
in -the frequency domain. Secondly, there must be a
constraint of spatial localization. Things that give rise
to inteﬁsity changes (illumination changes, changes in
orientation, sur face reflectance, edgeé, etc.) are
spatially localized. Thé consequence of this is that thé
contribution to each point of the filtered image should
arise from a smooth average of nearby points rather than
from an average of widely scattered points: The only

distribution that optimizes the relationship of these two

localization requirements is the Gaussian.
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The Gaussian, convolved with the intensities of the
images’ on a point by point basis gives a measure of
correlation between the cen£ral peint and a specifiéd size’
of an adjacent area (called the kernel of the Gaussian).
Grimson (83) reports that four kerrel sizes, corresponding.
to four octaves, are needed.

Whenever an intensity change Qccufs as an edge is
crossed, for instance, there is a corresonding peak in the
first . directional derivatlve (or equivalently a zero-
crossing in £he second directional derivative of . the
intensity). So the task of detecting intensity changes is
reduced to finding the zero-crossings of the second
derivates of intensity. To aqud computational expensive
checks of all orientations, the Laplacian ( Vz were V2 =
636x2 + a?ayz ) can be convolved with a two—dimepsional
Gaussian operator.. Intensity cﬁanges for a given scale
(kernel size), then are best detected by finding’the zero
values of VZG(x,y)*I(x,y) for image I(x,y) where G(x,y) is

‘a two-dimensional Gaussian distribution and 1% 2 is the
Laplacian. The intensity changes established by each
kernel is represented by oriented primitives called zero-
crossing segments. Even with these concerns about
computation efficiency, processing is very slow. With the
Marr-Hildreth theory, calculation of coarse zero-crossings
for a 512 x 512 image took three hours on the MIT Lisp

machine (108). (With special customized hardware, ‘the

calculations were repeated in 0.25 seconds, however!)
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Shanmugami, Diékey, and Green (l78a)_'derived an
optimal frequency filter domain for detecting changes based
on the following‘criterion: The operator must (1) have
maximum energy in the vicinity of an edge. (2) be.limited
in frequency bandwidth, (3) have small output when input is
constant or slowly varying, and (4) be an even funcéion in
space. -When step changes of intensity are detected, this
operator, though devised to be én optimal frequency domain
filter, is essentially equivalent to a spatial derivative
(the second derivative of a Gaussian) (100). This detector
performs poorly on localization. It "also has the,

intrinsic feature of giving two maxima in the output of the

response to an edge,”yielding an ambiguous result (185).
Another approach to smoothing is to find " an anaytic
function whicﬁ best models or approximates the local
intensity pattern. One of the first approaches to this
type was the Hueckel operator (100). Surface fitting
methods use a variety of basis functions (including planar
and gquadratic functions) as the operator-. Thé surface is
. approximated by expansion into the first nine éoefficients
of a radial Fourier series; This operator was quite popular
in the 1970's but subsequent analysis has found serious

deficiencies in the Fourier approximation (150).

More recently, Haralich (90 and 91) used the discrete

Chebychev polynomial to approximate image-intensities with

a facet model. With the Haralick operatof, edges are

detected by 1locating the 1local maximum in the image
56
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- gradient. The gradient is estimated by fitting a _series
of polyfnomial basis functions. This analytically models a
patch of the intensity surface and deduces the presence of
edges from the coefficients of the model (76). 1In the one
dimensional case, this is equivalent>to convolving the
image with a filter whése shape is described by a cubic
polynomial and which resembles the first derivative of a

Gaussian (185). The Haralick algorithm convolves:
[-(r 2, cz) y

20 :
with the image. (A is an arbitrary scale factor, is kernel

2 2
A (1-x %;—) exp

size). The Marr-Hildreth algorithm convolves:

x2+y2_2g2 -(x24y2
—I T exp ——————
o 202

with the image. If k = 0.5 and 0 = 1.4, the two are
eqpivalent (for an 11 x 11 non-zero kernel). At 0 = 5,
the Marr-Hildreth has a non-zero suppor£ diameter of 49
pixels.

A smoothing operator derived from regularization
theory of mathematical physics has also been proposed
(159). It begins' with the hypthesis that numerical
differentiation of an image is a mathematically ill-posed
problem since its solution does not depend continuously on
input iﬁtensities (the equivalent of saying that the
solution 1is not robust against noise) (100). The
sﬁootﬁing regularizes the image, permitting well-posed
differentiation.

The operator is given by S(x) where s(x) minimizes:
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n - 2 2
Z(I(x) - S(x)) + Afis"(xd|  ax
k=1 .

The first term is a measure of how well S(x) fits the
sampled intensities. The second term measures thé
smoothness of S(x). The constant A controls the relative
weight of each of the terms (100). Pogglo et.al. (159)
S£owed that thé soiution of this minimization is equivalent
to the convolution of the image intensities with a cubic
spline that is very similar to a Gaussian.

Shen and Castan (41 and 197) argue that in general,
derivates are‘ sensitive- to noise so some low-pass
preprocessing is often necessary. The problem of edge
finding is further complicated by the fact that derivates
and their functions are local features of the image so,
when applied to fhree—dimensional image reconstruction, for
one pixel in an image there may exist more than one
candidate in the other image which has similar 1local
distributions of gray levels.

This problem was also addressed by Marr and Canny and
is the prdblem of ambiguities and false positives.
Ideally; when three-dimensional reconstructions are done,
characteristics of points yhich are relatively stable and
insensitive to noise are needed. These points can be
established by contours (the application for which Canny
developed his techniques), zero-crossings of Laplacians
(the Marr-Hildreth solution, for instance), and
charaéteristic points found by use of the Moravec operator

(146 ana 147). With the Moravec operator, interesting

-~
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pixels are often limited to isolated points, making it
difficult. to find three-dimensional iﬁformation of the
whole scene from disparities. of isolated points.

The contour and Laplaciaﬁ zero-crossing téchniques
usually - locate some continuous lines. or curves, making
three-dimensional_ reconstruction easier. However, the
gradient thrésholding used in edge detection often causes
some missed cgntour points so contours which are found are
often broken into several discontinuous paris, . Creating
difficulties in-matching. Tﬁe zero-crossing technique
avoids this problem. Unfortunately, by itself, the
Laplacian of gray levels is sensitive to noise so a band-
limited Laplacian, such as a Lapiacian of a Gaussian is
more useful since it eliminates the noise sensitivity.
Because of the contradiction between insensitivity to noise
and precision of localization of zero-crossings with a
Gaussian filter, different Gaussian channels should be used
(as proposed by Mafr and Hildreth). But that technique
requires long computation times.

Shen and Castan (179) have created an algorithm for
detecting band-limited Laplacian zero-crossings with
precision. For them, a binary Laplacian imagg is created
which enhances subsequent stereo reconstructions. Band-
limited Laplacian zero-crossings are sparse, corresponding

to pixels with important changes in gray level (like an

edge or - boundary). The binary Laplacian image (BLI) is
formed by defining: if a pixel has a positive  Laplacian
59
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value, the BLI value is equal to 1. If the Laplacian jis
zero or negative, the BLI value is equal to O. The
precisien of the élgorithm results from the precision of
algorithm results  from the precision of - the Gaussian.
There is less noise with this filter, giving increasing
precision in localization of zZero-crossings. Further, the
computational complexity is 1low since the algorithm
requires only four multiplications and nine additions for
each pixel.

Even with this technique, at the BLI Level some noise
remains. To suppress that noise, before three—dimensienal
reconstruction is attempted, spatial continuity is used to
suppress ‘isolated zones of small surfaces. This process is
called area size thresholding. Zones in " the BLI are
relatively independent of gray level ofbsurfaces, a fact
that may. be important for the relatively flat color
differences observed in imaging the teeth.

There has been considerable energy expended in
developing suitable‘edge—finding algorithms. Many of these
investigations (both theoretical and applied) have addressed
the question of which operators are most appropriate for
Performing the required operations. Certainly a better
understanding of the advantages and 'disadvantages of

various operators is emerging (100, 123, and 124).

It is unlikely, however, that a single method is the

most appropriate for all tasks. Mastin (133) shows some

interesting results emphasizing this point. A compbsite
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image, consistingA-of four parital images (which are
dfama;ically ‘different types - lines, continuous tone,
solid gray, and text), was ;ubjected to six different:
~smoothing filters.  Results of differen£ algorthims are
dramatically differént for different types of images.
Because of this, a number of edge-finding algoritﬁms were
applied to images of the teeth. The relatively simple
Roberts and Sobel operators give no useful inforﬁation.
Even looking at the edges found with the operators and
knowing wha; the original image looked like provide@ no
useful information. Adding and subtracting the edge image
from the original image provided no useful information.
Figure 2 is an original image. Figure 3 is the raw
digitized image at resolutioﬁ of 480 1lines with- 640

'pixels/line- Figure 4 is the edges found with the Marr-

Hildreth algorithm. Figure 5 gives the edges found with

the Haralick algorithm. Figure 6 is with thé Canny edge

finding algorithm and Figure 7 is the same image with a
strong edge criterion applied to the Canny operator.

Because of its significantly imprerd performance compared

with the others, the Canny edge finding algorithm was
selected for use with the automated system. It is

described in Chapter 6.

5.2.3 Surface Reconstruction
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~The. major goal in imaging is to establish the three-
dimensional coordinates describing the object of interest.
A number of ﬁechniqueslhave been devised. Some come from
photogrammetric applications (sée references 1, 125, ahd
126 general discussion), others have been derived from
image processing (see reference 83, .for instance), others
have come from applications in' robotics and artificial
intelligence (see reference 31 for instance). The
techniques associated with the direct linear transformation
(DLT),. the Collinearity Condition, the Grimson algorithms,r
and Moire reconstr;ction were considered as feasible
~alternatives for incorporation into the auiomated system

for production of dental restorations.

5.2.3.1 DIRECT LINEAR TRANSFORMATION. The direct linear
transformation (DLT) technique is based on the principles
of the projeétive transformation. Given an arbitrary
X,Y,2Z object coordinate system, the x,y and z image .space
coordinate system can be' found using basic linear
transformations (1). Transformations from one arbitréry
coordinate system to another are made throﬁgh a finite
series of rotations and translatiéns which include
perspective by the following equations:.
L1 L5 Rl L9. .
[X, Y, 2, 1] L2 L6 R2 LlO =s * [x, y, z, 1]
g L3 L7 R3 L1l
= L4 L8 R4 L12
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where X,Y,2 represents the ébordinaées of a pdint in the
object"‘coordina£e system (an actual point in space to be
digitized). The coordinates x, Y, 2z represent the:
coordinates of that same point in the image plane (the
phoﬁograph). L9, L10, and L1l contain the information for
s, the perspective scaling. . L4, L8, andrR4 represent
translations. The upper left 3 x 3 matrix contains the

' concatinated rotations required to align the arbitary axis
of the image and object coordinate systems. When the image
plane. is flat (as in a photograph), ‘z = 0 for all X,Y, 2
and Rl = R2 = R3 = R4 = 0. By rearranging, the standard
form of the DLT is obtained: |

(L1 * X+ L2 *Y+ L3 * 2 + L4)/s .

X =
y = (L5 * x + L6 * Y+ L7 * 2 + Lé)/s
where:
s = (L9 * X+ L1O* Y+ L1l * 2 + 1.0)
The L's, called the calibration coefficients,

incorporate information about the geometry of the image
acquisition, the internal configuration of the camera
system, including orientation parameters of the camera to
the object spaée (distance from the object, rotation of the
camera/film coordinate axis to the coordinate axis of the
object space), orientation of the internal parameters of
the camera (focal length of the lens, orientation of the
film coordinate axis), parameters modeling lens
distoration, and parameters modeling film distoration (1,

14, 189, and 196). 63
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The elegance of this technique, however, is that the
equatidﬁb can be solved without apriori knowledge of phis
array of variables. Instead,” if the object coordinates
and 1image coordinates of at least six points (on a
calibration devices oﬁ some sort usually) are known, the
values of the L's can be found. These same L's are then

used to solve for the object coordinates of unknown points.

From . work that has been done using'this technique in t]
Department of Orthodontics at the University of Minnesota,
resolution is ihsufficient io meet the strict requirements
far imaging the teeth. Resolution with this
reconstruction has been shown to be on the order of 1/2 mm
94, 113, 116, and 156):; sufficient for the applications for
which it was developed but' inadequate for automated

restorations.

5.2.3.2 COLLINEARITY CONDITION. ' Three-dimensional
coordinates from planar stereo pairs of information can be
obtained using the collinearity condition equations for
rays, Vdeveloped byv Anderson (14) aﬁd- Brown (35). The
collinearity condition can be expressed as:
%= —cLX Xyt (Y -%,)r, 4 (2, ~Zo T d /L(X; ~X5pr,
Y Yo )5, 3 (25 -Z5)r, ]

]
and

y|j= —C[(xl —Xo')r12+ (Y' -Yoi)rzi‘ (Z] —ZOi\rsz]/[(Xj —xoi)r13

q - * Y Yol ngt (2j-Zo) g
: 64
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where:

xi.,yij = image coordinate points i on photo j
¢ = calibrated focél length

(X,Y,Z% = object coordinates of point j

(X.Y,Z)of camera station coordinates of photo i

I11 H2 43 . .

Iy Ipp Ipg |~ rotation matrix R

T31 I32 I33 ' 7

Curry (53) uses this technique in his work creating a
point location and tracking system using digital images for
biostereometrics. It- requires that information aBout
camera station parameters, camera .calibration (principal
distance, principal point location, coefficients for
symmetric- radial lens distortion) be included. It does,
however, . yield accuracies of 0.2 to 0.3 mm in x,v Y., and z

coordinates (24). Unfortunately, these are not

substantially improved over those found using the DLT.

5.2.3.3 GRIMSON ALGORITHM. The Grimson algorithm (83)
uses the Laplacian of the Gaussian (G) convolved with the
image to determine three-dimensional coordinates of the
positions on the object at which the zero-crossings occur.

This technique provides information where ever edges occur.

However, it gives no explicit information about the
remainder of the surface. By capitalizing on the physical
constraint of surface consistency, he derives an
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interpoiacion algorithm to complete the’ surface
representation.

The interpolation algorithm relies on the basic
hypothesis that in drder for a surface to be consistent
with a given set of zero-crossings, not only must it give
rise’ to a zero-crossing in the convolved irradiances at-
those points, but it must also not give rise to zero-
crossings elsewhere. He states and provés a surface
conéistency theorem, describing the probabilityvof a zero-
crossing as a function of the shape of the surface. The
importance of this theéry is that it leads to a method for
measuring the probability of a particular surface being
inconsistent with the zero-crossing inférmation; yielding a.
technique for determining the best possible surface to fit

the known information.

5.2.3.4 MOIRE FRINGE TECHNiQUE. From Moire fringe
information, a surface reconstruction can be accomplished.
Each fringe represents an equal height on the sur face.
Thus, the third dimension (z) for each point on the image

(x,y) can be calculated (120):

z = A/B
where:
A = a B X (Xo8- Yopfat Zogta) - 2pPm( Xo¥ka+ Yopks+ Zopte) ]
B = Pgl xmlxoky— Voka+ amkz) - apPml Yokg+ YoKs+ amKe)]
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wnere:
a = lens - film distance in imaging camera
P = period of grid (lines/mm)
P = period of film image grid (lines/mm)

a = grid-lens distance in projection system .

ky= cos@sing
k2= sing@
ky= cos@zos¢

k4= cos@zosB + sinGsin¢sinB

kg= cos@sirf

k.= sinfcos@PsinB - singcosg

0 = viewing angle

¢ = angie of grid projection to image projection-
B = rotation of grid relative to film piane
(x,y,z)g= grid coodinates

{(x,¥,2)= film coordinates

5.3 FABRICATION TECHNIQUES

Both .traditional and non-traditional techniques for
fabricating the restogation were investigated. Two factors
play heavily into any éelection, however. First, the
intent is that the automated system should be feasible for
installation in a typical dental office. Secondly, only
one shaping technique should be used for the entire
précess. It is possible that additional techniques could

complement each other; bringing advantages in time of
67
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production, for instance. However, in an attempt to keep
system design as simple as possible, the shaping technique
selected must be able to produce both internal and external "

surface geometry of a dental restoration. Traditional

milling provides this. capability and is described in
Chapter 6. Other techniques investigated include electric
discharge machining, laser beam machining, abrasive jet

machining, water jet cutting, stereolithography, and

ultrasonic machining. Table 3 compares various parameters

relating to the alternative techniques.

5.3.1 Electrical Discharge Machining

Electrical Discharge Machining (EDM) dates back to the
1540'5; Material is removed by thermal energy generating a
spark (194). A dielectric fluid provides >a path for
discharge of the fluid between the electrode tool and the
workpiece. When sufficient voltage 1is applied, the
dielectric ionizes, passing current. The discharge area

is focused, creating a local temperature above the melting

point of the metal workpiece. A heat-affected layer of 2
to 130 microns remains after EDM. The part may or may not
show evidence of any metallurgical changes. Tool wear is

an important consideration and in order to control
tolerances and minimize cost, material removal rates must

be kept low (51).
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Because thermal energy is utilized, hardness is
irrelevant for cutting capabilities. However, only.
electrically conductive materials can be machined by EDM.
Therefore, it is not a reasonable choice for tﬁe production
of dental ' retorations which often are fabricated from

.ceramic, porcelain, and composite materials.

5.3.2 Laser Beam Machining

P Laser ' beam machining has been used for high precision

fabrication of complex geometries with high tolerance

E (104). Basically it Jis a high—speed ablation procesé
: (194). The workpiece is heated, causing surface melting.
Evaporation oécurs in the small focus area of the laser
beam. Cutting is further -enhanced by liéuid material
flowing from the area. While the heat-affected 2zOne is

shallow, very high thermal stresses may be applied and

residual stresses may result. Sharp corners (like margins
of restorations) may create. some problems. Usually this
technique is not employed for mass material removal. it

will cut hard, soft, tough, brittle, stiff and resilient
materials.

In most applications, cuts are made all the way
through plates of material; it.is diffiéult to precisely

control the depth of a cut. ‘Since depth .of . cut is
69
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- ’ ' critical for both the internal and external surfaces of a .

dental restoration, this technique is not indicated.

5.3.3 Abrasive Jet Machining

Abrasive jet machining removes magerial by abras;ve
particles in . a high-velocity gas stream impinging on the
workpiece. fhis differs from conveptionai sandblasting
since it uses finer process parameters and cutting actions

are hore carefullj controlled. Hard brit;le materials,

including glass and ceramic, can be cut. Diamonds have been
cut using diamond abrasives (194). 1t is not recommended
for mass material removal processes, and thus, is not

optimal for the dental restoration application where a

rather large bulk of material must be removed from the area

into which the prepared tooth will fit.

5.3.4 Water Jet Cutting

Water jet cutting was first patented in 1961. Water
pressure, a£'60,000 psi, is accelerated through an orifice
to create a stream traveling at more then twice the speed -
of sound (96). This high velocity, high pressure water je£
cuts the material. Numericaliy controlled systems do

exist. With this Jjet it is possible to cut graphite,

glass, epoxy and other non-metals. It is also possible to
70
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W cut highly brittle materials. Unfortunately, workpiece
material removal rates are minimal and depth of the cuts

are difficult to control (194).

i{ : 5.3.5 Ultrasonic Machining

Ultrasonic machining is performed by a cutting tool
which oscillates at high frequency, typically 20,000 cpm,
in an abrasive slurry. The shape of the tool corresponds

to the shape to be produced byAthe workpiece (a custom tool

would have to be fabricated before beginning material

removal). High speed reciprocal motion of the tool drives
abrasive grains across a gap into ‘the workpiece,
mechanically removing the material. Soft and ductile
materials are easier to cut; hard and brittle materials,
including ceramics (155), are possible. It is probably
the best alternative for hard and brittle materials (23).
The first patent for ultrasonic machining was issued in
1945 (194). This technique can produce complex shapes but
it does not compete with conventional material removal

operations of the basis Qf'stock removal rates.

5.3.6 Stereolithography

Stereolithography is a new technique and the basis of

a newly formed company called 3-D Systems (34). With this"
71 '
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- technique, a precisely focused beam of UV-light scans a
pool of liquid plastic, solidifying the material and
building up complex shapes, layer by layer or point by

point.

The method is not capable of producing parts from.

materials other than UV cured plastics. Few, if any, of
the currently used dental materials fall into this
category. In the future, however, new materials or

different 1light sources could feasibly be useful with this
techngiue. 1n the near term, however, it is not
appropriate for further consideration. This technigque may

be excessively restricting.

72
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Chapter 6. System Description

The system to automate production of dental
restorations acquires data directly from a patient's mouth,

reconstructs a true three-dimensional model of that data,

designs a restoration which fits the unique requirements of
the shape and size for the patient while preserving the
important morphological characteristicsiof the tooth being
restored, and then produces a milled restoration.
Understandably, a number of elements are required to
accomplish this. These include the techniques involved and
required to acquire the data, to convert the data into
digital - form, and then to recreate the thfee—dimensional
surfaces representing the teeth. Table 4 compares current
and automated processes. A data base was created to
establish the ideal morphology of each of the teeth in the
human mouth. A CAD/CAM package has been; developed to
create the design of the restoration and to generate the
milling ﬁachine commands to>produce it. Special filtering
algorithms have ben developed to represent the teeth in a
form which is compatible with the CAD/CAM software
requirements. Special fixturing has been created to permig*
restorations to be created. Each oﬁ these elements, as

well as with a discussion of materials from which
73
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Table 4.

Current vs.

Current Technique

Automated Restoraton Production

Automated System

DATA ACQUISITION

DATA PROCESSING
AND '

ANLYSIS

FABRICATION

Impressions

Hinge axis location
Face bow transfer
Pour models

Place pins

Pour base

Mount in-articulator
Trim dies

Mark margins

Wax pattern

Sprue

Invest

Burnout
Cast

Polish
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e Digitizing

® Edge finding
e 1:1 correspondence
& Disparity

e 3-D reconstruction

e CAD/CAM
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restoration have been fabricated, will be covered. Figure
8 summarizes the activities involved in an automated system

to fabricate dental restorations.

6.1 DATA ACQUISITION

Data acquisition is the first step in restoration
production - with either an automated or traditional
system. Each patient presents with, a unique set of
characteristic shapes. and sizes of teeth; a restoration
will have a.unique form, depending upon the history of
decay and/or fracture that necessitates that the
restoration be placed. The data required includes: (1) the
configuration of the tooth prepared by the dentist to.
receive the restoration, (2) the shape of the proximal
surfaces and heights of the adjacent teeth, (3) the sur face
configuration of the opposing teeth with which the
restoration must occlude, and (4) motion of the mandible
relaﬁive to the maxilla during func;ion (in the areas where
any of the teeth remain in contact and therefore guide the
motion of the jaws). 1In general terms, soﬁe technique must
be devised to create a representation of the teeth.

It is important to remember that the data must be
obtained from a living patient who is unconstrained. They

wiggle and have only a limited amount of opening possible
75
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- between their teeth (usually on the order of 40 to 60 mm
between their front teeth but only 25 to 30 mm in the
posterior regions of their mouth). They also have cheeks,’
saliva, and tongues that are often in the way. The oral
environment is essentially at 100 percent humidity.

For the automated system investigated, a  film-based
stereophotogrammetric system has been developed. The
film-based system was selected for two major reasons.
First, it permits gquick data acguisition for the
information _ required for shape réconstruction of the
prepared tootﬁ, minimizing the effects of any patient
movement. Perhaps more importantly, the intent is to
create a system which is feasible for use in a normal
dental office. "Thus, the cost of the in-office system
must be reasonable low and- it must be able to be operated
with only minimal training.

The data acquisition system created is unique. Teeth
are relatively featureless, providing little color
variation and long horizontal and vertical areas of nearly
flat profile. This creates substantial difficulties ' for
subsequent image processing. In order to alleviate this
problem, the data écquisiﬁion system design synthesizes
structured 1light and conventional stereophotogrammetry.
Data is acqui{ed so that advantages from both techniques
can be utilized for subsequent image proceSsiﬁg and data

‘analysis. Developments for - the data acquisition system

are the basis for a patent application now in process.
) 76
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Because of potential difficulties resulting from
disclosure, an in-depth description of the system cannot be
provided here. Instead, the general principles and

approaches are outlined.

6.1.1 Data Acquisition System

The data acquisition system, in its current
configuration} consists of a standard Nikon N2000 35-mm
camera body with a special rod lens (Figure 9). The léﬁs
is a combination of 100-mm Vivitar 11 Macro telephoto lens
(Part 22702350) to which is attached magnifying larygngo-
pharynogoscope by V. Stuckard (Richard Wolf Medical
lnstruments Corp. part number 4450-4? attached yith quick-
mount stepdown ring part number 5220.00).. The laryngo--
pharynogoscope (an endoscope) lens is a 5.85 mm diameter
rod 1lens with prism system mounted at the distal end,
permitting the field of view to be at 90 degrees ~to  the
long axis of the lens. A total distance of 25 mm between
the top of the surface being imaged and the top of the lens
is required.. Depth of field is essentially infinite.
Figure 10 is a view of the teeth as seen through this
lens.

To obtain three-dimensional data’ from planar

photographs, stereo pairs of images are required. The

stereo pairs have been made by moving the camera from one
77
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position to another. Imaées have been recorded using
standard Kodachrome KM 135 film with ASA 400. Development
has been done by-commercial processo}s (Black Photography
or National Camera Exchange, Minneapolis, MN).

Data was acquired through ghe experimental setup shown
in Figure 11. Light source (1) illuminates a Ronchi grating
(2) with 500.cyc1es/inch {(Rolyn Optics Part No. 70.3010).
Lens 3 focuses the grating onto the tooth (4). The image
is recorded by camera (5) with a standard 100-mm lens plus
endoscope . Figures 12 and 13 are views of the reéuiting
image pairs. The dark line crossing the tooth serves as an
epipolar line for alignment of scan lines (to'be discussed
in sections 6.2.1.2 aﬁd 6.2.1.3 on auto-correspondence and

surface reconstruction).

6.1.2 Digitizing

To convert the photographic images to digital images,
an Eikonix EC-850 digitizer (Eikonix Corporation,b Waltham,
MA) has been used (see Figure 14 and reference 72).
The resolution of this digitizer is 4096 by 4096 pixels.
The' system uses a linear CCD array to acquire each row of
data and a high—resolution stepper motor to move from one
row to the next. The digitizing work station includes the
CCD-camera mounted on a column which permits the camera to

be raised or lowered relative to the working table top.
78
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This, combined with tﬁe lenses, permits different sizes of
film and objects to be digitized.

The primary device of ﬁhe sttem is a linear array of
4096 photodetectérs. Center to center diode separation is
7.5 microns (72). During a scan, the array is stepped:
repeatedly in a direction at right angles to its length.
Each step is 7 microns.

Each photodiodes is connnected across a capacitor
which is initially charged by the scanning circuits. Each
time the photodiodes are accéssedey the scanning circuits,
the capacitors discharge through the photodiode at a rate
which is determined by four factors; (1) average 1light
intensity of the light focused on the photodiode, (2) time
between scans, (3) dark current of the photodetector, and
(4) individual gain of the photodiodes (72).

The time between scans is the sum of two factors: (1)
active time to scan the accuracy (fixed by cléck rate) and
(2) 1integration time (a pause time) (72). Integration
time is controlled by exposure time which can be set at the
console (see Figure 15). .

Each> time a photodetector cell is accessed by the
scanning circuits, its output, which is the remaining

charge on its capacitor, is fed as voltage to an analog

sample and hold circuit. The capacitor is recharged for
the next period. When all cells have been read, the pause
period is taken before a new scan can begin. At the start

of a pause period, during a normal scan, the stage carrying
' 79
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the array shifts oné.or more steps, depending upon software
commands .

The sample and hold circuit contents (the output of
each cell) are clocked into an A/D converter. The output
is a digital representation of the gray (or color) levels
sensed.

Both . transmissive and reflected light sources are
available so transparent films, photographs, or solid
objects can be digitized. The transmissive light source
uses filters to provide red, blue, ' and green 1light in
addition to a white 1light source. The intensity of
the transmissive light can be manually adjusted to optimize
ihtegratioﬁ time (the time allowed for light.to impinge on
a given CCD sensof cell). Camera signals are monitored
through an oscilloscope which pfovides instanteoﬁs
histogram plots of light intensity. 'The histogram is
useful in establishing proper 1light intensity. Both
optical (the equivalent of through the lens viewing in 35-
mm camerés) and electronic (maximum intensity 1levels)
focusing are possible (but _cahnot be achieved
simultaneously).

The digitizer can sense up to eight bits of color and
can digitize in levels of gray, red, green, or blue. Scan

times vary from 4 to 30 seconds/frame of film, depending on

the color being digitized. Blue is the slowest due to
idiosynchrocies of CCD-chip technology (75). Scan times
80 '
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are further slowed by filtering the data at inpdt to the
computer rather than recording all of the input.

The digitizer hardware drive and the camera control
software were both obtained from Eikonix Corporation.
Additioﬁal prograﬁs for camera control were developed by
the Department of Orthodontics at the- University of
Minnesota.

The digitizer precision is within 1/20 pixel (0;37
microns) between ‘pixels and _better than 1 pixel (7.5
microns) across the full diagonal (72). Its repeatability
has been shown to be + 1/2 pixel. For a lo—ﬁm diameter
image, a typical large tooth size, the 4096 x 4096
resolution gives a limiting image acquisition resolution of
2.44 micro;s. (Appendix 2 gives a discussion of errors,
sources of errors, and the implications of those errors on
probability of producing quélity restcrations.)

Experiments conducted Qith 16-mm film format used a
lens system consisting of a Tamron MC Teleconverter (2x),
120 mm of extender tubes, and a Micrc-Nikkor 105 mm 1lens
(2:2.8). An optical grid with l1-mm by 1- mm spacing (Rolyn
Optics part 70.0275) was placed in the field of .view.
With this lens system, a total of 382 pixels between grid
markers was measured, yieléing a total of 2.6 ﬁicrons of
actual movements 1in space, essentially. varifyﬁng the
theoretical resolution.

Some special problems are related to digitizing at

very high resolutions. The first relates to vibration and
81
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movement  of the camera as it moves form one scan line to
the next, éspecially when a very long lens arrangement is
required. Without any modification, pixel positions varied
dramatically for repeated scans of the same frame of film
.(by up to 10 pixels). By adding a fixture which ties the
'lens system to the camera support column, the variation is
reduced to 1/2 pixel (see Figure 16).
Another problem (blooming) is implicit in CCD camera
'technology. Elooming ‘is defined as a phenomenon whereby
streaks fan out in the image around an 'aréa of intense
illumination. Biooming occurs when excess charge in a
sensor cell overflows into neighborlng CCD registers (38).
This phenomenon is particulary bothersome in areas of high
contrast which, unfortunately, occurs most often around

edges.

6.2 DATA ANALYSIS AND IMAGE PROCESSING

After data hgs been acquired and digitized, it must be
manipulated, creating a restoration design which can then
be fabricated. . This process requires first that the
stereophotogrammetric data be analyzed to reconstruct the
three-dimensional surface informationrdefiﬁing the teeth.

A patient needs a restoration pecause normal too*h

structure has been destroyed .(through decay or fracture

usually). 1t is unlikely, then, that sufficient surface
82
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data about the original morphoiogy of the tooth needing the
resforation remains when the patient arrives in the dental
office. Yet restorations that are placed.muSt preserve thé
original anatomy of the tooth, providing cusps, - grooves,
and fossae in their original relative positions. That is,
all mandibular first molar full crown restorations, fof
instance, have five cusps, three bucéal and two lingual, a
central groove which crosses both the mesial and distal
marginal ridges, etc. Since it is unlikely  that this "
morphology data will always be available directly from the
patient, a data base of ideal tooth forms was created. It
contains the ideal morphology. Specifics for cusp height
and contour, width, and depth of fossae must be determined
from data unique for each patient and extracted from the
stereo images.

First the three-dimensional surface must be
reconstructed. This requires that edges be found and that
thé auto correspondence aﬁd disparity problem be solved. A
data base of ideal tooth forms has been found, forming thé
foundation of the design for the final unique tooth form.
An artificial intelligence program contains the required
tooth to tooth relationships. That data, together with the
ideal tooth forms is used by the CAD/CAM software to

design the restoration. When the design is complete,

fabrication begins. Each of these elements is discussed

separately in the next sections.
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6.2.1 Three-Dimensional Surface Reconstruction

After the stereo pairs have been digitized, a three-
dimensional representation of the surface imaged in those

pairs can be reconstructed. The photographic basis for

stereoscopy’ can be found in the principles of image
displacement and steréoscopic par§11ax‘(73). The change in
position of an image from one photograph to another caused
by motion 6f the caméra (or object) is definﬁd as
stereoscopic parallax or disparity. It is the apparent
displacement of the position of an object, with respect
to a frame of reference, caused by a shift in the position
of the observer (in this case ~a camera). Differential
disparity' is the element that is used to determine
elevations of surfaces (see reference 83 for a detailed
description). If corresponding points in the ihages
can be found and image acquiéition geometry is known, the
-depth of the points can be determined. Whén combined with
planar x,y coordinates, the depth map provides a complete
threé-dimensional representation of the surface.

Matching performance is improved if features are used
to establish the matches rather than itensity values over
the whole surface (176). One approach to automate
stereomapping is based on applying a set of edge operators,

having -a range of sizes, to the image; mafching first

coarse and then progressively finer resolutions (83).
84
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After matching has been compléted, the stereo
reconstruction can begin. For the automated systeﬁ for
dental restorations, -a unique combination of
stereophotogrammetry and structured 1light have been
integrated into the data acquisition system. With this

'combination, two images are essentially contained in each
stereo view. The structured light (and the prdjected grid)
add appareﬁt features to the images. Additionally, the
underlying image can also be detected. The traditional
stereo image information is used to " extract information
about the margin. Because thé marg%n is continuous,
without interruption in the image, it can be reconstructed
with high precision.

The . structured 1light image is used to extract data
defining the remaining surfaces, aQay from the margins.
These require less precise reconstruction, without
compromising the quality of the final restoration fit. In
both cases, data is extracted by first filtering the raw
data to find the edges (either the margins directly or the
grid pattern). The edges are found using. the Canny
algorithm which is described in detail in the next seétion.
The descriptions of auto-correspondence and disparity

algorithms and of the surface reconstruction then follow.
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6.2.1.1 CANNY - EDGE FINDING. Both smoothed local
symmetries and the computation of three-dimensional shape
from two-dimensional contours depend on the availability of

good edge data. An early implementation of smoothed local

symmetries used the difference of Gaussians operator

proposed by Marr and Hildreth (131). That algorithm,

however, 1is highly susceptible to noise. The set of zero-
-crﬁssings’ varies considerable . with noise as does the
contour tangent directions determined by it.

Canny (39 and 40) made noise a central concern in his
investigation of edge finding. He has created what is
genera}ly proported to -be one of the best performing
variations of the many proposed zero-cossing
implementations (76). He uses the calculus of wvariations
to derive an operator from a precige formulation of
detection and localization; finding that tﬁe optimal shape
is (approximately) the first derivative of a Gaussian (30).
The edge finder is directional. vIn one dimension, it
optimizes the product of a measure of deﬁectability of an
edge (signal to noise fatio and the requirement of a single
response to a single step) and a measure of 1localization

(the variance in the position of a =zero crossing):

Specifically, Canny sets the following criterion:
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\-/ 1. Good detection (no false positives or negatives):
There should be a low probability of failing to detect a
real edge point, and low probability of falsely marking an‘
edge point. - This criterion correséonds to maximizing

signal to noise ratio (SNR).

z. Good localization: The points marked as edges by
the operator must be as close as possible to the center of

the true edge.

3. One response to one edge: This is implicitly .
capturea in the first criterion since when two nearby
operators respond to the same edge one of them must be

considered to have marked a false positive.

Signal to6 noise is frequently used as the design
criterion for an optimal detector. However, the ability of

the edge detector to localize an edge 1is often either

ignored  or only indirectly treated (30). Canny's
derivation consists of three steps. ~ First, the design is
restricted to one-dimensional linear operators. A closed

form solution is found to the variational problem of
finding a filter "f" that maximizes the produét of‘measures
of detection and localization. The optimal filter ‘is
approximated by (but is not exa;tly) the first derivative
of a Gaussian. Second, the optiﬁal iinear operators

are combined non-linearly in a way that is again optimal

with respect to the criteria of detection and localization.
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Finally, the edge " points output from the non-linear

detector are processed by a liné—following procedure which

_assigns labels to the segments of coﬁtour and to each
segment a set of parameters that describe the type of edge
transition (amplitude of the step, uncertainty in
amplitude, and uncertainty in position).

The impulse response of the desired operator can be
represented by the function £(x). Attention is restricted
to aﬁtisymmetric functions "f". This 1is because. an
arbitrary function can always be split into symmefric and
antisymmetric components; The symmetric component adds
nothing to detector or localization; it does contribute to
the noise components that affect both.

The amplitude of a.step can be given by A and the
amplitude has a mean-squared noise of ni. The input
signal 1I(x), then, can Be represented by (395:

I(x) = A u (x) + n(x)

2 2 :
with n =<n (xj> for all x. Then the output of the

o
convolution of the signal with £ is given by the
convolution integral:

‘[}(T) f(x -1 4

The output SNR E is defined as the quotient of
the output due solely to the step input and the root mean

squared response to the noise component of the signal:
. : : 0

To formulate a localization criterion, the uncertainty
- 88
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in thelposition of the edge is defined to be the standard
deviation- in the distance of the position of the output
maximum from the origin (thevtrue positién of the edge).
At the maximum, there is a corresponding zero-crossing in
the derivative of the output. By the deri&ative theorem
for convolutions, the position x of the zero-crossing.
corresponds to the position of the zero;crbséing in the
output .of the convolution of the signal with their first
derivative f' of the function.f(x). The variance of the

zero-crossing is given by:

m )
f 2., 2
x02>: oMo f(x)“dx (8 '02)

2 T I3
A f(0)2

Since localization improves as the variance of x
decreases, the localization criterion. is defined as the
reciprocal of & 4:

A f'({o)
I =
Lo.] .
ol % (x) dax 1172
-

Having developed criteria for detection and

localization, the problem arises of combining them. Canny
elects 'to use the product of the two. This choice is
somewhat arbitrary, but has the property of being invariant

under changes of scale or amplitude. The product is. given

0
u{; fx)dx A f'(o)
[f‘” F2(x)ax1'/2 ™ ff (x)dx1"/

If x is replaced by x/w (a change of scale), where w

by:

=r

is a space constant which describes the "width" of the
89
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function £, there 1is no affect in the value of the
expression for T . But the relative contributions from
SNR and localization does change. fhe width of the
operator determines the tradeoff in output SNR versus
1oca1izati6h. A narrow operator giveé better localization
but poofer SNR. To handle variations in the SNR in the
image, operators of several widths are used. Where several
operators respond to the same edge, the operator with the
lowest width is selected, giving the best localization
while preserving an acceptable SNR.

_The problem of maximizing the product =I° can be
posed as a variational problem with general solﬁtion of the
form:

fr(x) = aqexp(a x) sinwx + gpexpla x) cos wx

+ asexp(—ax) sinwx + ajexp\wax) coswx + ¢

subject to the boundary conditions:

-£(0) =0 f(-w) =0 £"(0) = s and f"(-W) =0

where s is an unknown constant equél to the slope of the
function "f" at the origin. The form of this function
suggests that is could be approximated by -a first
derivative of a Gaussian (G') where:

2 2
G(x) = exp[-x [/ 2 0 ]

The major reason for this approximation is the efficient

ways to compute the two dimensonal extension of the filter

if it can be represented as some derivative of a Gaussian.
90 '
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The automatic switching between operators requires

local estimation of the noise energy in the operator'
outputs. ~ This is difficult because there is little
information available at the operator outputs to indicate
whether a response is due to an edge or to nolse. Canny
has developed a scheme that uses a mddei pf an edge to
predict the response of ea;h operator. He then removes
responses of this type to leave the response due to noise
only. The noise estimation is done from the outputs of the
operatofs rather than directly from tﬁe image.

In two dimensions, an edge also has an orientation
which is normal to the contour that the edge defines in two
dimensions. To detect-edges of a particular orientation, a
two-dimensional mask for this orientation is created by
convolving a lineaf edge operator aiigned with fhe edge
direction with a projection operator normal to the edge
airection. A substantialbsavings in computational effort
is possible if the projection operator is a Gaussian and
the same as the Gaussian used in the edge direction. It is
possible to create such operators by first donvol?ing the
image with a symmetric two-dimensional Gaussian and then
differentiating in the direction of the edge.

After. the image has been convolved with a symmetric

Gaussian, the edge direction is estimated from the gradient

of the smoothed image intensity surface. ‘The gradient

magnitude is then non-maximum suppressed in that

direction. " The directional non-maximum suppression is
91
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equivalent to the application of the following non-linear.

differential operator:

VEie P(VE-VE) =0

This operator locates zero-crossings in +the second
derivatiQe in the edge direction. The dot product of the
secoﬁd term with f gives the component of the second term
in the gradient direction. The second term is the gradient
of the squared slope. The zero value implies a maxiﬁum or
minimum in the slope itself.

It is interesting to compare the performance of the
Canny operator with the Laplacian. The two-dimensional
Laplacian can be decomposed into components of second
aerivatives in two arbitrary orthogonal directions. 1If one
of the derivativés is in the direction of the principal
gradient, the operator output will contain one contribution
that is essentially the same as the operator described
above, and also one from a detector that is aiigned with
the direction of the adge contour. The second component
cbntributes nothing to localization or detection and is
worse by V@ in localizatién and detection than the Canny
operator.

Stereo pairs of digital images were subjected to the
Canny edge finding algorithm {installed in the Sun

Workstation in the Artifical lntelligence Laboratory of the

Department of Computer Science -at the University of
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Minnesota). Filter width of 2, space constani sigma = of
2.5, and threshold of 1.0 where used. Only a single width
has been applied since Canny has shown that most features
are detected at the finest scale and relatively few are
added frém coarser scales (39). Figures 12 and 13 are the
original létereo pairs. Figures.l7 and 18 are the set of
images after the Canny edge finding algorithm is applied.
Since oniy edges are found (in this case grating lines and
preparation margins), the image is binary.

After edges have been identified, a stereo pair of
binary' images exists. These images are then used to
recreate the surface of the thooth. The first step in that
process 1is to automatically solve the 1:1 correspondence
problem and then to establish the disparity between pdints

in the two halves of the stereo pair.

6.2.1.1 AUTO CORRESPONDENCE AND DISPARITY. One of the
major challenges in all stereo reconstruction techniques is
to establish unambiguous, accurate correspondence bétween
points in the two halveé of the stereo paris of images; A
number of attempts have recently been made to solve this
problem. Smoothness has been'ﬁsed as an important matching
constraint. Smoothness suggests- the continuity rule which
stipulates that image poifits that are near to each other

are projections of three~dimensional points that are close

to each other (162). Since depth usually varies smoothly
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across a surface, the disparity given by correct matches
should also vary smoothly except at surface boundaries or
edges (79,130). This geﬁeral property has been translated
inté a number of specific constraints used in matching
algorithms, including continuity (130), figural continuity
(16, 134), disparity gradient limit (17, 37, 115), stereo
correspondence equation systems (46) .and coherence (162).

The technique integrated into the system‘to automate
production of dental restorations capitalizes on two basic
principles: smoothness and analyticity. The two are
somewhat similar. Smoothness or continuity suggest that
depth changes smoothly over a surface and is discontinuous
at. edges. Analyticity sugéests that any line describing
the surface 1is fairly well behaved and derivatives, at
least to second order, exis; over the surface (81).
Unfortunately, rarely will images prpvide views of surfaces
which meet these criterion over the entire image.

The principal of coherence, as defined by Prazdny
(162) states: "A discontinuous disparity field may be a
superimposition of several interlaced continuous disparity
fields, each corresponding to.a piecewise smooth surface."
That is, disparity (and therefore depth) can be-queled as
overlapping analytic regions with singularities at opaque
occluding boundaries or sharp changes in orientation. This
property of piecewise'analyticity_ of disparity permits

.examination of a small neighborhood of an image point.
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Thus, the disparity f£field can Vbe represented as
pieces. The piecewise analyticity of disparity permits
description of the transformétion of a‘neighborhbod in one -
image into its corresponding neigbborhood in the other half
of the stereo pair. fﬁ one defines neighborhoods which are
sufficiently small, any surface can be considered to be
locally ?lanar. The'disparity,. then, can also be modeled-
as localiy planar.

The objective 1is to define the disparity for small
neighborhoods in the left image of.a stereo pair and to
relate to local image'deformations and underlying surface
bstructure. The images are obtained with a parallel optic
axis and éoincideﬁt images planes (see Figure 19). The
focal point of the left -camera (with center at xL,yL) is
at the origin; the right camera (with center at xn,yh) is
displaced (along the x axis) by an amount B. (Upper case
variables represent world coordinates; iower case is used
for image coordinates.)

A single point in (X,Y,2) coordinates projects to:.

(XL;YL) = (X '/Z Y /Z ) (XR:YR) ="([x + B]/Z :Y/Z)

This yields equations for horizontal and vertical disparity
(relative to the left image coordinates) of:

disparity = (x- XL) = B/[2 (XL‘ YL)]

Because of the geometry from which the images are
obtained, there can be no shift in the vertical plane of

the image. The coordinates of the centers of the two
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images can only shift along the horizontal axis. That is,
the epipolar alignment is preserved.  The impoftance of
this alignment is that it reduces the search required to
find matching points from a two-dimensional probleﬁ'to a
one-dimensional problem. Thus, to find a match for a point
along one epipolar line in one image it is only necessary
to search along the corresponding epipolar 1line in the
‘other image (27). Furthermore, it ensures that for any
given point in one image, we can determine a line. segment
in the other that must contain the point (unless it is
occluded from view by other points on the three-dfmensionél
scan line.

Each neighborhood independently undergoes a searcﬁ for
the disparity that best fits 5 subset ‘of the zero—é}oséing
matches in the neighborhood. A neighborhood in the left
image is positioned over the right image at eéch possible
disparity offset, and those zero-crossing matches that are
closest to this constant disparity, and do not differ from
the constant disparity by more than a threshold, are
accepted.

A square window is selected in one half of the image
pair (the left half). The window size is set
inte;actively; current values is set at 5 x 5 pixels with
an image resolution of 256 x 256 pixels. The initial
position of the window is set at address (0,0) at the upper

left hand corner of the window. A second window is set in

the right half of the stereo pair. It is of identical size
26
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ﬁo the window in the left half. The valﬁes and patterns of
the light intensity with the windows are compared. If they
match, the windows in the left image advancé$ by 1 pixel in
the horizontal direction and the process begins again.

If the values of the }ight intensity do not match, the
right window advances sequentially one pixel at a time. At
each position, the match of the’ iight intensities is
checked. When a match is found, the left window advances
by 1 pixel in the horizontal di;ection énd ‘the proéess
begins again. (Figure 20 gives a flow chaft of the steps
in the matching process.)

Two attributes are used to evaluate the existance and
quality of a match: angle threshold and maximum disparity.
The edge pixéls within. each window are used to form a best
fit line. The angle of that line should be similar-in both
halves of the image pair. If the angle between the two
lines being considered as a potential match is above a
specified threshold, no match is defined to have occurred.
The current threshold is set at 30 degrees.

The second criterion (maximum disparity) is also
imposed to ensure that a valid match has occurred. Since
the images now copsist of binary images of edges (the grid
and the margin of the prepared tooth) and non-edges, the
nth edge marker in tﬁe right half of the pair should be the’
‘displaced equivalent of the nth edge mark in the left half
of éhe image pair. Furthermore, -the disparity from one

half of the imagé to the other should be within a threshold
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1imit (because the surface is continuous). If it exceeds
that threshold, it is definéd to not be a match. The
current tLeshold for disparity shift maximum is 9 pixels.

If a match is not found, the right window advances
sequentially- one pixel at a tiﬁe, At each position, the
possibilities of ~matches is checked. When a match is
found, the left window shifts and the process begins again.

The output of this stage is a disparity map D(i,j)
where shift of the contour line/gird line from the 1left
image to the right image is defined as disparity. It, in
fact, gives right side edge position in left side
;oordinates. Since thé epipolar constraint has been
applied, the only shift/disparity that can occur is in the
horizontal direction. .

Since surfaces are assumed to be smooth, except at
discontinuities, the configuration of thé tooth surface
which lies between grid lines is assumed to be smooth. The
expection (in keeping with piecewise analyticity in
neighborhoods assumption and shown by Duncan in (59)) is
that the surface change is linear. Thus, the disparity
between grid 1lines is calculated using the slope betﬁeen
the two proximal grid lines, giving:

D(1,m) = (1-1)[D(i+1,3)-D(i,3)1/n

where:

l,m are pixel add:esses where grids do not fall

i,j are x,y position of adjacent grid lines
98
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n is the number of pixels between proximal gfid
lines n= x (j+¥1) - x (3)

The- margins are the most critical element .of the
restoration, réQuiring the greatest degree of preciéion in
data and three~-dimensional reconstruction: The‘margins are
found with the Canny -edge finding algorithms then

reconstructed separately for each pixel.

6.2.1.3 3-D SURFACE RECONSTRUCTION. Based on the
geometry from which stereo image pairs are obtained, depth
is proportional to the inverse of the disparity. Thus:

z=H-%/D=H- (B £)}/D

where H is the distance from the object to the focal point
of the lens system of the data acquisition device, k is a
function of the 1lens focal 1length (f) and (B), the
separation of the images along the baseline between the
two camera positions. D is the disparity value obtained
from the l:1 correspondence solution techﬁique described in
thqﬂprevious section.

The wvalues of H, B, and f are known for the data

acquisition system. So the entire surface can Dbe
reconstructed. The x,y values are the values in the left
image pair. For each x,y, the associated z value 1is

obtained from the disparity value.
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As expected, the output of the reconstruction contains
" noise. The noise can be filtered out, again calling upon
the assumpﬁions of a smootﬁ surface. The smbothing
algorithm appliéd assumes tﬁat within the surface area
there will be no sudden changes in surface height. Thus,
if the depth of the image at any pixel is greater than some
theshold value different from that of its eight surrounding
neighboring pixels, the depth value is replaced with the
average value of the neighboring pixels. The filtering
process is iterative and continues until .no depth
difference 1is greater than the threshold value or 25
iterations have been performed. For current development( a
threshold of three units has been used. '
Figufe 2la is the noisey 3-D surface reconstructed
. from the images is Figure 17 and 18. After successive
iterations, the smooth surface caﬁ be retrieved ksee

Figures 21b-f).

6.2.2 Data Base of Ideal Tooth Forms

A data base containing the ideal morphology of each
tooth has been created. Each of the fourteen unique tooth
forms .were digitized. The tooth forms used were plaster
models used to teach dental morphology to first year dentai
students at the University of Minnesota. They were created

by and are available from Dr. Fred Nobel, Department of
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Operative Dentistry, Universify_of Minnesota. - Third molars
(wisdom teeth) were not digitized or included since they
(1) are often congenitally missing, (2) often are
extracted, and (3) are rarely in occlusion and, hence, do
not contribute to normal function and are only rarely
restorated.

- A mechanicai contact digitizér was used to create the

data base. Models of each tooth (at 2.5 times scale) were

digitized with a three-dimensional surface digitizer
‘(CAMSCAN) made.available b& CAMAX Corporétion (Minneapolis,
MN). (See Figures 22 and 23.) The three-dimensional
coordinates of each point were recorded to 0.0002 inch
(0.005 mm) accuracy and written to a PDP 11/23 computer and
then to magnetic tape.

The raw data files were converted to a format
acceptable to the computers and gréphic equipment available
in the Mechénical Engineering Department at the University
of Minnesota. The data base coordinates were transferred
to a VAX 11/70. The data files were  filtered using
Fortran programs for the vax in conjunction with thé Evans
and Sutherland PSBOO to remove obviously noisey points,
usually resulting from difficulty in contfolling the
pointer of the digitizer as it crossed from the.top to the
sides of the teeth. Subsequent filtering was also done to
eliminate unncessary points; when three pointsAlie on a

straight 1line, for instance, the middle one can be

eliminated without loosing any data. Filtering was also
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done to eliminate points which doubled back on .themselves
or created excessively sharp peaks.

Bicubic uniform B-splines with multiple knots for the
boundaries are used to approximate thg surface (22 and
-198). This provides a number of possibilities. First,
the B-spline geometry ensures continuity of the surface
without sudden changes (to second order derivatives). This
property is important from two aspects. It ensures
aesthetics and facilitates subsequent machining.
Traditionally produced dental restorations are smooth and
continuous. ‘All  external surfaces can be polished with
round burrs (they are blended surfaces). Thus, there afe
no sharp points on the surface. These aesthetics are
preserved with the B-spline represéntafion.

When machining begins, it is important to avoid sudden
accelerations. Otherwise machine tools are damaged or
broken, workpiece materials are gouged or torn, or the
machine can Be damaged. By ensuring continuity to second
order derivatives over the entire surface, these problems
can be eliminated.

The data files definihg the configuration of the
handibular first molar concisors are described by just over
6,000 data points. Lower central incisors contain
approximately 4,000 data points. Figure 24 is an example
of the configuration of a tooth as recorded in the data

.base.
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6.2.3 Artificial 1Intelligence for Occlusion

Static and dynamic occlusal contact relationships
(centrié occlusion, working and balancing occlusion, anc
protrusion) were incorporated intb a data base for an
expert system for occlusion. The data base was Ereated
with TurboProlog on an 1BM-PC-AT with 20 MBy;es memofy.
Contact points between teeth and paths of motion of
contacting cusps as they move in funciton are inéluded in
the data. When queried, the system identifies all contacts
and motion paths for any. specified tooth and motion
combination. To date; no graphical output has yet been
included nor -has it yet been integrated into the sofware
of the CAD/CAM system. Figure 25 - 27 show examples of the

sequential screen responses to menu-selected options.

6.3 CAD/CAM

After three-dimensional surface reconstruction of the
patient data is complete, the restoration design process
can begin. The CAD/CAM software manipulates the surfaces,
creating>a restoration which fits into the space available.
The internal configuration of the'restoratioﬁ is determined
directly from the three~dimensional configuration of the

prepared tooth. The external surface is manipulated to
103 '

ClearCorrect Exhibit 1002, Page 2087 of 3373



meet the space available in the patient's mouth. Each
surface can be described as a series of points on a scan or
profile 1line plus a series of profile lines at different
increments.  Thus, each scan line functions as a planar
projection of the three-dimensional surface.

When the sufface is complete, it isv divided into
segments so that undercuts (and their  associated
interferences) can be avoided. Three segménts are defined:-
(1) the prepared tooth , (2) the external occlusal surface

_and sides - of thé restoration to the crests of convexity
(the two maximum horizontal points in any given scan line),
and (3) the external surface below the crest of convexity
and the internal surface.

The CAD/CAM package selected for early development was
CAMAX's CAMAND program which was installed and operating on
a Silicon Graphics 1R1S 2400 in the Departmen£ of
Mechanical - Edgineéring at the University of Minnesotaﬁ
This software was selected because of it availability and
its .capability of managing complex surfaces.

As work progressed, however, 1limitations were found
for the &ental application. In particular, the commands
to offset the cutter were not capable of handling the scale
and thinness of the dental restoration margins and would
cut parts of‘them away as subsequent areas were cut.

A custom CAD/CAM éackage yas developed. Work was done
on a Silicone Graphics 2400 Turbo Iris Workstation.

Figure 28 is a flow chart summarizing the capabilities of
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the software; Table 5 is a compilation of CAD/CAM opt;onS.
The CAD/CAM system is- interactive system with pop-
down menﬁés.» It consists of a main menu as well as én
editor, surface genergpor, and shading routines. Commands
can be entered with either by keyboard or mouse. The
software can directly access data files with raw surface
data points given as x, y, 2 coordinates with format of
the following form:
. P 1.234e01, 2.345e-01, 3.456e03
L 1.000e00, 2.000e00, 2.34le-01
were P indicates the beginning of a new profile ‘1ine
and L indicates a point within the profile 1line. Each
profile line‘ must have the same number of data point in
each scan line.
Surface patches are created using ﬁniform B-spline
parametric curves in two directions (22 and 198). Offset
i ? for. the machine tool and tool diameter  -is set
vinteractively. Gouging checks are made automatically. An
output file readable by a milling machine is created by
the system. The cutter path command files are stored on
floppy discs. Those files are transferred from the Mechanic

Engineering Vax to an IBM PC driving the mill.
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Table 5. CAD/CAM Options

Options

Main Menu
Surface
B-spline surface
Uniform

Non-uniform
Non-uniform rational
Multiple knots

Periodic basis function

No. of u direction
+ interpoiated patches
No. of v direction
interpolated patches
Reverse

Add symmetrical vertices

Free ends with multiple
knots ’
Given tangent with
multiple knots
Hermite Surface
Free end condition
Parabolic end condition
No. of u direction
interpolated patches
No. of v direction
interpolated patches
Offset
Normal vector

Shifting

Return

Miscellaneous
Clock off
Alarm off
Digital on
Reshape clock
Bell off
Text port on

Comments

Uniform distance between poin$
multiple knots or periodic
basis function

Not yet implemented

Not yet implemented

Multiple knots for boundary
conditions

Normalized basis function
applied to entire surface

Patches in horizontal of surface
control vertices '

Patches in vertical of surface
control vertices

Adds symmetrical vertices at
ends of control vertices
{passed via periodic basis
function)

Enter tangent values at
ends ’

Offset in direction of normal
vector .

Shift tool in z-direction to

prevent gouging

Toggle clock on/off

Toggle alarm on/off

Toggle digital clock on/off
Change clock position and size
Toggle bell sound on/off
Toggle Iris test port on/off
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Table 5. CAD/CAM Options - continued

Options - Comments
Window
Zoom in Uses mouse to change scale
: on screen
Zoom out Uses mouse .to change scale
. on screen )
Pan Pick center of new screen
View
Rotate X-axis Rotation angle entered inter-
actively
Rotate Y-axis Rotation angle entered inter-
actively
Rotate Z-axis Rctation angle entered inter-
actively )
X-view View looking into +x axis
Y-view View looking into +y axis
Z-view View looking into +z axis
Status
All data file All data activated including
data to be deleted (pink) anad
hidden (blue)
Current data file All data except that to be
’ deleted or that is hidden
include deleted data Activates deleted data
include hidden data Activates hidden data
Points on Toggles data points on/off -
Grid on Toggles display grid on/off,

perpendicular to locked
axis - useful for entering
and grid size entered
interactively
Lock x-axis Locks x-axis, permitting
editing of displayed data
points with 2-D curser-

Lock y-axis Locks y-axis, see above
Lock z-axis . Lccks z-axis, see above
Hide

Point

Object

Group :

Recover Point Requires hidden data option be
selected

Recover Object Requires hidden data option be
selected
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Table 5. CAD/CAM Options - continued

Options

Recover Group

Recover all points in group

Recover all groups

Delete
Point
Object
- Group
Delete Point

Delete Object

Delete Group

in object

Delete all points .in group

Delete all groups in object

Repaint
e Current status
) ’ Points

Grids

Clear screen
Shade

Miscellaneous

Ciock off
Alarm off
Digital on
Reshape clock
Bell off
. Text port on
la
11

Comments

Requires hidden data option be.
selected

Recovers all hidden points of

group

Recovers all hidden groups of
object

Requires delete data option be
selected :
Requires delete data option be
selected

Requires delete data option be
selected

Deletes all delete points of
group

Deletes all delete groups of
object

Redraws the data
Draws data points (with polnts
option in status in either

Toggle clock on/off

Toggle alarm on/off

Toggle digital clock on/off
Change clock position and size
Toggle bell sound on/off
Toggle 1lris test port on/off
Constant controlling shading
Constant controlling shading
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Table 5. CAD/CAM Options - continued

Options ) Comments
d Constant controlling shading
K Constant controlling shading
Ks Constant controlling shading
n Constant controlling shading
Kd Constant controlling shading
Ka . Constant- controlling shading
Lowest light intehsity Values between 0.0 and 1.0
permitted, 0.35 recommended

Sight Display current unit vector

of sight, interactively
supply coordinates of eye
position relative to origin
Light Display current unit vector
of light, interactively
supply coordinates of light
position relative to origin
Save Save coordinates of light source
and look-up table values

Shade
Return .
Edit . for editing current data
Mlscellaneous
Clock off Toggle clock on/off
Alarm off Toggle alarm on/off
Digital on Toggle digitai clock on/off
Reshape clock Change clock position and size
Text port on Toggle iris test port on/off
Window
Zoom in Uses mouse to change scale
on screen
Zoom out Uses mouse to change scale
on screen
Pan Pick center of new screen
View
Rotate X-axis Rotation angle entered inter-
actlvely }
Rotate Y-axis Rotation angle entered inter-
actively
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Table 5. CAD/CAM Options - continued

Options Comments

Rotate Z-axis Rotation angle entered inter-
actively .

X-view View looking into +x axis
Y-view View looking into +y axis
Z-view View looking into +z axis

R Status .
All data fiie All data activated including

data to be deleted (plnk) and
: hidden (blue)
Current data file = All data except that to be

. deleted or that is hidden
lnclude deleted data Activates deleted data
lnclude hidden data Activates hidden data
Points on Toggles data points on/off -

data points shown in white
Grid on Toggles display grid on/off,

perpendicular to locked

axis - useful for entering

data points. Seed point-
and grid size entered

interactively
Lock x-axis : Locks x-axis, permitting
. editing of displayed data
- points with 2-D curser
Lock y-axis Locks y-axis, see above
Lock z-axis Locks z-axis, see above
A Hide
X . Point
Object
Group
Recover Point Requires hidden data option be
selected
Recover Object Requires hidden data option be
selected .
& Recover Group Requires hidden data option be
selected
Recover all points in group Recovers all hidden points of
group .
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Table 5. CAD/CAM Options - continued

Options
Delete
Point
Object
. . Group
Delete Point
Delete Object
Delete Group
Delete all points in group
Recover all groups in object
Repaint
Current status
Points
Grids
Clear screen
Edit
Move point
Recover moved point
Append point
Append points after
Copy point
Break line
Data
Squeeze
Average y
; Scale
i Translate
Rotate
Return

Conments

Requires delete data option be
selected

Requires delete data option be
selected

Requires delete data option be
selected

Deletes all delete points of
group

Recovers all delete groups of
object

Redraws the data

Draws data points (with points
option in status in either
toggle position - see above)

Maximum of 30 successive
positions can be saved

Recovers most recent position

Append current data point

Appends until menu is
terminated, Grid must be
turned ON

Separates group into two groups

All deleted data cleared .from
memory buffer, cannot recover
after squeeze '
actively

"Average y coordinate value for

selected group
Permanently changes data
Permanently changes data coords
Permanently changes data coords
Return to main menu
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Table 5. CAD/CAM Options - continued

Options Comments

Quit : .
Save data Requires Output file is open
Divide data Save data in file after current

object is divided into two
parts. Requires Output file

be open

Discard Data Quit without saveing current
data .

File

Input data Opens lnput file

Output data Opens Output file

Dyna input data Opens Dyna machine code input
file

Dyna output data Opens Dyna machine code output

file
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The design of the reétofation incorporates information
from the three-dimensional reconstruction and form the data
base of tooth forms. - The internal surface of the
restoration is a negative of the prepared tooth and is
calculated directly from the reconstruction;

The external three-dimensional surface design is more
complicated. The restqration must contact the adjacent
teeth.. To acocmplish this, the ideal form is scaled so
that the mesial-distal distance between ‘proximal teeth
matches the distance between contact points of the tooth
form in the data base. The scale factor used is simply the
ratio of acual mesial-distal length over the mesial-distal
length of the ideal form.

Tﬁe data base contains a local coordinate system,
based on maximum-height (in the occlusal plane) of the cusp
tipé. (It also contains the positions of the proximal
contacts relative to that local coordinate system.) If a
mark is placed on the prepared tooth, a local coordinate
system, relative to the prepared tooth can be calculated.
Since the two restoration contact point must match the
two contact points on the proximal teeth, a
transformation from "ideal data base" coordinates to
restoration coordinates can be made. With this
transformation, the scaled ideal design is superimposea on
the prepared tooth configuration.

S0 the process is:
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1. Define C=A X B =A B sin AB for the prepared tooth

i 3 k
= Ax Ay Az
Bx By Bz

= (Ay Bz - By Az) i + (Az Bx - Bz Ax) jJ

~+ (Ax By - Bx Ay) k

giving: Cx = Ay Bz - By Az
"Cy = Az Bx - Bz Ax
Cz = Ax By - Bx Ay

2. Define: D=BXC
giving: Dx.= By Cz - Cy Bz
by = Bz Cx - Cz Bx

Dz = Bx Cy - Cy By

where A,C,D form a mutually perpendicular right handed

coordinate system.

3. Compute the origin:

o=(p +P + P )/3
1 2 3

4. Transform data base tooth (world) coordinates into

prepared tooth (local) coordinates:

let r = P -0
world
then

»
fl

r . X
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The ideal tooth form can be trpncatéd at its maximum x
dimension (with profile lines aligned with the y axis) (the
equivalent of truncating at-the crest of convexity). The
lower external portion of the restortipn can then be
designed by taking the perpendicular to the curvature of
the internal surface at the margin (in the occlusal
directibn) and blending'that line with tﬁe external ideal’
desigﬁ (see Figure 29).

When surface design is completed, the surface is
divided binto threé files: (1) fixtu;e, (2) external
occlusal surface to the crests of convexity, and (3)
external surface below the crests of convexity and the
internal surface (including the-margins). Cutter paths are
generated, Dbased on interactivelylsupplied tool diameter,
desired effect, and feed rates (determined by material
properties).

Gouging is a potential problem during fabrication of
any complex geometry. As a cutter moves, creating a
surface, it removes material. It is directed to move
through a specified point. Howeve;, it has a finite radiué
in all three dimensions. A vertical offset ensures that
the tip removes only the material at the selected point
beneath it. However, its radius is operating in a plane
parallel to the feed - table. I1f the. surface of the

workpiece raises faster than the diameter of the cutter

diminishes, that material will be removed. If that
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material is required to fully describe the surface, its
removal is called gouging. In simpler terms, then, gouging
is simply an interference between the cutter and the
designed part geometry. )

In its current configuration, gouging 1is checked
before the cutter paths-are used to create command files
for the mill. A tool center position of each surface patch
is defined. With the tool at that point, the adjacent
patches are checked to ensure that no interference with
‘cutter diameter occurs. If interferences exist, the cutter
is shifted vertically to eliminate the gouging. This
will alter the surface. However, it has been found to be
required only on the occlusal surface.

After the gouging check, commands for the milling
machine are automatically generated. Specific requirements
for the data format'and file length are automatically
accomplished. The files are then ready for transfer and

immediate use with the milling machine.

6.4 FABRICATION

Maéhining a dental regtoration is both a demanding and
unique challenge. The goal 1is to demonstrate that
acceptable restorations can routinely be produced by
machining in a clinical setting. This goa; raises two

dental issues: (1) the overall machine tool concept and

deéign must be appropriate for use by dental personnel, and
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(2) specific details of operations must assure high quality
restorations. The milling process is discussed in the next
section. 'Then details of fixturing and materials

investigated are given.

6.4.1 Milling

While the proéram to control the milling machine is
generated aﬁtomatically by the CAD/CAM system, seemingly
mundane tasks like positioning the material to be machined;
cutter tool wear, and replacement, and assessing operation
performance during machining are also critical to product
quality. ~The machine tool must be easy to set and changes
in its performance must be . observable and obvious. ‘A
typical milling machine ' configuration was selected for
these investigations. In this configuration, the cutting

.

tool position is fixed and the workpiece moves as directed
to p;oduce the required geometry. The major advantage of
this type is the rigidity of the machine-cutting tool
workpiece system, making precision positioning and small
tolerances achieQeable. . The cutter tools are similar to
those already in use in general dental practices.

For the feasibility studies, milling is being done on a
three-axis Dyna Myte 2000 milling machine (69)'dr;ven by an

1BM~PC (Figure 30). Because only 900 lines of command code

can be uploaded to the Dyna at one time (and each x, y,- z

position requires three lines of code), the cutter tool
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patﬁ is broken into a numbef of separate data files.

Each file is written to a floppy disc, and uploadea to the -
pyna one file at a time. At this time, it requires

approximately 1 hour to cut a restoration and its fixture

from wax or aluminum. - Of that hour, approximately only 10

minutes is spent in actual cutting; the remainder is uplbad_
and data transfer time.

In  its current configuration, the precision of the
Dyna is not adequate - for producing ‘high-quality -
restorations. The backlash on the feed bed is on the order
of 15 to 25 microns in both the x and y directions. It -may
be possible to suﬁstan£ially improve this value by
rep{acing- the servo positioning drives with zero-backlash
screw drives.

Servo Syﬁtems, Inc. (178) has proposed that their
system is substantially more accurate (2.5 microns in
positioning repeatability) (See Figure 31.) One of their
systems has Jjust arrived in our laboratory; the post
processor for the CAD/CAM system (to generate machine
controlling files) is currenﬁly being developed.

End cutting tools are béing used for all cutting. For
bulk material removal in areas away from the final
restoration, layers of material are removed sequentially.
The restoration and its fixturing jig surface are both cut
with only a single cut (no rough followed by finishing

. cuts).
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6.4.2 Fixturing

Fixturing is quite simple. A modified vise is
attached to. the bed of the milling machine to hold - the
materials. ‘A solid block of material is held with the
vise. A special fixture is milled, rgpresenting the
configuration of the prepared tooth (similar to a die in
the lost-wax teéhnique). Then the internal surface of the
restoration and the external surface to the heights of
contour are milled from another solid block of material.

The partially fabricated restoration.is removed from
the vise, placed onto the fixture. This preserves the
felative orientation between the internal and external
surfaces when the final occlusal surface is machined. The
partially .fébricated restoration is held in 'place with
either dental sticky wax or epoxy. The fixture is held
with the vise while the remaining portion of the external

~surface is cut.

The fixture can also serve as a holding device and can
be used during shipping from the lab to the dentist as
protection for the margins. This protection is probably
not critical for metal crowns but may be very practical for

ceramics which are brittle and more susceptible to fracture

and cracking.
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6.4.3 Materials

An array of materials which have been accepted for use
in the human mouth (9-13 and 51) can be machined. These
Vinclude metals (like gold and semi-precious alloys),
ceramics, porcelains, and composites. Preliminary "
investigations focused on wax and aluminum, simply because
. of the associated cost factors.

Other matefials investigated include K-metal, Dicor
and Macor. K-metal, also called technique metal, wés
developed in 1932 as an alternative to gold for
restorations created during‘ the pre-clinical dental
technique training program (51). Its material properties
are- like those of casting gold so the expectation is that
it will also.machine like gold. It.is substantially less
expensive than gold. Since it corrodes easily, however, it
is not possible to use it for actual restorations but only
for refining machining parameters before cutting gold.

Dicor is a dental version of Macor. Macor is a glass-
ceramic which lends itself to conventional machining tools
and equipment (86). It is different from other ceramics
due to its microsructure which consists of an interlocked
array of plate-like mica crystals dispersed tﬁroughout a
glassey matrix. It consists of primarily of silica,
magnesium, and aluminum oxides (49).
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Figure 2. Photographic Image for Test
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Figure 3. Raw Digitized Test Image
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Edges using Haralich Algorithm

Figure 5.
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The highly interlocked microstructure is the keyb to
Macor 's machinability. puring machining, as the tool tears
‘its way through the glass—ceramic stock, the interlqcking'
intersectiéns of the randomly oriented crystals stop the
microscopic fractures that, in mass, make up the material,
gtopping the actual cut ‘from propogéting through the
matrix outside of the localized cutting Varea. fhe
microscopic’ fractures are repeately deflecfed. branched,
and blunted - in effect, turned around and arrested.

Since the fractures are localized, Macor glass-ceramic
does not sacrifice stength or hardness for the sake of its
machinability. Macor's machining characteristics are
similar to those of many common metéls. It is, however,
not .a metal and there are special considerations that
must be kept in mind when it is subjected to the bite of a
tool. It is important that both material and tool be kept
cool. - In aédition to cooling the workpiece, fluid is
used to improve the cutting action and trap and wash away
the loose powder produced during machining. The powder
generated by machining is abrasive so equipment maintenanqe
and cleanliness are important. Because Macor is nbt
resilient, special care must be taken to ensure that loads
" of fixtures. or clamps are evenly distributéd.

Macor can be machined to tolerances of 0.0005 inch
(49) and polished to 2 microinches (50). Typical machining
data includes a cutting speed of 20-35 sfm. with spindle

speed of 50-60 rpm, chip load of 0.002 inch/tooth, and
121
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deﬁth of cut of 0.150 to 0.200 inch (85). When compared to
other materials, it has a machinability index df 25, making
jt easier to machine than brass (index of 36), more
difficult than Teflon (index of 2.5), and much easier than
204 stainless steel {index 229).

Figure 32 is a photograph of a molar res£oration
fabricated from aluminum. Total cutting time for both the

fixture and restoration was just under ten minutes.

6.5 SYSTEM PRECISION AND ACCURACY

System precision. and accuracy can be measured
directly, establishing the co;respondence between én object
whose surface configuration has been measured with high
precision and one that has béenAproduced by the automated
system. Unfortunately, that is a very difficult task to
achieve. Further, it produces 1little insight into the
relative magnitudes of errors contributed by component
subsystens.

Alternatively, two techniques are possible. One is
simply to apply the clinical tests for fit of a restoration
produced by the automated system. While this is critical
for ultimate successful clincial .acceptance of the system
and the restorations it produces, it, 1like the teéhnique
proposed above, does not add any insight into error

contributions.
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A more useful tecﬁnique is ﬁo establish the degree of
_error of all subsystem components. Since errors are likely
to be independent, they will be additive (a worst-case
situation). "With this data, most 1likely sources of
improvement of product quality become obvious. Based on
this argument, the precision and accuracy of each component
subsystem -was‘evalutated.  Table 6 summarizes the error
contribution by subsystem. '

Unfortunately the Department of Orthodontics computer
system (a DEC 11/44) had a fatal crash before some error
cbntributions could be established. A more modern system
is being acquired and installed. This poses’- some
difficulty, however. The Eikonix digitizer interface
hardware is peculiar to that. hardware. By changing
computers, a new driver is needed. Because of changes in
Eikonix's interface deéign, a new digitizer must also
be acquired. Conéequently, some of the values presented as
error contributions are only estimates of actual
contributions with the new equipent. Actual contributions
will be measured when the ‘new system components are

installed.

6.5.1 Data Acquisition

The data acquisition system includes the lens system
and the film on which the images are recorded. The lens

distortion cannot be evaluated directly since it is
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Table 6.

Component Subsystem

Error Contribution by Subsystem

Error Contribution

(in microns)

Data Acquisition
Lens System
Film Distortion

Digitizer
Sensor Linearity
System Noise
Sensor Stability
Array Geometry
Lens Distortion
Overall

3-D Reconstruction
CAD/CAM
Milling

Positioning Error
NC Module (surface, scalloping)

TOTAL:
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s

impossible to image directly through the lens. to the

digitizer. It is possible, however, to look at the total
data acquisiﬁion-digitizer error. If errors are assumed to
be independent (and therefore additive) the contributions
from all but the lens can be established and the lens
contribution taken as the remainder of that total.

The total lens-film-digitizer . error - was not
established before the computer failed. ‘Lens distoration
is assumed to be Spproximately equivaient to that found
with the digitizer lens system (see section 6.5.2.2).

Film distortion values were obtained from Kodak's
product literature. Maximum distoration is assumed to be

0.01%2 (3.5 microns for 35 mm film).

6.5.2 Digitizer

Digitizer precision and accuracy can be broken into
radiometric and geometric components. Both are important
and may be interconﬁeced (87). For example,-nonlinearity in
detector response or high levels of system noise, could
gffect investigations into sensor linearity, noise, and

. sensor sﬁability. Geometric tests "include the array
geometry, lens distorétion, and overall digitizer
performance.
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6.5.2.1 SENSOR LINEARITY. In a CCD, pixel illumination
is converted to an output voltage by an array of
photodiodes and capacitors. The voltage is then converted
to a digital value in the range of 0 (black) to 255 (white)
by aﬁ analog to digital converter. Ideally, the entire
conversion process Qhould be linear.

To test this linearity, a Kodak Gray Step Card (log
linear to approximately 0.53) should be imaged under a
number Vof different lighting conditions with a number of
different integratioﬁ times. In the dental application,
transmissive 1lighting is used for digiting, so the gray
card should be in slidg form. Unfortunatgly, no slide form
exists and it was not possible to locate a Kodak Gray Step
Card. In an effort to investigate this linearity, however,
a étandard. gray card (reflectance of lé%, kodak part
No.152-7795) was photographed using a copy stand with Kodak
Kodachrome ASA 64 slide film. The slide was processed by a
commercial processor (Black's Photos, Minneapolis, MN).

Two test protocals were used. In the fi;st, a number
of selected single lines were read at resolution of 4096 by
1 pixels with different exposure levels (integration rates).
Additionally, the entire image field was digitized at a 32
times reduction (a resolution of 128 by 128 pixels where
every 32nd point and every 32nd line were read). Results fo

both are given in Table 7.
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Gray level changes were not substantial for any

exposure time. A gray level change of .1 unit is
equivalent to a 0.39% change in 1light intensity. For
resolutions of 4096 x 1 pixel, there was never any more

than a three unit change (1.17%) between any two adjacent

‘pixel addresses. Over the entire image field, the
greatest variation was four units (1.56%). It is
reasonable - to conclude, therefore, that the sensor is

;i