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METHOD, SYSTEM AND MOLD ASSEMBLY

FOR USE IN PREPARTING A DENTAL RESTORATION
Background of the Invention

This invention relates to method for preparing a
dental restoration such as a prosthesis. This invention also
relates to an apparatus or system for use in carryihg out the
method. In addition, this invention relates to a mold
assembly for preparing a dental restoration or prosthesis.

In accordance with conventional techniques for
providing a dental patient with a prosthetic overlay such as a
crown, bridge or splint, a dental practitioner grinds the sub-
ject tooth or teeth down to form one or more tooth prepara-
tions to which the prosthetic device is to be attached. An
impression of the tooth preparation or tooth preparations is
taken in an elastic material and the impression is used to
produce a model with dies. This in turn has a wax shape built
to fit the die, so that a metal casting can be processed via
the lost wax technique. The metal casting is then provided
with a porcelain layer.

This method of casting for manufacturing prosthetic
dental devices is labor intensive and, accordingly, expensive.
In addition, the time required to make a dental prosthesis by
such labor intensive methods is substantial and thus results
in considerable delay in providing patients with crowns,

bridges and splints. ,
The metal castings for the prosthetic devices are

generally made by dental laboratories from metals or alloys
purchased in the form of small ingots. After applying por-
celain cover layers to the metal castings, the laboratories
ship the finished prosthetic products to the dental prac- -
titioners who ordered them.

The manufacture of customized dental prostheses
entails substantial efforts and time expenditures by dental
laboratories to customize the fit of the castings, resulting
in a reduction in value of the precious metal and a using of
amounts of precious metals in the process that is lost in
castings, grindings. The casting system is subject to so many
variables as waxing thicknesses, investment expansions, metal
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homogenities that there are necessarily inaccuracies and
errors in castings results, increased expense in the delivery
of what is required and delay in the finalized, correctly
fitted prosthetic dental devices. In addition, it is fre-
quently necessary for the dental technicians to hand shape
required margins as well as eliminate small bubbles from the
metal castings and to grind both internal and external sur-
faces of the prosthetic appliance in preparation for use and
insertion in in the patients’ mouths. This grinding away of
expensive precious metal or any other metals is time consuming
and results in inaccuracies, modifications of fit, amd higher
costs for precious metals.

In producing bridges or splints pursuant to tradi-
tional methods, the bridges or splints are frequently fabri-
cated by using the excess materials of several prior castings,
these prior castings being the excess of the sprued units.
This manufacturing technique, as discussed above, is labor
intensive and therefore results in high costs. 1In addition,
in cases where there are soldered joints in a prosthetic den-
tal device there is an unequal distribution of stress
responsive forces throughout the device, and as a consequence
multi-unit cases may be subject to failure due to porosity
and/or fatigue at the soldered joints. Moreover, gases are
generated in the casting and/or soldering process and such
gases remain in the metal and are released and weaken the
Procelain when that material is baked onto the metal.

Because handheld grinding and/or drilling of the
metal castings naturally results in reduced accuracies in the
shapes of the final products and because conventional techni-
ques for manufacturing dental prostheses such as crowns,
bridges and splints are subject to continuous variables from
the impression stage, to the modeling, waxing, casting and
handheld grinding, a goodly number of dental prostheses are
frequently ill-fitting or require multiple corrective steps,
which gives rise to further variables, delays and cost
increases.

New methodologies based on CAD/CAM and CAE design
have recently been introduced. These new methodologies
represent the only significant advance in the dental arts for
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centuries. Pursuant to the new techniques, a dental
prosthesis such as a bridge is machined or milled from a solid
chunk of material under computer control. The milling is of
both internal and external surfaces of adjacent dental sub-
structures and proceeds generally from tooth position to tooth
position. Upon reaching the final tooth position in a bridge
array, numerous inaccuracies have arisen from the extensive
milling or grinding.

In accordance with conventional dental techniques, a
dental practitioner makes certain dental prostheses or
appliances in the dental office, sometimes while the patient
is waiting. Such prostheses or appliances include dental
inlays such as fillings. Owing to the limitations inherent in
conventional dental office facilities, the fillings produced
by the dental practitioner are invariably made of amalgam or

other material which has a limited strength.

Objects of the Invention

An object of the present invention is to provide an
improved method for producing dental prostheses and restora-
tions, including fillings, crowns, bridges and splints.

Another object of the present invention is to pro-
vide such a method which is more ecomomical and efficient than
conventional techniques.

Another, more particular, object of the present
invention is to provide such a method which reduces the labor
required.

Another particular object of the present invention
is to provide such a method which reduces or substantially
eliminates waste of precious metals.

A further particular object of the present invention
is to provide such a method wherein several dental prosthéses
may be produced substantially simultaneously.

Yet a further particular object of the present
invention is to provide a method wherein the production of
several dental prostheses or restorations for different
patients is facilitated by producing a common blank approxi-
mating the shapes of the several prostheses.

Yet another object of the present invention is to
provide such a method which reduces the costs of producing
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prosthetic dental appliances, including fillings, crowns,
bridges, etc.

An additional particular object of the present
invention is to provide such a method which produces improved
dental prostheses and restorations and, more particularly,
dental prostheses and restorations which are stronger, of a
closer and more accurate fit, more durable and less prone to
failure than conventional prosthetic dental devices.

Yet another object of the present invention is to
provide a system for essentially automatically preparing
prosthetic dental implants, restorations, splints, fixed
bridges, crowns or inlays/overlays.

A further object of the present invention is to pro-
vide a mold assembly useful in producing prosthetic dental
appliances.

Yet another object of the present invention is to
provide a kit which will facilitate the production of dental
prostheses and restorations including fillings, crowns,
bridges, splints, etc.

Summary of the Invention

A system for use in preparing a dental prosthesis
comprises, in accordance with the present invention, a signal
generator for generating an electrical signal encoding geom-
etric specifications of a dental prosthesis, the specifica-
tions including dimensions and shape of a tooth preparation at
a dental site at which the prosthesis is to be affixed and
configuration of the prosthesis. The system further comprises
a robot mechanism for placing a first mold component and a
second mold component, selected in accordance with the elec-
trical signal, in predetermined relative positions to form a
mold cavity, the first mold component corresponding in shape
and dimensions to the tooth preparation. The system also com-
prises a filling device and a computer. The filling device
serves to introduce into the mold cavity a quantity of a
fluidic solidifiable dental material such as a liquid or
liquifiable precious metal or alloy or composite material.

The metal or alloy may be in any of a number of equivalent
forms, for example, powder, pellets or ingots. The robot
mechanism and the filling device are at least partially dis-
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posed inside the furnace. The computer is operatively con-
nected to the robot mechanism and the filling device for con-
trolling and sequencing the operation thereof.

Preferably, a furnace is included in the system for
heating the liquifiable precious metal or alloy or composite
material. in the mold cavity.

Pursuant to another feature of the present inven-
tion, a milling device or other mechanism is operatively con-
nected to the computer for selectively removing material, in
response to signals from the computer, from at least one of
the mold components prior to placement of the second mold com-
ponent into juxtaposition to the first mold component.

Pursuant to another feature of the present inven-
tion, the computer includes means for calculating the quantity
of the fluidic solidifiable dental material to be introduced
into the mold cavity defined by the mold components. In addi-
tion, a sensor is advantageously provided for measuring the
fluidic solidifiable dental material. The sensor may include,
for example, a flow rate measuring device, a weight measuring
device or a pellet counter.

The mold components used in a system in accordance
with the present invention are generally made of refractory
material.

The instant invention offers the great advantage of
allowing milling operations to be performed on refractory
materials. Refractory materials are substantially softer and
thus easier to machine than the dental materials (gold, alloy,
composite) which are presently machined in accordance with
CAD/CAM techniques.

A dental kit comprises, in accordance with the pres-
ent invention, a plurality of preformed first mold componénts
corresponding to respective preselected tooth preparations,
and a plurality of preformed second mold components cor-
responding to respective ones of the first mold components and
to respective tooth restoration surfaces. As mentioend
hereinabove, the mold components are preferably made of
refractory materials and represent preselected nearest net

shapes.
Such a dental kit in accordance with the present
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invention also advantageously incldues a plurality of fluidic
solidifiable dental materials. The dental materials are used
in casting dental shapes such as fillings and the supporting
superstructures of crowns, bridges and splints. The provision
of dental materials separately facilitates the production of
dental prostheses which match the color of the patient’s
teeth.

A method for facilitating the making of a dental
restoration comprises the steps of providing the afore-
described kit and generating an electrical signal encoding
geometric specifications of a dental prosthesis, the specifi-
cations including dimensions and shape of a tooth preparation
at a dental site at which the prosthesis is to be affixed and
configuration of the prosthesis. In another step, one of the
first mold components and one of the second mold components
are selected in accordance with the geometric specifications
contained in the electrical signal. Then, a quantity of a
fluidic solidifiable dental material is introduced into at
least one of the selected first mold component and the
selected second mold component. The selected first mold com-
ponent and the selected second mold component are juxtaposed
to thereby form a mold cavity corresponding to the dental
prosthesis. The solidifiable dental material is preferably
introduced into one of the selected mold components prior to
the juxtaposition thereof. However, it is within the con-
templation of the invention that the introduction of the den-
tal material may be implemented subsequently to the juxtaposi-
tion of the slected mold components. :

Pursuant to another feature of the present inven-
tion, the method further comprises the steps of (a) heating
the selected mold components and the quantity of the fluidic
solidifiable dental material, and (b) maintaining the mold
components in juxtaposition to one another. during the step of
heating.

In another step, in accordance with the present
invention, the amount of the quantity of the fluidic solidifi-
able dental material is automatically calculated prior to the
step of introducing.

It is also within the contemplation of the invention
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that the selected mold components will require some machining
prior to formation of the mold cavity and the introduction of
the fluidic solidifiable dental material. The mold components
are made of refractory material to enable proper execution of
the heating step. 1In addition, as noted above, refractory
material is softer than solid dental materials and is thus
easier to machine. However, it is to be noted that the dental
prosthesis formed upon the completion of the heating step may
be machined, if necessary, to conform the dental form exactly
to the dentists specifications.

In accordance with the present invention, where the
dental prosthesis or restoration is prepared completely in the
dentist’s office, at least one of the mold components may be
machined in tandem with the drilling of a patient’s tooth or
teeth by a dentist to prepare the teeth for the reception of
the prosthesis. As described below, the machining may be per-
formed by a milling device connencted in a pantograph type
arrangement to a dentist’s drill. 1In that way, the mold com-
ponent corresponding to a prepared tooth is milled
simultaneously with the preparation. Alternatively, as
described below, electrically encoded three-dimensional sur-
face data may be loaded into a computer during or before the
tooth preparation procedure. That electrically encoded data
is then utilized by the computer to control milling opera-
tions. It is to be understood, of course, that the machining
of the mold components in accordance with the present inven-
tion may be performed by cutting devices other than milling
machines, for example, lasers and ultrasonic devices.

A method for use in preparing dental appliances com-
prises, in accordance with the present invention, the steps of
(a) receiving a plurality of electrical signals encoding geom-
etric specifications of a plurality of dental prostheses, the
specifications including dimensions and shape of tooth
preparations at dental sites at which the prostheses are to be
affixed and configuration of the prostheses, and (b) calculat-
ing from the geometric specifications additional geometric
specifications of a common nearest net shape from which all of
the plurality of dental prostheses may be machined. Upon com-
pletion of the step of calculating, a pair of mold components
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is provided to produce, in cooperation with one another, a
mold cavity having dimensions and configuration corresponding
at least substantially to dimensions and configuration of the
common nearest net shape. The mold components are placed in
predetermined relative positions to form the mold cavity, a
quantity of a fluidic solidifiable dental material is intro-
duced into the mold cavity, and a prosthesis form is subse-
quently removed from the mold cavity upon solidification of
the dental material with which the mold cavity is filled.

Another method for use in preparing a dental
prosthesis comprises, in accordance with the present inven-
tion, the steps of (a) generating an electrical signal encod-
ing geometric specifications of the prosthesis, the specifica-
tions including dimensions and shape of a tooth preparation at
a dental site at which the prosthesis is to be affixed and
configuration of the prosthesis, and (b) in response to the
electrical signal, providing a first mold component having a
surface at least approximately conforming to the tooth
preparation and a second mold component to produce, in
cooperation with the first mold component, a mold cavity
having dimensions and configuration corresponding at least
substantially to dimensions and configuration of the
prosthesis. In further steps (¢) and (d), the mold components
are placed in predetermined relative positions to form the
mold cavity, and a quantity of a fluidic solidifiable dental
material is introduced ionto the mold cavity so formed. The
mold components and the quantity of a fluidic solidifiable
dental material are then heated while maintaining the mold
components in juxtaposition with one another.

Pursuant to another feature of the present inven-
tion, the prosthesis form is shipped to a user for machining
of the prosthesis form by the user. Preferably, an electronic
codification of the dimensions and configuration of the
prosthesis form is conveyed to the user together with the
prosthesis form.

Pursuant to yet another step of a method of the
present invention, the prosthesis form is attached to a sup-
port having markers for providing a distance reference for the
prosthesis form, the support being shipped to the user with
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the prosthesis form. In addition, the support is provided
with alignment elements for guiding the support molded form
into a predetermined relationship with a machining apparatus.

A mold assembly for use in preparing a dental
prosthesis comprises, in accordance with the present inven-
tion, a mold component having a surface at least approximately
conforming to a tooth preparation, a support attached to the
mold component, markers on the support for providing a dis-
tance reference for the mold component, and alignment elements
on the support for aligning and guiding the mold component
into a predetermined relationship with another mold component
to form a mold cavity.

Another assembly for use in preparing a dental
prosthesis comprises, in accordance with the present inven-
tion, a molded form having a surface at least approximately
conforming to a tooth preparation for a particular patient,
the molded form constituting a preform for a dental prosthesis
for the particular patient, a support, the molded form being
removably attached to the support, and markers on the support
for providing a distance reference for the molded form.

Brief Description of the Drawing

Fig. 1 is a block diagram of a system effecting a
desired modification in the shape of a pre-existing object
such as a tooth to which access is restricted.

Fig. 2 is a block diagram showing details of a sur-
face data generating device shown in Fig. 1.

Fig. 3 is partially a block diagram and partially a
schematic elevational view of a particular embodiment of the
surface data generating device of Fig. 2.

Fig. 4 is a cross-sectional view taken along line
IV-IV in Fig. 3. ‘

Fig. 5 is a detailed schematic diagram of optical
components in a grid projection assembly included in the sur-
face data generating device of Fig. 3.

Fig. 6 is a cross-sectional view, similar to Fig. 4,
of another particular embodiment of the surface data generat-
ing device of Fig. 2.

Fig. 7 is a schematic cross-sectional longitudinal
view of yet another particular embodiment of the surface data
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generating device of Fig. 2.

Fig. 8 is an elevational view of a distal end of the
embodiment of Fig. 7, taken in the direction of arrow VIII.

Fig. 9 is a plan view of a reference stylus usable
in conjunction with the data generating device of Figs. 3 and
7.

Fig. 10 is a plan view of another reference stylus
usable in conjunction with the data generating device of Figs.
3 and 7.

Fig. 11 is a partially diagrammatic perspective view
of an embodiment of a contour data generating device shown in
Fig. 1.

Fig. 12 is a partial perspective view, on an
enlarged scale, of the contour generating device of Fig. 11,
showing its use with a dental patient.

Fig. 13 is a partial perspective view, on an even
larger scale, of another embodiment of the contour generating
device of Fig. 1, showing its use with a dental patient.

Fig. 14 is a perspective view of another contour
data generating device usable in a dentistry system.

Fig. 15 is a perspective view of drill movement con~
trol assembly.

Fig. 16 is a partial perspective view, on an
enlarged scale, of a drill movement restriction assembly,
showing a tooth preparation preform on an even larger scale.

Fig. 17 is a partial schematic perspective view of a
reference marker assembly.

Fig. 18 is a diagram of a system for manufacturing a
dental prosthesis, in accordance with the present invention.

Fig. 19 is a flow chart showing successive steps in
the operation of a control unit or computer in the system of
Fig. 18.

Fig. 20 is a perspective view, partially in cross-
section, of a mold component usable in the system of Fig. 18
for forming a metal substructure portion of a crown.

Fig. 21 is a perspective view, partially in cross-
section, of the mold component of Fig. 20 in juxtaposition
with another mold component, thereby forming a mold cavity for
casting, injection molding or press molding a crown.
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Fig. 22 is a perspective view of a plurality of mold
components substantially similar to the mold component of Fig.
20, all attached to a mold holder or support in accordance
with the invention.

Fig. 23 is a diagrammatic side elevational view of a
mold support carrying a plurality of inner mold components
corresponding to respective adjacent teeth in the mouth of a
single patient.

Fig. 24 is diagrammatic side elevational view of a
mold support carrying a plurality of outer mold components
corresponding to the inner mold components of Fig. 23.

Fig. 25 is a diagrammatic side elevational view of
the mold supports and inner and outer mold components of Figs.
23 and 24, showing the mold components disposed in fitted jux-
taposition to one another to form a plurality of mold cavities
for forming the metal or allow substructures of a pair of

crowns and a bridge.
Fig. 26 is a diagram of another system for manufac-

turing a dental prosthesis, particularly for manufacturing a
metal or alloy substructure of the prosthesis.

Fig. 27 is a diagrammatic representation of yet
another system for manufacturing a dental prosthesis,
particularly for manufacturing a metal or alloy substructure
of the prosthesis.

Fig. 28 is a view taken along line XXVIII-XXVIII in
Fig. 27.

Fig. 29 is a schematic side elevational view of a
preformed mold component in a magazine or storage rack.

Fig. 30 is a diagrammatic representation of a por-
tion of a system for manufacturing a dental prosthesis.

Fig. 31 is a diagram of a furnace system for usé in
preparing a prosthetic dental appliance in accoradance with
the present invention. )

Fig. 32 is a schematic top plan view of a portion of
a dental kit in accordance with the present invention.

Fig. 33 is a diagram of another furnace system for
use in preparing a prosthetic dental appliance in accoradance

with the present invention.
Fig. 34 is a schematic top plan view of an annular
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holder with a plurality of mold supports carrying respective
mold components, in accordance with the present invention.
\Detailed Description

As illustrated in Fig. 1, a computerized interactive
system for producing a modification in the shape of an object
such as a tooth to which access is limited comprises a first
data generating device or assembly 22 for providing a computer
24 with electrically encoded data, specifically, digitized
video signals representing a three-dimensional surface of an
object such as a tooth. A second data generating device or
assembly 26 is operatively connected to computer 24 for trans-
mitting thereto digitized video signals containing information
pertaining to a curvilinear contour on the surface of the
three-dimensional surface of the tooth. 1In addition, computer
24 may receive from a third data generating device or assembly
28 digitized input signals relating to internal structures of
the tooth being scanned. Specifically, data generating device
28 may take the form of an X-ray device such as used in cur-
rent intra-oral radiology or other methodologies and basically
comprises a source 30 of X-ray radiation and a detector 32 for
receiving the X-ray radiation after it passes through a tooth
and converting the incident radiation into a digital data
stream fed to computer 24.

As further illustrated in Fig. 1, the computerized
interactive dentistry system also comprises a display device
34 such as a monitor or holographic projector. In response to
data signals, computer 24 generates a three-dimensional view
on display of monitor 34 of the tooth or teeth under examina-
tion. More specifically, computer 24 is provided with any
commercially available stereophotogrammetric triangulation
program for calculating and displaying, on the basis of the
video input signals from data generating devices 22, 26 and
28, three dimensional surfaces and contours of the tooth or
teeth.

The computerized interactive dentistry system of
Fig. 1 further includes another data generating device or
assembly 36 which provides computer 24 with digitized video
information as to the location of the operative tip of a cut-
ting instrument 38 such as a dentist’s drill relative to the
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three-dimensional structural features of the tooth. Data gen-
erating device 36 thus enables computer 24 to monitor
modifications to the shape of the tooth as those modification
are being made in the tooth.

The system of Fig. 1 is further provided with any of
several instruction input devices such as a keyboard 40, a
mouse (not shown), or a contact sensitive surface of monitor
34, whereby an operator such as a dentist or dental technician
may instruct the computer to display a desired tooth prepara-
tion on monitor 34. In addition, or alternatively, computer
24 may use input from drill data generating device 36 as
instructions regarding, for example, the depth of a tooth
preparation to be displayed on monitor 34.

Upon selecting a desired tooth preparation
illustrated on monitor 34, the dentist operates drill 38 to
cut a recess into the tooth (in the case of a filling or
inlay) or or to remove an outer layer of the tooth (in the
case of preparing a form/shape for a crown or other prosthetic
restoration). Computer 24 monitors the location of the
operating tip of the drill via data generating device 36 and,
if the drill approaches a boundary previously defined to the
computer during an interactive tooth preparation selection
operation, either interrupts the power provided to the drill
via a supply 42 or alerts the dentist via a signaling device
such as an electro-acoustic transducer 44.

As depicted schematically in Fig. 1 and discussed in
greater detail hereinafter, data generating device 22 includes
a grid projection assembly 46 for optically imposing a grid
onto the surface of the patient’s tooth. Data generating
device 22 also includes an opto-electrical transducer 48 such
as a charge-coupled device for optically sensing or scanning
the tooth surface onto which the grid is projected by assembly
46. It is to be understood that the grid pattern projected on
the tooth surface need not be an orthogonal grid having two
sets of lines at right angles to one another, but may instead
have the two sets of lines oriented at an acute angle. More-
over, although the dental scanning systems described herein
preferably incorporate an optical grid, it is to be
appreciated that a grid may be imposed onto the tooth surface
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by other methods, such as adhesively attaching to the tooth
surface a transparency provided with a grid. 1In addition, the
grid provided on such a transparency need not take the
specific form of two sets of orthogonal lines but may instead
take the form of an array of virtually any shapes, such as
dots or circles. It is only necessary that the precise size
of the shapes be known and programmed into the computer.

As further depicted in Fig. 1 and described in
detail hereinafter, data generating device 26 comprises a
pantograph-type component 50 which incorporates a stylus mem-
ber 52 and a pantograph extension 54 in turn including a
pantograph arm 56 and a bridge element 58. Bridge element 58
connects pantograph arm 56 to stylus member 52. Data generat-
ing device 26 further comprises at least a pair of opto-
electrical transducers 60 and 62 preferably in the form of
respective charge-coupled devices ("CCD"s). Pantograph com-
ponent 50 enables computer 24 to track, from outside the
mouth, the motions of the tip of the stylus member inside the
mouth and even beneath the gum line.

Accordingly, data generating devices 22, 26 and 28
provide to computer 22 electrically encoded data completely
defining the structure of the tooth on which a dentist is
working. Computer 24 then "draws" the tooth on monitor 34.

At that juncture the dentist instructs the computer to modify
the displayed three-dimensional shape. For example, the
dentist may use keyboard 40 to input a command that a
predefined tooth preparation, in graphic form, be overlaid on
the three-dimensional graphic representation of the tooth.

The size of the tooth preparation relative to the tooth may be
specified by entering a depth dimension via keyboard 40, data
generating device 36, a mouse or a contact-sensitive surface
of monitor 34. Alternatively, computer 24 may be programmed
to automatically select a possible tooth preparation in
accordance with the data from data generating devices 22, 26
and 28. In accordance with yet another alternative procedure,
the dentist may command the computer to alter the graphic rep-
resentation of the tooth, for example, by removing a layer of
several millimeters from a surface selected by the dentist or
by removing a selected volume of tooth from all five surfaces
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above the gum line to a contour below the gum line defined by
the second data generating device 26.

As further depicted in Fig. 1 and described in
detail hereinafter, data generating device 36 comprises a
pantograph-type component 64 which incorporates drill 38 and a
pantograph extension 66 in turn including a pantograph arm 68
and a bridge element 70. Bridge element 70 connects
pantograph arm 68 to drill 38. Data generating device 36 fur-
ther comprises at least a pair of opto-electrical transducers
72 and 74 preferably in the form of respective charge-coupled
devices ("CCD"s). Pantograph component 64 enables computer 24
to track, from outside the mouth, the motions of the tip of
drill 38 inside the mouth and even inside a tooth.

In a preferred form of the system described herein,
data generating device 36 is the same as data generating
device 26 with stylus element 52 replaced by drill 38. More-
over, upon the selection of a desired tooth preparation via
computer 24, monitor 34 and an instruction input device such
as keyboard 40, drill 38 is used by the dentist to provide the
displayed tooth preparation in the subject tooth. Computer 24
monitors the output signals of opto-electrical transducers 72
and 74 thereby tracks the cutting motions of the operating tip
of drill 38 inside the subject tooth. The excavations into
the tooth are displayed in real time on monitor 34 by computer

24.
As shown in Fig.2, grid projection assembly 46 of

data generating device 22 includes a light source 76, a grid
generator 78 and an assembly 80 of light guides and lenses for
guiding the grid light along a path through the data generat-
ing device and for focusing the grid light on the surface of a
subject tooth. The light subsequently reflected from the’
tooth surface is gathered by further optical elements 82 and
focused by those elements on the light sensitive sensor sur-
face of charge-coupled device ("CCD") 48. 1In response to a
sensed pattern of light intensities, CCD 48 generates and
transmits to computer 24 a digitized video signal containing
information used by computer 24 to calculate the dimensions of
the subject tooth and to display the tooth’s structure in a
three-dimensional graphic representation on monitor 34.
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As shown in Fig. 3, the components 76, 78, 80, 82
and 48 of data generating device 22 may be housed in an
elongate instrument frame or holder 84 including a handle 86
and a stem portion 88 displaced laterally with respect to a
longitudinal axis of handle 86.

In a preferred form of the grid projection instru-
ment, illustrated in detail in Fig. 4, holder 84 of Fig. 3
further includes a Y-shaped distal end portion 90 having a
pair of hollow legs 92 and 94 housing respective CCDs 96 and
98. Each CCD includes a respective photosensitve sensor array
96a and 98b and respective sequencing and processing electron-
ics 96b and 98b. The sequencing and processing electronics
96b and 98b have input and output leads 96c, 96d and 98c, 98d
extending to computer 24 through stem portion 88.

Light containing a grid pattern is projected from Y-
shaped distal end portion 90 through a focusing lens 100
mounted in a wall 102 between legs 92 and 94. The light sub-
sequently reflected from a subject tooth is focused on sensor
arrays 96a and 98a by a pair of lenses 104 and 106 disposed in
legs 92 and 94. Lenses 104 and 106 may be considered parts of
focusing optics 82 (Fig. 2), while lens 100 is part of focus-
ing optics assembly 80.

As shown in detail in Fig. 5, grid projection
assembly 46 includes light source 76 (also shown in Fig. 2), a
pair of collimating lenses 108 and 110, grid generator 78 (see
Fig. 2) in the form of a plate provided with a grid pattern,
and three mirrors or prisms 112, 114, 116 for directing the
grid-containing light rays through stem portion 88 (Fig. 3) to
lens 100. Of course, frame or holder 84 may be provided with
various movable mountlng elements (not shown) for adjustlng
the focuses of the various lenses.

The grid light may be guided through the grid
projection instrument or frame 84 by elements other than those
illustrated in Fig. 5. As depicted in Fig. 6, an output array
of light beams is guided to lens 100 by a bundle 118 of opti-
cal fibers, while a pair of optical fiber input bundles 120
and 122 receive incoming optical radiation focused on the
input ends of bundles by lenses 104 and 108.

Fiber bundles 120 and 122 guide the incoming radia-
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tion to a pair of CCDs (not shown) disposed in instrument
frame 90 at a more proximal end of the frame, for example, in
the handle. Rather than two separate CCDs, the first data
generating device 22 may include a single CCD (not shown) dis-
posed in the handle 84 (Fig 3) and means for directing light
from two separate optical pathways to the CCD.

As schematically shown in Figs. 7 and 8, a data gen-
erating device or optical probe 124 may incorporate a single
ccD transducer 126 disposed in a handle 128 of an elongate
instrument frame or casing 130. The handle 128 also houses a
grid source 132. An optical fiber bundle 134 guides a grid
pattern from grid source 132 through a part of handle 128 and
a stem portion 136 of frame 130 to a distal end of the probe.
At the distal end, the grid pattern is focused by a lens 138
onto a subject tooth, the reflected radiation pattern being
focused by another lens 140 onto the distal or input end of
another fiber optic bundle 142 extending to CCD 126.

As shown in Figs. 3 and 7, frame member 84 and opti-
cal probe frame 130 are provided with a stylus element 144
having an enlargement 146 at its distal end. Enlargement 146
is disposable in the visual field of the respective optical
scanning element or elements, whether CCD 48, CCDs 96 and 98,
or CCD 126, for providing computer 24 with a reference dis-
tance or dimension at the surface of a subject tooth being
scanned. Computer 24 is thereby able to calculate absolute
values for the dimensions of various surface features. Com-
puter 24 measures distances by calculating the number of
pixels in the respective sensor array (e.g., 96a and 98a)
which cover a feature whose dimensions are being determined.
Inasmuch as computer 24 is preloaded with the actual dimen-
sions of enlargement 146, the computer is able to compute
actual distances by comparing the number of pixels correpsond-
ing to enlargement 146 with the number of. pixels corresponding
to the features of the tooth.

Stylus element 144 is retractable into handle 86 or
128. Retraction may be implemented either manually or auto-
matically, for example, by a small motor and rack and pinion
(not illustrated) inside the respective handle. Moreover,
stylus 144 is advantageously replaceable by other elements
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such as stylus 148 shown in Fig. 9 or stylus 150 shown in Fig.
10.

Stylus 148 is formed at a distal end with three
prongs 152, 154 and 156 each having a respective sphere 158,
160 and 162 at its free end. Spheres 158, 160 and 162 may
have different sizes for facilitating the measurement of
anatomical distances by computer 24. Similarly, stylus 150
has a plurality of prongs 164, 166, 168, 170 and 172 each pro-
vided at its free end with an enlarged formation 174, 176,
178, 180 and 182 of a respective geometric shape and a respec-
tive transverse dimension.

In using a data generating device equipped with
stylus 148, a dentist places at least two of spheres 158, 160
and 162 on the surface of the tooth. Similarly, two enlarged
end formations 174, 176, 178, 180 and 182 are positioned in
engagement with a tooth surface during use of a data generat-
ing device incorporating stylus 150.

As depicted in Figs. 11 and 12, contour data gener-
ating device 26 (Fig. 1) comprises three CCD cameras 184, 186
and 188 fixed to the free ends of respective adjustable mount-
ing arms 190, 192 and 194 in turm connected at their other
ends to a pedestal member 196. Contour data generating device
26 further comprises three transparent plates 198, 200 and 202
each provided with a respective grid 204 (only one designated
in the drawing) and secured to a common substantially L-shaped
support arm 206. Support arm 206 is cemented or otherwise
attached to the jaw of a patient P prior to the use of the
contour data generating device.

It is to be noted that although plates 198, 200 and
202 are illustrated as being orthogonally disposed and as
having Cartesian orthogonal grids, it is not necessary for
effective calculation of distances and angles that the plates
and grids be so oriented. An ordinary modification of the
stereophotogrammetric triangulation program is all that is
required for the system of Fig. 1 to function with plates 198,
200 and 202 and/or the grid lines thereof oriented at acute
angles.

Any two CCD cameras 184, 186 and 188 correspond to
opto-electrical transducers 60 and 62 of Fig. 1. Although

5
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three CCD cameras are preferred, in some instances two may be
sufficient.

As further illustrated in Figs. 11 and 12, contour
data generating device 26 includes pantograph-type component
50. As described hereinabove with reference to Fig. 1
(includes essentially a mirror image of illustrations in Fig.
11 and 12), pantograph component 50 incorporates stylus member
52, pantograph arm 56 and bridge element 58. CCD Cameras
184, 186 and 188 enable computer 24 to track orthogonal com-
ponents of the motion of a predetermined point 208 on
pantograph arm 56 against respective reference frame plates
198, 200 and 200, respectively. Because pantograph arm 56 is
fixed with respect to stylus member 52, computer 24 is accor-
dingly able to track, from outside the mouth of patient P, the
motions of the tip of the stylus member 52 inside the mouth
and even beneath the gum line.

Pantograph component 50 is mounted to the free end
of a linkage 210 including a plurality of pivotably intercon-
nected arm members 212. The base of linkage 210, like pedes-
tal member 196 is secured to a base 214.

Both stylus member 52 and pantograph arm 56 are
rotatably secured to bridge element 58 so that they can rotate
about respective longitudinal axes. Pantograph arm 56 is
coupled to stylus member 52 via an endless toothed belt 53
whereby rotation of stylus arm 52 about its longitudinal axis
by an operator results in a simultaneous rotary motion of
pantograph arm 56.

Accordingly, stylus member 52 is free to be moved by
an operator along three translational axes and three rota-
tional axes, the resulting motion being duplicated by
pantograph arm 56.

An alternative way for providing computer 24 with a
reference frame against which to measure motions of pantograph
arm 56 and concomitantly stylus member 52 is illustrated in
Fig. 13. In the specific embodiment shown in Fig. 13, three
CCD cameras 216, 218 and 220 are fastened to support member
206 in turn cementable, as discussed above, to the patient’s
jaw in which the subject tooth is rooted. Pursuant to this
embodiment of the contour data generating device, no reference
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grids are necessary for computer 24 to monitor, via cameras
216, 218 and 220, the motion of pantograph arm 56 and thus
stylus member 52.

It is to be noted that the camera assembly of Fig.
13 essentially includes three pixel arrays (not visible in the
drawing) disposed in separate reference planes of a three
dimensional coordinate system, with the casings of the cameras
serving in part to hold three lenses (not designated with
reference numerals) at pre-established distances with respect
to the respective pixel arrays to focus the light from the tip
208 of the pantograph arm on the pixel arrays. The tip 208 of
pantograph arm 56 may be provided with an LED or other marker
element to facilitate detection by the optical scanning
assembly comprising cameras 216, 218 and 220.

As illustrated in Fig. 14, contour data may be gen-
erated by an alternative technique employing a multiple seg-
ment support arm 710 which extends from a fixed platform 712.
Support arm 710 includes segments 714, 716, 718, 720, 722 and
724 of which the first segment 714 is connected to platform
712. Segments 714-724 are pivotably connected to one another
via six rotating joints 726, 728, 730, 732, 734 and 736. By
incorporating six separate junctions for rotational movement,
an operating instrument (e.g., drill) 738 connected to the
free end of a last or outermost arm 724 can move with six
degrees of freedom, specifically along three translational
axes and three rotational axes.

Stationary platform 712 and segment 714 are con-
nected at joint 726 to provide rotation relative to one
another about a substantially vertical axis. First segment
714 and second segment 716 are coupled to one another for
rotation about an axis which is essentially a horizontal ‘axis
and which axis is co-extensive with the axes of segments 714
and 716. Joint 728 provides this rotational movement.
Similarly, arm segments 716 and 718 are rotatably linked via
joint 730.

A probe or pantograph-type extension 744 is mounted
to the outermost segment 724 and through a belt 746 rotates in
synchronism with operating instrument 738. 1In this fashion,
probe 744 is slaved to operating instrument 738. Accordingly,

*



WO 91/18356 PCT/US91/03572

_.21 -

a three-dimensional configuration or contour traced by the tip
of operating instrument 738 will be replicated by a tip of
pantograph extension 744.

Each joint 726-736 is formed to have sufficient
friction to allow the joint to hold a position once placed
therein. However, the friction of each joint is low enough so
that movement of the joint can be commenced fairly easily.

A plurality of digital encoders 740 are mounted to
arm segments 714-724. Upon a movement of operating instrument
738, encoders 740 transmit to computer 24 respective signals
encoding the amount of motion in the various six degrees of
freedom. The monitoring device of Fig. 14 need not include
pantograph extension 744 since motion tracking is accomplished
via the encoder output signals rather than optically.

Upon the transmission to computer 24 of sufficient
data from surface data generating device 22 and contour data

generating device 26 (Fig. 1), computer displays partial or
complete graphic representations on monitor 34 of the subject

tooth or teeth. The graphic representations include the
visible three-dimensional surfaces of each such tooth, as well
as invisible base line data fed to computer 24 by contour data
generating device 26. In addition, computer 24 may be pro-
vided with electrically encoded data specifying internal
structures such as the dentine inside each tooth and prior
fillings or other prosthetic devices.

Upon viewing a tooth on monitor 34, a dentist may
select a preparation which may be appropriate for the particu-
lar condition of the tooth. As described above, this selec-
tion may be accomplished via an instruction corresponding to
an electrically encoded tooth preparation previously loaded
into the memory of computer 24. Alternatively, the selection
may be implemented by inputting dimensional parameters via
keyboard 40, including distances, angles,. planes and percent-
ages. As another alternative, computer 24 may provide a menu
selection on monitor 34, selections being made from the menu
via the keyboard, a mouse or a touch-sensitive monitor screen.
In yet another alternative procedure, computer 24 may be
programmed to recognize structural features of the tooth, such
as its type, the location and shapes of cavities and prior
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inlays or onlays and to automatically select a possible
preparation in accordance with the recognized features. The
computer may be further programmed to vary the size of the
preparation to correspond to the particular tooth. The
dentist would then view the selected preparation and alter it
on screen by any of the above-described instruction input
techniques. Upon arriving at a final, desired preparation,
the dentist will inform computer via keyboard 40.

As discussed hereinabove, drill 38 (Fig. 1) is then
used to remove a portion of the subject tooth. Computer 24
may control the supply of power to the drill so that the drill
is operational only within the regions selected for removal
during the interactive stage of the dental process. Accor-
dingly, drill 38 will be de-energized until the cutting tip of
the drill is in near engagement with a surface to be cut.

Then computer 24 enables the transmission of power from supply
42 to drill 38. Upon the subsequent approach of the cutting
tip of the drill to a defined boundary, as sensed preferably
via data generating device 46 (Fig. 1), i.e., via CCD cameras
184, 186, 188 or 216, 218, 220 monitoring a pantograph com-
ponent 50, computer 24 automatically interrupts power trans-
mission from supply 42 to drill 38.

Fig. 15 illustrates a drill movement control
assembly 230 similar in geometric design to the linkage 226 of
Fig. 14. However, the encoders 22 of that linkage mechanism
have been replaced in the movement control assembly of Fig. 15
with motors 232a-232f connected via respective energization
leads 234a-234f to computer 24 (Fig. 1). 1In addition, in
drill movement control assembly 230, the free end of a linkage
236 is connected to a pantograph arm 238 rather than to a
drill member 240. Drill member 240 is rigidly but removably
coupled to pantograph arm 238 via a U-shaped bridge 242
including a pair of legs 244 and 246 fastened to pantograph
arm 238 and drill 240, respectively, and a transverse connec-
tor piece 248. Yet another leg member 250 is rigid with con-
nector piece 248 and is telescopingly received inside leg 246.
A spring loaded release latch 252 serves to removably clamp
leg member 250 inside leg 246. Release latch 252 constitutes
a safety mechanism enabling a dentist to remove drill 240 from
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a patient’s mouth if the motion of the drill therein in
response to operation of motors 232a-232f by computer 24 is
not satisfactory to the dentist.

Upon the selection of a desired or optimum tooth
preparation by a dentist and a subsequent signal for commenc-
ing tooth cutting, computer 24 generates a series of signals
selectively energizing motors 232a-232f to move the operative
end of drill 240 into engagement with those regions of the
subject tooth which are to be removed to achieve the desired
preparation. As described hereinabove, computer 24 controls
the energization of drill 240 so that the drill is operative
only in preselected zones in and about the regions of tooth to
be removed.

Limiting the motion of a dentist’s drill 254 may be
accomplished by selecting a tooth preparation preform 256 from
a kit of preforms (see Fig. 16). Preform 256 may be selected
by computer 24, as described above, to confrom to a desired
preparation or may be manually selected. Preform 256 is
cemented to one end of a support bracket 258, the other end of
which is attached to the patient’s jaw wherein is rooted a
tooth to be provided with the preparation of the selected
preform. A pantograph assembly including a drill 260, a
bridge member 262 and a pantograph arm 264 is then used to cut
the tooth. A tip on the pantograph arm corresponding to the
cutting tip of drill 260 is inserted into a cavity 266 in
preform 256 (in the case of a filling or inlay). Engagement
of the tip of pantograph arm 264 with the walls of cavity or
recess 266 limits the concomitant motion of the drill, whereby
the tooth is provided with a recess having the same geometric
structure as recess 266.

Accordingly, a kit is provided of dental preparation
preforms in different sizes and shapes. Some preforms cor-
respond to inlays such as that shown in Fig. 16. Other
preforms correspond to onlays or crowns. The kit may also
include prefabricated prosthetic devices, that is, preformed
inlays and onlays for attachment to tooth surfaces upon
preparation of those srufaces as described hereinabove.

Computer 24 has a data memory loaded with electri-
cally encoded data corresponding to all of the preformed
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inlays and onlays in the kit. More specifically, the
predefined tooth preparations selectable automatically by com-
puter 24 or in response to instructions received via keyboard
40 or otherwise all correspond to respective prosthetic
inserts of several predefined sizes.

Accordingly, computer 24 operates to select a
desired tooth preparation and to control the formation of that
preparation in the subject tooth. Upon the completion of the
preparation, either the computer or the dentist selects the
appropriately sized inlay or onlay. If necessary in a partic-
ular case, a selected preformed inlay or onlay can be machined
prior to attachment to a tooth. Computer 24 may control the
machining operations in a conventional numerically controlled
operation or may serve to limit the range of cutting motions,
as described hereinabove with reference to providing a tooth
with the desired preparation.

Fig. 17 shows an assembly 270 for supplying surface
data generating device 22 (Fig. 1) with optically detectable
reference distances or displacements at the surface of the
object (such as a tooth). Assembly 270 is attachable to the
distal end of a dental probe such as instrument frame or
holder 84 and comprises a holder member 272 made of transpar-
ent material and provided with a linear array of equispaced
parallel bores 274 each slidably receiving a respective
reference pin or stylus 276. Each stylus is pushed outwardly
in a transverse direction relative to holder member 272 by a
respective compression spring 278. 1In addition, each stylus
276 is provided with a series of longitudinally equispaced
striations or reference marks 280.

The extensions of styli 276, i.e., the lengths to
which the styli are pushed inside holder member 272, are’
measured by computer 24 through video signals obtained via a
pair of optical pathways such as those illustrated in Figs. 4
and 6. Alternatively, two optical light receiving elements
such as prisms (not shown) may be placed on the same lateral
side of the stylus array. )

In using reference generator assembly 270 of Fig.
17, an operator such as a dentist presses styli 276 against a
tooth surface. Under the pressure exerted by the operator,
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styli 276 are pushed respective distances into bores 274
against the action of springs 278. The displacement of each
stylus 276 depends on and is a measure of a height of a
respective surface element or zone of the tooth surface.

In most instances only a few (possibly as few as
two) different positionings of stylus assembly 270 are
required for computer 24 to map the entire surface of the
tooth under observation.

As illustrated in Fig. 18, to manufacture a metallic
substructure of a dental prosthesis such as a crown, bridge or
filling, computer 24 is operatively connected to another com-
puter 300 at a remote location via a telecommunications link
302 such as the telephone lines. In response to an instruc-
tion from an operator, computer 24 transmits to computer 300
an electrical signal encoding geometric specifications of the
metallic substructure of the prosthesis. The specifications
include the dimensions and shape of a tooth preparation at a
dental site at which the prosthesis is to be affixed and con-
figuration of the substructure. More particularly, in the
event that the dental practitioner wishes to provide a tooth
with a crown, the three-dimensional surface of a preparation
of the tooth is encoded by computer 24 and transmitted as part
of an order signal to the remote computer 300.

As described hereinabove, the three-dimensional sur-
face data of the tooth preparation may be derived from three-
dimensional data of the tooth by instructing the computer to
modify the tooth surface data to produce, in electronic form
and as visually presented on monitor 34 (Fig. 1), a desired
tooth preparation. The computer may be instructed, for exam-
ple, via keyboard 40 (Fig. 1), a mouse (not shown), or a con-
tact sensitive surface of monitor 34, to remove from the elec-
tronic representation of the tooth a respective percentage of
the dental matter from each surface of the tooth. Other meth-
ods of generating electrical data representing a three-
dimensional surface of a desired tooth preparation are dis-
cussed in detail hereinabove. Alternatively, the tooth may
actually be prepared, the electrical signal transmitted to
remote computer 300 from computer 24 in that case correspond-
ing to an actual preparation, rather than a planned prepara-
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tion. The three-dimensional surface data of the actual tooth
preparation may be accumulated by any of the methods dees-
cribed above.

The electrical data transmitted from computer 24 to
computer 300 also includes a specification of the type and
thickness of the crown or other dental prosthesis for which
the dental practitioner is placing an order.

Computer 300 is located at a manufacturing facility
which maintains in a store or magazine 304 an inventory of
dental mold preforms corresponding to a multiplicity of tooth
preparations for each tooth position. The preform magazine
also includes a multiplicity of cooperating preforms each
serving to define the outer surface (opposite the prepared
tooth surface) of a metallic portion of a respective dental
prosthesis substructure. Computer 300 maintains a registry of
all the available preforms.

As indicated in Fig. 19, computer 300 monitors
telecommunications link 302 in a recurring step 320 to
determine whether an order has arrived for a dental
prosthesis. Upon detecting such an order, computer 300
decodes the signal in a step 322 and in response to the
information contained in the signal, selects a mold preform
from magazine or store 304 which corresponds most closely to
the three-dimensional dental preparation encoded in the
received signal. Upon making the selection from its memory
banks, computer 300 instructs a robot mechanism 306 (Fig. 18)
in a step 324 (Fig. 19) to physically obtain the selected mold
preform from magazine 304.

In an inquiry 326, computer 300 determines whether
the selected mold ﬁreform has a three-dimensional molding sur-
face corresponding identically to the three-dimensional tooth
preparation or whether the mold preform requires machining to
attain the exact surface required. If machining is necessary,
computer 300 instructs (in a step 328) robot mechanism 306 to
place the preform in a cutting device 308. Computer 300 then
operates the cutting device to machine the preform mold until
the correct surface characteristics are attained.

In a subsequent step 330, computer 300 generates an
output signal controlling robot mechanism 306 to select a mold
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holder or support 310 for the preform and to place the
machined preform thereon.

Computer 300 then scans its memory banks for a
cooperating preform in magazine 304 having a surface most
closely corresponding to the outer surface (opposite the tooth
preparation surface) and configuration of the desired dental
prosthesis substructure, as encoded in the signal recieved
over telecommunications link 302 from computer 24. Upon
selecting the cooperating preform, computer 300 instructs
robot mechanism 306 to extract that preform from magazine 304
(step 332, Fig. 19). In an inquiry 334, computer 300 checks
whether the selected cooperating preform requires cutting to
produce the required mold surface. If cutting is required,
computer 300 controls robot mechanism 306 and cutting device
308 to perform the necessary cutting operations on the
cooperating preform (step 336). In a subsequent step 338,
computer 300 activates robot mechanism 306 to select another
mold holder or support 312 and to attach the machined
cooperating preform thereto.

Upon the positioning of the machined preforms or
mold components in mold holders 310 and 312, robot mechanism
316 acts under the control of computer 300 to place the mold
holders 310 and 312 and attached mold components into an
apparatus 314 for introducing a quantity of a fluidic
solidifiable dental material into the mold cavity defined by
the two mold preforms or components. Apparatus 314
exemplarily takes the form of an injection molding machine, a
casting machine or an injection press (see Fig. 26).

Apparatus 314 includes a reservoir or store 316 of the fluidic
solidifiable dental material which may be a metal or metal
alloy or other dental composition. 1In a step 340, computer
300 operates apparatus 314, for example, through a valve 318,
to introduce the fluidic dental material,. e.g., molten metal,
into the mold cavity. A collector 319 is provided for catch-
ing excess metal. The excess metal is then returned to reser-
voir 316.

As depicted in Figs. 20, 21 and 22, a mold preform
or component 342 has a body 344 with a surface 346 correspond-
ing to the surface of a dental preparation (either actual or
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over telecommunications link 302 from computer 24. Body 344
of mold preform 342 is provided with a base portion 348 in
turn provided with an external screw thread 350 which meshes
with an internal screw thread (not separately designated) of
an annular mold part or ring 352.

Ring 352 is provided with plurality of circumferen-
tially spaced, axially extending bores 354 for receiving
respective connector or guide pins 356 extending from another
mold preform or component 358. Ring 352 is also provided with
an inner surface 360 which is machinable to provide a close
tolerance in cooperating with a corresponding surface 362 of
mold component 342 to form a skirt portion 366 of a mold
cavity 368. Skirt portion 366 of mold cavity 368 produces a
gingival skirt extension (not shown) of a cast dental
prosthesis substructure (not shown). Because the gingival
skirt extension may extend to fit between the tooth and the
gum of the patient, it is necessary that the extension be made
very thin and is produced with a strict or narrow tolerance.

Mold component 358 has an inner surface 370 cor-
responding to an outer surface (opposite the prepared tooth
surface) of a metallic portion of a respective dental
prosthesis substructure. Surface 370 cooperates with surfaces
346 and 360 to define mold cavity 368.

As described hereinabove with reference to Figs. 18
and 19, mold components 342 and 358 are machinable,
particularly on surfaces 346 and 370, to provide mold cavity
368 with the precise surfaces, dimensions and configuration
requested by the dental practitioner in the signal transmitted
from computer 24 to computer 300 over link 302 (Fig. 18).
Although ring 352 may be incorporated as a unitary or integral
part of mold component 342, under certain conditions where
marginal requirements are not easily machined, it is
advantageous to provide the ring as a separate component to
facilitate the machining of surface 360.

It is to be noted that the machining operation,
carried out, for example, by cutting device 308 in Fig. 18,
may be accomplished by any of a number of well known methods.
Such methods include drilling, laser etching, ultrasonic

1)
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material removal and electroerosion.

It is to be further noted that the machining opera-
tions are carried out on the preforms or mold components 342
and 358, rather than on a cast metallic blank. This results
in a reduction in machining times and costs since great num-
bers of mold blanks of various geometries can be kept in
stock, enabling a very close fit selection of the desired part
number to be used. Little or no machining of the finished
metal casting, coping, crown, inlay or other product is
required, thereby maintaining the integrity of the piece and
minimizing if not eliminating the introduction of stress
points and fatigue or gaseous elements locked into the metal
substructure product. As discussed hereinafter, the use of
the described method to produce multiple tooth prostheses such
as bridges will also contribute to the strength and longevity
of those dental appliances by eliminating gaseous elements
inherent in castings, and by eliminating the necessity for
soldering, which naturally introduces stresses into the bridge

material.
As shown in Figs. 20 and 21, mold components 342 and

358 are provided with elongate rods or pins 372 and 374 for
releasably attaching the mold components to respective mold
supports, e.g., mold holder 376 in Fig. 22. As shown in that
drawing figure, mold holder 376 carries a plurality of mold
components 342, 378 and 380 each including a respective body
portion 344, 382 and 384, base portion 348, 386 and 388, and
ring or flange 352, 390 and 392. Mold components 342, 378 and
380 are spaced from one another and correspond to different
teeth, possibly of different patients, perhaps even patients
of different dental practitioners. Computer 300 (Fig. 18) is
programmed to place several mold components such as compénent
342 or 358 on the same mold holder to thereby provide for the
production of several dental prosthesis