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DESIGN OF DENTAL APPLIANCES

This application is being filed on 09 December 2009, as a PCT

International Patent application in the name of GeoDigm Corporation , a U.S.

~ national corporation, applicant for the designation of all countries except the US,

and Michael Craig Marshall, Brian Paul Wallenfelt, both citizens of the U.S., and
Minh Xuan Nguyen, a citizen of Viet Nam, applicants for the designation of the US
only, and claims priority to U.S. Utility Patent Application No. 12/332,171.

- Cross Reference To Related Applications

This application is a continuation-in-part of US. Application Serial
No. 12/013,194, filed January 11, 2008, titled "DESIGN OF DENTAL
APPLIANCES," which claims priority to U.S. Provisional Application Serial No.
60/879,905, filed January 11, 2007, entitled "DESIGN OF DENTAL
APPLIANCES," the disclosures of which are hereby incorporated by reference

herein.

Background

Computer based systenis that allow the creation and use of electronic
models of teeth to design some types of dental appliances have been developed over
time. Electronic models of dental appliances are designed to fit within the patient's
mouth and then fabricated to produce the appliance or a pattern used in casting the
appliance.

Dental appliances include, by way of illustration, restorations,
bridges, and implants. Restorations include, by way of illustration, replacements for
single teeth including ihcisors, molars, and pre-molars. Dental appliances are
designed to mount to either natural teeth or implanted teeth substitutes. For the sake
of convenience, this disclosure will use the term "preparation site" to refer to a site
at which a dental appliance is to be mounted, regardless of whether the site is a
natural tooth or an implanted tooth substitute.

In some prior systems, an electronic model for a dental appliance is
designed to complement an electronic image of a preparation site. The electronic

image of the preparation site can be generated based on a patient's actual preparation
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site (e.g., through intra-oral imaging) or a casting thereof (.g., a dental study cast).
In an embodiment, the electronic model of the dental appliance is generated based

on an electronic image of a neighboring tooth. The electronic image is then edited
to fit on the preparation site.

In another embodiment, a standard electronic model is obtained from
an image library. The electronic model can be edited manueilly using an interactive
computer graphics program. For example, sections of the electronic model can be
selected and dragged into desired shapes using standard graphic editing techniques.
New lines or sections can be added and undesired sections can be deleted from the
electronic model. Such editing can be time-consuming and depends on the skill of
the technician to create a visually pleasing dental appliance that will fit the space.

It is with respect to these and other considerations that the present

invention has been made.

Summary

This disclosure is directed generally to methods and systems for
designing dental appliances. The invention enables a user to efficiently design
dental appliances customized for the patient. Once designed, these dental appliances
can be fabricated and installed on a patient.

According to aspects, electronic models of components of a dental
appliance can be generated based on an electronic model of the dental appliance.

According to other aspects, electronic models of dental appliances
and/or components thereof may be generated based on the dentition and anatomy of
the patient.

According to other aspects, electronic models of dental appliances
and/or components thereof may be generated based on statistical data.

A management system configured in accordance with principles of
the present disclosure monitors automated processes and interactive processes to
facilitate interaction among skilled technicians and computer processors.

While the invention will be described with respect to preferred
embodiment configurations and with respect to particular structures used therein, it

will be understood that the invention is not to be construed as limited in any manner
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by either such configurations or structures described herein. Rather, the invention is
defined in the claims attached hereto.

Further, it will be appreciated that the present invention need not
include each and every one of the féatures described herein. Instead, methods and
assemblies constructed in accordance with the principles of the present invention

may utilize one or more of the identified features.

Brief Description of the Drawings

FIG. 1 is a block diagram of a general purpose computing system for
use in implementing one or more computing embodiments of the disclosure;
FIG. 2 is a flowchart illustrating an operational flow for a creation

process for creating a dental appliance in accordance with the principles of the

present disclosure;

FIG. 3 illustrates an exemplary electronic model of a preparation site
of a patient in accordance with the principles of the present disclosure;

FIG. 4 illustrates an exemplary electronic model of a dental appliance
to be installed on a preparation site in accordance with the principles of the present
disclosure;

FIG. 5 is a flowchart illustrating an operational flow for a dental
appliance generation process for producihg an electronic model of a dental appliance
in accordance with the principles of the present disclosure;

FIGS. 6 and 7 are examples illustrating how changing the values of
attributes within an attribute table of an electronic model changes the properties of a
corresponding representation in accordance with the principles of the present
disclosure; |

FIG. 8 is a flowchart illustrating an operational flow for a decision
process for determining a value of each attribute in an attribute table of an electronic
model of a dental appliance in accordance with the principles of the present
disclosure; '

FIG. 9 illustrates an exemplary electronic model of a preparation site
over which diagramming lines have been positioned in accordance with the

principles of the present disclosure;
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FIG. 10 illustrates an electronic model of a dental appliance
superimposed over an electronic model of a preparation site in accordance with the
principles of the present disclosure;

FIG. 11 is a block diagram of an inference engine configured to
design a dental appliance in accordance with the principles of the present disclosure;

FIG. 12 is a flowchart illustrating an operational flow for designing a

dental appliance using the inference engine of FIG. 11 in accordance with the

 principles of the present disclosure;

FIG. 13 is a flowchart illustrating an operational flow for a creation
process for producing an electronic model of a dental appliance from at least two
electronic models in accordance with the principles of the present disclosure;

FIG. 14 illustrates an electronic model formed from a first surface
mesh and a second surface mesh in accordance with the principles of the present
disclosure; ,

FIG. 15 is an exemplary electronic model of a coping substructure
including a coping representation and an attribute table in accordance with the
principles of the present disclosure;

FIG. 16 illustrates an electronic model of a restoration superimposed
over an electronic model of a coping substructure, which is superimposed over an
electronic model of a preparation site in accordance with the principles of the
present disclosure;

FIG. 17 is a flowchart illustrating an operational flow for an
exemplary design process by which a first electronic model may be generated based
on a second electronic model in accordance with the principles of the present
disclosure;

FIGS. 18-24 are schematic diagrams illustrating an electronic model
of a dental restoration generated using the design process of FIG. 17 at different
stages of the design process;

FIG. 25 is a perspective view of a coping superstructure including a
sprue former arranged in accordance with the principles of the present disclosure;

FIG. 26 is a plan view of an interior surface of a crown superstructure
to which a serial number has been added in accordance with the principles of the

present disclosure;
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FIG. 27 is a flowchart illustrating an operational flow for a
framework design process in accordance with the principles of the present
disclosure; ‘ _

FIG. 28 is a schematic block diagram of a bridge appliance including
three dental restorations interacting with each other at contact areas in accordance
with the principles of the present disclosure; |

FIG. 29 is a side view of a dental restoration of a bridge appliance

over which curves representing the contact area and the connector cross-section have

“been superimposed in accordance with the principles of the present disclosure;

FIG. 30 is a schematic block diagram of a design and fabrication
system that is configured to design and fabricate dental appliances in accordance
with the principles of the present disclosure;

FIG. 31 is a flowchart illustrating an operational flow for an
exemplary design and fabrication process by which dental appliances may be
designed and fabricated in accordance with the principles of the present disclosure;

FIG. 32A is a flowchart illustrating an operational flow for an
exemplary management process by which one or more processors may implement
steps of the design and fabrication process of FIG. 31 in accordance with the
principles of the present disclosure;

FIG. 32B is a flowchart illustrating an operational flow for an
exemplary interaction process by which a technician or other user of the design and
fabrication system may implement steps of the design and fabrication process of
FIG. 31 in accordance with the principles of the present disclosure;

FIG. 33 is a perspective view of an electronic model of a preparation
site including an annotated margin curve in accordance with the principles of the
present disclosure;

FIG. 34 is a perspective view of another electronic model of a
preparation site and surrounding anatomy including annotated landmarks in
accordance with the principles of the present disclosure; }

FIG. 35 is a plan view of another electronic model of a preparation
site and surrounding anatomy including diagramming lines coupling identified

landmarks in accordance with the principles of the present disclosure;
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FIG. 36 is a perspective view of another electronic model of a
preparation site and surrounding anatomy including diagramming lines coupling
identified landmarks in accordance with the principles of the present disclosure;

FIG. 37 is a perspective view of a crown superstructure having tabs
extending to a margin curve of a corresponding preparation site in accordance with
the principles of the present disclosure;

FIGS. 38 and 39 are perspective views of crown superstructures that
have tabs and that are mounted over coping substructures arranged on preparation
sites in accordance with the principles of the present disclosure;

FIG. 40 is a flowchart illustrating an operational flow for an example
positioning process by which tabs and coupling material may be utilized with a
crown superstructure and coping substructure of a dental restoration to enhance
casting performa.nc'e in accordance with the principles of the present disclosure;

FIGS. 41 and 42 are schematic block diagrams of showing exemplary
the results of the positioning process of FIG. 40 in accordance with the principles of
the present disclosure;

FIG. 43 is a flowchart illustrating an operational flow for an
exemplary bridge design process implemented in accordance with the principles of
the present disclosure;

FIG. 44 is a perspective view of an electronic model of an exterior
surface of a bridge appliance including an occlusal surface and sidewalls in
accordance with the principles of the present disclosure;

FIG. 45 is a perspective view of an exemplary bridge framework
including a first coping substructure, a pontic, and a second coping substructure in
accordance with the principles of the present disclosure;

FIG. 46 is a plan view of the bridge framework of FIG. 45 arranged
in cooperation with the bridge appliance of FIG. 44 in accordance with the
principles of the present disclosure;

FIG. 47 is a perspective view of a bridge framework and
corresponding removal surface being subtracted from the bridge appliancevof F1G.
44 in accordance with the principles of the present disclosure;

FIG. 48 is a perspective view of a crown-top array produced by

subtracting the bridge framework and corresponding removal surface of FIG. 47
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from the bridge appliance of FIG. 44 in accordance with the principles of the present
disclosure;

FIG. 49 is a perspective view showing an electronic model of a dental
bridge including the crown top array of FIG. 48 installed over the framework of
FIG. 45 in accordance with the principles of the present disclosure;

FIG. 50 is a perspective view of an electronic model of another dental
bridge configured in accordance with the principles of the present disclosure;

FIG. 51 is a plan view of the abutment surface of the coping
substructures arranged within first and second outer dental restoration, respectively,
of the bridge appliahce in accordance with the principles of the present disclosure;

FIG. 52 is a perspective view of a splinted crown having a framework
including two coping substructures coupled together by a connector in accordance
with the principles of the present disclosure; |

FIGS. 53 and 54 are schematic diagrams of electronic models of
coping substructures shown in plan views in accordance with the principles of the
present disclosure;

FIG. 55 is a schematic block diagram of a dental restoration installed
on a preparation site in accordance with the principles of the present disclosure;

FIG. 56 is a schematic block diagram of a first embodiment of the
dental restoration of FIG. 55 in accordance with the principles of the present
disclosure. A section of the crown superstructure is shown in cross-section, taken
along the lines 55-55 in FIG. 55, to facilitate viewing of the first embodiment of a
coping substructure.

FIG. 57 is a schematic block diagram in plan view of the first
embodiment of the dental restoration of FIG. 55 in accordance with the principles of
the present disclosure, the outer edge of the coping substructure and the outermost
circumference of the crown superstructure being visible;

FIG. 58 is a schematic block diagram of a second embodiment of the
dental restoration of FIG. 55 in accordance with the principles of the present
disclosure. A section of the crown superstructure is shown in cross-section, taken
along the lines 55-55 in FIG. 55, to facilitate viewing of a second embodiment of a

coping substructure.
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FIG. 59 is a schematic block diagram in plan view of the second
embodiment of the dental restoration of FIG. 55 in accordance with the principles of
the present disclosure, the outer edge of the coping substructure and the outermost
circumference of the crown superstructure being visible; and

FIG. 60 is a flowchart illustrating an operational flow for a coping
design process that can be used to create an appropriate coping substructure for a

crown butt restoration.

Detailed Description

In the following detailed description, reference is made to the
accompanying drawings, which form a part hereof, and in which are shown specific
embodiments or examples by way of illustration. The embodiments described
herein may be combined and other embodiments may be utilized without departing
from the spirit or scope of the present disclosure. The following detailed
description, therefore, is not to be taken in a limiting sense. " The scope of the
invention is defined by the appended claims and their equivalents.

In general, this disclosure is directed to designing dental appliances.
Once designed, the dental appliances are fabricated and installed on a preparation
site of a patient. Components of one system configured in accordance with the
principles of the disclosure include a computing system, on which electronic models
(e.g., polygonal, mesh-based, electronic models) can be processed, and software
modules configured to generate and/or edit the electronic models.

Using electronic models to represent components of dental appliances
enables a user to control and manipulate the interaction of these components before
the dental appliance is fabricated. Consequently problems that may arise during
interaction may be eliminated before a significant amount of fabrication material or
labor is expended. Furthermore, all components of the dental appliance may be
specified as to shape, size, and orientation to form complementary surfaces. For
example, electronic models can be used to form a dental restoration having a
cooperating coping substructure and crown structure.

One example general-purpose computing system for implementing
the disclosure is shown in FIG. 1 in the form of a conventional personal computer

100. In other embodiments, however, other types of computing systems can be
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used. The computer 100 includes a processor unit 112, read only memory (ROM)
132, random access memory (RAM) 116, and a system bus 122 that couples various
system components including the RAM 116 to the processor unit 112. The system
bus 122 may be any of several types of bus structures including a memory bus or
memory controller, a peripheral bus and a local bus using any of a variety of bus
architectures. A basic input/output system 118 (BIOS), which contains basic
routines that help transfer informatibn between elements within the personal
computer 100, is stored in ROM 132,

The personal computer 100 further includes a hard disk drive 138 for
reading from and writing to a hard disk (not shown), a magnetic disk drive (not
shown) for reading from or writing to a removable magnetic disk, and an optical
disk drive 126 for reading from or writing to a removable optical disk such as a CD
ROM, DVD, or other optical media. The hard disk drive 138, magnetic disk drive,
and optical disk drive 126 are connected to the system bus 122 by a hard disk drive
interface (not shown), a magnetic disk drive interface (not shown), and an optical

drive interface (not shown), respectively. The drives and their associated computer

readable media provide nonvolatile storage of computer readable instructions, data
structures, programs, and other data for the personal computer 100.

Although the exemplary environment described herein employs a
hard disk drive 138, a removable magnetic disk, and removable optical disk drive
126, other types of computer-readable media capable of storing data can be used in
the exemplary system. Examples of these other types of computer-readable
mediums that can be used in the exemplary operating environment include magnetic
cassettes, flash memory cards, digital video disks, Bernoulli cartridges, random
access memories (RAMs), and read only memories (ROMs).

A number of program modules may be stored on the hard disk drive

- 138, magnetic disk drive, optical disk drive 126, ROM 332 or RAM 316, including

an operating system 120, one or more application programs 130, other program
modules (not shown), and program (z e., application) data 136. A user may enter
commands and information into the personal computer 100 through input devices
such as a keyboard and/or mouse 150 (or other pointing device). Examples of other
input devices may include a microphone, joystick, game pad, satellite dish, and

scanner. These and other input devices are often connected to the processing unit

9
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112 through an I/O port interface 124 that is coupled to the system bus 122.
Nevertheless, these input devices also may be connected by other interfaces, such as
a parallel port, game port, or a universal serial bus (USB). A monitor 151 or other
type of display device is also connected to the system bus 122 via an interface, such
asa Vivdeo adapter 114. In addition to the monitor, personal computers typically
include other peripheral output devices (not shown), such as speakers and printers.

The personal computer 100 may operate in a networked environment
using logical connections to one or more remote computers. The remote computer
may be another personal computer, a server, a router, a network PC, a peer device or
other common network node, and typically includes many or all of the elements
described above relative to the personal computer 100. The network connections
include a local area network (LLAN) and a wide area network (WAN). Such
networking environments are commonplace in offices, enterprise-wide computer
networks, intranets, and the Internet.

When used in a LAN networking environment, the personal computer
100 is connected to the local network 152 through a network interface or adapter
110. When used in a WAN networking environment, the personal computer 100
typically includes a modem or other means for establishing communications over the
wide area network, such as the Internet 153. The modem 156, which may be
internal or external, is connected to the system bus 122 via the network interface
adapter 134. Ina networked environment, program modules depicted relative to the
personal computer 100, or portions thereof, may be stored in the remote memory
storage device. It will be appreciated that the network connections shown are
exemplary only and other means of establishing a communications link between the
computers may be used.

A scanner 154 can be conmected to the computer 100 via an
appropriate scanner interface 155. The scanner interface 155 can be connected to
the bus 122 such that the scanned data may be stored in the appropriate or desired
memory location, manipulated by the CPU 112, displayed on the display 151, etc.
Preferred scanners include a laser line scanner arranged and configured for scanning
dental study casts. However, any suitable scanner may be used and a number of

other methodologiés might be employed to generate the scanned image data.

10
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Portions of the preferred embodiment constructed in accordance with
the principles of the present invention utilize a computer and are described herein as
implemented by logical operations performed by a computer. The logical operations
of these various computer implemented processes are generally performed either (1)
as a sequence of computer implemented steps or program modules running on a
computing system and/or (2) as interconnected machine modules or hardware logic
within the computing system. The implementation is a matter of choice dependent
on the performance requirements of the computing system implementing the
invention. Accordingly, the logical operations making up the embodiments of the
invention described herein can be variously referred to as operations, steps, or
modules.

| FIG. 2 is a flowchart illustrating an operatiorial flow for a creation
process 200 for creating a dental appliance in accordance with the principles of the
present disclosure. The creation process 200 is used generally to design and
fabricate a customized dental appliance (e.g., a dental crown, a dental bridge, or a
dental implant) configured to mount to a preparation site within a patient's mouth.
The creation process 200 initializes and begins at a start module 202 and proceeds to
an obtain operation 204.

The obtain operation 204 acquires or otherwise receives positional
data indicating the location and/or dimensions of a preparation site at which the
dental appliance is to be mounted. Typically, the obtain operation 204 acquires
positional data repfesenting a portion of the dentition of the patient. An example of
such pbsitional data includes an electronic model of the dentition of the patient. For
example, FIG. 3 is a schematic block diagram illustrating an exemplary electronic
model 300 representing a patient's dentition including an abutment (i.¢., preparation
site) 310. The circumference of the preparation site 310 is defined by a margin
curve 315. In the example shown, the positional data also indicates positions of
adjacent teeth 320 and antagonistic teeth 330 relative to the preparation site 310.

In an embodiment, the obtain operation 204 scans a physical model
(e.g., a casting) or other representation of the preparation site of the patient to obtain
positional data from which to generate the electronic model 300. For example, a
polygonal mesh model of the preparation site can be generated using the processes

described in commbnly assigned U.S. Provisional Patent Application Serial No.
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60/351,270, filed January 27, 2002, entitled "Method and Apparatus for Computer
Generation of Electronic Model Images," now U.S. Patent Application Serial No.
10/350,302, filed January 22, 2003, now abandoned, the disclosure of which is
hereby incorporated herein by reference. However, any suitable process for
generating electroﬁic models may be used.

Additionally, the electronic model 300 also rhay be created using
computed tomography (CT) scans of dental impressions. For example, the
electronic model 300 may be created using commercially available CT scanning
processes, such as a process developed by Hytec Corp. of Los Alomos, New
Mexico. Other methods of generating electronic models include optical system
scanning, physical touch scanning, and any other such method using either direct
scanning or scanning of physical models. For example, the obtain operation 204 can
perform intra-oral scans of the patient's dentition or can retrieve the electronic
models from a database or from another computing system. The acquired electronic
model 300 of the preparation site is used in subsequent processing independent of
the source of the electronic model 300.

A generate operation 206 creates an electronic model of the dental
appliance based on the electronic model 300 of the preparation site. In general, the
generate operation 206 produces an electronic model of a dental appliance that is
dimensioned to enable the dental appliance to mount to the preparation site 310.
One example of such a dental appliance model is a crown model shown at 400 in
FIG. 4. The electronic model 400 generally includes an electronic mesh
representation 410 of the dental appliance and a table 450 of attribute values.
Further details describing the generation of the dental appliance electronic model
400 are discussed herein.

A fabricate operation 208 produces a physical dental appliance in
accordance with the electronic model 400 of the dental appliance. In an
embodiment, the fabricate operation 208 prints or mills the dental appliance from a
biocompatible material. In another embodiment, the fabricate operation 208 prints
or otherwise forms a pattern of the dental appliance and then produces the physical
dental appliance from the pattern.

For example, the fabricate operation 208 can rapid prototype a wax

pattern of the dental appliance and cast the dental appliance using lost-wax casting.
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One example of a rapid prototyping machine used to print wax models is the
Patternmaster wax printer from Solidscape of Connecticut. ‘However, any type of
rapid prototyping process may be used without deviating from the spirit and scope of
the disclosure. The creation process 200 completes and ends at a stop module 210.

FIG. 5 shows one example dental appliance model generation process
500 that can be used to implement the generate operation 206 of FIG. 2. The
applia:hce model generation process 500 initializes and begins at a start module 502
and proceeds to an obtain operation 504. The obtain operation 504 retrieves a
template of the dental appliance from an electronic model library. For example, the
obtain operation 504 can retrieve an electronic model, such as electronic model 400
including the mesh representation 410 of a restoration and the associated attribute
table 450. In genefal, the attribute table 450 lists one or more attributes 452 of the
dental appliance that define the mesh representation 410. For example, the attributes
452 may pertain to appliance dimensions, fabrication material, color, texture, or
other properties of the dental appliance.

An assign operation 506 obtains values for the attributes 452 of the
table. Typically, the table 450 includes a default value 454 associated with each
attribute 452. In one embodiment, the assign operation 506 receives attribute values
454 input from a user to replace one or more of the default values. For example, a
user may select attribute values 454 by deforming the electronic representation 410
to a desired shape. In another embodiment, the user may select from choices
presented to the user. For example, a user may select ceramic as a fabrication
material for the restoration. The generation process completes and ends at a stop
module 508.

In the example shown in FIG. 4, the representation 410 of the
restoration appliance has a marginal ridge height A, a cusp height B, a maximum
facial-lingual thickness C, an inter-cusp angle 61, and a buccal slope angle 62. For
the purposes of this disclosure, a marginal ridge height A is defined as the vertical
distance between the gingival line and a fossa of a given tooth. In other
embodiments, different attributes may be specified (e.g., height of contour, mamelon
height, embrasures, etc.).

In general, the representation 410 of the dental appliance can be

modified by entering new values 454 into the table 450. FIGS. 6 and 7 provide
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examples illustrating how changing the values 454 of the attributes 452 within the
attribute table 450 of the electronic model 400 changes the properties of the
corresponding representation 410. FIGS. 6 and 7 illustrate first and second
electronic models 600, 700, respectively, resulting from different value assignations
made to the attribute table 450 of the base model 400 (FIG. 4). Applicants note that
FIGS. 6 and 7 present exaggerated depictions of the resulting electronic models for
illustration purposés. | |

In FIG. 6, the first resulting electronic model 600 includes a dental
appliance representation 610 having a different overall shape from the representation
410 of FIG. 4. The value 654 of the maximum facial-lingual thickness (i.., buccal-
facial or labial-facial) C listed in attribute table 650 of electronic model 600 has
been increased from a base value of Cy; to a value of Cy,. The value 652 of the
cusp height B, however, was decreased from a base value of By, to a value of Byy.
The decrease in cusp height B was complimented by a corresponding increase in the
value of the inter-cusp angle 01 from a value of 81y to a value of O1vy.

In contrast, the second resulting electronic model 700 includes a
dental appliance representation 710 having a different shape as shown in FIG. 7.
The value 752 of fhe maximum facial-lingual thickness C attribute 754 listed in
attribute table 750 of the electronic model 700 has been decreased from a base value
of Cy; to a value of Cys. The value 752 of the cusp height B, however, has been
increased from a base value of By; to a value of Bys. The increase in the value 752
of the cusp height B was complimented by a corresponding decrease in the value of
the inter-cusp angle 01 from a value of 01y to a value of O1vys.

Referring to FIGS. 8 and 9, desired attribute values for electronic
models can be determined, at least in part, based on the anatomy of the patient (e.g.,
the surrounding teeth and gingiva). FIG. 8 is a flowchart illustrating an operational
flow for a decision process 800 for determining a value of one or more attributes in
the attribute table of an electronic model of a dental appliance. The decision process
800 initializes and begins at a start module 802 and proceeds to an identify operation
804.

The identify operation 804 determines the locations of landmarks
(i.e., points of interest) within the positional data. For example, the identify

operation 804 can determine the dimensions, such as the margin curve 315, of the
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preparation site 310 onto which the dental appliance is to be installed (e.g., see FIG.
33). Typically, the identify operation 804 also determines locations of adjacent teeth
320, antagonistic teeth 330, and/or edentulous tissue.

In some embodiments, the identify operation 804 analyzes the
positional data representing the preparation site, such as electronic model 300 of
FIG. 3, to identify landmarks. In other embodiments, the identify operation 804
receives and processes input from a user identifying the landmark feature. For
example, the identify operation 804 can receive and interprét user input provided
through an input tool, such as a mouse, light pen, or finger (on a touchpad).

An optional annotate operation 806 can superimpose markers over
the identified features of the electronic model 300 of the dentition. The markers
visually highlight the landmark features of the model 300 to the user (e.g., see cusp
markers 3410 and fossa markers 3420 of FIG. 34). Some non-limiting examples of
markers include arrows, circles, dots, shading, and other indicators displayed with
the electronic model 300. In the example shown in FIG. 34, landmarks are
annotated with dots.

Diagramming lines are another example of markers. For the purposes
of this disclosure, a diagramming line is a line (e.g., linear or curved) extending over
portions of an electronic model. In one embodiment, a diagfamming line connects
common anatomical features of adjacent teeth. Such a diagramming line can serve
as a helpful visual reference when determining trends in patient anatomy or what
dental appliance features will blend in with the patient's anatomy. For example, a
diagramming line DL1 can be drawn along the lingual cusps 962 of neighboring
teeth 920 as shown in FIG. 9 to aid in visualizing an appropriate cusp height for a
dental appliance 900. Other examples of diagramming lines 3425 are shown in
FIGS. 35 and 36.

An extract operation 808 determines attribute values of an electronic
model of a dental appliance, such as attributes values 454 of electronic model 400,
based, at least in part, on the identified anatomical landmarks. In general, the extract
operation 808 can determine the location and dimensions of a landmark feature
using the positional data representing the dentition. In one embodiment, the extract
operation 808 can determine the location and dimensions of the landmarks based on

user annotations. The extract operation 808 also can measure distances (e.g., within
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a coordinate systein) between known points within the positional .data or along
diagramming lines. ' _

For example, the extract operation 808 can determine a vertical
height and/or a height of contour of one or more teeth, such as teeth 320, adjacent to
the preparation site, such as preparation site 310 (FIG. 3). As another example, the
extract operation 808 can determine the size, shape, and/or location of the cusps of 2
restoration appliance based on cusps and fossa of adjacent and/or antagonistic teeth
(see FIG. 3). As yet another example, the extract operation 808 can determine the
shape and location of the margin curve 315 of the preparation site 310 to enable an
electronic model of a dental appliance (e.g., a restoration) to be designed to mate
with the preparatioh site 310 at the margin curve 315 (FIG 3).

Further details describing the measurement of landmarks using
electronic modeling of positional data taken of the patient's dentition can be found in
Application Serial No. 11/231,064, filed September 19, 2005, entitled "System and
Method for Determining Condyle Displacement Utilizing Electronic Models of
Dental Impressions Having a Common Coordinate System," the disclosure of which
is hereby incorporated herein by reference. In still other embodiments, the extract
operation 808 can determine a location of the landmark with respect to another
landmark (e.g., antagonistic occlusal surfaces), a color of a landmark, or another
property associated with the landmark.

The decision process 800 completes and ends at a stop module 810.
In some embodiments, parts of the decision process 800 may be performed
manually. For example, a user may display an electronic model of a patient's
dentition, such as electronic model 300 of FIG. 3, on a computing device and add
markers (e.g., circles, arrows, and other annotations) or trace diagramming lines
using an input tool, such as input device 150 of FIG. 1. In other embodiments,
however, the decision process 800 may be performed automatically by a computer.

Referring to FIG. 10, in some embodiments, desired attribute values
for electronic models can be determined interactively by superimposing the
electronic model of the dental appliance over an electronic model of a preparation
site and receiving user selections of anatomical features. For example, in FIG. 10,
the display 1000 shows an electronic model of a restoration 1002 positioned over an

electronic model of a preparation site 1010. Such a configuration enables the user to
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visually assess the values assigned to the attributes of the eléctronic model(s) and the
effects of modifying the values.

For example, the electronic model 1002 of the dental appliance can
be interactively modified by the user to create sufficient space 1014 to accommodate
adhesive for securing the dental appliance 1002 to the preparation site 1010.
Additional details describing the design of dental appliances can be found, e.g., in
Application Serial No. 10/429,288, filed May 2, 2003, entitled "Method and
Apparatus for Constructing Crowns, Bridges and Implants for Dental Use," the
disclosure of which is hereby incorporated by reference.

In other embodiments, desired attribute values for electronic models
can be determined éutomatically by a computer device. For example, in FIGS. 11
and 12, at least part of the model generation process (e. g., the decision process 800
of FIG. 8) may be performed using an inference engine 1100 and a set 1120 of rules
1125 (or processes) for shaping and dimensioning an electronic model of a dental
appliance to fit within a known space. In the example shown, the rule set 1120 v
includes a first rule (Rule 1) 1125A, a second rule (Rule 2) 1125B, and an Nth rule
(Rule N) 1125N. .

In general, the inference engine 1100 analyzes the rules 1125 to
determine relevancy to a particular data set (e.g., the positional data pertaining to the
preparation site) and chooses relevant rules to apply to the data set. Implementation
of the selected rules 1125 can change the information of the received data set. For
example, executioﬁ of the rules 1125 can change the values of attributes with which
the dental appliance electronic model is associated. Implementation of the rules
1125 also can trigger additional processes, such as user interaction through a display
and input interface.

For example, FIG. 11 illustrates a set of processing modules within
an inference engine 1100 utilized to implement the decision process 800 of FIG. 8
for generating electronic models of dental appliances. The inference engine 1100
shown includes a match rules module 1105, a select rules module 1110, and an
execute rules module 1115. These modules 1105, 1110, 1115 implement the
electronic modeling processes described herein. For example, in one embodiment,
these modules 1105, 1110, 1115 implement an analysis process 1200 shown in FIG.

12 to generate an electronic model of a dental appliance.
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Thevexemplary analysis process 1200 initializes and begins at a start
module 1202 and proceeds to a receive operation 1204. The receive operation 1204
obtains a data set of information to which the rules 1125 are to be applied by the
inference engine 1100. In one embodirhent, the data set of information includes the
positional data representing the preparation site 310 (FIG. 3) of the patient. In
different embodiments, however, the data set of information can include positional
data representing surrounding anatomy of the patient, positional data representing
the dental appliance, subsets and combinations thereof, and any other desired
information.

A match operation 1206 determines which rules 1125 of the rule set
1120 are applicable to the information of the received data set. For example, when
the information of the received data set includes positional data of the preparation
site, then the match operation 1206 can determine a rule 1125 for determining the
dimensions of a gingival surface of the dental appliance. In one embodiment, a first
rule 1125A may state the dimensions of the gingival surface of the dental appliance
should correspond to a margin curve of the preparation site. In such an embodiment,
a second rule 1125B may dictate how the margin curve of the preparation site is |
identified. In another embodiment, the information of the data set acquired at
receive operation 1204 may include information pertaining to the surrounding
anatomy of the patient. In such embodiments, the match operation 1206 can
determine a rule 1125N for determining cusp height of the dental appliance based on
the cusp height of adjacent teeth.

A select operation 1208 determines which matched rules 1125 to
execute. For example, if the inference engine 1100 is adapted to insert a height of
contour value for the electronic model based on the height of contour of a tooth
adjacent to the preparation site, then the select operation 1208 may select rules for
determining locations for adjacent teeth. In one embodiment, the select operation
1208 is configured to select rules 1125 based on one of the processes described in
Application Serial No. 10/350,304, filed January 22, 2003, entitled "Method and
Apparatus for Automatically Determining the Location of Individual Teeth Within
Electronic Model Images," the disclosure of which is hereby incorporated by

reference.
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In general, the select operation 1208 generates a strategy for applying
the selected rules 1125 to the received data set. The strategy includes a sequence in
which the rules are to be executed. The select operation 1208 can sequence the rules
according to dependency, relevancy, or as otherwise specified by one or more of the
rules. An execute operation 1210 performs the selected rules 1125 according to the
generated strategy. The analysis process completes and ends at a stop module 1210.

In general, the rules 1125 of the rule set 1120 may be obtained from
one or more sources, €.g., dentists, dental lab technicians, orthodontists, and other
such experts and/or professionals. In one embodiment, the rules 1125 may be
inconsistent with one another because the rules 1125 can be obtained from different
sources. Accordingly, the select operation 1208 optionally can perform conflict
resolution by eliminating and/or sequencing the matched rules 1125 according to
dependency, consistency, and/or relevancy. |

In some embodiments, the rules 1125 indicate design criteria based
on statistical data, such as average shapes, sizes, colors, and textures associated with
one or more of the patient's age, sex, ethnicity, or other attributes. For example, in
one embodiment, one or more rules 1125 may indicate an average crown shape
and/or average dimensions for a forty-year-old Caucasian male. In another
embodiment, the rule 1125 may indicate an average tooth color for a seventeen-year-
old Asian female. In another embodiment, however, the rules 125 indicate how to
determine design criteria for an electronic model based on surrounding anatomy of
the patient. |

Referring to FIGS. 13-16, the electronic models of dental appliances
can be formed from multiple components. FIG. 13 is a flowchart illustrating an
operational flow for an exemplary creation process 1300 for producing an electronic
model of a dental appliance from at least two electronic models. The creation
process 1300 initializes and begins at a start module 1302 and proceeds to a first
generate operation 1304.

The first generate operation 1304 generates an electronic model of a
first component, such as an occlusal component 1402 of FIG. 14. For example, the
first electronic model 1402 of FIG. 14 represents an occlusal component of a
restoration configured to interact with the surface of an antagonistic tooth. A second

generate operation 1306 generates an electronic model of a second component of the
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dental appliance, such as the interface component 1404 of FIG. 14. In the example
shown, the second electronic model 1404 represents an interface component
configured to interact with the preparatioh site 310 of FIG. 3. In other embodiments,
the second electronic model 1404 can represents a coping substructure, an artificial
abutment, a pontic, or any other component of a dental appliance.

| A merge operation 1308 combines the electronic model of the first
componenf 1402 with the electronic model of the second component 1404 to create a
combined electronic model 1400 of the dental appliance. In the example shown, the
merge operation 1308 defines an interaction site 1405 on the second electronic
model 1404 at which to couple the gingival edge 1401 of the first electronic model
1402. The combined electronic model 1400 in FIG. 14 represents a restoration with
the first electronic model 1402 representing an occlusal surface and the second
electronic model representing a gingival surface of the restoration. The creation
process 1300 completes and ends at a stop module 1310.

The electronic models 1402, 1404 can be produced using the
generation process 500 discussed above with reference to FIG. 5. For example, the
dimensions for the gingival surface 1401, 1403 of at least one of the electronic
models 1402 1404, respectively, can be determined based on measurements of the
margin curve 1415 of the abutment 1410. Alternatively, one of the electronic
models 1402, 1404 can be produced by an alternative generation process or can be
obtained from a memory of a computing device. ’

Referring to FIGS. 15-16, multiple components of the dental
appliance can be designed together, but fabricated separately. For example, if the
dental appliance is a restoration, a coping substructure 1508 can be designed before,
after, or concurrently with a crown structure 1502 to fit together on a preparation site
1510 of a patient (see FIG. 16). Typically, the coping substructure 1508 is
fabricated from metal, whereas the crown substructure 1502 may be fabricated from
metal, ceramic, or other dental materials.

FIG; 15 illustrates an exemplary electronic model 1500 of a coping
substructure 1540. The electronic model 1500 includes a répresentation 1508 of a
coping substructure and an attribute table 1550. The representation 1508 has a
gingival surface 1507, at which the coping substructure couples to the preparation

site, and an abutment surface 1509, at which a crown is coupled. The representation
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1508 also has a wall thickness L at the gingival surface 1507, a wall thickness K at
the occlusal surface, and a wall thickness M along sidewalls of the coping
substructure 1508. The shape and size of the coping substructure electronic model
1500 shown can be modified by modifying the values 1552 of the attributes 1554 of
the attribute table 1550.

FIG. 16 illustrates an electronic model of a crown restoration 1602
superimposed over an electronic model of a coping substructure 1608, which is
superimposed over an electronic model of a preparation site 1610. In the example
shown in FIG. 16, the coping substructure 1608 has a generally consistent thickness
that does not correspond to the crown restoration 1602 that the coping substructure
1608 supports. A gap 1611 is left between the coping substructure 1608 and the
crown restoration 1602 for adhesive to be applied between the fabricated pieces.

In other embodiments, the coping substructure can have other
features (e.g., collar dimensions) modifiable by the attribute table. Additional
details pertaining to the design of coping substructures, can be found, e.g., in
Application Serial No. 11/186,391, filed July 20, 2005, entitled "Multi-Component
Dental Appliances and a Method For Constructing the Same," the disclosure of

which is hereby incorporated by reference.

Multi-Piece Dental Restorations

Referring to FIGS. 17-24, a dental restoration may include one or
more components (e.g., a coping substructure and a crown superstructure). In some
embodiments, portions of a dental restoration (e.g., the coping substructure) may be
designed based on other portions of the dental restoration (e.g., the crown
superstructure). In other embodiments, an overall prosthesis (e.g., the dental
restoration) is designed first, and the components are defined based on the overall
prosthesis.

For example, FIG. 17 is a flowchart illustrating an operational flow
for an exemplary design process 1700 by which a dental restoration may be
designed. FIGS. 18-24 are schematic diagrams illustrating an electronic model of a
dental restoration 1800 generated using the design process 1700 of FIG. 17 at
different stages of the design process 1700. The design process 1700 initializes and
begins at a start module 1702 and proceeds to a first build operation 1704.
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In general, the first build operation 1704 generates or acquires a first
electronic model that is shaped and dimensioned in accordance with outer

boundaries of the dental restoration. For example, in‘ one embodi_ment, the first

- build operation 1704 generates or otherwise obtains an electronic mesh representing

an occlusal surface and side walls of a crown superstructure of the dental restoration.
In another embodiment, the first build operation 1704 genérates or otherwise obtains
a closed electronic model of the dental restoration.

In some embodiments, the first build operation 1704 may access a
database of electronic models of dental restorations and select one of the electronic
models as a template. In one embodiment, the first build operation 1704 modifies
the electronic model template to fit with surrounding anatomy of the patient. For
example, the first build operation 1704 may modify an attribute table associated with
the template model as described herein. In other embodiments, the first build
operation 1704 may generate the first electronic model based, at least in part, on the
surrounding anatomy of the patient.

For example, in the embodiment shown in FIG. 18, the first build
operation 1704 generates an electronic model of an exterior surface 1802 of a dental
restoration 1800. In one embodiment, the exterior surface 1802 includes an occlusal
surface 1803, which may be configured to interact with an antagonistic tooth (see
FIG. 16), and sidewalls extending down to a margin curve 1815 of a preparation site
1810 of the patient. In another embodiment, the exterior surface 1802 may be a
closed electronic model.

In one embodiment, the first build operation 1704 generates or
deform the exterior surface 1802 so the occlusal surface 1803 is at least a
predetermihed distance away from the preparation site 1810 to ensure the dental
restoration has sufficient thickness. For example, the first Build operation 1704 may
generate or deform the exterior surface 1802 to accommodate a coping substructure
having a minimum thickness and a crown superstructure having a minimum
thickness.

A second build operation 1706 obtains a second electronic model
representing an abutment surface 1804 of the dental restoration (see FIG. 19). In
one embodiment, the second build operation 1706 generates the abutment surface

1804 based on the electronic model 1810 of the preparation site. For example, in
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one embodiment, the second build operation 1706 may generate the second
electronic model 1804 having a perimeter defined by the margin curvé 1815. In
another embodiment, the second build operation 1706 modifies an existing abutment
surface of a closed electronic model of the exterior surface 1802.

In one embodiment, the second build operation 1706 positions the
second electronic model of the abutment surface 1804 to leave a predetermined gap
1805 between the abutment surface 1804 and the preparation site 1810 to
accommodate adhesive (not shown) for securing the fabricated dental restoration
1800 to the prepafation site 1810. In one embodiment, the Second build operation
1706 generates the abutment surface 1804 to leave about a 0.05 mm gap.

A third build operation 1708 generates a third electronic model of an
exterior surface 1806 of a coping substructure 1807, which may cooperate with the
abutment surface 1804 of the dental restoration 1800 to form the coping substructure
1807 (see FIG. 20). In some embodiments, the third build operation 1708 produces
a coping substructure having a substantially constant thickness. For example, in one
embodiment, the third build operation 1708 generates the exterior surface 1806
based upon a predetermined offset from the abutment surface 1804. In another
embodiment, the third build operation 1708 generates the exterior surface 1806 of
the coping substrucfure 1807 based on a fixed offset from the crown exterior 1802.

In some embodiments, the third build operaﬁon 1708 determines the
offset amount based on one or more preset offset values. In one embodiment, the
preset offset values are obtained experimentally. In another embodiment, the third
build operation 1708 may determine the offset amount based on material properties
of the fabrication material. In another embodiment, the third build operation 1708
may determine the offset amount based on a value input by a dental technician or
other user.

In other embodiments, the third build operation 1708 generates
and/or modifies the third electronic model of the coping exterior 1806 to have a
variable thickness. In one embodiment, the third build operation 1708 may generate
and/or modify the third electronic model 1806 to have sufficient thickness to support
a corresponding crown portion of the restoration 1800. |

FIG. 21 illustrates the difference between building a coping exterior

surface 2106 to provide a coping substructure with a generally uniform thickness
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and building a coping exterior surface 2156 to produce a coping substructure having
a variable thickness configured to provide support for a crown superstructure 2111.
A first electronic model of a dental restoration 2100 in FIG. 21 includes a coping
exterior surface 2106 generated based on a uniform offset from either an abutment
surface(not shown) or a preparation site (not shown). A second electronic model of
the dental restoration 2150 includes a coping exterior surface 2156 generated to
provide support for the corresponding crown superstructure 2111. For example, the
exterior surface 2156 deforms upwardly towards a cusp of the crown superstructure
2111 to provide support for the extra fabrication material that will be needed to form
the cusp. .

For example, in a preferred embodiment, the third build operation
1708 generates the third electronic model of the coping extetior surface 1806 based
on a uniform offset from the abutment surface 1804 (e.g., see coping substructure
2100 of FIG. 21) and deforms the coping exterior surface 1806 (e.g., see coping
substructure 2150 of FIG. 21) to meet the following constraints:

| 1. Minimum coping thickness L (FIG. 20);

2. Minimum crown thickness M (FIG. 20); and

3. Maximum crown thickness N (FIG. 20).
In some embodiments, the third build operation 1708 also to generate and/or modify
the coping exterior surface 1806 based on the following additional constraints.

4. Uniform crown thickness; and |

5. Minimize coping volume.

For example, the third build operation 1708 may determine a
minimum coping thickness L for the coping substructure 1807 and initially offset the
coping exterior surface 1806 by at least the minimum thickness L. The third build
operation 1708 also may determine a minimum thickness M and a maximum
thickness N for the crown superstructure. If an initial distance between the crown
exterior 1802 and the coping exterior 1806 (e.g., based on the initial offset of the
coping exterior 1806) exceeds the maximum thickness N, then the third build
operation 1708 may deform the coping exterior surface 1806 outwardly to provide
additional support for the crown exterior 1802 (e.g., see FIG. 23). If the distance
between the crown exterior 1802 and the coping exterior 1806 does not meet the

minimum crown thickness M, however, then the third build operation 1708 may
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deform the coping exterior surface 1806 inwardly unless such a deformation would
violate the minimum coping thickness L.

The third build operation 1708 also may generate the coping exterior
1806 to include a collar 1808 configured to support a crown superstructure 1811
(e.g., see FIGS. 22 and 23). The collar 1808 is formed by extending at least part of
the exterior surface 1806 of the coping substructure 1807 laterally outwardly past
the interior surface 1804 of the crown superstructure 1811. In one embodiment, the
collar 1808 is a partial collar extending only partially around the preparation site
1810 (e.g., on the lingual side). Providing a collar 1808 alohg only the lingual side
of the restoration inhibits visibility of the collar. In another embodiment, the collar
1808 can include a full collar extending around the entire circumference of the
exterior surface 1806 of the coping éubstructure 1807. In other embodiments, the
third build operation 1708 may build a collar 1808 extending over any portion of the
perimeter of the exterior surface 1806.

In some embodiments, the third build operation 1708 enables the user
to specify and/or modify properties of the collar 1808. For example, in one
embodiment, when the third build operation 1708 generates the coping exterior
surface 1806, the third build operation 1708 may allow the user to specify a collar
height H, a collar width W, and/or a portion of the perimeter of the coping exterior
surface 1806 along.which the collar 1808 should extend (e.g., see FIG. 22). For
example, the user can specify one or more sections of the collar that should extend
to the emergence profile 1814 of the dental restoration 1802 (e.g., see FIGS. 23 and
24). In another embodiment, the third build operation 1708 may enable a user to
deform a generated collar 1808 to an appropriate height H, width W, or location.

FIGS. 53 and 54 are schematic diagrams of electronic models of
coping substructures 5300, 5400 shown in plan views. Of course, a user can view
the electronic models in any desired view (e.g., isometric). The coping substructure
5300 has a perimeter P1 and the coping substructure 5400 has a perimeter P2. A
user can define one or more sections around the perimeter P1, P2 of each coping
substructure 5300, 5400 along which to build a collar. In one embodiment, the user
graphically identifies (e.g., using a mouse, touch pen, or other input tool) the section

on a display of the electronic model.
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For example, in FIG. 53, the user has defined a single section A along
which to build a collar. In FIG. 54, the user has defined three different sections B,
C, and D along which to build a collar. The user also can specify different properties
for the collar amongst the sections. For example, in FIG. 54, the user can specify
the height of the collar at section C to be greater than, equal to, or less than the
height of the collar at sections B and D. Accordingly, the user also can specify the
width of the collar to differ amongst sections. For example, in FIG. 54, the user can
specify the width of section C to extend to the emergence curve of the tooth and the
width of section B to extend to a different boundary (e.g., beyond the emergence
curve). In other embodiments, greater or fewer sections can be defined for a dental
restoration.

In other embodiments, the third build operation 1708 can
automatically generate a collar 1808 where appropriate to provide support for the
crown superstructure 1811. In one embodiment, the third build operation 1708 may
generate a collar 1808 based on the exterior surface of the dental restoration 1802.
For example, the third build operation 1708 can automatically generate the exterior
coping surface 1806 to extend to the emergence profile 1814 of the dental
restoration 1802 (e.g., see FIG. 23). In another embodiment, the third build
operation 1708 may generate the collar 1808 based on the thickness of the crown
(e.g., which may be approximated using the distance between the crown exterior
surface 1802 and the coping exterior surface 1806). |

A fourth build operation 1710 generates a crown interior surface
1809 to cooperate with the crown exterior 1802 to form a crown superstructure 1811
(see FIG. 24). In some embodiments, the fourth build operation 1710 generates the
crown interior surface 1809 based on a uniform offset from the coping exterior
1806. For example, in one embodiment, the fourth buiid operation 1710 generates
the crown interior surface 1809 to provide a sufficient gap between the coping
substructure 1807 and the crown exterior 1811 to accommodate an opaque layer
added to the fabricated coping substructure 1807..

In another embodiment, the fourth build operation 1710 generates the
crown interior surface 1809 based on a uniform offset from the crown exterior 1802
to obtain an appropriate crown thickness. In certain embodiments, the fourth build

operation 1710 generates the crown interior surface 1809 to produce a crown

26



WO 2010/068676 ‘ PCT/US2009/067350

10

15

20

25

30

superstructure 1811 having a thickness ranging from about 0.5 millimeters to about
3 millimeters. In one embodiment, the fourth build operation 1710 generates the
crown interior surface 1809 to produce a crown superstructure 1811 having a
thickness of about 1.5 millimeters. In other embodiments, the fourth build operation
1710 may generate' and/or deform the crown interior surface 1809 to have a variable
thickness. The design process 1700 completes and ends at a stop module 1712.

In some embodiments, the steps of the design process 1700 are
performed primarily by one or more computer processors. In other embodiments,
however, one or more users may perform one or more of the steps either manually or
interactively on a computing device. For example, in one embodiment, users may
adjust (e.g., via input devices 150 of FIG. 1) the electronic models of the surfaces
1802, 1804, 1806, 1809 displayed to the users (e.g., via output devices 151) to
provide space in which material (e.g., adhesive, an opaque layer, etc.) may be added
after fabrication. In another embodiment, one or more users may adjust the
electronic models of the surfaces 1802, 1804, 1806, 1809 to better accommodate the

other surfaces.

Additional Design Features

Optional design features which may be added to dental restorations or
other dental appliances will now be discussed. These design features may be added
to any of the dental appliances disclosed herein.

Referring to FIGS. 55-59, in some embodiments, a dental restoration
can have a crown superstructure configured so that at least a portion of a crown
superstructure is configured to extend past the coping substructure and seat directly
on the preparation site (e.g., see FIG. 58). Such an embodiment can be referred to as
a crown butt (i.e., or a porcelain butt). Extending the crown superstructure past the
coping subétructure inhibits visibility of the coping substructure. Accordingly, such
an embodiment of a coping substructure can be useful in dental restorations that will
be visible through the patient’s mouth.

FIG. 55 is a schematic block diagram of a dental restoration 5500
installed on a preparation site. The dental restoration 5500 includes a crown
superstructure and a coping substructure. FIGS. 56 and 57 illustrate a first
embodiment of a coping substructure 5512 and crown superstructure 5514 for dental
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restoration 5500. FIGS. 58 and 59 illustrate a second embodiment of a coping
substructure 5712 and crown superstructure 5714 for the dental restoration 5500.
FIGS. 56 and 58 are schematic block diagrams of the dental restoration 5500 in
which the respective crown superstructures 5514, 5714 are shown in cross-section.

The exterior surface of each embodiment of the dental restoration
5500 is defined based on the margin curve 5511of the preparation site 5510. The
margin curve 5511 identifies the points in space at which the outer edge of the dental
restoration 5500 meets the preparation site 5510. In the first embodiment, shown in
FIGS. 56, an outer edge 5513 of the coping substructure 5512 extends to the margin
curve 5511 of the preparation site 5510. The crown superstructure 5514 is seated
completely on the coping substructure 5512.

In contrast, in the second embodiment, shown in FIGS. 58 and 59, the
dental restoration 5500 includes a crown butt. At least a portion 5715 of the crown
superstructure 5714 extends past the outer edge 5713 of the coping substructure
5712 to the margin curve 5511 of the preparation site 5510. In one embodiment, a
labial portion of the crown superstructure 5714 extends to the margin curve 5511. In
another embodiment, the entire crown superstructure 5714 extends to the margin
curve 5511. In other embodiments, multiple sections of the crown superstructure
5714 can extend past the outer edge 5713 of the coping substructure 5712 to the
margin curve 5511.

As shown in FIG. 59, the outer edge 5713 of the second embodiment
of the coping substructure 5712 deviates from the margin curve 5511 of the
preparation site 5510. Instead, the outer edge 5713 of the second embodiment of the
coping substructure 5712 follows a second margin curve 5717 (e.g., see FIG. 59).
Typically, the second margin curve 5717 is generated, at least in part, based on user
input. The electronic model of the coping exterior surface can be combined with an
abutment surface of the dental restoration at the second margin curve 5717.

FIG. 60 is a flowchart illustrating an operational flow for a coping
design process 6000 that can be used to create an appropriate coping substructure for
a crown butt restoration. The design process 6000 performs any appropriate
initialization procedure, begins at a start module 6002, and proceeds to a define

operation 6004. The define operation 6004 generates a new margin curve for the
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coping substructure. In general, the new margin curve defines the interface
boundary between the coping substructure and the preparation site.

In some embodiments, the define operation 6004 displays an
electronic model of the preparation site to a user and enables the user to draw or
otherwise specify the second margin curve on the preparation site. In other
embodiments, the define operation 6004 generates the new margin curve based on
the margin curve of the preparation site. In one embodiment, the define operation
6004 creates a copy of the margin curve of the preparation site and enables a user to
modify (e.g., deform, resize, reshape, move individual points, etc.) the cbpy to
produce the second margin curve. For example, the user can select and relocate
points along the copy of the margin curve while the copy is displayed superimposed
over the margin curve and/or the preparation site.

A generate operation 6006 creates an electronic model of the coping
substructure based on the preparation site and the second margin curve. In certain
embodiments, the generate operation 6006 creates the electronic model of the coping
substructure also based on the exterior surface of the dental restoration as disclosed
herein. In certain embodiments, the generate operation 6006 enables additional user
modification to the interface boundary of the coping substructure and, accordingly,
to the second margin curve after the electronic model of the coping substructure has
been generated. The design process 6000 completes and ends at a stop module
6008. |

For example, as shown in FIG. 25, sprue formers 2550 may be added
to dental components that are fabricated through a casting process (e.g., a lost-wax
casting procedure). In general, sprue formers 2550 enable casting of patterns by
forming passages in a casting or pressing mold through which the fabrication
material (e.g., metal, ceramic, etc.) may be conveyed. In one embodiment, sprue
formers 2550 may be added automatically to any dental component to be cast. In
another embodiment, a user may select a location and orientation of the sprue former
2550 for each dental component. Additional details regarding sprue formers may be
found in U.S. Application Serial No. 11/983,083, filed November 7, 2007, the
disclosure of which is hereby incorporated herein by reference.

Tn other embodiments, unique identification numbers 2680 or batch

numbers may be added to one or more components of the dental appliances during
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the design phase to track fabricated components during the manufacturing phase
(e.g., see FIG. 26). For example, the identifications numbers 2680 may be added to
the electronic models of the dental components (e.g., by an automated process,
through interaction with the user, etc.) and accordingly printed or etched onto the
dental components when the components are fabricated. In the example shown in
FIG. 26, a serial number 2680 has been added to the bottom vof an electronic model
of a crown supersfructure 2611. In other embodiments, the identification numbers
2680 may be added to any suitable portion of a dental component.

Referring to FIGS. 37-42, maintaining an appropriate distance
between dental components during a casting process can be difficult. Adding tabs
and a coupling material to one or more components may facilitate proper positioning
between the dental components. For example, adding tabs to a crown superstructure
may facilitate positioning a fabricated péttern of a crown superstructure on a
fabricated coping substructure during a casting process. The crown pattern and
fabricated coping may further be held together using a wax or other adhesive
substance. A

FIG. 37 is a partial perspective view of an electronic model of a
crown superstructﬁre 3711 having tabs 3732 extending away from the perimeter of
the crown superstructure 3711. In general, the tabs 3732 extend from a perimeter
3731 of the crown superstructure 3711 toward a margin curve 3715 of a preparation
site 3710. FIGS. 38 and 39 are partial perspective views of the electronic model of
the crown superstructure 3711 arranged over a coping substructure 3767.

In one embodiment, the tabs 3732 of the crown superstructure 3711
sit upon a collar 3708 of the coping substructure 3707 to maintain the crown
superstructure 3911 at a fixed position relative to the coping substructure 3707 (e.g.,
see tab 3732A of FIG. 39). In other embodiments, however, the tabs 3732 may
extend over the coping substructure 3707 to the depth of the margin curve 3715 of
the preparation site 3710 (e.g., see tab 3732B of FIG. 39).

FIG. 40 is a flowchart illustrating an operational flow for an example
positioning process 4000 by which tabs and coupling material may be utilized with a
crown superstructure and coping substructure of a dental restoration to enhance
casting performance. The positioning process 4000 initializes and begins at a start

module 4002 and proceeds to a locate operation 4004.
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The locate operation 4004 determines positions on a crown
superstructure, such as crown superstructure 3711 of FIGS. 37-39, at which one or
more tabs, such as tabs 3732 of FIGS. 37-39, may be added. In some embodiments,
the locate operation 4004 automatically determines appropriate locations for a
predetermined number of tabs. In one embodiment, the locate operation 4004
automaticaﬂy determines appropriate locations based on the anatomy of a
corresponding coping subétructure, such as coping substructure 3707 of FIGS. 38
and 39. In one embodiment, the locate operation 4004 determines locations for three
tabs. In other embodiments, the locate operation 4004 enables a user to determine
appropriate tab positions interactively.

A trim operation 4006 removes one or more sections of material from
the crown superstructure 3711 adjacent the perimeter 3731 to form the tabs 3732. In
one embodiment, portions of the perimeter 3731 of the crown superstructure 3711
are offset from the coping substructure 3707 (see FIGS. 37-39 and 41). The
remaining portions of the perimeter 3731 form the tabs 3732 (see FIGS. 37-39 and
41). Offsetting the perimeter 3731 of the crown superstructure 3711 provides gaps
between the perimeter of the crown superstructure 3711 and the perimeter of the
coping substructure 3707. In one embodiment, the trim operation 4006 raises the
perimeter 3731 of the crown superstructure 3711 from the perimeter of the coping
substructure 3707 by about 1 mm.

A fabricate operation 4008 prints or otherwise produces a pattern of
the crown superstructure 3711 for casting. The fabricate operation 4008 prints or
mills the pattern (e.g., of wax) of the crown superstructure 3711 with tabs 3732. The
fabricate operation 4008 also produces a coping substructure. For example, the
fabricate operation 4008 may print, mill, cast, or otherwise produce the coping
substructure 3707.

A couple operation 4010 attaches the pattern of the crown
superstructure 3711 including the tabs 3732 to the fabricated coping substructure
3707. For exampie, wax or other adhesive 3739 (FIG. 42) may be added over the
gaps formed by the offset perimeter of the crown superstructure 3711 to secure the
crown superstructure pattern to the coping substructure 3707. The wax 3739 inhibits

movement of the crown superstructure pattern relative to the coping substructure
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during a pressing process, thereby providing a pressing mold with increased

accuracy. The positioning process 4000 completes and ends at a stop module 4012.

Dental Bridges

Other multi-piece dental appliances may be generated by first
generating an electronic model for the exterior of the complete appliance and
subsequently genefating electronic models for the different éomponents of the
appliance. For example, copings of a bridge framework may be generated using the
design process 1700 disclosed above. In addition, bridge connectors also may be
generated based on one or more components of a bridge framework as described
herein.

A dental bridge provides tooth replacements for one or more teeth at
which a natural abutment (e.g., tooth stump) is not convenient or possible.
Typically, the dental bridge includes multiple dental restorations fixedly coupled
together and anchored at one or both ends to natural teeth. Each restoration of the
dental bridge includes a crown superstructure mounted to a portion of a bridge
framework, which is formed from at least one coping coupled to either a second
coping (e.g., to form a splinted crown) or one or more pontics. Typically, the coping
mounts to a prepared tooth (e.g., ground stumps of natural teeth, implanted
abutments, etc.). In one embodiment, two copings support a pontic over edentulous
tissue therebetween.

FIG. 43 is a flowchart illustrating an operational flow for a bridge
design process 4300. The bridge design process 4300 initializes and begins at the
start module 4302 and proceeds to the obtain operation 4304. The obtain operation
4304 generates an electronic model of an appropriate section of the dentition and
surrounding anatomy of the patient at which the dental bridge is to be installed. In
one embodiment, the obtain operation 4304 generates the electronic model based on
scanned positional data as described above.

A locate operation 4306 determines the number of teeth of the
dentition to be replaced by the bridge appliance. The locate operation 4306 also
identifies the same number of preparation sites and/or gaps of edentulous tissue
within the electronic model of the dentition. In some embodiments, the locate

operation 4306 presents the electronic model of the dentition and anatomy to the
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user and receives instructions from the user identifying the number of preparation
sites and/or gaps and locations for each. In other embodiménts, however, a
computer processor may determine the number and arrangement of preparation sites
and edentulous tissue based on identification rules.

The locate operation 4306 also may identify landmarks on the
identified preparation sites and the edentulous tissue. For example, the locate
operation 4306 may identify a margin curve for each tooth to be replaced by the
bridge. In one embodiment, the margin curve for the tooth to be replaced by the
pontic is generated on the gingival surface of the edentulous tissue below the pontic.
In such an embodiment, the margin curve may be translated away from the gingival
surface before generating the bridge components to inhibit designing a crown
superstructure that would irritate the edentulous tissue.
| A first build operatioh 4308 generates an electronic model of an
exterior surface of a bridge appliance including one or more tooth substitutes (e.g.,
dental restorations). The tooth substitutes are arranged to interact with each other as
natural teeth would. In general, the first build operation 4308 generates, obtains, or
modifies the exterior surface model in accordance with the instructions and/or data
acquired in the locate operation 4306.

In some embodiments, the first build operation 4308 retrieves a
bridge template model from a library. In one embodiment, the first build operation
4308 retrieves the template model based on the appropriate number of teeth to be
replaced, the type of teeth being replaced, and/or the number of pontics and coping
substructures needed. In another embodiment, the first build operation 4308 may
modify a standard bridge template to fit the preparation sites of the patient.

In other embodiments, the first build operation 4308 generates the
electronic model of the exterior bridge surface to include an appropriate number of
dental restorations as determined by the location operation 4306. For example, the
first build operation 4308 may generate the dental restorations based on the
landmarks (e.g., margin curves) identified in the surrounding anatomy of the patient.
Tn one embodiment, the first build operation 4308 separately generates a dental
restoration exterior surface for each tooth to be replaced and couples together the

separately generated exterior surfaces.
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One example of an exterior surface of a bridge appliance is shown at
reference number 4400 of FIG. 44. The bridge appliance includes three dental
restorations 4410, 4420, 4430 to replace three natural teeth of the patient. In the
example shown, the three dental restorations 4410, 4430, 4450 are open models that
are integrally connected along contact areas 4420, 4440. Typically, the dimensions
and shape of the contact areas (i.e., interaction nexus) 4420, 4440 of the dental
restorations is different for each restoration pair. In other embodiments, the bridge
appliance may include closed and/or separate dental restorations.

A second build operation 4310 generates an electronic model of a
bridge framework based on the bridge exterior surface model. In general, the bridge
framework includes at least one pdntic, at least one coping substructure, and at least
one connector coupling the pontic to the coping substructure. In one embodiment,
the second build operation 4310 generates the framework model to include one or
more pontics supported between two coping substructures. |

FIG. 45 is a perspective view of an exemplary bridge framework
4500 including a first coping substructure 4510, a pontic 4530, and a second coping
substructure 4550. A first connector 4520 couples togethef the first coping |
substructure 4510 and the pontic 4530 and a second connector 4540 couples together
the pontic 4530 and the second coping substructure 4550. In other embodiments, the
bridge framework 4500 may include additional pontics and/or coping substructures.

A subtract operation 4312 forms a crown top array (e.g.,a
combination of the crown superstructures for each of the dental restorations formed
by the bridge appliance) to be mounted to the bridge framework. In general, the
subtract operation 4312 forms the crown top array by removing the bridge
framework electronic model, such as bridge framework 4500 of FIG. 45, from the
bridge appliance electronic model, such as bridge appliance' 4400 of FIG. 44. In one
embodiment, the subtract operation 4312 forms an integral crown top array that may
be installed on the bridge framework as a single piece. In another embodiment, the

subtract operation 4312 forms a crown top array that may be fabricated and installed

on the framework as multiple pieces.

In some embodiments, the subtract operation 4312 subtracts the
framework by forming a bridge interior surface that cooperates with the bridge

exterior surface to define the crown top array. In one embodiment, the subtract
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operation 4312 defines the bridge interior surface as an offset from the exterior
surface of the bridge framework. In other embodiments, the subtract operation 4312
may remove volume occupied by the framework model from a closed bridge
appliance model, thereby leaving behind a crown top array.

In some embodiments, the subtract operation 4312 also removes
undercuts from the crown top array to facilitate installation of the crown top array on
the framework. In one embodiment, the subtract operation 4312 removes the
undercuts by determining a removal surface or removal volume of space that
extends below the framework towards the preparation site and defining the bridge
interior surface as being offset from the removal surface or removal volume.

For example, the bridge framework 4500 of FIG. 45 has a
circumference 4560 as shown in FIG. 46. As shown in FIG. 47, the subtract
operation 4312 may define a removal surface including the exterior surface of the
framework 4500 and further including sidewalls 4565 defined by the circumference
4560 and extending towards a preparation site of the patient. The subtract operation
4312 defines a bridge interior surface based on a uniform or variable offset from the
removal surface. The bridge interior surface cooperates with the bridge exterior
surface to form a crown top array 4800 as shown in FIG. 48.

Portions of the bridge appliance 4600 that fall within the boundaries
of the removal surface are removed from the bridgé appliance model 4600. For
example, a tab 4412 extending from the first dental restoration 4410 of FIG. 44 falls
within the boundaries of the sidewalls 4565 shown in FIG. 46. Accordingly, the
first dental restoration 4810 of the resulting crown top array 4800 shown in FIG. 48
does not include the tab.

Similarly, the second dental restoration 4430 of the bridge appliance
4400 of FIG. 44 is a closed electronic model. The surface of the second dental
restoration 4430 closest to the preparation site falls within the boundaries of the
removal surface shown in FIG. 47. Accordingly, the second dental restoration 4830
of the crown top array 4800 of FIG. 48 is an open electronic model without an
abutment surface. The bridge design process 4300 completes and ends at a stop
module 4314, |

FIG. 49 is a perspective view showing an electronic model 4900 of a

dental bridge including the crown top array 4800 of FIG. 48 installed over the
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framework 4500 of FIG. 45. In the example shown, the first dental restoration 4810
includes tabs 4814 extending from a perimeter 4816 of the crown top array 4300
offset from a perimeter 4509 of a corresponding coping substructure 4507. In other
embodiments, however, each of the dental restorations of the crown top array 4300
may include fewer or greater tabs.

FIG. 50 is a perspective view of an electronic model 5000 of another
dental bridge. The dental bridge model 5000 includes a crown top array 5010 and
framework 5020 configured to replace five teeth using two coping substructures to
support three pontics. The crown top array 5010 of FIG. 50 has been made
transparent to clarify the relationship and interaction between the crown top array
5010 and the framework 5020.

Referring now to FIG. 27, é framework design process 5100 is one
example process by which the second build operation 4310 of FIG. 43 may be
implemented. The framework design process 2700 initializes and begins at a start
module 2702 and i)roceedé to a first generate operation 2704. The first generate
operation 2704 provides coping substructures for each of the natural teeth that will
anchor and support the bridge appliance.

In some embodiments, the first generate operation 2704 generates the
coping substructures based on the exterior surface of the bridge appliance. In one
embodiment, the first generate operation 2704 follows at least part of the dental
restoration design process 1700 of FIG. 17 to form the coping substructures. In
other embodiments, however, the first generate operation 2704 may provide the
coping substructures using any suitable process.

The results of the first generate operation 2704 are shown in FIG. 51.
FIG. 51 is eplan view of the abutment surface of the coping substructures 5120,
5130 arranged within first and second outer dental restoration 5112, 5116,
respectively, of the bridge appliance 5110. In some embodiments, the first generate
operation 2704 also defines initial crown superstructures corresponding to each of
the copings substructures 5120, 5130. In other embodiments, however, only the
coping substructurés 5120, 5130 are produced.

A second generate operation 2706 generates the appropriate number
of pontics. In some embodiments, the second generate operation 2706 may generate

a pontic and a corresponding crown superstructure. In other embodiments, however,
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only the pontics are generated. In general, the second generate operation 2706

~ generates the pontics based on the exterior surface of the bridge appliance. For

example, the second generate operation 2706 may generate the pontics in
aécordance with the constraints listed herein for generating the coping exterior
surface of a dental restoration.

A third generate operation 2708 creates the connectors that couple
together the components of the bridge framework. In one embodiment, the third
generate operation 2708 creates the connectors based on the exterior surface of the
crown top array or the bridge appliance. For example, the third generate operation
2708 may create connectors to fit within the contact area (i.e., interaction nexus) of
each restoration pair of the bridge framework (e.g., see FIG. 28). In other
embodiments, however, the connectors may be generated using any suitable process.
The framework design process 2700 completes and ends at a stop module 2710.

FIG. 28 is a schematic block diagram of an exterior surface 2810 of a
bridge appliance 2800 including three dental restorations 2810, 2820, 2830 that
interact with each other at contact areas 2815, 2825. The shape and orientation of
each contact area 2815, 2825 may vary with each restoration pair. Accordingly, the
thickness of connectors generated to fit within the contact areas of the bridge
exterior surface rﬁay vary along their lengths.

FIG. 29 is a schematic block diagram of a side view of the first dental
restoration 2810 of FIG. 28. A first curve 2925 representing the perimeter of the
contact area 2815 between the first dental restoration 2810 and the second dental
restoration 2820 is shown. A second curve 2927 representing the cross-sectional
circumference of the connector 2923 is shown offset inwardly from the first curve
2925 by an amount Q. In one embodiment, the second curve 2927 is offset by an

amount Q ranging from about 0.5 millimeters to about 1 millimeter.

Automated Design

Referring to FIGS. 30-32(A-B), the generation of dental appliances
may be at least partially automated. For example, one or more of the model
generation processes may be performed automatically by a computer. Other model

generation processes may be performed interactively with the user.
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Advantageously, partial automation significantly decreases the time a skilled
technician spends on a given electronic model.

For example, in one embodiment, a dental technician may upload a
first electronic model to a work station to interact with the first electronic model.
The dental technician may send the first electronic model to a server for intelligent
processing upon reaching a particular stage in the design process. The technician
may proceed to work on another available electronic model while the server further
processes the first electronic model. The same or another technician can return to
working on the first electronic model at a later time when the first electronic model
again becomes available. 4

FIG. 30 is a schematic block diagram of a design and fabrication
system 3000 that is configured to design and fabricate dental appliances in
accordance with the principles of the present disclosure. FIGS. 31, 324, and 32B
are flowcharts illustrating operational flows for processes to be performed using the
desigﬁ and fabrication system 3000. FIG. 31 illustrates a design and fabrication
process 3100 by which dental appliances may be designed and fabricated. FIG. 32A
illustrates a management process 3200A by which one or more processors may
implement steps of the design and fabrication process 3100. FIG. 32B illustrates an
interaction process 3200 by which a technician or other user of the design and
fabrication system 3000 may implement steps of the design and fabrication process
3100. |

The design and fabrication system 3000 includes at least one scanner
3002, a computing device 3010, and at least one fabrication device 3004. The
scanner 3002 is configured to obtain positional data pertaining to a preparation site
and/or surrounding anatomy of the patient. Preferred scanners 3002 include a laser
line scanner arranged and configured for scanning dental study casts. However, any
suitable scanmer (e.g., an optical scanner) may be used and a number of other
scanning methodologies (e.g., direct intra-oral scanning) might be employed to
generate the scanned image data.

The computing device 3010 is conﬁgﬁred to receive from the scanner
3002 the positional' data (e.g., 3D coordinate data) of the preparation site, to generate
an electronic model of a dental appliance to be installed on the preparation site, and

to send information obtained from the generated electronic model to the fabrication
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device 3004. One or more of these steps may be performed automatically, at least in
part, by the computing device 3010. In other steps, user interaction may be
appropriate as disclosed in greater detail herein. The computing device 3010 also
provides a file management system for tracking the progress of electronic models
and scheduling processor time for automated steps.

The fabrication device 3004 produces either the dental appliance or a
pattern from which the dental applianée may be manufactured based on the
electronic model. One non-limiting example of a suitable fabrication device

includes a rapid prototyping machine. In one embodiment, the fabrication device

~ 3004 prints one or more wax patterns of the dental appliance. The dental appliance

may be manufactured from these wax patterns (e.g., through a lost-wax casting
technique). In another embodiment, the fabrication device 3004 directly prints one
or more pieces of the dental appliances out of metal, ceramic, or other suitable
material. In another embodiment, the fabrication device 3004 mills one or more
pieces of the dental appliance.

The computing device 3010 is communicatively coupled to one or
more processors 3020 configured to perform automated processes on the electronic
model. In one embodiment, the processors 3020 are installed within the computing
device 3010. In other embodiments, however, the computing device 3010 may be
coupled to one or more external processors 3020. In the example shown in FIG. 30,
the computing device 3010 is communicatively coupled to a first external processor
3022, a second external processor 3024, and a third external processor 3026. One or
more of the processors 3020 may bé arranged at locations remote from the
computing device 3010 and/or from each other.

The computing device 3010 also is communicatively coupled to one
or more work stations 3030 through which a technician or other user may perform
manual or interactive processes on the electronic model. In the example shown in
FIG. 30, the computing device 3010 is communicatively coupled to a first
workstation 3032, a second workstation 3034, and a third workstation 3036. In one
embodiment, one or more workstations 3030 may be arranged at locations remote
from the computing device 3010 and/or each other.

Each work station 3030 is configured to obtain one or more electronic

models from the computing device 3010, to display the electronic models to a
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technician or other user, and to enable interactive editing of the electronic model by
the technician. In one embodiment, each work station 3030 includes input and
output devices for receiving editing instructions and displaying the results of the
editing instructions to the technician. |

In general, the file management system schedules processor time for
performing any automated initial processing steps in generating the electronic
models. Technicians can access the file management system from any of the work
stations. Upon accessing the file management system, the technicians can view,
select, and download electronic models to the work stations for further processing.
Each electronic model may be passed between the processors and the workstations
multiple times duﬁng the generation process. Accofdingly, different technicians can
edit the same electronic model at different times and/or in different places.
Typically, each technician performs only a small number of processes on any one
electronic model.

The computing device 3010 includes memory 3012 in which the
scarmed positional data and the generated electronic models can be stored. The
computing device 3010 includes a manager 3015 that obtains information from the
memory 3012 prior to processing (e.g., at the processor or the workstation) and
stores information in the memory 3012 after processing. The file manager 3015 also
supervises which processes are performed automatically by the processors 3020 and
which processes aré performed interactively with a user. The manager 3015 also
schedules when the automated processes are performed and tracks each of the
electronic models through the design and manufacturing process.

For example, when an electronic model is stored in the memory 3012
of the computing device 3010, the file manager 3015 of the file management system
3000 may determine the next stage in the process and send the electronic model to
an available processor 3020 for further editing. The processor performs the next one
or more processes that can be performed automatically. In one embodiment, the
electronic model may be processed by more than one processor. When the
automatic processes have been completed and additional processing is appropriate,
the electronic model may be returned to the file management system and identified

as available for interactive editing.
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The principles of the design and fabrication system 3000 can be
understood by walking through an example design and fabrication process 3100
(FIG. 31). The design and fabrication process 3100 enables a dental restoration
having multiple piepes (e.g., a crown superstructure and a coping substructure) to be

manufactured to suit the anatomy of a particular patient. The design and fabrication

. process 3100 initializes and begins at a start module 3102 and proceeds to a scan

~ operation 3104.

The scan operation 3104 obtains positional data relating to a
preparation site on which a dental appliance is to be mounted. In one embodiment,
the scan operation 3104 obtains positional information from a dental impression
(e.g., a plaster study cast). In another embodiment, the scan operation 3104 obtains
positional information directly from the mouth of the patient (e.g., via intra-oral
scanning). In one embodiment, the positional information includes adjacent teeth,
antagonistic teeth, the edentulous tissue, and/or other surrounding anatomy.

A generate operation 3106 creates an electronic model of the
preparation site baséd on the positional data obtained by the scan operation 3104.
Typically, the generate operation 3106 is performed automatically. For example, the
manager 3015 of the computing device 3010 may send the positional data obtained
from the scanner 3002 to one or more of the processors 3020 to generate the
electronic model. In one embodiment, the generate operation 3106 creates the
electronic model of the preparation site including surrounding anatomy.

A detect operation 3108 finds and optionally marks (e.g., annotates)
landmarks (e.g., a margin curve, collar location and/or dimensions, etc.) on the
electronic model of the preparation site. In one embodiment, the detect operation
3108 also finds and optionally marks (e.g., annotates) landmarks (e.g., heights of
contour, cusps, and fossae, on adjacent teeth) on the surrounding anatomy. The
detect operation 3 108 may determine trends in landmarks for adjacent teeth (e.g.,
curvature of ridges, reduction or increase in height, etc.). Typically, the detect |
operation 3108 is performed automatically. In one embodiment, the manager 3015
schedules the detect operation 3108 to be performed immediately after the generate
operation 3106. In another embodiment, the manger 3015 schedules the detect

operation 3108 to be performed at a later time and/or on a different processor.
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A modify operation 3110 presents an electronic model to a user and
enables the user to manipulate the electronic model. Typically, the modify operation
3110 enables the user to adjust changes and/or additions previously made to the
electronic model by the processors. For example, the user may adjust the shape,
size, color,Atexture, landmarks, or other attribute of the electronic models. Typically,
the modify operaﬁon 3110 is implemented by a technician on a work station.
Alternatively, however, the modify operation 3110 may be implemented on the
computer device 3010 using input devices of the computer device 3010.

At this stage of the example application, the modify operation 3110
presents the electronic model of the preparation site to a technician for review. In
general, this modify operation 3110 sends the electronic'model of the preparation
site to one or more of the workstations 3030 for display to the technician. In one
embodiment, the modify operation 3110 presents annotated landmarks to the
technician with the electronic model. The first modify operation 3110 also may
receive instructions from the user (e.g., via an input device of the workstation 3030)
adjusting the identification of the landmarks, deleting landmarks, and/or identifying
additional landmarks.

For example, a technician may choose to define the margin curve of
the preparation site differently than the automated detection process. In one
embodiment, the user may redraw the annotation indicating the margin curve using
an input device during the modify operation 3110. In another embodiinent, the user
may drag portions of the annotated landmark, such as a diagramming line, to more
appropriate positions on the electronic model. In another embodiment, the user may
add new annotations to identify additional landmarks and/or delete current
annotations.

A receive operation 3112 enables the technician to provide additional
input effecting the generation of subsequent electronic models. For example, in one
embodiment, the receive operation 3112 may receive instfucﬁons from the o
technician indicating a fabrication material for one or more components for which
electronic models are to be generated. Different fabrication materials may have
different constraints (e.g., maximum thickness, minimum thickness, etc.) to be met.
Accordingly, the component electronic models may be generated based on the input

fabrication material. In other embodiments, the receive operation 3112 determines
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default values or the technician may choose not to provide instructions at one or
more stages of the design process.

A build operation 3114 creates an electronic model of the dental
appliance or component thereof based on the modified electronic model and the user
input. In general, the build operation 3114 is performed automatically by one or
more processors 3020. For example, at this stage of the example application, the
build operation 31 14 may generate an electronic model of a dental restoration
shaped and dimensioned to fit the patient anatomy surroundihg the preparation site.
In a preferred embodiment, the build operation 3114 generates an exterior surface of
the dental appliance including an occlusal surface and sidewalls.

In some embodiments, the build operation 3114 obtains an electronic
model template of the dental appliance to be designed. In one embodiment, the
build operation 3114 obtains a parametric model template having attribute values
assigned based on the landmarks detected in the detect operation 3108, reviewed in
the modify operation 3110, and/or input in the receive operation 3112." In another
embodiment, the build operation 3114 may be performed automatically before the
user reviews the identified landmarks in the modify operation 3110 or before the
user inputs additiohal instructions in the receive operation 3112. In other
émbodiments, the build operation 3114 generates the dental appliance using other
suitable processes.

A first determination module 3116 determines whether all
components of the dental appliance have been generated. For example, in one
embodiment, when designing a bridge framework, the first determination module
3116 may determine whether electronic models for all coping substructures, pontics,
connectors, and crown tops have been created. If the first determination module
3116 determines electronic models for all components have been generated, then the
design and fabrication process 3100 proceeds to a verify operation 3118. If the first
determination module 3116 determines electronic models for all components have
not been generated, however, then the design and fabrication process 3100 may
cycle back to the modify operation 3110 (see the solid arrow at N1). Inan
alternative embodiment, the design and fabrication process 3100 may <;ycle back to

the receive operation 3112 (see the dotted arrow at N2).
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The design and fabrication process 3100 may cycle iteratively
through the modification operation 3110, the receive operation 3112, and the build
operation 3114 to produce different components of a dental appliance. These
operations 3110, 3112, 3114 represent conceptual steps in the design process and do
not imply the same software or algorithms are applied each time the operation is
performed. Rather, different algorithms may be applied by these operations 3110,
3112, 3114 depending on the current stage of the design process. For example, the
build operation 3114 may create a first electronic model (e.g., of a dental
restoration) by obtaining a template for the exterior surface of the dental restoration
during one iteration and may create another electronic model (e.g., a coping exterior
surface) during a subsequent iteration by generating the electronic model based on
previously .obtained positional and/or landmark data. v

At this stage of the example application, the first determination
module 3116 determines that neither a coping substructure nor a crown
superstructure have been generated for the dental restoration. Accordingly, the first
determination module 3116 determines the design process is not complete. In the
example shown in FIG. 31, the design process 3100 cycles back to the modify
operation 3110 for another iteration. In one embodiment, the design process 3100
skips the modify operation 3110 and receive operation 3112 and proceeds directly to
the build operation 3114 for a second iteration (see the dotted arrow at N3).

In another embodiment, however, the modify operation 3110 presents
the dental appliance electronic model to the user for review and/or interactive
editing duﬁng the second iteration. In a preferred embodiment, the modify
operation 3110 presents the exterior surface of the dental appliance including the
occlusal surface and sidewalls. For example, the modify operation 3110 may
provide the dental appliance electronic model to one or more of the workstations
3030 for display. The modify operation 3110 also may receive instructions from the
technician scaling, transforming, or otherwise adjusting the electronic model of the
exterior surface.

The receive operation 3112 may receive any input from the user
relevant to generating the next electronic model and the build operation 3114 creates
the next electronic model. In this example application, the second iteration of the

build operation 3114 generates an abutment surface of the dental restoration. The
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first determination module 3116 determines additional processing is necessary and
cycles back to the modify operation 3110 for a third iteration. '

In one embodiment, the third iteration of the modify operation 3110
presents the newly generated abutment surface model to the technician and enables
the technician to adjust the abutment surface. Also during the third iteration, the
receive operation 3112 may receive instructions from the technician indicating a

location and/or dimensions for a collar to be defined on a coping substructure. The

' third iteration of the build operation 3114 may generate an exterior surface of a

coping substructure based on the previously obtained electronic models and/or the
previously received user input. The build operation 3114 also may combine the
coping exterior surface with the abutment surface to form an electronic model of a
coping substructure.

In the example application, the fourth iteration of the modify, receive,
and build operations 3110, 3112, 3114 yields an interior surface of the crown
superstructure, which may be combined with the exterior surface of the dental
restoration to form an electronic model of the crown superstructure. During
additional iterations of these operations 3110, 3112, 3114, additional feature to the
electronic model, such as the tabs, sprue formers, and/or identification numbers
disclosed herein, may be added. When the additional features have been added, the
first determination module 3116 determines the design phase of the design and
fabrication process 3100 is complete. Accordingly, the process 3100 proceeds to the
verify operation 3118.

TheAverify operation 3118 may provide quality control by presenting
the completed electronic models of the dental appliance to the technician. In '
general, the verify operation 3118 presents the electronic models of the dental
appliance to one or more technicians to enable the technicians to decide whether the
dental appliance is ready for fabrication. For example, the verify operation 3118
may enable the technician to select whether to view the components separately or
arranged together to view interaction between the components. In one embodiment,
the verify operation 3118 presents the electronic models to a technician at a location
remote from the location at which the electronic models were designed and/or

modified, thereby allowing for remote supervision of the design process.
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A second determination module 3120 determines whether the
technician approved the electronic models of the dental appliance during the verify
operation 3118. For example, the second determination module 3120 may
determine the technician provided instructions to proceed with fabrication.
Alternatively, the second determination module 3120 may determine the technician
provided instructions to perform one or more adjusts on the electronic models or to
redo the entire design process 3100.

If the second determination module 3120 determines the technician
did not approve the electronic model, then the design and fabrication process 3 100
may cycle back to the modify operation 3110 to enable a technician to adjust the
electronic models in accordance with the verifying technician instructions.
Alternatively, the second determination module 3120 may scrap the electronic
models of the dental appliance and restart at the modification operation 3110 with
only the scanned positional data.

If the second determination module 3120 determines the technician
did approve the electronic model, however, then the design and fabrication process
3100 may proceed to a fabricate operation 3122. The fabricate operation 3122
transmits the electronic models to a fabricator (e.g., fabricator 3004 of FIG. 30) to
produce components of the dental appliance based on the electronic models. In one
embodiment, the fabricate operation 3122 finalizes the electronic models (e.g.,
optimizes the model meshes, adds fabrication supports, and/or translates the
electronic model to a format suitable for fabrication) before sending the models to
the fabricator 3004. For example, in one embodiment, the fabricate operation 3122
may print patterns of the dental appliance components. In another embodiment, the
fabricate operation 3122 may print and/or mill the actual dental appliance
components. The design and fabrication process 3100 completes and ends at a stop
module 3124.

FIG. 32A is a flowchart illustrating an operational flow for a
management proceés 3200A by which the manag‘er 3015 of the design and
fabrication system 3000 implement steps of the design and fabrication process 3100.
The management process 3200A initializes and begins at a start module 3202A and

proceeds to a process operation 3204A.
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The process operation 3204A schedules time with one or more
processors 3020 of the design and fabrication system 3000 for performing one or
more of the autorhated steps (e.g., the scan operation 3104, the generate operation
3106, the detect operation 3108, the build operation 3114, and the fabricate
operation 3116) of the design and fabrication process 3100 (see the first dotted line
section of FIG. 31). In one embodiment, the process operation 3204A schedules the
same processor 3020 to perform multiple sequential steps. In another embodiment,
the process operation 3204A schedules different processors (e.g., at different
locations) to perform different steps.

A store operation 3206A receives the processed electronic models
(i.e., or positional data if the generate step 3106 has not yet been performed) and
stores the information in memory 3012. The store operation 3206A also may update
a status log to indicate a current placement of the electronic model within the design
process. Inone efnbodiment, if the next step to be performéd is an interactive step
(see second dotted line section of FIG. 31), then the store operation 3206A may
store metadata with the electronic model indicating the electronic model is available
for interactive processing.

A first receive operation 3208A receives a request for one of the
electronic models. For example, the first receive operation 3208 A may receive a
request from one of the work stations 3030 to transmit a partially completed
electronic model of a dental appliance. In one embodiment, the first receive
operation 3208A may first receive a request for a status listing of each electronic
model stored on the computer system 3010. In another embodiment, the first receive
operation 3208A may receive a request for a listing of electronic models available
for interactive processing.

In response, a present operation 3210A sends the requested electronic
model to the requesting technician. For example, the present operation 3210A may
transmit the requested electronic model to the requesting work station 3030 via a
networking environment (e.g., a LAN, a WAN, the Internet, etc.). In another
embodiment, the present operation 3210A allows the work station 3030 to pull the
electronic model from memory 3012.

A second receive operation 3212A subsequently obtains the

electronic model back from the technician. For example, in one embodiment, the
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second receive operation 3212A may receive a modified version of the electronic
model. In another embodiment, the second receive operation 3212A may receive
additional information (e.g., metadata about the electronic model, instructions for
another technician to modify one or more components of the electronic model, etc.).
In one embodiment, the second receive operation replaces a copy of the electronic
model in memory with the received modified copy.

A determination module 3214A determines whether processing of the
electronic model has been completed (e.g., the electronic model is ready for
fabrication). If the determination module 3214A determines the processing has not
been completed, then the management process 3200A cycles back to the process
operation 3204A to begin again. If the determination module 3214A determines the
processing has been completed, however, fhen the management process 3200A
completes and ends at a stop module 3216A. In one embodiment, completing the
management process includes sending the electronic model to a fabricator.

FIG. 32B is a flowchart illustrating an exemplary interaction process
3200B by which a technician may perform one of the operation (e.g., operation
3110, receive operation 3112, or verify operation 3118 of FIG. 31) using the design
and fabrication system 3000. The interaction process 3200B initializes and begins at
a start module 3202B and proceeds to a check operation 3204B.

The check operation 3204B determines whether any electronic
models are available for editing. For example, the check operation 3204B may
determine whether any electronic models have arrived at one of the interactive steps
of the design and fabricate process 3100 of FIG. 31. In one embodiment, the check
operation 3204B determines whether any electronic models are indicated by the
manager 3015 of the computer device 3010 as ready for review or interactive
editing. Available electronic models may be displayed to the technician.

A first receive operaﬁon 3206B receives a selection of an available
electronic model from the technician. In one embodiment, the first receive operation
3206B receives a selection from a technician at a first workstations 3032 coupled to
the file management device 3010. A load operation 3208B obtains (e.g., downloads)
the selected electronic model to the first workstation 3032 from the file management
device 3010. A second receive operation 3210B obtains editing instructions from

the technician. For example, the second receive operation 3210B may receive
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editing instructions at the first workstation 3032. An output operation 3212B sends
the edited electronic model back to the file management device 3010 for storage.
The editing procesé 3200B completes and ends at a stop module 3214.

In still other embodiments, other dental appliances, such as implants
or custom abutments can be produced using the processed described herein. The
disclosure is not limited to the type of dental appliance designed. Additional details
describing the design of dental appliances having multiple components can be
found, e.g., in the 11/186,391 application noted above. |

The above specification, examples and data provide a complete
description of the manufacture and use of the composition of the invention. Since
many embodiments of the invention can be made without departing from the spirit

and scope of the invention, the invention resides in the claims hereinafter appended.
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WE CLAIM:

1. A method for designing a dental restoration having a coping substructure and
a crown superstructure, the method comprising: ' ' |

obtaining an electronic model of a preparation site onto which the dental
restoration is to be installed, the electronic model of the preparation site including
surrounding anatomy;

defining a margin curve of the preparation site;

generating an electronic model of an exterior surface of the dental restoration
based on the surrounding anatomy and the margin curve;

generating an electronic model of an abutment surface of the dental
restoration based on the preparation site;

generating an electronic model of a coping exterior surface based on the
exterior surface of the dental restoration; '

combining the coping exterior surface with the abutment surface to form an
electronic model of the coping substructure;

generating an electronic model of a crown interior surface based on the
electronic model of the exterior surface of the dental restoration and the ; and

combining the crown interior surface with the crown exterior surface to form

an electronic model of the crown superstructure.

2. The method of claim 1, further comprising defining a second margin curve
based on the preparation site, wherein generating the electronic model of the coping
exterior surface comprises generating the electronic model of the coping exterior

surface at least partially based on the second margin curve. '

3. The method of claim 2, wherein defining the second margin curve based on
the preparation site comprises:

obtaining a copy of the margin curve;

receiving user instructions to modify the copy of the margin curve to define

the second margin curve.
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4. The method of claim 3, wherein defining the second margin curve based on
the preparation site further comprises displaying the copy of the margin curve on the

electronic model of the preparation site to facilitate user modification of the copy.

5. The method of claim 1, further comprising generating a collar around at least

a portion of the coping substructure.

6. The method of claim 5, wherein generating the collar comprises:
obtaining a selection of at least one section of the coping substructure;
obtaining at least one selected characteristic of the collar for the selected

section of the coping substructure; and
generating the collar to have the selected characteristic along the selected

section.

7. The method of claim 6, wherein obtaining the selected characteristic

comprises obtaining a height of the collar.

8. The method of claim 6, wherein obtaining the selected characteristic
comprises obtaining an indication for the collar to extend to an emergence profile of

the dental restoration.

9. The method of claim 6, wherein obtaining the selection of at least one
section of the coping substructure comprises obtaining‘a selection of a plurality of

sections of the coping substructure.

10.  The method of claim 6, wherein obtaining the selection of at least one
section of the coping substructure comprises obtaining a selection of a lingual

section of the coping substructure.
11.  The method of claim 6, wherein obtaining the selection of at least one

section of the coping substructure comprises obtaining the selection via a graphic

user interface.
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12.  The method of claim 1, further comprising:
fabricating the coping substructure; and

fabricating the crown superstructure.
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