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MODULAR SYSTEM FOR CUSTOMIZED ORTHODONTIC APPLIANCES

BACKGROUND OF THE INVENTION
A. Field of the Invention

This invention relates generally to the field of orthodontics. More particularly,
the invention relates to methods for designing and manufacturing brackets and
archwires for purposes of straightening the teeth of a patient, and novel brackets and
archwires made in accordance with the methods. The invention is useful for
orthodontics generally. It can be employed with particular advantage in lingual
orthodontics, that is, where the orthodontic appliance is attached to the lingual surface

of the teeth for aesthetic reasons.

B. Description of Related Art

A widely used method to straighten or align teeth of a patient is to bond
brackets onto the teeth and run elastic wires of rectangular cross-sectional shape
through the bracket slots. Typically, the brackets are off-the-shelf products. In most
cases, they are adapted to a certain tooth (for instance an upper canine), but not to the
individual tooth of a specific patient. The adaptation of the bracket to the individual
tooth is performed by filling the gap between tooth surface and bracket surface with
adhesive to thereby bond the bracket to the tooth such that the bracket slot, when the
teeth are moved to a finish position, lies in flat horizontal plane. The driving force for
moving the teeth to the desired finish position is provided by the archwire. For
lingual brackets, a system has been developed by Thomas Creekmore that has vertical
bracket slots. This allows an easier insertion of the wire. The longer side of the wire
is therefore oriented vertically. Unitek has marketed this bracket system under the
trade name CONSEAL ™.

A computerized approach to orthodontics based on design and
manufacture of customized brackets for an individual patient, and design and
manufacture of a customized bracket placement jig and archwire, has been proposed
in the art. See U.S. Patent RE 35,169 to Lemchen et al. and U.S. Patents to Andreiko
et al., Nos. 5,447,432, 5,431,562 and 5,454,717. The system and method of Andreiko
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et al. is based on mathematical calculations of tooth finish position and desired ideal
archform. The method of Andreiko et al. has not been widely adopted, and in fact has
had little impact on the treatment of orthodontic patients since it was first proposed in
the early 1990s. There are a variety of reasons for this, one of which is that the
deterministic approach proposed by Andreiko et al. for calculating tooth finish
positions does not take into account unpredictable events during the course of
treatment. Furthermore, the proposed methods of Andreiko et al. essentially remove
the orthodontist from the picture in terms of treatment planning, and attempt to
replace his or her skill and judgment in determining tooth finish positions by
empirical calculations of tooth finish positions.

Typically, the wires used in orthodontic treatment today are off-the-shelf
products. If they need to be individualized by the orthodontist, the goal is to get along
with as few modifications as possible. Therefore, the brackets are designed in a
manner that at the end of treatment, when teeth are aligned, the bracket slots are
supposed to be located and oriented in a planar manner. This means that a wire that
would run passively through the slots, without applying any force, would be planar
(flat). This treatment regime is known as “straight wire”. It dominates orthodontics
worldwide. It is efficient for both manufacturers and the orthodontist. The
customized orthodontic appliances proposed by Andreiko et al. call for a flat planar
wire, but with the curvature in a horizontal plane customized for the individual and
dictated by the shape of the ideal desired archform for the patient.

The so-called straight wire approach that continues to be used in orthodontics
today has some noteworthy disadvantages in terms of patient comfort. The need to
close the gap between the bracket bonding surface and the tooth surface with adhesive
always leads to an increased overall thickness of the appliance. For brackets that are
bonded labially, this is acceptable, as labial tooth surfaces are very uniform for
different individuals, and the gap to be closed is not significant. However, lingual
(inner) surfaces of teeth show a much greater variation among patients. To achieve
the goal to orient the bracket in a manner such that the slot is parallel to all other slots
when treatment is finished, the thickness of adhesive that is necessary often is in the
range of 1 to 2 mm. It is obvious that every fraction of a mm added to appliance

thickness significantly increases patient discomfort. Especially with lingual brackets
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(bracket bonded to the lingual surface of the teeth), articulation problems arise, and
the tongue is severely irritated for several weeks after bonding. The tooth surfaces
next to these adhesive pads are difficult to clean, thus serving as collecting point for
bacteria and causing gingival inflammation. The further the archwire is away from
the tooth surface, the more difficult it is to achieve a precise finishing position for
each tooth. An error of only 10° in torque (rotation around the wire axis) may well
induce a vertical error in tooth position of more than Imm.

Another significant disadvantage of thick brackets, especially when bonding
lingually, arises when the front teeth are severely crowded (which is often the cause
for orthodontic treatment). Since the space is more restricted at the lingual surface
due to the curvature of the jaw, not all brackets may be bonded at one session.
Rather, the orthodontist has to wait until the crowding has decreased until all brackets
may be placed. Crowding also creates problems for labial brackets. Geometrical
considerations dictate that this constriction problem becomes worse as the thickness
of the bracket/bracket bonding pad/adhesive combination increases.

Another problem in orthodontics is to determine the correct bracket position.
At the time of bonding, teeth may be oriented far away from the desired position. So
the task to locate the brackets in a manner that a flat planar archwire drives teeth to
the correct position requires a lot of experience and visual imagination. The result is
that at the end of treatment a lot of time is lost to perform necessary adjustments to
either bracket position or wire shape. This problem can be solved by creating an ideal
set-up, either virtually using 3D scan data of the dentition or physically by separating
a dental model of the dentition into single teeth and setting up the teeth in a wax bed
in an ideal position. The brackets can then be placed at this ideal set-up at optimal
positions, in a manner that a flat wire running through the bracket slots would drive
the teeth exactly into the ideal target. This again may be done virtually in a computer
or physically. After this is done, the bracket position has to be transferred on a tooth-
by-tooth basis into the maloccluded (initial) situation. Basing on this maloccluded
situation, a transfer tray enveloping the brackets can be manufactured, which allows
bonding the brackets exactly at the location as defined at the set-up. Such as

technique is taught generally in Cohen, U.S. Patent 3,738,005.
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The published PCT patent application of OraMetrix, Inc., publication no. WO
01/80761, describes a wire-based approach to orthodontics based on generic brackets
and a customized orthodontic archwire. The archwire can have complex twists and
bends, and as such is not necessarily a flat planar wire. The entire contents of this
document is incorporated by reference herein. This document also describes a
scanning system for creating 3D virtual models of a dentition and an interactive,
computerized treatment planning system based on the models of the scanned
dentition. As part of the treatment planning, virtual brackets are placed on virtual
teeth and the teeth moved to a desired position by a human operator exercising
clinical judgment. The 3D virtual model of the dentition plus brackets in a
malocclused condition is exported to a rapid prototyping device for manufacture of
physical model of the dentition plus brackets. A bracket placement tray is molded
over the model. Real brackets are placed into the transfer tray in the location of
where the virtual brackets were placed. Indirect bonding of the brackets to the teeth
occurs via the transfer tray. The system of WO 01/80761 overcomes many of the
problems inherent in the Andreiko et al. method.

During the course of treatment, brackets may come off, for instance if the
patient bites on hard pieces of food. Obviously, the transfer tray used for initial
bonding will not fit any more as teeth have moved. While it is possible to cut the tray
(such as described in WO 01/80761) into pieces and use just the one section that is
assigned to the bracket that came off, to replace the bracket the reliability of this
procedure is limited, as a small piece of elastic material is not adequate to securely
position a bracket. It may therefore be required to create a new transfer tray adapted
to the current tooth position using a costly lab process.

The methods and applicants presented herein comprise several independent
inventive features providing substantial improvements to the prior art. The greatest
benefits will be achieved for lingual treatments, but labial treatments will also benefit.
While the following summary describes some of the highlights of the invention, the

true scope of the invention is reflected in the appended claims.
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SUMMARY OF THE INVENTION

In a first aspect, a set of brackets (one or more) is provided in which the
bracket has a slot which is oriented with respect to the bracket bonding pad such that
the wire runs substantially parallel to the surface of the teeth, i.e., the portion of the
tooth surface adjacent to where the bracket receives the archwire, as will be explained
in further detail and as shown in the drawings.

In particular, the brackets have a bracket bonding pad for bonding the bracket
to the tooth of the patient and a bracket body having a slot for receiving an archwire
having either a flat, planar side (e.g., one side of a wire having a rectangular, square,
parallelogram or wedge-shaped cross-sectional shape) or alternatively an oval shape.
The slots of the brackets are oriented in approximate parallel alignment relative to its
respective bracket bonding pad in a manner such that, when the bracket or set of
brackets are installed on the teeth of the patient and the archwire is inserted in the
slots, the archwire is canted or inclined relative to the occlusal plane (analogous to a
banked curve on a high speed racing track). In embodiment in which the archwire has
flat surfaces (rectangular, parallelogram, square, wedge shaped, etc), the flat planar
side of the archwire is substantially parallel to the surface of the teeth at the location
of where the archwire is inserted into the slots, in a canted orientation relative to the
occlusal plane. In an embodiment in which the archwire is of an oval configuration,
the major axis of the cross-section of the wire is oriented substantially parallel to tooth
surface and at a canted orientation relative to the occlusal plane.

For the front teeth, it is desirable to come up with a homogeneous inclination
to avoid abrupt changes in inclination (i.e., changes in torque) from slot to slot in
order to receive a smooth progression of the wire. In a wire of rectangular or square
cross-sectional shape, one of the pairs of parallel opposite sides of the archwire is
oriented substantially parallel to the tooth surface. Usually, this will be pair of
parallel sides that has the greater width or height. This aspect of the invention enables
the overall thickness of brackets to be substantially decreased as compared to prior art
techniques, because it does not require a buildup of adhesive to make the slot lie in a

horizontal flat plane when the bracket is attached, as found in the straight wire
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technique. The brackets and archwire design are particularly well suited for use in
lingual orthodontics.

This reduction in thickness of the bracket, bracket bonding pad and archwire
leads to several significant advantages as compared to prior art systems and
satisfaction of a long-felt need in the art for a more satisfactory lingual orthodontic
system. These advantages include decreased articulation problems, a pronounced
decrease in tongue irritation, a decreased risk of bracket loss, increased positioning
control for finishing since the reduced distance between wire and tooth results in more
accurate tooth movement to the desired finish position, increased patient comfort, and
increased hygiene conditions.

One reason why the basic design of orthodontic wires remains one in which
the wires have a flat, planar shape is the ease of industrial manufacturing. To
decrease the thickness of an orthodontic bracket, it is much preferable to run the wire
parallel to the surface of each individual tooth as provided by this aspect of the
invention. The lingual surfaces of front teeth are significantly inclined relative to a
vertical axis for most patients. A wire that runs parallel from tooth to tooth in
accordance with this aspect of the invention has a “canted” shape in order to take
advantage of the parallel nature of the bracket slots. Using standard mass-production
procedures, such a wire could not be fabricated, as every patient has a very individual
tooth anatomy. Shaping a wire manually to provide the canted shape is extremely
challenging. Usage of modern materials for the archwire like shape memory alloys
makes this task even more challenging or even impossible by hand. However, in a
preferred embodiment of the present invention the required wire geometry is available
in electronic format. This wire geometry can be dictated by the three-dimensional
location of the bracket slots and/or the brackets, as placed on the teeth in the desired
occlusion. This format can be exported to new wire bending robots that have been
recently developed that are capable of bending wires in virtually any shape (including
canted shapes). For example, it is possible to export digital data reflecting wire
geometry to flexible wire bending production devices like the 6-axis-robot described
in WO 01/80761, and have the robot bend and twist wires of the canted configuration
as described herein. Thus, wires having the canted shape as dictated by the bracket

invention are now able to be mass-produced. The presently preferred wire-bending
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robot is also described in U.S. Patent Application Serial No. 09/834,967, filed April
13, 2001, the content of which is also incorporated by reference herein in its entirety.

Thus, in another and related aspect of the invention, a canted archwire is
provided. The wire can be of any cross-sectional configuration that has at least one
flat planar surface, such as rectangular, or, alternatively, it could be oval in cross-
section. The archwire is bent into a configuration during manufacturing to have a
shape, in a relaxed, as-manufactured condition, such that the flat planar surface of the
archwire (or the major axis of the cross-section of the wire in an oval configuration) is
canted relative to an occlusal plane over a substantial arcuate extent. The canting of
the archwire corresponds to portions of the archwire that are to be placed in brackets
and used for straightening two or more teeth. In an embodiment in which the wire is
of rectangular or square cross-section, one of the first and second pairs of parallel
sides is oriented substantially parallel to tooth surfaces in the vicinity of where the
archwire is to be received by archwire receiving receptacles located on the two or
more teeth.

Another aspect of the invention is thus a method of manufacturing an
archwire. The method includes the step of defining the location of a set of bracket
slots for a set of brackets in three-dimensional space with the aid of a computer. The
bracket slots are oriented substantially parallel to the surface of the teeth in the
location of where the brackets are to be bonded to the teeth. The method continues
with the step of supplying a wire bending robot with information corresponding to the
location of the set of bracket slots. This information will be typically in the form of a
digital file representing 3D coordinates of the bracket slots. This information can be
used by a robot control program to tell a wire bending robot how to bend a wire such
that the wire, in a relaxed, as manufactured state, has a shape dictated by the bracket
slots. Thus, the method continues with the step of bending an archwire with the wire
bending robot having a shape corresponding to the location of the bracket slots,
wherein the archwire has a canted configuration such that the archwire is oriented
substantially parallel to the tooth surfaces over a substantial arcuate extent. The wire
can be bent continuously, or, alternatively, as series of bends separated by straight
section corresponding to the bracket slots, as described in more detail in WO

01/80761 and US patent application Serial No. 09/834,967.
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In still another aspect, a bracket is provided with an improved bracket bonding
pad that makes the brackets essentially self positioning, that is, it may be uniquely
located and positioned on the teeth in the correct location with a positive fit without
the use of a jig or other bracket placement mechanism, such as the tray as proposed by
Cohen, US Patent 3,738,005, or the jig of the Andreiko et al. patents. In particular, an
improvement to a bracket having a bracket bonding pad is provided in which the
bracket bonding pad has a tooth contacting surface of three-dimensional area extent
conforming substantially exactly to the three-dimensional shape of the tooth where
the pad is bonded to the tooth.

In one possible embodiment, the three-dimensional area extent is sufficiently
large, and considerably larger than all bracket bonding pads proposed in the prior art,
such that the bracket can be readily and uniquely placed by hand and located on the
tooth in the correct location due to the substantial area extent corresponding to the
three-dimensional surface of the tooth. The bracket is able to be bonded in place on
the tooth without the assistance of a bracket placement aid such as a jig. In another
possible embodiment, the area extent covers a cusp or a portion of a cusp to enable
the bracket to uniquely placed on the tooth.

In another aspect, a bracket is provided with a bracket bonding pad that
comprises a thin shell in order to reduce the overall thickness of the bracket as much
as possible. The pad includes a tooth-facing surface conforming to the surface of the
tooth. In this embodiment the bracket bonding pad has an opposite surface
corresponding to the tooth-facing surface which has a three-dimensional surface
configuration which also matches the three-dimensional surface of the tooth. In order
to create a thin pad on a computer, a preferred method is to create a normal vector of
each element of the bracket bonding pad’s tooth-facing surface (for instance, a
triangle depending on how the surface is represented in the computer). Each surface
element is “‘shifted” in the direction of the normal vector away from the tooth using a
pre-defined offset value corresponding to the thickness of the bonding pad. In this
way, a thin shell is created, the outside of the shell having substantially the same area
extent and three-dimensional surface corresponding to the tooth-facing surface of the
bracket bonding pad. Other techniques could be used as well. For example, the
bracket bonding pad could have a thinner periphery (e.g., 0.1 mm) and a thicker

8
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center portion (e.g., 0.3 mm) adjacent to where the bracket body is attached to the
bonding pad. Appropriate software programs can be provided to vary the thickness
over the surface of the bracket bonding pad, such as by scaling the normal vector with
a variable depending on how close the normal vector is to the edge of the bracket
bonding pad.

In yet another aspect of the invention, a method of designing a customized
orthodontic bracket for a patient with the aid of a computer is provided. The bracket
has a bracket bonding pad. The computer stores a three-dimensional model of the
teeth of the patient. The method comprises the steps of determining an area of a tooth
at which the bracket bonding pad is to be attached to the tooth; obtaining a three-
dimensional shape of a tooth-facing surface of the bracket bonding pad, wherein the
three-dimensional shape conforms to the three-dimensional shape of the tooth; and
obtaining a three-dimensional shape of a second, opposite surface from the tooth-
facing surface of the bracket bonding pad. A library of three-dimensional virtual
bracket bodies is stored in the computer or otherwise accessed by the computer. The
method continues with the step of obtaining a bracket body from the library and
combining the bracket body with the bracket bonding pad to form one virtual three-
dimensional object representing a bracket.

In a preferred embodiment, the second, opposite surface has a three-
dimensional shape corresponding to the tooth-facing surface of said bracket bonding
pad, for example, by performing the “shifting” technique described earlier. The
method may also incorporate the optional step of modifying the virtual model of the
bracket body. For example, the bracket body may have a portion thereof removed in
order to place the slot of the bracket body as close as possible to the bracket bonding
pad and delete the portion of the bracket body that would otherwise project into the
crown of the tooth. As another example, the modification may include adding
auxiliary features to the bracket body such as hooks.

The addition of the bracket body to the bracket bonding pad with the aid of the
computer may be performed for a group of teeth at the same time in order to take into
account the proximity of adjacent teeth and brackets. Thus, the method may include
the step of viewing, with the aid of the computer, a plurality of virtual teeth and

virtual bracket bonding pads attached to the teeth, and shifting the location of the
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bracket body relative to its respective bracket bonding pad. This latter step would be
performed for example in order to better position the bracket body on the bonding
pad, or in order to avoid a conflict between the bracket body and an adjacent or
opposing tooth such as a collision during chewing or during tooth movement.

In yet another aspect of the invention, a method is provided for designing and
manufacturing a customized orthodontic bracket. The method includes the step of
storing a digital representation of the relevant portion of the patient’s dentition in a
computer. This could be a digital representation of either the entire dentition, or
alternatively only the surfaces of the teeth upon which the brackets are to be bonded.
The method continues with the steps of providing access to a library of virtual three-
dimensional bracket bodies, such as for example storing the library in the computer,
and determining the shape and configuration of bracket bonding pads, with the
bracket bonding pads having a tooth-facing surface conforming substantially exactly
to corresponding three-dimensional surfaces of the teeth. The method continues with
the step of combining the bracket bodies from the library of bracket bodies with the
bracket bonding pads to thereby create a set of individual, customized orthodontic
brackets. A file representing the customized orthodontic brackets is exported from
the computer to a manufacturing system for manufacturing the customized
orthodontic brackets. The method continues with the step of manufacturing the
customized orthodontic brackets, either using any of a variety of techniques known in
the art such as milling, or one of the techniques described in detail herein such as
casting.

Still other improvements are provided for manufacturing customized brackets.
In one aspect, a method is provided of manufacturing an orthodontic bracket having a
bracket body having a slot and a bracket bonding pad, comprising the steps of
determining the three-dimensional shape of the orthodontic bracket and
manufacturing the bracket from materials having at least two different hardnesses, a
first relatively hard material or materials forming the bracket body and a second
relatively soft material or materials forming the bracket bonding pad. The strength of
the material of the bracket is always a compromise. While the section forming the
slot should be as robust as possible to maintain the cross-section of the slot even when

the bracket is exposed to high mechanical stress (e.g. by biting on hard objects), the
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section forming the pad should be softer to ease de-bonding after the treatment is
finished. If the pad is soft enough, it can literally be peeled off the tooth surface,
using an adequate tool. Depending on the type of the manufacturing process, it is
possible to use different alloys to achieve such a configuration. Using centrifugal
casting, first, a controlled amount of a hard alloy can be used to form the section that
holds the slot, and afterwards a softer alloy is used to fill up the remainder of the
bracket (or other way round). Controlling the amount of material needed to form a
specific portion of the bracket is possible, since from the 3D models, the volume of
each component of the bracket is precisely known. Other manufacturing techniques
can be used, such as a laser sintering process, in which different alloy powders are
used for the different layers.

In still another aspect, a modular approach to designing customized brackets
for an individual patient is provided using a computer. The computer stores a library
of virtual bracket bodies, virtual bracket bonding pads, and optionally virtual bracket
auxiliary devices such as hooks. The user species or selects a bracket bonding pad
and a bracket body for a particular tooth. The two virtual objects are united to form a
virtual bracket. The user may be provided with graphics software tools to specify
how and where the bracket body and bonding pad are united. Data representing the
virtual bracket can be exported to a rapid prototyping process for direct manufacture
of the bracket or manufacture of a template or model that is used in a casting process
to manufacture the bracket. In one possible embodiment, the bracket bonding pad
conforms substantially exactly to the surface of the tooth. Alternatively, the bracket
bonding pad could be of a standard configuration.

These and still other principles of the various inventions set forth herein will

be discussed in greater detail in conjunction with the appended drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

Presently preferred embodiments of the invention are described below in
conjunction with the appended drawing figures, where like reference numerals refer to
like elements in the various views, and wherein:

Figure 1 is a perspective view of a canted archwire in accordance with one

aspect of the invention.
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Figure 2 is an illustration, partially in cross-section, showing a set of teeth,
associated brackets and the archwire of Figure 1.

Figure 2A is a cross-section of an archwire with an oval cross-section that
could be used in one possible implementation of this invention.

Figure 2B is a cross-section of the archwire of Figure 2A placed in a bracket
slot with the slot of the bracket oriented substantially parallel to the tooth surface,
showing the archwire major axis oriented in a canted configuration with respect to the
occlusal plane.

Figure 3A is a cross section of a tooth with a bracket bonding pad and slot
oriented substantially parallel to the tooth surface in accordance with one aspect of a
preferred embodiment of the invention.

Figure 3B is a cross-section of the same tooth shown in Figure 3A but with a
prior art arrangement of a standard Ormco lingual bracket, showing the bracket slot
orientation for a horizontal planar archwire that is not canted as shown in Figure 3A.

Figure 4 is a perspective view of computer model of two teeth with a bracket
bonding pad in accordance with one aspect of the invention perfectly adapted to the
tooth surface and covering a substantial area extent of the tooth surface so as to render
the bracket manually placeable by the orthodontist in the correct location on the tooth
without the use of a jig or other bracket placement device.

Figure 5 is a view of bite plane devices that may be incorporated onto a
bonding pad and bonded on the tooth in order to prevent the upper and lower jaws
from closing completely.

Figures 6A, 6B and 6C are standard bracket body shapes that may be used in
the design of customized orthodontic brackets. These and other types of bracket
bodies are stored as a library of virtual bracket body objects in a computer and used to
design customized orthodontic brackets as described in further detail.

Figure 7 is a top view of three lower front teeth, showing, in a somewhat
simplified manner, how the location of the bracket body on the bracket bonding pad
can be adapted to take into consideration the crowding condition of the teeth. The
adaptation shown in Figure 7 is simulated on a computer workstation implementing a
bracket design program and allows the user to position the bracket body on the

bracket bonding pad in any arbitrary location in order to optimize the placement of the
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bracket body for the individual patient. The ability to place the bracket body off-set
from the center of the pad can be a benefit for labial brackets, e.g., shifting the bracket
body in the gingival direction for a lower second bicuspid similar to that provided by
the Ormco Mini Diamond ™ bracket with gingival offset. This provides a larger
bonding area without moving the slot too far to the occlusal portion of the tooth.

Figure 8 is an illustration of an Ormco Spirit ™ MB ceramic bracket with an
inlay for the slot of the bracket.

Figure 9A is an illustration of a virtual tooth displayed on a computer
workstation implementing the bracket design features of the present invention, with
the user marking the boundary of a bracket bonding pad on the surface of the tooth by
placing points on the surface of the tooth. Figure 9B is an illustration of a curved
boundary for the bracket bonding pad, created by joining the points in Figure 9A with
by lines that follow the contour of the tooth surface.

Figure 10 is an illustration of a set of virtual teeth displayed on a computer
workstation implementing the bracket design features of the present invention,
showing the pad boundaries that the user has created for a set of teeth. Note that the
surface of the teeth covered by the bracket bonding pads may comprise a substantial
area extent of the lingual surfaces of the teeth, in this instance approximately 60-75
percent of the lingual surface of the teeth, to assist the user in correctly placing the
bracket on the tooth. The area coverage depends on the curvature of the tooth surface,
with relatively flat tooth surfaces requiring greater bonding pad area coverage in order
for the bracket to be able to be correctly placed without a jig. Where the bracket
bonding pad covers part of a cusp of a tooth, the area coverage can be reduced.

Figure 11 is an illustration of the tooth surface that is to be covered by the
bracket bonding pads. These tooth surfaces are “cut” or separated from the tooth
models by performing a separating operation on the workstation, rendering these
objects independent three-dimensional surfaces of zero thickness.

Figure 12 is a view of a set of teeth, partially in cross-section, showing a
bracket bonding pad overlying a tooth surface and a bracket body placed on the
bracket bonding pad, in an interim step in the performance of a method of designing a
customized bracket. The portion of the bracket body projecting into the tooth is

eventually removed from the bracket, as shown in Figure 21.
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Figures 13A and 13B are perspective views of two representative bracket
bodies in which the surfaces thereof are shaped according to the tooth surface,
wherein the slots are oriented generally substantially parallel to the surface of the
tooth adjacent to where such bracket bodies are bonded to the teeth.

Figure 14 is perspective view of a digital representation of a set of tooth
objects and brackets objects designed in accordance with a preferred embodiment of
the invention.

Figure 15A is an illustration of a prior art lingual bracket arrangement.

Figure 15B is an illustration of the same teeth but with customized brackets in
accordance with the bracket design features of this invention. A comparison of Figure
15A and 15B shows the pronounced decrease in bracket thickness in Figure 15B.

Figure 16 shows the combination of a virtual bracket body and virtual bracket
bonding pad during an intermediate step in the design of a customized orthodontic
bracket, in which the pad and bracket body\are two independent three-dimensional
virtual objects which can be moved relative to each other.

Figure 17 shows the screen of a computer workstation implementing the
bracket design features described herein, in which the user is uniting the pad and
bracket body of Figure 16 into a single virtual object.

Figuré 18A and 18B are two views of the pad and bracket body combined as a
single virtual object.

Figure 19 shows the pad and bracket body of Figures 18A and 18B placed on
a virtual tooth. |

Figure 20 shows the screen of a computer wdrkstation performing a
subtraction process to subtract the tooth object represented in red on the workstation
from the bracket bonding pad/bracket body object rendered in green on the
workstation. This step is needed to remove the portion of the bracket body that would
otherwise project inside the tooth. '

Figures 21A and 21B are two views of the bracket pad/bracket body object
after the subtraction operation of Figure 20 has been performed. By comparing
Figure 17 with Figure 21B, it will be seen that the portion of the bracket body that
would have otherwise projected within the tooth has been deleted from the bracket

pad/bracket body object.
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Bracket Slot Parallel to Tooth Surfaces and Canted Archwire

As noted earlier, in the straight wire approach to orthodontics practiced today,
the basic design of orthodontic wires in the prior art is a flat, planar shape. All the
slots of the brackets, when the teeth are moved to the desired occlusion, lie in a plane.
Accordingly, the archwire itself, which is of rectangular cross-section, has a flat,
planar configuration. This is also the case for wires to be used with the CONSEAL
™ prackets mentioned previously. While the cross-section of the wire is oriented in a
vertical manner (the longer side of the wire is vertical), the archwire still forms a
plane that is substantially parallel to the occlusal plane and the orientation of the
cross-section is maintained along the wire. The primary reason for this phenomenon is
the ease of industrial manufacturing of archwires of flat planar configuration. In a
first aspect of the invention, we propose a significant departure from flat, planar
archwires.

In particular, we have realized that to decrease the thickness of an orthodontic
bracket, it is much more preferable to construct the slots of the brackets, and
manufacture the archwire, such that the archwire runs essentially parallel to the
surface of each individual tooth. In one aspect of the invention, the bracket slots are
oriented in a manner such that the wire runs substantially parallel to each tooth
surface. What we mean by this is that when a wire, with at least one flat planar
surface, is inserted into the bracket slots, the flat planar surface of the archwire is
canted or tilted at an oblique angle relative to the occlusal plane. For example, with a
wire of rectangular or square cross-sectional shape, one of the pairs of surfaces of the
wire is oriented parallel to the tooth surface in a manner inclined relative to the
occlusal plane. Similarly, if the wire has an oval cross-section, the major axis of the
wire (see Figure 2B) is oriented substantially parallel to the tooth surface and is
inclined at an oblique angle relative to the occlusal plane.

The lingual surfaces of front teeth are significantly inclined. A wire that runs
parallel from tooth to tooth particularly in the front teeth would have to have a
“canted” shape (analogous to a banked curve on a high speed racing track) relative to

the occlusal plane. Using standard mass-production procedures, such a wire could not
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be fabricated, as every patient has a unique tooth anatomy. Shaping a wire manually
is extremely challenging. Usage of preferable materials like shape memory alloy
makes this task even more challenging or literally impossible. However, in a
preferred embodiment of this invention, the required wire geometry is available in
electronic format. It is possible to transport a file representing this wire geometry to a
flexible production device like a 6-axis wire bending robot described in WO 01/80761
to bend and twist wires of such a shape.

Figure 1 is a perspective view of an archwire 10 with flat sides that is “canted”
as provided in this first aspect of the invention. The archwire in the illustrated
embodiment is of rectangular cross-section and has two pairs of parallel sides. One of
the pairs of parallel sides 12 is of greater height (perpendicular to the axis of the wire)
than the other, at least for non-square cross-section wires, and in this embodiment the
pair of sides 12 which have the greater height is oriented generally parallel to the
tooth surfaces. This can be seen more readily in Figure 2, which shows the archwire
received by three brackets 14 on three of the front teeth 16. The brackets 14 consist
of a bracket bonding pad 18 and a bracket body 20 that includes an archwire-receiving
slot 22. The slots of the brackets 14 are oriented in approximate parallel alignment
relative to its respective bracket bonding pad 18 and associated tooth surface. The
arrangement of the bracket slots 22 is in a manner such that, when the brackets 14 are
installed on the teeth 16 of the patient and the archwire 10 is inserted in the slots 22,
the archwire 10 is canted or inclined relative to an occlusal plane. One of the pairs of
parallel opposite sides of the archwire (12 in Figures 1 and 2) is oriented substantially
parallel to the tooth surface. This aspect of the invention enables the overall thickness
of brackets to be substantially decrease\d as compared to prior art techniques, making
the brackets and archwire design particularly well suited for use in lingual
orthodontics. The overall thickness of the bracket is also reduced by providing the
bracket bonding pad with tooth facing surface and opposite surfaces which conform to
the three-dimensional surface of the tooth. Thus, the pad can be constructed as a thin
shell (e.g., 0.3 mm in thickness) matching the tooth anatomy.

It is important to note that the canted archwire 10 shown in Figure 1 is shown
“as- manufactured.” In other words, the wire has the shape shown in Figure 1 when

the teeth are moved to the finish position and no further forces are imparted onto the
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teeth. When the wire of Figure 1 is installed on the teeth in the malocclused
condition, the wire will have some other shape, due to the malocclusion, but since the
brackets are bonded to the teeth and the bracket slots are oriented generally parallel to
the tooth surface, the archwire 10 will still be oriented such that the sides 12 of the
archwire are parallel to the tooth surface, thereby providing numerous clinical
benefits.

Figure 2A is a cross-sectional view of an oval archwire 10. The archwire
cross-section has an oval configuration with a long or major axis 11 and a minor axis
13. As shown in Figure 2B, the bracket slot 22 is orientated basically parallel to the
tooth 16 surface and the wire 10 is installed in the bracket slot such that the major axis
11 is oriented in a canted or inclined position relative to the occlusal plane 15.

Figures 3A and 3B illustrates the advantage of the bracket design and a canted
wire: the overall thickness of the bracket can be greatly reduced. Figure 3A shows
the design of a bracket in which the slot 22 is oriented parallel to the tooth surface
16A. Figure 3B shows a prior art bracket in which the slot 22 is oriented at a
substantial angle to the tooth surface at 16A. The bracket slot is parallel to the
occlusal plane. In the case of anterior teeth, this results in an inclination between the
lingual tooth surface and the bracket slot of approximately 45 degrees. It should be
noted here that when we speak of the orientation of the slot, we are referring to the
direction of the slot from the opening of the slot 22A to the base of the slot 22B, and
not the transverse direction parallel to the axis of the archwire. Thus, the slot in
Figure 3A is oriented parallel to the tooth surface 16A in Figure 3A. The same
orientation is found for all the brackets in Figure 2. In contrast, the slot in Figure 3B
is oriented at roughly a 45 degree angle to the tooth surface 16A. The slot in the prior
art arrangement of Figure 3B is such that the wire has a flat planar surface that is
perpendicular to the occlusal plane, and not canted at an oblique angle as is the case in
Figure 3A and Figure 2B.

The bracket bon&ing pad 18 illustrated in Figures 2 and 3A conforms exactly
to the three-dimensional surface of the tooth and consists of a thin shell. These

aspects of the bracket design are described in further detail below.
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The reduction in thickness provided by the bracket design of Figures 2, 2B and
3A leads to a number of significant improvements as compared to the prior art design
shown in Figure 3B, particularly for lingual orthodontics:

Decreased articulation problems

Decreased tongue irritation

Decreased risk of bracket loss (the flatter the bracket is, the shorter the moment arm is
when a patient bites onto the bracket, and the smaller the stress at the adhesive
connection)

Increased positioning control for finishing (the smaller the distance between wire and
tooth is, the better the tooth “follows” the wire)

Increased patient comfort

Increased hygiene conditions

The orientation of the archwire 10 at the molars may be vertical, as shown in
Figure 1, which results in minimal overall thickness at the molars, or alternatively it
could be horizontal. The horizontal orientation would add more thickness (for
instance 0.025 inches per side instead of 0.017 inches for a typical wire cross section
of 17x25), but the addition is so small that this would certainly be acceptable, if
manufacturing or clinical considerations would call for such an orientation. Since a
horizontal slot orientation is acceptable for molars and premolars, it would also make
sense to mix conventional brackets with brackets according to this invention. For
example, the premolars and molar brackets could be conventional brackets, while a
set of brackets according to this invention would be supplied for the anterior and
canine teeth.

Thus, in one aspect of the invention we have described a bracket, and a set of
brackets 14, having slots 22 in which the slots 22 of each of the brackets 14 are
oriented in approximate parallel alignment relative to its respective bracket bonding
pad 18 in a manner such that, when the set of brackets are installed on the teeth 16 of
the patient and the archwire 10 is inserted in the slots, the archwire 10 is canted
relative to an occlusal plane to conform to the surface of the teeth at the location of
where the archwire 10 is inserted into the slots 22 whereby the overall thickness of the

brackets may be decreased.
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As shown in Figures 2 and 3, the pair 12 of sides of the archwire 10 are
oriented substantially parallel to the bracket bonding pad 18 in the region 16A when
the archwire 10 is inserted into the slots 22. As shown in Figures 2 and 3A, in a
preferred embodiment each bracket bonding pad has a three-dimensional tooth facing
surface 24 that has a shape to conform exactly to the three-dimensional surface of its
respective tooth.

The invention is applicable to both labial brackets and lingual brackets. The
brackets in one possible embodiment are essentially self-positioning, as described in
more detail below, in that they can be positioned on the tooth in the correct location
without the assistance of a bracket placement jig or tray. In the embodiment of Figure
2, the brackets 14 are lingual brackets and the bracket bonding pad for each of
brackets covers a sufficient portion of the lingual surface of the respective tooth so as
to be uniquely positioned on the teeth by hand. Note also in Figure 3A that the
bracket bonding pad has a second opposite surface 26 having a three-dimensional
shape corresponding to the three-dimensional tooth-facing surface 24 to thereby
further decrease the thickness of the bracket.

In one possible embodiment the set of brackets according to this invention
may comprise all the brackets for treatment of an arch of the patient. On the other
hand, the set of brackets may comprise less than all the brackets for treatment of an
arch of the patient and comprise at least one bracket, since the brackets can be mixed
with conventional brackets. A set of brackets for placement on the lingual surface of
the front teeth of the patient is one representative embodiment. Further, the set of
brackets may comprise one subset of brackets for placement on the lower arch and a
second subset of brackets for placement on the upper arch.

As noted above, in one possible embodiment the opposite surface of the tooth-
facing surface matches the three-dimensional surface of the tooth. The thickness of
the bonding pad could be the same across the bonding pad (e.g., 0.3 mm), or
alternatively it could vary from say 0.1 mm at the edge of the bonding pad to 0.3 mm
in the center. This latter embodiment would provide the required stability on the one
hand, and on the other hand promote a peeling off of the pad from the tooth when
treatment is completed. Further, the thinner the pad the greater the patient comfort.

Presently, casting brackets with a thickness below 0.3 mm is quite challenging, but
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other manufacturing technologies such as milling or laser sintering could be used
instead for manufacturing the pads.
Further design and manufacturing considerations for the brackets of Figures 2

and 3 A are discussed in detail later on this document.

Self-positioning Brackets

The “footprint” of the surface 24 of the bracket 14 that is bonded to the tooth

(“pad”) is a compromise if non-customized pads are used. The smaller it is, naturally
the discrepancy between the pad surface and the tooth surface is smaller, and the need
to close significant gaps is reduced. On the other hand, the larger it is, the more stable
the adhesive joint is, and the smaller the risk of a bracket coming off during the
course of treatment.

In another aspect of the invention, we overcome this compromise by shaping
the bracket bonding pads 18 (Figure 2 and 3A) exactly according to the associated
tooth. The shape of the pad’s tooth~facing surface 24 is formed as a negative of the
tooth 16 surface. This ensures that no conflicts between tooth surface and bracket
surface can arise, resulting in the possibility to design each bracket as flat as possible
and therefore getting the wire as close to the tooth surface as possible. A very
welcome result of this approach is that the bonding surface can be made very large for
teeth that show no prominent curvature on the bonding surface, or where the bonding
surface can follow the curvature of the cusps. This improves adhesive strength, and
by covering a substantial amount of tooth anatomy, the position of the bracket is
completely defined by the bracket itself. Even without performing indirect bonding,
each bracket is placed exactly at the desired position. If a bracket should still come
off, it can easily be repositioned without additional efforts. Because of the bracket
bonding pad either covering a substantial area extent of the surface of the tooth or
being perfectly adapted to prominent curvatures like cusps, it can be positioned
uniquely in the correct location by hand without any jigs or other bracket placement
devices. If a bracket comes off during the course of treatment, manual repositioning
using the positive fit is highly desirable and indeed possible with these brackets.
However, for initial bonding, the use of a tray to simultaneously position multiple

brackets may be employed.
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The substantial area extent or coverage of the bracket bonding pad depends on
the curvature of the tooth surface. In teeth that are rather flat, like the lower anteriors,
the area extent may need to be as large as 50 percent or more of the tooth surface for
lingual brackets and preferably 70 percent or more for labial brackets. For lingual
brackets, this area coverage of the bracket boding pad 18 can be 60 to 75 percent or
more. The bracket bonding pads may cover, at least in part, portions of the cusps of
the teeth, preferably where such cusps do not make contact with opposing teeth during
occlusion or chewing. Where the bracket bonding pad covers the cusp, the manual
placement of the bracket and close and unique fit of the bracket to the tooth is further
promoted.

Figure 4 shows an example of lingual brackets 14 in which the bracket
bonding pad 18 covers more than 50 percent of the tooth. The bracket bonding pad
has a three-dimensional tooth-facing surface 24 (Figure 3A, not shown in Figure 4)
that is a negative of the surface of the tooth and a second surface 26 which also has
the same three-dimensional tooth surface. The manner in which the surfaces 24 and
26 are designed is described in more detail below. Note that the bracket slots need
not be parallel to the teeth in this embodiment. Also note that the bracket pad 18 for
tooth 16B covers part of the cusp in region 30.

Bracket Design

Brackets according to this appliance system have to be fabricated individually
for every patient. Doing this in a lab process would be time consuming and
expensive. Designing the bracket slots in the optimal orientation is also challenging.
The invention solves this problem by designing the brackets, including the pad
geometry in a preferred embodiment, with the help of a computer using virtual three
dimensional bracket bonding pads, virtual bracket bodies, and virtual auxiliary
devices for brackets such as hooks.

In a preferred embodiment, the bracket design is performed in a workstation
that stores a three-dimensional virtual model of the patient’s dentition and preferably
treatment planning software for moving the teeth in the virtual model to desired finish
positions. Such computers are known in the art. See, e.g., WO 01/80761 and Chisti
et al., U.S. Patent 6,227,850 and U.S. Patent 6,217,325, incorporated by reference
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herein. The design of the brackets in accordance with this invention can be done by a
user at an orthodontic clinic, or could be performed at a remotely located
manufacturing site.

The pad 18 geometry can be derived directly from digital representations of
the patient’s teeth so as to produce a bracket bonding pad that conforms substantially
exactly to the shape of the surface of the teeth. To achieve this, the shape and size of
the bracket pad for each tooth is determined. This may be done manually by using a
computer program that allows indicating the desired areas on each tooth model, for
instance by drawing virtual lines onto the tooth models or coloring the respective

™ that is widely used to

areas. A 3D graphics software program like Magics
manipulate 3D models that are defined as a set of interconnected triangles (STL-
format), allows marking triangles by simply clicking at them with the mouse.

Another option is to use a software algorithm that automatically or semi-
automatically calculates an appropriate bracket bonding pad area by analyzing the
curvature of the tooth surface and determining a surface that is large enough to cover
substantial curvature features to allow for reliable manual positioning of the bracket
onto the tooth surface. Such an algorithm could for instance start with a pre-defined
pad size. The tooth surface covered by that pad size would form a virtual “knoll”
having at least one raised portion relative to surrounding tooth anatomy, as a
completely flat tooth surface would not lend itself to unique positioning of a bracket.
The volume of the knoll could be calculated provided that the edges of the pad are
joined by a continuous surface in any convenient manner. The less curvature the
tooth surface presents, the flatter the knoll and the smaller its volume would be. If the
volume of the “knoll” does not exceed a pre-defined value, the pad would
automatically be enlarged by a pre-defined value, with the idea that the larger volume
would be more likely to include adequate raised tooth features. Again, the volume
would be calculated. This loop would be continued until a minimum volume value
would be achieved for each pad. Obviously, this is just an exemplary approach for
such an automated algorithm. Others could be readily developed from the principles
taught herein.

A presently preferred implementation of the bracket pad shape design process

is described in further detail below.
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Once the pad 18 areas are defined, the shape of this portion of the tooth
defines exactly the required shape of tooth-facing portion of the bracket pad. There
are several options how to shape the outside portion of the pad. In order to receive a
thin pad, the best method is to create the normal vector of each surface element (for
instance, a triangle) describing the tooth-facing surface of the pad, and to “shift” each
surface element in the direction of the normal vector using a pre-defined offset value
corresponding to the desired thickness of the bracket bonding pad. In this way a thin
shell is created, the outside of the shell having the same contour (albeit shifted) as the
tooth-facing side. Alternatively, the thickness of the bracket can vary over the surface
of the pad with the pad thickness the least at the edges (e.g., 0.1 mm) and greatest
(e.g., 0.3 mm) in the center.

The other part of the bracket, the body 20, containing the slot 22 and further
features that allow fastening the wire into the slot (“ligating”), may exist as a
predefined virtual model in the computer, as the body does not need to be patient
specific. Typically, a library of bracket bodies will be created and stored in the
computer. Figures 6A-6C show perspective views of three-dimensional virtual
bracket bodies that are stored in a library of bracket bodies 20 and used for purposes
of design of a custom bracket for an individual patient. Alternatively, and
equivalently, the library of bracket bodies could be stored elsewhere and accessed
remotely. It would be possible to hold a variety of different bodies for different
malocclusions and treatment approaches (severe/moderate crowding, extraction/non-
extraction etc.). It is also possible to add virtual auxiliary features to the brackets
from a library of such features. If, for instance, elastics are required to apply forces
along the arch (space closure etc.), hooks may be added. If a patient has a significant
overbite and it is desired to prevent him/her from completely closing the jaw, so-
called bite planes can be integrated into the bracket. To illustrate this, Figure 5 shows
appliances called bite turbos 32. These appliances 32 are not brackets, but only serve
the purpose of providing such a bite plane in order to prevent both jaws from closing
completely.

It would even be possible to modify models of bracket bodies according to the

requests of an orthodontist. Another advantage is that experiences that are made on
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certain treatments can almost instantaneously be transformed into the design of the
bracket bodies in the library.

After the shape of the bracket bonding pad (including the tooth-facing surface
24 and the opposite surface 26) has been defined, and the user has selected the bracket
body 20 that they wish to use for the given bracket bonding pad, the next step is to
combine the bracket body 20 with the pad 22. Common Computer Aided Design
(CAD) programs have several capabilities to design freeform shapes and to connect
existing shapes to each other. One specific method is described in detail below in the
Exemplary Embodiment section. Preferably, the user specifies how the bracket body
is to be united with the bracket bonding pad to achieve a desired configuration for the
customized bracket.

Since the exact spatial relation of bracket body and pad can be randomly
defined using state of the art 3D graphics software, it is possible to deal for instance
with crowded front teeth: The bracket body can be shifted slightly to the left or to the
right to avoid conflicts with adjacent teeth and/or brackets, either at the start of
treatment or during the course of tooth movement during treatment. This feature is
shown in Figure 7. Note that the position of the bracket body 20A for the left tooth
16A and the bracket body 20B for the right tooth 16C are moved toward one side of
the bracket bonding pad 18, so as to avoid collisions between the bracket and the teeth
at the start of treatment. Similarly, the bracket body may be moved up or down to
avoid a collision with the teeth on the opposing jaw. Alternatively, the user could
simply enlarge the pad surface.

As yet another possible embodiment, we contemplate providing the ability of a
user to design, with the aid of a computer, a virtual bracket customized for a particular
patient. The user is provided with a library containing a plurality of available virtual
bracket bonding pads, virtual bracket bodies and optionally virtual auxiliary features.
The pad’s geometrical shape could be pre-defined (that is, of a given configuration) or
could be defined in three dimensions to fit the three-dimensional surface of the
patient’s teeth exactly as described in detail herein. For example, it would be possible
for an orthodontist to order a given pad (for example, pad number 0023 of a list of
available pads, with pad 0023 having a predetermined shape), united with a particular
bracket body (bracket body number 0011 selected from a list of available bracket
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body styles), and equipped with hook number 002 for the upper left canine. The user
could specify how they wish to unite the bracket bonding bad to the bracket body
(such as set forth herein), or they could leave that to the manufacturer. In one
possible embodiment, the user specifies the bracket bonding bad, bracket body and
auxiliary features, views these components as virtual objects on a workstation or
computer, and unites the objects together them to arrive at a unique customized
bracket. They then export data representing the bracket to a manufacturing system
(such as rapid prototyping system) for direct manufacture of the bracket, or
manufacture of a template or model that is used for manufacture of the bracket using a

casting process.

Bracket Manufacturing

Once the pad and bracket body have been joined into one 3D object, data
representing this object can be exported, for instance in STL format, to allow for
direct manufacturing using “rapid prototyping” devices. There are already a wide
variety of appropriate rapid prototyping techniques that are well known in the art.
They include stereolithography apparatus (“SLA”), laminated object manufacturing,
selective laser sintering, fused deposition modeling, solid ground curing, and 3-D ink
jet printing. Persons skilled in the art are familiar with these techniques.

In one possible technique, it is possible to use a so-called “wax printer” to
fabricate wax models of the brackets. These wax models will then be used as a core
in a casting process. They are embedded in cement and then melted. The brackets
would be cast in gold or another applicable alloy. It would also be possible to create
SLA models and use these as cores in a mold. Other processes, like high-speed
milling, could also be used to directly mill the brackets. Processes like laser sintering,
where a powdery substance is hardened by a digitally controlled laser beam, are
applicable. The powdery substance could be plastic, thus creating cores for a mold, or
it could be metal, thus directly fabricating the brackets.

Most rapid prototyping devices shape the objects in layers. This typically
causes steps, when a surface is to be modeled is unparallel to the layers. Depending
on the thickness of the layers, these steps may hardly be noticeable. However, the

surfaces forming the bracket slot 22 should be smooth. One option is to accept steps
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during the rapid prototyping manufacturing and to mechanically refinish the slots as a
last manufacturing step. A better option is to avoid steps by orienting the 3D models
inside the rapid prototyping device in a manner that the slot is parallel to the layers.
In this case, the desired height of the slot must correspond to the layer thickness. In
other words, the slot height must be an integer multiple of the layer thickness.

Another option to receive a smooth slot surface is manufacture the slot larger
than the target size and to insert a machined or molded U-shaped inlay into the slot,
the inlay thus forming the slot. This is for instance often done at ceramic brackets to
reduce friction between wire and slot. This is shown in Figure 8, in which a U-shaped
inlay 40 is placed into the slot 22.

The strength of the material of the bracket 14 is always a compromise. While
the section forming the slot 22 should be as robust as possible to maintain the cross-
section of the slot even when the bracket is exposed to high mechanical stress (e.g. by
biting on hard objects), the section forming the pad 18 should be softer to ease de-
bonding after the treatment is finished. If the pad is soft enough, it can literally be
peeled off the tooth surface, using an adequate tool. Depending on the type of the
manufacturing process, it is possible to use different alloys to achieve such a
configuration. Using centrifugal casting, first, a controlled amount of a hard alloy can
be used to form the section that holds the slot, and afterwards a softer alloy is used to
fill up the remainder of the bracket (or other way round). Controlling the amount of
material needed to form a specific portion of the bracket is possible, since from the
3D models of the brackets, the volume of each bracket section is precisely known. If
a laser sintering process is used, different alloy powders may be used for the different
layers, assuming that the design of the device allows such a procedure.

The modular design generally makes it possible to define the slot height to
exactly match the wire cross section. The better the slot is adapted to the wire
thickness, the less play the wire has in the slot, and the more precise the tooth location
will be at the end of treatment. It would be possible to adapt the slot size of the
brackets to a certain lot of wires to be inserted.

The better defined the system bracket/wire is, the less problems will arise
during finishing, and the less time will be consumed to deal with such problems. This

results in decreased overall treatment time.
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Exemplary Embodiment

The process described below is a process that has already been successfully
tested. From the comments in the section above, it is obvious that many variations are
possible. The reader is directed to Figures 2, 3A and 9A-15 in the following
discussion. The following discussion is made by way of disclosure of the inventor’s
best mode known for practicing the invention and is not intended to be limiting in
terms of the scope of the invention.

First, a digital three-dimensional representation of the patient’s dentition is
created or otherwise obtained. One option would be to generate a representation of
the malocclusion from a scanning of the malocclusion (either in-vivo or from
scanning a model), in which case the digital models of the teeth derived from the
digital representation of the dentition would be re-arranged to a desired finishing
position with a computer treatment planning program. This process is described at
length in WO 01/80761. Another option is to manually create such a finishing
position, using a lab process where plaster models are cut into single tooth models,
and these tooth models are re-arranged by placing them in a wax bed (“set-up”). A
digital representation of the ideal finishing position is then created by scanning this
set-up using an industrial laser scanner. This process is also known in the art, see for
example the Chisti et al. patents cited earlier.

Once the digital representation of the ideal finishing tooth position has been
created, the size and shape of the bracket pad is determined for every tooth. This step,
and subsequent steps, have been performed using an off-the-shelf 3D graphics
software program known as Magics ™ developed by Materialise. Other software
programs are of course possible.

For each tooth, the area to be covered by the pad 18 is selected by using the
cutting functionality. This is shown in Figures 9A and 9B. By clicking at multiple
points 50 on the surface of the tooth forming the desired boundary of the bracket
bonding pad, this portion of the tooth model is selected for forming the surface at
which the bracket bonding pad will be bonded to the tooth. The points 50 are
connected by lines 52 automatically. The resulting 3-D polygon is smoothed and the
surface enclosed by a line. This surface is turned into an independent surface object
in the computer. Figure 10 shows the process performed for a set of four teeth. The
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surfaces 54 of the tooth are turned into independent objects as shown in Figure 11,
and consisting of a three-dimensional shell of zero thickness. These surfaces 54 serve
as the tooth-facing surfaces of the bracket bonding pad.

Next, the function "Offset Part" in the Magics software is used. Option
"Create Thickness" is activated, that uses the normal vectors of the triangles forming
the surface 54 to offset the shell 54 and in this way to create a second shell which
forms the opposite surface 26 of the bracket bonding pad 18, which is then combined
to one continuous surface by closing the gap around the outer edges of the shell. In
this way, the three-dimensional shape of the pad 18 is defined. Today’s casting
technologies will require the pad to have a thickness of typically 0.3 mm.

Next, from the library of virtual bracket body models, the appropriate model
of a bracket body is selected for the respective tooth. Typically, one would have
different bodies for molars, premolars and front teeth. Figure 12 shows the placement
of a bracket body 20 from the library on a bracket bonding pad 18 at this interim step
in the process.

The portion of each bracket body 20, that needs to be merged with the pad 18,
is designed to be much longer that needed, so it will stick out on the tooth-facing side
of the pad when oriented properly with respect to the tooth. This is the situation
shown in Figure 12. Of course, this is undesirable and the portion projecting inwards
from the bracket bonding pad needs to be eliminated.

To make a bracket that is as thin as possible (e.g., for lingual treatments) the
goal is obviously to position the slot 22 as close to the pad 18 as possible without
creating interference between the pad itself and the slot, or the wire when it runs
through the slot.

To remove the portion of the body 20 that is sticking out of the pad towards
the interior of the tooth, the original tooth models are re-loaded. The Magics ™
software provides “Boolean” operations that include unite functions and subtraction
functions. Using these fuﬁctions, as described below in conjunction with Figure 16-
21, all parts of the bracket body 20 that are inside the tooth model 16 are eliminated.
Thus, the bracket body 20 is also shaped precisely according to the tooth surface and
is equal to the surface of the pad. Figures 13A and 13B show two bracket bodies that

have had their surfaces 58 modified so as to conform to the surface of the tooth.
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Next, using again a Boolean operation, the pad 18 and the body 20 are united
into one three-dimensional virtual object. An object representing the sprue is placed
on the bracket (for an embodiment in which the bracket is cast) and also united with
the bracket model.

This process is done for each bracket. Figure 14 shows 3D virtual models of a
set of orthodontic brackets for the lingual treatment of the lower arch.

A variation on the above method is as follows. First, the bracket body is
retrieved from a library of bracket bodies and placed with respect to the tooth surface
in the correct position. Then, the tooth is “subtracted” from the bracket body + tooth
object to delete the portion of the bracket body that would otherwise project into the
tooth. A bracket bonding pad is created by assigning a thickness to a surface
extracted or derived from the tooth surface, using the process described above for
surfaces 54. Then, the bracket body, as modified, is united to the bracket bonding
pad.

Another possible embodiment is to use bracket bodies that are designed and
stored in the computer which are as short as possible. Basically, these virtual bracket
bodies would include the slot feature and little or nothing else. The user would
position the virtual bracket body adjacent to the virtual bracket bonding pad with a
small gap formed between the bracket body and the bracket bonding pad. The bracket
designing software includes a feature to generate a surface with a smooth transition
between the bonding pad and the bracket body. Software that provides functions to
generate a smooth transition between two virtual objects of arbitrary cross-section
already exists, one example being a 3D design program sold under the trademark
Rhino3D ™.

Another alternative and less preferred embodiment for manufacture of
customized bracket bonding pads would be to use standard bracket bodies with
standard bracket bonding pads, and then bend these pads to the desired three-
dimensional configuration using a bending robot. The wire bending robot in WO
01/80761 could be provided with different gripping fingers to grip a bracket and bend
the tooth-facing surface of the pad to fit the anatomy of the tooth. The opposite
surface of the pad could be shaped by milling. Another embodiment would shape
both tooth-facing side and the opposite side by milling.
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Another aspect for selecting the appropriate bracket body for a given tooth is
the extent of the malorientation of the tooth. For instance, a tooth that is significantly
angulated should be equipped with a wide bracket bonding pad to provide satisfactory
control, whereas a tooth that does not require a change in angulation could receive a
very narrow bracket bonding pad since no angulation moment needs to be
incorporated into the tooth.

Thus, from the foregoing discussion, it will be appreciated that a variety of
methods for designing and manufacturing the brackets of the present invention are
contemplated. Still others may be selected by persons skilled in the art. The process
of designing brackets occurs for all the required teeth in the arch and the process is
performed for the opposing arch if desired.

The 3D models of the finished customized brackets in STL format are
exported and fed into a wax printer. Such a wax printer is designed similar to an
inkjet printer and builds up the object in a large number of thin layers. The bottom
layer is “printed” first: a fine jet blows liquid wax onto a base plate. The portions that
are part of the object to be fabricated are printed using a wax with a high melting
temperature. The remaining portions are filled with a wax of a low melting
temperature. Then, the surface of the first layer is milled to receive a planar layer of a
precisely defined thickness. Afterwards, all further layers are applied in the same
manner. After this is complete, the low-melting portions are removed by exposing
them to a heated solvent.

The wax models of all brackets are then embedded in cement, making sure
that the sprue is not completely covered. After the cement is hardened, the mold is
heated, so that the wax cores are removed, and cavities are created. A gold-based
alloy is cast into the mold. Then the mold is destroyed, and the brackets are ready for
use after removal of the sprue.

The resulting customized brackets could be bonded one by one, but it is more
efficient to place them onto a plaster model of the malocclusion, fixing them with a
drop of liquid wax or a water soluble adhesive, and to overmold the complete set with

silicone, thus creating a bracket transfer tray.
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Obviously, a transfer tray according to OraMetrix’s method of using an SLA
representation of dentition plus brackets described in WO 01/80761, could also be
used.

After the process of designing brackets is done for the entire arch, the position
of the bracket slots for the entire arch is stored as a file and exported to a wire bending
robot for bending of an archwire. To manufacture the wires, a six-axis-robot as
described in WO 01/80761 is appropriate and a preferred embodiment. Since the
location and orientation of each bracket is known and therefore the location and
orientation of each slot, it is possible to generate robot control files, containing the
spatial information on each slot, and to use these control files to bend a wire having
the configuration shown in Figure 1.

The Magics ™ software program allows the user to export co-ordinate systems
of individual objects in a proprietary file format. These are ASCII files with the
extension UCS. Such a file can be imported into conversion software and turned into
the CNA format used by the robot in WO 01/80761, which holds transformation
matrices in binary format. Obviously, if the complete process of virtual set-up and
virtual bracket design and placement would be performed within the native software
of the wire bending system, such a conversion would not be required, as CNA files
would be directly generated.

Figure 15A shows prior art lingual brackets in which the straight wire
approach is used. Note the large size of the brackets. This results in much discomfort
for the patient, articulation problems, and other problems as discussed previously.
Compare Figure 15A to Figure 15B, a set of brackets provided in accordance with the
teachings of this invention. The brackets are of a much reduced thickness. The
advantages of the bracket and wire system of Figure 15B has been set forth above.

Referring now to Figures 16-21, a presently preferred process of merging the
bracket body 20 with the bracket bonding pad 78 in the computer will now be
described. Figure 16 shows the combination of a virtual bracket body 20 and virtual
bracket bonding pad 18 during an intermediate step in the design of a customized
orthodontic bracket, in which the pad 18 and bracket body 20 are two independent
three-dimensional virtual objects which can be moved relative to each other. In the

situation shown in Figure 16, the slot 22 is positioned relative to the pad 18 where the
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user wants it, but the portion 60 of the bracket body is projecting beyond the tooth
contact surface 24 of the pad, which is an undesirable result.

Figure 17 shows the screen of a computer workstation implementing the
bracket design features described herein, in which the user is uniting the pad and
bracket body of Figure 16 into a single virtual object. The pad 18 is represented as a
red object on the workstation user interface and the bracket body is a green object.
The Magics ™ software provides a unite icon, indicated at 62. When the user clicks
OK at 64, the two objects 20 and 18 are united into one virtual 3D object. Figures
18A and 18B are two views of the pad and bracket body combined as a single virtual
object.

Next, the tooth object is recalled and the bracket body/pad object is
superimposed on the tooth. Figure 19 shows the pad 18 and bracket body 20 of
Figures 18A and 18B placed on a virtual tooth 16.

Now, the portion 60 (Figure 18) needs to be removed from the bracket. Figure
20 shows the screen of a computer workstation performing a subtraction process to
subtract the tooth object 16 represented in red on the workstation from the bracket
bonding pad/bracket body 18/20 object, rendered in green on the workstation. This
step is needed to remove the portion of the bracket body 60 that would otherwise
project inside the tooth. The user activates the icon 66 indicating subtraction of the
red (tooth) from the green (bracket pad/body) and clicks OK.

Figures 21A and 21B are two views of the bracket pad/bracket body object
after the subtraction operation of Figure 20 has been performed. By comparing
Figure 17 with Figure 22, it will be seen that the portion 60 of the bracket body that
would have otherwise projected within the tooth has been deleted from the bracket
pad/bracket body object and the tooth-facing surface 24 conforms exactly to the
surface of the tooth.

As noted above, it would be possible to space a virtual bracket body from a
virtual bracket bonding pad in a desired spatial relationship with respect to each other
and fill in the volume of space between the two objects with a suitable graphics tool,
such as the Rhino3D program, to thereby unite the bracket body with the bracket
bonding pad. Alternatively, the bracket body could be fit exactly to the bracket
bonding pad using 3D graphics software tools without requiring any portion of the

32



WO 03/068099 PCT/US03/04129

10

15

20

25

30

bracket body to be removed. In this situation, the two virtual objects intersect in a
manner that the bracket body would penetrate the pad only (e.g., a depth of
intersection of the bracket body and the bracket bonding pad of say 0.1 mm).
Alternatively, the two objects could be united as described above and the portion that
would otherwise project inside the tooth is removed as shown in Figures 16-21.

The archwires to be used with this invention can be of any suitable archwire
material known in the art or later developed. It has been found that relatively soft,
heat treatable alloys are particularly suitable. It has been discovered that such wires
are also ideal for bending with a wire bending robot. One such alloy which is a
preferred material for the instant inventions is a cobalt chromium alloy sold under the
trademark BLUE ELGILOY ™, available from Rocky Mountain Orthodontics. This
particular wire material has a composition of 40 % cobalt, 20 % chromium, 15 %
nickel, 7 % molybdenum, 2 % manganese, 0.15 % carbon, balance iron. A similar
alloy is available from Ormco, sold under the trademark AZURLOY ™ . These
materials are particularly well suited for the six-axis wire bending robot with heated
gripper fingers described in WO 01/80761. The cobalt chromium alloys are rather
soft, which is particularly desirable for lingual treatment. Also, significantly, they
require very little overbending to achieve the desired bend in the wire, which is
particularly advantageous from a wire bending point of view since overbending of
wires to achieve the desired shape of the wire after bending is complete is a difficult
process to control exactly.

The cobalt chromium wire are preferably heat treated after bending to increase
the strength of the wire. The heat treatment can be provided by the robot gripping
fingers using resistive heating techniques, immediately after each section of the wire
is bent, using the techniques described in WO 01/80761. Alternatively, the heat
treatment can be performed after bending the entire wire by placing the wire in an
oven, or, alternatively the wire can be placed in a wire heating apparatus described in
U.S. Patent 6,214,285. The temperature for heat treatment is approximately 500
degrees F. The purpose of heat treatment of the wire here, to give the wire additional
strength, is different from the purpose of heat treatment of NiTi and other shape
memory wires described in WO 01/80761. The heat treatment of NiTi wires is

needed to have the material take on the configuration of the wire as bent by the robot,
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whereas here the cobalt chromium wire will take the bend even without heat
treatment, as the heat treatment here is for the purpose of increasing strength of the
wire.

These relatively soft wires, particularly the cobalt chromium alloys, which
require very little overbending, are especially suited for lingual orthodontic brackets
and canted archwires as described herein. In one possible aspect of the invention we
provide a method of forming an archwire with a wire bending robot in which the wire
comprises a cobalt chromium alloy that is subsequently heat treated, for example by
the wire gripping apparatus of the wire bending robot as described in WO 01/80761.
In another aspect a method for bending and heat treating an archwire is provided,
comprising the steps of supplying the archwire to a wire bending robot, bending the
archwire with the wire bending robot to have a predetermined configuration for a
particular orthodontic patient, and heat treating the archwire while said wire is held by
the wire bending robot. Preferably, the archwire comprises a cobalt chromium wire,
but other alloys that require heat treatment after bending could be used. The step of
bending and heat treating could be provided by bending the archwire is bent in a
series of bends and heating the wire after performing each of the bends in the series of
bends.

While presently preferred embodiments have been described with
particularity, variation from the preferred and alternative embodiments is of course
possible without departure from the spirit and scope of the invention. For example,
the designing of the brackets with the aid of a computer has been described using the
Magics ™ software program in which surface elements of the bracket bonding pad,
tooth and bracket body are represented as triangles. However, there are other
acceptable mathematical techniques for representing arbitrary three-dimensional
shapes in a computer, including volumetric descriptions (IGES format), and
Nonuniform Rational B Splines (NURB), that could be used. While representation of
surface elements using triangles (SLA format) works well in this invention, software
using NURBs such as QuickDraw3D ™ could be used. NURB software is becoming
more and more prevalent, since it offers a way of representing arbitrary shapes while
maintaining a high degree of mathematical exactness and resolution independence,

and it can represent complex shapes with remarkably little data. The methods and
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software used in the preferred embodiment for designing the brackets in accordance
with the invention represent one of several possible techniques and the scope of the
invention is not limited to the disclosed methods.

As another example, the manufacturing techniques that are used for
manufacture of the brackets is not critical and can vary from the disclosed techniques.

The reference herein to archwires with a rectangular, square or similar cross-
section is considered to encompass archwires that basically have this cross-sectional
form but have slightly rounded corners and as such are not exactly of rectangular or
square cross-section. Similarly, the reference to the appended claims of an archwire
having a flat planar side is intended to cover an archwire that basically has a flat
planar side, notwithstanding a rounded of the corner from one face of the wire to
another face.

This true spirit and scope of the invention will be understood by reference to

the appended claims.

35



WO 03/068099 PCT/US03/04129

10

15

20

CLAIMS

We claim:

1. A method of designing and manufacturing a customized orthodontic bracket

(14), the method being characterize by the steps of:

a) storing a digital representation of portions of a patient’s dentition in a

computer;

b) accessing a library of virtual three-dimensional bracket bodies in said

computer;

c) determining the shape and configuration of a bracket bonding pad (18), said
bracket bonding pad (18) having a tooth-facing surface (16A) conforming
substantially to corresponding three-dimensional surfaces (54) of a tooth (16) of the

patient;

d) combining a bracket body (20) from said library of bracket bodies (20) with
said bracket bonding pad (18) to thereby create an individual, customized orthodontic

bracket; and

e) exporting digital data representing said customized orthodontic bracket
from said computer to a manufacturing system for manufacturing said customized

orthodontic bracket (14).

2. The method of claim 1, wherein said manufacturing system comprises a rapid
prototyping system to manufacture a representation of said bracket (14) to be used as
a positive pattern, and wherein the method further comprises the step of casting said

customized orthodontic bracket (14).

3. The method of claim 1, further comprising fabricating said bracket (14) using

a laser sintering process.
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4. The method of claim 1, 2, or 3, further comprising modifying the digital
representation of the dentition on a computer into a desired finish position and
wherein steps c) and d) are performed after said teeth are virtually moved to said

desired finish position.

5. The method of claim 1, 2, 3, or 4, further comprising the step of making a
physical model of the teeth of the patient, manipulating the physical model to place
the teeth into a desired occlusion, scanning the physical model of the teeth in the
desired occlusion, and wherein said digital representation comprises a three-

dimensional representation derived from said scanning.

6. The method of claim 1, 2, 3, 4, or 5, wherein said bracket bonding pad (18)
has a second opposite surface (26) opposite from said tooth-facing surface (24), and
wherein said tooth-facing surface (24) and second opposite surface (26) have a three-
dimensional area extent corresponding substantially exactly to a corresponding three-

dimensional surface of said tooth (16).

7. The method of claim 1, 2, 3, 4, 5, or 6, further comprising the step of
transporting information as to the three-dimensional location of at least one of said
bracket (14) and the slot (22) of said bracket (14) to a wire bending robot for bending

a customized orthodontic archwire (10) for said patient.

8. The method of claim 1, 2, 3, 4, 5, 6, or 7, wherein said bracket body (20)
comprises a feature forming a slot (22) for receiving an archwire (10), and wherein
said slot (22) is oriented approximately parallel to said bracket bonding pad (18) in

the location of where said feature is combined with said bracket bonding pad (18).

9. The method of claim 1, 2, 3, 4, 5, 6, 7, or 8, wherein said bracket (14) further
comprises a U-shaped inlay in a slot (22) for said bracket (14).

10. A set of brackets 14 for a patient manufactured according to the method of

claim1,2,3,4,5,6,7,8,0r9.
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11. The method of claim 1, 2, 3, 4, 5, 6, 7, 8, or 9, wherein steps ¢) and d) are
performed by a user using computer software providing a user access to a three-

dimensional virtual model of the patient’s dentition.

12. A bracket 14 for a patient, said bracket (14) comprising a bonding pad (18) for
bonding to the tooth of the patient and a slot (22) for receiving an archwire (10) and

being characterized by:

said bracket bonding pad 18 comprising a three-dimensional tooth-facing
surface (24) conforming to the shape of the tooth and an opposing surface also
conforming to the shape of the tooth (16) and wherein said slot (22) of said bracket
(14) is oriented in approximate parallel alignment relative to its respective bracket

bonding pad (18).

13.  The bracket of claim 12, wherein said bracket (14) comprises a lingual

bracket.

14. A set of brackets in accordance with the bracket (14) of claim 12 or 13 for

treatment of a plurality of teeth of an arch of a patient.

15.  The bracket of claim 12 or 14, wherein said bracket (14) comprises a labial

bracket.

16. The bracket of claim 12, 13, 14, or 15, wherein said tooth-facing surface (24)
covers at least 50 percent of the lingual or labial surface of the tooth (16) to which it is

to be bonded.
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