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1

METHOD AND SYSTEM FOR CUSTOMIZING
AN ORTHODONTIC ARCHWIRE

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not Applicable

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMEN'T

Not Applicable

REFERENCE TO SEQUENCE LISTING, A
TABLE, OR A COMPUTER PROGRAM LISTING
COMPACT DISK APPENDIX

Not Applicable

BACKGROUND OF THE INVENTION

The present invention relates to methods for applying a
desired shape to archwires to be used 1n orthodontic appli-
ances for the straightening of teeth, and more particularly, to
the automated design and manufacture of customized fixtures
allowing an archwire made from shape memory alloy to be
heat-treated while being inserted 1nto said fixture.

The typical approach to straighten or align teeth of a patient
1s to bond brackets onto the teeth and, 1n succession, insert a
series of wires with increasing stifiness into the bracket slots.
In general, the shape of each wire retlects already the curve
along which the bracket slots are to be located at the success-
tul end of treatment. The advantage of such an approach is
that the shapes of all wires of the series are substantially
equal.

Depending on the severeness of the malocclusion, that 1s
how far the teeth are away from their desired position, the
shape of the wire will show significant deviations from the
shape dictated by the current location of the bracket slots. The
insertion of such a wire 1s therefore only possible 11 the wire
1s made from a very flexible material. Typically, wires made
from so-called shape memory alloys (SMA) are therefore
used 1n the mnitial phase of treatment.

Shape memory alloys used in the orthodontic profession
show two different grades of stiflness below and above a
so-called transformation temperature. Below the transforma-
tion temperature, which will typically be 1in a range between
25° and 40° Celsius, the wires are very soft, while when
heated above the transformation temperature, the stifiness
and thus the forces developed as a result from wire deflection
increase significantly. Furthermore, the wire shows a
“memory’” of 1ts shape. Even when seriously deformed at a
temperature below the transformation temperature, including
plastic deformations to a certain degree, the wire will develop
significant forces 1n order to return to 1ts original shape when
it 1s heated above the transformation temperature.

SMA wires can easily be imserted into severe malocclu-
sions. During insertion, the orthodontist does not have to be
alraid of “overbending” the wire and permanently deforming
it, since when heated above the transformation temperature
by the body temperature of the patient (and additionally by
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2

warm food or drinks consumed by the patient), the wire will
“remember” 1ts original shape and drive the teeth to the
desired location.

The significant disadvantage of SMA wires 1n orthodontic
treatment 1s that they can hardly be modified by the orthodon-
tist 1n order to adapt them to patient specific conditions. To
permanently reshape a wire of SMA, the wire has to be
exposed to a very high temperature of typically well above
300° Celsius, depending on the specific alloy. Since the shape
memory elfect 1s present while the wire 1s being heated in
order to reach the desired temperature, 1t has to be mechani-
cally constrained to the desired shape during the heat treat-
ment. Only after the heat treatment 1s fimished, the wire can be
released and from then on “remembers™ its new shape.

For the majority of orthodontic treatments the brackets are
bonded to the outside of the teeth (labial side). Since labial
tooth surfaces are more or less generic, standardized arch
shapes can be used with good results. However, an increasing
number of cases are treated using brackets that are bonded to
the 1nside of the teeth (lingual side). Lingual brackets have
great aesthetic advantages, since they are virtually 1invisible.
The significant disadvantage 1s that the lingual tooth surfaces
are by far not as generic as the labial surfaces. Because of this,
for lingual brackets the need for customized Archwire shapes
1s even higher than for labial treatments.

The pending U.S. Patent application of T.O.P. Service fuer
Lingualtechmik GmbH (*T.O.P. Service”), filed Feb. 13,
2002, Ser. No. 10/075,676, entitled “Modular System for
Customized Orthodontic Appliances”, (now 1ssued U.S. Pat.
No. 6,776,614), describes a bracket system that works best
with a “canted” wire. The principal axis of the cross-section
of such a canted wire 1s oriented substantially parallel to the
lingual surfaces of the teeth 1n order to increase patient com-
fort. Obviously, such a wire requires a high degree of cus-
tomization.

Several attempts have been made to develop methods to
customize orthodontic archwires made from SMA. For
example, 1t has been proposed by Miura to mnsert the wire
inside a tubular body of non-SMA material and apply the
desired deformations to both the archwire and the tube. See
U.S. Pat. No. 5,092,941 (Method for imparting shapes to
shape memory alloy wires). The method of Miura has not
been widely adopted. Manually applying precise bends and
twists to a wire 1s difficult enough and gets significantly
harder when an additional tube that encases the wire has to be
deformed as well. The required forces to apply deformations
increase, and since the tubular body needs to have a longitu-
dinal slit 1n order to remove the archwire after heat treatment,
it introduces additional unpredictable mechanical side-et-
tects during deformation.

In U.S. Pat. No. 35,295,886 (Orthodontic archwire shaping
method and archwire-segment forming templates) Wildman
teaches to 1nsert an archwire into pre-selected, generic tem-
plates 1 order to constrain the wire during heat treatment.
Wildman’s approach has several disadvantages. Firstly, his
assumption that an assortment of pre-fabricated templates
would cover all necessary geometric requirements for a large
number of orthodontic cases seems questionable. Each
patient’s teeth are different, and 1t 1s highly probably that at a
relevant percentage of patients, the generic templates would
not cover the specific shapes needed for the patient. Espe-
cially for canted wires as referenced above, his approach 1s
not adequate. Secondly,. Wildman’s method allows custom-
1zing only the segments of the archwire between the brackets.
The segments assigned to a slot remain straight. For many
cases, this may be suitable, but especially for wires to be
inserted 1n an early phase of treatment, thus the wire being
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required to slide through the bracket slots while the teeth are
starting to align, a smooth wire shape 1s desirable. Especially

at the section of the wire assigned to the front teeth, a smooth
round curve will be advantageous. Thirdly, the process of
setting up and adjusting the templates to each individual wire
1s laborious, costly and has high error susceptibility.

In U.S. Pat. No. 5,456,600 (Coordinated orthodontic arch-
wires and method of making same) Andreiko teaches to pro-
duce a heat formed wire by cutting the contour of the archwire
to he formed 1n a template. The template 1s then separated into
two parts, and the milled surfaces are used on a plate-like
clamp fixture to confine between the template parts the arch-
wire forming wire material. Andreiko’s method 1s obviously
restricted to planar wires, since the plate-like clamp fixture
does not allow for individual vertical control values at specific
wire portions. Complex archwire shapes as required by the
system o1 1.0.P. Service cannot be produced with his method.

The published PCT patent application of OraMetrix, Inc.,
publication no. WO 01/80761, discloses a system that, among,
other things, allows to bend and twist SMA wires using a
s1x-axis-robot. The wire 1s shaped by two grippers, one of
them attached to the robot and thus being moveable 1n a
numerically controlled manner. The wire 1s being held at two
adjacent locations and deformed to the desired shape, the
deformation being at least partially elastic. A heat treatment 1s
applied to the deformed portion of the wire 1n order to per-
manently retain the shape. With two grippers, a complete
archwire can be shaped step by step. While this process can be
highly automated, it has the disadvantages that 1t 1s time
consuming since each bend can only be shaped after the
previous bend has been finished; 1t requires heavy customized
machinery; and 1t requires a very high amount of precision for
cach bend, since any systematic deviation from the desired
shape adds up in the bending process, so there 1s little control
of the overall shape. The process therefore 1s time-consuming
and critical regarding the overall shape. Furthermore, typi-
cally a series of wires 1s used for orthodontic treatment, the
wires showing the same shape, but being made from different
cross-sections 1n order to provide different stifiness. Each
wire from such a series has to be fabricated individually by the
robot, regardless of the fact that the whole series has 1dentical
shapes.

Accordingly, a need remains for an efficient and reliable
method for fabricating customized non-planar archwires
made from shape memory alloys.

1

BRIEF SUMMARY OF THE INVENTION

A primary objective of the present invention 1s to provide a
reliable and efficient method for an computerized and highly
automated design and fabrication of customized fixtures that
allow for insertion and heat-treatment of orthodontic arch-
wires made from shape memory alloys, 1n order to apply a
permanent customized shape to the wires.

The desired shape of an orthodontic archwire 1s dictated by
the desired tooth position and the position of each bracket slot
with respect to the tooth. In order to efliciently use numeri-
cally controlled machinery and rapid prototyping processes,
the desired shape must be available in a numerical descrip-
tion. Such numerical formats 1nclude but are not limited to a
mathematical formula describing the curve of the wire or a set
ol matrices, each matrix being assigned to a certain tooth and
describing the spatial location and orientation of the respec-
tive bracket slot associated to that tooth.

An mmportant aspect of this invention 1s the increasing
influence of methods making use of digitized data 1n orth-
odontics. Over the last years, several inventions have been
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4

made teaching a computerized approach to orthodontics. A
common aspect of these inventions 1s to acquire three-dimen-
sional data of the patient’s dentition and to use a computer to
determine the desired tooth positions from these data.

In U.S. Pat. No. 5,431,562, a system and method 1s dis-
closed by which an orthodontic appliance 1s automatically
designed and manufactured from digital lower jaw and tooth
shape data of a patient. A computer 1s programmed to con-
struct archiforms and calculate finish positions of the teeth,
then to design an appliance, preferably including archwires
and brackets, to move the teeth to the calculated positions.

In WO 01/80°761, an interactive, computer based orthodon-
tist treatment planming, appliance design and appliance
manufacturing system 1s described. A computer-interactive
soltware program provides for treatment planning, diagnosis
and appliance from the virtual tooth models. A variety of
possible appliances and appliance manufacturing systems are
contemplated, including customized archwires.

The pending U.S. patent application entitled “Modular
System for Customized Orthodontic Appliances™, cited
above, discloses a method to generate definitions of the shape
of an orthodontic archwire. After the process of designing
brackets 1s done, the position of the bracket slots for the entire
arch 1s stored as an electronic file on a computer and exported
to a wire bending robot for bending of an archwire.

In accordance with the preferred embodiment of the
present invention, control commands are generated basing on
the numerical archwire description. Those control commands
can be fed into numerically controlled (NC) automated manu-
facturing machines. A fixture 1s then fabricated by the NC
machines. The wire 1s then inserted into the fixture and
exposed to heat treatment. After the heat treatment 1s finished,
the wire 1s released from the fixture. This mnvention discloses
several approaches to fabricate customized fixtures suitable
for such a process.

The fixtures can provide a continuous support for the wire,
or they can provide a discontinuous support, comprising a set
of wire retainers, the shape of the wire between the retainers
resulting 1n a freeform curve. The advantages and disadvan-
tages of both options are discussed further below 1n detail.

According to the principles of the present invention, a wide
variation 1s possible in the specific implementation of fabri-
cating the points of support respectively the continuous sup-
port for the wire. One option 1s to create the complete assem-
bly by rapid prototyping. In such an embodiment, wire
retainers or a complete negative mould for the wire would be
casted basing on digital data. Then, wires respectively each
wire of a sequence of wires one after another would be fed
into those retainers, and exposed to heat treatment.

Instead of casting the fixture, 1t1s also possible to use a high
speed milling machine 1n order to mill slots into the fixture,
the wire beng inserted into those slots and preferably
clamped to secure its position.

Another preferable approach would be to use pre-fabri-
cated, standardized retainers and to place these retainers onto
a base plate that has been designed and fabricated basing on
the digital data defining the wire shape, this base plate deter-
mining the orientation and location of each retainer.

While the base plate would be customized and cannot be
utilized to fabricate another wire shape, the retainers are
re-usable. The advantage of this implementation 1s that only a
small portion of the fixture has to be actually fabricated for
cach individual shape, while mounting the standardized
retainers 1s a manageable process that can be performed with-
out requesting sophisticated skills.

In a preferred embodiment, the fixture would at least par-
tially be fabricated using NC processes and, 1i applicable,
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completed with standardized parts. Then, the wire 1s manu-
ally mserted into the fixture. Depending on the nature of the

fixture, the wire would either be threaded into tubular retain-
ers that would enclose the wire completely, or 1t would be
inserted into slot-like retainers, asking for an additional fix-
ture to secure the wire. Since SMA wires develop significant
forces when heated above the transformation temperature,
such an additional fixture will be required. Standardized
clamps are suitable for this task.

It 1s possible to use pieces of straight wire for the process as
well as preformed archwires as they are widely used 1n orth-
odontics, since the new shape dictated by the fixture will be
applied to the wire independently of the previous shape, pro-
vided that proper heat-treatment 1s executed.

While 1t would also be possible to automate the insertion of
the wire into the fixture using for instance a six-axis robot,
this invention focuses on manual insertion. The reason 1s that
the timesavings using automation are marginal, while a lot of
complexity would be added to the process.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIG. 1 1llustrates a matrix and two vectors, the first vector
(L) holding the coordinates of a point related to a local coor-
dinate system, which referenced in the matrix; the second
vector () being the result of the matrix multiplication and
holding the coordinates of the same point related to the global
coordinate system.

FIG. 2 1s an exemplary portion of an electronic file in
ASCII format holding a numerical archwire description,
namely a UCS file as provided by T.O.P. Service

FI1G. 3 1llustrates the orientation of local coordinate system
with respect to the wire.

FIG. 4 1s a perspective view of an archwire with three
exemplary local coordinate systems.

FI1G. 5 1s an exemplary portion of an electronic file, holding
an STL data structure.

FIG. 6 A 1s a perspective view of a virtual retainer.

FIG. 6B 1s a perspective view of a virtual retainer, its
surface being partitioned into triangles.

FIG. 6C 1s a perspective view of the surfaces of the slot of
a virtual retainer, the surface being partitioned 1nto triangles.

FIG. 7 1s a flow diagram of an embodiment of designing a
customized fixture.

FIG. 8 1s a perspective view of a set of virtual retainers,
arranged according to the numerical archwire description.

FIG. 9 15 a perspective view of two simplified interfering
boxes and the partitioning of the common surface 1nto tri-
angles after a “merge” operation.

FI1G. 10 1s a perspective view of a set of virtual retainers as
in FIG. 8, the retainers being merged with a virtual base plate.

FIG. 11A 1s a perspective view of a set of virtual retainers
merged with a virtual base plate according to FIG. 10, with an
additional plate serving as subtraction object.

FIG. 11B 1s a perspective view of a set of virtual retainers
merged with a virtual base plate, the thickness of the base
plate being reduced to the desired final dimension.

FI1G. 12 1s a flow diagram of applying a desired shape to an
orthodontic archwire.

FIG. 13 15 a retainer with an open slot and a clamp to hold
the wire 1n the fixture.

FI1G. 14 15 a retainer with an open slot and a clamp to hold
the wire 1n the fixture, implementing a prismatic clamping,
mechanism.

FIG. 15A 15 aretainer with an open slot and a rotary grinder
milling the slot.
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FIG. 15B 1s a retainer with an open slot and a rotary grinder
milling a portion of the outside surface of the retainer.

FIG. 16 1s a top view of a customized base plate with
cavities for standardized retainers.

FIG. 17 1s a cross-sectional view of a base plate according
to FIG. 16 with two retainers being placed 1n two cavities.

FIG. 18 1s a perspective view of a virtual fixture providing,
continuous support for the wire.

DETAILED DESCRIPTION OF THE INVENTION

Archwire Descriptions

The methods disclosed 1n this invention have in common
that as a starting point they need a definition of the archwire
in a numerical format. The term “numerical” 1s supposed to
distinguish a mathematical or abstract description of the
shape of an archwire from a concrete representation likea 1:1
drawing or a physical sample.

The term “numerical description” of an orthodontic arch-
wire, as used 1n the claims, 1s interpreted to mean a descrip-
tion ol the physical shape of an orthodontic archwire in
numerical format. Such a definition may include additional
information, like for instance the cross-section, the wire
material, the lengths of specific wire portions and other valu-
able data, but this additional information 1s not mandatory.
Such a definition may furthermore be a continuous descrip-
tion, defining the wire shape along its complete length, or a
discrete or discontinuous description, defining only portions
of the wire, while other portions remain arbitrary. The terms
“archform”™ and *“‘archwire description”, as used in this dis-
closure, are synonymous with the term numerical description
of an orthodontic archwire.

The term “‘archwire”, as used in the claims, 1s used 1n
orthodontics to emphasize the fact that the wire 1s to be
inserted into a dental arch of a patient. The overall shape of
such a wire will not be a smooth curve 1n all cases. Especially
wires for lingual treatment show a general shape that 1s closer
to a mushroom than to an arch, and are typically very uneven.
Still they are referred to as “archwire”.

The term “non-planar”, as used 1n the claims, 1s interpreted
to mean that the wire axis does not completely lie within a
plane, and/or that portions of the wire are twisted. The wire
axis 1s a curve that 1s formed by the centers of the cross-
sections along the longitudinal direction of the wire. Typi-
cally, customized orthodontic archwires show features like
torque, angulation, steps, and rotation. Most of these features
cifectuate the wire to be non-planar, including but are not
limited to torque (twists), angulation, vertical steps and com-
binations of these features. Additionally, orthodontic arch-
wires can have a so-called “curve of spee”. The curve of spee
1s a curvature perpendicular to the curvature of the archiorm,
causing the molars and the anterior teeth to be higher than the
premolars. A wire with a curve of spee 1s also non-planar.

Due to the increasing propagation of computerized sys-
tems 1n orthodontics, numerical wire descriptions are avail-
able 1n a variety of formats. An archform can for instance be
defined as a mathematical curve. Andreiko proposes i U.S.
Pat. No. 5,431,562 to use a cubic spline equation, converted to
a circle segment form, as definition for an archwire. A cubic
spline connects data points with a cubic, or third degree,
polynomial. It therefore provides a continuous archwire
description. Another widely used continuous description of
curves 1s a Bezier function.

The system as described in WO 01/80761 discloses an
clectronic mput file for a bending robot. The mput file
includes a set of matrices, one matrix for each bracket 1n the
arch of the patient. Each matrix consists of a combination of
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a vector of location of a point on the bracket and a matrix of
orientation, indicating the orientation of the bracket 1n three-
dimensional space. Since only the portions of the wire that are
assigned to a bracket are defined, this 1s a discontinuous
archwire description.

The system used by T.O.P. Service as described 1n the
pending U.S. Patent application “Modular System for Cus-
tomized Orthodontic Appliances”, Ser. No. 10/073,676,
exports wire definitions from a software program called Mag-
ics™ (produced and distributed by Materialise NV, Leuven,
Belgium). The Magics software program exports coordinate
systems of individual objects 1n a proprietary electronic file
format with the extension UCS (User Coordinate System). A
UCS file defines local coordinate systems 1n ASCII format,
cach component of the X-, Y- and Z-vectors as well as the
components of the origin of the local coordinate systems
being specified 1n one line 1n the file. Similar to the system
disclosed in WO 01/80761, bracket slot positions are defined
by these coordinate systems, and the archwire description 1s
accordingly discontinuous.

Some methods and devices disclosed 1n this ivention are
basing on continuous archwire descriptions, some of them on
discontinuous archwire descriptions. However, discontinu-
ous archwire descriptions can easily be transformed 1nto con-
tinuous ones by connecting the defined points for instance by
a cubic spline, as proposed by Andreiko. On the other hand, 1t
1s possible to extract a limited number of data points from a
continuous archwire description, thus creating a discontinu-
ous (discrete) definition. It 1s therefore possible to use all
sources for numerical archwire descriptions for all methods
described in this application.

The numerical description will typically be obtained as an
clectronic file. It would also be possible to enter the values of
the numerical description directly by an operator into the
software that generates the design of the customized fixture.
A further alternative would be to obtain the numerical
description as a data stream over a computer network con-
nection.

One of the preferred embodiments bases on UCS files as
generated by the Magics software. These files are based on
ASCII format and contain local coordinate systems for as
many objects as wanted. A local coordinate system 1s used to
describe the orientation of any given object with respect to an
absolute or global Cartesian coordinate system. Such a local
coordinate system 1s typically described by three unit vectors
(X', y' and z') setting up a Cartesian system. Since the local
coordinate system will usually be not 1n line with the global
system, each vector will have a component 1n all three direc-
tions (X, v and z) of the global coordinate system. The X'
vector of a local system will 1n other words have x-, y- and
z-components within the global system. Additionally, the
origin of a local system will typically have an offset to the
global system. This offset can also best be described by a
vector (O) having three components (x, vy and z). The big
advantage of local coordinate systems 1s that they allow trans-
forming (1.e. shifting and rotating) the coordinates of any
given point from the global system 1nto a local system or from
one local system 1nto another and vice versa. If for instance
the x-, y- and z-coordinates of a given point are known within
a local coordinate system, the coordinates of this point with
respect to the global system can easily be calculated by per-
forming a simple matrix multiplication. FIG. 1 1illustrates a
vector (G) 3 resulting from a multiplication of a matrix 1 and
vector (L) 2.

The matrix 1 contains the unit vectors of the local coordi-
nate system. It holds the components of the x-unit-vector in
the first row, the components of the y-unit-vector 1n the sec-
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ond row and the components of the z-unit-vector 1n the third
row. The vector 2 holding the local coordinates of the given
point (L) 1s multiplied with this matrix, and the result are the
global coordinates (G) 3 of the same point. The x-, y- and
z-components of the offset vector (O) of the local coordinate
system can then simply be added to the x-, y- and z-compo-
nents of the result vector (G). A complex object consisting of
many 3D points can therefore be transformed to any desired
location with any desired orientation by performing the
described operations on each point of the object.

FIG. 2 shows 1n an exemplary manner the partial content of
an UCS file as provided by T.O.P Service. These files contain
as many coordinate systems as brackets are present at the
patient’s dentition. As described further below, in other
embodiments the number of coordinate systems does not
necessarily have to match the number of brackets. In this
preferred embodiment, however, each coordinate system
reflects one bracket.

Line “UCS__2_ Name=16"" defines that the following lines
reflect the wire shape assigned to object number 2, which 1s
bracket 16. According to a typical notation 1n orthodontics,
this number defines the upper right first molar of the patient.
This information can be useful to determine the width of the
bracket, which typically equals the length of the respective
wire portion. The following lines starting with UCS__
2_Transform ... can be ignored for our application. The three
following lines UCS_ 2 Inverse 00= . . . , UCS_2 In-
verse _01= .. . and UCS_ 2 Inverse 02= . . . define the
components of the x-vector of the local coordinate system of
bracket 16, which would be equivalent to the first matrix row.
Accordingly, the six following lines define the y- and z-vector

of the local coordinate system. The last three lines of object
number 2, UCS 2 Translate 0=...,UCS 2 Translate

O=...and UCS_2 Translate_ O=. .. define the x-, y- and
z-oiIset of the local bracket coordinate system. To correctly
interpret these values, it must be known how each bracket slot
1s oriented within 1ts local system. T.0O.P. Service uses the
convention as represented i FIG. 3. The x-vector of the
coordinate system 6 runs along the longitudinal wire axis 4,
the y-vector runs parallel to the long side of the cross-section
of the wire 5, and the z-vector runs parallel to the short side of
the wire’s cross-section. FI1G. 4 shows a complete wire 5 with
three exemplary independent local coordinate systems 6
reflecting the bracket slots.

Since the coordinates 1n the UCS file provided by T.O.P.
Service retlect the location and orientation of the bracket slots
as planned for the ideal tooth positioning, the goal 1s to
fabricate a wire that would fit passively into the defined slot
configuration.

The system disclosed in WO 01/80761 comprises an elec-
tronic mput file for a bending robot, which includes a set of
matrices, one matrix for each bracket in the arch of the
patient. According to the disclosure, each matrix consists of a
combination of a vector of location of a point on the bracket
and a matrix of orientation, indicating the orientation of the
bracket in three-dimensional space. The nature of the defini-
tion of the wire 1s therefore 1dentical to the system of T.O.P
Service. ITthe file format was known, these files could equally
serve as an mput for the method of this mnvention.

As will be understood by those skilled in the art, UCS files
are just one example of storing numerical archwire informa-
tion. Any other file format 1s also applicable, as long as the
format 1s accessible. Other archwire descriptions are also
approprate. A file containing a wire prescription according to
Andreiko, U.S. Pat. No. 5,431,562, would hold the spline
coellicients, since i1t provides a continuous description.
Another variant would be a file holding a plurality of matri-
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ces. The number of matrices would not necessarily have to
match the number of brackets used 1n the orthodontic appli-
ance. In those areas where the wire shape 1s very smooth, a
mimmized number of matrices could be sutificient. Other way
round, 1t could be desirable to define the archwire very strictly
and provide a much higher number of matrices than dictated
by the number of brackets. This could be called a semi-
continuous archwire description.
Fixture Design

As already indicated, it 1s difficult to permanently deform
wires made from shape memory alloys (SMA), due to the fact
that when heated above the transformation temperature, these
alloys “remember” their original shape and develop signifi-
cant forces 1n order to return to that shape. A well-known
method that 1s also used 1n the present invention to perma-
nently apply a new shape to such a wire 1s to clamp the wire
into a fixture reflecting the new desired shape, and then to
expose the wire to a very high temperature of typically well
above 300° Celsius, depending on the specific alloy.

A widely used alloy 1n orthodontics 1s Copper Ni—T11™
provided by ORMCO (ORMCO/“A” Company Corp.,
Orange, Calif., USA). Copper N1—11 1s available with dii-
ferent transformation temperatures (27° Celsius, 35° Celsius
and 40° Celsius). A 35° wire with a cross-section of for
instance 0.017"x0.025" (0.43 mmx0.64 mm) requires a tem-
perature of above 350° to reliably adopt the new shape. How-
ever, each batch of Nickel Titanmium alloys 1s generally
slightly different from other batches and may require some
testing to determine the optimal parameters of duration and
temperature for heat treatment. Obviously, all other wire
materials used 1n orthodontics now or in the future that allow
for re-shaping based on heat-treatment are applicable.

A fixture for the heat treatment of an SMA wire has to
reflect the desired shape of the wire. Goal of this mnvention 1s
to efficiently manufacture such a fixture using NC machinery.
Over the last years, a wide variety of NC devices and pro-
cesses has been developed to allow for manufacturing of
workpieces basing directly on digital data. Some of these
methods arereferred to as “rapid prototyping” since they have
originally been developed to manufacture prototypes of parts
or components. However, these processes have been con-
stantly refined and optimized and have gained a higher degree
ol efliciency, so that they can be used in mass customization
processes. On the other hand, classical methods like milling
have also been improved. High-speed-cutting (HSC) devices
with multiple axes are available and allow for a fast and
flexible fabrication of individual workpieces. The abbrevia-
tion “NC” or the complete term “numerically controlled”, as
used 1n the claims, 1s interpreted to comprise all manufactur-
ing processes that use numerical data as input, no matter
whether a “classical” process like NC-milling 1s used or a so
called “rapid prototyping” process.

Many rapid prototyping processed can import STL data as
a description of the part to be manufactured. STL 1s the
abbreviation for stereo lithography, one of the earliest rapid
prototyping processes. One of the most suitable devices for
the methods disclosed 1n this invention 1s a so-called “wax
printer”’. Since STL data can be utilized for this process, one
preferred embodiment of this mvention comprises the cre-
ation of STL data defining the fixture for the wire. The wax
printing method will be explained 1n detail further below.

STL data are a collection of triangles. The surface of the
part to be manufactured 1s divided 1nto as many triangles as
appropriate. The stronger the curvature of the surface, the
more triangles will be needed to recerve a smooth surface
representation. On the other hand, a planar square of any

given size can be represented by just two triangles. The data
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structure of electronic files holding STL data in ASCII format
1s shown 1n FIG. 5. The first line holds the name of the part
(“Solidname”). The following seven lines describe one tri-
angle (“Facet”). The first line of the set of seven holds the
normal vector of the triangle. This information 1s often
ignored by STL import algorithms, since 1t 1s redundant: The
orientation of each triangle 1s defined by the order 1n which
the three corner points are listed (looking at a triangle from
the outside, points 1 to 3 are arranged 1n anti-clockwise direc-
tion ), and the vector itself can easily be created by calculating
the cross-product of two edge vectors. The second and the
s1xth line embrace the actual triangle information. Each line
starting with “vertex” holds the three components of one
corner point of the triangle. The last line holding the term
“endfacet” terminates the data set for the triangle. Each tr1-
angle 1s defined 1n the same manner. The last line 1n an ASCII
STL file states “endsolid”. There 1s also a common binary
format for STL data that 1s significantly more space-saving
compared to the ASCII format. This 1s relevant since STL
files can hold thousands of triangles, but the nature of infor-
mation for both variants 1s identical. The STL format in
general has several disadvantages, but it 1s simple, flexible,
and one of the most-used formats to describe the surface of
any given part.

A preferred embodiment of the present invention uses vir-
tual wire retainers 7 1n a computer program. The term “vir-
tual” as used 1n this disclosure in conjunction with retainers,
fixtures etc. means a non-physical representation. The virtual
retainers 7 consist for instance of sixteen points 8, each point
8 having an x-, y- and z-coordinate. FIG. 6 A shows such a
retainer 7 in a not-to-scale manner. It 1s a box having a tubular
rectangular slot 9.

While a tubular shape has the advantage that 1t constrains
the wire without the need of further means, 1t has disadvan-
tages when the retainers are located closer than approx. 4 mm
to each other, because then 1t will be challenging to thread the
wire through tubular slots and to remove it after the heat-
treatment has been performed without damaging the wire or
the fixture. Especially for wires that are designated for lingual
brackets, the distance between two adjacent slots may well be
below 2 mm at the lower front teeth. It will help to a certain
extend to apply cooler spray to the wire, since this makes 1t
very soit, but a fixture made of heat-conductive material like
metal will not support this approach. For this reason, in the
preferred embodiment retainers 7 with tubular slots and
retainers 7 with open slots will be used. Since the wire shape
1s typically very smooth in the area of the molars, 1t 1s efficient
to use tubular slots for this portion of the wire in order to avoid
a time-consuming clamping of the wire, while 1n the front
region open slots are used to avoid problems that would arise
while attempting to thread the wire through tubular slots.

FIG. 13 shows aretainer 7 with an open slot and a clamp 33
that 1s used to reliably hold the wire 5 1n the fixture. Clamp 33
1s tightened by screw 34. In yet another embodiment, a pris-
matic clamping mechanism 1s implemented (see FIG. 14).
The advantage of this design 1s that wires with a cross-section
smaller than the maximal cross-section to be used can still be
securely attached to the fixture. No matter which implemen-
tation 1s chosen, all wires of a typical sequence of 0.016"
round, 0.016"x0.016" square and 0.017"x0.025" may easily
be heat treated one after another in the same fixture. The
clamps can for instance be equipped with screws 34 to fasten
them onto the retainers, as shown 1n FIGS. 13 and 14. Alter-
natively, other fastening technologies known 1n the art can be
used.

Although retainers with open and with tubular slots can be

used, for the sake of sitmplification, FIGS. 6A, 6B, 6C, 8, 10,
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11A and 11B all refer to retainers with tubular slots. The slot
s1ze 1s adapted to the largest cross-section of the series of
wires to be heat-treated 1n the fixture. The dimension of the
cross-section 1s obtained from an adequate source. The pos-
sible sources include but are not limited to the numerical
archwire description (1n the event that such a value 1s present
in the description), a direct entry of values by the operator
when performing the design calculations, additional files or
other software processes. Since there must be a minimal
amount of positive allowance (play) between the wire and the
retainer, a value must be added to the dimension of the cross-
section. A typical value would be 1n the range of 0.03 mm.
Possible sources for allowance values include but are not
limited to static definitions in the soitware performing the
design calculations, manual entries by the operator or addi-
tional 1nitialization files.

Since various batches of wires with nominally the same
cross-section differ significantly 1n their actual dimension, 1t
would be advantageous to measure the true cross-section of
the wire batch that 1s currently being processed, and make this
value available for the software. The software designing the
fixtures can also be embedded 1nto an Integrated Production
Engineering Management System (IPEMS). In this case, val-
ues like wire cross-section, assignment of retainer length 13
to bracket numbers etc. can be obtained from the IPEMS.

For awire having areal cross-section 01 0.017"x0.025", the
slot size of the retainer would accordingly be 0.46 mmx0.67
mm. A preferred height 11 of the box 1s 20 mm. The width 12
of the box will be dertved from the slot size and the specific
way the wire 1s constrained. In case of a tubular slot enclosing
the wire, just a minimal wall thickness must be added to the
slot size. If clamp mechanisms are required, the design of the
box may be dictated by those mechanisms. In a preferred
embodiment with tubular slots, a minimal wall thickness of
0.5 mm 1s appropriate. The length 13 depends on the bracket
width. The range for common orthodontic brackets 1s from
1.5 mm for lingual brackets for the lower front teeth to 5 mm
tor labial brackets for the upper front teeth of a patient. Since
the length of the box does not have to precisely match the
width of the bracket, 1t would be appropriate to have a library
of eight virtual retainers, having different lengths with a
granularity of 0.5 mm. Respective library formats include but
are not limited to an mdependent electronic file or a data
stream. A further option would be to incorporate the library
directly 1nto the software that performs the fixture design.
However, 1t 1s also possible to create virtual retainers 7 1n the
computer with any desired dimensions. It 1s also possible to
have no library at all, but let the software calculate the spatial
locations of all points directly while processing the wire data
(on-the-1ly). In other embodiments, the length 13 may be
specified directly 1n the wire description or obtained from an
IPEMS.

Assuming that the origin of the local coordinate system of
the retainer 7 1s the center of the longitudinal wire axis, the
coordinates of the points forming the slot wilt for instance be
0.5* (wire dimension+positive allowance) in height and
width direction. The coordinates 1n direction of the longitu-
dinal wire axis will be +/-0.5* bracket width. The coordinates
of the points forming the outer shape of the retainer can be
calculated accordingly by adding the wall thickness and con-
sidering the height 11 of the retainer 7.

To create an STL file from the points of the retainer, each
point 8 must be assigned to those triangles 10 where 1t serves
as corner point. The partitioning of the retainer’s surface into
triangles 10 and the assignment of points 8 to triangles 10 1s
arbitrary as long as 1t 1s ensured that each portion of the
surface 1s reflected 1n a triangle. Additionally, the triangles
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must form a consistent surface, in other words they must not
overlap, and each triangle must share two corner points with
cach of 1ts adjacent triangles. In other words, a corner point of
one triangle cannot lie on the side of another. A preferred
example for the partitioning of the outer surfaces of a retainer
1s shown 1 FIG. 6B, and a preferred example for the parti-
tioning of the surfaces of the slot 1s shown 1 FIG. 6C.

FIG. 7 summarizes the process flow of designing the cus-
tomized fixture.

In step 14, the wire description 1s obtained from the com-
puter’s main memory, a file, a data stream or from manual
entries of the operator.

In step 15, the cross-section 1s determined. Possible
sources for the cross-section include but are not limited to
obtaining this value directly from the wire description (if
present therein), entering the value by an operator or obtain-
ing 1t from other software like an IPEMS.

Step 16 defines the starting point of a loop embracing steps
17 to 21.

In step 17, each local coordinate system 1s obtained from
the archwire description.

In step 18, the length 13 of a retamner assigned to the
respective coordinate system 1s determined. Possible sources
for the length include but are not limited to obtaining this
value directly from the wire description (1f present therein),
looking 1t up from a table basing on bracket numbers, entering
the value by an operator or obtaining it from other software
like an IPEMS.

In step 19, the points that define the shape of a retainer are
generated 1n the respective local coordinate system. They
may be partially or completely obtained from a library or
partially or completely calculated on-the-fly. When complex
retainers are required, the outer shape could for 1nstance be
retrieved from a library, while the points defining the slot are
calculated. When calculating the slot defining points, addi-
tional values like positive allowance have to be added to the
cross-section. The coordinates of the points 8 defining the
length 13 of the retainer 7 (x-coordinates) must be calculated
or modified according to the length of the wire portion asso-
ciated to the coordinate system.

In step 20, the points 8 of the retainer 7 are transformed 1nto
the global coordinate system of the fixture. Preferably, a
matrix operation 1s used according to FIG. 1.

In step 21, triangles have to be generated retlecting the
surfaces of the retainer. Either the triangles can be retrieved
from a library that defines the points 8 of the retainer, or they
are calculated on-the-1ly. Each point 8 1s then assigned to all
triangles that use the point as corner point. Point 8 1n FIG. 6B
for instance serves as corner point for eight triangles and will
therefore be present eight times 1n the STL data structure.

Step 22 defines the end of a loop embracing steps 17 to 21.

In Step 23, all trnangles with their respective points are
stored to a data structure for instance in STL format. This can
be done by writing the data to an electronic file or by making
the data available to another program 1n a suitable manner or
keeping the data in the computer’s memory for further pro-
cessing.

In step 24, the virtual retainers 7 are merged with interfer-
ing adjacent retainers and with a virtual base plate. The thick-
ness of the base plate may need to be reduced after the merg-
ing operation 1 order to minimize the amount of material
needed for the real fixture.

It 1s important to understand that not all functions required
by steps 14 to 24 have to be developed as program code 1n a
computer program. There 1s software available on the market
that 1s able to efliciently perform some of the required steps,
so the need to 1mvest development efforts 1s reduced.
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Especially the tunctions required for step 24 can com-
pletely be performed 1n Magics. When all virtual retainers
have been oriented and located according to the archwire
description, the slots of the retainers reflecting exactly the
configuration of the bracket slots 1in the i1deal position. The
virtual retainers, however, are still imdependent objects.
Depending on the individual shape of the archwire, they may
also show partial interference 40 with each other as shown 1n
FIG. 8.

The first function to be performed in Magics after the
retainers have been loaded from the STL {ile 1s the so-called
“shells-to-parts™ function. STL files consist simply of a list of
triangles. No high-level structure 1s available. From the file
structure, 1t 1s not detectable that the 32 triangles forming one
retainer do actually belong to one part. The “shells-to-parts™
function implemented 1n Magics compares the 3D coordi-
nates of the corner points of all triangles. Points with identical
3D coordinates (respectively within a pre-defined proximity)
are considered 1dentical. In this way, adjacent triangles are
assigned to the same shell. After running this function, each
shell representing a retainer 1s regarded as an individual part
in Magics. Obviously, 1t would also be possible to store the
data of each retainer into a separate file instead of storing the
complete set into one file. Then, each file could be opened
independently, and all retainers would be regarded as 1nde-
pendent parts from the beginning on. However, doing so
requires dealing with as many files as brackets are referenced
in the UCS file. Typically, this will be between 10 and 14 per
jaw. Therisk of overlooking files would be significant, and the
error that would be caused by 1gnoring files and thus omitting
retainers 1n the fixture would not easily be detected. There-
fore, 1t 1s a much safer solution to dump all retainers of one
fixture 1into one STL file and let Magics split the data up into
appropriate parts.

The most important functionality for the purpose of this
invention 1s a set ol so-called Boolean operations (a more
general term used 1n mathematics 1s “set operations”. One
Boolean operation allows merging independent parts into one
new part. Interfering triangles are automatically replaced
with new triangles 10 so that a consistent surface 1s received.
FIG. 9 shows an example of two simplified interfering boxes
(without slots) being merged into a new part. This function-
ality can be used on all retainers 7.

While the interfering retainers have been merged, there
will still be retainers that have no connection to adjacent
retainers. In a preferred embodiment of the present invention,
an additional base plate 41 according to FIG. 10 1s introduced.
This base plate 1s also box shaped, and 1ts footprint 1s large
enough to cover all retainers. Merging all retainers with this
base plate will result 1n a fixture design that presents tubular
slots exactly according to the original configuration of
bracket slots as defined 1n the UCS file.

The original thickness of the base plate 41 of approxi-
mately 20 mm 1s designed to make sure that the bottom ends
of the retainers 7 do not stick out. After the merging process,
the bottom ends do not exist any more since they are
“absorbed’ 1n the base plate 41. An additional plate 42 1s now
introduced. This additional plate 42 1s parallel to the base
plate 41, yet 1its upper surface 1s located approximately 3 mm
below the upper surface of the base plate (see FIG. 1A).
Another Boolean operation available within Magics 1s now
performed. The additional plate 1s “subtracted” from the
merged ensemble formed by the base plate and the retainers.
The result of this subtraction 1s a base plate with a thickness
of only 3 mm (see FIG. 11B). The reason for this operation 1s
to avoid a waste in material, since the retainers 7 together with
base 41 plate will be physically manufactured.
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Once all steps have been performed, Magics can then
“slice” the fixture. Since many rapid prototyping processes
build the parts 1 layers, it 1s required to calculate the outer
contours of each layer. This process 1s called “slicing™, since
the part 1s virtually divided 1nto slices. The resulting elec-
tronic file can then be imported by the control software of an
appropriate rapid prototyping device.

As one skilled in the art 1s aware, this 1s an exemplary
implementation. The shape of the retainers as well as the
algorithms used to generate a virtual definition of the fixture
can be widely modified without departing from the scope of
this disclosure. Also, using STL data as joint between fixture
design and manufacturing process 1s just one option.

Many data formats are available describing mechanical
parts. Amongst these are widely used formats like STL,
STEP, IGES etc., and additionally proprietary formats pro-
vided by the manufacturer of a NC device. The term “descrip-
tion of the design of a fixture”, as used in the claims, 1s
interpreted to mean a description of the physical design of a
fixture 1n numerical format. Useful description formats
include but are not limited to data in STEP or IGES format,

STL data structures, Non-Uniform Rational B-Splines
(NURBS) and Voxel models.

It 1s also important to understand that 1t 1s not required to
create one computer program performing all steps from 14 to
24. In a preferred embodiment, steps 14 to 23 will be coded 1n
Visual Basic™ (produced and distributed by Microsoit, Red-
mond, Wash., USA). Step 24 will be performed in Magics.
However, all functions of all steps can be distributed to dii-
terent software applications. Today, software architecture has
substantially moved away from monolithic programs. Often,
a so-called framework i1s designed, orchestrating multiple
components. These components can be integrated into the
framework, for instance as Active X™ controls (Trademark of
Microsoit Corporation), or they can be located on other com-
puters and are addressed as COM (Component Object Model)
components.

Additionally, the steps described 1n this invention that are
related to mathematical calculations may be implemented in
hardware or software, or a combination of the two. The tech-
niques may be implemented 1n computer programs executing
on programmable computers that each includes a processor, a
storage medium readable by the processor (including volatile
and nonvolatile memory and/or storage elements), and suit-
able input and output devices. Program code 1s applied to data
entered using an input device to perform the functions
described and to generate output information. The output
information 1s applied to one or more output devices. Each
program can be implemented 1n a high level procedural or
object-oriented programming language to operate 1n conjunc-
tion with a computer system. However, the programs can be
implemented 1n assembly or machine language, 11 desired. In
any case, the language may be a compiled or interpreted
language. Fach such computer program can be stored on a
storage medium or device (e.g., CD-ROM, hard disk or mag-
netic diskette) that 1s readable by a general or special purpose
programmable computer for configuring and operating the
computer when the storage medium or device 1s read by the
computer to perform the procedures described. The system
also may be implemented as a computer-readable storage
medium, configured with a computer program, where the
storage medium so configured causes a computer to operate
in a specific and predefined manner
Manufacturing of the Fixture

Several different rapid prototyping methods are available
and suitable to fabricate a physical fixture basing on the
digital data. Currently, a method named “wax-printing”
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proved to be suitable. However, as technology 1s developing,
there may soon be better processes available.

A wax-printer 1s a device similar to an ink-jet printer. It
shoots fine droplets of liquid wax onto a platform. Two types
of wax are used: a wax with a high melting temperature that
reflects the actual part and a low-melting wax that 1s used to
{111 the voids or build supporting structures for further layers.

The part 1s manufactured 1n layers. Each layer comprises
portions that belong to the part itself, and portions represent-
ing the surrounding and holes. The portions belonging to the
part are printed using the wax with the high melting tempera-
ture; the other portions are printed using the wax with the low
melting temperature. The wax with the low melting tempera-
ture 1s needed as a foundation for further layers, 1n case the
part shows undercuts. For instance, the slots of the retainers
need to be filled with the low-melting wax, since otherwise
the portion that closes the slot on top could not be created.
After a layer has been printed, the surface of the layer 1s
milled 1 order to receive a precise pre-determined layer
thickness. The Solidscape Model-Maker™ (produced and
distributed by Solidscape, Inc. of Merrimack, N.H., USA)
can create layers with a thickness of 0.038 mm (0.0013").
After milling the layer to the desired thickness, the next layer
1s applied.

When all layers have been printed, the part 1s removed from
the wax printer and placed into a heated liquid. The liquid
contains a dissolvent and 1s preferably stirred. After a couple
of minutes, the low-melting wax portions are completely
dissolved 1n the liquid. What remains 1s the part itselt, repre-
senting the fixture and consisting of wax.

Obviously, the wax part 1s not suitable to directly serve as
a fixture for a wire made from SMA. The required tempera-
tures are far above the melting temperatures of the wax. The
next step 1s therefore to cast the actual fixture. A sprue, also
made from wax, 1s attached to the part by partial melting. The
part 1s then embedded in a molding compound. After the
molding compound has hardened, the wax 1s melted and the
mold 1s filled with liquid metal.

Though expensive at first glance, dental gold alloys proved
to be an 1deal material to fabricate the fixtures. Since gold can
be perfectly recycled after the series of wires has been heat
treated, the cost of the material 1s not relevant.

When the fixture has been casted, the wire 1s threaded
through the tubular slots, respectively secured into open slots,
and the fixture 1s placed 1n a furnace. After the heat treatment
has been applied, the wire 1s removed from the fixture. When
the complete series of wires according to one archwire
description has been produced, the fixture may be melted for
turther casts.

FIG. 12 summarizes the overall process.

Step 25 comprises steps 14 to 24 according to FIG. 7.

Step 26 refers to the data transfer to a NC device.

In step 27, the customized fixture 1s manufactured using at
least partially a NC process.

Step 28 defines the starting point of a loop embracing steps
29 to 31.

Step 29 relates to the mnsertion of the wire into the fixture.
This comprises threading the wire into tubular slots as well as
clamping 1t 1nto open slots or other applicable methods.

Step 30 1s performed 1n order to permanently apply the new
desired shape to the wire. It 1s important to understand that the
parameters of this process step (heating curve, temperature,
duration etc.) are dependent on the specific wire material and
cross-section. A typical value 1s 30 minutes at 450° C. Heat-
treatment of SMA wires 1s regarded as prior art, and this
invention does not add any new aspects to this method.

In step 31, the wire 1s removed from the fixture when the
heat-treatment 1s finished.

Step 32 defines the end of a loop embracing steps 29 to 31.
IT a series of wires having the same shape 1s to be processed,
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then the loop comprising steps 29 to 31 will be repeated
accordingly. Obviously, the parameters for heat-treatment
may be different for each wire since different batches of the
same material, different materials and different cross-sec-
tions may be used.

It 1s 1mportant to understand that none of the necessary
steps asks for sophisticated skills. At no point, any decisions

or other creative mput 1s required.
As mentioned before, the wax-printing technology 1s cur-

rently among the preferred processes. However, there are
already other technologies available having significant
advantages. Laser sintering 1s a process where metallic pow-
der 1s applied onto a platform and sintered by a laser beam.
This process has similarities to wax-printing, but 1t produces
the parts directly instead of producing a wax master. The
casting process 1s therefore not required. Other rapid proto-
typing processes are available or in the development phase. It
1s obvious that within the scope of this invention, all NC
manufacturing processes can be used as long as they provide
suificient precision.

Further Implementations

It has been discussed above that in a preferred embodi-
ment, a composition of retainers with open and with tubular
slots will be used. Another aspect 1s that the first wires of a
wire sequence will have a smaller cross-section than the last
wire. A wire having a cross-section of 0.016" round or
0.016"x0.016" square will more easily be threaded through
and removed from retainers with tubular slots than the final
wire having for instance a cross-section of 0.017"x0.025".
Therefore, 1t 1s another option to use only tubular slots and,
alter the final wire has been heat-treated, to destroy the fixture
in order to allow for sale removal of the wire. To do this, the
retainers could have hyphenation points, or the fixture could
be milled 1n a well directed manner using a NC device.

A fixture created according to the preferred embodiment as
discussed above reflects directly the numerical description of
an orthodontic archwire. However, there are several incite-
ments to modify the values as contained in the archwire
description, including but not limited to instructions by the
orthodontist and compensational values due to the wire mate-
rial. For instance, the orthodontist may be unsatisfied with the
treatment result and will ask for adjustments 1n the wire
geometry. In case of small adjustments, which will typically
be the case, there will be no need to go through the complete
process of generating the archwire description again. It would
be preferable 1n such a case that the orthodontist specifies the
desired changes (lice for instance “3° more torque at the lower
left inc1sor’”), and the value 1s directly fed into the algorithms
calculating the fixture. As a result, the wires shaped 1n such a
fixture would specifically deviate from the original archwire
definition.

Another reason for a modification of the fixture design
would be founded in the wire material. Although common
SMA wires readily adopt the shape dictated by the fixture, it
1s possible that a material may be used that does not fully
adopt the desired shape. In such a case, corrections like over-
bending and over-torquing will be required. Over-bending
means that the angle that 1s formed between two adjacent
retainers needs to be increased according to the material
properties and the specific formation of the desired wire
shape. For instance, the bending angle may need to be
increased by 10%. In such a case, the arrangement of the
retainers needs to be corrected accordingly. Obviously, the
corrective values must be considered for all retainers. If for
instance the second retainer needs to be shufted by an angle of
5° with respect to the original configuration, the location and
orientation of all following retainers must be adjusted accord-
ingly. In other words, the matrix representing the desired
change must be applied not only to the second retainer, but all
following retainers. In this way, the wire shape embodied by
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the fixture could be for mstance significantly narrower than
demanded by the archwire description. When the wire would
be taken out of the fixture after heat-treatment, 1t would
slightly resile and then show the desired shape. The same
applies for over-torque corrections.

An alternative to rapid prototyping processes 1s high-
speed-cutting (HSC). For instance, a block of stress-relieved

aluminum cast could be used as workpiece and then
machined, using HSC processes. Turbine based milling-

heads are available operating with more than 60,000 rpm.
Since a tubular slot according to FIG. 6 cannot be milled, an
open slot design according to FIGS. 13 and 14 1s appropriate.
Using a rotary grinder 35 as shown 1n FIGS. 15A and 15B in
conjunction with a 6-axis-NC-milling device, efficient
machining of appropriate fixtures can be performed. In FIG.
15A, milling of the slot 1s shown. In FIG. 15B, a part of the
outer surface 1s milled. This concept 1s mentioned to empha-
s1ze that a wide variety of manufacturing processes can be
successiully implemented.

Instead of fabricating the complete fixture using a numerti-
cally controlled manufacturing process, in another embodi-
ment standardized re-usable retainers will be used. Such an
embodiment 1s illustrated 1n FIGS. 16 and 17. The standard-
1zed retainers 37 could be made from hardened steel, while
the customized base plate 36 would comprise as many cavi-
ties as retainers are present. A preferred fabrication for such a
customized base plate would be NC high-speed cutting. After
manufacturing the base plate 36, the standardized retainers 37
would be inserted into the milled cavities 38 and secured with
screws. The advantage of this implementation 1s that only a
portion of the fixture has to be actually fabricated for each
individual shape, while mounting the standardized retainers
1s a manageable process that can be performed without
requesting sophisticated skills. Especially for the bracket sys-
tem ol T.O.P. Service, significant torque values are required
tor the front teeth. Torque 1s a twist around the longitudinal
wire axis. To avoid significant skewing of the retainers (in-
cluding the risk of interference) 1n such case, retainers with an
incorporated specific torque value may be used. If for
instance retainers with a torque value of 45° are available, a
required torque of 50° requires a skewing of the retainer of
only 5°.

There 1s a wide variety of methods to achieve the required
configuration of support points. One option 1s to adapt the
number of these points to the number of bracket slots, thus
cach support point reflecting a bracket. Another option 1s to
reduce the number of support points to the bare minimum
required to define the desired arch shape. In the lower jaw, for
example, the front teeth are narrow, and the bracket slots are
therefore very close to each other. In order to receirve a
smoothly curved wire shape 1n this area, fewer support points
will be required than implied by the number of brackets. The
other extreme would be to define the wire shape very rigidly
by providing a mold, the number of points of support thus
being indefinite. The fewer support points are present, the
taster 1t will be to attach the wire to the support points. The
optimal number of support points may therefore well depend
on the individual wire shape.

If a continuous support of the wire 1s desired as opposed to
a discontinuous support by discrete retainers, this will result
in a fixture sumilar to anegative mold of the wire. Such a shape
could be created by calculating or obtaining a high number of
support points, representing a semi-continuous description.
The distance from one support point to adjacent support
points should not exceed 0.5 mm. Then, each support point 1s
interpreted as the beginning respectively endpoint of a short
wire segment. FIG. 18 shows a portion of a fixture being
designed to provide continuous wire support. STL data are
now generated by creating triangles 44. Those triangles have
the same corner points like a tubular slot of a retainer would
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have, with the exception that the end of one slot 1s identical to
the beginning of the next slot. Another difference 1s that the
triangles forming the top surface are not created.

Similar to the triangles forming a slot of a retainer, triangles
44 are facing towards the wire. In this way, a virtual mold 1s

designed representing a negative of the wire shape. The next
step 1s to add a wall thickness to the mold. This can be done by

creating a second set of triangles 435, each triangle being
substantially a duplicate of one of the triangles 44 represent-
ing the wire shape. Each triangle of the second set would
firstly have an opposite orientation, in other words, 1ts surface
1s pointing away from the wire. Secondly, each triangle has an
olfset in the direction away from the wire, and the coordinates
ol the corner points need to be slightly adjusted, 1n order to
make sure that they are still shared with the corner points of
the adjacent trnangles. In this way, a virtual trench 1s created.
The top edges ol the outer surfaces (triangles 45) and the inner
surfaces (triangles 44) of the trench need to be joined by
adding additional triangles 43.

The left part of FIG. 18 represents the inner surfaces of the
trench, the outer surfaces being truncated, while the right part
represents the complete trench.

The process of creating the trench can easily be performed
in Magics, using the “create thickness™ option. After combin-
ing the trench with a virtual base plate, the fixture design 1s
fimshed. A clamp system will generally also be required to
secure the wire inside the trench during heat treatment.

For SMA wires commonly used in orthodontics, heat-treat-
ment 1s required to permanently apply a new shape to the
wire. This can be achieved by placing the fixture into a fur-
nace. Another option would be to run electric current through
the wire, as proposed in U.S. Pat. No. 6,214,283. In this case,
it must be ensured that the retainers are electrically mnsulated
from each other or made from a non-conductive material. A
turther option 1s to expose the wire to infrared radiation. Still
another option is to integrate heating devices into the retainers
or the complete fixture.

The present invention discloses a preferred method for
applying a desired shape to an orthodontic archwire by
mechanically constraining the wire to the desired shape and
then exposing it to heat-treatment. A wire material 1s there-
fore required that has the ability to permanently adopt the
respective shape. In orthodontics, wires made from Nickel—
Titanium-based shape memory alloys are commonly used.
These alloys require specific heat-treatment to adopt the
desired shape. However, the present invention can be success-
tully performed on wires from all types ol materials (metallic
or non-metallic) with the ability to permanently adopt a
mechanically constrained shape. The required treatment may
comprise, but 1s not limited to, heat-treatment as for Nickel—
Titanium base alloys, chemical treatment, a combination of
both, or exposure to radiation of any kind (x-rays, micro-
waves, UV light etc.). All processes that allow for perma-
nently applying a shape to the wire according to a temporary
mechanical constraint are within the scope of this invention.

The words used 1n this specification to describe the mven-
tion and 1ts various embodiments are to be understood not
only 1n the sense of theirr commonly defined meanings, but to
include by special definition in this specification structure,
material or acts beyond the scope of the commonly defined
meanings. Thus 1f an element can be understood 1n the context
ol this specification as including more than one meaning, then
its use 1n a claim must be understood as being generic to all
possible meanings supported by the specification and by the
word 1itself.

Insubstantial changes from the claimed subject matter as
viewed by a person with ordinary skill in the art, now known
or later devised, are expressly contemplated as being equiva-
lent within the scope of the claims. Therefore, obvious sub-
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stitutions now or later known to one with ordinary skill in the
art are defined to be within the scope of the defined elements.

It must be understood that the 1llustrated embodiment has
been set forth only for the purposes of example and that it
should not be taken as limiting the invention. It will be appar-
ent to those skilled 1n the art that alterations, other embodi-
ments, improvements, details and uses can be made consis-
tent with the letter and spirit of the foregoing disclosure and
within the scope of this patent, which 1s limited only by the
following claims, construed 1n accordance with the patent
law, including the doctrine of equivalents.

We claim:

1. A method to permanently apply a desired non-planar
shape to an orthodontic archwire, the method comprising the
steps of:

obtaining a numerical description of a [desired] non-planar
shape of an orthodontic archwire;

[generating a description of a] deriving a design of a fixture
[reflecting said] from the numerical descriptionfof an
orthodontic archwirel;

deriving numerical control data from the design;

manufacturing a fixture [based on the description of the
design] at least partially in response to the numerical
control data so that at least a portion of the fixture is
adapted to receive and constrain a wire [has] o a non-
planar shape to thereby cause the wire to permanently
adopt a shape matching the desired non-planar shape;

constraining a wire 1n the at least a portion of the fixture
[causing it] 70 cause the wire to [adopt] have a non-
planar shape as dictated by the fixture; [and]

exposing the fixture with the wire constrained thervein to
certain conditions to thereby cause the wire to perma-
nently adopt a shape matching the desired non-planar
shapefas dictated by the fixture constrained therein.];
and

removing the wire from the fixture, the removed wire per-
manently having the desired non-planar shape.

2. A method as defined in claim 1, [further comprising
applying at least one modification to the description of the
design of the fixture before the step of manufacturing the
fixture] wherein the desived non-planar shape is at least
partially customized for an individual orthodontic patient.

3. A method as defined in claim [2] /, [wherein the step of]
further comprising applying [the] at least one modification
[of] 70 the design of the fixture [includes applying the at least
one modification] in order to reflect changes of the desired
non-planar [wire] shape.

4. A method as defined in claim 2, [wherein the step of]
further comprising applying [the] at least one modification
[of] 70 the design of the fixture [includes applying the at least
one modification] responsive to data related to the resilience
ol material of the wire.

5. A method as defined 1n claim 1, wherein the wire 1s made
from shape memory alloy and [is exposed to] the certain
conditions include a heat treatment, causing [it] e wire to
permanently adopt the desired non-planar shape [dictated by
said fixturel].

6. A method Jof] as defined in claim 1, wherein the fixture
1s manufactured using at least partially a numerically con-
trolled [manufacturing] finishing process.

7. A method as defined in claim [6] /, wherein [said] tie
fixture is [completed by use of at least one] an assembly
including a plurality of reusable [retainer] retainers.

8. A method as defined in claim 1, wherein the fixture
comprises at least one retainer having a tubular slot.

9. A method as defined in claim 1, wherein the fixture
comprises at least one retainer having an open slot.

10. A method as defined in claim [9] /, wherein the wire is
constrained in the Jopen slot of the retainer] fixture by [a
clamp] a plurality of clamps.
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11. A method to apply a desired non-planar shape to a
plurality of orthodontic archwires having different cross-sec-
tions, the method comprising:

obtaining a numerical description of a desired non-planar

shape of an orthodontic archwire, the description
including a plurality of coovdinate systems each defining
separate segments of the desived shape of the orthodon-

tic archwire:;
[generating a description of a] deriving a design of a virtual

fixture [responsive to] from the numerical description,

the [generating including] deriving includes:

obtaining a largest [wire] archwire cross-section to be
heat-treated 1n the fixture,

[retrieving each] obtaining the pluralitv of coordinate
[system represented in the description of the design]
systems,

obtaining [length] a plurality of lengths of [a wire] an
archwire portion [associated] each corresponding
with [each coordinate system] a respective one of the
plurality of coordinate systems,

[generating] deriving a plurality of [points defining a]
positions for a plurality of virtual [retainer for each]
retainers from the plurality of coordinate [system]
systems, and

[merging all] combining the plurality of virtual retainers
[from each coordinate system with adjacent retainers
and] with a base plate to [create the] define the design
of a virtual fixture;

deriving numerical control data from the design;

[supplying] transferring the numerical control data [defin-

ing the virtual fixture] to a [numerically controlled}

manufacturing [device] system:

manufacturing a fixture [based on the virtual fixture] at

least partially by the manufacturing system in response

to the numerical control data so that at least a portion of
the fixture adapted to receive [a wire has] and constrain
portions of an archwire to a non-planar shape;

for each of a plurality of wires having a different cross-

section, performing the steps of:

[manually] inserting [each of a plurality of wires having
a different cross-section] the wire into the at least a
portion of the fixturel:].

exposing the fixture with [each] #2e wire inserted therein
to heat to thereby cause [each] the wire to [perma-
nently] adopt a shape dictated by the fixture[;], and

removing the wire from the fixture, the wire having a
shape matching the desired non-planar shape; and

reiterating the steps of inserting, exposing, and removing to

thereby receive [a customized] a resulting plurality of
orthodontic [archwire] archwires having a desired non-
planar shape.

12. A method as defined in claim 11, [further comprising
applying at least one modification to the description of the
design of the fixture before manufacturing the fixture}
wherein the desived non-planar shape is at least partially
customized for an individual ovthodontic patient.

13. A method as defined in claim [12] / /, [wherein the step
of] further comprising applying [the] at least one modifica-
tion [of] 7o the design of [the] a virtual fixture [includes
applying the at least one modification] in order to reflect
changes [of] 7o the desired [wire] non-planar shape.

14. A method as defined in claim [12] / /, [wherein the step
of] further comprising applying [the] at least one modifica-
tion [of] 7o the design of [the] a virtual fixture [includes
applying the at least one modification] responsive to data
related to the resilience of material of the wire.

15. A method to apply a desired non-planar shape to an
orthodontic archwire, the method comprising:

obtaining a numerical description of a desired non-planar

shape of a customized orthodontic archwire;
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generating a description of the design of a virtual fixture at
least partially responsive to the numerical description;

[supplying] transferring control data [defining the] corre-
sponding to the description of the design of a virtual
fixture to a numerically controlled manufacturing
[device] system:

manufacturing a fixture based [at least partially] on the
[virtual fixture] control data so that at least a portion of
the fixture [adapted] is configured to [receive] insert and
constrict a wire [has] to a non-planar shape;

[manually] inserting portions of the wire into [the] at least
a portion of the fixture;

exposing the fixture with the wire inserted therein to heat;
and

removing the wire from the fixture to thereby receive a
non-planar customized orthodontic archwire hzaving a
shape matching the desired non-planar shape.

16. A method as defined 1n claim 15, wherein the step of

generating icludes.

retrieving [each] a plurality of coordinate [system repre-
sented in the] systems defining virtual archwire seg-
ments as part of the numerical description; [of the
design,]

generating a plurality of [points defining a] positions of a
corresponding plurality of virtual [retainer for each]
retainers vesponsive to the plurality of coordinate [sys-
tem] systems, and

[merging all] including the plurality of virtual retainers
[from each coordinate system with respective adjacent
retainers to create the) into the design of a virtual fixture.

17. A method to permanently apply a desived non-planar
shape to an orthodontic archwire, the method comprising the
steps of.

manufacturing a fixture at least partially in response to

numevrical control data derived from a numerical
description of an orvthodontic archwirve having a desired
non-planar shape so that the fixture is adapted to receive
and constrain a wire to a non-planar shape dictated by
the fixture;

constraining the wire in the at least a portion of the fixture

to thereby cause it to adopt a non-planar shape dictated
by the fixture to permanently adopt a non-planar shape
matching the desived non-planar shape when exposed to
certain conditions; and

removing the wire from the fixture to thereby receive a

non-planar customized orthodontic archwive perma-
nently having a post-removal non-planarv shape match-
ing the desirved non-planar shape.

18. A method as defined in claim 17,

wherein the numerical control data is devived by perform-

ing the following steps:

deriving a design of the fixture from the numerical
description of the desived non-planar shape of the
orthodontic archwire, and

deriving numerical control data from the design; and

wherein the method further comprises the step of exposing

the fixtuve with the wirve constrained therein to certain

conditions to thereby cause the wire to permanently

adopt the desived non-planar shape.

19. A method as defined in claim 17, wherein the certain
conditions include a temperature of greater than 300° C.
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20. A method to permanently apply a desired non-planar
shape to an orthodontic archwire, the method comprising the

steps of.

deriving a design of a fixture responsive to a numerical
description of a non-planar shape of a custom orvthodon-
tic archwire, the derived design comprising a design of a
Jfixture adapted to veceive and constrain a wire to a first
non-planar shape to theveby cause the wire to perma-
nently adopt a shape matching a second non-planar
shape defining a desired non-planar shape;

deriving numerical control data from the design;

manufacturing the fixture, at least portions of the fixture
being manufacturved responsive to the numerical control
data;

constraining a wire in the fixture to cause the wire to have
the first non-planar shape as dictated by the fixture;

exposing the fixture, when the wire is constrained therein,
to heat treatment to thereby cause the wire to perma-
nently adopt a shape matching the desived non-planar

shape; and

removing the wire from the fixture, the removed wire having
the desived non-planar shape after vesiling from the first
non-planar shape dictated by the fixture.

21. A method as defined in claim 20, wherein the step of
deriving a design of a fixtuve is further vesponsive to one or
movre values indicating an adjustment to a bending value of at
least one portion of the wire.

22. A method as defined in claim 20, wherein the wire has
one or more material properties to include a tendency to
resile after being exposed to the heat treatment when in a
constrained state and removed from the constrained state,
and whevein the step of derviving a design of a fixture is further
responsive to one or movre values indicating an adjustment to
a bending value of at least a portion of the wire to provide
compensation for the tendency to resile, the bending value
comprising one or move of the following: bending angle and
forque.

23. A method as defined in claim 20, wherein the wire has
one or more material properties to include a tendency to
vesile after being exposed to the heat treatment when in a
constrained state and rvemoved from the constrained state,
wherein the numerical description of a non-planar shape of
the custom orthodontic archwire does not account for ten-
dency of the wire to resile after being heat-treated when
constrained in the fixture, and wherein the step of deriving a
design of a fixture is further responsive to one or movre values
indicating an adjustment to a bending value of at least a

45 portion of the wire to provide compensation for the tendency
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to rvesile, the bending value comprising one or more of the

following: bending angle and torque.

24. A method as defined in claim 20, wherein the step of
deriving a design of a fixture includes the steps of:

obtaining a largest wire cross-section to be heat-treated in
the fixture;

obtaining the plurality of coordinate systems;

obtaining a plurality of lengths of a wire portion corre-
sponding with the plurality of coordinate systems;

deriving a plurality of positions for a plurality of vetainers
from the plurality of coordinate systems; and

combining virtual descriptions of the plurality of vetainers
with a virtual description of a base plate of the fixture to

define the design of the fixture.
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